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Reply to Reviewers PECS-2018-80 
Generalization of Particle Impact Behavior in Gas Turbine via Non-Dimensional Grouping 
Alessio Suman, Nicola Casari, Elettra Fabbri, Luca di Mare, Francesco Montomoli, Michele Pinelli 
 
Authors’ statement 
The Authors wish to thank the Reviewers for their valuable revision and for all the suggestions and 
corrections reported. 
The present review collects extensive experimental data from literature and based on this, several 
sensitivity analyses are carried out for each of the key parameters involved in the gas turbine fouling 
phenomenon. 
In addition, the second part of the paper represents a perspective view and gives the opportunity to 
extend the comprehension of gas turbine fouling phenomenon from different point of views (with the 
use of non-dimensional groups) and furthermore to assist in the development of original particle im-
pact behavior predictive models. The actual sticking models are limited to few materials. In fact, they 
are based on several coefficients obtained by means of detailed experimental tests. 
Detailed considerations are added to the manuscript in order to fulfill the Reviewers’ suggestion and 
improve the overall quality of the paper. Considerations are added in relation to the particle chemical 
composition and size, as well as the literature findings of surface tension and particle sticking mod-
eling. 
In the following section, the Authors have reported their considerations and answers to each point 
raised by the Reviewer together with the reference of the manuscript row number. 
In the manuscript, all the modifications/corrections and improvements are highlighted in yellow. 



 

 

 

Comments from the editors and reviewers: 
 
Reviewer 2 
My overall assessment is that the present work is a comprehensive review that would be of broad interest for 
several fields, all concerned with different types of gas turbines. I congratulate the authors to this excellent 
(and extensive) work and recommend publication in PECS after minor revisions. 
 
Summary with Comments 
The aim of the paper at hand is to provide a universal model to predict the interaction behavior of particles 
impacting on a substrate in gas turbines, applicable for a wide range of particle materials and temperatures. 
Such a model can help to predict malfunctions and/or lifetime of turbines induced by ingested particles. 
Two basic models to predict particle sticking are presented. The first model type relies on sticking probability, 
the second model defines a threshold value based on particle dynamics, its material properties and energy 
available before and after the impact. Both model types can, in principle, be tested by application to and 
comparison with experimental data, but different experimental conditions limit comparability. The authors 
postulate that this can be overcome by non-dimensional grouping, by means of non-dimensional maps, as 
applied in other fields, using Weber, Reynolds and Ohnesorge numbers. The present work aims to identify 
particle deposition regimes in the hot parts of gas turbines in terms of non-dimensional quantities, based on 
the aforementioned parameters. 
First, several particle sticking predictive models, critical viscosity model, critical velocity model and energy-
based model, and also predictive models for particle properties are presented. Viscosity is identified as a 
major influencer and therefore treated extensively by comparing seven models. In addition, a particle soften-
ing model (Yin et al. 1998), a particle surface tension model (Gupta et al. 2002 among others) and a particle 
density model were chosen (Bottinga et al. 1982, with data from Mills & Keene (1987). All but the particle 
density model account for an effect of temperature. 
Experimental studies on particle deposition from literature are presented, summarized and grouped with re-
spect to the material used. In a next step, chemical composition, particle size distribution and experimental 
conditions were extracted, uncertainties are also summarized. This yields a comprehensive literature review 
summarizing the experimental results of 70 studies covering sand, ash, coal and lignite. Here, viscosity and 
surface tension are named as most important controlling sticking behavior already. To ensure comparability, 
models for the different parameters were chosen and the dataset was harmonized to this end. 
Chapter 5, called “mutual interactions and critical analysis”, comprises several plots to compare the various 
models and their combinations, which is essential for formulating the final model. However, it represents al-
most 50 % of the manuscript and the authors might consider moderate shortening of this chapter. Compari-
son of ξ vs. µ/µc plots is done using different models and model combinations. Central outcomes are that the 
NPL viscosity model provides the best agreement with experimental observations, but among viscosity mod-
els, the temperature dependence varies considerably (Fig. 31). Critical viscosity (threshold: T/Tsoft = 1) and 
critical energy (threshold: ξ = 0.4) are identified to determine sticking or non-sticking, however, the compari-
son between viscosity and energy-based models can give consistent results or disagreement. For the sub-
sequent non-dimensional analysis, all data are plotted regarding Weber and Reynolds number, the authors 
use a concept adapted from printing inks, non-dimensional parameters, that allow to define the type of re-
gime involved in particle impact, however, ambiguities remain. 
The final step is done by generalization of all data by merging kinetic energy and surface tension (K) versus 
relative softening temperature (Θ). Experimental data involving erosion and splashing are added with the aim 
to discriminate these regions from experiments where deposition is observed. The ratio particle tempera-
ture/glass transition temperature, and the ratio available kinetic energy/surface energy is finally used. The 
evaluation shows that this kind of approach can be considered a predictive model, as accomplished by the 
authors. 
The strength and, at the same time, biggest challenge is the merging of experimental studies from various 
fields. Yet trivial, it could be worth mentioning that providing complete and accurate experimental details and 
materials is fundamental for new models like this one. Unification of all data through one model for e.g. vis-
cosity and elimination of temperature effects by using values as relative to softening/glass transition ever 
allows to set up this model, however some discrepancies are therefore unavoidable. This becomes clear 
when coal and volcanic ash show partly inconclusive results in the final diagram (K- Θ). However, most pre-
sented experimental results can be predicted with the new model. 
The authors successfully demonstrate that in this new model a wide range of materials, with highly variable 
properties, and very different temperatures can now be compared with respect to impact behavior. The man-
uscript is very well structured and written and demonstrates the expertise of the authors is various fields. Ab-
stract, figures and tables are of high quality, and for the reader, the appendix offers valuable additional in-
formation on used models and the extensive dataset. 



 

 

In the attached manuscript, I added several minor comments and editorial suggestions, some ideas for fur-
ther references, slightly changed terms and formulations intended to improve precision, clarity and readabil-
ity. In addition, very few major comments need mentioning: 
(1) It would be nice to see a summary of available advanced predictive sticking models (beyond basic viscos-
ity, velocity, energy-based…), their (dis-)advantages, drawbacks, strengths and of course which kind of ap-
proach is applied, why are such models needed, some examples (e.g. Clarkson R, Simpson H: Maximising 
Airspace Use During Volcanic Eruptions: Matching Engine Durability against Ash Cloud Occurrence, May 
2017, Conference: NATO STO AVT-272 Specialists Meeting on "Impact of Volcanic Ash Clouds on Military 
Operations" Volume: 1). I am aware that coverage for several fields possibly involves a large number of 
models, but the manuscript could benefit, if it becomes even more clear, why the presented approach is su-
perior and should be the model of choice. 
An extensive collection of predictive sticking models has been added to the paper. Strengths and weakness-
es are also highlighted and summarized in a specific section. (rows 314-359) 
 
(2) Several times it is mentioned that materials can be glassy or crystalline. I would welcome a precise 
statement why this makes a difference and the characterization based “only” on particle chemistry (meaning 
from a chemical/structural point of view) can be improved. I am fully aware that a crystallograph-
ic/mineralogical analysis (or more simple: the glass/mineral ratio) is difficult to realize, but I am sure this rep-
resents potential for further model improvement. I would totally agree if this is mainly (thoroughly) discussed 
in the discussion/outlook section. 
A detailed description related to the particle chemical composition and structure has been added, together 
with detailed references which report useful information about this point. (rows 690-770) 
 
(3) Further improvement might be achieved by considering (average) particle shape, as spherical particles 
are usually assumed. Also, non-newtonian effects, as well as the cooling rate influence the glass transition 
for Θ values close to 1. Fundamental rheology can be named a promising candidate to assist resolving am-
biguities in the K- Θ overlap region. 
Thank you for the suggestion. In the second part of the review, some references are added in relation to the 
non-Newtonian effects and to the presence of low-melting fraction that could be responsible for the particle 
sticking that occurs below the softening temperature value. (rows 396-410, 1400-1410) 



 

 

 

Reviewer 3 
 

The publication deals with deposition mechanisms in gas turbines. Depending on the section of the gas tur-
bine, different mechanisms are discussed. The contributions contains a substantial compilation and sum-
mary of experimental results. It uses a wide variety of viscosity correlations to be applied to the experiments. 
The results are extensively studied. Mechanistic and energy based models are compared to viscosity based 
models. Finally a novel non-dimensional categorization is derived, which is interesting and can be consid-
ered as added value to the community. 
 
General remarks: 
1. The paper should include also recent works published in PECS. The work of Kleinhans (spell checking of 
referenced authors is recommended) https://doi.org/10.1016/j.pecs.2018.02.001 should be included as well. 
The present work should therefore be related to this publication. Moreover, substantial efforts have been 
made in coal combustion on deposition and slagging which should be linked by this contribution. 
Thank you for the suggestion. The Authors have added the reference with a specific explanation. (rows 85-
90) 
2. Substantial editing of English language in some passages is strongly recommended, since there ist still 
quite a number of mistakes included (especially in the second half of the contribution). 
Thank you for the suggestion. The Authors have proof-read the manuscript. 
3. The viscosity model comparison is too comprehensive and should be significantly shortened to a concise 
manner. Not all figures are of added value. This should be also revised and shortened significantly. Since the 
added value of the analysis can be reduced to a couple of graphs and pages. The discussion of the models 
is not controversial and an interpretation/conclusion is lacking. This should be added in the revision. 
4. The thorough comparison of the viscosity model is missing an overview table with a concise conclusion of 
which viscosity models are to be preferred. 
The Authors have added a detailed description of the models. In addition, a critical analysis has been added. 
(rows 772-798) 
5. The whole contribution is lacking single particle effects and consideres only bulk composition. It has been 
shown in the past, that sticking mechanisms are strongly particle related, which have individual composi-
tions. I understand, that these data is scarcely available and has not been published with all the experiments. 
However, this should be included in the publication as well and if data are available this should be highlight-
ed. Eventually discussion of the composition of single isolated particles varying in composition can be added 
to the paper? 
A detailed description related to the particle chemical composition and structure has been added, together 
with detailed references which report useful information about this point. (rows 690-730) 
6. Size distribution of particles has also not been taken into account. Variation of particles/size ranges have 
been mentioned in table 3, but information on d50 or similar parameters are not given. Are these parameters 
available in the experimental literature? 
The Authors have added some consideration related to this point. No detailed information can be found in 
literature even if a qualitative consideration can be done in relation to the particle mass. (rows 732-770) 
7. Why are surface tension models not discussed? Only one was cited and directly chosen. Eventually the 
effect is minor, but this should be discussed by the authors.  
The Authors have added comments and references. In this case, the most general model is used in order to 
have a useful tool for predicting the surface tension value. (rows 465-473) 
Specific comments: 
1. Please add some general pictures to section 1 to describe the mechanisms and associate them to gas 
turbines (page 2) 
Thank you for the suggestion. The Authors have been added the pictures and explanation about this point. 
(rows 114-122)) 
2. Add the temperature dependence in equations 1 and 2 f(T) (page 3) 
The Authors have reorganized the equations layout. 
3. Please add a section describing the added value and the contribution to the scientific community (page 3) 
The Authors have added a specific paragraph. (rows 164-191) 
4. Quality of Fig 1 is low and can be improved. 
The quality of Figure 1 has been improved. 
5. ASTM tests on ash fusion are discussed controversial and are associated with high uncertainties and is 
not necessarily in line with sticking behaviour. DSC can be considered as more accurate, but there are no 
standards available (page 8). Besides, thermochemical equillibrium calculations can provide information on 
melted fraction and provide information on softening. There is literature from coal combustion existent. 

https://doi.org/10.1016/j.pecs.2018.02.001


 

 

According to the literature, the Authors have improved the description reporting two strategies for estimating 
the modification of the particle structure according to the temperature. (rows 421-449) 
6. Explain index 1 and 2 in equation 10. 
The Authors have added more details and explanations. (rows 249-251) 
7. Before equation 15: Please explain the interelation between "composite Young modulus": Weighted-Sum? 
The Authors have rephrased the sentences and clarified the description of the equation. (rows 249-259) 
8. Please note, that there is not only the conic shape of ASTM measurements (Fig. 4) 
The Authors have rephrased the text. (rows 421-430) 
9. Equation 24 seems to be wrong. Why is the molar percentige in the exponent? 
The Authors have clarified the description of the equation. (rows 473-477) 
10. Equation 25 seems also not to be correct. Should this express the weighted sum of molar volumes? 
The Authors have corrected and clarified the description of the equation. (rows 485-494) 
11. Literature review (page 10) refs 89-104 is rather unspecific and general. 
The Authors have added a detailed description of these contributions together with useful pictures. (rows 
522-531) 
12. I suggest the authors to restructure the section on measurement uncertainties on pages 12 and 13. 
Some data (e.g. 0.005 kg/s and 0.01 kg/s) are not plausible to the reviewer, since a reference value is miss-
ing. 
The Authors have reported the absolute and the percentage values of the uncertainty together with the abso-
lute value of the magnitude (temperature, mass flow rate, etc.). (rows 632-656) 
13. Table 3: Please indicate whether coal ash or coal has been used for the experiments. Moreover, I en-
courage the author to apply another sorting criteria to the table. E.g. TT or the material can be used. 
Eventually the experimens can be shown in a composition-based ternary diagram. 
Sorting criteria is not straightforward. The TT values or chemical compositions are not properly used in the 
literature due to the fact that the temperature has to be compared with the softening temperature of the parti-
cle that is related to its chemical composition. For this reason, the sorting criterion has to be general in order 
to allow the proper comprehension of the results. However, the Authors have added several considerations 
based on the Reviewer’s suggestion by means of ternary plots, which are very useful to put the attention on 
the mutual correlation between temperature (liquidus temperature in this case) and the particle chemical 
compositions. (rows 690-770) 
14. Waht is the added value Figure 7 compared to Figure 9? If there is none, I would focus on Fig. 9. 
Viscosity values are different from the critical viscosity ratio. The trends are similar but the information is 
completely different. Viscosity trends represent the variation of a particle characteristics according to the 
temperature as a function of a viscosity model, while the critical viscosity trend represents the variation of a 
sticking parameter according to the temperature. 
15. The added value of Fig. 15 needs also justification. 
Similar consideration of point #14. 
16. Fig. 16 Indicate sticking and rebound at value of unity. 
The Authors have added this limit to the picture. 
17- Citation for "spreadfactor =0.4" needs to be given (page 24) 
The Authors have added the citation. 
18. It is not clear to the reviewer, why the NPL model has been focussed (see general comments) 
The NPL is a general method and it is not limited by the particle chemical composition. All the considered 
models have been used for the data post-process based on their applicability limits. However, based on the 
Reviewer’s suggestion, the Authors have added several comments about this point. (rows 793-798) 
19. Another example of unnecessary figures is 32a, since 32b is absolutely sufficient. 
The Authors have reorganized the picture. 
20. Another example of unnecessary figures is 37, since 38 is absolutely sufficient. 
The Authors have reorganized the picture. 
21. Conclusion can be more accurate. Especially future work is fairly vague and unspecific. 
The Authors have added a detailed description. (rows 1560-1573) 



 

 

 

Reviewer 4Overall, this manuscript presents a thorough review of experimental and modelling data regard-
ing particle ingestion and accumulation in gas turbines.  The review as submitted is a material deposition 
paper, which while relevant to gas turbines, also has application in other fields. It could find a more appropri-
ate audience in a journal focused on material deposition and related issues. 
The particles discussed in the review are ingested as part of the air flowing though the compressor, and may 
or may not pass through the combustor.  The paper does not discuss the particles formed as a result of the 
combustion process (i.e. soot, black carbon, elemental carbon, non-volatile and volatile particulate matter) 
except for potential impurities in the fuel (ash) or the use of coal (laden with impurities) as a fuel.  Particles 
formed from the combustion of hydrocarbon fuels also are known to form deposits, occasionally shedding 
from the surfaces in the gas turbine.  There is no discussion of these particles, their role in deposition, ero-
sion, performance degradation, and even undesirable emissions.  This is a serious gap in the content of this 
review.  Also, there is no discussion of the role of nanoparticles, as the review is focused on micron-sized to 
millimetre particles. 
I do have some comments on the content: 
1.This manuscript stretches beyond a review, as the latter quarter of the document presents a new dimen-
sional analysis.  This section has a limited number of references, and is essentially a new research concept 
presented in a review format.  This does not meet the stated intent for the journal in that the reviews “are of 
use to students seeking a review of a particular subject, together with a comprehensive bibliography”.  As a 
reviewer, I would not expect to read the introduction of new, not previously refereed material. 
The Authors are partially in disagreement with this point. The present review collects experimental data, and 
based on this, the Authors have carried out detailed data post-process with the aim of highlighting how the 
predictive models and particle characteristics interact. The second part of the paper represents a perspective 
view and gives the opportunity to improve the knowledge about gas turbine fouling. 
2.There are many figures with a large amount of scatter in the data presented.  Figures 18 and 22 are egre-
gious examples of this, where it is difficult to identify the results for the sixty or so independent symbols plot-
ted.  What is clear is that there are many potential materials to be examined, the ones for which there is data 
available included in the review.  One does not have a sense of the validity and limitations of the models de-
veloped based on the experimental data when extrapolated to materials not covered in this review. 
The amount of scatter in the data is one of the major results highlighted in the present work. This means 
that, over the years, several experimental tests, and thus, several resources, have been used for carrying 
out very detailed experiments but not at all useful for generalizing the particle impact behavior. With the ref-
erence of this data dispersion, the future tests can be carried out by taking into consideration the literature, 
and thus, the weaknesses and the strengths highlighted in similar past experiments. 
3.Overall, the structure and writing quality of the manuscript is good. 
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Authors’ statement 
The corrections and suggestions reported by the Reviewers are added to the manuscript. In the 
following section, the Authors have reported their considerations and answers to each point raised by 
the Reviewer together with the reference of the manuscript line number. In the manuscript, all the 
modifications/corrections and improvements are highlighted in green. 

  



 

Recommendation 

The quality of the review article at hand was further improved by incorporating suggestions of three referees. 

My major comments were satisfactorily considered and do add additional value to the manuscript, again i 

congratulate the authors to this remarkable job. 

However, several minor comments, given as annotations within the manuscript were neither argued away 

nor accounted for. I here repeat selected comments I regard essential to be discussed, and finally again 

recommend minor revisions. 

L 145                  Give a reference for non-dimensional maps 

L 251                  Use Poisson`s ratio instead of Poisson`s coefficient 

L 647                  Definition of the abbreviation ppmw is required. 

L 662                  Please consider taking the comment on the table into account 

L 713                  of information 

L 871                  Please cite the reference for the TAS diagram, many readers from non-geological disciplines 

will not be familiar with it. 

L 1408                Correct the author`s name in the citation: Giehl [143] 

L 2125                Correct/add the missing characters 

The listed corrections were implemented to the manuscript. 

 

L 380-381           ASTM D2196 is quite recent (from 2015), however clearly not state-of-the-art regarding 

characterization of non-newtonian silicate melts. I agree to state that most existing data are measured using 

rotational methods, but here the authors need to mention the todays established oscillatory methods for 

measuring visco-elasticity. Please do cite for example ISO 6721; part 10: Complex shear viscosity using 

parallel-plate oscillatory rheometer (polymer melts, G*, G’, G’’), 2015; part 11: Glass transition temperature 

(flexure, compression, tension tests; via G’ curve decrease, or G’’ curve peak, or tan delta curve peak) or 

Mezger (2014) The Rheology-Handbook, Vincentz Network, Hannover, ISBN-10: 3866308426 for an up-to-

date overview on rheology. 

The Authors have added a description of the oscillatory methods, the prospective of this method and the 

suggested references (see L 381-402) 

 

L 484                  I would find it acceptable to not incorporate a temperature density dependence model, but 

at least state the effect is usually smaller compared to viscosity/softening/surface tension (if this is the case). 

The Authors are in agreement with this statement and they have added a specific comment on this (see L 

505-512). 

  



Reviewer 3 

I appreciate that the authors have integrated most of my comments to a satisfactory level (Reviewer 3). I 

think also that the publication has substantially improved. However, I would like to stress the need and the 

importance of my missing comments, which have not been taken into account once more.  

General remark: 

3. The comprehensive viscosity model comparison still feels like telling the same story multiple times and I 

still think it is too long. I did see that this remark is also in line with other reviewers. 

The Authors have reorganized the Parag. 5.4, reduced Figures and merged comments (see L. 1058-1082). For 

the sake of completeness, the Authors have added the Appendix D that lists the viscosity-temperature trends, 

the values of the critical viscosity (according to the viscosity model) and several information about the 

contaminants. 

 

4. The use of a comparative table for the viscosity model will provide added value and will allow a qualitative 

comparison of all the models including the parametric dependencies (e.g. whether temperature and particle 

composition is taken into account). 

The Authors have added more details and consideration related to the viscosity models (see L. 1139-1156 

and Table 9). 

 

10. Equation 25 still seems strange: Why is the subscript i used and Al2O3 explicitly mentioned? I would 

assume that the sum over i includes also Al2O3. 

The distinction is due to the approach used in literature that divided the apparent partial volume of all 

components except Al2O3 and the other due to the contribution of Al2O3. The Authors have added this 

description @Eq. (25) (see L. 505-512). 

 

13. Table 13: Just for clarification: I was hoping that the superposition of another sorting criteria would make 

the working groups and the time line of scientific work more visible for the reader. In example I was thinking 

of 4 subtables (1 for each TT) and within each table sorted according to publication date. However, this 

comment is still just a suggestion. 

The Authors are in agreement with the necessity to order the data using an engineering criterion. For this 

reason, in this version, the Authors have divided the data according to the particle material: silty, volcanic 

and coal and, within the same table, the data are ordered by years. In the Appendix D, the Authors have 

added the description of the contaminant source in agreement with the suggestion (for example the 

requested distinction between coal and coal ash) reported in the first review process (the Authors missed 

this suggestion during the revised version) 

 

14. It is fully agreed that there is a difference between viscosity ratio and the viscosity value itself. By 

integrating the respective reference viscosity into former figure 9, figure 7 still becomes obsolete according 

to my impression. By providing this information, the absolute values would be deriveable. Due to the high 

uncertainties in and differences between viscosity models, I would assume that the viscosity ratio is of more 

practical importance anyway. 



The Authors are in agreement with this statement. Figures 7 and 8 (for the figure number, see the first draft 

version) are deleted, and the correspondent comments added to the description of Figs. 9 and 10 (for the 

figure number, see the first draft version). However, for the sake of completeness, the Authors have moved 

the information reported in Figures 7 and 8 to the Appendix D, and thus the reader have the chance to 

compare the viscosity value and the viscosity ratio according to different viscosity model. In the Appendix D, 

the values of the critical viscosity according to the viscosity model are also reported. 



Dear Editor and Reviewers, 

 

The Authors wish to thank the valuable effort spent by the Reviewers for correcting and increasing 

the quality of the present work. 

The Authors have been taking into consideration every Reviewer’s suggestion (Reviewer 2). The 

resolution of all figures has been increased, with a native resolution of 600 dpi. The font size of axes 

and legends are increased according to the dimension of the figure. Explanations (e.g. TT acronym) 

and columns orders of Tables 3 and A3 have been updated according to the suggestions. Few typos 

of material descriptions (especially in Table D3) and Authors’ name in the references section are 

also fixed. 

 

Best Regards 
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ABSTRACT 11 
Fouling in gas turbines is caused by airborne contaminants which, under certain conditions, adhere to aerodynamic surfaces upon 12 

impact. The growth of solid deposits causes geometric modifications of the blades in terms of both mean shape and roughness level. 13 

The consequences of particle deposition range from performance deterioration to life reduction to complete loss of power. 14 

Due to the importance of the phenomenon, several methods to model particle sticking have been proposed in literature. Most models 15 

are based on the idea of a sticking probability, defined as the likelihood a particle has to stick to a surface upon impact. Other models 16 

investigate the phenomenon from a deterministic point of view by calculating the energy available before and after the impact. The 17 

nature of the materials encountered within this environment does not lend itself to a very precise characterization, consequently, it is 18 

difficult to establish the limits of validity of sticking models based on field data or even laboratory scale experiments. As a result, 19 

predicting the growth of solid deposits in gas turbines is still a task fraught with difficulty. 20 

In this work, two non-dimensional parameters are defined to describe the interaction between incident particles and a substrate, with 21 

particular reference to sticking behavior in a gas turbine. In the first part of the work, historical experimental data on particle adhesion 22 

under gas turbine-like conditions are analyzed by means of relevant dimensional quantities (e.g. particle viscosity, surface tension, and 23 

kinetic energy). After a dimensional analysis, the data then are classified using non-dimensional groups and a universal threshold for 24 

the transition from erosion to deposition and from fragmentation to splashing based on particle properties and impact conditions is 25 

identified. The relation between particle kinetic energy/surface energy and the particle temperature normalized by the softening 26 

temperature represents the original non-dimensional groups able to represent a basis of a promising adhesion criterion. 27 

Keywords: gas turbine; particle adhesion; erosion; splashing; non-dimensional group; particle-substrate interaction 28 
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 78 

1. INTRODUCTION 79 
Gas turbines never operate in perfectly clean air. Land-based and offshore units ingest salt and particulate present in the atmosphere 80 

at low altitudes. Aircraft engines ingest large amounts of sand during operation in desert environments, or during flight through volcanic 81 

ash clouds. Solid particles can also make their way inside a gas turbine through the fuel, e.g. as coal fly ash in units burning pulverized 82 

coal. The effect of solid particles on gas turbine components is twofold: the particles can erode the blade surfaces or they can stick to 83 

them. In both cases the impact on performance and operability is negative. 84 

The behavior of solid particles impinging on a wall is determined by the flow conditions, properties of the particles and by the 85 

temperature. As demonstrated in [1], particle adhesion is not a linear phenomenon for which several contributions affect the final results 86 

of particle impact at the same time. Depending on the material, temperature and impact conditions (related to both particle and substrate) 87 

the adhesion or rebound is not easily extrapolated by using similar experimental tests or numerical models. Starting from the result 88 

collection reported in [1], in the coal combustion field of research, many efforts have been made in estimating and improving the 89 

comprehension of deposition and slagging. Material characterization, experimental procedure, and, sometimes, equation model and 90 

basic criteria can be borrowed from this research field to the gas turbine field. Starting from these findings, two main conclusions can 91 

be drawn. At low temperature, the particles are likely to bounce off the wall and cause damage by erosion. At high temperatures, the 92 

particles become soft and can stick to the wall. As a consequence, erosion is the dominant damage mechanism in fans and compressors 93 

or in turbines operating at low Turbine Entering Temperature (TET). In this case, the damage is irreversible and is related due to an 94 

increase in roughness and to uncontrolled modifications of the shape of the blades, typically around the leading edges. Adhesion is the 95 

primary damage mechanism at high temperature and takes place mainly around the first turbine stage in machines operating at high TET 96 

– where gas and wall temperature values are the highest. Therefore, surface modification afflicts all parts of a gas turbine: coated and 97 

uncoated, cooled and uncooled surfaces all experience shape and surface modification from the baseline [2]. 98 

Contaminants are able to stick to blade surfaces in very different ways. The deposits can contaminate multiple stages of the machinery 99 

as a consequence of the different type, nature, and path of a single particle. Several experiments are reported in the literature concerning 100 

the deposition to hot components. Particle adhesion to hot parts has a number of adverse effects on the operation of the gas turbine. 101 

Solid deposits can incapacitate cooling holes – or entire cooling passages if the particles are carried by the cooling air itself – leading to 102 

reductions in component life [3]. Furthermore, solid deposits modify the effective shape of the airfoils, their roughness and, most 103 

crucially, the capacity of the nozzle vanes. When the capacity of the nozzle vanes is reduced, the compression system is moved to a 104 

higher working line and can eventually stall, leading to interruption of power. 105 

Land-based turbines are usually exposed to relatively low concentrations of contaminants over long periods of time and can be 106 

protected by suitably designed filters. The main impact on land-based turbines of solid particles in the air or in the fuel impact is normally 107 

represented by the loss of performance – permanent or reversible [4], [5], [6], and [7]. Filters cannot be used in aeronautical applications 108 

– except in the smallest units. In aircraft engines, damage usually appears through erosion in the compressor and fouling in the turbine. 109 

It is known that erosion damage progresses rather slowly whereas fouling in the turbine can lead to loss of power in a matter of seconds, 110 

as reported in several encounters with volcanic ash clouds [8], [9] and [10]. A formalization of these phenomena is reported in [11] 111 
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which define a predictive model for estimating the engine susceptibility to volcanic ash by means of several parameters related to the 112 

sticking and shedding phenomena. 113 

In Figure 1, an example of the turbine section contamination due to different sources is reported. As mentioned, land-based gas 114 

turbines are well protected by the filtration system, but, in the case of low-grade fuel operation, the contamination of the first turbine 115 

nozzle represents one of the primary causes of the performance losses. In this sense, Figure 1a reports a first nozzle contamination [12] 116 

that involves the entire blade surface as well as the cooling holes. Regarding the aircraft engine contamination, the volcanic ash particles 117 

affect the turbine nozzles as reported in Figure 1b [9]. The deposits appear more localized with respect to the previous example, but at 118 

the same time, these deposits are characterized by a higher hardness due to the solidification process of the semi-molten particles. 119 

 120 

Figure 1 - Gas turbine nozzle contamination: a) land-based power unit in which the contaminants are due to the operation with 121 

low-grade fuels (sub-bituminous ash derived from coal mined) [12], and ii) aero engine contamination due to volcanic ash particle [9]. 122 

 123 

Particle deposition on gas turbine components has attracted much attention because of its practical implications and a large number 124 

of experimental studies is available [13] and [14]. These studies cover the whole range of conditions of (i) full scale gas turbine unit, 125 

(ii) wind tunnel testing or hot gas facilities using stationary cascades, able to reproduce the same conditions of gas turbine operation and 126 

finally, (iii) wind tunnel testing or hot gas facilities using coupon as a particles target. The experimental analyses have been supported 127 

by - and have given inspiration to - increasingly realistic mathematical models. These models are widely used in the computational fluid 128 

dynamic analysis for the study of this phenomenon. 129 

Two types of model exist according to the approach followed to describe particle sticking. The first model type relies on the definition 130 

of a quantity called sticking probability. The sticking probability represents the likelihood a particle has to stick to a substrate (clean 131 

surface or pre-deposited layer). This probabilistic approach is required to overcome inaccuracy and the uncertainty of the experimental 132 

tests on which these models are based. The sticking probability value may be regarded as the statistically representative outcome of a 133 

series of independent experiments carried out under the same conditions. For example, turbulent phenomena may afflict the particle 134 

dynamic changing the impact velocity which could assume a different value for every single impact for the same test conditions. In 135 

addition, the definition of a probability function may consider the actual variation experienced by the gas turbine in terms of particle 136 

size and shape, material compositions, operating conditions and conditions of the blade surface that are difficult-to-be-considered in the 137 

laboratory tests. 138 

The second model type is related to the comparison of the properties of a particle and a threshold value which considers the particle 139 

dynamics, its material properties and energy available before and after the impact. This deterministic approach can only be used when 140 

the conditions of the flow, the substrate and the particles are known in detail. 141 

The validity of the available models could be assessed, in principle, by applying them to the wealth of experimental data published 142 

on particle deposition. However, these data cover a very wide range of flow velocities, temperatures, particle materials, and target 143 

surfaces. Therefore, they cannot easily be grouped or compared to each other unless suitable non-dimensional quantities are defined. 144 

Non-dimensional maps describing the behavior of molten or liquid particles are available in literature and can be used with advantage 145 

to study the problem at hand because the solid particles ingested in a gas turbine are heated by the combustor and are thereby softened 146 

or completely molten before hitting the walls of the turbine. 147 

From a physical point of view, the conditions for adhesion, rebound or break-up are determined by how much of the initial kinetic 148 

energy of the particle is absorbed by the deformation work upon impact and by the adhesion energy with the substrate and how much is 149 

still available to remove the particle, or its fragments, from the wall. In addition to these forces, also the surface tension interacts with 150 

the particle deformation, and the resulting surface energy is a function of the contact area between the particle and the substrate [15] 151 

which is directly related to the particle deformation. These relations are conveniently expressed in terms of the particle Weber, Reynolds 152 

and Ohnesorge numbers  153 

We =
𝜌 𝑣2 𝑑

𝛾
 where 𝜌, 𝛾 = 𝑓(𝑇) (1) 

Re =
𝜌 𝑣 𝑑

𝜇
 where 𝜌, 𝜇 = 𝑓(𝑇) (2) 
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Z = We Re−1/2 (3) 

where the density ρ, normal impact velocity v, diameter d, surface tension γ, and viscosity μ represent the particle properties and motion 154 

prior to the impact [16]. Both the Reynolds and Weber numbers change with temperature because of the temperature dependence of 155 

viscosity, surface tension and, to a lesser extent, density. 156 

Using non-dimensional parameters, generalized maps can be formed showing different regimes – stick, rebound, spread, break up, 157 

splash - for the interaction between sprays and heated walls [17]. Moreover, it is possible to predict the droplet behaviors like stick, 158 

rebound, spread, break-up and splash in terms of only two parameters, one non-dimensional (Weber number) and one dimensional (wall 159 

temperature). A similar approach has been adopted to describe the performance of droplets deposition for printing [18]. In this case, by 160 

using two non-dimensional parameters (Weber number and Reynolds number), it has been possible to define whether ink droplets splash 161 

or not during printing [19]. 162 

 163 

1.1. Contributions 164 
The aim of the present work is to identify particle deposition regimes in the hot parts of gas turbines in terms of non-dimensional 165 

quantities. To this effect, over 70 particle deposition tests reported in the literature are studied. The collected tests are selected because 166 

they were conducted using similar materials (silica-based type contaminants, such as silty, coal-like, and volcanic particles) and took 167 

place in conditions relevant to deposition on the hot parts of gas turbines. The tests were carried out in a number of configurations, 168 

covering full engines, single blades, coupons or blade cooling channels. The tests provide particle sticking results as a function of particle 169 

velocity, temperature, dimensions, etc. Only in a few cases, the sticking phenomenon is reported in detail with the quantitative estimation 170 

of mass deposits determining the per-order-of-magnitude approach adopted in the present work. 171 

Details about particle size and chemical composition used in each experimental test are listed as well as the flow conditions such as 172 

velocity and temperature values. In addition, the target typology and its dimension are reported (if available in the literature) in order to 173 

characterize each impact test. Starting from this collection, a critical post-process is carried out by means of dimensional (e.g. particle 174 

kinetic energy, temperature, etc.) and non-dimensional groups (e.g. particle Reynolds number, particle Weber number, etc.). With more 175 

details, the first part of the present review paper includes the following points: 176 

 collection and comparison of the literature on experimental particle impact tests related to gas turbine fouling; 177 

 application of the most used particle sticking models for gas turbine particle adhesion, highlighting how each model works and 178 

where it fails if compared with the actual test results; 179 

 a detailed review of the predictive model for particle viscosity is added and a sensitivity analysis coupling particle characteristics 180 

(e.g. chemical composition) and impact conditions (e.g. temperature) with the experimental results is proposed in order to highlight 181 

the implications of the use of different sticking models together with particle viscosity models. 182 

In the second part, an innovative approach gives the opportunity to link the present experimental results with some new perspective. 183 

The phenomenology reported in literature dating back 30 years is summarized in terms of two non-dimensional parameters representing 184 

the ratio between the particle temperature and the glass transition temperature on one hand, and the ratio between the available kinetic 185 

energy and the surface energy on the other hand. The non-dimensional map clearly shows a number of different regimes, fitting very 186 

well with reported observations in terms of deposition and erosion phenomena. Furthermore, the map shows that the phenomena taking 187 

place in gas turbines are amenable to generalizations in different fields of research (e.g. printable fluids). The non-dimensional map 188 

proposed by the Authors represents a prediction tool in relation to the particle deposition and erosion phenomena and give a new insight 189 

into the gas turbine fouling prediction. The conceptual steps, as well as the overall scenario in which the present work is developed, are 190 

reported diagrammatically in Figure 2. 191 

 192 

Figure 2 – Conceptual framework: the predictive model of real-life behavior is based on non-dimensional parameters achieved by 193 

specifically-designed tests 194 
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 195 

2. PARTICLE STICKING MECHANISMS AND MODELS 196 
The adhesion of contaminant particles to the blade surfaces is determined by (i) the material of the interacting bodies (particle, 197 

surface, third substance and carrying medium), (ii) the surface conditions, (iii) the particle size, (iv) the impact velocity and (v) the 198 

impact angle. The conditions under which these contaminants stick to blade surface are still unclear. Over the years, several contributions 199 

related to the fouling phenomenon have been proposed and this paragraph aims to summarize the models describing the particle sticking. 200 

Three particle sticking models have been considered for the data post-process, which is mainly referred to as the basic criteria, such as 201 

particle viscosity, velocity, and energy. Other formulations which are derived from these basic criteria are listed as well, but they are 202 

not considered for the data-process. 203 

The present section reports in detail (i) the sticking models used for predicting particle adhesion on hot gas turbine sections and (ii) 204 

the predictive models for estimating particle characteristics (viscosity, surface tension and softening). 205 

 206 

2.1. Particle sticking models 207 
 208 

2.1.1. Critical viscosity model 209 
This model, widely used in the literature, compares particle viscosity to a reference viscosity at which sticking starts. In addition, 210 

the model could account for the stickiness of the deposit itself [20]. The sticking probability was assumed to be inversely proportional 211 

to viscosity. In terms of sticking probability, viscosity at or below the critical viscosity is assumed to have a sticking probability of unity 212 

whereas at other particle temperature, according to the relation 213 

𝑃visc = 𝜇c 𝜇⁄  (4) 

𝑃visc = {
𝜇c μ⁄          𝜇 > 𝜇c

1                  𝜇 ≤ 𝜇c
 (5) 

where Pvisc is the sticking probability related to the viscosity effect and µc is the particle critical viscosity while µ is the viscosity of the 214 

particle at its temperature. This model is implemented assuming that the critical viscosity value corresponds to the particle viscosity at 215 

the softening temperature (µsoft). Softening temperature is a predetermined temperature value, and it is a function of the particle material 216 

that could be calculated/measured according to the standard ASTM – D1857-04 (Standard test method for fusibility of coal and coke 217 

ash) [21]. This standard definition allows a univocal and reproducible application of the critical viscosity method. 218 

Many authors have applied this method and, in some cases, validated its results with experimental tests [22], [23], [24], [25], [26], 219 

[27]. Other contributions have improved the model by introducing a transition across the critical viscosity value [22], and by extending 220 

its validity at a lower temperature (lower compared to the melting temperature) [28]. A detailed explanation of these models can be 221 

found in the paragraph Predictive models for particle properties of the present Chapter. 222 

At a lower temperature, energy losses due to particle-surface impact will determine whether an impacting particle will be able to 223 

leave the surface. These energy losses are a function of impact parameters such as the properties of the particle, impact velocity and 224 

angle. This last formulation of the model states the probability of sticking should be a function of energy losses during a collision and 225 

is calculated from the coefficient of restitution model as 226 

𝑃e = 𝑓(𝑒) = 𝑒−𝑐 𝑅 (6) 

The coefficient of restitution R is therefore considered as an index of the energy dissipated at the impact: the lower it is the higher the 227 

dissipative viscous effect of the impact. Its effect is accounted for through an exponential law where the coefficient c 6.5. Since the 228 

model for the sticking must still depend on the viscosity of the particle (with respect to µsoft considered as the threshold for ideal 229 

adhesion), the final formulation of this model is the one reported below: 230 

𝑃 = 𝑚𝑖𝑛(𝑃e + 𝑃visc; 1) (7) 

Another formulation is related to the definition of the critical value of the viscosity, which could relate the effects of particle softening 231 

with the particle kinetic energy. In this case, the definition of the critical viscosity is the following 232 

𝜇c = 𝐴 𝐸kin
𝐵  (8) 

where A and B are two coefficients able to fit the experimental results related to the specific material. For example, in the case of glass 233 

particles [29], A=5·10-12 and B=-1.78. 234 

This model is strongly dependent on the particle material composition. Low-melting elements or mixtures could be responsible for 235 

early particle adhesion. For this reason, this model is only suitable when the characterization of the material particle and its behavior 236 

according to the temperature is available. 237 

 238 

2.1.2. Critical velocity method 239 
This model is based on the comparison between a threshold value of velocity and the particle velocity [30]. Other contributions are 240 

related to the representation of the particle-boundary layer interaction. Numerical studies on the interaction between the particle and 241 

boundary layers are reported in the literature [31], with greater attention to the effect of turbulence on particle dispersion, deposition on 242 

turbine blade surfaces and detachment from the surfaces [32], [33]. 243 
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As mentioned, the velocity of an impinging particle is one of the parameters that drive the sticking process. If its value is lower than 244 

a threshold (critical velocity) the particle sticks to the surface. The threshold value is strongly dependent on the particle material and its 245 

mass. The formulation suggested in [30] for the critical velocity uses the following equation 246 

𝑣c
2 =

−1 + 𝜇2

𝑅2

2𝑊A

𝑚
 (9) 

where WA is the work of adhesion and R is the coefficient of restitution. According to the formulation of Brach and Dunn [30], the 247 

critical velocity is referred to the normal direction with respect to the target surface. The work of adhesion [34] could be expressed as 248 

𝑊A = − [
5

4
𝜌𝜋

9
2(𝑘1 + 𝑘2)]

2
5

𝛾𝑟2|𝑣|
4
5 (10) 

𝑅 =
𝐶

𝐶 + |𝑣|𝑝
 (11) 

where C and p are constants that can be derived from experimental tests, while the parameters k1 and k2 are referred to the substrate and 249 

particle characteristics respectively. Assuming the subscript i as a material index (particle or substrate), the parameter ki is defined 250 

according to Young’s modulus EY and Poisson’s coefficient 𝜈 as 251 

𝑘i =
1 − 𝜈𝑖

2

𝜋𝐸Y,i

 (12) 

Also for this model, the particle properties, and in particular its Young’s modulus, are sensitive to the temperature and need to be 252 

estimated using empirical correlations. This model was applied in the case of gas turbine contamination by ash using the following 253 

relation for the particle’s Young modulus [35] 254 

𝐸Y,p = 120(1589 − 𝑇)3           𝑓𝑜𝑟   𝑇 > 1100 𝐾 (13) 

and in the case of coal-particle contamination [36] using 255 

𝐸Y,p = 3 ∙ 1020𝑒(−0.02365𝑇) (14) 

The critical velocity model was applied to study the gas turbine hot section fouling [36], using simplified relations for critical velocity 256 

𝑣c = (
2𝐸𝑌

𝑑
)

10
7

 (15) 

based on a composite Young’s modulus EY obtained as  257 

𝐸Y = 0.51 (
5𝜋(𝑘1 + 𝑘2)

4𝜌3/4
)

2
5

 (16) 

by considering the parameters k1 and k2 defined in the Eq. (12) for particle and substrate characteristics. Therefore, EY represents the 258 

material characteristic generated by the pair of particle and substrate. 259 

The application of the present model requires accurate values of the Young modulus of the particle and surface. This procedure is 260 

not a standard (contrary to the critical viscosity method for which the definition of the critical viscosity equal to the particle viscosity at 261 

the softening temperature allows the results standardization). The lack of universally accepted ways to evaluate material properties may 262 

be the reason for discrepancies in predictions obtained (i) in different conditions with the same material or (ii) with different materials 263 

for the same test conditions. 264 

A deposition model that includes elastic deformation, plastic deformation, adhesion, and shear removal is reported by Bons et al. 265 

[37]. Its predictions were compared to five literature cases: quartz on aluminum, ash on stainless steel, sand on stainless steel, ash on 266 

Inconel at high temperature and ash on vane cascade. This model it is used in the numerical analysis reported by Prenter et al. [38] and 267 

Forsyth et al. [39] after tuning the model parameters. A different model was proposed by Agati et al. [40] for the numerical modeling 268 

of particle deposition that occurs in gas turbine hot sections over between 500 K to 1500 K. The transition between these two extreme 269 

conditions is modeled through a temperature-driven modification of the mechanical properties of both particles and target surface. A 270 

third method is proposed by Yu and Tafti [41] as a modification of the former model [42] and it is based on the relation between particle 271 

temperature and yield stress at a high temperature starting from 1000 K. The model prediction was compared against experimental data 272 

obtained with sand particles. As mentioned, more details about these models are reported in the paragraph Predictive models for particle 273 

properties of the present Chapter. 274 

 275 

2.1.3. Energy-based model 276 
Energy balance models are based on comparing the available energy just before the impact to the energy dissipated by the particle 277 

during its deformation. The model predicts sticking if all the available energy is dissipated to deform the particle and to adhere to the 278 

surface. The main parameters are the kinetic energy of the particle, its viscosity and surface tension, and the surface energy or contact 279 

angle [43] and [44]. The method can study deposition on an existing layer by a suitable choice of the properties of the substrate and can 280 

even be used to obtain the restitution coefficient for use in critical viscosity model calculations [45]. This model takes into account the 281 
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particle deformation due to the impact, without considering the behavior of particle viscosity such as non-Newtonian effects or possible 282 

sintering effects after particle impact. Figure 3 reports the phases involved in the particle impact phenomenon. 283 

The model is based on the estimation of the parameter E* that stands for the excess of energy and indicates whether all energy is 284 

dissipated during wetting and deformation. The particle will rebound if 𝐸∗ > 0 and it will stick otherwise. The parameter E* is defined 285 

according to [43]: 286 

𝐸∗ =
25

172
𝜉2(1 − cos𝜃) +

50

129
𝜉−1 −

3

43
𝜉2.3(1 − cos𝜃)0.63 − 1 > 0 (17) 

where θ is the contact angle and ξ is the particle spread factor. The spread factor represents the particle maximum deformation and, if 287 

dmax is the maximum footprint particle diameter when the particle hits the surface, the spread factor is defined as 288 

𝜉 =
𝑑max

𝑑
 (18) 

Several empirical tests and spread factor quantifications are reported in the literature [46], [47], [48], [49], [50] and [51] and, for this 289 

reason, a detailed evaluation of the particle spread factor value predictions will be carried out in the present work.  290 

 291 

Figure 3 – Particle deformation at the impact: dmax is the maximum footprint particle diameter 292 

As mentioned, the model compares the kinetic energy to the energy dissipated by viscosity and the work done against surface tension 293 

to modify the surface area of the particle. These energies are evaluated using semi-empirical correlations. The criterion 𝐸∗ > 0 is 294 

determined mainly by the value of the spread factor 𝜉. This can be appreciated by inspecting Figure 4, where 𝐸∗ is shown as a function 295 

of 𝜉 for different values of 𝜃. In particular, it can be seen that particle adhesion takes place for 𝜉 > 0.4 for most values of 𝜃 of practical 296 

interest. Therefore 𝜉 = 0.4 will be used as threshold value in the present work for particle adhesion. 297 

 298 

Figure 4 - Sensitivity analysis of the contact angle on E* calculation 299 

Sticking mechanisms and deposit formation mechanisms are based on the presences of a third substance or second phase at the 300 

particle/surface interface [52]. The presence of a third substance is usually invoked at low temperature. An example is the formation of 301 

deposits on compressor blades, where particles come into contact with water droplet or oily substances [53]. The third substance could 302 

generate favorable conditions for particle sticking especially when the particle is solid and its adhesion is driven only by electrostatic 303 

forces. In this case, in fact, the presence of third substance could change the action of capillary forces as well as the effects of the inertia 304 

and the correspondent energy dissipation during impact allowing particle sticking. The presence of a second phase is invoked also to 305 

model deposition on hot gas turbine sections in which contaminants are softened or completely molten [54]. For adhesion of particles 306 

to occur, either they must be semi-molten or a molten phase must be present on the blade surfaces. The low-melting compounds 307 
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generated by the increment of the particle temperature act as a bridge between the particle and the blade surface. Therefore, the sticking 308 

probability is dependent on a number of characteristics, such as particle temperature, viscosity, surface tension and wettability [55], 309 

[56]. In the light of this background, the prediction of particle adhesion is based on a two-step approach. The first step deals with the 310 

prediction of the particle/surface properties while the second step deals with the estimation of the sticking probability (or any other 311 

measure of adhesion) based on them. 312 

 313 

2.1.4. Predictive sticking models 314 
With the reference of basic models presented in the latter paragraphs (critical viscosity, critical velocity, and energy-based models), 315 

in this paragraph, different model formulations are reported. In the literature, several predictive sticking models exist starting from the 316 

basic ones and tuned according to the experimental results obtained. All of these models were used for estimating the particle deposition 317 

in the gas turbine and in agreement with their hypothesis, they could be used for fouling prediction with a certain confidence. In Table 318 

1, these models are listed together with their peculiarities, such as, the basic criterion on which the model is based and the main positive 319 

and negative peculiarities. 320 

The analysis proposed by Srinivasachar et al. [29], shows that the particle kinetic energy affects the critical viscosity value at which 321 

sticking starts. The experiments have shown, for a single sample of coal, that the critical viscosity value decreases for a specific particle 322 

impact velocity and diameter. The sticking efficiency transition as a function of temperature was not as sharp, due to the overlaying 323 

effects of ash size and composition distributions. It increases the reliability of the former critical viscosity model. The models proposed 324 

by Sreedharan and Tafti [22] and Singh and Tafti [57] are based on the critical viscosity criterion as well, but, in these attempts, the 325 

Authors have extended the prediction capability of the model to lower temperature. Hypothesis related to the energy dissipation at the 326 

impact imposes to the precise characterization of the particle structural characteristics. The last model based on the critical viscosity 327 

criterion is that proposed by Jiang et al. [58], and is able to account for the wall temperature effects on the particle sticking capability. 328 

The model takes into account ash thermo-physical properties, particle viscosity and metal wall temperature by means of simplified 329 

relation and two model constants. 330 

Moving to the critical viscosity criterion, the proposed model involves the mechanical properties of the particles. The model proposed 331 

by Agati et al. [40], is based on the critical velocity criterion: the model is developed according to the correlation between temperature 332 

and material properties by means of the chemical composition, Temperature based model considers material properties (E and υ) and 333 

material composition for a temperature range between 500 K and 1500 K. This interval is modeled through a temperature-driven 334 

modification of mechanical properties of particles and target surfaces. The model can also predict the coefficient of restitution for 335 

particles bouncing region. 336 

Based on the aim of estimating the coefficient of restitution, four models are developed. In this case, the sticking phenomenon can 337 

be detected when the restitution coefficient is null. The model reported in Yu and Tafti [42], takes into account the contact models for 338 

elastic, elastic–plastic and plastic compression stages, followed by a recovery model based on the model of Stronge [59]. Then, a new 339 

elastic recovery model is proposed with molecular adhesive forces acting on the contact area. The model is more accurate in predicting 340 

the coefficient of restitution compared to the Stronge and Jackson–Green [60] models. The model is largely sensitive on the mechanical 341 

properties of sand to the grain size. With the reference of this model [42], the Authors have improved the formulation in [41] for 342 

modeling the collision of micro-sand particles by means of the adhesion forces, size and temperature dependency of particle mechanical 343 

properties. The base model is validated and the proposed temperature-dependent model is validated against experiments on the impact 344 

of micro-sand particles for impact velocities at different temperatures. However, it is validated only against experiments that involve 345 

sand particles. Bons et al. [37] proposed a physics-based model which includes elastic deformation, plastic deformation, adhesion, and 346 

shear removal. The model accounts for fluid shear removal, elastic and plastic deformation, and adhesion. The model is not fully 347 

validated in terms of the deposition prediction because of the dependency between temperature and material properties. 348 

A different approach is adopted in [61]. The model proposed by Casari et al. [61], investigates the deposition process under a 349 

statistical perspective. This fouling model uses only the energy content of the particles, based on temperature and kinetic energy, to 350 

estimate the sticking probability. However, in a similar way of previous models, the model constants and the applicability limits are not 351 

checked against experimental results. 352 

After this brief review of the present sticking models, it is clear how the major issue is related to the extension of predictive capability 353 

as a function of different particle chemical compositions, mechanical properties etc. Therefore, it is necessary to improve the models in 354 

order to extend the prediction capabilities together with the limitation of the use of model constants which are usually specifically tuned 355 

for each application.  356 
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 357 

Table 1 - Predictive sticking models 358 

Basic criterion Authors  Pros /  Cons 

Critical viscosity 

Srinivasachar et al [29] 
 Influence of the kinetic energy on the particle sticking 

 Critical viscosity values related only to a single coal sample 

Sreedharan and Tafti [22] 
 Accounts for the particle softening effects 

 Only representative of molten particles 

Singh and Tafti [57] 
 Accounts for the energy absorbed by the particle at the impact 

 Detailed characterization of the temperature-material characteristics relations 

Jiang et al. [58] 
 Influence of the wall temperature on the particle sticking 

 Model equations and constant do not account for the particle kinetic energy 

Critical velocity 

Agati et al. [40] 
 Extended range of temperature 

 Detailed characterization of the temperature-material characteristics relations 

Yu and Tafti [42] 
 Accounting for the elastic/plastic deformation 

 Sensitive to the on the mechanical properties of sand to the grain size. 

Bons et al. [37] 
 Accounting for the elastic/plastic deformation, adhesion and shear removal 

 Tuned by case-dependent coefficients 

Yu and Tafti [41] 
 Temperature dependency on the yield stress for sand particles 

 Sensitive to the on the mechanical properties of sand to the grain size. 

Activation energy Casari et al. [61] 
 General approach based on an energy content comparison 

 Lack of validation of the model constants and applicability limits 

 359 

2.2. Predictive models for particle properties 360 
Different predictive models used for particle characteristics such as viscosity, surface tension, softening and density are reported. 361 

The formulations reported in the following sections are useful for the subsequent data post-process based on literature experimental 362 

data. The particle deposition on hot gas turbine section experiments was carried out using similar materials that affect the power unit in 363 

the actual operating conditions such as sandy, volcanic and coal-type particles. All of these contaminants belong to the class of material 364 

called silica-based and are characterized by well-known interaction between their constitutive ions. Silica melts are based on the strong 365 

covalent bonding between silicon and oxygen forming a network structure. The glassy silica network can accommodate many different 366 

cations. Three main categories exist, depending on the interaction of cations and network: (i) glass formers (Si4+, Ti4+, P5+) which form 367 

the basic anionic polymer unit, (ii) modifiers (Ca2+, Mg2+, Fe2+, K+, Na+) which disrupt the polymeric chains by bonding with oxygen 368 

and terminating chains, and (iii) amphoteric (Al3+, Fe3+, B3+) which act either as glass formers or as modifiers. Modifier ions disrupt the 369 

glass structure and thus tend to lower viscosity. Amphoteric ions can act as glass formers when they combine with modifiers ions which 370 

balance their charge, thus forming stable metal-oxygen anion groups that can fit into the silicate network. If insufficient modifier ions 371 

are present in the glass, amphoteric cations (Al3+ and Fe3+) can act as modifier ions [62]. 372 

 373 

2.2.1. Particle viscosity models 374 
Several test methods exist to measure silica melts viscosity: rotating crucible, rotating bob, falling body, oscillating plate, oscillating 375 

viscometer and Static Light Scattering (SLS) [63]. The methods contain provisions to guarantee uniform temperature zone during the 376 

measuring processes. Each method has its applicability range, confidence band and requires additional data (such as density and surface 377 

tension). The rheological behavior of silica melts [64] can be assess using standard test methods, according to ASTM D 2196-15 [65], 378 

which are able to evaluate whether the slag has transitioned from Newtonian to non-Newtonian flow at the measurement temperature. 379 

Unfortunately, these test methods are defined for a specific range of shear rate (0.1 – 50) s-1 and developed for measuring the rheological 380 

properties of the liquid phase only. 381 

Each material has its own temperature-dependent characteristics, furthermore, each particle is subjected by different temperature-382 

history in a gas turbine flow path. For this reason, the aim of the present analysis is to compare the experimental data with dimensional 383 

and non-dimensional parameters using the available data reported in the literature.  384 

Over the past century, several equations have been proposed relating the viscosity of arbitrary melts to temperature-dependent 385 

characteristics and to specific composition constants [66]. Most of these are proposed for predicting material viscosity for a specific 386 

material composition and sometimes, their validity is limited to a certain viscosity ranges. In the present review, seven (7) methods are 387 

considered. They are based on data extrapolation from temperature-viscosity trends of coal and volcanic samples similar to those 388 

responsible for gas turbine hot section fouling. In addition, all of the selected methods are able to predict the particle viscosity based on 389 

the composition and temperature. Each method is applied considering its limits according to the particle composition, beyond of the 390 
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absolute value of the predicted viscosity [67], [68], [69], [70], [71], [72] and [73]. In this way, each method can be included or excluded 391 

a priori only based on the particle composition useful for automated calculation or routine easy-to-be-implemented in numerical 392 

simulations. 393 

The considered models are based on different correlations obtained considering different physical-chemical criteria. The S2 [68] and 394 

Watt-Fereday (WF) [69] postulate that the viscosity depends on temperature following Arrhenius’ law. This corresponds to a description 395 

of the flow of silicates in terms of transition probability and vacancy distribution in the structural lattice. The NPL model by Mills and 396 

Sridhar [67] is also based on the Arrhenius equation used to describe the temperature dependence of slag viscosity and correlates the 397 

slag composition to the optical basicity of the material. In 1962, Weymann [74] proposed another equation resulting from the same 398 

deduction considered for the Arrhenius model with the addition of an extra temperature-dependent parameter. This model demonstrated 399 

a valid correlation with experimental data and a successful description of the relationship between viscosity and temperature. The models 400 

that are based on Weymann equation [74] are Sreedharan and Tafti [70] (S&T), Riboud et al. [71] (RRLG) and Streeter et al. [72] (SDS). 401 

Another equation that links the viscosity with temperature was independently proposed by Vogel [75], Fulcher [76] and Tamman and 402 

Hesse [77] in the 1920s and it is the base of the model presented by Giordano et al. [73] (GRD). In this case, a third adjustable 403 

composition parameter is introduced into the equation to improve the performance of the model and to better emphasize the dependence 404 

of temperature on silicate melts viscosity. This model is specifically realized for predicting temperature-viscosity trends of volcanic 405 

ashes. 406 

All model coefficients, constitutive equations, and applicability limits are reported in Appendix A divided according to the model. 407 

In addition, the accuracy of the model coefficients and the confidence band related to each model are described in details. 408 

 409 

2.2.2. Particle softening model 410 
In addition to the particle viscosity, another basic particle characteristic is the particle softening temperature. This property is the 411 

key value for calculating particle adhesion according to the critical viscosity method. In order to post-process the literature data related 412 

to the particle deposition on hot gas turbine sections, the calculation of the present quantity is required. 413 

For the estimation of the softening temperature, three main approaches exist. The first one is related to a visual method described in 414 

the standard procedure of ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [21], the second one is carried 415 

out with a ThermoMechanical Analysis (TMA) approach while the third one is related to a thermal analysis by means of Differential 416 

Scanning Calorimetry (DSC) approach. The setup of these different methods has been carried out over the years due to the controversial 417 

question related to the deformation temperature. In the literature, in fact, it has been emphasized that the initial deformation temperature 418 

is not the temperature at which the ash melting begins, and many coal ashes have been found to start melting at temperatures far below 419 

the initial deformation temperatures [78]. Therefore, in this section, the three approaches are briefly described. 420 

In accordance with ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [21], the softening temperature 421 

(ST) is defined as the temperature at which triangular pyramid prepared from the material (see sketch n°1 in Figure 5) has fused down 422 

to a spherical particle which is characterized by the height equal to the width at the base (see sketch n°3 in Figure 5). The softening 423 

temperature has been accepted as the critical temperature which is commonly referenced in the evaluation of the characteristics of coal 424 

ash [79]. The ash fusion test (AFT) is considered the most widely used procedure for determining the temperature at which the different 425 

stages of the ash transformations (softening, melting and flow) take place in order to assess the deposition characteristics of the material 426 

[80]. The fusion temperature values are determined by heating a prepared sample of molded coal in a gas-fired or electric furnace 427 

conforming to [21]. The deformation of the molded ash cone is monitored during the increase of temperature and, according to Figure 428 

5, the four (4) critical temperature points (fluid – FT; hemispherical – HT; initial deformation – IT; softening – ST) are determined. 429 

Moreover, the response of the sample to thermal treatment is generally quantified by optical pyrometer or thermocouple. An alternative 430 

approach for the evaluation of the four (4) critical temperature values, applied to volcanic ash samples, consists in the use of 431 

thermogravimetry and differential scanning calorimetry (DSC) [81] and [82]. Mechanically, the evolution of characteristic temperature 432 

and the geometrical transformations of the cone define the ability of the sample to sinter, to stick or to spread and wet the surface [83]. 433 

Nevertheless, the standard test [21] can be susceptible to subjective assessment because of the visual evaluation of critical temperature 434 

points [84]. The standard procedure is recognized as not a very precise method failing the prediction of the fusibility temperature by 435 

over 40 K [85] as a function of the amphoteric content. In addition, it was found that the deformation temperature is not the temperature 436 

at which initial melting begins as normally perceived and the hemisphere temperature is below the liquidus temperature. 437 

 438 

 439 

Figure 5  – Critical temperature points taken from ASTM – D1857-04 [21] 440 
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 441 

 442 

The TMA methodology evaluates the progressive shrinkage of ash and it is suitable for characterizing the sintering and melting 443 

behavior at temperatures lower than the standard method. In addition, the precision of this technique is greater than the standard one, 444 

reducing the inaccuracy due to the measurement method. However, this accurate methodology can not be applied to ashes from biomass 445 

combustion [78] and in this case, the use of the DSC technique appears the best solution. This methodology is based on the evaluation 446 

of any mass changes by means of the comparison between the ash behavior against the reference material. With this procedure, any 447 

deviation in terms of energy corresponds to an evaporation or melting process with an accurate estimation of the most ash fusibility 448 

temperature values. 449 

Despite the background of conventional techniques for determining the transformation temperature, the evaluation of the critical 450 

temperature values from the chemical composition can be a difficult task because of the unknown correlation between the interacting 451 

factors. In the present paper, starting from the particle characteristics reported in the literature, empirical relations to compute the particle 452 

softening temperature as a function of the composition proposed by Yin et al. [86] were used. This model is much easier and direct than 453 

other statistical methods through the possibility to omit the mathematical correlation between the variables. In addition, the aim of the 454 

present study is to compare the experimental literature data and, for this reason, particle softening temperature has to be computed only 455 

by the use of the particle chemical composition. According to the particle composition, different relations are proposed. 456 

When the content of SiO2 is less than or equal to 60 %, and the content of Al2O3 is larger than 30 % 457 

𝑇soft = 69.94SiO2 + 71.01Al2O3 + 65.23Fe2O3 + 12.16CaO + 68.31MgO + 67.19𝑎 − 5485.7 (19) 

when the content of SiO2 is less than or equal to 60 %, the content of Al2O3 is less than or equal to 30 % and the content of Fe2O3 is less 458 

than or equal to 15 % 459 

𝑇soft = 92.55SiO2 + 97.83Al2O3 + 84.52Fe2O3 + 83.67CaO + 81.04MgO + 91.92𝑎 − 7891 (20) 

when the content of SiO2 is less than or equal to 60 %, and that of Al2O3 is less than or equal to 30 %, and that of Fe2O3 is larger than 460 

15 % 461 

𝑇soft = 1531 − 3.01SiO2 + 5.08Al2O3 − 8.02Fe2O3 − 9.69CaO − 5.86MgO − 3.99𝑎 (21) 

and finally, when the content of SiO2 is larger than 60 % 462 

𝑇soft = 10.75SiO2 + 13.03Al2O3 − 5.28Fe2O3 − 5.88CaO − 10.28MgO − 3.75𝑎 + 453 (22) 

The constant a is defined according to the weight fraction wt% of each component as 463 

𝑎 = 100 − (SiO2 + Al2O3 + Fe2O3 + CaO + MgO) (23) 

 464 

2.2.3. Particle surface tension model 465 
The third particle characteristic useful for applying the particle sticking methods is the particle surface tension. In the literature, 466 

several contributions are related to the measurement of surface tension values of slags and silicate melts [87], [88], [89], [90], [91], [92], 467 

[93] and [94]. Ternary or more complex slags, as well as coal ashes, are taken into consideration. These analyses are mainly focused on 468 

the estimation of the temperature effects on the surface tension values. Even if, these contributions report very detailed slags and ashes 469 

characterizations, both in terms of chemical composition and surface tension values, they are mainly focused on the high-temperature 470 

values at which these materials are characterized by the liquid phase. For this reason, the actual slag and ash characterization can not be 471 

applied to the present study, due to the different temperature ranges at which gas turbine operates (lower temperature values than the 472 

slag/ash characterization). Therefore, in the present work, the particle surface tension is calculated using a chemical-temperature 473 

dependent correlation based on the principle that the surface tension can be expressed as a linear function of the composition [95] 474 

𝛾 = Σ (𝛾i 𝑚i) (24) 

where γ is the surface tension corresponding to each oxide i and m is its molar fraction. The surface tension of each oxide is taken from 475 

literature correlations [96], [97]. Table 2 reports the equation of the relation γ = f(T) used in the present analysis. The contribution of 476 

potassium oxide and titanium dioxide are not considered. 477 

Table 2 - Surface tension [mN/m] of single oxide 478 

Component γ = f(T) [mN/m] 

SiO2 243.2+0.0031 T [K] 

CaO 791-0.0935 T [K] 

Al2O3 1024-0.177 T [K] 

MgO 1770-0.636 T [K] 

Na2O 438-0.116 T [K] 

Fe2O3 504-0.0984 T [K] 



12 

 479 

By means of this approach, the different chemical composition can be considered in the estimation of particle surface tension. In 480 

addition, with the use of the linear function, the particle surface tension is computed according to the precise correlation between 481 

temperature and surface tension of every single oxide. 482 

 483 

2.2.4. Particle density model 484 
Several models for density calculation have been provided through the years [98], [99] and [100]. One of the most common methods 485 

is proposed by Bottinga and Weill [101], which calculates the densities, ρ, of molten slags from the following two equations 486 

𝑉m = Σ (𝑋i 𝑉i
0) + 𝑋Al2O3

 𝑉Al2O3

0  (25) 

𝜌 =  
𝑀

𝑉m

 (26) 

where the sum of Eq. (25) is taken over all oxide components except the aluminum trioxide. In the Eq. (25) X is mole fraction of 487 

component i, while V0 terms represent the apparent partial volume of slag constituents. They are constant and derived independently 488 

from an analysis of volume-composition relations in alumina-free silicate liquids. In Eq. (26), M represents the sum of the molar weight 489 

for the given slag. The apparent partial molar volumes of SiO2 and Al2O3 are polynomial functions of composition in the density model 490 

proposed by Mills and Keen [102] for multicomponent slags. Based on [101], the Authors adjust the partial molar volume values (V0) 491 

achieving certain success in calculated data with an uncertainty of 2 %. Different model constants provided by [101] and [102] for 492 

calculating V0 of various slag constituents are listed in Table 3. In the present work, the apparent partial volume of slag constituents 493 

reported [102] are used. 494 

 495 

Table 3 – Recommended values for apparent partial molar volume V0 of slag constituents 496 

Component 
V0 at 1673 K [101] 

[cm3/mol] 

V0 at 1773 K [102] 

[cm3/mol] 

SiO2 26.75 19.55 + 7.966XSiO2 

TiO2 22.45 24.0 

Al2O3 - 28.31 + 32 – 31.45𝑋Al2O3

2  

Fe2O3 44.40 38.4 

MgO 12.32 16.1 

CaO 16.59 20.7 

MnO 14.13 15.6 

Na2O 29.03 33.0 

K2O 46.30 51.8 

 497 

3. EXPERIMENTAL DATA OF GAS TURBINE PARTICLE DEPOSITION 498 
Deposition tests in conditions representative of the hot parts of a gas turbine have been conducted over the years with a number of 499 

different materials. The tests involve five principal types of particles [103]: sand, ash, coal, bituminous coal and lignite. 500 

Sand is defined as mineral particles of diameter 2 mm to micronized powder. In the gas turbine field of research, sandy particles are 501 

usually referred to Arizona Road Dust (ARD) sand samples. This sandy powder takes inspiration from the standard powder of ISO 502 

12103-1 (A1, A2 A3, and A4) [104], but the size and chemical composition of particle used in the deposition tests could be different 503 

from the standard one due to the mixing, filtration, sieving, and processes applied before the tests. 504 

Ash comprises all pyroclastic particles or fragments ejected from a volcano, irrespective of size, shape or composition. The term is 505 

usually applied to an air-fall material characterized by a characteristics diameter less than 2 mm. 506 

Coal is a carbon-rich mineral deposit formed from the remains of fossil plants. The process of coalification results in the production 507 

of coals of different ranks such as bituminous coal, lignite, and anthracite. Each rank marks a reduction in the percentage of volatiles 508 

and moisture and an increase in the percentage of carbon. According to this definition, ASTM standard [105] proposed a detailed coal 509 

classification based on the content of carbon, volatile matter and calorific limits. Unfortunately, this classification is not completely 510 

useful to understand the physical characteristics of the contaminants involved in gas turbine degradation. Physical characteristics such 511 

as viscosity and surface tension are dependent on the chemical composition and structure (e.g. crystalline or amorphous) of the 512 

contaminants. In addition, it is important to note that the chemical composition of slag and its correspondent original coal ash could be 513 

different. As reported by Streeter et al. [72], slags chemical composition could change due to the depletion of iron oxides species or to 514 

the enhancement in alumina content during heating/melting processes. At the same time, high-temperature values generate the 515 
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volatilization of the sodium oxide that could change the slag viscosity. These behaviors enhance the difficulties related to the 516 

characterization and classification of the contaminants that affect hot sections. 517 

Particle deposition is investigated in order to understand turbine section contamination and the interaction between cooling holes 518 

and particle deposition. Accelerated tests are frequently used to recreate the actual gas turbine condition using in-house experimental 519 

test bench. For example, accelerated deposition testing is realized within 4 hours which cover 10,000 hours of actual gas turbine 520 

operation [106]. Sometimes, in order to study specific problems, deposition tests are conducted using a coupon instead of gas turbine 521 

cascade [107], [108], [109], [110], [111], [112], [113], [114], [115], [116], [117], [118], [119], [120], [121] and [122]. In this type of 522 

test, the particle deposition occurs on specifically-designed target, usually characterized by simplified geometry in order to guarantee a 523 

certain flow and temperature fields. In this case, the experimental procedure allows the proper correlation between particle impact 524 

conditions and deposition phenomenon based on the criterion that, all of the injected particles are characterized by the same impact 525 

conditions such as temperature, velocity, and incoming angle. In addition, given the simplified geometry of the coupon, detailed 526 

evaluation of several peculiarities such as (i) surface roughness of the deposited layer, (ii) effects of the cooling hole array, (iii) deposits 527 

thickness and (iv) influence of the substrate temperature on the particle sticking capability can be easily carried out. In Figure 6 an 528 

example of this evaluation is reported. In particular, Figure 6a shows the evaluation of deposit surface roughness, Figure 6b depicts the 529 

influence of the presence of cooling holes on the particle deposition pattern and, finally, Figure 6c reports an evaluation of the deposit 530 

thickness by means of a three-dimensional detection carried out with a laser scanner. 531 

 532 

 533 

Figure 6 - Experimental particle deposition tests carried out on coupons: a) evaluation of the surface roughness [112], b) effects of 534 

the cooling hole array [117] and c) measurement of the deposit thickness by means of the three-dimensional reconstruction based on 535 

laser scanner detection [118] 536 

 537 

Earliest contributions are related to deposits due to fuel contamination. Several studies can be found in literature [123], [124], [125], 538 

[126], [127], [128], [129], [130], [131], [132] and [133] but no specific details about particle sticking probability is reported, or the 539 

chemical compositions is too different from the silica-based materials [134]. Analytical schemes were developed for extracting sticking 540 

coefficients from the measured weight gain data, particle size spectrum, and particle density and composition [56]. The influence of the 541 

particle temperature was one of the first studies reported in the literature [135]. The particle temperature determines the appearance of 542 

different composites with different characteristics. For example, in the temperature interval (800 – 1800) K, the multi-component 543 

solution comprises oxides, sulfates, silicates, and aluminosilicates. Below 1100 K, low-melting alkali sulfate solutions are the 544 

predominant components, whereas above about 1500 K, molten oxides constitute most of the liquid phase. At high temperature, vapor 545 

deposition driven by thermophoresis force becomes important. Differences in deposits were encountered for pressure and suction sides 546 

where diffusion phenomenon works as a leading actor [136] and [137]. 547 

At the same time, the first studies on the effects of volcanic ash on aero-engines were published. Tests with different power unit 548 

using a unique facility able to generate realistic environmental conditions of particle-laden clouds under controlled laboratory conditions 549 

are carried out [138], [139] and [140]. The results show the variation of the power unit performance during the test (a few minutes) 550 

highlighting the deterioration over a small period. Evaluations of blade erosion and deposition patterns are also proposed. This type of 551 

studies are not widespread in literature and only in the last years, new studies have been proposed related to simply particle deposition 552 

[141], [142] and [143], cooling holes blockage [144], [145] and internal cooling hole clogging [146]. Cooling holes clogging represent 553 

the most detrimental phenomenon that occurs in gas turbine hot section, especially for aero-engines. Figure 7 reports literature 554 

experimental results showing the occupied area due to particle adhesion inside the cooling hole. More recently, Shinozaki et al. [147] 555 

and Naraparaju et al. [148] use a micro gas turbine for studying volcanic ash adhesion at different load and for different blade coating 556 

material, respectively. 557 
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 558 

Figure 7 – Internal cooling hole clogging [146]: deposition in first four cooling holes of HD45 running at 1310 K 559 

 560 

With the increase in usage of gas turbines for power generation and given that natural gas resources continue to be depleted, 561 

alternative types of fuel have been tested. Examples of alternative fuels are coal-derived synthetic fuels. Coal-derived fuels could contain 562 

traces of ash and other contaminants that can deposit on vane and turbine surfaces. Experimental tests and numerical analyses are devoted 563 

to the comprehension of the effects provided by bituminous and sub-bituminous particles on the gas turbine nozzle [149]. Several studies 564 

were realized in order to increase the effects of these contaminants on gas turbine hot section fouling, especially in the  presence of film 565 

cooling. Different types of ash (e.g. coal bituminous, lignite, etc.) have been used for performing particle deposition on a gas turbine 566 

nozzle [12], [26] and [150]. Such tests allow the proper analysis of the flow dynamic behavior in the particle impact and adhesion 567 

phenomena, giving the possibility to realize the same flow conditions of the actual application. By contrast, the complexity of the flow 568 

structure and the effects of geometric features that characterize an actual gas turbine nozzle could represent an obstacle in the definition 569 

of general rules and trends related to particle sticking. In Figure 8 the comparison between the deposits pattern without and with film 570 

cooling using bituminous ash is reported. The effect of cooling holes on particles deposition pattern is still under investigation. 571 

Experimental tests [151], also run with high gas temperature [152], attempt to improve the comprehension of particle deposition. 572 

 573 

Figure 8  – Comparison of coal bituminous particle tests (a) film cooling (b) non-film cooling [12] 574 

Other specific contributions can be found in relation to the effects of the electrostatic charge on particle deposition [153] and [154] 575 

or the influence of the deposit on the heat transfer and the influence of the free-stream turbulence on the particle deposition [155]. The 576 

deposits thickness influences the heat transfer and, through experimental tests, it is possible to correlate the thickness and the heat 577 

transfer over the operating time [156]. 578 

Finally, some attempts to use a sort of thermal similitude for studying particle adhesion were proposed [157], [158] and [159]. These 579 

experimental tests were based on the similarities between melting ash and wax/PVC particles. Latter materials have lower values of 580 

melting temperature and, using thermal scaling techniques, the deposition pattern could be assumed as representative of actual gas 581 

turbine particle deposition. 582 

 583 

4. LITERATURE DATA COLLECTION 584 
The experimental results related to particle deposition on cascade and/or coupon reported in the literature, are obtained with different 585 

(i) material (ii) size and (iii) working conditions such as velocity and temperature. These different working conditions imply several 586 

difficulties in comparing deposition results obtained from different experimental tests. Different material compositions determine, for 587 

example, different values of particle viscosity even if the tests are carried out at the same particle temperature. The same phenomenon 588 

affects also the surface tension value (closely related to the surface energy), that, in addition with the viscosity, drives the adhesion 589 

phenomena at the particle/surface interface [34]. On the other hand, differences in impact velocity and particle dimension values 590 

determine different impact mechanisms and particle deformation related for example to the particle kinetic energy. 591 
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In the light of these considerations, in this paragraph, all the experimental results related to particle deposition on hot gas turbine 592 

section are summarized. Starting from the information reported in every single work, particle composition and temperature are used to 593 

calculate viscosity and surface tension based on the relations available in literature and reported earlier. Coupling these values with 594 

particle velocity, density, and dimension, the calculation of the particle adhesion according to the analytical models (critical viscosity, 595 

critical velocity and energy-based models) are performed, highlighting pro and cons of each method. Special attention is given to the 596 

particle viscosity which is considered the most important parameter for judging the particle adhesion or rebound phenomena. 597 

 598 

4.1. Experimental test conditions 599 
Table 4 reports the experimental data available in literature related to particle deposition in gas turbine hot sections. Each material 600 

is indicated with the same name used in the respective reference. In the case of more than one contribution that uses the same material, 601 

with different test conditions, a progressive number is adopted. For each test (grouped according to the reference), the particle 602 

characteristics such as dimension and density are reported. The particle dimension indicates the variability range or the mean mass 603 

diameter used in each test (if provided). Unfortunately, detailed data on other interesting parameters such as d50 and d75, which represents 604 

the diameters for which the 50 % and 75 % of the particles measured are less than the stated size, are not reported. 605 

The test conditions are also indicated and, in absence of detailed information, particle velocity is assumed equal to the gas velocity 606 

and particle temperature is assumed equal to the gas temperature. Fixed value or the indicated variability range is also specified. 607 

Regarding the velocity, in the case of test realized on a full-scale gas turbine, a representative particle impact velocity of 100 m/s is 608 

chosen because no-data related to this variable is reported [139] and [140]. 609 

Finally, Table 4 reports also the type of target, tg, used in the experimental tests, with a reference of: 610 

 T, the test is realized on a full scale gas turbine; 611 

 B, the test is realized on wind tunnel provided with cascade or single blade target; 612 

 C, the test is realized using a coupon; 613 

 I, the test is realized in order to discover particle deposition inside the internal cooling hole. 614 

All of this information (dimension, density, velocity, and temperature) provide the first overview of the experimental contribution 615 

related to particle deposition and fouling on gas turbine hot sections. Particle velocities span from 15 m/s to 350 m/s while the 616 

temperature values range from 850 K to 1900 K, approximately. Wind tunnel tests allow the best control in terms of test parameters but, 617 

at the same time, could imply certain limits related, especially to a maximum temperature value. 618 

Starting from this detailed information, the particle Stokes number and the particle relaxation time can be calculated. In Appendix 619 

B data about the geometrical features of the target for each experimental test are reported. Particle Stokes number and particle relaxation 620 

time are listed in relation to the airflow characteristics calculated assuming pure air as a carrier gas with characteristics calculated 621 

according to CoolProp library [160]. 622 

 623 

4.2. Experimental uncertainties 624 
The uncertainty related to the experimental test conditions and at in turn, the accuracy of the particle deposition results, are not 625 

always reported in literature even if a considerable number of tests indicate the experimental uncertainty [12], [26], [56], [106], [109], 626 

[110], [113], [114], [116], [117], [118], [120], [146], [150], [151] and [155]. The difficulties are especially related to the not-clear 627 

correlation between the uncertainties related to test conditions like flow velocity and temperature and mass deposits or sticking 628 

coefficients. Measurement uncertainties have to be considered different from the variability of the test conditions even if, both of them 629 

determine the amount of deposits. The present data collection allows the definition of a sort of tolerance band of the experimental data 630 

reported in the present review. 631 

Given the sticking model relations which are based on the particle characteristics strongly related to the temperature, one of the most 632 

important uncertainties related to the experimental results is that which characterizes the temperature measurements. Uncertainties 633 

related to the temperature values are estimated equal to 0.11 % [146], 1.3 % [114] and 2 % [12], [26], [150], and [155]. These values 634 

have to be correlated with the actual temperature in order to highlight the influence of the measurement uncertainty on the particle 635 

characteristic and thus, on their sticking capability. According to the aforementioned percentage values, the uncertainty in terms of 636 

Kelvin become equal to 1 K [146], 19 K [114], and 27 K [12], [26], [150], and [155]. Given the high temperature at which the tests were 637 

carried out (up to 1500 K), these uncertainty values appear in line with those reported in literature even if, according to the analysis 638 

reported in the following paragraphs, a slight deviation could be determined between the sticking prediction provided by the models and 639 

the actual results of the experimental tests. 640 

In the same way of the temperature measurement, even the uncertainties related to the mass flow rate are useful to improve the 641 

comprehension of the experimental results. In particular, these uncertainty values could be used to estimate the uncertainty in the particle 642 

impact velocity. For the collected data, these uncertainty are estimated to be equal to about 0.80 % [146] and 4 % [12], [26], [113], and 643 

[155]. According to the percentage values, the uncertainty of the mass flow rates in [146] is equal to 0.0074 g/s, while in [12], [26], 644 

[113], and [155], the maximum uncertainty value is equal to 0.015 kg/s. 645 

Regarding the uncertainty of the particle concentration used to contaminate the main air flow, data are not commonly reported. Only 646 

in [106] and [113] the accuracy in the particle contamination is reported and is equal to 6 ppmw. Other uncertainties are related to the 647 
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geometry and position of the target [118], [120], in the capture efficiency evaluation [116], [117] and mass measurements [114]. Proper 648 

methods for uncertainty estimation are adopted in [146] by applying [161] and [150], [12] using the procedure reported in [162]. In other 649 

cases, the uncertainties were estimated by duplicating the tests as reported in [110] and [117]. 650 

In relation with the variability of the tests condition during the deposition tests, the variability of the flow temperature is between 3 651 

K [155] (for a tested flow temperature of 1353 K), 6 K [12] (for a tested flow temperature in the range of 1314 K – 1385 K) and 5 K in 652 

[151] (for a tested flow temperature of 866 K). Regarding the variability of the mass flow rate, in [155] is declared equal to 0.005 kg/s 653 

(that corresponds to the 2.8 % and 1.4 % for a tested mass flow rate values of 0.181 kg/s and 0.363 kg/s, respectively) while in [12] is 654 

declared equal to 0.01 kg/s (that corresponds to the 1.8 % and 2.7 % for a tested mass flow rate values of 0.557 kg/s and 0.365 kg/s, 655 

respectively). Other inaccuracies are especially related to the effects of radiation on the flow temperature measures [56], [109] and [114]. 656 

Data collection covers about thirty (30) years of particle deposition tests, realized using several different facilities and 657 

instrumentations. The amount of data, their variability, and their different nature give the possibility to discover the widest view of 658 

particle deposition on gas turbine hot section. The present analysis is based on the data available in open literature, and the data post-659 

process reported in the following paragraph allows the comprehension of the basic phenomena using per-order-of-magnitude variations. 660 

  661 
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Table 4 - Particle deposition data. Material composition in term of weight fraction 662 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 
TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘18 
Naraparaju et al. 

[148] 
EYJA 0.5–10 849 200 1773 T 3.6 2.7 1.6 1.3 78.6 11.3 0.3 0.7 

2
0
1
7
 

Giehl et al. [143] 

Basalt 5–125 2800 15 1373–1773 C 3.0 0.5 10.2 5.9 52.0 13.0 2.8 12.4 

Andesite 5–125 2600 15 1373–1773 C 3.7 0.7 8.8 5.6 53.9 18.7 1.0 7.4 

Dacite 5–125 2700 15 1373–1773 C 4.4 2.4 3.7 0.8 63.7 13.5 0.8 7.8 

Rhyolite 5–125 2500 15 1373–1773 C 6.4 2.4 2.9 1.0 73.4 11.9 0.9 2.8 

Barker et al. [121] ARD+ 10–35 2560 80 1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Boulanger et al. [122] ARD 2+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Whitaker et al. [145] ARD 3+ 0–10 2560 40 920–1262Δ I 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Wylie et al. [146] 
EYJA 2 º 4.8–34.9 849 80 1163–1293□ I 2.0 2.0 4.6 0.0 51.3 10.9 1.4 9.5 

Chaiten VA 4.8–34.9 849 80 1163–1293□ I 2.9 2.9 1.6 0.0 73.9 14.0 0.2 1.6 

2
0
1
6
 

Boulanger et al. [120] ARD 4+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Whitaker et al. [151] ARD 5+,* 0–20 2560 21 866 ◊ I 0.0 0.0 3.3 0.0 84.8 9.9 0.0 2.1 

Lundgreen et al.[152] ARD 6+,* 0–5 2560 70 1363–1623 B 0.0 0.0 3.0 0.0 85.0 10.0 0.0 2.0 

Dean et al. [142] 

Laki 5–50 2400 106 1043–1295 C 6.4 0.3 6.3 8.3 52.6 18.8 1.3 6.1 

Hekla2 5–50 1500 106 1043–1295 C 7.3 1.2 2.0 1.4 67.4 18.1 0.0 2.6 

Eldgja3 5–50 1900 106 1043–1295 C 6.9 0.3 6.2 7.1 50.3 19.7 2.4 7.3 

Askja4 5–50 1400 106 1043–1295 C 5.6 1.5 1.7 1.8 71.9 15.5 0.0 2.0 

Laycock and Fletcher 

[119] 
JBPS A 4 2330 200 1523–1673 C 2.5 0.9 5.1 1.6 63.6 17.3 1.1 4.2 

Taltavull et al. [141] 

Laki 25 10–70 2400 91 1043 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

Laki 35 10–70 2400 106 1160 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

Laki 45 10–70 2400 127 1295 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘15 Whitaker et al. [155] JBPS B 4.63; 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

‘14 Prenter et al. [26] JBPS B 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

2
0
1
3
 

Casaday et al. [149] JBPS B 2 11.6 2320 79 1366 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

Laycock and Fletcher 

[118], [163] 
JBPP ** 3; 13 1980 200 1523 C 3.9 1.7 9.9 1.8 52.4 12.1 3.1 15.2 

Shinozaki et al. [147] Laki 5 20–100 2400 365 1343 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

2
0
1
2
 Webb et al. [12] 

Lignite 12.5 2818◊ 70 1314–1371 B 0.8 1.0 31.7 3.6 32.8 14.2 2.6 9.8 

Bituminous 14.1 1980 70 1339–1366 B 0.3 2.0 2.3 0.6 25.3 11.0 1.9 52.7 

PRB 18.3 2989◊ 70 1315–1385 B 1.8 0.5 42.2 6.9 22.1 10.5 2.2 6.1 

JBPS B 3 12.5 2320 70 1317–1343 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

Ai et al. [117] Coal (bit.) 13.4 1980 170 1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Ai et al. [116] Coal (bit.) 2 16 1980 180 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

‘11 Ai et al. [115] Coal (bit.) 3 4, 13.4 1980 170 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

‘10 Smith et al. [150] 
Bituminous 

mean14 
14 1980 70 1181–1272 B 0.0 2.5 2.9 0.0 32.9 20.3 0.0 40.6 

2
0
0
8
 Crosby et al. [114] 

Coal (bit.) 4 3.1–16 1980 170 1133–1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Petcoke 6.3 2900 170 1133–1456 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9 

Wammack et al. 

