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Usually, the rated capacities of combustion turbirsee

Abstract—Gas turbine air inlet cooling is a useful method fobased on standard ambient air, and zero inlet ahcuest

increasing output for regions where significant powdemand and
highest electricity prices occur during the warmnths. Inlet air
cooling increases the power output by taking adgetof the gas
turbine’s feature of higher mass flow rate when ¢bmpressor inlet
temperature decreases. Different methods are hlaifar reducing
gas turbine inlet temperature. There are two bsgitems currently
available for inlet cooling. The first and most eeffective system is
evaporative cooling. Evaporative coolers make tiskeoevaporation
of water to reduce the gas turbine’s inlet air teragure. The second
system employs various ways to chill the inlet kirthis method, the
cooling medium flows through a heat exchanger kxtan the inlet
duct to remove heat from the inlet air. However #wvaporative
cooling is limited by wet-bulb temperature whiletthilling can cool
the inlet air to temperatures that are lower thha tvet bulb
temperature. In the present work, a thermodynamadehof a gas
turbine is built to calculate heat rate, power attgand thermal
efficiency at different inlet air temperature cammtis. Computational
results are compared with ISO conditions hereitedalbase-case".
Therefore, the two cooling methods are implemeiated solved for
different inlet conditions (inlet temperature araative humidity).
Evaporative cooler and absorption chiller systegmults show that
when the ambient temperature is extremely high Witk relative
humidity (requiring a large temperature reductitmg chiller is the
more suitable cooling solution. The net incremarthie power output
as a function of the temperature decrease for eagling method is
also obtained.

Keywords—Absorption chiller, evaporative cooling, gas tuegin
turbine inlet cooling.

I. INTRODUCTION

pressure drops, as specified by the Internatiomgh@zation
for Standardization (ISO) [2]. Therefore, the ainlet
conditions are: air temperature 15 °C, relative ity 60 %,
absolute pressure 101.325 kPa at sea level.

Combustion turbines are constant-volume enginestlagid
power output is directly proportional and limiteg the air
mass flow rate entering the engine. Combustionirtegare
constant-volume engines and their power outputiisctly
proportional and limited by the air mass flow ratgering the
engine. As the compressor has a fixed capacityafgiven
rotational speed and a volumetric flow rate of aheir
volumetric capacity remains constant and the miass fate
of air it enter into the gas turbine varies with aemt air
temperature and relative humidity [2].

The performance of a gas turbine power plant isnomy
presented in function of power output and specifiel
consumption [2], and it is sensible to the ambiemtditions
[4]. Thermodynamic analyses from literature showatth
thermal efficiency and specific output decreasehwihe
increase of humidity and ambient temperature, the t
temperature ambient is the variable that has thatgst effect
on gas turbine performance [1].

The temperature ambient rise results in decreasairin
density, and consequently, in the reduction of ritess flow
rate. Thereby, less air passes through the turbime the
power output is reduced, at a given turbine ergrggerature.
Moreover, the compression work increase due

GAS turbines are used for power electric generatiofugmentation of the volume occupied by the air.

operating airplanes and for several industrial i@pfibns
[1].The gas turbine engine consist of a compresgoraise
combustion air pressure, a combustion chamber where
fuel/air mixing is burned, and a turbine that tigbiexpansion
extracts energy from the combustion gases [2]. glwsles
operates according to the open Brayton thermodynaytle
and present low thermal efficiency [3] and are mefé as
combustion turbines.
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According to [4], the net power output produced das
turbine is directly proportional to the air masewf| it that
decreases when ambient temperature increases. dtkeofv
Ibrahim, [5] shown that an increment of 1°C in the
compressor air inlet temperature decreases thetughse
power output by 1 %.

Gas turbines have been used for power generatisevieral
places in the world [6], [7], and each region hal#erent
climatic conditions. Furthermore, the periods ot theak
electricity demand occur during the summer, whee th
ambient temperature is high. For example, in Anab&Gulf
region the average ambient temperature preserggation by
more than 30 °C from summer to winter and this dact
generate a large drop in power output during tmenser [8].

