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ABSTRACT 

In a hot summer climatc, as in Kuwait and other Arabian Gulf coUntrlc~, the 
perlo~mance of a gas tllrbme uetenorates drastically durmg the high temperature heurs 
([eache~ up to 6U QC in Kuwait). This occurs when the power demand is the larges~. This 
neces~ltates the increase 01 the gas turbine In:.lalled capaCities to balance thiS deterJ.::r,H;on, 
Gas tUrbines users are becoming aware of this ~rob!em as they depcnd more or g<l.S ~lf'~incs 
to satis(y their needs of po,ver and "r(ICC''!, ht"::l: (or de!.ulinatlon due te, lhe rC<'<;Ill 'Cl_' ,:i"""lt 
and economical development oI the gas turbines. 

This p<l.per is devoted to stu;;r :he impact 01 at-nospher.c condi:ions, such a!> ,:;;-, :J,e:H 
temperature. pressure, and relotive humidity on ~a~ turbine periormOincc. The rea!So', [or 
c.onsidering the air pressures dUferent than st3;'1dard almosphenc pressI.re of ~h:! comr:e~~r 
jnlet is the variation 01 this presst:;e with '[he altitude. This can generalize the res:.!l;:s 
of this study to include the cases flights at ~igh altitUdes. A fully intcracti,e co::-:?w'«(!( 
progrurwne ba.!;ed on the derived gOl'erning equa [ions IS developcd. The eHects 01 tl'plcai 
variations oI atmospheric conditions 0.1 the p;:J\ver output and efficiency are consicered. 
These include ambient temperature (rllnge Irom 1.0 to 60 °Cl, altHude (range Iron. zero 
to 2000 m above sea levefl and re-l .. tive hLJmidlty (rnnge from zero li.) lOO%). The tl'.ermal 
effiCiency and 3peci fic ne [ work of a gas tUrbine were calcula ted a! diHeren t values oI 
maximum turbine inlet temperature (T!T) and \'.1riable environmental conditiors. The ~·.:!llIe 
01 TIT is a de~ign rac!cr which cc-pcnds on the m.lrerial sp<!ciIlclltions and the J~",i air 
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ratio. TrplCill operating villues of (TIT) in modern gas turbines were chosen for ~hl~ study 
IOWI, I 7. f)[J , Plllli ,,/Iii 1(,f1O 1<. I'M1I;.1 IlHUb w~r<: ,II;." ... ·,"1,.tlll:n:d ill Ihe t11KdySl~ :t~ well 

LIS [u II IOild. 

Finally the calculated results were compared with [he ilctuill gils turbine data 
Sllpplled by manufacturers. 

NOMENCLATURE. 

CP Specific heat of working substill1cCS at constant pressure (Kj/Kg I< ) 
f Theoretical fuel air ratio (Kg. fuel/Kg. air) 
7 Actuol fuel air ratio (Kg. fuel/Kg. air) 
H Humidity air ratio (Kg. moisture/Kg. air) 
h Enthalpy 0<1/1<£1.) 
LHV Lower hc:allllg IJalue (cntll .. dpy o( reactions) (l<j!Kg.l 
M :.lolecular weight 
NMW ,\\lxture molecular weIght 
R Gas constant (K i/Kg. K ) 
R :...!nlllersal gas constant (Kj/l<~. mol. K) 
F.r! ~elative humidity of illf (%) 
p rressure (N/ml) 
PR PrcHure ratio (compression or ~.'{p;:mslolll 
T Tcmperoture (1<') 
TIT .'.Iu:(imum turbir,c inlet gilS temperature (1<) 
W SpeCific n(![ work (net worl<. per lInit miln of air (Kj/Kg. o( air) 
~l C\'~rtill tl1crnlill efficiency (%) 

(( Specific wej~M 01 !ubs!unc:es (N/,\-\)) 
p Density (Kg/m) 
cp 1~('loljve hUinidir,· (~~) 

Subscriptl: 

a 
d 
m 
s 
t 

o:o-y aIr 
10lxture 
rr.oisturc 
:'Jro:ne 

I j 2, 3 Jnd 4 cycle state points, rig. I (b) 

INTROOCCTION : 

c 
f 
P 
ss 
V 

Co: r;~rcssor 
Fue! 
Prcducts 
saturated lI.::Ipor 
Vapor 

\1'1 the lalit three d('cadl."5, 80!> turbine have played a unique role in the power 
industry. Because of their relatively low initial coSt. gas ~urbines are frequently used for 
emergency ~en'ice!> and handling daily peak loads on a power plilnts system. In many systems 
gas turb;nes are Jlso operated in the spinning rescn'c mode. 

