
Analysis and prediction of gas turbine performance with evaporative
cooling processes by developing a stage stacking algorithm

Mirhamed Salehi, Hamidreza Eivazi, Mojtaba Tahani*, Mehran Masdari
Faculty of New Sciences and Technologies, University of Tehran, Tehran, Iran

a r t i c l e i n f o

Article history:
Received 12 February 2020
Received in revised form
2 June 2020
Accepted 4 June 2020
Available online 22 July 2020

Handling Editor: Bin Chen

Keywords:
Gas turbine simulation
Efficiency improvement
Stage stacking
Evaporative cooling
Grey wolf optimization
Sensitivity analysis

a b s t r a c t

Water injection in stationary gas turbines is effective strategy for power augmentation and gas turbine
efficiency improvement, in particular, at high ambient temperatures. In this study, a developed method
for simulation of wet compression processes is introduced. This method is followed by the droplet
evaporation analysis, aero-thermodynamic stage-stacking model, and a map zooming technique for
evaluation the unknown parameters in the generalized performance curves by using grey wolf optimi-
zation (GWO) algorithm. The validity of the proposed algorithm is assessed through the comparison of
the results with two experimental studies. The operating results are calculated for five different cities
and 18 gas turbines organized in three classes. Moreover, a sensitivity analysis on the main input pa-
rameters is investigated with the use of variable importance (VI) analysis by constructing and training an
artificial neural network. The results show that the variation of the output parameters is highly sensitive
to the ambient temperature, relative humidity, and turbine inlet temperature (TIT). Results demonstrate
that saturated fogging plus 1% overspray leads to a relative increase of 24.84% and 6.70% in net power
output and thermal efficiency, respectively, at the corresponding ambient condition. It is observed that
23.94% of the increase in the inlet mass flow rate in this cooling approach is due to the injected water
directly, where the compressor operating point is matched at a point with a higher inlet mass flow rate
comparing to dry condition.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

During high ambient temperature periods, the ambient tem-
perature increases and the compressor intake air density decreases.
In this condition, the mass flow passing through the turbine re-
duces, and as a result the plant’s efficiency and gained net power
decreases. No doubt the gas turbine plays an important role in
electrical power demand and peak load supply. The rising cost of
energy and the increased gap between energy demand and supply
have highlighted the need to develop energy conversion systems
with improved thermodynamic efficiency and reduced emissions
(Sahu and Sanjay, 2018; Sanjay, 2011). To increase the efficiency and
gas cycle output power, the thermodynamic conditions of the inlet
air and operation conditions must be changed. Various techniques
including chillers (Mertens et al., 2015), fogging, and evaporative
media cooler (Zurigat et al., 2006) are provided to reduce the inlet

air temperature and increase the power output and efficiency of gas
turbines. In addition, several studies were conducted for the liq-
uefied natural gas (LNG) cold energy usage as inlet air cooling ap-
plications (Al-Ibrahim and Varnham, 2010). Inlet air cooling is a
way to improve the efficiencies of gas turbines, and it is also one of
the methods to vaporize LNG for the gas turbine power generation
systems and the ambient air temperature is cooled in the LNG
vaporizer. In evaporating cooling methods, the inlet air tempera-
ture decreases by water injection and density increases as a result.
In the fogging inlet cooling, the nozzle arrays are placed as far away
from the compressor inlet as possible. The wet compression spray
nozzles were installed in the inlet duct downstream of the fogging
nozzle arrays and the silencer. In some installation methods, the
position of the nozzle arrays is considered between the air intake
duct and expansion joint before the compressor. The nozzles are
installed as close as to the compressor inlet to reduce water
wastage prior to entry into the compressor. On the other hand, wet
compression (overspray of water droplets inside the compressor),
as a well-known evaporating method, has been widely used in
recent years for power augmentation and gas turbine efficiency
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improvement. Wet compression increases the turbine capacity to
fire more fuel in the combustor, without raising the firing tem-
perature. Unlike the inlet fogging process, the wet compression can
be operated even in the ambient conditions with high relative
humidity. This method leads to an additional mass flow entry to the
gas turbine comparing to the dry operating conditionmainly due to
the matching of the gas turbine components at a new operating
point. The additional power gained by fogging is dependent upon
the difference between the ambient dry bulb and wet bulb tem-
peratures. However, the gains by wet compression are more
consistent over a wider range of ambient conditions. In 1940ies
water injection was applied to aero-engines (Hamrick and Beede,
1956). Sexton et al. (1998); Sexton and Sexton (2003) conducted
a computational simulation based on enthalpy-entropy calculation
and non-equilibrium analysis for droplet evaporation. The slip ve-
locity was assumed zero in his model. Thermodynamic wet
compressionmodel was proposed by Hill (1963). He also conducted
experiments on wet compression. This Model was developed by
Zheng et al. (2002, 2003), and the water droplet evaporation time,
droplet break-up time and the droplet sizes after the breakup was
modeled. The evaporation model and droplet behavior in the
compressor was developed by White and Meacock (2004, 2011).
Polytropic efficiency assumed constant throughout the wet
compression. They updated their model by applying quasi three-

dimensional droplet motion and assuming slip velocity between
droplet and air. Chaker et al. (2002) proposed a thermodynamic
model based on non-equilibrium evaporation. The heat and mass
transfer coefficients of droplet for natural and forced convection
were modeled and described the effect of airflow velocity on fog
droplet behavior. The model was applied for droplet evaporation
simulation in the present study. A stage stacking model based on
4� j stage modeling and generalized performance curves of
compressors was first presented by Muir et al. (1989), and shape
factor as a tuning unknown parameter was introduced by Cerri
et al. (1993). Sanaye et al. (2006) studied the effect of wet
compression on gas turbine performance based on the model given
by Chaker et al. (2002), constant polytropic stage efficiency, and
compressor stage modeling according to the work by Spina (2002)
on the gas turbine performance prediction using compressor and
turbine generalized performance curves. Their findings were
compared with Fluent software. Wang and Khan (2008); Khan and
Wang (2009) applied both non-equilibrium and equilibrium
evaporation and employed a stage-stacking approach using two-
dimensional compressor airfoil geometries with together equiva-
lent polytropic efficiency. They also calculated the shape factor (SF)
values to assess the potential improvement for using the general-
ized compressor performance curve to study wet compression.
Inter-stage spray, including the analysis of the pre-heat and pre-
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Abbreviations
Gr Grashof Number
Nu Nusselt Number
Pr Prandtl Number
sh Sherwood Number
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Other Symbols
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Ma Molar mass of air (kg/kmole)
md Mass of droplet (kg)
Psl Saturated pressure (Pa)
Pv Partial pressure of vapor (Pa)
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Ta Ambient air temperature (+C)
Td Droplet temperature (+C)
U Blade tip velocity (m/s)

Superscripts
* Dimensionless

Subscripts
c Compressor
d Droplet
f Fuel
os Overspray
ref Reference
t Turbine
D Design condition

M. Salehi et al. / Journal of Cleaner Production 277 (2020) 1226662



cool effect at each small stage of the overall compressor perfor-
mance, has been investigated. Based on the proposed model, the
local velocity diagram by allowing a stage-by-stage analysis of the
fogging effect on airfoil aerodynamics and loading with known
two-dimensional mean line rotor and stator geometries has been
calculated. Khan and Wang (2006) developed a new model for
burning low calorific value (LCV) fuels by using wet compression
for a gas turbine system. The effects of overspray on the Gas turbine
blades have been studied by Cataldi et al. (2006) and Matz et al.
(2010) based on analysis of velocity triangles, non-equilibrium
evaporation model, droplet wall interaction, splashing, film evap-
oration, load shift, and inter-stage analysis. Bhargava and Meher-
Homji (2005) investigated the performance parameters such as
compressor discharge temperature and pressure, air mass flow,
heat rate, and net power output. The field data of inlet fogging and
overspray for GE 9171E simple cycle gas turbine have been re-
ported. Obermüller et al. (2012) presented a summary of the most
important facts concerning wet compression and liquid-water
compression in gas turbine engines. In their paper, the advan-
tages and limitations of the different approaches have been dis-
cussed. Optimization algorithms have become popular in solving
complicated industrial and engineering problems recently. Ehyaei
et al. (2015) performed optimization of fog inlet air cooling sys-
tem using genetic algorithm. Tahani et al. (2018) studied the effects
of wet compression on V94.2 gas turbine performance using an
analytical method based on droplet evaporation. In their paper, the
turbine output work has been optimized by the metaheuristic al-
gorithms cuckoo search and three variables including droplet
diameter, amount of overspray and droplet temperature have been
considered. Utamura et al. (1999) reported simple cycle GEF9E gas
turbine experimental data. The results showed that injection of
spray water of 1% to air mass ratio (fog and overspray) would in-
crease power output by about 10% and thermal efficiency by 3%,
respectively. Bagnoli et al. (2008) studied wet compression in terms
of water injection, stage stacking scheme with flow and load rela-
tion, and shape factor. Roumeliotis and Mathioudakis (2004, 2010)
studied the effect of water injection on the gas turbine and
compressor off-design operation by applying the one-dimensional
method. In their paper, they coupled compressor model to the
engine model. Chaker and Mee (2015) analyzed the interaction
between the atomized water droplets and the airflow within the
confined geometry of inlet air ducts in order to select appropriate
fog nozzles and optimize fog nozzle manifold locations in the inlet
ducts. Liu et al. (2019) used computational fluid dynamics (CFD)
model to simulate the effect of wet compression on a multistage
axial subsonic compressor. They showed the performance of the
compressor was improved with the overspray cooling method. The
results indicated that the influence of pneumatic crushing on the
water droplets below 20 mm could be ignored, and the effect of
blade collision on water droplets above 5 mm should be considered
in the wet compression conditions. Recently, an analytical model
has been formulated and implemented by Mohan et al. (2019) in
order to study the wet compression process. The results showed
that wet compression process can significantly increase the energy
savings of power generation cycle. The droplet diameter plays a key
role in the erosion of compressor blades caused by tiny water
droplets. When the droplet sizes increase, the risk of compressor
blade erosion increases accordingly. The larger droplets travel at a
lower velocity than smaller particles, and it leads to an impact on
the leading-edge suction side of the moving blades (Mertens et al.,
2015). Smaller enough sprayed droplet size can not only ensure the
compressor performance of wet compression, but also avoid the
erosion caused by water film accumulation (Kanbur et al., 2018).
White and Meacock (2004) have pointed out that only droplets
smaller than 5 mm have no effects on compressor blade and the no

slip assumption is valid for this rang of droplet diameter. Chaker
et al. (2003) showed the largest droplets, of the order of 50 mm,
have a response time of less than 8 ms, while droplets of 10 mm
have a response time of only about 0.3 ms. Khan and Wang (2008)
showed droplets size distributionwithout considering breakup and
coalescence in a range of 10e25 mm and the largest erosion takes
place near the rotor trailing edge and stator leading edge. Producing
small size droplet over the whole spray is one of the main goals of
nozzle technology development. This work focuses on water in-
jection systems which produce droplets with 10 mm mean sauter
diameter. The nozzles generally valid with respect to the present
technology, available on the market, and suitable for gas turbine
applications.

