DE GRUYTER

Energy Harvesting and Systems 2024; 11(1): 20220094

Research Article

Hocine Mzad* and Fethi Bennour

Industrial gas turbine performance prediction and
improvement - a case study

https://doi.org/10.1515/ehs-2022-0094
Received August 8, 2022; accepted April 11, 2023;
published online April 27, 2023

Abstract: The gas turbines (GTs), model M3142R/GE MS 3002,
equipping the natural gas compression and crude oil pumping
stations of SONATRACH’s pipeline transport of hydrocarbons
activity are robust despite their dilapidation and state of ser-
vice, but mediocre in terms of energy efficiency and power
output. According to the manufacturer, for temperatures
ranging from 15 to 47 °C, the efficiency of these machines drops
from 26.78 to 25.03% and their power drops from 11.29 to
8.9191 MW. It should be noted, however, that the number of
these turbines exceeds 80 units and that their operation dates
from 1974. The intention of this paper is to improve the gas
turbine performance, mainly the efficiency and shaft power, by
an evaporative cooling process of the compressor intake air.
Besides, it is proposed to lower the upper limit power in periods
of high temperatures to reduce gas consumption. To achieve
these objectives, a mathematical model was implemented un-
der Matlab R16, which reproduced the real behavior of these
machines. It follows that this simulation made it possible to
highlight relevant gains in terms of power and efficiency of the
order of 1.361 MW and 3.4 % at a temperature of 47 °C.

Keywords: efficiency; evaporative cooling; gaz turbine
M3142R type; performance; prediction.

Nomenclature
G specific heat, J/(kg K)
EGT exhaust gas temperature
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f fuel-to-air flowrate ratio (without cooling)
bid fuel-to-air flowrate ratio (with cooling)

h, water steam enthalpy, kJ/kg

hg1 humid air enthalpy at compressor inlet, kJ/kg
NCV net calorific value

PGR power gain ratio

P power, kW

p pressure, Pa

Psat water steam saturation pressure, Pa

Py water steam partial pressure, Pa

Qn fuel supplied heat, kj

Ga air mass flow, kg/s

qc cooling mass flow, kg/s

qr fuel flowrate without evaporative cooler, kg/s
qr fuel flowrate with evaporative cooler, kg/s
One natural gas mass flow, kg/s

re compression ratio

re expansion ratio

T temperature, K

T. compressor temperature, K

Ter critical temperature, K

Ty dew-point temperature, K

T, reduced temperature

Tw wet-bulb temperature, K

TEC thermal efficiency coefficient

Greek symbols

Ap pressure drop, Pa

) relative humidity, %

PG naturel gas density, kg/m®

w relative humidity measured in kilograms of water per kilogram of
air

n efficiency

Ne compressor efficiency

Nm GT mechanical efficiency

ne turbine efficiency

Va air average adiabatic exponent (between suction and discharge
of the axial compressor)

Vg adiabatic exponent of hot gases

Subscripts

a air

adm admission
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amb ambient

atm atmospheric

LP low pressure

c compressor

cc combustion chamber

d dew point

evap evaporative cooling

GT gas turbine

g hot gas

gl relative to saturated water vapor
HP high pressure

wc with cooling

woc without cooling

sat saturation

t turbine

v vapor (steam)

2 compressor outlet with cooling
3 combustor outlet and HP tunbine inlet
4 HP turbine outlet

5 LP turbine inlet

1 Introduction

Industrial gas turbines (GTs) are thermal machines with
rotors developing high power to drive gas pipeline line gas
compressors, oil pipeline line pumps, and alternators to
produce electrical energy. These massive machines are
constantly being improved, in particular the fluid flow or
“creep point” to which the noble elements are subjected. The
fixed and mobile blades are, for the most part, subject to
extensive research given the stresses exerted and tempera-
ture levels.

However, gas turbines already in service have seen the
emergence of technical solutions that can improve their
reliability, service life and efficiency. These advances, the
result of technological advances and CFD simulations, have
the advantage of increasing the turbine inlet temperatures
and ensuring better cooling of the fins. A retrofit of the noble
components of the GT is carried out on old machines.

