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A Compressor Fouling Review
Based on an Historical Survey of
ASME Turbo Expo Papers

Fouling afflicts gas turbine operation from first time application. Filtration systems and
washing operations work against air contaminants in order to limit the particles entering
the compressor inlet and remove the existing deposits. In this work, a global overview of
the operational experience of the manufacturer, the filtration systems, and the particle
deposition of the compressor are reported. The data reported in this review have been
collected from 60 years (1956-2015) of ASME Turbo Expo proceedings. This conference
is recognized as the must-attend event for turbomachinery professionals. Through the
years, many issues have been resolved by the contributions of this conference. Regarding
the compressor fouling phenomenon, the contributions presented at the ASME Turbo
Expo mark the high level of development in this field of research, thanks to the simultane-
ous presence of manufacturers, government, and academia attendees. The goal of the
authors is to describe the technological evolution and challenges faced by manufacturers
and researchers through the years, highlighting the state of the art in the knowledge of

Ferrara 44122, ltaly

Pier Ruggero Spina
Dipartimento di Ingegneria,
Universita degli Studi di Ferrara,
Ferrara 44122, Italy

1 Introduction

Each gas turbine manufacturer has his own tolerances and
design constraints, each installation site its own peculiar climatic
conditions, and each user his own operational requirements. Land-
based (desert, city, rural, etc.) and offshore (marine, platform,
etc.) power plant locations are characterized by different sources
of contaminants due to the combination of natural/artificial sour-
ces and weather (rain, fog, wind, etc.). In each location, the gas
turbine is involved in performance degradation. As reported by
Diakunchak [1], types of engine performance deterioration may
be listed under the following headings:

e permanent performance deterioration (aging), which is theo-
retically recoverable after the overhaul and refurbishment of
all clearances and the replacement of damaged parts. The “as
new condition” depends on the manufacturer’s capability of
restoring the initial condition of eccentricity, surface rough-
ness, and distortions (of platform, struts, airfoil, etc.);

e performance deterioration, which is non-recoverable with
cleaning/washing operations,

e performance deterioration which is recoverable with clean-
ing/washing operations.

In the light of the three aforementioned points, the three main
families that cause degradation in compressor gas turbines are: (i)
corrosion, (ii) erosion, and (iii) fouling. In general, corrosion and
erosion are classified as nonrecoverable with cleaning/washing
operations, while fouling is classified as recoverable with clean-
ing/washing operations. Diakunchak [1] estimated that the extent
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fouling, and defining the background on which further studies will be based.
[DOI: 10.1115/1.4035070]

of nonrecoverable deterioration is usually less than 1% and Hep-
perle et al. [2] summarized the performance trend affected by the
degradation and the effects of subsequent actions in order to reach
the best possible performance of the gas turbine.

Fouling mechanisms involve three specific aspects: (i) the envi-
ronmental conditions (airborne contaminant, salt, etc.) in which
the gas turbine operates, (ii) power plant design and management
(filtration system, washing operation, etc.), and (iii) compressor
characteristics (pressure ratio, number of stages, etc.). Kurz and
Brun [3] summarized all of these aspects, and pointed out that in
order to resolve the fouling issues, specific analyses must be dedi-
cated to each of the aforementioned aspects. These aspects work
together in determining the fouling mechanism. In Fig. 1, some
blade contaminations are reported [3,4]. All blade areas could be
affected by the contaminants which could stick to the blade sur-
face as a function of (i) the material of the bodies in contact, (ii)
the surface conditions, (iii) the particle size, (iv) the impact veloc-
ity, and (v) the impact angle. The conditions under which these
contaminants stick to blade surface are still less clear. Over the
years, several contributions and analyses related to the fouling
phenomenon have been proposed, and this review aims to summa-
rize and highlight the basis upon which further studies will be
carried out.

2 Manufacturer State of the Art

Starting from the field experience, manufacturers have changed
their test-paradigm from in situ to in-laboratory. Empiric relation-
ships, based on the data taken from power plants, have been cre-
ated in order to relate the results obtained by testing gas turbine
prototypes (or power units before shipping), by means of specific
laboratory tests, and real operating conditions. Land-based and
off-shore environments have been considered during the inspec-
tions and tests. Particle deposition and salt in the air represent the
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Fig. 1
leakage on a large heavy duty gas turbine [4] and (b) salt deposits on compressor blades after
18,000 h [3]

1956
Power plant application
Carameros 9]

1960 1966
[ Ship application /Too humid condition

1974

Test in the Manufacturer’s
facilities

Thuringer [20]

Mclean [5] Bollinger [12]

Blade contamination: (a) oily deposits on axial compressor blades as a result of oil

2002
Blade coating against salt deposit
Caguiat [39]

o 195665 [=== 196675 |===| 197685 |===  1986-95 |===| 199605 |[==o  2006-15 =
. . o . G
Transport application ~ Too cold condition Offshore platform application ATS Program

Hill 6] Patton [13] Elmed [42]
1969
Salt-water ingestion

Humphrey and Maas [38]

1973
Icing issues in the inlet section
Kindl [15]

Layne and Hoffaman 28]

Fig.2 Manufacturer state of the art timeline

major issues. Figure 2 shows a timeline which summarizes the
principal contributions within this field.

2.1 Land-Based Applications. Since the beginning of the
1950s, gas turbines have quickly become widespread. McLean [5]
reported extensive use of GE gas turbines in the middle of the
1950s. A review is made of all General Electric Company Gas
Turbines installed and in operation prior to January 1, 1958. At
the end of 1957, there were 134 General Electric Gas Turbines
installed and in operation. These gas turbines operated in three
basic applications: 80 industrial, mechanical drive; 28 transporta-
tion (27 locomotive and one marine), and 26 power generation.
Electric utility applications included base load, end of line, peak-
ing, and stand-by service. The industrial applications included
natural-gas pipe-line compressor drives, refinery compressor
drives, oilfield pressure maintenance, crude-oil pipe-line pumping,
and chemical-process compressor drives.

In early gas turbine applications, manufacturers pushed for the
testing of turbine capabilities beyond the power plants or com-
pressor stations. Some field experiences can be found regarding
the application of gas turbines for transportation. These applica-
tions are characterized by the contemporary presence of erosion
and fouling phenomena [6-8].

One of the first reports on gas turbine operation in a power plant
can be found in Carameros’s study [9]. This is a summary of El
Paso Natural Gas Company’s operating experience, covering the
design and operating problems encountered during the period
between September 1952 and January 1956. Some discussion on
operating and maintenance costs is also offered. The paper reports
operating experiences with 28 gas turbines from 1952 to 1956.
The power station used air washers for both cleaning and cooling
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the inlet air and for this reason, fouling affected the axial com-
pressors. This type of cleaning gave the turbine additional horse-
power capability, but also introduced the possibility of fouling the
axial-flow compressor with water-soluble solids if any water was
carried over into the compressor. Another heavy-duty application
can be found in Aguet and Von Salis [10]. In this case, the heavy
environmental conditions due to proximity to the furnace are
reflected in the extremely high amount of deposits in the turbine
sections. The build-up of deposits in the turbine took place rela-
tively rapidly, owing to the fairly high dust content of the blast-
furnace gas. These deposits caused a drop in the power output of
about 15% after 6 months of operation and about 25% after a full
year. This deficiency could be nullified to a certain degree if it
were possible to overhaul the group in the spring. The plant would
then remain relatively clean during the summer months, whereas
the effect of the deposits would be largely compensated for during
the following winter, owing to the lower ambient air temperature.
The first gas turbine overhaul showed slight corrosion in the com-
bustion chamber and on some blades in the first stator row of the
turbine. In this case, no data were given regarding the compressor
sections.

Thanks to the increase in the number of gas turbine applica-
tions, over the years some reports related to gas turbine operations
in “exotic” environments have become available. Arvidsson [11]
compared two operating experiences with gas turbines in arctic
(Sweden and Canada) and tropical (Venezuela and Nigeria) condi-
tions. As well as the different operating temperatures experienced
by the gas turbines, a huge quantity of insects was always
collected on the filters in the tropics. A similar problem could
potentially arise in arctic zones, where big swarms of mosquitoes
are present during summertime. For these reasons, equipment
was provided for compressor washing during normal operations.

Transactions of the ASME
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The average interval between washings in the tropics was
1000-2000h in installations with air filters, whereas 500h was
achieved without filters in the arctic. During icy conditions, the
air filter had to be removed, and thus, the inlet fairing, bellmouth,
inlet guide vanes, and nosecone had an anti-icing system using
compressor bleed air. No problems with ice formation were expe-
rienced on these parts. On the other hand, the specific problems
associated with the gas turbine operation in the tropics are mainly
due to torrential rain, high temperature, and high humidity levels,
as also reported by Bolliger [12].

Regarding arctic conditions, experience and reports from cus-
tomers indicate four principal problem areas in extremely cold
weather operations [13]: (i) air-handling combustion and ventila-
tion, (ii) lubricating oil systems, (iii) fuel-handling systems, and
(iv) materials and construction. Patton [13] and Dickson [14] pro-
vided a description of some issues due to the gas turbine operation
in cold conditions. Related to air handling, Kindl [15] reported the
correlation between the drop in air temperature and air velocity,
highlighting that the droplets in the vapor phase that enter the air
filtration inlet could freeze and produce entrained ice particles.
This correlation is reported in Fig. 3. In the same context, Bag-
shaw [16] provided the results of experimental tests conducted in
order to investigate the effect of ice ingestion. A purpose-built test
rig was used to discover the effects of ice ingestion. Field service
evaluation and laboratory testing were combined to determine the
standard design criteria regarding future intake and plenum, which
will go a long way toward reducing, if not eliminating ice inges-
tion. Cleveland and Humpbhries [17] reported a complete overview
of the application of an arctic gas turbine. The issues reported
include: (i) environment, (ii) accessibility and transport, (iii) seis-
mic risk, (iv) site selection, (v) foundation design, and (vi) mainte-
nance and cost. Ice problems were also encountered by Maas and
McCown [18] and Ojo et al. [19].

In the 1970s, some companies moved experimental tests from
the field to laboratories. To ensure success on the field, in some
cases a special test facility was constructed in order to test the
power unit-simulated field condition. One of the first was Thuer-
inger [20], who reported an extensive factory full-load test
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Fig. 3 Inlet system temperature drop as a function of the air

acceleration. The higher inlet velocity results in a reduction of
the free stream air temperature. This may determine water con-
densation or ice. The air in the boundary layer immediately
adjacent to any stationary surface has slowed to almost zero
velocity and is restored to almost its initial static temperature
(recovery factor lines) [15].
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program before the shipment of two gas turbines. Subsequently, in
Refs. [21-27], the authors highlighted the importance of prelimi-
nary testing during power unit design. Full load and transient test-
ing with and without instrumented rotors can, and did, minimize
the risk of both the manufacturer and the customer in installing a
prototype machine in a critical process application. In the light of
this consideration, in the latter part of the 1990s, the program
named Advance Turbine System (ATS) pushed the manufacturer
to increase the efficiency and overall service of the gas turbine. In
the light of these measures, some contributions can be found in
the literature. Layne and Hoffman [28] and Layne [29] described
the ATS program, while the authors in Refs. [30—34] reported the
updates of Westinghouse’s gas turbine and power plant.

2.2 Near Shore and Off-Shore Applications. Salt deposits
determine blade shape variation and could determine the issue of
corrosion. In this case, the operational experience is strongly cor-
related with the washing operation reported in the following para-
graph. Hill [35] focused his analysis on salt particles carried by
the air as a function of wind speed, highlighting the results
reported in Table 1.

The first evaluation of the operational experience of this com-
pressor is reported by McLean et al. [36], who made a detailed
report based on the inspection of gas-turbine parts housed on a
Liberty ship. The authors pointed out that it was a routine to clean
the compressor and turbines through water washing after each
long sea passage (10 days’ duration). Other attempts to use gas
turbines in different applications can be found in Ref. [37]. The
authors report the evolution of the “Auris project,” whose objec-
tive was the development of gas-turbine propelling machinery for
medium-sized tankers and other types of merchant ships. When
adverse weather caused sea-water spray to enter the intake, effi-
ciency levels fell and could only be restored by shutting down and
injecting water and a detergent into the intake, with the machine
rotating at about 400 rpm.

In the light of these initial applications, during the years, other
contributions have been made regarding gas turbine marine appli-
cations. Reports and design criteria can be found in Humphrey
and Maas [38], who provided a highly detailed report on an exper-
imental test related to salt-water ingestion, and the authors in
Refs. [39—41], who dealt with the development of a particular
compressor blade coating which reduces the blade surface con-
tamination caused by the saltwater. The experimental results dem-
onstrated that the modification of the surface roughness
determines the modification of the deposition rate and in this case,
its reduction.

Until now, the description of off-shore applications has been
related to gas turbines installed in coastal locations and used for
ship propulsion. There is, however, another gas turbine applica-
tion within the marine environment which is related to off-shore
platform installation. Elmed et al. [42] reported some considera-
tions regarding this type of application. In particular, the operation

Table 1 Salt particles (parts per million by weight) as a func-
tion of the wind dispersion and particle diameter. The data
shown are taken from several samples [35].

Wind velocity (kn)

Particle size range (um) 20 30 40

2 0.0038 0.0038 0.0038
2-4 0.0122 0.0212 0.0377
4-6 0.0286 0.01404 0.5585
6-8 0.0364 0.3060 1.9000
8-10 0.0364 0.4320 3.5000
10-13 0.0416 0.6480 8.0000
13 0.1040 2.0486 36.0000
Total 0.2630 3.6000 50.0000
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duty is long and continuous and requires long periods of activity
between overhauls. The development has to be provided for the
gas turbine itself and the installation lay-out, including air intake
filter designs, operational mode, and service. Other off-shore plat-
form operational experiences can be found in Refs. [43,44]. The
authors in Refs. [45-47] summarized the field experience of gas
turbines used in platforms, starting from the environment, layout,
maintenance, compressor station, and future improvements.

3 Washing Operations

Washing operations are still present in the early gas turbine
operation reports. Different methods have been discovered over
the years, but only through the use of specific tests has it been pos-
sible to determine the influence of: (i) water droplet size, (ii)
effectiveness of cleaning fluids, and (iii) the influence of washing
operation on compressor blade erosion. Washing operations must
be carried out periodically for all of the off-shore (and near shore)
applications, from ship equipment to platform installations. Figure
4 reports the timeline that summarizes the principal contributions
to this field.

This work does not deal with the compressor washing techni-
ques even though it is one of the operational techniques used in
order to contrast the issue of fouling. There have been numerous
contributions related to washing operations over the years and in
order to provide a complete review of this issue, a brief descrip-
tion is outlined in this paragraph. In Ref. [8] in fact, washing oper-
ations were performed. The author described his experience in
detail, pointing out in particular that washing operations take
place only when the relative humidity is below 50%, and the
ambient temperature is above 10 °C (50 °F). This method of oper-
ation calls for cleaning the axial-flow compressor every
10,000-15,000 h, depend mostly upon the dust conditions. Single-
ton and Park [48] showed a comparison between the fouling sus-
ceptibility of single-shaft and two-shaft gas turbines. The authors
reported a comparison between a single-shaft gas turbine and a
two-shaft turbine as a prime mover for natural gas pipeline opera-
tions. The authors injected about 2.5kg (61b) of spent catalyst
into the air intake every 30 days. This is a very fine abrasive mate-
rial which eliminated part of the build-up on the blading. After
several months of operation, the units still needed cleaning by
some other method. The units were steam cleaned twice a year
and using this method on the single-shaft unit proved to be highly
effective. The percentage gain in compressor efficiency and power
output of the two-shaft turbine was about the same as that of the
single-shaft unit immediately after cleaning. However, the two-
shaft unit lost part of this gain within a few days. In cleaner envi-
ronmental conditions, such as a Swedish island, compressor foul-
ing, and washing systems were adopted in the earliest power
plants. Schnittger [49] reported a general description thereof and a
discussion on the initial operational experience of a 40 MW gas
turbine installation on the Swedish East coast. In this case, com-
pressors were equipped with a purpose-built detergent-spraying
system. Some tests were performed in order to evaluate the
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washing capabilities in restoring gas turbine performance. The
results are reported in Fig. 5. It is interesting to note that the invol-
untary shutdown resulted in certain recovery, although no positive
cleaning measure was effected. Turbine washing apparently led to
an almost complete recovery of output.

Hondius and Meyer [50] reported the ten years of gas turbine
operation in compressor stations. The power units were equipped
with inertia-type dust filters in the air inlets. The filters worked
satisfactorily, capturing 90% of the dust of 10 um and larger. The
deposits in the compressor consisted of an oily layer with very
fine dust, necessitating water washing every 200h, and subse-
quently, a soak wash and unfired rinse using the starter motor.
This system kept the compressor in reasonable shape, but in the
second year corrosion became evident on the surface of the com-
pressor blades.

In the 1980s, experiences related to compressor washing gained
interest, and some useful reports were provided [51]. Mezheritsky
and Sudarev [52] described a washing operation and the effects of
corrosive materials used as a washing agent on the compressor
sections. Some field experiences can be found in Refs. [53-63].

The improvement and diversification of washing systems can
be found in Ref. [64], while Mund and Pilidis [65] reported a
review of gas turbine online washing systems. Roupa et al. [66]
and Brun et al. [67] reported a study regarding the effectiveness of
cleaning fluids. Oosting et al. [68] proposed some improvements
to on-line washing techniques in order to diminish the blade

erosion. Blade erosion, especially the leading edge erosion is
involved in compressor washing, as also reported by
COMPRESSOR TURBINE
WASHING

WASHING

80

60

TURBINETEMPERATURE  710°C
OUTPUT CORRECTEDTO

40 AMBIENT CONDITIONS:
AIRTEMPERATURE +5°C
COOLING WATER +4°C
BAROMETRICPRESSURE  1.033ATA

OUTPUT (%)

20

200 300 400

OPERATING HOURS
Fig. 5 Normalized output versus operating hours using heavy
oil. This test was conducted for approximately 1 month (Febru-

ary) with periodic compressor washing and single turbine
washing [49].
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Fig. 6 Gas turbine power output (measured at the propeller
shaft by a torque meter) over a long period of sea trials, show-
ing the effect of occasional water-spray cleaning [76]

Kurz et al. [69]. Behavior of droplet that impacts on the leading
edge (i.e., splashing) is reported by Eisfeld and Joos [70]. Shorter
periods of on-line washing and redesign of the spray and washing
systems in order to avoid overspray conditions could reduce or
eliminate this type of erosion [67]. Recently, Botros et al. [71]
showed the performance degradation of five compressor stations
associated with different environmental characteristics and differ-
ent washing periods. Numerical simulations related to washing
operations can be found in Refs. [72,73] (investigation of the
detrimental effect of water ingestion on gas turbine operation,
especially due to the torque increase) and in Refs. [74,75].