Wet compression and inlet fogging, has been widely used in
recent years for power augmentation, nitrogen oxides (NOx)
declination, and gas turbine efficiency improvement. As a conse-
quence, injection of water into the air leads to a reduction of
polluting emissions, particularly nitrogen oxides (Hendricks et al.,
2005). Novelo et al. (2019) have applied wet compression to
reduce NOx emissions and enhance engine performance. The test
on the single-shaft Artouste engine showed a reduction in
compressor discharge temperature by up to 34 +C and a NOx
decrease by 25%. Mapna group studied the effects of wet
compression cooling technique on the MGT-70 machines for a few
subject cities (MAPNA, 2018). Mee Industries Inc. pioneered gas
turbine inlet fogging and wet compression technology and re-
ported the improvement of gas turbine output from 10% to 25%
anywhere in the world (MeeFog, 2015). Siemens reported power
increase and the heat rate improvement up to 25 MWand up to 3%
respectively (Siemens, 2013). More than 45 wet compression sys-
tems are implanted by Siemens energy on various frame types. Wet
compression is applicable for the SGT5-2000E (V94.2), SGT6-2000E
(V84.2), SGT6-3000E (W501D5A), SGT5-4000F (V94.3A), SGT6-
4000F (V84.3A), and SGT6-5000F (W501F-FCþ) gas turbines.

This study aims to improve the existing wet compression theory
by introducing a developed method based on map zooming pro-
cedure for evaluation of the compressor stage map in the wet
operating conditions with the consideration of the entropy-
enthalpy changes due to the heat and mass transfer between the
air flow and water droplets, and to overcome the uncertain selec-
tion of the shape factor proposed by Spina (2002). The developed
thermodynamic model can be applied for prediction and diagnosis
of gas turbines performance and compressor modeling. The results
of the algorithm can be used for stability, performance optimization
and condition monitoring studies. Variation of compressor inlet
temperature (CIT), compressor exit temperature (CET), turbine inlet
temperature (TIT), turbine exit temperature (TET), compressor
power consumption, net power output, heat rate, fuel consump-
tion, and combustion chamber are studied, and the results are
discussed and evaluated for the gas turbines which have been re-
ported in the works by Bhargava and Meher-Homji (2005) and
Utamura et al. (1999). Moreover, the so-called variable importance
(VI) method based on the learning of the mapping of the inputs to
the outputs using artificial neural networks (ANNs) is implemented
for sensitivity analysis of the wet compression process to the gas
turbine input data. As a summary, the followings are the contri-
bution of this paper in the field of inlet fogging and wet
compression:

� Introducing a novel method for evaluation of the unknown pa-
rameters in the generalized performance curves by using grey
wolf optimization (GWO) algorithm

� Introducing a novel aero-thermodynamic stage-stacking model
for analyzing wet compression process
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� Developing a component matching and performing the ther-
modynamic analysis of the combustion chamber and power
turbine

� Estimating the effects of wet compression on the compressor
stages and operating parameters

� Implementation of the variable importance method for sensi-
tivity analysis of the wet compression process to the gas turbine
input conditions

� Estimating the operating parameters for 18 gas turbines in three
ranges of net power outputs

2. Analysis methodology

2.1. Droplet evaporation model

The vapor penetration occurs from the layer near droplet surface
to the ambient air with relative humidity equal to 100% (Sanaye
et al., 2006). The concentration difference between the layer and
ambient air leads to evaporation. Since the utilized model is based
on semi-one-dimension approach, response time refers to the time
needed for droplets to reach the air flow velocity has been
considered. Some assumptions validated by Chaker et al. (2002)
have been used in the modeling.

1. As the response time is lower than 10 ms (Chaker et al., 2002;
Cataldi et al., 2006) and droplets are very small (less than 30
mm), the relative velocity to the gas path flow has been assumed
zero. Moreover, the forced convection occurs when there is a
slip velocity between the gas path flow and the droplet, and
since the response time quickly reaches zero, the natural con-
vection is dominant and the forced convection can be neglected.

2. The heat transfer to a droplet is coupled with mass transfer.
3. Radiation heat transfer has been neglected in order to avoid

equation complexity.
4. Droplet has been assumed spherical.
5. The saturated vapor layer has been assumed around the droplet.
6. The droplet and its environment have been assumed isolated

with uniform temperature.

Computations were carried out in small time intervals by using
the relations in the following. This trend will continue until evap-
oration of all droplets at the end of the duct. The rate of observed
heat by droplet is equal the rate of the connection heat between the
droplet and surrounding air latent heat. The thermal equilibrium
will be:

_Q ¼ _Qconv: þ _Qlat:: (1)

The rates transferred by thermal convection between droplet
and the air is calculated from:

_Qconv: ¼hconv: � Sd � ðTa � TdÞ: (2)

hconv: is the thermal convective coefficient and is derived from the
Nusselt number, and for natural convection, the Nusselt number is a
function of the thermal Grashof and Prandtl Numbers as follows:

Nu¼2þ 0:6 Gr0:25t � Pr0:33; (3)

_Qlat ¼
Dmd Lv

Dt
; (4)

Lv ¼1000� ð2498�2:413� TdÞ; (5)

Dmd ¼ � Dt � Sd � Fevap:: (6)

Fevap: is the mass flux. By considering all conditions and assuming
the air near the droplet as a perfect gas finally the evaporative flux
may be written as:

Fevap: ¼M sh G
R D

�
�
Ps
Td

� Pv
Ta

�
: (7)

The energy stored in a droplet during time interval will be:

_Q ¼md Cp
TdðtþDtÞ � TdðtÞ

Dt
: (8)

By substituting the Eq. (1) � Eq. (7) in Eq. (8):

TdðtþDtÞ ¼ TdðtÞ þ
Dt � Sd
md � Cp

�
hconv: �ðTaðtÞ � TdðtÞÞ� LvFevap:

�
: (9)

The right-hand side of Eq. (9) is the difference between the heat
transfer from air to droplet and the required energy for droplet
evaporation, also left-hand side of this equation is the change in
droplet internal energy in a time interval. For droplet diameter,
mass balance relation has been taken into calculation as:

DtþDt ¼
�
D3
t �

Dmd � 6
r*p

�1
3

: (10)

For presence of n droplets with same diameters for each mass
unit of air, the air temperature around the droplet can be calculated
as below:

TaðtþDtÞ ¼ TaðtÞ þ
hconv: � Sd

Cp
½TdðtþDtÞ � TaðtÞ� �Dt � n: (11)

The computational model for droplet evaporation was devel-
oped by Chaker et al. (2002). This iterative model stops when the
air becomes saturated meaning the droplet evaporates completely.
The rate of the evaporated mass can be calculated by:

dw¼ sh� d�Mv � Sd
Dd � R

�
�
Psl
Td

� Pv
Ta

�
� dt; (12)

where Dd is droplet diameter, and R is universal gas constant. The
Sherwood number can be shown as a function of the Schmit
number and the Grashof number (Chaker et al., 2002). The Psl is the
saturated pressure and can be calculated from relations described
in thework by Lee and Kesler (1975). Pv is the partial pressure of the
vapor and Mv is the molar mass of air. d is the mass coefficient of
diffusions and can be obtained from Chaker et al. (2002). Sd is the
exchange surface of the droplet with the surrounding air.

2.2. Matching

When the components are integrated into an engine, the range
of possible operating conditions for each component is consider-
ably reduced. The main purpose of the matching component al-
gorithm is to find corresponding operating points on the
characteristics of each component when the engine is running at a
steady speed or in equilibrium (Saravanamuttoo et al., 2001). In this
paper, component matching is performed together with the ther-
modynamic analysis of the combustion chamber and power tur-
bine, and the equilibrium operation of the gas turbine engine is
achieved by the proposed algorithm.

M. Salehi et al. / Journal of Cleaner Production 277 (2020) 1226664



� Input the operation parameters, including atmospheric, ISO, and
design condition.

� Estimating the mass flow rate because the value is unknown in
the off-design operating condition at the beginning.

� Reading compressor map and performing compressor calcula-
tion (evaluating pressure ration outlet temperature).

� Perform combustor calculation by means of fixed TIT or fuel
mass rate consumption.

� Reading turbine map and performing turbine calculations.
(Analyzing motor parameters and determining turbine pressure
ratio).

� By knowing the inlet temperature of the turbine, turbine pres-
sure ratio, and the specific rotational speed, the corresponding
point in the turbine characteristic map can be obtained. As a
result, the mass flow rate is calculated.

� The conservation of mass matches between turbine and
compressor, and this iterative algorithm is continued till it
converges.

� By evaluating the mass flow rate in the matching algorithm and
the rotational speed, the turbine efficiency can be obtained.

By considering the pressure ratio and turbinemass flow rate, the
corresponding point in the turbine map can be addressed. If the
assumed value matches the value taken from the map, it will be
chosen as an equilibrium running point; otherwise, this trial and
error calculations should be carried out for a large number of points
in the compressor map in order to modify the procedure. Fig. 1
demonstrates the proposed computational algorithm for

matching the overall operation of a single-shaft engine with a po-
wer turbine.