Due to these severe ambient conditions, the tuiibie¢ air
cooling is one of many available technologies tpriove the
performance of the gas turbine power plants byingahe air
at the compressor entry [1], [6]. Thus, the inteneshe intake
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air cooling techniques for gas turbines has augetkirt the
last years, due the increasing requirement for pdwex low
specific investment cost [1].

Two different methods are frequently employed tdaob
turbine inlet air cooling: the evaporative cooliegd inlet
chilling systems [7], [8]. Several works has betrded these
cooling technologies as below detailed.

[1] presented a comparison between two usual ialet
cooling methods, evaporative cooler and mechardhdler,
and one new technique that uses turbo-expandemspimve
performance of a gas turbine located at the Khangiefinery
in Iran. Their results showed that turbo-expandethod has
the better cost benefit, because it offers thetgsténcrease in
net power and a lower payback period.

[3] performed a review of inlet air cooling mettsothat
can be used for enhancing the power productiomefSaudi
Electric Company’s gas turbine during summer peaursi
They concluded that the evaporative cooling system the
high-pressure fogging require a large amount ofewdis
factor limits its use in the desert climate, theabption chiller
is an expensive system and its cost of investmentt i
justifiable if it used only to improve the powertput in the
hour’'s peak. Mechanical refrigeration requires d¢agjectric

power demand during the peak times, and thermatggne

storage methods necessitate low electric power, these

systems need a very large storage volume. The ddvor

alternative choose for these authors is refrigematooling
with chilled water or ice thermal storage, the lagtion can
produce lower inlet air temperature and requiresnealler
storage volume.

[9] presented a thermodynamic assessment of salee i

air cooling system for gas turbine power plants tivo
different regions of Oman, and the considered tiegtes are

pressure drop at inlet and exhaust ducts. Thus, irtet
pressure is given by:

P = Pos (1)
The air and combustion products are assumed tovbeim
ideal gases.
Combustion
Airambient _ WNH
Compressor | | Turbine

Fig. 1 Schematic of the standard gas turbine cycle

The pressure of the air leaving the compressgs) (B
calculated as:
Poa =1.Pos
Where r is the compressor pressure ratio.
Using the polytropic relations for gas ideal andwing the
isentropic efficiency of compressor the dischamyaperature
(To4) can be calculated as:

&)

y-1

Tos|( Pos) v
Tye =-28 [ﬂ] Y1+

(3)
’7c I:,03

Wheren, is the compressor isentropic efficiency anis the
specific heat ratio.

The compressor work can be estimated using thddinsof
thermodynamic as follows:

Wc = n"1@1'Cpa,avg (T04 _TOS) 4)

evaporative cooling, fogging cooling, absorptiowlaty using  \where my is the air mass flow rate and,Gyqis the specific
both LiBr-H20 and aqua-ammonia, and vapour-COmmess peat of the dry air at constant pressure, detedniae a

cooling systems. These different cooling techniquesre
compared with relation their electrical energy protibn
augmentation, as well as their impact on increasieg on-
peak capacity of the considered gas turbine.

Hosseini et al. [10] modeled and evaluated an ewvtipe
cooling system installed in gas turbines of the loimred cycle
power plant in Fars (Iran). Their results showest the power
output of a gas turbine, at ambient temperaturd8ofC and
relative humidity of 8 %, it presents an incrementll MW
for temperature drop of the intake air of abouf@9

At this context, the present work focuses on thegarison
of two inlet air cooling technologies. Evaporatis@oling and
absorption chiller are tested at different ambimhperature
and humidity conditions, and the gas turbine poogput and
thermal efficiency are compared.

