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ABSTRACT

Over recent decades, the variability and high costs of the traditional gas turbine fuels (e.g. natural gas), have pushed operators to
consider low-grade fuels for running heavy-duty frames. Synfuels, obtained from coal, petroleum or biomass gasification, could
represent valid alternatives in this sense. Although these alternatives match the reduction of costs and, in the case of biomass sources,
would potentially provide a CO; emission benefit (reduction of the CO, capture and sequestration costs), these low-grade fuels have a
higher content of contaminants. Synfuels are filtered before the combustor stage, but the contaminants are not removed completely. This
fact leads to a considerable amount of deposition on the nozzle vanes due to the high temperature value. In addition to this, the continuous
demand for increasing gas turbine efficiency, determines a higher combustor outlet temperature. Current advanced gas turbine engines
operate at a turbine inlet temperature of (1400 — 1500) °C which is high enough to melt a high proportion of the contaminants introduced
by low-grade fuels. Particle deposition can increase surface roughness, modify the airfoil shape and clog the coolant passages. At the
same time, land based power units experience compressor fouling, due to the air contaminants able to pass through the filtration barriers.
Hot sections and compressor fouling work together to determine performance degradation.

This paper proposes an analysis of the contaminant deposition on hot gas turbine sections based on machine nameplate data. Hot
section and compressor fouling are estimated using a fouling susceptibility criterion. The combination of gas turbine net power,
efficiency and turbine inlet temperature (TIT) with different types of synfuel contaminants highlights how each gas turbine is subjected
to particle deposition. The simulation of particle deposition on one hundred (100) gas turbines ranging from 1.2 MW to 420 MW was
conducted following the fouling susceptibility criterion. Using a simplified particle deposition calculation based on TIT and contaminant
viscosity estimation, the analysis shows how the correlation between type of contaminant and gas turbine performance plays a key role.

The results allow the choice of the best heavy-duty frame as a function of the fuel. Low-efficiency frames (characterized by lower

values of TIT) show the best compromise in order to reduce the effects of particle deposition in the presence of high-temperature melting
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contaminants. A high-efficiency frame is suitable when the contaminants are characterized by a low-melting point thanks to their lower
fuel consumption.
INTRODUCTION

Land-based gas turbines used in power plants or compressor stations experience performance losses which are due to the fouling of
the compressor [1, 2] and, when gas turbines run with low-grade fuels, to the fouling of the turbine [3 — 6]. In most applications, low-
grade fuels are coal, biomass and oil-residue petcoke. These fuels are gasified to produce syngas suitable for gas turbines operation.
Syngas is usually contaminated by different levels of impurities depending on the type of source and filtration operations. Typically it
contains traces of fly-ash particles having a diameter that ranges from 1 pm to 10 um [7]. Matching a contaminant concertation of 1/10
parts per million by weight with high mass flow rate swallowed by a heavy-duty frame of hundreds of kilograms per second, the ingested
materials could be equal to a few tons during a thousand operating hours [7]. These contaminants are heated up in the combustor
determining deposition, erosion and corrosion on turbine components, especially on the first gas turbine stage. The result of particle
impact on gas turbine hot sections depends in large part on the particle temperature that could be considered almost equal to the gas
temperature.

Particle temperature determines the physical state of the impacting particle (solid, liquid or vapor), and in turn, determines the effects
of particle impact (erosion or adhesion). Experimental analyses [4] and [8 — 10] and more recently accelerated particle deposition tests
[11] have shown a dramatic variation of the effects of particle impact as a function of the gas temperature. Above a certain temperature,
usually called the softening temperature [12], particles become sticky and their impacts on the gas turbine surface generate deposits. As
reported in [12] at the softening temperature ash is making a transition from an initial deformation temperature to fluidity, assuming a
plastic-like state with great capability to stick. Each low-grade fuel contaminant is characterized by a certain composition and due to
this, each material has its temperature-dependent characteristics. Since first-stage turbine components operate at the highest
temperatures, deposition usually takes place on the first-stage nozzle. Below this temperature, particle impact typically determines
surface erosion [13].

In the light of this physical behavior of the contaminants introduced in the gas turbine hot section, the TIT assumes even greater
importance, especially because TIT is directly correlated to the gas turbine efficiency. As reported in [14] and [15], gas turbine
technology has evolved increasing the TIT up to 1500 °C determining a maximum efficiency of up to 40 % (considering for example
the evolution from the E-type to H-type families of General Electric gas turbines [15]). Therefore, technological improvements have
increased firing temperature values and efficiencies of gas turbines, but at the same time, have increased the problem related to semi-

molten particle impact at the first turbine stage.
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Aim of the paper. In this work, a comparison of one hundred (100) heavy-duty gas turbines considering the issues related to different
contaminants due to the operation with low-grade fuels is proposed. The analysis is based on very different gas turbines considering net
power, that ranges from 1.2 MW to 420 MW and efficiency, that ranges from 24 % to 40 %. In the present analysis, the issues of the hot
section is very much a function of the fuel characteristics and quality.

The comparison, starting from the gas turbine nameplate data, is based on the consideration of the same amount of net energy
provided by the gas turbine. Therefore, high-efficiency gas turbines consume a lower amount of fuel than low-efficiency frames for
generating the same energy, but at the same time, high-efficiency gas turbines are characterized by higher TIT values and thus, more
detrimental conditions related to particle sticking. The amount of contaminant (directly related to the mass of burned fuel) that affects
the hot sections will be less or it may be stickier as a function of the TIT value.

