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The effect of inlet air filtration on the performance of two industrial gas turbines (GT) is
presented. Two GTs were modeled similar to GE LM2500þ and Alstom GT13 E2-2012,
using TURBOMATCH and chosen to operate at environmental conditions of Usan offshore
oilfield and Maiduguri dessert in Nigeria. The inlet pressure recovered (Precov ) from the
selected filters used in Usan offshore, and Maiduguri ranged between

P98.36 99.51 %recov≤ ≤ and P98.67 99.56 %recov≤ ≤ respectively. At reduced inlet Precov by
98.36% (1.66 kPa) and, at a temperature above 15 °C (ISA), a reduction of 16.9%, and 7.3% of
power output and efficiency was obtained using GT13 E2-2012, while a decrease of 14.8%
and 4.7% exist for power output and efficiency with GE LM2500þ . In addition, a reduction
in mass flow rate of air and fuel under the same condition was between m4.3 10.6air≤ ≤ %
and m10.4 11.5fuel≤ ≤ % for GT13 E2-2012 and GE LM2500þ , correspondingly. However,
the GE LM2500þ was more predisposed to intake pressure drops since it functioned at a
higher overall pressure ratio. The results obtained were found worthwhile and could be
the basis for filter selection and efficient compressor housing design in the locations
concerned.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gas turbines consume a large volume of ambient air during in-service condition. For this reason the quality of ambient
air incoming the system is essential to the overall performance and the longevity of the gas turbine. A filtration mechanism
is usually employed to regulate the quality of ambient air by removing foreign bodies or contaminants present in the
moving air. Additionally, the choice of filtration system can be tasking, due to several factors considered during the selection
of filtration system [1]. Nonetheless, the latter is predicated on the operational environment of the turbine, which includes
contaminants from ambient air, surroundings emission, and seasonal changes. Inadequate filtration system leads to inlet
pressure drop, reduction in power output and the overall engine efficiency [2–4]. The parameters for defining filters are
average arrestance, dust holding capacity, the average efficiency and initial pressure drops [5]. The main high-efficiency
filters comprise EPA, HEPA, and ULPA. HEPA and EPA filters have minimum efficiencies defined at 99.95 and 85%, respec-
tively for particle size larger than or equivalent to 0.3 μm. In addition, the ULPA filters are described equally to have 99.995%
minimum efficiency for particle sizes of 0.12 μm [6].
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Nomenclature

COP compressor outlet pressure (kPa)
cp specific heat capacity (kJ kg�1 K�1)
COT compressor outlet temperature (°C)
DP design point
EGT exhaust gas temperature (°C)
EPA efficient particulate air filter
FAR fuel air ratio
FCV fuel calorific value (kJ kg�1)
FF fuel flow rate (kg s�1)
g acceleration due to gravity (m s�2)
GE general electric
GT gas turbine
h enthalpy (kJ kg�1)
HEPA higher efficiency particulate air filter
ISA international standard atmosphere
m mass flow rate (kg s�1)
OPR overall pressure ratio
P pressure (kPa)
PRC compressor pressure ratio
Q heat input (kW)
T temperature (°C)
TIT turbine inlet temperature (°C)
ULPA ultra low particulate air filter

W work input (kW)
z elevation (m)

Greek symbols

ovalι overall efficiency (%)
γ specific heat ratio
Δ change
∩ isentropic efficiency (%)

Subscripts

air pertaining to air
amb ambient
c compressor
comb combustion chamber
cool cooling
cout compressor outlet
fout filter outlet
gas pertaining to burnt gases
in input
mix mixture of air and burnt gasses
recov recovery
t turbine
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Studies have shown that for large power generating plants, a slight enhancement in the system efficiency can result in
high system performance. For example, improvement in the global efficiency of the installed 2500 GW capacity gas turbines
by 1%, would lead to a reduction of approximately 300 million tons of CO2 per year. Moreover, about 100 t of fossil fuel can
be saved from entering the atmosphere [5].