[113] 
BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7 

2
0
0
7
 

Bons et al. [112] 

Coal (bit.) 5 13.3 1980 200 1423 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Petcoke 2 33.0 2900 200 1423 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9 

Straw 17.6 1680 200 1423 C 1.7 23.4 7.8 2.5 48.4 1.8 0.0 5.0 

Sawdust 19.7 960 200 1423 C 5.9 10.7 42.9 12.4 11.6 5.1 1.3 1.0 

‘05 Jensen et al. [106] BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7 

‘96 Dunn et al. [140] 

St Helens 23 2700 100 1283–1558 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1 

Twin 

Mountain 
73 2730 100 1283–1558 T 0.5 4.2 10.6 1.5 50.3 13.2 1.9 15.3 

‘93 Kim et al. [139] St Helens 2 23 2700 100 1394–1494 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1 

1
9
9
2
 

Richards et al. [110] 

Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 
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Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

 663 
Table 4  (continued) 664 

 665 
+ The particle diameters used in these tests could be different from the standard ones reported in the ISO 12103-1 (A1, A2 A3, and A4) [104] due to filtration, sieving and 666 
processes applied by the Authors 667 
º EYJA 2 has different chemical compositions with respect to EYJA 668 
* ARD 5 and ARD 6 have different chemical compositions with respect to ARD, ARD 2, ARD 3 and ARD 4 669 
Δ Temperature values refer to the surface wall temperature. Gas temperature was set equal to 866 K 670 
□ Temperature values refer to the surface wall temperature. Gas temperature was set in the range (800 – 900) K 671 
◊ Temperature values were set in the range (700 – 866) K but particle deposition was founded for the highest temperature value (866 K) 672 
 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [142] (Si 17.5 %, Al 7.1 %, Na 3.4 %, Ca 3.2 %, Mg 3.6 673 
%, Ti 0.6 %, K 0.2 % and Fe 3.4 %) 674 
2 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [142] (Si 21.4 %, Al 6.5 %, Na 3.7 %, Ca 1.0 %, Mg 0.6 675 
%, Ti 0.0 %, K 0.7 % and Fe 1.4 %) 676 
3 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [142] (Si 16.0 %, Al 7.1 %, Na 3.5 %, Ca 3.0 %, Mg 2.9 677 
%, Ti 1.0 %, K 0.2 % and Fe 3.9 %) 678 
4 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [142] (Si 23.6 %, Al 5.8 %, Na 2.9 %, Ca 0.9 %, Mg 0.8 679 
%, Ti 0.0 %, K 0.9 % and Fe 1.1 %) 680 
5 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [141] and [147] and it is different from the Laki composition 681 
reported in [142] (Si 24.0 %, Al 6.7 %, Na 1.0 %, Ca 6.1 %, Mg 2.0 %, Ti 2.4 %, K 0.1 % and Fe 21.3 %) 682 
** The details about the composition are based on the erratum [163]. The powder belongs to the Jim Bridger Power Plant as well as the tests named JBPS A, JBPS B, 1, 683 
2 and 3 but has a slightly different chemical composition. The weight percent values reported in the table were calculated starting from the following molar percentages 684 
(SiO2 60.2 %, Al2O3 8.17 %, Na2O 4.3 %, CaO 12.2 %, MgO 3.1 %, TiO2 2.7 %, K2O 1.2 % and Fe2O3 6.6 %). 685 
▼ Temperature range obtained as a function of the distance between nozzle and target. 686 
► Maximum firing temperature 687 
◊ Estimated with Eqs. (25-26) 688 
  689 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 
TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

1
9
9
0
 

Anderson et al. [109] 

Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Wenglarz and Fox 

[130], [131] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

1
9
8
9
 

Ahluwalia et al. [56] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

1
9
8
8
 

Ross et al. [108] 

Arkwright3 20 1980 100 
1400–

1500▼ 
C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Kentucky 20 1980 100 
1400–

1500▼ 
C 9.5 0.3 1.3 0.6 25.5 15.9 7.8 32.4 

Spring 

Montana 
20 1980 100 

1400–

1500▼ 
C 13.1 0.1 26.5 6.5 18.6 13.5 1.3 4.7 

North 

Dakota 
20 1980 100 

1400–

1500▼ 
C 8.3 0.3 22.9 6.7 20.1 11.2 0.5 13.2 

1
9
8
7
 

Spiro et al. [129] 
AMAX 0–15 1900 100 1366► B 6.7 5.8 3.2 0.0 17.9 11.5 2.9 37.6 

Otisca coal 0–11.5 1900 100 1366► B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2 

Wenglarz [127] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

Kimura et al. [128] Otisca coal 0–11.5 1900 100 1366 B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2 

1
9
8
4
 

Raj and Moskowitz 

[154] 
Coal 0–6 1900 244 1144–1422 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6 

Anderson et al. [107] 

Pittsburg 15 2500 53 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

Pittsburg 2 15 2500 149 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

Pittsburg 3 15 2500 215 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

‘83 Raj [153] Coal 2 0 – 6 1900 244 1700–1922 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6 
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4.3. Chemical composition 690 
The particle behavior depends on the relationship between particle viscosity and temperature and this is strongly dependent on the 691 

chemical composition. Table 4 reports the chemical composition as a weight fraction of sodium oxide Na2O, potassium oxide K2O, 692 

calcium oxide CaO, magnesium oxide MgO, silicon dioxide SiO2, aluminum oxide Al2O3, titanium dioxide TiO2, and iron oxide Fe2O3. 693 

Obviously, these oxides do not cover the entire composition for each material but these components characterize each ash, powder, and 694 

particle determining their physical characteristics. 695 

This wide compositional range is related to the process formation of the ash or powder and might include particles formed from new 696 

materials as well as those derived by the fragmentation of pre-existing components which are subjected to degradation or combustion 697 

processes. In this context, Srinivasachar et al. [29] have carried out combustion and deposition experiments with a coal (San Miguel 698 

Texas lignite) to assess critical viscosity hypothesis for deposition processes. These experiments have highlighted that final ash 699 

composition is independent of combustion conditions and the analysis of individual combustion ash particle have shown that there are 700 

negligible interactions between the particles which are characterized by similar final chemical composition. In light of the above, bulk 701 

composition can thus provide an overall indication of each particle behavior and its relation between viscosity, temperature, and chemical 702 

composition. However, a certain degree of non-uniformity could be represented by the initial formation of liquid phase due to the low 703 

temperature eutectic during the particle heating, such as the combination between sodium oxide with silica and aluminum dioxides, that 704 

generates a liquid fraction starting from 1200 K. Similar findings are reported in [164], where the presence of sodium sulfate generates 705 

a condensed phase that increases the particle sticking capability. This sort of inhomogeneity represents the first phase of particle 706 

softening process, that represents one of the most important parameters for estimating the particle adhesion capability. A graphical 707 

description of this occurrence can be realized by means of the ternary plot. Figure 9 depicts two different ternary plots according to the 708 

triplets Al2O3-SiO2-CaO and SiO2-MgO-Fe2O3 with the indication of the liquidus curves [165] together with the correspondent 709 

temperature value. The liquidus temperature can be compared with the temperature value at which the deposition test is carried out. The 710 

deposition tests are reported by means of different markers based on the chemical composition reported in Table 4. A higher content of 711 

silica dioxide corresponds to higher liquidus temperature, and in turn, the deposition test is carried out when particles are not melted 712 

yet. Another element ofinformation that can be drawn, is related to the effects of each oxide on the particle behavior. For example, for 713 

the majority of the considered tests reported in Table 4, the presence of iron dioxide does not influence the liquidus temperature that can 714 

be assumed equal to 1673 K due to the higher presence of silica dioxide. In addition, it can be highlighted that the ash composition of 715 

several tested coals occurs in mullite phase field. Mullite is the predominant phase of coal ash which is formed due to kaolinite and other 716 

clays decomposition during combustion [166]. 717 

With this qualitative data representation (due to the approximation of this data post-process based on only three oxides) it is clear 718 

how the correlation between particle composition and temperature could determine different phenomena during the impact process. The 719 

different amount of oxide content in each test increase the complexity of the result comparison process and thus, each test condition has 720 

to be considered as a fundamental information coupled with the particle chemical composition. 721 

The final consideration is related to the literature data. The material characterization is often reported but sometimes it is not complete 722 

or, in the worst cases, completely absent. Material characterization is fundamental for calculating physical properties such as viscosity 723 

and surface tension which are the most important parameter in the particle adhesion phenomenon. For this reason, in this work, two 724 

characterizations related to the volcanic rock, are taken from literature. In details, the composition of Twin Mountain basaltic rock [167] 725 

and St. Helens rock [168] are taken from literature. For completeness, in Appendix C, the compositions in term of molar fraction values 726 

are also reported. 727 

 728 
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 729 

Figure 9 – Ternary diagrams with liquidus curves of the triplets: a) Al2O3-SiO2-CaO, and b) SiO2-MgO-Fe2O3 730 

 731 

4.4. Particle size, temperature and mineral/glass ratio 732 
With the reference of the data reported in Table 4, it is clear how each test is characterized by several peculiarities, as well as different 733 

particle size and temperature. This evidence introduces some critical aspect into the determination of a proper framework under which 734 

a useful comparison can be carried out. 735 

According to the contamination source, three families can be recognized such as silty, coal and volcanic particles even if, only the 736 

volcanic ash particles, are created by instantaneous and, in many cases, explosive processes. For these reasons, in the literature, detailed 737 

analyses are reported in relation to their dimension and material structure. Volcanic ashes are characterized by different fractions of 738 

crystals and amorphous solids (juvenile fragments) created during explosive volcanism phenomena. Specific volcanic events 739 

(phreatomagmatic eruptions, pyroclastic density currents, and explosive eruptions) determine variations in terms of crystals/volcanic 740 

glasses fractions and changes in chemical compositions. The intrinsic structural nature of the ash, comprised of fine fragments of 741 

magmatic glasses, magmatic crystals, and other lithic materials, influences the temperature-dependent material characteristics causing, 742 

for example, significant modification in sintering and/or melting conditions of ash particles. This wide variability in chemical and 743 

physical ash characteristics makes it difficult to evaluate the behavior of volcanic ash and the proper characterization of the material 744 

structure is often tedious due to the structurally complex nature of ash components. Regarding the coal-like particles, a description of 745 

the generation of ash particles is reported in [164]. Large particles are formed by the mechanism of coalescence, while fine particles are 746 

the result of vaporization and the subsequent condensation of volatile inorganic elements. This implies that a certain degree of 747 

inhomogeneity in terms of size and composition can be found after the combustor, but, no detailed analyses are available in this sense, 748 

especially related to the combustion process in a gas turbine. 749 

A lack of contaminant characterization in terms of temperature-dependent material characteristics implies hypotheses and 750 

unavoidable inaccuracies that should be the main reason for pushing new strategies and tests procedures forward. For example, in 751 

volcanic ash analysis, the relation between ash composition and melting temperature (and in turn, ash viscosity) is very difficult to 752 

predict in detail [141]. Other contributions [81], [83], and [169], show the influence of the heating rate on the evolution of the wettability 753 

and spreading of volcanic ash. More specifically, the wetting efficiency of volcanic ash is dependent on particle size and particle 754 

temperature together with mineral/glass ratio [93] and [143]. As reported by [141], these factors are related to the adhesion rate for 755 

normal surface incidence. 756 
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Regarding the dimension, as mentioned before, non-precise data are reported but, some general consideration can be drawn. It is 757 

clear that the adhesion rate is more influenced by a larger particle because its weight is comparable to that of several smaller particles 758 

(e.g. one 50 μm particle weighs the same as a thousand 5 μm particles). Particle size also affects the rate at which the particle temperature 759 

achieves the substrate temperature: fragments with smaller diameters are capable of reaching more quickly the substrate temperature 760 

compared to larger particles and this is at the base of the theoretical effect of heat transfer to different particle sizes [93] and [94]. In this 761 

context, the mineral/glass content of the ash can play a key role in the deposition rate. When glass transition temperature is reached, 762 

most of the amorphous (glassy) particles are expected to rapidly become very soft promoting the particle adhesion phenomenon. Finally, 763 

the mechanical properties are related also to the particle diameter. As reported in [170], the particle Young modulus may increase when 764 

particles are smaller. In particular, in [170] an exponential dependence of the particle Young modulus on the grain size is reported due 765 

to the fact that, when the particle is small, the material structure is less affected by inhomogeneity and defects. 766 

All of these effects affect the experimental results carried out over the years and, in turn, influence the present data post-process. By 767 

contrast, given the number of tests which involve several materials, particle sizes and test conditions, can be concluded that the present 768 

data post-process can be considered robust against these effects within a certain tolerance band, allowing the comprehension of the 769 

particle deposition phenomenon based on per order of magnitude considerations. 770 

 771 

5. PARTICLE STICKING MODELS AND VISCOSITY METHODS: MUTUAL INTERACTION AND CRITICAL 772 

ANALYSIS 773 
The previous analysis has shown that the deposition tests listed in Table 4 are carried out with temperature values lower than liquidus 774 

temperature and, thus, they are characterized by semi-molten particles which impact on a solid surface. For this reason, the measurement 775 

of the particles viscosity is not straightforward and, it implies several difficulties. Figure 10 shows the iso-viscosity contour plot based 776 

on the ternary plots of the triplet Al2O3-SiO2-CaO and gives the possibility to compare the collected data with the viscosity values 777 

measured at 1773 K [165]. The regions not covered by the iso-viscosity lines are due to the lack of literature data and, in some instances 778 

the presence of solid matter (higher content of silica dioxide). Despite the fact that this qualitative representation is not useful for carrying 779 

out the analysis of the deposition process (the temperature value is constant and higher than the experimental particle temperature), it 780 

gives the opportunity to highlight how the particle chemical composition influences the particle impact behavior. By a slight 781 

modification of mass fraction oxide content, the particle viscosity changes by an order of magnitude for the same temperature value. 782 

 783 

 784 

Figure 10 – Iso-viscosity [Pa s] contour of CaO-Al2O3-SiO2 at 1773 K 785 
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 786 

5.1. Particle viscosity: quantification and model application 787 
Based on the chemical composition of the material, in this section, the particle viscosity is calculated as a function of the temperature. 788 

Using the listed models (NPL [67], S2 [68], WF [69], S&T [70], RRLG [71], SDS [72] and GRD [73]) it is possible to calculate the 789 

viscosity values as a function of the material composition and temperature. This allows the comparison between different tests (carried 790 

out with different materials and temperature) in terms of viscosity. The viscosity values are calculated for all materials reported in Table 791 

4 following the models reported. 792 

As mentioned, based upon the viscosity model analysis (reported in details in Appendix A) the NPL model works with all the 793 

considered materials due to the absence of specific applicability limits (in terms of chemical composition) allowing for the comparison 794 

among the deposition tests without restrictions. Due to this, for the cross-comparison between the viscosity model reported in the 795 

following paragraph, the NPL model represents a sort of reference giving the chance to compare several models (applied according to 796 

their applicability limits) with respect to the same reference values. For each analysis, all the viscosity models which are suitable (in 797 

terms of particle composition) for the analysis are used, in order to improve the completeness of the present data post-process. 798 

Figure 11 reports the variation of the particle viscosity as a function of the temperature, according to the NPL model. For a given 799 

temperature, the viscosity variation is almost six (6) orders of magnitude for lower temperatures and three (3) orders of magnitude for 800 

higher temperatures while the majority of the data is localized in the range of (1 – 104) Pa s. Figure 12 reports the viscosity prediction 801 

according to the different models (S2 [68], WF [69], S&T [70], RRLG [71], SDS [72] and GRD [73]). Each model is applied within its 802 

validity limits and, in order to highlight the differences, the viscosity prediction obtained with the NPL model are reported in red. 803 

Therefore, the shape and grey-scale color (empty with black bound, solid black and grey) represent the model predictions according to 804 

the chart label, while the red-scale (empty with red bound, solid red and pale red) represent the NPL predictions. Considering all 805 

predictions, the viscosity values vary in a sixteen-orders-of-magnitude-wide range. The trends are very similar to each other, even if the 806 

predictions provided by the WF model show a different trend. 807 

Based on viscosity calculation and by applying the critical viscosity method, it is possible to define the capability of each particle to 808 

adhere comparing the instantaneous particle viscosity and the critical viscosity value. The critical viscosity values could be calculated 809 

using one of the viscosity model reported where the particle temperature corresponds to the softening temperature Tsoft. According to 810 

Eqs (19 – 23), the particle softening temperature is calculated according to the materials compositions. Even if in some instances the 811 

particle softening temperature is reported, in order to compare all tests under the same conditions, the particle softening temperature is 812 

calculated for all tests. Table 5 shows the softening temperature for all materials listed in Table 4. Therefore, starting from the particle 813 

characteristics such as particle viscosity, reported in Figure 11 and Figure 12, it is now possible to compare the viscosity ratio (µ/µc) 814 

trends at the critical condition related to the sticking model. This means that starting from a particle characteristic, the information 815 

changes, moving toward the particle sticking phenomenon. 816 

 817 

Figure 11 – Viscosity values as a function of the temperature calculated according to the NPL model 818 
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 819 

Figure 12 – Viscosity values as a function of the temperature: a) S2, b) WF, c) S&T, d) RRLG e) SDS and f) GRD 820 

Table 5 – Values of particle softening temperature obtained according to Eqs (19 – 23) compared with literature (if available) 821 

Material 
Tsoft [K] 

Eqs (19–23) 

Tsoft [K] 

(literature) 
Material 

Tsoft [K] 

Eqs (19–23) 

Tsoft [K] 

(literature) 
Material 

Tsoft [K] 

Eqs (19–23) 

Tsoft [K] 

(literature) 

EYJA 1445 - JBPS A 1329 - Twin Mountain 1176 - 

Basalt 1170 - Laki 2, 3, 4, 5 1132 873  973 Arkwright, 2, 3 1337 1589 

Andesite 1257 - JBPS B, 2, 3 1197 1422* Blue Gem, 2 1191 1581 

Dacite 1284 - JBPP 1172 1500 Ash-fuel 1 1169 - 

Rhyolite 1387 - Lignite 1032 - Ash-fuel 2 1162 - 

ARD, 2, 3, 4 1337 - Bituminous 1030 - Ash-fuel 3 1118 - 

EYJA 2 1305 1123 – 1323 PRB 909 - Kentucky 1162 - 

Chaiten VA 1446 1123 – 1323 Coal (bitum.), 2, 3, 4, 5 1278 1278** Spring Montana 1068 - 

ARD 5 1465 - Bituminous mean14 1030 - North Dakota 1021 - 

ARD 6 1471 - Petcoke, 2 1162 - AMAX 1084 - 

Laki 1258 923 BYU SEM 1071 - Otisca coal 1179 - 

Hekla 1394 1023 Straw 1213 - Coal, 2 1320 - 

Eldgja 1341 973 Sawdust 842 - Pittsburgh, 2, 3 1337 1589 

Askja 1161 973 St Helens, 2 1323 -    

*called critical sticking temperature 822 
**estimated by [118] by using Yi et al.’s model [86]) 823 
 824 

The viscosity ratio (µ/µc) trends according to the temperature values are reported in Figure 13 where the particle viscosity and the 825 

critical ratio are calculated according to the NPL model. According to the critical viscosity method, two regions for each material can 826 
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be defined according to the viscosity ratio (µ/µc) identifying the sticky and rebound conditions. As can be seen in Figure 13, experimental 827 

tests are mainly conducted in the sticky regions excluding a few cases in which the results of test conditions lie inside the rebound region 828 

due to the lower particle temperature of deposition tests. 829 

 830 

Figure 13 – Critical viscosity method (rebound and sticking regions are divided by the dashed line) calculated according to the 831 

NPL model 832 

 833 

With the same criterion, Figure 14 reports the viscosity ratio (µ/µc) trends according to the temperature values obtained with the 834 

other viscosity methods (S2 [68], WF [69], S&T [70], RRLG [71], SDS [72] and GRD [73]). Each model is applied within its validity 835 

limits. State the analysis of Figure 13 and Figure 14, it is clearly visible the immense variability in the viscosity obtained for the same 836 

substance from different models and also that, using such widely different values will result in contrasting predictions if different sticking 837 

models are applied. 838 
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 839 

Figure 14 – Critical viscosity method (rebound and sticking regions are divided by the dashed line: a) S2, b) WF, c) S&T, d) RRLG, e) SDS 840 

and f) GRD 841 

In details, the following analysis reports a distinction between the tests according to the viscosity method. At the same time, the 842 

softening temperature is calculated with the same aforementioned model proposed by Yin et al. [86]. The first analysis, reported in 843 

Figure 15 and Figure 16, shows silty and coal particle tests respectively. The marker shape indicates the test while the color indicates 844 

the viscosity method. In this case, silty particle tests mainly belong to the rebound region, while coal particle tests are located in the 845 

sticky region even if, some of these tests are conducted with the same temperature as silty tests. This difference is due to the different 846 

relationship between particle viscosity and temperature generated by the different chemical compositions. As reported by [82], 847 

differences in chemical composition must be taken into account and the similarities between different particle impact tests have to be 848 

drawn considering these differences. Therefore, the use of ARD particles instead of coal particles for carrying out experimental tests in 849 

laboratory test facilities could generate several mismatches with respect to the actual applications. Figure 15 and Figure 16 show, in 850 

addition, the different viscosity ratio (µ/µc) predictions provided by the viscosity methods. The variations between the NPL model and 851 

the GRD and S&T models increase towards lower temperature. In addition, the NPL predictions appear more close to the critical value 852 

(µ/µc=1) than other models. Considering the comparison reported in Figure 17, it can be noted that predictions are not aligned with the 853 

straight dashed line (provided as a reference for the reader), but the trends change according to the tests and according to the viscosity 854 

ratio µ/µc. For high values of viscosity ratio, NPL and GRD model predictions (see Figure 17a) are very different (several orders of 855 

magnitude), while, across the critical point (see Figure 17a and b), the predictions appear similar even if characterized by different 856 

slopes. A detailed description of the relations between the viscosity method, sticking model and particle characteristics will report in the 857 

following sections. 858 
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 859 

Figure 15 – Critical viscosity method for silty particles (four tests with ARD) calculated according to the NPL and GRD models 860 

 861 

Figure 16 – Critical viscosity method for coal particles (three tests with JPBS B, JBPP, five tests with Coal (bituminous), three 862 

tests with Arkwright and three tests with Pittsburg particles) calculated according to the NPL and S&T models 863 

 864 

 865 

Figure 17 – Comparison of the critical viscosity ratio (µ/µc): a) NPL and GRD models for silty particles and b) NPL and S&T 866 

models for coal particles. The straight dashed line allows the data comparison 867 
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Given that there have been a considerable number of tests of volcanic ash deposition, a dedicated analysis is carried out. The viscosity 868 

method proposed by Giordano et al. [73] is expressly based on several volcanic ash samples (see Appendix A for completeness) and, in 869 

this section, it will be compared with the more general method proposed by Mills and Sridhar [67]. 870 

According to the chemical classification proposed in [171], Figure 18 reports the Total Alkali-Silica (TAS) diagram with the 871 

superimposition of the fourteen (14) volcanic ashes considered in this review. Tests can be classified according to six (6) different 872 

categories called basalt, basaltic-andesite, dacite, rhyolite, basaltic trachy-andesite, and trachydacite. These subalkaline series are 873 

characterized by a lower amount of alkali and a progressive increase in silica dioxide content and are included in the GRD model limits. 874 

 875 

Figure 18 – Classification of volcanic tests according to the TAS diagram 876 

 877 

Figure 19 reports the viscosity ratio as a function of the temperature for volcanic ashes using the GRD and NPL models. Thirteen 878 

(13) tests out of seventeen (18) are shown. Laki 2, 3, 4 and 5 and Twin Mountain tests are characterized by a particle composition out 879 

of the validity range indicated by Giordano et al. [73]. In a different way of coal particles, about half of these tests belong to the sticky 880 

region. As mentioned above, by using different viscosity prediction models, the viscosity ratio (µ/µc) can vary noticeably, but the mutual 881 

variation between NPL and GRD methods appears very similar to those reported for silty and coal particles (see Figure 15 and Figure 882 

16). This means that even if the GRD model is based only on volcanic ash materials (by means of a data regression, as reported in 883 

Appendix A), it performs similar prediction, in comparison with the NPL model, even for the material derived from different sources 884 

(silty and coal particles). 885 

Figure 20 shows the comparison between the critical viscosity ratio calculated according to the NPL and the GRD viscosity models. 886 

Sticking and rebound regions are superimposed onto the graph dividing the two regions as a function of the viscosity model. The 887 

comparison highlights how the choice of the viscosity model affects the particle adhesion prediction. It can be noted that predictions are 888 

not aligned with the straight dashed line (provided as a reference for the reader), but the trends change according to the tests and 889 

according to the viscosity ratio µ/µc. This evidence has to be matched with the trends reported in Figure 19: by changing the test 890 

temperature by 50 K, the particle viscosity may change by an order of magnitude and, by considering the different relation between 891 

viscosity and temperature, this could imply different predictions in terms of a particle sticking or rebound. 892 

This analysis shows how important the correct estimation of particle temperature is, as well as the choice of the viscosity and sticking 893 

models in the prediction of particle adhesion. 894 
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 895 

Figure 19 – Critical viscosity method for volcanic ash particles calculated according to the NPL and GRD models 896 

 897 

Figure 20 – Comparison of the critical viscosity ratio (µ/µc) calculated according to the NPL and GRD viscosity models where 898 

straight dashed line allows the data comparison 899 

 900 

5.2. Particle velocity: application of the critical velocity method 901 
In line with the viscosity analysis, it is possible to apply the critical velocity method defining the rebound/adhesion regions. This 902 

analysis is carried out using Eq. (16) for the calculation of the Young modulus and using Eq. (15) as a reference. This relation is used 903 

in literature for both ash contaminants [36] and JBPS B 2 particles [23]. The Young modulus of the surface is set equal to 200 GPa, 904 

while the Poisson coefficient is equal to 0.3 for both particle and surface. The Young modulus for the particle is calculated according to 905 

Eq. (14) that is suitable for coal-ash contamination. Figure 21 shows the comparison between a representative test (JBPS B 2) condition 906 

at v = 79 m/s and the consequent critical velocity. The dashed line in the picture is representative of the particle velocity used in the tests 907 

and the critical velocity is reported as a function of temperature and diameter. In this case, the overall range of particle diameter (2 – 20) 908 

µm, instead of the mass mean average diameter equal to 11.6 µm has been considered. In the same way, a temperature values in the 909 

range of 1273 K  1373 K instead of single temperature value equal to 1366 K have been considered for the analysis. This assumption is 910 

based on the experimental evaluations reported in [149]. The Authors in [149] reported the temperature map across the vane, showing 911 

a non-uniform temperature pattern. If the particle velocity is lower than the critical velocity value, the particle is able to stick to a surface. 912 
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Taking into consideration the critical velocity trends, for a given particle diameter, the particle velocity ranges for which the particle 913 

is able to stick increases according to temperature values. This trend is related to Young modulus variation with temperature (see Eq. 914 

14). Analogous results can be obtained by fixing particle temperature and decreasing particle diameter. In this case, the critical velocity 915 

value is inversely proportional to the particle diameter (see Eq. 15). 916 

As can be predicted by the critical velocity model, particle adhesion occurs in the case of smaller diameter and higher temperature 917 

values. In this case, according to the critical velocity model, several experimental conditions lie outside the adhesion region. In this case, 918 

the actual non-uniform temperature pattern, instead of the single value taken as the reference for this test, shows how for a single 919 

adhesion test, different predictions may occur as a function of the local flow conditions. 920 

Critical velocity model takes into account particle diameter while the classic formulation of the critical viscosity model accounts 921 

only for the particle temperature and its composition. In literature, several analyses show that increasing particle diameter the average 922 

sticking coefficient decreases, probably due to a not-complete particle heating during the experimental tests [148]. Analytical 923 

observations have highlighted the influence of the surface temperature [34]. In particular, in presence of blade cooling, the sticking 924 

coefficient decreases due to the increment of the Young modulus (molten particle starts to solidify). 925 

 926 

Figure 21 – Application of the critical velocity method for JBPS B 2. Sticky conditions refer to the case when particle velocity vp is 927 

lower than the critical velocity value 928 

 929 

5.3. Energy-based model: particle spread factor and overall comparison 930 
The last analysis related to particle adhesion/rebound using literature sticking model refers to the energy-based model. This model 931 

is based on the estimation of particle deformation during the impact and its correspondent energy balance between the dissipative and 932 

conservative forces. The peculiarity of this approach is related to the estimation of particle deformation as a consequence of the impact. 933 

Beyond the target characteristics (such as elasticity, hardness, surface roughness, etc.), one of the major challenges is represented by the 934 

identification of the particle condition (such as solid particle, liquid particle or semi-molten particle) upon impact. As reported in the 935 

literature [172] the deformation process is strongly dependent to the particle/droplet viscosity and surface tension. 936 

 937 

5.3.1 Particle surface tension 938 
Figure 22 reports the variation of the particle surface tension as a function of the temperature according to the material reported in 939 

Table 4. Therefore, each trend includes the particle surface tension variation due to the composition and temperature, while, each dot 940 

provides the particle surface tension value fixing both temperature and composition when that material is tested at a fixed temperature. 941 

The particle surface tension values are estimated in agreement with Eq. (24) and the model coefficient collected in Table 2. In the same 942 

fashion as seen for viscosity, particle surface tension values decrease according to the temperature even if, the variation over the 943 

temperature range is lower. The majority of data are comprised within 0.35 N/m to 0.45 N/m. 944 
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 945 

Figure 22 – Particle surface tension as a function of particle temperature 946 

 947 

5.3.2 Particle spread factor analysis 948 
Several researches are devoted to model the particle/droplet deformation process by means of the non-linear relationship between 949 

non-dimensional numbers such as We and Re and the contact angle realized on the target. As demonstrated by Kleinhans et al. [43] 950 

relationship derived from droplet impact [50] could be used for representing semi-molten particle impact, successfully. In particular, in 951 

[43], the sticking behavior of soda lime glass particles are well represented using the non-linear equation reported in [50] obtained for 952 

water mixture with a viscosity value in the range (1–100) mPa s. Starting from this result, in this section, a collection of the relationships 953 

able to model the particle deformation process are reported. In order to give an overall overview how these models tackle the problem 954 

of semi-molten particle impact, six (6) relationships are used to calculate the particle spread factor for three (3) representative tests taken 955 

from Table 4, named ARD 2 (sandy particle), Eldgja (volcanic particle) and Coal (bituminous) 4 (coal particle) are considered. 956 

Spread correlations available in the literature refer to the different type of fluid/semi-molten substances and, as reported in [172] are 957 

characterized by some limitations. Most of these are related to the difficulties of scaling the complex interactions of liquid properties, 958 

surface wettability, dynamic contact angle and liquid velocity implying several difficulties to extend the validity beyond the fluid tested. 959 

Unfortunately, all the models available in the literature are based on studies of droplet impact having viscosity values lower than that 960 

involved in the present study (see Figure 11 and Figure 12). For example, very low viscosity fluid (3.9e-5 Pa s) was used by Jones [46] 961 

taken inspiration from the Madejski’s model [173] characterized by higher viscosity value (about 1 Pa s). Other models as Pasandideh-962 

Fard et al. [47] and Ukiwe and Kwok [48] are based on experimental results obtained with droplet water. Similar fluid viscosity (n-963 

heptane) is adopted also by Chandra and Avedisian [49] while, fluids with higher viscosity values, are used by Mao et al. [50] (fluid 964 

viscosity equal to 100 mPa s) and Sheller and Bousfield [51] (fluid viscosity equal to 300 mPa s). Table 6 shows the non-linear equations 965 

used for calculating particle spread factor for the three (3) considered experimental tests. As reported, each equation depends on non-966 

dimensional numbers (particle Reynolds and/or Weber numbers) and, in some cases, on the contact angle θ assumed equal to π/2 in the 967 

present study. 968 

Table 6 – Non-linear equations for particle/droplet spread factor calculation 969 

Author Equation Characteristics of liquid 

Jones [46] 𝜉 = (
4

3
Re0.25)

0.5

 (27) Viscosity equal to 3.9e-5 Pa s 

Pasandideh-Fard et al. [47] 𝜉 = (
We + 12

3(1 − 𝑐𝑜𝑠𝜃) + 4We Re−0.5
)

0.5

 (28) Water 

Ukiwe and Kwok [48] (We + 12)𝜉 = 8 + (3(1 − 𝑐𝑜𝑠𝜃) + 4We Re−0.5)𝜉3
 (29) Water 

Chandra and Avedisian [49] 
3We

2Re
𝜉4 + (1 − 𝑐𝑜𝑠𝜃)𝜉2 − (

1

3
We + 4) = 0 (30) N-heptane 

Mao et al. [50] (
1 − cos𝜃

4
+ 0.2

We0.83

Re0.33
) 𝜉3 − (

We

12
+ 1) 𝜉 +

2

3
= 0 (31) Viscosity up to 100 mPa s 

Sheller and Bousifield [51] 𝜉 = 0.91(Re We0.5)0.133
 (32) Viscosity up to 300 mPa s 
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 970 

According to the relations reported in Table 6, Figure 23 and Figure 24 show the spread factor trend as a function of particle diameter 971 

and particle viscosity, respectively. In order to simplify the analysis, particle viscosity is calculated according to the NPL model, only. 972 

Each figure reports the results obtained for the three considered tests (ARD 2, Eldgja and Coal (bituminous) 4). Taken into consideration 973 

Figure 23, trends appear very similar for particle diameter higher than 20 µm, even if, the spread factor values are widespread. In the 974 

case of smaller diameter, the trend provided by Jones [46] deviates significantly with respect to the other. Therefore, in the case of small 975 

particle diameter, data dispersion is greater and the prediction of particle spread factor become more affected by the selection of the 976 

spread factor model. 977 

 978 

Figure 23 – Particle diameter sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4 979 

 980 

Similar evidence can be found by considering the sensitivity analysis reported in Figure 24. In this case, spread factor values are 981 

shown as a function of the particle viscosity values, and, it is visible that for lower particle viscosity, the model predictions of particle 982 

spread factor values are very close to each other (see Figure 24c, for example). Moving towards higher viscosity values, the data appear 983 

very dispersed highlighting the variation of the slope among the models (see Figure 24a). The trends ξ/µ appear very different from each 984 

other and it is in the opposite way than that reported in Figure 23, where, the ξ/d trends show very similar slopes. This result derives 985 

from the relationship between particle spread factor and the non-dimensional numbers Re and We (see Table 6). Particle viscosity 986 

contributes only to the particle Reynolds number while particle diameter contributes in both characteristic numbers (Re and We). This 987 

implies that, from a particle deformation estimation point of view, the variation of particle viscosity in more detrimental than particle 988 

diameter. Taking into consideration the analyses reported in Figure 23 and Figure 24, trends can be identified and correlated with the 989 

droplet characteristics used for obtaining model equations (Eqs 27 – 32), reported in Table 6). Models based on liquid droplet 990 

characterized by lower viscosity (Jones [46], Pasandidhed-Far et al. [47] and Ukiwe and Kwok [48]) predict lower particle spread factor 991 

values than the other models, which are obtained with higher droplet viscosity. 992 

The energy-based models are built on the definition of a particle spread factor threshold value (ξ=0.4 for the present work, see Figure 993 

4 for the full explanation), and with the reference of particle sticking phenomenon, different spread factor models give a different 994 

prediction of particle deformation for the same particle in the same impact conditions. According to the energy-based model, for a 995 

particle spread factor ξ equal or less than 0.4, particle sticks to the surface, otherwise it bounces. On the basis of these analyses, the 996 

model prediction of particle spread factor plays a key role when particle sticking prediction is based on the estimation of the energy 997 

dissipation provided by the particle deformation during the impact. Therefore, with this approach, particle sticking prediction is affected 998 

by (i) the model assumptions related to the spread factor equation and, taking into consideration also the estimation of particle viscosity 999 

and surface tension, (ii) the models used for estimating the particle characteristics upon the impact. 1000 

In the following sections, the model of Mao et al. [50] is taken as a reference for analyzing the literature results, comparing the 1001 

spread factor values with a threshold value (ξ=0.4). As reported by Kleihnas et al. [43], Mao et al.’s [50] model is able to well-recognized 1002 

particle sticking in the case of high viscous substance (e.g. soda lime glass particle). 1003 

 1004 

Figure 24 – Particle viscosity sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4 1005 
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5.3.3 Spread factor values 1006 
Starting from the particle Reynolds number and particle Weber number and using Eq. (31) it is possible to calculate the correspondent 1007 

spread factor for each deposition test. To perform this, the particle surface tension has to be calculated according to the Eq. (24) with 1008 

the reference of Table 2. Based on the derived particle surface tension values, Figure 25 reports a three-dimensional variation of the 1009 

spread factor as a function of We and Re for a representative fixed value of contact angle [50] equal to 90°. In Figure 25, red and black 1010 

dots represent all the data reported in Table 4. The threshold value of the spread factor (ξ = 0.4) is marked with a white line that divided 1011 

the grey region from the pale-grey region. The grey region represents the sticking region (ξ ≥ 0.4) in which the red dots represent the 1012 

energy-based model prediction in agreement with the literature deposition tests, while the pale-grey region represents the rebound region 1013 

(ξ < 0.4) in which the black dots represents the energy-based model prediction in disagreement with the literature deposition tests. 1014 

Therefore, some deposition tests belong to the rebound region instead of the sticky region. In this case, particle diameter, velocity, and 1015 

temperature are the main contributors in the to spread factor values. The three-dimensional surface We-Re-ξ shows, in correspondence 1016 

of lower values of particle Weber number, a curvature variation due to the roots of the cubic relation reported in Eq. (31). 1017 

 1018 

Figure 25 – Application of the energy-based model. Sticky conditions refer to the case when particle spread factor ξ is higher than 1019 

0.4. Particle viscosity is calculated according to the NPL model 1020 

 1021 

5.4 Comparison between critical viscosity and energy-based sticking models 1022 
The comparison proposed in Figure 26 is related to the critical viscosity method and the energy-based model calculated according 1023 

to the NPL viscosity model. Trends are related to a fixed particle diameter and particle temperature variation (if present) that implies 1024 

the contemporary variation of particle viscosity and spread factor values. The trend lines report the variation of particle spread as a 1025 

function of the viscosity for a fixed particle diameter. In some cases, experimental tests are conducted with a certain particle diameter 1026 

dispersion with a constant temperature value. In this case, no trend-lines are depicted because no-relation between particle spread and 1027 

particle viscosity depend on the diameter. 1028 

The data summarized in Figure 26 are subdivided according to two lines: the vertical line divides rebound/adhesion regions according 1029 

to critical viscosity method while the horizontal line divides rebound/adhesion regions according to energy-based model. 1030 

From the comparison, it is clear the difference in the particle sticking prediction related to these models. From the present subdivision, 1031 

two regions could be clearly detected according to the two models. The adhesion region is recognized using the simultaneous conditions 1032 

of µ/µc<1 and ξ≥0.4 for which both methods predict adhesion as a result of the particle impact. The other region, characterized by 1033 

µ/µc>1and ξ<0.4, is the region of particle rebound. For the other two combinations (µ/µc>1; ξ≥0.4 and µ/µc<1; ξ<0.4) the two models 1034 

are in disagreement, showing opposite predictions. It can be remarked that all data collected in Table 4 refer to experimental tests 1035 

showing particle adhesion. 1036 

The overall analysis of the (µ/µc ; ξ) trends is reported in Figure 27 where the viscosity ratio and the spread factor values are calculated 1037 

according to the other six viscosity models considered (S2 [68], WF [69], S&T [70], RRLG [71], SDS [72] and GRD [73]). As 1038 

highlighted, different viscosity models predict different results (see for example the test called Arkwright and Arkwright 3 with the 1039 

reference of Table 4) that could differ from sticking to rebound results (see the predictions of S2 and WF). 1040 
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Therefore, the analyses reported in Figure 26 and Figure 27 show the effects of the viscosity model on the particle sticking probability 1041 

as a function of particle composition. In the next sections, a detailed analysis of their mutual interaction is proposed according to material 1042 

composition. 1043 

 1044 

Figure 26 – Model comparison critical viscosity/energy-based (data obtained using NPL model).The vertical line divides 1045 

rebound/adhesion regions according to critical viscosity method while the horizontal line divides rebound/adhesion regions according 1046 

to energy-based model (for an easier visualization of the chart, ARD 5 tests (characterized by µ/µc = 4.1e16 and ξ = 0.010 – 0.004) are 1047 

not shown) 1048 

 1049 

Figure 27 – Model comparison critical viscosity/energy-based: a) S2, b) WF, c) S&T, d) RRLG, e) SDS and f) GRD. The vertical 1050 

line divides rebound/adhesion regions according to the critical viscosity method while the horizontal line divides rebound/adhesion 1051 

regions according to energy-based model 1052 
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5.4.1 Arizona Road Dust tests 1053 
The first analysis is devoted to the ARD tests. This material is largely used in the experimental tests due to its ready availability and 1054 

standardization (e.g. ISO 12103-1 [104]). This material is characterized by a high value of silica dioxide comprises in the range of (72.8 1055 

– 85.0) wt% and for this reason, in the present analysis, only the NPL viscosity model is applied to the six (6) experimental tests (see 1056 

Table 4). Based on literature characterization, the same material (ARD) is characterized by three different compositions (see ARD, 2, 1057 

3, 4 with respect to ARD 5 and ARD 6 tests). In addition, due to the preparation processes (e.g. filtration), different particle diameter 1058 

ranges characterize the literature value. 1059 

Figure 28 shows the (µ/µc ; ξ) trends superimposed on the thresholds sticking condition (µ/µc=1 and ξ=0.4). As reported above, 1060 

several tests belong to the rebound region for which both sticking models fail the prediction. In particular, even if the ARD and ARD 6 1061 

tests are conducted with the same particle temperature 1373 K and 1363 K respectively, the viscosity ratio is one order of magnitude 1062 

different. The ARD 6 particles are characterized by a higher silica dioxide content that reflects in higher softening temperature (see 1063 

Table 5). 1064 

This mismatch between the actual experimental results and the model prediction can be explained with two reasons: (i) the sticking 1065 

models are not able to represent all of the ARD deposition tests and/or (ii) for a specific test, the deposits are generated by a certain 1066 

combination of particle diameter, temperature, and velocity. Therefore, even if the particle impact tests give particle adhesion, this 1067 

results could be generated by a small portion of powder (in term of diameter) or by specific flow conditions (in term of temperature). 1068 

 1069 

Figure 28 – Model comparison critical viscosity/energy-based (data obtained using NPL model) for Arizona Road Dust tests 1070 

 1071 

5.4.2 Volcanic ash tests 1072 
In this section, several specific analyses are realized considering volcanic ash tests. Volcanic ashes are characterized by a lower 1073 

content of silica dioxide than ARD, allowing the application of three viscosity models (NPL, S&T, and GRD) matching the ash 1074 

composition and the applicability limits. Figure 29 shows the (µ/µc ; ξ) trends superimposed on the thresholds sticking conditions (µ/µc=1 1075 

and ξ=0.4). Taking into consideration the critical viscosity method, the three viscosity models provide different predictions. Three tests 1076 

(Eldja, EYJA 2 and Laki) belong to rebound region for which the critical viscosity method fails the prediction. Referring to the energy-1077 

based sticking method, it can be appreciated that NPL viscosity model gives higher spread factor values for the same test conditions and 1078 

it seems the best viscosity model for predicting particle sticking with the energy-based method. By contrast, GRD model predicts the 1079 

lowest values of particle spread-factor and for this reason appear not suitable for the energy-based model. 1080 

Figure 30 reports a detailed analysis of Basalt and Andesite tests according to NPL, S&T, SDS, and GRD viscosity models. With 1081 

the same criterion adopted earlier, the marker shape indicates the test while the color indicates the viscosity method. According to the 1082 

volcanic ash classification, basalt and andesite are characterized by a different content of silica dioxide. With this comparison, clearly 1083 

visible is the effects of the viscosity model on the sticking/rebound prediction. The NPL method gives higher values of particle spread 1084 

factor, but at the same time, provides a viscosity ratio (µ/µc) prediction closer to the threshold µ/µc =1. The SDS model provides the 1085 

lowest values of particle spread factor determining conflicting predictions in the case of energy-based sticking model. A specific analysis 1086 

of the influence of viscosity methods and their effects on particle sticking prediction will be reported in the next section. 1087 

 1088 
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 1089 

Figure 29 – Model comparison critical viscosity/energy-based for volcanic ash tests: a) NPL, b) S&T and c) GRD 1090 

 1091 

 1092 

Figure 30 – Model comparison critical viscosity/energy-based for Basalt and Andesite volcanic ash tests with NPL, S&T , SDS and 1093 

GRD viscosity models 1094 

 1095 

5.4.3 Influences of particle composition 1096 
Thanks to the availability of the particle chemical characterization (see Table 4) it is possible to analyze the different behavior of 1097 

viscosity models and chemical composition on the sticking methods. In Figure 31 – Figure 33 the application of different viscosity 1098 

models to different tests are reported. The marker shape indicates the test while the color indicates the viscosity model. These 1099 

comparisons are dedicated to discovering the relationship between model predictions and the influence of single constitutive element. 1100 

The analysis reported in Figure 31 considers Coal (bituminous) and North Dakota tests. These materials are characterized by the 1101 

different content of silica dioxide and calcium oxide: Coal (bituminous) particles have about 50 %wt of SiO2 and 9.5 %wt of CaO while 1102 

North Dakota particles have about 20 %wt of SiO2 and 23 %wt of CaO. As can be seen from the graph, similar effects on the viscosity 1103 

ratio and spread factor values are generated by the viscosity models. The NPL formulation determines a viscosity ratio (µ/µc) prediction 1104 

closer to the threshold µ/µc =1 for the same test condition. This effect is more visible in the case of North Dakota test characterized by 1105 

a lower amount of SiO2 and a higher amount of CaO. Given that the present analysis, for a particle material similar to North Dakota, 1106 

SDS model appears more suitable for calculating particle adhesion according to the critical viscosity method. Opposite results can be 1107 

obtained with the reference of the energy-based method. North Dakota tests appear closer to the threshold value (ξ = 0.4) if the particle 1108 

viscosity is calculated with the SDS model. 1109 

 1110 
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 1111 

Figure 31 – Model comparison critical viscosity/energy-based for Coal (bituminous), 2, 3, 4, 5 and North Dakota tests (NPL and 1112 

SDS viscosity models) characterized by a different content of silica dioxide and calcium oxide 1113 

 1114 

The analysis reported in Figure 32 considers JBPS B, 2, 3 and Straw tests. These materials are characterized by the different content of 1115 

potassium oxide: JBPS B particles have about 1.6 %wt of K2O while Straw particles have about 23.4 %wt of K2O. Both materials have 1116 

a similar content of silica dioxide in the range of 48 – 50 % wt Considering the critical viscosity model, the NPL and RRLG predictions 1117 

appear very similar for the JBPS B particles (lower content of K2O) while, in the case of Straw particles (higher content of K2O) the two 1118 

predictions appear not so close. Therefore, NPL and RRLG models work in a similar way in the presence of lower content of potassium 1119 

oxide. Regarding the S&T model, the variations between its predictions and the other obtained with NPL and RRLG methods appear 1120 

not so influenced by the different chemical composition of JBPS B, and Straw particles. 1121 

 1122 

Figure 32 – Model comparison critical viscosity/energy-based for JBPS B, 2, 3 and Straw tests (NPL, S&T, and RRLG viscosity 1123 

models) characterized by a different content of potassium oxide 1124 

 1125 

The analysis reported in Figure 33 considers JBPS B, 2, 3 and Arkwright, 2, 3 tests. These materials are characterized by the different 1126 

content of aluminum oxide and silica dioxide: JBPS B particles have about 50 %wt of SiO2 and 12 %wt of Al2O3 while Arkwright 1127 

particles have about 48 %wt of SiO2 and 25 %wt of Al2O3. In this case, no particular effects can be highlighted due to the presence of a 1128 

different content of aluminum oxide. The S&T model better performs the sticking predictions in the case of a critical viscosity model. 1129 

The behavior of the viscosity model on the particle sticking model will be described in the next section. 1130 
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 1131 

Figure 33 - Model comparison critical viscosity/energy-based for JBPS B, 2, 3 and Arkwright, 2, 3 tests (NPL and S&T viscosity 1132 

models) characterized by a different content of silica and aluminum dioxides 1133 

 1134 

5.4.4 Critical analysis of the viscosity models 1135 
Figure 34 reports four analyses dedicated to four different tests (Laki, Coal (bituminous), JBPS B, and St. Helens tests) for which 1136 

the applicable viscosity models (according to the proper applicability limits) are used to calculate the viscosity ratio and particle spread 1137 

factor. Also, in this case, the marker shape indicates the test while the color indicates the viscosity method. 1138 

Regarding the energy-based model, and thus the spread factor and its threshold value (ξ = 0.4), NPL model predicts the highest 1139 

values in all cases. The other models (S&T, RRLG, SDS, and GRD) provide lower values of ξ with unavoidable effects on the particle 1140 

sticking prediction. For example, tests for which the NPL model predicts particle sticking, RRLG predicts particle rebound (see for 1141 

example Laki 3 and JBPS B 3 tests) or again, by comparing the prediction provided by NPL and S&T models in the case of tests with 1142 

JBPS B particles. 1143 

As mention in the previous sections, NPL model determines closer viscosity ratio value to the threshold (µ/µc =1) in the sticking 1144 

region but, as can be seen from Figure 34a-b (Laki and Coal (bituminous) tests) the effect affects also the rebound region. Considering 1145 

the data distribution according to the abscissa, the viscosity ratio values provided by the NPL model are the most squeezed to µ/µc =1. 1146 

This behavior is related to the formulation of the viscosity-temperature relation. Taking into consideration the formulas reported for 1147 

each model (see Table A3 in Appendix A), the viscosity values are based on specific and not univocal data extrapolation. 1148 

Figure 35 reports a sensitivity analysis of the relation viscosity-temperature provided by the seven (7) models considered in the 1149 

present analysis. In order to improve the readability of the graph, a logarithmic scale is used for the ordinate axis. Each trend refers to 1150 

the relationship between temperature and a normalized viscosity value (M) obtained considering the magnitude of the model’s constants. 1151 

As highlighted by the trends, each model is characterized by a different slope and thus, different sensitivity to the temperature. NPL and 1152 

S2 models are less sensitive to a temperature variation while other models (e.g. WF and GRD) show a strong dependence to the 1153 

temperature value. By increasing the temperature value of two (2) times, the normalized viscosity values increase by thirty (30) orders 1154 

of magnitude. 1155 
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 1157 

Figure 34 – Model comparison critical viscosity/energy-based: a) Laki 2, 3, 4, 5 with NPL and RRLG models, b) Coal 1158 

(bituminous), 2, 3, 4, 5 with NPL, S&T, and SDS models, c) JPBS B, 2, 3 with NPL, S&T and RRLG models and d) St. Helens, 2 1159 

with NPL and GRD models. 1160 

 1161 

 1162 

Figure 35 – Sensitivity analysis of viscosity models 1163 

 1164 

This analysis shows the implication of particle temperature estimation or measurement as well as the interaction between viscosity 1165 



39 

and sticking models in the prediction of particle adhesion and/or rebound. Summarizing the outcomes of the analysis, Table 7 reports 1166 

the model equations and, in addition, the basis on that each model is based. These two element of information, together with the 1167 

sensitivity analysis reported in this work, could be useful for the proper selection of the viscosity model. Beyond the NPL model, that 1168 

is based on the optical basicity, the other methods are based on specific material, that could be used as a reference for the proper 1169 

application of the model. For example, the RRLG model is more suitable for slags instead of GRD, that is more appropriate for volcanic 1170 

ashes. Other considerations can be done taking into consideration the model equation. The strong correlation between viscosity and 1171 

temperature is different among the models, as reported in Figure 35, and, for this reason, models characterized by steeper viscosity-to-1172 

temperature trends are more suitable for the cases in which the particle experience higher temperature gradient (such as gas turbine 1173 

nozzle equipped with cooling holes). Finally, if the sticking model is based on the energy dissipation, the viscosity model prediction is 1174 

fundamental in order to estimate the proper energy dissipation. In this case, a viscosity model that predicts lower viscosity values, for 1175 

the same particle characteristics, is suitable for predicting the particle adhesion with a wider confidence band. 1176 

Besides the dedicated experimental test that represents the greatest method used to discern the actual result, it could be useful to find 1177 

a new method, based on the present evidence, able to represent the combined effects related to particle deformation and its material 1178 

characteristics. 1179 

 1180 

Table 7 - Viscosity models 1181 

 Constitutive equations Basis 

NPL [67] ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
 (33) Based on optical basicity values 

S2 [68] log 𝜇 = 4.468 (
𝜍

100
)

2

+ 1.265
104

𝑇
− 8.44 (34) Data regression based on sixty-two (62) samples of slags 

WF [69] log 𝜇 =
𝑚WF 107

(𝑇 − 423)2
+ 𝑐WF  (35) Data regression based on one hundred and thirteen (113) ashes samples 

S&T [70] 𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴S&T +

103𝐵S&T

𝑇
 (36) Based on Non-Bridging Oxygen (NBO) values 

RRLG [71] 𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
 (37) Checked against twenty-two (22) industrial continuous casting slag 

SDS [72] ln (
𝜇

𝑇
) = ln 𝐴U +

103𝐵U

𝑇
− ∆ (38) Checked against seventeen (17) coal slags 

GRD [73] ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 − 𝐶GRD

 (39) 
Calibrated by means of 1774 pairs of temperature-viscosity volcanic 

ashes silicate melts 
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6. DIMENSIONAL ANALYSIS 1184 
Given the literature data related to different research fields, the analysis of non-dimensional numbers characterizing the physic of 1185 

the present phenomenon, may represent a valid support for improving the comprehension of the particle impact behavior. Starting from 1186 

the particle characteristics involved in the three sticking models considered in the present review, the Buckingham Pi Theorem [174] is 1187 

applied. The relationships between the particle sticking capability and several particle characteristics by means of non-dimensional 1188 

groups are reported in the first part of the present section. From the results and the literature models reported above (critical viscosity, 1189 

critical velocity, and energy-based models), six (6) independent variables are identified. The set of independent variables is reported in 1190 

Table 8 where they are express in terms of its fundamental dimensions. 1191 

Table 8 – Pi Theorem: set of independent variables 1192 

# Independent variables Symbols {kg m s} 

1 Particle density ρp {kg m-3} 

2 Particle diameter dp {m} 

3 Particle velocity V {m s-1} 

4 Dynamic viscosity µ {kg m-1 s-1} 

5 Surface tension γ {kg s-2} 

6 Young modulus E {kg m-1 s-2} 

 1193 
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As can be seen from Table 8 particle temperature is not included in the set of independent variables. The effect of the temperature 1194 

on the particle sticking phenomenon is included in the viscosity and Young modulus variation. 1195 

The first non-dimensional group neglects the surface tension (capillary forces) contribution and considers the effect of the particle 1196 

temperature by particle Young modulus and particle viscosity 1197 

Π1 = ρp dp
2 µ-2 E1 = (ρp dp µ-2) (dp E) (40) 

where the dimensional group (dp E) characterizes the critical viscosity model while the first term can be processed and expressed as a 1198 

function of non-dimensional number Z (see Eq. 3) 1199 

Π1 = (dp E) 1/(γ Z2) (41) 

demonstrating how the surface tension, and thus, the capillary force has to be included in the particle sticking analysis. 1200 

The second group is obtained by considering particle viscosity the only structural characteristic that influences the particle sticking 1201 

behavior 1202 

Π2 = ρp
-2 dp

-2 V-3 µ1 γ1  = (ρp
-1 dp

-1 V-1 µ1)(ρp
-1 dp

-1 V-2 γ1 ) (42) 

where the two non-dimensional groups correspond to the particle Reynolds number and particle Weber number 1203 

Π2 = 1/(Re We) (43) 

Therefore, excluding the particle Young Modulus, particle Reynolds number and particle Weber number appear suitable for 1204 

representing the particle sticking behavior. 1205 

Thanks to the data related to particle dimension, density, viscosity and surface tension it is possible to calculate the particle Reynolds 1206 

number and the particle Weber number, defined according to Eqs (1, 2) supposing that the particle velocity is equal to the gas velocity. 1207 

Therefore, starting from the literature data reported in Table 4, the viscosity and surface tension values reported in Figure 11 and Figure 1208 

22 respectively, Figure 36 reports the logarithmic chart with the relationship of particle Reynolds number and particle Weber number. 1209 

As mentioned, the calculation is performed using the viscosity values obtained with the NPL model. 1210 

The trends related to the mono-parametric variation of particle diameter, velocity and temperature are traced. In several cases, the 1211 

experimental tests are carried out using a powder sample characterized by a specific size distribution. For this reason, the data are aligned 1212 

with the particle-diameter trend. The variation of the temperature determines the variation of particles properties like viscosity and 1213 

surface tension. Comparing this amplitude with the particle viscosity variation proposed in Figure 11, the majority of experimental tests 1214 

related to particle deposition on gas turbine hot section, are located in a specific region in ten (10) orders of magnitude and four (4) 1215 

orders of magnitude wide according to Reynolds and Weber number respectively. The test named ARD 5 is characterized by the lowest 1216 

temperature (see Table 4) and for this reason, the particle Reynolds number assumes the lowest values. For the sake of clarity, this test 1217 

is not reported in Figure 36. 1218 

Following the conceptual framework reported in Figure 2, non-dimensional numbers allow the generalization of the present data and 1219 

the comparison between the present results with those obtained in other fields of research. Comparing the We-Re regions involved in 1220 

the gas turbine particle adhesion with the We-Re regions related to the analysis of printable fluids [19], see Figure 36, some similarities 1221 

can be noticed. The interactions between individual drops and the substrate as well as between adjacent drops are important in defining 1222 

the resolution and accuracy of the printing process. The accuracy of the printing process is limited by the issues related to the droplet 1223 

spread and/or overlap processes of adjacent drops. In particular, no-data related to gas turbine conditions belong to the region called 1224 

Satellite droplets, in which the primary drop is accompanied by a large number of satellite droplets, but almost all data belonging to the 1225 

region called Too viscous. 1226 

According to the literature findings [19], the majority of the gas turbine fouling data have shown little tendency to create satellite 1227 

droplets and splashing. This means that, for these experimental test conditions, particles are very viscous and their deformation during 1228 

the impact is too low to break themselves up. In this condition and considering the chemical composition of a particle that characterizes 1229 

the fouling phenomenon, the adhesion could be promoted by low-melting substances which performed a sort of glue action at the impact 1230 

region [55], [85], [135]. Given this, particle sticking models have to consider the different interaction between particle and substrate 1231 

according to the chemical composition of the particle, especially when the impact conditions imply the modification of the surface 1232 

interaction. 1233 

Finally, an interesting aspect is related to the limit of particle Weber number. As reported by [19], for the condition We < 4, the 1234 

energy is insufficient to generate suitable droplet for the printing process. This means that the sticking process does not take place and 1235 

in fact, considering the We-Re plane reported in Figure 36, only two test conditions, related to the smallest particle diameter, of the tests 1236 

named ARD 3 and ARD 5 belong to this region. According to the literature review reported in [4], these tests are carried out for studying 1237 

the sticking phenomenon in cooling holes, and they are characterized by the lowest temperature values. In the light of these test 1238 

conditions, the sticking phenomena detected by the Authors for these tests, are probably related to the influence of external parameter, 1239 

as for example, flow structures. 1240 

 1241 
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 1242 

Similarities with the printable fluids highlight the possibility to use non-dimensional numbers to generalized particular experimental 1243 

tests (i.e. gas turbine particle deposition) findings possible original explanations of such phenomena. In this analysis, specific 1244 

information obtained a priori about splashing phenomena, could be useful for settings the best experimental test avoiding inaccuracy or 1245 

misinterpretation of the results. The overall analysis of the We-Re trends is reported in Figure 37 where the particle Reynolds numbers 1246 

are calculated according to the six (6) viscosity models considered (S2 [68], WF [69], S&T [70], RRLG [71], SDS [72] and GRD [73]). 1247 

The regions related to the printable fluids [19] are also reported. 1248 

 1249 

Figure 36 – Particle Weber number as a function of the particle Reynolds number (particle viscosity values were obtained using the 1250 

NPL model) where for an easier visualization of the chart, ARD 5 tests (characterized by Re = 6.8e-18 – 1.4e-16 and We = 3.5e-1 – 1251 

70) is not shown: a) traced trends refer to the variation of particle diameter, particle velocity, and particle temperature, while We-Re 1252 

regions related to the analysis of printable fluids [19] are superimposed 1253 

 1254 
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 1255 

Figure 37 – Particle Weber number as a function of the particle Reynolds number according to viscosity models: a) S2, b) WF, c) 1256 

S&T, d) RRLG, e) SDS and f) GRD. Traced We-Re regions are related to the analysis of printable fluids [19] superimposed 1257 

 1258 

As mentioned, the We-Re relationship seems to be strongly correlated in the particle deposition phenomena. This result is line with 1259 

the literature, where it is reported how the contemporary use of Weber number and Reynolds number allows the modeling of both 1260 

surface and viscous behaviors [15]. Starting from this consideration, non-dimensional parameters allow the definition of the type of 1261 

regime involved in particle impact. It may happen that molten or quasi-molten particle impacts the blade surface, deforming itself 1262 

according to Figure 3. Assuming a certain degree of similarity, when a droplet (e.g. semi-molten or molten particle) impacts a wall, it 1263 

may result in three different conditions: rebound, breakup or adhesion. According to the approach adopted in [15] the rebound condition 1264 

is promoted by the elastic forces, the breakup condition is due to the break of the interconnection forces and finally, the adhesion 1265 

condition is reached when the droplet deforms itself (spreading process), generating a sort of film on the surface by a dissipative process 1266 

due to its viscosity force. Thus, the comprehension of the spreading process assumes a paramount importance for particle sticking 1267 

modeling [16]. In order to do this, particle Ohnesorge number (see Eq. 3) is used coupled with particle Weber number in order to define 1268 

the particle spreading process [16]. Particle Weber number is related to the force that generates particle spread: at higher We the force 1269 

is due to particle velocity and particle diameter while at lower We the force is due to surface tension. 1270 

Particle Ohnesorge number is related to the force that opposes particle spread: at higher Z the force is due to the viscosity, while at 1271 

lower Z the force is due to the inertia. Figure 38 shows the chart We-Z defined according to the literature [16], in which the data reported 1272 

in Table 4, are superimposed (the viscosity values are calculated according to the NPL model). Present data belong to the region 1273 

characterized by highly viscous particle and with the impact-driven particle spread. Therefore, the particle kinetic energy works against 1274 

viscous force. In this case, capillary force, and then, surface tension, does not influence the particle spread [16]. At the same time, the 1275 

region called Impact driven puts the attention on phenomena such as satellite droplets and splashing which may influence the particle 1276 

impact process in a gas turbine. In this case, the first particle impact generates negligible deposits but generates several smaller semi-1277 

molten particles with greater capability to stick due to their low energy content. Analogous results can be obtained using the six (6) 1278 

viscosity models considered (S2 [68], WF [69], S&T [70], RRLG [71], SDS [72] and GRD [73]) reported in Figure 39. 1279 
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This analysis allows the comparison between the particles behavior involved in gas turbine fouling and other research fields. The 1280 

non-dimensional analysis confirms the importance of particle viscosity, but at the same time, highlights the relationship with particle 1281 

velocity and diameter. Viscous force act related to particle temperature but the particle spread is driven also by particle kinetic energy. 1282 

 1283 

Figure 38 – Definition of the particle spread regime using non-dimensional numbers We-Z (particle viscosity values was obtained 1284 

using the NPL model) 1285 

ct1286 

1287 
e 1288 

Figure 39 – Definition of the particle spread regime using non-dimensional numbers We-Z according to viscosity models: a) S2, b) 1289 

WF, c) S&T, d) RRLG e) SDS and f) GRD 1290 
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7. GENERALIZATION OF THE PARTICLE IMPACT BEHAVIOR 1292 
Neither the critical viscosity/velocity nor the energy-based methods appear able to predict particle sticking for the overall particle 1293 

adhesion tests adopting a general approach. The mismatch between the prediction and the actual results of the tests can be explained by 1294 

two reasons. For a specific test, deposits are generated by a certain combination of particle diameter, temperature, and velocity and 1295 

therefore, by considering the overall variation of these quantities during tests, some conditions may generate particle rebound. At the 1296 

same time, particle characteristics such as viscosity and softening temperature are difficult-to-be-represented by a single model able to 1297 

conceive a wide range of particle chemical compositions. 1298 

Summing up, a particle impact test reporting adhesion can be the outcome of multiple superimposed effects in terms of particle size, 1299 

temperature and impact conditions. In the last part of the present work, the generalization of particle impact behavior in a gas turbine is 1300 

proposed. Non-dimensional groups listed above (Weber, Reynolds, and Ohnesorge numbers), allow for the generalization of particle 1301 

impact/deposition data but describe only the effects of the impact into particle spread and no information about sticking phenomenon 1302 

can be gathered. 1303 

In order to give a perspective view regarding particle adhesion, the data reported in Table 4 have to be accompanied by experimental 1304 

results related to the other phenomena related to particulate impact. During gas turbine operation, surface erosion, particle adhesion, and 1305 

particle splashing could affect hot sections of the machinery. Erosion and fouling are generated by the same type of particles (especially 1306 

rock-derived particles and coal ashes) and could take place under different or even the same conditions (such as temperature, velocity, 1307 

size). Therefore, the data related to particle deposition are compared with literature data related to erosion [147], [175], [176], [177] and 1308 

splashing phenomena [142]. 1309 

In Table 9, the data associated with erosion tests are collected in the same way of the previous ones. Particle dimensions, density, 1310 

velocity, temperature, and composition are reported as well as the softening temperature calculated applying Eqs (19 – 23). These tests 1311 

refer to hot erosion measurements realized using dedicated test benches. It is possible to notice how erosion tests are characterized by 1312 

lower temperature with respect to those involved in particle deposition tests. In particular, Laki 6 test is very similar to the Laki 5 test 1313 

(see Table 4) but it is characterized by lower particle temperature. 1314 

In Table 10 data associated with splashing tests are collected. These materials are also among the ones reported in Table 4 and used 1315 

for the deposition tests, but in this case, tests and particle dimensions are different. These tests consist in a spherical-pellet of volcanic 1316 

ash projected at high velocities towards a substrate. Particle splashing is evaluated checking the digital images taken during the particle 1317 

impact during the test [142]. In this case, particle splashing is the only effect known and no data related to erosion issues are reported. 1318 

All materials refer to three different volcanic ashes and the particle size involved in this tests is higher with respect to the previous one. 1319 

Also, in this case, the softening temperature values are calculated applying Eqs (19 – 23). 1320 

 1321 

Table 9 – Particle erosion data. Material composition in term of weight fraction 1322 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

Tsoft 

[K] 
t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘13 
Shinozaki et al. 

[147] 
Laki 6 20–100 2400 115 983 1258 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘92 
Tabakoff et al. 

[175] 
Coal ash 15 2900 366 800 – 1089 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

‘84 Tabakoff [176] CG&E 38.4 2900 240 422 – 922 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

‘80 
Kotwall and 

Tabakoff. [177] 

CG&E 2 38.4 2900 228 756 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

Kingston 15, 28 2900 228 756 1408 C 0.2 2.1 1.3 1.0 54.4 28.6 0.5 10.1 

 1323 

Table 10 – Particle splashing data. Material composition in term of weight fraction 1324 

 Authors Material 
d 

[μm] 

ρ 

 [kg/m3] 

v 

[m/s] 

T 

[K] 

Tsoft 

[K] 
t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

2
0
1
6
 

Dean et al. 

[142] 

Laki 7 6500 2000 106 1473 1161 C 4.0 1.0 11.0 5.0 50.0 12.0 3.0 14.0 

Hekla 2 6500 1500 106 1473 1290 C 3.0 2.0 3.0 0.0 65.0 15.0 0.5 6.0 

Eldgja 2 6500 1900 106 1473 1161 C 3.0 0.5 11.0 6.0 50.0 13.0 3.0 16.0 

 1325 

The first analysis shows the plane We-Z, Figure 40, populated by the data reported in Table 4, Table 9 and Table 10 (the viscosity 1326 

values are calculated according to the NPL model). Data related to particle deposition, shown in details in Figure 38, are reported using 1327 

grey dots in order to highlight the differences with the erosion and splashing data. 1328 

As shown in Figure 40, splashing data completely belong to the region called impact driven, while erosion data belong to the highly 1329 

viscous region characterized by very high values of particle Ohnesorge number. This non-dimensional analysis shows quite different 1330 

impact regimes involved in particle deposition and particle erosion/splashing. In the latter cases, the particle is characterized by size 1331 
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and/or velocity much more high with respect to the adhesion case. Higher particle Weber number implies a spread regime driven by the 1332 

dynamic pressure gradient while lower values of particle Ohnesorge number implies a resistance force driven by particle inertia [16]. 1333 

Erosion data are collected at a lower temperature with respect to the splashing ones, and as shown in Figure 40, viscous effects are much 1334 

greater and the inertia force is less. Therefore, erosion phenomenon seems to be characterized by a particular combination of particle 1335 

kinetic energy and viscosity able to determines particle impact with material removal from the target, without adhesion. Even if this 1336 

distinction appears suitable for adequately representing the erosion occurrences, it is important to note that, especially for higher 1337 

temperature, erosion issues are related also to the substrate characteristics [176]. The concurrent presence of erosion and deposition has 1338 

been found also in some numerical analyses performed by the Authors [178]. 1339 

From this analysis, a quite clear pattern can be recognized: deposition, erosion and splashing data belong to different regions in the 1340 

We-Z plane, with the particular characteristic that deposition and erosion regions have in common the values of particle Weber number 1341 

(in this case, the most discerning parameter is the particle viscosity), while deposition and splashing regions have in common the values 1342 

of particle Ohnesorge number (in this case, the most discerning parameter is the particle velocity). Therefore, the combination of particle 1343 

kinetic energy and surface tension seems to well describe the deposition, erosion and splashing phenomena. 1344 

 1345 

 1346 

Figure 40 - Particle spread regime using non-dimensional numbers including erosion and splashing tests (particle viscosity values 1347 

was obtained using the NPL model). Particle deposition data are reported with grey dots. 1348 

 1349 

Starting from these considerations, two (2) new non-dimensional groups are proposed. Based on the Pi Theorem proposed in the 1350 

previous section, by imposing a proper set of coefficients, the relation between kinetic energy and surface tension are 1351 

Π3 = ρp dp V2 γ-1 (44) 

and by re-arranging the terms the third non-dimensional group can be expressed as 1352 

Π3 = (ρp dp
3 V2 )(dp

-2 γ-1) (45) 

The first term represents the particle kinetic energy and the second term represents the particle surface energy. As shown above, particle 1353 

kinetic energy and the surface energy work in the opposite way. If kinetic energy increases, the particle/surface interaction is driven by 1354 

inertia, while if surface energy increases the particle/surface interaction is driven by surface energy (i.e. capillary forces). Defining the 1355 

particle kinetic energy as 1356 

𝐸kin =
1

2
𝑚𝑣2 (46) 

and the particle surface energy as 1357 

𝐸surf = 𝛾𝐴 = 𝛾 4𝜋𝑟2 (47) 

the considered non-dimensional group is defined according to the Pi Theorem as 1358 

Κ = 𝐸kin 𝐸surf⁄  (48) 

The second parameter is related to particle softening. As highlighted above, viscous force determines how particle dissipates the 1359 

kinetic energy at the impact. In order to represent this, the non-dimensional group defined as 1360 
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Θ = 𝑇 𝑇soft⁄  (49) 

is chosen. As reported, particle viscosity is directly related to particle temperature via its composition. Each material has proper 1361 

characteristics and its specific value of softening temperature. This ratio represents how far the particle is from the softening state, 1362 

overpassing the definition of absolute values of particle viscosity, that, as reported, is difficult-to-be-known. At the same time, the use 1363 

of Θ ratio “relative” parameter allows the comparison among different conditions. As reported in [82] working with particle temperature 1364 

“pure” parameter could misalign the actual operating condition with the test operating conditions. As described in [82], glassy volcanic 1365 

ash softens at temperature values that are considerably lower than those required for crystalline silicates to start to melt and, for this 1366 

reason, the use of standard materials in laboratory tests (e.g. MIL E 5007C test sand) instead of actual volcanic ash, determines no-1367 

reliable particle deposition results. 1368 

Softening temperature is already used as a threshold value in the particle sticking model (such as critical viscosity model) 1369 

representing the discerning values between sticky and no-sticky particles. As reported in this work, the determination of the softening 1370 

temperature for a given material is well defined as a standard procedure (such as test devices, atmosphere, thermal gradient, specimen 1371 

preparation, etc.) that allows the determination of the characteristic temperature (FT, HT, IT and ST) with a specific confidence band 1372 

(see Figure 5) [21]. With the reference of the previous description, the standard method is affected by a greater inaccuracy than other 1373 

ash fusion temperature tests methods (such as the TMA and DSC) but, for the aim of the present investigation, this does not represent a 1374 

limitation due to the fact that the post-process is based on the particle softening temperature estimation by means of the Yin et al [86] 1375 

model (see Eqs 19 – 23 for details). By contrast, the definition of a critical viscosity value and its relation with temperature are not 1376 

discovered in details yet [64]. Differences in viscosity values are detected during tests with constant shear and cooling rates compared 1377 

with those measured in variable shear rate and stepwise cooling experiments [64] running with standard test conditions [65]. 1378 

With the present approach, the estimation of the particle behavior according to the temperature variation become easier, more 1379 

accurate and reproducible rather than the particle viscosity measurement that could be affected by non-univocal test methods [63], [179] 1380 

and by rheological behavior due to the possible non-Newtonian effects. In fact, silica melts viscosity measurements are affected by three 1381 

categories of inaccuracy due to (i) device, (ii) material and (iii) fluid behavior [63]. The first one is responsible for inadequate 1382 

temperature control and geometric misalignment within the viscometer while the second determines several uncertainties related to the 1383 

inhomogeneity due to evaporation, molecular degradation, improper mixing and phase separation. The latter category introduces several 1384 

inaccuracies due to flow instability and transient phenomena related to non-Newtonian effects. 1385 

Using the non-dimensional groups Κ-Θ, Figure 41 shows the data collected for particle deposition (Table 4), erosion (Table 9) and 1386 

splashing (Table 10). Data belonging to the three categories are clearly subdivided. Particle erosion data are divided from particle 1387 

deposition data due to the different values of the ratio Θ. Also splashing data are clearly distinguished and belonging to a region 1388 

characterized by higher temperature and kinetic energy. In this case, the ratio Κ discerns the phenomena. 1389 

 1390 

Figure 41 – Impact behavior map using non-dimensional groups K=Ekin/Esurf
 ; Θ=T/Tsoft 1391 

 1392 

In the light of the present considerations, specific regions can be recognized and they are superimposed on the data collection. In the 1393 

chart, different impact behaviors are identified as a function of the literature data. With the reference of Figure 41, in the following 1394 

description, each region will be analyzed in detail: 1395 
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 deposition: this region comprises the data reported in Table 4. The combination of particle temperature and softening temperature 1396 

allows the dissipation of the impact energy by particle deformation determining adhesion. Particles with these characteristics are 1397 

too soft to cause erosion issues and do not have enough kinetic energy to determine the splashing phenomenon. In fact, when 1398 

particle temperature is higher than the softening temperature, the ratio K does not allow particle splashing. The erosion phenomenon 1399 

is related to the strength of the surface that strongly depends on the temperature values [180], [181], [182] and for this reason, a 1400 

certain superimposition between the deposition/erosion region has to be considered. Beyond this behavior due to the characteristics 1401 

of the surface, the overlapping region is related to the definition of the temperature ratio Θ (see Eq. 49). As well reported in [85], 1402 

the melting fraction at the softening temperature could be equal to 60 % depending on the composition of the ash. The 1403 

correspondence of the melting fraction and the different ash fusion temperature values demonstrate that the sticking process starts 1404 

in correspondence of lower value of melting fraction. Such experimental evidence confirms that the sticking process could be 1405 

characterized by lower temperature values (than the softening one) and, the extension of the deposition region reported in Figure 1406 

41 seems to be representative of the phenomenon. The last consideration of the present region could be related to the non-1407 

Newtonian effects during particle impact. As reported by Ghiel [143], for particles characterized by a lower content of silica 1408 

dioxide, the highest velocity impact does not determine the particle adhesion but, due to the high value of strain rate, particles 1409 

bounce off driven by the increased stiffness; 1410 

 erosion/rebound: in this region, the kinetic energy is high and some particles could rebound determining the associated surface 1411 

erosion. Particles are characterized by the lower capability to deform itself, and, for this reason, the dissipation of the kinetic energy 1412 

that characterized the particle upon impact is dissipated through the surface generating dimples and cracks. Kinetic energy 1413 

associated with the particle dimension and velocity is able to generate surface erosion as a function of the substrate resistance; 1414 

 erosion/deposition: in this region, particle viscosity plays a double role. It is still suitable for generating particle adhesion (the 1415 

particle is sufficiently soft) but at the same time, it can determine erosion issues as well [108]. The particle assumes a viscoelastic 1416 

property related to a semi-solid state. Experimental tests conducted in this regions should consider the double effects of particle 1417 

deposition and particle erosion. The deposits obtained during this tests are affected by two phenomena and, is not suitable for 1418 

generating/validate deposition or erosion models. The outcome of such tests may be the result of the simultaneous occurrence of 1419 

the two effects. Thus erosion might falsify the final deposition since part of the build-up have been removed; 1420 

 erosion and fragmentation: this region is characterized by a higher value of particle viscosity and higher kinetic energy. Particle 1421 

deposition does not take place, confirming the role of the particle softening [183] (with the reference of erosion/deposition region 1422 

explanation). For example, several erosion tests at high temperature (1255 K) using alumina particles are reported. In this case, Θ 1423 

is equal to 0.54 and K is equal to 40 and no deposition is detected during tests [184]. Increasing the particle kinetic energy, the 1424 

fragmentation increases as well as the erosion issues [185] and [186]. Fragmentation is due to the part of kinetic energy absorbed 1425 

by the particle during the impact. This part of the energy is dissipated by the particle through its fragmentation. The amount of 1426 

energy dissipated during this process is a function of particle velocity and mass, or in other words, of its kinetic energy. Therefore, 1427 

starting from a certain amount of kinetic energy, erosion phenomenon is accompanied by fragmentation. This effect occurs for 1428 

lower values of Θ for which the viscoelastic properties of the particle do not allow sufficient deformation able to dissipate this part 1429 

of energy; 1430 

 erosion/splashing: this region is strongly related to the fragmentation one, but the higher values of Θ determine different particle 1431 

behavior. As shown in the literature [142], tests conducted with high particle temperature (1473 K), impact velocity of 100 m/s 1432 

and particle diameter equal to few millimeters, generate an impact characterized by breaking up (yet during the flight) and extensive 1433 

deformation on impact with the substrate. In these tests, the particle kinetic energy is equal to about 1e-2 J considerably higher 1434 

than the kinetic energy involved in the particle deposition tests realized with hot gas turbine section. Therefore, even if the viscosity 1435 

values are suitable for generating particle adhesion, the high values of kinetic energy determine particle break-up (splashing) and 1436 

limiting particle adhesion, and then, deposits. At the same time, the particle splashing generates a large amount of smaller semi-1437 

molten droplet, re-entrained by a flowing gas [187], having lower kinetic energy. In this case, the particle behavior is very similar 1438 

to the one characteristic of the deposition region; 1439 

 rebound/slip/rivulets: when the kinetic energy diminishes and/or the particle surface energy increases the particle that impacts on 1440 

the surface rebounds or, in the case with very low kinetic energy particles slip on this. This phenomenon is known as a lotus effect 1441 

[188], [189] and [190] particle/drop slips/rolls on the surface driven by capillary forces. Elastic phenomena could influence the 1442 

particle impact or by contrast, the particle has an extremely lower energy that the rebound it is not possible; 1443 

 no data: in this region, no literature data are available but, in the track of the former considerations, some hints can be reported. In 1444 

this region, the values of the ratio Θ imply the viscoelastic behavior of particle that could promote rebound (and the associated 1445 

erosion issues), but at the same time, the lower values of the ratio K do not generate surface erosion. Therefore, if particle adhesion 1446 

occurs, it is probably due to particular conditions or to the presence of a third substance or an attraction force (for example Van 1447 

der Walls force) that promotes particle sticking. One of the particular condition is described well by Sacco et al. [191]. In this 1448 

experimental test, the ARD particles impact the surface of the internal cooling holes with very low velocity and significantly low 1449 

temperature (< 728 K). In these conditions, some particles are trapped in recirculating and stagnation zones and they repeatedly 1450 
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impact the hot surface at low velocity [191]. Regarding the presence of the third substance, experimental results [192] have shown 1451 

that, in the case of dry conditions, particles are able to stick to the surface if the impact velocity (in the normal direction) is lower 1452 

than a certain limit. When the values of kinetic energy are lower, due to the smaller particle diameter (0.1–1.5) µm, rather than 1453 

lower velocities, and if a third substance is present, particle sticking is promoted. This condition is very to that found in the gas 1454 

turbine compressor sections. Sub-micro-sized solid particles are a class of particles that determine compressor fouling [4], or in 1455 

other words, these particles stick under cold conditions. As reported in the literature, compressor fouling is promoted by the 1456 

presence of third substances at the particle surface interface [53], [193] and for these reasons, the adhesion capability that 1457 

characterizes this region, could be due to the effects of particular surface conditions. Unfortunately, detailed experimental analyses 1458 

are not reported in the literature. A small number of contributions (compared to those reported for hot sections) involved particle 1459 

sticking analysis relate to cold conditions. On-field detections [193], [194] have revealed that only the first stages are affected by 1460 

deposits and are driven by the presence of liquid water at the particle surface interface. Regarding wind tunnel tests, Kurz et al. 1461 

[195] reported an experimental investigation which provides experimental data on the amount of foulants in the air that stick to a 1462 

blade surface under dry and humid conditions. The tests show a higher deposition rate provided by wet surfaces compared to dry 1463 

ones. Similar results are reported in [196] where glue agents on the blade surface enhance the particle adhesion rate dramatically. 1464 

In hot sections, glue agents are described with the name of vapor deposition [55], [135], [164], [184], and [197]. This phenomenon, 1465 

due to the presence of a condensed phase downstream the combustor sections, can increase the adhesion capabilities of 1466 

nanoparticles (mass mean diameter < 0.1 µm) dragged in the vicinity of the surface by diffusion and thermophoresis forces, 1467 

especially in the presence of film cooling. Vapor particles migrate through the boundary layer toward the cool wall. If the boundary 1468 

layer temperature is below the dew point, condensation takes place at the wall [198]. 1469 

 1470 

8. REMARKS 1471 
In this final part, the impact behavior map, early proposed, was checked against several different cases. The first analysis refers to 1472 

the particle sticking data already used for the map identification, for which a detailed subdivision between the reported results (see Table 1473 

4) is performed (if possible). In particular, Figure 42 reports the impact behavior map with the superimposition of several different tests 1474 

divided according to silty (Figure 42a), coal-like (Figure 42b), and volcanic ash particles. Volcanic ashes are reported in both Figure 1475 

42c and Figure 42d for improving the readability. Each bounded region represents the covered region on the impact behavior map 1476 

according to the test conditions, while the solid-colored red-region represent the test condition for which the Authors have reported the 1477 

most detrimental effects related to particle sticking. The data summarized in Figure 42 are all the available data which have reported the 1478 

present distinction. Clear visible is the presence of contradictory results in the region named erosion/deposition (see the map description 1479 

early reported) for which, tests conducted with silty and coal-like particles, do not show a high amount of deposits, while tests carried 1480 

out with volcanic ashes show the greatest sticky conditions. 1481 

Looking into the analysis, it is clear how the data is very dispersed, but, at the same time, it can draw two major considerations: (i) 1482 

particle sticking is greater moving towards high values of Θ while (ii) the relationship between the ratio K and the sticking condition is 1483 

not univocal. This means that the effects of particle inertia and the interaction between the particle and substrate is not straightforward. 1484 

For example, the combination of particle size and velocity changes the heating process and may affect the deposition process [143]. For 1485 

the same velocity, smaller particles (lower values of K) are heated-up quicker than bigger particles (higher values of K) changing the 1486 

results of the particle impact. 1487 
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 1488 

Figure 42 – The impact behavior map with the superimposition of several different tests considering the more detrimental particle 1489 

sticking regions: a) silty, b) coal-like, c) and d) volcanic ash particles 1490 

 1491 

In the second analysis, K-Θ map presented in Figure 41 is checked against two different cases. The first one is related to experimental 1492 

tests for measuring the coefficient of restitution (COR) at high temperature [199], [200] and [201]. Tests were performed with ARD and 1493 

Table 11 reports their characteristics. The second one is related to experimental tests for evaluating the erosion due to droplets impact 1494 

[202], [203] and [204]. Tests were performed with water and Table 12 reports their characteristics. 1495 

 1496 

Table 11 – Particle rebound characteristics data. Material composition in term of weight fraction 1497 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

Tsoft 

[K] 
t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

2
0
1
5
 Delimont 

et al.. 

[199], [200] 

ARD COR 1 20 – 40 2560 28 873 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 2 20 – 40 2560 28 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 3 20 – 40 2560 70 1073 – 1373 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

2
0
1
4
 

Reagle et 

al. [201] 

ARD COR 4 20 – 40 2560 47 533 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 5 20 – 40 2560 77 866 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 6 20 – 40 2560 102 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

 1498 

Table 12 – Water droplet erosion characteristics data. Density is assumed equal to 1000 kg/m3, surface tension is assumed equal to 1499 

0.072 N/m and Θ = 1.1 1500 

 Authors Material 
d 

[μm] 
v [m/s] t K 



50 

2
0
0
9
 Oka et al. [202] 

W 1 44 256 C 834 

W 2 50 226 C 739 

W 3 60 191 C 633 

W 4 72 148 C 456 

W 5 95 121 C 402 

W 6 108 105 C 345 

W 7 130 85 C 253 

Ahmad et al. 

[203] 
W 8 90 350 – 580 C 3190 – 8760 

‘83 Hackworth. [204] 
W 9 700 190 – 340 C 7312 – 23414 

W 10 1800 222 – 290 C 25669 – 43802 

 1501 

Figure 43 shows the superimposition of literature data reported in Table 11 and Table 12 on the K-Θ map. The tests performed with 1502 

ARD are collocated in the erosion/rebound region. These tests are realized with the aim of measuring the rebound characteristics of 1503 

ARD particles confirming the region highlighted in the K-Θ map. In particular, ARD COR 3 tests conducted with higher temperature 1504 

(close to 1373 K) belong to the mixed region erosion/rebound-deposition. Deposition effects are recognized during the tests realized for 1505 

measuring COR of ARD particles at high temperature [200]. In detail, starting from about 1250 K (corresponding to Θ = 0.92) to about 1506 

1370 K (corresponding to Θ = 1.01) particle deposition takes place. A certain number of particles stick to the target surface as well as 1507 

the remaining particles bounce on the target defining a specific value of COR. This experimental evidence, obtained with an experimental 1508 

apparatus design for calculating rebound characteristics of micro-sized particles, confirms a particular region characterized by particle 1509 

rebound/erosion and particle deposition. 1510 

The tests performed with water droplet are located in the erosion/splashing region. These tests are realized with the aim of measuring 1511 

the erosion provided by water droplets. Bigger droplets and/or higher impact velocities are collocated in the upper region, where 1512 

splashing is higher. The K-Θ map provided also, in this case, a good prediction of the actual behavior even if, the comparison with water 1513 

droplets over-stresses the hypotheses under which the K-Θ map exists. In fact, across the Tsoft, all materials considered for the K-Θ map 1514 

identification, show a continuous trend of the relation µ-T. By contrast, water is characterized by a step function of the µ-T trend across 1515 

the Tsoft (that represents ice melting). 1516 

 1517 

Figure 43 – Tests of ARD rebound and water droplet erosion superimposed on the non-dimensional impact behavior map K-Θ 1518 

 1519 

8.1. Limitations and perspectives 1520 
Particle sticking tests, collected in the present review, cover all materials responsible for the gas turbine fouling phenomenon (silty, 1521 

volcanic ash and coal-like particles). Starting from these tests, an original data post-process based on non-dimensional groups has 1522 

generated the K-Θ Map, in which several different results of a generic particle impact can be a priori determined. The identification of 1523 

the K-Θ Map by means of several independent experimental results related to the evaluation of restitution coefficients and droplet 1524 

erosion has confirmed that the adopted approach seems promising for using the K-Θ Map as a predictive tool. The K- Θ prediction is 1525 
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can be considered reliable as the impact conditions (particle chemical composition and substrate characteristics) are similar to those 1526 

considered in the present literature data collection. 1527 

After a detailed analysis of the literature, two main aspects have to be considered for the proper interpretation of the results: (i) the 1528 

effects of the local temperature variation due to the film cooling on the blade surface and (ii) the effects of mutual interaction between 1529 

particle and the substrate at a given temperature. Particle thermal characteristic (such as conductivity, specific heat, etc.) and the effects 1530 

of glue agent due to the particular combination of chemical composition and temperature, could affect the result of a particle impact. 1531 

These aspects should be considered in the use of K-Θ Map and may represent the basis for further improvements in particle deposition 1532 

research. 1533 

 1534 

9. CONCLUSIONS 1535 
The present analysis is based on literature data related to the experimental tests on particle deposition carried out with hot gas turbine 1536 

sections-like conditions. Several considerations about particle adhesion were highlighted associated to the physical behavior of particle 1537 

impact. Analyzing the particle deposition models, it is clear how the modeling of particle deposition is still a challenge. Different 1538 

analytical models exist, based on experimental evidence or on basic physics principle. The model applied the most is the critical viscosity 1539 

model. This model is easy to be implemented (also in a computational fluid dynamic model) but at the same time does not consider 1540 

other influences on particle deposition like surface tension and particle kinetic energy. Regarding other models, for example, the energy 1541 

balance model, the spread factor parameter seems not to be completely exhaustive of the particle adhesion. Erosion phenomena are 1542 

characterized by higher values of particle viscosity and particle kinetic energy but, the energy-based model still predicts an adhesion-1543 

like behavior. The interaction between particle and surface is driven by the particle characteristics at the impact (e.g. velocity and particle 1544 

mass) and the characteristics of the surface (e.g. surface tension or the presence of a third substance). At the same time, the sticking 1545 

models are based on the calculation of particle viscosity that is estimated by measn of predictive models accounting for the particle 1546 

chemical composition. As demonstrated, the estimation of particle viscosity variation according to temperature is not-univocal 1547 

depending on the test method or the set of materials used for model data regression. 1548 

Based on over seventy (70) experimental tests related to gas turbine hot sections reported in the literature, the proposed non-1549 

dimensional particle impact behavior map summarizes all the possible effects of particle impact on surfaces. The non-dimensional 1550 

parameters, used to identify the results of particle impact, are based on the assessment of particle velocity, temperature, mass, surface 1551 

tension and softening temperature. On this basis, a proper characterization of particle material is required using (i) standard tests (if 1552 

exist) or (ii) predictive model of particle density, surface tension and softening temperature. 1553 

The generalization of the results is provided by using non-dimensional groups able to represent different particle impact behavior. 1554 

All of the recognized regions (deposition, rebound/slip/rivulets, erosion/rebound, erosion and fragmentation, and erosion/splashing) 1555 

are related to specific experimental evidence found in literature which highlight several effects involved in gas turbine fouling. 1556 

A particular region named no data is also proposed. This region is characterized by lower particle kinetic energy, higher viscosity 1557 

values, and no available literature data. Therefore, what is the reason for this lack of data for interpretation? Are these particle conditions 1558 

involved in gas turbine particle deposition? Are these conditions easy to be studied by experimental tests? 1559 

These questions are still open and further studies will be devoted to discover particle impact behavior and improve the knowledge 1560 

about all recognized regions. Therefore, with reference to the sensitivity analysis and data post-process reported in the present work, 1561 

three main outcomes can be drawn: 1562 

 the mutual correlation between the particle sticking predictive model and the model used for estimating particle characteristics (in 1563 

particular particle viscosity) determine the quality of the sticking prediction. Given this, the selection of the predictive models has 1564 

to be pondered according to the particle chemical composition and to the hypothesis and data which the predictive model is based 1565 

on; 1566 

 the use of non-dimensional groups may represent the starting point for improving the knowledge of the gas turbine fouling and, in 1567 

a wider scenario, could represent a valid support for extracting general laws useful for improving the capability of numerical tools, 1568 

in the particle impact simulation; 1569 

 the predictive map can be used for estimating the particle sticking capability as well as the effects of a generic particle impact (such 1570 

as erosion, splashing, etc.) characterized by specific impact conditions and particle characteristics. This approach could be useful 1571 

for designing an experimental test (such as the selection of the particle chemical composition, gas temperature, etc.) or, analysis in 1572 

greater detail, for characterizing a specific operating condition of the power unit. 1573 

Experimental analyses and analytical models have to take into account the effects of the presence of third material (such as water, 1574 

oily substances, etc.) at the particle/surface interface, implying several difficulties for modeling gas turbine particle deposition. All of 1575 

these aspects represent the upcoming challenges, considering that both experimental and numerical analyses have to reflect the actual 1576 

conditions in which the gas turbine operates. 1577 

 1578 
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Appendix A 1971 
In the present Appendix, the constitutive equations of the seven (7) viscosity methods with all model coefficients and applicability 1972 

limits are reported. In the following equations, viscosity values are expressed in [Pa s] while temperature values are expressed in [K]. 1973 

 1974 

A.1. NPL model 1975 
The first method, called NPL model (National Physical Laboratory) [67], is based on the optical basicity. The optical basicity is a 1976 

quantity related to the mole fraction χ and number of oxygen atoms n in the melt and is used to classify oxides on a scale of acidity 1977 

referred to the same O2- base. Optical Basicity of glasses and slags is derived from the Lewis acidity/basicity concept. The expression 1978 

of the Non-Corrected (NC) optical basicity ΛNC is  1979 

ΛNC =
∑ 𝜒i𝑛iΛi

∑ 𝜒i𝑛i

 (A1) 

where the values of the theoretical optical basicity Λ are listed in Table A1. 1980 

 1981 

Table A1 – Values of the theoretical basicity Λ 1982 

K2O Na2O CaO MgO Al2O3 TiO2 SiO2 Fe2O3 

1.40 1.15 1.00 0.78 0.60 0.61 0.48 0.75 

 1983 

Optical basicity can be corrected for the cations required for the charge balance of the aluminum oxide according to the correction 1984 

proposed by Duffy and Ingram [205], used in [206], the Corrected (C) optical basicity ΛC is calculated as 1985 
𝜒CaO ≥ 𝜒Al2O3

 

ΛC

=
1 ΛCaO(𝜒CaO − 𝜒Al2O3

) + 2 ΛSiO2
 𝜒SiO2

+ 3 ΛAl2O3
 𝜒Al2O3

+ 1 ΛMgO 𝜒MgO + 3 ΛFe2O3
 𝜒Fe2O3

+ 1 ΛNa2O 𝜒Na2O + 1 ΛK2O 𝜒K2O + 2 ΛTiO2
 𝜒TiO2

1(𝜒CaO − 𝜒Al2O3
) + 2 𝜒SiO2

+ 3 𝜒Al2O3
+ 1 𝜒MgO + 3 𝜒Fe2O3

+ 1 𝜒Na2O + 1 𝜒K2O + 2 𝜒TiO2

 

(A2) 

𝜒CaO ≤ 𝜒Al2O3
 and 𝜒CaO +  𝜒MgO ≥ 𝜒Al2O3

 

ΛC

=
1 ΛMgO ΛCaO(𝜒CaO +  χMgO − 𝜒Al2O3

) + 2 ΛSiO2
 𝜒SiO2

+ 3 ΛAl2O3
 𝜒Al2O3

+ 3 ΛFe2O3
 𝜒Fe2O3

+ 1 ΛNa2O 𝜒Na2O + 1 ΛK2O 𝜒K2O + 2 ΛTiO2
 𝜒TiO2

1(𝜒CaO +  𝜒MgO − 𝜒Al2O3
) + 2 χSiO2

+ 3 𝜒Al2O3
+ 3 𝜒Fe2O3

+ 1 𝜒Na2O + 1 𝜒K2O + 2 𝜒TiO2

 

(A3) 

The correction for optical basicity is not required when 𝜒𝐶𝑎𝑂 +  χ𝑀𝑔𝑂 ≤ 𝜒𝐴𝑙2𝑂3
  because at this condition, the aluminum oxide will behave 1986 

as basic oxide and the Al3+ ions will not incorporated into the Si4+ chain or rig. In this case, the Eq (A1) is applied as is, without 1987 

correction. 1988 

The NPL method can be applied to all of the materials considered in the present work estimates the viscosity according to 1989 

ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
 (A4) 

This model is generally applicable and not limited to slag of a certain composition. The coefficients A and B can be calculated according 1990 

to the expressions 1991 

ln
𝐵NPL

1000
= −1.77 +

2.88

(ΛCor ΛNC)
 (A5) 

ln 𝐴NPL = −232.69(ΛCor ΛNC)2 + 357.32(ΛCor ΛNC) − 144.17 (A6) 

The accuracy of the present method is not reported in the original work [67]. However, by using the data proposed by Duffy and 1992 

Ingram [205], it is possible to estimate the deviations between the theoretical and the experimental optical basicity values. The data 1993 

refers to glassy materials and they are reported in Figure A1. The confidence band is ± 8.7 % wide and it is representative of the 1994 

maximum deviation between theoretical and experimental values (dashed lines in the graph). 1995 
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 1996 
Figure A1 – Deviations between the theoretical and the experimental optical basicity values taken from Duffy and Ingram [205] 1997 

 1998 

A.2. Modified silica ratio model 1999 
The second method is the modified silica ratio S2 model [68]. The S2 is based on studies of coal ash slags, containing silicon, 2000 

aluminum, iron, calcium and magnesium as major components. The model relates the viscosity-temperature characteristics of liquid 2001 

slags with their chemical composition, and it is based on a recalculation of the compositional analysis of the slag in which all ferrous is 2002 

assumed in the presence of Fe2O3 according to the weight fraction 2003 

SiO2 + Al2O3 + Equiv. Fe2O3 + CaO + MgO = 100 % (A7) 

The silica ratio ς is calculated on a weight basis 2004 

𝜍 =
100 SiO2

SiO2 + Equiv. Fe2O3 + CaO + MgO
 (A8) 

and the viscosity value can be calculated using 2005 

log 𝜇 = 4.468 (
𝜍

100
)

2

+ 1.265
104

𝑇
− 8.44  (A9) 

As reported in [68], the model coefficients reported in Eq. (A9) were calculated by data regression of the temperature-viscosity trends 2006 

based on sixty-two (62) samples of slags that covered the range of chemical composition in term of weight fraction listed below: 2007 

 SiO2 = (31 – 59) wt%; 2008 

 CaO = (1 – 37) wt%; 2009 

 Al2O3 = (19 – 37) wt%; 2010 

 Fe2O3 = (0 – 38) wt%; 2011 

 MgO = (1 – 12) wt%; 2012 

 Na2O+K2O= (1 – 5) wt%. 2013 

In addition, the model is valid when the silica ratio value is in the range of 45 – 75 and the value of the ratio SiO2/Al2O3 is in the 2014 

range of 1.2 – 2.3. These values represent the applicability limits of the present model. The model will be applied only for the gas turbine 2015 

contaminants which chemical composition match with the listed limits. 2016 

This model is the oldest considered in the present review. Its accuracy is estimated in [68] and in [66] by considering the predicted 2017 

temperature correspondent to a determined viscosity value. In both cases, the model underpredicts the temperature values. In particular, 2018 

Hoy et al. [68] estimated an accuracy band of 44 K while Vargas et al. [66] estimated an accuracy band of 66 K. All the predicted points 2019 

correspond to a lower temperature than the experimental data. This means that for a given temperature, the S2 predict a lower value of 2020 

particle viscosity. 2021 

 2022 

A.3. Slope and intercept model 2023 
The third method is based on the slope and intercept model, usually called Watt and Fereday (WF) model [69]. The basis of the 2024 

model is a recalculation of the composition identical to that of the S2 model, reported in the Eq.(A7). The viscosity can be calculated 2025 

according to 2026 

log 𝜇 =
𝑚WF 107

(𝑇 − 423)2
+ 𝑐WF  (A10) 

The two parameters, mWF and cWF, should be calculated from the species concentrations recalculated in weight percent according to the 2027 

following expressions 2028 
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𝑚WF = 0.00835 SiO2 + 0.00601 Al2O3 − 0.109 (A11) 

𝑐WF = 0.0415 SiO2 + 0.0192 Al2O3 + 0.0276 Fe2O3 + 0.0160 CaO − 3.92 (A12) 

The correlation was derived by data regression of British coal ashes on the basis of measurements on one hundred and thirteen (113) 2029 

ashes samples that covered the range of chemical composition in terms of weight fraction listed below: 2030 

 SiO2 = (30 – 60) wt%; 2031 

 CaO = (2 – 30) wt%; 2032 

 Al2O3 = (15 – 35) wt%; 2033 

 Fe2O3 = (0 – 30) wt%; 2034 

 MgO = (1 – 10) wt%. 2035 

In addition, the model is valid when the silica ratio value is in the range of 40 – 80 and the value of the ratio SiO2/Al2O3 is in the 2036 

range of 1.4 – 2.4. These values represent the applicability limits of the present model. The model will be applied only for the gas turbine 2037 

contaminants which chemical composition match with the listed limits. 2038 

As mentioned, this model is based on the S2 model, and in the same way, underpredicts the temperature for a determined viscosity 2039 

value. In particular, for a viscosity equal to 25 Pa s this model underpredicts the temperature values up to 180 K [66]. In the work of 2040 

Watt and Feredey [69] there is a detailed description of the uncertainty related to three sources (instrumental error, analytical error, and 2041 

error due to irregularities in the behavior of the slag). A confidence band equal to ± 0.29 log unit in Poise at 95 % is also indicated by 2042 

the Authors [69]. 2043 

 2044 

A.4. Urbain model 2045 
The fourth method is based on Urbain’s formulation [207] used for the viscosity estimation of silicate and aluminosilicates melts at 2046 

high temperature. An improved physical model of this formulation is proposed by Senior and Srinivasachar [208] extending the validity 2047 

of the equation to low temperature. The same temperature-composition correlation is applied by Sreedharan and Tafti (S&T) [70]. 2048 

Starting from this formulation, the particle viscosity is calculated with adjusted coefficients reported in [66] obtained for predicting the 2049 

viscosity of ash particles in combustion systems up to 109 Pa s. This model is used to predict particle viscosity in several studies related 2050 

to particle impact/deposition on gas turbine hot sections [23], [28], [209] and [210]. This model is able to predict the particle viscosity 2051 

with the following limits: 2052 

 SiO2 = (0 – 60) wt%; 2053 

 Al2O3 = (0 – 60) wt%; 2054 

 Fe2O3 = (0 – 30) wt%; 2055 

Particle viscosity can be calculated according to the expression 2056 

𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴S&T +

103𝐵S&T

𝑇
 (A13) 

The terms AS&T and BS&T vary based on ash composition. The parameter describing this compositional dependence in terms AS&T and 2057 

BS&T are referred to by the acronym NBO/T which stands for non-bridging oxygen to tetrahedral oxygen where the oxides are considered 2058 

with their mole fraction values. 2059 
𝑁𝐵𝑂

𝑇
=

𝜒CaO + 𝜒MgO + 𝜒FeO + 𝜒Na2O + 𝜒K2O − 𝜒Al2O3
− 𝜒FeO3

𝜒SiO2
+ 𝜒TiO2

2
+ 𝜒Al2O3

+ 𝜒Fe2O3

 (A14) 

The model constant AS&T and BS&T depend on the value of NBO/T. In particular 2060 

𝐴S&T = −3.81629 − 0.46341𝐵S&T − 0.35342
NBO

𝑇
 (A15) 

where BS&T is defined according to the expression 2061 

𝐵 = 𝑏0 + 𝛼𝑏1 + 𝛼2𝑏2 + 𝑁(𝑏3 + 𝛼𝑏4 + 𝛼2𝑏5) + 𝑁2(𝑏6 + 𝛼𝑏7 + 𝛼2𝑏8) + 𝑁3(𝑏9 + 𝛼𝑏10 + 𝛼2𝑏11) (A16) 

where N is the molar fraction of the silica dioxide  χ𝑆𝑖𝑂2
 and α is defined according to 2062 

𝛼 =
𝜒CaO

𝜒CaO + 𝜒Al2O3

 (A17) 

The coefficients bi are defined according to the values reported in Table A2. 2063 

 2064 

Table A2 – Coefficients of BS&T according to the S&T model [70] 2065 

b0 -224.98 b4 -2398.32 b8 -2551.71 

b1 636.67 b5 1650.56 b9 387.32 

b2 -418.7 b6 -957.94 b10 -1722.24 

b3 823.89 b7 3366.61 b11 1432.08 
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In order to evaluate the accuracy of this model it is necessary to make reference to the earlier model proposed by Urbain et al. [207]. 2066 

With the isothermal deformation method, the uncertainty related to the viscosity values is equal to ± 10 % [66]. By considering the 2067 

prediction of temperature values for a given viscosity, the confidence band is ± 4.5 K wide for temperature values higher than 1873 K, 2068 

while is ± 10 K wide for temperature values lower than 1875 K. 2069 

 2070 

A.5. RRLG method 2071 
The fifth method proposed by Riboud et al. (RRLG) [71] is based on Urbain’s model [207]. The viscosity is calculated according to 2072 

the expression 2073 

𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
 (A18) 

The model coefficients aRRLG and bRRLG can be calculated using the molar fractions of the materials components using the following 2074 

expressions 2075 

ln 𝑎RRLG = −35.76 𝜒Al2O3
+ 1.73(𝜒CaO +  𝜒MgO) + 7.02( 𝜒Na2O +  𝜒K2O) − 19.81 (A19) 

𝑏RRLG = 68.833 𝜒Al2O3
− 23.896(𝜒CaO +  𝜒MgO) − 39.159( 𝜒Na2O +  𝜒K2O) − 31.14 (A20) 

This model was obtained by considering twenty-two (22) industrial continuous casting slag samples and the applicability limits of this 2076 

model in terms of weight fraction is listed below: 2077 

 SiO2 = (27 – 56) wt%; 2078 

 CaO = (8 – 46) wt%; 2079 

 Al2O3 = (0 – 12) wt%; 2080 

 Na2O = (0 – 22) wt%. 2081 

As reported in [71] the accuracy of the present model is related to the third term of the Eq. (A20). In their work, the Authors showed 2082 

a relative difference with a maximum deviation equal to 2.9 % for a viscosity value lower than 2 Pa s. 2083 

 2084 

A.6. SDS method 2085 
The sixth method proposed by Streeter, Diehl, and Schobert (SDS) [72] is based on Urbain’s model [207] by considering three (3) 2086 

different categories according to the silica content. The Authors in [72] proposed a correction term based on viscosity measurement of 2087 

seventeen (17) Western US lignite and sub-bituminous coal slags belonging to low-rank coal over the temperature range of (1423 – 2088 

1753) K. The viscosity is calculated according to the expression 2089 

ln (
𝜇

𝑇
) = ln 𝐴U +

103𝐵U

𝑇
− ∆ (A21) 

where the model coefficients AU and BU are defined according to Urbain’s model [207] as 2090 

−ln 𝐴U = 0.2693𝐵U + 11.6725 (A22) 

𝐵U = 𝑏0,U + 𝜒SiO2
𝑏1,U + 𝜒SiO2

2 𝑏2,U + 𝜒SiO2

3 𝑏3,U (A23) 

where the model coefficient bi,U are defined according to the following expressions 2091 

𝑏0,U = 13.8 + 39.9355𝛼 − 44.049𝛼2 (A24) 

𝑏1,U = 30.481 − 117.1505𝛼 − 129.9978𝛼2 (A25) 

𝑏2,U = −40.9429 − 234.0486𝛼 − 300.04𝛼2 (A26) 

𝑏3,U = 60.7619 − 1539276𝛼 − 211.1616𝛼2 (A27) 

where α is defined according to the Eq. (A17). The value of Δ is dependent on the silica content of the melt 2092 

∆= 𝑇𝑚SDS + 𝑐SDS (A28) 

Therefore, starting with these definitions, in the case of BU > 28 the model coefficients of SDS are 2093 

103𝑚 = −1.7264 𝐹 + 8.4404 (A29) 

𝑐 = −1.7137(103𝑚) + 0.0509 (A30) 

𝐹 =
𝜒SiO2

𝜒CaO + 𝜒MgO +  𝜒Na2O +  𝜒K2O

 (A31) 

In the case of BU < 28 and BU > 24 the model coefficients of SDS are 2094 

103𝑚 = −1.3101 𝐹 + 9.9279 (A32) 

𝑐 = −2.0356(103𝑚) + 1.1094 (A33) 

𝐹 = 𝐵𝑈(𝜒Al2O3
+ 𝜒FeO) (A34) 

while in the case of BU < 24 the model coefficients of SDS are 2095 

103𝑚 = −55.3649 𝐹 + 37.9186 (A35) 

𝑐 = −1.8244(103𝑚) + 0.9416 (A36) 

𝐹 =
𝜒CaO

𝜒CaO + 𝜒MgO +  𝜒Na2O +  𝜒K2O

 (A37) 
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The compositions of the seventeen (17) coal slags are listed below in terms of molar fractions: 2096 

 χSiO2
 = 0.25 – 0.70; 2097 

 𝜒CaO = 0.08 – 0.33; 2098 

 𝜒Al2O3
 = 0.08 – 0.27; 2099 

 𝜒Na2O = 0.00 – 0.11; 2100 

 𝜒MgO = 0.04 – 0.13; 2101 

 𝜒Fe2O3
 = 0.00 – 0.09. 2102 

and represent the limits of applicability of the SDS model. In addition, the weight percentage of the minor constituent (K2O, TiO2) has 2103 

to be lower than 5 %. The Authors [72] have reported a detailed explanation of the correlation coefficient for each category defined 2104 

according to the silica content ranging from 0.870 to 0.999. 2105 

 2106 

A.7. GRD Model 2107 
The last viscosity model is the model proposed by Giordano et al. [73] which is used to calculate the volcanic ashes viscosity 2108 

according to the following procedure. The former relation is 2109 

ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 − 𝐶GRD

 (A38) 

where the temperature is expressed in Kelvin and the particle viscosity in Pa s. The model coefficient AGRD is equal to -4.55 while the 2110 

coefficients BGRD and CGRD are calculated according to the mol% fraction χ of constituent oxides 2111 

𝐵GRD = 159.6( χSiO2
+  𝜒TiO2

) − 173.3𝜒Al2O3
+ 72.1 𝜒Fe2O3

+ 75.7 χMgO − 39.0𝜒CaO − 84.1 𝜒Na2O − 2.43( χSiO2
+  𝜒TiO2

)( 𝜒Fe2O3
+  χMgO)

− 0.91( χSiO2
+  𝜒TiO2

+ 𝜒Al2O3
)( 𝜒Na2O +  𝜒K2O) + 17.6𝜒Al2O3

( 𝜒Na2O +  𝜒K2O) 
(A39) 

𝐶GRD = 2.75 χSiO2
+ 15.7( 𝜒TiO2

+ 𝜒Al2O3
) + 8.3( 𝜒Fe2O3

+  χMgO) + 10.2𝜒CaO − 12.3( 𝜒Na2O +  𝜒K2O)

+ 0.3(𝜒Al2O3
+  𝜒Fe2O3

+  χMgO + 𝜒CaO)( 𝜒Na2O +  𝜒K2O) 
(A40) 

According to Giordano et al. [73] the model is calibrated by means of 1774 experimentally measured pairs of values of temperature-2112 

viscosity on silicate melts of known composition within the following ranges: 2113 

 SiO2 = (41 – 79) wt%; 2114 

 CaO = (0 – 26) wt%; 2115 

 Al2O3 = (0 – 23) wt%; 2116 

 Fe2O3 = (0 – 12) wt%; 2117 

 MgO = (0 – 32) wt%; 2118 

 Na2O = (0 – 11) wt%; 2119 

 K2O = (0.3 – 9) wt%; 2120 

 Ti2O = (0 – 3) wt%. 2121 

In [73] a detailed description of the accuracy of the model coefficient AGRD is reported. In addition, the data comparison reported by 2122 

the Authors showed a root-mean-square-error equal to 0.4 log unit. 2123 

Table A3 summarizes the constitutive equations and the applicability limits of all viscosity models. 2124 

Table A3 – Constitutive equations and the applicability limits of the viscosity models 2125 

 Constitutive equations  SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O 

NPL [67] ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
  - - - - - - - 

S2 * [68] log 𝜇 = 4.468 (
𝜍

100
)

2

+ 1.265
104

𝑇
− 8.44 wt% 31 – 59 1 – 37 19 – 37 0 – 38 1 – 12 -  

WF 2* [69] log 𝜇 =
𝑚WF 107

(𝑇 − 423)2 + 𝑐WF wt% 30 – 60 2 – 30 15 – 35 0 – 30 1 – 10   

S&T [70] 𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴S&T +

103𝐵S&T

𝑇
 wt% < 60  < 60 < 15    

RRLG [71] 𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
 wt% 27 – 56 8 – 46 0 – 12   0 – 22  

SDS 3* [72] ln (
𝜇

𝑇
) = ln 𝐴U +

103𝐵U

𝑇
− ∆ χ 0.25 – 0.70 0.08 – 0.33 0.08 – 0.27 0.00 – 0.09 0.04 – 0.13 0.00 – 0.11  

GRD [73] ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 − 𝐶GRD
 wt% 41 – 79 0 – 26 0  23 0  12 0  32 0  11 0.3  9 

* The model is valid if  45 ≤ ς ≤ 75; 1.2 ≤ SiO2/Al2O3 ≤ 2.3; 1 ≤ Na2O+K2O ≤ 6 in terms of wt% 2126 
2* The model is valid if 40 ≤ ς ≤ 80; 1.4 ≤ SiO2/Al2O3 ≤ 2.4 in terms of wt% 2127 
3* The model is valid if K2O ≤ 5; TiO2 ≤ 5 in terms of wt%  2128 
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Appendix B 2129 
The particle deposition tests collected in Table 4 are reported in this Appendix with the reference of particle Stokes number and 2130 

particle relaxation time values. For each test, the geometric features of the target are included in the related reference. Particle Stokes 2131 

number is calculated according to 2132 

St =
𝜌 𝑑2 v

18 𝜇g 𝐿
 (B1) 

where the characteristic target length L is affected by inaccuracy as reported below. Particle relaxation time is not affected by these 2133 

inaccuracies and is calculated according to 2134 

𝜏 =
𝜌 𝑑2

18 𝜇g

 (B2) 

In the presence of a certain variability range of particle diameter and temperature, a single average value is assumed as representative 2135 

of the entire test. The values of the former variables of Stokes number and particle relaxation time are reported in Table B1 as well as 2136 

the type of target and its shape. In several cases, the geometric characteristics of the target are not reported in detail and for this reason, 2137 

they are estimated using sketches and figures reported in the correspondent reference with unavoidable inaccuracies. In these cases, the 2138 

target dimensions reported in Table B1 are marked with a cross. 2139 

According to the type of target, the characteristic length L is calculated according to the following rules: 2140 

 tests performed on full-scale gas turbine (T): a representative chord equal to 50 mm was assumed as characteristic length L for all 2141 

the tests, excluding the tests called EYJA (Naraparaju et al. [148]) and Laki 5 (Shinozaki et al.[147]) for which the chord of the 2142 

first nozzle was estimated using the sketch reported in the reference; 2143 

 tests performed on wind tunnels provided with cascade or single blade targets (B): the airfoil chord was assumed as characteristic 2144 

length L; 2145 

 tests performed using a coupon (C): the diameter (if circular) or the hydraulic diameter (if rectangular) of the coupon holder were 2146 

assumed as the characteristic length L; 2147 

 tests performed in order to discover particle deposition inside the internal cooling hole (I): the diameter of the circular holes was 2148 

assumed as characteristic length L. 2149 

The dynamic viscosity of the carrier gas is assumed equal to that of pure air at the same temperature and calculated according to 2150 

CoolProp library [160] for a reference pressure (absolute) equal to 2 bar. In some tests, the carrier gas came from a combustion chamber 2151 

in which natural gas or other types of fuels (syngas or heavy fuels) were burned. 2152 

For all of these reasons, the Stokes number and particle relaxation time, as well as the characteristics length L reported in Table B1, 2153 

are only useful for an order of magnitude analysis. 2154 

  2155 
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Table B1 – Dynamic characteristics of the impacts: Stokes number and particle relaxation time 2156 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

µ105 

[Pa s] 
TT Target 

L 

[m] 
St 

τ 

[s] 

‘18 
Naraparaju et al. 