Il. GAS TURBINE UNIT

Fig. 1 shows the single shaft gas turbine cyclectetl in
this study. The compressor inlet temperature isakda
ambient temperature once the base-case neglectotiiag
effect and simulates the cycle under
(To=15°C, B=101.3kPa and@=60%) and without
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function of the average temperature across the oesapr [7].

Assuming a pre-defined combustor pressure drop
(APcompustor), the combustion chamber discharge pressusg (P
can be calculated as:

Fos = Poa ~ ARcombustor (%)
The heat delivered by combustion chamber is detethi
from energy balance in it:

an = Cpg,avg'(TOS _T04) (6)
Where Ggavyg is the flue gas specific heat calculated as
function of the average temperature across the uostiun
chamber [7].
By knowing the fuel gas heat value (FHV), the naltgas
mass flow rate is defined as:

_ Qu/FHV

T combustor

@)

ISO conditions
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Wherencomustor 1S the combustioochambe efficiency.
The turbine discharge temperature can be writte

r1

1 y
Tos = Tos =/ Tod 1-| —— 8
06 = los=/-Toa [(Pos/Pos)] (8)

Whereny is the turbine isentropic efficiency angg is the
ambient pressure.
Hence, the turbine power is equal to:

\M =y 'Cpg,avg '(TOS _TOG) 9

Wherem; is the total mass flow rate, it is composed for
and air mass flow rate:

My =y, +m; (10)
and Ggavwis the flue gas specific heat calculated as func
of the average temperature across the turbin

Finally, the net power obtained from the gas tughigiver
by:

Vi =V ~Vig 1)
The specific fuel consumption is determinec
3600rh;
FC=—n— (12)
WNa

An important gas turbine parameter is the heat (ldie),
calculated as:
HR = SFC.FHV (13)
The thermal efficiency of the gas turbine is defead by
the following equation:

3600

= 14
= FCrv (14)

I1l.  INLET AIR COOLING TECHNOLOGIES

Fig. 2 illustrates a simple sketch of the systennein
studied, which is composed of a standard gas terpower
plant and an intake air coolefhe gas turbine power pla
consists of compressor, combustion chamber andngirln
this study, two different inlet air cooling techogs are
proposed for analysis, evaporative cooling and mabiem
chiller.
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Combustion
Chamber

Cooling
system

WNer

Airambient
Fig. 2Schematic of the gas turbicycle with cooling system

The performance of the gas turbine will be evaldatéth
each cooling method and compared with values of
base-caseThe working fluid passing through the compres
is the air, and it is assumed to be an ideal gaslenh the
turbine the working fluid are the flue gas

A. Evaporative Cooling

The evaporative cooling is most appropriated to dhgt
areas, because it utilizes the latent heat of vagiown to coo
ambient temperature from the -bulb to the wet-bulb
temperatee [3]. Common media types of evaporative coc
use a wetted honeycorlike medium to maximize
evaporative surface area and coolincential, as illustrated in
Fig. 3. Usually, this cooling equipment is placecer the air
filter system, Fig. 2.

Spray

ANTE |

Cooling
media

Water

Cooled air to

Ambient air gas turbine inlet

Fig. 3 Typical architecture of the evaporative cooliggten

The inlet air terperature after cooling processee Fig. 2,
can be calculated as:

Where Th, is the drybulb temperature, Ty, is the wet-
bulb temperature anel is evaporative cooling effectivene

The cooling load associated with the evaporativelicg
system results:

Qe =M Coaag-(Toz = Toa) (16)
Wherema is the air mass flow rate anc,,agis the specific
heat of thedry air at constant pressure, determined :
function of the average temperature across the ceatipe
system [7].
B. Absorption Chiller

Another option to provide gas turbine intake aioloty is
the absorption chiller méanism, as depicted in Fi4.
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I I Chilled water

Air cooled to
gas turbine inlet

——>

Ambient air

Fig. 4Typical architecture of the absorption chiller éoglsyster

Absorption chiller cooling recovers heat from tum
exhaust gases and the chilled water is passeddgihralthea
exchanger to cool the ambient air temperature. ddaing
load removd from the air flowing at ambient conditions ir
the power plant can be calculated applied the fast of
thermodynamics as follows:

QoL = ”E[(l"oz - hoa) —hy ,03(“’02“"03} 17)
Wherema is mass flow rate of air¢d3 is the latent heat of
vaporization of water, andgy, and wgz is the air specific
humidity in the inlet and outlet of the evaporatisgstem
respectively.