In Nigeria, the total installed capacity of gas turbine plants was estimated at 5976 MW in 2012 with actual average
generating capacity of 3200 MW [7]. The plants are characterized by low performances, caused by varied technical problems
leading to significant losses. However, issues related to system design, economic costing, efficient energy utilization and
energy conversion process were viewed important in this period of limited conventional energy resources [8]. Adequate
understanding of environmental conditions in which gas turbine operates will help reduce maintenance cost and un-
necessary downtime, as appropriate design and operating parameters are upheld.

In this study, the initial and final pressure drops associated with the filtration system applied to two industrial gas
turbines (heavy duty and small aero-derivative gas turbines) are investigated. The two gas turbines (GTs) are modeled
similar to GE LM2500þ and Alstom GT13 E2-2012, chosen to operate at environmental conditions of Usan offshore oilfield
and Maiduguri dessert in Nigeria. The specific aim is to develop working data that will assist in the selection of filtration
system and further enhance the design of compressor housing in these locations.
2. Methodology and analysis

Two industrial gas turbines selected, comprise a heavy duty gas turbine (Alstom GT13 E2-2012) and an aero-derivative
gas turbine (GE LM2500þ). Performance data at ISA condition acquired from public domain is presented in Table 1. The data
were used to create engine models similar to the selected engines using the in-house software developed by Cranfield
University (TURBOMATCH) [9] as depicted in Figs. 1 and 2. Comparison between the simulated performances at ISA con-
dition with that obtained from the literature for the two models is shown in Table 2. The Alstom GT13 E2-2012 is a single
shaft system that produces 202.7 MW with efficiency of 38%. While GE LM2500þ is a single-shaft aero-derivative GT in-
corporated with free power turbine that produces 30.2 MW with efficiency of 39%. In addition, this study adopted the
multistage filtration layout for both locations. A total of 520 filters, for the heavy duty industrial gas turbine are assumed
with an air mass flow rate of 624 kg/s. In the same vein, 70 filters were considered for the aero-derivative gas turbine,
having air mass flow rate of 85 kg/s. The initial and final pressure drops in the filtration system layout as specified by the
manufacturers was adopted (Table 1) [10].



Table 1
Summary of input data for off-design performance [10].

Condition Usan offshore
oilfield

Maiduguri desert

Minimum ambient tem-
perature (°C)

22 17.7

Average ambient tempera-
ture (°C)

26.3 25

Maximum ambient tem-
perature (°C)

30 38

Altitude above sea level (m) 30.48 353.8
Total initial pressure loss
(Pa)

582.3 442.3

Total final pressure loss (Pa) 1661.82 1341.82
Initial pressure recovery (%) 99.43 99.56
Final pressure recovery (%) 98.36 98.67

Fig. 1. Turbomatch engine model schematics for ALSTOM GT13 E2-2012.

Fig. 2. Turbomatch engine model schematics for GE LM2500þ .

S.O. Effiom et al. / Case Studies in Thermal Engineering 5 (2015) 160–167162
2.1. Governing equations

Eqs. (1)–(27) depicts the major models for GT13 E2-2012 turbine (Fig. 1). The models for GE LM 2500þ (Fig. 2) are not
presented since the underlying principles for derivation are the same with GT13 E2-2012. The general expression for the
pressure recovered from the filter intake duct to the compressor inlet of a GT system is obtained using Eq. (1) [3]:

( )
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P P
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where P Pamb 1= is the ambient pressure and P Pf out 2= is the filter outlet pressure. The inlet pressure recovered (Precov ) is



Table 2
Comparison of real performance data with simulate results for GT 13E-2012 and GE LM2500þ [9].