Recent improvements in the gas turbine perforrn;>nce Jed to the increase 01 the 
gas wrbiiies efficiency. Many researchers have worh:ed on the evaluation of gas turbine 
performa:;;:e. Recently, Youse! et al (19&7) have re-evaJu~ned the th~rmophysical properties 
01 the C::::':"lbustion gases 01 the gJ.!. turbine engines using !~e Soave-Redlich-Kwong (SRK) 
equation of State. The properties which have bee:1 con~idered in their worl< were density, 
,pecific ",~at at constant pressure enthalp,', entro9Y, visccsit,', and thermal conductivity, 
The S~a\e-;;'edlich-K"",ong (SRK) equation of state seneraliy predicted better values (or 
thermophysical prop~rties {han those prediCted by the virtL:ai equation of Slate. Also tht! 
thermod)'r:amics of compression and expansion process in ,urbomachiI1ery are reanaiysed 
by (Sergio et at 1986). 
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The present study is ca~ried O'Jt on the im?act of atmospheric co,ditions on a 
gas turbirc per !or mance, 1 t is well known tha t the ga~ turbine performanc~ is ill [ccred 
by '/arymg aTmospheric cond:tiollSj such as. the temperature, ?re5SUre and relaTive humidity. 
A (omputer programme is c~pccia:l y designed to calcu la te overall the rmal d! iciency aI1~ 
tr ~ 5pCCI fie nC't WDrl, I ro, n th~ ~i-npk cycle !;a~ turbine. 1 hesr. ca lc.;ulil ti om werc carri/~d 
out [or varIous combustor djscli~rgc te"npcra1urc (TIT) and pressure ratio also. P,)rtial 
loads are considered as well as ill\1 ,oad dl.ring, these calculations. 

THI:O(~ETICi\L AN.''- LYSIS: 

J..)Je to the 5.llIlllicity in deslt;l~ of the simple cycle gilS Turbine, il i.~ l: '.' r"u:.l 
used IOPp ing, cycle in lodai's combined pl:in IS. The arrange men t is iUusuated ~c he In 21 i call y 
in Fig. 1 (a) shows the ~low diae,rrtfl"l for the q'cle under consid~rati()n, arid its l .. ermOG:. r,amie 
state ?oina are iilustr<Jted on temperL\turc-enrropy cordinates in Fig. I (b). The fuel is .:.~;urr.ec' 

to be methane. A II gC\seous mix [Ures considered i(l rhe calculCltions mJ.Y be trealed b.S rr'J;;turc, 
of ~,l( y ill!; pr·opor I iOI 'S 01 lliree (OLl1l)o\\ent s. Tl\c~e cotn\l::tn!:'11 t~ are:air (77. 1

111 :.:::. ceo: 
N,. 20.76 per cen t ° ,J. n per C~f1t A r' 0.35 per cent H 10,0.03 per cent CO ,); w:?;:,r (l00 
per cent H ,0) and s lOlch'lomelric ~:lK5 \7/j.\ (, per cen t N" 19,5& per cpn t H ,IJ. ~ d per 
cent COI,O.S] per cen; Arl. Pol)'ncminnl fits for the specific heats or each Of. lhc~~ three 
components D.5 J. fUIl.c lion 01 lempel1tllre are \.lscd in the calcu~atiol'5, The specr: IC CII'. :.!ip\' li 

treated as the surn of chemical componenT~ and rhermomechanlCal components, 

The ope-,)lmg pri(\cil>lc o( 'b"s turbine is simplified JS tll(' [ollowil"og. I'.;".ed])' 

ambien t air is drll wn 11110 J muhis!.!ge com pr!:'SS::lr when i t i~ com pressed TO abou t j ~ :1 mc~ 
atmospheric pres,ure. The compressed aif then passes through the combustion c: TI!:~:r 
where fuel [s injected ~I)d burned. Thc pror~lIr:s of combwstlof'l enter the lLIrbJrlc filld c~rilncl 

10 approxjmal~ly ~ llnDs::'\)~flC prC:~~·Jre. Part 01 t~c \IIorl( d~·,elopecl by t'1e turbine :, used 
to d: i ve the COr1pre~~or while [~e remaln:::r i~ dcli \'ered to equipment elt tern .. ] ::l [I~c: 
gas turbine. 