The chillers cooling different of the evaporativgstems
are not limited by the ambient wetdb temperature [11]. Tt
achievable temperaturernastricted only by the capacity of t
chilling device to produce coolant and the abibfythe coils
to transfer heat. Firstly, the cooling follows adiof constan
specific humidity, until the saturation point isaohed, an
then the water of the air begitts condense, as shown in F
5. The main advantage of the absorption system is,
independent of ambient air conditions, the inlet @n be
cooling to a specific constant temperature and egusntly
increase the power output of gas turbjidk It is important tc
notice that the intake air cooling methods mustiégigned t
avoid the formation of ice fragments on the comgoesnlet
or anywhere in the air intake structure. Some astlaalvise
that the temperature drop should be greaten 5 °C [1], [7],

9.

Psychrometric o J00%RH 020
Chart 60% RH
(Simplified) a5
015
N
Btu Per Pound = / 0% RH |__ Evaporative
of Dry Air Cooling Process
25/ Specific
010 -
/ // Humidity

Y e
15 P
—

005

10% RH

°E ‘ O
40 60 80 100 120

1 1 1 ]
4 16 27 38 49

Fig. 5Thermodynamic processes: evaporative and inleirap
cooling systems [1

00

Dry Bulb
Temperature el

IV. RESULTSAND DISCUSSION:

At the present work, a single shaft gas turbine
numerically simulated operating with natural gawable |
shows the technical parameters selected for thetugame
unit used to evaluate both the performance of th&-case
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(without cooling intake air) and each inlet air tog studied
method.

TABLE |
TECHNICAL SPECIFICATIONSOF THE SELECTED GAS TURBINE ENGINE

Description Sample value

Cycle Single shaft, simple cycle,
industrial engine

Pressure ratio 11.0[1]

Turbine inlet temperature 1,658.09 [K]

Air flow rate 141.16 [kg/s

Isentropic efficiency of compres: 85.4 [%)]

Isentropic efficiency of turbine 86.8 [%]

Combustion efficienc 99.0 [%

Combustion chamber pressure 1.17 [%]

Fuel, FHV Natural gas; 48,235.63 [kJ/kg]

Firstly, a basease was simulated employing the |
conditions without cooling and varying the ambidntet
temperature as shown in F6. The inlet turbine temperature
was fixed at TET = 1,658.09.

Fig. 6 shows that as the ambient inlet temperature &se%
the power output and thermal efficiency decrease:
comparison with ISO rated values. On the ohand, the heat
rate (see (6), (7), (12) and3d) values elevate due to a more
fuel consumption required to reach the specifidétiturbine
temperature. This result shows the importance wof iltake
air temperature on the gas turbine performs

1125

110.0 -
107.5 '/‘,/
105.0 ./'/"/
1025 fom A
"
= 975 —
3
= b,
95.0 o]
925 =
20,0 | m, = 141.16 kg/s \.\Il\ ‘H\‘
' TET =1285.09 °C i
87.5 —&— Heatrate —
—d— Thermal efficiency -\“\-
85.0 —&— Power output \-‘1
@5 [ [ [
8 12 16 20 24 28 32 36 40 44

Intake temperature [°C]

Fig. 6 Effect of inlet ambient temperature on the gasihg
performanc

Fig. 7 presents the temperature decrease obtained ting
evaporative cooling method as a function of the iamil
intake temperature (and an ambient relative hugniiied at
60%). Three different evaporative cooling effectives
values were simulated showing that a larger tentpex
decrease is reached when the effectiveness is rigs
expected.
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Fig. 7 Effect of evaporative cooling effectivenessthe