[148] 
EYJA 5.3 849 200 1773 6.29  10.0 mm + 0.010 0.41 2.1e-5 

2
0
1
7
 

Giehl et al. [143] 

Basalt 65.0 2800 15 1573 5.81 C (20  30) mm + 0.024 7.07 1.1e-2 

Andesite 65.0 2600 15 1573 5.81 C (20  30) mm + 0.024 6.56 1.1e-2 

Dacite 65.0 2700 15 1573 5.81 C (20  30) mm + 0.024 6.82 1.1e-2 

Rhyolite 65.0 2500 15 1573 5.81 C (20  30) mm + 0.024 6.31 1.0e-2 

Barker et al. [121] ARD 22.5 2560 80 1373 5.32 C (63.5  38.1) mm 0.048 2.27 1.4e-3 

Boulanger et al. 

[122] 
ARD 2 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3 

Whitaker et al. [145] ARD 3 5.0 2560 40 1091 4.58 I 0.635 mm 0.001 4.89 7.8e-5 

Wylie et al. [146] 

EYJA 2 19.9 849 80 1228 4.95 I 
0.675 mm (averaged among 3 

tests) 
0.001 44.52 3.8e-4 

Chaiten VA 19.9 849 80 1228 4.95 I 
0.675 mm (averaged among 3 

tests) 
0.001 44.52 3.8e-4 

2
0
1
6
 

Boulanger et al. 

[120] 
ARD 4 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3 

Whitaker et al. [151] ARD 5 10.0 2560 21 866 3.94 I 0.635 mm 0.001 11.94 3.6e-4 

Lundgreen et al. 

[152] 
ARD 6 2.5 2560 70 1493 5.62 B 42 mm + 0.042 0.03 1.6e-5 

Dean et al. [142] 

Laki 27.5 2400 106 1169 4.79 C (50  30) mm 0.038 5.95 2.1e-3 

Hekla 27.5 1500 106 1169 4.79 C (50  30) mm 0.038 3.72 1.3e-3 

Eldgja 27.5 1900 106 1169 4.79 C (50  30) mm 0.038 4.71 1.7e-3 

Askja 27.5 1400 106 1169 4.79 C (50  30) mm 0.038 3.47 1.2e-3 

Laycock and 

Fletcher [119] 
JBPS A 4.0 2330 200 1598 5.87 C (75  75) mm + 0.075 0.09 3.5e-5 

Taltavull et al. [141] 

Laki 2 40.0 2400 91 1043 4.45 C (50  30) mm + 0.038 11.64 4.8e-3 

Laki 3 40.0 2400 106 1160 4.77 C (50  30) mm + 0.038 12.65 4.5e-3 

Laki 4 40.0 2400 127 1265 5.12 C (50  30) mm + 0.038 14.11 4.2e-3 

‘15 Whitaker et al. [155] JBPS B 5.6 2320 70 1353 5.27 B 42 mm + 0.042 0.13 7.5e-5 

‘14 Prenter et al. [26] JBPS B 6.5 2320 70 1353 5.27 B 42 mm + 0.042 0.17 1.0e-4 

2
0
1
3
 

Casaday et al. [149] JBPS B 2 11.6 2320 79 1366 5.30 B 42 mm + 0.042 0.62 3.3e-4 

Laycock and 

Fletcher [118] 
JBPP 8.0 1980 200 1523 5.69 C (75  75) mm + 0.075 0.33 1.2e-4 

Shinozaki et al. 

[147] 
Laki 5 60 2400 365 1343 5.24 T 15 mm + 0.015 223 9.2e-3 

2
0
1
2
 Webb et al. [12] 

Lignite 12.5 2818 70 1343 5.24 B 42 mm + 0.042 0.78 4.7e-4 

Bituminous 14.1 1980 70 1353 5.27 B 42 mm + 0.042 0.69 4.2e-4 

PRB 18.3 2989 70 1350 5.26 B 42 mm + 0.042 1.76 1.1e-3 

JBPS B 3 12.5 2320 70 1330 5.21 B 42 mm + 0.042 0.64 3.9e-4 

Ai et al. [117] Coal(bit.) 13.4 1980 170 1456 5.53 C 31.8 mm 0.032 1.91 3.6e-4 

Ai et al. [116] Coal(bit.) 2 16.0 1980 180 1453 5.52 C 31.8 mm 0.032 2.89 5.1e-4 

‘11 Ai et al. [115] Coal(bit.) 3 9.0 1980 170 1453 5.52 C 31.8 mm 0.032 0.86 1.6e-4 

‘10 Smith et al. [150] 
Bituminous 

mean14 
14.0 1980 70 1227 4.94 B 42 mm + 0.042 0.73 4.4e-4 

2
0
0
8
 Crosby et al. [114] 

Coal(bit.) 4 9.6 1980 170 1295 5.12 C 31.8 mm 0.032 1.05 2.0e-4 

Petcoke 6.3 2900 170 1295 5.12 C 31.8 mm 0.032 0.67 1.2e-4 

Wammack et al. 

[113] 
BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4 

2
0
0
7
 

Bons et al. [112] 

Coal (bit.) 5 13.3 1980 200 1423 5.44 C 31.8 mm 0.032 2.47 3.6e-4 

Petcoke 2 33.0 2900 200 1423 5.44 C 31.8 mm 0.032 22.27 3.2e-3 

Straw 17.6 1680 200 1423 5.44 C 31.8 mm 0.032 3.34 5.3e-4 

Sawdust 19.7 960 200 1423 5.44 C 31.8 mm 0.032 2.39 3.8e-4 

‘05 Jensen et al. [106] BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4 

‘96 Dunn et al. [140] 

St Helens 23.0 2700 100 1421 5.44 T 50 mm ++ 0.050 2.92 1.5e-3 

Twin 

Mountain 
73.0 2730 100 1421 5.44 T 50 mm ++ 0.050 29.73 1.5e-2 

‘93 Kim et al. [139] St Helens 2 23.0 2700 100 1444 5.50 T 50 mm ++ 0.050 2.89 1.4e-3 
+ Estimated by sketches and pictures 2157 
++ Assumed as a representative chord of the first turbine section nozzle  2158 
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Table B1 – (continued) 2159 

 2160 
+ Estimated by sketches and pictures 2161 
++ Assumed as a representative chord of the first turbine section nozzle 2162 
 2163 

  2164 

 Authors Material 

d 

[μm

] 

ρ 

[kg/m3

] 

v 

[m/s

] 

T 

[K] 
µ 

[Pa s] 
T

T 
Target L St τ 

1
9
9
2
 

Richards et al. [110] 

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 
0.01

3 
19.54 8.3e-4 

Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 
0.01

3 
19.54 8.3e-4 

Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 
0.01

3 
4.47 1.9e-4 

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 
0.01

3 
4.47 1.9e-4 

1
9
9
0
 

Anderson et al. [109] 

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 
0.01

3 
19.54 8.3e-4 

Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 
0.01

3 
19.54 8.3e-4 

Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 
0.01

3 
4.47 1.9e-4 

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 
0.01

3 
4.47 1.9e-4 

Wenglarz and Fox 

[130], [131] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
1.83 4.3e-4 

1
9
8
9
 

Ahluwalia et al. [56] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
1.83 4.3e-4 

1
9
8
8
 

Ross et al. [108] 

Arkwright3 20.0 1980 100 1450 5.51 C 8 mm 
0.00

8 
9.98 8.0e-4 

Kentucky 20.0 1980 100 1450 5.51 C 8 mm 
0.00

8 
9.98 8.0e-4 

Spring 

Montana 
20.0 1980 100 1450 5.51 C 8 mm 

0.00

8 
9.98 8.0e-4 

North 

Dakota 
20.0 1980 100 1450 5.51 C 8 mm 

0.00

8 
9.98 8.0e-4 

1
9
8
7
 

Spiro et al. [129] 

AMAX 7.5 1900 100 1366 5.30 B 50 mm ++ 
0.05

0 
0.22 1.1e-4 

Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 
0.05

0 
0.13 6.6e-5 

Wenglarz [127] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 
0.03

5 
0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C 
(20  150) mm + 0.03

5 
0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C 
(20  150) mm + 0.03

5 
1.83 4.3e-4 

Kimura et al. [128] Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 
0.05

0 
0.13 6.6e-5 

1
9
8
4
 

Raj and Moskowitz 

[154] 
Coal 3.0 1900 244 1283 5.09 B 16 mm 

0.01

6 
0.28 1.9e-5 

Anderson et al. [107] 

Pittsburg 15.0 2500 53 1590 5.85 C 8 mm 
0.00

8 
3.54 5.3e-4 

Pittsburg 2 15.0 2500 149 1590 5.85 C 8 mm 
0.00

8 
9.95 5.3e-4 

Pittsburg 3 15.0 2500 215 1590 5.85 C 8 mm 
0.00

8 
14.35 5.3e-4 

‘83 Raj [153] Coal 2 3.0 1900 244 1811 6.37 B 50 mm ++ 
0.05

0 
0.07 1.5e-5 
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Appendix C 2165 
In this Appendix, the molar fraction values for the materials collected in Table 4 are reported. Since the correspondence of weight 2166 

fraction and the molar fraction values are based on the specific chemical composition, Table C1 completes the information of particle 2167 

chemical composition used in the present work. 2168 

 2169 
Table C1 – Molar fraction values divided according to by the deposition test 2170 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘18 
Naraparaju et al. 

[148] 
EYJA 0.037 0.018 0.018 0.021 0.831 0.070 0.002 0.003 

2
0
1
7
 

Giehl et al. [143] 

Basalt 0.033 0.004 0.122 0.098 0.582 0.086 0.024 0.052 

Andesite 0.039 0.005 0.105 0.092 0.598 0.122 0.009 0.031 

Dacite 0.050 0.018 0.046 0.014 0.739 0.092 0.007 0.034 

Rhyolite 0.066 0.016 0.033 0.016 0.777 0.074 0.007 0.011 

Barker et al. [121] ARD 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Boulanger et al. 

[122] 
ARD 2 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Whitaker et al. 

[145] 
ARD 3 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Wylie et al. [146] 
EYJA 2 0.045 0.018 0.069 0 0.715 0.090 0.015 0.050 

Chaiten VA 0.044 0.020 0.019 0 0.817 0.091 0.002 0.007 

2
0
1
6
 

Boulanger et al. 

[120] 
ARD 4 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Whitaker et al. 

[151] 
ARD 5 0 0 0.037 0 0.893 0.061 0 0.008 

Lundgreen et al. 

[152] 
ARD 6 0 0 0.034 0 0.896 0.062 0 0.008 

Dean et al. [142] 

Laki 0.065 0.002 0.071 0.130 0.552 0.116 0.011 0.053 

Hekla 0.076 0.008 0.023 0.023 0.730 0.115 0 0.024 

Eldgja 0.071 0.002 0.070 0.112 0.536 0.124 0.019 0.065 

Askja 0.058 0.010 0.020 0.029 0.768 0.098 0 0.018 

Laycock and 

Fletcher [119] 
JBPS A 0.028 0.007 0.062 0.027 0.732 0.117 0.009 0.018 

Taltavull et al. 

[141] 

Laki 2 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

Laki 3 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

Laki 4 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

‘15 
Whitaker et al. 

[155] 
JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

‘14 Prenter et al. [26] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

2
0
1
3
 

Casaday et al. [149] JBPS B 2 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

Laycock and 

Fletcher [118] 
JBPP 0.044 0.012 0.123 0.031 0.612 0.083 0.028 0.067 

Shinozaki et al. 

[147] 
Laki 5 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

2
0
1
2
 Webb et al. [12] 

Lignite 0.009 0.007 0.388 0.061 0.375 0.096 0.022 0.042 

Bituminous 0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342 

PRB 0.019 0.004 0.503 0.115 0.246 0.069 0.018 0.026 

JBPS B 3 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

Ai et al. [117] Coal(bit.) 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Ai et al. [116] Coal(bit.) 2 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

‘11 Ai et al. [115] Coal(bit.) 3 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

‘10 Smith et al. [150] 
Bituminous 

mean14 
0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342 

2
0
0
8
 Crosby et al. [114] 

Coal(bit.) 4 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Petcoke 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118 

Wammack et al. 

[113] 
BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047 

2
0
0
7
 

Bons et al. [112] 

Coal (bit.) 5 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Petcoke 2 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118 

Straw 0.021 0.186 0.104 0.047 0.605 0.013 0 0.023 

Sawdust 0.062 0.073 0.494 0.199 0.125 0.032 0.011 0.004 
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Table C1 – (continued) 2171 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘05 Jensen et al. [106] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047 

‘96 Dunn et al. [140] 

St Helens 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017 

Twin 

Mountain 
0.006 0.033 0.139 0.027 0.613 0.095 0.017 0.070 

‘93 Kim et al. [139] St Helens 2 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017 

1
9
9
2
 

Richards et al. [110] 

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

1
9
9
0
 

Anderson et al. 

[109] 

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Wenglarz and Fox 

[130], [131] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

1
9
8
9
 

Ahluwalia et al. [56] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

1
9
8
8
 

Ross et al. [108] 

Arkwright3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Kentucky 0.143 0.003 0.022 0.014 0.394 0.145 0.090 0.188 

Spring 

Montana 
0.158 0.001 0.354 0.121 0.232 0.099 0.012 0.022 

North 

Dakota 
0.107 0.003 0.328 0.133 0.269 0.088 0.005 0.066 

1
9
8
7
 

Spiro et al. [129] 
AMAX 0.119 0.068 0.064 0 0.0328 0.124 0.039 0.259 

Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195 

Wenglarz [127] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

Kimura et al. [128] Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195 

1
9
8
4
 

Raj and Moskowitz 

[154] 
Coal 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153 

Anderson et al. 

[107] 

Pittsburg 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Pittsburg 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Pittsburg 3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

‘83 Raj [153] Coal 2 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153 
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ABSTRACT 11 
Fouling in gas turbines is caused by airborne contaminants which, under certain conditions, adhere to aerodynamic surfaces upon 12 

impact. The growth of solid deposits causes geometric modifications of the blades in terms of both mean shape and roughness level. 13 

The consequences of particle deposition range from performance deterioration to life reduction to complete loss of power. 14 

Due to the importance of the phenomenon, several methods to model particle sticking have been proposed in literature. Most models 15 

are based on the idea of a sticking probability, defined as the likelihood a particle has to stick to a surface upon impact. Other models 16 

investigate the phenomenon from a deterministic point of view by calculating the energy available before and after the impact. The 17 

nature of the materials encountered within this environment does not lend itself to a very precise characterization, consequently, it is 18 

difficult to establish the limits of validity of sticking models based on field data or even laboratory scale experiments. As a result, 19 

predicting the growth of solid deposits in gas turbines is still a task fraught with difficulty. 20 

In this work, two non-dimensional parameters are defined to describe the interaction between incident particles and a substrate, with 21 

particular reference to sticking behavior in a gas turbine. In the first part of the work, historical experimental data on particle adhesion 22 

under gas turbine-like conditions are analyzed by means of relevant dimensional quantities (e.g. particle viscosity, surface tension, and 23 

kinetic energy). After a dimensional analysis, the data then are classified using non-dimensional groups and a universal threshold for 24 

the transition from erosion to deposition and from fragmentation to splashing based on particle properties and impact conditions is 25 

identified. The relation between particle kinetic energy/surface energy and the particle temperature normalized by the softening 26 

temperature represents the original non-dimensional groups able to represent a basis of a promising adhesion criterion. 27 

Keywords: gas turbine; particle adhesion; erosion; splashing; non-dimensional group; particle-substrate interaction 28 
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1. INTRODUCTION 78 
Gas turbines never operate in perfectly clean air. Land-based and offshore units ingest salt and particulate present in the atmosphere 79 

at low altitudes. Aircraft engines ingest large amounts of sand during operation in desert environments, or during flight through volcanic 80 

ash clouds. Solid particles can also make their way inside a gas turbine through the fuel, e.g. as coal fly ash in units burning pulverized 81 

coal. The effect of solid particles on gas turbine components is twofold: the particles can erode the blade surfaces or they can stick to 82 

them. In both cases the impact on performance and operability is negative. 83 

The behavior of solid particles impinging on a wall is determined by the flow conditions, properties of the particles and by the 84 

temperature. As demonstrated in [1], particle adhesion is not a linear phenomenon for which several contributions affect the final results 85 

of particle impact at the same time. Depending on the material, temperature and impact conditions (related to both particle and substrate) 86 

the adhesion or rebound is not easily extrapolated by using similar experimental tests or numerical models. Starting from the result 87 

collection reported in [1], in the coal combustion field of research, many efforts have been made in estimating and improving the 88 

comprehension of deposition and slagging. Material characterization, experimental procedure, and, sometimes, equations model and 89 

basic criteria can be borrowed from this research field to the gas turbine field. Starting from these findings, two main conclusions can 90 

be drawn. At low temperature, the particles are likely to bounce off the wall and cause damage by erosion. At high temperatures, the 91 

particles become soft and can stick to the wall. As a consequence, erosion is the dominant damage mechanism in fans and compressors 92 

or in turbines operating at low Turbine Entering Temperature (TET). In this case, the damage is irreversible and is related due to an 93 

increase in roughness and to uncontrolled modifications of the shape of the blades, typically around the leading edges. Adhesion is the 94 

primary damage mechanism at high temperature and takes place mainly around the first turbine stage in machines operating at high TET 95 

– where gas and wall temperature values are the highest. Therefore, surface modification afflicts all parts of a gas turbine: coated and 96 

uncoated, cooled and uncooled surfaces all experience shape and surface modification from the baseline [2]. 97 

Contaminants are able to stick to blade surfaces in very different ways. The deposits can contaminate multiple stages of the machinery 98 

as a consequence of the different type, nature, and path of a single particle. Several experiments are reported in the literature concerning 99 

the deposition to hot components. Particle adhesion to hot parts has a number of adverse effects on the operation of the gas turbine. 100 

Solid deposits can incapacitate cooling holes – or entire cooling passages if the particles are carried by the cooling air itself – leading to 101 

reductions in component life [3]. Furthermore, solid deposits modify the effective shape of the airfoils, their roughness and, most 102 

crucially, the capacity of the nozzle vanes. When the capacity of the nozzle vanes is reduced, the compression system is moved to a 103 

higher working line and can eventually stall, leading to interruption of power. 104 

Land-based turbines are usually exposed to relatively low concentrations of contaminants over long periods of time and can be 105 

protected by suitably designed filters. The main impact on land-based turbines of solid particles in the air or in the fuel impact is normally 106 

represented by the loss of performance – permanent or reversible [4], [5], [6], and [7]. Filters cannot be used in aeronautical applications 107 

– except in the smallest units. In aircraft engines, damage usually appears through erosion in the compressor and fouling in the turbine. 108 

It is known that erosion damage progresses rather slowly whereas fouling in the turbine can lead to loss of power in a matter of seconds, 109 

as reported in several encounters with volcanic ash clouds [8], [9] and [10]. A formalization of these phenomena is reported in [11] 110 

which define a predictive model for estimating the engine susceptibility to volcanic ash by means of several parameters related to the 111 
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sticking and shedding phenomena. 112 

In Figure 1, an example of the turbine section contamination due to different sources is reported. As mentioned, land-based gas 113 

turbines are well protected by the filtration system, but, in the case of low-grade fuel operation, the contamination of the first turbine 114 

nozzle represents one of the primary causes of the performance losses. In this sense, Figure 1a reports a first nozzle contamination [12] 115 

that involves the entire blade surface as well as the cooling holes. Regarding the aircraft engine contamination, the volcanic ash particles 116 

affect the turbine nozzles as reported in Figure 1b [9]. The deposits appear more localized with respect to the previous example, but at 117 

the same time, these deposits are characterized by a higher hardness due to the solidification process of the semi-molten particles. 118 

 119 

Figure 1 - Gas turbine nozzle contamination: a) land-based power unit in which the contaminants are due to the operation with 120 

low-grade fuels (sub-bituminous ash derived from coal mined) [12], and ii) aero engine contamination due to volcanic ash particle [9]. 121 

 122 

Particle deposition on gas turbine components has attracted much attention because of its practical implications and a large number 123 

of experimental studies is available [13] and [14]. These studies cover the whole range of conditions of (i) full scale gas turbine unit, 124 

(ii) wind tunnel testing or hot gas facilities using stationary cascades, able to reproduce the same conditions of gas turbine operation and 125 

finally, (iii) wind tunnel testing or hot gas facilities using coupon as a particles target. The experimental analyses have been supported 126 

by - and have given inspiration to - increasingly realistic mathematical models. These models are widely used in the computational fluid 127 

dynamic analysis for the study of this phenomenon. 128 

Two types of model exist according to the approach followed to describe particle sticking. The first model type relies on the definition 129 

of a quantity called sticking probability. The sticking probability represents the likelihood a particle has to stick to a substrate (clean 130 

surface or pre-deposited layer). This probabilistic approach is required to overcome inaccuracy and the uncertainty of the experimental 131 

tests on which these models are based. The sticking probability value may be regarded as the statistically representative outcome of a 132 

series of independent experiments carried out under the same conditions. For example, turbulent phenomena may afflict the particle 133 

dynamic changing the impact velocity which could assume a different value for every single impact for the same test conditions. In 134 

addition, the definition of a probability function may consider the actual variation experienced by the gas turbine in terms of particle 135 

size and shape, material compositions, operating conditions and conditions of the blade surface that are difficult-to-be-considered in the 136 

laboratory tests. 137 

The second model type is related to the comparison of the properties of a particle and a threshold value which considers the particle 138 

dynamics, its material properties and energy available before and after the impact. This deterministic approach can only be used when 139 

the conditions of the flow, the substrate and the particles are known in detail. 140 

The validity of the available models could be assessed, in principle, by applying them to the wealth of experimental data published 141 

on particle deposition. However, these data cover a very wide range of flow velocities, temperatures, particle materials, and target 142 

surfaces. Therefore, they cannot easily be grouped or compared to each other unless suitable non-dimensional quantities are defined. 143 

Non-dimensional maps and non-dimensional correlations which describe the behavior of molten or liquid particles are available in 144 

literature [15 – 19] and can be used with advantage to study the problem at hand because the solid particles ingested in a gas turbine are 145 

heated by the combustor and are thereby softened or completely molten before hitting the walls of the turbine. 146 

From a physical point of view, the conditions for adhesion, rebound or break-up are determined by how much of the initial kinetic 147 

energy of the particle is absorbed by the deformation work upon impact and by the adhesion energy with the substrate and how much is 148 

still available to remove the particle, or its fragments, from the wall. In addition to these forces, also the surface tension interacts with 149 

the particle deformation, and the resulting surface energy is a function of the contact area between the particle and the substrate [15] 150 

which is directly related to the particle deformation. These relations are conveniently expressed in terms of the particle Weber, Reynolds 151 

and Ohnesorge numbers  152 

We =
𝜌 𝑣2 𝑑

𝛾
 where 𝜌, 𝛾 = 𝑓(𝑇) (1) 

Re =
𝜌 𝑣 𝑑

𝜇
 where 𝜌, 𝜇 = 𝑓(𝑇) (2) 

Z = √We/Re (3) 
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where the density ρ, normal impact velocity v, diameter d, surface tension γ, and viscosity μ represent the particle properties and motion 153 

prior to the impact [16]. Both the Reynolds and Weber numbers change with temperature because of the temperature dependence of 154 

viscosity, surface tension and, to a lesser extent, density. 155 

Using non-dimensional parameters, generalized maps can be formed showing different regimes – stick, rebound, spread, break up, 156 

splash - for the interaction between sprays and heated walls [17]. Moreover, it is possible to predict the droplet behaviors like stick, 157 

rebound, spread, break-up and splash in terms of only two parameters, one non-dimensional (Weber number) and one dimensional (wall 158 

temperature). A similar approach has been adopted to describe the performance of droplets deposition for printing [18]. In this case, by 159 

using two non-dimensional parameters (Weber number and Reynolds number), it has been possible to define whether ink droplets splash 160 

or not during printing [19]. 161 

 162 

1.1. Contributions 163 
The aim of the present work is to identify particle deposition regimes in the hot parts of gas turbines in terms of non-dimensional 164 

quantities. To this effect, over 70 particle deposition tests reported in the literature are studied. The collected tests are selected because 165 

they were conducted using similar materials (silica-based type contaminants, such as silty, coal-like, and volcanic particles) and took 166 

place in conditions relevant to deposition on the hot parts of gas turbines. The tests were carried out in a number of configurations, 167 

covering full engines, single blades, coupons or blade cooling channels. The tests provide particle sticking results as a function of particle 168 

velocity, temperature, dimensions, etc. Only in a few cases, the sticking phenomenon is reported in detail with the quantitative estimation 169 

of mass deposits determining the per-order-of-magnitude approach adopted in the present work. 170 

Details about particle size and chemical composition used in each experimental test are listed as well as the flow conditions such as 171 

velocity and temperature values. In addition, the target typology and its dimension are reported (if available in the literature) in order to 172 

characterize each impact test. Starting from this collection, a critical post-process is carried out by means of dimensional (e.g. particle 173 

kinetic energy, temperature, etc.) and non-dimensional groups (e.g. particle Reynolds number, particle Weber number, etc.). With more 174 

details, the first part of the present review paper includes the following points: 175 

 collection and comparison of the literature on experimental particle impact tests related to gas turbine fouling; 176 

 application of the most used particle sticking models for gas turbine particle adhesion, highlighting how each model works and 177 

where it fails if compared with the actual test results; 178 

 a detailed review of the predictive model for particle viscosity is added and a sensitivity analysis coupling particle characteristics 179 

(e.g. chemical composition) and impact conditions (e.g. temperature) with the experimental results is proposed in order to highlight 180 

the implications of the use of different sticking models together with particle viscosity models. 181 

In the second part, an innovative approach gives the opportunity to link the present experimental results with some new perspective. 182 

The phenomenology reported in literature dating back 30 years is summarized in terms of two non-dimensional parameters representing 183 

the ratio between the particle temperature and the glass transition temperature on one hand, and the ratio between the available kinetic 184 

energy and the surface energy on the other hand. The non-dimensional map clearly shows a number of different regimes, fitting very 185 

well with reported observations in terms of deposition and erosion phenomena. Furthermore, the map shows that the phenomena taking 186 

place in gas turbines are amenable to generalizations in different fields of research (e.g. printable fluids). The non-dimensional map 187 

proposed by the Authors represents a prediction tool in relation to the particle deposition and erosion phenomena and give a new insight 188 

into the gas turbine fouling prediction. The conceptual steps, as well as the overall scenario in which the present work is developed, are 189 

reported diagrammatically in Figure 2. 190 

 191 

Figure 2 – Conceptual framework: the predictive model of real-life behavior is based on non-dimensional parameters achieved by 192 

specifically-designed tests 193 
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 194 

2. PARTICLE STICKING MECHANISMS AND MODELS 195 
The adhesion of contaminant particles to the blade surfaces is determined by (i) the material of the interacting bodies (particle, 196 

surface, third substance and carrying medium), (ii) the surface conditions, (iii) the particle size, (iv) the impact velocity and (v) the 197 

impact angle. The conditions under which these contaminants stick to blade surface are still unclear. Over the years, several contributions 198 

related to the fouling phenomenon have been proposed and this paragraph aims to summarize the models describing the particle sticking. 199 

Three particle sticking models have been considered for the data post-process, which is mainly referred to as the basic criteria, such as 200 

particle viscosity, velocity, and energy. Other formulations which are derived from these basic criteria are listed as well, but they are 201 

not considered for the data-process. 202 

The present section reports in detail (i) the sticking models used for predicting particle adhesion on hot gas turbine sections and (ii) 203 

the predictive models for estimating particle characteristics (viscosity, surface tension and softening). 204 

 205 

2.1. Particle sticking models 206 
 207 

2.1.1. Critical viscosity model 208 
This model, widely used in the literature, compares particle viscosity to a reference viscosity at which sticking starts. In addition, 209 

the model could account for the stickiness of the deposit itself [20]. The sticking probability was assumed to be inversely proportional 210 

to viscosity. In terms of sticking probability, viscosity at or below the critical viscosity is assumed to have a sticking probability of unity 211 

whereas at other particle temperature, according to the relation 212 

𝑃visc = 𝜇c 𝜇⁄  (4) 

𝑃visc = {
𝜇c μ⁄          𝜇 > 𝜇c

1                  𝜇 ≤ 𝜇c
 (5) 

where Pvisc is the sticking probability related to the viscosity effect and µc is the particle critical viscosity while µ is the viscosity of the 213 

particle at its temperature. This model is implemented assuming that the critical viscosity value corresponds to the particle viscosity at 214 

the softening temperature (µsoft). Softening temperature is a predetermined temperature value, and it is a function of the particle material 215 

that could be calculated/measured according to the standard ASTM – D1857-04 (Standard test method for fusibility of coal and coke 216 

ash) [21]. This standard definition allows a univocal and reproducible application of the critical viscosity method. 217 

Many authors have applied this method and, in some cases, validated its results with experimental tests [22], [23], [24], [25], [26], 218 

[27]. Other contributions have improved the model by introducing a transition across the critical viscosity value [22], and by extending 219 

its validity at a lower temperature (lower compared to the melting temperature) [28]. A detailed explanation of these models can be 220 

found in the paragraph Predictive models for particle properties of the present Chapter. 221 

At a lower temperature, energy losses due to particle-surface impact will determine whether an impacting particle will be able to 222 

leave the surface. These energy losses are a function of impact parameters such as the properties of the particle, impact velocity and 223 

angle. This last formulation of the model states the probability of sticking should be a function of energy losses during a collision and 224 

is calculated from the coefficient of restitution model as 225 

𝑃e = 𝑓(𝑒) = 𝑒−𝑐 𝑅 (6) 

The coefficient of restitution R is therefore considered as an index of the energy dissipated at the impact: the lower it is the higher the 226 

dissipative viscous effect of the impact. Its effect is accounted for through an exponential law where the coefficient c 6.5. Since the 227 

model for the sticking must still depend on the viscosity of the particle (with respect to µsoft considered as the threshold for ideal 228 

adhesion), the final formulation of this model is the one reported below: 229 

𝑃 = 𝑚𝑖𝑛(𝑃e + 𝑃visc; 1) (7) 

Another formulation is related to the definition of the critical value of the viscosity, which could relate the effects of particle softening 230 

with the particle kinetic energy. In this case, the definition of the critical viscosity is the following 231 

𝜇c = 𝐴 𝐸kin
𝐵  (8) 

where A and B are two coefficients able to fit the experimental results related to the specific material. For example, in the case of glass 232 

particles [29], A=5·10-12 and B=-1.78. 233 

This model is strongly dependent on the particle material composition. Low-melting elements or mixtures could be responsible for 234 

early particle adhesion. For this reason, this model is only suitable when the characterization of the material particle and its behavior 235 

according to the temperature is available. 236 

 237 

2.1.2. Critical velocity method 238 
This model is based on the comparison between a threshold value of velocity and the particle velocity [30]. Other contributions are 239 

related to the representation of the particle-boundary layer interaction. Numerical studies on the interaction between the particle and 240 

boundary layers are reported in the literature [31], with greater attention to the effect of turbulence on particle dispersion, deposition on 241 

turbine blade surfaces and detachment from the surfaces [32], [33]. 242 
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As mentioned, the velocity of an impinging particle is one of the parameters that drive the sticking process. If its value is lower than 243 

a threshold (critical velocity) the particle sticks to the surface. The threshold value is strongly dependent on the particle material and its 244 

mass. The formulation suggested in [30] for the critical velocity uses the following equation 245 

𝑣c
2 =

−1 + 𝜇2

𝑅2

2𝑊A

𝑚
 (9) 

where WA is the work of adhesion and R is the coefficient of restitution. According to the formulation of Brach and Dunn [30], the 246 

critical velocity is referred to the normal direction with respect to the target surface. The work of adhesion [34] could be expressed as 247 

𝑊A = − [
5

4
𝜌𝜋

9
2(𝑘1 + 𝑘2)]

2
5

𝛾𝑟2|𝑣|
4
5 (10) 

𝑅 =
𝐶

𝐶 + |𝑣|𝑝
 (11) 

where C and p are constants that can be derived from experimental tests, while the parameters k1 and k2 are referred to the substrate and 248 

particle characteristics respectively. Assuming the subscript i as a material index (particle or substrate), the parameter ki is defined 249 

according to Young’s modulus EY and Poisson’s ratio 𝜈 as 250 

𝑘i =
1 − 𝜈𝑖

2

𝜋𝐸Y,i

 (12) 

Also for this model, the particle properties, and in particular its Young’s modulus, are sensitive to the temperature and need to be 251 

estimated using empirical correlations. This model was applied in the case of gas turbine contamination by ash using the following 252 

relation for the particle’s Young modulus [35] 253 

𝐸Y,p = 120(1589 − 𝑇)3           𝑓𝑜𝑟   𝑇 > 1100 𝐾 (13) 

and in the case of coal-particle contamination [36] using 254 

𝐸Y,p = 3 ∙ 1020𝑒(−0.02365𝑇) (14) 

The critical velocity model was applied to study the gas turbine hot section fouling [36], using simplified relations for critical velocity 255 

𝑣c = (
2𝐸𝑌

𝑑
)

10
7

 (15) 

based on a composite Young’s modulus EY obtained as  256 

𝐸Y = 0.51 (
5𝜋(𝑘1 + 𝑘2)

4𝜌3/4
)

2
5

 (16) 

by considering the parameters k1 and k2 defined in the Eq. (12) for particle and substrate characteristics. Therefore, EY represents the 257 

material characteristic generated by the pair of particle and substrate. 258 

The application of the present model requires accurate values of the Young modulus of the particle and surface. This procedure is 259 

not a standard (contrary to the critical viscosity method for which the definition of the critical viscosity equal to the particle viscosity at 260 

the softening temperature allows the results standardization). The lack of universally accepted ways to evaluate material properties may 261 

be the reason for discrepancies in predictions obtained (i) in different conditions with the same material or (ii) with different materials 262 

for the same test conditions. 263 

A deposition model that includes elastic deformation, plastic deformation, adhesion, and shear removal is reported by Bons et al. 264 

[37]. Its predictions were compared to five literature cases: quartz on aluminum, ash on stainless steel, sand on stainless steel, ash on 265 

Inconel at high temperature and ash on vane cascade. This model is used in the numerical analysis reported by Prenter et al. [38] and 266 

Forsyth et al. [39] after tuning the model parameters. A different model was proposed by Agati et al. [40] for the numerical modeling 267 

of particle deposition that occurs in gas turbine hot sections over between 500 K to 1500 K. The transition between these two extreme 268 

conditions is modeled through a temperature-driven modification of the mechanical properties of both particles and target surface. A 269 

third method is proposed by Yu and Tafti [41] as a modification of the former model [42] and it is based on the relation between particle 270 

temperature and yield stress at a high temperature starting from 1000 K. The model prediction was compared against experimental data 271 

obtained with sand particles. As mentioned, more details about these models are reported in the paragraph Predictive models for particle 272 

properties of the present Chapter. 273 

 274 

2.1.3. Energy-based model 275 
Energy balance models are based on comparing the available energy just before the impact to the energy dissipated by the particle 276 

during its deformation. The model predicts sticking if all the available energy is dissipated to deform the particle and to adhere to the 277 

surface. The main parameters are the kinetic energy of the particle, its viscosity and surface tension, and the surface energy or contact 278 

angle [43] and [44]. The method can study deposition on an existing layer by a suitable choice of the properties of the substrate and can 279 

even be used to obtain the restitution coefficient for use in critical viscosity model calculations [45]. This model takes into account the 280 
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particle deformation due to the impact, without considering the behavior of particle viscosity such as non-Newtonian effects or possible 281 

sintering effects after particle impact. Figure 3 reports the phases involved in the particle impact phenomenon. 282 

The model is based on the estimation of the parameter E* that stands for the excess of energy and indicates whether all energy is 283 

dissipated during wetting and deformation. The particle will rebound if 𝐸∗ > 0 and it will stick otherwise. The parameter E* is defined 284 

according to [43]: 285 

𝐸∗ =
25

172
𝜉2(1 − cos𝜃) +

50

129
𝜉−1 −

3

43
𝜉2.3(1 − cos𝜃)0.63 − 1 > 0 (17) 

where θ is the contact angle and ξ is the particle spread factor. The spread factor represents the particle maximum deformation and, if 286 

dmax is the maximum footprint particle diameter when the particle hits the surface, the spread factor is defined as 287 

𝜉 =
𝑑max

𝑑
 (18) 

Several empirical tests and spread factor quantifications are reported in the literature [46], [47], [48], [49], [50] and [51] and, for this 288 

reason, a detailed evaluation of the particle spread factor value predictions will be carried out in the present work.  289 

 290 

Figure 3 – Particle deformation at the impact: dmax is the maximum footprint particle diameter 291 

As mentioned, the model compares the kinetic energy to the energy dissipated by viscosity and the work done against surface tension 292 

to modify the surface area of the particle. These energies are evaluated using semi-empirical correlations. The criterion 𝐸∗ > 0 is 293 

determined mainly by the value of the spread factor 𝜉. This can be appreciated by inspecting Figure 4, where 𝐸∗ is shown as a function 294 

of 𝜉 for different values of 𝜃. In particular, it can be seen that particle adhesion takes place for 𝜉 > 0.4 for most values of 𝜃 of practical 295 

interest. Therefore 𝜉 = 0.4 will be used as the threshold value in the present work for particle adhesion. 296 

 297 

Figure 4 - Sensitivity analysis of the contact angle on E* calculation 298 

Sticking mechanisms and deposit formation mechanisms are based on the presences of a third substance or second phase at the 299 

particle/surface interface [52]. The presence of a third substance is usually invoked at low temperature. An example is the formation of 300 

deposits on compressor blades, where particles come into contact with water droplet or oily substances [53]. The third substance could 301 

generate favorable conditions for particle sticking especially when the particle is solid and its adhesion is driven only by electrostatic 302 

forces. In this case, in fact, the presence of third substance could change the action of capillary forces as well as the effects of the inertia 303 

and the correspondent energy dissipation during impact allowing particle sticking. The presence of a second phase is invoked also to 304 

model deposition on hot gas turbine sections in which contaminants are softened or completely molten [54]. For adhesion of particles 305 

to occur, either they must be semi-molten or a molten phase must be present on the blade surfaces. The low-melting compounds 306 
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generated by the increment of the particle temperature act as a bridge between the particle and the blade surface. Therefore, the sticking 307 

probability is dependent on a number of characteristics, such as particle temperature, viscosity, surface tension and wettability [55], 308 

[56]. In the light of this background, the prediction of particle adhesion is based on a two-step approach. The first step deals with the 309 

prediction of the particle/surface properties while the second step deals with the estimation of the sticking probability (or any other 310 

measure of adhesion) based on them. 311 

 312 

2.1.4. Predictive sticking models 313 
With the reference of basic models presented in the latter paragraphs (critical viscosity, critical velocity, and energy-based models), 314 

in this paragraph, different model formulations are reported. In the literature, several predictive sticking models exist starting from the 315 

basic ones and tuned according to the experimental results obtained. All of these models were used for estimating the particle deposition 316 

in the gas turbine and in agreement with their hypothesis, they could be used for fouling prediction with a certain confidence. In Table 317 

1, these models are listed together with their peculiarities, such as, the basic criterion on which the model is based and the main positive 318 

and negative peculiarities. 319 

The analysis proposed by Srinivasachar et al. [29], shows that the particle kinetic energy affects the critical viscosity value at which 320 

sticking starts. The experiments have shown, for a single sample of coal, that the critical viscosity value decreases for a specific particle 321 

impact velocity and diameter. The sticking efficiency transition as a function of temperature was not as sharp, due to the overlaying 322 

effects of ash size and composition distributions. It increases the reliability of the former critical viscosity model. The models proposed 323 

by Sreedharan and Tafti [22] and Singh and Tafti [57] are based on the critical viscosity criterion as well, but, in these attempts, the 324 

Authors have extended the prediction capability of the model to lower temperature. Hypothesis related to the energy dissipation at the 325 

impact imposes to the precise characterization of the particle structural characteristics. The last model based on the critical viscosity 326 

criterion is proposed by Jiang et al. [58] and is able to account for the wall temperature effects on the particle sticking capability. The 327 

model takes into account ash thermo-physical properties, particle viscosity and metal wall temperature by means of simplified relation 328 

and two model constants. 329 

Moving to the critical viscosity criterion, the proposed model involves the mechanical properties of the particles. The model proposed 330 

by Agati et al. [40], is based on the critical velocity criterion: the model is developed according to the correlation between temperature 331 

and material properties by means of the chemical composition, Temperature based model considers material properties (E and υ) and 332 

material composition for a temperature range between 500 K and 1500 K. This interval is modeled through a temperature-driven 333 

modification of mechanical properties of particles and target surfaces. The model can also predict the coefficient of restitution for 334 

particles bouncing region. 335 

Based on the aim of estimating the coefficient of restitution, four models are developed. In this case, the sticking phenomenon can 336 

be detected when the restitution coefficient is null. The model reported in Yu and Tafti [42], takes into account the contact models for 337 

elastic, elastic–plastic and plastic compression stages, followed by a recovery model based on the model of Stronge [59]. Then, a new 338 

elastic recovery model is proposed with molecular adhesive forces acting on the contact area. The model is more accurate in predicting 339 

the coefficient of restitution compared to the Stronge and Jackson–Green [60] models. The model is largely sensitive on the mechanical 340 

properties of sand to the grain size. With the reference of this model [42], the Authors have improved the formulation in [41] for 341 

modeling the collision of micro-sand particles by means of the adhesion forces, size and temperature dependency of particle mechanical 342 

properties. The base model is validated and the proposed temperature-dependent model is validated against experiments on the impact 343 

of micro-sand particles for impact velocities at different temperatures. However, it is validated only against experiments that involve 344 

sand particles. Bons et al. [37] proposed a physics-based model which includes elastic deformation, plastic deformation, adhesion, and 345 

shear removal. The model accounts for fluid shear removal, elastic and plastic deformation, and adhesion. The model is not fully 346 

validated in terms of the deposition prediction because of the dependency between temperature and material properties. 347 

A different approach is adopted in [61]. The model proposed by Casari et al. [61], investigates the deposition process under a 348 

statistical perspective. This fouling model uses only the energy content of the particles, based on temperature and kinetic energy, to 349 

estimate the sticking probability. However, in a similar way of previous models, the model constants and the applicability limits are not 350 

checked against experimental results. 351 

After this brief review of the present sticking models, it is clear how the major issue is related to the extension of predictive capability 352 

as a function of different particle chemical compositions, mechanical properties etc. Therefore, it is necessary to improve the models in 353 

order to extend the prediction capabilities together with the limitation of the use of model constants which are usually specifically tuned 354 

for each application. 355 

  356 
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Table 1 - Predictive sticking models 357 

Basic criterion Authors  Pros /  Cons 

Critical viscosity 

Srinivasachar et al [29] 
 Influence of the kinetic energy on the particle sticking 

 Critical viscosity values related only to a single coal sample 

Sreedharan and Tafti [22] 
 Accounts for the particle softening effects 

 Only representative of molten particles 

Singh and Tafti [57] 
 Accounts for the energy absorbed by the particle at the impact 

 Detailed characterization of the temperature-material characteristics relations 

Jiang et al. [58] 
 Influence of the wall temperature on the particle sticking 

 Model equations and constant do not account for the particle kinetic energy 

Critical velocity 

Agati et al. [40] 
 Extended range of temperature 

 Detailed characterization of the temperature-material characteristics relations 

Yu and Tafti [42] 
 Accounting for the elastic/plastic deformation 

 Sensitive to the on the mechanical properties of sand to the grain size. 

Bons et al. [37] 
 Accounting for the elastic/plastic deformation, adhesion and shear removal 

 Tuned by case-dependent coefficients 

Yu and Tafti [41] 
 Temperature dependency on the yield stress for sand particles 

 Sensitive to the on the mechanical properties of sand to the grain size. 

Activation energy Casari et al. [61] 
 General approach based on an energy content comparison 

 Lack of validation of the model constants and applicability limits 

 358 

2.2. Predictive models for particle properties 359 
Different predictive models used for particle characteristics such as viscosity, surface tension, softening and density are reported. 360 

The formulations reported in the following sections are useful for the subsequent data post-process based on literature experimental 361 

data. The particle deposition on hot gas turbine section experiments was carried out using similar materials that affect the power unit in 362 

the actual operating conditions such as sandy, volcanic and coal-type particles. All of these contaminants belong to the class of material 363 

called silica-based and are characterized by well-known interaction between their constitutive ions. Silica melts are based on the strong 364 

covalent bonding between silicon and oxygen forming a network structure. The glassy silica network can accommodate many different 365 

cations. Three main categories exist, depending on the interaction of cations and network: (i) glass formers (Si4+, Ti4+, P5+) which form 366 

the basic anionic polymer unit, (ii) modifiers (Ca2+, Mg2+, Fe2+, K+, Na+) which disrupt the polymeric chains by bonding with oxygen 367 

and terminating chains, and (iii) amphoteric (Al3+, Fe3+, B3+) which act either as glass formers or as modifiers. Modifier ions disrupt the 368 

glass structure and thus tend to lower viscosity. Amphoteric ions can act as glass formers when they combine with modifiers ions which 369 

balance their charge, thus forming stable metal-oxygen anion groups that can fit into the silicate network. If insufficient modifier ions 370 

are present in the glass, amphoteric cations (Al3+ and Fe3+) can act as modifier ions [62]. 371 

 372 

2.2.1. Particle viscosity models 373 
Several test methods exist to measure silica melts viscosity: rotating crucible, rotating bob, falling body, oscillating plate, oscillating 374 

viscometer and Static Light Scattering (SLS) [63]. The methods contain provisions to guarantee uniform temperature zone during the 375 

measuring processes. Each method has its applicability range, confidence band and requires additional data (such as density and surface 376 

tension). The rheological behavior of silica melts [64] can be assess using standard test methods, according to ASTM D 2196-15 [65], 377 

which are able to evaluate whether the slag has transitioned from Newtonian to non-Newtonian flow at the measurement temperature. 378 

Unfortunately, these test methods are defined for a specific range of shear rate (0.1 – 50) s-1 and developed for measuring the rheological 379 

properties of the liquid phase only. 380 

Although the widespread use of rotational test methods for the assessment of rheological properties of non-Newtonian flows, several 381 

oscillatory tests can also be used to examine all kinds of viscoelastic materials from low viscosity materials to melts and dispersions. 382 

The rheological behavior of both viscous and elastic portion can be investigated by using these tests which allow the determination of 383 

the values of dynamic rheological properties, such as complex shear modulus (G*), shear storage modulus (G’) and shear loss modulus 384 

(G’’). In particular, G* can be supposed as the rigidity of material, while G’ is the deformation energy stored by the material during the 385 

test and it describes the elastic behavior of the material. The G’’ modulus represents the viscous behavior of the material and the 386 

deformation energy employed and then dissipated due to frictional forces that occur during the test. Moreover, another important 387 

rheological parameter is the loss factor or damping factor (tanδ) that is calculated as the quotient of the loss and the storage modulus 388 

and it represents the ratio between the viscous and the elastic portion of the viscoelastic deformation behavior. This parameter is useful 389 

for the evaluation of tacky behavior of the material and, more specifically, the presence or the absence of stringiness characteristics. In 390 
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particular, values of tanδ lower than one and storage modulus (G’) greater than shear modulus (G’’) are typical characteristics of 391 

viscoelastic gels or solid materials [66]. 392 

Oscillatory tests can be performed at different conditions in which specific parameters, such as frequency, amplitude, and 393 

temperature, can be kept at a constant value or can be free to vary. For example, dynamic mechanical analysis (DMA) test provides that 394 

frequency and amplitude, together with dynamic-mechanical shear conditions are kept at a constant value, while in dynamic-mechanical 395 

thermoanalysis (DMTA) tests, the only variable parameter is the temperature. In this latter case, this test provides information about the 396 

influence of temperature on physical properties of the material, such as specific structural modifications. According to ISO 6721-10 397 

[67], an oscillatory rheometer with parallel-plate geometry is used to determine the dynamic rheological properties of polymer melts 398 

with complex shear viscosity values up to ~10 MPa·s. Widespread measuring systems can be used to perform oscillatory tests, such as 399 

a concentric cylinder, cone-and-plate, and the aforementioned parallel-plate systems. For the sake of brevity, in this review, the 400 

measuring systems have been named in a brief list. For an up-to-date overview of rheological tests and a meticulous summary of typical 401 

measuring systems please refer to [66]. 402 

Each material has its own temperature-dependent characteristics, furthermore, each particle is subjected by different temperature-403 

history in a gas turbine flow path. For this reason, the aim of the present analysis is to compare the experimental data with dimensional 404 

and non-dimensional parameters using the available data reported in the literature.  405 

Over the past century, several equations have been proposed relating the viscosity of arbitrary melts to temperature-dependent 406 

characteristics and to specific composition constants [68]. Most of these are proposed for predicting material viscosity for specific 407 

material composition and sometimes, their validity is limited to a certain viscosity ranges. In the present review, seven (7) methods are 408 

considered. They are based on data extrapolation from temperature-viscosity trends of coal and volcanic samples similar to those 409 

responsible for gas turbine hot section fouling. In addition, all of the selected methods are able to predict the particle viscosity based on 410 

the composition and temperature. Each method is applied considering its limits according to the particle composition, beyond of the 411 

absolute value of the predicted viscosity [69], [70], [71], [72], [73], [74] and [75]. In this way, each method can be included or excluded 412 

a priori only based on the particle composition useful for automated calculation or routine easy-to-be-implemented in numerical 413 

simulations. 414 

The considered models are based on different correlations obtained considering different physical-chemical criteria. The S2 [70] and 415 

Watt-Fereday (WF) [71] postulate that the viscosity depends on temperature following Arrhenius’ law. This corresponds to a description 416 

of the flow of silicates in terms of transition probability and vacancy distribution in the structural lattice. The NPL model by Mills and 417 

Sridhar [69] is also based on the Arrhenius equation used to describe the temperature dependence of slag viscosity and correlates the 418 

slag composition to the optical basicity of the material. In 1962, Weymann [76] proposed another equation resulting from the same 419 

deduction considered for the Arrhenius model with the addition of an extra temperature-dependent parameter. This model demonstrated 420 

a valid correlation with experimental data and a successful description of the relationship between viscosity and temperature. The models 421 

that are based on Weymann equation [76] are Sreedharan and Tafti [72] (S&T), Riboud et al. [73] (RRLG) and Streeter et al. [74] (SDS). 422 

Another equation that links the viscosity with temperature was independently proposed by Vogel [77], Fulcher [78] and Tamman and 423 

Hesse [79] in the 1920s and it is the base of the model presented by Giordano et al. [75] (GRD). In this case, a third adjustable 424 

composition parameter is introduced into the equation to improve the performance of the model and to better emphasize the dependence 425 

of temperature on silicate melts viscosity. This model is specifically realized for predicting temperature-viscosity trends of volcanic 426 

ashes. 427 

All model coefficients, constitutive equations, and applicability limits are reported in Appendix A divided according to the model. 428 

In addition, the accuracy of the model coefficients and the confidence band related to each model are described in details. 429 

 430 

2.2.2. Particle softening model 431 
In addition to the particle viscosity, another basic particle characteristic is the particle softening temperature. This property is the 432 

key value for calculating particle adhesion according to the critical viscosity method. In order to post-process the literature data related 433 

to the particle deposition on hot gas turbine sections, the calculation of the present quantity is required. 434 

For the estimation of the softening temperature, three main approaches exist. The first one is related to a visual method described in 435 

the standard procedure of ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [21], the second one is carried 436 

out with a ThermoMechanical Analysis (TMA) approach while the third one is related to a thermal analysis by means of Differential 437 

Scanning Calorimetry (DSC) approach. The setup of these different methods has been carried out over the years due to the controversial 438 

question related to the deformation temperature. In the literature, in fact, it has been emphasized that the initial deformation temperature 439 

is not the temperature at which the ash melting begins, and many coal ashes have been found to start melting at temperatures far below 440 

the initial deformation temperatures [80]. Therefore, in this section, the three approaches are briefly described. 441 

In accordance with ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [21], the softening temperature 442 

(ST) is defined as the temperature at which triangular pyramid prepared from the material (see sketch n°1 in Figure 5) has fused down 443 

to a spherical particle which is characterized by the height equal to the width at the base (see sketch n°3 in Figure 5). The softening 444 

temperature has been accepted as the critical temperature which is commonly referenced in the evaluation of the characteristics of coal 445 

ash [81]. The ash fusion test (AFT) is considered the most widely used procedure for determining the temperature at which the different 446 
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stages of the ash transformations (softening, melting and flow) take place in order to assess the deposition characteristics of the material 447 

[82]. The fusion temperature values are determined by heating a prepared sample of molded coal in a gas-fired or electric furnace 448 

conforming to [21]. The deformation of the molded ash cone is monitored during the increase of temperature and, according to Figure 449 

5, the four (4) critical temperature points (fluid – FT; hemispherical – HT; initial deformation – IT; softening – ST) are determined. 450 

Moreover, the response of the sample to thermal treatment is generally quantified by optical pyrometer or thermocouple. An alternative 451 

approach for the evaluation of the four (4) critical temperature values, applied to volcanic ash samples, consists in the use of 452 

thermogravimetry and differential scanning calorimetry (DSC) [83] and [84]. Mechanically, the evolution of characteristic temperature 453 

and the geometrical transformations of the cone define the ability of the sample to sinter, to stick or to spread and wet the surface [85]. 454 

Nevertheless, the standard test [21] can be susceptible to subjective assessment because of the visual evaluation of critical temperature 455 

points [86]. The standard procedure is recognized as not a very precise method failing the prediction of the fusibility temperature by 456 

over 40 K [87] as a function of the amphoteric content. In addition, it was found that the deformation temperature is not the temperature 457 

at which initial melting begins as normally perceived and the hemisphere temperature is below the liquidus temperature. 458 

 459 

 460 

Figure 5  – Critical temperature points taken from ASTM – D1857-04 [21] 461 

 462 

The TMA methodology evaluates the progressive shrinkage of ash and it is suitable for characterizing the sintering and melting 463 

behavior at temperatures lower than the standard method. In addition, the precision of this technique is greater than the standard one, 464 

reducing the inaccuracy due to the measurement method. However, this accurate methodology cannot be applied to ashes from biomass 465 

combustion [80] and in this case, the use of the DSC technique appears the best solution. This methodology is based on the evaluation 466 

of any mass changes by means of the comparison between the ash behavior against the reference material. With this procedure, any 467 

deviation in terms of energy corresponds to an evaporation or melting process with an accurate estimation of the most ash fusibility 468 

temperature values. 469 

Despite the background of conventional techniques for determining the transformation temperature, the evaluation of the critical 470 

temperature values from the chemical composition can be a difficult task because of the unknown correlation between the interacting 471 

factors. In the present paper, starting from the particle characteristics reported in the literature, empirical relations to compute the particle 472 

softening temperature as a function of the composition proposed by Yin et al. [88] were used. This model is much easier and direct than 473 

other statistical methods through the possibility to omit the mathematical correlation between the variables. In addition, the aim of the 474 

present study is to compare the experimental literature data and, for this reason, particle softening temperature has to be computed only 475 

by the use of the particle chemical composition. According to particle composition, different relations are proposed. 476 

When the content of SiO2 is less than or equal to 60 %, and the content of Al2O3 is larger than 30 % 477 

𝑇soft = 69.94SiO2 + 71.01Al2O3 + 65.23Fe2O3 + 12.16CaO + 68.31MgO + 67.19𝑎 − 5485.7 (19) 

when the content of SiO2 is less than or equal to 60 %, the content of Al2O3 is less than or equal to 30 % and the content of Fe2O3 is less 478 

than or equal to 15 % 479 

𝑇soft = 92.55SiO2 + 97.83Al2O3 + 84.52Fe2O3 + 83.67CaO + 81.04MgO + 91.92𝑎 − 7891 (20) 

when the content of SiO2 is less than or equal to 60 %, and that of Al2O3 is less than or equal to 30 %, and that of Fe2O3 is larger than 480 

15 % 481 

𝑇soft = 1531 − 3.01SiO2 + 5.08Al2O3 − 8.02Fe2O3 − 9.69CaO − 5.86MgO − 3.99𝑎 (21) 

and finally, when the content of SiO2 is larger than 60 % 482 

𝑇soft = 10.75SiO2 + 13.03Al2O3 − 5.28Fe2O3 − 5.88CaO − 10.28MgO − 3.75𝑎 + 453 (22) 

The constant a is defined according to the weight fraction wt% of each component as 483 

𝑎 = 100 − (SiO2 + Al2O3 + Fe2O3 + CaO + MgO) (23) 

 484 

2.2.3. Particle surface tension model 485 
The third particle characteristic useful for applying the particle sticking methods is the particle surface tension. In the literature, 486 

several contributions are related to the measurement of surface tension values of slags and silicate melts [89], [90], [91], [92], [93], [94], 487 

[95] and [96]. Ternary or more complex slags, as well as coal ashes, are taken into consideration. These analyses are mainly focused on 488 

the estimation of the temperature effects on the surface tension values. Even if, these contributions report very detailed slags and ashes 489 

characterizations, both in terms of chemical composition and surface tension values, they are mainly focused on the high-temperature 490 

values at which these materials are characterized by the liquid phase. For this reason, the actual slag and ash characterization cannot be 491 
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applied to the present study, due to the different temperature ranges at which gas turbine operates (lower temperature values than the 492 

slag/ash characterization). Therefore, in the present work, the particle surface tension is calculated using a chemical-temperature 493 

dependent correlation based on the principle that the surface tension can be expressed as a linear function of the composition [97] 494 

𝛾 = Σ (𝛾i 𝑚i) (24) 

where γ is the surface tension corresponding to each oxide i and m is its molar fraction. The surface tension of each oxide is taken from 495 

literature correlations [98], [99]. Table 2 reports the equation of the relation γ = f(T) used in the present analysis. The contribution of 496 

potassium oxide and titanium dioxide are not considered. 497 

Table 2 - Surface tension [mN/m] of single oxide 498 

Component γ = f(T) [mN/m] 

SiO2 243.2+0.0031 T [K] 

CaO 791-0.0935 T [K] 

Al2O3 1024-0.177 T [K] 

MgO 1770-0.636 T [K] 

Na2O 438-0.116 T [K] 

Fe2O3 504-0.0984 T [K] 

 499 

By means of this approach, the different chemical composition can be considered in the estimation of particle surface tension. In 500 

addition, with the use of the linear function, the particle surface tension is computed according to the precise correlation between 501 

temperature and surface tension of every single oxide. 502 

 503 

2.2.4. Particle density model 504 
Several models for density calculation have been provided through the years [100], [101] and [102]. The possibility to calculate the 505 

particle density starting from the chemical composition give the possibility to overpass the experimental characterization, even if, the 506 

approximation related to the use of a general correlation may affect the validity of the results. However, the measurement and/or the 507 

calculation of the particle density is usually used for the estimation of the particle mass that is, based on the present literature, less 508 

important than other particle characteristics such as viscosity, softening temperature, and surface tension. One of the most common 509 

methods is proposed by Bottinga et al. [103], based on the sum of the contribution of all components except Al2O3 and the other due to 510 

the contribution of Al2O3. This distinction is due to the different approach used in literature to estimate the apparent partial volume 511 

fraction of the aluminum silicate. With this model, the densities, ρ, of molten slags from can be obtained by the following two equations 512 

𝑉m = Σ (𝑋i 𝑉i
0) + 𝑋Al2O3

 𝑉Al2O3

0  (25) 

𝜌 =  
𝑀

𝑉m

 (26) 

where the sum of Eq. (25) is taken over all oxide components except the aluminum trioxide. In the Eq. (25) X is mole fraction of 513 

component i, while V0 terms represent the apparent partial volume of slag constituents. They are constant and derived independently 514 

from an analysis of volume-composition relations in alumina-free silicate liquids. In Eq. (26), M represents the sum of the molar weight 515 

for the given slag. The apparent partial molar volumes of SiO2 and Al2O3 are polynomial functions of composition in the density model 516 

proposed by Mills and Keen [104] for multicomponent slags. Based on [103], the Authors adjust the partial molar volume values (V0) 517 

achieving certain success in calculated data with an uncertainty of 2 %. Different model constants provided by [103] and [104] for 518 

calculating V0 of various slag constituents are listed in Table 3. In the present work, the apparent partial volume of slag constituents 519 

reported [104] are used. 520 

 521 

Table 3 – Recommended values for apparent partial molar volume V0 of slag constituents 522 

Component 
V0 at 1673 K [103] 

[cm3/mol] 

V0 at 1773 K [104] 

[cm3/mol] 

SiO2 26.75 19.55 + 7.966XSiO2 

TiO2 22.45 24.0 

Al2O3 - 28.31 + 32 - 31.45𝑋Al2O3

2  

Fe2O3 44.40 38.4 
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MgO 12.32 16.1 

CaO 16.59 20.7 

MnO 14.13 15.6 

Na2O 29.03 33.0 

K2O 46.30 51.8 

 523 

3. EXPERIMENTAL DATA OF GAS TURBINE PARTICLE DEPOSITION 524 
Deposition tests in conditions representative of the hot parts of a gas turbine have been conducted over the years with a number of 525 

different materials. The tests involve five principal types of particles [105]: sand, ash, coal, bituminous coal, and lignite. 526 

Sand is defined as mineral particles of diameter 2 mm to micronized powder. In the gas turbine field of research, sandy particles are 527 

usually referred to Arizona Road Dust (ARD) silty samples. This sandy powder takes inspiration from the standard powder of ISO 528 

12103-1 (A1, A2 A3, and A4) [106], but the size and chemical composition of particle used in the deposition tests could be different 529 

from the standard one due to the mixing, filtration, sieving, and processes applied before the tests. 530 

Ash comprises all pyroclastic particles or fragments ejected from a volcano, irrespective of size, shape or composition. The term is 531 

usually applied to an air-fall material characterized by a characteristics diameter less than 2 mm. 532 

Coal is a carbon-rich mineral deposit formed from the remains of fossil plants. The process of coalification results in the production 533 

of coals of different ranks such as bituminous coal, lignite, and anthracite. Each rank marks a reduction in the percentage of volatiles 534 

and moisture and an increase in the percentage of carbon. According to this definition, ASTM standard [107] proposed a detailed coal 535 

classification based on the content of carbon, volatile matter and calorific limits. Unfortunately, this classification is not completely 536 

useful to understand the physical characteristics of the contaminants involved in gas turbine degradation. Physical characteristics such 537 

as viscosity and surface tension are dependent on the chemical composition and structure (e.g. crystalline or amorphous) of the 538 

contaminants. In addition, it is important to note that the chemical composition of slag and its correspondent original coal ash could be 539 

different. As reported by Streeter et al. [74], slags chemical composition could change due to the depletion of iron oxides species or to 540 

the enhancement in alumina content during heating/melting processes. At the same time, high-temperature values generate the 541 

volatilization of the sodium oxide that could change the slag viscosity. These behaviors enhance the difficulties related to the 542 

characterization and classification of the contaminants that affect hot sections. 543 

Particle deposition is investigated in order to understand turbine section contamination and the interaction between cooling holes 544 

and particle deposition. Accelerated tests are frequently used to recreate the actual gas turbine condition using in-house experimental 545 

test bench. For example, accelerated deposition testing is realized within 4 hours which cover 10,000 hours of actual gas turbine 546 

operation [108]. Sometimes, in order to study specific problems, deposition tests are conducted using a coupon instead of gas turbine 547 

cascade [109], [110], [111], [112], [113], [114], [115], [116], [117], [118], [119], [120], [121], [122], [123] and [124]. In this type of 548 

test, the particle deposition occurs on specifically-designed target, usually characterized by simplified geometry in order to guarantee a 549 

certain flow and temperature fields. In this case, the experimental procedure allows the proper correlation between particle impact 550 

conditions and deposition phenomenon based on the criterion that, all of the injected particles are characterized by the same impact 551 

conditions such as temperature, velocity, and incoming angle. In addition, given the simplified geometry of the coupon, detailed 552 

evaluation of several peculiarities such as (i) surface roughness of the deposited layer, (ii) effects of the cooling hole array, (iii) deposits 553 

thickness and (iv) influence of the substrate temperature on the particle sticking capability can be easily carried out. In Figure 6 an 554 

example of this evaluation is reported. In particular, Figure 6a shows the evaluation of deposit surface roughness, Figure 6b depicts the 555 

influence of the presence of cooling holes on the particle deposition pattern and, finally, Figure 6c reports an evaluation of the deposit 556 

thickness by means of a three-dimensional detection carried out with a laser scanner. 557 

 558 

 559 

Figure 6 - Experimental particle deposition tests carried out on coupons: a) evaluation of the surface roughness [114], b) effects of 560 

the cooling hole array [119] and c) measurement of the deposit thickness by means of the three-dimensional reconstruction based on 561 

laser scanner detection [120] 562 

 563 

Earliest contributions are related to deposits due to fuel contamination. Several studies can be found in literature [125], [126], [127], 564 

[128], [129], [130], [131], [132], [133], [134] and [135] but no specific details about particle sticking probability is reported, or the 565 
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chemical compositions is too different from the silica-based materials [136]. Analytical schemes were developed for extracting sticking 566 

coefficients from the measured weight gain data, particle size spectrum, and particle density and composition [56]. The influence of the 567 

particle temperature was one of the first studies reported in the literature [137]. The particle temperature determines the appearance of 568 

different composites with different characteristics. For example, in the temperature interval (800 – 1800) K, the multi-component 569 

solution comprises oxides, sulfates, silicates, and aluminosilicates. Below 1100 K, low-melting alkali sulfate solutions are the 570 

predominant components, whereas above about 1500 K, molten oxides constitute most of the liquid phase. At high temperature, vapor 571 

deposition driven by thermophoresis force becomes important. Differences in deposits were encountered for pressure and suction sides 572 

where diffusion phenomenon works as a leading actor [138] and [139]. 573 

At the same time, the first studies on the effects of volcanic ash on aero-engines were published. Tests with different power unit 574 

using a unique facility able to generate realistic environmental conditions of particle-laden clouds under controlled laboratory conditions 575 

are carried out [140], [141] and [142]. The results show the variation of the power unit performance during the test (a few minutes) 576 

highlighting the deterioration over a small period. Evaluations of blade erosion and deposition patterns are also proposed. This type of 577 

studies are not widespread in literature and only in the last years, new studies have been proposed related to simply particle deposition 578 

[143], [144] and [145], cooling holes blockage [146], [147] and internal cooling hole clogging [148]. Cooling holes clogging represent 579 

the most detrimental phenomenon that occurs in gas turbine hot section, especially for aero-engines. Figure 7 reports literature 580 

experimental results showing the occupied area due to particle adhesion inside the cooling hole. More recently, Shinozaki et al. [149] 581 

and Naraparaju et al. [150] use a micro gas turbine for studying volcanic ash adhesion at different load and for different blade coating 582 

materials, respectively. 583 

 584 

Figure 7 – Internal cooling hole clogging [148]: deposition in first four cooling holes of HD45 running at 1310 K 585 

 586 

With the increase in usage of gas turbines for power generation and given that natural gas resources continue to be depleted, 587 

alternative types of fuel have been tested. Examples of alternative fuels are coal-derived synthetic fuels. Coal-derived fuels could contain 588 

traces of ash and other contaminants that can deposit on vane and turbine surfaces. Experimental tests and numerical analyses are devoted 589 

to the comprehension of the effects provided by bituminous and sub-bituminous particles on the gas turbine nozzle [151]. Several studies 590 

were realized in order to increase the effects of these contaminants on gas turbine hot section fouling, especially in the presence of film 591 

cooling. Different types of ash (e.g. coal bituminous, lignite, etc.) have been used for performing particle deposition on a gas turbine 592 

nozzle [12], [26] and [152]. Such tests allow the proper analysis of the flow dynamic behavior in the particle impact and adhesion 593 

phenomena, giving the possibility to realize the same flow conditions of the actual application. By contrast, the complexity of the flow 594 

structure and the effects of geometric features that characterize an actual gas turbine nozzle could represent an obstacle in the definition 595 

of general rules and trends related to particle sticking. In Figure 8 the comparison between the deposits pattern without and with film 596 

cooling using bituminous ash is reported. The effect of cooling holes on particles deposition pattern is still under investigation. 597 

Experimental tests [153], also run with high gas temperature [154], attempt to improve the comprehension of particle deposition. 598 

 599 

Figure 8  – Comparison of coal bituminous particle tests (a) film cooling (b) non-film cooling [12] 600 
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Other specific contributions can be found in relation to the effects of the electrostatic charge on particle deposition [155] and [156], 601 

the assessment of the thermophoresis force on the particle deposition in the gas turbine engine secondary air system [157], the 602 

investigation of sintering process of the deposits [158], and the influence of the deposit on the heat transfer and the influence of the free-603 

stream turbulence on the particle deposition [159]. The deposits thickness influences the heat transfer and, through experimental tests, 604 

it is possible to correlate the thickness and the heat transfer over the operating time [160]. 605 

Finally, some attempts to use a sort of thermal similitude for studying particle adhesion were proposed [161], [162], [163], and [164]. 606 

These experimental tests were based on the similarities between melting ash and wax/PVC particles. Latter materials have lower values 607 

of melting temperature and, using thermal scaling techniques, the deposition pattern could be assumed as representative of actual gas 608 

turbine particle deposition. 609 

 610 

4. LITERATURE DATA COLLECTION 611 
The experimental results related to particle deposition on cascade and/or coupon reported in the literature, are obtained with different 612 

(i) material (ii) size and (iii) working conditions such as velocity and temperature. These different working conditions imply several 613 

difficulties in comparing deposition results obtained from different experimental tests. Different material compositions determine, for 614 

example, different values of particle viscosity even if the tests are carried out at the same particle temperature. The same phenomenon 615 

affects also the surface tension value (closely related to the surface energy), that, in addition with the viscosity, drives the adhesion 616 

phenomena at the particle/surface interface [34]. On the other hand, differences in impact velocity and particle dimension values 617 

determine different impact mechanisms and particle deformation related for example to the particle kinetic energy. 618 

In the light of these considerations, in this paragraph, all the experimental results related to particle deposition on the hot gas turbine 619 

section are summarized. Starting from the information reported in every single work, particle composition and temperature are used to 620 

calculate viscosity and surface tension based on the relations available in literature and reported earlier. Coupling these values with 621 

particle velocity, density, and dimension, the calculation of the particle adhesion according to the analytical models (critical viscosity, 622 

critical velocity, and energy-based models) are performed, highlighting pro and cons of each method. Special attention is given to the 623 

particle viscosity which is considered the most important parameter for judging the particle adhesion or rebound phenomena. 624 

 625 

4.1. Experimental test conditions 626 
Tables 4 – 6 report the experimental data available in literature related to particle deposition in gas turbine hot sections for silty, 627 

volcanic and coal particles, respectively. Each material is indicated with the same name used in the respective reference. In the case of 628 

more than one contribution that uses the same material, with different test conditions, a progressive number is adopted. For each test 629 

(grouped according to the reference), the particle characteristics such as dimension and density are reported. The particle dimension 630 

indicates the variability range or the mean mass diameter used in each test (if provided). Unfortunately, detailed data on other interesting 631 

parameters such as d50 and d75, which represents the diameters for which the 50 % and 75 % of the particles measured are less than the 632 

stated size, are not reported. 633 

The test conditions are also indicated and, in absence of detailed information, particle velocity is assumed equal to the gas velocity 634 

and particle temperature is assumed equal to the gas temperature. Fixed value or the indicated variability range is also specified. 635 

Regarding the velocity, in the case of test realized on a full-scale gas turbine, a representative particle impact velocity of 100 m/s is 636 

chosen because no-data related to this variable is reported [141] and [142]. 637 

Finally, Tables 4 – 6 report also the type of target, tg, used in the experimental tests, with a reference of: 638 

 T, the test is realized on a full-scale gas turbine; 639 

 B, the test is realized on wind tunnel provided with cascade or single blade target; 640 

 C, the test is realized using a coupon; 641 

 I, the test is realized in order to discover particle deposition inside the internal cooling hole. 642 

All of this information (dimension, density, velocity, and temperature) provide the first overview of the experimental contribution 643 

related to particle deposition and fouling on gas turbine hot sections. Particle velocities span from 15 m/s to 350 m/s while the 644 

temperature values range from 850 K to 1900 K, approximately. Wind tunnel tests allow the best control in terms of test parameters but, 645 

at the same time, could imply certain limits related, especially to a maximum temperature value. 646 

Starting from this detailed information, the particle Stokes number and the particle relaxation time can be calculated. In Appendix 647 

B data about the geometrical features of the target for each experimental test are reported. Particle Stokes number and particle relaxation 648 

time are listed in relation to the airflow characteristics calculated assuming pure air as a carrier gas with characteristics calculated 649 

according to CoolProp library [165]. 650 

 651 

4.2. Experimental uncertainties 652 
The uncertainty related to the experimental test conditions and at in turn, the accuracy of the particle deposition results, are not 653 

always reported in literature even if a considerable number of tests indicate the experimental uncertainty [12], [26], [56], [108], [111], 654 

[112], [115], [116], [118], [119], [120], [122], [148], [152], [153] and [159]. The difficulties are especially related to the not-clear 655 

correlation between the uncertainties related to test conditions like flow velocity and temperature and mass deposits or sticking 656 
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coefficients. Measurement uncertainties have to be considered different from the variability of the test conditions even if, both of them 657 

determine the amount of deposits. The present data collection allows the definition of a sort of tolerance band of the experimental data 658 

reported in the present review. 659 

Given the sticking model relations which are based on the particle characteristics strongly related to the temperature, one of the most 660 

important uncertainties related to the experimental results is that which characterizes the temperature measurements. Uncertainties 661 

related to the temperature values are estimated equal to 0.11 % [148], 1.3 % [116] and 2 % [12], [26], [152], and [159]. These values 662 

have to be correlated with the actual temperature in order to highlight the influence of the measurement uncertainty on the particle 663 

characteristic and thus, on their sticking capability. According to the aforementioned percentage values, the uncertainty in terms of 664 

Kelvin become equal to 1 K [148], 19 K [116], and 27 K [12], [26], [152], and [159]. Given the high temperature at which the tests were 665 

carried out (up to 1500 K), these uncertainty values appear in line with those reported in literature even if, according to the analysis 666 

reported in the following paragraphs, a slight deviation could be determined between the sticking prediction provided by the models and 667 

the actual results of the experimental tests. 668 

In the same way of the temperature measurement, even the uncertainties related to the mass flow rate are useful to improve the 669 

comprehension of the experimental results. In particular, these uncertainty values could be used to estimate the uncertainty in the particle 670 

impact velocity. For the collected data, these uncertainty are estimated to be equal to about 0.80 % [148] and 4 % [12], [26], [115], and 671 

[159]. According to the percentage values, the uncertainty of the mass flow rates in [148] is equal to 0.0074 g/s, while in [12], [26], 672 

[115], and [159], the maximum uncertainty value is equal to 0.015 kg/s. 673 

Regarding the uncertainty of the particle concentration used to contaminate the main air flow, data are not commonly reported. Only 674 

in [108] and [115] the accuracy in the particle contamination is reported and is equal to 6 ppmw (parts per million weight). Other 675 

uncertainties are related to the geometry and position of the target [120], [122], in the capture efficiency evaluation [118], [119] and 676 

mass measurements [116]. Proper methods for uncertainty estimation are adopted in [148] by applying [166] and [152], [12] using the 677 

procedure reported in [167]. In other cases, the uncertainties were estimated by duplicating the tests as reported in [112] and [119]. 678 

In relation with the variability of the tests condition during the deposition tests, the variability of the flow temperature is between 3 679 

K [159] (for a tested flow temperature of 1353 K), 6 K [12] (for a tested flow temperature in the range of 1314 K – 1385 K) and 5 K in 680 

[153] (for a tested flow temperature of 866 K). Regarding the variability of the mass flow rate, in [159] is declared equal to 0.005 kg/s 681 

(that corresponds to the 2.8 % and 1.4 % for a tested mass flow rate values of 0.181 kg/s and 0.363 kg/s, respectively) while in [12] is 682 

declared equal to 0.01 kg/s (that corresponds to the 1.8 % and 2.7 % for a tested mass flow rate values of 0.557 kg/s and 0.365 kg/s, 683 

respectively). Other inaccuracies are especially related to the effects of radiation on the flow temperature measures [56], [111] and [116]. 684 

Data collection covers about thirty (30) years of particle deposition tests, realized using several different facilities and 685 

instrumentations. The amount of data, their variability, and their different nature give the possibility to discover the widest view of 686 

particle deposition on the gas turbine hot section. The present analysis is based on the data available in open literature, and the data post-687 

process reported in the following paragraph allows the comprehension of the basic phenomena using per-order-of-magnitude variations. 688 

 689 

Table 4 – Silty particle deposition data. Material composition in term of weight fraction 690 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 
TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

2
0
1
7
 Barker et al. [123] ARD+ 10–35 2560 80 1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Boulanger et al. [124] ARD 2+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Whitaker et al. [147] ARD 3+ 0–10 2560 40 920–1262Δ I 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

2
0
1
6
 Boulanger et al. [122] ARD 4+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Whitaker et al. [153] ARD 5+,* 0–20 2560 21 866 ◊ I 0.0 0.0 3.3 0.0 84.8 9.9 0.0 2.1 

Lundgreen et al.[154] ARD 6+,* 0–5 2560 70 1363–1623 B 0.0 0.0 3.0 0.0 85.0 10.0 0.0 2.0 
 691 
+ The particle diameters used in these tests could be different from the standard ones reported in the ISO 12103-1 (A1, A2 A3, and A4) [106] due to filtration, sieving, 692 
and processes applied by the Authors 693 
* ARD 5 and ARD 6 have different chemical compositions with respect to ARD, ARD 2, ARD 3 and ARD 4 694 
Δ Temperature values refer to the surface wall temperature. Gas temperature was set equal to 866 K 695 
□ Temperature values refer to the surface wall temperature. Gas temperature was set in the range (800 – 900) K 696 
◊ Temperature values were set in the range (700 – 866) K but particle deposition was founded for the highest temperature value (866 K) 697 
 698 

Table 5 – Volcanic ash particle deposition data. Material composition in term of weight fraction 699 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 
TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘18 
Naraparaju et al. 