Turbine air inlet cooling is one of the available com-
mercial methods to improve the efficiency of existing gas
turbines. The method has various types of air cooling which
could be utilized for almost all installed gas turbines. A new
type of inlet air cooling has been proposed to improve the
performance of a gas turbine (Farzaneh-Gord et al. 2009).
The inlet air of the gas turbine was cooled by the potential
cooling capacity of the isenthalpic pressure drop. The results
show that the gas turbine inlet air temperature can be
reduced by 4-25K and performance can be improved by
1-3.5% over a long period of time.

Aspiring to decrease the compressor inlet air tempera-
ture, Noroozian and Bidi (2016) replaced the pressure
reduction valve in the natural gas pressure reduction station
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with a turbo-expander connected to a mechanical chiller to
produce refrigeration. Results showed that using a cooling
system causes a 3.2 % temperature drop, which leads to a
1.138 % increment in both thermal efficiency and net output
power in the warmest month.

Vasserman and Shutenko (2017) proposed three
methods of increasing the efficiency of steam, gas, and
combined cycle power plants. Calculations have shown an
increase in net efficiency of 20.1 % for steam turbine power
plants, 12.8 % for gas turbine power plants, and 4.1 % for the
steam part of combined cycle power plants.

A sensitivity analysis was performed for the latest
H-class gas turbine in a simple cycle to predict the perfor-
mance variation due to changes in design parameters (Kwon
et al. 2019). The degree of increase in the combined cycle
power was the largest when improving the turbine inlet
temperature (TIT). When reheating and recuperation were
adopted simultaneously, a cycle efficiency of 65% was
possible with an increase of 1% in both the compressor and
turbine efficiencies.

Evaluations of three combined gas turbine cycle con-
figurations, including innovative combinations, were
executed according to the thermodynamics of conventional
energy and exergy analysis (Khan and Tlili 2019). The effects
of some combinations, including simple and regenerative
gas turbine cycles, on the performance and the exergy
destruction of the combined cycle power plant were
investigated.

A thermal performance study was carried out on the
MS7001 gas turbine with a nominal power of 87 MW using
the exergy balance (Haouam et al. 2019). The results show
that the exergy destruction of the gas turbine depends on the
ambient temperature, the compression ratio and air-fuel
proportions. The total exergy destruction achieved was
53.51 MW, with an efficiency of 32.44 %.

A simulation of water injection processes in 18 station-
ary gas turbines for five different cities was introduced
(Salehi et al. 2020). The calculated operating results showed
that the variation of the output parameters was highly sen-
sitive to the ambient temperature, relative humidity, and
turbine inlet temperature (TIT). Saturated fogging plus 1%
overspray leads to a relative increase of 24.84 % and 6.70 %
in net power output and thermal efficiency, respectively.

Marin et al. have investigated a gas turbine of the GE 6FA
model and created its mathematical model (Marin et al.
2020). They have studied the effect of fuel temperature on the
energy and economic characteristics of the gas turbine by
considering natural gas, synthesis gas, and aviation kero-
sene as fuel. Meanwhile, (Abudu et al. 2020) focus on the
injection of compressed air to facilitate the improvement in
the ramp-up rate of a heavy-duty gas turbine. The performed
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simulations using the constant mass flow method show that
the heavy-duty gas turbine ramp-up rate can be improved by
10 % on average for every 2 % of compressor outlet airflow
injected during ramp-up irrespective of the starting load.
The turbine entry temperature was found to be another
restrictive factor at a high injection rate of up to 10 %.

The integration of vapor compressor inlet air cooling
(VC-IAQ) in a cooled gas turbine cycle has been reported to
further enhance the plant’s specific work and plant effi-
ciency, notably in regions having a hot and dry climate. It has
been observed that the plant specific work increased by
more than 0.35 % and the plant efficiency increased by alittle
above 0.1 % for every 1°C drop in compressor inlet temper-
ature (CIT) (Mishra et al. 2021).

An extensive literature review has been conducted to
illustrate the rotational effects on various gas turbine internal
cooling schemes from recent experimental and numerical
investigations (Yeranee and Rao 2021). Recommendations for
future research were outlined based on analyses of the effects
of rotation on different internal cooling schemes, the effects of
the buoyancy parameter, and the rotational effects on the
friction factors, respectively.