3. Compressor stage stacking

Compressor characteristic is an essential part of a gas turbine
performance model. It’s essential, for not only it gives researchers
the opportunity to model the engine performance accurately, but
also it could be an indicator to investigate the effect of variations in
the compressor on the overall performance of the engine. Never-
theless, one of the major impediments to the development of the
component-based engine models is the lack of available compo-
nents data. Moreover, an accurate simulation of the wet compres-
sion process in the compressor of a gas turbine demands a stage
stacking investigation. Several approaches were presented to
overcome these issues. The main objective of the preponderance of
previous works has been to study the effect of compressor deteri-
oration on stage characteristics and overall compressor map. Muir
et al. (1989) developed a general method for predicting the ther-
modynamic performance of variable geometry axial compressors,
which has been applied to produce a gas turbine health monitoring
system. The numerical procedure was based on finding specific
values for the reference point of each stage. The generalized stage
characteristic representations are then used to obtain the perfor-
mance maps for each stage, and the stages are stacked to get the
overall compressor characteristic map. Cerri et al. (1993) intro-
duced stage shape factors (SF) for generalized pressure and effi-
ciency curves of stages to acquire the best fitting between the
calculated overall characteristic map and given data. Spina (2002)
used the concepts of reference points and shape factors to model
each compressor stage and propose Eq. (13). Implementing of the
shape factor allows the representation of different types of
compressor stages, included transonic and supersonic stages
(negative SF values). Equation (13) presents the generalized rela-
tionship, which connects the values of flow coefficient 4 and load
coefficient j together:

j* ¼j*
max �

�
j*
max � 1

�� �
4*
jmax

þ SF�
�
4*
jmax

� 1
	
� 4*

	2
�
4*
jmax

� SF �
�
4*
jmax

� 1
	
� 1

	2 :

(13)

Here, 4 ¼ Ca
U and j ¼ Dh

U2 . However, the selection and calculation of
the shape factor is an uncertain process. It was shown that the
considerable change in the shape factor from stage to stage and
from case to case indicates the conventional practice of choosing a
single shape factor to simulate a specific compressor may not be
appropriate especially in fogging and overspray. Tsalavoutas et al.
(1994) presented a method for accurate prediction of a multistage
compressor map based on the combination of optimization tech-
niques with the principles of stage stacking. The proposed method
followed the principles of using generalized characteristic curves
and normalized parameters 4=4ref , j=jref and h=href where general
characteristics are approximated by:

j

,
jref ¼

X2
k¼0

ak

�
4
.
4ref

	k
; (14)

h

,
href ¼

X2
k¼0

bk

�
4
.
4ref

	k
: (15)

Unknown parameters a0; 1; 2 and b0; 1; 2 were calculated in anFig. 1. The proposed computational algorithm for matching.
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optimization process to provide an accurate prediction of overall
compressor map. In the present study, Grey Wolf Optimization
(GWO) algorithm (Mirjalili et al., 2014) is used for evaluating the
unknown parameters in the generalized relationships. The objec-
tive is to minimize mean-squared error (MSE) of the calculated
overall map through the stage stacking and the actual overall map
defined as:

MSE¼ 1
N

XN
i¼1

�
PRcal: � PRmap

�2
; (16)

where N is the number of points extracted from the overall map
and evaluated again through the stage stacking. Subscripts cal: and
map show the calculated value and the original value from themap,
respectively. Fig. 2 shows the computed mean MSE versus the
number of iterations.

According to Cerri et al. (1993), the generalized relationship
between j and 4 may be written as Eq. (17) as follows:

j*¼ astage4*2 þ bstage4* þ cstage: (17)

For 4 ¼ 4ref , the generalized map should results in j ¼ jref .

Therefor, the generalized map should cross the point of (4* ¼ 1,

j* ¼ 1), which leads to the constrain of astage þ bstage þ cstage ¼ 1.
Consequently, there are 2 unknown parameters for load and flow
coefficients relationship for each stage. Moreover, the generalized
stage efficiency curve proposed by Howell and Bonham (1950) is
used as the second generalized curve as:

h* ¼ 1�
1� h*ðj=4Þmin


1�
�j*

4*

	
min

�3:5�1� j*

4*

	3:5
;
j*

4* ε


�j*

4*

	
min

;1
�

h* ¼ 1�
1� h*ðj=4Þmax
�j*

4*

	
max

� 1
�2 �j*

4*
� 1

	2
;
j*

4*
ε



1;

�j*

4*

	
max

�
:

(18)

The characteristic map of the last four stages is presented in

Fig. 3. Now, with the calculation of 4 ¼ Ca
U , we can evaluate the

outlet condition of each stage which is the inlet properties for the
next stage. Axial velocity in each stage is calculated through a trial

and error procedure based on velocity triangles formulations and
stage characteristic map. From the generalized stage characteristic
map, the enthalpy change can be evaluated as Dh ¼ jU2. Therefore,
with knowing Cw1 for the first stage, Cw2 can be evaluated. At this
point, axial velocity Ca2 is guessed and is used for the calculation of
velocity, static temperature and pressure, density, and mass flow
rate. This procedure is followed to the convergence of the later
calculated _m to the _mmatching from the matching loop. Fig. 4 depicts
the algorithm which is developed for axial velocity calculation in
each stage.

Fig. 5 shows the calculated and the experimental data points
(Bhargava and Meher-Homji, 2005) on the scaled overall
compressor characteristic map of GE9171E gas turbine.

The process of wet compression can be modeled through two
steps. First, a polytrophic compression, and second, heat exchange
between the water droplet and its surrounding air. A schematic of
wet compression simulation method is illustrated in Fig. 6.

For the first step (compression) and with the implementation of
the second low we have:

dscomp: ¼Cpmln
T2;comp:

T1
� Rln

P2;comp:

P1
; (19)

and:

P2;comp:

P1
¼
�
T2;comp:

T1

�hp Cpm
R

: (20)

The subscript comp: shows the value related to the compression.
For the second step (evaporation) entropy change can be calculated
as:

dsevap: ¼ � hfg
TDroplet

; (21)

where subscript evap: shows the value related to the droplet
evaporation. We can write:

ds¼dscomp: þ dsevap:; (22)

Dh¼Dhcomp: þ Dhevap:; (23)

where Dhcomp: ¼ jU2 and Dhevap: ¼ � hfg . From Eq. (22) and Eq.Fig. 2. Computed mean square error (MSE).

Fig. 3. Calculated stage characteristic map of the last four stages.
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(23) DT and DP for each stage can be calculated. Fig. 7 shows the
wet compression flow chart and the procedure of computing the
off-design compressor operating points.

4. Results and discussion

4.1. Validation study

To assess the validity of the proposed turbomachinery and
thermodynamic model, results were compared with the

Fig. 4. Axial velocity calculation flowchart.

Fig. 5. Calculated and experimental data points on the scaled GE9171E gas turbine
map.

Fig. 6. Schematic of wet compression simulation.

Fig. 7. Wet compression flowchart.
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corresponding values reported by Bhargava and Meher-Homji
(2005). Calculations were performed for the GE9171E gas turbine
with the design data given in Table 1 for four off-design operating
conditions. Calculated and reported values for important gas tur-
bine performance parameters are reported in Table 2, where C, R,
and D indicate the calculated values, reported values by Bhargava
and Meher-Homji (2005), and the percentage difference (D ¼
jC�Rj
R � 100), respectively. Results show that there is an excellent

agreement between calculated and reported values, where the
mean percentage difference of less than 3% is obtained for all the
cases. In dry condition (no inlet cooling), the mean percentage
difference of 1.85% indicates the accuracy of thematching and stage
stacking algorithms in the prediction of the gas turbine operating
point at off-design conditions. Themaximum percentage difference
at this operating condition is related to the fuel mass flow rate ( _mf ),
and it is equal to 7.98%. It may be due to the fact that a simplemodel
is used for simulation of the combustion chamber, as the focus is
mainly on the accurate simulation of the compressor. Imple-
mentation of fogging operation at the entrance channel leads to
temperature reduction, and consequently, increase of the air den-
sity, which farther results in the increase of the compressor mass
flow inlet ( _mc). Moreover, at a constant revolutions per minute
(RPM), non-dimensional rotational speed increases with the
decrease of the CIT, and eventually, the compressor operating point
is matched at a point with a higher pressure ratio comparing to dry
condition. The compressor power input ( _Wc) is also increased with
the increase of the _mc and compressor pressure ratio. As a result of
the increase in _mc, _mf is increased, and along with the higher
pressure at the turbine inlet, leads to an increase in the turbine
power output. In general, the fogging operation leads to higher net
power output ( _Wnet) comparing to the dry condition. From Table 2,
it can be seen that the developed algorithm is well able to predict
gas turbine characteristics in fog operating condition resulting in
mean percentage difference of 2.39%. Plus the effects of saturated
fogging, in the wet compression process, liquid water droplets inter
the compressor and reduce the work that is needed for compres-
sion. Higher mass flow and fuel rate together with higher pressure
at the turbine inlet enhance the turbine power output, and in
general, the net power output. The effect of the wet compression
process on the compressor stages would be farther discussed in
detail in Section 4.2. Here, it can be seen in Table 2 that there is a
good accordance between calculated and reported data for the wet
compressionwith oversprays of 1% and 2%, wheremean percentage
difference of 2.70% and 2.94% are acquired, respectively.

Besides the increase of the mass flow due to the injection of the
water droplets, cooling processes leads to the increase of the dry
mass flow rate, and both effects have been considered in this study.
Calculated values for the inlet mass flow rate and the injectedwater
are reported in Table 3 for the GE9171E gas turbine for four off-
design operating condition corresponding to Table 2. Here, we
report the total mass flow rate of the compressor, _mc, rate of water
injection due to the saturated fogging process, RWISFo, rate of water
injection due to the overspray, RWIos, and the gas air mass flow rate
at the input of the entrance channel, _ma. We also report the changes
in mass flow rate with D.

It can be seen in Table 3 that the rate of water injection in the

inlet fogging process is 2.152 (kg/s), and the increase in the inlet gas
air mass flow rate is 15.86 (kg/s). The comparison of the increase in
mass of air flow with the injected water shows that due to cooling
processes, the compressor operating point is matched at a point
with a higher inlet mass flow rate comparing to dry condition. In
fact, only about 11.95% of the increase in the inlet mass flow rate in
the fogging cooling approach is due to the injected water directly.
Results showed that this value is 23.94% at 1% overspray and 32.35%
at 2% overspray.

Moreover, the results of the present simulation are compared
with the experimental and computational results of Utamura et al.
(1999) and simulation results of Bagnoli et al. (2008) for GEF9E gas
turbine. The design data of the GEF9E gas turbine are reported in
Table 4. Figs. 8 and 9 depict the variation of relative change in
thermal efficiency and net power output as a result of inlet fogging
and overspray. Operations have been performed at the ambient
conditionwith a temperature of 29:7+ and relative humidity of 70%.
Inlet fogging and overspray have been conducted using water
droplets with a diameter of 10 mm. It can be seen that both thermal
efficiency and net power output changes are calculated with
acceptable accuracy. The change in the slope of the net power
output increase is due to the arrival of the liquid water droplets to
the compressor and start of the wet compression process.