[150] 
EYJA 0.5–10 849 200 1773 T 3.6 2.7 1.6 1.3 78.6 11.3 0.3 0.7 

2
0
1
7
 

Giehl et al. [145] 

Basalt 5–125 2800 15 1373–1773 C 3.0 0.5 10.2 5.9 52.0 13.0 2.8 12.4 

Andesite 5–125 2600 15 1373–1773 C 3.7 0.7 8.8 5.6 53.9 18.7 1.0 7.4 

Dacite 5–125 2700 15 1373–1773 C 4.4 2.4 3.7 0.8 63.7 13.5 0.8 7.8 
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Rhyolite 5–125 2500 15 1373–1773 C 6.4 2.4 2.9 1.0 73.4 11.9 0.9 2.8 

Wylie et al. [148] 
EYJA 2 º 4.8–34.9 849 80 1163–1293□ I 2.0 2.0 4.6 0.0 51.3 10.9 1.4 9.5 

Chaiten VA 4.8–34.9 849 80 1163–1293□ I 2.9 2.9 1.6 0.0 73.9 14.0 0.2 1.6 

2
0
1
6
 

Dean et al. [144] 

Laki 5–50 2400 106 1043–1295 C 6.4 0.3 6.3 8.3 52.6 18.8 1.3 6.1 

Hekla2 5–50 1500 106 1043–1295 C 7.3 1.2 2.0 1.4 67.4 18.1 0.0 2.6 

Eldgja3 5–50 1900 106 1043–1295 C 6.9 0.3 6.2 7.1 50.3 19.7 2.4 7.3 

Askja4 5–50 1400 106 1043–1295 C 5.6 1.5 1.7 1.8 71.9 15.5 0.0 2.0 

Taltavull et al. [143] 

Laki 25 10–70 2400 91 1043 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

Laki 35 10–70 2400 106 1160 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

Laki 45 10–70 2400 127 1295 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘13 Shinozaki et al. [149] Laki 5 20–100 2400 365 1343 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘96 Dunn et al. [142] 

St Helens 23 2700 100 1283–1558 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1 

Twin 

Mountain 
73 2730 100 1283–1558 T 0.5 4.2 10.6 1.5 50.3 13.2 1.9 15.3 

‘93 Kim et al. [141] St Helens 2 23 2700 100 1394–1494 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1 

 700 
º EYJA 2 has different chemical compositions with respect to EYJA 701 
 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 17.5 %, Al 7.1 %, Na 3.4 %, Ca 3.2 %, Mg 3.6 702 
%, Ti 0.6 %, K 0.2 % and Fe 3.4 %) 703 
2 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 21.4 %, Al 6.5 %, Na 3.7 %, Ca 1.0 %, Mg 0.6 704 
%, Ti 0.0 %, K 0.7 % and Fe 1.4 %) 705 
3 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 16.0 %, Al 7.1 %, Na 3.5 %, Ca 3.0 %, Mg 2.9 706 
%, Ti 1.0 %, K 0.2 % and Fe 3.9 %) 707 
4 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 23.6 %, Al 5.8 %, Na 2.9 %, Ca 0.9 %, Mg 0.8 708 
%, Ti 0.0 %, K 0.9 % and Fe 1.1 %) 709 
5 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [143] and [149] and it is different from the Laki composition 710 
reported in [144] (Si 24.0 %, Al 6.7 %, Na 1.0 %, Ca 6.1 %, Mg 2.0 %, Ti 2.4 %, K 0.1 % and Fe 21.3 %) 711 
 712 

Table 6 – Coal particle deposition data. Material composition in term of weight fraction 713 

 Authors Material 
d 

[μm] 
ρ 

[kg/m3] 
v 

[m/s] 
T 

[K] 
TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘16 
Laycock and Fletcher 

[121] 
JBPS A 4 2330 200 1523–1673 C 2.5 0.9 5.1 1.6 63.6 17.3 1.1 4.2 

‘15 Whitaker et al. [159] JBPS B 4.63; 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

‘14 Prenter et al. [26] JBPS B 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

2
0
1
3
 Casaday et al. [151] JBPS B 2 11.6 2320 79 1366 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

Laycock and Fletcher 

[120], [168] 
JBPP ** 3; 13 1980 200 1523 C 3.9 1.7 9.9 1.8 52.4 12.1 3.1 15.2 

2
0
1
2
 Webb et al. [12] 

Lignite 12.5 2818◊ 70 1314–1371 B 0.8 1.0 31.7 3.6 32.8 14.2 2.6 9.8 

Bituminous 14.1 1980 70 1339–1366 B 0.3 2.0 2.3 0.6 25.3 11.0 1.9 52.7 

PRB 18.3 2989◊ 70 1315–1385 B 1.8 0.5 42.2 6.9 22.1 10.5 2.2 6.1 

JBPS B 3 12.5 2320 70 1317–1343 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

Ai et al. [119] Coal (bit.) 13.4 1980 170 1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Ai et al. [118] Coal (bit.) 2 16 1980 180 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

‘11 Ai et al. [117] Coal (bit.) 3 4, 13.4 1980 170 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

‘10 Smith et al. [152] 
Bituminous 

mean14 
14 1980 70 1181–1272 B 0.0 2.5 2.9 0.0 32.9 20.3 0.0 40.6 

2
0
0
8
 

Crosby et al. [116] 
Coal (bit.) 4 3.1–16 1980 170 1133–1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Petcoke 6.3 2900 170 1133–1456 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9 

Wammack et al. [115] BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7 

2
0
0
7
 

Bons et al. [114] 

Coal (bit.) 5 13.3 1980 200 1423 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Petcoke 2 33.0 2900 200 1423 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9 

Straw 17.6 1680 200 1423 C 1.7 23.4 7.8 2.5 48.4 1.8 0.0 5.0 

Sawdust 19.7 960 200 1423 C 5.9 10.7 42.9 12.4 11.6 5.1 1.3 1.0 

‘05 Jensen et al. [108] BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7 

1
9
9
2
 

Richards et al. [112] 

Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

1 9 9 0
 

Anderson et al. [111] Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 
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 714 
** The details about the composition are based on the erratum [168]. The powder belongs to the Jim Bridger Power Plant as well as the tests named JBPS A, JBPS B, 1, 715 
2 and 3 but has a slightly different chemical composition. The weight percent values reported in the table were calculated starting from the following molar percentages 716 
(SiO2 60.2 %, Al2O3 8.17 %, Na2O 4.3 %, CaO 12.2 %, MgO 3.1 %, TiO2 2.7 %, K2O 1.2 % and Fe2O3 6.6 %). 717 
▼ Temperature range obtained as a function of the distance between nozzle and target. 718 
► Maximum firing temperature 719 
◊ Estimated with Eqs. (25-26) 720 
 721 

4.3. Chemical composition 722 
The particle behavior depends on the relationship between particle viscosity and temperature and this is strongly dependent on the 723 

chemical composition. Tables 4 – 6 report the chemical composition as a weight fraction of sodium oxide Na2O, potassium oxide K2O, 724 

calcium oxide CaO, magnesium oxide MgO, silicon dioxide SiO2, aluminum oxide Al2O3, titanium dioxide TiO2, and iron oxide Fe2O3. 725 

Obviously, these oxides do not cover the entire composition for each material but these components characterize each ash, powder, and 726 

particle determining their physical characteristics. 727 

This wide compositional range is related to the process formation of the ash or powder and might include particles formed from new 728 

materials as well as those derived by the fragmentation of pre-existing components which are subjected to degradation or combustion 729 

processes. In this context, Srinivasachar et al. [29] have carried out combustion and deposition experiments with coal (San Miguel Texas 730 

lignite) to assess critical viscosity hypothesis for deposition processes. These experiments have highlighted that final ash composition 731 

is independent of combustion conditions and the analysis of individual combustion ash particle have shown that there are negligible 732 

interactions between the particles which are characterized by similar final chemical composition. In light of the above, bulk composition 733 

can thus provide an overall indication of each particle behavior and its relation between viscosity, temperature, and chemical 734 

composition. However, a certain degree of non-uniformity could be represented by the initial formation of liquid phase due to the low 735 

temperature eutectic during the particle heating, such as the combination between sodium oxide with silica and aluminum dioxides, that 736 

generates a liquid fraction starting from 1200 K. Similar findings are reported in [169], where the presence of sodium sulfate generates 737 

a condensed phase that increases the particle sticking capability. This sort of inhomogeneity represents the first phase of particle 738 

softening process, that represents one of the most important parameters for estimating the particle adhesion capability. A graphical 739 

description of this occurrence can be realized by means of the ternary plot. Figure 9 depicts two different ternary plots according to the 740 

triplets Al2O3-SiO2-CaO and SiO2-MgO-Fe2O3 with the indication of the liquidus curves [170] together with the correspondent 741 

temperature value. The liquidus temperature can be compared with the temperature value at which the deposition test is carried out. The 742 

deposition tests are reported by means of different markers based on the chemical composition reported in Tables 4 – 6. A higher content 743 

of silica dioxide corresponds to higher liquidus temperature, and in turn, the deposition test is carried out when particles are not melted 744 

Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Wenglarz and Fox 

[132], [133] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

1
9
8
9
 

Ahluwalia et al. [56] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

1
9
8
8
 

Ross et al. [110] 

Arkwright3 20 1980 100 
1400–

1500▼ 
C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Kentucky 20 1980 100 
1400–

1500▼ 
C 9.5 0.3 1.3 0.6 25.5 15.9 7.8 32.4 

Spring 

Montana 
20 1980 100 

1400–

1500▼ 
C 13.1 0.1 26.5 6.5 18.6 13.5 1.3 4.7 

North 

Dakota 
20 1980 100 

1400–
1500▼ 

C 8.3 0.3 22.9 6.7 20.1 11.2 0.5 13.2 

1
9
8
7
 

Spiro et al. [131] 
AMAX 0–15 1900 100 1366► B 6.7 5.8 3.2 0.0 17.9 11.5 2.9 37.6 

Otisca coal 0–11.5 1900 100 1366► B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2 

Wenglarz [129] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

Kimura et al. [130] Otisca coal 0–11.5 1900 100 1366 B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2 

1
9
8
4
 

Raj and Moskowitz 

[156] 
Coal 0–6 1900 244 1144–1422 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6 

Anderson et al. [109] 

Pittsburg 7 2500 53 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

Pittsburg 2 7 2500 149 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

Pittsburg 3 7 2500 215 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

‘83 Raj [155] Coal 2 0 – 6 1900 244 1700–1922 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6 
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yet. Another element of information that can be drawn, is related to the effects of each oxide on the particle behavior. For example, for 745 

the majority of the considered tests reported in Tables 4 – 6, the presence of iron dioxide does not influence the liquidus temperature 746 

that can be assumed equal to 1673 K due to the higher presence of silica dioxide. In addition, it can be highlighted that the ash 747 

composition of several tested coals occurs in mullite phase field. Mullite is the predominant phase of coal ash which is formed due to 748 

kaolinite and other clays decomposition during combustion [171]. 749 

With this qualitative data representation (due to the approximation of this data post-process based on only three oxides) it is clear 750 

how the correlation between particle composition and temperature could determine different phenomena during the impact process. The 751 

different amount of oxide content in each test increase the complexity of the result comparison process and thus, each test condition has 752 

to be considered as fundamental information coupled with the particle chemical composition. 753 

The final consideration is related to the literature data. The material characterization is often reported but sometimes it is not complete 754 

or, in the worst cases, completely absent. Material characterization is fundamental for calculating physical properties such as viscosity 755 

and surface tension which are the most important parameter in the particle adhesion phenomenon. For this reason, in this work, two 756 

characterizations related to the volcanic rock, are taken from literature. In details, the composition of Twin Mountain basaltic rock [172] 757 

and St. Helens rock [173] are taken from literature. For completeness, in Appendix C, the compositions in term of molar fraction values 758 

are also reported. 759 

 760 

 761 

Figure 9 – Ternary diagrams with liquidus curves of the triplets: a) Al2O3-SiO2-CaO, and b) SiO2-MgO-Fe2O3 762 

 763 

4.4. Particle size, temperature and mineral/glass ratio 764 
With the reference of the data reported in Tables 4 – 6, it is clear how each test is characterized by several peculiarities, as well as 765 

different particle size and temperature. This evidence introduces some critical aspect into the determination of a proper framework under 766 

which a useful comparison can be carried out. 767 

According to the contamination source, three families can be recognized such as silty, coal and volcanic particles even if, only the 768 

volcanic ash particles, are created by instantaneous and, in many cases, explosive processes. For these reasons, in the literature, detailed 769 

analyses are reported in relation to their dimension and material structure. Volcanic ashes are characterized by different fractions of 770 

crystals and amorphous solids (juvenile fragments) created during explosive volcanism phenomena. Specific volcanic events 771 

(phreatomagmatic eruptions, pyroclastic density currents, and explosive eruptions) determine variations in terms of crystals/volcanic 772 

glasses fractions and changes in chemical compositions. The intrinsic structural nature of the ash, comprised of fine fragments of 773 
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magmatic glasses, magmatic crystals, and other lithic materials, influences the temperature-dependent material characteristics causing, 774 

for example, significant modification in sintering and/or melting conditions of ash particles. This wide variability in chemical and 775 

physical ash characteristics makes it difficult to evaluate the behavior of volcanic ash and the proper characterization of the material 776 

structure is often tedious due to the structurally complex nature of ash components. Regarding the coal-like particles, a description of 777 

the generation of ash particles is reported in [169]. Large particles are formed by the mechanism of coalescence, while fine particles are 778 

the result of vaporization and the subsequent condensation of volatile inorganic elements. This implies that a certain degree of 779 

inhomogeneity in terms of size and composition can be found after the combustor, but, no detailed analyses are available in this sense, 780 

especially related to the combustion process in a gas turbine. 781 

A lack of contaminant characterization in terms of temperature-dependent material characteristics implies hypotheses and 782 

unavoidable inaccuracies that should be the main reason for pushing new strategies and tests procedures forward. For example, in 783 

volcanic ash analysis, the relation between ash composition and melting temperature (and in turn, ash viscosity) is very difficult to 784 

predict in detail [143]. Other contributions [83], [85], and [174], show the influence of the heating rate on the evolution of the wettability 785 

and spreading of volcanic ash. More specifically, the wetting efficiency of volcanic ash is dependent on particle size and particle 786 

temperature together with mineral/glass ratio [95] and [145]. As reported by [143], these factors are related to the adhesion rate for 787 

normal surface incidence. 788 

Regarding the dimension, as mentioned before, non-precise data are reported but, some general consideration can be drawn. It is 789 

clear that the adhesion rate is more influenced by a larger particle because its weight is comparable to that of several smaller particles 790 

(e.g. one 50 μm particle weighs the same as a thousand 5 μm particles). Particle size also affects the rate at which the particle temperature 791 

achieves the substrate temperature: fragments with smaller diameters are capable of reaching more quickly the substrate temperature 792 

compared to larger particles and this is at the base of the theoretical effect of heat transfer to different particle sizes [95] and [96]. In this 793 

context, the mineral/glass content of the ash can play a key role in the deposition rate. When glass transition temperature is reached, 794 

most of the amorphous (glassy) particles are expected to rapidly become very soft promoting the particle adhesion phenomenon. Finally, 795 

the mechanical properties are related also to the particle diameter. As reported in [175], the particle Young modulus may increase when 796 

particles are smaller. In particular, in [175] an exponential dependence of the particle Young modulus on the grain size is reported due 797 

to the fact that, when the particle is small, the material structure is less affected by inhomogeneity and defects. 798 

All of these effects affect the experimental results carried out over the years and, in turn, influence the present data post-process. By 799 

contrast, given the number of tests which involve several materials, particle sizes and test conditions, can be concluded that the present 800 

data post-process can be considered robust against these effects within a certain tolerance band, allowing the comprehension of the 801 

particle deposition phenomenon based on per order of magnitude considerations. 802 

 803 

5. PARTICLE STICKING MODELS AND VISCOSITY METHODS: MUTUAL INTERACTION AND CRITICAL 804 

ANALYSIS 805 
The previous analysis has shown that the deposition tests listed in Tables 4 – 6 are carried out with temperature values lower than 806 

liquidus temperature and, thus, they are characterized by semi-molten particles which impact on a solid surface. For this reason, the 807 

measurement of the particles viscosity is not straightforward and, it implies several difficulties. Figure 10 shows the iso-viscosity contour 808 

plot based on the ternary plots of the triplet Al2O3-SiO2-CaO and gives the possibility to compare the collected data with the viscosity 809 

values measured at 1773 K [170]. The regions not covered by the iso-viscosity lines are due to the lack of literature data and, in some 810 

instances the presence of solid matter (higher content of silica dioxide). Despite the fact that this qualitative representation is not useful 811 

for carrying out the analysis of the deposition process (the temperature value is constant and higher than the experimental particle 812 

temperature), it gives the opportunity to highlight how the particle chemical composition influences the particle impact behavior. By a 813 

slight modification of mass fraction oxide content, the particle viscosity changes by an order of magnitude for the same temperature 814 

value. 815 

 816 
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 817 

Figure 10 – Iso-viscosity [Pa s] contour of CaO-Al2O3-SiO2 at 1773 K 818 

 819 

5.1. Particle viscosity: quantification and model application 820 
Based on the chemical composition of the material, in this section, the particle viscosity is calculated as a function of the temperature. 821 

Using the listed models (NPL [69], S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]) it is possible to calculate the 822 

viscosity values as a function of the material composition and temperature. This allows the comparison between different tests (carried 823 

out with different materials and temperature) in terms of viscosity. The viscosity values are calculated for all materials reported in Tables 824 

4 – 6 following the models reported. 825 

As mentioned, based upon the viscosity model analysis (reported in details in Appendix A) the NPL model works with all the 826 

considered materials due to the absence of specific applicability limits (in terms of chemical composition) allowing for the comparison 827 

among the deposition tests without restrictions. Due to this, for the cross-comparison between the viscosity model reported in the 828 

following paragraph, the NPL model represents a sort of reference giving the chance to compare several models (applied according to 829 

their applicability limits) with respect to the same reference values. For each analysis, all the viscosity models which are suitable (in 830 

terms of particle composition) for the analysis are used, in order to improve the completeness of the present data post-process. 831 

Based on viscosity calculation and by applying the critical viscosity method, it is possible to define the capability of each particle to 832 

adhere to the surface, by comparing the instantaneous particle viscosity and the critical viscosity value. The critical viscosity values 833 

could be calculated using one of the reported viscosity models, where the particle temperature corresponds to the softening temperature 834 

Tsoft. According to Eqs (19 – 23), the particle softening temperature is calculated according to the materials compositions. Even if in 835 

some instances the particle softening temperature is reported, in order to compare all tests under the same conditions, the particle 836 

softening temperature is calculated for all tests. Table 7 shows the softening temperature for all materials listed in Tables 4 – 6. 837 

Therefore, starting from the particle characteristics, it is now possible to compare the viscosity ratio (µ/µc) trends at the critical 838 

condition related to the sticking model. Figure 11 reports the variation of the particle viscosity ratio (µ/µc) as a function of the 839 

temperature, according to the NPL model, while Figure 12 reports the viscosity prediction according to the different models (S2 [70], 840 

WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]). Each model is applied within its validity limits. According to the critical 841 

viscosity method, two regions for each material can be defined according to the viscosity ratio (µ/µc) identifying the sticky and rebound 842 

conditions. As can be seen in Figure 11, experimental tests are mainly conducted in the sticky regions excluding a few cases in which 843 

the results of test conditions lie inside the rebound region due to the lower particle temperature of deposition tests. State the analysis of 844 

Figure 11 and Figure 12, it is clearly visible the immense variability in the viscosity obtained for the same substance from different 845 
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models and also that, using such widely different values will result in contrasting predictions if different sticking models are applied. 846 

For the sake of completeness, the viscosity values as a function of the particle temperature are reported in Appendix D, with the use of 847 

similar plots of Figure 11 and Figure 12. Appendix D reports several data related to the material type and contaminant sources used for 848 

the materials listed in Tables 4 – 6 and, in addition, the critical viscosity value is shown for each test as a function of the viscosity model. 849 

 850 

Table 7 – Values of particle softening temperature obtained according to Eqs (19 – 23) compared with literature (if available) 851 

Material 
Tsoft [K] 

Eqs (19–23) 

Tsoft [K] 

(literature) 
Material 

Tsoft [K] 

Eqs (19–23) 

Tsoft [K] 

(literature) 
Material 

Tsoft [K] 

Eqs (19–23) 

Tsoft [K] 

(literature) 

EYJA 1445 - JBPS A 1329 - Twin Mountain 1176 - 

Basalt 1170 - Laki 2, 3, 4, 5 1132 873  973 Arkwright, 2, 3 1337 1589 

Andesite 1257 - JBPS B, 2, 3 1197 1422* Blue Gem, 2 1191 1581 

Dacite 1284 - JBPP 1172 1500 Ash-fuel 1 1169 - 

Rhyolite 1387 - Lignite 1032 - Ash-fuel 2 1162 - 

ARD, 2, 3, 4 1337 - Bituminous 1030 - Ash-fuel 3 1118 - 

EYJA 2 1305 1123 – 1323 PRB 909 - Kentucky 1162 - 

Chaiten VA 1446 1123 – 1323 Coal (bitum.), 2, 3, 4, 5 1278 1278** Spring Montana 1068 - 

ARD 5 1465 - Bituminous mean14 1030 - North Dakota 1021 - 

ARD 6 1471 - Petcoke, 2 1162 - AMAX 1084 - 

Laki 1258 923 BYU SEM 1071 - Otisca coal 1179 - 

Hekla 1394 1023 Straw 1213 - Coal, 2 1320 - 

Eldgja 1341 973 Sawdust 842 - Pittsburgh, 2, 3 1337 1589 

Askja 1161 973 St Helens, 2 1323 -    

*called critical sticking temperature 852 
**estimated by [120] by using Yi et al.’s model [88]) 853 
 854 

 855 

Figure 11 – Critical viscosity method (rebound and sticking regions are divided by the dashed line) calculated according to the 856 

NPL model 857 

 858 
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 859 

Figure 12 – Critical viscosity method (rebound and sticking regions are divided by the dashed line: a) S2, b) WF, c) S&T, d) RRLG, e) SDS 860 

and f) GRD 861 

In details, the following analysis reports a distinction between the tests according to the viscosity method. At the same time, the 862 

softening temperature is calculated with the same aforementioned model proposed by Yin et al. [88]. The first analysis, reported in 863 

Figure 13 and Figure 14, shows silty and coal particle tests respectively. The marker shape indicates the test while the color indicates 864 

the viscosity method. In this case, silty particle tests mainly belong to the rebound region, while coal particle tests are located in the 865 

sticky region even if, some of these tests are conducted with the same temperature as silty tests. This difference is due to the different 866 

relationship between particle viscosity and temperature generated by the different chemical compositions. As reported by [84], 867 

differences in chemical composition must be taken into account and the similarities between different particle impact tests have to be 868 

drawn considering these differences. Therefore, the use of ARD particles instead of coal particles for carrying out experimental tests in 869 

laboratory test facilities could generate several mismatches with respect to the actual applications. Figure 13 and Figure 14 show, in 870 

addition, the different viscosity ratio (µ/µc) predictions provided by the viscosity methods. The variations between the NPL model and 871 

the GRD and S&T models increase towards lower temperature. In addition, the NPL predictions appear more close to the critical value 872 

(µ/µc=1) than other models. Considering the comparison reported in Figure 15, it can be noted that predictions are not aligned with the 873 

straight dashed line (provided as a reference for the reader), but the trends change according to the tests and according to the viscosity 874 

ratio µ/µc. For high values of viscosity ratio, NPL and GRD model predictions (see Figure 15a) are very different (several orders of 875 

magnitude), while, across the critical point (see Figure 15a and b), the predictions appear similar even if characterized by different 876 

slopes. A detailed description of the relations between the viscosity method, sticking model and particle characteristics will report in the 877 

following sections. 878 
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 879 

Figure 13 – Critical viscosity method for silty particles (four tests with ARD) calculated according to the NPL and GRD models 880 

 881 

Figure 14 – Critical viscosity method for coal particles (three tests with JPBS B, JBPP, five tests with Coal (bituminous), three 882 

tests with Arkwright and three tests with Pittsburg particles) calculated according to the NPL and S&T models 883 

 884 

 885 

Figure 15 – Comparison of the critical viscosity ratio (µ/µc): a) NPL and GRD models for silty particles and b) NPL and S&T 886 

models for coal particles. The straight dashed line allows the data comparison 887 
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Given that there have been a considerable number of tests of volcanic ash deposition, a dedicated analysis is carried out. The viscosity 888 

method proposed by Giordano et al. [75] is expressly based on several volcanic ash samples (see Appendix A for completeness) and, in 889 

this section, it will be compared with the more general method proposed by Mills and Sridhar [69]. 890 

According to the chemical classification proposed in [176], Figure 16 reports the Total Alkali-Silica (TAS) diagram with the 891 

superimposition of the fourteen (14) volcanic ashes considered in this review. The TAS classification can be used to categorized volcanic 892 

rocks based upon the relationships between the alkali and the silica contents. This distinction, that represents the relative proportions of 893 

alkalis and silica which are fundamental for an easier determination of the volcanic mineralogy based on the chemical composition. This 894 

classification was firstly reported in [176] with the endorsement of the International Union of Geological Sciences (Subcommission of 895 

the Systematics of Igneous Rocks). 896 

Tests can be classified according to six (6) different categories called basalt, basaltic-andesite, dacite, rhyolite, basaltic trachy-897 

andesite, and trachydacite. These subalkaline series are characterized by a lower amount of alkali and a progressive increase in silica 898 

dioxide content and are included in the GRD model limits. 899 

 900 

Figure 16 – Classification of volcanic tests according to the TAS diagram 901 

 902 

Figure 17 reports the viscosity ratio as a function of the temperature for volcanic ashes using the GRD and NPL models. Thirteen 903 

(13) tests out of seventeen (18) are shown. Laki 2, 3, 4 and 5 and Twin Mountain tests are characterized by a particle composition out 904 

of the validity range indicated by Giordano et al. [75]. In a different way of coal particles, about half of these tests belong to the sticky 905 

region. As mentioned above, by using different viscosity prediction models, the viscosity ratio (µ/µc) can vary noticeably, but the mutual 906 

variation between NPL and GRD methods appears very similar to those reported for silty and coal particles (see Figure 13 and Figure 907 

14). This means that even if the GRD model is based only on volcanic ash materials (by means of a data regression, as reported in 908 

Appendix A), it performs similar prediction, in comparison with the NPL model, even for the material derived from different sources 909 

(silty and coal particles). 910 

Figure 18 shows the comparison between the critical viscosity ratio calculated according to the NPL and the GRD viscosity models. 911 

Sticking and rebound regions are superimposed onto the graph dividing the two regions as a function of the viscosity model. The 912 

comparison highlights how the choice of the viscosity model affects the particle adhesion prediction. It can be noted that predictions are 913 

not aligned with the straight dashed line (provided as a reference for the reader), but the trends change according to the tests and 914 

according to the viscosity ratio µ/µc. This evidence has to be matched with the trends reported in Figure 17: by changing the test 915 

temperature by 50 K, the particle viscosity may change by an order of magnitude and, by considering the different relation between 916 

viscosity and temperature, this could imply different predictions in terms of a particle sticking or rebound. 917 

This analysis shows how important the correct estimation of particle temperature is, as well as the choice of the viscosity and sticking 918 

models in the prediction of particle adhesion. 919 
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 920 

Figure 17 – Critical viscosity method for volcanic ash particles calculated according to the NPL and GRD models 921 

 922 

Figure 18 – Comparison of the critical viscosity ratio (µ/µc) calculated according to the NPL and GRD viscosity models where 923 

straight dashed line allows the data comparison 924 

 925 

5.2. Particle velocity: application of the critical velocity method 926 
In line with the viscosity analysis, it is possible to apply the critical velocity method defining the rebound/adhesion regions. This 927 

analysis is carried out using Eq. (16) for the calculation of the Young modulus and using Eq. (15) as a reference. This relation is used 928 

in literature for both ash contaminants [36] and JBPS B 2 particles [23]. The Young modulus of the surface is set equal to 200 GPa, 929 

while the Poisson coefficient is equal to 0.3 for both particle and surface. The Young modulus for the particle is calculated according to 930 

Eq. (14) that is suitable for coal-ash contamination. Figure 19 shows the comparison between a representative test (JBPS B 2) condition 931 

at v = 79 m/s and the consequent critical velocity. The dashed line in the picture is representative of the particle velocity used in the tests 932 

and the critical velocity is reported as a function of temperature and diameter. In this case, the overall range of particle diameter (2 – 20) 933 

µm, instead of the mass mean average diameter equal to 11.6 µm has been considered. In the same way, temperature values in the range 934 

of 1273 K  1373 K instead of single temperature value equal to 1366 K have been considered for the analysis. This assumption is based 935 

on the experimental evaluations reported in [151]. The Authors in [151] reported the temperature map across the vane, showing a non-936 

uniform temperature pattern. If the particle velocity is lower than the critical velocity value, the particle is able to stick to a surface. 937 

Taking into consideration the critical velocity trends, for a given particle diameter, the particle velocity ranges for which the particle 938 

is able to stick increases according to temperature values. This trend is related to Young modulus variation with temperature (see Eq. 939 
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14). Analogous results can be obtained by fixing particle temperature and decreasing particle diameter. In this case, the critical velocity 940 

value is inversely proportional to the particle diameter (see Eq. 15). 941 

As can be predicted by the critical velocity model, particle adhesion occurs in the case of smaller diameter and higher temperature 942 

values. In this case, according to the critical velocity model, several experimental conditions lie outside the adhesion region. In this case, 943 

the actual non-uniform temperature pattern, instead of the single value taken as the reference for this test, shows how for a single 944 

adhesion test, different predictions may occur as a function of the local flow conditions. 945 

Critical velocity model takes into account particle diameter while the classic formulation of the critical viscosity model accounts 946 

only for the particle temperature and its composition. In literature, several analyses show that increasing particle diameter the average 947 

sticking coefficient decreases, probably due to a not-complete particle heating during the experimental tests [150]. Analytical 948 

observations have highlighted the influence of surface temperature [34]. In particular, in presence of blade cooling, the sticking 949 

coefficient decreases due to the increment of the Young modulus (molten particle starts to solidify). 950 

 951 

Figure 19 – Application of the critical velocity method for JBPS B 2. Sticky conditions refer to the case when particle velocity vp is 952 

lower than the critical velocity value 953 

 954 

5.3. Energy-based model: particle spread factor and overall comparison 955 
The last analysis related to particle adhesion/rebound using literature sticking model refers to the energy-based model. This model 956 

is based on the estimation of particle deformation during the impact and its correspondent energy balance between the dissipative and 957 

conservative forces. The peculiarity of this approach is related to the estimation of particle deformation as a consequence of the impact. 958 

Beyond the target characteristics (such as elasticity, hardness, surface roughness, etc.), one of the major challenges is represented by the 959 

identification of the particle condition (such as solid particle, liquid particle or semi-molten particle) upon impact. As reported in the 960 

literature [177] the deformation process is strongly dependent to the particle/droplet viscosity and surface tension. 961 

 962 

5.3.1 Particle surface tension 963 
Figure 20 reports the variation of the particle surface tension as a function of the temperature according to the material reported in 964 

Tables 4 – 6. Therefore, each trend includes the particle surface tension variation due to the composition and temperature, while, each 965 

dot provides the particle surface tension value fixing both temperature and composition when that material is tested at a fixed 966 

temperature. The particle surface tension values are estimated in agreement with Eq. (24) and the model coefficient collected in Table 967 

2. In the same fashion as seen for viscosity, particle surface tension values decrease according to the temperature even if, the variation 968 

over the temperature range is lower. The majority of data are comprised within 0.35 N/m to 0.45 N/m. 969 
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 970 

Figure 20 – Particle surface tension as a function of particle temperature 971 

 972 

5.3.2 Particle spread factor analysis 973 
Several types of research are devoted to model the particle/droplet deformation process by means of the non-linear relationship 974 

between non-dimensional numbers such as We and Re and the contact angle realized on the target. As demonstrated by Kleinhans et al. 975 

[43] relationship derived from droplet impact [50] could be used for representing semi-molten particle impact, successfully. In particular, 976 

in [43], the sticking behavior of soda lime glass particles are well represented using the non-linear equation reported in [50] obtained 977 

for water mixture with a viscosity value in the range (1–100) mPa s. Starting from this result, in this section, a collection of the 978 

relationships able to model the particle deformation process are reported. In order to give an overall overview how these models tackle 979 

the problem of semi-molten particle impact, six (6) relationships are used to calculate the particle spread factor for three (3) 980 

representative tests taken from Tables 4 – 6, named ARD 2 (sandy particle), Eldgja (volcanic particle) and Coal (bituminous) 4 (coal 981 

particle) are considered. 982 

Spread correlations available in the literature refer to the different type of fluid/semi-molten substances and, as reported in [177] are 983 

characterized by some limitations. Most of these are related to the difficulties of scaling the complex interactions of liquid properties, 984 

surface wettability, dynamic contact angle and liquid velocity implying several difficulties to extend the validity beyond the fluid tested. 985 

Unfortunately, all the models available in the literature are based on studies of droplet impact having viscosity values lower than that 986 

involved in the present study. For example, very low viscosity fluid (3.9e-5 Pa s) was used by Jones [46] taken inspiration from the 987 

Madejski’s model [178] characterized by higher viscosity value (about 1 Pa s). Other models as Pasandideh-Fard et al. [47] and Ukiwe 988 

and Kwok [48] are based on experimental results obtained with droplet water. Similar fluid viscosity (n-heptane) is adopted also by 989 

Chandra and Avedisian [49] while, fluids with higher viscosity values, are used by Mao et al. [50] (fluid viscosity equal to 100 mPa s) 990 

and Sheller and Bousfield [51] (fluid viscosity equal to 300 mPa s). Table 8 shows the non-linear equations used for calculating particle 991 

spread factor for the three (3) considered experimental tests. As reported, each equation depends on non-dimensional numbers (particle 992 

Reynolds and/or Weber numbers) and, in some cases, on the contact angle θ assumed equal to π/2 in the present study. 993 

 994 

Table 8 – Non-linear equations for particle/droplet spread factor calculation 995 
Author Equation Characteristics of liquid 

Jones [46] 𝜉 = (
4

3
Re0.25)

0.5

 (27) Viscosity equal to 3.9e-5 Pa s 

Pasandideh-Fard et al. [47] 𝜉 = (
We + 12

3(1 − 𝑐𝑜𝑠𝜃) + 4We Re−0.5
)

0.5

 (28) Water 

Ukiwe and Kwok [48] (We + 12)𝜉 = 8 + (3(1 − 𝑐𝑜𝑠𝜃) + 4We Re−0.5)𝜉3
 (29) Water 

Chandra and Avedisian [49] 
3We

2Re
𝜉4 + (1 − 𝑐𝑜𝑠𝜃)𝜉2 − (

1

3
We + 4) = 0 (30) N-heptane 

Mao et al. [50] (
1 − cos𝜃

4
+ 0.2

We0.83

Re0.33
) 𝜉3 − (

We

12
+ 1) 𝜉 +

2

3
= 0 (31) Viscosity up to 100 mPa s 

Sheller and Bousifield [51] 𝜉 = 0.91(Re We0.5)0.133
 (32) Viscosity up to 300 mPa s 
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 996 

According to the relations reported in Table 8, Figure 21 and Figure 22 show the spread factor trend as a function of particle diameter 997 

and particle viscosity, respectively. In order to simplify the analysis, particle viscosity is calculated according to the NPL model, only. 998 

Each figure reports the results obtained for the three considered tests (ARD 2, Eldgja and Coal (bituminous) 4). Taken into consideration 999 

Figure 21, trends appear very similar for particle diameter higher than 20 µm, even if, the spread factor values are widespread. In the 1000 

case of smaller diameter, the trend provided by Jones [46] deviates significantly with respect to the other. Therefore, in the case of small 1001 

particle diameter, data dispersion is greater and the prediction of particle spread factor become more affected by the selection of the 1002 

spread factor model. 1003 

 1004 

 1005 

Figure 21 – Particle diameter sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4 1006 

 1007 

Similar evidence can be found by considering the sensitivity analysis reported in Figure 22. In this case, spread factor values are 1008 

shown as a function of the particle viscosity values, and, it is visible that for lower particle viscosity, the model predictions of particle 1009 

spread factor values are very close to each other (see Figure 22c, for example). Moving towards higher viscosity values, the data appear 1010 

very dispersed highlighting the variation of the slope among the models (see Figure 22a). The trends ξ/µ appear very different from each 1011 

other and it is in the opposite way than that reported in Figure 21, where, the ξ/d trends show very similar slopes. This result derives 1012 

from the relationship between particle spread factor and the non-dimensional numbers Re and We (see Table 8). Particle viscosity 1013 

contributes only to the particle Reynolds number while particle diameter contributes in both characteristic numbers (Re and We). This 1014 

implies that, from a particle deformation estimation point of view, the variation of particle viscosity in more detrimental than particle 1015 

diameter. Taking into consideration the analyses reported in Figure 21 and Figure 22, trends can be identified and correlated with the 1016 

droplet characteristics used for obtaining model equations (Eqs 27 – 32), reported in Table 8). Models based on liquid droplet 1017 

characterized by lower viscosity (Jones [46], Pasandidhed-Far et al. [47] and Ukiwe and Kwok [48]) predict lower particle spread factor 1018 

values than the other models, which are obtained with higher droplet viscosity. 1019 

The energy-based models are built on the definition of a particle spread factor threshold value (ξ=0.4 for the present work, see Figure 1020 

4 for the full explanation), and with the reference of particle sticking phenomenon, different spread factor models give a different 1021 

prediction of particle deformation for the same particle in the same impact conditions. According to the energy-based model, for a 1022 

particle spread factor ξ equal or less than 0.4, particle sticks to the surface, otherwise, it bounces. On the basis of these analyses, the 1023 

model prediction of particle spread factor plays a key role when particle sticking prediction is based on the estimation of the energy 1024 

dissipation provided by the particle deformation during the impact. Therefore, with this approach, particle sticking prediction is affected 1025 

by (i) the model assumptions related to the spread factor equation and, taking into consideration also the estimation of particle viscosity 1026 

and surface tension, (ii) the models used for estimating the particle characteristics upon the impact. 1027 

In the following sections, the model of Mao et al. [50] is taken as a reference for analyzing the literature results, comparing the 1028 

spread factor values with a threshold value (ξ=0.4). As reported by Kleihnas et al. [43], Mao et al.’s [50] model is able to well-recognized 1029 

particle sticking in the case of high viscous substance (e.g. soda lime glass particle). 1030 

 1031 
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 1032 

Figure 22 – Particle viscosity sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4 1033 

5.3.3 Spread factor values 1034 
Starting from the particle Reynolds number and particle Weber number and using Eq. (31) it is possible to calculate the correspondent 1035 

spread factor for each deposition test. To perform this, the particle surface tension has to be calculated according to the Eq. (24) with 1036 

the reference of Table 2. Based on the derived particle surface tension values, Figure 23 reports a three-dimensional variation of the 1037 

spread factor as a function of We and Re for a representative fixed value of contact angle [50] equal to 90°. In Figure 23, red and black 1038 

dots represent all the data reported in Tables 4 – 6. The threshold value of the spread factor (ξ = 0.4) is marked with a white line that 1039 

divided the grey region from the pale-grey region. The grey region represents the sticking region (ξ ≥ 0.4) in which the red dots represent 1040 

the energy-based model prediction in agreement with the literature deposition tests, while the pale-grey region represents the rebound 1041 

region (ξ < 0.4) in which the black dots represents the energy-based model prediction in disagreement with the literature deposition 1042 

tests. Therefore, some deposition tests belong to the rebound region instead of the sticky region. In this case, particle diameter, velocity, 1043 

and temperature are the main contributors in the to spread factor values. The three-dimensional surface We-Re-ξ shows, in 1044 

correspondence of lower values of particle Weber number, a curvature variation due to the roots of the cubic relation reported in Eq. 1045 

(31). 1046 

 1047 

Figure 23 – Application of the energy-based model. Sticky conditions refer to the case when particle spread factor ξ is higher than 1048 

0.4. Particle viscosity is calculated according to the NPL model 1049 

 1050 

5.4 Comparison between critical viscosity and energy-based sticking models 1051 
The comparison proposed in Figure 24 is related to the critical viscosity method and the energy-based model calculated according 1052 

to the NPL viscosity model. Trends are related to a fixed particle diameter and particle temperature variation (if present) that implies 1053 

the contemporary variation of particle viscosity and spread factor values. The trend lines report the variation of particle spread as a 1054 

function of the viscosity for a fixed particle diameter. In some cases, experimental tests are conducted with a certain particle diameter 1055 

dispersion with a constant temperature value. In this case, no trend-lines are depicted because no-relation between particle spread and 1056 

particle viscosity depend on the diameter. 1057 
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The data summarized in Figure 24 are subdivided according to two lines: the vertical line divides rebound/adhesion regions according 1058 

to critical viscosity method while the horizontal line divides rebound/adhesion regions according to energy-based model. 1059 

From the comparison, it is clear the difference in the particle sticking prediction related to these models. From the present subdivision, 1060 

two regions could be clearly detected according to the two models. The adhesion region is recognized using the simultaneous conditions 1061 

of µ/µc<1 and ξ≥0.4 for which both methods predict adhesion as a result of the particle impact. The other region, characterized by 1062 

µ/µc>1and ξ<0.4, is the region of particle rebound. For the other two combinations (µ/µc>1; ξ≥0.4 and µ/µc<1; ξ<0.4) the two models 1063 

are in disagreement, showing opposite predictions. It can be remarked that all data collected in Tables 4 – 6 refer to experimental tests 1064 

showing particle adhesion. 1065 

The overall analysis of the (µ/µc ; ξ) trends is reported in Figure 25 where the viscosity ratio and the spread factor values are calculated 1066 

according to the other six viscosity models considered (S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]). As 1067 

highlighted, different viscosity models predict different results (see for example the test called Arkwright and Arkwright 3 with the 1068 

reference of Table 6) that could differ from sticking to rebound results (see the predictions of S2 and WF). 1069 

Therefore, the analyses reported in Figure 24 and Figure 25 show the effects of the viscosity model on the particle sticking probability 1070 

as a function of particle composition. For example, looking at the ARD tests, three different compositions (ARD, 2, 3, 4 with respect to 1071 

ARD 5 and ARD 6 tests, for details see Table 4,) characterized by a high value of silica dioxide comprises in the range of (72.8 – 85.0) 1072 

wt% are available for the comparison. In addition, due to the preparation processes (e.g. filtration), different particle diameter ranges 1073 

characterize the literature value. Several tests belong to the rebound region for which both sticking models fail the prediction. In 1074 

particular, even if the ARD and ARD 6 tests are conducted with the same particle temperature 1373 K and 1363 K respectively, the 1075 

viscosity ratio is one order of magnitude different. The ARD 6 particles are characterized by a higher silica dioxide content that reflects 1076 

in higher softening temperature (see Table 7). 1077 

This mismatch between the actual experimental results and the model prediction can be explained with two reasons: (i) the sticking 1078 

models are not able to represent all of the ARD deposition tests and/or (ii) for a specific test, the deposits are generated by a certain 1079 

combination of particle diameter, temperature, and velocity. Therefore, even if the particle impact tests give particle adhesion, this 1080 

results could be generated by a small portion of powder (in term of diameter) or by specific flow conditions (in term of temperature). In 1081 

the next sections, a detailed analysis of their mutual interaction is proposed according to material composition. 1082 

 1083 

 1084 

Figure 24 – Model comparison critical viscosity/energy-based (data obtained using the NPL model).The vertical line divides 1085 

rebound/adhesion regions according to critical viscosity method while the horizontal line divides rebound/adhesion regions according 1086 

to energy-based model (for easier visualization of the chart, ARD 5 tests (characterized by µ/µc = 4.1e16 and ξ = 0.010 – 0.004) are 1087 

not shown) 1088 
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 1089 

Figure 25 – Model comparison critical viscosity/energy-based: a) S2, b) WF, c) S&T, d) RRLG, e) SDS and f) GRD. The vertical 1090 

line divides rebound/adhesion regions according to the critical viscosity method while the horizontal line divides rebound/adhesion 1091 

regions according to energy-based model 1092 

5.4.1 Influences of particle composition 1093 
In this section, several specific analyses are realized considering volcanic ash and coal-like tests. Volcanic ashes are characterized 1094 

by a lower content of silica dioxide than ARD, allowing the application of three viscosity models (NPL, S&T, and GRD) matching the 1095 

ash composition and the applicability limits. 1096 

Figure 26a reports a detailed analysis of Basalt and Andesite tests according to NPL, S&T, SDS, and GRD viscosity models. The 1097 

marker shape indicates the test while the color indicates the viscosity method. According to the volcanic ash classification, basalt and 1098 

andesite are characterized by a different content of silica dioxide. With this comparison, clearly visible is the effects of the viscosity 1099 

model on the sticking/rebound prediction. The NPL method gives higher values of particle spread factor, but at the same time, provides 1100 

a viscosity ratio (µ/µc) prediction closer to the threshold µ/µc =1. The SDS model provides the lowest values of particle spread factor 1101 

determining conflicting predictions in the case of energy-based sticking model. 1102 

In Figure 26b, Laki tests are reported. The NPL model determines closer viscosity ratio value to the threshold (µ/µc =1) in the sticking 1103 

region but, the effect affects also the rebound region. Considering the data distribution according to the abscissa, the viscosity ratio 1104 

values provided by the NPL model are the most squeezed to µ/µc =1. This behavior is related to the formulation of the viscosity-1105 

temperature relation. Taking into consideration the formulas reported for each model (see Table A3 in Appendix A), the viscosity values 1106 

are based on specific and not univocal data extrapolation. 1107 

Moving to the coal-like particle tests, Figure 27 considers Coal (bituminous) and North Dakota tests. These materials are 1108 

characterized by the different content of silica dioxide and calcium oxide: Coal (bituminous) particles have about 50 %wt of SiO2 and 1109 

9.5 %wt of CaO while North Dakota particles have about 20 %wt of SiO2 and 23 %wt of CaO. As can be seen from the graph, similar 1110 

effects on the viscosity ratio and spread factor values are generated by the viscosity models. The NPL formulation determines a viscosity 1111 

ratio (µ/µc) prediction closer to the threshold µ/µc =1 for the same test condition. This effect is more visible in the case of North Dakota 1112 

test characterized by a lower amount of SiO2 and a higher amount of CaO. Given that the present analysis, for a particle material similar 1113 

to North Dakota, the SDS model appears more suitable for calculating particle adhesion according to the critical viscosity method. 1114 

Opposite results can be obtained with the reference of the energy-based method. North Dakota tests appear closer to the threshold value 1115 
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(ξ = 0.4) if the particle viscosity is calculated with the SDS model. 1116 

 1117 

 1118 

Figure 26 – Model comparison critical viscosity/energy-based for volcanic ash tests: a) Basalt and Andesite with NPL, S&T, SDS, 1119 

and GRD viscosity models and b) Laki 2, 3, 4, 5 with NPL and RRLG models 1120 

 1121 

 1122 

Figure 27 – Model comparison critical viscosity/energy-based for Coal (bituminous), 2, 3, 4, 5 and North Dakota tests (NPL and 1123 

SDS viscosity models) characterized by a different content of silica dioxide and calcium oxide 1124 

 1125 

5.4.2 Critical analysis of the viscosity models 1126 
Figure 28 reports a sensitivity analysis of the relation viscosity-temperature provided by the seven (7) models considered in the 1127 

present analysis. In order to improve the readability of the graph, a logarithmic scale is used for the ordinate axis. Each trend refers to 1128 

the relationship between temperature and a normalized viscosity value (M) obtained considering the magnitude of the model’s constants. 1129 

As highlighted by the trends, each model is characterized by a different slope and thus, different sensitivity to the temperature. NPL and 1130 

S2 models are less sensitive to a temperature variation while other models (e.g. WF and GRD) show a strong dependence to the 1131 

temperature value. By increasing the temperature value of two (2) times, the normalized viscosity values increase by thirty (30) orders 1132 

of magnitude. 1133 
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 1134 

Figure 28 – Sensitivity analysis of viscosity models 1135 

 1136 

This analysis shows the implication of particle temperature estimation or measurement as well as the interaction between viscosity 1137 

and sticking models in the prediction of particle adhesion and/or rebound. Summarizing the outcomes of the analysis, Table 9 reports 1138 

the model equations, the basis on that each model is based and, in addition, the dependences of model coefficients to the particle chemical 1139 

composition. This information, together with the sensitivity analysis reported in this work, could be useful for the proper selection of 1140 

the viscosity model. Beyond the NPL model, that is based on the optical basicity, the other methods are based on a specific material, 1141 

that could be used as a reference for the proper application of the model. For example, the RRLG model is more suitable for slags instead 1142 

of GRD, that is more appropriate for volcanic ashes. Other considerations can be done taking into consideration the model equation. 1143 

The strong correlation between viscosity and temperature is different among the models, as reported in Figure 28, and, for this reason, 1144 

models characterized by steeper viscosity-to-temperature trends are more suitable for the cases in which the particle experience higher 1145 

temperature gradient (such as gas turbine nozzle equipped with cooling holes). A reported in Table 7, each model has a different 1146 

temperature-viscosity relation. Quadratic dependency (see WF model) or linear (see GRD) show a greater variation of the viscosity for 1147 

the same temperature variation. 1148 

Regarding the particle chemical composition, each model is characterized by different model coefficients which depend on the oxides 1149 

contents. In Table 9, a qualitative description of the influence of particle chemical composition on the viscosity-temperature trends are 1150 

reported for each viscosity model. Peculiarities can be noticed for the RRLG method, that is not related to the silica dioxide content, but 1151 

only to the calcium and magnesium oxides and for the S2 and WF where aluminum trioxide and magnesium oxide are not considered, 1152 

respectively. 1153 

With this first model overview, it is clear how the selection of the proper viscosity model has to be related to the chemical composition 1154 

of the particle and to the source of the given contaminant. In Appendix A, all model equations and coefficients are reported with the 1155 

correspondent applicability limits and uncertainty. 1156 

In conclusion, if the sticking model is based on the energy dissipation, the viscosity model prediction is fundamental in order to 1157 

estimate the proper energy dissipation. In this case, a viscosity model that predicts lower viscosity values, for the same particle 1158 

characteristics, is suitable for predicting the particle adhesion with a wider confidence band. Besides the dedicated experimental test that 1159 

represents the greatest method used to discern the actual result, it could be useful to find a new method, based on the present evidence, 1160 

able to represent the combined effects related to particle deformation and its material characteristics. 1161 

 1162 

Table 9 – Viscosity models: equations, basis, and dependencies 1163 

Model Constitutive equations and basis 
Dependences of model coefficients to the particle chemical composition 

( increase viscosity value while  decrease viscosity value for the same temperature) 

NPL 

[69] 

ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
 (33) The optical basicity was estimated taking into consideration the mutual 

interaction between silica dioxide and aluminum trioxide as a function of the 

calcium and magnesium oxides Based on optical basicity values  

S2 [70] log 𝜇 = 4.468 (
𝜍

100
)

2

+ 1.265
104

𝑇
− 8.44 (34) 

The model is only based on glass former and modifiers 

Aluminum trioxide content is not taken into account directly. 
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Data regression based on sixty-two (62) samples of 
slags 

 
Silica dioxide () works against calcium and magnesium oxides () 

WF 

[71] 

log 𝜇 =
𝑚WF 107

(𝑇 − 423)2
+ 𝑐WF  (35) Silica dioxide and aluminum trioxide act together (). 

Only the calcium oxide is considered as modifier 

Magnesium oxide content is not taken into account Data regression based on one hundred and thirteen 

(113) ashes samples 
 

S&T 

[72] 

𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴S&T +

103𝐵S&T

𝑇
 (36) 

The content of silica dioxide is dominant mitigated by the contents of 

aluminum trioxide and calcium oxide. 
Based on Non-Bridging Oxygen (NBO) values  

RRLG 

[73] 

𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
 (37) The silica dioxide is not taken into account in the model coefficients. 

The viscosity value is dominated by the content of calcium and magnesium 

oxide () that works against the aluminum trioxide () Checked against twenty-two (22) industrial continuous 

casting slag 
 

SDS 

[74] 

ln (
𝜇

𝑇
) = ln 𝐴U +

103𝐵U

𝑇
− ∆ (38) 

Similar to S&T 

Checked against seventeen (17) coal slags  

GRD 

[75] 

ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 − 𝐶GRD

 (39) 
Silica dioxide and titanium oxide () work against the content of calcium 

oxide and aluminum trioxide () Calibrated by means of 1774 pairs of temperature-

viscosity volcanic ashes silicate melts 
 

 1164 

6. DIMENSIONAL ANALYSIS 1165 
Given the literature data related to different research fields, the analysis of non-dimensional numbers characterizing the physic of 1166 

the present phenomenon may represent valid support for improving the comprehension of the particle impact behavior. Starting from 1167 

the particle characteristics involved in the three sticking models considered in the present review, the Buckingham Pi Theorem [179] is 1168 

applied. The relationships between the particle sticking capability and several particle characteristics by means of non-dimensional 1169 

groups are reported in the first part of the present section. From the results and the literature models reported above (critical viscosity, 1170 

critical velocity, and energy-based models), six (6) independent variables are identified. The set of independent variables is reported in 1171 

Table 10 where they are express in terms of its fundamental dimensions. 1172 

 1173 

Table 10 – Pi Theorem: set of independent variables 1174 

# Independent variables Symbols {kg m s} 

1 Particle density ρp {kg m-3} 

2 Particle diameter dp {m} 

3 Particle velocity V {m s-1} 

4 Dynamic viscosity µ {kg m-1 s-1} 

5 Surface tension γ {kg s-2} 

6 Young modulus E {kg m-1 s-2} 

 1175 

As can be seen from Table 10 particle temperature is not included in the set of independent variables. The effect of the temperature 1176 

on the particle sticking phenomenon is included in the viscosity and Young modulus variation. 1177 

The first non-dimensional group neglects the surface tension (capillary forces) contribution and considers the effect of the particle 1178 

temperature by particle Young modulus and particle viscosity 1179 

Π1 = ρp dp
2 µ-2 E1 = (ρp dp µ-2) (dp E) (40) 

where the dimensional group (dp E) characterizes the critical viscosity model while the first term can be processed and expressed as a 1180 

function of non-dimensional number Z (see Eq. 3) 1181 

Π1 = (dp E) 1/(γ Z2) (41) 

demonstrating how the surface tension, and thus, the capillary force has to be included in the particle sticking analysis. 1182 



36 

The second group is obtained by considering particle viscosity the only structural characteristic that influences the particle sticking 1183 

behavior 1184 

Π2 = ρp
-2 dp

-2 V-3 µ1 γ1  = (ρp
-1 dp

-1 V-1 µ1)(ρp
-1 dp

-1 V-2 γ1 ) (42) 

where the two non-dimensional groups correspond to the particle Reynolds number and particle Weber number 1185 

Π2 = 1/(Re We) (43) 

Therefore, excluding the particle Young Modulus, particle Reynolds number and particle Weber number appear suitable for 1186 

representing the particle sticking behavior. 1187 

Thanks to the data related to particle dimension, density, viscosity and surface tension it is possible to calculate the particle Reynolds 1188 

number and the particle Weber number, defined according to Eqs (1, 2) supposing that the particle velocity is equal to the gas velocity. 1189 

Therefore, starting from the literature data reported in Tables 4 – 6, and the computation of the viscosity and surface tension, Figure 29 1190 

reports the logarithmic chart with the relationship of particle Reynolds number and particle Weber number. As mentioned, the calculation 1191 

is performed using the viscosity values obtained with the NPL model. The overall analysis of the We-Re trends is reported in Figure 30 1192 

where the particle Reynolds numbers are calculated according to the six (6) viscosity models considered (S2 [70], WF [71], S&T [72], 1193 

RRLG [73], SDS [74] and GRD [75]). The regions related to the printable fluids [19] are also reported. 1194 

The trends related to the mono-parametric variation of particle diameter, velocity and temperature are traced. In several cases, the 1195 

experimental tests are carried out using a powder sample characterized by specific size distribution. For this reason, the data are aligned 1196 

with the particle-diameter trend. The variation of the temperature determines the variation of particles properties like viscosity and 1197 

surface tension. The test named ARD 5 is characterized by the lowest temperature (see Table 4) and for this reason, the particle Reynolds 1198 

number assumes the lowest values. For the sake of clarity, this test is not reported in Figure 36. 1199 

Following the conceptual framework reported in Figure 2, non-dimensional numbers allow the generalization of the present data and 1200 

the comparison between the present results with those obtained in other fields of research. Comparing the We-Re regions involved in 1201 

the gas turbine particle adhesion with the We-Re regions related to the analysis of printable fluids [19], see Figure 29, some similarities 1202 

can be noticed. The interactions between individual drops and the substrate as well as between adjacent drops are important in defining 1203 

the resolution and accuracy of the printing process. The accuracy of the printing process is limited by the issues related to the droplet 1204 

spread and/or overlap processes of adjacent drops. In particular, no-data related to gas turbine conditions belong to the region called 1205 

Satellite droplets, in which the primary drop is accompanied by a large number of satellite droplets, but almost all data belonging to the 1206 

region called Too viscous. 1207 

According to the literature findings [19], the majority of the gas turbine fouling data have shown little tendency to create satellite 1208 

droplets and splashing. This means that, for these experimental test conditions, particles are very viscous and their deformation during 1209 

the impact is too low to break themselves up. In this condition and considering the chemical composition of a particle that characterizes 1210 

the fouling phenomenon, the adhesion could be promoted by low-melting substances which performed a sort of glue action at the impact 1211 

region [55], [87], [137]. Given this, particle sticking models have to consider the different interaction between particle and substrate 1212 

according to the chemical composition of the particle, especially when the impact conditions imply the modification of the surface 1213 

interaction. 1214 

A particular condition named onset splashing is also highlighted and for which qualitative cross-validation with the hot section 1215 

fouling tests can be done. For the majority of the collected tests, no evidence related to deposition under splashing conditions is reported. 1216 

However, it is possible to extrapolate some considerations looking at the appearance of the deposits. In a general way, the splashing 1217 

process is a rebound condition characterized by a particle deformation and breakup able to generate several smaller particles. Taking 1218 

into consideration the tests carried out in [143] for volcanic ash particles, the comparison between Laki 2 and Laki 4 tests shows the 1219 

particle impact behavior very similar to those characterizing the splashing phenomenon. Figure 32 reports the appearance of the 1220 

deposited particle for the Laki 2 and Laki 4 tests with their correspondent detailed view. These two tests are characterized by the same 1221 

particle diameter, but different impact velocity and temperature values. Laki 4 test is carried out with higher temperature and impact 1222 

velocity values than Laki 2 test. 1223 

Laki 4 test is clearly characterized by a very high particle deformation: the deposited layer appears thinner and the splat process of 1224 

the particle higher than those reported in the case of Laki 2 test. With the reference of Figure 29, Laki 4 test belongs to the onset splashing 1225 

region while Laki 2 test belongs to the too viscous region confirming the experimental findings. In addition to the shape of the deposited 1226 

layer, it is possible to note the presence of several smaller particles that surround the bigger one in the case of Laki 4 test. Higher impact 1227 

velocity (that leads with higher Weber number) and higher temperature (that means lower viscosity and then higher Reynolds number) 1228 

determine a more favorable condition for particle splashing. 1229 

Finally, an interesting aspect is related to the limit of particle Weber number. As reported by [19], for the condition We < 4, the 1230 

energy is insufficient to generate suitable droplet for the printing process. This means that the sticking process does not take place and 1231 

in fact, considering the We-Re plane reported in Figure 29, only two test conditions, related to the smallest particle diameter, of the tests 1232 

named ARD 3 and ARD 5 belong to this region. According to the literature review reported in [4], these tests are carried out for studying 1233 

the sticking phenomenon in cooling holes, and they are characterized by the lowest temperature values. In the light of these test 1234 
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conditions, the sticking phenomena detected by the Authors for these tests, are probably related to the influence of external parameter, 1235 

as for example, flow structures. 1236 

Similarities with the printable fluids highlight the possibility to use non-dimensional numbers to generalized particular experimental 1237 

tests (i.e. gas turbine particle deposition) findings possible original explanations of such phenomena. In this analysis, specific 1238 

information obtained a priori about splashing phenomena, could be useful for settings the best experimental test avoiding inaccuracy or 1239 

misinterpretation of the results. With the reference of that background, a more general approach is reported in the following, in order to 1240 

give a general post-process (not only based on printable fluids field of research) applied to the hot section fouling phenomenon. 1241 

 1242 

 1243 

Figure 29 – Particle Weber number as a function of the particle Reynolds number (particle viscosity values were obtained using the 1244 

NPL model) where for an easier visualization of the chart, ARD 5 tests (characterized by Re = 6.8e-18 – 1.4e-16 and We = 3.5e-1 – 1245 

70) is not shown: a) traced trends refer to the variation of particle diameter, particle velocity, and particle temperature, while We-Re 1246 

regions related to the analysis of printable fluids [19] are superimposed 1247 

 1248 
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 1249 

Figure 30 – Particle Weber number as a function of the particle Reynolds number according to viscosity models: a) S2, b) WF, c) 1250 

S&T, d) RRLG, e) SDS and f) GRD. Traced We-Re regions are related to the analysis of printable fluids [19] superimposed 1251 

 1252 

 1253 
Figure 31 – Deposit layer appearance for the volcanic ash particle tests (10 μm – 70 μm) [143]: a) Laki 2 test (T = 1043, v = 91 m/s), 1254 

and b) Laki 4 test (T = 1295 K, v = 127 m/s) 1255 
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 1256 

As mentioned, the We-Re relationship seems to be strongly correlated in the particle deposition phenomena. This result is line with 1257 

the literature, where it is reported how the contemporary use of Weber number and Reynolds number allows the modeling of both 1258 

surface and viscous behaviors [15]. Starting from this consideration, non-dimensional parameters allow the definition of the type of 1259 

regime involved in particle impact. It may happen that molten or quasi-molten particle impacts the blade surface, deforming itself 1260 

according to Figure 3. Assuming a certain degree of similarity, when a droplet (e.g. semi-molten or molten particle) impacts a wall, it 1261 

may result in three different conditions: rebound, breakup or adhesion. According to the approach adopted in [15], the rebound condition 1262 

is promoted by the elastic forces, the breakup condition is due to the break of the interconnection forces and finally, the adhesion 1263 

condition is reached when the droplet deforms itselff (spreading process), generating a sort of film on the surface by a dissipative process 1264 

due to its viscosity force. Thus, the comprehension of the spreading process assumes paramount importance for particle sticking 1265 

modeling [16]. In order to do this, particle Ohnesorge number (see Eq. 3) is used coupled with particle Weber number in order to define 1266 

the particle spreading process [16]. Particle Weber number is related to the force that generates particle spread: at higher We the force 1267 

is due to particle velocity and particle diameter while at lower We the force is due to surface tension. 1268 

Particle Ohnesorge number is related to the force that opposes particle spread: at higher Z the force is due to the viscosity, while at 1269 

lower Z the force is due to the inertia. Figure 32 shows the chart We-Z defined according to the literature [16], in which the data reported 1270 

in Tables 4 – 6, are superimposed (the viscosity values are calculated according to the NPL model). Present data belong to the region 1271 

characterized by highly viscous particle and with the impact-driven particle spread. Therefore, the particle kinetic energy works against 1272 

the viscous force. In this case, capillary force, and then, surface tension, does not influence the particle spread [16]. At the same time, 1273 

the region called Impact driven puts the attention on phenomena such as satellite droplets and splashing which may influence the particle 1274 

impact process in a gas turbine. In this case, the first particle impact generates negligible deposits but generates several smaller semi-1275 

molten particles with greater capability to stick due to their low energy content. Analogous results can be obtained using the six (6) 1276 

viscosity models considered (S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]) reported in Figure 33. 1277 

This analysis allows the comparison between the particles behavior involved in gas turbine fouling and other research fields. The 1278 

non-dimensional analysis confirms the importance of particle viscosity, but at the same time, highlights the relationship with particle 1279 

velocity and diameter. Viscous force act related to particle temperature but the particle spread is driven also by particle kinetic energy. 1280 

 1281 

 1282 

Figure 32 – Definition of the particle spread regime using non-dimensional numbers We-Z (particle viscosity values was obtained 1283 

using the NPL model) 1284 
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 1285 
Figure 33 – Definition of the particle spread regime using non-dimensional numbers We-Z according to viscosity models: a) S2, b) 1286 

WF, c) S&T, d) RRLG e) SDS and f) GRD 1287 

 1288 

7. GENERALIZATION OF THE PARTICLE IMPACT BEHAVIOR 1289 
Neither the critical viscosity/velocity nor the energy-based methods appear able to predict particle sticking for the overall particle 1290 

adhesion tests adopting a general approach. The mismatch between the prediction and the actual results of the tests can be explained by 1291 

two reasons. For a specific test, deposits are generated by a certain combination of particle diameter, temperature, and velocity and 1292 

therefore, by considering the overall variation of these quantities during tests, some conditions may generate particle rebound. At the 1293 

same time, particle characteristics such as viscosity and softening temperature are difficult-to-be-represented by a single model able to 1294 

conceive a wide range of particle chemical compositions. 1295 

Summing up, a particle impact test reporting adhesion can be the outcome of multiple superimposed effects in terms of particle size, 1296 

temperature and impact conditions. In the last part of the present work, the generalization of particle impact behavior in a gas turbine is 1297 

proposed. Non-dimensional groups listed above (Weber, Reynolds, and Ohnesorge numbers), allow for the generalization of particle 1298 

impact/deposition data but describe only the effects of the impact into particle spread and no information about sticking phenomenon 1299 

can be gathered. 1300 

In order to give a perspective view regarding particle adhesion, the data reported in Tables 4 – 6 have to be accompanied by 1301 

experimental results related to the other phenomena related to particulate impact. During gas turbine operation, surface erosion, particle 1302 

adhesion, and particle splashing could affect hot sections of the machinery. Erosion and fouling are generated by the same type of 1303 

particles (especially rock-derived particles and coal ashes) and could take place under different or even the same conditions (such as 1304 

temperature, velocity, size). Therefore, the data related to particle deposition are compared with literature data related to erosion [149], 1305 

[180], [181], [182] and splashing phenomena [144]. 1306 

In Table 11, the data associated with erosion tests are collected in the same way as the previous ones. Particle dimensions, density, 1307 

velocity, temperature, and composition are reported as well as the softening temperature calculated applying Eqs (19 – 23). These tests 1308 

refer to hot erosion measurements realized using dedicated test benches. It is possible to notice how erosion tests are characterized by 1309 

lower temperature with respect to those involved in particle deposition tests. In particular, Laki 6 test is very similar to the Laki 5 test 1310 

(see Table 5) but it is characterized by lower particle temperature. 1311 
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In Table 12 data associated with splashing tests are collected. These materials are also among the ones reported in Tables 4 – 6 and 1312 

used for the deposition tests, but in this case, tests and particle dimensions are different. These tests consist of a spherical-pellet of 1313 

volcanic ash projected at high velocities towards a substrate. Particle splashing is evaluated by checking the digital images taken during 1314 

the particle impact during the test [144]. In this case, particle splashing is the only effect known and no data related to erosion issues are 1315 

reported. All materials refer to three different volcanic ashes and the particle size involved in these tests is higher with respect to the 1316 

previous one. Also, in this case, the softening temperature values are calculated applying Eqs (19 – 23). 1317 

 1318 

Table 11 – Particle erosion data. Material composition in term of weight fraction 1319 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

Tsoft 

[K] 
t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘13 
Shinozaki et al. 

[149] 
Laki 6 20–100 2400 115 983 1258 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘92 
Tabakoff et al. 

[180] 
Coal ash 15 2900 366 800 – 1089 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

‘84 Tabakoff [181] CG&E 38.4 2900 240 422 – 922 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

‘80 
Kotwall and 

Tabakoff. [182] 

CG&E 2 38.4 2900 228 756 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

Kingston 15, 28 2900 228 756 1408 C 0.2 2.1 1.3 1.0 54.4 28.6 0.5 10.1 

 1320 

Table 12 – Particle splashing data. Material composition in term of weight fraction 1321 

 Authors Material 
d 

[μm] 

ρ 

 [kg/m3] 

v 

[m/s] 

T 

[K] 

Tsoft 

[K] 
t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

2
0
1
6
 

Dean et al. 

[144] 

Laki 7 6500 2000 106 1473 1161 C 4.0 1.0 11.0 5.0 50.0 12.0 3.0 14.0 

Hekla 2 6500 1500 106 1473 1290 C 3.0 2.0 3.0 0.0 65.0 15.0 0.5 6.0 

Eldgja 2 6500 1900 106 1473 1161 C 3.0 0.5 11.0 6.0 50.0 13.0 3.0 16.0 

 1322 

The first analysis shows the plane We-Z, Figure 34, populated by the data reported in Tables 4 – 6, Table 11 and Table 12 (the 1323 

viscosity values are calculated according to the NPL model). Data related to particle deposition, shown in details in Figure 32, are 1324 

reported using grey dots in order to highlight the differences with the erosion and splashing data. 1325 

As shown in Figure 34, splashing data completely belong to the region called impact driven, while erosion data belong to the highly 1326 

viscous region characterized by very high values of particle Ohnesorge number. This non-dimensional analysis shows quite different 1327 

impact regimes involved in particle deposition and particle erosion/splashing. In the latter cases, the particle is characterized by size 1328 

and/or velocity much more high with respect to the adhesion case. Higher particle Weber number implies a spread regime driven by the 1329 

dynamic pressure gradient while lower values of particle Ohnesorge number implies a resistance force driven by particle inertia [16]. 1330 

Erosion data are collected at a lower temperature with respect to the splashing ones, and as shown in Figure 34, viscous effects are much 1331 

greater and the inertia force is less. Therefore, erosion phenomenon seems to be characterized by a particular combination of particle 1332 

kinetic energy and viscosity able to determines particle impact with material removal from the target, without adhesion. Even if this 1333 

distinction appears suitable for adequately representing the erosion occurrences, it is important to note that, especially for higher 1334 

temperature, erosion issues are related also to the substrate characteristics [181]. The concurrent presence of erosion and deposition has 1335 

been found also in some numerical analyses performed by the Authors [183]. 1336 

From this analysis, a quite clear pattern can be recognized: deposition, erosion and splashing data belong to different regions in the 1337 

We-Z plane, with the particular characteristic that deposition and erosion regions have in common the values of particle Weber number 1338 

(in this case, the most discerning parameter is the particle viscosity), while deposition and splashing regions have in common the values 1339 

of particle Ohnesorge number (in this case, the most discerning parameter is the particle velocity). Therefore, the combination of particle 1340 

kinetic energy and surface tension seems to well describe the deposition, erosion and splashing phenomena. 1341 

 1342 
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 1343 

Figure 34 - Particle spread regime using non-dimensional numbers including erosion and splashing tests (particle viscosity values 1344 

was obtained using the NPL model). Particle deposition data are reported with grey dots. 1345 

 1346 

Starting from these considerations, two (2) new non-dimensional groups are proposed. Based on the Pi Theorem proposed in the 1347 

previous section, by imposing a proper set of coefficients, the relation between kinetic energy and surface tension are 1348 

Π3 = ρp dp V2 γ-1 (44) 

and by re-arranging the terms the third non-dimensional group can be expressed as 1349 

Π3 = (ρp dp
3 V2 )(dp

-2 γ-1) (45) 

The first term represents the particle kinetic energy and the second term represents the particle surface energy. As shown above, particle 1350 

kinetic energy and the surface energy work in the opposite way. If kinetic energy increases, the particle/surface interaction is driven by 1351 

inertia, while if surface energy increases the particle/surface interaction is driven by surface energy (i.e. capillary forces). Defining the 1352 

particle kinetic energy as 1353 

𝐸kin =
1

2
𝑚𝑣2 (46) 

and the particle surface energy as 1354 

𝐸surf = 𝛾𝐴 = 𝛾 4𝜋𝑟2 (47) 

the considered non-dimensional group is defined according to the Pi Theorem as 1355 

Κ = 𝐸kin 𝐸surf⁄  (48) 

The second parameter is related to particle softening. As highlighted above, the viscous force determines how particle dissipates the 1356 

kinetic energy at the impact. In order to represent this, the non-dimensional group defined as 1357 

Θ = 𝑇 𝑇soft⁄  (49) 

is chosen. As reported, particle viscosity is directly related to particle temperature via its composition. Each material has proper 1358 

characteristics and its specific value of softening temperature. This ratio represents how far the particle is from the softening state, 1359 

overpassing the definition of absolute values of particle viscosity, that, as reported, is difficult-to-be-known. At the same time, the use 1360 

of Θ ratio “relative” parameter allows the comparison among different conditions. As reported in [84] working with particle temperature 1361 

“pure” parameter could misalign the actual operating condition with the test operating conditions. As described in [84], glassy volcanic 1362 

ash softens at temperature values that are considerably lower than those required for crystalline silicates to start to melt and, for this 1363 

reason, the use of standard materials in laboratory tests (e.g. MIL E 5007C test sand) instead of actual volcanic ash, determines no-1364 

reliable particle deposition results. 1365 

Softening temperature is already used as a threshold value in the particle sticking model (such as the critical viscosity model) 1366 

representing the discerning values between sticky and no-sticky particles. As reported in this work, the determination of the softening 1367 

temperature for a given material is well defined as a standard procedure (such as test devices, atmosphere, thermal gradient, specimen 1368 

preparation, etc.) that allows the determination of the characteristic temperature (FT, HT, IT and ST) with a specific confidence band 1369 

(see Figure 5) [21]. With the reference of the previous description, the standard method is affected by a greater inaccuracy than other 1370 
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ash fusion temperature tests methods (such as the TMA and DSC) but, for the aim of the present investigation, this does not represent a 1371 

limitation due to the fact that the post-process is based on the particle softening temperature estimation by means of the Yin et al [88] 1372 

model (see Eqs 19 – 23 for details). By contrast, the definition of a critical viscosity value and its relation with temperature are not 1373 

discovered in details yet [64]. Differences in viscosity values are detected during tests with constant shear and cooling rates compared 1374 

with those measured in variable shear rate and stepwise cooling experiments [64] running with standard test conditions [65]. 1375 

With the present approach, the estimation of the particle behavior according to the temperature variation become easier, more 1376 

accurate and reproducible rather than the particle viscosity measurement that could be affected by non-univocal test methods [63], [184] 1377 

and by rheological behavior due to the possible non-Newtonian effects. In fact, silica melts viscosity measurements are affected by three 1378 

categories of inaccuracy due to (i) device, (ii) material and (iii) fluid behavior [63]. The first one is responsible for inadequate 1379 

temperature control and geometric misalignment within the viscometer while the second determines several uncertainties related to the 1380 

inhomogeneity due to evaporation, molecular degradation, improper mixing and phase separation. The latter category introduces several 1381 

inaccuracies due to flow instability and transient phenomena related to non-Newtonian effects. 1382 

Using the non-dimensional groups Κ-Θ, Figure 35 shows the data collected for particle deposition (Tables 4 – 6), erosion (Table 11) 1383 

and splashing (Table 12). Data belonging to the three categories are clearly subdivided. Particle erosion data are divided from particle 1384 

deposition data due to the different values of the ratio Θ. Also splashing data are clearly distinguished and belonging to a region 1385 

characterized by higher temperature and kinetic energy. In this case, the ratio Κ discerns the phenomena. 1386 

 1387 

Figure 35 – Impact behavior map using non-dimensional groups K=Ekin/Esurf
 ; Θ=T/Tsoft 1388 

 1389 

In the light of the present considerations, specific regions can be recognized and they are superimposed on the data collection. In the 1390 

chart, different impact behaviors are identified as a function of the literature data. With the reference of Figure 35, in the following 1391 

description, each region will be analyzed in detail: 1392 

 deposition: this region comprises the data reported in Tables 4 – 6. The combination of particle temperature and softening 1393 

temperature allows the dissipation of the impact energy by particle deformation determining adhesion. Particles with these 1394 

characteristics are too soft to cause erosion issues and do not have enough kinetic energy to determine the splashing phenomenon. 1395 

In fact, when particle temperature is higher than the softening temperature, the ratio K does not allow particle splashing. The 1396 

erosion phenomenon is related to the strength of the surface that strongly depends on the temperature values [185], [186], [187] 1397 

and for this reason, a certain superimposition between the deposition/erosion region has to be considered. Beyond this behavior 1398 

due to the characteristics of the surface, the overlapping region is related to the definition of the temperature ratio Θ (see Eq. 49). 1399 

As well reported in [87], the melting fraction at the softening temperature could be equal to 60 % depending on the composition 1400 

of the ash. The correspondence of the melting fraction and the different ash fusion temperature values demonstrate that the sticking 1401 

process starts in correspondence of lower value of melting fraction. Such experimental evidence confirms that the sticking process 1402 

could be characterized by lower temperature values (than the softening one) and, the extension of the deposition region reported 1403 

in Figure 35 seems to be representative of the phenomenon. The last consideration of the present region could be related to the 1404 

non-Newtonian effects during particle impact. As reported by Giehl [145], for particles characterized by a lower content of silica 1405 
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dioxide, the highest velocity impact does not determine the particle adhesion but, due to the high value of strain rate, particles 1406 

bounce off driven by the increased stiffness; 1407 

 erosion/rebound: in this region, the kinetic energy is high and some particles could rebound determining the associated surface 1408 

erosion. Particles are characterized by the lower capability to deform itself, and, for this reason, the dissipation of the kinetic energy 1409 

that characterized the particle upon impact is dissipated through the surface generating dimples and cracks. Kinetic energy 1410 

associated with the particle dimension and velocity is able to generate surface erosion as a function of the substrate resistance. As 1411 

reported in the literature [188] the proper prediction of the erosion issue it is possible only when the particle and substrate 1412 

characteristics are well known as well as the kinematic impact condition such as velocity and incoming angle. Due to this fact, the 1413 

evaluation of the magnitude of the erosion issue it is not possible with the use of the present approach, even if, it is very useful to 1414 

identify which impact conditions may be more detrimental (in terms of erosion) than other; 1415 

 erosion/deposition: in this region, particle viscosity plays a double role. It is still suitable for generating particle adhesion (the 1416 

particle is sufficiently soft) but at the same time, it can determine erosion issues as well [110]. The particle assumes a viscoelastic 1417 

property related to a semi-solid state. Experimental tests conducted in this region should consider the double effects of particle 1418 

deposition and particle erosion. The deposits obtained during these tests are affected by two phenomena and, is not suitable for 1419 

generating/validate deposition or erosion models. The outcome of such tests may be the result of the simultaneous occurrence of 1420 

the two effects. Thus erosion might falsify the final deposition since part of the build-up have been removed; 1421 

 erosion and fragmentation: this region is characterized by a higher value of particle viscosity and higher kinetic energy. Particle 1422 

deposition does not take place, confirming the role of the particle softening [189] (with the reference of erosion/deposition region 1423 

explanation). For example, several erosion tests at high temperature (1255 K) using alumina particles are reported. In this case, Θ 1424 

is equal to 0.54 and K is equal to 40 and no deposition is detected during tests [190]. Increasing the particle kinetic energy, the 1425 

fragmentation increases as well as the erosion issues [191] and [192]. Fragmentation is due to the part of kinetic energy absorbed 1426 

by the particle during the impact. This part of the energy is dissipated by the particle through its fragmentation. The amount of 1427 

energy dissipated during this process is a function of particle velocity and mass, or in other words, of its kinetic energy. Therefore, 1428 

starting from a certain amount of kinetic energy, the erosion phenomenon is accompanied by fragmentation. This effect occurs for 1429 

lower values of Θ for which the viscoelastic properties of the particle do not allow sufficient deformation able to dissipate this part 1430 

of energy; 1431 

 erosion/splashing: this region is strongly related to the fragmentation one, but the higher values of Θ determine different particle 1432 

behavior. As shown in the literature [144], tests conducted with high particle temperature (1473 K), impact velocity of 100 m/s 1433 

and particle diameter equal to few millimeters, generate an impact characterized by breaking up (yet during the flight) and extensive 1434 

deformation on impact with the substrate. In these tests, the particle kinetic energy is equal to about 1e-2 J considerably higher 1435 

than the kinetic energy involved in the particle deposition tests realized with hot gas turbine section. Therefore, even if the viscosity 1436 

values are suitable for generating particle adhesion, the high values of kinetic energy determine particle break-up (splashing) and 1437 

limiting particle adhesion, and then, deposits. Particle splashing occurs when the inertia force is higher with respect to the viscous 1438 

and capillary forces. At the same time, the particle splashing generates a large amount of smaller semi-molten droplet, re-entrained 1439 

by a flowing gas [193], having lower kinetic energy. In this case, the particle behavior is very similar to the one characteristic of 1440 

the deposition region; 1441 

 rebound/slip/rivulets: when the kinetic energy diminishes and/or the particle surface energy increases the particle that impacts on 1442 

the surface rebounds or, in the case with very low kinetic energy particles slip on this. This phenomenon is known as a lotus effect 1443 

[194], [195] and [196] particle/drop slips/rolls on the surface driven by capillary forces. Elastic phenomena could influence the 1444 

particle impact or by contrast, the particle has extremely lower energy that the rebound it is not possible; 1445 

 no data: in this region, no literature data are available but, in the track of the former considerations, some hints can be reported. In 1446 

this region, the values of the ratio Θ imply the viscoelastic behavior of particle that could promote rebound (and the associated 1447 

erosion issues), but at the same time, the lower values of the ratio K do not generate surface erosion. Therefore, if particle adhesion 1448 

occurs, it is probably due to particular conditions or to the presence of a third substance or an attraction force (for example Van 1449 

der Walls force) that promotes particle sticking. One of the particular condition is described well by Sacco et al. [197]. In this 1450 

experimental test, the ARD particles impact the surface of the internal cooling holes with very low velocity and significantly low 1451 

temperature (< 728 K). In these conditions, some particles are trapped in recirculating and stagnation zones and they repeatedly 1452 

impact the hot surface at low velocity [197]. Regarding the presence of the third substance, experimental results [198] have shown 1453 

that, in the case of dry conditions, particles are able to stick to the surface if the impact velocity (in the normal direction) is lower 1454 

than a certain limit. When the values of kinetic energy are lower, due to the smaller particle diameter (0.1–1.5) µm, rather than 1455 

lower velocities, and if a third substance is present, particle sticking is promoted. This condition is very to that found in the gas 1456 

turbine compressor sections. Sub-micro-sized solid particles are a class of particles that determine compressor fouling [4], or in 1457 

other words, these particles stick under cold conditions. As reported in the literature, compressor fouling is promoted by the 1458 

presence of third substances at the particle surface interface [53], [199] and for these reasons, the adhesion capability that 1459 

characterizes this region, could be due to the effects of particular surface conditions. Unfortunately, detailed experimental analyses 1460 
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are not reported in the literature. A small number of contributions (compared to those reported for hot sections) involved particle 1461 

sticking analysis relate to cold conditions. On-field detections [199], [200] have revealed that only the first stages are affected by 1462 

deposits and are driven by the presence of liquid water at the particle surface interface. Regarding wind tunnel tests, Kurz et al. 1463 

[201] reported an experimental investigation which provides experimental data on the amount of foulants in the air that stick to a 1464 

blade surface under dry and humid conditions. The tests show a higher deposition rate provided by wet surfaces compared to dry 1465 

ones. Similar results are reported in [202] where glue agents on the blade surface enhance the particle adhesion rate dramatically. 1466 

In hot sections, glue agents are described with the name of vapor deposition [55], [137], [169], [190], and [203]. This phenomenon, 1467 

due to the presence of a condensed phase downstream the combustor sections, can increase the adhesion capabilities of 1468 

nanoparticles (mass mean diameter < 0.1 µm) dragged in the vicinity of the surface by diffusion and thermophoresis forces, 1469 

especially in the presence of film cooling. Vapor particles migrate through the boundary layer toward the cool wall. If the boundary 1470 

layer temperature is below the dew point, condensation takes place at the wall [204]. 1471 

 1472 

8. REMARKS 1473 
In this final part, the impact behavior map, early proposed, was checked against several different cases. The first analysis refers to 1474 

the particle sticking data already used for the map identification, for which a detailed subdivision between the reported results (see 1475 

Tables 4 – 6) is performed (if possible). In particular, Figure 36 reports the impact behavior map with the superimposition of several 1476 

different tests divided according to silty (Figure 36a), coal-like (Figure 36b), and volcanic ash particles. Volcanic ashes are reported in 1477 

both Figure 36c and Figure 36d for improving the readability. Each bounded region represents the covered region on the impact behavior 1478 

map according to the test conditions, while the solid-colored red-region represent the test condition for which the Authors have reported 1479 

the most detrimental effects related to particle sticking. The data summarized in Figure 36 are all the available data which have reported 1480 

the present distinction. Clear visible is the presence of contradictory results in the region named erosion/deposition (see the map 1481 

description early reported) for which, tests conducted with silty and coal-like particles, do not show a high amount of deposits, while 1482 

tests carried out with volcanic ashes show the greatest sticky conditions. Therefore, even if each test is carried out for studying particle 1483 

adhesion, not all of the particle impact conditions generate particle sticking, or in a better way, a particular condition could be more 1484 

detrimental than other. This distinction, carried out in a qualitative way (due to the lack of information that characterizes the test reports), 1485 

shows how each impact test is characterized by its own peculiarities, and, only by unpacking the impact behavior into its fundamentals, 1486 

the comparison between different tests can be done. 1487 

Looking into the analysis, it is clear how the data is very dispersed, but, at the same time, it can draw two major considerations: (i) 1488 

particle sticking is greater moving towards high values of Θ while (ii) the relationship between the ratio K and the sticking condition is 1489 

not univocal. This means that the effects of particle inertia and the interaction between the particle and substrate are not straightforward. 1490 

For example, the combination of particle size and velocity changes the heating process and may affect the deposition process [145]. For 1491 

the same velocity, smaller particles (lower values of K) are heated-up quicker than bigger particles (higher values of K) changing the 1492 

results of the particle impact. 1493 
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 1494 

Figure 36 – The impact behavior map with the superimposition of several different tests considering the more detrimental particle 1495 

sticking regions: a) silty, b) coal-like, c) and d) volcanic ash particles 1496 

 1497 

In the second analysis, K-Θ map presented in Figure 35 is checked against two different cases. The first one is related to experimental 1498 

tests for measuring the coefficient of restitution (COR) at high temperature [205], [206] and [207]. Tests were performed with ARD and 1499 

Table 13 reports their characteristics. The second one is related to experimental tests for evaluating the erosion due to droplets impact 1500 

[208], [209] and [210]. Tests were performed with water and Table 14 reports their characteristics. 1501 

 1502 

Table 13 – Particle rebound characteristics data. Material composition in term of weight fraction 1503 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

Tsoft 

[K] 
t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

2
0
1
5
 Delimont 

et al.. 

[205], [206] 

ARD COR 1 20 – 40 2560 28 873 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 2 20 – 40 2560 28 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 3 20 – 40 2560 70 1073 – 1373 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

2
0
1
4
 

Reagle et 

al. [207] 

ARD COR 4 20 – 40 2560 47 533 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 5 20 – 40 2560 77 866 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 6 20 – 40 2560 102 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

 1504 

Table 14 – Water droplet erosion characteristics data. Density is assumed equal to 1000 kg/m3, surface tension is assumed equal to 1505 

0.072 N/m and Θ = 1.1 1506 

 Authors Material 
d 

[μm] 
v [m/s] t K 

2
0

0
9
 

Oka et al. [208] 
W 1 44 256 C 834 

W 2 50 226 C 739 
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W 3 60 191 C 633 

W 4 72 148 C 456 

W 5 95 121 C 402 

W 6 108 105 C 345 

W 7 130 85 C 253 

Ahmad et al. 

[209] 
W 8 90 350 – 580 C 3190 – 8760 

‘83 Hackworth. [210] 
W 9 700 190 – 340 C 7312 – 23414 

W 10 1800 222 – 290 C 25669 – 43802 

 1507 

Figure 37 shows the superimposition of literature data reported in Table 13 and Table 14 on the K-Θ map. The tests performed with 1508 

ARD are collocated in the erosion/rebound region. These tests are realized with the aim of measuring the rebound characteristics of 1509 

ARD particles confirming the region highlighted in the K-Θ map. In particular, ARD COR 3 tests conducted with higher temperature 1510 

(close to 1373 K) belong to the mixed region erosion/rebound-deposition. Deposition effects are recognized during the tests realized for 1511 

measuring COR of ARD particles at high temperature [206]. In detail, starting from about 1250 K (corresponding to Θ = 0.92) to about 1512 

1370 K (corresponding to Θ = 1.01) particle deposition takes place. A certain number of particles stick to the target surface as well as 1513 

the remaining particles bounce on the target defining a specific value of COR. This experimental evidence, obtained with an experimental 1514 

apparatus design for calculating rebound characteristics of micro-sized particles, confirms a particular region characterized by particle 1515 

rebound/erosion and particle deposition. 1516 

The tests performed with water droplet are located in the erosion/splashing region. These tests are realized with the aim of measuring 1517 

the erosion provided by water droplets. Bigger droplets and/or higher impact velocities are collocated in the upper region, where 1518 

splashing is higher. The K-Θ map provided also, in this case, a good prediction of the actual behavior even if, the comparison with water 1519 

droplets over-stresses the hypotheses under which the K-Θ map exists. In fact, across the Tsoft, all materials considered for the K-Θ map 1520 

identification, show a continuous trend of the relation µ-T. By contrast, water is characterized by a step function of the µ-T trend across 1521 

the Tsoft (that represents ice melting). 1522 

 1523 

Figure 37 – Tests of ARD rebound and water droplet erosion superimposed on the non-dimensional impact behavior map K-Θ 1524 

 1525 

8.1. Limitations and perspectives 1526 
Particle sticking tests, collected in the present review, cover all materials responsible for the gas turbine fouling phenomenon (silty, 1527 

volcanic ash and coal-like particles). Starting from these tests, an original data post-process based on non-dimensional groups has 1528 

generated the K-Θ Map, in which several different results of a generic particle impact can be a priori determined. The identification of 1529 

the K-Θ Map by means of several independent experimental results related to the evaluation of restitution coefficients and droplet 1530 

erosion has confirmed that the adopted approach seems promising for using the K-Θ Map as a predictive tool. The K- Θ prediction is 1531 

can be considered reliable as the impact conditions (particle chemical composition and substrate characteristics) are similar to those 1532 

considered in the present literature data collection. 1533 
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After a detailed analysis of the literature, two main aspects have to be considered for the proper interpretation of the results: (i) the 1534 

effects of the local temperature variation due to the film cooling on the blade surface and (ii) the effects of mutual interaction between 1535 

particle and the substrate at a given temperature. Particle thermal characteristic (such as conductivity, specific heat, etc.) and the effects 1536 

of glue agent due to the particular combination of chemical composition and temperature, could affect the result of a particle impact. 1537 

These aspects should be considered in the use of K-Θ Map and may represent the basis for further improvements in particle deposition 1538 

research. 1539 

 1540 

9. CONCLUSIONS 1541 
The present analysis is based on literature data related to the experimental tests on particle deposition carried out with hot gas turbine 1542 

sections-like conditions. Several considerations about particle adhesion were highlighted associated to the physical behavior of particle 1543 

impact. Analyzing the particle deposition models, it is clear how the modeling of particle deposition is still a challenge. Different 1544 

analytical models exist, based on experimental evidence or on basic physics principle. The model applied the most is the critical viscosity 1545 

model. This model is easy to be implemented (also in a computational fluid dynamic model) but at the same time does not consider 1546 

other influences on particle deposition like surface tension and particle kinetic energy. Regarding other models, for example, the energy 1547 

balance model, the spread factor parameter seems not to be completely exhaustive of the particle adhesion. Erosion phenomena are 1548 

characterized by higher values of particle viscosity and particle kinetic energy but, the energy-based model still predicts an adhesion-1549 

like behavior. The interaction between particle and surface is driven by the particle characteristics at the impact (e.g. velocity and particle 1550 

mass) and the characteristics of the surface (e.g. surface tension or the presence of a third substance). At the same time, the sticking 1551 

models are based on the calculation of particle viscosity that is estimated by means of predictive models accounting for the particle 1552 

chemical composition. As demonstrated, the estimation of particle viscosity variation according to temperature is not-univocal 1553 

depending on the test method or the set of materials used for model data regression. 1554 

Based on over seventy (70) experimental tests related to gas turbine hot sections reported in the literature, the proposed non-1555 

dimensional particle impact behavior map summarizes all the possible effects of particle impact on surfaces. The non-dimensional 1556 

parameters, used to identify the results of particle impact, are based on the assessment of particle velocity, temperature, mass, surface 1557 

tension and softening temperature. On this basis, a proper characterization of particle material is required using (i) standard tests (if 1558 

exist) or (ii) predictive model of particle density, surface tension and softening temperature. 1559 

The generalization of the results is provided by using non-dimensional groups able to represent different particle impact behavior. 1560 

All of the recognized regions (deposition, rebound/slip/rivulets, erosion/rebound, erosion and fragmentation, and erosion/splashing) 1561 

are related to specific experimental evidences found in literature which highlight several effects involved in gas turbine fouling. 1562 

A particular region named no data is also proposed. This region is characterized by lower particle kinetic energy, higher viscosity 1563 

values, and no available literature data. Therefore, what is the reason for this lack of data for interpretation? Are these particle conditions 1564 

involved in gas turbine particle deposition? Are these conditions easy to be studied by experimental tests? 1565 

These questions are still open and further studies will be devoted to discover particle impact behavior and improve the knowledge 1566 

about all recognized regions. Therefore, with reference to the sensitivity analysis and data post-process reported in the present work, 1567 

three main outcomes can be drawn: 1568 

 the mutual correlation between the particle sticking predictive model and the model used for estimating particle characteristics (in 1569 

particular particle viscosity) determine the quality of the sticking prediction. Given this, the selection of the predictive models has 1570 

to be pondered according to the particle chemical composition and to the hypothesis and data which the predictive model is based 1571 

on; 1572 

 the use of non-dimensional groups may represent the starting point for improving the knowledge of the gas turbine fouling and, in 1573 

a wider scenario, could represent a valid support for extracting general laws useful for improving the capability of numerical tools, 1574 

in the particle impact simulation; 1575 

 the predictive map can be used for estimating the particle sticking capability as well as the effects of a generic particle impact (such 1576 

as erosion, splashing, etc.) characterized by specific impact conditions and particle characteristics. This approach could be useful 1577 

for designing an experimental test (such as the selection of the particle chemical composition, gas temperature, etc.) or, the analysis 1578 

in greater detail, for characterizing a specific operating condition of the power unit. 1579 

Experimental analyses and analytical models have to take into account the effects of the presence of third material (such as water, 1580 

oily substances, etc.) at the particle/surface interface, implying several difficulties for modeling gas turbine particle deposition. All of 1581 

these aspects represent the upcoming challenges, considering that both experimental and numerical analyses have to reflect the actual 1582 

conditions in which the gas turbine operates. 1583 

 1584 
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Appendix A 1987 
In the present Appendix, the constitutive equations of the seven (7) viscosity methods with all model coefficients and applicability 1988 

limits are reported. In the following equations, viscosity values are expressed in [Pa s] while temperature values are expressed in [K]. 1989 

 1990 

A.1. NPL model 1991 
The first method, called the NPL model (National Physical Laboratory) [69], is based on the optical basicity. The optical basicity is 1992 

a quantity related to the mole fraction χ and number of oxygen atoms n in the melt and is used to classify oxides on a scale of acidity 1993 

referred to the same O2- base. Optical Basicity of glasses and slags is derived from the Lewis acidity/basicity concept. The expression 1994 

of the Non-Corrected (NC) optical basicity ΛNC is  1995 

ΛNC =
∑ 𝜒i𝑛iΛi

∑ 𝜒i𝑛i

 (A1) 

where the values of the theoretical optical basicity Λ are listed in Table A1. 1996 

 1997 

Table A1 – Values of the theoretical basicity Λ 1998 

K2O Na2O CaO MgO Al2O3 TiO2 SiO2 Fe2O3 

1.40 1.15 1.00 0.78 0.60 0.61 0.48 0.75 

 1999 

Optical basicity can be corrected for the cations required for the charge balance of the aluminum oxide according to the correction 2000 

proposed by Duffy and Ingram [211], used in [212], the Corrected (C) optical basicity ΛC is calculated as 2001 
𝜒CaO ≥ 𝜒Al2O3

 

ΛC

=
1 ΛCaO(𝜒CaO − 𝜒Al2O3

) + 2 ΛSiO2
 𝜒SiO2

+ 3 ΛAl2O3
 𝜒Al2O3

+ 1 ΛMgO 𝜒MgO + 3 ΛFe2O3
 𝜒Fe2O3

+ 1 ΛNa2O 𝜒Na2O + 1 ΛK2O 𝜒K2O + 2 ΛTiO2
 𝜒TiO2

1(𝜒CaO − 𝜒Al2O3
) + 2 𝜒SiO2

+ 3 𝜒Al2O3
+ 1 𝜒MgO + 3 𝜒Fe2O3

+ 1 𝜒Na2O + 1 𝜒K2O + 2 𝜒TiO2

 

(A2) 

𝜒CaO ≤ 𝜒Al2O3
 and 𝜒CaO +  𝜒MgO ≥ 𝜒Al2O3

 

ΛC

=
1 ΛMgO ΛCaO(𝜒CaO +  χMgO − 𝜒Al2O3

) + 2 ΛSiO2
 𝜒SiO2

+ 3 ΛAl2O3
 𝜒Al2O3

+ 3 ΛFe2O3
 𝜒Fe2O3

+ 1 ΛNa2O 𝜒Na2O + 1 ΛK2O 𝜒K2O + 2 ΛTiO2
 𝜒TiO2

1(𝜒CaO +  𝜒MgO − 𝜒Al2O3
) + 2 χSiO2

+ 3 𝜒Al2O3
+ 3 𝜒Fe2O3

+ 1 𝜒Na2O + 1 𝜒K2O + 2 𝜒TiO2

 

(A3) 

The correction for optical basicity is not required when 𝜒𝐶𝑎𝑂 +  χ𝑀𝑔𝑂 ≤ 𝜒𝐴𝑙2𝑂3
  because at this condition, the aluminum oxide will behave 2002 

as basic oxide and the Al3+ ions will not incorporated into the Si4+ chain or rig. In this case, the Eq (A1) is applied as is, without 2003 

correction. 2004 

The NPL method can be applied to all of the materials considered in the present work estimates the viscosity according to 2005 

ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
 (A4) 

This model is generally applicable and not limited to slag of a certain composition. The coefficients A and B can be calculated according 2006 

to the expressions 2007 

ln
𝐵NPL

1000
= −1.77 +

2.88

(ΛCor ΛNC)
 (A5) 

ln 𝐴NPL = −232.69(ΛCor ΛNC)2 + 357.32(ΛCor ΛNC) − 144.17 (A6) 

The accuracy of the present method is not reported in the original work [69]. However, by using the data proposed by Duffy and 2008 

Ingram [211], it is possible to estimate the deviations between the theoretical and the experimental optical basicity values. The data 2009 

refers to glassy materials and they are reported in Figure A1. The confidence band is ± 8.7 % wide and it is representative of the 2010 

maximum deviation between theoretical and experimental values (dashed lines in the graph). 2011 
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 2012 
Figure A1 – Deviations between the theoretical and the experimental optical basicity values taken from Duffy and Ingram [211] 2013 

 2014 

A.2. Modified silica ratio model 2015 
The second method is the modified silica ratio S2 model [70]. The S2 is based on studies of coal ash slags, containing silicon, 2016 

aluminum, iron, calcium and magnesium as major components. The model relates the viscosity-temperature characteristics of liquid 2017 

slags with their chemical composition, and it is based on a recalculation of the compositional analysis of the slag in which all ferrous is 2018 

assumed in the presence of Fe2O3 according to the weight fraction 2019 

SiO2 + Al2O3 + Equiv. Fe2O3 + CaO + MgO = 100 % (A7) 

The silica ratio ς is calculated on a weight basis 2020 

𝜍 =
100 SiO2

SiO2 + Equiv. Fe2O3 + CaO + MgO
 (A8) 

and the viscosity value can be calculated using 2021 

log 𝜇 = 4.468 (
𝜍

100
)

2

+ 1.265
104

𝑇
− 8.44  (A9) 

As reported in [70], the model coefficients reported in Eq. (A9) were calculated by data regression of the temperature-viscosity trends 2022 

based on sixty-two (62) samples of slags that covered the range of chemical composition in term of weight fraction listed below: 2023 

 SiO2 = (31 – 59) wt%; 2024 

 CaO = (1 – 37) wt%; 2025 

 Al2O3 = (19 – 37) wt%; 2026 

 Fe2O3 = (0 – 38) wt%; 2027 

 MgO = (1 – 12) wt%; 2028 

 Na2O+K2O= (1 – 5) wt%. 2029 

In addition, the model is valid when the silica ratio value is in the range of 45 – 75 and the value of the ratio SiO2/Al2O3 is in the 2030 

range of 1.2 – 2.3. These values represent the applicability limits of the present model. The model will be applied only for the gas turbine 2031 

contaminants which chemical composition match with the listed limits. 2032 

This model is the oldest considered in the present review. Its accuracy is estimated in [70] and in [68] by considering the predicted 2033 

temperature correspondent to a determined viscosity value. In both cases, the model underpredicts the temperature values. In particular, 2034 

Hoy et al. [70] estimated an accuracy band of 44 K while Vargas et al. [68] estimated an accuracy band of 66 K. All the predicted points 2035 

correspond to a lower temperature than the experimental data. This means that for a given temperature, the S2 predict a lower value of 2036 

particle viscosity. 2037 

 2038 

A.3. Slope and intercept model 2039 
The third method is based on the slope and intercept model, usually called Watt and Fereday (WF) model [71]. The basis of the 2040 

model is a recalculation of the composition identical to that of the S2 model, reported in the Eq.(A7). The viscosity can be calculated 2041 

according to 2042 

log 𝜇 =
𝑚WF 107

(𝑇 − 423)2
+ 𝑐WF  (A10) 

The two parameters, mWF and cWF, should be calculated from the species concentrations recalculated in weight percent according to the 2043 

following expressions 2044 
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𝑚WF = 0.00835 SiO2 + 0.00601 Al2O3 − 0.109 (A11) 

𝑐WF = 0.0415 SiO2 + 0.0192 Al2O3 + 0.0276 Fe2O3 + 0.0160 CaO − 3.92 (A12) 

The correlation was derived by data regression of British coal ashes on the basis of measurements on one hundred and thirteen (113) 2045 

ashes samples that covered the range of chemical composition in terms of weight fraction listed below: 2046 

 SiO2 = (30 – 60) wt%; 2047 

 CaO = (2 – 30) wt%; 2048 

 Al2O3 = (15 – 35) wt%; 2049 

 Fe2O3 = (0 – 30) wt%; 2050 

 MgO = (1 – 10) wt%. 2051 

In addition, the model is valid when the silica ratio value is in the range of 40 – 80 and the value of the ratio SiO2/Al2O3 is in the 2052 

range of 1.4 – 2.4. These values represent the applicability limits of the present model. The model will be applied only for the gas turbine 2053 

contaminants which chemical composition match with the listed limits. 2054 

As mentioned, this model is based on the S2 model, and in the same way, underpredicts the temperature for a determined viscosity 2055 

value. In particular, for a viscosity equal to 25 Pa s this model underpredicts the temperature values up to 180 K [68]. In the work of 2056 

Watt and Feredey [71] there is a detailed description of the uncertainty related to three sources (instrumental error, analytical error, and 2057 

error due to irregularities in the behavior of the slag). A confidence band equal to ± 0.29 log unit in Poise at 95 % is also indicated by 2058 

the Authors [71]. 2059 

 2060 

A.4. Urbain model 2061 
The fourth method is based on Urbain’s formulation [213] used for the viscosity estimation of silicate and aluminosilicates melts at 2062 

high temperature. An improved physical model of this formulation is proposed by Senior and Srinivasachar [214] extending the validity 2063 

of the equation to low temperature. The same temperature-composition correlation is applied by Sreedharan and Tafti (S&T) [72]. 2064 

Starting from this formulation, the particle viscosity is calculated with adjusted coefficients reported in [68] obtained for predicting the 2065 

viscosity of ash particles in combustion systems up to 109 Pa s. This model is used to predict particle viscosity in several studies related 2066 

to particle impact/deposition on gas turbine hot sections [23], [28], [215] and [216]. This model is able to predict the particle viscosity 2067 

with the following limits: 2068 

 SiO2 = (0 – 60) wt%; 2069 

 Al2O3 = (0 – 60) wt%; 2070 

 Fe2O3 = (0 – 30) wt%; 2071 

Particle viscosity can be calculated according to the expression 2072 

𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴S&T +

103𝐵S&T

𝑇
 (A13) 

The terms AS&T and BS&T vary based on ash composition. The parameter describing this compositional dependence in terms AS&T and 2073 

BS&T are referred to by the acronym NBO/T which stands for non-bridging oxygen to tetrahedral oxygen where the oxides are considered 2074 

with their mole fraction values. 2075 
𝑁𝐵𝑂

𝑇
=

𝜒CaO + 𝜒MgO + 𝜒FeO + 𝜒Na2O + 𝜒K2O − 𝜒Al2O3
− 𝜒FeO3

𝜒SiO2
+ 𝜒TiO2

2
+ 𝜒Al2O3

+ 𝜒Fe2O3

 (A14) 

The model constant AS&T and BS&T depend on the value of NBO/T. In particular 2076 

𝐴S&T = −3.81629 − 0.46341𝐵S&T − 0.35342
NBO

𝑇
 (A15) 

where BS&T is defined according to the expression 2077 

𝐵S&T = 𝑏0 + 𝛼𝑏1 + 𝛼2𝑏2 + 𝑁(𝑏3 + 𝛼𝑏4 + 𝛼2𝑏5) + 𝑁2(𝑏6 + 𝛼𝑏7 + 𝛼2𝑏8) + 𝑁3(𝑏9 + 𝛼𝑏10 + 𝛼2𝑏11) (A16) 

where N is the molar fraction of the silica dioxide  χ𝑆𝑖𝑂2
 and α is defined according to 2078 

𝛼 =
𝜒CaO

𝜒CaO + 𝜒Al2O3

 (A17) 

The coefficients bi are defined according to the values reported in Table A2. 2079 

 2080 

Table A2 – Coefficients of BS&T according to the S&T model [72] 2081 

b0 -224.98 b4 -2398.32 b8 -2551.71 

b1 636.67 b5 1650.56 b9 387.32 

b2 -418.7 b6 -957.94 b10 -1722.24 

b3 823.89 b7 3366.61 b11 1432.08 
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In order to evaluate the accuracy of this model, it is necessary to make reference to the earlier model proposed by Urbain et al. [213]. 2082 

With the isothermal deformation method, the uncertainty related to the viscosity values is equal to ± 10 % [68]. By considering the 2083 

prediction of temperature values for a given viscosity, the confidence band is ± 4.5 K wide for temperature values higher than 1873 K, 2084 

while is ± 10 K wide for temperature values lower than 1875 K. 2085 

 2086 

A.5. RRLG method 2087 
The fifth method proposed by Riboud et al. (RRLG) [73] is based on Urbain’s model [213]. The viscosity is calculated according to 2088 

the expression 2089 

𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
 (A18) 

The model coefficients ARRLG and BRRLG can be calculated using the molar fractions of the materials components using the following 2090 

expressions 2091 

ln 𝐴RRLG = −35.76 𝜒Al2O3
+ 1.73(𝜒CaO +  𝜒MgO) + 7.02( 𝜒Na2O +  𝜒K2O) − 19.81 (A19) 

𝐵RRLG = 68.833 𝜒Al2O3
− 23.896(𝜒CaO +  𝜒MgO) − 39.159( 𝜒Na2O +  𝜒K2O) − 31.14 (A20) 

This model was obtained by considering twenty-two (22) industrial continuous casting slag samples and the applicability limits of this 2092 

model in terms of weight fraction is listed below: 2093 

 SiO2 = (27 – 56) wt%; 2094 

 CaO = (8 – 46) wt%; 2095 

 Al2O3 = (0 – 12) wt%; 2096 

 Na2O = (0 – 22) wt%. 2097 

As reported in [73] the accuracy of the present model is related to the third term of the Eq. (A20). In their work, the Authors showed 2098 

a relative difference with a maximum deviation equal to 2.9 % for a viscosity value lower than 2 Pa s. 2099 

 2100 

A.6. SDS method 2101 
The sixth method proposed by Streeter, Diehl, and Schobert (SDS) [74] is based on Urbain’s model [213] by considering three (3) 2102 

different categories according to the silica content. The Authors in [74] proposed a correction term based on viscosity measurement of 2103 

seventeen (17) Western US lignite and sub-bituminous coal slags belonging to low-rank coal over the temperature range of (1423 – 2104 

1753) K. The viscosity is calculated according to the expression 2105 

ln (
𝜇

𝑇
) = ln 𝐴U +

103𝐵U

𝑇
− ∆ (A21) 

where the model coefficients AU and BU are defined according to Urbain’s model [213] as 2106 

−ln 𝐴U = 0.2693𝐵U + 11.6725 (A22) 

𝐵U = 𝑏0,U + 𝜒SiO2
𝑏1,U + 𝜒SiO2

2 𝑏2,U + 𝜒SiO2

3 𝑏3,U (A23) 

where the model coefficient bi,U are defined according to the following expressions 2107 

𝑏0,U = 13.8 + 39.9355𝛼 − 44.049𝛼2 (A24) 

𝑏1,U = 30.481 − 117.1505𝛼 − 129.9978𝛼2 (A25) 

𝑏2,U = −40.9429 − 234.0486𝛼 − 300.04𝛼2 (A26) 

𝑏3,U = 60.7619 − 1539276𝛼 − 211.1616𝛼2 (A27) 

where α is defined according to the Eq. (A17). The value of Δ is dependent on the silica content of the melt 2108 

∆= 𝑇𝑚SDS + 𝑐SDS (A28) 

Therefore, starting with these definitions, in the case of BU > 28 the model coefficients of SDS are 2109 

103𝑚 = −1.7264 𝐹 + 8.4404 (A29) 

𝑐 = −1.7137(103𝑚) + 0.0509 (A30) 

𝐹 =
𝜒SiO2

𝜒CaO + 𝜒MgO +  𝜒Na2O +  𝜒K2O

 (A31) 

In the case of BU < 28 and BU > 24 the model coefficients of SDS are 2110 

103𝑚 = −1.3101 𝐹 + 9.9279 (A32) 

𝑐 = −2.0356(103𝑚) + 1.1094 (A33) 

𝐹 = 𝐵𝑈(𝜒Al2O3
+ 𝜒FeO) (A34) 

while in the case of BU < 24 the model coefficients of SDS are 2111 

103𝑚 = −55.3649 𝐹 + 37.9186 (A35) 

𝑐 = −1.8244(103𝑚) + 0.9416 (A36) 

𝐹 =
𝜒CaO

𝜒CaO + 𝜒MgO +  𝜒Na2O +  𝜒K2O

 (A37) 
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The compositions of the seventeen (17) coal slags are listed below in terms of molar fractions: 2112 

 χSiO2
 = 0.25 – 0.70; 2113 

 𝜒CaO = 0.08 – 0.33; 2114 

 𝜒Al2O3
 = 0.08 – 0.27; 2115 

 𝜒Na2O = 0.00 – 0.11; 2116 

 𝜒MgO = 0.04 – 0.13; 2117 

 𝜒Fe2O3
 = 0.00 – 0.09. 2118 

and represent the limits of applicability of the SDS model. In addition, the weight percentage of the minor constituent (K2O, TiO2) has 2119 

to be lower than 5 %. The Authors [74] have reported a detailed explanation of the correlation coefficient for each category defined 2120 

according to the silica content ranging from 0.870 to 0.999. 2121 

 2122 

A.7. GRD Model 2123 
The last viscosity model is the model proposed by Giordano et al. [75] which is used to calculate the volcanic ashes viscosity 2124 

according to the following procedure. The former relation is 2125 

ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 − 𝐶GRD

 (A38) 

where the temperature is expressed in Kelvin and the particle viscosity in Pa s. The model coefficient AGRD is equal to -4.55 while the 2126 

coefficients BGRD and CGRD are calculated according to the mol% fraction χ of constituent oxides 2127 

𝐵GRD = 159.6( χSiO2
+  𝜒TiO2

) − 173.3𝜒Al2O3
+ 72.1 𝜒Fe2O3

+ 75.7 χMgO − 39.0𝜒CaO − 84.1 𝜒Na2O − 2.43( χSiO2
+  𝜒TiO2

)( 𝜒Fe2O3
+  χMgO)

− 0.91( χSiO2
+  𝜒TiO2

+ 𝜒Al2O3
)( 𝜒Na2O +  𝜒K2O) + 17.6𝜒Al2O3

( 𝜒Na2O +  𝜒K2O) 
(A39) 

𝐶GRD = 2.75 χSiO2
+ 15.7( 𝜒TiO2

+ 𝜒Al2O3
) + 8.3( 𝜒Fe2O3

+  χMgO) + 10.2𝜒CaO − 12.3( 𝜒Na2O +  𝜒K2O)

+ 0.3(𝜒Al2O3
+  𝜒Fe2O3

+  χMgO + 𝜒CaO)( 𝜒Na2O +  𝜒K2O) 
(A40) 

According to Giordano et al. [75] the model is calibrated by means of 1774 experimentally measured pairs of values of temperature-2128 

viscosity on silicate melts of known composition within the following ranges: 2129 

 SiO2 = (41 – 79) wt%; 2130 

 CaO = (0 – 26) wt%; 2131 

 Al2O3 = (0 – 23) wt%; 2132 

 Fe2O3 = (0 – 12) wt%; 2133 

 MgO = (0 – 32) wt%; 2134 

 Na2O = (0 – 11) wt%; 2135 

 K2O = (0.3 – 9) wt%; 2136 

 Ti2O = (0 – 3) wt%. 2137 

In [75] a detailed description of the accuracy of the model coefficient AGRD is reported. In addition, the data comparison reported by 2138 

the Authors showed a root-mean-square-error equal to 0.4 log unit. 2139 

Table A3 summarizes the constitutive equations and the applicability limits of all viscosity models. 2140 

Table A3 – Constitutive equations and the applicability limits of the viscosity models 2141 

 Constitutive equations  SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O 

NPL [69] ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
  - - - - - - - 

S2* [70] log 𝜇 = 4.468 (
𝜍

100
)

2

+ 1.265
104

𝑇
− 8.44 wt% 31 – 59 1 – 37 19 – 37 0 – 38 1 – 12 -  

WF 2* [71] log 𝜇 =
𝑚WF 107

(𝑇 − 423)2 + 𝑐WF wt% 30 – 60 2 – 30 15 – 35 0 – 30 1 – 10 - - 

S&T [72] 𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴S&T +

103𝐵S&T

𝑇
 wt% < 60 - < 60 < 15 - - - 

RRLG [73] 𝑙𝑜𝑔 (
𝜇

𝑇
) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
 wt% 27 – 56 8 – 46 0 – 12 - - 0 – 22 - 

SDS 3* [74] ln (
𝜇

𝑇
) = ln 𝐴U +

103𝐵U

𝑇
− ∆ χ 0.25 – 0.70 0.08 – 0.33 0.08 – 0.27 0.00 – 0.09 0.04 – 0.13 0.00 – 0.11 - 

GRD [75] ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 − 𝐶GRD
 wt% 41 – 79 0 – 26 0 – 23 0 – 12 0 – 32 0 – 11 0.3 – 9 

* The model is valid if 45 ≤ ς ≤ 75; 1.2 ≤ SiO2/Al2O3 ≤ 2.3; 1 ≤ Na2O+K2O ≤ 6 in terms of wt% 2142 
2* The model is valid if 40 ≤ ς ≤ 80; 1.4 ≤ SiO2/Al2O3 ≤ 2.4 in terms of wt% 2143 
3* The model is valid if K2O ≤ 5; TiO2 ≤ 5 in terms of wt%  2144 
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Appendix B 2145 
The particle deposition tests collected in Tables 4 – 6 are reported in this Appendix with the reference of particle Stokes number and 2146 

particle relaxation time values. For each test, the geometric features of the target are included in the related reference. Particle Stokes 2147 

number is calculated according to 2148 

St =
𝜌 𝑑2 v

18 𝜇g 𝐿
 (B1) 

where the characteristic target length L is affected by inaccuracy as reported below. Particle relaxation time is not affected by these 2149 

inaccuracies and is calculated according to 2150 

𝜏 =
𝜌 𝑑2

18 𝜇g

 (B2) 

In the presence of a certain variability range of particle diameter and temperature, a single average value is assumed as representative 2151 

of the entire test. The values of the former variables of Stokes number and particle relaxation time are reported in Tables B1 – B3 as 2152 

well as the type of target and its shape. In several cases, the geometric characteristics of the target are not reported in detail and for this 2153 

reason, they are estimated using sketches and figures reported in the correspondent reference with unavoidable inaccuracies. In these 2154 

cases, the target dimensions reported in Tables B1 – B3 are marked with a cross. 2155 

According to the type of target, the characteristic length L is calculated according to the following rules: 2156 

 tests performed on a full-scale gas turbine (T): a representative chord equal to 50 mm was assumed as characteristic length L for 2157 

all the tests, excluding the tests called EYJA (Naraparaju et al. [150]) and Laki 5 (Shinozaki et al.[149]) for which the chord of the 2158 

first nozzle was estimated using the sketch reported in the reference; 2159 

 tests performed on wind tunnels provided with cascade or single blade targets (B): the airfoil chord was assumed as characteristic 2160 

length L; 2161 

 tests performed using a coupon (C): the diameter (if circular) or the hydraulic diameter (if rectangular) of the coupon holder were 2162 

assumed as the characteristic length L; 2163 

 tests performed in order to discover particle deposition inside the internal cooling hole (I): the diameter of the circular holes was 2164 

assumed as characteristic length L. 2165 

The dynamic viscosity of the carrier gas is assumed equal to that of pure air at the same temperature and calculated according to 2166 

CoolProp library [165] for a reference pressure (absolute) equal to 2 bar. In some tests, the carrier gas came from a combustion chamber 2167 

in which natural gas or other types of fuels (syngas or heavy fuels) were burned. 2168 

For all of these reasons, the Stokes number and particle relaxation time, as well as the characteristics length L reported in Tables B1 2169 

– B3, are only useful for an order of magnitude analysis. 2170 

 2171 
Table B1 – Dynamic characteristics of the silty particle impacts: Stokes number and particle relaxation time 2172 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

µ105 

[Pa s] 
TT Target 

L 

[m] 
St 

τ 

[s] 

2
0
1
7
 

Barker et al. [123] ARD 22.5 2560 80 1373 5.32 C (63.5  38.1) mm 0.048 2.27 1.4e-3 

Boulanger et al. 