The six similar gas turbine power cycles were selected to
be compared deeply, and the required parameters for
monitoring a power plant were introduced and calculated
(Golneshan and Nemati 2021). The results demonstrate the
method’s ability to improve cycle performance, providing
valuable repair or maintenance guidelines if used on a
regular basis.

An innovative version of a humidified gas turbine cycle
was introduced as “Top Cycle” (Dybe et al. 2021). The concept
of which includes the necessary combustion infrastructure
to generate highly efficient power and heat from a large
variety of fuels. Operation at design conditions results in
electric efficiencies higher than 50 % and power densities
higher than 2100 kW per kg of air.

Gas turbine efficiency can be improved in several ways.
Controlling the humidity and temperature of the air entering
the combustion cycle is one of the most important points
since it has a direct effect on the efficiency, emissions and
operational reliability of the turbine.

This is the purpose of this work through the study of the
GE MS 3002 Frame 3R turbine installed in the pumping and
compression stations of SONATRACH, an Algerian oil and gas
company. A simulation was performed to predict the effects
of evaporative cooling on turbine performance.
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2 Efficiency improvement at the
axial compressor inlet

Reducing natural gas consumption by maintaining constant
gas turbine power is achieved by practical processes that can
be implemented on operating turbines. Indeed, under ISO
conditions (Tamp = 15°C, ¢ = 60 %, and pam, = 1.0132 bar), the
energy efficiency of gas turbines is typically 26 %. However,
this efficiency is compromised by the conditions of high
ambient temperatures and humidity. The average temper-
ature in southern Algeria, especially during the summer, is
around 45°C, with daily maximums reaching 50°C and
relative humidity ranging from 10 to 20 %.

The actual power increase attributed to ambient air
cooling depends on the machine model, temperature,
ambient pressure, and relative humidity. This cooling gen-
erates the heat rate drop and therefore a diminution in the
fuel flow consumption (Figure 1). On the other hand, high
humidity increases the need for heat in the combustion
chamber due to the high specific heat of water. Typically, for
every 1°C increase in ambient temperature, the power
output of a gas turbine engine is reduced by approximately
0.5% to 0.9 % (Alhazmy and Najjar 2004).

2.1 Evaporative cooling of intake air

Traditional water evaporative coolers have been widely used
in the gas turbine industry for many years, particularly in hot
climates with low humidity. The rational total cost of the
installation and operating fees made this solution attractive for
several GT situations in order to improve their performance.

The direct evaporative cooling process is basically based
on the principle of converting sensible heat into latent heat.
Ambient air is cooled by the evaporation of water from the
wetted surface. Adding water vapor to the air increases its
latent heat and relative humidity. If the process is adiabatic,
this increase in latent heat is compensated by a reduction in
the dry air temperature.

Isenthalpic evaporative coolers work on the principle of
vaporizing water on a wall (media) made of corrugated fiber
material. The water in the air evaporates as air passes
through the media (Figure 2), releasing heat equal to the
latent heat of vaporization (2500 kJ/kg at 0 °C). This process
will naturally decrease the air temperature at the
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Figure 1: Psychrometric chart at the GT inlet (on the left). On the right-hand side, the influence of temperature and relative humidity on the GT power

(White 1998).

compressor inlet. This technique is very effective in hot re-
gions with low humidity. However, the water must be
demineralized and free of salts, calcium, magnesium, and
aluminum because contaminants act as electrolytes in
humid air and cause severe corrosion. It should be noted that
this method of improving the effective power is not expen-
sive, and the temperature is lowered by 10 °C if the ambient
temperature is around 32 °C.