Gas turbine selection is also proposed in relation to compressor fouling issues. The estimation of the power unit fouling sensitivity
and susceptibility due to particle deposition on compressor sections is modeled using a literature index [14]. The technological era of

the gas turbine has to be matched with the nature of the contaminants and characteristics related to gas turbine net power, efficiency and

TIT value.

NOMENCLATURE

A model coefficient

B model coefficient

E Energy

m mass flow rate

n number of oxygen atoms in the molecule
P power

T Temperature

w Power

Greek letters

n efficiency

A optical basicity

u viscosity

g ash content

X mole fraction
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Subscripts and superscripts

air air
C corrected
c critical

CM Compressor

cont contaminant

f filtration

fuel fuel

i index

NC non-corrected
net net

soft softening (referred to the particle behavior)

tot total

Acronyms

ALS Alstom

GE General Electric

KHI Kawasaki Heavy Industries
LHV Low Heating Value

MAN MAN Diesel & Turbo
MTSB HIT Mitsubishi Hitachi

NPL National Physical Laboratory
NWR Net Working Ratio

PR Pressure Ratio

RH Relative Humidity

SIE Siemens

SOL Solar Turbines

SP Sticking Probability

TIT Turbine Inlet Temperature
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FLY-ASH CONTAMINANT CHARACTERISTICS AND STICKING MODEL

Low-grade fuels such as syngas could be obtained by from several raw materials such as coal, biomass or residual oil [16 — 19]. In
this paper the selection of low-grade fuels was conducted considering these three different sources. In the following, composition and
characteristics are listed as well as the model prediction for the particle viscosity and particle sticking probability.

Contaminants. This analysis is based on contaminants which are related to five (5) different low-grade fuels. Table 1 reports their
chemical composition as a weight fraction of sodium oxide Na,O, potassium oxide KO, calcium oxide CaO, magnesium oxide MgO,
silicon dioxide SiO;, aluminum trioxide Al;Os3, titanium dioxide TiO; and iron trioxide Fe;Os. The chemical composition refers to the
ash generated by the combustion of the related fuel. Obviously, these oxides do not cover the entire composition for each fuel but these
individual oxides are thought to be the most important in characterizing their physical behavior. Minor elements are present in the
chemical composition of fuel. According to the Phyllis 2 database [20] minor components (such as cobalt, cadmium, vanadium, etc.)
were founded in several fuels especially biomass and coal but at the same time, do not greatly influence the physical characteristics of
the fuels.

These silica melts are based on the strong covalent bond between silicon and oxygen forming a network structure. Different
compositions lead to different softening temperatures which are related to particle deposition issues as reported in the next section. Each
contaminant, associated with its correspondent low-grade fuel, is characterized by a specific softening temperature. Some of these
contaminants (generated by the use of low-grade fuels such as petcoke, straw, coal and Pittsburgh) were used for studying particle
deposition during experimental tests related to gas turbine hot section fouling. In particular, petcoke was used in [11] for studying particle
deposition on coupon, straw in [7] and coal in [7], [11] and [21 — 24] were used for particle deposition on coupons, while Pittsburgh
particle was used in [25]. The last contaminants named VAT-1 and VAT-2 are common coal-type particles and their characteristics are
reported in [26].

Softening temperature values, that characterize the five (5) contaminant types used in this work, are taken from literature if available,
or have been calculated by applying the model of Yin et al. [27]. This model allows the calculation of the softening temperature according
to the chemical composition.

The ash content [%] reported in Table 1 was estimated using literature data, according to the reported notes (see Table 1 for reference).
The ash content values were found in literature for the dry condition and refer to the part of the fuel that determines volatile matter
during combustion. This matter does not contribute to combustion, but determines the subsequent contamination of the hot gas supplied
by the burner to the gas turbine hot sections. Therefore, different fuels are characterized by a different ash content determining different

hot section contamination (without considering the sticking capability of each type of fuel that depends on its chemical composition and
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TIT value). In [26] a detailed explanation about the chemical composition analysis is reported. The ash content of each fuel is analyzed
by X-ray fluorescence in order to extract the composition (in terms of oxides) of each ash.

Particle sticking model. The model adopted in this work for estimating particle adhesion is the critical viscosity model. This model,
widely used in literature, compares actual particle viscosity to a reference viscosity at which sticking starts. In addition, the model could
account for the stickiness of the deposit itself [28]. The sticking probability was assumed to be inversely proportional to viscosity. In
terms of sticking probability, viscosity at or below the critical viscosity means the particle has a sticking probability (SP), whereas at
other viscosity values (and thus, at lower temperatures) according to the relation

SP = pc/u 5 He = Usoft 1)
where SP is the sticking probability and psor is the particle viscosity at the softening temperature while W is the viscosity of the particle

at its actual temperature. Therefore

B/ B> e
spz{ 2
1 K= He @)

Many authors have applied this method and, in some cases, validated its results with experimental tests [29 — 35].