[124] 
ARD 2 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3 

Whitaker et al. [147] ARD 3 5.0 2560 40 1091 4.58 I 0.635 mm 0.001 4.89 7.8e-5 

2
0
1
6
 

Boulanger et al. 

[122] 
ARD 4 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3 

Whitaker et al. [153] ARD 5 10.0 2560 21 866 3.94 I 0.635 mm 0.001 11.94 3.6e-4 

Lundgreen et al. 

[154] 
ARD 6 2.5 2560 70 1493 5.62 B 42 mm + 0.042 0.03 1.6e-5 

+ Estimated by sketches and pictures 2173 
 2174 

Table B2 – Dynamic characteristics of the volcanic particle impacts: Stokes number and particle relaxation time 2175 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

µ105 

[Pa s] 
TT Target 

L 

[m] 
St 

τ 

[s] 

‘18 
Naraparaju et al. 

[150] 
EYJA 5.3 849 200 1773 6.29  10.0 mm + 0.010 0.41 2.1e-5 

2
0
1
7
 

Giehl et al. [145] 

Basalt 65.0 2800 15 1573 5.81 C (20  30) mm + 0.024 7.07 1.1e-2 

Andesite 65.0 2600 15 1573 5.81 C (20  30) mm + 0.024 6.56 1.1e-2 

Dacite 65.0 2700 15 1573 5.81 C (20  30) mm + 0.024 6.82 1.1e-2 

Rhyolite 65.0 2500 15 1573 5.81 C (20  30) mm + 0.024 6.31 1.0e-2 

Wylie et al. [148] 

EYJA 2 19.9 849 80 1228 4.95 I 
0.675 mm (averaged among 3 

tests) 
0.001 44.52 3.8e-4 

Chaiten VA 19.9 849 80 1228 4.95 I 
0.675 mm (averaged among 3 

tests) 
0.001 44.52 3.8e-4 

2 0 1 6
 

Dean et al. [144] Laki 27.5 2400 106 1169 4.79 C (50  30) mm 0.038 5.95 2.1e-3 
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Hekla 27.5 1500 106 1169 4.79 C (50  30) mm 0.038 3.72 1.3e-3 

Eldgja 27.5 1900 106 1169 4.79 C (50  30) mm 0.038 4.71 1.7e-3 

Askja 27.5 1400 106 1169 4.79 C (50  30) mm 0.038 3.47 1.2e-3 

Taltavull et al. [143] 

Laki 2 40.0 2400 91 1043 4.45 C (50  30) mm + 0.038 11.64 4.8e-3 

Laki 3 40.0 2400 106 1160 4.77 C (50  30) mm + 0.038 12.65 4.5e-3 

Laki 4 40.0 2400 127 1265 5.12 C (50  30) mm + 0.038 14.11 4.2e-3 

‘13 
Shinozaki et al. 

[149] 
Laki 5 60 2400 365 1343 5.24 T 15 mm + 0.015 223 9.2e-3 

‘96 Dunn et al. [142] 

St Helens 23.0 2700 100 1421 5.44 T 50 mm ++ 0.050 2.92 1.5e-3 

Twin 

Mountain 
73.0 2730 100 1421 5.44 T 50 mm ++ 0.050 29.73 1.5e-2 

‘93 Kim et al. [141] St Helens 2 23.0 2700 100 1444 5.50 T 50 mm ++ 0.050 2.89 1.4e-3 
+ Estimated by sketches and pictures 2176 
++ Assumed as a representative chord of the first turbine section nozzle 2177 

 2178 
Table B3 – Dynamic characteristics of the coal particle impacts: Stokes number and particle relaxation time 2179 

 Authors Material 
d 

[μm] 

ρ 

[kg/m3] 

v 

[m/s] 

T 

[K] 

µ105 

[Pa s] 
TT Target 

L 

[m] 
St 

τ 

[s] 

‘16 
Laycock and 

Fletcher [121] 
JBPS A 4.0 2330 200 1598 5.87 C (75  75) mm + 0.075 0.09 3.5e-5 

‘15 Whitaker et al. [159] JBPS B 5.6 2320 70 1353 5.27 B 42 mm + 0.042 0.13 7.5e-5 

‘14 Prenter et al. [26] JBPS B 6.5 2320 70 1353 5.27 B 42 mm + 0.042 0.17 1.0e-4 

2
0
1
3
 Casaday et al. [151] JBPS B 2 11.6 2320 79 1366 5.30 B 42 mm + 0.042 0.62 3.3e-4 

Laycock and 

Fletcher [120] 
JBPP 8.0 1980 200 1523 5.69 C (75  75) mm + 0.075 0.33 1.2e-4 

2
0
1
2
 Webb et al. [12] 

Lignite 12.5 2818 70 1343 5.24 B 42 mm + 0.042 0.78 4.7e-4 

Bituminous 14.1 1980 70 1353 5.27 B 42 mm + 0.042 0.69 4.2e-4 

PRB 18.3 2989 70 1350 5.26 B 42 mm + 0.042 1.76 1.1e-3 

JBPS B 3 12.5 2320 70 1330 5.21 B 42 mm + 0.042 0.64 3.9e-4 

Ai et al. [119] Coal(bit.) 13.4 1980 170 1456 5.53 C 31.8 mm 0.032 1.91 3.6e-4 

Ai et al. [118] Coal(bit.) 2 16.0 1980 180 1453 5.52 C 31.8 mm 0.032 2.89 5.1e-4 

‘11 Ai et al. [117] Coal(bit.) 3 9.0 1980 170 1453 5.52 C 31.8 mm 0.032 0.86 1.6e-4 

‘10 Smith et al. [152] 
Bituminous 

mean14 
14.0 1980 70 1227 4.94 B 42 mm + 0.042 0.73 4.4e-4 

2
0
0
8
 Crosby et al. [116] 

Coal(bit.) 4 9.6 1980 170 1295 5.12 C 31.8 mm 0.032 1.05 2.0e-4 

Petcoke 6.3 2900 170 1295 5.12 C 31.8 mm 0.032 0.67 1.2e-4 

Wammack et al. 

[115] 
BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4 

2
0
0
7
 

Bons et al. [114] 

Coal (bit.) 5 13.3 1980 200 1423 5.44 C 31.8 mm 0.032 2.47 3.6e-4 

Petcoke 2 33.0 2900 200 1423 5.44 C 31.8 mm 0.032 22.27 3.2e-3 

Straw 17.6 1680 200 1423 5.44 C 31.8 mm 0.032 3.34 5.3e-4 

Sawdust 19.7 960 200 1423 5.44 C 31.8 mm 0.032 2.39 3.8e-4 

‘05 Jensen et al. [108] BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4 

1
9
9
2
 

Richards et al. [112] 

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

1
9
9
0
 

Anderson et al. [111] 

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

Wenglarz and Fox 

[132], [133] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4 

1
9
8
9
 

Ahluwalia et al. [56] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4 

1 9 8 8
 

Ross et al. [110] Arkwright3 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 
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+ Estimated by sketches and pictures 2180 
++ Assumed as a representative chord of the first turbine section nozzle 2181 
  2182 

Kentucky 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 

Spring 

Montana 
20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 

North 

Dakota 
20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 

1
9
8
7
 

Spiro et al. [131] 
AMAX 7.5 1900 100 1366 5.30 B 50 mm ++ 0.050 0.22 1.1e-4 

Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 0.050 0.13 6.6e-5 

Wenglarz [129] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4 

Kimura et al. [130] Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 0.050 0.13 6.6e-5 

1
9
8
4
 

Raj and Moskowitz 

[156] 
Coal 3.0 1900 244 1283 5.09 B 16 mm 0.016 0.28 1.9e-5 

Anderson et al. [109] 

Pittsburg 7.0 2500 53 1590 5.85 C 8 mm 0.008 0.77 1.2e-4 

Pittsburg 2 7.0 2500 149 1590 5.85 C 8 mm 0.008 2.17 1.2e-4 

Pittsburg 3 7.0 2500 215 1590 5.85 C 8 mm 0.008 3.13 1.2e-4 

‘83 Raj [155] Coal 2 3.0 1900 244 1811 6.37 B 50 mm ++ 0.050 0.07 1.5e-5 
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Appendix C 2183 
In this Appendix, the molar fraction values for the materials collected in Tables 4 – 6 are reported. Since the correspondence of 2184 

weight fraction and the molar fraction values are based on the specific chemical composition, Tables C1 – C3 complete the information 2185 

of particle chemical composition used in the present work. 2186 

 2187 
Table C1 – Molar fraction values divided according to by the deposition test (silty particles) 2188 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

2
0
1
7
 Barker et al. [123] ARD 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Boulanger et al. [124] ARD 2 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Whitaker et al. [147] ARD 3 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

2
0
1
6
 Boulanger et al. [122] ARD 4 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Whitaker et al. [153] ARD 5 0 0 0.037 0 0.893 0.061 0 0.008 

Lundgreen et al. [154] ARD 6 0 0 0.034 0 0.896 0.062 0 0.008 

 2189 
Table C2 – Molar fraction values divided according to by the deposition test (volcanic particles) 2190 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘18 Naraparaju et al. [150] EYJA 0.037 0.018 0.018 0.021 0.831 0.070 0.002 0.003 

2
0
1
7
 Giehl et al. [145] 

Basalt 0.033 0.004 0.122 0.098 0.582 0.086 0.024 0.052 

Andesite 0.039 0.005 0.105 0.092 0.598 0.122 0.009 0.031 

Dacite 0.050 0.018 0.046 0.014 0.739 0.092 0.007 0.034 

Rhyolite 0.066 0.016 0.033 0.016 0.777 0.074 0.007 0.011 

Wylie et al. [148] 
EYJA 2 0.045 0.018 0.069 0 0.715 0.090 0.015 0.050 

Chaiten VA 0.044 0.020 0.019 0 0.817 0.091 0.002 0.007 

2
0
1
6
 

Dean et al. [144] 

Laki 0.065 0.002 0.071 0.130 0.552 0.116 0.011 0.053 

Hekla 0.076 0.008 0.023 0.023 0.730 0.115 0 0.024 

Eldgja 0.071 0.002 0.070 0.112 0.536 0.124 0.019 0.065 

Askja 0.058 0.010 0.020 0.029 0.768 0.098 0 0.018 

Taltavull et al. [143] 

Laki 2 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

Laki 3 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

Laki 4 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

‘13 Shinozaki et al. [149] Laki 5 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

‘96 Dunn et al. [142] 

St Helens 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017 

Twin 

Mountain 
0.006 0.033 0.139 0.027 0.613 0.095 0.017 0.070 

‘93 Kim et al. [141] St Helens 2 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017 

 2191 
Table C3 – Molar fraction values divided according to by the deposition test (coal particle) 2192 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘16 Laycock and Fletcher [121] JBPS A 0.028 0.007 0.062 0.027 0.732 0.117 0.009 0.018 

‘15 Whitaker et al. [159] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

‘14 Prenter et al. [26] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

‘13 
Casaday et al. [151] JBPS B 2 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

Laycock and Fletcher [120] JBPP 0.044 0.012 0.123 0.031 0.612 0.083 0.028 0.067 

2
0
1
2
 Webb et al. [12] 

Lignite 0.009 0.007 0.388 0.061 0.375 0.096 0.022 0.042 

Bituminous 0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342 

PRB 0.019 0.004 0.503 0.115 0.246 0.069 0.018 0.026 

JBPS B 3 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

Ai et al. [119] Coal(bit.) 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Ai et al. [118] Coal(bit.) 2 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

‘11 Ai et al. [117] Coal(bit.) 3 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

‘10 Smith et al. [152] 
Bituminous 

mean14 
0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342 

2 0 0 8
 

Crosby et al. [116] Coal(bit.) 4 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 
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Petcoke 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118 

Wammack et al. [115] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047 
2

0
0
7
 

Bons et al. [114] 

Coal (bit.) 5 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Petcoke 2 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118 

Straw 0.021 0.186 0.104 0.047 0.605 0.013 0 0.023 

Sawdust 0.062 0.073 0.494 0.199 0.125 0.032 0.011 0.004 

‘05 Jensen et al. [108] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047 

1
9
9
2
 

Richards et al. [112] 

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

1
9
9
0
 

Anderson et al. [111] 

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Wenglarz and Fox [132], 

[133] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

1
9
8
9
 

Ahluwalia et al. [56] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

1
9
8
8
 

Ross et al. [110] 

Arkwright3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Kentucky 0.143 0.003 0.022 0.014 0.394 0.145 0.090 0.188 

Spring 

Montana 
0.158 0.001 0.354 0.121 0.232 0.099 0.012 0.022 

North 

Dakota 
0.107 0.003 0.328 0.133 0.269 0.088 0.005 0.066 

1
9
8
7
 

Spiro et al. [131] 
AMAX 0.119 0.068 0.064 0 0.0328 0.124 0.039 0.259 

Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195 

Wenglarz [129] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

Kimura et al. [130] Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195 

1
9
8
4
 

Raj and Moskowitz [156] Coal 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153 

Anderson et al. [109] 

Pittsburg 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Pittsburg 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Pittsburg 3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

‘83 Raj [155] Coal 2 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153 

 2193 

  2194 
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Appendix D 2195 
In this Appendix, the data related to the particle viscosity are reported. Figure D1 and D2 show the viscosity-temperature trend, 2196 

while in Table D1 – D3 the viscosity critical values are reported according to the viscosity model. Finally, in these tables, several data 2197 

related to the source of contamination, typology, and material characteristics are also reported. 2198 

Figure D1 reports the variation of the particle viscosity as a function of the temperature, according to the NPL model. For a given 2199 

temperature, the viscosity variation is almost six (6) orders of magnitude for lower temperatures and three (3) orders of magnitude for 2200 

higher temperatures while the majority of the data is localized in the range of (1 – 104) Pa s. Figure D1 reports the viscosity prediction 2201 

according to the different models (S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]). Each model is applied within its 2202 

validity limits and, in order to highlight the differences, the viscosity prediction obtained with the NPL model are reported in red. 2203 

Therefore, the shape and grey-scale color (empty with black bound, solid black and grey) represent the model predictions according to 2204 

the chart label, while the red-scale (empty with red bound, solid red and pale red) represent the NPL predictions. Considering all 2205 

predictions, the viscosity values vary in a sixteen-orders-of-magnitude-wide range. The trends are very similar to each other, even if the 2206 

predictions provided by the WF model show a different trend. The values reported in Figure D2 and Figure D3, in conjunction with 2207 

those reported in Figure 11 and Figure 12, represent the comprehensive analysis of the viscosity behavior of the considered particle 2208 

materials. 2209 

 2210 
Figure D1 – Viscosity values as a function of the temperature calculated according to the NPL model 2211 

 2212 
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 2213 
Figure D2 – Viscosity values as a function of the temperature: a) S2, b) WF, c) S&T, d) RRLG e) SDS and f) GRD 2214 

 2215 
Table D1 – Critical viscosity values according to the viscosity model contaminant characteristics (silty particles) 2216 

Material NPL S2 WF S&T RRLG SDS GRD Source and preparation data 

ARD, 2, 3, 4 3.32e3 - - - - - 5.04e6 Powder Technologies Inc. 

ARD 5 1.88e5 - - - - - - Powder Technologies Inc. 

ARD 6 2.12e5 - - - - - - Powder Technologies Inc. 

 2217 
Table D2 – Critical viscosity values according to the viscosity model contaminant characteristics (volcanic particles) 2218 

Material NPL S2 WF S&T RRLG SDS GRD Source and preparation data 

EYJA 3.73e3 - - - - - 7.71e5 Volcanic ash collected (from ground) 4 km from the source 

Basalt 1.92e3 - - 6.03e5 - 1.49e7 4.25e6 
Prepared from volcanic rock. Crystalline rock and homogenus glasses 

are specifically added 

Andesite 5.76e2 - - 9.76e4 - 3.65e6 1.09e5 
Prepared from volcanic rock. Crystalline rock and homogenus glasses 

are specifically added 

Dacite 1.02e3 - - - - - 3.32e6 
Prepared from volcanic rock. Crystalline rock and homogenus glasses 
are specifically added 

Rhyolite 5.73e2 - - - - - 3.44e5 
Prepared from volcanic rock. Crystalline rock and homogenus glasses 

are specifically added 

EYJA 2 2.29e2 - - 5.67e4 - - 1.96e6 
Volcanic ash collected (from ground) sampled close to the source a 

couple of weeks after each eruption 

Chaiten VA 1.28e3 - - - - - 6.26e5 
Volcanic ash collected (from ground) sampled close to the source a 

couple of weeks after each eruption 

Laki 3.45e1 - - 1.65e4 - - 1.20e4 Volcanic ash collected in the proximity of the eruption 

Hekla 1.38e2 - - - - - 6.04e4 Volcanic ash collected in the proximity of the eruption 

Eldgja 2.99e1 - - 6.61e3 - - 1.21e4 Volcanic ash collected in the proximity of the eruption 

Askja 4.90e2 - - - - - 1.40e5 Volcanic ash collected in the proximity of the eruption 
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Laki 2, 3, 4, 5 1.09e2 - - - 7.24e5 - - Volcanic ash collected in the proximity of the eruption 

St Helens, 2 6.37e2 - - - - - 9.90e5 Volcanic ash collected from ground 

Twin Mountain 1.21e3 - - 7.80e5 - - - Volcanic ash collected from ground 

 2219 
Table D3 – Critical viscosity values according to the viscosity model contaminant characteristics (coal particle) 2220 

Material NPL S2 WF S&T RRLG SDS GRD Source and preparation data 

JBPS A 1.44e3 - - - - - 2.52e6 Subbituminuos coal fly ash (collected from power plant) 

JBPS B, 2, 3 6.76e2 - - 4.05e5 5.05e4 - - Subbituminuos coal fly ash 

JBPP 1.98e3 - - 8.11e5 8.61e4 - - Subbituminuos coal fly ash 

Lignite 5.46e1 - - - - - - Lignite ash 

Bituminous 6.69e1 - - - - - - Bituminous coal fly ash 

PRB 1.98e1       Subbituminuos coal fly ash 

Coal(bit.), 2, 3, 4, 5 7.32e1 - - 2.88e4 - 1.32e6 4.90e4 Subbituminuos coal fly ash 

Bit. mean14 6.69e1 - - - - - - Bituminous coal fly ash 

Petcoke, 2 1.05e2 - - - - - - Subbituminuos coal fly ash (blend of 55% petcoke and 45% coal) 

BYU SEM 4.23e4 - - 2.03e5   1.20e10 Atmosphere soot 

Straw 6.11e0 - - 1.66e3 1.97e2 - - Straw ash (collected biomass and burned/treated in a furnace) 

Sawdust 1.95e-1 - - - - - - Sawdust ash  (collected biomass and burned/treated in a furnace) 

Arkwright, 2, 3 7.70e1 2.44e3 1.51e4 1.27e4 - - - 
Bituminous ash coal (obtained after cobustion process of dry 

uncleaned coal with almost 7 percent ash) 

Blue Gem, 2 6.84e0 - - - - - - 
Bituminous ash coal (obtained after cobustion process of dry cleaned 

coal with almost 0.56 % ash). 

Ash-fuel 1 1.03e1 - - - - - - Coal fuel composition (before the combustion process) 

Ash-fuel 2 1.03e1 - - - - - - Coal fuel composition (before the combustion process) 

Ash-fuel 3 6.44e0 - - - - - - Coal fuel composition (before the combustion process) 

Kentucky 1.14e1 - - - - - - Coal ash (obatined after a combustion process in fournace) 

Spring Montana 3.67e0 - - - - - - Coal ash (obatined after a combustion process in fournace) 

North Dakota 1.03e1 - - - - 1.72e6 - Coal ash (obatined after a combustion process in fournace) 

AMAX 6.74e0 - - - - - - 
Coal ash (obtained from combustion of coal-water mixtures at 50 % 

and ash content of 0.8 %) 

Otisca coal 6.18e0 - - - - - - 
Coal ash (obtained from combustion of coal-water mixtures at 50 % 

and ash content of 0.8 %) 

Coal, 2 7.57e0 - - - - - - Fly ash removed from a coalfired boiler 

Pittsburg, 2, 3 7.69e1 2.44e3 1.52e4 1.28e4 - - - Coal ash 

 2221 



1 

Generalization of Particle Impact Behavior in Gas Turbine via Non-Dimensional Grouping 1 
 2 

Alessio Suman1,a,*, Nicola Casari1,b, Elettra Fabbri1,c, Luca di Mare2,d, Francesco Montomoli3,e, Michele Pinelli1,f 3 
 4 

1 Dipartimento di Ingegneria, Università degli Studi di Ferrara, Ferrara, Italy 5 
2 St John’s College, University of Oxford, St Giles, Oxford, United Kingdom, OX1 3JP 6 

3 Imperial College London, London, SW7 2AZ 7 
a alessio.suman@unife.it, b nicola.casari@unife.it, c elettra.fabbri@unife.it, d luca.dimare@eng.ox.ac.uk, e f.montomoli@imperial.ac.uk, f 8 

michele.pinelli@unife.it 9 
 10 
ABSTRACT 11 

Fouling in gas turbines is caused by airborne contaminants which, under certain conditions, adhere to aerodynamic surfaces upon 12 
impact. The growth of solid deposits causes geometric modifications of the blades in terms of both mean shape and roughness level. 13 
The consequences of particle deposition range from performance deterioration to life reduction to complete loss of power. 14 

Due to the importance of the phenomenon, several methods to model particle sticking have been proposed in literature. Most models 15 
are based on the idea of a sticking probability, defined as the likelihood a particle has to stick to a surface upon impact. Other models 16 
investigate the phenomenon from a deterministic point of view by calculating the energy available before and after the impact. The 17 
nature of the materials encountered within this environment does not lend itself to a very precise characterization, consequently, it is 18 
difficult to establish the limits of validity of sticking models based on field data or even laboratory scale experiments. As a result, 19 
predicting the growth of solid deposits in gas turbines is still a task fraught with difficulty. 20 

In this work, two non-dimensional parameters are defined to describe the interaction between incident particles and a substrate, with 21 
particular reference to sticking behavior in a gas turbine. In the first part of the work, historical experimental data on particle adhesion 22 
under gas turbine-like conditions are analyzed by means of relevant dimensional quantities (e.g. particle viscosity, surface tension, and 23 
kinetic energy). After a dimensional analysis, the data then are classified using non-dimensional groups and a universal threshold for 24 
the transition from erosion to deposition and from fragmentation to splashing based on particle properties and impact conditions is 25 
identified. The relation between particle kinetic energy/surface energy and the particle temperature normalized by the softening 26 
temperature represents the original non-dimensional groups able to represent a basis of a promising adhesion criterion. 27 
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1. INTRODUCTION 78 

Gas turbines never operate in perfectly clean air. Land-based and offshore units ingest salt and particulate present in the atmosphere 79 
at low altitudes. Aircraft engines ingest large amounts of sand during operation in desert environments, or during flight through volcanic 80 
ash clouds. Solid particles can also make their way inside a gas turbine through the fuel, e.g. as coal fly ash in units burning pulverized 81 
coal. The effect of solid particles on gas turbine components is twofold: the particles can erode the blade surfaces or they can stick to 82 
them. In both cases the impact on performance and operability is negative. 83 

The behavior of solid particles impinging on a wall is determined by the flow conditions, properties of the particles and by the 84 
temperature. As demonstrated in [1], particle adhesion is not a linear phenomenon for which several contributions affect the final result 85 
of particle impact at the same time. Depending on the material, temperature and impact conditions (related to both particle and substrate) 86 
the adhesion or rebound is not easily extrapolated by using similar experimental tests or numerical models. Starting from the result 87 
collection reported in [1], in the coal combustion field of research, many efforts have been made in estimating and improving the 88 
comprehension of deposition and slagging. Material characterization, experimental procedure, and, sometimes, equations model and 89 
basic criteria can be borrowed from this research field to the gas turbine field. Starting from these findings, two main conclusions can 90 
be drawn. At low temperature, the particles are likely to bounce off the wall and cause damage by erosion. At high temperatures, the 91 
particles become soft and can stick to the wall. As a consequence, erosion is the dominant damage mechanism in fans and compressors 92 
or in turbines operating at low Turbine Entering Temperature (TET). In this case, the damage is irreversible and is related due to an 93 
increase in roughness and to uncontrolled modifications of the shape of the blades, typically around the leading edges. Adhesion is the 94 
primary damage mechanism at high temperature and takes place mainly around the first turbine stage in machines operating at high TET 95 
– where gas and wall temperature values are the highest. Therefore, surface modification afflicts all parts of a gas turbine: coated and 96 
uncoated, cooled and uncooled surfaces all experience shape and surface modification from the baseline [2]. 97 

Contaminants are able to stick to blade surfaces in very different ways. The deposits can contaminate multiple stages of the machinery 98 
as a consequence of the different type, nature, and path of a single particle. Several experiments are reported in the literature concerning 99 
the deposition to hot components. Particle adhesion to hot parts has a number of adverse effects on the operation of the gas turbine. 100 
Solid deposits can incapacitate cooling holes – or entire cooling passages if the particles are carried by the cooling air itself – leading to 101 
reductions in component life [3]. Furthermore, solid deposits modify the effective shape of the airfoils, their roughness and, most 102 
crucially, the capacity of the nozzle vanes. When the capacity of the nozzle vanes is reduced, the compression system is moved to a 103 
higher working line and can eventually stall, leading to interruption of power. 104 

Land-based turbines are usually exposed to relatively low concentrations of contaminants over long periods of time and can be 105 
protected by suitably designed filters. The main impact on land-based turbines of solid particles in the air or in the fuel impact is normally 106 
represented by the loss of performance – permanent or reversible [4], [5], [6], and [7]. Filters cannot be used in aeronautical applications 107 
– except in the smallest units. In aircraft engines, damage usually appears through erosion in the compressor and fouling in the turbine. 108 
It is known that erosion damage progresses rather slowly whereas fouling in the turbine can lead to loss of power in a matter of seconds, 109 
as reported in several encounters with volcanic ash clouds [8], [9] and [10]. A formalization of these phenomena is reported in [11] that 110 
define a predictive model for estimating the engine susceptibility to volcanic ash by means of several parameters related to the sticking 111 
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and shedding phenomena. 112 
In Figure 1, an example of the turbine section contamination due to different sources is reported. As mentioned, land-based gas 113 

turbines are well protected by the filtration system, but, in the case of low-grade fuel operation, the contamination of the first turbine 114 
nozzle represents one of the primary causes of the performance losses. In this sense, Figure 1a reports a first nozzle contamination [12] 115 
that involves the entire blade surface as well as the cooling holes. Regarding the aircraft engine contamination, the volcanic ash particles 116 
affect the turbine nozzles as reported in Figure 1b [9]. The deposits appear more localized with respect to the previous example, but at 117 
the same time, these deposits are characterized by a higher hardness due to the solidification process of the semi-molten particles. 118 

 119 

Figure 1 - Gas turbine nozzle contamination: a) land-based power unit in which the contaminants are due to the operation with 120 
low-grade fuels (sub-bituminous ash derived from coal mined) [12], and ii) aero engine contamination due to volcanic ash particle [9]. 121 

 122 
Particle deposition on gas turbine components has attracted much attention because of its practical implications and a large number 123 

of experimental studies is available [13] and [14]. These studies cover the whole range of conditions of (i) full scale gas turbine unit, 124 
(ii) wind tunnel testing or hot gas facilities using stationary cascades, able to reproduce the same conditions of gas turbine operation and 125 
finally, (iii) wind tunnel testing or hot gas facilities using coupon as a particles target. The experimental analyses have been supported 126 
by - and have given inspiration to - increasingly realistic mathematical models. These models are widely used in the computational fluid 127 
dynamic analysis for the study of this phenomenon. 128 

Two types of model exist according to the approach followed to describe particle sticking. The first model type relies on the definition 129 
of a quantity called sticking probability. The sticking probability represents the likelihood a particle has to stick to a substrate (clean 130 
surface or pre-deposited layer). This probabilistic approach is required to overcome inaccuracy and the uncertainty of the experimental 131 
tests on which these models are based. The sticking probability value may be regarded as the statistically representative outcome of a 132 
series of independent experiments carried out under the same conditions. For example, turbulent phenomena may afflict the particle 133 
dynamic changing the impact velocity which could assume a different value for every single impact for the same test conditions. In 134 
addition, the definition of a probability function may consider the actual variation experienced by the gas turbine in terms of particle 135 
size and shape, material compositions, operating conditions and conditions of the blade surface that are difficult-to-be-considered in the 136 
laboratory tests. 137 

The second model type is related to the comparison of the properties of a particle and a threshold value which considers the particle 138 
dynamics, its material properties and energy available before and after the impact. This deterministic approach can only be used when 139 
the conditions of the flow, the substrate and the particles are known in detail. 140 

The validity of the available models could be assessed, in principle, by applying them to the wealth of experimental data published 141 
on particle deposition. However, these data cover a very wide range of flow velocities, temperatures, particle materials, and target 142 
surfaces. Therefore, they cannot easily be grouped or compared to each other unless suitable non-dimensional quantities are defined. 143 
Non-dimensional maps and non-dimensional correlations which describe the behavior of molten or liquid particles are available in 144 
literature [15 – 19] and can be used with advantage to study the problem at hand because the solid particles ingested in a gas turbine are 145 
heated by the combustor and are thereby softened or completely molten before hitting the walls of the turbine. 146 

From a physical point of view, the conditions for adhesion, rebound or break-up are determined by how much of the initial kinetic 147 
energy of the particle is absorbed by the deformation work upon impact and by the adhesion energy with the substrate and how much is 148 
still available to remove the particle, or its fragments, from the wall. In addition to these forces, the surface tension interacts with the 149 
particle deformation, and the resulting surface energy is a function of the contact area between the particle and the substrate [15] that is 150 
directly related to the particle deformation. These relations are conveniently expressed in terms of the particle Weber, Reynolds and 151 
Ohnesorge numbers 152 

We =
𝜌 𝑣ଶ 𝑑

𝛾
 where 𝜌, 𝛾 = 𝑓(𝑇) (1) 

Re =
𝜌 𝑣 𝑑

𝜇
 where 𝜌, 𝜇 = 𝑓(𝑇) (2) 

Z = √We/Re (3) 
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where the density ρ, normal impact velocity v, diameter d, surface tension γ, and viscosity μ represent the particle properties and motion 153 
prior to the impact [16]. Both the Reynolds and Weber numbers change with temperature because of the temperature dependence of 154 
viscosity, surface tension and, to a lesser extent, density. 155 

Using non-dimensional parameters, generalized maps can be formed showing different regimes as stick, rebound, spread, break up, 156 
and splash for the interaction between sprays and heated walls [17]. Moreover, it is possible to predict the droplet behaviors like stick, 157 
rebound, spread, break-up and splash in terms of only two parameters, one non-dimensional (Weber number) and one dimensional (wall 158 
temperature). A similar approach has been adopted to describe the performance of droplets deposition for printing [18]. In this case, by 159 
using two non-dimensional parameters (Weber number and Reynolds number), it has been possible to define whether ink droplets splash 160 
or not during printing [19]. 161 
 162 

1.1. Contributions 163 
The aim of the present work is to identify particle deposition regimes in the hot parts of gas turbines in terms of non-dimensional 164 

quantities. To this effect, over 70 particle deposition tests reported in the literature are studied. The collected tests are selected because 165 
they were conducted using similar materials (silica-based type contaminants, such as silty, coal-like, and volcanic particles) and took 166 
place in conditions relevant to deposition on the hot parts of gas turbines. The tests were carried out in a number of configurations, 167 
covering full engines, single blades, coupons or blade cooling channels. The tests provide particle sticking results as a function of particle 168 
velocity, temperature, dimensions, etc. Only in a few cases, the sticking phenomenon is reported in detail with the quantitative estimation 169 
of mass deposits determining the per-order-of-magnitude approach adopted in the present work. 170 

Details about particle size and chemical composition used in each experimental test are listed as well as the flow conditions such as 171 
velocity and temperature values. In addition, the target typology and its dimension are reported (if available in the literature) in order to 172 
characterize each impact test. Starting from this collection, a critical post-process is carried out by means of dimensional (e.g. particle 173 
kinetic energy, temperature, etc.) and non-dimensional groups (e.g. particle Reynolds number, particle Weber number, etc.). With more 174 
details, the first part of the present review paper includes the following points: 175 
 collection and comparison of the literature on experimental particle impact tests related to gas turbine fouling; 176 
 application of the most used particle sticking models for gas turbine particle adhesion, highlighting how each model works and 177 

where it fails if compared with the actual test results; 178 
 a detailed review of the predictive model for particle viscosity is added and a sensitivity analysis coupling particle characteristics 179 

(e.g. chemical composition) and impact conditions (e.g. temperature) with the experimental results is proposed in order to highlight 180 
the implications of the use of different sticking models together with particle viscosity models. 181 

In the second part, an innovative approach gives the opportunity to link the present experimental results with some new perspective. 182 
The phenomenology reported in literature dating back 30 years is summarized in terms of two non-dimensional parameters representing 183 
the ratio between the particle temperature and the glass transition temperature on one hand, and the ratio between the available kinetic 184 
energy and the surface energy on the other hand. The non-dimensional map clearly shows a number of different regimes, fitting very 185 
well with reported observations in terms of deposition and erosion phenomena. Furthermore, the map shows that the phenomena taking 186 
place in gas turbines are amenable to generalizations in different fields of research (e.g. printable fluids). The non-dimensional map 187 
proposed by the Authors represents a prediction tool in relation to the particle deposition and erosion phenomena and give a new insight 188 
into the gas turbine fouling prediction. The conceptual steps, as well as the overall scenario in which the present work is developed, are 189 
reported diagrammatically in Figure 2. 190 
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 191 

Figure 2 – Conceptual framework: the predictive model of real-life behavior is based on non-dimensional parameters achieved by 192 
specifically-designed tests 193 

 194 
2. PARTICLE STICKING MECHANISMS AND MODELS 195 

The adhesion of contaminant particles to the blade surfaces is determined by (i) the material of the interacting bodies (particle, 196 
surface, third substance and carrying medium), (ii) the surface conditions, (iii) the particle size, (iv) the impact velocity and (v) the 197 
impact angle. The conditions under which these contaminants stick to blade surface are still unclear. Over the years, several contributions 198 
related to the fouling phenomenon have been proposed and this paragraph aims to summarize the models describing the particle sticking. 199 
Three particle sticking models have been considered for the data post-process, which is mainly referred to as the basic criteria, such as 200 
particle viscosity, velocity, and energy. Other formulations which are derived from these basic criteria are listed as well, but they are 201 
not considered for the data-process. 202 

The present section reports in detail (i) the sticking models used for predicting particle adhesion on hot gas turbine sections and (ii) 203 
the predictive models for estimating particle characteristics (viscosity, surface tension and softening). 204 
 205 

2.1. Particle sticking models 206 
 207 

2.1.1. Critical viscosity model 208 
This model, widely used in the literature, compares particle viscosity to a reference viscosity at which sticking starts. In addition, 209 

the model could account for the stickiness of the deposit itself [20]. The sticking probability was assumed to be inversely proportional 210 
to viscosity. In terms of sticking probability, viscosity at or below the critical viscosity is assumed to have a sticking probability of unity 211 
whereas at other particle temperature, according to the relation 212 

𝑃୴୧ୱୡ = 𝜇ୡ 𝜇⁄  (4) 

𝑃୴୧ୱୡ = ൜
𝜇ୡ μ⁄          𝜇 > 𝜇ୡ

1                  𝜇 ≤ 𝜇ୡ
 (5) 

where Pvisc is the sticking probability related to the viscosity effect and µc is the particle critical viscosity while µ is the viscosity of the 213 
particle at its temperature. This model is implemented assuming that the critical viscosity value corresponds to the particle viscosity at 214 
the softening temperature (µsoft). Softening temperature is a predetermined temperature value, and it is a function of the particle material 215 
that could be calculated/measured according to the standard ASTM – D1857-04 (Standard test method for fusibility of coal and coke 216 
ash) [21]. This standard definition allows a univocal and reproducible application of the critical viscosity method. 217 

Many authors have applied this method and, in some cases, validated its results with experimental tests [22], [23], [24], [25], [26], 218 
[27]. Other contributions have improved the model by introducing a transition across the critical viscosity value [22] and by extending 219 
its validity at a lower temperature (lower compared to the melting temperature) [28]. A detailed explanation of these models can be 220 
found in the paragraph Predictive models for particle properties of the present Chapter. 221 
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At a lower temperature, energy losses due to particle-surface impact will determine whether an impacting particle will be able to 222 
leave the surface. These energy losses are a function of impact parameters such as the properties of the particle, impact velocity and 223 
angle. This last formulation of the model states the probability of sticking should be a function of energy losses during a collision and 224 
is calculated from the coefficient of restitution model as 225 

𝑃 = 𝑓(𝑒) = 𝑒ି௖ ோ (6) 
The coefficient of restitution R is therefore considered as an index of the energy dissipated at the impact: the lower it is the higher the 226 
dissipative viscous effect of the impact. Its effect is accounted for through an exponential law where the coefficient c 6.5. Since the 227 
model for the sticking must still depend on the viscosity of the particle (with respect to µsoft considered as the threshold for ideal 228 
adhesion), the final formulation of this model is the one reported below: 229 

𝑃 = 𝑚𝑖𝑛(𝑃 + 𝑃୴୧ୱୡ; 1) (7) 
Another formulation is related to the definition of the critical value of the viscosity, which could relate the effects of particle softening 230 

with the particle kinetic energy. In this case, the definition of the critical viscosity is the following 231 
𝜇ୡ = 𝐴 𝐸୩୧୬

஻  (8) 
where A and B are two coefficients able to fit the experimental results related to the specific material. For example, in the case of glass 232 
particles [29], A=5·10-12 and B=-1.78. 233 

This model is strongly dependent on the particle material composition. Low-melting elements or mixtures could be responsible for 234 
early particle adhesion. For this reason, this model is only suitable when the characterization of the material particle and its behavior 235 
according to the temperature is available. 236 
 237 

2.1.2. Critical velocity method 238 
This model is based on the comparison between a threshold value of velocity and the particle velocity [30]. Other contributions are 239 

related to the representation of the particle-boundary layer interaction. Numerical studies on the interaction between the particle and 240 
boundary layers are reported in the literature [31], with greater attention to the effect of turbulence on particle dispersion, deposition on 241 
turbine blade surfaces and detachment from the surfaces [32], [33]. 242 

As mentioned, the velocity of an impinging particle is one of the parameters that drive the sticking process. If its value is lower than 243 
a threshold (critical velocity) the particle sticks to the surface. The threshold value is strongly dependent on the particle material and its 244 
mass. The formulation suggested in [30] for the critical velocity uses the following equation 245 

𝑣ୡ
ଶ =

−1 + 𝜇ଶ

𝑅ଶ

2𝑊୅

𝑚
 (9) 

where WA is the work of adhesion and R is the coefficient of restitution. According to the formulation of Brach and Dunn [30], the 246 
critical velocity is referred to the normal direction with respect to the target surface. The work of adhesion [34] could be expressed as 247 

𝑊୅ = − ൤
5

4
𝜌𝜋

ଽ
ଶ(𝑘ଵ + 𝑘ଶ)൨

ଶ
ହ

𝛾𝑟ଶ|𝑣|
ସ
ହ (10) 

𝑅 =
𝐶

𝐶 + |𝑣|௣
 (11) 

where C and p are constants that can be derived from experimental tests, while the parameters k1 and k2 are referred to the substrate and 248 
particle characteristics respectively. Assuming the subscript i as a material index (particle or substrate), the parameter ki is defined 249 
according to Young’s modulus EY and Poisson’s ratio 𝜈 as 250 

𝑘୧ =
1 − 𝜈௜

ଶ

𝜋𝐸ଢ଼,୧

 (12) 

Also for this model, the particle properties, and in particular its Young’s modulus, are sensitive to the temperature and need to be 251 
estimated using empirical correlations. This model was applied in the case of gas turbine contamination by ash using the following 252 
relation for the particle’s Young modulus [35] 253 

𝐸ଢ଼,୮ = 120(1589 − 𝑇)ଷ           𝑓𝑜𝑟   𝑇 > 1100 𝐾 (13) 
and in the case of coal-particle contamination [36] using 254 

𝐸ଢ଼,୮ = 3 ∙ 10ଶ଴𝑒(ି଴.଴ଶଷ଺ହ்) (14) 
The critical velocity model was applied to study the gas turbine hot section fouling [36], using simplified relations for critical velocity 255 

𝑣ୡ = ൬
2𝐸௒

𝑑
൰

ଵ଴
଻

 (15) 

based on a composite Young’s modulus EY obtained as  256 

𝐸ଢ଼ = 0.51 ൬
5𝜋(𝑘ଵ + 𝑘ଶ)

4𝜌ଷ/ସ
൰

ଶ
ହ

 (16) 
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by considering the parameters k1 and k2 defined in the Eq. (12) for particle and substrate characteristics. Therefore, EY represents the 257 
material characteristic generated by the pair of particle and substrate. 258 

The application of the present model requires accurate values of the Young modulus of the particle and surface. This procedure is 259 
not a standard (contrary to the critical viscosity method for which the definition of the critical viscosity equal to the particle viscosity at 260 
the softening temperature allows the results standardization). The lack of universally accepted ways to evaluate material properties may 261 
be the reason for discrepancies in predictions obtained (i) in different conditions with the same material or (ii) with different materials 262 
for the same test conditions. 263 

A deposition model that includes elastic deformation, plastic deformation, adhesion, and shear removal is reported by Bons et al. 264 
[37]. Its predictions were compared to five literature cases: quartz on aluminum, ash on stainless steel, sand on stainless steel, ash on 265 
Inconel at high temperature and ash on vane cascade. This model is used in the numerical analysis reported by Prenter et al. [38] and 266 
Forsyth et al. [39] after tuning the model parameters. A different model was proposed by Agati et al. [40] for the numerical modeling 267 
of particle deposition that occurs in gas turbine hot sections from 500 K to 1500 K. The transition between these two extreme conditions 268 
is modeled through a temperature-driven modification of the mechanical properties of both particles and target surface. A third method 269 
is proposed by Yu and Tafti [41] as a modification of the former model [42] and it is based on the relation between particle temperature 270 
and yield stress at a high temperature starting from 1000 K. The model prediction was compared against experimental data obtained 271 
with sand particles. As mentioned, more details about these models are reported in the paragraph Predictive models for particle 272 
properties of the present Chapter. 273 
 274 

2.1.3. Energy-based model 275 
Energy balance models are based on comparing the available energy just before the impact to the energy dissipated by the particle 276 

during its deformation. The model predicts sticking if all the available energy is dissipated to deform the particle and to adhere to the 277 
surface. The main parameters are the kinetic energy of the particle, its viscosity and surface tension, and the surface energy or contact 278 
angle [43] and [44]. The method can study deposition on an existing layer by a suitable choice of the properties of the substrate. It can 279 
even be used to obtain the restitution coefficient for use in critical viscosity model calculations [45]. This model takes into account the 280 
particle deformation due to the impact, without considering the behavior of particle viscosity such as non-Newtonian effects or possible 281 
sintering effects after particle impact. Figure 3 reports the phases involved in the particle impact phenomenon. 282 

The model is based on the estimation of the parameter E* that stands for the excess of energy and indicates whether all energy is 283 
dissipated during wetting and deformation. The particle will rebound if 𝐸∗ > 0 and it will stick otherwise. The parameter E* is defined 284 
according to [43]: 285 

𝐸∗ =
25

172
𝜉ଶ(1 − cos𝛼) +

50

129
𝜉ିଵ −

3

43
𝜉ଶ.ଷ(1 − cos𝛼)଴.63 − 1 > 0 (17) 

where α is the contact angle and ξ is the particle spread factor. The spread factor represents the particle maximum deformation and, if 286 
dmax is the maximum footprint particle diameter when the particle hits the surface, the spread factor is defined as 287 

𝜉 =
𝑑max

𝑑
 (18) 

Several empirical tests and spread factor quantifications are reported in the literature [46], [47], [48], [49], [50] and [51] and, for this 288 
reason, a detailed evaluation of the particle spread factor value predictions will be carried out in the present work.  289 

 290 

Figure 3 – Particle deformation at the impact: dmax is the maximum footprint particle diameter 291 

As mentioned, the model compares the kinetic energy to the energy dissipated by viscosity and the work done against surface tension 292 
to modify the surface area of the particle. These energies are evaluated using semi-empirical correlations. The criterion 𝐸∗ > 0 is 293 
determined mainly by the value of the spread factor 𝜉. This can be appreciated by inspecting Figure 4, where 𝐸∗ is shown as a function 294 
of 𝜉 for different values of α. In particular, it can be seen that particle adhesion takes place for 𝜉 > 0.4 for most values of α of practical 295 
interest. Therefore 𝜉 = 0.4 will be used as the threshold value in the present work for particle adhesion. 296 
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 297 

Figure 4 - Sensitivity analysis of the contact angle on E* calculation 298 

Sticking mechanisms and deposit formation mechanisms are based on the presences of a third substance or second phase at the 299 
particle/surface interface [52]. The presence of a third substance is usually invoked at low temperature. An example is the formation of 300 
deposits on compressor blades, where particles encountered water droplet or oily substances [53]. The third substance could generate 301 
favorable conditions for particle sticking especially when the particle is solid and its adhesion is driven only by electrostatic forces. In 302 
this case, in fact, the presence of third substance could change the action of capillary forces as well as the effects of the inertia and the 303 
correspondent energy dissipation during impact allowing particle sticking. The presence of a second phase is invoked also to model 304 
deposition on hot gas turbine sections in which contaminants are softened or completely molten [54]. For adhesion of particles to occur, 305 
either they must be semi-molten or a molten phase must be present on the blade surfaces. The low-melting compounds generated by the 306 
increment of the particle temperature act as a bridge between the particle and the blade surface. Therefore, the sticking probability is 307 
dependent on a number of characteristics, such as particle temperature, viscosity, surface tension and wettability [55], [56]. In the light 308 
of this background, the prediction of particle adhesion is based on a two-step approach. The first step deals with the prediction of the 309 
particle/surface properties while the second step deals with the estimation of the sticking probability (or any other measure of adhesion) 310 
based on them. 311 
 312 

2.1.4. Predictive sticking models 313 
With the reference of basic models presented in the latter paragraphs (critical viscosity, critical velocity, and energy-based models), 314 

in this paragraph, different model formulations are reported. In the literature, several predictive sticking models exist starting from the 315 
basic ones and tuned according to the experimental results obtained. All of these models were used for estimating the particle deposition 316 
in the gas turbine and in agreement with their hypothesis, they could be used for fouling prediction with a certain confidence. In Table 317 
1, these models are listed together with their peculiarities, such as, the basic criterion on which the model is based and the main positive 318 
and negative peculiarities. 319 

The analysis proposed by Srinivasachar et al. [29], shows that the particle kinetic energy affects the critical viscosity value at which 320 
sticking starts. The experiments have shown, for a single sample of coal, that the critical viscosity value decreases for a specific particle 321 
impact velocity and diameter. The sticking efficiency transition as a function of temperature was not as sharp, due to the overlaying 322 
effects of ash size and composition distributions. It increases the reliability of the former critical viscosity model. The models proposed 323 
by Sreedharan and Tafti [22] and Singh and Tafti [57] are based on the critical viscosity criterion as well, but, in these attempts, the 324 
Authors have extended the prediction capability of the model to lower temperature. Hypothesis related to the energy dissipation at the 325 
impact imposes to the precise characterization of the particle structural characteristics. The last model based on the critical viscosity 326 
criterion is proposed by Jiang et al. [58] and is able to account for the wall temperature effects on the particle sticking capability. The 327 
model takes into account ash thermo-physical properties, particle viscosity and metal wall temperature by means of simplified relation 328 
and two model constants. 329 

Moving to the critical viscosity criterion, the proposed model involves the mechanical properties of the particles. The model proposed 330 
by Agati et al. [40], is based on the critical velocity criterion: the model is developed according to the correlation between temperature 331 
and material properties by means of the chemical composition, Temperature based model considers material properties (E and υ) and 332 
material composition for a temperature range between 500 K and 1500 K. This interval is modeled through a temperature-driven 333 
modification of mechanical properties of particles and target surfaces. The model can also predict the coefficient of restitution for 334 
particles bouncing region. 335 
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Based on the aim of estimating the coefficient of restitution, four models are developed. In this case, the sticking phenomenon can 336 
be detected when the restitution coefficient is null. The model reported in Yu and Tafti [42], takes into account the contact models for 337 
elastic, elastic–plastic and plastic compression stages, followed by a recovery model based on the model of Stronge [59]. Then, a new 338 
elastic recovery model is proposed with molecular adhesive forces acting on the contact area. The model is more accurate in predicting 339 
the coefficient of restitution compared to the Stronge and Jackson–Green [60] models. The model is largely sensitive on the mechanical 340 
properties of sand to the grain size. With the reference of this model [42], the Authors have improved the formulation in [41] for 341 
modeling the collision of micro-sand particles by means of the adhesion forces, size and temperature dependency of particle mechanical 342 
properties. The base model is validated and the proposed temperature-dependent model is validated against experiments on the impact 343 
of micro-sand particles for impact velocities at different temperatures. However, it is validated only against experiments that involve 344 
sand particles. Bons et al. [37] proposed a physics-based model which includes elastic deformation, plastic deformation, adhesion, and 345 
shear removal. The model accounts for fluid shear removal, elastic and plastic deformation, and adhesion. The model is not fully 346 
validated in terms of the deposition prediction because of the dependency between temperature and material properties. 347 

A different approach is adopted in [61]. The model proposed by Casari et al. [61], investigates the deposition process under a 348 
statistical perspective. This fouling model uses only the energy content of the particles, based on temperature and kinetic energy, to 349 
estimate the sticking probability. However, in a similar way of previous models, the model constants and the applicability limits are not 350 
checked against experimental results. 351 

After this brief review of the present sticking models, it is clear how the major issue is related to the extension of predictive capability 352 
as a function of different particle chemical compositions, mechanical properties etc. Therefore, it is necessary to improve the models in 353 
order to extend the prediction capabilities together with the limitation of the use of model constants which are usually specifically tuned 354 
for each application. 355 

Table 1 - Predictive sticking models 356 

Basic criterion Authors  Pros /  Cons 

Critical viscosity 

Srinivasachar et al [29] 
 Influence of the kinetic energy on the particle sticking 
 Critical viscosity values related only to a single coal sample 

Sreedharan and Tafti [22] 
 Accounts for the particle softening effects 
 Only representative of molten particles 

Singh and Tafti [57] 
 Accounts for the energy absorbed by the particle at the impact 
 Detailed characterization of the temperature-material characteristics relations 

Jiang et al. [58] 
 Influence of the wall temperature on the particle sticking 
 Model equations and constant do not account for the particle kinetic energy 

Critical velocity 

Agati et al. [40] 
 Extended range of temperature 
 Detailed characterization of the temperature-material characteristics relations 

Yu and Tafti [42] 
 Accounting for the elastic/plastic deformation 
 Sensitive to the on the mechanical properties of sand to the grain size 

Bons et al. [37] 
 Accounting for the elastic/plastic deformation, adhesion and shear removal 
 Tuned by case-dependent coefficients 

Yu and Tafti [41] 
 Temperature dependency on the yield stress for sand particles 
 Sensitive to the on the mechanical properties of sand to the grain size 

Activation energy Casari et al. [61] 
 General approach based on an energy content comparison 
 Lack of validation of the model constants and applicability limits 

 357 
2.2. Predictive models for particle properties 358 

Different predictive models used for particle characteristics such as viscosity, surface tension, softening and density are reported. 359 
The formulations reported in the following sections are useful for the subsequent data post-process based on literature experimental 360 
data. The particle deposition on hot gas turbine section experiments was carried out using similar materials that affect the power unit in 361 
the actual operating conditions such as sandy, volcanic and coal-type particles. All of these contaminants belong to the class of material 362 
called silica-based and are characterized by well-known interaction between their constitutive ions. Silica melts are based on the strong 363 
covalent bonding between silicon and oxygen forming a network structure. The glassy silica network can accommodate many different 364 
cations. Three main categories exist, depending on the interaction of cations and network: (i) glass formers (Si4+, Ti4+, P5+) which form 365 
the basic anionic polymer unit, (ii) modifiers (Ca2+, Mg2+, Fe2+, K+, Na+) which disrupt the polymeric chains by bonding with oxygen 366 
and terminating chains, and (iii) amphoteric (Al3+, Fe3+, B3+) which act either as glass formers or as modifiers. Modifier ions disrupt the 367 
glass structure and thus tend to lower viscosity. Amphoteric ions can act as glass formers when they combine with modifiers ions which 368 
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balance their charge, thus forming stable metal-oxygen anion groups that can fit into the silicate network. If insufficient modifier ions 369 
are present in the glass, amphoteric cations (Al3+ and Fe3+) can act as modifier ions [62]. 370 
 371 

2.2.1. Particle viscosity models 372 
Several test methods exist to measure silica melts viscosity: rotating crucible, rotating bob, falling body, oscillating plate, oscillating 373 

viscometer and Static Light Scattering (SLS) [63]. The methods contain provisions to guarantee uniform temperature zone during the 374 
measuring processes. Each method has its applicability range, confidence band and requires additional data (such as density and surface 375 
tension). The rheological behavior of silica melts [64] can be assess using standard test methods, according to ASTM D 2196-15 [65], 376 
which are able to evaluate whether the slag has transitioned from Newtonian to non-Newtonian flow at the measurement temperature. 377 
Unfortunately, these test methods are defined for a specific range of shear rate (0.1 – 50) s-1 and developed for measuring the rheological 378 
properties of the liquid phase only. 379 

Although the widespread use of rotational test methods for the assessment of rheological properties of non-Newtonian flows, several 380 
oscillatory tests can also be used to examine all kinds of viscoelastic materials from low viscosity materials to melts and dispersions. 381 
The rheological behavior of both viscous and elastic portion can be investigated by using these tests which allow the determination of 382 
the values of dynamic rheological properties, such as complex shear modulus (G*), shear storage modulus (G’) and shear loss modulus 383 
(G’’). In particular, G* can be supposed as the rigidity of material, while G’ is the deformation energy stored by the material during the 384 
test and it describes the elastic behavior of the material. The G’’ modulus represents the viscous behavior of the material and the 385 
deformation energy employed and then dissipated due to frictional forces that occur during the test. Moreover, another important 386 
rheological parameter is the loss factor or damping factor (tanδ) that is calculated as the quotient of the loss and the storage modulus 387 
and it represents the ratio between the viscous and the elastic portion of the viscoelastic deformation behavior. This parameter is useful 388 
for the evaluation of tacky behavior of the material and, more specifically, the presence or the absence of stringiness characteristics. In 389 
particular, values of tanδ lower than one and storage modulus (G’) greater than shear modulus (G’’) are typical characteristics of 390 
viscoelastic gels or solid materials [66]. 391 

Oscillatory tests can be performed at different conditions in which specific parameters, such as frequency, amplitude, and 392 
temperature, can be kept at a constant value or can be free to vary. For example, dynamic mechanical analysis (DMA) test provides that 393 
frequency and amplitude, together with dynamic-mechanical shear conditions are kept at a constant value, while in dynamic-mechanical 394 
thermoanalysis (DMTA) tests, the only variable parameter is the temperature. In this latter case, this test provides information about the 395 
influence of temperature on physical properties of the material, such as specific structural modifications. According to ISO 6721-10 396 
[67], an oscillatory rheometer with parallel-plate geometry is used to determine the dynamic rheological properties of polymer melts 397 
with complex shear viscosity values up to ~10 MPa·s. Widespread measuring systems can be used to perform oscillatory tests, such as 398 
a concentric cylinder, cone-and-plate, and the aforementioned parallel-plate systems. For the sake of brevity, in this review, the 399 
measuring systems have been named in a brief list. For an up-to-date overview of rheological tests and a meticulous summary of typical 400 
measuring systems, please refer to [66]. 401 

Each material has its own temperature-dependent characteristics, furthermore, each particle is subjected by different temperature-402 
history in a gas turbine flow path. For this reason, the aim of the present analysis is to compare the experimental data with dimensional 403 
and non-dimensional parameters using the available data reported in the literature.  404 

Over the past century, several equations have been proposed relating the viscosity of arbitrary melts to temperature-dependent 405 
characteristics and to specific composition constants [68]. Most of these are proposed for predicting material viscosity for specific 406 
material composition and sometimes, their validity is limited to a certain viscosity ranges. In the present review, seven (7) methods are 407 
considered. They are based on data extrapolation from temperature-viscosity trends of coal and volcanic samples similar to those 408 
responsible for gas turbine hot section fouling. In addition, all of the selected methods are able to predict the particle viscosity based on 409 
the composition and temperature. Each method is applied considering its limits according to the particle composition, beyond of the 410 
absolute value of the predicted viscosity [69], [70], [71], [72], [73], [74] and [75]. In this way, each method can be included or excluded 411 
a priori only based on the particle composition useful for automated calculation or routine easy-to-be-implemented in numerical 412 
simulations. 413 

The considered models are based on different correlations obtained considering different physical-chemical criteria. The S2 [70] and 414 
Watt-Fereday (WF) [71] postulate that the viscosity depends on temperature following Arrhenius’ law. This corresponds to a description 415 
of the flow of silicates in terms of transition probability and vacancy distribution in the structural lattice. The NPL model by Mills and 416 
Sridhar [69] is also based on the Arrhenius equation used to describe the temperature dependence of slag viscosity and correlates the 417 
slag composition to the optical basicity of the material. In 1962, Weymann [76] proposed another equation resulting from the same 418 
deduction considered for the Arrhenius model with the addition of an extra temperature-dependent parameter. This model demonstrated 419 
a valid correlation with experimental data and a successful description of the relationship between viscosity and temperature. The models 420 
that are based on Weymann equation [76] are Sreedharan and Tafti [72] (S&T), Riboud et al. [73] (RRLG) and Streeter et al. [74] (SDS). 421 
Another equation that links the viscosity with temperature was independently proposed by Vogel [77], Fulcher [78] and Tamman and 422 
Hesse [79] in the 1920s and it is the base of the model presented by Giordano et al. [75] (GRD). In this case, a third adjustable 423 
composition parameter is introduced into the equation to improve the performance of the model and to better emphasize the dependence 424 
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of temperature on silicate melts viscosity. This model is specifically realized for predicting temperature-viscosity trends of volcanic 425 
ashes. 426 

All model coefficients, constitutive equations, and applicability limits are reported in Appendix A divided according to the model. 427 
In addition, the accuracy of the model coefficients and the confidence band related to each model are described in details. 428 

 429 
2.2.2. Particle softening model 430 

In addition to the particle viscosity, another basic particle characteristic is the particle softening temperature. This property is the 431 
key value for calculating particle adhesion according to the critical viscosity method. In order to post-process the literature data related 432 
to the particle deposition on hot gas turbine sections, the calculation of the present quantity is required. 433 

For the estimation of the softening temperature, three main approaches exist. The first one is related to a visual method described in 434 
the standard procedure of ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [21], the second one is carried 435 
out with a ThermoMechanical Analysis (TMA) approach while the third one is related to a thermal analysis by means of Differential 436 
Scanning Calorimetry (DSC) approach. The setup of these different methods has been carried out over the years due to the controversial 437 
question related to the deformation temperature. In the literature, in fact, it has been emphasized that the initial deformation temperature 438 
is not the temperature at which the ash melting begins, and many coal ashes have been found to start melting at temperatures far below 439 
the initial deformation temperatures [80]. Therefore, in this section, the three approaches are briefly described. 440 

In accordance with ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [21], the softening temperature 441 
(ST) is defined as the temperature at which triangular pyramid prepared from the material (see sketch n°1 in Figure 5) has fused down 442 
to a spherical particle which is characterized by the height equal to the width at the base (see sketch n°3 in Figure 5). The softening 443 
temperature has been accepted as the critical temperature that is commonly referenced in the evaluation of the characteristics of coal ash 444 
[81]. The ash fusion test (AFT) is considered the most widely used procedure for determining the temperature at which the different 445 
stages of the ash transformations (softening, melting and flow) take place in order to assess the deposition characteristics of the material 446 
[82]. The fusion temperature values are determined by heating a prepared sample of molded coal in a gas-fired or electric furnace 447 
conforming to [21]. The deformation of the molded ash cone is monitored during the increase of temperature and, according to Figure 448 
5, the four (4) critical temperature points (fluid – FT; hemispherical – HT; initial deformation – IT; softening – ST) are determined. 449 
Moreover, the response of the sample to thermal treatment is generally quantified by optical pyrometer or thermocouple. An alternative 450 
approach for the evaluation of the four (4) critical temperature values, applied to volcanic ash samples, consists in the use of 451 
thermogravimetry and differential scanning calorimetry (DSC) [83] and [84]. Mechanically, the evolution of characteristic temperature 452 
and the geometrical transformations of the cone define the ability of the sample to sinter, stick or spread and wet the surface [85]. 453 
Nevertheless, the standard test [21] can be susceptible to subjective assessment because of the visual evaluation of critical temperature 454 
points [86]. The standard procedure is recognized as not a very precise method failing the prediction of the fusibility temperature by 455 
over 40 K [87] as a function of the amphoteric content. In addition, it was found that the deformation temperature is not the temperature 456 
at which initial melting begins as normally perceived and the hemisphere temperature is below the liquidus temperature. 457 

 458 

Figure 5  – Critical temperature points taken from ASTM – D1857-04 [21] 459 

 460 
The TMA methodology evaluates the progressive shrinkage of ash and it is suitable for characterizing the sintering and melting 461 

behavior at temperatures lower than the standard method. In addition, the precision of this technique is greater than the standard one, 462 
reducing the inaccuracy due to the measurement method. However, this accurate methodology cannot be applied to ashes from biomass 463 
combustion [80] and in this case, the use of the DSC technique appears the best solution. This methodology is based on the evaluation 464 
of any mass changes by means of the comparison between the ash behavior against the reference material. With this procedure, any 465 
deviation in terms of energy corresponds to an evaporation or melting process with an accurate estimation of the most ash fusibility 466 
temperature values. 467 

Despite the background of conventional techniques for determining the transformation temperature, the evaluation of the critical 468 
temperature values from the chemical composition can be a difficult task because of the unknown correlation between the interacting 469 
factors. In the present paper, starting from the particle characteristics reported in the literature, empirical relations to compute the particle 470 
softening temperature as a function of the composition proposed by Yin et al. [88] were used. This model is much easier and direct than 471 
other statistical methods through the possibility to omit the mathematical correlation between the variables. In addition, the aim of the 472 
present study is to compare the experimental literature data and, for this reason, particle softening temperature has to be computed only 473 
by the use of the particle chemical composition. According to particle composition, different relations are proposed. 474 
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When the content of SiO2 is less than or equal to 60 %, and the content of Al2O3 is larger than 30 % 475 
𝑇ୱ୭୤୲ = 69.94SiOଶ + 71.01AlଶOଷ + 65.23FeଶOଷ + 12.16CaO + 68.31MgO + 67.19𝑎 − 5485.7 (19) 

when the content of SiO2 is less than or equal to 60 %, the content of Al2O3 is less than or equal to 30 % and the content of Fe2O3 is less 476 
than or equal to 15 % 477 

𝑇ୱ୭୤୲ = 92.55SiOଶ + 97.83AlଶOଷ + 84.52FeଶOଷ + 83.67CaO + 81.04MgO + 91.92𝑎 − 7891 (20) 
when the content of SiO2 is less than or equal to 60 %, and that of Al2O3 is less than or equal to 30 %, and that of Fe2O3 is larger than 478 
15 % 479 

𝑇ୱ୭୤୲ = 1531 − 3.01SiOଶ + 5.08AlଶOଷ − 8.02FeଶOଷ − 9.69CaO − 5.86MgO − 3.99𝑎 (21) 
and finally, when the content of SiO2 is larger than 60 % 480 

𝑇ୱ୭୤୲ = 10.75SiOଶ + 13.03AlଶOଷ − 5.28FeଶOଷ − 5.88CaO − 10.28MgO − 3.75𝑎 + 453 (22) 
The constant a is defined according to the weight fraction wt% of each component as 481 

𝑎 = 100 − (SiOଶ + AlଶOଷ + FeଶOଷ + CaO + MgO) (23) 
 482 
2.2.3. Particle surface tension model 483 

The third particle characteristic useful for applying the particle sticking methods is the particle surface tension. In the literature, 484 
several contributions are related to the measurement of surface tension values of slags and silicate melts [89], [90], [91], [92], [93], [94], 485 
[95] and [96]. Ternary or more complex slags, as well as coal ashes, are taken into consideration. These analyses are mainly focused on 486 
the estimation of the temperature effects on the surface tension values. Even if, these contributions report very detailed slags and ashes 487 
characterizations, both in terms of chemical composition and surface tension values, they are mainly focused on the high-temperature 488 
values at which these materials are characterized by the liquid phase. For this reason, the actual slag and ash characterization cannot be 489 
applied to the present study, due to the different temperature ranges at which gas turbine operates (lower temperature values than the 490 
slag/ash characterization). Therefore, in the present work, the particle surface tension is calculated using a chemical-temperature 491 
dependent correlation based on the principle that the surface tension can be expressed as a linear function of the composition [97] 492 

𝛾 = Σ (𝛾୧ 𝑚୧) (24) 
where γ is the surface tension corresponding to each oxide i and m is its molar fraction. The surface tension of each oxide is taken from 493 
literature correlations [98], [99]. Table 2 reports the equation of the relation γ = f(T) used in the present analysis. The contribution of 494 
potassium oxide and titanium dioxide are not considered. 495 

Table 2 - Surface tension [mN/m] of single oxide 496 

Component γ = f(T) [mN/m] 

SiO2 243.2+0.0031 T [K] 

CaO 791-0.0935 T [K] 

Al2O3 1024-0.177 T [K] 

MgO 1770-0.636 T [K] 

Na2O 438-0.116 T [K] 

Fe2O3 504-0.0984 T [K] 

 497 
By means of this approach, the different chemical composition can be considered in the estimation of particle surface tension. In 498 

addition, with the use of the linear function, the particle surface tension is computed according to the precise correlation between 499 
temperature and surface tension of every single oxide. 500 

 501 
2.2.4. Particle density model 502 

Several models for density calculation have been provided through the years [100], [101] and [102]. The possibility to calculate the 503 
particle density starting from the chemical composition give the possibility to overpass the experimental characterization, even if, the 504 
approximation related to the use of a general correlation may affect the validity of the results. However, the measurement and/or the 505 
calculation of the particle density is usually used for the estimation of the particle mass that is, based on the present literature, less 506 
important than other particle characteristics such as viscosity, softening temperature, and surface tension. One of the most common 507 
methods is proposed by Bottinga et al. [103], based on the sum of the contribution of all components except Al2O3 and the other due to 508 
the contribution of Al2O3. This distinction is due to the different approach used in literature to estimate the apparent partial volume 509 
fraction of the aluminum silicate. With this model, the densities, ρ, of molten slags from can be obtained by the following two equations 510 

𝑉୫ = Σ (𝑋୧ 𝑉୧
଴) + 𝑋୅୪మ୓య

 𝑉୅୪మ୓య

଴  (25) 
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𝜌 =  
𝑀

𝑉୫

 (26) 

where the sum of Eq. (25) is taken over all oxide components except the aluminum trioxide. In the Eq. (25) X is mole fraction of 511 
component i, while V0 terms represent the apparent partial volume of slag constituents. They are constant and derived independently 512 
from an analysis of volume-composition relations in alumina-free silicate liquids. In Eq. (26), M represents the sum of the molar weight 513 
for the given slag. The apparent partial molar volumes of SiO2 and Al2O3 are polynomial functions of composition in the density model 514 
proposed by Mills and Keen [104] for multicomponent slags. Based on [103], the Authors adjust the partial molar volume values (V0) 515 
achieving certain success in calculated data with an uncertainty of 2 %. Different model constants provided by [103] and [104] for 516 
calculating V0 of various slag constituents are listed in Table 3. In the present work, the apparent partial volume of slag constituents 517 
reported [104] are used. 518 
 519 

Table 3 – Recommended values for apparent partial molar volume V0 of slag constituents 520 

Component 
V0 at 1673 K [103] 

[cm3/mol] 
V0 at 1773 K [104] 

[cm3/mol] 

SiO2 26.75 19.55 + 7.966XSiO2 

TiO2 22.45 24.0 

Al2O3 - 28.31 + 32 - 31.45𝑋୅୪మ୓య

ଶ  

Fe2O3 44.40 38.4 

MgO 12.32 16.1 

CaO 16.59 20.7 

MnO 14.13 15.6 

Na2O 29.03 33.0 

K2O 46.30 51.8 
 521 

3. EXPERIMENTAL DATA OF GAS TURBINE PARTICLE DEPOSITION 522 
Deposition tests in conditions representative of the hot parts of a gas turbine have been conducted over the years with a number of 523 

different materials. The tests involve five principal types of particles [105]: sand, ash, coal, bituminous coal, and lignite. 524 
Sand is defined as mineral particles of diameter 2 mm to micronized powder. In the gas turbine field of research, sandy particles are 525 

usually referred to Arizona Road Dust (ARD) silty samples. This sandy powder takes inspiration from the standard powder of ISO 526 
12103-1 (A1, A2 A3, and A4) [106], but the size and chemical composition of particle used in the deposition tests could be different 527 
from the standard one due to the mixing, filtration, sieving, and processes applied before the tests. 528 

Ash comprises all pyroclastic particles or fragments ejected from a volcano, irrespective of size, shape or composition. The term is 529 
usually applied to an air-fall material characterized by a characteristics diameter less than 2 mm. 530 

Coal is a carbon-rich mineral deposit formed from the remains of fossil plants. The process of coalification results in the production 531 
of coals of different ranks such as bituminous coal, lignite, and anthracite. Each rank marks a reduction in the percentage of volatiles 532 
and moisture and an increase in the percentage of carbon. According to this definition, ASTM standard [107] proposed a detailed coal 533 
classification based on the content of carbon, volatile matter and calorific limits. Unfortunately, this classification is not completely 534 
useful to understand the physical characteristics of the contaminants involved in gas turbine degradation. Physical characteristics such 535 
as viscosity and surface tension are dependent on the chemical composition and structure (e.g. crystalline or amorphous) of the 536 
contaminants. In addition, it is important to note that the chemical composition of slag and its correspondent original coal ash could be 537 
different. As reported by Streeter et al. [74], slags chemical composition could change due to the depletion of iron oxides species or to 538 
the enhancement in alumina content during heating/melting processes. At the same time, high-temperature values generate the 539 
volatilization of the sodium oxide that could change the slag viscosity. These behaviors enhance the difficulties related to the 540 
characterization and classification of the contaminants that affect hot sections. 541 

Particle deposition is investigated in order to understand turbine section contamination and the interaction between cooling holes 542 
and particle deposition. Accelerated tests are frequently used to recreate the actual gas turbine condition using in-house experimental 543 
test bench. For example, accelerated deposition testing is realized within 4 hours that cover 10,000 hours of actual gas turbine operation 544 
[108]. Sometimes, in order to study specific problems, deposition tests are conducted using a coupon instead of gas turbine cascade 545 
[109], [110], [111], [112], [113], [114], [115], [116], [117], [118], [119], [120], [121], [122], [123] and [124]. In this type of test, the 546 
particle deposition occurs on specifically-designed target, usually characterized by simplified geometry in order to guarantee a certain 547 
flow and temperature fields. In this case, the experimental procedure allows the proper correlation between particle impact conditions 548 
and deposition phenomenon based on the criterion that, all of the injected particles are characterized by the same impact conditions such 549 
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as temperature, velocity, and incoming angle. In addition, given the simplified geometry of the coupon, detailed evaluation of several 550 
peculiarities such as (i) surface roughness of the deposited layer, (ii) effects of the cooling hole array, (iii) deposits thickness and (iv) 551 
influence of the substrate temperature on the particle sticking capability can be easily carried out. In Figure 6, an example of this 552 
evaluation is reported. In particular, Figure 6a shows the evaluation of deposit surface roughness, Figure 6b depicts the influence of the 553 
presence of cooling holes on the particle deposition pattern and, finally, Figure 6c reports an evaluation of the deposit thickness by 554 
means of a three-dimensional detection carried out with a laser scanner. 555 

 556 

Figure 6 - Experimental particle deposition tests carried out on coupons: a) evaluation of the surface roughness [114], b) effects of 557 
the cooling hole array [119] and c) measurement of the deposit thickness by means of the three-dimensional reconstruction based on 558 

laser scanner detection [120] 559 

 560 
Earliest contributions are related to deposits due to fuel contamination. Several studies can be found in literature [125], [126], [127], 561 

[128], [129], [130], [131], [132], [133], [134] and [135] but no specific details about particle sticking probability is reported, or the 562 
chemical compositions is too different from the silica-based materials [136]. Analytical schemes were developed for extracting sticking 563 
coefficients from the measured weight gain data, particle size spectrum, and particle density and composition [56]. The influence of the 564 
particle temperature was one of the first studies reported in the literature [137]. The particle temperature determines the appearance of 565 
different composites with different characteristics. For example, in the temperature interval (800 – 1800) K, the multi-component 566 
solution comprises oxides, sulfates, silicates, and aluminosilicates. Below 1100 K, low-melting alkali sulfate solutions are the 567 
predominant components, whereas above about 1500 K, molten oxides constitute most of the liquid phase. At high temperature, vapor 568 
deposition driven by thermophoresis force becomes important. Differences in deposits were encountered for pressure and suction sides 569 
where diffusion phenomenon works as a leading actor [138] and [139]. 570 

At the same time, the first studies on the effects of volcanic ash on aero-engines were published. Tests with different power unit 571 
using a unique facility able to generate realistic environmental conditions of particle-laden clouds under controlled laboratory conditions 572 
are carried out [140], [141] and [142]. The results show the variation of the power unit performance during the test (a few minutes) 573 
highlighting the deterioration over a small period. Evaluations of blade erosion and deposition patterns are also proposed. This type of 574 
studies are not widespread in literature and only in the last years, new studies have been proposed related to simply particle deposition 575 
[143], [144] and [145], cooling holes blockage [146], [147] and internal cooling hole clogging [148]. Cooling holes clogging represent 576 
the most detrimental phenomenon that occurs in gas turbine hot section, especially for aero-engines. Figure 7 reports literature 577 
experimental results showing the occupied area due to particle adhesion inside the cooling hole. More recently, Shinozaki et al. [149] 578 
and Naraparaju et al. [150] use a micro gas turbine for studying volcanic ash adhesion at different load and for different blade coating 579 
materials, respectively. 580 

 581 

Figure 7 – Internal cooling hole clogging [148]: deposition in first four cooling holes of HD45 running at 1310 K 582 

 583 
With the increase in usage of gas turbines for power generation and given that natural gas resources continue to be depleted, 584 

alternative types of fuel have been tested. Examples of alternative fuels are coal-derived synthetic fuels. Coal-derived fuels could contain 585 
traces of ash and other contaminants that can deposit on vane and turbine surfaces. Experimental tests and numerical analyses are devoted 586 
to the comprehension of the effects provided by bituminous and sub-bituminous particles on the gas turbine nozzle [151]. Several studies 587 
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were realized in order to increase the effects of these contaminants on gas turbine hot section fouling, especially in the presence of film 588 
cooling. Different types of ash (e.g. coal bituminous, lignite, etc.) have been used for performing particle deposition on a gas turbine 589 
nozzle [12], [26] and [152]. Such tests allow the proper analysis of the flow dynamic behavior in the particle impact and adhesion 590 
phenomena, giving the possibility to realize the same flow conditions of the actual application. By contrast, the complexity of the flow 591 
structure and the effects of geometric features that characterize an actual gas turbine nozzle could represent an obstacle in the definition 592 
of general rules and trends related to particle sticking. In Figure 8, the comparison between the deposits pattern without and with film 593 
cooling using bituminous ash is reported. The effect of cooling holes on particles deposition pattern is still under investigation. 594 
Experimental tests [153], also run with high gas temperature [154], attempt to improve the comprehension of particle deposition. 595 

 596 

Figure 8 – Comparison of coal bituminous particle tests (a) film cooling (b) non-film cooling [12] 597 

Other specific contributions can be found in relation to the effects of the electrostatic charge on particle deposition [155] and [156], 598 
the assessment of the thermophoresis force on the particle deposition in the gas turbine engine secondary air system [157], the 599 
investigation of sintering process of the deposits [158], and the influence of the deposit on the heat transfer and the influence of the free-600 
stream turbulence on the particle deposition [159]. The deposits thickness influences the heat transfer and, through experimental tests, 601 
it is possible to correlate the thickness and the heat transfer over the operating time [160]. 602 

Finally, some attempts to use a sort of thermal similitude for studying particle adhesion were proposed [161], [162], [163], and [164]. 603 
These experimental tests were based on the similarities between melting ash and wax/PVC particles. Latter materials have lower values 604 
of melting temperature and, using thermal scaling techniques, the deposition pattern could be assumed as representative of actual gas 605 
turbine particle deposition. 606 
 607 

4. LITERATURE DATA COLLECTION 608 
The experimental results related to particle deposition on cascade and/or coupon reported in the literature, are obtained with different 609 

(i) material (ii) size and (iii) working conditions such as velocity and temperature. These different working conditions imply several 610 
difficulties in comparing deposition results obtained from different experimental tests. Different material compositions determine, for 611 
example, different values of particle viscosity even if the tests are carried out at the same particle temperature. The same phenomenon 612 
affects also the surface tension value (closely related to the surface energy), that, in addition with the viscosity, drives the adhesion 613 
phenomena at the particle/surface interface [34]. On the other hand, differences in impact velocity and particle dimension values 614 
determine different impact mechanisms and particle deformation related for example to the particle kinetic energy. 615 

In the light of these considerations, in this paragraph, all the experimental results related to particle deposition on the hot gas turbine 616 
section are summarized. Starting from the information reported in every single work, particle composition and temperature are used to 617 
calculate viscosity and surface tension based on the relations available in literature and reported earlier. Coupling these values with 618 
particle velocity, density, and dimension, the calculation of the particle adhesion according to the analytical models (critical viscosity, 619 
critical velocity, and energy-based models) are performed, highlighting pro and cons of each method. Special attention is given to the 620 
particle viscosity which is considered the most important parameter for judging the particle adhesion or rebound phenomena. 621 

 622 
4.1. Experimental test conditions 623 

Tables 4 – 6 report the experimental data available in literature related to particle deposition in gas turbine hot sections for silty, 624 
volcanic and coal particles, respectively. Each material is indicated with the same name used in the respective reference. In the case of 625 
more than one contribution that uses the same material, with different test conditions, a progressive number is adopted. For each test 626 
(grouped according to the reference), the particle characteristics such as dimension and density are reported. The particle dimension 627 
indicates the variability range or the mean mass diameter used in each test (if provided). Unfortunately, detailed data on other interesting 628 
parameters such as d50 and d75, which represents the diameters for which the 50 % and 75 % of the particles measured are less than the 629 
stated size, are not reported. 630 

The test conditions are also indicated and, in absence of detailed information, particle velocity is assumed equal to the gas velocity 631 
and particle temperature is assumed equal to the gas temperature. Fixed value or the indicated variability range is also specified. 632 
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Regarding the velocity, in the case of test realized on a full-scale gas turbine, a representative particle impact velocity of 100 m/s is 633 
chosen because no-data related to this variable is reported [141] and [142]. 634 

Finally, Tables 4 – 6 report also the type of target (TT), used in the experimental tests, with a reference of: 635 
 T, the test is realized on a full-scale gas turbine; 636 
 B, the test is realized on wind tunnel provided with cascade or single blade target; 637 
 C, the test is realized using a coupon; 638 
 I, the test is realized in order to discover particle deposition inside the internal cooling hole. 639 

All of this information (dimension, density, velocity, and temperature) provide the first overview of the experimental contribution 640 
related to particle deposition and fouling on gas turbine hot sections. Particle velocities span from 15 m/s to 350 m/s while the 641 
temperature values range from 850 K to 1900 K, approximately. Wind tunnel tests allow the best control in terms of test parameters but, 642 
at the same time, could imply certain limits related, especially to a maximum temperature value. 643 

Starting from this detailed information, the particle Stokes number and the particle relaxation time can be calculated. In Appendix 644 
B data about the geometrical features of the target for each experimental test are reported. Particle Stokes number and particle relaxation 645 
time are listed in relation to the airflow characteristics calculated assuming pure air as a carrier gas with characteristics calculated 646 
according to CoolProp library [165]. 647 
 648 

4.2. Experimental uncertainties 649 
The uncertainty related to the experimental test conditions and at in turn, the accuracy of the particle deposition results, are not 650 

always reported in literature even if a considerable number of tests indicate the experimental uncertainty [12], [26], [56], [108], [111], 651 
[112], [115], [116], [118], [119], [120], [122], [148], [152], [153] and [159]. The difficulties are especially related to the not-clear 652 
correlation between the uncertainties related to test conditions like flow velocity and temperature and mass deposits or sticking 653 
coefficients. Measurement uncertainties have to be considered different from the variability of the test conditions even if, both of them 654 
determine the amount of deposits. The present data collection allows the definition of a sort of tolerance band of the experimental data 655 
reported in the present review. 656 

Given the sticking model relations which are based on the particle characteristics strongly related to the temperature, one of the most 657 
important uncertainties related to the experimental results is that which characterizes the temperature measurements. Uncertainties 658 
related to the temperature values are estimated equal to 0.11 % [148], 1.3 % [116] and 2 % [12], [26], [152], and [159]. These values 659 
have to be correlated with the actual temperature in order to highlight the influence of the measurement uncertainty on the particle 660 
characteristic and thus, on their sticking capability. According to the aforementioned percentage values, the uncertainty in terms of 661 
Kelvin become equal to 1 K [148], 19 K [116], and 27 K [12], [26], [152], and [159]. Given the high temperature at which the tests were 662 
carried out (up to 1500 K), these uncertainty values appear in line with those reported in literature even if, according to the analysis 663 
reported in the following paragraphs, a slight deviation could be determined between the sticking prediction provided by the models and 664 
the actual results of the experimental tests. 665 

In the same way of the temperature measurement, even the uncertainties related to the mass flow rate are useful to improve the 666 
comprehension of the experimental results. In particular, these uncertainty values could be used to estimate the uncertainty in the particle 667 
impact velocity. For the collected data, these uncertainty are estimated to be equal to about 0.80 % [148] and 4 % [12], [26], [115], and 668 
[159]. According to the percentage values, the uncertainty of the mass flow rates in [148] is equal to 0.0074 g/s, while in [12], [26], 669 
[115], and [159], the maximum uncertainty value is equal to 0.015 kg/s. 670 

Regarding the uncertainty of the particle concentration used to contaminate the main air flow, data are not commonly reported. Only 671 
in [108] and [115], the accuracy in the particle contamination is reported and is equal to 6 ppmw (parts per million weight). Other 672 
uncertainties are related to the geometry and position of the target [120], [122], in the capture efficiency evaluation [118], [119] and 673 
mass measurements [116]. Proper methods for uncertainty estimation are adopted in [148] by applying [166] and [152], [12] using the 674 
procedure reported in [167]. In other cases, the uncertainties were estimated by duplicating the tests as reported in [112] and [119]. 675 

In relation with the variability of the tests condition during the deposition tests, the variability of the flow temperature is between 3 676 
K [159] (for a tested flow temperature of 1353 K), 6 K [12] (for a tested flow temperature in the range of 1314 K – 1385 K) and 5 K in 677 
[153] (for a tested flow temperature of 866 K). Regarding the variability of the mass flow rate, in [159] is declared equal to 0.005 kg/s 678 
(that corresponds to the 2.8 % and 1.4 % for a tested mass flow rate values of 0.181 kg/s and 0.363 kg/s, respectively) while in [12] is 679 
declared equal to 0.01 kg/s (that corresponds to the 1.8 % and 2.7 % for a tested mass flow rate values of 0.557 kg/s and 0.365 kg/s, 680 
respectively). Other inaccuracies are especially related to the effects of radiation on the flow temperature measures [56], [111] and [116]. 681 

Data collection covers about thirty (30) years of particle deposition tests, realized using several different facilities and 682 
instrumentations. The amount of data, their variability, and their different nature give the possibility to discover the widest view of 683 
particle deposition on the gas turbine hot section. The present analysis is based on the data available in open literature, and the data post-684 
process reported in the following paragraph allows the comprehension of the basic phenomena using per-order-of-magnitude variations. 685 
  686 
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Table 4 – Silty particle deposition data. Material composition in term of weight fraction 687 
 Authors Material 

d 
[μm] 

ρ 
[kg/m3] 

v 
[m/s] 

T 
[K] 

TT♦ Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

20
17

 Barker et al. [123] ARD+ 10–35 2560 80 1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Boulanger et al. [124] ARD 2+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Whitaker et al. [147] ARD 3+ 0–10 2560 40 920–1262Δ I 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

20
16

 Boulanger et al. [122] ARD 4+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3 

Whitaker et al. [153] ARD 5+,* 0–20 2560 21 866 ◊ I 0.0 0.0 3.3 0.0 84.8 9.9 0.0 2.1 

Lundgreen et al.[154] ARD 6+,* 0–5 2560 70 1363–1623 B 0.0 0.0 3.0 0.0 85.0 10.0 0.0 2.0 
 688 
♦ type of target (TT) 689 
+ The particle diameters used in these tests could be different from the standard ones reported in the ISO 12103-1 (A1, A2 A3, and A4) [106] due to filtration, sieving, 690 
and processes applied by the Authors 691 
* ARD 5 and ARD 6 have different chemical compositions with respect to ARD, ARD 2, ARD 3 and ARD 4 692 
Δ Temperature values refer to the surface wall temperature. Gas temperature was set equal to 866 K 693 
□ Temperature values refer to the surface wall temperature. Gas temperature was set in the range (800 – 900) K 694 
◊ Temperature values were set in the range (700 – 866) K but particle deposition was founded for the highest temperature value (866 K) 695 
 696 

Table 5 – Volcanic ash particle deposition data. Material composition in term of weight fraction 697 
 Authors Material 

d 
[μm] 

ρ 
[kg/m3] 

v 
[m/s] 

T 
[K] 

TT♦ Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘18 
Naraparaju et al. 
[150] 

EYJA 0.5–10 849 200 1773 T 3.6 2.7 1.6 1.3 78.6 11.3 0.3 0.7 

20
17

 

Giehl et al. [145] 

Basalt 5–125 2800 15 1373–1773 C 3.0 0.5 10.2 5.9 52.0 13.0 2.8 12.4 

Andesite 5–125 2600 15 1373–1773 C 3.7 0.7 8.8 5.6 53.9 18.7 1.0 7.4 

Dacite 5–125 2700 15 1373–1773 C 4.4 2.4 3.7 0.8 63.7 13.5 0.8 7.8 

Rhyolite 5–125 2500 15 1373–1773 C 6.4 2.4 2.9 1.0 73.4 11.9 0.9 2.8 

Wylie et al. [148] 
EYJA 2 º 4.8–34.9 849 80 

1163–
1293□ 

I 2.0 2.0 4.6 0.0 51.3 10.9 1.4 9.5 

Chaiten VA 4.8–34.9 849 80 
1163–
1293□ 

I 2.9 2.9 1.6 0.0 73.9 14.0 0.2 1.6 

20
16

 

Dean et al. [144] 

Laki 5–50 2400 106 1043–1295 C 6.4 0.3 6.3 8.3 52.6 18.8 1.3 6.1 

Hekla2 5–50 1500 106 1043–1295 C 7.3 1.2 2.0 1.4 67.4 18.1 0.0 2.6 

Eldgja3 5–50 1900 106 1043–1295 C 6.9 0.3 6.2 7.1 50.3 19.7 2.4 7.3 

Askja4 5–50 1400 106 1043–1295 C 5.6 1.5 1.7 1.8 71.9 15.5 0.0 2.0 

Taltavull et al. [143] 

Laki 25 10–70 2400 91 1043 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

Laki 35 10–70 2400 106 1160 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

Laki 45 10–70 2400 127 1295 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘13 Shinozaki et al. [149] Laki 5 20–100 2400 365 1343 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘96 Dunn et al. [142] 
St Helens 23 2700 100 1283–1558 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1 
Twin 
Mountain 

73 2730 100 1283–1558 T 0.5 4.2 10.6 1.5 50.3 13.2 1.9 15.3 

‘93 Kim et al. [141] St Helens 2 23 2700 100 1394–1494 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1 
 698 
♦ type of target (TT) 699 
º EYJA 2 has different chemical compositions with respect to EYJA 700 
 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 17.5 %, Al 7.1 %, Na 3.4 %, Ca 3.2 %, Mg 3.6 701 
%, Ti 0.6 %, K 0.2 % and Fe 3.4 %) 702 
2 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 21.4 %, Al 6.5 %, Na 3.7 %, Ca 1.0 %, Mg 0.6 703 
%, Ti 0.0 %, K 0.7 % and Fe 1.4 %) 704 
3 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 16.0 %, Al 7.1 %, Na 3.5 %, Ca 3.0 %, Mg 2.9 705 
%, Ti 1.0 %, K 0.2 % and Fe 3.9 %) 706 
4 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [144] (Si 23.6 %, Al 5.8 %, Na 2.9 %, Ca 0.9 %, Mg 0.8 707 
%, Ti 0.0 %, K 0.9 % and Fe 1.1 %) 708 
5 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [143] and [149] and it is different from the Laki composition 709 
reported in [144] (Si 24.0 %, Al 6.7 %, Na 1.0 %, Ca 6.1 %, Mg 2.0 %, Ti 2.4 %, K 0.1 % and Fe 21.3 %) 710 
  711 
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Table 6 – Coal particle deposition data. Material composition in term of weight fraction 712 
 Authors Material 

d 
[μm] 

ρ 
[kg/m3] 

v 
[m/s] 

T 
[K] 

TT♦ Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘16 
Laycock and Fletcher 
[121] 

JBPS A 4 2330 200 1523–1673 C 2.5 0.9 5.1 1.6 63.6 17.3 1.1 4.2 

‘15 Whitaker et al. [159] JBPS B 4.63; 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

‘14 Prenter et al. [26] JBPS B 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

20
13

 Casaday et al. [151] JBPS B 2 11.6 2320 79 1366 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 
Laycock and Fletcher 
[120], [168] JBPP ** 3; 13 1980 200 1523 C 3.9 1.7 9.9 1.8 52.4 12.1 3.1 15.2 

20
12

 Webb et al. [12] 

Lignite 12.5 2818◊ 70 1314–1371 B 0.8 1.0 31.7 3.6 32.8 14.2 2.6 9.8 

Bituminous 14.1 1980 70 1339–1366 B 0.3 2.0 2.3 0.6 25.3 11.0 1.9 52.7 

PRB 18.3 2989◊ 70 1315–1385 B 1.8 0.5 42.2 6.9 22.1 10.5 2.2 6.1 

JBPS B 3 12.5 2320 70 1317–1343 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5 

Ai et al. [119] Coal (bit.) 13.4 1980 170 1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Ai et al. [118] Coal (bit.) 2 16 1980 180 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