4.2. Stage stacking results

In this section, the focus is on the effect of the presence and
evaporation of very small liquid water droplets on the characteristic
of the compressor stages. Variation of flow coefficient, load coeffi-
cient, exit temperature, the relative change in pressure, pressure
ratio, droplet diameter, and polytrophic efficiency are investigated
through the stages of the GE9171E compressor. Results are reported
for five test cases. The dry case at Tamb: ¼ 43+ and RH ¼ 40% ac-
cording to the results reported in Table 2, andwet cases at saturated
fogging and 1%, 2% and 3% overspray. The subscript amb: shows the
values related to the ambient. The main idea in the wet compres-
sion process is to deviate the compression process from a polytropic
process toward an isothermal process to reduce the work which is
needed for the compression. This is performed by the evaporation
of liquid water droplets inside the compressor stages and reduction
of the mixture temperature due to the heat exchange with the
water droplets while the compression itself increases the mixture
temperature. Fig. 10 shows the variation of the stage exit temper-
ature through the compressor. Also, Fig. 11 depicts the liquid water
droplet diameters at the exit of each stage to declare the wet or dry
working condition of stages. For the dry and saturated fogging test
cases temperature rises through the compressor with almost the
same slope; however, inlet cooling in the test case with saturated
fogging reduces the CIT and the temperature through the
compressor, consequently. It can be seen in Fig. 10 that the wet
compression process decreases the slope of the temperature rise in
the wet stages. With the increase of the overspray, and in overspray
of 2% and 3%, in some stages, the slope of temperature rise is almost
zero. In fact, the enthalpy change due to the water droplet evapo-
ration (� hfg) is about the enthalpy change due to the compression
(j U2). For the dry stages, the slope of temperature rise is not
changed considerably comparing to the dry and saturated fogging
test cases.

In the test case with saturated fogging, the decrease in the gas
mixture temperature and addition of the water droplets in the
entrance channel leads to the increase of the mixture density and
the compressor mass flow rate. In this case, it leads to the decrease
of the axial velocity and flow coefficient (Ca=U) comparing to the
dry test case as it can be seen in Fig. 12. In wet compression, the
effect of the presence of liquid water droplets on the density, axial

Table 1
GE9171E gas turbine design point data at ISO condition (Bhargava andMeher-Homji,
2005).

RPM PR TIT ð+C Þ TET ð+C Þ _mc (kg/s) _Wnet (MW) HR (kJ/kWh)

3000 12.3 1124 541 410 124.7 10,603
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Table 2
Comparison of calculated (C) and reported values (Bhargava and Meher-Homji, 2005) (R) for GE9171E gas turbine performance parameters at four off-design operating
conditions.

No Inlet Cooling Saturated fogging OS 1% þ Saturated fogging OS 2% þ Saturated fogging

C R D C R D C R D C R D

CIT ð+C Þ 43 43 0 30.08 30 0.27 30.08 30 0.27 30.08 30 0.27
CET ð+C Þ 387.98 386 0.51 370.82 371 0.04 326.7 330 1.00 299.19 293 2.11
PRc 10.84 10.9 0.55 11.37 11.53 1.4 11.60 11.69 0.77 11.75 11.84 0.76
_mc (kg/s) 360.50 357.6 0.81 378.51 376.61 0.50 385.68 380.37 1.40 391.44 384.14 1.90
_Wc (MW) 130.55 128 1.99 135.63 134.6 0.76 129.77 129 0.60 127.07 125 1.66
_mf (kg/s) 6.803 6.3 7.98 7.33 6.784 8.12 7.96 7.234 10.03 8.373 7.67 9.16
_Wt (MW) 232.96 230.5 1.07 249.54 247.8 0.70 257.63 253 1.83 263.7 258 2.20
_Wnet (MW) 102.42 102.5 0.08 113.90 113.2 0.61 127.86 124 3.11 136.63 133 2.73

HR (kJ/kWh) 11940.25 11315 5.52 11576.13 11024 5.00 11190.55 10766 3.94 11015.23 10609 3.83
RWISFo (kg/s) 0 0 0 2.152 2.02 6.53 2.170 4.11 4.76 2.179 9.555 4.67
RWIos (kg/s) 0 0 0 0 0 0 3.857 7.829
DMean (%) 1.85 2.39 2.70 2.94

TIT ¼ 1122+C (Note: for design data at ISO condition, see Table 1.
Fuel ¼ natural gas, supplied at 25+C, LHV ¼ 50,047 kJ/kg.
Site ambient conditions: 1.013 bar, 43+C, 40% RH.
All off-design data are given for the base load (100% load).

Table 3
Rate of the flow for GE9171E gas turbine at four off-design operating conditions corresponding to Table 2.

Cooling approach _mc (kg/s) RWISFo(kg/s) RWIos(kg/s) _ma(kg/s) Dð _maÞ (kg/s) Dð _mcÞ(kg/s)
No Inlet Cooling 360.50 0 0 360.50 NA 0
Saturated fogging 378.51 2.152 0 376.36 15.86 18.01
SFO þ OS 1% 385.68 2.170 3.857 379.65 19.15 25.18
SFO þ OS 2% 391.44 2.179 7.829 381.43 20.93 30.94

Dð ,Þ ¼ ð,Þcooling � ð,Þdry

Table 4
GEF9E design point data at ISO conditions (Utamura et al., 1999).

RPM PR Compressor Adiabatic Efficiency Number of Stages TIT ð+C Þ TET ð+C Þ _Mc (kg/s) _Wnet (MW)

3000 12.4 89.9 17 1155 560 411 115

Fig. 8. Relative change in thermal efficiency versus rate of water injection; Tamb: ¼
29:7+ , RHamb. ¼ 70% (GEF9E); comparison of the results with experimental data
(Utamura et al., 1999) and numerical calculations (Utamura et al., 1999; Bagnoli et al.,
2008).

Fig. 9. Relative change in _Wnet versus rate of water injection; Tamb: ¼ 29:7+ ,
RHamb. ¼ 70% (GEF9E); comparison of the results with experimental data (Utamura
et al., 1999) and numerical calculations (Utamura et al., 1999; Bagnoli et al., 2008).
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velocity, and flow coefficient is inverse. At a compressor stage,
water droplet evaporation decreases both the temperature and the
pressure resulting in the decrease of the density and increase of the
axial velocity and flow coefficient in the wet stages (Fig. 12). Fig. 13
illustrates the variation of the relative change in the pressure
through the compressor stages for various test cases. It can be seen
that in the wet stages, exit pressure of the stage is decreased
considerably comparing to the dry test case when overspray is
applied. Decrease of the pressure is more significant according to

the polytropic relation
�
T2
T1

� k
k�1

¼
�
P2
P1

�
, where k is the polytropic

index of the wet compression process. It also can be seen in Fig. 14
where the variations of the pressure ratio are depicted through the
compressor stages. In wet stages, the pressure ratio is decreased
with the increase of the overspray percentage while the increase in
mass flow rate results in a higher pressure ratio in dry stages. The
decrease in the temperature compared to the dry test case results in
a more severe decrease in pressure (Fig. 13) and decrease of the

density of the moisture, and it is farther results in the velocity and
mass flow increase (Fig. 12) in wet stages. However, with complete
evaporation of the liquid water droplets and in the dry stages,
density is increased, and the axial velocity and flow coefficient are
reduced analogous to the trend that has been seen in the saturated
fogging test case.

For the test case with saturated fogging, the decrease in the flow
coefficient through the compressor stages results to the increase of
the load coefficient as it can be seen in Fig. 15. For test cases with
overspray, it is notable that in the wet stages, the load coefficient is
reduced compared to the dry test case as the flow coefficient is
increased. This decrease is more intense for the test cases with a
higher percentage of overspray. However, at the dry stages, the load
coefficient is higher than the one obtaining in the dry test case. In
fact, in the wet compression process, early stages of the compressor
are offloaded where the later ones are overloaded comparing to dry
operating condition, and it may enhance the risk of the surge in last
stages (see Fig. 16).

As it is mentioned in Section 3, the generalized curve (Eq. (18))
proposed by Howell and Bonham (1950) is used for calculation of
the polytropic efficiency, which represent polytrophic efficiency as
a function of load and flow coefficients hp ¼ f ðj =4Þ. In wet stages,
the load coefficient is decreased, and the flow coefficient is
increased, so j=4 is reduced, which leads to an intense reduction of
the polytropic efficiency. During the dry stages in the later part of
the compressor, the flow coefficient is reduced, and the load coef-
ficient is increased compared to the dry test case. Therefore, j=4 is
increased, which farther results in a mild decrease in the polytropic
efficiency comparing to the dry test case. These results indicate that
the polytropic efficiency varies significantly in thewet compression
process, and it cannot be considered constant.

4.3. Effect of saturated fogging and wet compression on gas turbine
characteristics

The effect of wet compression process and saturated fogging on
the compressor power input, compressor pressure ratio, turbine
power output, gas turbine net power output, heat rate, and thermal
efficiency are studied, and results are presented in Figs. 17 to 22.
Results are reported for four ambient temperature 23+, 33+, 43+,
and 53+ at five off-design operating condition form dry to wet
compression with 3% overspray and saturated fogging. Fig. 17

Fig. 10. Variation of exit temperature through the compressor stages; Tamb: ¼ 43+ ,
RHamb. ¼ 40% (GE9171E).

Fig. 11. Droplet diameter at the exit of compressor stages; Tamb: ¼ 43+ , RHamb. ¼ 40%
(GE9171E).

Fig. 12. Variation of flow coefficient through the compressor stages; Tamb: ¼ 43+ ,
RHamb. ¼ 40% (GE9171E).
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depicts variation of compressor work input versus rate of water
injection. With the implementation of saturated fogging for inlet
cooling, it can be seen that the compressor work input is increased
compared to the dry test case. For ambient temperatures of 23+,
33+, 43+, and 53+ this increase is equal to 2.66%, 3.20%, 3.60%, and
4.41%, respectively, which is increased with the increase of the
ambient temperature. In contrast, the compressor power input is
decreased due to the wet compression process. As a result of the
increase of the water injection rate, compressor work input is
farther decreased because more stages work in the wet condition.