A typical evaporative cooling effectivenesseis 0.90 that

temperature drop

32.0

[ [
315 m, = 141.16 kgls
a0 TET = 1385.09°C ||
£=0.90
305 L\;\;‘\‘t ——p=18% ||
= —&— = 60%
T 30.0 —®— Base case [ |
Z 295 '\‘\:\1\1 P
f =
E 590 '\-\| -
E
; 285 l\-\ L\\
£
S 280 k\‘k
=
27.5 .
27.0 \.\"\‘\.1
265
260

8 12 16 20 24 28 32 36 40 44
Intake temperature [°C]

Fig. 9 Effect of ambient intake temperature ongdhs turbine
thermal efficiency

When the evaporative cooling technique is emploiféd.
9), the gas turbine thermal efficiency level is Heg in

provides a temperature drop equal 6 °C when theként comparison with the base-case as occurred for theep

temperature is 34 °C with a ambient relative hutyidif
60 °C. As the wet-bulb temperature limits the agadion of
this method, a lower ambient relative humidity citiod has

been tested.

The gas turbine power output is presented in Figr ®oth
base-case and evaporative cooling inlet conditibiate that
the power output obtained is lower at ISO condgjowhen

the intake air is not cooled. Furthermore, the @mibdryness

affects the gas turbine performance providing ddigoower
output level when the ambient relative humidity Iesver
(p=18 %) in comparison witp= 60 %, as shown in Fig. 8.

41

20 P m, =14116 kg/s ||
;\:\' TET = 1385.09 °C
39 - £=080 |
'\.\. \.‘\1 —8— §=18%
38 —A—$=60% ||
\.\l \ \.\‘ —m— Base case
g ., S
=]
2 36
3 N
P b
3
o

34

33

T

32

31

=

8 12

16 20 24 28 32 36 40 44
Intake temperature [°C]

Fig. 8 Effect of ambient intake temperature onghs turbine

This fact is associated with the essence of thpaative
cooling method. The ambient air passes by the gatiedia
following a constant enthalpy-line (Fig. 5), buethesultant
temperature drop is limited by the intake air aditrelative

humidity.

power output using evaporative cooling
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output results. Atgp=60 % and air intake temperature of
34 °C, the air cooling process enhances the turdl@@epower
output and thermal efficiency in 3.7% and 2.3 %,
respectively. At@=18 % the power output and thermal
efficiency increase 8.4 % and 5.3 % when comparétth w
base-case values, showing that the lower intakereddtive
humidity elevates the evaporative cooling perforogan

Numerical simulations also included the inlet ¢hdl
method for providing compressor intake air coolifgg. 10
shows the temperature drop obtained employing It
cooling methods: evaporative and absorption chillat
@=18 % andp= 60 %.

375

) R A A M A
m, = 141.16 kg/s
325
TET =1385.09°C
300 — —B— Absorption chiller: ¢ = 18% and 80% |-
27.5 — —&— Evaporative cooling: ¢ =18% ol
25.0 [| —#&— Evaporative cooling:  =60% /“/
225 /-/
200
O 175
& 150 I/'/ | o
125 /./l -,_“,/0’
10.0 e
/.,/l
75
50 /./ P T
| b —
25 [&
00 w
25

9 12 15 18 21 24 27 30 33 36 39 42 45
Intake temperature [°C]

Fig. 10 Comparison between evaporative and absorptiiller
inlet cooling methods

When the absorption chiller is utilized, the congsi inlet
air temperature is independent of wet-bulb tempeeatbut
there is another limitation: the compressor iciogration risk
that imposes a minimum acceptable value, typiclllyC as
adopted herein.

