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ABSTRACT

In a hat summer climate, as in Kuwait and other Arabian Gulf countries, the
performance of a gas turbine deteriorates drastically during the high temperature hours
(ceaches up 1o 60 °C in Kuwait). This occurs when the power demand is the fargest. This
necessitales the increase of the gas turbine installed capacities 10 bajance this deteriaration.
Gas turbines users are hecoming aware of this problem as they depend rnore or gas rurzines
ta satisly their needs of power and process hea: f(or detalinaton due e the ceceat icweticat
and economical development of the gas turbines.

This paper is devoted to stucy the impact of atnospher.c condi:ions, such as zr dient
temperature, pressure, and relative humidity on gas turbine performance. The reasc [or
cansidering the air pressures diffecenc than standard atmaspheric pressure of the comeressor
inlet 1s the variation of this pressure with the altitude. This can generalize the resulis
of this study 10 include the cases flights at high altitudes. A fully interactive compuzer
programne based on the derived governing equations i1s developed. The effects of iyprcal
variations of atmospheric conditions on the pawer output and cfficiency are consicered.
These include ambient tempcrature (range {rom 20 to 60 °CJ, altitude frange from =zero
to 2000 m above sea level) and relztive humidity {range [rom zero to 100%). The thermal
efficiency and specific net work of a gas turbine were calculated at different values of
maximum 1urbine inlet temperature (TIT) and varjable environmental conditiors. The value
al TIT is a design (acter which cepends on the material spacifications and the [vei air
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ratio. Typical operating values of (TIT) in modern gas twrbines were chosen {for this study
1000, 1200, 1aba il 160G K. (fartiad louds were alwo consdered in the analysis as well
as lull loud.

Finally the calculated results were compared with the actual gas turbine data
supplied by manufacturers.

NOMENCLATURE

cp Specific heat of working substances at constant pressure (Kj/Kg K )
1 Theoretical fuel air ratio (Kg. fuel/Kg. air)

f Actual {uel air ratio (Kg. fuel/Kg. air)

H Humidity air ratio (Kg. moisture/Kg. air)

h Enthalpy (I<)/Kg.)

LHY Lower heating value (enthalpy of reactions) (Kj/Kg.)

M “lolecular weight

NMW  Mixture molecular weight

R Gas constant (Kj/Kg. K )

X Universal gas constant (Kj/Kg. mol. K)

H Relative humidity of ajr (88)

I Cressure (N/m?)

PR Pressure ratio (compression or expansiorn)

T Temperature (KK)

TIT Maximum turbire inlet gas temperature (KK)

1\ Specific ner waork (net work per unit mass of air (Kj/Kg. of air)
"Z Cverall thermal cfficiency (95)

¥ Szecific weight of substances (N/A1Y)
p Density (Kg/m?®)

& telative hurnidity (95)
Subscripts:
a Amsnent ar C Coinoressor
d Gryoair i Fuet
m mixuure P Preducts
5 moisturc ss saturated vapor
l iuroine Vv Vaper

I, 2, 3 and & cycle state points, Fig. | (b)

INTRODUCTION

In the last three decades, gas twrbine have plaved a unique role in the power
industry, Because of thelr relatively low initial cost, gas iurbines are frequently used for
emergency services and handling daily peak loads on a3 power plants system. In many systems
gas turbines are also operated in the spinning reserve mode.

Recent improvemnents in the gas turbine performance led te the increase of the
gas turbires efficiency. Many researchers have worked on the evaluation of gas turbine
performance. Recently, Yousel et al (1987) have re-ecvaluated the thermophysical properties
of the czmbustion pases of the gas turbine engines using the Soave-Redlich-Kwong (SRK)
equation cof State. The properties which have beea considered in their worle were density,
specific heat at constant pressure enthalpy, entrcgy, visccsity, and thermal conductivity.
The Soave-Redlich-Kwong (SRK) equation of state generaliv predicted better values for
thermophysical proparties than those predicted by the virtal equation of state. Also the
thermodynamics ol compression and cxpansion process in iurbomachinery are reanalysed
by (Sergio =t al 1936).
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The present study is carricd out on the impact of atmospheric coaditions on a
gas turbire pcrformancc_ it iz well known that the gas turbine performancc is affected
Dy varying atmospheric condtions; such as the temperatuce, pressuce and relative humidity.
A computer programegc is cspecia:ly desigrned to calculate overall rhcrmAal eificiency and
tre specific net work froin the simple cycle gas tuebine. These calculations were carricd
out for varlouys combustor discharge temperature (TIT) and pressure ratio also. Partal
loads are considered as well as ful! .0ad diring these calculations.