Due to the saturated fogging and overspray, both mass flow rate
and pressure ratio of the compressor are increased as it can be seen
in Fig.18 for the compressor pressure ratio. The increase in themass
flow rate results in an increase in fuel rate. Moreover, the pressure
at the turbine inlet is increased due to the increase of the
compressor pressure ratio. Consequently, a higher mass flow rate
with higher pressure results in an increase in turbine work output
as it can be seen in Fig. 19. The slope of the changes in turbine work
output is steeper from dry to saturated fogging comparing to the
changes from saturated fogging to the cases with overspray for all

the ambient temperatures. However, the decrease of the
compressor input power in wet compression process compensates
the moderate increase of the turbine work output, and it can be
seen in Fig. 20 that the net power output increases with almost a
same slope in saturated fogging and wet compression for the
mentioned gas turbine. It is also notable that compressor work
input, turbine work output, and net power output are all decreased
in every operating condition with the increase of the ambient
temperature.

The quantity of overspray for each engine is the concern of wet
compression technique. One of the limitations of this approach is
whole water should evaporate inside the compressor. The presence
of liquid water led to reduction of pressure ratio (Fig. 18), and with
high amounts of water injection compressor may not be able to
recover the pressure. In addition, in some cases, although all the
water droplets evaporate inside the compressor, due to the high
reduction of CET and fixed TIT, the efficiency gain will reduce. The
achieved efficiency depends on fuel rate consumption. By consid-
ering fixed TIT, the lower temperature at the compressor exit due to

Fig. 13. Variation of relative change in pressure through the compressor stages;
Tamb: ¼ 43+ , RHamb. ¼ 40% (GE9171E).

Fig. 14. Variation of stage pressure ratio; Tamb: ¼ 43+ , RHamb. ¼ 40% (GE9171E).

Fig. 15. Variation of load coefficient through the compressor stages; Tamb: ¼ 43+ ,
RHamb. ¼ 40% (GE9171E).

Fig. 16. Variation of polytrophic efficiency through the compressor stages; Tamb: ¼
43+ , RHamb. ¼ 40% (GE9171E).
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the overspray process will result in higher fuel rate, which has an
inverse effect on efficiency. However, the turbine output power will
increase (Figs. 20 and 22). The variation of heat rate and thermal
efficiency of the gas turbine due to the inlet cooling and wet
compression are illustrated in Figs. 21 and 22, respectively. With
the implementation of inlet cooling toward the saturated fogging, it
can be seen that the heat rate is reduced. This decrease occurs with
a sharper slope for working condition with higher ambient tem-
peratures. With a higher rate of water injection and overspray, heat
rate is decreased until a specific amount of water injection is
reached for each ambient temperature, and after that, with the
increase of the water injection, the heat rate is increased. It is
shown that the net power output of the gas turbine is increased
monotonically with the increase of water injection rate, which is
the reason of the heat rate reduction with the increase of the water
injection rate. However, a high amount of water injection leads to a
reduction of the CET, and in a cycle with constant TIT, results in an
increase in fuel mass flow rate. Increase of the compressor mass

flow rate due to the overspray and inlet cooling is another reason
for the fuel flow rate increase. As a result of the fuel flow rate in-
crease, the heat rate is increased from its minimum. Moreover, the
thermal efficiency of the gas turbine is decreased with the increase
of the heat rate (Fig. 22). The results show that although an increase
of overspray percentage leads to a monotonic increase of the net
power output, it does not result in an advancement in thermal ef-
ficiency at every amount of water injection rate. Maximum thermal
efficiency is gained at a specific percentage of overspray, and it
changes with the change of the ambient condition. Fig. 23 depicts
the amount of overspray percentage in which the thermal effi-
ciency is maximum versus the ambient temperature. In the work-
ing condition with higher ambient temperatures, the maximum of
the thermal efficiency occurs when a higher percentage of over-
spray is implemented. It means that it is feasible to use higher
water injection rates in higher ambient temperatures without the
probability of thermal efficiency reduction. In Fig. 23 the increase of
the overspray percentage in the blue zone will lead to the

Fig. 17. Compressor power input variation versus rate of water injection at working
conditions with various Tamb. (GE9171E).

Fig. 18. Compressor pressure ratio variation versus rate of water injection at working
conditions with various Tamb. (GE9171E).

Fig. 19. Turbine power output variation versus rate of water injection at working
conditions with various Tamb. (GE9171E).

Fig. 20. Net power output variation versus rate of water injection at working condi-
tions with various Tamb. (GE9171E).
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advancement of the thermal efficiency while on the other hand, it
results to the decrease of the thermal efficiency. Table 5 represent
the variation of CET, mass fuel rate, net power output, and thermal
efficiency with the amount of water injection at the ambient with
the temperature and relative humidity of 23+ and 40%, respectively.
It can be seen that increase of the overspray percentage from 1.5%
to 3% leads to reduction of thermal efficiency from 33.7% to 33.45%
while it results in an increase of net power output from 146.03 to
158.69 MW (see Fig. 24).

The data in Table 6 shows the results of thermal efficiency and
total net power output corresponding to the Figs. 20 and 22 in
varying water injection rate and ambient temperature with relative
humidity of 40%.

It can be seen that increase of the overspray percentage fromdry
condition to 2% overspray leads to increase in thermal efficiency
from 32.21% to 33.66% at the ambient with temperature and rela-
tive humidity of 23+ and 40%, respectively. The relative increase in

the thermal efficiency at the 23+, 33+, 43+, and 53+ are 4.5%, 6.28%,
8.39%, and 10.49%, respectively. Implementation of the wet
compression system leads to an increase in the thermal efficiency
from 30.15% (at 43+) to 32.68%. Using this method the thermal ef-
ficiency is improved by 2.53% (8.39% relative change) at this
ambient temperature. The simulation results prove that the wet
compression is a very efficient technique to improve power output
and efficiency when ambient temperature increases.

4.4. Effect of ambient relative humidity and temperature

To study the effect of ambient temperature on the compressor
stages at the fogging and wet compression working conditions,
results of compressor modeling are compared for two ambient
temperatures of 23+ and 43+. Fig. 25 presents relative change in
exit pressure of each compressor stage for the mentioned ambient
temperatures. Results are presented for saturated fogging, and
overspray of 1% and 3%. Open markers correspond with Tamb: ¼

Fig. 21. Heat Rate variation versus rate of water injection at working conditions with
various Tamb. (GE9171E).

Fig. 22. Thermal efficiency variation versus rate of water injection at working condi-
tions with various Tamb. (GE9171E).

Fig. 23. Overspray percentage corresponding with maximum thermal efficiency gain
as the result of wet compression and saturated fogging (GE9171E).

Fig. 24. Droplet diameter at the exit of compressor stages; Tamb: ¼ 23+ , RHamb. ¼ 40%
(GE9171E).

M. Salehi et al. / Journal of Cleaner Production 277 (2020) 122666 13



23+, and close markers are related to the values for Tamb: ¼ 43+.
Liquid water droplet diameter at the exit of each stage is also
depicted in Figs. 11 and 25 for the ambient temperature of 43+ and
23+, respectively. It can be seen in Fig. 25 that the pressure change
relative to stage exit pressure at dry condition is bigger for the test
case with the higher ambient temperature for all three working
conditions of saturated fogging, and overspray of 1% and 3%. It in-
dicates that at higher ambient temperatures, the fogging and wet
compression processes are more effective.

Also, the effect of ambient temperature and relative humidity on
the performance of the inlet fogging and wet compression pro-
cesses is investigated. Relative humidity of the ambient is varied
from 10% to 100% for the range of ambient temperature from 5+ to
65+. Results of gas turbine simulation are reported for three
working conditions of dry, saturated fogging, and wet compression
with an overspray of 1%. To have a proper insight on the perfor-
mance of the gas turbine, results are presented as operating points

on the compressor overall characteristic map. At first, relative hu-
midity is changed from 10% to 100% for three ambient temperatures
of 5+, 25+, and 45+, and the corresponding results are depicted in
Fig. 26. It can be concluded that the effect of relative humidity is
more significant in higher ambient temperatures. Moreover, it can
be seen that with the implementation of the inlet fogging and
overspray, the effect of the relative humidity is extended in the
same direction. In higher ambient temperatures with lower relative
humidity, fogging and wet compression processes are more effec-
tive, and the operating points in these conditions more deviate
from the one in dry condition. Fig. 27 presents the variation of
operating point in three constant relative humidity of 10%, 40%, and
80% as a result of ambient temperature change from 5+ to 65+. With
the increase of the ambient relative humidity, the effect of satu-
rated fogging is diminished where the operating points related to

Table 5
GE9171E Gas turbine performance parameters for different working conditions at the ambient with Tamb: ¼ 23+ and RHamb. ¼ 40%.

D SFo SFo þ0.5% OS SFo þ1% OS SFo þ1.5% OS SFo þ2% OS SFo þ2.5% OS -SFo þ 3% OS

CET ð+C Þ 367.25 356.02 331.42 311.48 300.13 276.86 258.76 243.37
_Mf (kg/s) 7.556 7.948 8.2 8.516 8.679 9.024 9.283 9.5

_Wnet (MW) 121.51 130.15 135.92 142.4 146.03 151.67 155.61 158.69

hth (%) 32.21 32.8 33.2 33.49 33.7 33.66 33.57 33.45

Table 6
Thermal efficiency and total net power of the GE9171E gas turbine corresponding to the data of the Figs. 20 and 22 in varying water injection rate and ambient temperature
with relative humidity of 40%.

Outputs Tamb: D SFo SFo þ OS 1% SFo þ OS 2% DSFoþOS 1% DSFoþOS 2%

hth (%) 23 32.21 32.8 33.49 33.66 3.97% 4.50%
33 31.23 32.01 32.90 33.19 5.35% 6.28%
43 30.15 31.10 32.17 32.68 6.70% 8.39%
53 28.88 30.05 31.24 31.91 8.17% 10.49%

_Wnet (MW) 23 121.51 130.15 142.4 151.67 17.19% 24.82%
33 111.59 121.86 135.13 145.47 21.10% 30.36%
43 102.42 113.90 127.86 136.63 24.84% 33.40%
53 93.30 106.16 119.21 131.06 27.77% 40.47%

Dð ,Þ ¼ ð,Þcooling � ð,ÞD
ð,ÞD

� 100

Fig. 25. Comparison of variation of relative change in pressure through the compressor
stages for Tamb: ¼ 43+ and 23+ , RHamb. ¼ 40% (GE9171E).