2.2 Presentation of the gas turbine M3142R/
GE MS 3002

The studied gas turbine (GT), which has been manufactured
in Germany since 1969, is a type of heavy-duty gas turbine
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DISTRIBUTION
VIATER PRO
RLOW METER™~_

DUOT ELINUNATOR

V/ARM AIR FLOW
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(frame 3), shown in Figure 3. This GT, with two shafts, develops
a power of 11.29 MW and can be equipped with a regenerator.
The first rotor is made up of the axial compressor and the HP
expansion turbine. In normal operation, this assembly, sup-
ported by two bearings, rotates at an isochronous speed equal
to 7100 rpm, so the compressor delivers a pressure of between
4.9 and 5.1 bars, depending on the ambient temperature and
pressure. The second rotor, representing the LP free turbine,
rotates at a variable speed for a maximum equal to 6500 rpm.
These GTs, model M3142R, are installed (simple cycle) in the
stations of crude oil pumping and natural gas compression,
coupled either to pumps or centrifugal compressors. The
operating parameters of this GT model are summarized in
Table 1. These values are used in the simulation section as a
basis for calculations.

Spray Header

. Media
Mist
Eliminator “~_ Float
Valve
Recirculating
& Pump

Overflow and Drain
and Bleed-off

Figure 2: Working principle of the evaporative cooler (Donaldson Company 2020).
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Figure 3: The gas turbine M3142R/GE MS 3002 frame 3R and the 15-stage compressor.

Table 1: The technical parameters of the GT (model M3142R/GE MS 3002).

4o (kg/h) gc (kg/h) ne ne Nm Nec Ner NCV (k/kg) Turbine stages
190,800 5200 0.88 0.92 0.95 0.95 25% 45,119 15

EGT Tec Tamb DPadm Apee Patm (bar) re P (MW) Heat rate (kJ/kWh)
542 °C 954 °C 0-50°C 1% 4% 1.0132 6.1 11.290 13,440

The Table (Table 2), taken from the manufacturer’s
performance curves, shows the evolution of power, effi-
ciency, and natural gas flow when the compressor inlet
temperature rises from 15 to 47 °C. It appears that the power
and efficiency of the GT drop by 2370.9 kJ/kWh and 1.75 %,
respectively, but with lower fuel consumption. Moreover,
the changes in gas turbine useful power and efficiency as
a function of ambient temperature, assumed as the
compressor inlet temperature, are illustrated graphically
(Figure 4).

Table 2: Evolution of the GT efficiency as a function of compressor inlet
temperature (png = 0.78 kg/cm?).

Tinc P Heat rate 9o I Ner gne qa/qf

€0 (kW)  (kK/kWh)  (kg/s) %)  (kg/s)
15 11,290 13,440 53 6 26.78 0.936 55.56
20 109513 13574,4 52.21 6 26.52 0.917 55.86
25  10556,1 13708,8 51.41 6 26.26 0.893 56.48
30 10,161 13843,2 50.88 6 26 0.868 57.51
35 9822.3 139776 5009 6 2575  0.847 58.02
40 94271 14179,2 4929 6 25.38 0.825 58.62
45 9144.9 14273,2 4876 6 25.22 0.806 59.35
47 8919.1 14380,8 4823 6 2503 0.792 59.75

3 Mathematical formulation

A mathematical model was developed to predict the ther-
modynamic performance of M3142R type GTs as a function of
ambient parameters such as ambient temperature and
relative humidity. The influence of these parameters was
analyzed by highlighting the contribution of evaporative
cooling in terms of improving the energy efficiency of the
studied GT (Figure 5).

The axial compressor inlet air mass flow highly in-
fluences the useful power. It depends on the ambient tem-
perature and the relative humidity of the air. At ISO
conditions,

Qa1s0 53
9 =" P (0 Tmsms) = 1933 P (01.00m)
=43.729 1% (P T, Wamp ) @
with,
patm
_ 2
P (P> T’wﬂf'lb) Tamb (0287 + 0.462wamb) ( )
and,
0.622 0.622
Oamy = D, _ psat¢ 3)

Datm — Py - Datm — psat¢
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Figure 4: The evolution of GT power and efficiency with temperature.
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Figure 5: Simple-cycle two shafts gas turbine
Inlet Air fittir}g the Algerian gas natural compressors
stations (variable load).
According to (Hyland and Wexler 1983) and (Kim etal. ~, _ ~_ 0.622 p,
o—Wsat—_—
2004), the water vapor saturation pressure is: atm ~Dsat

c
Dot = €XP %+ o+ T +caT? + TP +cgIn(T)| (@)
with
¢; = —5800.2206, ¢, = 1.3914993,
3 = —4.86402391072, ¢; = 4.1764768 x 107

s = —1.4452093 x 10°%, ¢4 = 6.5459673

The outlet humidity ratio w, from the evaporative cooler
is expressed as follows:

0.622 exp[%+cz+c3 Tuw+Cs Ty 2 +¢5 T +Co ln(TW)]

Datm— exp[;—:v+c2+cg Tyw+Cs TP+ T+ In (TW)]

Q)

In the case of adiabatic process, the evaporative cooler
delivers air to the compressor with a 100 % relative humidity
(saturated air). The air temperature drops to the wet bulb
temperature when the air passes through the water-
spraying cooler. Hence, according to ASHRAE (Owen 2017),
the equilibrium equation is written:
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Wamp (2501 +1.86 (T — 273.15) — 4.186 (T, — 273.15))
= (2501 - 2.326 (T, — 273.15)) w, — 1.006 (T - T,,)  (6)

The previous non-linear equation is computed using the
Newton-Raphson algorithm under a Matlab code to deter-
mine the wet-bulb temperature T,

To check that no condensation occurs inside the axial
compressor, the dew-point temperature is estimated by the
Pepper’s relation (Peppers 1988):

T, = 6.54 +14.526 In(0.01p,) + 0.7389 (In (0.01p,))
+0.09486 (In (0.01p,))’ + 0.4569 (0.01p,)*"** (7
The specific enthalpy of saturated vapor between 5°C

and 370 °C is estimated, with a maximum error of 0.13 %
(3.2 KkJ/kg), by the equation of Affandi et al. (2013):

0.35
In(h,) = a+b[ln<1/Tr)] +C/T,2+d/Tr3+e/Tr4 ®)

with,

a = 64.87678,b = 11.76476, ¢ = —11.94431, d = 6.29015,
e =-0.99893

T, is the reduced temperature, which is defined as T/T,,. The
critical temperature (T,,) for steam is 647.096 K (Wagner and
Pruss 1993).

Considering the evaporative cooler efficiency equation
(Owen 2017), the compressor temperature is estimated as
follows:

Te= Nevap (Tw = Tamp) + Tamp 9

The compressor outlet temperature when the process is
isentropic is calculated as:

Ya—l
T,=T. [1+7(M _1)]

Ne

(10)

The needed power by the compressor to heat the air and
vapor water is given by:
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Without cooling,

PC _ ;,’Iia |:Cpa T’z;mb <rV$_al _ 1> + Wamp (hVZ — hgl)] (11)

with cooling,
Te [ vt
p,=da [cpa 4 <rynf - 1) +wp (huz - hgl)] (12)
Nm Ne
and the compression power of the humidified air is:

P, = ’;I_a [Cpa% <I"V_V1 — 1) + Wgat (hv2 - hgi)] (13)

The specific heat of dry air is given by the relation of
Alhazmy and Najjar (2004):

Cpo = 1018.9134 - 0.13783636 T + 1.9843397 x 10~ T*

+4.2399x 1077 T° (14)

Water vapor specific enthalpy at the outlet of an axial
compressor according to ASHRAE (Owen 2017) is:

hy =2501+186T, (15)

According to the scheme (Figure 6), the energy balance
equation in the combustor without evaporative cooling
yields:

4 NCV . +q, (Cpa (T2 = Tamp) + Wamp (hvz = he1))

= (‘Zf + qa) Cpg (T3 = T2) + Gy Wamp (M3 = hua) (16)

The effect of ambient humidity on the energy balance
equation was ignored.

In gas turbines, it is commonly known that 90 % of the
compressed air goes to the combustor, and 10 % is used for
the bearings’ sealing and hot parts’ cooling. So, in Eq. (16), the
air flow rate g, becomes 0.9 ¢,.