Viscosity model. The aim of this study is to compare the operation of different gas turbines working with different low-grade fuels.
Each gas turbine is characterized by its own TIT, that, together with contaminant composition, determines particle viscosity. The relation
between fuel ash composition and melting point (and in turn, fuel ash viscosity) is very difficult to predict in detail [36]. The nature of
the material structure (amorphous, crystalline, etc.) influences the temperature-dependent material characteristics.

For the aim of this study;, it is possible to use as particle viscosity, the viscosity value provided by a simplified model. In this work,
the particle viscosity is calculated according to the NPL (National Physical Laboratory) model reported in [37] with its corrections
proposed in [38, 39], shown in detail in Appendix A. This model, as well as other viscosity models used for silica melt composites [40
— 43], only considers the major components of fuel ash such as those reported in Table 1.

THE SUSCEPTIBILITY OF THE HOT SECTION

Starting from the definition of the compressor’s propensity to foul [14], this analysis refers to the susceptibility of gas turbines to
particle deposition in the hot gas sections. The susceptibility is defined as the gas turbine propensity (in this case, the hot sections of the
gas turbine) to fouling given certain operating conditions especially related to environment and fuel. It is important to note that
susceptibility should not be confused with gas turbine fouling sensitivity that represents the impact of fouling on its performance.

In order to estimate the gas turbine fouling susceptibility related to particle deposition in hot sections, the following procedure is
proposed. Each fuel is characterized by its ash content (see Table 1) that represents the amount of contaminant generated by its

combustion. At the same time, filtration and separation systems are also adopted in order to reduce the amount of dangerous particles
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carried by the fuel from the gasifier to the gas turbine combustor. For these reasons, a general expression of an index able to represent
the amount of contaminant meon: that affects the gas turbine hot section can be defined as
Meont = Meger * (1 —7g) - §+ SP 3)

where mgel iS the mass flow rate of fuel, #r is the filtration/separation efficiency, & is the ash content and SP is the sticking probability.
Therefore, the value of meon: reflects the actual mass of contaminant that affects the hot sections per unit of time. Regarding the filtration
and separation systems, several different technologies exist that work according to different particle diameter ranges. Usually, these
systems allow a dramatic reduction of the contaminant carried by the gas, even if the exact filtration efficiency depending on the
contaminant size, and therefore proper characterization would be required [44]. This analysis aims to compare several different power
units operating with different types of fuel and for this reason the filtration efficiency is not considered and the values of mcon: proposed
in this paper, are representative of the fouling intensity that involves the gas turbine hot sections in qualitative way. The sticking
probability value is calculated according to the particle viscosity, which is a function of TIT according to the aforementioned relations
(see Eqg. 1 and 2).

This analysis implies more detrimental conditions than the actual conditions in gas turbines. It is indeed well known that only a part
of the incoming particles will actually impinge on and, eventually, stick to the inner surfaces of the hot section. A parameter that has
been defined for quantifying such value is the capture efficiency, defined as the mass that sticks to a surface with respect to the total
mass processed by the machine [30], [34]. Nonetheless, this value is generally unknown and its prediction is very challenging
(experimental tests rather than computational studies are required). In light of these remarks, the capture efficiency has been considered
to be the same for all the turbines investigated and its value is only related to the sticking probability of the case in question.

The amount of fuel can be calculated according to

Etot
= 4
Meyel LAV (4)
where the total energy Eo: represents the total energy consumed by the power unit for generating the target net energy Enet
Enet
Eior = :’e )

where 7 is the gas turbine efficiency. In this work a representative value of 25,000 kJ/kg of LHV was adopted for each low-grade fuel.
Through this procedure, it is possible to compare the amount of contaminant for different gas turbines (different values of efficiency

and TIT) and fuels (different ash contents coupled with different SP values).
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COMPARATIVE ANALYSIS

In this section the comparison of one hundred (100) gas turbines is proposed including older technology units as well as advanced
models with a wide span of characteristics. The present engine selection is based on the engine characteristics. Some power units operate
typically with gaseous fuels rather than liquid fuels and vice versa. In this work, the correlation between fuel quality and hot section
fouling is carried out considering the engine characteristics beyond the actual application.

To improve the quality and the completeness of this comparison, an index related to compressor fouling is also considered. With the
reference of Meher-Homyji et al. [14], the effects of fouling in the compressor section on power unit performance is well represented by
the Net Working Ratio (NWR). This index is a good predictor of both gas turbine susceptibility and sensitivity to compressor fouling.
The NWR is defined as follows

Weg — W, W,
TB ™ _ 4 _Zem ©)

NWR =
Wrp Wrp

where Wewm is the compressor power while Wrg is the gas turbine power. Thus, NWR requires an estimation of the turbine section work
and compressor consumption which are usually not provided by the manufacturer. The NWR index is only representative of the
compressor fouling effects on gas turbine performance and does not account for the effects of turbine fouling. For this reason, in this
paper meon: Values (representative of turbine fouling) and NWR values (representative of compressor fouling) which characterize each
gas turbine operating with a specific low-grade fuel are considered for power unit comparison.

Turbine data. This analysis is based on the GTPRO® v.24.0 by Thermoflow Inc. database and the data are based on GTPRO®
estimates and calculations. For each gas turbine, the TIT and NWR values were calculated according to the following operating
conditions. Each gas turbine runs at 100 % rating with inferred TIT control mode and is fueled by natural gas supplied at 25 °C at the
minimum allowable pressure depending on the gas turbine. Reasonable inlet and outlet pressure losses were set equal to about 980 Pa
and 1230 Pa, respectively. Each simulation was performed assuming 101,325 Pa, 15 °C and 60 % RH as ambient conditions.