‘11 Ai et al. [117] Coal (bit.) 3 4, 13.4 1980 170 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

‘10 Smith et al. [152] 
Bituminous 
mean14 

14 1980 70 1181–1272 B 0.0 2.5 2.9 0.0 32.9 20.3 0.0 40.6 

20
08

 Crosby et al. [116] 
Coal (bit.) 4 3.1–16 1980 170 1133–1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Petcoke 6.3 2900 170 1133–1456 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9 
Wammack et al. 
[115] 

BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7 

20
07

 

Bons et al. [114] 

Coal (bit.) 5 13.3 1980 200 1423 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4 

Petcoke 2 33.0 2900 200 1423 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9 

Straw 17.6 1680 200 1423 C 1.7 23.4 7.8 2.5 48.4 1.8 0.0 5.0 

Sawdust 19.7 960 200 1423 C 5.9 10.7 42.9 12.4 11.6 5.1 1.3 1.0 

‘05 Jensen et al. [108] BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7 

19
92

 

Richards et al. [112] 

Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

19
90

 

Anderson et al. [111] 

Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6 

Wenglarz and Fox 
[132], [133] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

19
89

 

Ahluwalia et al. [56] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

19
88

 

Ross et al. [110] 

Arkwright3 20 1980 100 
1400–
1500▼ 

C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0 

Kentucky 20 1980 100 
1400–
1500▼ 

C 9.5 0.3 1.3 0.6 25.5 15.9 7.8 32.4 

Spring 
Montana 

20 1980 100 
1400–
1500▼ 

C 13.1 0.1 26.5 6.5 18.6 13.5 1.3 4.7 

North 
Dakota 

20 1980 100 
1400–
1500▼ 

C 8.3 0.3 22.9 6.7 20.1 11.2 0.5 13.2 

19
87

 

Spiro et al. [131] 
AMAX 0–15 1900 100 1366► B 6.7 5.8 3.2 0.0 17.9 11.5 2.9 37.6 

Otisca coal 0–11.5 1900 100 1366► B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2 

Wenglarz [129] 

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4 

Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9 

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1 

Kimura et al. [130] Otisca coal 0–11.5 1900 100 1366 B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2 

19
84

 Raj and Moskowitz 
[156] 

Coal 0–6 1900 244 1144–1422 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6 

Anderson et al. [109] Pittsburg 7 2500 53 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 
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 713 
♦ type of target (TT) 714 
** The details about the composition are based on the erratum [168]. The powder belongs to the Jim Bridger Power Plant as well as the tests named JBPS A, JBPS B, 1, 715 
2 and 3 but has a slightly different chemical composition. The weight percent values reported in the table were calculated starting from the following molar percentages 716 
(SiO2 60.2 %, Al2O3 8.17 %, Na2O 4.3 %, CaO 12.2 %, MgO 3.1 %, TiO2 2.7 %, K2O 1.2 % and Fe2O3 6.6 %). 717 
▼ Temperature range obtained as a function of the distance between nozzle and target. 718 
► Maximum firing temperature 719 
◊ Estimated with Eqs. (25-26) 720 
 721 

4.3. Chemical composition 722 
The particle behavior depends on the relationship between particle viscosity and temperature and this is strongly dependent on the 723 

chemical composition. Tables 4 – 6 report the chemical composition as a weight fraction of sodium oxide Na2O, potassium oxide K2O, 724 
calcium oxide CaO, magnesium oxide MgO, silicon dioxide SiO2, aluminum oxide Al2O3, titanium dioxide TiO2, and iron oxide Fe2O3. 725 
Obviously, these oxides do not cover the entire composition for each material but these components characterize each ash, powder, and 726 
particle determining their physical characteristics. 727 

This wide compositional range is related to the process formation of the ash or powder and might include particles formed from new 728 
materials as well as those derived by the fragmentation of pre-existing components which are subjected to degradation or combustion 729 
processes. In this context, Srinivasachar et al. [29] have carried out combustion and deposition experiments with coal (San Miguel Texas 730 
lignite) to assess critical viscosity hypothesis for deposition processes. These experiments have highlighted that final ash composition 731 
is independent of combustion conditions and the analysis of individual combustion ash particle have shown that there are negligible 732 
interactions between the particles which are characterized by similar final chemical composition. In light of the above, bulk composition 733 
can thus provide an overall indication of each particle behavior and its relation between viscosity, temperature, and chemical 734 
composition. However, a certain degree of non-uniformity could be represented by the initial formation of liquid phase due to the low 735 
temperature eutectic during the particle heating, such as the combination between sodium oxide with silica and aluminum dioxides, that 736 
generates a liquid fraction starting from 1200 K. Similar findings are reported in [169], where the presence of sodium sulfate generates 737 
a condensed phase that increases the particle sticking capability. This sort of inhomogeneity represents the first phase of particle 738 
softening process, that represents one of the most important parameters for estimating the particle adhesion capability. A graphical 739 
description of this occurrence can be realized by means of the ternary plot. Figure 9 depicts two different ternary plots according to the 740 
triplets Al2O3-SiO2-CaO and SiO2-MgO-Fe2O3 with the indication of the liquidus curves [170] together with the correspondent 741 
temperature value. The liquidus temperature can be compared with the temperature value at which the deposition test is carried out. The 742 
deposition tests are reported by means of different markers based on the chemical composition reported in Tables 4 – 6. A higher content 743 
of silica dioxide corresponds to higher liquidus temperature, and in turn, the deposition test is carried out when particles are not melted 744 
yet. Another element of information that can be drawn, is related to the effects of each oxide on the particle behavior. For example, for 745 
the majority of the considered tests reported in Tables 4 – 6, the presence of iron dioxide does not influence the liquidus temperature 746 
that can be assumed equal to 1673 K due to the higher presence of silica dioxide. In addition, it can be highlighted that the ash 747 
composition of several tested coals occurs in mullite phase field. Mullite is the predominant phase of coal ash that is formed due to 748 
kaolinite and other clays decomposition during combustion [171]. 749 

With this qualitative data representation (due to the approximation of this data post-process based on only three oxides) it is clear 750 
how the correlation between particle composition and temperature could determine different phenomena during the impact process. The 751 
different amount of oxide content in each test increase the complexity of the result comparison process and thus, each test condition has 752 
to be considered as fundamental information coupled with the particle chemical composition. 753 

The final consideration is related to the literature data. The material characterization is often reported but sometimes it is not complete 754 
or, in the worst cases, completely absent. Material characterization is fundamental for calculating physical properties such as viscosity 755 
and surface tension which are the most important parameter in the particle adhesion phenomenon. For this reason, in this work, two 756 
characterizations related to the volcanic rock, are taken from literature. In details, the composition of Twin Mountain basaltic rock [172] 757 
and St. Helens rock [173] are taken from literature. For completeness, in Appendix C, the compositions in term of molar fraction values 758 
are also reported. 759 
 760 

Pittsburg 2 7 2500 149 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

Pittsburg 3 7 2500 215 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9 

‘83 Raj [155] Coal 2 0 – 6 1900 244 1700–1922 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6 
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 761 

Figure 9 – Ternary diagrams with liquidus curves of the triplets: a) Al2O3-SiO2-CaO, and b) SiO2-MgO-Fe2O3 762 

 763 
4.4. Particle size, temperature and mineral/glass ratio 764 

With the reference of the data reported in Tables 4 – 6, it is clear how each test is characterized by several peculiarities, as well as 765 
different particle size and temperature. This evidence introduces some critical aspect into the determination of a proper framework under 766 
which a useful comparison can be carried out. 767 

According to the contamination source, three families can be recognized such as silty, coal and volcanic particles even if, only the 768 
volcanic ash particles, are created by instantaneous and, in many cases, explosive processes. For these reasons, in the literature, detailed 769 
analyses are reported in relation to their dimension and material structure. Volcanic ashes are characterized by different fractions of 770 
crystals and amorphous solids (juvenile fragments) created during explosive volcanism phenomena. Specific volcanic events 771 
(phreatomagmatic eruptions, pyroclastic density currents, and explosive eruptions) determine variations in terms of crystals/volcanic 772 
glasses fractions and changes in chemical compositions. The intrinsic structural nature of the ash, comprised of fine fragments of 773 
magmatic glasses, magmatic crystals, and other lithic materials, influences the temperature-dependent material characteristics causing, 774 
for example, significant modification in sintering and/or melting conditions of ash particles. This wide variability in chemical and 775 
physical ash characteristics makes it difficult to evaluate the behavior of volcanic ash and the proper characterization of the material 776 
structure is often tedious due to the structurally complex nature of ash components. Regarding the coal-like particles, a description of 777 
the generation of ash particles is reported in [169]. Large particles are formed by the mechanism of coalescence, while fine particles are 778 
the result of vaporization and the subsequent condensation of volatile inorganic elements. This implies that a certain degree of 779 
inhomogeneity in terms of size and composition can be found after the combustor, but, no detailed analyses are available in this sense, 780 
especially related to the combustion process in a gas turbine. 781 

A lack of contaminant characterization in terms of temperature-dependent material characteristics implies hypotheses and 782 
unavoidable inaccuracies that should be the main reason for pushing new strategies and tests procedures forward. For example, in 783 
volcanic ash analysis, the relation between ash composition and melting temperature (and in turn, ash viscosity) is very difficult to 784 
predict in detail [143]. Other contributions [83], [85], and [174], show the influence of the heating rate on the evolution of the wettability 785 
and spreading of volcanic ash. More specifically, the wetting efficiency of volcanic ash is dependent on particle size and particle 786 
temperature together with mineral/glass ratio [95] and [145]. As reported by [143], these factors are related to the adhesion rate for 787 
normal surface incidence. 788 
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Regarding the dimension, as mentioned before, non-precise data are reported but, some general consideration can be drawn. It is 789 
clear that the adhesion rate is more influenced by a larger particle because its weight is comparable to that of several smaller particles 790 
(e.g. one 50 μm particle weighs the same as a thousand 5 μm particles). Particle size also affects the rate at which the particle temperature 791 
achieves the substrate temperature: fragments with smaller diameters are capable of reaching more quickly the substrate temperature 792 
compared to larger particles and this is at the base of the theoretical effect of heat transfer to different particle sizes [95] and [96]. In this 793 
context, the mineral/glass content of the ash can play a key role in the deposition rate. When glass transition temperature is reached, 794 
most of the amorphous (glassy) particles are expected to rapidly become very soft promoting the particle adhesion phenomenon. Finally, 795 
the mechanical properties are related also to the particle diameter. As reported in [175], the particle Young modulus may increase when 796 
particles are smaller. In particular, in [175] an exponential dependence of the particle Young modulus on the grain size is reported 797 
because, when the particle is small, the material structure is less affected by inhomogeneity and defects. 798 

All of these effects affect the experimental results carried out over the years and, in turn, influence the present data post-process. By 799 
contrast, given the number of tests which involve several materials, particle sizes and test conditions, can be concluded that the present 800 
data post-process can be considered robust against these effects within a certain tolerance band, allowing the comprehension of the 801 
particle deposition phenomenon based on per order of magnitude considerations. 802 

 803 
5. PARTICLE STICKING MODELS AND VISCOSITY METHODS: MUTUAL INTERACTION AND CRITICAL 804 

ANALYSIS 805 
The previous analysis has shown that the deposition tests listed in Tables 4 – 6 are carried out with temperature values lower than 806 

liquidus temperature and, thus, they are characterized by semi-molten particles which impact on a solid surface. For this reason, the 807 
measurement of the particles viscosity is not straightforward and, it implies several difficulties. Figure 10 shows the iso-viscosity contour 808 
plot based on the ternary plots of the triplet Al2O3-SiO2-CaO and gives the possibility to compare the collected data with the viscosity 809 
values measured at 1773 K [170]. The regions not covered by the iso-viscosity lines are due to the lack of literature data and, in some 810 
instances the presence of solid matter (higher content of silica dioxide). Despite the fact that this qualitative representation is not useful 811 
for carrying out the analysis of the deposition process (the temperature value is constant and higher than the experimental particle 812 
temperature), it gives the opportunity to highlight how the particle chemical composition influences the particle impact behavior. By a 813 
slight modification of mass fraction oxide content, the particle viscosity changes by an order of magnitude for the same temperature 814 
value. 815 

 816 

Figure 10 – Iso-viscosity [Pa s] contour of CaO-Al2O3-SiO2 at 1773 K 817 

 818 
5.1. Particle viscosity: quantification and model application 819 

Based on the chemical composition of the material, in this section, the particle viscosity is calculated as a function of the temperature. 820 
Using the listed models (NPL [69], S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]) it is possible to calculate the 821 
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viscosity values as a function of the material composition and temperature. This allows the comparison between different tests (carried 822 
out with different materials and temperature) in terms of viscosity. The viscosity values are calculated for all materials reported in Tables 823 
4 – 6 following the models reported. 824 

As mentioned, based upon the viscosity model analysis (reported in details in Appendix A) the NPL model works with all the 825 
considered materials due to the absence of specific applicability limits (in terms of chemical composition) allowing for the comparison 826 
among the deposition tests without restrictions. Due to this, for the cross-comparison between the viscosity model reported in the 827 
following paragraph, the NPL model represents a sort of reference giving the chance to compare several models (applied according to 828 
their applicability limits) with respect to the same reference values. For each analysis, all the viscosity models which are suitable (in 829 
terms of particle composition) for the analysis are used, in order to improve the completeness of the present data post-process. 830 

Based on viscosity calculation and by applying the critical viscosity method, it is possible to define the capability of each particle to 831 
adhere to the surface, by comparing the instantaneous particle viscosity and the critical viscosity value. The critical viscosity values 832 
could be calculated using one of the reported viscosity models, where the particle temperature corresponds to the softening temperature 833 
Tsoft. According to Eqs (19 – 23), the particle softening temperature is calculated according to the materials compositions. Even if in 834 
some instances the particle softening temperature is reported, in order to compare all tests under the same conditions, the particle 835 
softening temperature is calculated for all tests. Table 7 shows the softening temperature for all materials listed in Tables 4 – 6. 836 

Therefore, starting from the particle characteristics, it is now possible to compare the viscosity ratio (µ/µc) trends at the critical 837 
condition related to the sticking model. Figure 11 reports the variation of the particle viscosity ratio (µ/µc) as a function of the 838 
temperature, according to the NPL model, while Figure 12 reports the viscosity prediction according to the different models (S2 [70], 839 
WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]). Each model is applied within its validity limits. According to the critical 840 
viscosity method, two regions for each material can be defined according to the viscosity ratio (µ/µc) identifying the sticky and rebound 841 
conditions. As can be seen in Figure 11, experimental tests are mainly conducted in the sticky regions excluding a few cases in which 842 
the results of test conditions lie inside the rebound region due to the lower particle temperature of deposition tests. State the analysis of 843 
Figure 11 and Figure 12, it is clearly visible the immense variability in the viscosity obtained for the same substance from different 844 
models and also that, using such widely different values will result in contrasting predictions if different sticking models are applied. 845 
For the sake of completeness, the viscosity values as a function of the particle temperature are reported in Appendix D, with the use of 846 
similar plots of Figure 11 and Figure 12. Appendix D reports several data related to the material type and contaminant sources used for 847 
the materials listed in Tables 4 – 6 and, in addition, the critical viscosity value is shown for each test as a function of the viscosity model. 848 

 849 
Table 7 – Values of particle softening temperature obtained according to Eqs (19 – 23) compared with literature (if available) 850 

Material 
Tsoft [K] 

Eqs (19–23) 
Tsoft [K] 

(literature) 
Material 

Tsoft [K] 
Eqs (19–23) 

Tsoft [K] 
(literature) 

Material 
Tsoft [K] 

Eqs (19–23) 
Tsoft [K] 

(literature) 

EYJA 1445 - JBPS A 1329 - Twin Mountain 1176 - 

Basalt 1170 - Laki 2, 3, 4, 5 1132 873  973 Arkwright, 2, 3 1337 1589 

Andesite 1257 - JBPS B, 2, 3 1197 1422* Blue Gem, 2 1191 1581 

Dacite 1284 - JBPP 1172 1500 Ash-fuel 1 1169 - 

Rhyolite 1387 - Lignite 1032 - Ash-fuel 2 1162 - 

ARD, 2, 3, 4 1337 - Bituminous 1030 - Ash-fuel 3 1118 - 

EYJA 2 1305 1123 – 1323 PRB 909 - Kentucky 1162 - 

Chaiten VA 1446 1123 – 1323 Coal (bitum.), 2, 3, 4, 5 1278 1278** Spring Montana 1068 - 

ARD 5 1465 - Bituminous mean14 1030 - North Dakota 1021 - 

ARD 6 1471 - Petcoke, 2 1162 - AMAX 1084 - 

Laki 1258 923 BYU SEM 1071 - Otisca coal 1179 - 

Hekla 1394 1023 Straw 1213 - Coal, 2 1320 - 

Eldgja 1341 973 Sawdust 842 - Pittsburgh, 2, 3 1337 1589 

Askja 1161 973 St Helens, 2 1323 -    

*called critical sticking temperature 851 
**estimated by [120] by using Yi et al.’s model [88]) 852 
 853 
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 854 

Figure 11 – Critical viscosity method (rebound and sticking regions are divided by the dashed line) calculated according to the 855 
NPL model 856 

 857 

 858 

Figure 12 – Critical viscosity method (rebound and sticking regions are divided by the dashed line: a) S2, b) WF, c) S&T, d) RRLG, e) SDS 859 
and f) GRD 860 

In details, the following analysis reports a distinction between the tests according to the viscosity method. At the same time, the 861 
softening temperature is calculated with the same aforementioned model proposed by Yin et al. [88]. The first analysis, reported in 862 
Figure 13 and Figure 14, shows silty and coal particle tests respectively. The marker shape indicates the test while the color indicates 863 
the viscosity method. In this case, silty particle tests mainly belong to the rebound region, while coal particle tests are located in the 864 
sticky region even if, some of these tests are conducted with the same temperature as silty tests. This difference is due to the different 865 
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relationship between particle viscosity and temperature generated by the different chemical compositions. As reported by [84], 866 
differences in chemical composition must be taken into account and the similarities between different particle impact tests have to be 867 
drawn considering these differences. Therefore, the use of ARD particles instead of coal particles for carrying out experimental tests in 868 
laboratory test facilities could generate several mismatches with respect to the actual applications. Figure 13 and Figure 14 show, in 869 
addition, the different viscosity ratio (µ/µc) predictions provided by the viscosity methods. The variations between the NPL model and 870 
the GRD and S&T models increase towards lower temperature. In addition, the NPL predictions appear more close to the critical value 871 
(µ/µc=1) than other models. Considering the comparison reported in Figure 15, it can be noted that predictions are not aligned with the 872 
straight dashed line (provided as a reference for the reader), but the trends change according to the tests and according to the viscosity 873 
ratio µ/µc. For high values of viscosity ratio, NPL and GRD model predictions (see Figure 15a) are very different (several orders of 874 
magnitude), while, across the critical point (see Figure 15a and Figure 15b), the predictions appear similar even if characterized by 875 
different slopes. A detailed description of the relations between the viscosity method, sticking model and particle characteristics will 876 
report in the following sections. 877 

 878 

Figure 13 – Critical viscosity method for silty particles (four tests with ARD) calculated according to the NPL and GRD models 879 

 880 

 881 

Figure 14 – Critical viscosity method for coal particles (three tests with JPBS B, JBPP, five tests with Coal (bituminous), three 882 
tests with Arkwright and three tests with Pittsburg particles) calculated according to the NPL and S&T models 883 
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 884 

 885 

Figure 15 – Comparison of the critical viscosity ratio (µ/µc): a) NPL and GRD models for silty particles and b) NPL and S&T 886 
models for coal particles. The straight dashed line allows the data comparison 887 

Given that there have been a considerable number of tests of volcanic ash deposition, a dedicated analysis is carried out. The viscosity 888 
method proposed by Giordano et al. [75] is expressly based on several volcanic ash samples (see Appendix A for completeness) and, in 889 
this section, it will be compared with the more general method proposed by Mills and Sridhar [69]. 890 

According to the chemical classification proposed in [176], Figure 16 reports the Total Alkali-Silica (TAS) diagram with the 891 
superimposition of the fourteen (14) volcanic ashes considered in this review. The TAS classification can be used to categorized volcanic 892 
rocks based upon the relationships between the alkali and the silica contents. This distinction, that represents the relative proportions of 893 
alkalis and silica which are fundamental for an easier determination of the volcanic mineralogy based on the chemical composition. This 894 
classification was firstly reported in [176] with the endorsement of the International Union of Geological Sciences (Subcommission of 895 
the Systematics of Igneous Rocks). 896 

Tests can be classified according to six (6) different categories called basalt, basaltic-andesite, dacite, rhyolite, basaltic trachy-897 
andesite, and trachydacite. These subalkaline series are characterized by a lower amount of alkali and a progressive increase in silica 898 
dioxide content and are included in the GRD model limits. 899 

 900 

Figure 16 – Classification of volcanic tests according to the TAS diagram 901 

 902 
Figure 17 reports the viscosity ratio as a function of the temperature for volcanic ashes using the GRD and NPL models. Thirteen 903 

(13) tests out of seventeen (18) are shown. Laki 2, 3, 4 and 5 and Twin Mountain tests are characterized by a particle composition out 904 
of the validity range indicated by Giordano et al. [75]. In a different way of coal particles, about half of these tests belong to the sticky 905 
region. As mentioned above, by using different viscosity prediction models, the viscosity ratio (µ/µc) can vary noticeably, but the mutual 906 
variation between NPL and GRD methods appears very similar to those reported for silty and coal particles (see Figure 13 and Figure 907 
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14). This means that even if the GRD model is based only on volcanic ash materials (by means of a data regression, as reported in 908 
Appendix A), it performs similar prediction, in comparison with the NPL model, even for the material derived from different sources 909 
(silty and coal particles). 910 

Figure 18 shows the comparison between the critical viscosity ratio calculated according to the NPL and the GRD viscosity models. 911 
Sticking and rebound regions are superimposed onto the graph dividing the two regions as a function of the viscosity model. The 912 
comparison highlights how the choice of the viscosity model affects the particle adhesion prediction. It can be noted that predictions are 913 
not aligned with the straight dashed line (provided as a reference for the reader), but the trends change according to the tests and 914 
according to the viscosity ratio µ/µc. This evidence has to be matched with the trends reported in Figure 17: by changing the test 915 
temperature by 50 K, the particle viscosity may change by an order of magnitude and, by considering the different relation between 916 
viscosity and temperature, this could imply different predictions in terms of a particle sticking or rebound. 917 

This analysis shows how important the correct estimation of particle temperature is, as well as the choice of the viscosity and sticking 918 
models in the prediction of particle adhesion. 919 

 920 

Figure 17 – Critical viscosity method for volcanic ash particles calculated according to the NPL and GRD models 921 

 922 

 923 

Figure 18 – Comparison of the critical viscosity ratio (µ/µc) calculated according to the NPL and GRD viscosity models where 924 
straight dashed line allows the data comparison 925 

 926 



27 

5.2. Particle velocity: application of the critical velocity method 927 
In line with the viscosity analysis, it is possible to apply the critical velocity method defining the rebound/adhesion regions. This 928 

analysis is carried out using Eq. (16) for the calculation of the Young modulus and using Eq. (15) as a reference. This relation is used 929 
in literature for both ash contaminants [36] and JBPS B 2 particles [23]. The Young modulus of the surface is set equal to 200 GPa, 930 
while the Poisson coefficient is equal to 0.3 for both particle and surface. The Young modulus for the particle is calculated according to 931 
Eq. (14) that is suitable for coal-ash contamination. Figure 19 shows the comparison between a representative test (JBPS B 2) condition 932 
at v = 79 m/s and the consequent critical velocity. The dashed line in the picture is representative of the particle velocity used in the tests 933 
and the critical velocity is reported as a function of temperature and diameter. In this case, the overall range of particle diameter (2 – 20) 934 
µm, instead of the mass mean average diameter equal to 11.6 µm has been considered. In the same way, temperature values in the range 935 
of 1273 K  1373 K instead of single temperature value equal to 1366 K have been considered for the analysis. This assumption is based 936 
on the experimental evaluations reported in [151]. The Authors in [151] reported the temperature map across the vane, showing a non-937 
uniform temperature pattern. If the particle velocity is lower than the critical velocity value, the particle is able to stick to a surface. 938 

Taking into consideration the critical velocity trends, for a given particle diameter, the particle velocity ranges for which the particle 939 
is able to stick increases according to temperature values. This trend is related to Young modulus variation with temperature (see Eq. 940 
14). Analogous results can be obtained by fixing particle temperature and decreasing particle diameter. In this case, the critical velocity 941 
value is inversely proportional to the particle diameter (see Eq. 15). 942 

As can be predicted by the critical velocity model, particle adhesion occurs in the case of smaller diameter and higher temperature 943 
values. In this case, according to the critical velocity model, several experimental conditions lie outside the adhesion region. In this case, 944 
the actual non-uniform temperature pattern, instead of the single value taken as the reference for this test, shows how for a single 945 
adhesion test, different predictions may occur as a function of the local flow conditions. 946 

Critical velocity model takes into account particle diameter while the classic formulation of the critical viscosity model accounts 947 
only for the particle temperature and its composition. In literature, several analyses show that increasing particle diameter the average 948 
sticking coefficient decreases, probably due to a not-complete particle heating during the experimental tests [150]. Analytical 949 
observations have highlighted the influence of surface temperature [34]. In particular, in presence of blade cooling, the sticking 950 
coefficient decreases due to the increment of the Young modulus (molten particle starts to solidify). 951 

 952 

Figure 19 – Application of the critical velocity method for JBPS B 2. Sticky conditions refer to the case when particle velocity vp is 953 
lower than the critical velocity value 954 

 955 
5.3. Energy-based model: particle spread factor and overall comparison 956 

The last analysis related to particle adhesion/rebound using literature sticking model refers to the energy-based model. This model 957 
is based on the estimation of particle deformation during the impact and its correspondent energy balance between the dissipative and 958 
conservative forces. The peculiarity of this approach is related to the estimation of particle deformation as a consequence of the impact. 959 
Beyond the target characteristics (such as elasticity, hardness, surface roughness, etc.), one of the major challenges is represented by the 960 
identification of the particle condition (such as solid particle, liquid particle or semi-molten particle) upon impact. As reported in the 961 
literature [177] the deformation process is strongly dependent to the particle/droplet viscosity and surface tension. 962 

 963 
5.3.1 Particle surface tension 964 
Figure 20 reports the variation of the particle surface tension as a function of the temperature according to the material reported in 965 

Tables 4 – 6. Therefore, each trend includes the particle surface tension variation due to the composition and temperature, while, each 966 
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dot provides the particle surface tension value fixing both temperature and composition when that material is tested at a fixed 967 
temperature. The particle surface tension values are estimated in agreement with Eq. (24) and the model coefficient collected in Table 968 
2. In the same fashion as seen for viscosity, particle surface tension values decrease according to the temperature even if, the variation 969 
over the temperature range is lower. The majority of data are comprised within 0.35 N/m to 0.45 N/m. 970 

 971 

Figure 20 – Particle surface tension as a function of particle temperature 972 

 973 
5.3.2 Particle spread factor analysis 974 
Several types of research are devoted to model the particle/droplet deformation process by means of the non-linear relationship 975 

between non-dimensional numbers such as We and Re and the contact angle realized on the target. As demonstrated by Kleinhans et al. 976 
[43] relationship derived from droplet impact [50] could be used for representing semi-molten particle impact, successfully. In particular, 977 
in [43], the sticking behavior of soda lime glass particles are well represented using the non-linear equation reported in [50] obtained 978 
for water mixture with a viscosity value in the range (1–100) mPa s. Starting from this result, in this section, a collection of the 979 
relationships able to model the particle deformation process are reported. In order to give an overall overview how these models tackle 980 
the problem of semi-molten particle impact, six (6) relationships are used to calculate the particle spread factor for three (3) 981 
representative tests taken from Tables 4 – 6, named ARD 2 (sandy particle), Eldgja (volcanic particle) and Coal (bituminous) 4 (coal 982 
particle) are considered. 983 

Spread correlations available in the literature refer to the different type of fluid/semi-molten substances and, as reported in [177] are 984 
characterized by some limitations. Most of these are related to the difficulties of scaling the complex interactions of liquid properties, 985 
surface wettability, dynamic contact angle and liquid velocity implying several difficulties to extend the validity beyond the fluid tested. 986 
Unfortunately, all the models available in the literature are based on studies of droplet impact having viscosity values lower than that 987 
involved in the present study. For example, very low viscosity fluid (3.9e-5 Pa s) was used by Jones [46] taken inspiration from the 988 
Madejski’s model [178] characterized by higher viscosity value (about 1 Pa s). Other models as Pasandideh-Fard et al. [47] and Ukiwe 989 
and Kwok [48] are based on experimental results obtained with droplet water. Similar fluid viscosity (n-heptane) is adopted also by 990 
Chandra and Avedisian [49] while, fluids with higher viscosity values, are used by Mao et al. [50] (fluid viscosity equal to 100 mPa s) 991 
and Sheller and Bousfield [51] (fluid viscosity equal to 300 mPa s). Table 8 shows the non-linear equations used for calculating particle 992 
spread factor for the three (3) considered experimental tests. As reported, each equation depends on non-dimensional numbers (particle 993 
Reynolds and/or Weber numbers) and, in some cases, on the contact angle θ assumed equal to π/2 in the present study. 994 
 995 

Table 8 – Non-linear equations for particle/droplet spread factor calculation 996 
Author Equation Characteristics of liquid 

Jones [46] 𝜉 = ൬
4

3
Re଴.ଶହ൰

଴.ହ

 (27) Viscosity equal to 3.9e-5 Pa s 

Pasandideh-Fard et al. [47] 𝜉 = ൬
We + 12

3(1 − 𝑐𝑜𝑠𝜃) + 4We Reି଴.ହ
൰

଴.ହ

 (28) Water 

Ukiwe and Kwok [48] (We + 12)𝜉 = 8 + (3(1 − 𝑐𝑜𝑠𝜃) + 4We Reି଴.ହ)𝜉ଷ (29) Water 

Chandra and Avedisian [49] 
3We

2Re
𝜉ସ + (1 − 𝑐𝑜𝑠𝜃)𝜉ଶ − ൬

1

3
We + 4൰ = 0 (30) N-heptane 
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Mao et al. [50] ቆ
1 − cos𝜃

4
+ 0.2

We଴.83

Re଴.33
ቇ 𝜉ଷ − ൬

We

12
+ 1൰ 𝜉 +

2

3
= 0 (31) Viscosity up to 100 mPa s 

Sheller and Bousifield [51] 𝜉 = 0.91(Re We଴.ହ)଴.ଵଷଷ (32) Viscosity up to 300 mPa s 

 997 
According to the relations reported in Table 8, Figure 21 and Figure 22 show the spread factor trend as a function of particle diameter 998 

and particle viscosity, respectively. In order to simplify the analysis, particle viscosity is calculated according to the NPL model, only. 999 
Each figure reports the results obtained for the three considered tests (ARD 2, Eldgja and Coal (bituminous) 4). Taken into consideration 1000 
Figure 21, trends appear very similar for particle diameter higher than 20 µm, even if, the spread factor values are widespread. In the 1001 
case of smaller diameter, the trend provided by Jones [46] deviates significantly with respect to the other. Therefore, in the case of small 1002 
particle diameter, data dispersion is greater and the prediction of particle spread factor become more affected by the selection of the 1003 
spread factor model. 1004 

 1005 

Figure 21 – Particle diameter sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4 1006 

 1007 
Similar evidence can be found by considering the sensitivity analysis reported in Figure 22. In this case, spread factor values are 1008 

shown as a function of the particle viscosity values, and, it is visible that for lower particle viscosity, the model predictions of particle 1009 
spread factor values are very close to each other (see Figure 22c, for example). Moving towards higher viscosity values, the data appear 1010 
very dispersed highlighting the variation of the slope among the models (see Figure 22a). The trends ξ/µ appear very different from each 1011 
other and it is in the opposite way than that reported in Figure 21, where, the ξ/d trends show very similar slopes. This result derives 1012 
from the relationship between particle spread factor and the non-dimensional numbers Re and We (see Table 8). Particle viscosity 1013 
contributes only to the particle Reynolds number while particle diameter contributes in both characteristic numbers (Re and We). This 1014 
implies that, from a particle deformation estimation point of view, the variation of particle viscosity in more detrimental than particle 1015 
diameter. Taking into consideration the analyses reported in Figure 21 and Figure 22, trends can be identified and correlated with the 1016 
droplet characteristics used for obtaining model equations (Eqs 27 – 32), reported in Table 8). Models based on liquid droplet 1017 
characterized by lower viscosity (Jones [46], Pasandidhed-Far et al. [47] and Ukiwe and Kwok [48]) predict lower particle spread factor 1018 
values than the other models, which are obtained with higher droplet viscosity. 1019 

The energy-based models are built on the definition of a particle spread factor threshold value (ξ=0.4 for the present work, see Figure 1020 
4 for the full explanation), and with the reference of particle sticking phenomenon, different spread factor models give a different 1021 
prediction of particle deformation for the same particle in the same impact conditions. According to the energy-based model, for a 1022 
particle spread factor ξ equal or less than 0.4, particle sticks to the surface, otherwise, it bounces. On the basis of these analyses, the 1023 
model prediction of particle spread factor plays a key role when particle sticking prediction is based on the estimation of the energy 1024 
dissipation provided by the particle deformation during the impact. Therefore, with this approach, particle sticking prediction is affected 1025 
by (i) the model assumptions related to the spread factor equation and, taking into consideration also the estimation of particle viscosity 1026 
and surface tension, (ii) the models used for estimating the particle characteristics upon the impact. 1027 

In the following sections, the model of Mao et al. [50] is taken as a reference for analyzing the literature results, comparing the 1028 
spread factor values with a threshold value (ξ=0.4). As reported by Kleinhans et al. [43], Mao et al.’s [50] model is able to well-1029 
recognized particle sticking in the case of high viscous substance (e.g. soda lime glass particle). 1030 
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 1031 

Figure 22 – Particle viscosity sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4 1032 

5.3.3 Spread factor values 1033 
Starting from the particle Reynolds number and particle Weber number and using Eq. (31) it is possible to calculate the correspondent 1034 

spread factor for each deposition test. To perform this, the particle surface tension has to be calculated according to the Eq. (24) with 1035 
the reference of Table 2. Based on the derived particle surface tension values, Figure 23 reports a three-dimensional variation of the 1036 
spread factor as a function of We and Re for a representative fixed value of contact angle [50] equal to 90°. In Figure 23, red and black 1037 
dots represent all the data reported in Tables 4 – 6. The threshold value of the spread factor (ξ = 0.4) is marked with a white line that 1038 
divided the grey region from the pale-grey region. The grey region represents the sticking region (ξ ≥ 0.4) in which the red dots represent 1039 
the energy-based model prediction in agreement with the literature deposition tests, while the pale-grey region represents the rebound 1040 
region (ξ < 0.4) in which the black dots represents the energy-based model prediction in disagreement with the literature deposition 1041 
tests. Therefore, some deposition tests belong to the rebound region instead of the sticky region. In this case, particle diameter, velocity, 1042 
and temperature are the main contributors in the to spread factor values. The three-dimensional surface We-Re-ξ shows, in 1043 
correspondence of lower values of particle Weber number, a curvature variation due to the roots of the cubic relation reported in Eq. 1044 
(31). 1045 

 1046 

Figure 23 – Application of the energy-based model. Sticky conditions refer to the case when particle spread factor ξ is higher than 1047 
0.4. Particle viscosity is calculated according to the NPL model 1048 

 1049 
5.4 Comparison between critical viscosity and energy-based sticking models 1050 
The comparison proposed in Figure 24 is related to the critical viscosity method and the energy-based model calculated according 1051 

to the NPL viscosity model. Trends are related to a fixed particle diameter and particle temperature variation (if present) that implies 1052 
the contemporary variation of particle viscosity and spread factor values. The trend lines report the variation of particle spread as a 1053 
function of the viscosity for a fixed particle diameter. In some cases, experimental tests are conducted with a certain particle diameter 1054 
dispersion with a constant temperature value. In this case, no trend-lines are depicted because no-relation between particle spread and 1055 
particle viscosity depend on the diameter. 1056 
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The data summarized in Figure 24 are subdivided according to two lines: the vertical line divides rebound/adhesion regions according 1057 
to critical viscosity method while the horizontal line divides rebound/adhesion regions according to energy-based model. 1058 

From the comparison, it is clear the difference in the particle sticking prediction related to these models. From the present subdivision, 1059 
two regions could be clearly detected according to the two models. The adhesion region is recognized using the simultaneous conditions 1060 
of µ/µc<1 and ξ≥0.4 for which both methods predict adhesion as a result of the particle impact. The other region, characterized by 1061 
µ/µc>1and ξ<0.4, is the region of particle rebound. For the other two combinations (µ/µc>1; ξ≥0.4 and µ/µc<1; ξ<0.4) the two models 1062 
are in disagreement, showing opposite predictions. It can be remarked that all data collected in Tables 4 – 6 refer to experimental tests 1063 
showing particle adhesion. 1064 

The overall analysis of the (µ/µc ; ξ) trends is reported in Figure 25 where the viscosity ratio and the spread factor values are calculated 1065 
according to the other six viscosity models considered (S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]). As 1066 
highlighted, different viscosity models predict different results (see for example the test called Arkwright and Arkwright 3 with the 1067 
reference of Table 6) that could differ from sticking to rebound results (see the predictions of S2 and WF). 1068 

Therefore, the analyses reported in Figure 24 and Figure 25 show the effects of the viscosity model on the particle sticking probability 1069 
as a function of particle composition. For example, looking at the ARD tests, three different compositions (ARD, 2, 3, 4 with respect to 1070 
ARD 5 and ARD 6 tests, for details see Table 4,) characterized by a high value of silica dioxide comprises in the range of (72.8 – 85.0) 1071 
wt% are available for the comparison. In addition, due to the preparation processes (e.g. filtration), different particle diameter ranges 1072 
characterize the literature value. Several tests belong to the rebound region for which both sticking models fail the prediction. In 1073 
particular, even if the ARD and ARD 6 tests are conducted with the same particle temperature 1373 K and 1363 K respectively, the 1074 
viscosity ratio is one order of magnitude different. The ARD 6 particles are characterized by a higher silica dioxide content that reflects 1075 
in higher softening temperature (see Table 7). 1076 

This mismatch between the actual experimental results and the model prediction can be explained with two reasons: (i) the sticking 1077 
models are not able to represent all of the ARD deposition tests and/or (ii) for a specific test, the deposits are generated by a certain 1078 
combination of particle diameter, temperature, and velocity. Therefore, even if the particle impact tests give particle adhesion, this 1079 
results could be generated by a small portion of powder (in term of diameter) or by specific flow conditions (in term of temperature). In 1080 
the next sections, a detailed analysis of their mutual interaction is proposed according to material composition. 1081 

 1082 

Figure 24 – Model comparison critical viscosity/energy-based (data obtained using the NPL model).The vertical line divides 1083 
rebound/adhesion regions according to critical viscosity method while the horizontal line divides rebound/adhesion regions according 1084 
to energy-based model (for easier visualization of the chart, ARD 5 tests (characterized by µ/µc = 4.1e16 and ξ = 0.010 – 0.004) are 1085 

not shown) 1086 
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 1087 

Figure 25 – Model comparison critical viscosity/energy-based: a) S2, b) WF, c) S&T, d) RRLG, e) SDS and f) GRD. The vertical 1088 
line divides rebound/adhesion regions according to the critical viscosity method while the horizontal line divides rebound/adhesion 1089 

regions according to energy-based model 1090 

5.4.1 Influences of particle composition 1091 
In this section, several specific analyses are realized considering volcanic ash and coal-like tests. Volcanic ashes are characterized 1092 

by a lower content of silica dioxide than ARD, allowing the application of three viscosity models (NPL, S&T, and GRD) matching the 1093 
ash composition and the applicability limits. 1094 

Figure 26a reports a detailed analysis of Basalt and Andesite tests according to NPL, S&T, SDS, and GRD viscosity models. The 1095 
marker shape indicates the test while the color indicates the viscosity method. According to the volcanic ash classification, basalt and 1096 
andesite are characterized by a different content of silica dioxide. With this comparison, clearly visible is the effects of the viscosity 1097 
model on the sticking/rebound prediction. The NPL method gives higher values of particle spread factor, but at the same time, provides 1098 
a viscosity ratio (µ/µc) prediction closer to the threshold µ/µc =1. The SDS model provides the lowest values of particle spread factor 1099 
determining conflicting predictions in the case of energy-based sticking model. 1100 

In Figure 26b, Laki tests are reported. The NPL model determines closer viscosity ratio value to the threshold (µ/µc =1) in the sticking 1101 
region but, the effect affects also the rebound region. Considering the data distribution according to the abscissa, the viscosity ratio 1102 
values provided by the NPL model are the most squeezed to µ/µc =1. This behavior is related to the formulation of the viscosity-1103 
temperature relation. Taking into consideration the formulas reported for each model (see Table A3 in Appendix A), the viscosity values 1104 
are based on specific and not univocal data extrapolation. 1105 

Moving to the coal-like particle tests, Figure 27 considers Coal (bituminous) and North Dakota tests. These materials are 1106 
characterized by the different content of silica dioxide and calcium oxide: Coal (bituminous) particles have about 50 %wt of SiO2 and 1107 
9.5 %wt of CaO while North Dakota particles have about 20 %wt of SiO2 and 23 %wt of CaO. As can be seen from the graph, similar 1108 
effects on the viscosity ratio and spread factor values are generated by the viscosity models. The NPL formulation determines a viscosity 1109 
ratio (µ/µc) prediction closer to the threshold µ/µc =1 for the same test condition. This effect is more visible in the case of North Dakota 1110 
test characterized by a lower amount of SiO2 and a higher amount of CaO. Given that the present analysis, for a particle material similar 1111 
to North Dakota, the SDS model appears more suitable for calculating particle adhesion according to the critical viscosity method. 1112 
Opposite results can be obtained with the reference of the energy-based method. North Dakota tests appear closer to the threshold value 1113 
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(ξ = 0.4) if the particle viscosity is calculated with the SDS model. 1114 

 1115 

Figure 26 – Model comparison critical viscosity/energy-based for volcanic ash tests: a) Basalt and Andesite with NPL, S&T, SDS, 1116 
and GRD viscosity models and b) Laki 2, 3, 4, 5 with NPL and RRLG models 1117 

 1118 

 1119 

Figure 27 – Model comparison critical viscosity/energy-based for Coal (bituminous), 2, 3, 4, 5 and North Dakota tests (NPL and 1120 
SDS viscosity models) characterized by a different content of silica dioxide and calcium oxide 1121 

 1122 
5.4.2 Critical analysis of the viscosity models 1123 
Figure 28 reports a sensitivity analysis of the relation viscosity-temperature provided by the seven (7) models considered in the 1124 

present analysis. In order to improve the readability of the graph, a logarithmic scale is used for the ordinate axis. Each trend refers to 1125 
the relationship between temperature and a normalized viscosity value (M) obtained considering the magnitude of the model’s constants. 1126 
As highlighted by the trends, each model is characterized by a different slope and thus, different sensitivity to the temperature. NPL and 1127 
S2 models are less sensitive to a temperature variation while other models (e.g. WF and GRD) show a strong dependence to the 1128 
temperature value. By increasing the temperature value of two (2) times, the normalized viscosity values increase by thirty (30) orders 1129 
of magnitude. 1130 
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 1131 

Figure 28 – Sensitivity analysis of viscosity models 1132 

 1133 
This analysis shows the implication of particle temperature estimation or measurement as well as the interaction between viscosity 1134 

and sticking models in the prediction of particle adhesion and/or rebound. Summarizing the outcomes of the analysis, Table 9 reports 1135 
the model equations, the basis on that each model is based and, in addition, the dependences of model coefficients to the particle chemical 1136 
composition. This information, together with the sensitivity analysis reported in this work, could be useful for the proper selection of 1137 
the viscosity model. Beyond the NPL model, that is based on the optical basicity, the other methods are based on a specific material, 1138 
that could be used as a reference for the proper application of the model. For example, the RRLG model is more suitable for slags instead 1139 
of GRD, that is more appropriate for volcanic ashes. Other considerations can be done taking into consideration the model equation. 1140 
The strong correlation between viscosity and temperature is different among the models, as reported in Figure 28, and, for this reason, 1141 
models characterized by steeper viscosity-to-temperature trends are more suitable for the cases in which the particle experience higher 1142 
temperature gradient (such as gas turbine nozzle equipped with cooling holes). A reported in Table 7, each model has a different 1143 
temperature-viscosity relation. Quadratic dependency (see WF model) or linear (see GRD) show a greater variation of the viscosity for 1144 
the same temperature variation. 1145 

Regarding the particle chemical composition, each model is characterized by different model coefficients which depend on the oxides 1146 
contents. In Table 9, a qualitative description of the influence of particle chemical composition on the viscosity-temperature trends are 1147 
reported for each viscosity model. Peculiarities can be noticed for the RRLG method, that is not related to the silica dioxide content, but 1148 
only to the calcium and magnesium oxides and for the S2 and WF where aluminum trioxide and magnesium oxide are not considered, 1149 
respectively. 1150 

With this first model overview, it is clear how the selection of the proper viscosity model has to be related to the chemical composition 1151 
of the particle and to the source of the given contaminant. In Appendix A, all model equations and coefficients are reported with the 1152 
correspondent applicability limits and uncertainty. 1153 

In conclusion, if the sticking model is based on the energy dissipation, the viscosity model prediction is fundamental in order to 1154 
estimate the proper energy dissipation. In this case, a viscosity model that predicts lower viscosity values, for the same particle 1155 
characteristics, is suitable for predicting the particle adhesion with a wider confidence band. Besides the dedicated experimental test that 1156 
represents the greatest method used to discern the actual result, it could be useful to find a new method, based on the present evidence, 1157 
able to represent the combined effects related to particle deformation and its material characteristics. 1158 
  1159 
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Table 9 – Viscosity models: equations, basis, and dependencies 1160 

Model Constitutive equations and basis 
Dependences of model coefficients to the particle chemical composition 
( increase viscosity value while  decrease viscosity value for the same temperature) 

NPL 
[69] 

ln 𝜇 = ln 𝐴୒୔୐ +
𝐵୒୔୐

𝑇
 (33) The optical basicity was estimated taking into consideration the mutual 

interaction between silica dioxide and aluminum trioxide as a function of the 
calcium and magnesium oxides Based on optical basicity values  

S2 [70] 
log 𝜇 = 4.468 ቀ

𝜍

100
ቁ

ଶ

+ 1.265
10ସ

𝑇
− 8.44 (34) The model is only based on glass former and modifiers 

Aluminum trioxide content is not taken into account directly. 
Silica dioxide () works against calcium and magnesium oxides () Data regression based on sixty-two (62) samples of 

slags  

WF 
[71] 

log 𝜇 =
𝑚୛୊ 10଻

(𝑇 − 423)ଶ
+ 𝑐୛୊  (35) Silica dioxide and aluminum trioxide act together (). 

Only the calcium oxide is considered as modifier 
Magnesium oxide content is not taken into account Data regression based on one hundred and thirteen 

(113) ashes samples  

S&T 
[72] 

𝑙𝑜𝑔 ቀ
𝜇

𝑇
ቁ = 𝐴ୗ&୘ +

10ଷ𝐵ୗ&୘

𝑇
 (36) 

The content of silica dioxide is dominant mitigated by the contents of 
aluminum trioxide and calcium oxide. 

Based on Non-Bridging Oxygen (NBO) values  

RRLG 
[73] 

𝑙𝑜𝑔 ቀ
𝜇

𝑇
ቁ = 𝐴ୖୖ୐ୋ +

10ଷ𝐵ோோ௅ீ

𝑇
 (37) The silica dioxide is not taken into account in the model coefficients. 

The viscosity value is dominated by the content of calcium and magnesium 
oxide () that works against the aluminum trioxide () Checked against twenty-two (22) industrial continuous 

casting slag  

SDS 
[74] 

ln ቀ
𝜇

𝑇
ቁ = ln 𝐴୙ +

10ଷ𝐵୙

𝑇
− ∆ (38) 

Similar to S&T 
Checked against seventeen (17) coal slags  

GRD 
[75] 

ln 𝜇 = ln 𝐴ୋୖୈ +
𝐵ୋୖୈ

𝑇 − 𝐶ୋୖୈ

 (39) 
Silica dioxide and titanium oxide () work against the content of calcium 
oxide and aluminum trioxide () Calibrated by means of 1774 pairs of temperature-

viscosity volcanic ashes silicate melts  

 1161 
6. DIMENSIONAL ANALYSIS 1162 

Given the literature data related to different research fields, the analysis of non-dimensional numbers characterizing the physic of 1163 
the present phenomenon may represent valid support for improving the comprehension of the particle impact behavior. Starting from 1164 
the particle characteristics involved in the three sticking models considered in the present review, the Buckingham Pi Theorem [179] is 1165 
applied. The relationships between the particle sticking capability and several particle characteristics by means of non-dimensional 1166 
groups are reported in the first part of the present section. From the results and the literature models reported above (critical viscosity, 1167 
critical velocity, and energy-based models), six (6) independent variables are identified. The set of independent variables is reported in 1168 
Table 10 where they are express in terms of its fundamental dimensions. 1169 
 1170 

Table 10 – Pi Theorem: set of independent variables 1171 
# Independent variables Symbols {kg m s} 

1 Particle density ρ {kg m-3} 

2 Particle diameter d {m} 

3 Particle velocity v {m s-1} 

4 Dynamic viscosity µ {kg m-1 s-1} 

5 Surface tension γ {kg s-2} 

6 Young modulus E {kg m-1 s-2} 

 1172 
As can be seen from Table 10 particle temperature is not included in the set of independent variables. The effect of the temperature 1173 

on the particle sticking phenomenon is included in the viscosity and Young modulus variation. 1174 
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The first non-dimensional group neglects the surface tension (capillary forces) contribution and considers the effect of the particle 1175 
temperature by particle Young modulus and particle viscosity 1176 

Π1 = ρ d2 µ-2 E1 = (ρ d µ-2) (d E) (40) 

where the dimensional group (d E) characterizes the critical viscosity model while the first term can be processed and expressed as a 1177 
function of non-dimensional number Z (see Eq. 3) 1178 

Π1 = (d E) 1/(γ Z2) (41) 

demonstrating how the surface tension, and thus, the capillary force has to be included in the particle sticking analysis. 1179 
The second group is obtained by considering particle viscosity the only structural characteristic that influences the particle sticking 1180 

behavior 1181 

Π2 = ρ-2 d-2 v-3 µ1 γ1  = (ρ-1 d-1 v-1 µ1)(ρ-1 d-1 v-2 γ1 ) (42) 

where the two non-dimensional groups correspond to the particle Reynolds number and particle Weber number 1182 

Π2 = 1/(Re We) (43) 

Therefore, excluding the particle Young Modulus, particle Reynolds number and particle Weber number appear suitable for 1183 
representing the particle sticking behavior. 1184 

Thanks to the data related to particle dimension, density, viscosity and surface tension it is possible to calculate the particle Reynolds 1185 
number and the particle Weber number, defined according to Eqs (1, 2) supposing that the particle velocity is equal to the gas velocity. 1186 
Therefore, starting from the literature data reported in Tables 4 – 6, and the computation of the viscosity and surface tension, Figure 29 1187 
reports the logarithmic chart with the relationship of particle Reynolds number and particle Weber number. As mentioned, the calculation 1188 
is performed using the viscosity values obtained with the NPL model. The overall analysis of the We-Re trends is reported in Figure 30 1189 
where the particle Reynolds numbers are calculated according to the six (6) viscosity models considered (S2 [70], WF [71], S&T [72], 1190 
RRLG [73], SDS [74] and GRD [75]). The regions related to the printable fluids [19] are also reported. 1191 

The trends related to the mono-parametric variation of particle diameter, velocity and temperature are traced. In several cases, the 1192 
experimental tests are carried out using a powder sample characterized by specific size distribution. For this reason, the data are aligned 1193 
with the particle-diameter trend. The variation of the temperature determines the variation of particles properties like viscosity and 1194 
surface tension. The test named ARD 5 is characterized by the lowest temperature (see Table 4) and for this reason, the particle Reynolds 1195 
number assumes the lowest values. For the sake of clarity, this test is not reported in Figure 36. 1196 

Following the conceptual framework reported in Figure 2, non-dimensional numbers allow the generalization of the present data and 1197 
the comparison between the present results with those obtained in other fields of research. Comparing the We-Re regions involved in 1198 
the gas turbine particle adhesion with the We-Re regions related to the analysis of printable fluids [19], see Figure 29, some similarities 1199 
can be noticed. The interactions between individual drops and the substrate as well as between adjacent drops are important in defining 1200 
the resolution and accuracy of the printing process. The accuracy of the printing process is limited by the issues related to the droplet 1201 
spread and/or overlap processes of adjacent drops. In particular, no-data related to gas turbine conditions belong to the region called 1202 
Satellite droplets, in which the primary drop is accompanied by a large number of satellite droplets, but almost all data belonging to the 1203 
region called Too viscous. 1204 

According to the literature findings [19], the majority of the gas turbine fouling data have shown little tendency to create satellite 1205 
droplets and splashing. This means that, for these experimental test conditions, particles are very viscous and their deformation during 1206 
the impact is too low to break themselves up. In this condition and considering the chemical composition of a particle that characterizes 1207 
the fouling phenomenon, the adhesion could be promoted by low-melting substances, which performed a sort of glue action at the impact 1208 
region [55], [87], and [137]. Given this, particle sticking models have to consider the different interaction between particle and substrate 1209 
according to the chemical composition of the particle, especially when the impact conditions imply the modification of the surface 1210 
interaction. 1211 

A particular condition named onset splashing is also highlighted and for which qualitative cross-validation with the hot section 1212 
fouling tests can be done. For the majority of the collected tests, no evidence related to deposition under splashing conditions is reported. 1213 
However, it is possible to extrapolate some considerations looking at the appearance of the deposits. In a general way, the splashing 1214 
process is a rebound condition characterized by a particle deformation and breakup able to generate several smaller particles. Taking 1215 
into consideration the tests carried out in [143] for volcanic ash particles, the comparison between Laki 2 and Laki 4 tests shows the 1216 
particle impact behavior very similar to those characterizing the splashing phenomenon. Figure 32 reports the appearance of the 1217 
deposited particle for the Laki 2 and Laki 4 tests with their correspondent detailed view. These two tests are characterized by the same 1218 
particle diameter, but different impact velocity and temperature values. Laki 4 test is carried out with higher temperature and impact 1219 
velocity values than Laki 2 test. 1220 

Laki 4 test is clearly characterized by a very high particle deformation: the deposited layer appears thinner and the splat process of 1221 
the particle higher than those reported in the case of Laki 2 test. With the reference of Figure 29, Laki 4 test belongs to the onset splashing 1222 



37 

region while Laki 2 test belongs to the too viscous region confirming the experimental findings. In addition to the shape of the deposited 1223 
layer, it is possible to note the presence of several smaller particles that surround the bigger one in the case of Laki 4 test. Higher impact 1224 
velocity (that leads with higher Weber number) and higher temperature (that means lower viscosity and then higher Reynolds number) 1225 
determine a more favorable condition for particle splashing. 1226 

Finally, an interesting aspect is related to the limit of particle Weber number. As reported by [19], for the condition We < 4, the 1227 
energy is insufficient to generate suitable droplet for the printing process. This means that the sticking process does not take place and 1228 
in fact, considering the We-Re plane reported in Figure 29, only two test conditions, related to the smallest particle diameter, of the tests 1229 
named ARD 3 and ARD 5 belong to this region. According to the literature review reported in [4], these tests are carried out for studying 1230 
the sticking phenomenon in cooling holes, and they are characterized by the lowest temperature values. In the light of these test 1231 
conditions, the sticking phenomena detected by the Authors for these tests, are probably related to the influence of external parameter, 1232 
as for example, flow structures. 1233 

Similarities with the printable fluids highlight the possibility to use non-dimensional numbers to generalized particular experimental 1234 
tests (i.e. gas turbine particle deposition) findings possible original explanations of such phenomena. In this analysis, specific 1235 
information obtained a priori about splashing phenomena, could be useful for settings the best experimental test avoiding inaccuracy or 1236 
misinterpretation of the results. With the reference of that background, a more general approach is reported in the following, in order to 1237 
give a general post-process (not only based on printable fluids field of research) applied to the hot section fouling phenomenon. 1238 

 1239 

Figure 29 – Particle Weber number as a function of the particle Reynolds number (particle viscosity values were obtained using the 1240 
NPL model) where for an easier visualization of the chart, ARD 5 tests (characterized by Re = 6.8e-18 – 1.4e-16 and We = 3.5e-1 – 1241 
70) is not shown: a) traced trends refer to the variation of particle diameter, particle velocity, and particle temperature, while We-Re 1242 

regions related to the analysis of printable fluids [19] are superimposed 1243 
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 1244 

Figure 30 – Particle Weber number as a function of the particle Reynolds number according to viscosity models: a) S2, b) WF, c) 1245 
S&T, d) RRLG, e) SDS and f) GRD. Traced We-Re regions are related to the analysis of printable fluids [19] superimposed 1246 

 1247 

 1248 
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Figure 31 – Deposit layer appearance for the volcanic ash particle tests (10 μm – 70 μm) [143]: a) Laki 2 test (T = 1043, v = 91 m/s), 1249 
and b) Laki 4 test (T = 1295 K, v = 127 m/s) 1250 

 1251 
As mentioned, the We-Re relationship seems to be strongly correlated in the particle deposition phenomena. This result is line with 1252 

the literature, where it is reported how the contemporary use of Weber number and Reynolds number allows the modeling of both 1253 
surface and viscous behaviors [15]. Starting from this consideration, non-dimensional parameters allow the definition of the type of 1254 
regime involved in particle impact. It may happen that molten or quasi-molten particle impacts the blade surface, deforming itself 1255 
according to Figure 3. Assuming a certain degree of similarity, when a droplet (e.g. semi-molten or molten particle) impacts a wall, it 1256 
may result in three different conditions: rebound, breakup or adhesion. According to the approach adopted in [15], the rebound condition 1257 
is promoted by the elastic forces, the breakup condition is due to the break of the interconnection forces and finally, the adhesion 1258 
condition is reached when the droplet deforms itselff (spreading process), generating a sort of film on the surface by a dissipative process 1259 
due to its viscosity force. Thus, the comprehension of the spreading process assumes paramount importance for particle sticking 1260 
modeling [16]. In order to do this, particle Ohnesorge number (see Eq. 3) is used coupled with particle Weber number in order to define 1261 
the particle spreading process [16]. Particle Weber number is related to the force that generates particle spread: at higher We the force 1262 
is due to particle velocity and particle diameter while at lower We the force is due to surface tension. 1263 

Particle Ohnesorge number is related to the force that opposes particle spread: at higher Z the force is due to the viscosity, while at 1264 
lower Z the force is due to the inertia. Figure 32 shows the chart We-Z defined according to the literature [16], in which the data reported 1265 
in Tables 4 – 6, are superimposed (the viscosity values are calculated according to the NPL model). Present data belong to the region 1266 
characterized by highly viscous particle and with the impact-driven particle spread. Therefore, the particle kinetic energy works against 1267 
the viscous force. In this case, capillary force, and then, surface tension, does not influence the particle spread [16]. At the same time, 1268 
the region called Impact driven puts the attention on phenomena such as satellite droplets and splashing which may influence the particle 1269 
impact process in a gas turbine. In this case, the first particle impact generates negligible deposits but generates several smaller semi-1270 
molten particles with greater capability to stick due to their low energy content. Analogous results can be obtained using the six (6) 1271 
viscosity models considered (S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]) reported in Figure 33. 1272 

This analysis allows the comparison between the particles behavior involved in gas turbine fouling and other research fields. The 1273 
non-dimensional analysis confirms the importance of particle viscosity, but at the same time, highlights the relationship with particle 1274 
velocity and diameter. Viscous force act related to particle temperature but the particle spread is driven also by particle kinetic energy. 1275 

 1276 

Figure 32 – Definition of the particle spread regime using non-dimensional numbers We-Z (particle viscosity values was obtained 1277 
using the NPL model) 1278 
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 1279 
Figure 33 – Definition of the particle spread regime using non-dimensional numbers We-Z according to viscosity models: a) S2, b) 1280 

WF, c) S&T, d) RRLG e) SDS and f) GRD 1281 
 1282 
7. GENERALIZATION OF THE PARTICLE IMPACT BEHAVIOR 1283 

Neither the critical viscosity/velocity nor the energy-based methods appear able to predict particle sticking for the overall particle 1284 
adhesion tests adopting a general approach. The mismatch between the prediction and the actual results of the tests can be explained by 1285 
two reasons. For a specific test, deposits are generated by a certain combination of particle diameter, temperature, and velocity and 1286 
therefore, by considering the overall variation of these quantities during tests, some conditions may generate particle rebound. At the 1287 
same time, particle characteristics such as viscosity and softening temperature are difficult-to-be-represented by a single model able to 1288 
conceive a wide range of particle chemical compositions. 1289 

Summing up, a particle impact test reporting adhesion can be the outcome of multiple superimposed effects in terms of particle size, 1290 
temperature and impact conditions. In the last part of the present work, the generalization of particle impact behavior in a gas turbine is 1291 
proposed. Non-dimensional groups listed above (Weber, Reynolds, and Ohnesorge numbers), allow for the generalization of particle 1292 
impact/deposition data but describe only the effects of the impact into particle spread and no information about sticking phenomenon 1293 
can be gathered. 1294 

In order to give a perspective view regarding particle adhesion, the data reported in Tables 4 – 6 have to be accompanied by 1295 
experimental results related to the other phenomena related to particulate impact. During gas turbine operation, surface erosion, particle 1296 
adhesion, and particle splashing could affect hot sections of the machinery. Erosion and fouling are generated by the same type of 1297 
particles (especially rock-derived particles and coal ashes) and could take place under different or even the same conditions (such as 1298 
temperature, velocity, size). Therefore, the data related to particle deposition are compared with literature data related to erosion [149], 1299 
[180], [181], [182] and splashing phenomena [144]. 1300 

In Table 11, the data associated with erosion tests are collected in the same way as the previous ones. Particle dimensions, density, 1301 
velocity, temperature, and composition are reported as well as the softening temperature calculated applying Eqs (19 – 23). These tests 1302 
refer to hot erosion measurements realized using dedicated test benches. It is possible to notice how erosion tests are characterized by 1303 
lower temperature with respect to those involved in particle deposition tests. In particular, Laki 6 test is very similar to the Laki 5 test 1304 
(see Table 5) but it is characterized by lower particle temperature. 1305 
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In Table 12, data associated with splashing tests are collected. These materials are also among the ones reported in Tables 4 – 6 and 1306 
used for the deposition tests, but in this case, tests and particle dimensions are different. These tests consist of a spherical-pellet of 1307 
volcanic ash projected at high velocities towards a substrate. Particle splashing is evaluated by checking the digital images taken during 1308 
the particle impact during the test [144]. In this case, particle splashing is the only effect known and no data related to erosion issues are 1309 
reported. All materials refer to three different volcanic ashes and the particle size involved in these tests is higher with respect to the 1310 
previous one. Also, in this case, the softening temperature values are calculated applying Eqs (19 – 23). 1311 

 1312 
Table 11 – Particle erosion data. Material composition in term of weight fraction 1313 

 Authors Material 
d 

[μm] 
ρ 

[kg/m3] 
v 

[m/s] 
T 

[K] 
Tsoft 
[K] 

TT♦ Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘13 
Shinozaki et al. 
[149] 

Laki 6 20–100 2400 115 983 1258 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2 

‘92 
Tabakoff et al. 
[180] 

Coal ash 15 2900 366 800 – 1089 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

‘84 Tabakoff [181] CG&E 38.4 2900 240 422 – 922 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

‘80 
Kotwall and 
Tabakoff. [182] 

CG&E 2 38.4 2900 228 756 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1 

Kingston 15, 28 2900 228 756 1408 C 0.2 2.1 1.3 1.0 54.4 28.6 0.5 10.1 
 1314 
♦ type of target (TT) 1315 

Table 12 – Particle splashing data. Material composition in term of weight fraction 1316 

 Authors Material 
d 

[μm] 
ρ 

 [kg/m3] 
v 

[m/s] 
T 

[K] 
Tsoft 
[K] 

TT♦ Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

20
16

 

Dean et al. 
[144] 

Laki 7 6500 2000 106 1473 1161 C 4.0 1.0 11.0 5.0 50.0 12.0 3.0 14.0 

Hekla 2 6500 1500 106 1473 1290 C 3.0 2.0 3.0 0.0 65.0 15.0 0.5 6.0 

Eldgja 2 6500 1900 106 1473 1161 C 3.0 0.5 11.0 6.0 50.0 13.0 3.0 16.0 
 1317 
♦ type of target (TT) 1318 
 1319 

The first analysis shows the plane We-Z, Figure 34, populated by the data reported in Tables 4 – 6, Table 11 and Table 12 (the 1320 
viscosity values are calculated according to the NPL model). Data related to particle deposition, shown in details in Figure 32, are 1321 
reported using grey dots in order to highlight the differences with the erosion and splashing data. 1322 

As shown in Figure 34, splashing data completely belong to the region called impact driven, while erosion data belong to the highly 1323 
viscous region characterized by very high values of particle Ohnesorge number. This non-dimensional analysis shows quite different 1324 
impact regimes involved in particle deposition and particle erosion/splashing. In the latter cases, the particle is characterized by size 1325 
and/or velocity much more high with respect to the adhesion case. Higher particle Weber number implies a spread regime driven by the 1326 
dynamic pressure gradient while lower values of particle Ohnesorge number implies a resistance force driven by particle inertia [16]. 1327 
Erosion data are collected at a lower temperature with respect to the splashing ones, and as shown in Figure 34, viscous effects are much 1328 
greater and the inertia force is less. Therefore, erosion phenomenon seems to be characterized by a particular combination of particle 1329 
kinetic energy and viscosity able to determines particle impact with material removal from the target, without adhesion. Even if this 1330 
distinction appears suitable for adequately representing the erosion occurrences, it is important to note that, especially for higher 1331 
temperature, erosion issues are related also to the substrate characteristics [181]. The concurrent presence of erosion and deposition has 1332 
been found also in some numerical analyses performed by the Authors [183]. 1333 

From this analysis, a quite clear pattern can be recognized: deposition, erosion and splashing data belong to different regions in the 1334 
We-Z plane, with the particular characteristic that deposition and erosion regions have in common the values of particle Weber number 1335 
(in this case, the most discerning parameter is the particle viscosity), while deposition and splashing regions have in common the values 1336 
of particle Ohnesorge number (in this case, the most discerning parameter is the particle velocity). Therefore, the combination of particle 1337 
kinetic energy and surface tension seems to well describe the deposition, erosion and splashing phenomena. 1338 
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 1339 

Figure 34 - Particle spread regime using non-dimensional numbers including erosion and splashing tests (particle viscosity values 1340 
were obtained using the NPL model). Particle deposition data are reported with grey dots. 1341 

 1342 
Starting from these considerations, two (2) new non-dimensional groups are proposed. Based on the Pi Theorem proposed in the 1343 

previous section, by imposing a proper set of coefficients, the relation between kinetic energy and surface tension are 1344 

Π3 = ρ d v2 γ-1 (44) 

and by re-arranging the terms the third non-dimensional group can be expressed as 1345 

Π3 = (ρ d3 v2 )(d-2 γ-1) (45) 

The first term represents the particle kinetic energy and the second term represents the particle surface energy. As shown above, particle 1346 
kinetic energy and the surface energy work in the opposite way. If kinetic energy increases, the particle/surface interaction is driven by 1347 
inertia, while if surface energy increases the particle/surface interaction is driven by surface energy (i.e. capillary forces). Defining the 1348 
particle kinetic energy as 1349 

𝐸୩୧୬ =
1

2
𝑚𝑣ଶ (46) 

and the particle surface energy as 1350 
𝐸ୱ୳୰୤ = 𝛾𝐴 = 𝛾 4𝜋𝑟ଶ (47) 

the considered non-dimensional group is defined according to the Pi Theorem as 1351 
Κ = 𝐸୩୧୬ 𝐸ୱ୳୰୤⁄  (48) 

The second parameter is related to particle softening. As highlighted above, the viscous force determines how particle dissipates the 1352 
kinetic energy at the impact. In order to represent this, the non-dimensional group defined as 1353 

Θ = 𝑇 𝑇ୱ୭୤୲⁄  (49) 
is chosen. As reported, particle viscosity is directly related to particle temperature via its composition. Each material has proper 1354 
characteristics and its specific value of softening temperature. This ratio represents how far the particle is from the softening state, 1355 
overpassing the definition of absolute values of particle viscosity, that, as reported, is difficult-to-be-known. At the same time, the use 1356 
of Θ ratio “relative” parameter allows the comparison among different conditions. As reported in [84], working with particle temperature 1357 
“pure” parameter could misalign the actual operating condition with the test operating conditions. As described in [84], glassy volcanic 1358 
ash softens at temperature values that are considerably lower than those required for crystalline silicates to start to melt and, for this 1359 
reason, the use of standard materials in laboratory tests (e.g. MIL E 5007C test sand) instead of actual volcanic ash, determines no-1360 
reliable particle deposition results. 1361 

Softening temperature is already used as a threshold value in the particle sticking model (such as the critical viscosity model) 1362 
representing the discerning values between sticky and no-sticky particles. As reported in this work, the determination of the softening 1363 
temperature for a given material is well defined as a standard procedure (such as test devices, atmosphere, thermal gradient, specimen 1364 
preparation, etc.) that allows the determination of the characteristic temperature (FT, HT, IT and ST) with a specific confidence band 1365 
(see Figure 5) [21]. With the reference of the previous description, the standard method is affected by a greater inaccuracy than other 1366 
ash fusion temperature tests methods (such as the TMA and DSC) but, for the aim of the present investigation, this does not represent a 1367 
limitation due to the fact that the post-process is based on the particle softening temperature estimation by means of the Yin et al [88] 1368 
model (see Eqs 19 – 23 for details). By contrast, the definition of a critical viscosity value and its relation with temperature are not 1369 
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discovered in details yet [64]. Differences in viscosity values are detected during tests with constant shear and cooling rates compared 1370 
with those measured in variable shear rate and stepwise cooling experiments [64] running with standard test conditions [65]. 1371 

With the present approach, the estimation of the particle behavior according to the temperature variation become easier, more 1372 
accurate and reproducible rather than the particle viscosity measurement that could be affected by non-univocal test methods [63], [184] 1373 
and by rheological behavior due to the possible non-Newtonian effects. In fact, silica melts viscosity measurements are affected by three 1374 
categories of inaccuracy due to (i) device, (ii) material and (iii) fluid behavior [63]. The first one is responsible for inadequate 1375 
temperature control and geometric misalignment within the viscometer while the second determines several uncertainties related to the 1376 
inhomogeneity due to evaporation, molecular degradation, improper mixing and phase separation. The latter category introduces several 1377 
inaccuracies due to flow instability and transient phenomena related to non-Newtonian effects. 1378 

Using the non-dimensional groups Κ-Θ, Figure 35 shows the data collected for particle deposition (Tables 4 – 6), erosion (Table 11) 1379 
and splashing (Table 12). Data belonging to the three categories are clearly subdivided. Particle erosion data are divided from particle 1380 
deposition data due to the different values of the ratio Θ. Also splashing data are clearly distinguished and belonging to a region 1381 
characterized by higher temperature and kinetic energy. In this case, the ratio Κ discerns the phenomena. 1382 

 1383 

Figure 35 – Impact behavior map using non-dimensional groups K=Ekin/Esurf
 ; Θ=T/Tsoft 1384 

 1385 
In the light of the present considerations, specific regions can be recognized and they are superimposed on the data collection. In the 1386 

chart, different impact behaviors are identified as a function of the literature data. With the reference of Figure 35, in the following 1387 
description, each region will be analyzed in detail: 1388 
 deposition: this region comprises the data reported in Tables 4 – 6. The combination of particle temperature and softening 1389 

temperature allows the dissipation of the impact energy by particle deformation determining adhesion. Particles with these 1390 
characteristics are too soft to cause erosion issues and do not have enough kinetic energy to determine the splashing phenomenon. 1391 
In fact, when particle temperature is higher than the softening temperature, the ratio K does not allow particle splashing. The 1392 
erosion phenomenon is related to the strength of the surface that strongly depends on the temperature values [185], [186], and 1393 
[187] and for this reason, a certain superimposition between the deposition and erosion regions has to be considered. Beyond this 1394 
behavior due to the characteristics of the surface, the overlapping region is related to the definition of the temperature ratio Θ (see 1395 
Eq. 49). As well reported in [87], the melting fraction at the softening temperature could be equal to 60 % depending on the 1396 
composition of the ash. The correspondence of the melting fraction and the different ash fusion temperature values demonstrate 1397 
that the sticking process starts in correspondence of lower value of melting fraction. Such experimental evidence confirms that the 1398 
sticking process could be characterized by lower temperature values (than the softening one) and, the extension of the deposition 1399 
region reported in Figure 35 seems to be representative of the phenomenon. The last consideration of the present region could be 1400 
related to the non-Newtonian effects during particle impact. As reported by Giehl [145], for particles characterized by a lower 1401 
content of silica dioxide, the highest velocity impact does not determine the particle adhesion but, due to the high value of strain 1402 
rate, particles bounce off driven by the increased stiffness; 1403 

 erosion/rebound: in this region, the kinetic energy is high and some particles could rebound determining the associated surface 1404 
erosion. Particles are characterized by the lower capability to deform itself, and, for this reason, the dissipation of the kinetic energy 1405 
that characterized the particle upon impact is dissipated through the surface generating dimples and cracks. Kinetic energy 1406 
associated with the particle dimension and velocity is able to generate surface erosion as a function of the substrate resistance. As 1407 
reported in the literature [188] the proper prediction of the erosion issue it is possible only when the particle and substrate 1408 
characteristics are well known as well as the kinematic impact condition such as velocity and incoming angle. Due to this fact, the 1409 
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evaluation of the magnitude of the erosion issue it is not possible with the use of the present approach, even if, it is very useful to 1410 
identify which impact conditions may be more detrimental (in terms of erosion) than other; 1411 

 erosion/deposition: in this region, particle viscosity plays a double role. It is still suitable for generating particle adhesion (the 1412 
particle is sufficiently soft) but at the same time, it can determine erosion issues as well [110]. The particle assumes a viscoelastic 1413 
property related to a semi-solid state. Experimental tests conducted in this region should consider the double effects of particle 1414 
deposition and particle erosion. The deposits obtained during these tests are affected by two phenomena and, is not suitable for 1415 
generating/validate deposition or erosion models. The outcome of such tests may be the result of the simultaneous occurrence of 1416 
the two effects. Thus erosion might falsify the final deposition since part of the build-up have been removed; 1417 

 erosion and fragmentation: this region is characterized by a higher value of particle viscosity and higher kinetic energy. Particle 1418 
deposition does not take place, confirming the role of the particle softening [189] (with the reference of erosion/deposition region 1419 
explanation). For example, several erosion tests at high temperature (1255 K) using alumina particles are reported. In this case, Θ 1420 
is equal to 0.54 and K is equal to 40 and no deposition is detected during tests [190]. Increasing the particle kinetic energy, the 1421 
fragmentation increases as well as the erosion issues [191] and [192]. Fragmentation is due to the part of kinetic energy absorbed 1422 
by the particle during the impact. This part of the energy is dissipated by the particle through its fragmentation. The amount of 1423 
energy dissipated during this process is a function of particle velocity and mass, or in other words, of its kinetic energy. Therefore, 1424 
starting from a certain amount of kinetic energy, the erosion phenomenon is accompanied by fragmentation. This effect occurs for 1425 
lower values of Θ for which the viscoelastic properties of the particle do not allow sufficient deformation able to dissipate this part 1426 
of energy; 1427 

 erosion/splashing: this region is strongly related to the fragmentation one, but the higher values of Θ determine different particle 1428 
behavior. As shown in the literature [144], tests conducted with high particle temperature (1473 K), impact velocity of 100 m/s 1429 
and particle diameter equal to few millimeters, generate an impact characterized by breaking up (yet during the flight) and extensive 1430 
deformation on impact with the substrate. In these tests, the particle kinetic energy is equal to about 1e-2 J considerably higher 1431 
than the kinetic energy involved in the particle deposition tests realized with hot gas turbine section. Therefore, even if the viscosity 1432 
values are suitable for generating particle adhesion, the high values of kinetic energy determine particle break-up (splashing) and 1433 
limiting particle adhesion, and then, deposits. Particle splashing occurs when the inertia force is higher with respect to the viscous 1434 
and capillary forces. At the same time, the particle splashing generates a large amount of smaller semi-molten droplet, re-entrained 1435 
by a flowing gas [193], having lower kinetic energy. In this case, the particle behavior is very similar to the one characteristic of 1436 
the deposition region; 1437 

 rebound/slip/rivulets: when the kinetic energy diminishes and/or the particle surface energy increases the particle that impacts on 1438 
the surface rebounds or, in the case with very low kinetic energy particles slip on this. This phenomenon is known as a lotus effect 1439 
[194], [195] and [196] particle/drop slips/rolls on the surface driven by capillary forces. Elastic phenomena could influence the 1440 
particle impact or by contrast, the particle has extremely lower energy that the rebound it is not possible; 1441 

 no data: in this region, no literature data are available but, in the track of the former considerations, some hints can be reported. In 1442 
this region, the values of the ratio Θ imply the viscoelastic behavior of particle that could promote rebound (and the associated 1443 
erosion issues), but at the same time, the lower values of the ratio K do not generate surface erosion. Therefore, if particle adhesion 1444 
occurs, it is probably due to particular conditions or to the presence of a third substance or an attraction force (for example Van 1445 
der Walls force) that promotes particle sticking. One of the particular condition is described well by Sacco et al. [197]. In this 1446 
experimental test, the ARD particles impact the surface of the internal cooling holes with very low velocity and significantly low 1447 
temperature (< 728 K). In these conditions, some particles are trapped in recirculating and stagnation zones and they repeatedly 1448 
impact the hot surface at low velocity [197]. Regarding the presence of the third substance, experimental results [198] have shown 1449 
that, in the case of dry conditions, particles are able to stick to the surface if the impact velocity (in the normal direction) is lower 1450 
than a certain limit. When the values of kinetic energy are lower, due to the smaller particle diameter (0.1–1.5) µm, rather than 1451 
lower velocities, and if a third substance is present, particle sticking is promoted. This condition is very to that found in the gas 1452 
turbine compressor sections. Sub-micro-sized solid particles are a class of particles that determine compressor fouling [4], or in 1453 
other words, these particles stick under cold conditions. As reported in the literature, compressor fouling is promoted by the 1454 
presence of third substances at the particle surface interface [53], [199] and for these reasons, the adhesion capability that 1455 
characterizes this region, could be due to the effects of particular surface conditions. Unfortunately, detailed experimental analyses 1456 
are not reported in the literature. A small number of contributions (compared to those reported for hot sections) involved particle 1457 
sticking analysis relate to cold conditions. On-field detections [199], [200] have revealed that only the first stages are affected by 1458 
deposits and are driven by the presence of liquid water at the particle surface interface. Regarding wind tunnel tests, Kurz et al. 1459 
[201] reported an experimental investigation that provides experimental data on the amount of foulants in the air that stick to a 1460 
blade surface under dry and humid conditions. The tests show a higher deposition rate provided by wet surfaces compared to dry 1461 
ones. Similar results are reported in [202] where glue agents on the blade surface enhance the particle adhesion rate dramatically. 1462 
In hot sections, glue agents are described with the name of vapor deposition [55], [137], [169], [190], and [203]. This phenomenon, 1463 
due to the presence of a condensed phase downstream the combustor sections, can increase the adhesion capabilities of 1464 
nanoparticles (mass mean diameter < 0.1 µm) dragged in the vicinity of the surface by diffusion and thermophoresis forces, 1465 
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especially in the presence of film cooling. Vapor particles migrate through the boundary layer toward the cool wall. If the boundary 1466 
layer temperature is below the dew point, condensation takes place at the wall [204]. 1467 

 1468 
8. REMARKS 1469 

In this final part, the impact behavior map, early proposed, was checked against several different cases. The first analysis refers to 1470 
the particle sticking data already used for the map identification, for which a detailed subdivision between the reported results (see 1471 
Tables 4 – 6) is performed (if possible). In particular, Figure 36 reports the impact behavior map with the superimposition of several 1472 
different tests divided according to silty (Figure 36a), coal-like (Figure 36b), and volcanic ash particles. Volcanic ashes are reported in 1473 
both Figure 36c and Figure 36d for improving the readability. Each bounded region represents the covered region on the impact behavior 1474 
map according to the test conditions, while the solid-colored red-region represent the test condition for which the Authors have reported 1475 
the most detrimental effects related to particle sticking. Clear visible is the presence of contradictory results in the region named 1476 
erosion/deposition (see the map description early reported) for which, tests conducted with silty and coal-like particles, do not show a 1477 
high amount of deposits, while tests carried out with volcanic ashes show the greatest sticky conditions. Therefore, even if each test is 1478 
carried out for studying particle adhesion, not all of the particle impact conditions generate particle sticking, or in a better way, a 1479 
particular condition could be more detrimental than other. This distinction, carried out in a qualitative way (due to the lack of information 1480 
that characterizes the test reports), shows how each impact test is characterized by its own peculiarities, and, only by unpacking the 1481 
impact behavior into its fundamentals, the comparison between different tests can be done. 1482 

Looking into the analysis, it is clear how the data is very dispersed, but, at the same time, it can draw two major considerations: (i) 1483 
particle sticking is greater moving towards high values of Θ while (ii) the relationship between the ratio K and the sticking condition is 1484 
not univocal. This means that the effects of particle inertia and the interaction between the particle and substrate are not straightforward. 1485 
For example, the combination of particle size and velocity changes the heating process and may affect the deposition process [145]. For 1486 
the same velocity, smaller particles (lower values of K) are heated-up quicker than bigger particles (higher values of K) changing the 1487 
results of the particle impact. 1488 

 1489 

Figure 36 – The impact behavior map with the superimposition of several different tests considering the more detrimental particle 1490 
sticking regions: a) silty, b) coal-like, c) and d) volcanic ash particles 1491 
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 1492 
In the second analysis, K-Θ map presented in Figure 35 is checked against two different cases. The first one is related to experimental 1493 

tests for measuring the coefficient of restitution (COR) at high temperature [205], [206] and [207]. Tests were performed with ARD and 1494 
Table 13 reports their characteristics. The second one is related to experimental tests for evaluating the erosion due to droplets impact 1495 
[208], [209] and [210]. Tests were performed with water and Table 14 reports their characteristics. 1496 

 1497 
Table 13 – Particle rebound characteristics data. Material composition in term of weight fraction 1498 

 Authors Material 
d 

[μm] 
ρ 

[kg/m3] 
v 

[m/s] 
T 

[K] 
Tsoft 
[K] 

TT♦ Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

20
15

 Delimont 
et al.. 
[205], [206] 

ARD COR 1 20 – 40 2560 28 873 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 2 20 – 40 2560 28 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 3 20 – 40 2560 70 1073 – 1373 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

20
14

 

Reagle et 
al. [207] 

ARD COR 4 20 – 40 2560 47 533 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 5 20 – 40 2560 77 866 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 

ARD COR 6 20 – 40 2560 102 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4 
 1499 
♦ type of target (TT) 1500 
 1501 

Table 14 – Water droplet erosion characteristics data. Density is assumed equal to 1000 kg/m3, surface tension is assumed equal to 1502 
0.072 N/m and Θ = 1.1 1503 

 Authors Material d [μm] v [m/s] TT♦ K 

20
09

 Oka et al. [208] 

W 1 44 256 C 834 

W 2 50 226 C 739 

W 3 60 191 C 633 

W 4 72 148 C 456 

W 5 95 121 C 402 

W 6 108 105 C 345 

W 7 130 85 C 253 
Ahmad et al. 
[209] W 8 90 350 – 580 C 3190 – 8760 

‘83 Hackworth. [210] 
W 9 700 190 – 340 C 7312 – 23414 

W 10 1800 222 – 290 C 25669 – 43802 
 1504 
♦ type of target (TT) 1505 

 1506 
Figure 37 shows the superimposition of literature data reported in Table 13 and Table 14 on the K-Θ map. The tests performed with 1507 

ARD are collocated in the erosion/rebound region. These tests are realized with the aim of measuring the rebound characteristics of 1508 
ARD particles confirming the region highlighted in the K-Θ map. In particular, ARD COR 3 tests conducted with higher temperature 1509 
(close to 1373 K) belong to the mixed region erosion/rebound-deposition. Deposition effects are recognized during the tests realized for 1510 
measuring COR of ARD particles at high temperature [206]. In detail, starting from about 1250 K (corresponding to Θ = 0.92) to about 1511 
1370 K (corresponding to Θ = 1.01) particle deposition takes place. A certain number of particles stick to the target surface as well as 1512 
the remaining particles bounce on the target defining a specific value of COR. This experimental evidence, obtained with an experimental 1513 
apparatus design for calculating rebound characteristics of micro-sized particles, confirms a particular region characterized by particle 1514 
rebound/erosion and particle deposition. 1515 

The tests performed with water droplet are located in the erosion/splashing region. These tests are realized with the aim of measuring 1516 
the erosion provided by water droplets. Bigger droplets and/or higher impact velocities are collocated in the upper region, where 1517 
splashing is higher. The K-Θ map provided also, in this case, a good prediction of the actual behavior even if, the comparison with water 1518 
droplets over-stresses the hypotheses under which the K-Θ map exists. In fact, across the Tsoft, all materials considered for the K-Θ map 1519 
identification, show a continuous trend of the relation µ-T. By contrast, water is characterized by a step function of the µ-T trend across 1520 
the Tsoft (that represents ice melting). 1521 
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 1522 

Figure 37 – Tests of ARD rebound and water droplet erosion superimposed on the non-dimensional impact behavior map K-Θ 1523 

 1524 
8.1. Limitations and perspectives 1525 
Particle sticking tests, collected in the present review, cover all materials responsible for the gas turbine fouling phenomenon (silty, 1526 

volcanic ash and coal-like particles). Starting from these tests, an original data post-process based on non-dimensional groups has 1527 
generated the K-Θ Map, in which several different results of a generic particle impact can be a priori determined. The identification of 1528 
the K-Θ Map by means of several independent experimental results related to the evaluation of restitution coefficients and droplet 1529 
erosion has confirmed that the adopted approach seems promising for using the K-Θ Map as a predictive tool. The K- Θ prediction is 1530 
can be considered reliable as the impact conditions (particle chemical composition and substrate characteristics) are similar to those 1531 
considered in the present literature data collection. 1532 

After a detailed analysis of the literature, two main aspects have to be considered for the proper interpretation of the results: (i) the 1533 
effects of the local temperature variation due to the film cooling on the blade surface and (ii) the effects of mutual interaction between 1534 
particle and the substrate at a given temperature. Particle thermal characteristic (such as conductivity, specific heat, etc.) and the effects 1535 
of glue agent due to the particular combination of chemical composition and temperature, could affect the result of a particle impact. 1536 
These aspects should be considered in the use of K-Θ Map and may represent the basis for further improvements in particle deposition 1537 
research. 1538 
 1539 
9. CONCLUSIONS 1540 

The present analysis is based on literature data related to the experimental tests on particle deposition carried out with hot gas turbine 1541 
sections-like conditions. Several considerations about particle adhesion were highlighted associated to the physical behavior of particle 1542 
impact. Analyzing the particle deposition models, it is clear how the modeling of particle deposition is still a challenge. Different 1543 
analytical models exist, based on experimental evidence or on basic physics principle. The model applied the most is the critical viscosity 1544 
model. This model is easy to be implemented (also in a computational fluid dynamic model) but at the same time does not consider 1545 
other influences on particle deposition like surface tension and particle kinetic energy. Regarding other models, for example, the energy 1546 
balance model, the spread factor parameter seems not to be completely exhaustive of the particle adhesion. Erosion phenomena are 1547 
characterized by higher values of particle viscosity and particle kinetic energy but, the energy-based model still predicts an adhesion-1548 
like behavior. The interaction between particle and surface is driven by the particle characteristics at the impact (e.g. velocity and particle 1549 
mass) and the characteristics of the surface (e.g. surface tension or the presence of a third substance). At the same time, the sticking 1550 
models are based on the calculation of particle viscosity that is estimated by means of predictive models accounting for the particle 1551 
chemical composition. As demonstrated, the estimation of particle viscosity variation according to temperature is not-univocal 1552 
depending on the test method or the set of materials used for model data regression. 1553 

Based on over seventy (70) experimental tests related to gas turbine hot sections reported in the literature, the proposed non-1554 
dimensional particle impact behavior map summarizes all the possible effects of particle impact on surfaces. The non-dimensional 1555 
parameters, used to identify the results of particle impact, are based on the assessment of particle velocity, temperature, mass, surface 1556 
tension and softening temperature. On this basis, a proper characterization of particle material is required using (i) standard tests (if 1557 
exist) or (ii) predictive model of particle density, surface tension and softening temperature. 1558 
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The generalization of the results is provided by using non-dimensional groups able to represent different particle impact behavior. 1559 
All of the recognized regions (deposition, rebound/slip/rivulets, erosion/rebound, erosion and fragmentation, and erosion/splashing) 1560 
are related to specific experimental evidences found in literature which highlight several effects involved in gas turbine fouling. 1561 

A particular region named no data is also proposed. This region is characterized by lower particle kinetic energy, higher viscosity 1562 
values, and no available literature data. Therefore, what is the reason for this lack of data for interpretation? Are these particle conditions 1563 
involved in gas turbine particle deposition? Are these conditions easy to be studied by experimental tests? 1564 

These questions are still open and further studies will be devoted to discover particle impact behavior and improve the knowledge 1565 
about all recognized regions. Therefore, with reference to the sensitivity analysis and data post-process reported in the present work, 1566 
three main outcomes can be drawn: 1567 
 the mutual correlation between the particle sticking predictive model and the model used for estimating particle characteristics (in 1568 

particular particle viscosity) determine the quality of the sticking prediction. Given this, the selection of the predictive models has 1569 
to be pondered according to the particle chemical composition and to the hypothesis and data which the predictive model is based 1570 
on; 1571 

 the use of non-dimensional groups may represent the starting point for improving the knowledge of the gas turbine fouling and, in 1572 
a wider scenario, could represent a valid support for extracting general laws useful for improving the capability of numerical tools, 1573 
in the particle impact simulation; 1574 

 the predictive map can be used for estimating the particle sticking capability as well as the effects of a generic particle impact (such 1575 
as erosion, splashing, etc.) characterized by specific impact conditions and particle characteristics. This approach could be useful 1576 
for designing an experimental test (such as the selection of the particle chemical composition, gas temperature, etc.) or, the analysis 1577 
in greater detail, for characterizing a specific operating condition of the power unit. 1578 

Experimental analyses and analytical models have to take into account the effects of the presence of third material (such as water, 1579 
oily substances, etc.) at the particle/surface interface, implying several difficulties for modeling gas turbine particle deposition. All of 1580 
these aspects represent the upcoming challenges, considering that both experimental and numerical analyses have to reflect the actual 1581 
conditions in which the gas turbine operates. 1582 
 1583 
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Appendix A 1986 
In the present Appendix, the constitutive equations of the seven (7) viscosity methods with all model coefficients and applicability 1987 

limits are reported. In the following equations, viscosity values are expressed in [Pa s] while temperature values are expressed in [K]. 1988 
 1989 

A.1. NPL model 1990 
The first method, called the NPL model (National Physical Laboratory) [69], is based on the optical basicity. The optical basicity is 1991 

a quantity related to the mole fraction χ and number of oxygen atoms n in the melt and is used to classify oxides on a scale of acidity 1992 
referred to the same O2- base. Optical Basicity of glasses and slags is derived from the Lewis acidity/basicity concept. The expression 1993 
of the Non-Corrected (NC) optical basicity ΛNC is  1994 

Λ୒େ =
∑ 𝜒୧𝑛୧Λ୧

∑ 𝜒୧𝑛୧

 (A1) 

where the values of the theoretical optical basicity Λ are listed in Table A1. 1995 
 1996 

Table A1 – Values of the theoretical basicity Λ 1997 

K2O Na2O CaO MgO Al2O3 TiO2 SiO2 Fe2O3 

1.40 1.15 1.00 0.78 0.60 0.61 0.48 0.75 
 1998 

Optical basicity can be corrected for the cations required for the charge balance of the aluminum oxide according to the correction 1999 
proposed by Duffy and Ingram [211], used in [212], the Corrected (C) optical basicity ΛC is calculated as 2000 

𝜒େୟ୓ ≥ 𝜒୅୪మ୓య
 

Λେ

=
1 Λେୟ୓൫𝜒େୟ୓ − 𝜒୅୪మ୓య

൯ + 2 Λୗ୧୓మ
 𝜒ୗ୧୓మ

+ 3 Λ୅୪మ୓య
 𝜒୅୪మ୓య

+ 1 Λ୑୥୓ 𝜒୑୥୓ + 3 Λ୊ୣమ୓య
 𝜒୊ୣమ୓య

+ 1 Λ୒ୟమ୓ 𝜒୒ୟమ୓ + 1 Λ୏మ୓ 𝜒୏మ୓ + 2 Λ୘୧୓మ
 𝜒୘୧୓మ

1൫𝜒େୟ୓ − 𝜒୅୪మ୓య
൯ + 2 𝜒ୗ୧୓మ

+ 3 𝜒୅୪మ୓య
+ 1 𝜒୑୥୓ + 3 𝜒୊ୣమ୓య

+ 1 𝜒୒ୟమ୓ + 1 𝜒୏మ୓ + 2 𝜒୘୧୓మ

 
(A2) 

𝜒େୟ୓ ≤ 𝜒୅୪మ୓య
 and 𝜒େୟ୓ +  𝜒୑୥୓ ≥ 𝜒୅୪మ୓య

 
Λେ

=
1 Λ୑୥୓ Λେୟ୓൫𝜒େୟ୓ +  χ୑୥୓ − 𝜒୅୪మ୓య

൯ + 2 Λୗ୧୓మ
 𝜒ୗ୧୓మ

+ 3 Λ୅୪మ୓య
 𝜒୅୪మ୓య

+ 3 Λ୊ୣమ୓య
 𝜒୊ୣమ୓య

+ 1 Λ୒ୟమ୓ 𝜒୒ୟమ୓ + 1 Λ୏మ୓ 𝜒୏మ୓ + 2 Λ୘୧୓మ
 𝜒୘୧୓మ

1൫𝜒େୟ୓ +  𝜒୑୥୓ − 𝜒୅୪మ୓య
൯ + 2 χୗ୧୓మ

+ 3 𝜒୅୪మ୓య
+ 3 𝜒୊ୣమ୓య

+ 1 𝜒୒ୟమ୓ + 1 𝜒୏మ୓ + 2 𝜒୘୧୓మ

 
(A3) 

The correction for optical basicity is not required when 𝜒஼௔ை +  χெ௚ை ≤ 𝜒஺௟మைయ
  because at this condition, the aluminum oxide will behave 2001 

as basic oxide and the Al3+ ions will not incorporated into the Si4+ chain or rig. In this case, the Eq (A1) is applied as is, without 2002 
correction. 2003 

The NPL method can be applied to all of the materials considered in the present work estimates the viscosity according to 2004 

ln 𝜇 = ln 𝐴୒୔୐ +
𝐵୒୔୐

𝑇
 (A4) 

This model is generally applicable and not limited to slag of a certain composition. The coefficients A and B can be calculated according 2005 
to the expressions 2006 

ln
𝐵୒୔୐

1000
= −1.77 +

2.88

(Λେor Λ୒େ)
 (A5) 

ln 𝐴୒୔୐ = −232.69(Λେor Λ୒େ)ଶ + 357.32(Λେor Λ୒େ) − 144.17 (A6) 
The accuracy of the present method is not reported in the original work [69]. However, by using the data proposed by Duffy and 2007 

Ingram [211], it is possible to estimate the deviations between the theoretical and the experimental optical basicity values. The data 2008 
refers to glassy materials and they are reported in Figure A1. The confidence band is ± 8.7 % wide and it is representative of the 2009 
maximum deviation between theoretical and experimental values (dashed lines in the graph). 2010 
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 2011 
Figure A1 – Deviations between the theoretical and the experimental optical basicity values taken from Duffy and Ingram [211]. 2012 

Dashed lines represent a confidence band equal to ± 8.7 % 2013 
 2014 
A.2. Modified silica ratio model 2015 
The second method is the modified silica ratio S2 model [70]. The S2 is based on studies of coal ash slags, containing silicon, 2016 

aluminum, iron, calcium and magnesium as major components. The model relates the viscosity-temperature characteristics of liquid 2017 
slags with their chemical composition, and it is based on a recalculation of the compositional analysis of the slag in which all ferrous is 2018 
assumed in the presence of Fe2O3 according to the weight fraction 2019 

SiOଶ + AlଶOଷ + Equiv. FeଶOଷ + CaO + MgO = 100 % (A7) 
The silica ratio ς is calculated on a weight basis 2020 

𝜍 =
100 SiOଶ

SiOଶ + Equiv. FeଶOଷ + CaO + MgO
 (A8) 

and the viscosity value can be calculated using 2021 

log 𝜇 = 4.468 ቀ
𝜍

100
ቁ

ଶ

+ 1.265
10ସ

𝑇
− 8.44  (A9) 

As reported in [70], the model coefficients reported in Eq. (A9) were calculated by data regression of the temperature-viscosity trends 2022 
based on sixty-two (62) samples of slags that covered the range of chemical composition in term of weight fraction listed below: 2023 

 CaO = (1 – 37) wt%; 2024 
 MgO = (1 – 12) wt%; 2025 
 SiO2 = (31 – 59) wt%; 2026 
 Al2O3 = (19 – 37) wt%; 2027 
 Fe2O3 = (0 – 38) wt%; 2028 
 Na2O+K2O= (1 – 5) wt%. 2029 

In addition, the model is valid when the silica ratio value is in the range of 45 – 75 and the value of the ratio SiO2/Al2O3 is in the 2030 
range of 1.2 – 2.3. These values represent the applicability limits of the present model. The model will be applied only for the gas turbine 2031 
contaminants which chemical composition match with the listed limits. 2032 