Washing operations are also fundamental in off-shore and near-
shore applications. The authors in Refs. [36,37,76] represented the
first contributions to this field. In the study of McLean et al. [36],
the washing of the compressor and turbines was a simple opera-
tion taking less than 3 h to complete. The compressor was washed
(while being cranked at 1400 rpm) through spray heads perma-
nently fitted in the inlet ducting. Washing the compressor always
removed the dirt and salt deposits from it and restored it to the
design efficiency.

Lamb and Birts [37] and Harris [76] removed the salt deposits
in the compressor sections by washing operations (spray cleaning)
performed at about 93% of the full speed. The effects on the gas
turbine power are reported in Fig. 6. The authors remarked that
the washing operations used for restoring full power are com-
pletely successful only when the deposit on the compressor blades
is water-soluble, such as the salt deposited after operations in
clean sea air. Distilled or demineralized water (sometimes in con-
junction with kerosene) was also used in systematic washing oper-
ations [77,78]. Other field experiences on washing operations in
Navy applications are reported in Refs. [79-83], while the field
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experiences on washing operations in off-shore platform applica-
tions are reported in Refs. [84—86].

4 Filtration Systems

Multistage filtration systems allow the reduction of particles
entering the gas turbine. A correct combination of inertial separa-
tors, wet barriers, self-cleaning filters, and coalesces has to be
defined for each environmental condition. Salt particles represent
the principal issue for marine, off-shore, and near shore applica-
tions. Compressor salt ingestion is due, in particular, to the action
of wind and wave splashing. Starting from rudimental vestibules,
filtration systems were developed in conjunction with the gas tur-
bine air intake position.

Filtration system performance cannot be described by using an
absolute value but should instead be compared with the contami-
nation of the surrounding environment and contaminant typology.
Therefore, each rule of thumb refers to the paradigm of a proper
filtration system for each gas turbine application. Standard meth-
ods for the evaluation of filtration efficiency represent the basis
for proper gas turbine management. Unfortunately, manufacturers
and government organizations have only provided tests for the
quantification of filtration efficiency since the last decade.

Pressure drop and filtration system maintenance represent the
greatest side effects. Filtration methods and the design of the fil-
tration chambers could be adjusted according to the life cycle cost
management related to the entire maintenance program of the gas
turbine power plant. Figure 7 reports the timeline that summarizes
the principal contributions in this field.

Inlet air can have a significant impact on the operation, per-
formance, and life of the gas turbine. An inlet air barrier for gas
turbines is required for several reasons: (i) to prevent the erosion
and fouling of axial compressor blades, (ii) to reduce corrosion of
the compressor air path and blading, (iii) to reduce corrosion in
the hot gas area, (iv) for weather protection, (v) for cooling, and
(vi) for sound attenuation [35].

Compressor blade fouling is normally due to one of the two ele-
ments. The first is solid particulate mineral and/or plant matter,
and the other is carbon smoke and/or hydrocarbon fumes, which
create a sticky “fly paper” substance when deposited on the tur-
bine blades. One contributory source of carbon smoke and hydro-

carbon fumes is the gas turbine itself, with its exhaust combustion 3
gases and lube-oil tank vent vapors. Fouling of the compressor -
blading is predominantly caused by the fraction of normal atmos- :
pheric dust which has the greatest surface area. Brake [87] :

explained the issue related to contaminant transportation in detail.

A 20 um particle will fall at around 350 m/h. If the particle has 3
been lifted to 2100 m, it would take 6h to fall back to earth. A 3
wind speed of 20 km/h would give this particle a range of 120km. 3
However, in the same situation, a 5 um particle would settle at 2

around 35 m/h, meaning it would take 60h to fall back to earth,
giving it a range of 1200 km under the same circumstances. This
means that even if the contaminant sources are recognized and
characterized in the proximity of the gas turbine installation, the
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Fig. 7 Filtration systems timeline
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contaminant transportation provided by the wind could determine
a strong variation in the contaminant composition. Salt particles
and soot transportation are recognized as the major issues.

The positive effects of the air filtration systems are well known,
but the authors also highlight the undesirable associated properties
of an air cleaner, summarized as: (i) pressure losses in the induc-
tion system, (ii) the space required to install the air cleaner with
its accessories, (iii) the weight the air cleaner adds to an installa-
tion, (iv) additional labor and parts required to maintain the air
cleaner, (v) the initial cash outlay for the air cleaner, and (vi) other
structural and environmental properties [88].

In light of these preliminary considerations, this chapter is
developed according to the following points:

e cvaluation of different filtration systems and filtration evolu-
tion over the years in the case of land-based applications;

e cvaluation of different filtration systems and filtration evolu-
tion over the years in the case of offshore applications;

e the relationship between the filter type and environmental
conditions and, as a consequence, the selection of filter;

e cvolution of the experimental tests and setting a standard in
order to define a unique filtration efficiency;

e evaluation of the side effects of the filtration systems, such as
pressure drops, costs of maintenance, management of the
power unit, and degradation of the power unit performance
and its production capabilities.

4.1 Land-Based Filtration Systems. The first reports on the
use of filtration systems for a gas turbine can be found for trans-
portation uses. In this application, both environmental conditions
and space requirements could be highly detrimental for the com-
pressor, which experiences erosion issues [6,8,89].

The first applications of a filter system to a heavy-duty gas tur-
bine can be found in Refs. [10,90]. The authors reported the desert
heavy-duty application and some issues due to the environmental
conditions. Precipitators and a viscous-impingement-type inlet air
filter were the proposed filtration technology.

Mund and Murphy [88] reported an extensive review of the
actual gas turbine operation issue (erosion and fouling), while
Duncan [91] proposed an evaluation of the gas turbine filtration
system, starting from the air cleaners used in a piston engine. The
author pointed out that the best heavy-duty air cleaners combine
an inertial separator-type first stage with a dry-paper second stage.
The first stage may or may not be self-scavenging. These two-
stage designs are able to handle heavy dust concentrations because
the first stage does not store the separated dirt in the filtering
device and allows only a fraction of the ambient dust to pass on to
the second stage, where removal is accomplished by storing the
dirt in the filter material. Cleaning or replacing the second-stage
filter is a necessary maintenance feature of this type of air cleaner.
In general, the efficiency of the inertial separators decreases with
particle size. Small-diameter cyclone types and close spacing of
the louver types are required to separate the smaller particles.

The operating principles of the inertial separator are simple.
The dirty air enters through the open end of the V-element. As the
air passes through this element, its flow direction is reversed, and
dust separation occurs because of the inertial forces on the dust
particles. The primary or clean air then leaves the element in a
direction almost 180 deg opposite to the dirty air entering the ele-
ment. The dust particles, being heavier than air, tend to continue
on their original path. To assist the separated dust particles in fol-
lowing their original direction toward the apex of the V for subse-
quent removal through the secondary air outlet, a separate
secondary dirt air circuit is used [8]. The design of the inertial sep-
arators must fulfil these points: (i) space requirements, (ii) pres-
sure drop, (iii) efficiency requirements, and (iv) acoustic
performance. The inertial-separation concept has extreme flexibil-
ity and can therefore be constructed in many shapes and sizes.
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DuRocher and Giannotti [92] reported on innovative ballistic sep-
arators able to collect particles equal to 5 um.

Regarding the second stage of filtration, dry or oil-wetted filters
work in a similar manner, and it is difficult to say which is supe-
rior. The wet type has better economy in severe dust conditions,
whereas the dry type is preferred in clean areas and when opera-
tion times are short [11]. There is always a risk with oil-wetted fil-
ters that small droplets of filter oil will be drawn into the
compressor intake, or that the filter oil will adhere to fine dust par-
ticles, which subsequently causes compressor fouling. Tests car-
ried out on oil-wetted filters show that these problems can be
severe if the flow velocity at any point of the filter exceeds 3 m/s.
These problems can of course be avoided if a dry filter is installed
downstream of the wet filter, but this is a rather expensive solu-
tion. The oil-wetted solution works better in the presence of
insects, which are automatically washed away. Kevil and Drost
[93] also reported on the filtration performance of the rollomatic
grease cleaner compared to the classic electrostatic dry cleaner.
They found that the equipment of the gas turbine on the dry air fil-
ter media was in a much better condition than that on the grease
side.

During the decade when filtration systems first gained attention,
information about their operational experience was not wide-
spread. This information became available in the 1980s, with Puli-
mood [94], for example, who outlined the field experience gained
from the modular retrofitting of four gas turbine inlet systems
with a second-stage high efficiency media filter to reduce gas tur-
bine fouling conditions. The original gas turbine inlet systems
were furnished with inertial filters. Field inspection revealed
excessive fouling of the gas generator axial compressor sections,
and crusty dust particles built up within the gas turbine internals
and thermocouples. A second-stage high efficiency media filter
was retrofitted to capture the fine dust particles that passed
through the inertial filters. The different capabilities of particle
collection are reported in Fig. 8.

In the 1980s, a new type of filter was introduced. Anderson and
Neaman [95] reported on the application of self-cleaning filters in
the desert. They discussed the results of two years’ continuous
operation of automatic self-cleaning air filtration systems
designed to provide the gas turbine protection in a desert environ-
ment subject to high ambient concentrations of sand, dust, and
salt. The cleaning system consists of pressurized air which, unlike
processed air, pushes the dust far from the filter and cleans the fil-
ter surface. Filter cleaning is also reported by Reinauer [96],
although in this case water action was used instead of pressurized
air. Water was also used by Donle et al. [97], who employed
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Fig. 8 Comparison between inertial and media filter efficien-
cies according to particle dimension. Media filters were added
to the existing inertial separators [94].
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artificial and natural fog to reduce the air contaminant at the com-
pressor inlet. Operational experiences in air filtration systems are
reported in Goulding et al. [98]. The authors summarized the fil-
tration efficiency as a function of the particle diameter and type of
filter. Some field data are reported for a specific filter
manufacturer.

In the 1990s, particulate concentration became the major issue
for gas turbine operators and, consequently, for the manufacturer
of the filtration systems. The first data related to particulate con-
centration date back to 1974 [99]. As reported by the authors, the
particulate concentration is localized in the neighborhood of the
power plant and industrial areas. For this reason, an appropriate
filtration system that removes particulate matter from the airflow
stream has gained increasing attention through the years. Belcher
[100] dedicated his tests to improving filter capability and its
duration against very small particulate particles (sub-micron size).
Issues related to particulate concentration were also reported by
Johnson and Thomas [101]. They pointed out that heavy particu-
late loading due to the gas turbine surrounding gypsum environ-
ment was identified as the root cause of the problems affecting the
first and second filtration stages and the evaporative cooling stage
of the engine inlet air systems. A number of modifications and
upgrades were studied to improve the performance of the inlet air
treatment. A bag filter system for first-stage filtration was imple-
mented in the power plant. The performance of this solution
showed an increment in separation capability and a reduction in
gas turbine failure.

As stated above, modern filtration systems are comprised of
multiple filtration stages. Each stage is selected based on the local
operating environment and the performance goals for the gas tur-
bine. In a three-stage arrangement, a prefilter or weather louver
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can be used first to remove erosive particles, rain, and snow. The 53¢

second may be a low to medium-performance filter selected for
the type of finer-sized particles present or a coalescer to remove
liquids. The third filter is usually a high-performance filter to
remove smaller particles less than 2 um in size from the air (par-
ticulate). In Table 2, a comparison in terms of the number of par-
ticles at the compressor inlet is reported for two-stage and three-
stage filtration systems [102].

Recently, Ingistov et al. [103] have reported the evolution of
inlet air filter systems utilized in a cogeneration plant since 1987.
The data, collected over 25 years of operation and summarized in
Table 3, show that the implementation of the high efficiency par-
ticulate air filter system provides a reduced number of crank
washes, gas turbine performance improvement, and significant
economic benefits compared to the traditional synthetic media
type filters. Starting from this configuration of intake filtration
systems, Ingistov [104] compared the use of long or short filter
cylindrical elements in terms of gas turbine performance. A longer
cylinder allows the reduction of the pressure drop with a life time
longer than 3 years. The author underlines the importance of
knowing the ambient conditions (size of contaminant and its
nature) during the filter selection process.

Regarding the analysis of different filtration technology, Perullo
et al. [105] reported the effects of different filters (F8, F9, E10,
E11, E12 filter types, according to EN779:2002 and EN1822:2009
filter classification) on the performance of the GE7FA gas turbine.
The authors reported the long-term trends of power output and
heat rate corrected to a standard day for one of the units. Large
recoveries in gas turbine performance after washing indicate that
the filtration system is not doing a good job at preventing com-
pressor fouling. Small or minimal changes in performance after

Table 2 Comparison of the filter collection efficiencies of two-stage and three-stage filter systems as a function of particle dimen-
sion. The number of particles per unit of volume is proposed before and after the filtration barrier [102].

#-Stage filtration Particle size (um)

Particle in the atmosphere #/m>)

Initial efficiency filtration (%) Particle penetration (#/m>)

Two-stage 0.3-0.5 20,000,000
0.5-1.0 4,000,000
1.0-2.0 300,000
Three-stage 0.3-0.5 20,000,000
0.5-1.0 4,000,000
1.0-2.0 300,000

64 7,200,000
80 800,000
95 15,000
98.9 220,000
99.9 4,000
99.999 3

Table 3 Report of inlet air filters and key characteristics in relation to maintenance and power unit management (frequency of

compressor washing) [103]

Period Filter Type

Comments

Start (Nov. 1987-1995)
(324 mm dia. x 680 mm long)

1995-2002 Cellulose media, long cylindrical Tenkey design
(324 mm dia. x 1016 mm long)
20022011 Synthetic media, long cylindrical Tenkey design

(324 mm dia. x 1016 mm long)

Oct 2011-2014
dia. x 1016 mm long)

Cellulose media cylindrical element Tenkey design

HEPA Class 12, long cylindrical design (324 mm

e Originally supplied and designed to operate in
self-cleaning mode

o Crank-wash once a month

e Replacement of filter elements every 18 months

e Modified to operate without self-cleaning mode
(Modification #1)

e Crank-wash once a month

e Replacement of filter elements every 18 months

e Changed filter element media to synthetic
(Modification #2)

e Crank-wash every 2 months

o Changed every 24 months

® Major filter type change (Modification #3)

e No crank-wash required in more than 2-years of
operation

o Currently operating on one GT unit (Unit #2), and
the plan is in progress to install on remaining three
GT units
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Table 4 Average data values for F8 and E10, isolated data points for F9, E11, and E12 filters according to EN
EN779:2002 and EN1822:2009 classification. The data reports the compressor efficiency recovery values and
the power output recovery values obtained after washing operations as a function of the filter type installed on

power units [105].

Filter Rating Compressor Efficiency Recovery per MMWh(%) Power Output Recovery per MMWh(%)
F8 2.0 (Average across all sites) 5.0 (Average across all sites)

F9 1.5 (Single data point) 2.2 (Single data point)

E10 0.33 (Average across all sites) 1.5 (Average across all sites)

Ell Not available 0.9 (Single data point)

El12 0.4 (Single data point) 0.25 (Two data points)

each wash indicate that the filters are performing well at prevent-
ing compressor fouling. Table 4 reports the relationship between
performance recovery due to offline washing and the type of filter.

4.2 Near-Shore and Off-Shore Filtration Systems. For
these applications, the removal of salt from the airflow stream is
essential in order to diminish the fouling issues of the compressor
section. In early marine applications, vestibules were added to the
main air intakes to prevent the induction of heavy salt spray under
severe weather and ship roll conditions [36]. Starting from this
structural change, in the 1960s some air filtration methods were
presented. Separators were employed in order to separate the sea
salt from the airflow stream [106,107] in conjunction with electro-
static precipitators in order to collect particles less than 5 um. In
1976, Yoshimoto et al. [108] proposed some analyses related to a
new demister applicable to gas turbines employed in ships. In the
first part of their work, they provide data regarding concentration
and size distribution in the light of geophysical theories and other
effects such as elevation and ship velocity. More recently, the
authors in Refs. [109,110] reported the results of some tests
related to salt separators used for reducing the salt ingestion of the
gas turbine. In this work, a detailed description of a sea-salt aero-
sol test facility, and the real-time test techniques and instrumenta-
tion employed is provided.

In the 1980s, evaluation of the commercially available moisture
separators, statistical description of the salt level, and the field
experience related to ships, platforms, and coastal applications
were reported in Refs. [111,112].
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Since relative humidity in maritime air very rarely falls below
45%, salt will almost always be present in droplet form. The
exception to this could be gas turbine installations using anti-icing
systems to heat the inlet air. Based on the assumption that the inlet
heating system adds negligible moisture to the air, Fig. 9(a) shows
the temperature rise required to decrease the relative humidity to
45%, as a function of ambient conditions. If the inlet heating
schedule has a temperature rise equal to or greater than that
defined by the appropriate curve, the relative humidity of the
heated air will drop to levels such that salt will exist as dry crys-
tals [111]. Wind action changes the salt particle concentration and
dispersion. Wind action in terms of concentration at off-shore and
coastal installations is summarized in Fig. 9(b), while Fig. 10
shows data taken during onshore winds, plotted in such a way as
to emphasize the rate of decay of salt level with distance. It is
obvious that a drop of one order of magnitude is experienced in
going from the surf line to the leeward side of the barrier beach—
it can be assumed that this is due to the fall-out of spray generated
by the waves [111].

Experimental evaluations on the filtration systems used in
marine applications are reported in Refs. [113,114]. Their papers
cover various aspects with respect to the selection and operation
of air filtration associated with offshore gas turbine installations.
Other contributions to marine air filtration systems can be found
in Refs. [115-117] related to a high velocity spray salt eliminator
and in Refs. [118,119]. McGuigan [119] described how salt is pro-
duced, how it varies climatically and how it varies from location
to location. Salt concentrations are reported using useful maps as
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Fig. 9 (a) Inlet heating which would result in the generation of dry salt crystals as a function of relative ambient humidity and
temperature, (b) salt content of maritime air (parts per million by weight) as a function of wind velocity. Several data were
reported provided by different authors and locations: Blanchard and Syzdek (Windward shore of Oahu, Hawaii), GPU, General
Public Utilities, now FirstEnergy Corporation (New Jersey shore), Jacobs (Seashore, La Jolla, CA), Junge (Round Hill, MA),
Navsec (no data available), NGTE—National Gas Turbine Establishment, Woodcock 1950 (Lighthouse, FL), Woodcock 1953

(data taken from ship, Florida, Hawaii, and Australia) [111].
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AQ4

a function of the boreal seasons. More detail regarding specific
issues regarding offshore platform applications can be found in
Refs. [120-123].