For clarification purposes, all data are reported in Appendix B, while in this section only an overall comparison is provided. Figure
1 shows the relation between net power, efficiency, TIT and NWR values. The data are grouped according to the power, less than 10
MW, higher than 10 MW and less than 100 MW, and finally higher than 100 MW, by means of three indicator shapes: bullets, squares
and diamonds, respectively. The intention of these figures is to indicate the general relationship between the most important nameplate
characteristics of several different power units.

Figure 1a shows the relation between gas turbine net power and efficiency: as the gas turbine size increases, the efficiency increases
as well. The data are comprised in quite a narrow band. It can be noted that this selection comprises gas turbines with very low efficiency

(about 24 %) and high-efficiency frames (the peak of efficiency is equal to 40 %) over a net power variation of two orders of magnitude.
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Based on this net power range, Figure 1b proposes the relation with the TIT values. In this case the relation appears weaker than the
previous one. As reported in [14, 15], comparing a number of gas turbines designed over decades, it is possible to highlight different
technological aspects. For example, older heavy duty gas turbine designs tend to have low turbine inlet temperatures and low cycle
pressure ratios (up to 10), while modern gas turbines have modest pressure ratios (up to 16) but operate at higher TIT. By increasing the
TIT value, the efficiency of the gas turbine increases. As can be seen from Figure 1c, the relation between TIT and gas turbine efficiency
is clearly visible. The data belong to a narrow band showing the strong relation between TIT and efficiency. Based on the analysis
reported in [14], the specific work of the gas turbine increases according to the pressure ratio and the TIT values but at the same time,
gas turbine efficiency increases according to the TIT. Similar considerations can be made for the NWR values reported in Figure 1d
where the correlation between efficiency and NWR confirms the evaluations reported in [14]: high efficiency values are related with
high values of TIT and NWR.

Considering these relations, the importance of considering the contaminant characteristics (especially those related to sticking
capability), due to operation with low-grade fuels, during the turbine selection and for the best power plant management, is clearly
visible.

Comparison. With the reference of gas turbine nameplate data, Figure 2 reports the net power and efficiency values for the
considered gas turbines. The bar charts report the data in alphabetical order, without considering the gas turbine characteristics. The data
are grouped as in Figure 1, by means of a gray scale reported above the bar charts. Starting from these data, including the value of TIT,
it is possible to calculate the total amount of contaminant that sticks to the gas turbine hot sections according to the previous procedure.
Considering 1 GWh of net energy and the gas turbine efficiency, the total amount of fuel can be calculated. Therefore, considering the
TIT value and the ash content, the particle sticking probability is evaluated and a value representative of the total amount of contaminant
able to stick to the walls is calculated according to Eq. (3). The sticking probability depends on the TIT and on the softening temperature
of the contaminant reported in Table 1.

Figure 3 reports the NWR values and the amount of contaminant that sticks to the hot section for the investigated gas turbines. The
data are ordered by gas turbine efficiency from lower to higher values and divided according to the five different contaminant types.
Also in this case, the data are grouped by three power ranges, according to the gray scale reported above the graphs. Given the definition
proposed in Eq. (3), the lower mcon: the lower the fouling rate. Considering the contaminant generated by petcoke ash, the trend according
to the different gas turbines is opposite to the efficiency. This is directly related to the TIT values. The softening temperature of petcoke
is lower than all TIT values considered in this analysis and it sets SP equal to 1 for all power units. For this reason, high-efficiency

turbines are characterized by lower values of meont and are thus the optimal choice for that contaminant.
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Moving on to the other contaminants, characterized by higher softening temperatures, the scenario changes. Gas turbines
characterized by lower efficiencies tend to be more interesting since they are characterized by lower values of meon: than the high-
efficiency units. In fact, the worst scenario for high-efficiency units is represented by the VAT-1 (see Figure 3f) contaminant-type. This
contaminant has the highest softening temperature value, determining high values of SP for high-efficiency gas turbines. As reported in
Figure 1c higher efficiency values are associated with higher TIT values.

The last consideration is related to the correlation between gas turbine efficiency and the amount of contaminant. Considering for
example the results obtained for VAT-2 and Pittsburgh—type ash contaminant, trends are characterized by sharp slope variations. This
means that by changing the target efficiency by even a small percentage during the turbine selection, the contamination of the hot section
changes dramatically.

Figure 4 reports the amount of contaminant that sticks to the hot section ordered by gas turbine net power. Gray scale indicates the
power ranges as reported in the previous analysis. For the sake of brevity, only two contaminants are reported, straw and Pittsburgh,
characterized by two different softening temperature values, 1213 K and 1589 K respectively. The overall trends are similar to the
previous ones even if, for the middle-rate gas turbine, the data comprised in the range of (10 — 100) MW appear more dispersed. Based
on the power plant requirements, operators can select more appropriate configurations of the power units. As a function of the low-
grade fuel type, it is possible to find the configuration of two or three units in substitution of a single unit (if possible) in order to limit
the gas turbine fouling. As can be seen from Figure 4, low-rated power gas turbines are characterized by lower values of sticky
contaminant compared to the high-rated power gas turbines.