Parameter GT 13E-2012 GE LM2500þ

Real SR D (%) Real SR D (%)

Power output (MW) 202.7 202.7 0 30.2 30.2 0
Thermal efficiency (%) 38.0 37.81 0.5 39.0 38.65 0.9
Compressor pressure ratio 18.2 18.2 0 23.1 23.5 1.7
Exhaust gas flow (kg/s) 624 624.43 0.07 85 82.81 2.5
Exhaust gas temperature (K) 774 765.64 1.08 791.48 782.02 1.2

SR¼Simulated results, D¼difference between real and simulated results.
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occasionally specified by some manufactures of different filter types [11]. Subsequently, the filter outlet pressure (P2) can be
calculated directly for known value of Precov as shown in Eq. (2).

P P P P (2)f out recov amb2 = = ×

The compressor outlet pressure is defined [3, 8] by:

P PR P (3)C2 1=

Where PRC is the compressor pressure ratio.
Applying Eq. (3) to the GT13 E2-2012 model (Fig. 1) and using the engine notations or the station points, the exit pressure

can be defined by the following expression:

P P P PR (4)c out f out C3 = = ×

Similarly, the ideal compressor outlet temperature can be determined from the isentropic correlation as:

⎛
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−

The isentropic efficiency of the compressor ( C∩ ) is defined as the ratio of isentropic work of compressor to the actual
work of the compressor. The thermodynamic expression for C∩ is given by [3].
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The actual discharge temperature T2 can be obtained by substituting Eq. (5) into Eq. (6) and rearranging terms.
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Applying Eq. (7) to the engine model (Fig. 1) and using engine notions, the compressor exit temperature is determined as
below:
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Furthermore, the air from the compressor is splitted into primary and secondary air. The primary air is used for com-
bustion while the secondary air (bled air) is used to lower the burnt gas temperature before entry into the expansion
turbine. The latter is to cool the turbine blades in order to reduce the creep life. In this study, 4% of the compressed air was
used for cooling while 96% was utilized for combustion Eqs. (9) and (10) [12,13].

m m0.96 (9)air air4 3= ×

m m m0.04 (10)air air cool air9 3= = ×

Where, m air3 is the flow rate of air from the compressor, m air4 is the mass flow rate of air into the combustion chamber and
m air9 is the mass flow rate of turbine blade cooling air. In addition, the combustor outlet temperature (COT) and the
combustor outlet pressure (COP) are presented in Eqs. (11) and (12), respectively with 7% pressure loss assumed in the
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combustion chamber [3, 14, 15]

⎡
⎣
⎢
⎢

⎤
⎦
⎥
⎥COT T FAR FCV

C
T

(11)

comb

p
c out5

gas

ι
= = × × +

COP P P0.93 (12)c out5= = ×

Where, FAR is the fuel air ratio defined as the ratio of mass of fuel to the mass of air. The parameters in the square bracket,
Eq. (11) are responsible for the flame temperature (temperature of the burnt gases), while Tc out is a fraction of the
compressed air exiting at the maximum compressor temperature but lower than the temperature of the burnt gases. The
two temperatures accounts for the COT.

Moreover, in determining the energy balances within the components of the GT, the relevant steady state energy
equation is considered [3].

Q W h v g z
1
2 (13)

2− = Δ + Δ + Δ

Where Q and W are the heat and work done per unit mass flow of the working fluid. Thus, in applying Eq. (13) to the GT
system in Fig. 1, the following assumptions were made: (i) Compression and expansion process are isentropic (reversible
and adiabatic) (ii) the change in the kinetic energy v1

2
2Δ and potential energy g zΔ are negligible (iii) the composition of the

working fluid throughout the entire control volume is the same an assumed a perfect gas and (iv) fuel flow rate is constant
[3]. Consequently, from these assumptions, the compressor work (WC ), heat input in the combustion chamber (Qin ), the rate
of fuel flow into the combustor (FF ) and the flow rate of burnt gases (mgas ) are determined by the expressions in Eqs. (14)–
(17), respectively.