According to temperature drop results, Fig. 10, the
absorption chiller method reaches a better cooféiffgct in
comparison with evaporative cooling mainly when the

1SN1:0000000091950263
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ambient intake temperature is higher (up to 20 A& ambient
temperature lower than 20 °C,

It is also verified that the advantage of evapueatystem
the evaporative coolat relative humidity equal to 60 % is only notided low inlet

temperature drop is larger, due to the fixed icl@ipressor ambient temperature, inferior to 14 °C, when thelicg

temperature specified in the absorption chillegzs 610 °C),
see Fig. 2.

408

400 .\\‘
39.2 \'\‘1
37.6 \. —
A
2 368 [
£ e
5 360 R ] ]
3 352 L=
g 344
% - m, =141.16 kg/s A
& 336 [ | TET =1385.09°C Y .
328 —&— Evaporative cooling: ¢ = 18% v\“\‘
* [| —&— Evaporative cooling: ¢ = 60% =]
32.0 | —+— Absorption chiller: ¢=18% \.\
—— Absorption chiller: $=60%
312 — —dp— Base case
30.4 I I [ [ I
9 12 15 18 21 24 27 30 33 36 39 42 45

Intake temperature [°C]
Fig. 11 Effect of ambient intake temperature onghs turbine
power output using evaporative and absorptionahdboling

requirements are not pertinent.

V. CONCLUSION

A numerical simulation of a single shaft gas tuebin
utilizing two different inlet cooling techniques esented.
While the base-case (at ¥ 34 °C andp= 18 %) provided a
gas turbine power output equal to 33.59 MW, thepevative
cooling brought an increment of 8.4 % and the giismr
chiller represented a power output gain of 12.7 %.

Results showed that both methods improve the power
output and thermal efficiency when compared witsebease
(gas turbine operating under ISO conditions). Ninhetess,
the evaporative cooling method was limited by thebiznt
wet-bulb temperature, representing a suitable ieoiudt low
ambient relative humidity inlet conditions, Fig..1@n the
other hand, the absorption chiller reached a laigaperature
drop at different ambient conditions. Thereforehié exhaust
gas energy is available, this method representstarboption
once it can be utilized independent of the ambretative

humidity level.

Fig. 11 presents the gas turbine power output tesul
obtained by evaporative cooling and inlet chilliteghniques.
The evaporative system has a better performance
comparison with base-case although its resultsrdépen the
ambient relative humidity (ap=18 % and §=30 °C, the
power output is about 1.5 MW superior tp=60 % and
To = 30 °C).The power output gain is even more caarsiole
when the absorption chiller is applied. For exampie [l
To =30 °C, the increment is about 4.2 MW when coragar
with base-case value. This same behavior is preddnt the [2]
gas turbine thermal efficiency results, as showhiin 12.

However, the evaporative cooling method providésgher 31
thermal efficiency when the ambient intake temperatis
lower than 20 °C at relative humidity equal to 18T%s fact [4]
occurs because at these conditions, the evaporatistem
attains a larger temperature drop in comparisonh wits)
absorption chiller technique, where the minimum pogssor

inlet temperature was pre-established. (6]
314

31.0
305 :\‘1
200 EM&%\{ i ey 5 53 55 o e 62 s e i | [7]
1 "
£ 205 e l\l‘é\‘ I SO
>
§ 29.0 \\:\’k\g\\‘ \.\1'\1\ — [8]
=
£ 285 =S =y *e
E 28.0 | m, =141.16kg/s [ ]
2 TET =1385.00 °C R \;“
F 2715 —=#— Evaporative cooling: ¢ = 18% \‘\
270 —— Evaporative cooling: ¢ = 80% [*.
= [| —=— Absorption chiller: 4= 18% ‘0\.}.
65 | —#— Absorption chiller: ¢ =60% [10]
B —&— Base case
26.0 I I I I I

9 12 16 18 21 24 27 30 33 36 39 42 45

Intake temperature [°C]
Fig. 12 Effect of ambient intake temperature onghs turbine
thermal efficiency using evaporative and absorptioiier cooling

[11]
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