Considerations. The comparisons proposed in Figure 3 and Figure 4 are based on the two most important parameters for a gas
turbine: net power and efficiency. These two quantities are taken into account by the operators and plant designers for the selection of
the appropriate power unit. The TIT value, that represents another indicator of the gas turbine performance, is not usually considered
during selection even if it could be related to gas turbine performance degradation. With reference to the contaminant selection, it is
possible to identify the best and worst performing gas turbine. Table 2 reports the ranking based on the amount of contaminant. Different
gas turbines from different manufacturers are reported. With the contaminants characterized by the lowest TIT values, the worst
performing gas turbines are those characterized by lower efficiency values. By contrast, for the contaminants with high softening
temperature values, the most suitable gas turbines are those characterized by the best compromise between TIT value and efficiency.

This evaluation is related only to the fouling of the gas turbine hot sections but, in the real world, the compressor section is also
subject to fouling issues. Power unit installation as well as the environmental contaminant and the performance of the filtration system

determine compressor fouling [1].
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In the last part of this work, the results can be related to the analysis reported in [14] regarding power unit susceptibility and sensitivity
to compressor fouling. As mentioned in the previous section, by means of NWR, it is possible to estimate the gas turbine susceptibility
and sensitivity to compressor fouling. Lower NWR values represent the engines where a higher portion of the total turbine work is
consumed in the compressor. These engines tend to be more susceptible and sensitive to compressor fouling. Therefore, by matching
these results with the susceptibility of the hot sections (represented by meon: Values) it is possible to determine which gas turbine
represents the best compromise as a function of the ash contaminant type. In Figure 3 and Figure 4 the NWR value for each gas turbine
is depicted as a bar chart. According to the efficiency values, the NWR does not follow a monotonic trend and some peculiarities exist
in particular for lower and higher efficiency values. In fact, power units named GE PGT2, ALS GT5 and SOL Titan 250 show significant
lower values of NWR than similar power units (in terms of efficiency). On the other hand, taking into consideration the order proposed
in Figure 4, for similar power, different gas turbines show differences in NWR values up to 0.07. Given this, Figure 5 reports a
comparison between different gas turbines grouped by similar power 10+1 MW, 505 MW and 100+10 MW. For a given power, the
data are ordered by gas turbine NWR from lower to higher values for the five ash contaminant types.

Differences related to the ash content and to the softening temperature which distinguish each contaminant characterize the
comparison proposed in Figure 5.

Each power unit experiences performance drops due to the fouling of compressor and turbine sections estimated by NWR and mcon,
respectively. According to their definition, the two indexes used in this comparison are not directly correlated. In particular, the NWR
value, that represents the compressor fouling index, is a consequence of the power unit design, operating conditions (such as pressure,
temperature and humidity) and load. The mcon Value, that represents the turbine fouling index, is a consequence of the TIT value, the
ash content of the fuel and the sticking probability of contaminant particles. An embryo relationship can be explained by considering
the correlation between TIT and NRW values. Figure 6 reports the data dispersion that appears very similar to those reported in Figure
1d (NWR values vs. gas turbine efficiency). Lower NWR values and thus, higher gas turbine susceptibility to compressor fouling,
correspond to lower TIT values that imply lower efficiency values. These units are suitable for operating with contaminants characterized
by higher softening temperature. By contrast, higher NWR values (lower gas turbine susceptibility to compressor fouling) correspond
to higher values of TIT and efficiency. These units are suitable for operating with contaminants characterized by lower softening
temperature.

As reported in Figure 5, operators are required to carefully evaluate the combination of the effects of compressor fouling and hot

section fouling during the design of each installation. They have to consider the location, the environment and the operating conditions
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for estimating the impact of compressor fouling on the unit performance [1], but they also have to take into account the effects of the
low-grade fuel in relation to net power, efficiency and reliability requirements.

In Figure 7 the global overview of the relationship between gas turbine efficiency, NWR and mcon: is proposed. In addition, the power
units analyzed in Figure 5 are addressed. The data are grouped by three power ranges, lower than 10 MW, higher than 10 MW and lower
than 100 MW, and finally higher than 100 MW, by means of three indicator shapes: bullets, squares and diamonds, respectively. Taking
into consideration the amount of contaminant and NWR and efficiency values, the selection of the appropriate gas turbine is not
straightforward.

Requirements of high efficiency power units collide with the susceptibility and sensitivity to turbine fouling. High-efficiency frames
are characterized by higher values of NWR but, in the case of higher-melting contaminants (higher softening temperatures, such as
Pittsburgh and VAT-1 ash contaminants) are the worst solution in terms of fouling issues.

In light of these results, the use of cycle simulation tools assisted by these considerations could represent a valid support for both
manufacturers and operators. Therefore, the power plant design could be driven by fouling reduction as a new paradigm.

Limitations. The results proposed in this paper have been affected by some limitations. The values of NWR and TIT used for
calculating the gas turbine sensitivity and susceptibility to compressor and turbine fouling refer to ISO operating conditions. However,
gas turbines which operate at different ambient conditions and/or with different loads could experience different NWR values and the
gas turbine inlet temperature could be slightly different. By referring the analysis to 1SO conditions which represent an international
standard, the results are suitable for comparing several different power units relating to different design requirements and specifications.