W m C T T( ) (14)C air p c out f out3 air= −

Q m C T T( ) (15)in gas p 5 4gas= −

FF
Q
FCV (16)

in=

m m FF m( , , ) (17)gas air air3 4∑=

Where FCV is the fuel calorific value.
The mixing of the burnt gases and the cool air before entry the expansion turbine occur at a temperature Tmix and

pressure Pmix (Fig. 1). Hence the outlet conditions are:

T T T T (18)mix6 5 9= = −

P P P (19)mix6 5= =

From Eq. (10) 4% of the compressed air is utilized for cooling, thus T9 can be obtained as:

T T T0.04 (20)cool c out9 = = ×

Substituting Eqs. (11) and (20) into Eq. (18), we have
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Applying the same isentropic correlation to the turbine unit, and assuming a 2% pressure loss in the exhaust nozzle the
outlet conditions are expressed [3, 12] by:
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In the turbine unit, the heat input Q( ) is zero and the terms v1
2

2Δ and g zΔ are negligible. Hence, the steady state
equation, Eq. (13) reduces as:



Fig.. 3. Sensitivity results of effect of pressure drop on (a,b) inlet air flow rate, (c,d) overall pressure ratio (e,f) fuel flow rate and (g,h) thermal efficiency for
Usan oilfield and Maiduguri desert respectively.
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W h (24)t = Δ

The enthalpy change hΔ of an ideal gas during a thermodynamic cycle involving two states is obtained from [16]:
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h c T dT c T T( ) ( ) (25)p p
1

2
2 1∫Δ = = −

Applying Eq. (25) to the GT model (Fig. 1) for a particular mass flow rate of burnt gases expanding in the turbine, with
specific heat (Cpgas ), the final turbine work output and the overall efficiency are determined.

W m C T EGT( ) (26)t gas pgas mix= −

W
Q (27)

oval
t

in
ι =

3. Results and discussion

Table 2 presents a comparison between the simulated results with real values obtained from the literature for GT13 E2-
2012 and GE LM2500þ engine models. The results show a close match with that at ISA conditions. The deviations for the
efficiencies were 0.5% and 0.9% for GT13 E2-2012 and GE LM2500þ respectively. Fig. 3 depicts the sensitivity results ob-
tained for various operating conditions. In Fig. 3(a) and (b), the inlet filter pressure drop (IFPP) decreases the air flow rate
and ranged between m2.8 6.4air≤ ≤ % and m5.9 10.6air≤ ≤ % in Usan oilfield, for ambient temperatures (T) of

T22 C 30 C° ≤ ≤ ° for GT13 E2-2012 and GE LM2500þ , respectively. While Maiduguri desert with yearly minimum and
maximum T determined at T 12 Cmin ≤ ° and T 38 Cmax ≤ ° , decrease in IFPP for temperatures from 15 C° (ISA) to T 12 Cmin ≤ ° ,
results in a reduction of air flow rate ranged between m2.3 6.6air≤ ≤ % with GT13 E2-2012. Also, for T conditions between
15 C° (ISA) and 25 °C, a decrease of 1.7% and 16% exist for GE LM2500þ model respectively. At constant turbine inlet
temperature (TIT), pressure drops have little effect on the overall pressure ratio (OPR), for both GTs, but at an increasing
ambient temperature, more compression work is required by the GTs and thus a fall in OPR Fig. 3(c) and (d).