4.3 Filter Versus Environmental Conditions and Filter
Selection. In this section, the resources reported are related to the
study realized in order to evaluate filter performance as a function
of the environmental conditions. Ernst [124] reported the different
D SPEED operating environments of gas turbines and described the filtration
MPH characteristics that are required in different environments. Six typ-
ical installation sites of gas turbines are reported: (i) countryside,
(i1) large cities, (iii) industrial areas, (iv) desert, (v) tropics, and
(vi) mobile installation. Each condition requires a different set of
filtration systems as a function of the contaminant typology. With
the same accuracy level used in Ref. [124], Giannotti [125]
20 described the primary filtration methods (impingement, diffusion,
electrostatic, and sedimentation) and the secondary methods of
separation (viscous air cleaner, ultrasonic agglomerator, thermal
precipitators, and wet scrubber), while Mund and Guhne [126]
cover three types of gas turbine air cleaners, both in the laboratory
5 and the field, on wheeled and tracked vehicles, in helicopters and

air cushion vehicles. In the same way, Hill [35] reported the dif-
: ferences in the air filtration systems as a function of the environ-
4 6 8 10 12 .. . . . .
ment (large cities, industrial areas, desert locations, tropical
MILES FROM SURF environment, and arctic environment) summarized in Tables 5
and 6. In many instances, it is possible to encounter several envi-
ronmental situations in one location, thus making proper selection
of the intake filters even more critical.
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Fig. 10 Variation in salt level (parts per million by weight) as a
function of distance from the surf. Data were taken during
onshore winds of varying intensity [111].

Table 5 Relationships between locations and local contaminants on the gas turbine. Some environments experience very differ-
ent conditions over the years, determining variable effects on the power unit [35].

Coastal Large cities (power station  Industrial areas (steel works,
Environment Country side (sea side) and chemical plant) petro-chemical, mining)
Types of dust Dry-non erosive Dry-non erosive Sooty-oily Sooty-oily
Salt particles and corrosive ~ May be erosive also corrosive  Erosive. May be corrosive
mist
Dust concentration (mg/m3) 0.01-0.1 0.01-0.1 0.03-10 0.1-10
Particle size (um) 0.01-3 0.01-3 0.01-10 0.01-50"
Salt <5
Effects on GT Minimal Corrosion Fouling (sometimes corrosion Erosion (sometimes corrosion
and fouling) and fouling
Temperature range (°C) —20to 30 —20to 25 —20to 35 —20to 35
‘Weather conditions Dry and sunny, rain, snow, Dry and sunny, rain, snow, Dry and sunny, rain, snow, Dry and sunny, rain, snow,
fog sea mist, freezing fog in hailstone, smog hailstone, smog
winter

“In emission area of chimney.

Table 6 Relationships between locations and local contaminants on the gas turbine. Some environments experience very differ-
ent conditions over the years, determining variable effects on the power unit.

Deserts (sand storms, dusty

Environment ground) Tropical Artic Mobile installations
Types of dust Dry-erosive in sand-storms Nonerosive may cause Nonerosive Dry-erosive Sooty-oily
areas fouling corrosive

Fine talc like in areas of non-
sand storms but dusty ground

Dust concentration (mg/m3) 0.1-700 0.01-0.25 0.01-0.25 0.01-700

Particle size (um) 1-500* 0.01-10 0.01-10 0.01-500°
Effects on GT Erosion (Plugging of filter Fouling Plugging of air intake system Fouling, erosion and

with insect swarms) with snow and ice corrosion

Temperature range (°C) —-5to45 5-45 —40to 5 —30to 45
Weather conditions Long dry sunny, high winds, High humidity, tropical rain, Heavy snow, high winds, All possible weather

sand and dust storms, some-  insect and mosquito swarms icing condition, insect conditions

times rain swarms in summertime

“During severe sand storms.
YAt track level and/or during dust storms [35].
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is provided by the multiple stage filtration system. (b) The practice of filter system selection. The zones are: (1) high efficiency
filters, (2) roll and mat type filters, (3) pulse and bag filters, (4) oil bath filters, (5) electrostatic filters, (6) inertial separators, and
(7) wet separators. The selection has to be made beginning with the initial condition (air contaminant concentration and

humidity) [129].

Goldbrunner and Savoie [127] estimated the effects of the air
filtration system by means of a field test. Their paper reports the
results of a controlled site test program on two gas turbine units to
evaluate the effectiveness of inlet air filtration in reducing mainte-
nance costs. One unit incorporated two-stage inlet air filters; the
other had no inlet air filtration. The units were located next to
each other, and each unit was run simultaneously, exposing both
to the same environment and operating conditions. The inlet air
filter selected for this test was a two-stage type, consisting of an
inertial separator as the first stage and a 5-um fiberglass media as
the second stage. The test consisted of operating these engines
simultaneously, exposing both the filtered and unfiltered engines
to the same operating conditions. The data collected during the
test are very useful in evaluating filtration efficiency. The findings
of Goldbrunner and Savoie [127] can be summarized as follows:
(1) the filters should have a guaranteed, field demonstrated, air-
borne salt removal efficiency of at least 90 percent and (ii) the fil-
ter should have a guaranteed removal efficiency, utilizing
standard Arizona Road Dust (85% mean efficiency on atmos-
pheric test, 95% on particles of 2 um and larger using gravimetric
tests and 99.7% on particles of 10 um and larger also using gravi-
metric tests). The authors also reported the results obtained by
engine inspection, which showed that unfiltered engines have
nearly twice as much tip wear, thus implying greater values of tip
clearance. The authors do not report which filter type (inertial sep-
arator or fiberglass media) contributes most to erosion reduction.
Regarding salt deposits, Labadie and Boutzale [128] reported the
relationship between increasing levels of air filtration and decreas-
ing sulfidation corrosion over a 6-year period for a 17 MW gas tur-
bine located adjacent to a dry lake. The authors propose a
procedure for the selection of adequate air filtration based on air
sampling data and known filter properties.

Zaba and Lombardi [129] report their experience in gas turbine
filtration systems. Some interesting results are reported in Fig. 11.
Figure 11(a) shows the filtration effect of the two filters as a func-
tion of the size of the particles. The first filter stage is of a sturdy
structure and is designed to remove coarse dust particles. The
high efficiency filter that follows is designed to remove fine dust
particles. Figure 11(b) reports an example of an easy-to-use quali-
tative filter selection. The zones depicted in Fig. 11(b) are: (1)
high efficiency filters, (2) roll and mat type filters, (3) pulse and
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bag filters, (4) oil bath filters, (5) electrostatic filters, (6) inertial
separators, and (7) wet separators. According to Fig. 11(a), point
A has been selected as the initial condition for the first example.
According to Fig. 11(b), an inertial separator can be selected as
the first-stage filter. The amount of dust in the inertial separator
will be reduced to Point B. It can be seen that a dry filter is suita-
ble for the second stage. In the second example, the air is rela-
tively moist. The initial condition is located at Point C. A wet
separator or an oil-bath filter would be considered for the first-
stage filter. The amount of dust in this filter will be reduced to
Point D. An electrostatic filter would be advantageous for the sec-
ond stage.

Comparing the results reported in Fig. 11(a) with the results
reported in Fig. 12, taken from Ref. [130], it can be observed that
the amount of dust at the compressor inlet is less. Different filtra-
tion systems determine highly significant differences in the
amount of dust that could afflict the power unit. Gilani and Mehr
[130] reported their operating experience related to different types

%
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Fig. 12 Dust separation in a pulse-jet self-cleaning filter. The
reduction in the weight percentage of contaminants is provided
by the self-cleaning type filter [130].
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of filters on a Saturn power unit. Figure 12 reports the improve-
ment in the filtration efficiency of an existing gas turbine. A pre-
existing two stage filtration system was substituted by a pulse-jet
filter that worked in more efficient way. In fact, only 4.3% of the
total dust could penetrate through the filter, which means that this
system is about seven times more efficient than the existing one.
The system utilizes 64 cylindrical cartridges in a single stage of
filtration with a paper media of P12-5306 and P14-6555 types.
Pulse-jet filters were also studied by Brusca and Lanzafame [131],
who propose a mathematical model for evaluating the variation in
the performance of the gas turbine before, during, and after the
cleaning procedure. Local evaluation of air filtration systems and
particular environmental conditions can be found in Refs.
[132,133].

4.4 Experimental Tests and Standard Methods. Reports on
filtration tests are not widespread in the literature. Tests are con-
ducted especially for the filter used by the manufacturer and, for
this reason, the type of filter which is tested is strongly related to
the filter development. The first tests are related to louvre and
media filters. Tests on louvre and glass-fiber media filters are
reported by Czerwonka and Carey [134]. The authors proposed a
general purpose centrifuge method for measuring the particle-size
distribution of the air filter inlet, outlet, and collected dust sam-
ples. The efficiency of a collector can be computed by obtaining a
particle-size distribution of the dust to be collected. Other test
methods for determining the effectiveness of air filters used for
the collection of atmospheric dust are reported by May [135]. The
three proposed methods are: (i) weight, (ii) dust spot, and (iii)
DOP. The weight method consists of the evaluation of the weight
of the dust passing the test filter and entering the clean-air stream.
In conducting dust-spot efficiency determinations, samples of air
are taken upstream and downstream of the filter in question. The
dust removed from each upstream and downstream sample pro-
duces a spot or target as it passes through the filter paper. The
DOP method consists of the evaluation of the filter capability to
remove dioctyl-phylate droplets (with a controlled diameter) from
the airflow stream. The weight method provides an excellent basis
for comparing the relative performance of air cleaners in the
medium-efficiency range but it has certain shortcomings where
high efficiencies are concerned. In this case, the dust-spot test is
more suitable to evaluate filters with higher filtration efficiency.
The third method is used for the determination of the efficiency of
super interception types of filters.

The standard methods used for testing and verifying the
capacity of a filter are not well reported in the literature. Gidley
et al. [136] pointed out that the standard tests have, for the most
part, been developed for the heating, ventilating, and air condi-
tioning industry, using developed synthetic dust that simulates an
air composition comprised mostly of recirculated air blended with
outdoor make-up air. Other available standard tests and standard
test dusts have been developed for diesel and gasoline-powered
engines. At the same time, in the early 1990s, no standard air filter
test method had been developed for filters to be used on combus-
tion turbine air intakes using typical outdoor air. The standards
have to provide sufficient detailed information on the extent of
penetration of small micron particulates. In the 2010s, Wilcox
et al. [137] pointed out the same problem relating to the lack of
standardized methods for the filter test in the case of liquid or
soluble particles. The liquid phase can greatly influence filter per-
formance as the filter is affected when loaded with salt and/or
water.

4.5 Side Effects: Pressure Drops, Maintenance Costs and
Power Unit Management. All of the aforementioned separation
methods determine pressure losses at the compressor inlet. DuR-
ocher and Giannotti [92] were the first authors to address this
issue. They pointed out the gas turbine power penalty from air
cleaners, and their results are summarized in Fig. 13. Their
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free turbine at full power) [92]

application refers to vehicle systems characterized by limited
space which is reflected in a smaller inlet surface area than in
power plant installations and consequent higher inlet velocity and
pressure drops. Schroth and Cagna [102] also reported the differ-
ences in terms of the pressure drop between the two filtration
methods. The comparison is depicted in Fig. 14, where the curves
marked with “two-stage system” and “three-stage system,”
respectively, represent the total pressure drop of the two-stage or
three-stage systems. The significantly lower pressure drop in the
two-stage filter system can be seen, with the average pressure
drop over the entire year being approximately 300 Pa less com-
pared to the three-stage system. Different filter selections and
sequences are implemented—for the two-stage system, F6 and F8
classes were used, while for the three-stage system, F6, F9, and
H11 classes were adopted according to EN779:2002 and
EN1822:2009 filter classifications.

Pressure drops may also generate another side effect due to the
humid condition that could occur after the filtration barrier. As
reported by Zaba and Lombardi [129], the airflow accelerates at
the level of the first rotor, and the static temperature decreases
immediately. Figure 15 reports this aspect with a qualitative
superimposition of first compressor blade rows. Multiple stage fil-
tration systems (where applicable, matching the space require-
ments) reduce this phenomenon, although it remains strongly
dependent on the environmental conditions. Analogous considera-
tions are reported in Ref. [138].

Regarding the pressure drop due to the inlet duct and filtration
systems, numerical simulations have been used to reduce the
impact of these aspects. Cuvelier and Belcher [139] showed an
improvement in the design of the inlet compressor chamber in
order to diminish the footprint area and improve the filtration
capability. In this work, numerical simulations are used to validate
the new filter chamber project, and filed data validate the results
obtained by the new design. Other authors, including You and
Goulding [140] used numerical simulation to improve the filtra-
tion capability of high-efficiency filters. In their paper, through a
mathematical analysis and design optimization, a new type of
ultra-high efficiency (<97% for 0.3 um diameter particle)
filters were developed. The authors pointed out that numerical
simulation allows the improvement of the filter which, together
with the correct match of air filter system to environment and
duty, will greatly improve combustion turbine protection. Numeri-
cal simulation is also used in Refs. [141,142] in order to improve
the separation capability of the intake separator used in marine
gas turbines. In these cases, the design quality was established
using CFD without the use of a costly physical scale model of the
installation.
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The cost management of inlet filtration systems only gained
attention in the 1990s. Lyons and Morrison [143] introduced cost
management of the power plant in the evaluation of the filter.
Cost management is related in particular to the installation phase,
compressor damage (and consequently, maintenance), and losses.
Modern power plants have to be designed to fulfil the requests
related to power production and to revenue. Filtration systems and
their maintenance play an important role in this topic. The filter
engineer must consider the efficiency of the filtration system, par-
ticle sizes to be filtered, the maintenance necessary throughout the
life of the filtration system, acceptable pressure losses across the
filtration system, the required availability and reliability of the gas
turbine and how the filtration system affects this, washing
schemes for the turbine, and the initial cost of any new filtration
systems or upgrades [144,145]. Wilcox and Brun [145] proposed
a life cycle cost analysis of inlet filtration systems, which provides
a fairly straightforward method for analyzing the lifetime costs. It
provides a method to directly compare different filter system
options based on: (i) initial cost, (ii) maintenance cost, (iii) cost
due to the gas turbine power loss and heat rate increase, (iv) fail-
ure, (v) availability and reliability, and (vi) the overall gas turbine
degradation.

5 Particle Deposition

Wet and dry contaminants are able to stick to blade surfaces in
very different ways. The deposits can contaminate multiple stages
of a compressor as a consequence of the different type, nature,
and path of a single particle. Experimental evaluation and tests are
not widespread due to the complexity in the quantification of the
deposits that stick to the blade and vane surfaces. At the same
time, numerical analysis involves complexities due to particle
motion/impact modelization. Experimental tests and analytical/
CFD approaches have to be developed in order to define general
rules for fouling characterization. Figure 16 reports the timeline
that summarizes the principal contributions in this field.

The finely dispersed aerosols in the air supplied through the fil-
ter are the principal source of compressor fouling. Compressor
deposits can become a problem over extended periods of time in
the smoky, oily atmosphere of engine rooms and factories. Depos-
its determine a modification of the airfoil shape and the increment
of blade surface roughness. Both of these effects determine the
deterioration of compressor performance. This review aims to
report only the study and experimental evaluation of the deposit
characteristics on the blade surface. The impact of fouling effects
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on compressor performance are not reported here, but are high-
lighted in some studies and analyses [146—156]. Meher-Homji
et al. [4] reported some examples of compressor deposits exempli-
fied in Fig. 1(a). The authors split the fouling deterioration into
two aspects: (i) the susceptibility of a gas turbine to fouling, i.e.,
the compressor’s propensity to foul given a certain environment
and foulants and (ii) the sensitivity of the gas turbine to the impact
of fouling on its performance. According to these definitions,
some analyses can be found in the literature.

5.1 Particle Sticking Mechanisms. Particle sticking is the
phenomenon on which compressor fouling is based. Particle adhe-
sion on a clean blade surface or particles which stick to a previ-
ously deposited layer determine all the phenomena discussed in
the previous chapters. Therefore, in this section, attention is given
to the contributions regarding particle sticking. Mezheritsky and
Sudarev [52] discussed the baseline principles and deposit forma-
tion mechanism in axial and centrifugal compressors. The authors
provided a detailed description of the fouling mechanism in a
multistage axial compressor. Finely dispersed particles of an aero-
sol liquid fraction impact the compressor guide vanes and rotating
blades under a large angle of attack, even with a gas turbine oper-
ating at the design point. When impinging, the droplets are
deformed and splashed over the entire blade surface, generating
favorable conditions for dust, soot, and salt particle sticking. The
dust particles coagulate and serve as a basis for the formation of
viscous deposition. As the pressure and temperature increase, the
moisture evaporates, resulting in a reduction in the deposit volume
in the direction of the air motion (from the first to the last stages)
in a multistage axial compressor. The authors proposed a numeri-
cal approach in order to establish the adhesive ability of the blade
profile relative to the particles, by using the entrainment factor.
The entrainment factor depends on the Stokes critical number, the
air flow velocity, and the blade chord. By using the blade entrain-
ment capability value, one can determine the amount of deposition
in any compressor section. Mezheritsky and Sudarev [52] also
proposed adhesion criteria able to predict the capability of a com-
pressor to collect particles. In addition, the authors give an estima-
tion of the thickness of the deposits based on experimental data.
In axial compressors, the stability deposition layer of the first
stages takes place at a layer thickness of (0.8—1.5) mm. The layer
stability is provided by the effects of air stream pressure, generat-
ing the shifting stresses on the deposition surface. At the begin-
ning, the thickness of the deposition layer is inconsiderable and
the cohesive forces between the particles and the blade metallic
surface (adhesive forces) are greater than the shifting forces. As
the deposition layer on the blade becomes thicker, the cohesive
forces between the particles decrease and the flow velocity
increases because of the narrowing of the flow section area. Equi-
librium between cohesive/adhesive forces thus ensures a definite
deposition layer thickness. Other contributions are related to the
modelization of the particle-boundary layer interaction. Numeri-
cal studies on the interaction between particle and boundary layers
are reported by Gokoglu and Rosner [157], while El-Batsh and
Haselbacher in Refs. [158,159] studied the effect of turbulence
models on particle dispersion, deposition on turbine blade surfa-
ces, and detachment from the surfaces. Kozlu and Luis [160,161]
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focused, respectively, on the experimental study of the deposition
of particles with a diameter in the range (1-5) um, and on the
interaction between transpiration and the inertial impaction of par-
ticulates using glass particles (0.5-3) um.

Other contributions related to particle sticking are devoted to
the study of turbine sections. Studies related to the hot particle
deposition that takes place in the turbine nozzle are widespread in
the literature, using both experimental and numerical approaches.
Turbine sections represent a critical component, especially in
aeronautical applications, since deposits and turbine section
obstruction could be highly detrimental. These contributions could
be a starting point, in terms of methodology, experimental setup,
and numerical strategy, to improve the knowledge of fouling phe-
nomena related to compressor sections. Several models exist, and
just a concise explanation is reported here.

The critical film height model is applied by Georgiou and
Paleos [162]. The turbine blades of gas turbines operating with
dirty fuels are sometimes covered by a very thin liquid film, which
originates from the condensation of the alkalic sulfates in the flue
gases. These films may drastically influence the collision coeffi-
cient of the impinging particles. This phenomenon influences the
future trajectories of these particles and their adhesive properties.
In the same decade, Kladas and Georgiou [163,164] applied a
method based on a stopping-distance reported in the literature.
This was able to predict particle deposition as a function of the
diffusion phenomena taking place in the boundary layer compared
with cascade characteristics [165]. Diffusive deposition is also
presented in Refs. [166,167] in relation to thermophoresis and
eddy impaction phenomena. Fackrell et al. [167] reported two
approaches for accounting the deposition of smaller particles. The
first one takes into account only the heat exchange, while, the sec-
ond one models the particle diffusion within the boundary layer
and calculates the particle deposition using the stopping distance
criterion. Sticking model and the subsequent particle deposition
mechanism due to liquid film is reported also by Nagarajan and
Anderson [168]. Their analysis refers to different coal fuel in
order to investigate the effects of the coal-ash constituents on
sticking regime.