The definition of the hot section susceptibility reported in this paper is based on a black box-type analysis where the evaluation of
the sticking probability is based only on the TIT values and not on actual behavior (temperature, velocity, size, etc.) of the contaminants.
Similar considerations can be done for the compressor sections. Particles stick on the blade surface depending on the several parameters
(e.g. dimension, impact velocity, etc.) [45 — 47] and affect the blade surface in different ways [48, 49].

At the same time, hot section fouling is proposed without considering the actual employment of the selects gas turbines. Some of
selected engines work with gaseous fuels and vice versa, other units operates with liquid fuels. This hypothesis allows the qualitative
evaluation of the gas turbine propensity to foul using only the nameplate data and it is most affected by the fuel characteristics and
quality. The sticking capability is calculated according to the critical viscosity method that is not an unambiguous method but is well

known in literature and, as reported in this work, it is often used in numerical simulations.
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In the future, the concept of gas turbine hot sections fouling susceptibility may be introduced and defined according to different
particle sticking models, taking into consideration data availability and different compositions of the contaminants, as well as the hot
section sensitivity to foul and erosion.

CONCLUSIONS

This paper addresses the susceptibility of the gas turbine hot section to fouling. Based on the definition of the contaminant involved
in the low-grade fuel used for heavy-duty applications, the hot section susceptibility was defined according to the gas turbine nameplate
data. Gas turbine efficiency and net power values are used for comparing one hundred (100) heavy-duty frames.

The direct relation between the efficiency and the turbine inlet temperature implies the correlation between the type of contaminant
and gas turbine fouling issues. For contaminants characterized by lower values of softening temperature, high-efficiency turbines are
characterized by lower values of sticky contaminant representing the best choice for operators. Moving on to higher softening
temperatures, low-efficiency gas turbines become the best choice. In fact, these units are characterized by lower values of turbine inlet
temperature determining lower values of sticking probability. The classification of the power unit according to efficiency, net power and
amount of sticky contaminant was proposed showing how slight variations of gas turbine characteristics determine huge variations in
terms of sticky contaminant.

In addition to hot section deposition, heavy-duty gas turbines are affected by compressor fouling. From such a standpoint, the
susceptibility and sensitivity of the compressor to fouling were matched with the hot section susceptibility. This extensive analysis has
shown that the combination of compressor and hot section fouling is not univocal and has to be carefully evaluated by manufacturers
and operators.

Gas turbine susceptibility and sensitivity are then related to both compressor and the turbine. Each manufacturer and operator has to
consider the location, the environment and the effects of low-grade fuel in order to obtain the best performance for each installation
according to different criteria, such as, installed power, fuel-saving, reliability and operability.
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APPENDIX A

The NPL method (National Physical Laboratory) [37] is able to predict the particle viscosity based on the composition and

temperature according to the following procedure. This method is based on the optical basicity and the viscosity can be calculated

according to
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B
ln‘U. =In ANPL + % (Al)

where the temperature is expressed in [K] and the particle viscosity in [Pa s]. This model is generally applicable and not limited to slag
of a certain composition. The model is based on the calculation of the optical basicity (that could be corrected for the cations required
for the charge balance of the aluminum oxide) according to the mole fraction y and number of oxygen atoms n in the molecule. The
optical basicity is used to classify oxides on a scale of acidity, which is referred to the same O% base. Optical basicity of glasses and
slags is derived from the Lewis acidity/basicity concept. The expression of the Non-Corrected (NC) optical basicity ANC is the following

_Xxinidy

ANC —
X Xin;

(A2)
where the values of the theoretical optical basicity A are listed in Table Al.
According to the correction proposed by Duffy and Ingram [38], used in [39], the Corrected (C) optical basicity AC is calculated as
Xcao = XalL,0,

A® = (1 Acao(xcao — XA1203) + 2 Asio, Xsio, T 3 Aar,05 Xal,0; T 1 Avgo XMgo + 3 Are,04 XFe,05 T 1 ANay0 XNay0

(A3)
+1 Ag,0 Xk,0 + 2 ATio, XTioz)/(l()(Cao - XA1203) + 2 Xsio, + 3 Xa,0; + 1 Xmgo + 3 Xre,0, + 1 XNay0 + 1 Xk,0
+ 2 Xtio,)
Xcao < Xal,05 and Ycao + XMgo = XAl,04
AC = (1 Amgo Acao (xcao + XMgo — )(A1203) + 2 Asio, Xsio, T 3 Aal,04 Xa1,05 + 3 Are,05 Xre,05 T 1 ANay0 XNay0 ”

+ 1 Ag,0 Xk,0 + 2 Artio, )(Tioz)/(l(XCao + XMgo — XAlzog) + 2 Xsio, + 3 Xa,0; + 3 Xre,0, +
1 Xnay0 + 1 Xk,0 + 2 Xrio,)
The correction for optical basicity will not be required when x;., + xugo < xai,0, PeCause in this condition, the aluminum oxide will
behave as a basic oxide and the AI®* ions will not incorporated into the Si** chain or rig. In this case, Eq (A2) is applied as is, without

correction. The coefficients AL and Bner can be calculated according to the expressions

In2NPL _ g 774 288 A5
"T000 =~ ~ 77 T (ACor ANG) (A5)
In Aypy, = —232.69(ACor ANG)? + 357.32(ACor ANC) — 144.17 (A6)