THEORETICAL ANALYSIS -

Dae to the sanplicity in design of the sirnple cycle gas turbing, it is ' rfoust
used topping cycle in todays combined plants. The arrangement is illustrated schematically
in Fig. 1 (z) shows the ‘low diagram for the cycle under consideraticn, and its 1,.ermoc;ramic
state points are iilustrated on temperaturc-entropy cordinates in Fig. | (b).The fuel is issumes

to be methane. All gaseous mixtures considered in the calculations may be treateldl as miNture:
ol varying proportions ol Three components. These cowponents are:air (77.4k _“ (cnd
N,, 20.76 per cent 0,3.92 per cent A, 0.85 per cent H,0,0.03 per cent C0,) \\':;_Ifq(lo

per cent H,0) and stoichiomerric gascs (75.16 per cent N, 19.58 per cenr H.f, 213 per
cent C0,,0.83 per cent Ar) Polyneminal fits for _the specific hgats of each of thess -.hrcler
components as a function of lempeiture are used in the calculatiors. The speciiic entialpy is
treated as the sum of chemical compenents and rhermomechanical components.

The ope-ating principle of gas turbine is simplified as the [following. Lawccally
ambisnt air is drawn mto a multistage compressor when it is compressed 1o about |7 tImes
armosphieric pressure, The compressed air then passes through the combustion c~xnkar
where fue! is injected and burncd, The gproduc:s of combustion enter the urbinc and eapand
10 approximately atinossheric pressore. Part ol the work developed by tie turbine s used
to drive the compressor while the remaindzr is delivered to equipment externatl s the
gas turbine.

Tharefore, the pas turbine performance varies signilicantly with compressor inlet
air conditlens, mainly the atmospheric tempcrature, pressure and relative humidity. Gas
turbme design ralings are usuvaily osascd upen standard conditions. The standard cord:zicns
differ {rom cauntry to country. Cre of the popular standard is that of the Internz:ional
Standards Crgamization (1ISO). The site cond.nions at this standard case arc: sca level a!ltitude
{101,325 KPa, 15°C and 60 per cent relative humicity).

In the present study the effcct ol atmospheric conditions on the gas turding,
pertormance was laken into consiceranion. A\ computer programme is designed espeally
for calculating the overall thermal efficiency and specific output work. The governing
equations are;

a) Conpression Process: For a given polytreaic elliciency, the pressure ratig, temperzivre
and thus other state variables for each stream can be calculated. The specific ex-saipy
can be calculated Irom the specilic hkeat polyncmials.

T?
h = / CP _ (T)dt R O
rI
whera ;
Cpachd v Hox cP, e

CP = 280+ 00019671 v 25802 v 127 0 - 1966 x 1077 2897 L. 0
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where, 28,97 Is the melecular weight of dry air

CP, = 3224 + 0.001823T + 1.055 10772 2 4187 x 10077 18.415 R

where, |8.015 is the molecular weight of vapor

P Pog
Humidity ratio, H = 0,622 --*- = 0.622 ..§§...§25 L. (5)
Py pa -P v
. o H
Steam mass fraction (SMF) = TR s (6)
Air mass fraction (AMF) = 1 - SMF N )|
The molecular weight of mixture (MAMW) = I S ()

Gas censtant of mixture (Rmi“ur ) = LS 828 e (9
NFE aw MM W
Cp +Chy

Mcan specilie heat at constant pressure (CD ) = —eee- ymmss L (10
m

Mean specilic heat at constaat volume (Cv_)=Cp -R_° Lo N
m m maxture

Iseatrenic exponent (K) = ( Lo ) o0 U2)

: Cv i
k-1
Tye = T (PR)E {13

By assuming consiant isentropic elficiency A_Lis for the compression process, inen

T, = -2 N T D S L))
is is
where, 7'5 can be considered equal to 0.87 (see Yousef et al 1987)

Then the required worl per unit mass {or the campressor is cqual Lo :

‘Vc=c-°m{'9§-+ TLCL -ty o1 ] e

]

is is

b) Com3ustion Process :

The specific heat of mixture at the combusticn chamber entrance is defined as :

b.l Belore Combustion :

Cpm = CpaZ v (/a) CP[ AT

where ;

f/a is the fuel air rario, C 15 the specific heat of moist air at compresszr autlet, ane

pa2
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CP‘ is the specific heat of fuel at combustion charnber inlet.

b.2 After Comtustion :

The specific heat of gaseous products after combustion may be determined by using a
mathemaptica! model formulated using regresslon analysls to relata combustlon temperature
and fuel to mir ratio to the specitic heat of products gaseous. The values ot Cp lar different
fuei alr ratlons given in {Keenan and Kage |9B4) were calculated In the form of the fol.owin:
equations;