The critical viscosity method is widespread in the literature.
Many authors have applied this method and validated its results
with experimental tests [169]. Critical viscosity relates particle
sticking to material-dependent properties like viscosity. In terms
of sticking probability, viscosity at or below the critical viscosity
is assumed to have a sticking probability of unity and at all other
particle temperatures. Sreedharan and Tafti [169] proposed also a
modification in order to account the transition across the critical
viscosity value. Critical viscosity method is applied for numerical
analyses on particle deposition [170-174]. Barker et al. [175]
reported the deposition on a gas turbine section using the critical
viscosity model and the critical velocity model. Singh and Tafti
[176] modified the critical viscosity model to cover particle stick-
ing at lower temperatures (lower compared to the melting temper-
ature). At lower temperatures, 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/surface,
impact velocity, and angle. In order to account for these energy
losses due to collision, an improved model is proposed in this
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study which accounts for both the mechanisms of collision losses
and particle temperature, to predict final sticking probability. The
model for particle rebound based on an energy-based balance
model is reported by the same authors in Ref. [177]. Other contri-
butions can be found in relation to the effects of the electrostatic
charge on particle deposition [178,179] and for evaluating the
effects of the temperature of the particle and target surface and the
turbulence intensity [180-187].

Regarding experimental tests, particle deposition is investigated
in order to understand the turbine section contamination and the
interaction between cooling hole and particle deposition. The
setup of the test bench and the postprocess could be useful in
understanding how to create a fouling-oriented compressor test
bench. Ahluwalia et al. [188] formulated an analytical scheme to
extract sticking coefficients from the measured weight gain data,
particle size spectrum, and particle density and composition.
Other experimental contributions can be found in Refs.
[171,173,185,189-210].

5.2 Experimental Analysis. Regarding deposits on the blade
surface, the first study conducted by Aguet and Von Salis [10]
reported that the only occasion when deposits build up in air com-
pressors is during heavy rain conditions, when water can enter the
subterranean air passage between the air intake and the inlet
flange of the low-pressure compressor. This water is then carried
away as droplets in the airstream and evaporates in the compres-
sors, so that the solid particles contained therein remain on the
blades. Another heavy-duty application is reported [90]. During
overhaul, some fouling issues were found in the compressor sec-
tions. Fouling of the compressor took the form of solid particles
of dust or soot sticking to stator blading and, to a lesser degree, to
the rotating blades. Figure 17 shows this type of deposit and
although the rate and magnitude of fouling varied from machine
to machine, appreciable magnitudes occurred in very few hours.

A particular compressor blade deposit was found by Bultzo
[211]. He reported that the fourth to the eighth stages were fouled
with the pigmentation material used in paint (titanium dioxide,
verified by X-ray diffraction). Use of a scanning electron micro-
scope showed the layering of the primer and finished coats. The
author concluded that since painting was in progress within 30 m
(100 ft) of the turbine inlet, airborne aerosol-like droplets were
being ingested by the gas turbine. After sufficient work had been
done on the air by the axial compressor, the solvent was still con-
tained in the droplets of aerosol, resulting in localized fouling.
The heaviest fouling was in the sixth-stage position. As shown in
Fig. 18, the deposited material was very tightly bonded to both the

Fig. 17 Axial-flow compressor stator blading showing oily car-
bonaceous deposits [90]

000000-14 / Vol. 00, MONTH 2016

ID: asme3b2server Time: 08:48 |

Stage: Page: 14 Total Pages: 24

Fig. 18 Stator blade deposits [211]

rotating and stator blades of the axial compressor. It would have 1023
been impossible to clean the rotor and the stator blades in place. 1024

Tarabrin et al. [57] reported an investigation of compressor 1025
blade contamination for a Nuovo Pignone MS5322 R(B) gas tur- 1026
bine engine. This power unit operated for a long time without 1027
blade washing but only the first five to six stages of 16 were sub- 1028
jected to blade fouling due to deposits. Figure 19 depicts the 1029
weight distribution of deposits for rotor blades (Fig. 19(a)) and 1030
stator vanes (Fig. 19(b)). The inlet guide vane blades, as well as 1031
the rotor and stator blades of the first stage have more deposits on 1032
the blade convex side. The deposit masses on the blades of the 1033
other stages are approximately equal for the convex and concave 1034
side, with deposit masses decreasing from the first to the sixth 1035
stage. From the seventh stage, the amount of deposits on the 1036
blades is insignificant. The authors point out that the amount of 1037
deposits is greater on the stator blades than on the rotor blades due 1038
to the cleaning effects provided by the centrifugal forces on dirt 1039
particles. 1040

Recently, Brun et al. [67] and Perullo et al. [105] have provided 1041
a detailed picture of compressor deposits. Figure 20 depicts sev- 1042
eral fouled blades (convex and concave sides), reported by Brun 1043
et al. [67], which have varying degrees of contamination but also 1044
some common characteristics: (i) the deposits were primarily on 1045
the front (convex) portion of the blade (see pictures of the front 1046
and back of Blade 13 and Blade 10), (ii) the streaking patterns evi- 1047
dent on all the blades suggest that the material is deposited via 1048
radial flow from the root of the blade outward, and (iii) the 1049
cleaned area in Fig. 20 (Blade 14) shows where a paper towel was 1050
rubbed lightly on the blade to remove the material. The dirt does 1051
not appear to adhere tightly to the blades. A small amount of force 1052
is all that was required to dislodge the material, (iv) the leading 1053
edge of the blade was cleaner than the rest of the blade. This sug- 1054
gests that areas with a high velocity and incident angle are less 1055
susceptible to dirt deposits. However, other blades suggest that 1056
potential separation areas are less susceptible to having the dirt 1057
stick, (v) some deposits, like those shown for Blade 9, appear to 1058
have a substantial amount of hydrocarbon mixed in with the 1059
“dirt.” Brun et al. [67], starting from a sample of blade surface 1060
fouling dirt taken from various field sites, develop a representative 1061
dirt formula and blade coating procedure. With this procedure it is 1062
possible to generate a dirty compressor blade in agreement with 1063
the actual contamination behavior and to study compressor foul- 1064
ing (flow deviations, washing operations, etc.) in a wind tunnel. 1065

Perullo et al. [105] also reported a visual inspection of IGVs 1066
and first-stage compressor blades when using the F8 and E10 fil- 1067
ters. The results of inspection are reported in Fig. 21. These two 1068
units are located at the same site, with similar operating profiles, 1069
which reduces the possibility of operating environments leading 1070
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Fig. 19 Weight distribution of deposits on the convex and concave sides of the axial compressor blades: (a) rotor and
(b) stator [57]

Blade sample 14 "Front” side of blade sample 13 “Back” side of blade sample 13

Blade sample 9 "Front” side of blade sample 10 “Back” side of blade sample 10

Fig. 20 Blade samples with varying degrees of contamination. Blade 9 shows deposits with a dirt mixed with hydrocarbon;
blades 10 and 13 show deposits located on the front portion of the blade and blade 14 shows the manual cleaned area where
the deposits are not too sticky [67].

Fig. 21 Different deposit patterns after visual inspection: (a) deposits after 5000 h with two
off-line washes and F8-type filter, (b) deposits after 6500 h without washes and E10-type filter.
The differences in the deposit patterns are located at the leading edge zones [105].
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Fig. 22 Salt deposits found after experimental tests with salt ingestion: (a) percentage distribution of deposits with respect
to the total stator deposits on stator vanes, (b) salt deposits at the leading edge of the second-stage stator vanes (at 6.5x%
magnification). The hub is at the top in this image. The partial detachment of the salt deposits close to the hub is clearly visi-

ble [212].

Fig. 23 (a) deposits on the leading edge of a first-stage rotor blade and (b) deposits on the inlet guide vanes [213]

to any observed differences. The F8 filter, which had two offline
washes during 5000 h of operation showed significant fouling on
the IGVs and first-stage blades. After 6500h, the E10 filters
showed little evidence of fouling compared to the F8 filter. This is
especially noticeable when examining the leading edge of the first
stage blades.

Regarding offshore and nearshore applications, salt deposits are
presented by Stoeckly [79]. A 10h endurance test was performed
to determine the effects of ingesting salt water into the engine
inlet at a rate of one part of salt solids per million parts of air.
Post-test inspection of the compressor revealed moderate to heavy
dirt and salt deposits over the inner half of the first-four stages.
The stator vanes and passages were covered with a white powdery
substance determined to be salt. Areas in line with the salt-water
sprays on the front frame struts had their protective coating worn
away and were rusty.

More recently, Syverud et al. [212] and Brekke et al. [213]
showed the compressor deposits due to salt ingestion for two gas
turbines installed in offshore platforms. Syverud et al. [212]
reported the location of salt deposits in a General Electric J85-13
axial compressor. The experimental tests have shown that the salt
deposits were mainly found along the leading edge of the first-
four stages and on the pressure side of the stator vanes along the
hub, as reported in Fig. 22(a). The salt deposits were generated by
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the salt carried by the water droplets and, for this reason signifi- 1095
cantly fewer deposits were observed on the rotor blades compared 1096
to the stator vanes due to the centrifugal force. Figure 22(b) 1097
depicts the salt deposits on the leading edge of the stator blade. 1098
Heavy leading edge deposits are probably caused by the constant 1099
shaft speed during salt ingestion. Close to the hub, a part of the 1100
deposits were broken off by the airflow probably due to the varia- 1101
tion of the incident angle when the compressor was tested at a dif- 1102
ferent rotational velocity. In the same way, Brekke et al. [213] 1103
report the location of salt deposits in a General Electric LM2500+ 1104
axial compressor. Figure 23(a) shows the salt deposits on the lead- 1105
ing edge, while Fig. 23(b) shows the deposits on the inlet guide 1106
vane. The authors point out that the apparent separation lines 1107
(indicated by two red ovals) between the cleaner and more heavily 1108
deposited areas of the vanes were typically seen on all of the inlet 1109
guide vanes in this unit. 1110

5.3 Numerical Analysis. Even though the first numerical cal- 1111
culation of particle motion was reported by Tabakoff et al. [214], 1112
the first conference contribution concerning theoretical and 1113
numerical approaches regarding particle deposition is provided by 1114
Agengiiturk and Sverdrup [215]. The authors present a theory 115
for the prediction of deposition rates of fine particles in 1116
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system. Contaminant mass flow rates were reported as a func-
tion of the blade side (pressure and suction), environmental
condition (Industrial Spring, Industrial Winter, Urban), and
charge level of the electrostatic filters (optimal charge, OC and
poor charge, PC). The environmental conditions are character-
ized by different contaminant concentration—Industrial Spring
is the most detrimental condition, while Urban is characterized
by lower levels of particle concentration [219].

1117 two-dimensional compressible boundary layer flows. The mathe-
1118 matical model developed accounts for diffusion due to both
1119 molecular and turbulent fluctuations in the boundary layer flow.
1120 Particle inertia was taken into account for the particle flux near
1121 the surface. The theory was compared with a number of pipe and
1122 cascade experiments, and good agreement was obtained. This
1123 model was applied to a cascade turbine but represents the first the-
1124 oretical and numerical model for studying particle deposition.

1125 Numerical studies related to the particle deposition on axial
1126 compressors are not widespread in the literature, and some analy-
1127 ses have only become available in the last few years. The chal-
1128 lenges involved in this type of analysis are linked to the size of
1129 particles (submicron particle) and computational efforts. Suman
1130 et al. [216-218] reported the combination of the impact/adhesion
1131 characteristics of the particles obtained through a CFD numerical
1132 simulation and the actual size distribution of the contaminants in
1133 the air swallowed by the compressor. Their works combine the
1134 kinematic characteristics of particle impact on the blade with foul-
1135 ing phenomenon through the use of a quantity called sticking
1136 probability adopted from the literature. The analysis shows that
1137 particular fluid-dynamic phenomena such as separation, shock
1138 waves, and tip leakage vortex strongly influence the deposition

1139 pattern. The combination of smaller particles (0.15-0.25) um and
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larger ones (1.00-1.50) pum determine the highest amounts of 1140
deposits on the leading edge of the compressor airfoil. The same 1141
analyses were conducted for a transonic rotor [216,217] and sub- 1142
sonic rotor [218]. 1143

From these works, it is possible to describe the main difference 1144
involved in the two compressor types. In particular, the compari- 1145
son related to the particle impact behavior can be summarized as 1146
follows: (i) for both rotors the percentage of the particles that hit 1147
the blade surface increases with the diameter of the particles but 1148
the transonic rotor is more affected by the particle impact; (ii) for 1149
both rotors, by increasing the particle diameter the pressure side is 1150
more affected by the impacts, thus the particles tend to hit the 1151
pressure side in increasing quantities as the particle diameter 1152
increases and (iii) by increasing the particle diameter the suction 1153
side is less affected by the impacts in the case of the transonic 1154
rotor, while in the case of the subsonic rotor, a particular impact 1155
pattern in the leading edge (thicker than the transonic rotor) influ- 1156
ences the results. Starting from the results reported in Ref. [217], 1157
the authors in Ref. [219] proposed an estimation of the deposits 1158
that afflict a transonic blade surface. The quantitative analysis of 1159
the deposits on a blade surface is strongly related to: (i) actual air 1160
contamination data, (ii) actual filtration efficiency, and (iii) parti- 1161
cle adhesion. Transonic blade surfaces appear more contaminated 1162
on the pressure side and in the leading edge area. However, even 1163
if the peak of contaminant is higher on the pressure side, the 1164
deposits on the suction side appear more distributed on the blade 1165
surface. 1166

Suman et al. [219] also reported the influence of the electro- 1167
static filter charge and its relationship between air contaminant 1168
concentration. Figure 24 reports the results related to blade con- 1169
tamination. Two conditions are reported: optimal charge and poor 1170
charge of the filtration system. The charge level influences the 1171
overall mass deposits on both of the blade sides and in particular, 1172
the optimal charge allows a consistent reduction of mass deposits. 1173
The reduction is in the range of (39-50)% depending on the envi- 1174
ronmental conditions. It is possible to observe that the characteri- 1175
zation of the contaminant concentration in the air is more 1176
important than the filter charge. In fact, Industrial Winter and/or 1177
Urban conditions in the case of poor charge, are less dangerous 1178
than the Industrial Spring condition in the case of optimal charge. 1179

6 Remarks 1180

In the last part of this review, a brief recap of the principal con- 1181
tributions proposed in this work and an analysis of the contribu- 1182
tors in fouling analysis are reported. Figure 25 shows the timeline 1183
related to the 60 years of ASME Turbo Expo proceedings and 1184
highlights the first contributions related to a particular analysis or 1185
innovation. Starting from 1960s, the first application of two-stage 1186
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Fig. 25 Timeline showing the progress in the field of fouling contributions
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Fig. 26 Overall contributions in gas turbine fouling

filtration technology was reported [10], while in the 1970s the first
numerical analysis of particle trajectory [214] and the first-air
contaminant data concentration (realized specifically for the par-
ticulate analysis by Johnson and Wilkes [99]) were proposed. Sub-
sequently, the first report on gas turbine platform installation [42]
and the first numerical analysis on particle deposition [215] were
reported. Filtration technology covers a very wide range of inter-
est, in fact in almost 10 years applications related to self-cleaning
filters [95], numerical investigation of the inlet duct system [139],
analysis of the cost management of filtration systems [143] and
new filters that work against the particulate [100] have been
reported. In the last 20 years, contributions have been dedicated to
compressor deposits. In fact, deposits on a multistage compressor
[57] and salt deposits due to the platform operation of axial com-
pressors [212] have been reported. Finally, experimental [67] and
numerical [217-219] determinations of compressor deposits have
been carried out.

As previously mentioned, Fig. 25 reports the first contributions
in the different fields of interest related to the fouling issue but a
different analysis can be performed by dividing all the contribu-
tions reported in this review according to the previous timeline
block division. Figure 26 shows the contributions grouped into
five categories: (i) operational experience and field data sources,
named operational experience (OE), (ii) filtration technology and
filter performance, named Filtration, (iii) washing operation and
optimization, named Washing, (iv) deposits and fouling character-
ization on compressor sections, named Compressor, and (v)
deposits and fouling characterization on turbine sections, named
Turbine. From the data reported in Fig. 27, it is possible to note
that operational experience is the only topic with a negative trend.
Through the years, in fact, reports on gas turbine operation with
special attention to the issue of fouling are even more scarce. By
contrast, data and analyses related to the other fields of interest
are even more numerous due to the overall increment in the num-
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contributions divided according to three main topics analyzed in 1222
this review. In detail, the operational experience and filtration sys- 1223
tems are subdivided according to the land-based and offshore (and 1224
near shore) field of interest, while compressor deposition is 1225
divided according to experimental and numerical analyses. Land- 1226
based contributions are more numerous than offshore contribu- 1227
tions, which refer to two main gas turbine applications—(i) in 1228
early marine gas turbine applications, offshore analyses are only 1229
related to ship installations, while (ii) starting from the 1980s, 1230
marine gas turbine applications refer in particular to platform 1231
installations. An analogous trend can be found for filtration sys- 1232
tem analyses, which involve in particular salt separation in the 1233
case of ship and platform installations. Regarding particle deposi- 1234
tion on the compressor, experimental and numerical analyses are 1235
on the increase, even though numerical analyses have only been 1236
available since the 1990s (due to the increase in computational 1237
resources). 1238

The last analysis is related to the contributions and contributors 1239
involved in this review. Starting from the contributions reported 1240
in this work, Fig. 28 summarizes the contributors and their affilia- 1241
tions. The number of papers related to the fouling issue has 1242
increased from 35 (in the first decade) to 170 (in the last decade), 1243
as reported in Fig. 28(«). This trend is related to the global confer- 1244
ence trend, reported in Fig. 28(b), which shows the increasing 1245
number of contributions (ordinate) through the years (abscissa). In 1246
the latter decades (1996-2005 and 2006-2015) the number of 1247
papers regarding fouling represents almost 0.6% with respect to 1248
the overall total. This value is lower than that of the first three dec- 1249
ades, when it was equal to 9.9%, 1.3%, and 1.4% for 1956-1965, 1250
1966-1975, and 1976-1985, respectively. 1251

Regarding affiliation, from Fig. 28(c) it is possible to note that 1252
the academic contributions cover 51% of the global production in 1253
the last decade while in the first decades, academic contributions 1254
were very scarce. Government actors are especially related to 1255
military factors (in the first decades) and to research institutes (in 1256
the last decades). 1257

In conclusion, compressor fouling is an operational problem 1258
highlighted by the manufacturer which, over the years, has 1259
involved academic researchers in a bid to limit and manage the 1260
fouling issue. Compressor performance drops are strongly related 1261
to the fouling issue, and therefore, the reliability, performance, 1262
and efficiency of gas turbines will only reach higher levels if 1263
knowledge is improved by the use of experimental tests and 1264
numerical models. 1265

7 Perspectives 1266

Based on the ASME Turbo Expo contributions presented in 1267
2016, it is possible to highlight the most recent research trends. In 1268
this paragraph, contributions related to compressor fouling and 1269
gas turbine hot section particle deposition are reported separately. 1270

7.1 Compressor. Regarding compressor fouling the contribu- 1271

ber of Turbo Expo proceedings. Figure 27 reports the tions can be categorized into three main topics: 1272
14 [ 05665 06675 m7685 W86-95 M9605 M 0615 |
12 |
Operational Filtration Particle
10 - experience system deposition

Land based Land based

Offshore

Offshore Numerical
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Fig. 27 Detailed subdivision of resources: operational experience, filtration system, and compressor deposition
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Fig. 28 Overall count of fouling contributors: (a) contributions devoted to the fouling issue, (b) overall ASME Turbo Expo con-
tributions, and (c) affiliation of contributors involved in the study of fouling

(1) Prediction models for gas turbine performance able to take
into account compressor fouling and other degradation
mechanisms,

(2) Numerical and experimental applications in order to inves-
tigate which mechanisms mostly drive compressor fouling,
and

(3) Filtration systems and washing operations.