This model is the oldest considered in the present review. Its accuracy is estimated in [70] and in [68] by considering the predicted 2033 
temperature correspondent to a determined viscosity value. In both cases, the model underpredicts the temperature values. In particular, 2034 
Hoy et al. [70] estimated an accuracy band of 44 K while Vargas et al. [68] estimated an accuracy band of 66 K. All the predicted points 2035 
correspond to a lower temperature than the experimental data. This means that for a given temperature, the S2 predict a lower value of 2036 
particle viscosity. 2037 
 2038 

A.3. Slope and intercept model 2039 
The third method is based on the slope and intercept model, usually called Watt and Fereday (WF) model [71]. The basis of the 2040 

model is a recalculation of the composition identical to that of the S2 model, reported in the Eq.(A7). The viscosity can be calculated 2041 
according to 2042 

log 𝜇 =
𝑚୛୊ 10଻

(𝑇 − 423)ଶ
+ 𝑐୛୊  (A10) 
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The two parameters, mWF and cWF, should be calculated from the species concentrations recalculated in weight percent according to the 2043 
following expressions 2044 

𝑚୛୊ = 0.00835 SiOଶ + 0.00601 AlଶOଷ − 0.109 (A11) 
𝑐୛୊ = 0.0415 SiOଶ + 0.0192 AlଶOଷ + 0.0276 FeଶOଷ + 0.0160 CaO − 3.92 (A12) 

The correlation was derived by data regression of British coal ashes on the basis of measurements on one hundred and thirteen (113) 2045 
ashes samples that covered the range of chemical composition in terms of weight fraction listed below: 2046 

 CaO = (2 – 30) wt%; 2047 
 MgO = (1 – 10) wt%; 2048 
 SiO2 = (30 – 60) wt%; 2049 
 Al2O3 = (15 – 35) wt%; 2050 
 Fe2O3 = (0 – 30) wt%. 2051 

In addition, the model is valid when the silica ratio value is in the range of 40 – 80 and the value of the ratio SiO2/Al2O3 is in the 2052 
range of 1.4 – 2.4. These values represent the applicability limits of the present model. The model will be applied only for the gas turbine 2053 
contaminants which chemical composition match with the listed limits. 2054 

As mentioned, this model is based on the S2 model, and in the same way, underpredicts the temperature for a determined viscosity 2055 
value. In particular, for a viscosity equal to 25 Pa s this model underpredicts the temperature values up to 180 K [68]. In the work of 2056 
Watt and Feredey [71], there is a detailed description of the uncertainty related to three sources (instrumental error, analytical error, and 2057 
error due to irregularities in the behavior of the slag). A confidence band equal to ± 0.29 log unit in Poise at 95 % is also indicated by 2058 
the Authors [71]. 2059 
 2060 
A.4. Urbain model 2061 

The fourth method is based on Urbain’s formulation [213] used for the viscosity estimation of silicate and aluminosilicates melts at 2062 
high temperature. An improved physical model of this formulation is proposed by Senior and Srinivasachar [214] extending the validity 2063 
of the equation to low temperature. The same temperature-composition correlation is applied by Sreedharan and Tafti (S&T) [72]. 2064 
Starting from this formulation, the particle viscosity is calculated with adjusted coefficients reported in [68] obtained for predicting the 2065 
viscosity of ash particles in combustion systems up to 109 Pa s. This model is used to predict particle viscosity in several studies related 2066 
to particle impact/deposition on gas turbine hot sections [23], [28], [215] and [216]. This model is able to predict the particle viscosity 2067 
with the following limits: 2068 

 SiO2 = (0 – 60) wt%; 2069 
 Al2O3 = (0 – 60) wt%; 2070 
 Fe2O3 = (0 – 15) wt%; 2071 

Particle viscosity can be calculated according to the expression 2072 

𝑙𝑜𝑔 ቀ
𝜇

𝑇
ቁ = 𝐴ୗ&୘ +

10ଷ𝐵ୗ&୘

𝑇
 (A13) 

The terms AS&T and BS&T vary based on ash composition. The parameter describing this compositional dependence in terms AS&T and 2073 
BS&T are referred to by the acronym NBO/T which stands for non-bridging oxygen to tetrahedral oxygen where the oxides are considered 2074 
with their mole fraction values. 2075 

𝑁𝐵𝑂

𝑇
=

𝜒େୟ୓ + 𝜒୑୥୓ + 𝜒୊ୣ୓ + 𝜒୒ୟమ୓ + 𝜒୏మ୓ − 𝜒୅୪మ୓య
− 𝜒୊ୣ୓య

𝜒ୗ୧୓మ
+ 𝜒୘୧୓మ

2
+ 𝜒୅୪మ୓య

+ 𝜒୊ୣమ୓య

 (A14) 

The model constant AS&T and BS&T depend on the value of NBO/T. In particular 2076 

𝐴ୗ&୘ = −3.81629 − 0.46341𝐵ୗ&୘ − 0.35342
NBO

𝑇
 (A15) 

where BS&T is defined according to the expression 2077 
𝐵ୗ&୘ = 𝑏଴ + 𝛼𝑏ଵ + 𝛼ଶ𝑏ଶ + 𝑁(𝑏ଷ + 𝛼𝑏ସ + 𝛼ଶ𝑏ହ) + 𝑁ଶ(𝑏଺ + 𝛼𝑏଻ + 𝛼ଶ𝑏଼) + 𝑁ଷ(𝑏ଽ + 𝛼𝑏ଵ଴ + 𝛼ଶ𝑏ଵଵ) (A16) 

where N is the molar fraction of the silica dioxide  χௌ௜ைమ
 and α is defined according to 2078 

𝛼 =
𝜒େୟ୓

𝜒େୟ୓ + 𝜒୅୪మ୓య

 (A17) 

The coefficients bi are defined according to the values reported in Table A2. 2079 
 2080 

Table A2 – Coefficients of BS&T according to the S&T model [72] 2081 

b0 -224.98 b4 -2398.32 b8 -2551.71 

b1 636.67 b5 1650.56 b9 387.32 
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b2 -418.7 b6 -957.94 b10 -1722.24 

b3 823.89 b7 3366.61 b11 1432.08 

In order to evaluate the accuracy of this model, it is necessary to make reference to the earlier model proposed by Urbain et al. [213]. 2082 
With the isothermal deformation method, the uncertainty related to the viscosity values is equal to ± 10 % [68]. By considering the 2083 
prediction of temperature values for a given viscosity, the confidence band is ± 4.5 K wide for temperature values higher than 1873 K, 2084 
while is ± 10 K wide for temperature values lower than 1875 K. 2085 
 2086 
A.5. RRLG method 2087 

The fifth method proposed by Riboud et al. (RRLG) [73] is based on Urbain’s model [213]. The viscosity is calculated according to 2088 
the expression 2089 

𝑙𝑜𝑔 ቀ
𝜇

𝑇
ቁ = 𝐴ୖୖ୐ୋ +

10ଷ𝐵ோோ௅ீ

𝑇
 (A18) 

The model coefficients ARRLG and BRRLG can be calculated using the molar fractions of the materials components using the following 2090 
expressions 2091 

ln 𝐴ୖୖ୐ୋ = −35.76 𝜒୅୪మ୓య
+ 1.73൫𝜒େୟ୓ +  𝜒୑୥୓൯ + 7.02൫ 𝜒୒ୟమ୓ +  𝜒୏మ୓൯ − 19.81 (A19) 

𝐵ୖୖ୐ୋ = 68.833 𝜒୅୪మ୓య
− 23.896൫𝜒େୟ୓ +  𝜒୑୥୓൯ − 39.159൫ 𝜒୒ୟమ୓ +  𝜒୏మ୓൯ − 31.14 (A20) 

This model was obtained by considering twenty-two (22) industrial continuous casting slag samples and the applicability limits of this 2092 
model in terms of weight fraction is listed below: 2093 

 Na2O = (0 – 22) wt%; 2094 
 CaO = (8 – 46) wt%; 2095 
 SiO2 = (27 – 56) wt%; 2096 
 Al2O3 = (0 – 12) wt%. 2097 

As reported in [73] the accuracy of the present model is related to the third term of the Eq. (A20). In their work, the Authors showed 2098 
a relative difference with a maximum deviation equal to 2.9 % for a viscosity value lower than 2 Pa s. 2099 
 2100 
A.6. SDS method 2101 

The sixth method proposed by Streeter, Diehl, and Schobert (SDS) [74] is based on Urbain’s model [213] by considering three (3) 2102 
different categories according to the silica content. The Authors in [74] proposed a correction term based on viscosity measurement of 2103 
seventeen (17) Western US lignite and sub-bituminous coal slags belonging to low-rank coal over the temperature range of (1423 – 2104 
1753) K. The viscosity is calculated according to the expression 2105 

ln ቀ
𝜇

𝑇
ቁ = ln 𝐴୙ +

10ଷ𝐵୙

𝑇
− ∆ (A21) 

where the model coefficients AU and BU are defined according to Urbain’s model [213] as 2106 
−ln 𝐴୙ = 0.2693𝐵୙ + 11.6725 (A22) 

𝐵୙ = 𝑏଴,୙ + 𝜒ୗ୧୓మ
𝑏ଵ,୙ + 𝜒ୗ୧୓మ

ଶ 𝑏ଶ,୙ + 𝜒ୗ୧୓మ

ଷ 𝑏ଷ,୙ (A23) 
where the model coefficient bi,U are defined according to the following expressions 2107 

𝑏଴,୙ = 13.8 + 39.9355𝛼 − 44.049𝛼ଶ (A24) 
𝑏ଵ,୙ = 30.481 − 117.1505𝛼 − 129.9978𝛼ଶ (A25) 
𝑏ଶ,୙ = −40.9429 − 234.0486𝛼 − 300.04𝛼ଶ (A26) 
𝑏ଷ,୙ = 60.7619 − 1539276𝛼 − 211.1616𝛼ଶ (A27) 

where α is defined according to the Eq. (A17). The value of Δ is dependent on the silica content of the melt 2108 
∆= 𝑇𝑚ୗୈୗ + 𝑐ୗୈୗ (A28) 

Therefore, starting with these definitions, in the case of BU > 28 the model coefficients of SDS are 2109 
10ଷ𝑚 = −1.7264 𝐹 + 8.4404 (A29) 

𝑐 = −1.7137(10ଷ𝑚) + 0.0509 (A30) 

𝐹 =
𝜒ୗ୧୓మ

𝜒େୟ୓ + 𝜒୑୥୓ +  𝜒୒ୟమ୓ +  𝜒୏మ୓

 (A31) 

In the case of BU < 28 and BU > 24 the model coefficients of SDS are 2110 
10ଷ𝑚 = −1.3101 𝐹 + 9.9279 (A32) 

𝑐 = −2.0356(10ଷ𝑚) + 1.1094 (A33) 
𝐹 = 𝐵௎൫𝜒୅୪మ୓య

+ 𝜒୊ୣ୓൯ (A34) 
while in the case of BU < 24 the model coefficients of SDS are 2111 

10ଷ𝑚 = −55.3649 𝐹 + 37.9186 (A35) 
𝑐 = −1.8244(10ଷ𝑚) + 0.9416 (A36) 
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𝐹 =
𝜒େୟ୓

𝜒େୟ୓ + 𝜒୑୥୓ +  𝜒୒ୟమ୓ +  𝜒୏మ୓

 (A37) 

The compositions of the seventeen (17) coal slags are listed below in terms of molar fractions: 2112 
 𝜒୒ୟమ୓ = 0.00 – 0.11; 2113 
 𝜒େୟ୓ = 0.08 – 0.33; 2114 
 𝜒୑୥୓ = 0.04 – 0.13; 2115 
 χୗ୧୓మ

 = 0.25 – 0.70; 2116 
 𝜒୅୪మ୓య

 = 0.08 – 0.27; 2117 
 𝜒୊ୣమ୓య

 = 0.00 – 0.09. 2118 
and represent the limits of applicability of the SDS model. In addition, the weight percentage of the minor constituent (K2O, TiO2) has 2119 
to be lower than 5 %. The Authors [74] have reported a detailed explanation of the correlation coefficient for each category defined 2120 
according to the silica content ranging from 0.870 to 0.999. 2121 
 2122 

A.7. GRD Model 2123 
The last viscosity model is the model proposed by Giordano et al. [75] that is used to calculate the volcanic ashes viscosity according 2124 

to the following procedure. The former relation is 2125 

ln 𝜇 = ln 𝐴ୋୖୈ +
𝐵ୋୖୈ

𝑇 − 𝐶ୋୖୈ

 (A38) 

where the temperature is expressed in Kelvin and the particle viscosity in Pa s. The model coefficient AGRD is equal to -4.55 while the 2126 
coefficients BGRD and CGRD are calculated according to the mol% fraction χ of constituent oxides 2127 

𝐵ୋୖୈ = 159.6൫ χୗ୧୓మ
+  𝜒୘୧୓మ

൯ − 173.3𝜒୅୪మ୓య
+ 72.1 𝜒୊ୣమ୓య

+ 75.7 χ୑୥୓ − 39.0𝜒େୟ୓ − 84.1 𝜒୒ୟమ୓ − 2.43൫ χୗ୧୓మ
+  𝜒୘୧୓మ

൯൫ 𝜒୊ୣమ୓య
+  χ୑୥୓൯

− 0.91൫ χୗ୧୓మ
+  𝜒୘୧୓మ

+ 𝜒୅୪మ୓య
൯൫ 𝜒୒ୟమ୓ +  𝜒୏మ୓൯ + 17.6𝜒୅୪మ୓య

൫ 𝜒୒ୟమ୓ +  𝜒୏మ୓൯ (A39) 

𝐶ୋୖୈ = 2.75 χୗ୧୓మ
+ 15.7൫ 𝜒୘୧୓మ

+ 𝜒୅୪మ୓య
൯ + 8.3൫ 𝜒୊ୣమ୓య

+  χ୑୥୓൯ + 10.2𝜒େୟ୓ − 12.3൫ 𝜒୒ୟమ୓ +  𝜒୏మ୓൯

+ 0.3൫𝜒୅୪మ୓య
+  𝜒୊ୣమ୓య

+  χ୑୥୓ + 𝜒େୟ୓൯൫ 𝜒୒ୟమ୓ +  𝜒୏మ୓൯ (A40) 

According to Giordano et al. [75], the model is calibrated by means of 1774 experimentally measured pairs of values of temperature-2128 
viscosity on silicate melts of known composition within the following ranges: 2129 

 SiO2 = (41 – 79) wt%; 2130 
 CaO = (0 – 26) wt%; 2131 
 Al2O3 = (0 – 23) wt%; 2132 
 Fe2O3 = (0 – 12) wt%; 2133 
 MgO = (0 – 32) wt%; 2134 
 Na2O = (0 – 11) wt%; 2135 
 K2O = (0.3 – 9) wt%; 2136 
 Ti2O = (0 – 3) wt%. 2137 

In [75] a detailed description of the accuracy of the model coefficient AGRD is reported. In addition, the data comparison reported by 2138 
the Authors showed a root-mean-square-error equal to 0.4 log unit. 2139 

Table A3 summarizes the constitutive equations and the applicability limits (if present) of all viscosity models. The limits are shown 2140 
in terms of weight fraction or molar weight according to the model definition. Additional notes are added for limits related to silica ratio, 2141 
SiO2/Al2O3 ratio and minor constituents (e.g. titanium oxide). 2142 

Table A3 – Constitutive equations and the applicability limits (in terms of weight fraction or molar weight) of the viscosity models 2143 
(additional notes are reported below the table). 2144 

 Constitutive equations  Na2O K2O CaO MgO SiO2 Al2O3 Ti2O Fe2O3 

NPL 
[69] ln 𝜇 = ln 𝐴୒୔୐ +

𝐵୒୔୐

𝑇
 - - - - - - -  - 

S2* 
[70] log 𝜇 = 4.468 ቀ

𝜍

100
ቁ

ଶ

+ 1.265
10ସ

𝑇
− 8.44 wt% -  1 – 37 1 – 12 31 – 59 19 – 37  0 – 38 

WF2* 
[71] 

log 𝜇 =
𝑚୛୊ 10଻

(𝑇 − 423)ଶ
+ 𝑐୛୊ wt% - - 2 – 30 1 – 10 30 – 60 15 – 35  0 – 30 

S&T 
[72] 𝑙𝑜𝑔 ቀ

𝜇

𝑇
ቁ = 𝐴ୗ&୘ +

10ଷ𝐵ୗ&୘

𝑇
 wt% - - - - 0 – 60 0 – 60  0 – 15 

RRLG 
[73] 𝑙𝑜𝑔 ቀ

𝜇

𝑇
ቁ = 𝐴ୖୖ୐ୋ +

10ଷ𝐵ோோ௅ீ

𝑇
 wt% 0 – 22 - 8 – 46 - 27 – 56 0 – 12  - 
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SDS3* 
[74] ln ቀ

𝜇

𝑇
ቁ = ln 𝐴୙ +

10ଷ𝐵୙

𝑇
− ∆ χ 0.00 – 0.11 - 0.08 – 0.33 0.04 – 0.13 0.25 – 0.70 0.08 – 0.27  0.00 – 0.09 

GRD 
[75] 

ln 𝜇 = ln 𝐴ୋୖୈ +
𝐵ୋୖୈ

𝑇 − 𝐶ୋୖୈ
 wt% 0 – 11 0.3 – 9 0 – 26 0 – 32 41 – 79 0 – 23 0 – 3 0 – 12 

* The model is valid if 45 ≤ ς ≤ 75; 1.2 ≤ SiO2/Al2O3 ≤ 2.3; 1 ≤ Na2O+K2O ≤ 5 in terms of wt% 2145 
2* The model is valid if 40 ≤ ς ≤ 80; 1.4 ≤ SiO2/Al2O3 ≤ 2.4 in terms of wt% 2146 
3* The model is valid if K2O ≤ 5; TiO2 ≤ 5 in terms of wt% 2147 
  2148 



62 

Appendix B 2149 
The particle deposition tests collected in Tables 4 – 6 are reported in this Appendix with the reference of particle Stokes number and 2150 

particle relaxation time values. For each test, the geometric features of the target are included in the related reference. Particle Stokes 2151 
number is calculated according to 2152 

St =
𝜌 𝑑ଶ v

18 𝜇୥ 𝐿
 (B1) 

where the characteristic target length L is affected by inaccuracy as reported below. Particle relaxation time is not affected by these 2153 
inaccuracies and is calculated according to 2154 

𝜏 =
𝜌 𝑑ଶ

18 𝜇୥

 (B2) 

In the presence of a certain variability range of particle diameter and temperature, a single average value is assumed as representative 2155 
of the entire test. The values of the former variables of Stokes number and particle relaxation time are reported in Tables B1 – B3 as 2156 
well as the type of target and its shape. In several cases, the geometric characteristics of the target are not reported in detail and for this 2157 
reason, they are estimated using sketches and figures reported in the correspondent reference with unavoidable inaccuracies. In these 2158 
cases, the target dimensions reported in Tables B1 – B3 are marked with a cross. 2159 

According to the type of target, the characteristic length L is calculated according to the following rules: 2160 
 tests performed on a full-scale gas turbine (T): a representative chord equal to 50 mm was assumed as characteristic length L for 2161 

all the tests, excluding the tests called EYJA (Naraparaju et al. [150]) and Laki 5 (Shinozaki et al.[149]) for which the chord of the 2162 
first nozzle was estimated using the sketch reported in the reference; 2163 

 tests performed on wind tunnels provided with cascade or single blade targets (B): the airfoil chord was assumed as characteristic 2164 
length L; 2165 

 tests performed using a coupon (C): the diameter (if circular) or the hydraulic diameter (if rectangular) of the coupon holder were 2166 
assumed as the characteristic length L; 2167 

 tests performed in order to discover particle deposition inside the internal cooling hole (I): the diameter of the circular holes was 2168 
assumed as characteristic length L. 2169 

The dynamic viscosity of the carrier gas is assumed equal to that of pure air at the same temperature and calculated according to 2170 
CoolProp library [165] for a reference pressure (absolute) equal to 2 bar. In some tests, the carrier gas came from a combustion chamber 2171 
in which natural gas or other types of fuels (syngas or heavy fuels) were burned. 2172 

For all of these reasons, the Stokes number and particle relaxation time, as well as the characteristics length L reported in Tables B1 2173 
– B3, are only useful for an order of magnitude analysis. 2174 
 2175 

Table B1 – Dynamic characteristics of the silty particle impacts: Stokes number and particle relaxation time 2176 
 Authors Material 

d 
[μm] 

ρ 
[kg/m3] 

v 
[m/s] 

T 
[K] 

µ105 
[Pa s] 

TT♦ Target 
L 

[m] 
St 

τ 
[s] 

20
17

 Barker et al. [123] ARD 22.5 2560 80 1373 5.32 C (63.5  38.1) mm 0.048 2.27 1.4e-3 
Boulanger et al. 
[124] ARD 2 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3 

Whitaker et al. [147] ARD 3 5.0 2560 40 1091 4.58 I 0.635 mm 0.001 4.89 7.8e-5 

20
16

 

Boulanger et al. 
[122] ARD 4 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3 

Whitaker et al. [153] ARD 5 10.0 2560 21 866 3.94 I 0.635 mm 0.001 11.94 3.6e-4 
Lundgreen et al. 
[154] ARD 6 2.5 2560 70 1493 5.62 B 42 mm + 0.042 0.03 1.6e-5 

 2177 
♦ type of target (TT) 2178 
+ Estimated by sketches and pictures 2179 
 2180 

Table B2 – Dynamic characteristics of the volcanic particle impacts: Stokes number and particle relaxation time 2181 
 Authors Material 

d 
[μm] 

ρ 
[kg/m3] 

v 
[m/s] 

T 
[K] 

µ105 
[Pa s] 

TT♦ Target 
L 

[m] 
St 

τ 
[s] 

‘18 
Naraparaju et al. 
[150] EYJA 5.3 849 200 1773 6.29  10.0 mm + 0.010 0.41 2.1e-5 

20
17

 

Giehl et al. [145] 

Basalt 65.0 2800 15 1573 5.81 C (20  30) mm + 0.024 7.07 1.1e-2 

Andesite 65.0 2600 15 1573 5.81 C (20  30) mm + 0.024 6.56 1.1e-2 

Dacite 65.0 2700 15 1573 5.81 C (20  30) mm + 0.024 6.82 1.1e-2 

Rhyolite 65.0 2500 15 1573 5.81 C (20  30) mm + 0.024 6.31 1.0e-2 

Wylie et al. [148] 
EYJA 2 19.9 849 80 1228 4.95 I 

0.675 mm (averaged among 3 
tests) 

0.001 44.52 3.8e-4 

Chaiten VA 19.9 849 80 1228 4.95 I 
0.675 mm (averaged among 3 

tests) 
0.001 44.52 3.8e-4 
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20
16

 

Dean et al. [144] 

Laki 27.5 2400 106 1169 4.79 C (50  30) mm 0.038 5.95 2.1e-3 

Hekla 27.5 1500 106 1169 4.79 C (50  30) mm 0.038 3.72 1.3e-3 

Eldgja 27.5 1900 106 1169 4.79 C (50  30) mm 0.038 4.71 1.7e-3 

Askja 27.5 1400 106 1169 4.79 C (50  30) mm 0.038 3.47 1.2e-3 

Taltavull et al. [143] 

Laki 2 40.0 2400 91 1043 4.45 C (50  30) mm + 0.038 11.64 4.8e-3 

Laki 3 40.0 2400 106 1160 4.77 C (50  30) mm + 0.038 12.65 4.5e-3 

Laki 4 40.0 2400 127 1265 5.12 C (50  30) mm + 0.038 14.11 4.2e-3 

‘13 
Shinozaki et al. 
[149] Laki 5 60 2400 365 1343 5.24 T 15 mm + 0.015 223 9.2e-3 

‘96 Dunn et al. [142] 
St Helens 23.0 2700 100 1421 5.44 T 50 mm ++ 0.050 2.92 1.5e-3 
Twin 
Mountain 

73.0 2730 100 1421 5.44 T 50 mm ++ 0.050 29.73 1.5e-2 

‘93 Kim et al. [141] St Helens 2 23.0 2700 100 1444 5.50 T 50 mm ++ 0.050 2.89 1.4e-3 
 2182 
♦ type of target (TT) 2183 
+ Estimated by sketches and pictures 2184 
++ Assumed as a representative chord of the first turbine section nozzle 2185 

 2186 
Table B3 – Dynamic characteristics of the coal particle impacts: Stokes number and particle relaxation time 2187 

 Authors Material 
d 

[μm] 
ρ 

[kg/m3] 
v 

[m/s] 
T 

[K] 
µ105 
[Pa s] 

TT♦ Target 
L 

[m] 
St 

τ 
[s] 

‘16 
Laycock and 
Fletcher [121] JBPS A 4.0 2330 200 1598 5.87 C (75  75) mm + 0.075 0.09 3.5e-5 

‘15 Whitaker et al. [159] JBPS B 5.6 2320 70 1353 5.27 B 42 mm + 0.042 0.13 7.5e-5 

‘14 Prenter et al. [26] JBPS B 6.5 2320 70 1353 5.27 B 42 mm + 0.042 0.17 1.0e-4 

20
13

 Casaday et al. [151] JBPS B 2 11.6 2320 79 1366 5.30 B 42 mm + 0.042 0.62 3.3e-4 
Laycock and 
Fletcher [120] JBPP 8.0 1980 200 1523 5.69 C (75  75) mm + 0.075 0.33 1.2e-4 

20
12

 Webb et al. [12] 

Lignite 12.5 2818 70 1343 5.24 B 42 mm + 0.042 0.78 4.7e-4 

Bituminous 14.1 1980 70 1353 5.27 B 42 mm + 0.042 0.69 4.2e-4 

PRB 18.3 2989 70 1350 5.26 B 42 mm + 0.042 1.76 1.1e-3 

JBPS B 3 12.5 2320 70 1330 5.21 B 42 mm + 0.042 0.64 3.9e-4 

Ai et al. [119] Coal(bit.) 13.4 1980 170 1456 5.53 C 31.8 mm 0.032 1.91 3.6e-4 

Ai et al. [118] Coal(bit.) 2 16.0 1980 180 1453 5.52 C 31.8 mm 0.032 2.89 5.1e-4 

‘11 Ai et al. [117] Coal(bit.) 3 9.0 1980 170 1453 5.52 C 31.8 mm 0.032 0.86 1.6e-4 

‘10 Smith et al. [152] 
Bituminous 
mean14 

14.0 1980 70 1227 4.94 B 42 mm + 0.042 0.73 4.4e-4 

20
08

 Crosby et al. [116] 
Coal(bit.) 4 9.6 1980 170 1295 5.12 C 31.8 mm 0.032 1.05 2.0e-4 

Petcoke 6.3 2900 170 1295 5.12 C 31.8 mm 0.032 0.67 1.2e-4 
Wammack et al. 
[115] BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4 

20
07

 

Bons et al. [114] 

Coal (bit.) 5 13.3 1980 200 1423 5.44 C 31.8 mm 0.032 2.47 3.6e-4 

Petcoke 2 33.0 2900 200 1423 5.44 C 31.8 mm 0.032 22.27 3.2e-3 

Straw 17.6 1680 200 1423 5.44 C 31.8 mm 0.032 3.34 5.3e-4 

Sawdust 19.7 960 200 1423 5.44 C 31.8 mm 0.032 2.39 3.8e-4 

‘05 Jensen et al. [108] BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4 

19
92

 

Richards et al. [112] 

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

19
90

 

Anderson et al. [111] 

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4 

Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4 

Wenglarz and Fox 
[132], [133] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4 
Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4 

19
8 9 Ahluwalia et al. [56] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4 
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 2188 
♦ type of target (TT) 2189 
+ Estimated by sketches and pictures 2190 
++ Assumed as a representative chord of the first turbine section nozzle 2191 
  2192 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4 

19
88

 

Ross et al. [110] 

Arkwright3 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 

Kentucky 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 
Spring 
Montana 

20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 

North 
Dakota 

20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4 

19
87

 

Spiro et al. [131] 
AMAX 7.5 1900 100 1366 5.30 B 50 mm ++ 0.050 0.22 1.1e-4 

Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 0.050 0.13 6.6e-5 

Wenglarz [129] 

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4 

Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4 

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4 

Kimura et al. [130] Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 0.050 0.13 6.6e-5 

19
84

 

Raj and Moskowitz 
[156] Coal 3.0 1900 244 1283 5.09 B 16 mm 0.016 0.28 1.9e-5 

Anderson et al. [109] 

Pittsburg 7.0 2500 53 1590 5.85 C 8 mm 0.008 0.77 1.2e-4 

Pittsburg 2 7.0 2500 149 1590 5.85 C 8 mm 0.008 2.17 1.2e-4 

Pittsburg 3 7.0 2500 215 1590 5.85 C 8 mm 0.008 3.13 1.2e-4 

‘83 Raj [155] Coal 2 3.0 1900 244 1811 6.37 B 50 mm ++ 0.050 0.07 1.5e-5 
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Appendix C 2193 
In this Appendix, the molar fraction values for the materials collected in Tables 4 – 6 are reported. Since the correspondence of 2194 

weight fraction and the molar fraction values are based on the specific chemical composition, Tables C1 – C3 complete the information 2195 
of particle chemical composition used in the present work. 2196 
 2197 

Table C1 – Molar fraction values divided according to by the deposition test (silty particles) 2198 
 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

20
17

 Barker et al. [123] ARD 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Boulanger et al. [124] ARD 2 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Whitaker et al. [147] ARD 3 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

20
16

 Boulanger et al. [122] ARD 4 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022 

Whitaker et al. [153] ARD 5 0 0 0.037 0 0.893 0.061 0 0.008 

Lundgreen et al. [154] ARD 6 0 0 0.034 0 0.896 0.062 0 0.008 

 2199 
Table C2 – Molar fraction values divided according to by the deposition test (volcanic particles) 2200 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘18 Naraparaju et al. [150] EYJA 0.037 0.018 0.018 0.021 0.831 0.070 0.002 0.003 

20
17

 Giehl et al. [145] 

Basalt 0.033 0.004 0.122 0.098 0.582 0.086 0.024 0.052 

Andesite 0.039 0.005 0.105 0.092 0.598 0.122 0.009 0.031 

Dacite 0.050 0.018 0.046 0.014 0.739 0.092 0.007 0.034 

Rhyolite 0.066 0.016 0.033 0.016 0.777 0.074 0.007 0.011 

Wylie et al. [148] 
EYJA 2 0.045 0.018 0.069 0 0.715 0.090 0.015 0.050 

Chaiten VA 0.044 0.020 0.019 0 0.817 0.091 0.002 0.007 

20
16

 

Dean et al. [144] 

Laki 0.065 0.002 0.071 0.130 0.552 0.116 0.011 0.053 

Hekla 0.076 0.008 0.023 0.023 0.730 0.115 0 0.024 

Eldgja 0.071 0.002 0.070 0.112 0.536 0.124 0.019 0.065 

Askja 0.058 0.010 0.020 0.029 0.768 0.098 0 0.018 

Taltavull et al. [143] 

Laki 2 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

Laki 3 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

Laki 4 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

‘13 Shinozaki et al. [149] Laki 5 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229 

‘96 Dunn et al. [142] 
St Helens 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017 
Twin 
Mountain 

0.006 0.033 0.139 0.027 0.613 0.095 0.017 0.070 

‘93 Kim et al. [141] St Helens 2 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017 

 2201 
Table C3 – Molar fraction values divided according to by the deposition test (coal particle) 2202 

 Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3 

‘16 Laycock and Fletcher [121] JBPS A 0.028 0.007 0.062 0.027 0.732 0.117 0.009 0.018 

‘15 Whitaker et al. [159] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

‘14 Prenter et al. [26] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

‘13 
Casaday et al. [151] JBPS B 2 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

Laycock and Fletcher [120] JBPP 0.044 0.012 0.123 0.031 0.612 0.083 0.028 0.067 

20
12

 Webb et al. [12] 

Lignite 0.009 0.007 0.388 0.061 0.375 0.096 0.022 0.042 

Bituminous 0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342 

PRB 0.019 0.004 0.503 0.115 0.246 0.069 0.018 0.026 

JBPS B 3 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067 

Ai et al. [119] Coal(bit.) 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Ai et al. [118] Coal(bit.) 2 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

‘11 Ai et al. [117] Coal(bit.) 3 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

‘10 Smith et al. [152] 
Bituminous 
mean14 

0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342 

2 0 Crosby et al. [116] Coal(bit.) 4 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 
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Petcoke 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118 

Wammack et al. [115] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047 

20
07

 

Bons et al. [114] 

Coal (bit.) 5 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028 

Petcoke 2 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118 

Straw 0.021 0.186 0.104 0.047 0.605 0.013 0 0.023 

Sawdust 0.062 0.073 0.494 0.199 0.125 0.032 0.011 0.004 

‘05 Jensen et al. [108] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047 

19
92

 

Richards et al. [112] 

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

19
90

 

Anderson et al. [111] 

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199 

Wenglarz and Fox [132], 
[133] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 
Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

19
89

 

Ahluwalia et al. [56] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

19
88

 

Ross et al. [110] 

Arkwright3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Kentucky 0.143 0.003 0.022 0.014 0.394 0.145 0.090 0.188 

Spring 
Montana 

0.158 0.001 0.354 0.121 0.232 0.099 0.012 0.022 

North 
Dakota 

0.107 0.003 0.328 0.133 0.269 0.088 0.005 0.066 

19
87

 

Spiro et al. [131] 
AMAX 0.119 0.068 0.064 0 0.0328 0.124 0.039 0.259 

Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195 

Wenglarz [129] 

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225 

Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246 

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290 

Kimura et al. [130] Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195 

19
84

 

Raj and Moskowitz [156] Coal 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153 

Anderson et al. [109] 

Pittsburg 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Pittsburg 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

Pittsburg 3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053 

‘83 Raj [155] Coal 2 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153 

 2203 
  2204 
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Appendix D 2205 
In this Appendix, the data related to the particle viscosity are reported. Figure D1 and D2 show the viscosity-temperature trend, 2206 

while in Table D1 – D3 the viscosity critical values are reported according to the viscosity model. Finally, in these tables, several data 2207 
related to the source of contamination, typology, and material characteristics are also reported. 2208 

Figure D1 reports the variation of the particle viscosity as a function of the temperature, according to the NPL model. For a given 2209 
temperature, the viscosity variation is almost six (6) orders of magnitude for lower temperatures and three (3) orders of magnitude for 2210 
higher temperatures while the majority of the data is localized in the range of (1 – 104) Pa s. Figure D1 reports the viscosity prediction 2211 
according to the different models (S2 [70], WF [71], S&T [72], RRLG [73], SDS [74] and GRD [75]). Each model is applied within its 2212 
validity limits and, in order to highlight the differences, the viscosity prediction obtained with the NPL model are reported in red. 2213 
Therefore, the shape and grey-scale color (empty with black bound, solid black and grey) represent the model predictions according to 2214 
the chart label, while the red-scale (empty with red bound, solid red and pale red) represent the NPL predictions. Considering all 2215 
predictions, the viscosity values vary in a sixteen-orders-of-magnitude-wide range. The trends are very similar to each other, even if the 2216 
predictions provided by the WF model show a different trend. The values reported in Figure D2 and Figure D3, in conjunction with 2217 
those reported in Figure 11 and Figure 12, represent the comprehensive analysis of the viscosity behavior of the considered particle 2218 
materials. 2219 

 2220 
Figure D1 – Viscosity values as a function of the temperature calculated according to the NPL model 2221 

 2222 
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 2223 
Figure D2 – Viscosity values as a function of the temperature: a) S2, b) WF, c) S&T, d) RRLG e) SDS and f) GRD 2224 

 2225 
Table D1 – Critical viscosity values according to the viscosity model contaminant characteristics (silty particles) 2226 

Material NPL S2 WF S&T RRLG SDS GRD Source and preparation data 

ARD, 2, 3, 4 3.32e3 - - - - - 5.04e6 Powder Technologies Inc. 

ARD 5 1.88e5 - - - - - - Powder Technologies Inc. 

ARD 6 2.12e5 - - - - - - Powder Technologies Inc. 

 2227 
Table D2 – Critical viscosity values according to the viscosity model contaminant characteristics (volcanic particles) 2228 

Material NPL S2 WF S&T RRLG SDS GRD Source and preparation data 

EYJA 3.73e3 - - - - - 7.71e5 Volcanic ash collected (from ground) 4 km from the source 

Basalt 1.92e3 - - 6.03e5 - 1.49e7 4.25e6 
Prepared from volcanic rock. Crystalline rock and homogenous glasses 
are specifically added 

Andesite 5.76e2 - - 9.76e4 - 3.65e6 1.09e5 
Prepared from volcanic rock. Crystalline rock and homogenous glasses 
are specifically added 

Dacite 1.02e3 - - - - - 3.32e6 
Prepared from volcanic rock. Crystalline rock and homogenous glasses 
are specifically added 

Rhyolite 5.73e2 - - - - - 3.44e5 
Prepared from volcanic rock. Crystalline rock and homogenous glasses 
are specifically added 

EYJA 2 2.29e2 - - 5.67e4 - - 1.96e6 
Volcanic ash collected (from ground) sampled close to the source a 
couple of weeks after each eruption 

Chaiten VA 1.28e3 - - - - - 6.26e5 
Volcanic ash collected (from ground) sampled close to the source a 
couple of weeks after each eruption 

Laki 3.45e1 - - 1.65e4 - - 1.20e4 Volcanic ash collected in the proximity of the eruption 

Hekla 1.38e2 - - - - - 6.04e4 Volcanic ash collected in the proximity of the eruption 

Eldgja 2.99e1 - - 6.61e3 - - 1.21e4 Volcanic ash collected in the proximity of the eruption 

Askja 4.90e2 - - - - - 1.40e5 Volcanic ash collected in the proximity of the eruption 
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Laki 2, 3, 4, 5 1.09e2 - - - 7.24e5 - - Volcanic ash collected in the proximity of the eruption 

St Helens, 2 6.37e2 - - - - - 9.90e5 Volcanic ash collected from ground 

Twin Mountain 1.21e3 - - 7.80e5 - - - Volcanic ash collected from ground 

 2229 
Table D3 – Critical viscosity values according to the viscosity model contaminant characteristics (coal particle) 2230 

Material NPL S2 WF S&T RRLG SDS GRD Source and preparation data 

JBPS A 1.44e3 - - - - - 2.52e6 Subbituminous coal fly ash (collected from power plant) 

JBPS B, 2, 3 6.76e2 - - 4.05e5 5.05e4 - - Subbituminous coal fly ash 

JBPP 1.98e3 - - 8.11e5 8.61e4 - - Subbituminous coal fly ash 

Lignite 5.46e1 - - - - - - Lignite ash 

Bituminous 6.69e1 - - - - - - Bituminous coal fly ash 

PRB 1.98e1       Subbituminuos coal fly ash 

Coal(bit.), 2, 3, 4, 5 7.32e1 - - 2.88e4 - 1.32e6 4.90e4 Subbituminous coal fly ash 

Bit. mean14 6.69e1 - - - - - - Bituminous coal fly ash 

Petcoke, 2 1.05e2 - - - - - - Subbituminous coal fly ash (blend of 55% petcoke and 45% coal) 

BYU SEM 4.23e4 - - 2.03e5   1.20e10 Atmosphere soot 

Straw 6.11e0 - - 1.66e3 1.97e2 - - Straw ash (collected biomass and burned/treated in a furnace) 

Sawdust 1.95e-1 - - - - - - Sawdust ash  (collected biomass and burned/treated in a furnace) 

Arkwright, 2, 3 7.70e1 2.44e3 1.51e4 1.27e4 - - - 
Bituminous ash coal (obtained after combustion process of dry 
uncleaned coal with almost 7 percent ash) 

Blue Gem, 2 6.84e0 - - - - - - 
Bituminous ash coal (obtained after combustion process of dry 
cleaned coal with almost 0.56 % ash). 

Ash-fuel 1 1.03e1 - - - - - - Coal fuel composition (before the combustion process) 

Ash-fuel 2 1.03e1 - - - - - - Coal fuel composition (before the combustion process) 

Ash-fuel 3 6.44e0 - - - - - - Coal fuel composition (before the combustion process) 

Kentucky 1.14e1 - - - - - - Coal ash (obtained after a combustion process in furnace) 

Spring Montana 3.67e0 - - - - - - Coal ash (obtained after a combustion process in furnace) 

North Dakota 1.03e1 - - - - 1.72e6 - Coal ash (obtained after a combustion process in furnace) 

AMAX 6.74e0 - - - - - - 
Coal ash (obtained from combustion of coal-water mixtures at 50 % 
and ash content of 0.8 %) 

Otisca coal 6.18e0 - - - - - - 
Coal ash (obtained from combustion of coal-water mixtures at 50 % 
and ash content of 0.8 %) 

Coal, 2 7.57e0 - - - - - - Fly ash removed from a coalfired boiler 

Pittsburg, 2, 3 7.69e1 2.44e3 1.52e4 1.28e4 - - - Coal ash 

 2231 
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ABSTRACT
Fouling in gas turbines is caused by airborne contaminants which, under certain conditions, adhere to aerodynamic surfaces upon 

impact. The growth of solid deposits causes geometric modifications of the blades in terms of both mean shape and roughness level. 
The consequences of particle deposition range from performance deterioration to life reduction to complete loss of power.

Due to the importance of the phenomenon, several methods to model particle sticking have been proposed in literature. Most 
models are based on the idea of a sticking probability, defined as the likelihood a particle has to stick to a surface upon impact. Other 
models investigate the phenomenon from a deterministic point of view by calculating the energy available before and after the impact. 
The nature of the materials does not lend itself to a very precise characterization so that it is difficult to establish the limits of validity 
of sticking models based on field data or even laboratory scale experiments. As a result, predicting the growth of solid deposits in gas 
turbines is still a task fraught with difficulty.

In this work two non-dimensional parameters are defined to describe the interaction between incident particles and a substrate, 
with particular reference to sticking behavior in gas turbine. In the first part of the work, historical experimental data on particle 
adhesion under gas turbine-like conditions are analyzed by means of relevant dimensional quantities (e.g. particle viscosity, surface 
tension and kinetic energy). After a dimensional analysis, the data are then classified using non-dimensional groups and a universal 
threshold for the transition from erosion to deposition and from fragmentation to splashing based on particle properties and impact 
conditions is identified. The relation between particle kinetic energy/surface energy and the particle temperature normalized by the 
softening temperature represents the original non-dimensional groups able to represent a basis of a promising adhesion criterion.

Keywords: gas turbine; particle adhesion; erosion; splashing; non-dimensional group; particle-substrate interaction
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1. INTRODUCTION
Gas turbines never operate in perfectly clean air. Land based and offshore units ingest salt and particulate present in the 

atmosphere at low altitudes. Aircraft engines ingest large amounts of sand during operation in desert environments, or during flight 
through volcanic ash clouds. Solid particles can also make their way inside a gas turbine through the fuel, e.g. as coal fly ash in units 
burning pulverized coal. The effect of solid particles on gas turbine components is twofold: the particles can erode the blade surfaces 
or they can stick to them. In both cases the impact on performance and operability is negative.

The behavior of solid particles impinging on a wall is determined by the flow conditions, properties of the particles and by the 
temperature. At low temperature the particles are likely to bounce off the wall and cause damage by erosion. At high temperatures the 
particles become soft and can stick to the wall. As a consequence, erosion is the dominant damage mechanism in fans and 
compressors or in turbines operating at low Turbine Entering Temperature (TET). In this case the damage is irreversible and is related 
due to an increase in roughness and to uncontrolled modifications of the shape of the blades, typically around the leading edges. 
Adhesion is the primary damage mechanism at high temperature and takes place mainly around the first turbine stage in machines 
operating at high TET – where the gas and wall temperature are the highest. Therefore, surface modification afflicts all parts of a gas 
turbine: coated and uncoated, cooled and uncooled surfaces all experience shape and surface modification form the base-line [1].

Contaminants are able to stick to blade surfaces in very different ways. The deposits can contaminate multiple stages of the 
machinery as a consequence of the different type, nature and path of a single particle. Several experiments are reported in the literature 
concerning the deposition on hot components. Particle adhesion to hot parts has a number of adverse effects on the operation of the 
gas turbine. Solid deposits can incapacitate cooling holes – or entire cooling passages if the particles are carried by the cooling air 
itself – leading to reductions in component life [2]. Furthermore, solid deposits modify the effective shape of the airfoils, their 
roughness and, most crucially, the capacity of the nozzle vanes. When the capacity of the nozzle vanes is reduced, the compression 
system is moved to a higher working line and can eventually stall, leading to interruption of power.

Land based turbines are usually exposed to relatively low concentrations of contaminants for long times and can be protected by 
suitably designed filters. The main impact on land-based turbines of solid particles in the air or in the fuel impact is normally 
represented by loss of performance – permanent or reversible [3][4][5][6]. Filters cannot be used in aeronautical applications – except 
in the smallest units. In aircraft engines damage usually appears through erosion in the compressor and fouling in the turbine. It is 
known that erosion damage progresses rather slowly whereas fouling in the turbine can lead to loss of power in a matter of seconds, as 
reported in several encounters with volcanic ash clouds [7][8][9].

Particle deposition on gas turbine components has attracted much attention because of its practical implications and a large number 
of experimental studies is available. These studies cover the whole range of conditions of (i) full scale gas turbine unit, (ii) wind tunnel 
testing or hot gas facilities using stationary cascades, able to reproduce the same conditions of gas turbine operation and finally, (iii) 
wind tunnel testing or hot gas facilities using coupon as a particles target. The experimental analyses have been supported by - and 
have given inspiration to - increasingly realistic mathematical model. These models are widely used in computational fluid dynamic 
analysis for the study of this phenomenon.

Two types of model exist according to the approach followed to describe particle sticking. The first model type relies on the 
definition of a quantity called sticking probability. The sticking probability represents the likelihood a particle has to stick to a 
substrate (clean surface or pre-deposited layer). This probabilistic approach is required to overcome inaccuracy and the uncertainty of 
the experimental tests on which these models are based. The sticking probability value may be regarded as the statistically 



3

representative outcome of a series of independent experiments carried out under the same conditions. For example, turbulent 
phenomenon may afflicts the particle dynamic changing the impact velocity which could assume a different values for each single 
impact for the same test conditions. In addition, the definition of a probability function, may consider the actual variation experienced 
by the gas turbine in terms of particle size and shape, material compositions, operating conditions and conditions of the blade surface 
that are difficult-to-be-considered in the laboratory tests.

The second model type is related to the comparison of the properties of a particle and a threshold value which considers the particle 
dynamics, its material properties and energy available before and after the impact. This deterministic approach can only be used when 
the conditions of the flow, the substrate and the particles are known in detail.

The validity of the available models could be assessed, in principle, by applying them to the wealth of experimental data published 
on particle deposition. However, these data cover a very wide range of flow velocities, temperatures, particle materials and target 
surfaces. Therefore, they cannot easily be grouped or compared to each other unless suitable non-dimensional quantities are defined. 
Non-dimensional maps describing the behavior of molten or liquid particles are available in literature and can be used with advantage 
to study the problem at hand because the solid particles ingested in a gas turbine are heated by the combustor and are thereby softened 
or completely molten before hitting the walls of the turbine.

From a physical point of view, the conditions for adhesion, rebound or break-up are determined by how much of the initial kinetic 
energy of the particle is adsorbed by the deformation work upon impact and by the adhesion energy with the substrate and how much 
is still available to remove the particle, or its fragments, from the wall. In addition to these forces, also the surface tension interact with 
the particle deformation, and the resulting surface energy, is a function of the contact area between the particle and the substrate [10] 
which is directly related to the particle deformation. These relations are conveniently expressed in terms of the particle Weber, 
Reynolds and Ohnesorge numbers 

We =
𝜌 𝑣2 𝑑

𝛾
(1)

Re =
𝜌 𝑣 𝑑

𝜇
(2)

Z = We Re ‒ 1/2 (3)
where the density ρ, normal impact velocity v, diameter d, surface tension γ and viscosity μ represent the particle properties and 
motion prior to the impact. [11]. Both the Reynolds and Weber numbers change with temperature because of the temperature 
dependence of viscosity, surface tension and, to a lesser extent, density.

Using non-dimensional parameters, generalized maps can be formed showing different regimes – stick, rebound, spread, break up, 
splash - for the interaction between sprays and heated walls [12]. Moreover, it is possible to predict the droplet behavior like stick, 
rebound, spread, break-up and splash in terms of only two parameters, one non-dimensional (Weber number) and one dimensional 
(wall temperature). A similar approach has been adopted to describe the performance of droplets deposition for printing [13]. In this 
case, by using two non-dimensional parameters (Weber number and Reynolds number), it has been possible to define whether ink 
droplets splash or not during printing [14].

The aim of the present work is to identify particle deposition regimes in the hot parts of gas turbines in terms of non-dimensional 
quantities. To this effect, over 70 particle deposition tests reported in literature are studied. The tests are selected because they were 
conducted using similar materials (silica-based type contaminants) and took place in conditions relevant to deposition on the hot parts 
of gas turbines. The tests were carried out in a number of configurations, covering full engines, single blades, coupons or blade 
cooling channels. The tests provide particle sticking results as function of particle velocity, temperature, dimensions, etc. Only in few 
cases, the sticking phenomenon is reported in details with the quantitative estimation of mass deposits determining the per-order-of-
magnitude approach adopted in the present work.

For each test, particle characteristics (size, composition), gas condition (velocity, temperature) and results (particle adhesion, 
erosion, splashing) are summarized and grouped using non-dimensional numbers. Particular attention is devoted to the procedures 
used to evaluate the rheological properties of the particles, such as viscosity and surface tensions.

The phenomenology reported in literature dating back 30 years is summarized in terms of two non-dimensional parameters 
representing the ratio between the particle temperature and the glass transition temperature on one hand, and the ratio between the 
available kinetic energy and the surface energy on the other hand. The non-dimensional map clearly shows a number of different 
regimes, fitting very well reported observations in terms of deposition and erosion phenomena. Furthermore, the map shows that the 
phenomena taking place in gas turbines are amenable to generalizations in different fields of research (e.g. printable fluids). The non-
dimensional map proposed by the authors represents a prediction tool in relation with the particle deposition and erosion phenomena. 
The conceptual steps of the present work are reported diagrammatically in Figure 1.
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Figure 1 – Conceptual framework: the predictive model of real life behavior is based on non-dimensional parameters achieved by 
specifically-designed tests

2. PARTICLE STICKING MECHANISMS AND MODELS
The adhesion of contaminant particles to the blade surfaces is determined by (i) the material of the interacting bodies (particle, 

surface, third substance and carrying medium), (ii) the surface conditions, (iii) the particle size, (iv) the impact velocity and (v) the 
impact angle. The conditions under which these contaminants stick to blade surface are still unclear. Over the years, several 
contributions related to the fouling phenomenon have been proposed and this paragraph aims to summarize the models describing the 
particle sticking. The present section reports in detail (i) the sticking models used for predicting particle adhesion on hot gas turbine 
sections and (ii) the predictive models for estimating particle characteristics (viscosity, surface tension and softening).

2.1. Particle sticking models

2.1.1. Critical viscosity model
This model, widely used in the literature, compares particle viscosity to a reference viscosity at which sticking starts. In addition, 

the model could account for the stickiness of the deposit itself [15]. The sticking probability was assumed to be inversely proportional 
to viscosity. In terms of sticking probability, viscosity at or below the critical viscosity is assumed to have a sticking probability of 
unity whereas at other particle temperature, according to the relation

𝑃visc = 𝜇c 𝜇 (4)

𝑃visc = { 𝜇c μ         𝜇 > 𝜇c
1                  𝜇 ≤ 𝜇c

(5)

where Pvisc is the sticking probability related to the viscosity effect and µc is the particle critical viscosity while µ is the viscosity of the 
particle at its temperature. This model is implemented assuming that the critical viscosity value corresponds to the particle viscosity at 
the softening temperature (µsoft). Softening temperature is a pre-determined temperature value, function of the particle material that 
could be calculated/measured according to the standard ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) 
[16]. This standard definition allows an univocal and reproducible application of the critical viscosity method.

Many authors have applied this method and, in some cases, validated its results with experimental tests [17], [18], [19], [20], [21], 
[22]. Other contributions have improved the model by introducing a transition across the critical viscosity value [17], and by 
extending its validity at lower temperature (lower compared to the melting temperature) [23].

At a lower temperature, energy losses due to particle-surface impact will determine whether an impacting particle will be able to 
leave the surface. These energy losses are a function of impact parameters such as the properties of particle, impact velocity and angle. 
This last formulation of the model states the probability of sticking should be a function of energy losses during a collision and is 
calculated from coefficient of restitution model as

𝑃e = 𝑓(𝑒) = 𝑒 ‒ 𝑐 𝑅 (6)
The coefficient of restitution R is therefore considered as an index of the energy dissipated at the impact: the lower it is the higher the 
dissipative viscous effect of the impact. Its effect is accounted for through an exponential law where the coefficient c 6.5. Since the 
model for the sticking must still depend on the viscosity of the particle (with respect to µsoft considered as the threshold for ideal 
adhesion), the final formulation of this model is the one reported below:

𝑃 = 𝑚𝑖𝑛(𝑃e + 𝑃visc;1) (7)



5

Another formulation is related to the definition of the critical value of the viscosity, which could relate the effects of particle 
softening with the particle kinetic energy. In this case, the definition of the critical viscosity is the following

𝜇c = 𝐴 𝐸 𝐵
kin (8)

where A and B are two coefficients able to fit the experimental results related to specific material. For example, in the case of glass 
particles [24], A=5·10-12 and B=-1.78.

This model is strongly dependent on the particle material composition. Low-melting elements or mixtures could be responsible of 
early particle adhesion. For this reason, this model is only suitable when the characterization of the material particle and its behavior 
according to the temperature is available.

2.1.2. Critical velocity method
This model is based on the comparison between a threshold value of velocity and the particle velocity [25]. Other contributions are 

related to the representation of the particle-boundary layer interaction. Numerical studies on the interaction between particle and 
boundary layers are reported in literature [26], with greater attention to the effect of turbulence on particle dispersion, deposition on 
turbine blade surfaces and detachment from the surfaces [27], [28].

As mentioned, the velocity of an impinging particle is one of the parameters that drives the sticking process. If its value is lower 
than a threshold (critical velocity) the particle sticks to the surface. The threshold value is strongly dependent on the particle material 
and its mass. The formulation suggested in [25] for the critical velocity uses the following equation

𝑣2
c =

‒ 1 + 𝜇2

𝑅2

2𝑊A

𝑚
(9)

where WA is the work of adhesion and R is the coefficient of restitution. According to the formulation of Brach and Dunn [25], the 
critical velocity is referred to the normal direction with respect to the target surface. The work of adhesion [29] could be expressed as

𝑊A =‒ [5
4𝜌𝜋

9
2(𝑘1 + 𝑘2)]

2
5

𝛾𝑟2|𝑣|
4
5 (10)

𝑅 =
𝐶

𝐶 + |𝑣|𝑝 (11)

Where ki is based on Young’s modulus EY and Poisson’s coefficient  as𝜈

𝑘i =
1 ‒ 𝜈2

𝑖

𝜋𝐸Y,i
(12)

and C and p are constants that can be derived from experimental tests. Also for this model, the particle properties, and in particular its 
Young’s modulus, are sensitive to the temperature and need to be estimated using empirical correlations. This model was applied in 
the case of gas turbine contamination by ash using the following relation for the particle’s Young modulus [30]

𝐸Y,p = 120(1589 ‒ 𝑇)3           𝑓𝑜𝑟   𝑇 > 1100 𝐾 (13)
and in the case of coal-particle contamination [31] using

𝐸Y,p = 3 ∙ 1020𝑒( ‒ 0.02365𝑇) (14)
The critical velocity model was applied to study the gas turbine hot section fouling [31], using simplified relations for critical velocity 
and composite Young modulus.

𝑣c = (2𝐸𝑌

𝑑 )
10
7 (15)

𝐸Y = 0.51(5𝜋(𝑘1 + 𝑘2)

4𝜌3/4 )
2
5

(16)

The application of the present model requires accurate values of the Young modulus of the particle and surface. This procedure is 
not a standard (contrary to the critical viscosity method for which the definition of the critical viscosity equal to the particle viscosity 
at the softening temperature allows the results standardization). The lack of universally accepted ways to evaluate material properties 
may be the reason for discrepancies in predictions obtained (i) in different conditions with the same material or (ii) with different 
materials for the same test conditions.

A deposition model that includes elastic deformation, plastic deformation, adhesion and shear removal is reported by Bons et al. 
[32]. Its predictions were compared to five literature cases: quartz on aluminum, ash on stainless steel, sand on stainless steel, ash on 
Inconel at high temperature and ash on vane cascade. This model it is used in the numerical analysis reported by Prenter et al. [33] and 
Forsyth et al. [34] after tuning the model parameters. A different model was proposed by Agati et al. [35] for the numerical modelling 
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of particle deposition that occurs in gas turbine hot sections over between 500 K to 1500 K. The transition between these two extreme 
conditions is modelled through a temperature-driven modification of the mechanical properties of both particles and target surface. A 
third method is proposed by Yu and Tafti [36] as a modification of the former model [37] and it is based on the relation between 
particle temperature and yield stress at high temperature starting from 1000 K. The model prediction were compared against 
experimental data obtained with sand particles.

2.1.3. Energy-based model
Energy balance models are based on comparing the available energy just before the impact to the energy dissipated by the particle 

during its deformation. The model predicts sticking if all the available energy is dissipated to deform the particle and to adhere to the 
surface. The main parameters are the kinetic energy of the particle, its viscosity and surface tension, and the surface energy or contact 
angle [38] and [39]. The method can study deposition on an existing layer by a suitable choice of the properties of the substrate and 
can even be used to obtain the restitution coefficient for use in critical viscosity model calculations [40]. This model takes into account 
the particle deformation due the impact, without considering the behaviour of particle viscosity such as non-Newtonian effects or 
possible sintering effects after particle impact. Figure 2 reports the phases involved in the particle impact phenomenon.

The model is based on the estimation of the parameter E* that stands for the excess of energy and indicates whether all energy is 
dissipated during wetting and deformation. The particle will rebound if  and it will stick otherwise. The parameter E* is 𝐸 ∗ > 0
defined according to [38]:

𝐸 ∗ =
25

172𝜉2(1 ‒ cos𝜃) +
50

129𝜉 ‒ 1 ‒
3

43𝜉2.3(1 ‒ cos𝜃)0.63 ‒ 1 > 0 (17)

where θ is the contact angle and ξ is the particle spread factor. The spread factor represents the particle maximum deformation and, if 
dmax is the maximum footprint particle diameter when particle hits the surface, the spread factor is defined as

𝜉 =
𝑑max

𝑑
(18)

Several empirical tests and spread factor quantifications are reported in literature [41], [42], [43], [44], [45] and [46] and, for these 
reason, a detailed evaluation of the particle spread factor value predictions will carried out in the present work. 

Figure 2 – Particle deformation at the impact: dmax is the maximum footprint particle diameter

As mentioned, the model compares the kinetic energy to the energy dissipated by viscosity and the work done against surface 
tension to modify the surface area of the particle. These energies are evaluated using semi-empirical correlations. The criterion 𝐸 ∗

 is determined mainly by the value of the spread factor . This can be appreciated by inspecting Figure 3, where  is shown as a > 0 𝜉 𝐸 ∗

function of  for different values of  In particular, it can be seen that particle adhesion takes place for  for most values of  of 𝜉 𝜃. 𝜉 > 0.4 𝜃
practical interest. Therefore  will be used as threshold in the present work for particle adhesion.𝜉 = 0.4
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Figure 3 – Sensitivity analysis of the contact angle on E* calculation

Sticking mechanisms and deposit formation mechanisms are based on the presences of a third substance or second phase at the 
particle/surface interface [47]. The presence of a third substance is usually invoked at low temperature. An example is the formation of 
deposits on compressor blades, where particles come into contact with water droplet or oily substances [48]. The third substance could 
generate favourable conditions for particle sticking especially when particle is solid and its adhesion is driven only by electrostatic 
forces. In this case in fact, the presence of third substance could change the action of capillary forces as well as the effects of the 
inertia and the correspondent energy dissipation during impact allowing particle sticking. The presence of a second phase is invoked 
also to model deposition on hot gas turbine sections in which contaminants are softened or completely molten [49]. For adhesion of 
particles to occur, either they must be semi-molten or a molten phase must be present on the blade surfaces. The low-melting 
compounds generated by the increment of the particle temperature act as a bridge between the particle and the blade surface. 
Therefore, the sticking probability is dependent on a number of characteristics, such as particle temperature, viscosity, surface tension 
and wettability [50], [51]. In the light of this background, the prediction of particle adhesion is based on a two-step approach. The first 
step deals with the prediction of the particle/surface properties while the second step deals with the estimation of the sticking 
probability (or any other measure of adhesion) based on them.

2.2. Predictive models for particle properties
Different predictive models used for particle characteristics such as viscosity, surface tension, softening and density are reported. 

The formulations reported in the following sections are useful for the subsequent data post-process based on literature experimental 
data. The particle deposition on hot gas turbine section experiments were carried out using similar materials that affect the power unit 
in the actual operating conditions such as sandy, volcanic and coal-type particles. All of these contaminants belong to the class of 
material called silica-based and are characterized by well-known interaction between their constitutive ions. Silica melts are based on 
the strong covalent bonding between silicon and oxygen forming a network structure. The glassy silica network can accommodate 
many different cations. Three main categories exist, depending on the interaction of cations and network: (i) glass formers (Si4+, Ti4+, 
P5+) which form the basic anionic polymer unit, (ii) modifiers (Ca2+, Mg2+, Fe2+, K+, Na+) which disrupt the polymeric chains by 
bonding with oxygen and terminating chains, and (iii) amphoterics (Al3+, Fe3+, B3+) which act either as glass formers or as modifiers. 
Modifier ions disrupt the glass structure and thus tend to lower viscosity. Amphoteric ions can act as glass formers when they combine 
with modifiers ions which balance their charge, thus forming stable metal-oxygen anion groups that can fit into the silicate network. If 
insufficient modifier ions are present in the glass, amphoteric cations (Al3+ and Fe3+) can act as modifier ions [52].

2.2.1. Particle viscosity models
Several test methods exist to measure silica melts viscosity: rotating crucible, rotating bob, falling body, oscillating plate, 

oscillating viscometer and Static Light Scattering (SLS) [53]. The methods contain provisions to guarantee uniform temperature zone 
during the measuring processes. Each method has its applicability range, confidence band and requires additional data (such as density 
and surface tension). The rheological behavior of silica melts [54] can be assess using standard test methods, according to ASTM D 
2196-15 [55], able to evaluate whether the slag has transitioned from Newtonian to non-Newtonian flow at the measurement 
temperature. Unfortunately, these test methods are defined for a specific range of shear rate (0.1 s-1 – 50 s-1) and developed for 
measuring the rheological properties of liquid phase only.
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Each material has its temperature-dependent characteristics as well as each particle is subjected by different temperature-history in 
a gas turbine flow path. For this reason, the aim of the present analysis is to compare the experimental data with dimensional and non-
dimensional parameters using the available data reported in literature. 

A lack of contaminant characterization in terms of temperature-dependent material characteristics implies hypotheses and 
unavoidable inaccuracies that should be the main reason for pushing new strategies and tests procedures forward. For example, in 
volcanic ash analysis, the relation between ash composition and melting temperature (and in turn, ash viscosity) is very difficult to 
predict in detail [56]. The nature of the material structure (amorphous, crystalline, etc.) influences the temperature-dependent material 
characteristics. Other contributions [57], [58] and [59], show the influence of the heat rate on the evolution of the wettability and 
spreading of volcanic ash.

Over the past century, several equations have been proposed relating the viscosity of arbitrary melts to temperature-dependent 
characteristics and to specific composition constants [60]. Most of these are proposed for predicting material viscosity for a specific 
material composition and sometimes, their validity is limited to a certain viscosity ranges. In the present review, seven (7) methods are 
considered. They are based on data extrapolation from temperature-viscosity trends of coal and volcanic samples similar to those 
responsible of gas turbine hot section fouling. In addition, all of the selected methods are able to predict the particle viscosity based on 
the composition and temperature. Each method is applied considering its limits according to the particle composition, beyond of the 
absolute value of the predicted viscosity [61], [62], [63], [64], [65], [66] and [67]. In this way, each method can be included or 
excluded a priori only based on the particle composition useful for automated calculation or routine easy-to-be-implemented in 
numerical simulations.

The considered models are based on different correlations obtained considering different physical-chemical criteria. The S2 [62] 
and Watt-Fereday (WF) [63] postulate that the viscosity depends on temperature following Arrhenius’ law. This corresponds to a 
description of the flow of silicates in terms of transition probability and vacancy distribution in the structural lattice. The NPL model 
by Mills and Sridhar [61] is also based on the Arrhenius equation used to describe the temperature dependence of slag viscosity and 
correlates the slag composition to the optical basicity of the material. In 1962, Weymann [68] has proposed another equation resulting 
from the same deduction considered for the Arrhenius model with the addition of an extra temperature-dependent parameter. This 
model has shown a good agreement with experimental data and a successful description of the relation between viscosity and 
temperature. The models that are based on Weymann equation [68] are Sreedharan and Tafti [64] (S&T), Riboud et al. [65] (RRLG) 
and Streeter et al. [66] (SDS). Another equation that links the viscosity with temperature was independently proposed by Vogel [69], 
Fulcher [70] and Tamman and Hesse [71] in the 1920s and it is the base of the model presented by Giordano et al. [67] (GRD). In this 
case, a third adjustable composition parameter is introduced into the equation to improve the performance of the model and to better 
emphasize the dependence of temperature on silicate melts viscosity. This model is specifically realized for predicting temperature-
viscosity trends of volcanic ashes.

All model coefficients, constitutive equations and applicability limits are reported in the Appendix A divided according to the 
model. In addition, the accuracy of the model coefficients and the confidence band related to each model are described in details.

2.2.2. Particle softening model
In addition to the particle viscosity, another basic particle characteristics is the particle softening temperature. This property is the 

key value for calculating particle adhesion according to the critical viscosity method. In order to post-process the literature data related 
to the particle deposition on hot gas turbine sections, the calculation of the present quantity is required.

In accordance with ASTM – D1857-04 (Standard test method for fusibility of coal and coke ash) [16], the softening temperature 
(ST) is defined as the temperature at which triangular pyramid (cone) prepared from the material has fused down to a spherical 
particle which is characterized by the height equal to the width at the base. The softening temperature has been accepted as the critical 
temperature which is commonly referenced in the evaluation of the characteristics of coal ash [72].

The ash fusion test (AFT) is considered the most widely used procedure for determining the temperature at which the different 
stages of the ash transformations (softening, melting and flow) take place in order to assess the deposition characteristics of the 
material [73]. The fusion temperature values are determined by heating a prepared sample of molded coal in a gas-fired or electric 
furnace conforming to [16]. The deformation of the molded ash cone is monitored during the increase of temperature and, according to 
Figure 4, the four (4) critical temperature points (fluid – FT; hemispherical – HT; initial deformation – IT; softening – ST) are 
determined. Moreover, the response of the sample to thermal treatment is generally quantified by optical pyrometer or thermocouple. 
An alternative approach for the evaluation of the four (4) critical temperature values, applied to volcanic ash samples, consists in the 
use of thermogravimetry and differential scanning calorimetry (DSC) [57] and [74]. Mechanically, the evolution of characteristic 
temperature and the geometrical transformations of the cone define the ability of the sample to sinter, to stick or to spread and wet the 
surface [58].
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Figure 4 – Critical temperature points taken from ASTM – D1857-04 [16]

Nevertheless, the standard test [16] can be susceptible of subjective assessment because of the visual evaluation of critical 
temperature points [75]. Based on these assumptions, there are conventional techniques for determining the transformation 
temperature based on experimental relationship. However, evaluation of the critical temperature values from chemical composition 
can be a difficult task because of the unknown correlation between the interacting factors.

In the present paper, empirical relations to compute the particle softening temperature as a function of composition proposed by 
Yin et al. [76] were used. This model is much easier and direct than other statistical methods through the possibility to omit the 
mathematical correlation between the variables. According to the particle composition, different relations are proposed.

When the content of SiO2 is less than or equal to 60 %, and the content of Al2O3 is larger than 30 %
𝑇soft = 69.94SiO2 + 71.01Al2O3 + 65.23Fe2O3 + 12.16CaO + 68.31MgO + 67.19𝑎 ‒ 5485.7 (19)

when the content of SiO2 is less than or equal to 60 %, the content of Al2O3 is less than or equal to 30 % and the content of Fe2O3 is 
less than or equal to 15 %

𝑇soft = 92.55SiO2 + 97.83Al2O3 + 84.52Fe2O3 + 83.67CaO + 81.04MgO + 91.92𝑎 ‒ 7891 (20)
when the content of SiO2 is less than or equal to 60 %, and that of Al2O3 is less than or equal to 30 %, and that of Fe2O3 is larger than 
15 %

𝑇soft = 1531 ‒ 3.01SiO2 + 5.08Al2O3 ‒ 8.02Fe2O3 ‒ 9.69CaO ‒ 5.86MgO ‒ 3.99𝑎 (21)
and finally, when the content of SiO2 is larger than 60 %

𝑇soft = 10.75SiO2 + 13.03Al2O3 ‒ 5.28Fe2O3 ‒ 5.88CaO ‒ 10.28MgO ‒ 3.75𝑎 + 453 (22)
The constant a is defined according to the weight fraction wt% of each component as

𝑎 = 100 ‒ (SiO2 + Al2O3 + Fe2O3 + CaO + MgO) (23)

2.2.3. Particle surface tension model
The third particle characteristics useful for applying the particle sticking methods is the particle surface tension. The particle 

surface tension is calculated using a chemical-temperature dependent correlation based on the principle that the surface tension can be 
expressed as a linear function of the composition [77]

𝛾 = ∑(𝛾i𝑚i 100) (24)
where γi is the surface tension corresponding to each oxide i and mi is its molar percentage. The surface tension of each oxide is taken 
from literature correlations [78], [79]. Table 1 reports the equation of the relation γ = f(T) used in the present analysis. The 
contribution of potassium oxide and titanium dioxide are not considered.

Table 1 - Surface tension [mN/m] of single oxide

Component γ = f(T) [mN/m]

SiO2 243.2+0.0031 T [K]

CaO 791-0.0935 T [K]

Al2O3 1024-0.177 T [K]

MgO 1770-0.636 T [K]

Na2O 438-0.116 T [K]

Fe2O3 504-0.0984 T [K]

2.2.4. Particle density model
Several models for density calculation have been provided through years [80], [81] and [82]. One of the most common method is 

proposed by Bottinga and Weill [83], which calculates the densities, ρ, of molten slags from the following two equations
𝑉m = Σ (𝑋i 𝑉0

i ) + (𝑋j 𝑉0
j ) + (𝑋k 𝑉0

k) + … (25)
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𝜌 =  
𝑀
𝑉m

(26)

where Xi is mole fraction of component i, while Vm and M are the molar volume and the molecular weight of each analysed material, 
respectively. The partial molar volume of various slag constituents (V0) provided by the Authors is composition dependent in their 
model. Partial molar volumes of SiO2 and Al2O3 are polynomial functions of composition in the density model proposed by Mills and 
Keen [84] for multicomponent slags. Based on [83], the Authors adjust the partial molar volume values (V0) achieving certain success 
in calculated data with an uncertainty of 2 %. Different model constants provided by [83] and [84] for calculating V0 of various slag 
constituents are reported in Table 2. In the present work the model constants proposed by [84] are used.

Table 2 – Recommended values for partial molar volume V0 of slag constituents

Component V0 at 1673 K [83] 
[cm3/mol]

V0 at 1773 K [84] 
[cm3/mol]

SiO2 26.75 19.55 + 7.966XSiO2

TiO2 22.45 24.0
Al2O3 - 28.31 + 32 – 31.45𝑋 2

Al2O3

Fe2O3 44.40 38.4
MgO 12.32 16.1
CaO 16.59 20.7
MnO 14.13 15.6
Na2O 29.03 33.0
K2O 46.30 51.8

3. EXPERIMENTAL DATA OF GAS TURBINE PARTICLE DEPOSITION
Deposition tests in conditions representative of the hot parts of a gas turbine have been conducted over the years with a number of 

different materials. The tests involve five principal types of particles [85]: sand, ash, coal, bituminous coal and lignite.
Sand is defined as mineral particles of diameter 2 mm to micronized powder. In the gas turbine field of research sandy particles are 

usually referred to Arizona Road Dust (ARD) sand samples. This sandy powder takes inspiration form the standard powder of ISO 
12103-1 (A1, A2 A3 and A4) [86], but size and chemical composition of particle used in the deposition tests could be different from 
the standard one due to the mixing, filtration, sieving and processes applied before the tests.

Ash comprises all pyroclastic particles or fragments ejected from a volcano, irrespective of size, shape or composition. The term is 
usually applied to air-fall material characterized by a characteristics diameter less than 2 mm.

Coal is a carbon-rich mineral deposit formed from the remains of fossil plants. The process of coalification results in the 
production of coals of different ranks such as bituminous coal, lignite and anthracite. Each rank marks a reduction in the percentage of 
volatiles and moisture, and an increase in the percentage of carbon. According to this definition, ASTM standard [87] proposed a 
detailed coal classification based on the content of carbon, volatile matter and calorific limits. Unfortunately this classification is not 
completely useful to understand the physical characteristics of the contaminants involved in the gas turbine degradation. Physical 
characteristics as viscosity and surface tension are dependent on the chemical composition and structure (e.g. crystalline or 
amorphous) of the contaminants. In addition, it is important to note that the chemical composition of slag and its correspondent 
original coal ash could be different. As reported by Streeter et al. [66], slags chemical composition could change due to the depletion 
of iron oxides species or to the enhancement in alumina content during heating/melting process. At the same time, high temperature 
values generate the volatilization of the sodium oxide that could change the slag viscosity. These behaviours enhance the difficulties 
related to characterization and classification of the contaminants that affect hot sections.

Particle deposition is investigated in order to understand turbine section contamination and the interaction between cooling hole 
and particle deposition. Accelerated tests are frequently used to recreate the actual gas turbine condition using in-house experimental 
test bench. For example, accelerated deposition test is realized within 4 hours which cover 10,000 hour of actual gas turbine operation 
[88]. Sometimes, in order to study specific problems, deposition tests are conducted using a coupon instead of gas turbine cascade 
[89], [90], [91], [92], [93], [94], [95], [96], [97], [98], [99], [100], [101], [102], [103] and [104].

Earliest contributions are related to deposits due to fuel contamination. Several studies can be found in literature [105], [106], 
[107], [108], [109], [110], [111], [112], [113], [114] and [115] but no specific details about particle sticking probability is reported, or 
the chemical compositions is too different from the silica-based materials [116]. Analytical schemes were developed for extracting 
sticking coefficients from the measured weight gain data, particle size spectrum, and particle density and composition [51]. The 
influence of the particle temperature was one of the first studies reported in literature [117]. The particle temperature determines the 
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appearance of different composites with different characteristics. For example, in the temperature interval (800 – 1800) K, the 
multicomponent solution comprises oxides, sulfates, silicates and aluminosilicates. Below 1100 K, low-melting alkali sulfate solutions 
are the predominant components, whereas above about 1500 K, molten oxides constitute most of the liquid phase. At high 
temperature, vapor deposition driven by thermophoresis force becomes important. Differences in deposits were encountered for 
pressure side and suction side where diffusion phenomenon works as a leading actor [118] and [119].

At the same time, the first studies on the effects of volcanic ash on aero-engines were published. Tests with different power unit 
using a unique facility able to generate realistic environmental conditions of particle-laden clouds under controlled laboratory 
conditions are carried out [120], [121] and [122]. The results show the variation of the power unit performance during the test (few 
minutes) highlighting the deterioration over a small period. Evaluations about blade erosion and deposition patterns are also proposed. 
This type of studies are not widespread in literature and only in the last years new studies have been proposed related to simply 
particle deposition [56], [123] and [124], cooling holes blockage [125], [126] and internal cooling hole clogging [127]. Cooling holes 
clogging represent the most detrimental phenomenon that occurs in gas turbine hot section, especially for aero-engines. Figure 5 
reports literature experimental results showing the occupied area due to particle adhesion inside the cooling hole. More recently, 
Shinozaki et al. [128] and Naraparaju et al. [129] use a micro gas turbine for studying volcanic ash adhesion at different load and for 
different blade coating material, respectively.

Figure 5 – Internal cooling hole clogging [127]: deposition in first four cooling holes of HD45 running at 1310 K

With the increase in usage of gas turbines for power generation and given that natural gas resources continue to be depleted, 
alternative types of fuel have been tested. Examples of alternative fuels are coal derived synthetic fuels. Coal derived fuels could 
contain traces of ash and other contaminants that can deposit on vane and turbine surfaces. Experimental tests and numerical analyses 
are devoted to the comprehension of the effects provided by bituminous and sub-bituminous particles on the gas turbine nozzle [130]. 
Several studies were realized in order to increase the effects of this contaminants on gas turbine hot section fouling, especially in 
presence of film cooling. Different types of ash (e.g. coal bituminous, lignite, etc.) have been used for performing particle deposition 
on a gas turbine nozzle [21], [131], and [132]. In Figure 6 the comparison between the deposits pattern without and with film cooling 
using bituminous ash is reported. The effects of cooling holes on particles deposition pattern is still under investigation. Experimental 
tests [133], also run with high gas temperature [134], attempt to improve the comprehension of particle deposition.

Figure 6 – Comparison of coal bituminous particle tests (a) film cooling (b) non-film cooling [132]

Other specific contributions can be found in relation to the effects of the electrostatic charge on particle deposition [135] and [136] 
or the influence of the deposit on the heat exchange and the influence of the free-stream turbulence on the particle deposition [137]. 
The deposits thickness influences the heat transfer and, through experimental tests, it is possible to correlate the thickness and the heat 
transfer over the operating time [138].
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Finally, some attempts to use a sort of thermal similitude for studying particle adhesion were proposed [139], [140] and [141]. 
These experimental tests were based on the similarities between melting ash and wax/PVC particles. Latter materials have lower 
values of melting temperature and, using a thermal scaling techniques, the deposition pattern could be assumed as representative of 
actual gas turbine particle deposition.

4. LITERATURE DATA COLLECTION
The experimental results related to particle deposition on cascade and/or coupon reported in literature, are obtained with different 

(i) material (ii) size and (iii) working conditions such as velocity and temperature. This state of the art implies several difficulties in 
comparing deposition results obtained from different experimental tests. Different material compositions determine, for example, 
different values of particle viscosity even if the tests are carried out at the same particle temperature. The same phenomenon affects 
also the surface tension value (closely related to the surface energy), that, in addition with the viscosity, drives the adhesion 
phenomena at the particle/surface interface [29]. On the other hand, differences in impact velocity and particle dimension values 
determine different impact mechanisms and particle deformation related for example to the particle kinetic energy.

In the light of these considerations, in this paragraph all the experimental results related to particle deposition on hot gas turbine 
section are summarized. Starting from the information reported in each single work, particle composition and temperature are used to 
calculate viscosity and surface tension based on the relations available in literature and early reported. Coupling these values with 
particle velocity, density and dimension, the calculation of the particle adhesion according to the analytical models (critical viscosity, 
critical velocity and energy-based models) are performed, highlighting pro and cons of each method. Special attention is given to the 
particle viscosity which is considered the most important parameter for judging the particle adhesion or rebound phenomena.

4.1. Dimension, density, impact velocity and temperature
Table 3 reports the experimental data available in literature related to particle deposition in gas turbine hot sections. Each material 

is indicated with the same name used in the respective reference. In the case of more than one contribution that uses the same material, 
with different test conditions, a progressive number is adopted. For each test (grouped according to the reference), the particle 
characteristics such as dimension and density are reported. The particle dimension indicates the variability range or the mean mass 
diameter used in each test (if provided). The test conditions are also indicated and, in absence of detailed information, particle velocity 
is assumed equal to the gas velocity and particle temperature is assumed equal to the gas temperature. Fixed value or the indicated 
variability range is also specified. Regarding the velocity, in the case of test realized on a full scale gas turbine, a representative 
particle impact velocity of 100 m/s is chosen because no-data related to this variable is reported [121] and [122].

Finally, Table 3 reports also the type of target, tg, used in the experimental tests, with a reference of:
 T, the test is realized on full scale gas turbine;
 B, the test is realized on wind tunnel provided with cascade or single blade target;
 C, the test is realized using a coupon;
 I, the test is realized in order to discover particle deposition inside the internal cooling hole.

All of these information (dimension, density, velocity and temperature) provide the first overview of the experimental contribution 
related to particle deposition and fouling on gas turbine hot sections. Particle velocities range from 15 m/s to 300 m/s while the 
temperature values range from 850 K to 1900 K, approximately. Wind tunnel tests allow the best control in terms of test parameters 
but, at the same time, could imply certain limits related, especially to maximum temperature value.

Starting from this detailed information, the particle Stokes number and the particle relaxation time can be calculated. In Appendix 
B data about the geometrical features of the target for each experimental test are reported. Particle Stokes number and particle 
relaxation time are listed in relation to the airflow characteristics calculated assuming pure air as a carrier gas with characteristics 
calculated according to CoolProp library [142].

The uncertainty related to the experimental test conditions and at in turn, the accuracy of the particle deposition results, are not 
always reported in literature even if a considerable number of tests indicate the experimental uncertainty [21], [51], [88], [91], [92], 
[95], [96], [98], [99], [100], [102], [127], [131], [132] [133] and [137]. The difficulties are especially related to the not-clear 
correlation between the uncertainties related to test condition like flow velocity and temperature and mass deposits or sticking 
coefficients. Measurement uncertainties have to be considered different from the variability of the test conditions even if, both of them 
determine the amount of deposits.

Uncertainties related to the temperature values are about 0.11 % [127], 1.3 % [96] and 2 % [21], [131], [132] and [137], while the 
uncertainties related to the mass flow rate, that could be used to estimate the uncertainty in the particle impact velocity, are about 0.80 
% [127] and 4 % [21], [95], [132] and [137]. Coolant flow is affected by uncertainty as well, quantified in 12 % in [21]. Regarding the 
uncertainty of the particle concentration used to contaminate the main air flow, data are not commonly reported. Only in [88] and [95] 
the accuracy in the particle contamination is reported and is equal to 6 ppmw. Other uncertainties are related to the geometry and 
position of the target [100], [102], in the capture efficiency evaluation [98], [99] and mass measurements [96]. Proper methods for 
uncertainty estimation are adopted in [127] by applying [143] and [131], [132] using the procedure reported in [144]. In other cases, 
the uncertainties were estimated by duplicating the tests as reported in [92] and [99].
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In relation with the variability of the tests condition during the deposition tests, the variability of the flow temperature is between 3 
K [137], 6 K [132] and 5 K [133], while the variability of the mass flow rate is between 0.005 kg/s [137] and 0.01 kg/s [132]. Other 
inaccuracies are especially related to the effects of radiation on the flow temperature measures [51], [91] and [96].

Data collection covers about thirty (30) years of particle deposition tests, realized using several different facilities and 
instrumentations. The amount of data, their variability and their different nature give the possibility to discover the widest view of 
particle deposition on gas turbine hot section. The present analysis is based on the data available in open literature, and the data post-
process reported in the following paragraph allows the comprehension of the basic phenomena using per-order-of-magnitude 
variations.



14

Table 3 - Particle deposition data. Material composition in term of weight fraction

Authors Material d
[μm]

ρ 
[kg/m3]

v 
[m/s]

T
[K] TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

‘18 Naraparaju et al. 
[129] EYJA 0.5–10 849 200 1773 T 3.6 2.7 1.6 1.3 78.6 11.3 0.3 0.7

Basalt 5–125 2800 15 1373–1773 C 3.0 0.5 10.2 5.9 52.0 13.0 2.8 12.4
Andesite 5–125 2600 15 1373–1773 C 3.7 0.7 8.8 5.6 53.9 18.7 1.0 7.4
Dacite 5–125 2700 15 1373–1773 C 4.4 2.4 3.7 0.8 63.7 13.5 0.8 7.8

Giehl et al. [124]

Rhyolite 5–125 2500 15 1373–1773 C 6.4 2.4 2.9 1.0 73.4 11.9 0.9 2.8
Barker et al. [103] ARD+ 10–35 2560 80 1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3
Boulanger et al. 
[104] ARD 2+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3

Whitaker et al. 
[126] ARD 3+ 0–10 2560 40 920–1262Δ I 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3

EYJA 2 º 4.8–34.9 849 80 1163–1293□ I 2.0 2.0 4.6 0.0 51.3 10.9 1.4 9.5

20
17

Wylie et al. [127]
Chaiten VA 4.8–34.9 849 80 1163–1293□ I 2.9 2.9 1.6 0.0 73.9 14.0 0.2 1.6

Boulanger et al. 
[102] ARD 4+ 20–40 2560 70 1273–1373 C 2.3 3.3 3.8 1.3 72.8 10.8 0.3 5.3

Whitaker et al. 
[133] ARD 5+,* 0–20 2560 21 866 ◊ I 0.0 0.0 3.3 0.0 84.8 9.9 0.0 2.1

Lundgreen et al. 
[134] ARD 6+,* 0–5 2560 70 1363–1623 B 0.0 0.0 3.0 0.0 85.0 10.0 0.0 2.0

Laki 5–50 2400 106 1043–1295 C 6.4 0.3 6.3 8.3 52.6 18.8 1.3 6.1
Hekla2 5–50 1500 106 1043–1295 C 7.3 1.2 2.0 1.4 67.4 18.1 0.0 2.6
Eldgja3 5–50 1900 106 1043–1295 C 6.9 0.3 6.2 7.1 50.3 19.7 2.4 7.3

Dean et al. [123]

Askja4 5–50 1400 106 1043–1295 C 5.6 1.5 1.7 1.8 71.9 15.5 0.0 2.0
Laycock and 
Fletcher [101] JBPS A 4 2330 200 1523–1673 C 2.5 0.9 5.1 1.6 63.6 17.3 1.1 4.2

Laki 25 10–70 2400 91 1043 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2
Laki 35 10–70 2400 106 1160 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2

20
16

Taltavull et al. [56]
Laki 45 10–70 2400 127 1295 C 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2

‘15 Whitaker et al. 
[137] JBPS B 4.63; 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5

‘14 Prenter et al. [21] JBPS B 6.48 2320 70 1353 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5

Casaday et al. [130] JBPS B 2 11.6 2320 79 1366 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5
Laycock and Fletcher 
[100], [145], [146] JBPP ** 3; 13 1980 200 1523 C 3.9 1.7 9.9 1.8 52.4 12.1 3.1 15.2

20
13

Shinozaki et al. 
[128] Laki 5 20–100 2400 365 1343 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2

Lignite 12.5 2818◊ 70 1314–1371 B 0.8 1.0 31.7 3.6 32.8 14.2 2.6 9.8
Bituminous 14.1 1980 70 1339–1366 B 0.3 2.0 2.3 0.6 25.3 11.0 1.9 52.7
PRB 18.3 2989◊ 70 1315–1385 B 1.8 0.5 42.2 6.9 22.1 10.5 2.2 6.1

Webb et al. [132]

JBPS B 3 12.5 2320 70 1317–1343 B 3.7 1.6 9.4 1.7 49.9 11.5 3.0 14.5
Ai et al. [99] Coal (bit.) 13.4 1980 170 1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4

20
12

Ai et al. [98] Coal (bit.) 2 16 1980 180 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4

‘11 Ai et al. [97] Coal (bit.) 3 4, 13.4 1980 170 1453 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4

‘10 Smith et al. [131] Bituminous 
mean14 14 1980 70 1181–1272 B 0.0 2.5 2.9 0.0 32.9 20.3 0.0 40.6

Coal (bit.) 4 3.1–16 1980 170 1133–1456 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4
Crosby et al. [96]

Petcoke 6.3 2900 170 1133–1456 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9

20
08

Wammack et al. 
[95] BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7

Coal (bit.) 5 13.3 1980 200 1423 C 6.9 2.6 8.7 3.6 47.4 17.8 1.6 6.4
Petcoke 2 33.0 2900 200 1423 C 4.3 2.5 7.5 2.2 38.3 14.5 0.8 22.9
Straw 17.6 1680 200 1423 C 1.7 23.4 7.8 2.5 48.4 1.8 0.0 5.020

07 Bons et al. [94]

Sawdust 19.7 960 200 1423 C 5.9 10.7 42.9 12.4 11.6 5.1 1.3 1.0

‘05 Jensen et al. [88] BYU SEM 16 2500 220 1423 C 0.0 7.3 13.7 0.0 60.2 4.5 0.0 10.7

St Helens 23 2700 100 1283–1558 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1
‘96 Dunn et al. [122] Twin 

Mountain 73 2730 100 1283–1558 T 0.5 4.2 10.6 1.5 50.3 13.2 1.9 15.3

‘93 Kim et al. [121] St Helens 2 23 2700 100 1394–1494 T 4.5 1.6 4.5 1.6 63.2 16.4 0.6 4.1
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Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0
Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6
Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.019

92 Richards et al. [92]

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6

Table 3  (continued)

+ The particle diameters used in these tests could be different from the standard ones reported in the ISO 12103-1 (A1, A2 A3 and A4) [86] due to filtration, sieving and 
processes applied by the Authors
º EYJA 2 has different chemical compositions with respect to EYJA
* ARD 5 and ARD 6 have different chemical compositions with respect to ARD, ARD 2, ARD 3 and ARD 4
Δ Temperature values refer to the surface wall temperature. Gas temperature was set equal to 866 K
□ Temperature values refer to the surface wall temperature. Gas temperature was set in the range (800 – 900) K
◊ Temperature values was set in the range (700 – 866) K but particle deposition was founded for the highest temperature value (866 K)
 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [123] (Si 17.5 %, Al 7.1 %, Na 3.4 %, Ca 3.2 %, Mg 3.6 
%, Ti 0.6 %, K 0.2 % and Fe 3.4 %)
2 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [123] (Si 21.4 %, Al 6.5 %, Na 3.7 %, Ca 1.0 %, Mg 0.6 
%, Ti 0.0 %, K 0.7 % and Fe 1.4 %)
3 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [123] (Si 16.0 %, Al 7.1 %, Na 3.5 %, Ca 3.0 %, Mg 2.9 
%, Ti 1.0 %, K 0.2 % and Fe 3.9 %)
4 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [123] (Si 23.6 %, Al 5.8 %, Na 2.9 %, Ca 0.9 %, Mg 0.8 
%, Ti 0.0 %, K 0.9 % and Fe 1.1 %)
5 The chemical composition in terms of oxide weight fraction was derived starting from the element count % reported in [56] and [128] and it is different from the Laki 
composition reported in [123] (Si 24.0 %, Al 6.7 %, Na 1.0 %, Ca 6.1 %, Mg 2.0 %, Ti 2.4 %, K 0.1 % and Fe 21.3 %)
** The details about the composition are based on a Personal Communication with the Authors [146]. This composition corrects the previous incorrect compositions 
reported in the former paper [100] and in the correspondent erratum [145]. The powder belongs to the Jim Bridger Power Plant as well as the tests named JBPS A, JBPS 
B, 1, 2 and 3 but has a slightly different chemical composition. The weight percent values reported in the table were calculated starting from the following molar 
percentages (SiO2 60.2 %, Al2O3 8.17 %, Na2O 4.3 %, CaO 12.2 %, MgO 3.1 %, TiO2 2.7 %, K2O 1.2 % and Fe2O3 6.6 %)
▼ Temperature range obtained as a function of the distance between nozzle and target.
► Maximum firing temperature
◊ Estimated with Eqs. (25-26)

4.2. Chemical composition

Authors Material d
[μm]

ρ 
[kg/m3]

v 
[m/s]

T
[K] TT Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

Arkwright 0–40 1980 300 1373 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0
Blue Gem 0–40 1980 300 1373 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6
Arkwright 2 0–20 1980 300 1573 C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0

Anderson et al. [91]

Blue Gem 2 0–20 1980 300 1573 C 1.5 0.5 7.0 2.5 16.9 22.8 2.0 29.6
Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4
Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9

19
90

Wenglarz and Fox 
[112], [113]

Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1

Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4
Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.919

89 Ahluwalia et al. [51]
Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1

Arkwright3 20 1980 100 1400–1500▼ C 0.9 1.2 5.8 1.3 48.1 25.1 1.3 11.0
Kentucky 20 1980 100 1400–1500▼ C 9.5 0.3 1.3 0.6 25.5 15.9 7.8 32.4
Spring 
Montana 20 1980 100 1400–1500▼ C 13.1 0.1 26.5 6.5 18.6 13.5 1.3 4.719

88 Ross et al. [90]

North 
Dakota 20 1980 100 1400–1500▼ C 8.3 0.3 22.9 6.7 20.1 11.2 0.5 13.2

AMAX 0–15 1900 100 1366► B 6.7 5.8 3.2 0.0 17.9 11.5 2.9 37.6
Spiro et al. [111]

Otisca coal 0–11.5 1900 100 1366► B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2
Ash-fuel 1 10.2 1900 150 1253–1373 C 0.6 1.2 3.8 0.0 12.0 14.2 0.8 20.4
Ash-fuel 2 8.5 1900 150 1253–1373 C 0.7 1.0 3.4 0.0 11.5 13.9 0.8 21.9Wenglarz [109]
Ash-fuel 3 14.5 1900 150 1253–1373 C 1.0 0.9 4.7 0.1 7.5 10.9 1.0 23.1

19
87

Kimura et al. [110] Otisca coal 0–11.5 1900 100 1366 B 0.5 0.5 11.6 0.0 16.1 23.2 1.1 28.2
Raj and Moskowitz 
[136] Coal 0–6 1900 244 1144–1422 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6

Pittsburg 15 2500 53 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9
Pittsburg 2 15 2500 149 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.919

84

Anderson et al. [89]
Pittsburg 3 15 2500 215 1590 C 0.9 1.2 5.8 1.2 47.9 25.0 1.3 10.9

‘83 Raj [135] Coal 2 0 – 6 1900 244 1700–1922 B 2.2 2.8 0.3 1.1 28.9 29.4 1.7 25.6
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The particle behavior depends on the relation between particle viscosity and temperature and this is strongly dependent on the 
chemical composition. Table 3 reports the chemical composition as a weight fraction of sodium oxide Na2O, potassium oxide K2O, 
calcium oxide CaO, magnesium oxide MgO, silicon dioxide SiO2, aluminum oxide Al2O3, titanium dioxide TiO2 and iron oxide 
Fe2O3. Obviously, these oxides do not cover the entire composition for each material but these components characterize each ash, 
powder and particle determining their physical characteristics. Material characterization is often reported but sometimes it is not 
complete or, in the worst cases, completely absent. Material characterization is fundamental for calculating physical properties such as 
viscosity and surface tension which are the most important parameter in the particle adhesion phenomenon. For this reason, in this 
work, two characterizations related to the volcanic rock, are taken from literature. In details, the composition of Twin Mountain 
basaltic rock [147] and St. Helens rock [148] are taken from literature. For completeness, in the Appendix C, the compositions in term 
of molar fraction values are also reported.

5. PARTICLE STICKING MODELS AND VISCOSITY METHODS: MUTUAL INTERACTION AND CRITICAL 
ANALYSIS

5.1. Particle viscosity: quantification and model application
Based on the chemical composition of the material, in this section the particle viscosity is calculated as a function of the 

temperature. Using the listed models (NPL [61], S2 [62], WF [63], S&T [64], RRLG [65], SDS [66] and GRD [67]) it is possible to 
calculate the viscosity values as a function of the material composition and temperature. This allows the comparison between different 
tests (carried out with different materials and temperature) in terms of viscosity. The viscosity values are calculated for all materials 
reported in Table 3 following the models reported. Figure 7 reports the variation of the particle viscosity as a function of the 
temperature, according to the NPL model. As mentioned, the model works with all the considered materials allowing for the 
comparison among the deposition tests. For a given temperature, the viscosity variation is almost six (6) orders of magnitude for lower 
temperatures and three (3) orders of magnitude for higher temperatures while the majority of the data is localized in the range of (1 – 
104) Pa s. Figure 8 reports the viscosity prediction according to the different models (S2 [62], WF [63], S&T [64], RRLG [65], SDS 
[66] and GRD [67]). Each model is applied within its validity limits and, in order to highlight the differences, the viscosity prediction 
obtained with the NPL model are reported in red. Therefore, the shape and grey-scale color (empty with black bound, solid black and 
grey) represent the model predictions according to the chart label, while the red-scale (empty with red bound, solid red and pale red) 
represent the NPL predictions. Considering all predictions, the viscosity values vary in a sixteen-orders-of-magnitude-wide range. The 
trends are very similar to each other, even if the predictions provided by the WF model show a different trend.

Based on viscosity calculation and by applying the critical viscosity method, it is possible to define the capability of each particle 
to adhere comparing the instantaneous particle viscosity and the critical viscosity value. The critical viscosity values could be 
calculated using one of the viscosity model reported where the particle temperature corresponds to the softening temperature Tsoft. 
According to Eqs (19 – 23), the particle softening temperature is calculated according to the materials compositions. Even if in some 
instances the particle softening temperature is reported, in order to compare with the same conditions all tests, the particle softening 
temperature is calculated for all tests. Table 4 shows the softening temperature for all materials listed in Table 3.

Figure 7 – Viscosity values as a function of the temperature calculated according to the NPL model



17

Figure 8 – Viscosity values as a function of the temperature: a) S2, b) WF, c) S&T, d) RRLG e) SDS and f) GRD

Table 4 – Values of particle softening temperature obtained according to Eqs (19 – 23) compared with literature (if available)

Material Tsoft [K]
Eqs (19–23)

Tsoft [K]
(literature) Material Tsoft [K]

Eqs (19–23)
Tsoft [K]

(literature) Material Tsoft [K]
Eqs (19–23)

Tsoft [K]
(literature)

EYJA 1445 - JBPS A 1329 - Twin Mountain 1176 -

Basalt 1170 - Laki 2, 3, 4, 5 1132 873  973 Arkwright, 2, 3 1337 1589

Andesite 1257 - JBPS B, 2, 3 1197 1422* Blue Gem, 2 1191 1581

Dacite 1284 - JBPP 1172 1500 Ash-fuel 1 1169 -

Rhyolite 1387 - Lignite 1032 - Ash-fuel 2 1162 -

ARD, 2, 3, 4 1337 - Bituminous 1030 - Ash-fuel 3 1118 -

EYJA 2 1305 1123 – 1323 PRB 909 - Kentucky 1162 -

Chaiten VA 1446 1123 – 1323 Coal (bitum.), 2, 3, 4, 5 1278 1278** Spring Montana 1068 -

ARD 5 1465 - Bituminous mean14 1030 - North Dakota 1021 -

ARD 6 1471 - Petcoke, 2 1162 - AMAX 1084 -

Laki 1258 923 BYU SEM 1071 - Otisca coal 1179 -

Hekla 1394 1023 Straw 1213 - Coal, 2 1320 -

Eldgja 1341 973 Sawdust 842 - Pittsburgh, 2, 3 1337 1589

Askja 1161 973 St Helens, 2 1323 -
*called critical sticking temperature
**estimated by [100] by using Yi et al.’s model [76])

The viscosity ratio (µ/µc) trends according to the temperature values are reported in Figure 9 where the particle viscosity and the 
critical ratio are calculated according to the NPL model. According to the critical viscosity method, two regions for each material can 
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be defined according to the viscosity ratio (µ/µc) identifying the sticky and the rebound condition. As can be seen in Figure 9, 
experimental tests are mainly conducted in the sticky regions excluding a few cases in which the results of test conditions lie inside the 
rebound region due to the lower particle temperature of deposition tests.