C. =101 + 032 (280 00w ( 22 M09 ko 12 = 0) BIT)
Pp 1400 {40
~ T - 400 T3 - 400 \2
Cpp = .03 + 0.32 (--[a-w'--- - 0.02 (—-l-m-"') (for f/a = 0.0135’ e “3)
- T~ 400, _ RERN-LRY .
Cpp = 1.05 + 0.34 (- Iaw ) 0.02 ( Im ) (tor f/a = 0.07?) e (19)

Any value in ketween these range limits can Dbe interpolated to get the exacr value of
C as.

ppd

Hence, the value of C

p mixiure’ after combustion, can be determined by using the followlng

relarion:

Cpm3 = Cpp] + H Cpsa LI ] (20)

Then, the heat transfer per unit mass inte the combustion chamber can be calculated
this way;

T3 '
Qin:{z{cbm3(T)'T3-Cpm2 (M « 1,)1 4T .. (2
C- Gas Turbine :
The actual gas turbine work is given by ;
WT ac _‘i‘[._‘[l'_e_ —x- :
) 0.95"+ (1/a) <o (22)

where wT.ac is the actual work per unit mass ol the combustor product, wT.Thc s the

theoritical work per unit mass of air inlet to the compressor, 0.95 is the ratio of the air
af{ter combustion assuming 5% air loss compressor and {/a is the fuel to air ratio.

T 3 ) p 3 ‘-]f_:‘g‘ . (73)
-__f.._-- = mwem—ue—- fc o )
s Py
where

PR * 097

—~
=~
L
~
he)
iy
~—
H
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(0.97 is considered to account for the duct pressure loss)
P, = 101.325/0.99

i
(0.99 is considered to account for the exit pressure joss).
Ty I8 the isentropic temperature at turbine exit
C =(C. + C_ /2 ... (28)
pm.g Pp3 Pp,,
Cc . (25)
Vm.g = -R e
™8 = Cpmg " Fp
. ) ... (26)
Km.g (Cp m.g / Cy m.g ‘p
Therefore ;
LR
- e (27
Tys = T3/ (P31 P YK (27)
Hence, the turbine output work is given by
WT.ac = Cp m.g +0.95 + ([/a) * (T3 - Tas) = an ... {28)
Then ; p{;h = (W.I._ac - \Vc)/Qin e (29)

Finatly the computer programine is written in FORTRAN language and run at Kuwail
University Computing Centre.

Equations 1 to 29 results were repeated to get the converged results. Cach coniputer run
in stored until the new result coines out. A checking between the new and old resulls
are printed out. Otherwise the iteration process takes place.

RESULTS AND DISCUSSIONS:

The effect of atmospheric conditions (temperature, pressure, and rlative humidity;
on the gas turbine performance is studied. For this purpose a full computer programin
is constructed using the formulas which were derived {rom the previous section. The effecl
of atmospheric pressure is studied on the basis of change of altitude {rom zero to 2000 m
above sea level, Also the range of study for the ambient temperature and relative hemidity
are considered from-20 to 60°C, and zero to 100 per cent respectively. Net specific work
and overall thermal efficiency are calculated for various values of maximum turbine inlec
temperature (TIT), and pressure ratio. The values of maximum turbine inlet temperature
are taken as 1000, 1200, 1400 and 1600 K, while the values ol pressure ratio consideres
in the calculation are 2, 4, 6, 8§, 10, 12, 14 and lé.

Figure 1. shows the simple cycle gas turbine arrangement considered in this study.
Natural gas is assumed to be the fuel being used in this analysis. However, the properties
of any tvpe of fuel can be fed to the computer program to get the exact results. Alse
the efficiencies of the compressor, the gas turbine and the combustion chamber are assumeaq
equal to 87%, 89% and 97% respectively. The values of the duct pressure loss, and exit
pressure gain are also assumed 97% and 99% respectively. These assumptions have beep
taken from manufacturer's catalogues to approach the real results,

Figure 2. shows the nct wurk at various ainbient temperatures and diflerent inaximue
inlet temperatures (TIT). The incrcase of the maximum inlet temperature (TIT) increases
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the net work. These net work values decrease as the atmospheric air temperature increases
for the same TIT. The elf{ect o! the atinospheric air temperature o the thermal efficiency
is also indicated through Figs. 7, 8, 9 and 0. Simitarly , the effect of atmospheric air
temperature on the thermal efliciency is seen to follow the same trend of the net work.