Fig. 26. Variation of compressor operating point for three working condition of dry,
saturated fogging, and saturated fogging with overspray of 1%; the effect of RHamb.

change at three Tamb. of 5+, 25+, and 45+C (GE9171E).
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the saturated fogging condition move towards the dry operating
points. However, the deviation of operating points related to the
overspray of 1% from the saturated fogging operating points re-
mains unchanged with the variation of the ambient relative hu-
midity. It can be seen that at lower relative humidities the wet
running line more deviates from the dry running line. The gain in
thermal efficiency and net power output due to the wet compres-
sion with an overspray of 1% in various ambient temperatures and
relative humidities is also investigated, and results are depicted in
Fig. 28. In this figure, the size of the circles indicates the ambient
temperature, and the color variation corresponds with the relative
humidity variation. Both thermal efficiency and net power output
are normalized with their values at the dry condition. It can be seen
that the highest thermal efficiency and net power output gain are
acquired from wet compression at the ambient condition with the
highest temperature and lowest relative humidity.

Five different locations are chosen in order to evaluate the
performance of thewet compression evaporative cooling technique
in different climatic conditions: Abadan (Iran), Cairo (Egypt), Dar-
win (Australia), Marseille (France), and Guangzhou (China). Cli-
matic data are collected fromWeatherAtlas (2002e2020). Themost
important parameters for industrial stationary gas turbine users are
the variation of net output power and thermal efficiency. In order to
provide more practical data, quantitative results are presented for
these two important parameters for these five cities. The results for
evaporative cooling with saturated fogging plus 1% overspray are
shown in Table 7 where the critical ambient temperature and
relative humidity are presented for the five cities.

5. Sensitivity analysis with variable importance

In this section, a sensitivity analysis of the wet compression
process is performed with the use of a newly developed technique
based on variable importance (VI). Through the sensitivity analysis,
it is of interest to determine how different values of independent
variables at the input affect a particular variable at the output. The
sensitivity of an input variable is an indication for the impact that
variation of that input could have on the output; the greater
sensitivity of input, the greater variation of the output and vice
versa. Here, the sensitivity of five independent variables, namely,

Fig. 27. Variation of compressor operating point for three working condition of dry,
saturated fogging, and saturated fogging with overspray of 1%; the effect of Tamb.

change at three different ambient relative humidity of (a) 10%, (b) 40%, and (c) 80%
(GE9171E).

Fig. 28. Variation of net power output and thermal efficiency gain due to the wet
compression with overspray of 1% and saturated fogging; 15 ⩽ T⩽amb: 55 and 10 ⩽

RHamb:%⩽ 100 (GE9171E).
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design compressor pressure ratio, ambient temperature, ambient
relative humidity, non-dimensional rotating speed, and non-
dimensional TIT, is examined. The effects of variations of the
input parameters on the ten output parameters are assessed and
reported. A newly developed method in the domain of machine
learning is used for this peruse. To this end, the importance of a
feature is measured by calculating the increase in the model’s
prediction error after permuting the feature, and it is called feature
importance. A feature is important if shuffling its values increases
themodel error because in this case, themodel relied on the feature
for the prediction. A feature is unimportant if shuffling its values
leaves the model error unchanged because in this case, the model
ignored the feature for the prediction. The permutation feature
importance measurement was introduced by Breiman (2001) for
random forests. Based on this idea, Fisher et al. (2018) proposed a
model-agnostic version of the feature importance and called it
model reliance. Here, we implement the method of Fisher et al.
(2018) to perform a variable importance analysis on the input pa-
rameters of the wet compression process.

To this end, an artificial network network (ANN) was applied to
find correlation patterns among the data set. ANNs are universal
approximators that have been widely used for engineering appli-
cations (Eivazi et al., 2020; Shin et al., 2019; Khoshroo et al., 2018).
Based on the developed gas turbine simulation code the data was
produced for different gas turbines with various design data in
different climate conditions. In order to investigate the sensitivity
analysis of gas turbine input data on operating parameters a
multilayer perceptron (MLP) network is used to model the system.
MLPs are the most basic type of ANNs and consist of three or more
layers of nodes. The workhorse of learning with ANN are the
feedforward and backpropagation algorithms, which computes the
parameters in each node from the training data. Let X be an input
and Y be an output; the objective is to learn the mapping f : X/ Y
from the training set such that a loss function Lðf ðxÞ; yÞ is

minimized. In an MLP network, the mapping f ðxÞ can be decom-
posed to a sequence of linear matrix transformation followed by an
element-wise nonlinear function called activation function (e.g.,
tanh). Fig. 29 summarizes the basic structure of an MLP. The eval-
uation of Y ¼ f ðXÞ is conducted using Eq. (24):

Yi ¼ giðWi �Yi�1 þ biÞ; gðxÞ¼ tanhðxÞ; (24)

where for layer i, gi are the activation functions, Wi are the weight
matrices, and bi are the biases, which perform together a trans-
formation from one hidden layer to the next. The goal of training an
MLP is to determine Wi and bi using training data, for the given
activation functions. The weights and biases are updated using the
back-propagation algorithm, which involves the use of gradient
descent. For the training runs in this work, the adaptive moment
estimation (Adam) optimizer (Kingma and Ba, 2015) is used. Adam
has an adaptive learning rate method which is commonly used to
train deep networks. The mean-squared error (MSE) is used as the
loss function as a standard choice for regression problems. We also
use the coefficient of determination, R2, to assess the performance
of the trained networks:

MSE¼
Pm

i¼1ðyi � byiÞ2
n

; (25)

R2 ¼1�
Pm

i¼1ðyi � byiÞ2Pm
i¼1ðyi � yÞ2

; (26)

where, yi is the real data, byi represents the predicted data, and y is
the mean of the real data. In addition, m is the number of samples.
Here, Input and output layers contain 5 and 10 neurons, respec-
tively, which are the inputs and outputs of the gas turbine analysis
algorithm. The output parameters are non-dimensional relative to
the corresponding values in dry condition (indicated by *) to asses
the impact of the input parameters on the performance of the wet
compression process. The data set was randomly split into two sets,
80% for model training (to compute the gradient and updating of
the network parameters, i.e. weights and biasesethe training set)
and 20% for model testing (10% of the data is split for the validation,
and 10% is specified for the test). Themodel weights were randomly
initialized and the training process was stopped when the network
began to overfit the data. For developing a proper ANN, the number
of layers, the number of neurons in the hidden layers, the learning
rate, the activation functions in the hidden layers, and the number
of epochs for model training should be considered. A trial-and-
error procedure was applied to determine the best set of these
hyperparameters. Results are reported in Table 8.

Based on the results, we choose an architecture containing three

Table 7
Operating parameters of the GE9171E gas turbine for five different ambient air condition under saturated fogging and overspray of 1%.

City Ambient air condition _Wnet (MW) hth (%) _Wnet;D (MW) hth;D (%) j _Wnetj (MW) D _Wnet (%) jhthj (%) Dhth (%)

Abadan Tamb: ¼ 45:4+

RH ¼ 15% 134.07 32.80 100.73 30.27 33.34 33.10 2.53 8.36
Cairo Tamb: ¼ 34:7+

RH ¼ 58% 130.28 32.43 109.79 30.89 20.49 18.66 1.54 4.99
Darwin Tamb: ¼ 31:4+

RH ¼ 40% 136.33 33.00 113.13 31.39 23.20 20.51 1.61 5.13
Guangzhou Tamb: ¼ 32:8+

RH ¼ 82% 125.02 32.11 111.38 30.90 13.64 12.25 1.21 3.92
Marseille Tamb: ¼ 29:1+

RH ¼ 52% 135.86 32.96 115.28 31.54 20.58 17.85 1.42 4.50

Dð ,Þ ¼ ð,Þcooling � ð,ÞD
ð,ÞD

� 100; jð ,Þj ¼ ð,Þcooling � ð,ÞD .

Fig. 29. Neural network architecture.
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hidden layers with 50 neurons at the hidden layers (Fig. 29) as the
MLP architecture. Input and output layers are linear and tanh
activation function is used for hidden layers. We also tested the
effect of learning rate, where the learning rate of 10�4 provides
acceptable convergency. We tested the performance of the three
optimization algorithm to update the network parameters (wights
and biases), i.e., Adam (Kingma and Ba, 2015), Adadelta (Zeiler,
2012), and stochastic gradient descent (SGD), and Adam algo-
rithm outperforms the others (Table 8). It also should be noted that
to avoid overfitting the training process is stopped where more
training epochs does not lead to farther reduction of the validation
loss. For all the trainings the batch size is equal to 32.

Variation of twometrics of R2 andMSE are depicted through the

training procedure for the train and validation data in Fig. 30. It can
be seen that the model is well fitted to the data where R2 and MSE
of 0.9889 and 6:66� 10�4 are obtained in the prediction of the
validation data. And finally, variable importance analysis is con-
ducted on the whole data set, and results are depicted in Fig. 31. For
CIT (Fig. 31a), as it is expected, it can be seen that ambient tem-
perature and ambient relative humidity are the only two influential
input parameters. It indicates that the implemented method is well
capable of representing the impact of input parameters on the
outputs. For CET (Fig. 31b), the influence of compressor pressure
ratio is significant as well as ambient relative humidity. The effect of
input parameters on the compressor mass flow rate and
compressor pressure ratio are mostly influenced by the ambient
temperature and ambient relative humidity analogous to the
compressor power input, TET, and net power output of the gas
turbine as it is shown in Fig. 31c to g. However, for turbine power
output, heat rate, and thermal efficiency the influence of changes in
TIT is more significant (Fig. 31h to j). It can be concluded that the
influence of ambient relative humidity and ambient temperature
on the performance of wet compression process are dominant with
the consideration of the changes in net power output. However,
with consideration of thermal efficiency, TIT is the most influential
parameter on the performance of the wet compression process.

6. Wet compression for three classes of axial gas turbines

For estimating operating parameters in inlet fogging and wet
compression cooling process, 18 models of gas turbines have been
selected. These engines are typically categorized as heavy-duty,
industrial, and light-duty gas turbines. Generally, these gas tur-
bines differ about the size, design, and the range of generated po-
wer. In this paper, three classes of power outputs are commercial
and small industrial units (class A: 1e10 MW), industrial units
(class B: 10e80 MW), and heavy-duty units (class C: 80e450 MW).
To have a clear insight on the effect of inlet fogging and wet

Table 8
Results of the hyperparameter analysis of the MLP neural network. The best-performing model is shown in boldface.