Prediction models are reported by four papers: (i) Hanachi et al.
[220] base their model on actual data that takes into account the
ambient conditions (especially temperature and humidity) for esti-
mating the compressor performance drop due to fouling effects,
(i1) Qingcai et al. [221] proposed a gas turbine performance pre-
diction model based on genetic algorithm of 11.8 MW three-shaft
unit accounting compressor erosion and fouling phenomena, (iii)
Qui et al. [222] proposed a geometry parametrization for dirty
compressor blade in order to take into account the geometry
effects (nonuniform and stochastic) due to fouling and erosion
phenomena and finally, (iv) Roumeliotis et al. [223] realized a gas
path analysis coupled with an economic module for the economic
assessment of recoverable degradation maintenance actions (com-
pressor washing, filter change, etc.).

Numerical and experimental applications are reported by four
papers. Only one of these refers to experimental analysis of com-
pressor fouling [224]. Kurz et al. [224] reported an experimental
investigation that provides experimental data on the amount of
foulants in the air that actually stick to the blade for different con-
ditions of the surface. The authors run experimental tests with dry
and humid conditions. Numerical analysis is reported by Suman
et al. [225] related to a subsonic axial compressor blade perform-
ing an analysis in line with that reported in Ref. [219]. Aldi et al.
[226] studied the particle deposition in a transonic axial compres-
sor stage, based on the model reported in Refs. [216,217], coupled
with a particular treatment of particle data across the interface
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between the rotor and stator. Finally, Saxena et al. [227] reported 1303
numerical simulations of erosion phenomena in a multistage axial 1304
compressor. A general overview related to fouling phenomena is 1305
reported in Borello et al. [228], where the authors provided a wide 1306
investigation into the fouling issues involved in a modern power 1307
plant (subsonic compressor, turbine vane, internal cooling chan- 1308
nel, and extraction fan). 1309

Filtration and washing applications are based on three papers. 1310
Two of these refer to off-shore applications, namely Madsen and 1311
Bakken [229], who focused on multiple stage filtration systems 1312
and Luan et al. [230], who focused on wave-plate separators. 1313
Schirmeister and Mohr [231] provided the only contribution 1314
related to land-based gas turbine installation. They present a quan- 1315
tification of the effect of different air filter classes on the perform- 1316
ance degradation of 12 gas turbines from six different power 1317
stations. 1318

7.2 Turbine. Regarding particle deposition and fouling issue 1319
in gas turbine hot sections, several contributions are present. In 1320
this case, two main topics are present: 1321

(1) numerical applications and analytical models to predict par-
ticle deposition, and
(2) experimental analysis.

1322

An analytical model able to predict particle deposition is 1323
reported by Casari et al. [232], where the authors propose an inno- 1324
vative model based on an Arrhenius-type equation able to predict 1325
the particle deposition on a gas turbine section. The model is 1326
based on experimental data reported in the literature that refers to 1327
several types of materials. Bons et al. [233] defined a new deposi- 1328
tion model that includes elastic deformation, plastic deformation, 1329
adhesion, and shear removal, and it is validated against five litera- 1330
ture cases. This model is applied in the numerical simulations 1331
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performed by Prenter et al. [234] for particle deposition in a
cooled high-pressure turbine stage. Agati et al. [235] reported a
numerical modelization of particle deposition that occurs in gas
turbine hot sections over a wide temperature range. Their model is
able to account for particle deposition from 500K to 1500 K. The
transition between these two extreme conditions is modeled
through a temperature-driven modification of the mechanical
properties of both particles and target surfaces. Finally, an innova-
tive numerical strategy for particle tracking in secondary air sys-
tems is presented by Forsyth et al. [236], and Boulanger et al.
[237] generated a statistical model to predict the effect of gas path
temperature (up to 1100°C) and target angles. The authors esti-
mated the uncertainty due to the surface temperature and particle
injection rate based on the experimental results.

Regarding experimental applications, authors focus mainly on
the interaction between the particle deposition and film cooling
holes and their relative effects. Whitaker et al. [238] performed an
experimental campaign to discover how particulate loading, parti-
cle size, and temperature affect the deposition and flow blockage
development in an impingement-film cooling turbine section.
Lundgreen et al. [239] provided an experimental test of dust depo-
sition on a gas turbine cascade with a film cooling hole. Working
up to 1350°C as a temperature inlet, the authors show different
deposition patterns on the turbine nozzle. Wylie et al. [240]
reported the results of particle deposition in the internal cooling
passage of a high-pressure turbine. The authors perform particle
deposition using actual volcanic ash. Experimental deposition on
film cooling holes is also reported in Wang et al. [241].

7.3 Vision. From the previous analyses, it emerges that recent
research is mainly focused on the modelization of particle deposi-
tion, especially for gas turbine hot sections. Models should be
able to predict particle deposition based on basic boundary condi-
tions such as gas temperature, materials, and contaminant dimen-
sion. Numerical analyses are used as a tool for matching the
numerical results obtained using the deposition model and the
actual experimental data. Experimental tests are devoted to dis-
covering the interaction between the particle deposition and film
cooling and the effects of deposits on cooling holes and channels.

Analyses and tests related to compressor fouling remain
uncommon in the literature. Although fouling issues for land-
based and off-shore gas turbines are detrimental, the difficulties
involved in this type of analysis lead to a real lack of contributions
to this field. Dry and humid conditions coupled with contaminant
type are the main contributors to fouling. Experimental analyses
and numerical 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 in the
modelization of compressor fouling. These aspects represent the
upcoming challenges, considering that both experimental and
numerical analyses have to reflect the actual condition in which
power units operate.

References
[1] Diakunchak, I. S., 1991, “Performance Deterioration in Industrial Gas
Turbines,” ASME Paper No. 91-GT-228.

[2] Hepperle, N., Therkorn, D., Schneider, E., and Staudacher, S., 2011,
“Assessment of Gas Turbine and Combined Cycle Power Plant Performance
Degradation,” ASME Paper No. GT2011-45375.

[3] Kurz, R., and Brun, K., 2011, “Fouling Mechanisms in Axial Compressors,”
ASME Paper No. GT2011-45012.

[4] Meher-Homji, C. B., Chaker, M., and Bromley, A. F., 2009, “The Fouling of
Axial Flow Compressors—Causes, Effects, Susceptibility and Sensitivity,”
ASME Paper No. GT2009-59239.

[5] McLean, H. D., 1958, “Operating Experience of General Electric Gas
Turbines,” ASME Paper No. 58-GTP-18.

[6] Hill, R. C., 1957, “Gas-Turbine Maintenance in Severe Service,” ASME Paper
No. 57-GTP-4.

[7] Horton, J. H., 1965, “Environmental Factors in Engine Design for Military
Applications,” ASME Paper No. 65-GTP-1.

000000-20 / Vol. 00, MONTH 2016

ID: asme3b2server Time: 08:48 |

Stage: Page: 20 Total Pages: 24

[8] Bruner, F. D., Sparrow, J. K., and Moyer, W. B., 1963, “Interim Report on
Dust Louvre Inertial Separator Application on 8500-hp U. P. R. R. Gas- 1392

Turbine Locomotive,” ASME Paper No. 63-AHGT-39. 1393
[9] Carameros, A. H., 1956, “El Paso’s Gas-Turbine Operating Experience,”
ASME Paper No. 56-GTP-6. 1394

[10] Aguet, E., and Von Salis, J., 1960, “Three Years’ Operating Experience With
1500-kw Gas-Turbine Plants in Belgian Steelworks,” ASME Paper No. 60- 1395
GTP-3. 1396

[11] Arvidsson, F., 1967, “Operating Experience With Gas Turbines Under Arctic
and Tropical Conditions,” ASME Paper No. 67-GT-30. 1397

[12] Bolliger, H. R., 1966, “15 Years of Gas Turbine Operation in Venezuela’s

Industry and Utilities,” ASME Paper No. 66-GT-103. 1398
[13] Patton, R. E., 1976, “Gas Turbine Operation in Extreme Cold Climates,”
ASME Paper No. 76-GT-127. 1399

[14] Dickson, J., 1976, “Problems Associated with Cold Weather Operation of Gas
Turbines,” ASME Paper No. 76-GT-129. 1400
[15] Kindl, F. H., 1973, “Gas Turbines in the Arctic Environment,” ASME Paper
No. 73-GT-83. 1401
[16] Bagshaw, K. W., 1976, “Icing Problems Review of Simulated Ice Ingestion
Tests,” ASME Paper No. 76-GT-128. 402
[17] Cleveland, A., and Humphries, E., 1981, “Design Concepts and Equipment
Selection Processes for Northern Compressor Stations,” ASME Paper No. 81- 1403
GT-131. 1404
[18] Maas, D. M., and McCown, N. M., 2007, “Turbine Inlet Ice Related Failures
and Predicting Inlet Ice Formation,” ASME Paper No. GT2007-28351.
[19] Ojo, C. O., Schwille, C., Nemet, A., Zierer, T., and Nicklas, M., 2009,
“Optimization of Anti-Icing Limits for Alstom Gas Turbines Based On Theory 1406
of Ice Formation,” ASME Paper No. GT2009-59232. 1407
[20] Thueringer, F., 1974, “Operating Experiences With Two Modern Medium
Size Gas Turbines,” ASME Paper No. 74-GT-29. 1408
[21] Hubbard, J. K., and Austin, C., 1980, “Development and Field Experience of a

1405

New 29000 HP Gas Turbine,” ASME Paper No. 80-GT-152. 1409
[22] Sheper, G. W., and Orsino, A. J., 1982, “Testing and Initial Operating Experi-
ence of the MS9001E Gas Turbine,” ASME Paper No. 82-GT-2. 1410

[23] Diakunchack, I. S., and Nevin, D. R., 1986, “Fully Loaded Factory Perform-
ance Test of the CW251B10 Gas Turbine Engine,” ASME Paper No. 86-GT- lj};
71.

[24] Aschenbruck, E., Blessing, R., and Turanskyj, L., 1994, “FT8-55 Mechanical
Drive Aeroderivative Gas Turbine: Design of Power Turbine and Full-Load 1413
Test Results,” ASME Paper No. 94-GT-343. 1414

[25] Fujii, T., Uenada, T., and Masuo, H., 1999, “Operating Experience of the
GT13E2 at Kawasaki Gas Turbine Research Center,” ASME Paper No. 99- 1415
GT-82. 1416

[26] Knudsen, K., Nilsson, R., Nilsson, U., and Thornblad, P., 1999, “Workshop
Testing of GT140P Part2: Tests and Experiences,” ASME Paper No. 99-GT- }j};
243.

[27] Frank, S., Lechner, C., Mertens, B., and Warnak, D., 2001, “Testing the Latest
Model V84.3a Gas Turbine in the Siemens Test Facility in Berlin,” ASME 1419
Paper No. 2001-GT-0396. 1420

[28] Layne, A. W., and Hoffman, P. A., 1998, “The U.S. Department of Energy’s
Advanced Turbine Systems Program,” ASME Paper No. 98-GT-141.

[29] Layne, A. W., 2000, “Developing the Next Generation Gas Turbine
Systems—A National Partnership,” ASME Paper No. 2000-GT-176.

[30] Amos, D. J., Diakunchak, I. S., McQuiggan, G., Southall, L. R., and Wagner,
G. P., 1997, “Update in Westinghouse’s Advanced Turbine Systems Pro- 1423
gram,” ASME Paper No. 97-GT-369. 1424

[31] Diakunchak, I. S., Krush, M. P., McQuiggan, G., and Southall, L. R., 1998,
“Status of Westinhouse’s Advance Turbine Systems Program,” ASME Paper 1425
No. 98-GT-77. 1426

[32] Diakunchak, I. S., Krush, M. P., McQuiggan, G., and Southall, L. R., 1999,
“The Siemens Westinhouse Advance Turbine Systems Program,” ASME 1427
Paper No. 99-GT-245. 1428

[33] Gaul, G. R., Diakunchak, I. S., and Dodd, A. M., 2001, “The W501G Testing
and Validation in the Siemens Westinghouse Advanced Turbine Systems Pro- 1429
gram,” ASME Paper No. 2001-GT-0399. 1430

[34] Diakunchak, I. S., Gaul, G. R., McQuiggan, G., and Southall, L. R., 2002,
“Siemens Westinghouse Advanced Turbine Systems Program Final 1431

1421

Summary,” ASME Paper No. GT-2002-30654. 1432
[35] Hill, D. G. T., 1973, “Gas Turbine Intake Systems in Unusual Environments,”
ASME Paper No. 73-GT-38. 1433

[36] McLean, H. D., Tangerini, C. C., and Cott, W. H. V., 1960, “Report on 9000
Hr Operation of Marine Propulsion Gas Turbine in the John Sergeant,” ASME 1434

Paper No. 60-GTP-5. 1435
[37] Lamb, J., and Birts, L., 1958, “The ‘Auris’ Gas-Turbine Project,” ASME
Paper No. 58-GTP-12. 1436

[38] Humphrey, W. R., and Maas, L. M., 1969, “Allison Model 501-K14 Gas Tur-
bine 1000-Hr Saltwater Ingestion Test,” ASME Paper No. 69-GT-28.

[39] Caguiat, D. E., 2002, “Rolls Royce/Allison 501-K Gas Turbine Anti-Fouling
Compressor Coatings Evaluation,” ASME Paper No. GT-2002-30261. 1438

[40] Caguiat, D. E., Zipkin, D. M., and Patterson, J. S., 2002, “Compressor Fouling
Testing on Rolls Royce/Allison 501-K17 and General Electric LM2500 Gas 1439
Turbine Engines,” ASME Paper No. GT-2002-30262. 1440

[41] Caguiat, D. E., Zipkin, D. M., and Patterson, J. S., 2003, “Rolls Royce/Allison
501-K Gas Turbine Anti-Fouling Compressor Coatings Shipboard Evaluation: 1441
Phase I,” ASME Paper No. GT2003-38739. 1442

[42] Elmed, G., Ferm, S., and Svensson, S. O., 1979, “Industrial Type Gas Turbines
for Offshore Applications,” ASME Paper No. 79-GT-105. 1443

1437

Transactions of the ASME

Path: //chenas03/Cenpro/ApplicationFiles/Journals/ASME/TURB/Vol00000/160099/Comp/APPFile/AS-TURB160099


http://dx.doi.org/10.1115/91-GT-228
http://dx.doi.org/10.1115/GT2011-45375
http://dx.doi.org/10.1115/GT2011-45012
http://dx.doi.org/10.1115/GT2009-59239
http://dx.doi.org/10.1115/58-GTP-18
http://dx.doi.org/10.1115/57-GTP-4
http://dx.doi.org/10.1115/65-GTP-1
http://dx.doi.org/10.1115/63-AHGT-39
http://dx.doi.org/10.1115/56-GTP-6
http://dx.doi.org/10.1115/60-GTP-3
http://dx.doi.org/10.1115/67-GT-30
http://dx.doi.org/10.1115/66-GT-103
http://dx.doi.org/10.1115/76-GT-127
http://dx.doi.org/10.1115/76-GT-129
http://dx.doi.org/10.1115/73-GT-83
http://dx.doi.org/10.1115/76-GT-128
http://dx.doi.org/10.1115/81-GT-131
http://dx.doi.org/10.1115/GT2007-28351
http://dx.doi.org/10.1115/GT2009-59232
http://dx.doi.org/10.1115/74-GT-29
http://dx.doi.org/10.1115/80-GT-152
http://dx.doi.org/10.1115/82-GT-2
http://dx.doi.org/10.1115/86-GT-71
http://dx.doi.org/10.1115/94-GT-343
http://dx.doi.org/10.1115/99-GT-82
http://dx.doi.org/10.1115/99-GT-243
http://dx.doi.org/10.1115/2001-GT-0396
http://dx.doi.org/10.1115/98-GT-141
http://dx.doi.org/10.1115/2000-GT-176
http://dx.doi.org/10.1115/97-GT-369
http://dx.doi.org/10.1115/98-GT-77
http://dx.doi.org/10.1115/99-GT-245
http://dx.doi.org/10.1115/2001-GT-0399
http://dx.doi.org/10.1115/GT-2002-30654
http://dx.doi.org/10.1115/73-GT-38
http://dx.doi.org/10.1115/60-GTP-5
http://dx.doi.org/10.1115/58-GTP-12
http://dx.doi.org/10.1115/69-GT-28
http://dx.doi.org/10.1115/GT-2002-30261
http://dx.doi.org/10.1115/GT-2002-30262
http://dx.doi.org/10.1115/GT2003-38739
http://dx.doi.org/10.1115/79-GT-105

.

J_ID: TURB DOI: 10.1115/1.4035070 Date: 1-November-16

PROOF COPY [TURBO-16-1092]

1444
1445

1446

1447

1448
1449

1451
1452

1453

1454

1480

1481
1482

1483
1484

1485
1486
1487
1488

1489
1490

1491
1492

1493
1494

1495
1496

1497
1498

[43] Brunner, A. C., and Maurer, A.,
Sulzer Gas Turbine-Compressor Modules
Application,” ASME Paper No. 82-GT-282.

[44] Spector, R. B., and Cimino, L. S., 1990, “Offshore Experience of the LM2500
Gas Turbine,” ASME Paper No. 90-GT-288.

[45] @verli, J. M., and Bakken, L. E., 1992, “A Survey of Platform Machinery in
the North Sea,” ASME Paper No. 92-GT-89.

[46] Lynghjem, A., and Heltne, T., 1994, “Operational Experience and Energy-
Saving Improvements on Offshore Gas Turbine Driven Compressor Trains,”
ASME Paper No. 94-GT-325.