The accuracy of the present method is not reported in the original work [37]. However, by using the data proposed by Duffy and
Ingram [38], it is possible to estimate the deviations between the theoretical and the experimental optical basicity values. The data refers

to glassy materials and the confidence band is equal to about £+ 9 %.
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APPENDIX B
In Table B1, the nameplate data for the selected gas turbine are reported. The data are indicative and based on GTPRO® estimates

and calculations according to the operating conditions reported in this paper.
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List of figure captions

Figure 1 — Nameplate data comparison: a) net power vs. efficiency, b) net power vs. TIT, ¢) TIT vs. efficiency and d) NWR vs. efficiency.
The data are grouped according to three different power ranges

Figure 2 — Gas turbine nameplate data: a) net power, b) efficiency. The data are grouped according to three different power ranges
Figure 3 — Total amount of contaminant mcont [kg/s] (ordered by efficiency): a) petcoke, b) straw, ¢) VAT-2, d) Pittsburgh, e) VAT-1, f)
NWR and g) gas turbine efficiency. The data are grouped according to three different power ranges

Figure 4 — Total amount of contaminant mcont [kg/s] (ordered by net power): a) straw, b) Pittsburgh, ¢) NWR and d) gas turbine net
power

Figure 5 — NWR values and amounts of ash contaminant [kg/s] for gas turbines in the ranges of 101 MW, 505 MW and 10010 MW
Figure 6 — Nameplate data comparison: NWR vs. TIT. The data are grouped according to three different power ranges

Figure 7 — Amounts of contaminant [kg/s] as a function of NWR and power unit efficiency. The data are grouped according to three

different power ranges
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Table 1 — Fly-ash material characterization (material composition in terms of weight fraction, ash content refers to dry conditions)

Tsoft Ash Oxides (wt%o)
[K] [96] Na2O KO CaO MgO SiO2 AlOs TiO2 Fe0s
Petcoke 1162> | 0.7* 4.3 2.5 7.5 2.2 383 145 0.8 22.9
Straw 12132¢| 3.3% 1.7 234 7.8 2.5 48.4 1.8 0.0 5.0
VAT-2 14383 | 6.8% 0.7 0.4 8.5 2.0 370 16.0 2.0 7.9
Pittsburgh 1589 4| 6.94 0.9 1.2 5.8 1.2 479 250 1.3 10.9
VAT-1 17735 | 1005 | 0.4 1.2 2.3 11 39.0 26.0 1.3 9.0
* Estimated with the model of Yin et al. [27] * Average values taken from Phyllis database [20]
2 Estimated with the model of Yin et al. [27] 2+ Taken from Phyllis database [20]
3% Taken from Trent et al. [26] 3+ Taken from Trent et al. [26]
4x Taken from Anderson et al. [25] 4+ Taken from Anderson et al. [25]
5% Taken from Trent et al. [26] 5+ Taken from Trent et al. [26]
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Table 2 — Best and worst gas turbines according to the contaminant

Best Worst
Turbine Meont [KY/s] Turbine Meont [KY/s]
petcoke SIE SGT5-8000H 0.66 KHI GPB30D 1.13
straw SIE SGT5-8000H 3.27 KHI GPB30D 5.55
VAT-2 SOL Saturn 20-T1600 0.09 GE NovalLT5-1 8.89
Pittsburgh SOL Saturn 20-T1600 0.02 GE 6111FA 7.74
SOL Saturn 20-T1600
VAT-1 0.01 MTSB HIT 501G 10.04
GE 5251M
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Table Al — Values of theoretical optical basicity A

K:O NaO CaO MgO AlOs3 TiO2 SiO2 Fe203

140 115 100 078 0.60 061 048 0.75
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Table B1 — The nameplate data of the selected heavy-duty gas turbines: pressure ratio (PR), turbine inlet temperature (TIT), air mass flow rate m, net