Model Number of hidden layers Number of neurons Activation function Optimizer Validation loss

MLP1 5 50 tanh Adam 7.02 � 10�4

MLP2 5 50 sigmoid Adam 7.04 � 10�4

MLP3 5 50 relu Adam 1.03 � 10�3

MLP4 5 30 tanh Adam 6.66 � 10�4

MLP5 5 30 sigmoid Adam 1.04 � 10�3

MLP6 5 30 softplus Adam 1.23 � 10�3

MLP7 5 30 relu Adam 2.49 � 10�3

MLP8 5 10 tanh Adam 5.51 � 10�3

MLP9 5 10 sigmoid Adam 2.27 � 10�3

MLP10 3 50 tanh Adam 7.49 � 10�4

MLP11 3 50 sigmoid Adam 9.63 � 10�4

MLP12 3 50 softplus Adam 1.88 � 10�3

MLP13 3 50 relu Adam 3.17 � 10�3

MLP14 3 30 tanh Adam 8.13 � 10�4

MLP15 3 30 sigmoid Adam 1.01 � 10�3

MLP16 3 30 softplus Adam 1.65 � 10�3

MLP17 3 30 relu Adam 3.12 � 10�3

MLP18 3 10 tanh Adam 9.56 � 10�3

MLP19 3 10 sigmoid Adam 1.79 � 10�3

MLP20 3 10 softplus Adam 2.79 � 10�3

MLP21 3 10 relu Adam 6.41 � 10�3

MLP22 1 50 tanh Adam 1.62 � 10�3

MLP23 1 50 sigmoid Adam 1.14 � 10�3

MLP24 1 30 tanh Adam 2.24 � 10�3

MLP25 1 30 sigmoid Adam 1.19 � 10�3

MLP26 1 10 tanh Adam 1.01 � 10�2

MLP27 1 10 sigmoid Adam 1.16 � 10�2

MLP28 5 30 tanh SGD 1.23 � 10�2

MLP29 5 30 tanh Adadelta 1.38 � 10�2

Fig. 30. Variation of R2 and MSE for the train and validation sets through the training
procedure.
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Fig. 31. Results of variable importance analysis (GE9171E).
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compression on the operating parameters of various gas turbines,
results of simulation in four off-design condition are reported for
the aforementioned classes in Tables 9 to 11. The design data of the
aforementioned gas turbines are reported in Table 12.

7. Conclusion

This paper presents a developed method for calculating the
design and off-design parameters of gas turbine performance based
on stage stacking and matching algorithms. Stage stacking through
the compressor is conducted with the use of evaluated stage

Table 9
Class A: commercial and small industrial units; computed operating parameters at four off-design conditions.

CIT CET RWISFo RWIos _Mc
_Wc

_Mf
TET _Wt

_Wnet HR PRc hth

ð+C Þ ð+C Þ (kg/s) (kg/s) (kg/s) (MW) (kg/s) ð+CÞ (MW) (MW) (kJ/kWh) (%)

GT-300 NIC 43.0 419.64 0.0 0.0 26.34 10.42 0.437 564.72 16.56 6.15 12788.11 12.35 28.15
SFo 30.08 402.24 0.157 0.0 27.63 10.82 0.473 557.36 17.71 6.89 12332.03 12.95 29.19
OS1% þSFo 30.08 353.3 0.157 0.279 27.89 10.12 0.516 557.65 18.07 7.95 11660.43 13.09 30.87
OS2% þSFo 30.08 304.41 0.157 0.563 28.14 9.4 0.56 557.76 18.42 9.02 11153.9 13.22 32.28

GT-100 NIC 43.0 407.23 0.0 0.0 17.18 6.56 0.285 566.59 10.54 3.98 12887.88 12.35 27.93
SFo 30.08 389.96 0.102 0.0 18.02 6.82 0.308 559.4 11.27 4.46 12440.56 12.95 28.94
OS1% þSFo 30.08 342.82 0.102 0.182 18.19 6.39 0.336 559.62 11.5 5.11 11812.13 13.09 30.48
OS2% þSFo 30.08 295.79 0.102 0.367 18.35 5.96 0.363 559.67 11.72 5.76 11333.01 13.22 31.77

MGT6100 NIC 43.0 425.66 0.0 0.0 23.08 9.28 0.356 526.48 14.4 5.12 12480.0 12.62 28.85
SFo 30.08 408.06 0.138 0.0 24.21 9.63 0.385 519.27 15.39 5.76 12022.88 13.23 29.94
OS1% þSFo 30.08 357.97 0.138 0.244 24.44 8.99 0.423 519.51 15.71 6.72 11313.22 13.37 31.82
OS2% þSFo 30.08 307.77 0.137 0.493 24.66 8.33 0.462 519.74 16.02 7.7 10791.24 13.5 33.36

M7A-01 NIC 43.0 397.82 0.0 0.0 18.98 7.06 0.313 570.45 11.27 4.21 13381.39 11.47 26.9
SFo 30.08 380.77 0.113 0.0 19.92 7.33 0.338 563.26 12.05 4.72 12894.82 12.03 27.92
OS1% þSFo 30.08 336.17 0.113 0.201 20.1 6.92 0.367 563.34 12.29 5.37 12274.46 12.15 29.33
OS2% þSFo 30.08 291.66 0.113 0.406 20.28 6.49 0.396 563.28 12.53 6.03 11794.59 12.28 30.52

Taurus70 NIC 43.0 413.77 0.0 0.0 23.73 9.23 0.374 516.86 15.15 5.92 11352.9 14.11 31.71
SFo 30.08 396.12 0.142 0.0 24.9 9.58 0.405 509.84 16.18 6.6 11017.27 14.8 32.68
OS1% þSFo 30.08 345.9 0.141 0.251 25.12 8.92 0.444 510.16 16.52 7.6 10496.96 14.96 34.3
OS2% þSFo 30.08 295.73 0.141 0.507 25.35 8.24 0.484 510.45 16.84 8.6 10110.4 15.11 35.61

Saturn20 NIC 43.0 264.49 0.0 0.0 5.64 1.3 0.083 547.69 2.21 0.91 16291.86 5.92 22.1
SFo 30.08 250.22 0.034 0.0 5.92 1.35 0.089 540.41 2.38 1.02 15640.47 6.2 23.02
OS1% þSFo 30.08 215.71 0.034 0.06 5.97 1.29 0.096 539.78 2.43 1.13 15138.87 6.27 23.78
OS2% þSFo 30.08 182.24 0.034 0.121 6.03 1.23 0.102 539.17 2.47 1.24 14784.11 6.33 24.35

Table 10
Class B: industrial units; computed operating parameters at four off-design conditions.

CIT CET RWISFo RWIos _Mc _Wc _Mf
TET _Wt _Wnet HR PRc hth

ð+C Þ ð+C Þ (kg/s) (kg/s) (kg/s) (MW) (kg/s) ð+CÞ (MW) (MW) (kJ/kWh) (%)

GE6B03 NIC 43.0 357.43 0.0 0.0 127.74 41.95 2.237 570.25 76.41 34.46 11666.07 11.21 30.86
SFo 30.08 340.92 0.762 0.0 134.02 43.59 2.411 562.83 81.75 38.15 11358.31 11.75 31.69
OS1% þSFo 30.08 302.33 0.761 1.352 135.25 41.63 2.582 562.67 83.3 41.67 11135.71 11.87 32.33
OS2% þSFo 30.08 263.84 0.76 2.729 136.46 39.61 2.755 562.48 84.82 45.21 10955.87 11.99 32.86

GT800 NIC 43.0 455.72 0.0 0.0 116.94 50.86 2.178 568.46 88.79 37.93 10319.32 18.0 34.89
SFo 30.08 437.13 0.698 0.0 122.72 52.71 2.353 561.2 94.71 42.0 10070.43 18.88 35.75
OS1% þSFo 30.08 375.97 0.697 1.238 123.84 48.07 2.598 562.28 96.78 48.72 9586.12 19.07 37.55
OS2% þSFo 30.08 315.06 0.696 2.499 124.95 43.32 2.848 563.08 98.78 55.45 9232.99 19.28 38.99

H25 NIC 43.0 451.18 0.0 0.0 100.4 43.17 1.94 592.37 76.17 33.0 10565.97 15.44 34.07
SFo 30.11 432.92 0.553 0.0 105.34 44.76 2.093 584.65 81.3 36.53 10297.94 16.19 34.96
OS1% þSFo 30.11 375.39 0.553 1.063 106.3 41.16 2.294 585.41 83.03 41.88 9846.29 16.36 36.56
OS2% þSFo 30.11 317.86 0.552 2.145 107.25 37.46 2.499 586.01 84.71 47.25 9508.51 16.53 37.86

MGT40 NIC 43.0 381.6 0.0 0.0 129.5 45.89 2.23 570.29 79.06 33.17 12086.59 10.86 29.79
SFo 30.08 364.8 0.772 0.0 135.87 47.69 2.406 562.7 84.59 36.91 11719.99 11.38 30.72
OS1% þSFo 30.08 323.42 0.772 1.371 137.11 45.3 2.59 562.54 86.25 40.95 11369.08 11.5 31.66
OS2% þSFo 30.08 281.97 0.771 2.767 138.35 42.83 2.778 562.41 87.86 45.03 11089.68 11.61 32.46

AE643A NIC 43.0 422.95 0.0 0.0 189.35 75.58 3.621 576.19 139.75 64.17 10143.82 16.14 35.49
SFo 30.08 405.0 1.129 0.0 198.69 78.38 3.906 568.7 149.15 70.77 9920.87 16.93 36.29
OS1% þSFo 30.08 351.02 1.128 2.005 200.5 72.33 4.261 569.4 152.26 79.93 9582.75 17.11 37.57
OS2% þSFo 30.08 297.33 1.127 4.046 202.3 66.18 4.622 569.86 155.27 89.09 9325.91 17.29 38.6
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characteristic map and analysis of velocity triangles to accurately
calculate load and flow coefficients besides temperature and
pressure rise at each stage. Characteristic map of each stage is
evaluated using a map zooming technique based on grey wolf
optimization (GWO) algorithm. In this regard, the unknown pa-
rameters of the characteristic curve of each compressor stage are
optimized to minimize the mean-squared error of the overall
characteristic map of the compressor with the calculated overall

map from the stage stacking. The output results of themodeling are
validated using experimental data which is reported in literature
and the comparison of results shows an excellent agreement with
the mean percentage difference of less than 3%. Unlike evaporative
inlet cooling techniques, the wet compression process can be
effective at the ambient conditions with high relative humidity.
This method leads to an additional mass flow entry to the gas
turbine comparing to the dry operating condition. From the results

Table 11
Class C: heavy duty units; computed operating parameters at four off-design conditions.