[47] Bakken, L. E., and Skorping, R., 1996, “Optimum Operation and Maintenance
of Gas Turbines Offshore,” ASME Paper No. 96-GT-273.

[48] Singleton, H., and Park, T. S. J., 1962, “Comparative Operating Experience
With  Single-Shaft and Two-Shaft Gas-Turbine-Driven Centrifugal
Compressors,” ASME Paper No. 62-GTP-11.

[49] Schnittger, J. R., 1962, “The New 40-MW Gas Turbine of the Vastervik Cen-
tral Station,” ASME Paper No. 62-GTP-1.

[50] Hondius, H., and Meyer, R. H., 1978, “Ten Years’ Engineering Development in Gas
Turbine Driven Natural Gas Compressor Stations,” ASME Paper No. 78-GT-74.

[51] Thames, J. M., Stegmaier, J. W., and Ford, J. J., Jr., 1989, “On-Line Compres-
sor Washing Practices and Benefits,” ASME Paper No. 89-GT-91.

[52] Mezheritsky, A. D., and Sudarev, A. V., 1990, “The Mechanism of Fouling
and the Cleaning Technique in Application to Flow Parts of the Power Genera-
tion Plant Compressors,” ASME Paper No. 90-GT-103.

[53] Haub, G. L., and Haune, W. E., Jr., 1990, “Field Evaluation of On-Line Com-
pressor Cleaning in Heavy Duty Industrial Gas Turbines,” ASME Paper No.
90-GT-107.

[54] Stalder, J.-P., and van Oosten, P., 1994, “Compressor Washing Maintains
Plant Performance and Reduces Cost of Energy Production,” ASME Paper
No. 94-GT-436.

[55] Tarabrin, A. P., Schurovsky, V. A., Bodrov, A. 1., and Stalder, J.-P., 1996,
“An Analysis of Axial Compressors Fouling and a Cleaning Method of Their
Blading,” ASME Paper No. 96-GT-363.

[56] Stalder, J.-P., 1998, “Gas Turbine Compressor Washing State of the Art - Field
Experiences,” ASME Paper No. 98-GT-420.

[57] Tarabrin, A. P., Schurovsky, V. A., Bodrov, A. 1., and Stalder, J.-P., 1998,
“Influence of Axial Compressor Fouling on Gas Turbine Unit Performance
Based on Different Schemes and With Different Initial Parameters,” ASME
Paper No. 98-GT-416.

[58] Leusden, C. P., Sorgenfrey, C., and Diimmel, L., 2003, “Performance Benefits
Using Siemens Advanced Compressor Cleaning System,” ASME Paper No.
GT2003-38184.

[59] Engdar, U., Orbay, R. C., Genrup, M., and Klingmann, J., 2004, “Investigation
of the Two-Phase Flow Field of the GTX100 Compressor Inlet During Off-
Line Washing,” ASME Paper No. GT2004-53141.

[60] Mund, F. C., and Pilidis, P., 2004, “Effects of Spray Parameters and Operating
Conditions on an Industrial Gas Turbine Washing System,” ASME Paper No.
GT2004-53551.

[61] Boyce, M. P., and Gonzalez, F., 2005, “A Study of On-Line and Off-Line Tur-
bine Washing to Optimize the Operation of a Gas Turbine,” ASME Paper No.
GT2005-69126.

[62] Basendwah, A. A., Pilidis, P., and Li, Y. G., 2006, “Turbine Off-Line Water
Wash Optimization Approach for Power Generation,” ASME Paper No.
GT2006-90244.

[63] Schneider, E., Demircioglu, S., Franco, S., and Therkorn, D., 2009, “Analysis
of Compressor On-Line Washing to Optimize Gas Turbine Power Plant Per-
formance,” ASME Paper No. GT2009-59356.

[64] Asplund, P., 1997, “Gas Turbine Cleaning Upgrade,” ASME Paper No. 97-AA-135.

[65] Mund, F. C., and Pilidis, P., 2004, “A Review of Gas Turbine Online Washing
Systems,” ASME Paper No. GT2004-53224.

[66] Roupa, A., Pilidis, P., and Allison, I., 2013, “Study of Wash Fluid Cleaning
Effectiveness on Industrial Gas Turbine Compressor Foulants,” ASME Paper
No. GT2013-94510.

[67] Brun, K., Foiles, W. C., Grimley, T. A., and Kurz, R., 2014, “Experimental
Evaluation of the Effectiveness of Online Water-Washing in Gas Turbine
Compressors,” ASME Paper No. GT2014-25053.

[68] Oosting, J., Boonstra, K., de Haan, A., van der Vecht, D., Stalder, J.-P., and
Eicher, U., 2007, “On Line Compressor Washing on Large Frame 9-FA Gas
Turbines Erosion on RO Compressor Blade Leading Edge Field Performance
With a Novel On Line Wash System,” ASME Paper No. GT2007-28227.

[69] Kurz, R., Brun, K., and Wollie, M., 2008, “Degradation Effects on Industrial
Gas Turbine,” ASME Paper No. GT2008-50020.

[70] Eisfeld, T., and Joos, F., 2009, “Experimental Investigation of Two-Phase
Flow Phenomena in Transonic Compressor Cascades,” ASME Paper No.
GT2009-59365.

[71] Botros, K. K., Hartloper, C., Golshan, H., and Rogers, D., 2015, “Assessment
of Recoverable vs. Unrecoverable Degradations of Gas Turbines Employed in
Five Natural Gas Compressor Stations,” ASME Paper No. GT2015-42078.

[72] Mustafa, Z., Pilidis, P., Teixeira, J. A. A., and Ahmad, K. A., 2006, “CFD Aer-
odynamic Investigation of Air-Water Trajectories on Rotor-Stator Blade of an
Axial Compressor for Online Washing,” ASME Paper No. GT2006-90745.

[73] Nikolaidis, T., Pilidis, P., Teixeira, J. A., and Pachidis, V., 2008, “Water Film
Formation on an Axial Flow Compressor Rotor Blade,” ASME Paper No.
GT2008-50137.

[74] Litinetsky, A., Litinetsky, V., Hain, Y., and Gutman, A., 2008, “Parametric
Study of On-Line Compressor Washing Systems Using CFD Analysis,”
ASME Paper No. GT2008-50423.

1982, “Operating Experience With Five
in an Off-Shore Gas Lift

Journal of Turbomachinery

ID: asme3b2server Time: 08:48 |

Stage: Page: 21 Total Pages: 24

[75] Payne, R. C., Rick, W., and Lotzerich, M., 2010, “Computational Analysis of
Droplet Motion in Industrial Compressor Intakes,” ASME Paper No. GT2010- 1499
22168. 1500

[76] Harris, F. R., 1961, “A 7500-SHP Gas Turbine for Naval Boost Propulsion,”
ASME Paper No. 61-GTP-5. 1501

[77] Fowden, W. M. M., Jr., 1962, “A 150-Kw Gas Turbine Generator Set for USS
Oklahoma City (CGLe5),” ASME Paper No. 62-GTP-13.

[78] Daish, T. G., 1964, “The Sea Experience of Bristol Siddeley Marine Gas
Turbines,” ASME Paper No. 64-GTP-10. 1503

[79] Stoeckly, E. E., 1965, “Marinization of The General Electric LM 1500 Gas
Turbine,” ASME Paper No. 65-GTP-20. 1504

[80] Abdelrazik, A., and Cheney, P., 1991,

1502

“Compressor Cleaning Effectiveness

for Marine Gas Turbines,” ASME Paper No. 91-GT-11. 1505
[81] Margolis, H., 1991, “U.S. Navy On-Line Compressor Washing of Marine Gas
Turbine Engines,” ASME Paper No. 91-GT-309. 1506

[82] Fielder, J., 2003, “Evaluation of Zero Compressor Wash Routine in RN Serv-

ice,” ASME Paper No. GT2003-38887. 507

[83] Caguiat, D. E., 2010, “Gas Turbine Online Waterwash for DDG-51 Class U.S.
Navy Ships,” ASME Paper No. GT2010-22767. 1508

[84] Syverud, E., Bakken, L. E., Langnes, K., and Bjgrnds, F., 2003, “Gas Turbine
Operation Offshore On-Line Compressor Wash at Peak Load,” ASME Pdper 1509
No. GT2003-38071. 510

[85] Syverud, E., and Bakken, L. E., 2005, “Online Water Wash Tests of GE J85-
13,” ASME Paper No. GT2005-68702.

[86] Madsen, S., and Bakken, L. E., 2014, “Gas Turbine Operation Offshore; On-
Line Compressor Wash Operational Experience,” ASME Paper No. GT2014- 1512
25272. 1513

[87] Brake, C., 2007, “Identifying Areas Prone to Dusty Winds for Gas Turbine
Inlet Specification,” ASME Paper No. GT2007-27820. 1514

[88] Mund, M. G., and Murphy, T. E., 1963, “The Gas Turbine-Air-Cleaner
Dilemma,” ASME Paper No. 63-AHGT-63. 1515

[89] Rapp, G. C., and Rosenthal, S. H., 1968, “Problems and Solutions for Sand
Environment Operation of Helicopter Gas Turbines,” ASME Paper No. 68- 1516
GT-37. 1517

[90] Hill, R. C., Hubbell, R. H., and Krapp, M. L., 1960, “Operation and Mainte-
nance of Remotely Controlled Gas-Turbine Units,” ASME Paper No. 60-GTP- }:}8
14. R

[91] Duncan, S. F., 1963, “Analysis of Gas-Turbine Wear Data for Required Air-
Cleaner Performance,” ASME Paper No. 63-AHGT-44. 1520
[92] DuRocher, L. J., and Giannotti, H., 1968, “The Ballistic Air Cleaner Concept
for Army Vehicular Gas Turbines,” ASME Paper No. 68-GT-25. 1521
[93] Kevil, C. G., and Drost, J. G., 1969, “Ten-Year Process Gas Turbine Experi-
ence,” ASME Paper No. 69-GT-56. 1522
[94] Pulimood, M. K., 1981, “Field Experience With Gas Turbine Inlet Air
Filtration,” ASME Paper No. 81-GT-193. 1523
[95] Anderson, A. W., and Neaman, R. G., 1982, “Field Experience With Pulse-Jet
Self-Cleaning Air Filtration on Gas Turbines in a Desert Environment,” 1524
ASME Paper No. 82-GT-283. 1525
[96] Reinauer, G. A., 1987, “Water Wash System For Marine Gas Turbine Inlet Fil-
ters,” ASME Paper No. 87-GT-246.
[97] Donle, D. W., Kiefer, R. C., Wright, T. C., Bertolami, U. A., and Hill, D. G.,
1993, “Gas Turbine Inlet Air Treatment: a New Technology,” ASME Paper 1527
No. 93-GT-24. 528
[98] Goulding, C. H., Rasmussen, M. G., and Fritz, F. M., Jr., 1990, “Technical and
Other Considerations for the Selection of Inlet Air Filtration Systems for 1529
High-Efficiency Industrial Combustion Turbines,” ASME Paper No. 90-GT- :23?
176. 93
[99] Johnson, R. H., and Wilkes, C., 1974, “Environmental Performance of Indus-
trial Gas Turbines,” ASME Paper No. 74-GT-23.

[100] Belcher, M., 1994, “Composite Filter System development and Performance,”

ASME Paper No. 94-GT-371. 1533

[101] Johnson, S. R., and Thomas, D. A., 1995, “LM-2500 First Stage Filtration

Upgrades,” ASME Paper No. 95-GT-322. 1534
[102] Schroth, T., and Cagna, M., 2008, “Economical Benefits of Highly Efficient
Three-Stage Intake Air Filtration for Gas Turbines,” ASME Paper No. 1535
GT2008-50280. 1536
[103] Ingistov, S., Milos, M., and Bhargava, R. K., 2014, “Evolution of Gas Turbine
Intake Air Filtration in a 420 MW Cogeneration Plant,” ASME Paper No. 1537
GT2014-25670. 1538
[104] Ingistov, S., 2015, “Operational Issues With Gas Turbines Intake Air Filters in
Watson Cogeneration Facility,” ASME Paper No. GT2015-42068. 1539
[105] Perullo, C. A., Barron, J., Grace, D., Angello, L., and Lieuwen, T., 2015,
“Evaluation of Air Filtration Options for an Industrial Gas Turbine,” ASME 1540

1511

1526

1532

Paper No. GT2015-43736. 1541
[106] Kaufman, R. E., 1965, “Salt Water Aerosol Separator Development,” ASME

Paper No. 65-GTP-9. 1542
[107] Weinert, E. P., and Carlton, G. A., 1965, “Salt-Water Problems in Marine Gas

Turbines,” ASME Paper No. 65-GTP-18. 1543
[108] Yoshimoto, K., Hirata, Y., and Chiba, M., 1976, “Salt in Sea Atmosphere and

Its Removal for Gas Turbines,” ASME Paper No. 76-GT-58. 1544
[109] Mihalek, E. W., and Shen, C. N., 1977, “Real-Time Test Techniques for Sea-

Salt Aerosol-Separator Evaluation,” ASME Paper No. 77-GT-29. 1545

[110] Frazier, C. T., Ruskin, R. E., and Mihalek, E. W., 1979, “Status of Marine Gas
Turbine Inlet Development Program,” ASME Paper No. 79-GT-147.

[111] Tatge, R. B., Gordon, C. R., and Conkey, R. S., 1980, “Gas Turbine Inlet Air
Filtration in Marine Environments-Part I: Marine Aerosols and Equipment for 1547
their Control,” ASME Paper No. 80-GT-174. 1548

MONTH 2016, Vol. 00 / 000000-21

Path: //chenas03/Cenpro/ApplicationFiles/Journals/ASME/TURB/Vol00000/160099/Comp/APPFile/AS-TURB160099


http://dx.doi.org/10.1115/82-GT-282
http://dx.doi.org/10.1115/90-GT-288
http://dx.doi.org/10.1115/92-GT-89
http://dx.doi.org/10.1115/94-GT-325
http://dx.doi.org/10.1115/96-GT-273
http://dx.doi.org/10.1115/62-GTP-11
http://dx.doi.org/10.1115/62-GTP-1
http://dx.doi.org/10.1115/78-GT-74
http://dx.doi.org/10.1115/89-GT-91
http://dx.doi.org/10.1115/90-GT-103
http://dx.doi.org/10.1115/90-GT-107
http://dx.doi.org/10.1115/94-GT-436
http://dx.doi.org/10.1115/96-GT-363
http://dx.doi.org/10.1115/98-GT-420
http://dx.doi.org/10.1115/98-GT-416
http://dx.doi.org/10.1115/GT2003-38184
http://dx.doi.org/10.1115/GT2004-53141
http://dx.doi.org/10.1115/GT2004-53551
http://dx.doi.org/10.1115/GT2005-69126
http://dx.doi.org/10.1115/GT2006-90244
http://dx.doi.org/10.1115/GT2009-59356
http://dx.doi.org/10.1115/97-AA-135
http://dx.doi.org/10.1115/GT2004-53224
http://dx.doi.org/10.1115/GT2013-94510
http://dx.doi.org/10.1115/GT2014-25053
http://dx.doi.org/10.1115/GT2007-28227
http://dx.doi.org/10.1115/GT2008-50020
http://dx.doi.org/10.1115/GT2009-59365
http://dx.doi.org/10.1115/GT2015-42078
http://dx.doi.org/10.1115/GT2006-90745
http://dx.doi.org/10.1115/GT2008-50137
http://dx.doi.org/10.1115/GT2008-50423
http://dx.doi.org/10.1115/GT2010-22168
http://dx.doi.org/10.1115/61-GTP-5
http://dx.doi.org/10.1115/62-GTP-13
http://dx.doi.org/10.1115/64-GTP-10
http://dx.doi.org/10.1115/65-GTP-20
http://dx.doi.org/10.1115/91-GT-11
http://dx.doi.org/10.1115/91-GT-309
http://dx.doi.org/10.1115/GT2003-38887
http://dx.doi.org/10.1115/GT2010-22767
http://dx.doi.org/10.1115/GT2003-38071
http://dx.doi.org/10.1115/GT2005-68702
http://dx.doi.org/10.1115/GT2014-25272
http://dx.doi.org/10.1115/GT2007-27820
http://dx.doi.org/10.1115/63-AHGT-63
http://dx.doi.org/10.1115/68-GT-37
http://dx.doi.org/10.1115/60-GTP-14
http://dx.doi.org/10.1115/63-AHGT-44
http://dx.doi.org/10.1115/68-GT-25
http://dx.doi.org/10.1115/69-GT-56
http://dx.doi.org/10.1115/81-GT-193
http://dx.doi.org/10.1115/82-GT-283
http://dx.doi.org/10.1115/87-GT-246
http://dx.doi.org/10.1115/93-GT-24
http://dx.doi.org/10.1115/90-GT-176
http://dx.doi.org/10.1115/74-GT-23
http://dx.doi.org/10.1115/94-GT-371
http://dx.doi.org/10.1115/95-GT-322
http://dx.doi.org/10.1115/GT2008-50280
http://dx.doi.org/10.1115/GT2014-25670
http://dx.doi.org/10.1115/GT2015-42068
http://dx.doi.org/10.1115/GT2015-43736
http://dx.doi.org/10.1115/65-GTP-9
http://dx.doi.org/10.1115/65-GTP-18
http://dx.doi.org/10.1115/76-GT-58
http://dx.doi.org/10.1115/77-GT-29
http://dx.doi.org/10.1115/79-GT-147
http://dx.doi.org/10.1115/80-GT-174

.

J_ID: TURB DOI: 10.1115/1.4035070 Date: 1-November-16

PROOF COPY [TURBO-16-1092]

1550

1561

1562
1563

1564
1565

1566

1568

1586

1587
1588

1589

1590
1591

1592
1593

1594

1595

1596
1597

1598
1599

[112] Tatge, R. B., Gordon, C. R., and Conkey, R. S., 1980, “Gas Turbine Inlet Air
Filtration in Marine Environments-Part II: Commercial Experience and Rec-
ommended Practice,” ASME Paper No. 80-GT-175.

[113] Caskey, M. R., 1981, “Dust and Sand Protection for Marine Gas Turbines,”
ASME Paper No. 81-GT-74.

[114] Kimm, M. H. P, and Langlands, D., 1985, “Gas Turbine Intake Filter Systems
Related to Offshore Platform Installations,” ASME Paper No. 85-GT-109.

[115] Ehrhardt, J., and Pineiro, 1., 1996, “High Contaminant Air Filtration System
for U.S. NAVY Hovercraft Gas Turbines,” ASME Paper No. 96-GT-502.

[116] Mudge, R. K., and Hiner, S. D., 2001, “Gas Turbine Intake Systems- High
Velocity Filtration for Marine Gas Turbine Installations,” ASME Paper No.
2001-GT-0584.

[117] Hiner, S. D., and Mudge, R. K., 2003, “Gas Turbine Intake Systems—High
Velocity Filtration for Marine GT Installations—Part 2,” ASME Paper No.
GT-2003-38873.