4 NCV e +0.9¢, (Cpa (T2 = Tamp) + Wamp (Poz — hg1))
= (09 qf + qa) Cpg (T3 - Tz) +0.9 qa Wamb (hv3 - th) (17)

The fuel flow rate consumed by the GT without evapo-
rative cooling is estimated by the following formula:
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From the compressor Comb
ombustor ( —
. A5 +4a) Cog (Ts = T2)
Ga Cpa(T2 = Tamp) and heat loss in > ia waamb 6“1’% Zh)
+ qq Wamp (hyy — hgy) combustor 17,

A

v

Fuel energy = q; NCV

Figure 6: Energy balance in the combustor without evaporative cooling.

Ya-1

Ya-1
Cpg <T3 - Tamb <1 + (rylkl))) - CpaTamb (r’;] 71) + Wamb (hv3 - 2hv2 - hgl)

c

qf = 09 Q(l Ya-1 (18)
rva -
NCV R, - Cpg <T3 ~ Tamp <1 + (nl)>>
The fuel-to-air flow rate ratio for the GT without an
evaporative cooler is expressed as:
() ()
q Cpg <T3 - Tamb (1 + 'k)) - Cpa Tamh e + Wamb (hv3 -2 th - hgl)
f=2L=09x . 19)
o NCV R, — Cpg ( Ts = Tamy ( 1+ 2
Nee = Cpg 3~ Lamb + e
when installing an evaporative cooler (Figure 7), the energy hy; = 2501 + 1.86 T3 2D

balance equation in the combustor is given by Eq. (20). . . . -
q & y Eq. 20) With evaporative cooling, air is sucked from the cooler

so that the outlet temperature of the cooler is T,. For safety
reasons inherent to the type of GT investigated, the tem-
= (¢ +0.9q,) Cpg (T3~ T2) +0.9q, o (s —hip)  (20) perature Ty is kept equal to 954 °C to avoid the thermal creep

of the HP rotor blades. The fuel flow rate consumption is
The water vapor enthalpy is given by: calculated as follows:

GNCV . +0.9q, Cya (T2~ To) +0.9q, W, (M — hyr)

From the compressor Comb
ombustor _
qr+qq) Cpy (T3 — T5)
qa Cpa(T2 = T) » and heat loss in > (as a)h P9 h3 2
bustor +qa o (hyz — hyz)
+ qq @, (hyz — hy1) com Nee

A

Fuel energy = g NCV

Figure 7: Energy balance in the combustor with evaporative cooling.
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Ya
Vi

B
‘;: 71) + Wy (hv3 -2 th - hgl)

The fuel-to-air flow rate ratio for the GT with a cooling
process at constant combustion temperature is written as:

Yol
Cpe <T3—TC <1+(Vql)>> —Cp T U
+=0.9¢q,

G
NCV oo = Cog | T3 = Te [ 1+

(22)

Ya—l
Va -1
Cpe <T3 T, (1 +¥)) G
0.9

ry?_z;l -1)

+ Wy (hvg -2 hv2 - hgl)
(23)

4
f_qa '

NCV Nee = Cpg

The gas specific heat (C,) is calculated by the following
correlation (Owen 2017):

Cpg = 1088.7572 — 0.14158834 T +1.9160159 x 10~ T*
—1.2400934 x 10~® T® + 3.0669459 x 1070 T

- 2.6117109 x 107* T (24)

The air specific heat capacity in the combustion cham-
ber is Cpe. = 1177 K]/(kg K) at 954 °C and 5 bar. According to
Bouam (2009), the fuel heat released without a cooling pro-
cess is:

rva -1
Qhwoc =09 4. [(1 +f) Cpcc Ts+ Cpa Tamp < + 1>

+ Wamb (hv3 - th) (25)

and the fuel heat released with a cooling process at the
compressor suction is:

Ya-1

, -1
Qe = 0.9 ¢, [(1 +F) Cpee Ts + Cpa Tc<”n—+1>

+ Wy (hv3 - hvz):| (26)

The power developed by the gas turbine HP rotor
without and with cooling, respectively, is:

PHPWOC =09 qa nt I’]m (1 +f + (lJamb) Cpg (T3 - T4) (27)

Prpwe = 0.9 N Ny (L+f + o) Cpg (T3 —Ty)  (28)

5

Substituting T, by its expression (isentropic process),
Eq. (28) becomes:

E
Prpwe = 0.9 qa[ (1+f + o) Cpg Ne M <1 - rtgp)] x Ty (29)

In order to compute the expansion rate of hot gases over
the rotor HP, we put Pyp = P, because the compressor con-
sumes a part of the power generated in the HP turbine. Thus,
the expansion rate equation of the HP turbine is:

Va1
1;# Cpa % (r 5“ - 1) + W (hv3 - hvz)
ro,=1- <
tHP

0.9Cpg (1+f + o) Ny Ne1: T
and the LP turbine wheel expansion rate is calculated by:
r

Tip =—
T'trp

(30

3D
The useful power of the LP turbine shaft is determined
by the equation:
Prowe =0.9 NNy @e(L+f + o) Cpg (Ta—Ts)  (32)
Prpwoc =0.9 N, N 4, (1 +f+ wamb) Cpg (T4~ Ts) (33)
Replacing the temperatures T, and Ts with their ex-
pressions, we obtain:

Prpwoc = 0.9 0Ny, Qa[ (1+f + wWamp) Cpg

g Lig
(1 - V&i) <’lt (ruy-}gp - 1) + 1>]><T3

(34
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Prpye = 0.9 Ne M qa[ (1 +f’ + wo) CPg

Lyg Lyg
(1 - rfp> <q, <r,§§P - 1) + 1>]><T3

once all parameters have been determined, the GT global
efficiency is merely computed by:

(35)

_ p LPwc

Nerwe = yey 4 (36)
_ P LPwoc

r)GTwoc - NCV%’ (37)

Finally, the power gain ratio and the thermal efficiency co-
efficient are reported by Alhazmy et al. (Owen 2017):

P LPwc — P LPwoc

PGR = x 100 (38)

LPwoc

TEC = Nerwe — Nerwoc %100

’7 GTwoc

(39)

4 Simulation and results discussion

Performance simulation of the GT model M3142R is carried
out thanks to a program implemented under the code Matlab
R16. The air flow, conditioned by the dimensional aspect of
the machine, and the outlet temperature of the combustion
chamber together define the useful power of the gas turbine.
The combustion temperature is set at a value of 954°C
(machine safety limit value). The predictions attained allow
us to analyze the behavior of this type of GT when there is a
variation in ambient conditions.

The power absorbed by the axial compressor increases
proportionally with temperature and relative humidity
(Figure 8). An increase in relative humidity (¢) from 10 to
80% leads to an increase in compression power from
11.93 MW to 12.02 MW when the ambient temperature is
25°C and from 11.96 MW to 12.15 MW when Tp, = 40 °C. This
results in excess power consumed by the compressor of
90 kW and 190 kW, respectively. However, if the ambient
temperature changes from 25° to 40°, the compression power
increases by 30 kW for a constant humidity of ¢ = 10 % and
by 130 kW for a humidity fixed at 80 %.

From inspection of Figure 9, it appears how the evapo-
rative cooler affects the compressor inlet temperature. For a
constant humidity of ¢ = 10 %, the ambient temperature is
reduced by 50 % (from 25 to 12.65 °C). When the humidity is
set to ¢ = 80 %, the temperature drops only slightly (from 25
to 22.77 °C). It should be noted that for regions with a dry and
hot climate like in southern Algeria (¢ = 10 %, Tamp = 47 °C),
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Figure 8: Compressor power progression without evaporative cooling.

the compressor inlet temperature drops considerably to
Tine = 25.93 °C, which makes it possible to improve the GT
performance. On the other hand, in humid and hot regions
(¢ = 80 %, Tamy, = 47 °C), evaporative cooling becomes almost
ineffective since the temperature obtained is equal to 43.77 °C,
which corresponds to a decrease of only 3.23 °C.