CIT CET RWISFo RWIos _Mc
_Wc

_Mf
TET _Wt

_Wnet HR PRc hth

ð+C Þ ð+C Þ (kg/s) (kg/s) (kg/s) (MW) (kg/s) ð+CÞ (MW) (MW) (kJ/kWh) (%)

MS7001EA NIC 43.0 372.64 0.0 0.0 257.23 88.68 4.412 562.42 156.1 67.42 11763.2 11.12 30.6
SFo 30.08 355.99 1.534 0.0 269.89 92.16 4.759 554.86 167.0 74.85 11428.83 11.66 31.5
OS1% þSFo 30.08 315.39 1.533 2.724 272.36 87.64 5.117 554.78 170.23 82.59 11136.17 11.78 32.33
OS2% þSFo 30.08 274.87 1.531 5.496 274.81 83.01 5.481 554.63 173.39 90.38 10901.67 11.89 33.02

AE942 NIC 43.0 367.31 0.0 0.0 488.94 165.76 8.797 561.62 313.81 148.06 10680.17 10.59 33.71
SFo 30.08 350.79 2.916 0.0 512.99 172.3 9.477 553.41 335.85 163.55 10416.33 11.1 34.56
OS1% þSFo 30.08 311.64 2.913 5.177 517.69 164.47 10.146 553.23 342.26 177.79 10258.01 11.22 35.09
OS2% þSFo 30.08 272.55 2.91 10.447 522.35 156.43 10.827 552.99 348.54 192.12 10130.44 11.33 35.54

SGT5200E NIC 43.0 386.44 0.0 0.0 491.54 176.76 8.832 560.15 325.91 149.15 10644.31 11.3 33.82
SFo 30.08 369.53 2.932 0.0 515.74 183.63 9.522 552.04 348.6 164.97 10375.49 11.84 34.7
OS1% þSFo 30.08 326.78 2.929 5.205 520.47 173.85 10.25 552.03 355.41 181.56 10148.21 11.96 35.47
OS2% þSFo 30.08 284.08 2.926 10.503 525.15 163.83 10.992 551.95 362.07 198.24 9967.14 12.08 36.12

M701F NIC 43.0 486.12 0.0 0.0 658.7 308.49 15.754 654.17 617.4 308.9 9167.75 18.52 39.27
SFo 30.08 467.12 3.929 0.0 691.22 319.7 16.952 645.54 658.43 338.72 8996.14 19.43 40.02
OS1% þSFo 30.08 400.52 3.925 6.975 697.51 289.56 18.58 647.05 672.92 383.37 8712.03 19.64 41.32
OS2% þSFo 30.08 333.86 3.92 14.075 703.74 258.57 20.248 648.28 686.73 428.16 8501.08 19.85 42.35

SGT5800H NIC 43.0 502.3 0.0 0.0 823.37 400.34 19.153 651.23 764.18 363.84 9462.7 17.65 38.04
SFo 30.08 483.19 4.912 0.0 864.02 414.97 20.624 642.49 815.19 400.22 9263.08 18.51 38.86
OS1% þSFo 30.08 414.93 4.907 8.719 871.89 375.72 22.69 644.04 833.37 457.65 8912.15 18.71 40.39
OS2% þSFo 30.08 346.39 4.901 17.593 879.67 335.19 24.813 645.32 850.69 515.49 8652.58 18.91 41.61

GT26 NIC 43.0 597.48 0.0 0.0 554.68 328.83 12.212 650.33 542.01 213.17 10297.91 28.22 34.96
SFo 30.08 576.24 3.309 0.0 582.13 340.22 13.207 643.05 577.03 236.81 10025.2 29.59 35.91
OS1% þSFo 30.08 515.55 3.306 5.874 587.43 318.03 14.46 644.52 589.19 271.17 9586.02 29.92 37.55
OS2% þSFo 30.08 448.44 3.302 11.853 592.67 291.24 15.857 645.97 601.21 309.97 9195.57 30.25 39.15

GT24 NIC 43.0 592.68 0.0 0.0 360.98 212.04 8.071 647.69 347.47 135.43 10462.0 28.22 34.41
SFo 30.08 571.5 2.154 0.0 378.85 219.38 8.73 640.51 369.89 150.5 10181.54 29.59 35.36
OS1% þSFo 30.08 511.33 2.151 3.823 382.29 205.15 9.556 641.94 377.57 172.42 9728.32 29.92 37.01
OS2% þSFo 30.08 444.91 2.149 7.714 385.7 188.01 10.474 643.37 385.14 197.13 9326.46 30.25 38.6

Table 12
Design parameters of 18 selected gas turbines.

RPM PRc TET ð+C Þ _M (kg/s) _Wnet (MW) HR (kJ/kWh) Num. Stages

1 SGT-300 14010 14 542 29.9 7.9 10740 10
2 SGT-100 17384 14 545 19.5 5.1 11984 10
3 MGT6100 1500 14.3 505 26.2 6.6 11190 11
4 M7A-01 (GPB60) 14000 13 548 21.55 5.4 12300 12
5 Taurus 70 15200 14 490 26.2 7.52 10650 14
6 Saturn 20 1500 6.7 520 6.4 1.185 14670 8
7 GE 6B.03 5163 12.7 539 145 44 11773 17
8 SGT-800 6608 20.4 553 132.8 47.5 9557 15
9 H-25 7280 17.5 569 92.4 41 9949 17
10 MGT-40 5160 12.3 548 147 42.2 11180 17
11 AE 64.3A 5400 18.3 530 215 80 9890 15
12 MS7001EA (GE 7121) 3600 12.6 537 292 85 10991 17
13 AE 94.2 3000 12 541 555 185 9836 17
14 SGT5-2000E (V94.2) 3000 12.8 536 558 187 9863 16
15 M701F 3000 21 630 748 380 8592 17
16 SGT5-8000H 3000 20 630 935 450 8780 13
17 GT 26 3000 32 615 630 268 9730 22
18 GT 24 3600 32 615 410 171 9863 22
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obtained in the present study, it can be seen that the lower portion
of the added mass flow rate is directly due to the water spray and
most of it is related to the influence of the cooling process and
matching of the gas turbine components at a new operation point.
The additional power gained by fogging is dependent upon the
difference between the ambient dry bulb and wet bulb tempera-
tures. However, the gains by wet compression are more consistent
over a wider range of ambient conditions. The amount of water
which can be sprayed in the compressor depends on the surge
limits for safe and stable compressor operation, blade erosion
resistance, and achievable thermal efficiency. As shown in this
study, increasing injected water may not improve thermal effi-
ciency, but it leads to amonotonic increase of the net power output.
The effects of the ambient conditions, the amount of water injec-
tion, and the presence and evaporation of water droplets on the gas
turbine operating parameters are studied. The most important
parameters for industrial stationary gas turbine users are the
variation of the net output power and thermal efficiency. The
quantitative results are presented for these two important pa-
rameters for the five cities where cooling systems can be installed
in different weather conditions. It is observed that, in higher
ambient temperatures with lower relative humidity, fogging and
wet compression processes are more effective. With the increase of
the ambient relative humidity, the effect of saturated fogging is
diminished where operating points related to the saturated fogging
condition move towards the dry operating points. The developed
technique based on the variable importance (VI) by constructing
and training an artificial neural network (ANN) is implemented for
sensitivity analysis of the wet compression process. Results show
that the influence of ambient relative humidity and ambient tem-
perature on the net power output change due to the wet
compression process are dominant. However, the thermal effi-
ciency change due to the wet compression is more sensitive to the
turbine inlet temperature (TIT) variations.
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Appendix

Grey Wolf Optimization Algorithm

The Grey Wolf Optimizer (GWO) is a nature inspired meta-
heuristic algorithm. The mathematical model of this optimizer was
developed based on the leadership hierarchy and hunting behavior
of the grey wolves. The social dominant hierarchy is shown in
Fig. 32, which is adapted from the original paper (Mirjalili et al.,
2014).

Fig. 32. Hierarchy of grey wolf (dominance decreases from top down) (Mirjalili et al.,
2014).

The main phases of grey wolf hunting are as follows:

� Tracking, chasing, and approaching the prey.
� Pursuing, encircling, and harassing the prey until it stops
moving.

� Attack towards the prey.

In order to mathematically model encircling behavior the
following equations are proposed (Mirjalili et al., 2014):

D
!¼ ��C!X p

!ðtÞ� X
!ðtÞ��; X!ðtþ1Þ¼ X

!ðtÞ� A
!
,D
!
: (27)

where t indicates the current iteration, A
!

and C
!

are coefficient

vectors, X p
!

is the position vector of the prey, and X
!

indicates the

position vector of a grey wolf. The vectors A
!

and C
!

are calculated
as follows:

A
!¼2 a!, r1

!� a!; C
!¼2r2

!
; (28)

where a! is components of are linearly decreased from 2 to 0 over
the course of iterations and r1

! and r1
! are random vectors in [0, 1].

Grey wolves have the ability to recognize the location of prey and
encircle them. The hunt is usually guided by the alpha. The beta and
delta might also participate in hunting occasionally. alpha (best
candidate solution) beta, and delta know the knowledge of the
potential location of prey. So, in mathematical simulation this
knowledge is assumed as solution candidate.

Fig. 33. Position updating in GWO (Mirjalili et al., 2014).

Fig. 33 (Mirjalili et al., 2014) shows how a search agent updates
its position according to alpha, beta, and delta in a 2D search space.
It can be observed that the final position would be in a random
placewithin a circle which is defined by the positions of alpha, beta,
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and delta in the search space. The algorithmic steps of Grey Wolf
Optimizer (GWO) may be summarized as below (Guha et al., 2016):

1. The search process is started with random initialization of
candidate solutions (wolves) in the search space.

2. Alpha, beta and delta wolves are estimated based on the posi-
tion of prey.

3. To find the optimum location of prey, each wolf updates its
position.

4. A control parameter a! linearly decreases from 2 to 0 for better
exploitation and exploration of candidate solutions

5. Candidate solutions tend to diverge when A
!

> 1 and to

converge when A
!

<1 and at the end GWO gives the optimum
solution.

General algorithm of Grey Wolf Optimizer (GWO) is shown
Fig. 34.

Fig. 34. Flowchart of grey wolf optimization algorithm (Guha et al., 2016).
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