The efiect of pressure ratio on both net work and thermal efficlency are clearly
shawn in Tigs. 3, 4, %, 6 and Figs. 7, 8, 9, 10 respcctively,

Figure 3 shows :re change ol net work with various values of pressure ratio at constant
maximumn turbine Inlet temp. value of 1000 k, and various atrmospheric temp. lo this Fig.
the increase of pressure ratio value o 5, increase the net work for all considered atmospheric
temperatures. Beyond oressure ratio equal to 5, the increase of the pressure ratio decrcases
the net work ourput. However, 1he decreasing rate is lowered by decreasing the aumospheric
temperatures.

Figure 4 indicates huw lhe net works varies with the pressure ratio when the maxirhuin
turbine inlet temperature is considered constant value of 1200 k, while the atmospherie
temperature values are varied. The nect work s increased with the increase of pressure
ratio when the latter is fess than 3. The increase of pressure ratio beyond 8, derreases
the net work for atmospheric temperatures of 310, 320, and 330. However, (he increase
of pressure ratio beyord 8 does not affect ol the ner work for atmospheric tcinperature
of 270, and 280 K.

The same af{fects on the net work were observed, as shown in Fig. 5 with the change
of pressure ratio [or constant maxirmurm turbine iniet temperature of 1400 K, and variable
atmospheric temperatures. But Fig. 6 shows that the increase of pressure ratio ircreascs
af the net work values at all considered atrrospheric teniperatures, and at ¢onstanc Max:muwn
turbine inlet temperature of 1600 K.

Figures 9 and 10 show the thermal efficiency at various pressure ratios angd aumos-
pheric temperatures and constant maximum turbine inlet 1emperatures of 1407, cnd 1600
Ik respectively. The incrcase of pressure rztio increases Lthe thermal eflliciency in all the
considered cases. For a pressure ratio range less than 9, the increase ol this pressure rotu
causes the increase of the thermal elficiency for constant maximum inlet temperature of
100D I as shown in Tig. 2. Deyond pressure rato cqual to 9, the increase of this prexsure
ratio doereases the theanal cfficiency again ac ull cavsidered values of the asswred atinas.
pheric tempcraturc. Hewever, at higher values of aunospheric temserature, Lhe rate of
the thermal energy increase with Lhe pressure ratio is getting smaller.

Figure &, shows the saine trend of thermal efficiency with the pressure ratio for
maximum Lurbine inlet temp, of 1200 k. In Fig. 8 the increase of pressure ratio, in the
range beyond [0, has little affect the thermal efficiency values when the atincspheric
temperature values are equal to 250 and 270 K, but the values of thermal efficiency cecrease
as the pressurc ratio incrcases when the atmospheric valucs are in the range of 230-33)
K. The atmaspheric pressure has no real clicct on the cificiency and work output per ulint
mass. However, the atmospheric pressure has a noniceable efiect on Lhe spezific power
output per unit volumc. The important of this point comes {rom the facis thar the comaressor
succed almost a constant volume. An iocrease of the specilic volume (due to lowering zimosp-
heric pressure) decreases the mass of air intake and consequently the power outpur. This
means that by decreasing the compressor inlel pressure (at changing the altitucde above
sea level) improves the gas turbine arrangement thermal elTiciency.

The effect ol the relative humidity on the gas turbine arrangement thermal ei::ciency
and nct worle arc arcsentd in Figs. LI, and 12 rcspectively. In both figures no ciicrd is
noljced for alimusplenic etaperatuees al 230, 270 and 290 K, winle ol Jughice atmoesphen e
air temp. (greater than 316 K}, the incveasc of relative humidity decreases in the ner work
values and increases in the thermal efficiency values.
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Eflect of atmospheric temperature on the gas turbine arrangement thermal elficiency
and the net work values, when the pertial loads are considered, are shown in Figs. 14, and
13 cespectively. The Increase af atmospheric air temperature decreases hoth thermal elficlency
and net work at all parcialload values.

Figure i3, also shows the comparison results between the new predictions along with
Brown Boveri Company (DDC) manufacture. Doth results are shown clearly in good agreement.

CONCLUSION :

The performance of gas turbine is greatly alfected by the atmospheric weather
conditions, such as ambient temperature, pressure, and rejative humidity. Among the three,
ambjent temperature has the greatest effect on gas turbine efficiency, and net work.
This effect seems to increase with increasing turbine inlet temperature and pressure ratio.
The ambient pressure effects the wark output per unit volume only, and has no ellec:
on either the net wark per unit mass nor thermal efficiency. Also the relative humidity
has a negligible effect on both thermal elficiency and net work per unit mass, at low
atmospheric temperature. However, decrease the ef{liciency and Increases in ner work
at higher values of atmospheric alf temperature and turbine inlet temperature.

Finally the eflect of atmospheric air temperature, and relative humidity on the
net work output per unit mass and thermal eificiency of a gas turblne arrangement are
computed and studled.
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