Figure 9 – Critical viscosity method (rebound and sticking regions are divided by the dashed line) calculated according to the NPL model

With the same criterion, Figure 10 reports the viscosity ratio (µ/µc) trends according to the temperature values obtained with the 
other viscosity methods (S2 [62], WF [63], S&T [64], RRLG [65], SDS [66] and GRD [67]). Each model is applied within its validity 
limits. State the analysis of Figure 9 and Figure 10, it is clearly visible the immense variability in the viscosity obtained for the same 
substance from different models and also that, using such widely different values will result in contrasting predictions if different 
sticking models are applied.

Figure 10 – Critical viscosity method (rebound and sticking regions are divided by the dashed line: a) S2, b) WF, c) S&T, d) RRLG, e) SDS 
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and f) GRD

In details, the following analysis reports a distinction between the tests according to the viscosity method. At the same time, the 
softening temperature is calculated with the same aforementioned model proposed by Yin et al. [76]. The first analysis, reported in 
Figure 11 and Figure 12, shows silty and coal particle tests respectively. The marker shape indicates the test while the color indicates 
the viscosity method. In this case, silty particle tests mainly belong to the rebound region, while coal particle tests are located in the 
sticky region even if, some of these tests are conducted with the same temperature as silty tests. This difference is due to the different 
relationship between particle viscosity and temperature generated by the different chemical compositions. As reported by [74], 
differences in chemical composition must be taken into account and the similarities between different particle impact tests have to be 
drawn considering these differences. Therefore, the use of ARD particles instead of coal particles for carrying out experimental tests 
in laboratory test facility could be generated several mismatches with respect to the actual applications. Figure 11and Figure 12 show 
in addition the different viscosity ratio (µ/µc) predictions provided by the viscosity methods. The variations between NPL model and 
the GRD and S&T models increase towards lower temperature. In addition, the NPL predictions appear more close to the critical value 
(µ/µc=1) than other models. Considering the comparison reported in Figure 13, it can be noted that predictions are not aligned with the 
straight dashed line (provided as reference for the reader), but the trends change according to the tests and according to the viscosity 
ratio µ/µc. For high values of viscosity ratio, NPL and GRD model predictions (see Figure 13a) are very different (several orders of 
magnitude), while, across the critical point (see Figure 13a and b), the predictions appear similar even if characterized by different 
slopes. A detailed description of the relations between viscosity method, sticking model and particle characteristics will reported in the 
following sections.

Figure 11 – Critical viscosity method for silty particles (four tests with ARD) calculated according to the NPL and GRD models

Figure 12 – Critical viscosity method for coal particles (three tests with JPBS B, JBPP, five tests with Coal (bituminous), three 
tests with Arkwright and three tests with Pittsburg particles) calculated according to the NPL and S&T models
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Figure 13 – Comparison of the critical viscosity ratio (µ/µc): a) NPL and GRD models for silty particles and b) NPL and S&T 
models for coal particles. Straight dashed line allows the data comparison

Give the considerable number of tests of volcanic ash deposition, a dedicated analysis is carried out. The viscosity method 
proposed by Giordano et al. [67] is expressly based on several volcanic ash samples (see Appendix A for completeness) and, in this 
section, it will compared with the more general method proposed by Mills and Sridhar [61].

According to the chemical classification proposed in [149], Figure 14 reports the Total Alkali-Silica (TAS) diagram with the 
superimposition of the fourteen (14) volcanic ashes considered in this review. Tests can be classified according to six (6) different 
categories called basalt, basaltic-andesite, dacite, rhyolite, basaltic trachy-andesite and trachydacite. These subalkaline series are 
characterized by a lower amount of alkali and a progressive increase in silica dioxide content and are included in the GRD model 
limits.

Figure 14 – Classification of volcanic tests according to the TAS diagram

Figure 15 reports the viscosity ratio as a function of the temperature for volcanic ashes using the GRD and NPL models. Thirteen 
(13) tests out of seventeen (18) are shown. Laki 2, 3, 4 and 5 and Twin Mountain tests are characterized by a particle composition out 
of the validity range indicated by Giordano et al. [67]. In different way of coal particles, about half of these tests belong to the sticky 
region. As mentioned above, by using different viscosity prediction models, the viscosity ratio (µ/µc) can vary noticeably, but the 
mutual variation between NPL and GRD methods appears very similar to those reported for silty and coal particles (see Figure 11 and 
Figure 12).
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Figure 16 shows the comparison between the critical viscosity ratio calculated according to the NPL and the GRD viscosity 
models. The comparison highlights how the choice of the viscosity model affects the particle adhesion prediction. It can be noted that 
predictions are not aligned with the straight dashed line (provided as reference for the reader), but the trends change according to the 
tests and according to the viscosity ratio µ/µc. This evidence has to be matched with the trends reported in Figure 15: by changing the 
test temperature by 50 K, the particle viscosity may change by an order of magnitude and, by considering the different relation 
between viscosity and temperature, this could imply different predictions in terms of particle sticking or rebound.

This analysis shows how important the correct estimation of particle temperature is, as well as the choice of the viscosity and 
sticking models in the prediction of particle adhesion.

Figure 15 – Critical viscosity method for volcanic ash particles calculated according to the NPL and GRD models

Figure 16 – Comparison of the critical viscosity ratio (µ/µc) calculated according the NPL and GRD viscosity models where straight dashed line 
allows the data comparison

5.2. Particle velocity: application of the critical velocity method
In line with the viscosity analysis, it is possible to apply the critical velocity method defining the rebound/adhesion regions. This 

analysis is carried out using Eq. (16) for the calculation of the Young modulus and using Eq. (15) as a reference. This relation is used 
in literature for both ash contaminants [31] and JBPS B 2 particles [18]. The Young modulus of the surface is set equal to 200 GPa, 
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while the Poisson coefficient is equal to 0.3 for both particle and surface. The Young modulus for the particle is calculated according 
to Eq. (14) that is suitable for coal-ash contamination. Figure 17 shows the comparison between a representative test (JBPS B 2) 
condition at v = 79 m/s and the consequent critical velocity. The dashed line in the picture is representative of the particle velocity 
used in the tests and the critical velocity is reported as a function of temperature and diameter. In this case, the overall range of particle 
diameter (2 – 20) µm, instead of the mass mean average diameter equal to 11.6 µm has been considered. In the same way, a 
temperature values in the range of 1273 K  1373 K instead of single temperature value equal to 1366 K have been considered for the 
analysis. This assumption is based on the experimental evaluations reported in [130]. The Authors in [130] reported the temperature 
map across the vane, showing a non-uniform temperature pattern. If the particle velocity is lower than the critical velocity value, the 
particle is able to stick to a surface.

Taking into consideration the critical velocity trends, for a given particle diameter, the particle velocity range for which the particle 
is able to stick increases according to temperature values. This trend is related to Young modulus variation with temperature (see Eq. 
14). Analogous results can be obtained by fixing particle temperature and decreasing particle diameter. In this case, the critical 
velocity value is inversely proportional to the particle diameter (see Eq. 15).

As can be predicted by the critical velocity model, particle adhesion occurs in the case of smaller diameter and higher temperature 
values. In this case, according to the critical velocity model, several experimental conditions lie outside the adhesion region. In this 
case, the actual non-uniform temperature pattern, instead of the single value taken as the reference for this test, show how for a single 
adhesion test, different predictions may occur as a function of the local flow conditions.

Critical velocity model takes into account particle diameter while the classic formulation of the critical viscosity model accounts 
only for the particle temperature and its composition. In literature, several analysis shows that increasing particle diameter the average 
sticking coefficient decreases, probably due to a non-complete particle heating during the experimental tests [129]. Analytical 
observations have highlighted the influence of the surface temperature [29]. In particular, in presence of blade cooling, the sticking 
coefficient decreases due to the increment of the Young modulus (molten particle starts to solidify).

Figure 17 – Application of the critical velocity method for JBPS B 2. Sticky conditions refer to the case when particle velocity vp is 
lower than the critical velocity value

5.3. Energy-based model: particle spread factor and overall comparison
The last analysis related to particle adhesion/rebound using literature sticking model refers to the energy-based model. This model 

is based on the estimation of particle deformation during the impact and its correspondent energy balance between the dissipative and 
conservative forces. The peculiarity of this approach is related to the estimation of particle deformation as a consequence of the 
impact. Beyond the target characteristics (such as elasticity, hardness, surface roughness, etc.), one of the major challenge is 
represented by the identification of the particle condition (such as solid particle, liquid particle or semi-molten particle) upon impact. 
As reported in literature [150] the deformation process is strongly dependent to the particle/droplet viscosity and surface tension.

5.3.1 Particle surface tension
Figure 18 reports the variation of the particle surface tension as a function of the temperature according the material reported in 

Table 3. Therefore, each trend includes the particle surface tension variation due to the composition and temperature, while, each dot 
provides the particle surface tension value fixing both temperature and composition when that material is tested at fixed temperature. 
The particle surface tension values are estimated in agreement with Eq. (24) and the model coefficient collected in Table 1.In the same 
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fashion as seen for viscosity, particle surface tension values decrease according to the temperature even if, the variation over the 
temperature range is lower. The majority of data are comprise within 0.35 N/m to 0.45 N/m.

Figure 18 – Particle surface tension as a function of particle temperature

5.3.2 Particle spread factor analysis
Several researches are devoted to model the particle/droplet deformation process by means of non-linear relationship between non-

dimensional numbers such as We and Re and the contact angle realized on the target. As demonstrating by Klenhians et al. [38] 
relationship derived from droplet impact [45] could be used for representing semi-molten particle impact, successfully. In particular, 
in [38], the sticking behavior of soda lime glass particles are well represented using the non-linear equation reported in [45] obtained 
for water mixture with a viscosity values in the range (1–100) mPa s. Starting from this result, in this section, a collection of the 
relationships able to model the particle deformation process are reported. In order to give an overall overview how these models tackle 
the problem of semi-molten particle impact, six (6) relationships are used to calculate the particle spread factor for three (3) 
representative tests taken from Table 3, named ARD 2 (sandy particle), Eldgja (volcanic particle) and Coal (bituminous) 4 (coal 
particle) are considered.

Spread correlations available in the literature refer to different type of fluid/semi-molten substances and, as reported in [150] are 
characterized by some limitations. Most of these are related to the difficulties of scaling the complex interactions of liquid properties, 
surface wettability, dynamic contact angle and liquid velocity implying several difficulties to extend the validity beyond the fluid 
tested. Unfortunately, all the model available in literature are based on studies of droplet impact having viscosity values lower than 
that involved in the present study (see Figure 7 and Figure 8). For example, very low viscosity fluid (3.9e-5 Pa s) was used by Jones 
[41] taken inspiration form the Madejski’s model [151] characterized by higher viscosity value (about 1 Pa s). Other models as 
Pasandideh-Fard et al. [42] and Ukiwe and Kwok [43] are based on experimental results obtained with droplet water. Similar fluid 
viscosity (n-heptane) is adopted also by Chandra and Avedisian [44] while, fluids with higher viscosity values, are used by Mao et al. 
[45] (fluid viscosity equal to 100 mPa s) and Sheller and Bousfield [46] (fluid viscosity equal to 300 mPa s). Table 5 shows the non-
linear equations used for calculating particle spread factor for the three (3) considered experimental tests. As reported, each equation 
depends on non-dimensional numbers (particle Reynolds and/or Weber numbers) and, in some cases, on the contact angle θ assumed 
equal to π/2 in the present study.

Table 5 – Non-linear equations for particle/droplet spread factor calculation
Author Equation Characteristics of liquid

Jones [41] 𝜉 = (4
3Re0.25)

0.5
(27) Viscosity equal to 3.9e-5 Pa s

Pasandideh-Fard et al. [42] 𝜉 = ( We + 12

3(1 ‒ 𝑐𝑜𝑠𝜃) + 4We Re ‒ 0.5)0.5

(28) Water

Ukiwe and Kwok [43] (We + 12)𝜉 = 8 + (3(1 ‒ 𝑐𝑜𝑠𝜃) + 4We Re ‒ 0.5)𝜉3 (29) Water

Chandra and Avedisian [44]
3We
2Re 𝜉4 + (1 ‒ 𝑐𝑜𝑠𝜃)𝜉2 ‒ (1

3We + 4) = 0 (30) N-heptane
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Mao et al. [45] (1 ‒ cos𝜃
4 + 0.2

We0.83

Re0.33 )𝜉3 ‒ (We
12 + 1)𝜉 +

2
3 = 0 (31) Viscosity up to 100 mPa s

Sheller and Bousifield [46] 𝜉 = 0.91(Re We0.5)0.133 (32) Viscosity up to 300 mPa s

According to the relations reported in Table 5, Figure 19 and Figure 20 show the spread factor trend as a function of particle 
diameter and particle viscosity, respectively. In order to simplify the analysis, particle viscosity is calculated according to the NPL 
model, only. Each figure reports the results obtained for the three considered tests (ARD 2, Eldgja and Coal (bituminous) 4). Taken 
into consideration Figure 19, trends appear very similar for particle diameter higher than 20 µm, even if, the spread factor values are 
widespread. In the case of smaller diameter, the trend provided by Jones [41] deviates significantly with respect to the other. 
Therefore, in the case of small particle diameter, data dispersion is greater and the prediction of particle spread factor become more 
affected by the selection of the spread factor model.

Figure 19 – Particle diameter sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4

Similar evidence can be found by considering the sensitive analysis reported in Figure 20. In this case, spread factor values are 
shown as a function of the particle viscosity values, and, it is visible that for lower particle viscosity, the model predictions of particle 
spread factor values are very close to each other (see Figure 20c, for example). Moving towards higher viscosity values, the data 
appear very dispersed highlighting the variation of the slope among the models (see Figure 20a). The trends ξ/µ appear very different 
from each other and it is in opposite way than that reported in Figure 19, where, the ξ/d trends show very similar slopes. This result 
derives from the relationship between particle spread factor and the non-dimensional numbers Re and We (see Table 5). Particle 
viscosity contributes only to the particle Reynolds number while particle diameter, contributes in both characteristic numbers (Re and 
We). This implies that, from a particle deformation estimation point of view, it is more detrimental the variation of particle viscosity 
than particle diameter. Taking into consideration the analyses reported in Figure 19 and Figure 20, it can be relate the trends with the 
droplet characteristics used for obtaining model equations (Eqs 27 – 32), reported in Table 5). Models based on liquid droplet 
characterized by lower viscosity (Jones [41], Pasandidhed-Far et al. [42] and Ukiwe and Kwok [43]) predict lower particle spread 
factor values than the other models, which are obtained with higher droplet viscosity.

The energy-based models are built on the definition of a particle spread factor threshold value (ξ=0.4 for the present work), and 
with the reference of particle sticking phenomenon, different spread factor models give different prediction of particle deformation for 
the same particle in the same impact conditions. Therefore, with this approach, particle sticking prediction is affected by (i) the model 
assumptions related to the spread factor equation and, taking into consideration also the estimation of particle viscosity and surface 
tension, (ii) the models used for estimating the particle characteristics upon the impact.

In the following sections, the model of Mao et al. [45] is taken as reference for analyzing the literature results, comparing the 
spread factor values with threshold value (ξ=0.4). As reported by Kleihnas et al. [38], Mao et al.’s [45] model is able to well 
recognized particle sticking in the case of high viscous substance (e.g. soda lime glass particle).
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Figure 20 – Particle viscosity sensitivity analysis: a) ARD 2, b) Eldgja, and c) Coal (bituminous) 4

5.3.3 Spread factor values
Starting from the particle Reynolds number and particle Weber number and using Eq. (31) it is possible to calculate the 

correspondent spread factor for each deposition test. To perform this, the particle surface tension has to be calculated according to the 
Eq. (24) with the reference of Table 1. Based on the derived particle surface tension values, Figure 21 reports a three-dimensional 
variation of the spread factor as a function of We and Re for a representative fixed value of contact angle [45] equal to 90°. In Figure 
21, red and black dots represent all the data reported in Table 3. The threshold value of spread factor (ξ = 0.4) is marked with a white 
line that divided the grey region from the pale-grey region. The grey region represents the sticking region (ξ ≥ 0.4) in which the red 
dots represents the energy-based model prediction in agreement with the literature deposition tests, while the pale-grey region 
represents the rebound region (ξ < 0.4) in which the black dots represents the energy-based model prediction in disagreement with the 
literature deposition tests. Therefore, some deposition tests belong to the rebound region instead of sticky region. In this case, particle 
diameter, velocity and temperature are the main contributors in the to spread factor values. The three-dimensional surface We-Re-ξ 
shows, in correspondence of lower values of particle Weber number, a curvature variation due to the roots of the cubic relation 
reported in Eq. (31).

Figure 21 – Application of the energy-based model. Sticky conditions refer to the case when particle spread factor ξ is higher than 
0.4. Particle viscosity is calculated according to the NPL model

5.4 Comparison between critical viscosity and energy-based sticking models
The comparison proposed in Figure 22 is related to the critical viscosity method and the energy-based model calculated according 

to the NPL viscosity model. Trends are related to a fixed particle diameter and particle temperature variation (if present) that implies 
the contemporary variation of particle viscosity and spread factor values. The trend lines report the variation of particle spread as a 
function of the viscosity for a fixed particle diameter. In some cases, experimental tests are conducted with a certain particle diameter 
dispersion with a constant temperature value. In this case, no trend-lines are depicted because no-relation between particle spread and 
particle viscosity depend on the diameter.
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The data summarized in Figure 22 are subdivided according to two lines: the vertical line divides rebound/adhesion regions 
according to critical viscosity method while the horizontal line divides rebound/adhesion regions according to energy-based model.

From the comparison it is clear the difference in the particle sticking prediction related to these models. From the present 
subdivision, two regions could be clearly detected according to the two models. The adhesion region is recognized using the 
simultaneous conditions of µ/µc<1 and ξ≥0.4 for which both method predict adhesion as a results of the particle impact. The other 
region, characterized by µ/µc>1and ξ<0.4, is the region of particle rebound. For the other two combinations (µ/µc>1; ξ≥0.4 and 
µ/µc<1; ξ<0.4) the two models are in disagreement, showing opposite predictions. It can be remark that, all data collected in Table 3 
refer to experimental tests showing particle adhesion.

The overall analysis of the (µ/µc ; ξ) trends is reported in Figure 23 where the viscosity ratio and the spread factor values are 
calculated according to the other six viscosity models considered (S2 [62], WF [63], S&T [64], RRLG [65], SDS [66] and GRD [67]). 
As highlighted, different viscosity model predict different results (see for example the test called Arkwright and Arkwright 3 with the 
reference of Table 3) that could be differ from sticking to rebound results (see the predictions of S2 and WF).

Therefore, the analyses reported in Figure 22 and Figure 23 show the effects of the viscosity model on the particle sticking 
probability as a function of particle composition. In the next sections, a detailed analysis of their mutual interaction is proposed 
according to material composition.

Figure 22 – Model comparison critical viscosity/energy-based (data obtained using NPL model).The vertical line divides 
rebound/adhesion regions according to critical viscosity method while the horizontal line divides rebound/adhesion regions according 
to energy-based model (for an easier visualization of the chart, ARD 5 tests (characterized by µ/µc = 4.1e16 and ξ = 0.010 – 0.004) are 

not shown)
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Figure 23 – Model comparison critical viscosity/energy-based: a) S2, b) WF, c) S&T, d) RRLG, e) SDS and f) GRD. The vertical 
line divides rebound/adhesion regions according to critical viscosity method while the horizontal line divides rebound/adhesion 

regions according to energy-based model

5.4.1 Arizona Road Dust tests
The first analysis is devoted to the ARD tests. This material is largely used in the experimental tests due to its ready availability 

and standardization (e.g. ISO 12103-1 [86]). This material is characterized by high value of silica dioxide comprises in the range of 
(72.8 – 85.0) wt% and for this reason, in the present analysis only the NPL viscosity model is applied to the six (6) experimental tests 
(see Table 3). Based on literature characterization, the same material (ARD) is characterized by three different compositions (see 
ARD, 2, 3, 4 with respect to ARD 5 and ARD 6 tests). In addition, due to the preparation processes (e.g. filtration), different particle 
diameter ranges characterized the literature tests.

Figure 24 shows the (µ/µc ; ξ) trends superimposed on the thresholds sticking condition (µ/µc=1 and ξ=0.4). As reported above, 
several tests belong to the rebound region for which both sticking models fail the prediction. In particular, even if the ARD and ARD 
6 tests are conducted with the same particle temperature 1373 K and 1363 K respectively, the viscosity ratio is one order of magnitude 
different. The ARD 6 particles are characterized by an higher silica dioxide content that reflects in higher softening temperature (see 
Table 4).

This mismatch between the actual experimental results and the model prediction can be explained with two reasons: (i) the sticking 
models are not able to represents all of the ARD deposition tests and/or (ii) for a specific test, the deposits are generated by a certain 
combination of particle diameter, temperature and velocity. Therefore, even if the particle impact tests give particle adhesion, this 
results could be generated by small portion of powder (in term of diameter) or by specific flow conditions (in term of temperature).
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Figure 24 – Model comparison critical viscosity/energy-based (data obtained using NPL model) for Arizona Road Dust tests

5.4.2 Volcanic ash tests
In this section several specific analyses are realized considering volcanic ash tests. Volcanic ashes are characterized by lower 

content of silica dioxide than ARD, allowing the application of three viscosity models (NPL, S&T and GRD) matching the ash 
composition and the applicability limits. Figure 25 shows the (µ/µc ; ξ) trends superimposed on the thresholds sticking conditions 
(µ/µc=1 and ξ=0.4). Taking into consideration the critical viscosity method, the three viscosity models provide different predictions. 
Three tests (Eldja, EYJA 2 and Laki) belong to rebound region for which the critical viscosity method fails the prediction. Referring to 
the energy-based sticking method, it can be appreciated that NPL viscosity model gives higher spread factor values for the same test 
conditions and it seem the best viscosity model for predicting particle sticking with the energy-based method. By contrast, GRD 
model predicts the lowest values of particle spread-factor and for this reason appear not suitable for the energy-based model.

Figure 26 reports the detailed analysis of Basalt and Andesite tests according to NPL, S&T, SDS and GRD viscosity models. With 
the same criterion adopted early, the marker shape indicates the test while the color indicates the viscosity method. According to the 
volcanic ash classification, basalt and andesite are characterized by a different content of silica dioxide. With this comparison, clearly 
visible is the effects of the viscosity model on the sticking/rebound prediction. The NPL method gives higher values of particle spread 
factor, but at the same time, provides a viscosity ratio (µ/µc) prediction closer to the threshold µ/µc =1. The SDS model provides the 
lowest values of particle spread factor determining conflicting predictions in the case of energy-based sticking model. A specific 
analysis of the influence of viscosity methods and their effects on particle sticking prediction will report in the next section.

Figure 25 – Model comparison critical viscosity/energy-based for volcanic ash tests: a) NPL, b) S&T and c) GRD
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Figure 26 – Model comparison critical viscosity/energy-based for Basalt and Andesite volcanic ash tests with NPL, S&T , SDS and 
GRD viscosity models

5.4.3 Influences of particle composition
Thanks to the availability of the particle chemical characterization (see Table 3) it is possible to analyze the different behavior of 

viscosity models and chemical composition on the sticking methods. In Figure 27 – Figure 29 the application of different viscosity 
models to different tests are reported. The marker shape indicates the test while the color indicates the viscosity model. These 
comparisons are dedicated to discover the relationship between model predictions and the influence of single constitutive element.

The analysis reported in Figure 27 considers Coal (bituminous) and North Dakota tests. These materials are characterized by the 
different content of silica dioxide and calcium oxide: Coal (bituminous) particles have about 50 %wt of SiO2 and 9.5 %wt of CaO 
while North Dakota particles have about 20 %wt of SiO2 and 23 %wt of CaO. As can be seen from the graph, similar effects on the 
viscosity ratio and spread factor values are generated by the viscosity models. The NPL formulation determines a viscosity ratio (µ/µc) 
prediction closer to the threshold µ/µc =1 for the same test condition. This effect is more visible in the case of North Dakota test 
characterized by a lower amount of SiO2 and higher amount of CaO. State the present analysis, for a particle material similar to North 
Dakota, SDS model appear more suitable for calculating particle adhesion according to the critical viscosity method. Opposite results 
can be obtained with the reference of energy-based method. North Dakota tests appears more close to the threshold value (ξ = 0.4) if 
the particle viscosity is calculated with the SDS model.

Figure 27 – Model comparison critical viscosity/energy-based for Coal (bituminous), 2, 3, 4, 5 and North Dakota tests (NPL and 
SDS viscosity models) characterized by different content of silica dioxide and calcium oxide

The analysis reported in Figure 28 considers JBPS B, 2, 3 and Straw tests. These materials are characterized by the different content of 
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potassium oxide: JBPS B particles have about 1.6 %wt of K2O while Straw particles have about 23.4 %wt of K2O. Both material have 
a similar content of silica dioxide in the range of 48 – 50 % wt Considering the critical viscosity model, the NPL and RRLG 
predictions appear very similar for the JBPS B particles (lower content of K2O) while, in the case of Straw particles (higher content of 
K2O) the two predictions appear not so close. Therefore, NPL and RRLG models work in similar way in the presence of lower content 
of potassium oxide. Regarding the S&T model, the variations between its predictions and the other obtained with NPL and RRLG 
methods appear not so influenced by the different chemical composition of JBPS B and Straw particles.

Figure 28 – Model comparison critical viscosity/energy-based for JBPS B, 2, 3 and Straw tests (NPL, S&T and RRLG viscosity 
models) characterized by different content of potassium oxide

The analysis reported in Figure 29 considers JBPS B, 2, 3 and Arkwright, 2, 3 tests. These materials are characterized by the 
different content of aluminum oxide and silica dioxide: JBPS B particles have about 50 %wt of SiO2 and 12 %wt of Al2O3 while 
Arkwright particles have about 48 %wt of SiO2 and 25 %wt of Al2O3. In this case, no particular effects can be highlighted due to the 
presence of a different content of aluminum oxide. The S&T model better performs the sticking predictions in the case of critical 
viscosity model. The behavior of the viscosity model on the particle sticking model will be described in the next section.

Figure 29 - Model comparison critical viscosity/energy-based for JBPS B, 2, 3 and Arkwright, 2, 3 tests (NPL and S&T viscosity 
models) characterized by different content of silica and aluminum dioxides

5.4.4 Critical analysis of the viscosity models
Figure 30 reports four analyses dedicated to four different tests (Laki, Coal (bituminous), JBPS B and St. Helens tests) for which 

the applicable viscosity models (according to the proper applicability limits) are used to calculate the viscosity ratio and particle 
spread factor. Also in this case, the marker shape indicates the test while the color indicates the viscosity method.

Regarding the energy-based model, and thus the spread factor and its threshold value (ξ = 0.4), NPL model predicts the highest 
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values in all cases. The other models (S&T, RRLG, SDS and GRD) provide lower values of ξ with unavoidable effects on the particle 
sticking prediction. For example, tests for which the NPL model predicts particle sticking, RRLG predicts particle rebound (see for 
example Laki 3 and JBPS B 3 tests) or again, by comparing the prediction provided by NPL and S&T models in the case of tests with 
JBPS B particles.

As mention in the previous sections, NPL model determines closer viscosity ratio value to the threshold (µ/µc =1) in the sticking 
region but, as can be seen from Figure 30a-b (Laki and Coal (bituminous) tests) the effect affects also the rebound region. Considering 
the data distribution according to the abscissa, the viscosity ratio values provided by NPL model are the most squeezed to µ/µc =1. 
This behavior is related to the formulation of the viscosity-temperature relation. Taking into consideration the formulas reported for 
each model (see Table A3 in the Appendix A), the viscosity values are based on specific and not univocal data extrapolation.

Figure 31 reports a sensitivity analysis of the relation viscosity-temperature provided by the seven (7) models considered in the 
present analysis. In order to improve the readability of the graph, a logarithmic scale is used for the ordinate axis. Each trend refers to 
the relation between temperature and a normalized viscosity value (M) obtained considering the magnitude of the model’s constants. 
As highlighted by the trends, each model is characterized by different slope and thus, different sensitivity to the temperature. NPL and 
S2 models are less sensitive to a temperature variation while other models (e.g. WF and GRD) show a strong dependence to the 
temperature value. By increasing the temperature value of two (2) times, the normalized viscosity values increase by thirty (30) orders 
of magnitude.

This analysis shows the implication of particle temperature estimation or measurement as well as the interaction between viscosity 
and sticking models in the prediction of particle adhesion and/or rebound. Besides the dedicate experimental test that represents the 
greatest method used to discern the actual result, it could be useful to find a new method, based on the present evidence, able to 
represent the combined effects related to particle deformation and its material characteristics.

Figure 30 – Model comparison critical viscosity/energy-based: a) Laki 2, 3, 4, 5 with NPL and RRLG models, b) Coal 
(bituminous), 2, 3, 4, 5 with NPL, S&T and SDS models, c) JPBS B, 2, 3 with NPL, S&T and RRLG models and d) St. Helens, 2 with 

NPL and GRD models.
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Figure 31 – Sensitivity analysis of viscosity models

6. DIMENSIONAL ANALYSIS
State the literature data related to different research fields, the analysis of non-dimensional numbers characterizing the physic of 

the present phenomenon, puts the basis for improving the comprehension of the particle impact behavior. Starting from the particle 
characteristics involved in the three sticking models considered in the present review, the Buckingham Pi Theorem [152] is applied. 
The relationships between the particle sticking capability and several particle characteristics by means of non-dimensional groups are 
reported in the first part of the present section. From the results and the literature models reported above (critical viscosity, critical 
velocity and energy-based models), six (6) independent variables are identified. The set of independent variables is reported in Table 6 
where they are express in terms of its fundamental dimensions.

Table 6 – Pi Theorem: set of independent variables

# Independent variables Symbols {kg m s}

1 Particle density ρp {kg m-3}

2 Particle diameter dp {m}

3 Particle velocity V {m s-1}

4 Dynamic viscosity µ {kg m-1 s-1}

5 Surface tension γ {kg s-2}

6 Young modulus E {kg m-1 s-2}

As can be seen from Table 6 particle temperature is not included in the set of independent variables. The effect of the temperature 
on the particle sticking phenomenon is included in the viscosity and Young modulus variation.

The first non-dimensional group neglects the surface tension (capillary forces) contribution and considers the effect of the particle 
temperature by particle Young modulus and particle viscosity

Π1 = ρp dp
2 µ-2 E1 = (ρp dp µ-2) (dp E) (33)

where the dimensional group (dp E) characterizes the critical viscosity model while the first term can be processed and expressed as a 
function of non-dimensional number Z (see Eq. 3)

Π1 = (dp E) 1/(γ Z2) (34)

demonstrating how the surface tension, and thus, the capillary force has to be included in the particle sticking analysis.
The second group is obtained by considering particle viscosity the only structural characteristic that influences the particle sticking 

behavior

Π2 = ρp
-2 dp

-2 V-3 µ1 γ1  = (ρp
-1 dp

-1 V-1 µ1)(ρp
-1 dp

-1 V-2 γ1 ) (35)

where the two non-dimensional groups correspond to the particle Reynolds number and particle Weber number
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Π2 = 1/(Re We) (36)

Therefore, excluding the particle Young Modulus, particle Reynolds number and particle Weber number appear suitable for 
representing the particle sticking behavior.

Thanks to the data related to particle dimension, density, viscosity and surface tension it is possible to calculated the particle 
Reynolds number and the particle Weber number, defined according to Eqs (1, 2) supposing that the particle velocity is equal to the 
gas velocity. Therefore, starting from the literature data reported in Table 3, the viscosity and surface tension values reported in Figure 
7 and Figure 18 respectively, Figure 32a reports the logarithmic chart with the relationship of particle Reynolds number and particle 
Weber number. As mentioned, the calculation is performed using the viscosity values obtained with the NPL model.

The trends related to the mono-parametric variation of particle diameter, velocity and temperature are traced. In several cases, the 
experimental tests are carried out using a powder sample characterized by a specific size distribution. For this reason the data are 
aligned with the particle-diameter trend. The variation of the temperature determines the variation of the particles properties like 
viscosity and surface tension. Comparing this amplitude with the particle viscosity variation proposed in Figure 7, the majority of 
experimental tests related to particle deposition on gas turbine hot section, are located in a specific region in ten (10) orders of 
magnitude and four (4) orders of magnitude wide according to Reynolds and Weber number respectively. The tests named ARD 3 and 
ARD 5 are characterized by the lowest temperature (see Table 3) and for this reason the particle Reynolds number assumes the lowest 
values.

Following the conceptual framework reported in Figure 1, non-dimensional numbers allow the generalization of the present data 
and the comparison between the present results with those obtained in other research field. Comparing the We-Re regions involved in 
the gas turbine particle adhesion with the We-Re regions related to the analysis of printable fluids [14], see Figure 32b, it can be notice 
some similarities. In particular, no-data related to gas turbine conditions belong to the region called Satellite droplets, in which the 
primary drop is accompanied by large number of satellite droplets, but almost all data belong to the region called Too viscous. 
Similarities with the printable fluids highlight the possibility to use non-dimensional number to generalized particular experimental 
tests (i.e. gas turbine particle deposition) findings possible original explanations of such phenomena. In this analysis, specific 
information obtained a priori about splashing phenomena, could be useful for settings the best experimental test avoiding inaccuracy 
or misinterpretation of the results. The overall analysis of the We-Re trends is reported in Figure 33 where the particle Reynolds 
numbers are calculated according to the six (6) viscosity models considered (S2 [62], WF [63], S&T [64], RRLG [65], SDS [66] and 
GRD [67]). The regions related to the printable fluids [14] are also reported.

Figure 32 – Particle Weber number as a function of the particle Reynolds number (particle viscosity values was obtained using 
NPL model) where for an easier visualization of the chart, ARD 5 tests (characterized by Re = 6.8e-18–1.4e-16 and We = 3.5e-170) is 
not shown: a) traced trends refer to the variation of particle diameter, particle velocity and particle temperature and b) We-Re regions 

related to the analysis of printable fluids [14] superimposed
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Figure 33 – Particle Weber number as a function of the particle Reynolds number according to viscosity models: a) S2, b) WF, c) 
S&T, d) RRLG, e) SDS and f) GRD. Traced We-Re regions are related to the analysis of printable fluids [14] superimposed

As mentioned, the We-Re relationship, seems to be strongly correlated in the particle deposition phenomena. This result is line 
with the literature, where it is reported how the contemporary use of Weber number and Reynolds number allows the modeling of both 
surface and viscous behaviors [10]. Starting form this consideration, non-dimensional parameters allow to define the type of regime 
involved in particle impact. It may happen that molten or quasi-molten particle impacts the blade surface, deforming itself according 
to the Figure 2. The comprehension of the spreading process assumes a paramount importance for particle sticking modeling [11]. In 
order to do this, particle Ohnesorge number (see Eq. 3) is used coupled with particle Weber number in order to define the particle 
spreading process [11]. Particle Weber number is related to the force that generates particle spread: at higher We the force is due to 
particle velocity and particle diameter while at lower We the force is due to surface tension.

Particle Ohnesorge number is related to the force that opposes particle spread: at higher Z the force is due to the viscosity, while at 
lower Z the force is due to the inertia. Figure 34 shows the chart We-Z defined according to the literature [11], in which the data 
reported in Table 3, are superimposed (the viscosity values are calculated according to the NPL model). Present data belong to the 
region characterized by highly viscous particle and with the impact-driven particle spread. Therefore, the particle kinetic energy works 
against viscous force. Capillary force, and then, surface tension, does not influence the particle spread [11]. Analogous results can be 
obtained using the six (6) viscosity models considered (S2 [62], WF [63], S&T [64], RRLG [65], SDS [66] and GRD [67]) reported in 
Figure 35.

This analysis allows the comparison between the particles behavior involved in gas turbine fouling and other research fields. Non-
dimensional analysis confirms the importance of particle viscosity, but at the same time, highlights the relationship with particle 
velocity and diameter. Viscous force act related to particle temperature but the particle spread is driven also by particle kinetic energy.
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Figure 34 – Definition of the particle spread regime using non-dimensional numbers We-Z (particle viscosity values was obtained 
using NPL model)

Figure 35 – Definition of the particle spread regime using non-dimensional numbers We-Z according to viscosity models: a) S2, b) 
WF, c) S&T, d) RRLG e) SDS and f) GRD

7. GENERALIZATION OF THE PARTICLE IMPACT BEHAVIOR
Neither the critical viscosity/velocity nor the energy-based methods appear able to predict particle sticking for the overall particle 

adhesion tests adopting a general approach. The mismatch between the prediction and the actual results of the tests can be explained 
by two reasons. For a specific test, deposits are generated by a certain combination of particle diameter, temperature and velocity and 
therefore, by considering the overall variation of these quantities during tests, some conditions may generate particle rebound. At the 
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same time, particle characteristics such as viscosity and softening temperature are difficult-to-be-represented by a single model able to 
conceive a wide range of particle chemical compositions.

Summing up, a particle impact test reporting adhesion, can be the outcome of multiple superimposed effects in terms of particle 
size, temperature and impact conditions. In the last part of the present work, the generalization of particle impact behavior in gas 
turbine is proposed. Non-dimensional groups listed above (Weber, Reynolds and Ohnesorge numbers), allow for the generalization of 
particle impact/deposition data but describe only the effects of the impact into particle spread and no information about sticking 
phenomenon can be gathered.

In order to give a prospective view regarding particle adhesion, the data reported in Table 3 have to be accompanied by 
experimental results related to the other phenomena related to particulate impact. During gas turbine operation, surface erosion, 
particle adhesion and particle splashing could affect hot sections of the machinery. Erosion and fouling are generated by the same type 
of particles (especially rock-derived particles and coal ashes) and could take place under different or even the same conditions (such as 
temperature, velocity, size). Therefore, the data related to particle deposition are compared with literature data related to erosion [128], 
[153], [154], [155] and splashing phenomena [123].

In Table 7, the data associated to erosion tests are collected in the same way of the previous ones. Particle dimensions, density, 
velocity, temperature and composition are reported as well as the softening temperature calculated applying Eqs (19 – 23). These tests 
refer to hot erosion measurements realized using dedicated test benches. It is possible to notice how erosion tests are characterized by 
lower temperature with respect to those involved in particle deposition tests. In particular, Laki 6 test is very similar to the Laki 5 test 
(see Table 3) but it is characterized by lower particle temperature.

In Table 8 data associated to splashing tests are collected. These materials are also among the ones reported in Table 3 and used for 
the deposition tests, but in this case, tests and particle dimensions are different. These tests consist in a spherical-pellet of volcanic ash 
projected at high velocities towards a substrate. Particle splashing is evaluated checking the digital images taken during the particle 
impact during the test [123]. In this case, particle splashing is the only effect known and no data related to erosion issues are reported. 
All materials refer to three different volcanic ashes and the particle size involved in this tests is higher with respect to the previous 
one. Also in this case, the softening temperature are calculated applying Eqs (19 – 23).

Table 7 – Particle erosion data. Material composition in term of weight fraction

Authors Material d
[μm]

ρ 
[kg/m3]

v 
[m/s]

T
[K]

Tsoft
[K] t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

‘13 Shinozaki et al. 
[128] Laki 6 20–100 2400 115 983 1258 T 1.2 0.1 7.8 3.1 47.2 11.6 3.7 25.2

‘92 Tabakoff et al. 
[153] Coal ash 15 2900 366 800 – 1089 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1

‘84 Tabakoff [154] CG&E 38.4 2900 240 422 – 922 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1

CG&E 2 38.4 2900 228 756 1288 C 0.0 0.0 0.0 0.9 48.1 21.2 0.0 20.1
‘80 Kotwall and 

Tabakoff. [155] Kingston 15, 28 2900 228 756 1408 C 0.2 2.1 1.3 1.0 54.4 28.6 0.5 10.1

Table 8 – Particle splashing data. Material composition in term of weight fraction

Authors Material d
[μm]

ρ
 [kg/m3]

v 
[m/s]

T
[K]

Tsoft
[K] t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

Laki 7 6500 2000 106 1473 1161 C 4.0 1.0 11.0 5.0 50.0 12.0 3.0 14.0

Hekla 2 6500 1500 106 1473 1290 C 3.0 2.0 3.0 0.0 65.0 15.0 0.5 6.020
16 Dean et al. [123]

Eldgja 2 6500 1900 106 1473 1161 C 3.0 0.5 11.0 6.0 50.0 13.0 3.0 16.0

The first analysis shows the plane We-Z, Figure 36, populated by the data reported in Table 3, Table 7 and Table 8 (the viscosity 
values are calculated according to the NPL model). Data related to particle deposition, shown in details in Figure 34, are reported 
using grey dots in order to highlight the differences with the erosion and splashing data.

As shown in Figure 36, splashing data completely belong to the region called impact driven, while erosion data belong to the 
highly viscous region characterized by very high values of particle Ohnesorge number. This non-dimensional analysis shows quite 
different impact regimes involved in particle deposition and particle erosion/splashing. In the latter cases, the particle is characterized 
by size and/or velocity much more high with respect to the adhesion case. Higher particle Weber number implies a spread regime 
driven by the dynamic pressure gradient while lower values of particle Ohnesorge number implies a resistance force driven by particle 
inertia [11]. Erosion data are collected at lower temperature with respect to the splashing ones, and as shown in Figure 36, viscous 
effects are much more greater and the inertia force is less. Therefore, erosion phenomenon seems to be characterized by a particular 
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combination of particle kinetic energy and viscosity able to determines particle impact with material removal from the target, without 
adhesion.

From this analysis, a quite clear pattern can be recognized: deposition, erosion and splashing data belong to different regions in the 
We-Z plane, with the particular characteristic that deposition and erosion regions have in common the values of particle Weber 
number (in this case, the most discerning parameter is the particle viscosity), while deposition and splashing regions have in common 
the values of particle Ohnesorge number (in this case, the most discerning parameter is the particle velocity). Therefore, the 
combination of particle kinetic energy and surface tension seems to well describe the deposition, erosion and splashing phenomena.

Figure 36 - Particle spread regime using non-dimensional numbers including erosion and splashing tests (particle viscosity values 
was obtained using NPL model). Particle deposition data are reported with grey dots.

Starting from these considerations, two (2) new non-dimensional groups are proposed. Based on the Pi Theorem proposed in the 
previous section, by imposing a proper set of coefficients, the relation between kinetic energy and surface tension are

Π3 = ρp dp V2 γ-1 (37)

and by re-arranging the terms the third non-dimensional group can be expressed as

Π3 = (ρp dp
3 V2 )(dp

-2 γ-1) (38)

The first term represents the particle kinetic energy and the second term represents the particle surface energy. As shown above, 
particle kinetic energy and the surface energy work in the opposite way. If kinetic energy increases, the particle/surface interaction is 
driven by inertia, while if surface energy increases the particle/surface interaction is driven by surface energy (i.e. capillary forces). 
Defining the particle kinetic energy as

𝐸kin =
1
2𝑚𝑣2 (39)

and the particle surface energy as
𝐸surf = 𝛾𝐴 = 𝛾 4𝜋𝑟2 (40)

the considered non-dimensional group is defined according to the Pi Theorem as
Κ = 𝐸kin 𝐸surf (41)

The second parameter is related to particle softening. As highlighted above, viscous force determines how particle dissipates the 
kinetic energy at the impact. In order to represent this, the non-dimensional group defined as

Θ = 𝑇 𝑇soft (42)
is chosen. As reported, particle viscosity is directly related to particle temperature via its composition. Each material has proper 
characteristics and its specific value of softening temperature. This ratio represents how far the particle is from the softening state, 
overpassing the definition of an absolute values of particle viscosity, that, as reported, is difficult-to-be-known. At the same time, the 
use of Θ ratio “relative” parameter allows the comparison among different conditions. As reported in [74] working with particle 
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temperature “pure” parameter could misalign the actual operating condition with the test operating conditions. As described in [74], 
glassy volcanic ash softens at temperature values that are considerably lower than those required for crystalline silicates to start to melt 
and, for this reason, the use of standard materials in laboratory tests (e.g. MIL E 5007C test sand) instead of actual volcanic ash, 
determines no-reliable particle deposition results.

Softening temperature is already used as a threshold values in particle sticking model (such as critical viscosity model) 
representing the discerning values between sticky and no-sticky particles. The determination of the softening temperature for a given 
material is well defined as a standard procedure (such as test devices, atmosphere, thermal gradient, specimen preparation, etc.) that 
allows the determination of the characteristic temperature (FT, HT, IT and ST) with a specific confidence band (see Figure 4) [16]. By 
contrast, the definition of a critical viscosity values and its relation with temperature are not discovered in details yet [54]. Differences 
in viscosity values are detected during tests with constant shear and cooling rates compared with those measured in variable shear rate 
and stepwise cooling experiments [54] running with standard test conditions [55].

With the present approach, the estimation of the particle behavior according to the temperature variation become easier, more 
accurate and reproducible rather than the particle viscosity measurement that could be affected by non-univocal test methods [53], 
[156] and by rheological behavior due to the possible non-Newtonian effects. In fact, silica melts viscosity measurements are affected 
by three categories of inaccuracy due to (i) device, (ii) material and (iii) fluid behavior [53]. The first one is responsible of inadequate 
temperature control and geometric misalignment within the viscometer while the second determines several uncertainty related to the 
inhomogeneities due to evaporation, molecular degradation, improper mixing and phase separation. The latter category introduces 
several inaccuracies due to flow instability and transient phenomena related to non-Newtonian effects.

Using the non-dimensional groups Κ-Θ, Figure 37 shows the data collected for particle deposition (Table 3), erosion (Table 7) and 
splashing (Table 8). Data belong to the three categories are clearly subdivided. Particle erosion data are divided from particle 
deposition data due to the different values of the ratio Θ. Also splashing data are clearly distinguished and belonging to a region 
characterized by higher temperature and kinetic energy. In this case, the ratio Κ discerns the phenomena.

Figure 37 – Impact behavior map using non-dimensional groups K=Ekin/Esurf
 ; Θ=T/Tsoft

In the light of the present considerations, specific regions can be recognized. In Figure 38 the non-dimensional impact behavior 
map is proposed. In this chart, different impact behaviors are identified as a function of the literature data. With the reference of 
Figure 38, in the following description, each region will analyzed in detail:



39

Figure 38 – Impact behavior map via non-dimensional grouping

 deposition: this region comprises the data reported in Table 3. The combination of particle temperature and softening 
temperature allows the dissipation of the impact energy by particle deformation determining adhesion. Particles with these 
characteristics are too soft to cause erosion issues and do not have enough kinetic energy to determine the splashing 
phenomenon. The erosion phenomenon is related to the strength of the surface that strongly depends on the temperature values 
[157], [158] and [159] and for this reason, a certain superimposition between the deposition/erosion region has to be considered. 
In this region, when particle temperature is higher than the softening temperature, the ratio K does not allow particle splashing;

 erosion/rebound: in this region, the kinetic energy is high and some particles could rebound determining the associated surface 
erosion. Particles are characterized by lower capability to deform itself, and, for this reason, the dissipation of the kinetic energy 
that characterized the particle upon impact is dissipated through the surface generating dimples and cracks. Kinetic energy 
associated to the particle dimension and velocity is able to generate surface erosion as a function of the substrate resistance;

 erosion/deposition: in this region, particle viscosity plays a double role. It is still suitable for generating particle adhesion (the 
particle is sufficiently soft) but at the same time it can determine erosion issues as well [90]. The particle assumes a viscoelastic 
property related to a semi-solid state. Experimental tests conducted in this regions should consider the double effects of particle 
deposition and particle erosion. The deposits obtained during this tests are affected by two phenomena and, is not suitable for 
generate/validate deposition or erosion models. The outcome of such tests may be the result of the simultaneous occurrence of 
the two effects . Thus erosion might falsify the final deposition since part of the build-up have been removed;

 erosion and fragmentation: this region is characterized by higher value of particle viscosity and higher kinetic energy. Particle 
deposition does not take place, confirming the role of the particle softening [160] (with the reference of erosion/deposition region 
explanation). For example, several erosion tests at high temperature (1255 K) using alumina particles are reported. In this case, Θ 
is equal to 0.54 and K is equal to 40 and no deposition is detected during tests [161]. Increasing the particle kinetic energy, the 
fragmentation increases as well as the erosion issues [162] and [163]. Fragmentation is due to the part of kinetic energy absorbed 
by the particle during the impact. This part of energy is dissipated by the particle through its fragmentation. The amount of 
energy dissipated during this process is function of particle velocity and mass, or in other word, of its kinetic energy. Therefore, 
starting from a certain amount of kinetic energy, erosion phenomenon is accompanied by fragmentation. This effect occurs for 
lower values of Θ for which the viscoelastic properties of the particle do not allow sufficient deformation able to dissipate this 
part of energy;

 erosion/splashing: this region is strongly related to the fragmentation one, but the higher values of Θ determine different particle 
behavior. As shown in literature [123], tests conducted with high particle temperature (1473 K), impact velocity of 100 m/s and 
particle diameter equal to few millimeters, generate an impact characterized by breaking up (yet during the flight) and extensive 
deformation on impact with the substrate. In these tests, the particle kinetic energy is equal to about 1e-2 J considerably higher 
than the kinetic energy involved in the particle deposition tests realized with hot gas turbine section. Therefore, even if the 
viscosity values is suitable for generating particle adhesion, the high values of kinetic energy determine particle break-up 
(splashing) and limiting particle adhesion, and then, deposits. At the same time, the particle splashing generates a large amount 
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of smaller semi-molten droplet, re-entrained by a flowing gas [164], having lower kinetic energy. In this case, the particle 
behavior is very similar to the one characteristic of the deposition region;

 rebound/slip/rivulets: when the kinetic energy diminishes and/or the particle surface energy increases the particle that impacts on 
the surface rebounds or, in the case with very low kinetic energy particles slip on this. This phenomenon is known as a lotus 
effects [165], [166] and [167] particle/drop slips/rolls on the surface driven by capillary forces. Elastic phenomena could 
influence the particle impact or by contrast, the particle has an extremely lower energy that the rebound it is not possible;

 no data: in this region, no literature data are available but, in the track of the former considerations, some hints can be reported. 
In this region, the values of the ratio Θ imply the viscoelastic behavior of particle that could promote rebound (and the associated 
erosion issues), but at the same time, the lower values of the ratio K do not generate surface erosion. Therefore, if particle 
adhesion occurs, it is probably due to particular conditions or to the presence of a third substance or an attraction force (for 
example Van der Walls force) that promotes particle sticking. One of the particular condition is described well by Sacco et al. 
[168]. In this experimental test, the ARD particles impact the surface of the internal cooling holes with very low velocity and 
significantly low temperature (< 728 K). In these conditions, some particles are trapped in recirculating and stagnation zones and 
they repeatedly impact the hot surface at low velocity [168]. Regarding the presence of third substance, experimental results 
[169] have shown that, in the case of dry conditions, particles are able to stick to the surface if the impact velocity (in the normal 
direction) is lower than a certain limit. When the values of kinetic energy are lower, due to the smaller particle diameter (0.1–1.5) 
µm, rather than lower velocities, and if a third substance is present, particle sticking is promoted. This condition is very to that 
founded in the gas turbine compressor sections. Sub-micro-sized solid particles are a class of particles that determines 
compressor fouling [3], or in other words, these particles stick under cold conditions. As reported in literature, compressor 
fouling is promoted by the presence of third substances at the particle surface interface [48], [170] and for these reasons, the 
adhesion capability that characterizes this region, could be due to the effects of particular surface conditions. Unfortunately, 
detailed experimental analyses are not reported in literature. A small number of contributions (compared to those reported for hot 
sections) involved particle sticking analysis relate to cold conditions. On-field detections [170], [171] have revealed that only the 
first stages are affected by deposits and are driven by the presence of liquid water at the particle surface interface. Regarding 
wind tunnel tests, Kurz et al. [172] reported an experimental investigation which provides experimental data on the amount of 
foulants in the air that stick to a blade surface under dry and humid conditions. The tests show a higher deposition rate provided 
by wet surfaces compared to dry ones. Similar results are reported in [173] where glue agents on the blade surface enhance the 
particle adhesion rate dramatically. In hot sections, glue agents are described with the name of vapor deposition [50], [117], 
[161] and [174]. This phenomenon, due to the presence of a condensed phase downstream the combustor sections, can increase 
the sticking capabilities of nanoparticles (mass mean diameter < 0.1 µm) dragged in the vicinity of the surface by diffusion and 
thermophoresis forces, especially in the presence of film cooling. Vapor particles migrate through the boundary layer toward the 
cool wall. If the boundary layer temperature is below the dew point, condensation takes place at the wall [175].

8. REMARKS
In this final part, the impact behavior map, early proposed, was checked against several different cases. The first analysis refers to 

the particle sticking data already used for the map identification, for which a detailed subdivision between the reported results (see 
Table 3) is performed (if possible). In particular, Figure 39 reports the impact behavior map with the superimposition of several 
different tests divided according to silty (Figure 39a), coal-like (Figure 39b), and volcanic ash particles. Volcanic ash are reported in 
both Figure 39c and Figure 39d for improving the readability. Each bounded region represent the covered region on the impact 
behavior map according to the test conditions, while the red-region represent the test condition for which the Authors have reported 
the most detrimental effects related to particle sticking. The data summarized in Figure 39 are all the available data which have 
reported the present distinction. Clear visible is the presence of contradictory results in the region named erosion/deposition (see the 
map description early reported) for which, tests conducted with silty and coal-like particles, do not show high amount of deposits, 
while tests carried out with volcanic ashes show the greatest sticky conditions.

Looking into the analysis, it is clear how the data is very dispersed, but, at the same time, it can be draw two major considerations: 
(i) particle sticking is greater moving towards high values of Θ while (ii) the relationship between the ratio K and the sticking 
condition is not univocal. This means that the effects of particle inertia and the interaction between the particle and substrate is proper 
of each test.
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Figure 39 – The impact behavior map with the superimposition of several different tests considering the more detrimental particle 
sticking regions

In the second analysis, K-Θ map presented in Figure 38 is checked against to two different cases. The first one is related to 
experimental tests for measuring the coefficient of restitution (COR) at high temperature [176], [177] and [178]. Tests were performed 
with ARD and Table 9 reports their characteristics. The second one is related to experimental tests for evaluating the erosion due to 
droplets impact [179], [180] and [181]. Tests were performed with water and Table 10 reports their characteristics.

Table 9 – Particle rebound characteristics data. Material composition in term of weight fraction

Authors Material d
[μm]

ρ 
[kg/m3]

v 
[m/s]

T
[K]

Tsoft
[K] t Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

ARD COR 1 20 – 40 2560 28 873 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4
ARD COR 2 20 – 40 2560 28 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.420

15

Delimont et 
al.. [176], 
[177] ARD COR 3 20 – 40 2560 70 1073 – 1373 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4

ARD COR 4 20 – 40 2560 47 533 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4
ARD COR 5 20 – 40 2560 77 866 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.420

14 Reagle et 
al. [178]

ARD COR 6 20 – 40 2560 102 1073 1366 C 3.0 3.4 3.4 1.5 72.0 12.5 0.8 3.4

Table 10 – Water droplet erosion characteristics data. Density is assumed equal to 1000 kg/m3, surface tension is assumed equal to 
0.072 N/m and Θ = 1.1

Authors Material d
[μm] v [m/s] t K
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W 1 44 256 C 834
W 2 50 226 C 739
W 3 60 191 C 633
W 4 72 148 C 456
W 5 95 121 C 402
W 6 108 105 C 345

Oka et al. [179]

W 7 130 85 C 253
20

09
Ahmad et al. [180] W 8 90 350 – 580 C 3190 – 8760

W 9 700 190 – 340 C 7312 – 23414
‘83 Hackworth. [181]

W 10 1800 222 – 290 C 25669 – 43802

Figure 40 shows the superimposition of literature data reported in Table 9 and Table 10 on the K-Θ map. The tests performed with 
ARD are collocated in the erosion/rebound region. These tests are realized with the aim of measuring the rebound characteristics of 
ARD particle confirming the region highlighted in the K-Θ map. In particular, ARD COR 3 tests conducted with higher temperature 
(close to 1373 K) belong to the mixed region erosion/rebound-deposition. Deposition effects are recognized during the tests realized 
for measuring COR of ARD particles at high temperature [177]. In detail, starting from about 1250 K (corresponding to Θ = 0.92) to 
about 1370 K (corresponding to Θ = 1.01) particle deposition takes place. A certain number of particles stick to the target surface as 
well as the remaining particles bounce on the target defining a specific value of COR. This experimental evidence, obtained with an 
experimental apparatus design for calculating rebound characteristics of micro-sized particles, confirms a particular region 
characterized with particle rebound/erosion and particle deposition.

The tests performed with water droplet are located in the erosion/splashing region. These tests are realized with the aim of 
measuring the erosion provided by water droplets. Bigger droplets and/or higher impact velocities are collocated in the upper region, 
where splashing is higher. The K-Θ map provided also in this case a good prediction of the actual behavior even if, the comparison 
with water droplets over-stresses the hypotheses under which the K-Θ map exists. In fact, across the Tsoft, all materials considered for 
the K-Θ map identification, show a continuous trend of the relation µ-T. By contrast, water shows a step variation of viscosity values 
across the Tsoft (that represents ice melting).

Figure 40 – Tests of ARD rebound and water droplet erosion superimposed on the non-dimensinoal impact behavior map K-Θ

8.1. Limitations and perspectives
Particle sticking tests, collected in the present review, cover all materials responsible of the gas turbine fouling phenomenon (silty, 

volcanic ash and coal-like particles). Starting from these tests, an original data post-process based on non-dimensional groups has 
generated the K-Θ Map, in which several different results of a generic particle impact can be a priori determined. The identification of 
the K-Θ Map by means of several independent experimental results related to the evaluation of restitution coefficients and droplet 
erosion has confirmed that the adopted approach seems promising for using the K-Θ Map as a predictive tool.
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In line with the literature data, the capability for predicting the result correctly, is demanded to the similarities between the present 
data and the considered impact in terms of chemical composition and substrate characteristics. After a detailed analysis of the 
literature, two main aspects have to be considered for the proper interpretation of the results: (i) the effects of the local temperature 
variation due to the film cooling on the blade surface and (ii) the effects of mutual interaction between particle and the substrate at a 
given temperature. Particle thermal characteristic (such as conductivity, specific heat, etc.) and the effects of glue agent due to the 
particular combination of chemical composition and temperature, could affect the result of a particle impact. These aspects should be 
considered in the use of K-Θ Map and may represent the main topics for further improvements of the present work.

9. CONCLUSIONS
The present analysis is based on literature data related to the experimental tests on particle deposition carried out with hot gas 

turbine sections-like conditions. Several considerations about particle adhesion were highlighted associated to the physical behavior of 
particle impact. Analyzing the particle deposition models, it is clear how the modeling of particle deposition is still a challenge. 
Different analytical models exist, based on experimental evidence or on basic physics principle. The model applied the most is the 
critical viscosity model. This model is easy to be implemented (also in a computational fluid dynamic model) but at the same time 
does not consider other influences on particle deposition like surface tension and particle kinetic energy. Regarding other models, for 
example, the energy-balance model, the spread factor parameter seems not to be completely exhaustive of the particle adhesion. 
Erosion phenomena are characterized by higher values of particle viscosity and particle kinetic energy but, the energy-based model 
still predicts an adhesion-like behavior. The interaction between particle and surface is driven by the particle characteristics at the 
impact (e.g. velocity and particle mass) and the characteristics of the surface (e.g. surface tension or the presence of a third substance). 
At the same time, the sticking models are based on the calculation of particle viscosity that demands for predictive methods based on 
the particle chemical composition. As demonstrated, the estimation of particle viscosity variation according to temperature is not-
univocal depending on the test method or the set of materials used for model data regression. 

Based on over seventy (70) experimental tests related to gas turbine hot sections reported in literature, the proposed non-
dimensional particle impact behavior map summarizes all the possible effects of particle impact on surfaces. The non-dimensional 
parameters, used to identify the results of particle impact, are based on the assessment of particle velocity, temperature, mass, surface 
tension and softening temperature. State of this, a proper characterization of particle material is required using (i) standard tests (if 
exist) or (ii) predictive model of particle density, surface tension and softening temperature.

The generalization of the results is provided by using non-dimensional groups able to represent different particle impact behavior. 
All of the recognized regions (deposition, rebound/slip/rivulets, erosion/rebound, erosion and fragmentation and erosion/splashing) 
are related to specific experimental evidences found in literature which highlight several effects involved in gas turbine fouling.

A particular region, named no data is also proposed. This region is characterized by lower particle kinetic energy, higher viscosity 
values and no available literature data. Therefore, which is the reason related to this lack? Are these particle conditions involved in gas 
turbine particle deposition? Are these conditions easy to be studied by experimental tests?

These questions are still open and further studies will be devoted to discover particle impact behavior and improve the knowledge 
about all recognized regions. Experimental analyses and analytical models have to take into account the effects of the presence of third 
material (such as water, oily substances, etc.) at the particle/surface interface, implying several difficulties for modeling gas turbine 
particle deposition. All of these aspects represent the upcoming challenges, considering that both experimental and numerical analyses 
have to reflect the actual conditions in which gas turbine operates.
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Appendix A
In the present Appendix the constitutive equations of the seven (7) viscosity methods with all model coefficients and applicability 

limits are reported. In the following equations, viscosity values is expressed in [Pa s] while temperature values is expressed in [K].

A.1. NPL model
The first method, called NPL model (National Physical Laboratory) [61], is based on the optical basicity. The optical basicity is a 

quantity related to the mole fraction χ and number of oxygen atoms n in the melt and is used to classify oxides on a scale of acidity 
referred to the same O2- base. Optical Basicity of glasses and slags is derived from the Lewis acidity/basicity concept. The expression 
of the Non-Corrected (NC) optical basicity ΛNC is 

ΛNC =
∑𝜒i𝑛iΛi

∑𝜒i𝑛i

(A1)

where the values of the theoretical optical basicity Λ are listed in Table A1.

Table A1 – Values of the theoretical basicity Λ

K2O Na2O CaO MgO Al2O3 TiO2 SiO2 Fe2O3

1.40 1.15 1.00 0.78 0.60 0.61 0.48 0.75

Optical basicity can be corrected for the cations required for the charge balance of the aluminum oxide according to the correction 
proposed by Duffy and Ingram [182], used in [183], the Corrected (C) optical basicity ΛC is calculated as

𝜒CaO ≥ 𝜒Al2O3

ΛC =
1 ΛCaO(𝜒CaO ‒ 𝜒Al2O3

) + 2 ΛSiO2 𝜒SiO2
+ 3 ΛAl2O3 𝜒Al2O3 + 1 ΛMgO 𝜒MgO + 3 ΛFe2O3 𝜒Fe2O3 + 1 ΛNa2O 𝜒Na2O + 1 ΛK2O 𝜒K2O + 2 ΛTiO2 𝜒TiO2

1(𝜒CaO ‒ 𝜒Al2O3
) + 2 𝜒SiO2 + 3 𝜒Al2O3 + 1 𝜒MgO + 3 𝜒Fe2O3 + 1 𝜒Na2O + 1 𝜒K2O + 2 𝜒TiO2

(A2)

𝜒CaO ≤ 𝜒Al2O3 and 𝜒CaO +  𝜒MgO ≥ 𝜒Al2O3

ΛC =
1 ΛMgO ΛCaO(𝜒CaO +  χMgO ‒ 𝜒Al2O3

) + 2 ΛSiO2 𝜒SiO2
+ 3 ΛAl2O3 𝜒Al2O3 + 3 ΛFe2O3 𝜒Fe2O3 + 1 ΛNa2O 𝜒Na2O + 1 ΛK2O 𝜒K2O + 2 ΛTiO2 𝜒TiO2

1(𝜒CaO +  𝜒MgO ‒ 𝜒Al2O3
) + 2 χSiO2 + 3 𝜒Al2O3 + 3 𝜒Fe2O3 + 1 𝜒Na2O + 1 𝜒K2O + 2 𝜒TiO2

(A3)

The correction for optical basicity is not required when  because at this condition, the aluminum oxide will 𝜒𝐶𝑎𝑂 +  χ𝑀𝑔𝑂 ≤ 𝜒𝐴𝑙2𝑂3 
behave as basic oxide and the Al3+ ions will not incorporated into the Si4+ chain or rig. In this case, the Eq (A1) is applied as is, 
without correction.

The NPL method can be applied to all of materials considered in the present work estimates the viscosity according to

ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
(A4)

This model is generally applicable and not limited to slag of a certain composition. The coefficients A and B can be calculated 
according to the expressions

ln
𝐵NPL

1000 =‒ 1.77 +
2.88

(ΛCor ΛNC)
(A5)

ln 𝐴NPL =‒ 232.69(ΛCor ΛNC)2 + 357.32(ΛCor ΛNC) ‒ 144.17 (A6)
The accuracy of the present method is not reported in the original work [61]. However, by using the data proposed by Duffy and 

Ingram [182], it is possible to estimate the deviations between the theoretical and the experimental optical basicity values. The data 
refers to glassy materials and they are reported in Figure A1. The confidence band is ± 8.7 % wide and it is representative of the 
maximum deviation between theoretical and experimental values (dashed lines in the graph).
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Figure A1 – Deviations between the theoretical and the experimental optical basicity values taken from Duffy and Ingram [182]

A.2. Modified silica ratio model
The second method is the modified silica ratio S2 model [62]. The S2 is based on studies of coal ash slags, containing silicon, 

aluminum, iron, calcium and magnesium as major components. The model relates the viscosity-temperature characteristics of liquid 
slags with their chemical composition, and it is based on a recalculation of the compositional analysis of the slag in which all ferrous 
is assumed in the presence of Fe2O3 according to the weight fraction

SiO2 + Al2O3 + Equiv.Fe2O3 + CaO + MgO = 100 % (A7)
The silica ratio ς is calculated on a weight-basis

𝜍 =
100 SiO2

SiO2 + Equiv.Fe2O3 + CaO + MgO
(A8)

and the viscosity value can be calculated using

log 𝜇 = 4.468( 𝜍
100)

2

+ 1.265
104

𝑇 ‒ 8.44 (A9)

As reported in [62], the model coefficients reported in Eq. (A9) were calculated by data regression of the temperature-viscosity trends 
based on sixty two (62) samples of slags that covered the range of chemical composition in term of weight fraction listed below:

 SiO2 = (31 – 59) wt%;
 CaO = (1 – 37) wt%;
 Al2O3 = (19 – 37) wt%;
 Fe2O3 = (0 – 38) wt%;
 MgO = (1 – 12) wt%;
 Na2O+K2O= (1 – 5) wt%.

In addition, the model is valid when the silica ratio value is in the range of 45 – 75 and the value of the ratio SiO2/Al2O3 is in the 
range of 1.2 – 2.3. These values represent the applicability limits of the present model. The model will be applied only for the gas 
turbine contaminants which chemical composition match with the listed limits.

This model is the oldest considered in the present review. Its accuracy is estimated in [62] and in [60] by considering the predicted 
temperature correspondent to a determined viscosity value. In both cases, the model under-predict the temperature values. In 
particular, Hoy et al. [62] estimated an accuracy band of 44 K while Vargas et al. [60] estimated an accuracy band of 66 K. All the 
predicted points correspond to a lower temperature than the experimental data. This means that for a given temperature, the S2 predict 
a lower value of particle viscosity.

A.3. Slope and intercept model
The third method is based on the slope and intercept model, usually called Watt and Fereday (WF) model [63]. The basis of the 

model is a recalculation of the composition identical to that of the S2 model, reported in the Eq.(A7). The viscosity can be calculated 
according to

log 𝜇 =
𝑚WF 107

(𝑇 ‒ 423)2 + 𝑐WF (A10)
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The two parameters, mWF and cWF, should be calculated from the species concentrations recalculated in weight percent according to 
the following expressions

𝑚WF = 0.00835 SiO2 + 0.00601 Al2O3 ‒ 0.109 (A11)
𝑐WF = 0.0415 SiO2 + 0.0192 Al2O3 + 0.0276 Fe2O3 + 0.0160 CaO ‒ 3.92 (A12)

The correlation was derived by data regression of British coal ashes on the basis of measurements on one hundred and thirteen (113) 
ashes that covered the range of chemical composition in terms of weight fraction listed below:

 SiO2 = (30 – 60) wt%;
 CaO = (2 – 30) wt%;
 Al2O3 = (15 – 35) wt%;
 Fe2O3 = (0 – 30) wt%;
 MgO = (1 – 10) wt%.

In addition, the model is valid when the silica ratio value is in the range of 40 – 80 and the value of the ratio SiO2/Al2O3 is in the 
range of 1.4 – 2.4. These values represent the applicability limits of the present model. The model will be applied only for the gas 
turbine contaminants which chemical composition match with the listed limits.

As mentioned, this model is based on the S2 model, and in the same way, under predicts the temperature for a determined viscosity 
value. In particular, for a viscosity equal to 25 Pa s this model under predict the temperature values up to 180 K [60]. In the work of 
Watt and Feredey [63] there are a detailed description of the uncertainty related to three sources (instrumental error, analytical error 
and error due to irregularities in the behavior of the slag). A confidence band equal to ± 0.29 log unit in Poise at 95 % is also indicated 
by the Authors [63].

A.4. Urbain model
The fourth method is based on Urbain’s formulation [184] used for the viscosity estimation of silicate and aluminosilicates melts at 

high temperature. An improved physical model of this formulation is proposed by Senior and Srinivasachar [185] extending the 
validity of the equation to low temperature. The same temperature-composition correlation is applied by Sreedharan and Tafti (S&T) 
[64]. Starting from this formulation, the particle viscosity is calculated with adjusted coefficients reported in [60] obtained for 
predicting the viscosity of ash particles in combustion systems up to 109 Pa s. This model is used to predict particle viscosity in several 
studies related to particle impact/deposition on gas turbine hot sections [18], [23], [186] and [187]. This model is able to predict the 
particle viscosity with the following limits:

 SiO2 = (0 – 60) wt%;
 Al2O3 = (0 – 60) wt%;
 Fe2O3 = (0 – 30) wt%;

Particle viscosity can be calculated according to the expression

𝑙𝑜𝑔(𝜇
𝑇) = 𝐴S&T +

103𝐵S&T

𝑇
(A13)

The terms AS&T and BS&T vary based on ash composition. The parameter describing this compositional dependence in terms AS&T and 
BS&T is referred to by the acronym NBO/T which stands for non-bridging oxygen to tetrahedral oxygen where the oxides are 
considered with their mole fraction values.

𝑁𝐵𝑂
𝑇 =

𝜒CaO + 𝜒MgO + 𝜒FeO + 𝜒Na2O + 𝜒K2O ‒ 𝜒Al2O3 ‒ 𝜒FeO3

𝜒SiO2 + 𝜒TiO2

2 + 𝜒Al2O3 + 𝜒Fe2O3

(A14)

The model constant AS&T and BS&T depend on the value of NBO/T. In particular

𝐴S&T =‒ 3.81629 ‒ 0.46341𝐵S&T ‒ 0.35342
NBO

𝑇
(A15)

where BS&T is defined according to the expression
𝐵 = 𝑏0 + 𝛼𝑏1 + 𝛼2𝑏2 + 𝑁(𝑏3 + 𝛼𝑏4 + 𝛼2𝑏5) + 𝑁2(𝑏6 + 𝛼𝑏7 + 𝛼2𝑏8) + 𝑁3(𝑏9 + 𝛼𝑏10 + 𝛼2𝑏11) (A16)

where N is the molar fraction of the silica dioxide  and α is defined according to χ𝑆𝑖𝑂2

𝛼 =
𝜒CaO

𝜒CaO + 𝜒Al2O3

(A17)

The coefficients bi are defined according to the values reported in Table A2.
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Table A2 – Coefficients of BS&T according to the S&T model [64]

b0 -224.98 b4 -2398.32 b8 -2551.71

b1 636.67 b5 1650.56 b9 387.32

b2 -418.7 b6 -957.94 b10 -1722.24

b3 823.89 b7 3366.61 b11 1432.08

For this model the evaluation of its accuracy is demanded to the former model proposed by Urbain et al. [184]. With the isothermal 
deformation method, the uncertainty related to the viscosity values is equal to ± 10 % [60]. By considering the prediction of 
temperature values for a given viscosity, the confidence band is ± 4.5 K wide for a temperature values higher than 1873 K, while is ± 
10 K wide for a temperature values lower than 1875 K.

A.5. RRLG method
The fifth method proposed by Riboud et al. (RRLG) [65] is based on the Urbain’s model [184]. The viscosity is calculated 

according to the expression

𝑙𝑜𝑔(𝜇
𝑇) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇
(A18)

The model coefficient aRRLG and bRRLG can be calculated using the molar fractions of the materials components using the following 
expressions

ln 𝑎RRLG =‒ 35.76 𝜒Al2O3 + 1.73(𝜒CaO +  𝜒MgO) + 7.02( 𝜒Na2O +  𝜒K2O) ‒ 19.81 (A19)
𝑏RRLG = 68.833 𝜒Al2O3 ‒ 23.896(𝜒CaO +  𝜒MgO) ‒ 39.159( 𝜒Na2O +  𝜒K2O) ‒ 31.14 (A20)

This model was obtained by considering twenty two (22) industrial continuous casting slag and the applicability limits of this model in 
terms of weight fraction is listed below:

 SiO2 = (27 – 56) wt%;
 CaO = (8 – 46) wt%;
 Al2O3 = (0 – 12) wt%;
 Na2O = (0 – 22) wt%.

As reported in [65] the accuracy of the present model is related to the third term of the Eq. (A20). In their work, the Authors 
showed a relative difference with a maximum deviation equal to 2.9 % for a viscosity values lower than 2 Pa s.

A.6. SDS method
The sixth method proposed by Streeter, Diehl and Schobert (SDS) [66] is based on the Urbain’s model [184] by considering three 

(3) different categories according to the silica content. The Authors in [66] proposed a correction term based on viscosity 
measurement of seventeen (17) Western US lignite and subbituminous coal slags belonging to a low-rank coals over the temperature 
range of (1423 – 1753) K. The viscosity is calculated according to the expression

ln (𝜇
𝑇) = ln 𝐴U +

103𝐵U

𝑇 ‒ ∆ (A21)

where the model coefficients AU and BU are defined according to Urbain’s model [184] as
‒ ln 𝐴U = 0.2693𝐵U + 11.6725 (A22)

𝐵U = 𝑏0,U + 𝜒SiO2𝑏1,U + 𝜒 2
SiO2𝑏2,U + 𝜒 3

SiO2𝑏3,U (A23)
where the model coefficient bi,U are defined according to the following expressions

𝑏0,U = 13.8 + 39.9355𝛼 ‒ 44.049𝛼2 (A24)
𝑏1,U = 30.481 ‒ 117.1505𝛼 ‒ 129.9978𝛼2 (A25)
𝑏2,U =‒ 40.9429 ‒ 234.0486𝛼 ‒ 300.04𝛼2 (A26)
𝑏3,U = 60.7619 ‒ 1539276𝛼 ‒ 211.1616𝛼2 (A27)

where α is defined according to the Eq. (A17). The value of Δ is dependent on the silica-content of the melt
∆ = 𝑇𝑚SDS + 𝑐SDS (A28)

Therefore, starting with these definitions, in the case of BU > 28 the model coefficients of SDS are
103𝑚 =‒ 1.7264 𝐹 + 8.4404 (A29)

𝑐 =‒ 1.7137(103𝑚) + 0.0509 (A30)

𝐹 =
𝜒SiO2

𝜒CaO + 𝜒MgO +  𝜒Na2O +  𝜒K2O
(A31)

In the case of BU < 28 and BU > 24 the model coefficients of SDS are
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103𝑚 =‒ 1.3101 𝐹 + 9.9279 (A32)
𝑐 =‒ 2.0356(103𝑚) + 1.1094 (A33)

𝐹 = 𝐵𝑈(𝜒Al2O3 + 𝜒FeO) (A34)
while in the case of BU < 24 the model coefficients of SDS are

103𝑚 =‒ 55.3649 𝐹 + 37.9186 (A35)
𝑐 =‒ 1.8244(103𝑚) + 0.9416 (A36)

𝐹 =
𝜒CaO

𝜒CaO + 𝜒MgO +  𝜒Na2O +  𝜒K2O
(A37)

The compositions of the seventeen (17) coal slags are listed below in terms of molar fraction:
  = 0.25 – 0.70;χSiO2

  = 0.08 – 0.33;𝜒CaO
  = 0.08 – 0.27;𝜒Al2O3

  = 0.00 – 0.11;𝜒Na2O

  = 0.04 – 0.13;𝜒MgO
  = 0.00 – 0.09.𝜒Fe2O3

and represent the limits of applicability of the SDS model. In addition, the weight percentage of the minor constituent (K2O, TiO2) has 
to be lower than 5 %. The Authors [66] have reported a detailed explanation about the correlation coefficient for each category defined 
according to the silica content ranging from 0.870 to 0.999.

A.7. GRD Model
The last viscosity model is the model proposed by Giordano et al. [67] which is used to calculated the volcanic ashes viscosity 

according to the following procedure. The former relation is

ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 ‒ 𝐶GRD
(A38)

where the temperature is expressed in Kelvin and the particle viscosity in Pa s. The model coefficient AGRD is equal to -4.55 while the 
coefficients BGRD and CGRD are calculated according to the mol% fraction χ of constituent oxides

𝐵GRD
= 159.6( χSiO2 +  𝜒TiO2

) ‒ 173.3𝜒Al2O3 + 72.1 𝜒Fe2O3 + 75.7 χMgO ‒ 39.0𝜒CaO ‒ 84.1 𝜒Na2O ‒ 2.43( χSiO2 +  𝜒TiO2
)( 𝜒Fe2O3 +  χMgO) ‒ 0.91

( χSiO2 +  𝜒TiO2 + 𝜒Al2O3
)( 𝜒Na2O +  𝜒K2O) + 17.6𝜒Al2O3

( 𝜒Na2O +  𝜒K2O)
(A39)

𝐶GRD = 2.75 χSiO2 + 15.7( 𝜒TiO2 + 𝜒Al2O3
) + 8.3( 𝜒Fe2O3 +  χMgO) + 10.2𝜒CaO ‒ 12.3( 𝜒Na2O +  𝜒K2O) + 0.3(𝜒Al2O3 +  𝜒Fe2O3 +  χMgO + 𝜒CaO)( 𝜒Na2O +  𝜒K2O) (A40)

According to Giordano et al. [67] the model is calibrated on melt compositions oxide contents as reported here:
 SiO2 = (41 – 79) wt%;
 CaO = (0 – 26) wt%;
 Al2O3 = (0 – 23) wt%;
 Fe2O3 = (0 – 12) wt%;
 MgO = (0 – 32) wt%;
 Na2O = (0 – 11) wt%;
 K2O = (0.3 – 9) wt%;
 Ti2O = (0 – 3) wt%.

In [67] a detailed description of the accuracy of the model coefficient AGRD is reported. In addition, the data comparison reported 
by the Authors showed a root-mean-square-error equal to 0.4 log unit.

Table A3 summarizes the constitutive equations and the applicability limits of all viscosity models.

Table A3 – Constitutive equations and the applicability limits of the viscosity models
Constitutive equations SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O

NPL [61] ln 𝜇 = ln 𝐴NPL +
𝐵NPL

𝑇
- - - - - - -

S2 * [62] log 𝜇 = 4.468( 𝜍
100)

2

+ 1.265
104

𝑇 ‒ 8.44 wt% 31 – 59 1 – 37 19 – 37 0 – 38 1 – 12 -

WF 2* [63] log 𝜇 =
𝑚WF 107

(𝑇 ‒ 423)2 + 𝑐WF wt% 30 – 60 2 – 30 15 – 35 0 – 30 1 – 10
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S&T [64] 𝑙𝑜𝑔(𝜇
𝑇) = 𝐴S&T +

103𝐵S&T

𝑇 wt% < 60 < 60 < 15

RRLG [65] 𝑙𝑜𝑔(𝜇
𝑇) = 𝐴RRLG +

103𝐵𝑅𝑅𝐿𝐺

𝑇 wt% 27 – 56 8 – 46 0 – 12 0 – 22

SDS 3* [66] ln (𝜇
𝑇) = ln 𝐴U +

103𝐵U

𝑇 ‒ ∆ χ 0.25 – 0.70 0.08 – 0.33 0.08 – 0.27 0.00 – 0.09 0.04 – 0.13 0.00 – 0.11

GRD [67] ln 𝜇 = ln 𝐴GRD +
𝐵GRD

𝑇 ‒ 𝐶GRD
wt% 41 – 79 0 – 26 0  23 0  12 0  32 0  11 0.3  9

* The model is valid if  45 ≤ ς ≤ 75; 1.2 ≤ SiO2/Al2O3 ≤ 2.3; 1 ≤ Na2O+K2O ≤ 6 in terms of wt%
2* The model is valid if 40 ≤ ς ≤ 80; 1.4 ≤ SiO2/Al2O3 ≤ 2.4 in terms of wt%
3* The model is valid if K2O ≤ 5; TiO2 ≤ 5 in terms of wt%
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Appendix B
The particle deposition tests collected in Table 3 are reported in this Appendix with the reference of particle Stokes number and 

particle relaxation time values. For each test, the geometric features of the target are included in the related reference. Particle Stokes 
number is calculated according to

St =
𝜌 𝑑2 v

18 𝜇g 𝐿 (B1)

where the characteristic target length L is affected by inaccuracy as reported below. Particle relaxation time is not affected by these 
inaccuracies and is calculated according to

𝜏 =
𝜌 𝑑2

18 𝜇g
(B2)

In the presence of a certain variability range of particle diameter and temperature, a single average value is assumed as 
representative of the entire test. The values of the former variables of Stokes number and particle relaxation time are reported in Table 
B1 as well as the type of target and its shape. In several cases, the geometric characteristics of the target are not reported in detail and 
for this reason, they are estimated using sketches and figures reported in the correspondent reference with unavoidable inaccuracies. In 
these cases, the target dimensions reported in Table B1 are marked with a cross.

According to the type of target, the characteristic length L is calculated according to the following rules:
 tests performed on full scale gas turbine (T): a representative chord equal to 50 mm was assumed as characteristic length L for all 

the tests, excluding the tests called EYJA (Naraparaju et al. [129]) and Laki 5 (Shinozaky et al.[128]) for which the chord of the 
first nozzle was estimated using the sketch reported in the reference;

 tests performed on wind tunnels provided with cascade or single blade targets (B): the airfoil chord was assumed as characteristic 
length L;

 tests performed using a coupon (C): the diameter (if circular) or the hydraulic diameter (if rectangular) of the coupon holder were 
assumed as characteristic length L;

 tests performed in order to discover particle deposition inside the internal cooling hole (I): the diameter of the circular holes was 
assumed as characteristic length L.

The dynamic viscosity of the carrier gas is assumed equal to that of pure air at the same temperature and calculated according to 
CoolProp library [142] for a reference pressure (absolute) equal to 2 bar. In some tests, the carrier gas came from a combustion 
chamber in which natural gas or other types of fuels (syngas or heavy fuels) were burned.

For all of these reasons, the Stokes number and particle relaxation time as well as the characteristics length L reported in Table B1 
are only useful for an order of magnitude analysis.
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Table B1 – Dynamic characteristics of the impacts: Stokes number and particle relaxation time
Authors Material d

[μm]
ρ 

[kg/m3]
v 

[m/s]
T

[K]
µ105

[Pa s] TT Target L
[m] St τ

[s]

‘18 Naraparaju et al. 
[129] EYJA 5.3 849 200 1773 6.29 10.0 mm + 0.010 0.41 2.1e-5

Basalt 65.0 2800 15 1573 5.81 C (20  30) mm + 0.024 7.07 1.1e-2
Andesite 65.0 2600 15 1573 5.81 C (20  30) mm + 0.024 6.56 1.1e-2
Dacite 65.0 2700 15 1573 5.81 C (20  30) mm + 0.024 6.82 1.1e-2

Giehl et al. [124]

Rhyolite 65.0 2500 15 1573 5.81 C (20  30) mm + 0.024 6.31 1.0e-2
Barker et al. [103] ARD 22.5 2560 80 1373 5.32 C (63.5  38.1) mm 0.048 2.27 1.4e-3
Boulanger et al. [104] ARD 2 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3
Whitaker et al. [126] ARD 3 5.0 2560 40 1091 4.58 I 0.635 mm 0.001 4.89 7.8e-5

EYJA 2 19.9 849 80 1228 4.95 I 0.675 mm (averaged among 3 tests) 0.001 44.52 3.8e-4

20
17

Wylie et al. [127]
Chaiten VA 19.9 849 80 1228 4.95 I 0.675 mm (averaged among 3 tests) 0.001 44.52 3.8e-4

Boulanger et al. [102] ARD 4 30.0 2560 70 1323 5.19 C (63.5  38.1) mm 0.048 3.62 2.5e-3
Whitaker et al. [133] ARD 5 10.0 2560 21 866 3.94 I 0.635 mm 0.001 11.94 3.6e-4
Lundgreen et al. 
[134] ARD 6 2.5 2560 70 1493 5.62 B 42 mm + 0.042 0.03 1.6e-5

Laki 27.5 2400 106 1169 4.79 C (50  30) mm 0.038 5.95 2.1e-3
Hekla 27.5 1500 106 1169 4.79 C (50  30) mm 0.038 3.72 1.3e-3
Eldgja 27.5 1900 106 1169 4.79 C (50  30) mm 0.038 4.71 1.7e-3

Dean et al. [123]

Askja 27.5 1400 106 1169 4.79 C (50  30) mm 0.038 3.47 1.2e-3
Laycock and 
Fletcher [101] JBPS A 4.0 2330 200 1598 5.87 C (75  75) mm + 0.075 0.09 3.5e-5

Laki 2 40.0 2400 91 1043 4.45 C (50  30) mm + 0.038 11.64 4.8e-3
Laki 3 40.0 2400 106 1160 4.77 C (50  30) mm + 0.038 12.65 4.5e-3

20
16

Taltavull et al. [56]
Laki 4 40.0 2400 127 1265 5.12 C (50  30) mm + 0.038 14.11 4.2e-3

‘15 Whitaker et al. [137] JBPS B 5.6 2320 70 1353 5.27 B 42 mm + 0.042 0.13 7.5e-5

‘14 Prenter et al. [21] JBPS B 6.5 2320 70 1353 5.27 B 42 mm + 0.042 0.17 1.0e-4

Casaday et al. [130] JBPS B 2 11.6 2320 79 1366 5.30 B 42 mm + 0.042 0.62 3.3e-4
Laycock and 
Fletcher [100] JBPP 8.0 1980 200 1523 5.69 C (75  75) mm + 0.075 0.33 1.2e-420

13

Shinozaki et al. [128] Laki 5 60 2400 365 1343 5.24 T 15 mm + 0.015 223 9.2e-3

Lignite 12.5 2818 70 1343 5.24 B 42 mm + 0.042 0.78 4.7e-4
Bituminous 14.1 1980 70 1353 5.27 B 42 mm + 0.042 0.69 4.2e-4
PRB 18.3 2989 70 1350 5.26 B 42 mm + 0.042 1.76 1.1e-3

Webb et al. [132]

JBPS B 3 12.5 2320 70 1330 5.21 B 42 mm + 0.042 0.64 3.9e-4
Ai et al. [99] Coal(bit.) 13.4 1980 170 1456 5.53 C 31.8 mm 0.032 1.91 3.6e-4

20
12

Ai et al. [98] Coal(bit.) 2 16.0 1980 180 1453 5.52 C 31.8 mm 0.032 2.89 5.1e-4

‘11 Ai et al. [97] Coal(bit.) 3 9.0 1980 170 1453 5.52 C 31.8 mm 0.032 0.86 1.6e-4

‘10 Smith et al. [131] Bituminous 
mean14 14.0 1980 70 1227 4.94 B 42 mm + 0.042 0.73 4.4e-4

Coal(bit.) 4 9.6 1980 170 1295 5.12 C 31.8 mm 0.032 1.05 2.0e-4
Crosby et al. [96]

Petcoke 6.3 2900 170 1295 5.12 C 31.8 mm 0.032 0.67 1.2e-420
08

Wammack et al. [95] BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4

Coal (bit.) 5 13.3 1980 200 1423 5.44 C 31.8 mm 0.032 2.47 3.6e-4
Petcoke 2 33.0 2900 200 1423 5.44 C 31.8 mm 0.032 22.27 3.2e-3
Straw 17.6 1680 200 1423 5.44 C 31.8 mm 0.032 3.34 5.3e-420

07 Bons et al. [94]

Sawdust 19.7 960 200 1423 5.44 C 31.8 mm 0.032 2.39 3.8e-4

‘05 Jensen et al. [88] BYU SEM 16.0 2500 220 1423 5.44 C 31.8 mm 0.032 4.52 6.5e-4

St Helens 23.0 2700 100 1421 5.44 T 50 mm ++ 0.050 2.92 1.5e-3
‘96 Dunn et al. [122] Twin 

Mountain 73.0 2730 100 1421 5.44 T 50 mm ++ 0.050 29.73 1.5e-2

‘93 Kim et al. [121] St Helens 2 23.0 2700 100 1444 5.50 T 50 mm ++ 0.050 2.89 1.4e-3
+ Estimated by sketches and pictures
++ Assumed as a representative chord of the first turbine section nozzle
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Table B1 – (continued)

+ Estimated by sketches and pictures
++ Assumed as a representative chord of the first turbine section nozzle

Authors Material d
[μm]

ρ 
[kg/m3]

v 
[m/s]

T
[K]

µ
[Pa s] TT Target L St τ

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4
Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4
Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-419

92 Richards et al. [92]

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4

Arkwright 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4
Blue Gem 20.0 1980 300 1373 5.32 C 12.7 mm 0.013 19.54 8.3e-4
Arkwright 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4

Anderson et al. [91]

Blue Gem 2 10.0 1980 300 1573 5.81 C 12.7 mm 0.013 4.47 1.9e-4
Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4
Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4

19
90

Wenglarz and Fox 
[112], [113]

Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4

Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4
Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-419

89 Ahluwalia et al. [51]
Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4

Arkwright3 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4
Kentucky 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4
Spring 
Montana 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-419

88 Ross et al. [90]

North 
Dakota 20.0 1980 100 1450 5.51 C 8 mm 0.008 9.98 8.0e-4

AMAX 7.5 1900 100 1366 5.30 B 50 mm ++ 0.050 0.22 1.1e-4
Spiro et al. [111]

Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 0.050 0.13 6.6e-5
Ash-fuel 1 10.2 1900 150 1313 5.17 C (20  150) mm + 0.035 0.90 2.1e-4
Ash-fuel 2 8.5 1900 150 1313 5.17 C (20  150) mm + 0.035 0.63 1.5e-4Wenglarz [109]
Ash-fuel 3 14.5 1900 150 1313 5.17 C (20  150) mm + 0.035 1.83 4.3e-4

19
87

Kimura et al. [110] Otisca coal 5.8 1900 100 1366 5.30 B 50 mm ++ 0.050 0.13 6.6e-5
Raj and Moskowitz 
[136] Coal 3.0 1900 244 1283 5.09 B 16 mm 0.016 0.28 1.9e-5

Pittsburg 15.0 2500 53 1590 5.85 C 8 mm 0.008 3.54 5.3e-4
Pittsburg 2 15.0 2500 149 1590 5.85 C 8 mm 0.008 9.95 5.3e-419

84

Anderson et al. [89]
Pittsburg 3 15.0 2500 215 1590 5.85 C 8 mm 0.008 14.35 5.3e-4

‘83 Raj [135] Coal 2 3.0 1900 244 1811 6.37 B 50 mm ++ 0.050 0.07 1.5e-5
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Appendix C
In this Appendix, the molar fraction values for the materials collected in Table 3 are reported. Since the correspondence of weight 

fraction and the molar fraction values is based on the specific chemical composition, Table C1 completes the information of particle 
chemical composition used in the present work.

Table C1 – Molar fraction values divided according by the deposition test
Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

‘18 Naraparaju et al. 
[129] EYJA 0.037 0.018 0.018 0.021 0.831 0.070 0.002 0.003

Basalt 0.033 0.004 0.122 0.098 0.582 0.086 0.024 0.052
Andesite 0.039 0.005 0.105 0.092 0.598 0.122 0.009 0.031
Dacite 0.050 0.018 0.046 0.014 0.739 0.092 0.007 0.034

Giehl et al. [124]

Rhyolite 0.066 0.016 0.033 0.016 0.777 0.074 0.007 0.011
Barker et al. [103] ARD 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022
Boulanger et al. 
[104] ARD 2 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022

Whitaker et al. 
[126] ARD 3 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022

EYJA 2 0.045 0.018 0.069 0 0.715 0.090 0.015 0.050

20
17

Wylie et al. [127]
Chaiten VA 0.044 0.020 0.019 0 0.817 0.091 0.002 0.007

Boulanger et al. 
[102] ARD 4 0.024 0.023 0.044 0.021 0.794 0.069 0.002 0.022

Whitaker et al. 
[133] ARD 5 0 0 0.037 0 0.893 0.061 0 0.008

Lundgreen et al. 
[134] ARD 6 0 0 0.034 0 0.896 0.062 0 0.008

Laki 0.065 0.002 0.071 0.130 0.552 0.116 0.011 0.053
Hekla 0.076 0.008 0.023 0.023 0.730 0.115 0 0.024
Eldgja 0.071 0.002 0.070 0.112 0.536 0.124 0.019 0.065

Dean et al. [123]

Askja 0.058 0.010 0.020 0.029 0.768 0.098 0 0.018
Laycock and 
Fletcher [101] JBPS A 0.028 0.007 0.062 0.027 0.732 0.117 0.009 0.018

Laki 2 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229
Laki 3 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229

20
16

Taltavull et al. [56]
Laki 4 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229

‘15 Whitaker et al. 
[137] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067

‘14 Prenter et al. [21] JBPS B 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067

Casaday et al. [130] JBPS B 2 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067
Laycock and 
Fletcher [100] JBPP 0.044 0.012 0.123 0.031 0.612 0.083 0.028 0.067

20
13

Shinozaki et al. 
[128] Laki 5 0.013 0.001 0.091 0.049 0.512 0.074 0.030 0.229

Lignite 0.009 0.007 0.388 0.061 0.375 0.096 0.022 0.042
Bituminous 0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342
PRB 0.019 0.004 0.503 0.115 0.246 0.069 0.018 0.026

Webb et al. [132]

JBPS B 3 0.044 0.013 0.123 0.031 0.611 0.083 0.028 0.067
Ai et al. [99] Coal(bit.) 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028

20
12

Ai et al. [98] Coal(bit.) 2 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028

‘11 Ai et al. [97] Coal(bit.) 3 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028

‘10 Smith et al. [131] Bituminous 
mean14 0.005 0.022 0.043 0.015 0.436 0.112 0.025 0.342

Coal(bit.) 4 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028
Crosby et al. [96]

Petcoke 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118

20
08

Wammack et al. 
[95] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047

Coal (bit.) 5 0.079 0.020 0.110 0.063 0.561 0.124 0.014 0.028
Petcoke 2 0.057 0.022 0.110 0.045 0.524 0.117 0.008 0.118
Straw 0.021 0.186 0.104 0.047 0.605 0.013 0 0.02320

07 Bons et al. [94]

Sawdust 0.062 0.073 0.494 0.199 0.125 0.032 0.011 0.004
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Table C1 – (continued)
Authors Material Na2O K2O CaO MgO SiO2 Al2O3 TiO2 Fe2O3

‘05 Jensen et al. [88] BYU SEM 0 0.054 0.170 0 0.698 0.031 0 0.047

St Helens 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017
‘96 Dunn et al. [122] Twin 

Mountain 0.006 0.033 0.139 0.027 0.613 0.095 0.017 0.070

‘93 Kim et al. [121] St Helens 2 0.050 0.012 0.055 0.027 0.724 0.111 0.005 0.017

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053
Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199
Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.05319

92 Richards et al. [92]

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199

Arkwright 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053
Blue Gem 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199
Arkwright 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053

Anderson et al. [91]

Blue Gem 2 0.027 0.006 0.135 0.066 0.302 0.240 0.026 0.199
Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225
Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246

19
90

Wenglarz and Fox 
[112], [113]

Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290

Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225
Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.24619

89 Ahluwalia et al. [51]
Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290

Arkwright3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053
Kentucky 0.143 0.003 0.022 0.014 0.394 0.145 0.090 0.188
Spring 
Montana 0.158 0.001 0.354 0.121 0.232 0.099 0.012 0.02219

88 Ross et al. [90]

North 
Dakota 0.107 0.003 0.328 0.133 0.269 0.088 0.005 0.066

AMAX 0.119 0.068 0.064 0 0.0328 0.124 0.039 0.259
Spiro et al. [111]

Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195
Ash-fuel 1 0.016 0.022 0.120 0.001 0.352 0.246 0.018 0.225
Ash-fuel 2 0.021 0.019 0.108 0.001 0.342 0.245 0.019 0.246Wenglarz [109]
Ash-fuel 3 0.032 0.018 0.169 0.002 0.250 0.215 0.025 0.290

19
87

Kimura et al. [110] Otisca coal 0.008 0.006 0.229 0 0.295 0.252 0.015 0.195
Raj and Moskowitz 
[136] Coal 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153

Pittsburg 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053
Pittsburg 2 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.05319

84

Anderson et al. [89]
Pittsburg 3 0.011 0.010 0.080 0.024 0.620 0.190 0.012 0.053

‘83 Raj [135] Coal 2 0.034 0.028 0.005 0.026 0.459 0.275 0.020 0.153
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