power P and efficiency #

TIT m P 3 TIT m P n
# Model PR # Model PR

[K] [kg/s] [kW]  [%] [K] [kg/s] [kW]  [%]
1 ALSGT5 122 1222 15 2726 273 | 51 GE9351FA 146 1599 648 259670 37.3
2 ALSGTS8 16,5 1423 182 48500 31.7 | 52 GE9371FB 18.2 1700 649 291485 38.3
3 ALSGTS8C 15.7 1447 176 52600 34.2 | 53 GE 9391G 23.2 1706 685 282000 395
4 ALSGT8C2 17.6 1450 193 57500 34.7 | 54 MTSB HIT H15 14.3 1546 49 13860 31.3
5 ALSGT9D 89 1233 158 32776  26.6 | 55 MTSB HIT H25 146 1545 88 27010 331
6 ALSGTI1IN 124 1353 311 81600 319 | 56 MTSB HIT 501F 16.0 1673 450 183780 36.9
7 ALS GT 11NM 13.5 1419 315 89600 34.0 | 57 MTSB HIT 501G 200 1772 589 264570 394
8 ALSGT 11N2 151 1419 375 113700 37.4 | 58 MTSB HIT 701F 170 1673 635 278300 38.7
9 ALSGT13D2 125 1314 400 100500 32.2 | 59 MTSBHIT 701G 21.0 1700 737 334000 395
10 ALSGT 13E 141 1367 491 148000 34.6 | 60 KHIGPB15D 9.6 1274 8 1480 240
11 ALS GT 13E2 150 1377 514 164300 35.7 | 61 KHI GPB15 94 1228 8 1515 244
12 GEPGT?2 12,7 1311 11 2000 246 | 62 KHIGPB17D 10.5 1257 8 13540 26.6
13 GEPGTS5 9.1 1312 25 5223 26.9 | 63 KHI GPB30D 9.6 1275 16 2920 23.8
14 GE NovalLT5-1 148 1498 20 5660 30.6 | 64 KHIGPB30 9.4 1263 16 2915 23.9
15 GEPGT 10 156 1352 47 11700 32.0 | 65 KHI GPB60D 129 1368 22 5398 29.2
16 GE 5251M 8.0 1198 97 18115 251 | 66 KHI GPB60 12.7 1379 22 5533 29.6
17 GE 5251RA 8.2 1230 97 20260 26.7 | 67 KHI GPB70D 159 1378 27 6744 30.6
18 GE 5341IN 10.2 1266 117 24750 28.7 | 68 KHI GPB70 159 1449 27 6930 30.8
19 GE 5361 10.3 1270 122 25997 284 | 69 KHI GPB80D 16.0 1383 27 7410 32.9
20 GE5731PA 10.0 1237 123 26555 289 | 70 KHI GPB80 158 1395 27 7800 331
21 GE 6101FA 148 1561 204 70905 343 | 71 KHI GPB180D 18.6 1524 59 18045  34.0
22 GE6111FA 155 1600 208 82000 358 | 72 MAN MGT6100 140 1367 26 6735 318
23 GE6B-03 12.7 1423 143 44220 339 | 73 MAN 1304-10 10.0 1259 44 9310 28.0
24 GE 6531B 11.7 1378 138 40000 31.7 | 74 MAN 1304-11 11.0 1272 48 10760  29.8
25 GE 6541B 11.8 1378 138 39615 325 | 75 MAN 1304-12 11.0 1287 48 11520  30.6
26 GE 6551B 119 1378 141 39870 321 | 76 SIE SGT-300 135 1395 30 7900 30.6
27 GE 6561B 122 1387 143 40340 324 | 77 SIE SGT-600 13.6 1392 77 21800 328
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28 GE6591C 19.0 1599 117 42950 36.4 | 78 SIE SGT-800 19.0 1561 129 47000 375
29 GEG6F.01 20.0 1586 124 53500 38.6 | 79 SIE SGT-900 153 1421 172 49500 329
30 GE7101 11.8 1356 280 77110 32.7 | 80 SIEW401 18.6 1625 224 85900 36.6
31 GET7111EA 12.4 1378 293 84920 32.0 | 81 SIEW701D 142 1389 448 132220 34.2
32 GE7161EC 142 1479 352 118685 35.8 | 82 SIE W701F 16.0 1625 646 252560 37.5
33 GE7171EF 122 1428 413 126200 34.2 | 83 SIE SGT-1000F 16.1 1561 188 62300 35.2
34 GET7191F 13.7 1533 420 151300 355 | 84 SIE SGT6-2000E 110 1422 354 108719 33.9
35 GE7221FA 14.8 1561 422 161650 36.9 | 85 SIE SGT6-3000E 142 1450 376 121700 34.7
36 GE 7191F 13.7 1533 420 151300 35.5 | 86 SIE SGT6-4000F 16.0 1561 425 153600 36.3
37 GE 7221FA 148 1561 422 161650 36.9 | 87 SIE SGT6-5000F 170 1623 496 198200 37.7
38 GE7231FA 154 1583 437 171980 37.3 | 88 SIE SGT6-6000G 20.1 1670 588 266300 39.3
39 GET7241FA 155 1602 448 174000 36.7 | 89 SIE SGT6-8000H 19.2 1669 638 303180 39.8
40 GE7251FB 185 1643 445 186600 37.2 | 90 SIE SGT5-2000E 111 1422 500 157010 34.7
41 GE 7821B 10.0 1284 240 61300 31.7 | 91 SIE SGT5-3000E 140 1534 510 189000 36.2
42 GE 9001H 23.2 1705 685 331000 39.5 | 92 SIE SGT5-4000F 17.0 1589 642 265540 38.7
43 GE9151E 12.1 1366 405 113700 329 | 93 SIE SGT5-8000H 19.2 1669 858 417265 404
44 GE9161E 12.2 1378 406 119355 33.8 | 94 SOL Centaur 50 10.7 1328 19 4600 29.3
45 GE9171E 12.3 1398 410 124700 34.0 | 95 SOL Mars 90 16.2 1340 39 9286 31.7
46 GE9231EC 142 1479 515 172985 355 | 96 SOL Mars 100 16.0 1380 38 10000 320
47 GE 9281F 13.7 1533 604 217870 355 | 97 SOL Saturn 20-T1600 6.6 1172 7 1210 24.3
48 GE 9301F 13.7 1533 606 214000 35.2 | 98 SOL Taurus 60 120 1333 22 5200 30.6
49 GE 9311FA 146 1561 607 231020 36.8 | 99 SOL Taurus 65-8400 154 1494 21 6290 32.7
50 GE 9331FA 146 1578 636 245065 36.8 | 100 SOL Taurus 70 15.0 1394 27 7250 32.8
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