Fig. 3(e) and (f) presents the effect of pressure drop in fuel flow rate for ranges of T between T15 C 30 C° ≤ ≤ ° and
T15 C 38 C° ≤ ≤ ° in Usan and Maiduguri respectively. The fuel flow rate varies from 4.7% to 10.4% for GT13 E2-2012 and 6.2%

to 11.4% for GE LM2500þ in Usan. Maiduguri environment recorded a reduction between 0.8% and 16%. However, the GE LM
25000þ was more predisposed to intake pressure drops since it functioned at a higher overall pressure ratios. Equally, in
Fig. 3(g) and (h) the pressure drops and variations in ambient temperature was found to have affected the thermal efficiency
due to output power reduction. Furthermore, to improve system performance an air precooling system will be required to
bring the ambient air close to ISA condition before compression in the two environments [17].
4. Conclusions

The effect of inlet air filtration with respect to the initial and final pressure recovered on the performance of Alstom GT13 E2-
2012 and GE LM2500þ gas turbines was studied. Two extreme locations (Usan offshore oilfield and Maiduguri dessert) in Nigeria
were considered. The study was structured to generate technical information for the selection of suitable filtration system. In
addition, provide options for compressor filter housing design under the considered locations. The findings are thus summarized:
�
 At reduced inlet Precov by 98.36% (pressure drop of 1.66 kPa) and increased ambient temperature from 15 °C (ISA) to 38 °C,
lead to a decrease in air flow rate ranging between m2.8 6.4air≤ ≤ % and m5.9 10.6air≤ ≤ % for GT13 E2-2012 and GE
LM2500þ in Usan oilfield, respectively. Whereas Maiduguri desert with yearly minimum and maximum T determined at
T 12 Cmin ≤ ° and T 38 Cmax ≤ ° , decrease in pressure drops from 15 C° (ISA) to T 38 Cmax ≤ ° , lead to a reduction in air flow
rate in the bandwidth m2.3 6.6air≤ ≤ % and m1.7 16air≤ ≤ % for GT13 E2-2012 and GE LM2500þ respectively. Equally,
the thermal efficiency and the OPR decreases at same conditions for the two GTs.
�
 The GE LM2500þ engine model was more susceptible to higher intake pressure drops in both environments since it
functioned at a higher overall pressure ratios. Thus, replacing the static pre-filters regularly, will improve system per-
formance. Especially, in the desert locations where filters are susceptible to high dust build-ups. Likewise, increase in the
active area of the pre-filters will increase volumetric flow rate, improve filter performance and operational life span.
�
 The HEPA filters used for the two environment of Usan oilfield, and Maiduguri desert have demonstrated some high level of
performance. However, comparing the two operational locations, high percentage differential increase and decrease from the
design point (DP) for the different performance parameters were observed. For the installation of gas turbines in the two
locations, an inlet air pre-cooling systemwill be necessary to bring the air condition close to ISA before compression. In addition,
increase in the size of the gas turbine inlet filter housing or the use of GORE s turbine filters can be of immense benefits.
References

[1] M. Wilcox, R. Kurz, K. Brun, Technology review of modern gas turbine inlet filtration systems, Int. J. Rotating Mach.2012 (2012) 1–15, http://dx.doi.org/

http://dx.doi.org/10.1155/2012/128134
http://dx.doi.org/10.1155/2012/128134
http://dx.doi.org/10.1155/2012/128134


S.O. Effiom et al. / Case Studies in Thermal Engineering 5 (2015) 160–167 167
10.1155/2012/128134.
[2] R. Kurz, K. Brun, Degradation of gas turbine performance in natural gas service, J. Nat. Gas Sci. Eng. 1 (2009) 95–102, http://dx.doi.org/10.1016/j.

jngse.2009.03.002.
[3] H. Cohen, G.F.C. Rogers, Saravanamuttoo HIH. Gas Turbine Theory, 6th ed. Pearson Education Ltd., England, 2009, 42–60.
[4] M. Wilcox, A. Baldwin, A. Garcia-Hernandez, K. Brun, Guideline for gas turbine inlet air filtration systems, in: Proceedings of the Gas Machinery

Research Council, 2010.
[5] Inovative technologies for gas turbine air filtration. Available at: 〈http://www.vokesair.com/system/uploads/industialplants_April_2013.pdf〉