Figure 10 highlights the impact of ambient temperature
and humidity on the power of the GT LP shaft. Noticeable
power gains are observed if the temperature and humidity
decrease. In southern Algeria, where an average tempera-
ture of 45 °C is recorded in summer, we can see on the curves
the effect of the decrease in humidity on the improvement in
power. Indeed, the curves indicate that if ¢ = 10 %, the po-
wer Prp = 9.673 MW, whereas for ¢ = 80 %, the power
P;p = 8312MW, which means a power gain equal to
1.361 MW. Obviously, the evolution of efficiency (Figure 11) is
in line with that of the previous power curves. When the
temperature is 45 °C, the GT efficiency decreases from 0.2519
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Figure 9: Effect of evaporative cooling on Ti,.
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Figure 11: GT efficiency progression with evaporative cooling.

to 0.2179 as the humidity increases from 10 % to 80 %. This
improvement in efficiency (+3.4 %) is due to the power of
1361 MW previously recovered by the LP impeller. Further-
more, it should be noted that the decrease in temperature
from 45 to 25 °C has a weak influence on the output (+0.34 %)
atlow humidity (¢ = 10 %). If, on the other hand, ¢ = 80 %, the
output increases by 2.22 % from 0.2179 to 0.2401.

The gas turbine consumes less fuel (natural gas) when
the temperature and humidity are high (Figure 12). When
Tamp = 47 °C, the gas consumption drops from 1.005 kg/s to
0.9047 kg/s as humidity increases from 10 % to 80 %. At
Tampb = 25 °C, consumption ranges from 1.048 kg/s (if ¢ = 10 %)
to 1.007 kg/s (if ¢ = 80 %). As a result, using the evaporative
cooling system requires additional energy from the fuel to
bring the mixture to the cycle temperatures.

Finally, to assess the impact of the evaporative cooler on
the performance improvement of the studied GT, we have
illustrated in Figures 13 and 14 the trends of the power gain
ratio (PGR) and the thermal efficiency coefficient (TEC). The
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Figure 13: Power gain ration as a function of ambient conditions.

results (Figure 13) illustrate the insignificant effect of
ambient temperature on PGR when humidity is high (¢ >
50 %). On the other hand, if the humidity is low (¢ =10 %), we
note an increase in the PGR from 0.05047 to 0.09362, corre-
sponding to the temperatures of 25 °C and 47 °C, respectively.
The highest PGR values are recorded by the majority of
SONATRACH stations during hot (40-47) °C and dry periods
(¢ <10 %).

For relatively humid climates of the order of 40-80 %,
there is a drop in thermal efficiency (Figure 14) of up
to —3.7 % (at 80 %). The negative values of the TEC are due to
an increase in fuel consumption necessary to vaporize the
water contained in the intake air. The TEC improves from
30 % humidity at 40 °C, i.e., when approaching a dry climate,
which is prevalent in the Saharan zones where the GTs. At
this point, the evaporative cooler outlet temperature drops
and the shaft LP power increases. When approaching 47 °C, a
dry climate with a relative humidity of 10 % can result in a
4.85 % improvement in the TEC.
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Figure 14: Thermal efficiency coefficient as a function of ambient
conditions.

5 Conclusions

The industrial gas turbine model M3142R/GE MS 3002 is a
thermodynamic rotating machine whose performance is the
subject of continuous improvement studies. These robustly
designed GTs deliver low efficiency (25-30 %) compared to
new generation GTs. This is why we have tried, through this
article, to study their combined behavior with respect to
humidity and temperature and then try to improve their
power, performance, and energy efficiency without addi-
tional gas consumption.

The study carried out for this purpose has enabled us to
highlight relevant gains in useful power of the order of
1.361 MW, combined with an improvement in efficiency
of 3.4%, when these machines are operated at extreme
temperatures of around 47°C and a relative humidity of
10 %. The installation of an evaporative cooling system is an
effective way to reduce the temperature at the suction of the
axial compressor of the GT. Obviously, with low ambient
humidity, the efficiency of the machine increases, which
allows the turbine to recover part of the power that was
intended, without this system, to drive the compressor.

Rightly, the procedure adopted for the evaluation of
the effects of the installation of evaporative coolers can
be applied to other higher-power GTs in service. We can
mention the turbines used in the reinjection of water or gas
at the level of hydrocarbon wells (GE 6000) or those used in
thermal power stations for the production of electrical
energy (GE 9000). Furthermore, in their research report
(Brooks 2021), General Electric states that evaporative
cooling systems are applicable to medium-power gas
turbines such as the LM2500, LM6000, and LMS100
models.en
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