[118] Hashem, A., Fadda, D., and Fewel, K. J., 2002, “High Capacity and High Effi-
ciency Multi-Stage Air Intake System,” ASME Paper No. GT-2002-30267.

[119] McGuigan, P. T., 2004, “Salt in the Marine Environment and the Creation of a
Standard Input for Gas Turbine Air Intake Filtration Systems,” ASME Paper
No. GT2004-53113.

[120] Shackell, J., 1986, “Experience With Offshore Gas Turbine Intake Filter Sys-
tems From a Practical Viewpoint,” ASME Paper No. 86-GT-270.

[121] Brekke, O., Bakken, L. E., and Syverud, E., 2009, “Filtration of Gas Turbine
Intake Air in Offshore Installations: the Gap Between Test Standards and
Actual Operating Conditions,” ASME Paper No. GT2009-59202.

[122] Brekke, O., and Bakken, L. E., 2010, “Performance Deterioration of Intake
Air Filters for Gas Turbines in Offshore Installations,” ASME Paper No.
GT2010-22454.

[123] Brekke, O., and Bakken, L. E., 2010, “Accelerated Deterioration by Saltwater
Ingestion in Gas Turbine Intake Air Filters,” ASME Paper No. GT2010-22455.

[124] Ernst, T., 1966, “Air Filter Application on Gas Turbines,” ASME Paper No.
66-GT-114.

[125] Giannotti, H., 1966, “Air Filtration for the Gas Turbine,” ASME Paper No.
66-GT-119.

[126] Mund, M. G., and Guhne, H., 1970, “Gas Turbines—Dust—Air Cleaners:
Experience and Trends,” ASME Paper No. 70-GT-104.

[127] Goldbrunner, P. R., and Savoie, L., 1976, “Air Inlet Filtration for Gas Turbine
Units,” ASME Paper No. 76-GT-81.

[128] Labadie, P., and Boutzale, W., 1976, “Gas Turbine Air Filtration—A Means
of Sulfidation Control,” ASME Paper No. 76-GT-59.

[129] Zaba, T., and Lombardi, P., 1984, “Experience in the Operation of Air Filters
in Gas Turbine Installations,” ASME Paper No. 84-GT-39.

[130] Gilani, S. I., and Mehr, M. Z., 1985, “Selection of the Most Advantageous Gas
Turbine Air Filtration System Comparative Study of Actual Operating Experi-
ence,” ASME Paper No. 85-IGT-20.

[131] Brusca, S., and Lanzafame, R., 2010, “On Gas Turbine Performance With
Pulse Jet For Air Filters Cleaning,” ASME Paper No. GT2010-22019.

[132] Nigmatulin, T. R., and Mikhailov, V. E., 2009, “Requirements for Gas Turbine
Inlet Systems in Russia,” ASME Paper No. GT2009-59446.

[133] Wensky, T., Winkler, L., and Friedrichs, J., 2010, “Environmental Influences
on Engine Performance Degradation,” ASME Paper No. GT2010-22748.

[134] Czerwonka, L. J., and Carey, J. M., 1965, “Application of Particle-Size Analy-
sis Data for the Determination of Air/Cleaner Performance,” ASME Paper No.
65-GTP-6.

[135] May, J. W.,
65-GTP-10.

[136] Gidley, D., Fritz, F. M., Jr., and Yu, H. H. S., 1993, “The Selection Process
and Comparative Air Filter Performance Testing for Combustion Turbine Inlet
Air Filters,” ASME Paper No. 93-GT-219.

[137] Wilcox, M., Poerner, N., Kurz, R., and Brun, K., 2012, “Development of Test
Procedure for Quantifying the Effects of Salt and Water on Gas Turbine Inlet
Filtration,” ASME Paper No. GT2012-69847.

[138] Haskell, R. W., 1989, “Gas Turbine Compressor Operating Environment and
Material Evaluation,” ASME Paper No. 89-GT-42.

[139] Cuvelier, L., and Belcher, M. D., 1990, “A New Air Filtration System Concept
for Space Limited Applications and Retrofits,” ASME Paper No. 90-GT-177.

[140] Yu, H. H. S., and Goulding, C. H., 1992, “Optimized Ultra High Efficiency
Filter for High-Efficiency Industrial Combustion Turbines,” ASME Paper No.
92-GT-39.

[141] Fewel, K. J., and Klerzkowski, F. J., 1995, “CFD in the Design of Marine Gas
Turbine Inlet Air Systems,” ASME Paper No. 95-GT-55.

[142] Sun, P., Gao, H., Zhong, J., and Yang, M., 2012, “Aerodynamic Performance
Investigation of Modern Marine Gas Turbine Intake System,” ASME Paper
No. GT2012-69694.

[143] Lyons, J. W., and Morrison, A.,
Filter for Simple-Cycle, Heavy-Duty Combustion Turbines,”
No. 92-GT-321.

[144] Hiner, S. D., 2011, “Strategy for Selecting Optimised Technologies for Gas
Turbine Air Inlet Filtration Systems,” ASME Paper No. GT2011-45225.

[145] Wilcox, M., and Brun, K., 2011, “Gas Turbine Inlet Filtration System Life
Cycle Cost Analysis,” ASME Paper No. GT2011-46708.

[146] Suder, K. L., Chima, R. V., Strazisar, A. J., and Roberts, W. B., 1994, “The
Effect of Adding Roughness and Thickness to a Transonic Axial Compressor
Rotor,” ASME Paper No. 94-GT-339.

[147] Gbadebo, S. A., Hynes, T. P., and Cumpsty, N. A., 2004, “Influence of Surface
Roughness on Three-Dimensional Separation in Axial Compressors,” ASME
Paper No. GT2004-53619.

1965, “Evaluation of Air Filter Test Methods,” ASME Paper No.

1992, “Utility Perspective of Selecting Air
ASME Paper

000000-22 / Vol. 00, MONTH 2016

ID: asme3b2server Time: 08:48 |

Stage: Page: 22 Total Pages: 24

[148] Fouflias, D., Gannan, A., Ramsden, K., Piliis, P., and Lambart, P., 2009, “CFD
Predictions of Cascade Pressure Losses Due to Compressor Fouling,” ASME 1600
Paper No. GT2009-59158. 1601

[149] Morini, M., Pinelli, M., Spina, P. R., and Venturini, M., 2009, “CFD Simula-
tion of Fouling on Axial Compressor Stages,” ASME Paper No. GT2009- 1602
59025. 1603

[150] Back, S. C., Hobson, G. V., Song, S. J., and Millsaps, K. T., 2010, “Effect of
Surface Roughness Location and Reynolds Number on Compressor Cascade 1604
Performance,” ASME Paper No. GT2010-22208. 05

[151] Morini, M., Pinelli, M., Spina, P. R., and Venturini, M., 2010, ‘“Numerical
Analysis of the Effects of Non-Uniform Surface Roughness on Compressor 1606
Stage Performance,” ASME Paper No. GT2010-23291. 1607

[152] Chen, S., Zhang, C., Shi, H., Wang, S., and Wang, Z., 2012, “Study on The
Impact of Fouling on Axial Compressor Stage,” ASME Paper No. GT2012- 1608
68041. 1609

[153] Aldi, N., Morini, M., Pinelli, M., Spina, P. R., Suman, A., and Venturini, M.,
2013, “Performance Evaluation of Non-Uniformly Fouled Axial Compressor 1610
Stages by Means of Computational Fluid Dynamic Analyses,” ASME Paper 1611
No. GT2013-95580. 1612

[154] Astrua, P., Cecchi, S., Piola, S., Silingardi, A., and Bonzani, F., 2013, “Axial
Compressor Degradation Effects on Heavy Duty Gas Turbines Overall Per- 1613
formances,” ASME Paper No. GT2013-95497. 614

[155] Chen, S., Sun, S., Xu, H., Zhang, L., Wang, S., and Zhang, T., 2013,
“Influence of Local Surface Roughness of a Rotor Blade on Performance of an 1615
Axial Compressor Stage,” ASME Paper No. GT2013-94816. 1616

[156] Yang, H., and Xu, H., 2014, “Numerical Simulation of Gas-Solid Two Phase
Flow in Fouled Axial Flow Compressor,” ASME Paper No. GT2014-26365.

[157] Gokoglu, S. A., and Rosner, D. E., 1984, “Comparisons of Rational Engineer-
ing Correlations of Thermophoretically Augmented Particle Mass Transfer 1018
With STANS5-Predictions for Developing Boundary Layers,” ASME Paper 1619
No. 84-GT-158. 1620

[158] El-Batsh, H., and Haselbacher, H., 2000, “Effect of Turbulence Modeling on
Particle Dispersion and Deposition on Compressor and Turbine Blade 1621
Surfaces,” ASME Paper No. 2000-GT-519. 1622

[159] El-Batsh, H., and Haselbacher, H., 2002, “Numerical Investigation of the
Effect of Ash Particle Deposition on the Flow Field Through Turbine 1623
Cascades,” ASME Paper No. GT-2002-30600. 1624

[160] Kozlu, H., and Luis, J. F., 1986, “Deposition Control Using Transpiration,”
ASME Paper No. 86-GT-260. 1625

[161] Kozlu, H., and Luis, J. F., 1987, “Particle Transport Across the Transplred
Turbulent Boundary Layer,” ASME Paper No. 87-GT-265.

[162] Georgiou, D. P., and Paleos, G., 1990, “The Particle-Wall, Normal-Impact
Collision Coefficient in the Presence of a Liquid Film,” ASME Paper No. 90- 1627
GT-168. 162

[163] Kladas, D. D., and Georgiou, D. P., 1992, “Turbine Cascade Optimization
Against Particle Deposition,” ASME Paper No. 92-GT-345. 162

[164] Kladas, D. D., and Georgiou, D. P., 1994, “Turbine Cascade Losses in the
Presence of Progressive Particle Deposition,” ASME Paper No. 94-GT-195.

[165] Kladas, D. D., and Georgiou, D. P., 1990, “Influence of Cascade Parameters
on the Deposition of Small Particles,” ASME Paper No. 90-GT-382.

[166] Ahluwalia, R. K., Im, K. H., Chuang, C. F., and Hajduk, J. C., 1986, “Particle
and Vapor Deposition in Coal-Fired Gas Turbines,” ASME Paper No. 86-GT- :Zi%
239. 33

[167] Fackrell, J. E., Brown, K., and Young, J. B., 1994, “Modelling Particle Depo-
sition in Gas Turbines Employed in Advanced Coal-Fired Systems,” ASME 1634
Paper No. 94-GT-467. 1635

[168] Nagarajan, R., and Anderson, R. J., 1988, “Effect of Coal Constituents on the
Liquid-Assisted Capture of Impacting Ash Particles in Direct Coal-Fired Gas 1636
Turbines,” ASME Paper No. 88-GT-192. 1637

[169] Sreedharan, S. S., and Tafti, D. K., 2010, “Composition Dependent Model for
the Prediction of Syngas Ash Deposition With Application to a Leading Edge 1638
Turbine Vane,” ASME Paper No. GT2010-23655. 1639

[170] Birello, F., Borello, D., Venturini, P., and Rispoli, F., 2013, “Modelling of
Deposit Mechanisms Around the Stator of a Gas Turbine,” ASME Paper No. 1640
GT2013-95688. 1641

[171] Casaday, B., Prenter, R., Bonilla, C., Lawrence, M., Clum, C., Ameri, A., and
Bons, J. P., 2013, “Deposition With Hot Streaks in an Uncooled Turbine Vane 1642
Passage,” ASME Paper No. GT2013-95108. 1643

[172] Borello, D., D’Angeli, L., Salvagni, A., Venturini, P., and Rispoli, F., 2014,
“Study of Particles Deposition in Gas Turbine Blades in Presence of Film 1644
Cooling,” ASME Paper No. GT2014-26250. 1645

[173] Prenter, R., Whitaker, S. M., Ameri, A., and Bons, J. P., 2014, “The Effects of
Slot Film Cooling on Deposition on a Nozzle Guide Vane,” ASME Paper No. 1646
GT2014-27171. 164

[174] Zagnoli, D., Prenter, R., Ameri, A., and Bons, J. P., 2015, “Numerical Study
of Deposition in a Full Turbine Stage Using Steady and Unsteady Methods,” 1648
ASME Paper No. GT2015-43613. 1649

[175] Barker, B., Casady, P., Shankara, P., Ameri, A., and Bons, J. P., 2011, “Coal
Ash Deposition on Nozzle Guide Vanes: Part II - Computational Modeling,” 1250

1617

1630

1631

ASME Paper No. GT2011-46660. 51
[176] Singh, S., and Tafti, D., 2015, “Prediction of Sand Deposition in a Two-Pass
Internal Cooling Duct,” ASME Paper No. GT2015-44103. 1652

[177] Singh, S., and Tafti, D., 2013, “Predicting the Coefficient of Restitution for
Particle Wall Collisions in Gas Turbine Components,” ASME Paper No. 1653
GT2013-95623. 1654

[178] Raj, R., 1983, “Deposition Results of a Transpiration Air-Cooled Turbine

Vane Cascade in a Contaminated Gas Stream,” ASME Paper No. 83-GT-130. 1655

Transactions of the ASME

Path: //chenas03/Cenpro/ApplicationFiles/Journals/ASME/TURB/Vol00000/160099/Comp/APPFile/AS-TURB160099


http://dx.doi.org/10.1115/80-GT-175
http://dx.doi.org/10.1115/81-GT-74
http://dx.doi.org/10.1115/85-GT-109
http://dx.doi.org/10.1115/96-GT-502
http://dx.doi.org/10.1115/2001-GT-0584
http://dx.doi.org/10.1115/GT-2003-38873
http://dx.doi.org/10.1115/GT-2002-30267
http://dx.doi.org/10.1115/GT2004-53113
http://dx.doi.org/10.1115/86-GT-270
http://dx.doi.org/10.1115/GT2009-59202
http://dx.doi.org/10.1115/GT2010-22454
http://dx.doi.org/10.1115/GT2010-22455
http://dx.doi.org/10.1115/66-GT-114
http://dx.doi.org/10.1115/66-GT-119
http://dx.doi.org/10.1115/70-GT-104
http://dx.doi.org/10.1115/76-GT-81
http://dx.doi.org/10.1115/76-GT-59
http://dx.doi.org/10.1115/84-GT-39
http://dx.doi.org/10.1115/85-IGT-20
http://dx.doi.org/10.1115/GT2010-22019
http://dx.doi.org/10.1115/GT2009-59446
http://dx.doi.org/10.1115/GT2010-22748
http://dx.doi.org/10.1115/65-GTP-6
http://dx.doi.org/10.1115/65-GTP-10
http://dx.doi.org/10.1115/93-GT-219
http://dx.doi.org/10.1115/GT2012-69847
http://dx.doi.org/10.1115/89-GT-42
http://dx.doi.org/10.1115/90-GT-177
http://dx.doi.org/10.1115/92-GT-39
http://dx.doi.org/10.1115/95-GT-55
http://dx.doi.org/10.1115/GT2012-69694
http://dx.doi.org/10.1115/92-GT-321
http://dx.doi.org/10.1115/GT2011-45225
http://dx.doi.org/10.1115/GT2011-46708
http://dx.doi.org/10.1115/94-GT-339
http://dx.doi.org/10.1115/GT2004-53619
http://dx.doi.org/10.1115/GT2009-59158
http://dx.doi.org/10.1115/GT2009-59025
http://dx.doi.org/10.1115/GT2010-22208
http://dx.doi.org/10.1115/GT2010-23291
http://dx.doi.org/10.1115/GT2012-68041
http://dx.doi.org/10.1115/GT2013-95580
http://dx.doi.org/10.1115/GT2013-95497
http://dx.doi.org/10.1115/GT2013-94816
http://dx.doi.org/10.1115/GT2014-26365
http://dx.doi.org/10.1115/84-GT-158
http://dx.doi.org/10.1115/2000-GT-519
http://dx.doi.org/10.1115/GT-2002-30600
http://dx.doi.org/10.1115/86-GT-260
http://dx.doi.org/10.1115/87-GT-265
http://dx.doi.org/10.1115/90-GT-168
http://dx.doi.org/10.1115/92-GT-345
http://dx.doi.org/10.1115/94-GT-195
http://dx.doi.org/10.1115/90-GT-382
http://dx.doi.org/10.1115/86-GT-239
http://dx.doi.org/10.1115/94-GT-467
http://dx.doi.org/10.1115/88-GT-192
http://dx.doi.org/10.1115/GT2010-23655
http://dx.doi.org/10.1115/GT2013-95688
http://dx.doi.org/10.1115/GT2013-95108
http://dx.doi.org/10.1115/GT2014-26250
http://dx.doi.org/10.1115/GT2014-27171
http://dx.doi.org/10.1115/GT2015-43613
http://dx.doi.org/10.1115/GT2011-46660
http://dx.doi.org/10.1115/GT2015-44103
http://dx.doi.org/10.1115/GT2013-95623
http://dx.doi.org/10.1115/83-GT-130

.

J_ID: TURB DOI: 10.1115/1.4035070 Date: 1-November-16

PROOF COPY [TURBO-16-1092]

1656

1657

1658
1659

1660

1661
1662

1663

1664
1665

1666
1667

1668
1669

1670

1671

1672

1673

1674
1675

1676

1677

1678

1679

1680

1681

1682
1683

1684

1685
1686

1687
1688

1689
1690

1691
1692

1693
1694
1695

1696
1697

1698
1699

1700

1701

1702
1703

1704

1705

1706
1707

[179] Raj, R., and Moskowitz, S., 1984, “Experimental Studies of deposition by
Electrostatic Charge on Turbine Blades,” ASME Paper No. 84-GT-159.

[180] Wenglarz, R. A., and Fox, R. G., Jr., 1989, “Physical Aspects of Deposition From
Coal Water Fuels Under Gas Turbine Conditions,” ASME Paper No. 89-GT-206.

[181] Wenglarz, R. A., and Fox, R. G, Jr., 1989, “Chemical Aspects of Deposition/
Corrosion From Coal-Water Fuels Under Gas Turbine Conditions,” ASME
Paper No. 89-GT-207.

[182] Lawson, S. A., and Thole, K. A., 2009, “The Effects of Simulated Particle
Deposition on Film Cooling,” ASME Paper No. GT2009-59109.

[183] Cowan, J. B., Tafti, D. K., and Kohli, A., 2010, “Investigation of Sand Particle
Deposition and Erosion Within a Short Pin Fin Array,” ASME Paper No.
GT2010-22362.

[184] Lawson, T. B., and Thole, K. A., 2010, “Simulations of Multi-Phase Particle
Deposition on Endwall Film-Cooling,” ASME Paper No. GT2010-22376.

[185] Wood, E. J., Ng, W. F., Vandsburger, U., and LePera, S., 2010, “Simulated
Syngas Ash Deposits a Flat Plate Using Teflon and PVC Particles,” ASME
Paper No. GT2010-22445.

[186] Laycock, R. G., and Fletcher, T. H., 2011, “Time-Dependent Deposition Char-
acteristics of Fine Coal Flyash in a Laboratory Gas Turbine Environment,”
ASME Paper No. GT2011-46563.