(accessed 25.05.14).
[6] D.I.N. EN-1 1822, High-efficiency air filters – part 1: classification, performance testing, making, European committee for standardization, 2009.
[7] F.I. Abam, B.N. Nwankwojike, O.S. Ohunakin, S.A. Ojomu, Energy resource structure and on-going sustainable development policy in Nigeria: a review,

Int. J. Energy Environ. Eng. 5 (102) (2014) http://dx.doi.org/10.1007/s40095-014-0102-8.
[8] F.I. Abam, I.U. Ugot, D.I. Igbong, Thermodynamic assessment of grid-based gas turbine power plants in Nigeria, J. Emerg. Trends Eng. Appl. Sci. 2 (6)

(2011) 1026–1033.
[9] N. Theokilis, P. Pachidis, TUBOMATCH Scheme User Manual, Department of Power and Propulsion, Cranfield University, UK, 2014.
[10] Climate and average weather of Nigeria. Available at: 〈http://www.nigeria.climatemps.com〉 (accessed 25.05.14).
[11] Technical bulletin of HEPA and ULPA filters. Available at: 〈http://www.camfil.com/Global/Documents/US/Literature%20Library/FAQHEPAsandULPAs

TechnicalBulletin.pdf〉 (accessed 25.05.14).
[12] H. Je-Chin, P.R. Akhilesh, Turbine blade film cooling using PSP technique, Front. Heat Mass Transf. 1 (2010) 1–16, http://dx.doi.org/10.5098/hmt.

v1.1.3001.
[13] P.A. Rubini, Turbine Blade Cooling, Thermal Power Course Manual, School of Engineering, University of Hull, UK, 2014.
[14] P. Pilidis, J.R. Palmer, Gas Turbine Theory and Performance (Thermal Power MSc Manual), School of Engineering, Cranfield University, UK, 2014.
[15] A.H. Lefebvre, Gas Turbine Combustion, 2nd ed. Taylor and Francis Publishing, USA, 1998.
[16] Y.A. Cengel, M.A. Boles, Thermodynamics an Engineering Approach, 6th ed. McGraw-Hill, New York, 2007.
[17] F.I. Abam, I.U. Ugot, D.I. Igbong, Performance analysis and component irreversibilities of a (25 MW) gas turbine plant modelled with a spray cooler,

Am. J. Eng. Appl. Sci., 5, , 2012, 35–41.

http://dx.doi.org/10.1155/2012/128134
http://dx.doi.org/10.1016/j.jngse.2009.03.002
http://dx.doi.org/10.1016/j.jngse.2009.03.002
http://dx.doi.org/10.1016/j.jngse.2009.03.002
http://dx.doi.org/10.1016/j.jngse.2009.03.002
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref3
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref3
http://www.vokesair.com/system/uploads/industialplants_April_2013.pdf
http://dx.doi.org/10.1007/s40095-014-0102-8
http://dx.doi.org/10.1007/s40095-014-0102-8
http://dx.doi.org/10.1007/s40095-014-0102-8
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref5
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref5
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref5
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref6
http://www.nigeria.climatemps.com
http://www.camfil.com/Global/Documents/US/Literature%20Library/FAQHEPAsandULPAsTechnicalBulletin.pdf
http://www.camfil.com/Global/Documents/US/Literature%20Library/FAQHEPAsandULPAsTechnicalBulletin.pdf
http://dx.doi.org/10.5098/hmt.v1.1.3001
http://dx.doi.org/10.5098/hmt.v1.1.3001
http://dx.doi.org/10.5098/hmt.v1.1.3001
http://dx.doi.org/10.5098/hmt.v1.1.3001
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref8
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref9
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref10
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref11
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref12
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref12
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref12
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref12
http://refhub.elsevier.com/S2214-157X(15)00014-3/sbref12

	Performance modeling of industrial gas turbines with inlet air filtration system
	Introduction
	Methodology and analysis
	Governing equations

	Results and discussion
	Conclusions
	References