[187] Webb, J., Casaday, B., Barker, B., Bons, J. P., Gledhill, A. D., and Padture, N.
P., 2011, “Coal Ash Deposition on Nozzle Guide Vanes: Part —Experimental
Characteristics of Four Coal Ash Types,” ASME Paper No. GT2011-45894.

[188] Ahluwalia, R. K., Im, K. H., and Wenglarz, R. A., 1988, “Flyash Adhesion in
Simulated Coal-Fired Gas Turbine Environment,” ASME Paper No. 88-GT-135.

[189] Cohn, A., 1982, “Effect of Gas and Metal Temperatures on Gas Turbine Depo-
sition,” ASME Paper No. 82-JPGC-GT-4.

[190] Wenglarz, R. A., and Cohn, A., 1983, “Turbine Deposition Evaluations Using
Simplified Tests,” ASME Paper No. 83-GT-115.

[191] Carpenter, L. K., Crouse, F. W., Jr., and Halow, J. S., 1985, “Coal-Fueled Tur-
bines: Deposition Research,” ASME Paper No. 85-GT-213.

[192] Dunn, M. G., Padova, C., Moeller, J. E., and Adams, R. M., 1987,
“Performance Deterioration of a Turbofan and a Turbojet Engine Upon Expo-
sure to a Dust Environment,” ASME Paper No. 87-GT-111.

[193] Kimura, S. G., Spiro, C. L., and Chen, C. C., 1987, “Combustion and Deposi-
tion in Coal-Fired Turbines,” ASME Paper No. 87-GT-266.

[194] Spiro, C. L., Kimura, S. G., and Chen, C. C., 1987, ““Ash Behavior During Combus-
tion and Deposition in Coal-Fueled Gas Turbines,” ASME Paper No. 87-GT-267.

[195] Wenglarz, R. A., 1987, “Turbine Disposition, Erosion and Corrosion Evalua-
tions Using a Simplified Test Approach,” ASME Paper No. 87-GT-214.

[196] Wenglarz, R. A., 1987, “Direct Coal-Fueled Combustion Turbines,” ASME
Paper No. 87-GT-269.

[197] Wenglarz, R. A., 1991, “An Approach for Evaluation of Gas Turbine Deposi-
tion,” ASME Paper No. 91-GT-214.

[198] Chin, J. S., and Lefebvre, A. H., 1992, “Influence of Flow Conditions on
Deposits From Heated Hydrocarbon Fuels,” ASME Paper No. 92-GT-114.

[199] Kim, J., Dunn, M. G., Baran, A. J., Wade, D. P., and Tremba, E. L., 1992,
“Deposition of Volcanic Materials in the Hot Sections of Two Gas Turbine
Engines,” ASME Paper No. 92-GT-219.

[200] Dunn, M. G., Baran, A. J., and Miatech, J., 1994, “Operation of Gas Turbine
Engines in Volcanic Ash Clouds,” ASME Paper No. 94-GT-170.

[201] Jensen, J. W., Squire, S. W., Bons, J. P., and Fletcher, T. H., 2004, “Simulated
Land-Based Turbine Deposits Generated in an Accelerated Deposition
Facility,” ASME Paper No. GT2004-53324.

[202] Bons, J. P., Crosby, J., Wammack, J. E., Bentley, B. 1., and Fletcher, T. H.,
2005, “High Pressure Turbine Deposition in Land Based Gas Turbines From
Various Synfuels,” ASME Paper No. GT2005-68479.

[203] Bons, J. P., Wammack, J. E., Crosby, J., Fletcher, D., and Fletcher, T. H.,
2006, “Evolution of Surface Deposits on a High Pressure Turbine Blade, Part
I: Convective Heat Transfer,” ASME Paper No. GT2006-91257.

[204] Wammack, J. E., Crosby, J., Fletcher, D., Bons, J. P., and Fletcher, T. H.,
2006, “Evolution of Surface Deposits on a High Pressure Turbine Blade, Part
I: Physical Characteristics,” ASME Paper No. GT2006-91246.

[205] Crosby, J. M., Lewis, S., Bons, J. P., Ai, W., and Fletcher, T. H., 2007,
“Effects of Particle Size, Gas Temperature, and Metal Temperature on High
Pressure Turbine Deposition in Land Based Gas Turbines from Various Syn-
fuels,” ASME Paper No. GT2007-27531.

[206] Ai, W., Murray, N., Fletcher, T. H., Harding, S., Lewis, S., and Bons, J. P.,
2008, “Deposition Near Film Cooling Holes on a High Pressure Turbine
Vane,” ASME Paper No. GT2008-50901.

[207] Ai, W., Laycock, R. G., Rappleye, D. S., Fletcher, T. H., and Bons, J. P., 2009,
“Effect of Particle Size and Trench Configuration on Deposition from Fine Coal
Flyash Near Film Cooling Holes,” ASME Paper No. GT2009-59571.

[208] Smith, C., Barker, B., Clum, C., and Bons, J. P., 2010, “Deposition in a Tur-
bine Cascade With Combusting Flow,” ASME Paper No. GT2010-22855.

[209] Whitaker, S. M., Prenter, R., and Bons, J. P., 2014, “The Effect of Free-Stream Tur-
bulence on Deposition for Nozzle Guide Vanes,” ASME Paper No. GT2014-27168.

[210] Laycock, R., and Fletcher, T. H., 2015, “Independent Effects of Surface and
Gas Temperature on Coal Flyash Deposition in Gas Turbines at Temperatures
Up to 1400 °C,” ASME Paper No. GT2015-43575.

[211] Bultzo, C., 1980, “Some Unique Gas Turbine Problems,”
80-GT-179.

[212] Syverud, E., Brekke, O., and Bakken, L. E., 2005, “Axial Compressor Deterio-
ration Caused by Saltwater Ingestion,” ASME Paper No. GT2005-68701.

[213] Brekke, O., Bakken, L. E., and Syverud, E., 2009, “Compressor Fouling in
Gas Turbines Offshore: Composition and Sources From Site Data,” ASME
Paper No. GT2009-59203.

ASME Paper No.

Journal of Turbomachinery

ID: asme3b2server Time: 08:48 |

Stage: Page: 23 Total Pages: 24

[214] Tabakoff, W., Hamed, A., and Hussein, M. F., 1972, “Experimental Investiga-
tion of Gas-Particle Flow Trajectories and Velocities in an Axial Flow Turbine 1708
Stage,” ASME Paper No. 72-GT-57. 1709
[215] Agengiiturk, M., and Sverdrup, E. F., 1981, “A Theory for Fine Particle Depo-
sition in 2-D Boundary Layer Flows and Application to Gas Turbines,” ASME 1710
Paper No. 81-GT-54. 1711
[216] Suman, A., Kurz, R., Aldi, N., Morini, M., Brun, K., Pinelli, M., and Spina, P
R., 2014, “Quantitative CFD Analyses of Particle Deposition on an Axial Com- 1712
pressor Blade, Part I: Particle Zones Impact,” ASME Paper No. GT2014-25282. 1713
[217] Suman, A., Morini, M., Kurz, R., Aldi, N., Brun, K., Pinelli, M., and Spina, P
R., 2014, “Quantitative CFD Analyses of Particle Deposition on an Axial 1714
Compressor Blade, Part II: Impact Kinematics and Particle Sticking Analysis,” 1715
ASME Paper No. GT2014-25473. 1716
[218] Suman, A., Kurz, R., Aldi, N., Morini, M., Brun, K., Pinelli, M., and Spina, P.
R., 2015, “Quantitative CFD Analyses of Particle Deposition on a Subsonic 1717
Axial Compressor Blade,” ASME Paper No. GT2015-42685. 1718
[219] Suman, A., Morini, M., Kurz, R., Aldi, N., Brun, K., Pinelli, M., and Spina, P.
R., 2015, “Estimation of the Particle Deposition on a Transonic Axial Com- 1719
pressor Blade,” ASME Paper No. GT2015-42689. 1720
[220] Hanachi, H., Liu, J., Banerjee, A., and Chen, Y., 2016, “Prediction of Com-
pressor Fouling Rate Under Time Varying Operating Conditions,” ASME 1721
Paper No. GT2016-56242. 1722
[221] Qingcai, Y., Li, S., Cao, Y., and Zhao, N., 2016, “Full and Part-Load Perform-
ance Deterioration Analysis of Industrial Three-Shaft Gas Turbine Based on 1723
Genetic Algorithm,” ASME Paper No. GT2016-57120. 1724
[222] Qui, R., Ju, Y., Wang, Y., and Zhang, C., 2016, “Flow Analysis and Uncer-
tainty Quantification of a 2D Compressor Cascade With Dirty Blades,” ASME 1725
Paper No. GT2016-56915. 1726
[223] Roumeliotis, I., Aretakis, N., and Alexiou, A., 2016, “Industrial Gas Turbine
Health and Performance Assessment With Field Data,” ASME Paper No. 1727

GT2016-57722. 1728
[224] Kurz, R., Musgrove, G., and Brun, K., 2016, “Experimental Evaluation of
Compressor Blade Fouling,” ASME Paper No. GT2016-56027. 1729

[225] Suman, A., Morini, M., Kurz, R., Aldi, N., Brun, K., Pinelli, M., and Spina, P
R., 2016, “Estimation of the Particle Deposition on a Subsonic Axial Com- 1730
pressor Blade,” ASME Paper No. GT2016-57340. 1731
[226] Aldi, N., Morini, M., Pinelli, M., Spina, P. R., and Suman, A., 2016, “An Inno-
vative Method for the Evaluation of Particle Deposition Accounting for the 1732
Rotor/Stator Interaction,” ASME Paper No. GT2016-57803. 173
[227] Saxena, S., Jothiprasad, G., Bourassa, C., and Pritchard, B., 2016, “Numerical
Simulation of Particulates in Multi-Stage Axial Compressors,” ASME Paper 1734
No. GT2016-57917. 1735
[228] Borello, D., Cardillo, L., Corsini, A., Delibra, G., Rispoli, F., Salvagni, A.,
Sheard, A. G., and Venturini, P., 2016, “Modelling of Particle Transport, Ero- 1736
sion and Deposition in Power Plant Gas Paths,” ASME Paper No. GT2016- 1737
57984. 1738
[229] Madsen, S., and Bakken, L. E., 2016, “Gas Turbine Operation Offshore;
Increased Operating Interval and Higher Engine Performance Through Opti- 1739
mized Intake Air Filter System,” ASME Paper No. GT2016-56066. 1740
[230] Luan, Y., Ni, Y., Liu, H., Bu, S., and Sun, H., 2016, “Investigation of Perform-
ance of High Velocity Air Intake Wave-Plate Separators for Marine Gas 1741
Turbines,” ASME Paper No. GT2016-56220. 1742
[231] Schirmeister, U., and Mohr, F., 2016, “Impact of Enhanced GT Air Filtration
on Power Output and Compressor Efficiency Degradation,” ASME Paper No. 1743
GT2016-56292. 174
[232] Casari, N., Pinelli, M., Suman, A., di Mare, L., and Montomoli, F., 2016, “An
Energy Based Fouling Model for Gas Turbines: EBFOG,” ASME Paper No. 1745
GT2016-58044. 1746
[233] Bons, J. P., Prenter, R., and Whitaker, S., 2016, “A Simple Physics-Based
Model for Particle Rebound and Deposition in Turbomachinery,” ASME 1747
Paper No. GT2016-56697. 1748
[234] Prenter, R., Ameri, A., and Bons, J. P., 2016, “Computational Simulation of
Deposition in a Cooled High-Pressure Turbine Stage With Hot Streaks,” 1749
ASME Paper No. GT2016-57815. 1750
[235] Agati, G., Borello, D., Rispoli, F., and Venturini, P., 2016, “An Innovative
Approach to Model Temperature Influence on Particle Deposition in Gas 1751
Turbines,” ASME Paper No. GT2016-57997. 1752
[236] Forsyth, P., Gillespie, D. R. H., McGilvray, M. M., and Galoul, V., 2016,
“Validation and Assessment of the Continuous Random Walk Model for Parti- 1753
cle Deposition in Gas Turbine Engines,” ASME Paper No. GT2016-57332. 1754
[237] Boulanger, A., Patel, H., Hutchinson, J., DeShong, W., Xu, W., Ng, W., and
Ekkad, S., 2016, “Preliminary Experimental Investigation of Initial Onset of 1755
Sand Deposition in the Turbine Section of Gas Turbines,” ASME Paper No. 1756
GT2016-56059. 1757
[238] Whitaker, S. M., Peterson, B., Miller, A. F., and Bons, J. P., 2016, “The Effect
of Particle Loading, Size, and Temperature on Deposition in a Vane Leading 1758
Edge Impingement Cooling Geometry,” ASME Paper No. GT2016-57413. 1759
[239] Lundgreen, R., Sacco, C., Prenter, R., and Bons, J. P., 2016, “Temperature
Effects on Nozzle Guide Vane Deposition in a New Turbine Cascade Rig,” 1760
ASME Paper No. GT2016-57560. 1761
[240] Wylie, S., Bucknell, A., Forsyth, P., McGilvray, M., and Gillespie, D. R. H.,
2016, “Reduction in Flow Parameter Resulting From Volcanic Ash Deposition 1762
in Engine Representative Cooling Passages,” ASME Paper No. GT2016- 1763
57296. 1764
[241] Wang, X. Y., Pu, J., Yuan, R. M., and Wang, J. H., 2016, “Combined Influ-
ence of Surface Deposition and Hole-Blockage on Film-Cooling Perform- 1765
ances,” ASME Paper No. GT2016-56902. 1766

MONTH 2016, Vol. 00 / 000000-23

Path: //chenas03/Cenpro/ApplicationFiles/Journals/ASME/TURB/Vol00000/160099/Comp/APPFile/AS-TURB160099


http://dx.doi.org/10.1115/84-GT-159
http://dx.doi.org/10.1115/89-GT-206
http://dx.doi.org/10.1115/89-GT-207
http://dx.doi.org/10.1115/GT2009-59109
http://dx.doi.org/10.1115/GT2010-22362
http://dx.doi.org/10.1115/GT2010-22376
http://dx.doi.org/10.1115/GT2010-22445
http://dx.doi.org/10.1115/GT2011-46563
http://dx.doi.org/10.1115/GT2011-45894
http://dx.doi.org/10.1115/88-GT-135
http://dx.doi.org/10.1115/82-JPGC-GT-4
http://dx.doi.org/10.1115/83-GT-115
http://dx.doi.org/10.1115/85-GT-213
http://dx.doi.org/10.1115/87-GT-111
http://dx.doi.org/10.1115/87-GT-266
http://dx.doi.org/10.1115/87-GT-267
http://dx.doi.org/10.1115/87-GT-214
http://dx.doi.org/10.1115/87-GT-269
http://dx.doi.org/10.1115/91-GT-214
http://dx.doi.org/10.1115/92-GT-114
http://dx.doi.org/10.1115/92-GT-219
http://dx.doi.org/10.1115/94-GT-170
http://dx.doi.org/10.1115/GT2004-53324
http://dx.doi.org/10.1115/GT2005-68479
http://dx.doi.org/10.1115/GT2006-91257
http://dx.doi.org/10.1115/GT2006-91246
http://dx.doi.org/10.1115/GT2007-27531
http://dx.doi.org/10.1115/GT2008-50901
http://dx.doi.org/10.1115/GT2009-59571
http://dx.doi.org/10.1115/GT2010-22855
http://dx.doi.org/10.1115/GT2014-27168
http://dx.doi.org/10.1115/GT2015-43575
http://dx.doi.org/10.1115/80-GT-179
http://dx.doi.org/10.1115/GT2005-68701
http://dx.doi.org/10.1115/GT2009-59203
http://dx.doi.org/10.1115/72-GT-57
http://dx.doi.org/10.1115/81-GT-54
http://dx.doi.org/10.1115/GT2014-25282
http://dx.doi.org/10.1115/GT2014-25473
http://dx.doi.org/10.1115/GT2015-42685
http://dx.doi.org/10.1115/GT2015-42689
http://dx.doi.org/10.1115/GT2016-56242
http://dx.doi.org/10.1115/GT2016-57120
http://dx.doi.org/10.1115/GT2016-56915
http://dx.doi.org/10.1115/GT2016-57722
http://dx.doi.org/10.1115/GT2016-56027
http://dx.doi.org/10.1115/GT2016-57340
http://dx.doi.org/10.1115/GT2016-57803
http://dx.doi.org/10.1115/GT2016-57917
http://dx.doi.org/10.1115/GT2016-57984
http://dx.doi.org/10.1115/GT2016-56066
http://dx.doi.org/10.1115/GT2016-56220
http://dx.doi.org/10.1115/GT2016-56292
http://dx.doi.org/10.1115/GT2016-58044
http://dx.doi.org/10.1115/GT2016-56697
http://dx.doi.org/10.1115/GT2016-57815
http://dx.doi.org/10.1115/GT2016-57997
http://dx.doi.org/10.1115/GT2016-57332
http://dx.doi.org/10.1115/GT2016-56059
http://dx.doi.org/10.1115/GT2016-57413
http://dx.doi.org/10.1115/GT2016-57560
http://dx.doi.org/10.1115/GT2016-57296
http://dx.doi.org/10.1115/GT2016-56902

	AQ1
	AQ2
	AQ3
	AQ4
	AQ5
	AQ1
	AQ2
	AQ3
	s1
	s2
	aff1
	l
	s2A
	1
	2
	s2B
	3
	1
	s3
	4
	5
	s4
	6
	7
	s4A
	8
	2
	3
	s4B
	4
	9
	s4C
	10
	5
	T5n1
	AQ4
	6
	T6n2
	T6n3
	11
	12
	s4D
	s4E
	AQ5
	13
	s5
	15
	14
	s5A
	16
	s5B
	17
	18
	19
	20
	21
	s5C
	22
	23
	s6
	24
	25
	s7
	s7A
	27
	26
	s7B
	28
	s7C
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63
	64
	65
	66
	67
	68
	69
	70
	71
	72
	73
	74
	75
	76
	77
	78
	79
	80
	81
	82
	83
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95
	96
	97
	98
	99
	100
	101
	102
	103
	104
	105
	106
	107
	108
	109
	110
	111
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127
	128
	129
	130
	131
	132
	133
	134
	135
	136
	137
	138
	139
	140
	141
	142
	143
	144
	145
	146
	147
	148
	149
	150
	151
	152
	153
	154
	155
	156
	157
	158
	159
	160
	161
	162
	163
	164
	165
	166
	167
	168
	169
	170
	171
	172
	173
	174
	175
	176
	177
	178
	179
	180
	181
	182
	183
	184
	185
	186
	187
	188
	189
	190
	191
	192
	193
	194
	195
	196
	197
	198
	199
	200
	201
	202
	203
	204
	205
	206
	207
	208
	209
	210
	211
	212
	213
	214
	215
	216
	217
	218
	219
	220
	221
	222
	223
	224
	225
	226
	227
	228
	229
	230
	231
	232
	233
	234
	235
	236
	237
	238
	239
	240
	241