Th~rclorc. tllC g;)5 turbln~ performancc varic~ signl(icarHly wid· compre~50~ inlet 
air conditions, mainly the a tmosphcr ic tempo:rnturc, ;:>r Cl.'lUn:: and rela t i ve humidlt::. G"s 
!urb:ne dcs;gn ra lings arc: u5u;llly ;)l:;cd ll?Cf\ standard conditl'lns. The srandard cor.::,:icns 
differ from cLlulllry to country. C:.e of tile popular standard IS that of the Intern2:,01l.11 
5tand::..rds 0rlj~"lz,H I 0[1 (ISO). The si rc cOlld. t ,ons i!.l: 11\\5 st.:lndilrd cast! .:Ire: sea Ie vel c ~!: tude 
(JOI,:;25 KPa. DOC and 60 per cent rclJ.tive humlci!),). 

In the p'cscn[ 5\udy the e[ [eCI 01 atmosphcrlc conditiof'ls on [he gas tCJ:bl"e, 
performance \I'as l.11<cn into cOflSl':crallon. :\ ccmputer programme I!:. (.\csig(l.cd esp::':!<lll~ 
for calcuja ting tile overal I thermal e [fidc.lcy and speci lic output work. The go\'~cn ing 
equa tJons are i 

a) Compression Proce~s: For a gi \ C'l pol yt rC;:Jic elf iciency, the pressure rnio, IC m p?~" ;:·..:re 
and i,~US other slate vClriablc3 [or cZlch stream can be cakulated. T~c specifiC c:-.' ~,,\p)' 
can be cakula ted from the speci fic !~C<l r flO I )"ncm; als. 

h CP (T) dt 
:\ 

, . .. , 

where; 

CPa = CP d • 
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where. 28.97 IS the mOlecular wcight of dry air 

CP~":: fn.21: + O.OOl923T + 1.0'55 l< IO-5T2 - 4.187 x lo-9 T
l l/ 1&·~I.5 

where, jS.OI} is the molecular weight of vapor 

P" P !IS • CP H'lmidi ty ra til>, H ~ 0.622 ---- ::: 0.622 ---:. ___ _ 
p d Pa - p v 

SlI!'uni ma!!! traction (SM F) 
H 

Air mass fraction (AM F) " I - SMF 

The molecular weight of mi:dure (~"I\\W):: __ .-------_____________ _ 

Gcs cc~s tant of mixture (11.. ) " 
nil:<tllre 

~MF + AMF 

18. 0]5 2B .97 

R 

.\\l\HV 

8.3143 
-:;. -"'"'- ... --...... -

MMW 

C PI .. C P2 
hlc.ln spcciJic hc.:lt .It COIIstant prc~surc (C ) ': -----r-·----

'\n 
Mean specific heat at con5tJn! vo!uml' (Cv ) = Cp - R ' 

m In m,)((ure 

Isentrepic cxponcnt (K) 

"-I 
T 25 '" T I (I'R fV-

· •• (5) 

• . (6) 

· • (7) 

· . un 

• .• (9) 

• •• (10) 

.(11) 

· •• (/2) 

• (13) 

[\y assc:ning cons:.InL isentropic cCficicncr Lis {or the compression process, ::-.en 

~Tt(l-

where, '7. can be considered equal to 0.87 (see Yousef et al 1987) 
's 

Then trc required work pcr l1l11\ mass :or tile C0ll1pre5~or is cqual lO : 

W ::: c:> [('25 I 
c: . :n [---- + T 1 ( 1 - ----- ) - T I ] 

lis {is] 

b) Com:::Jstion Process: 

Tile specific hellt of mixture at the combustion chamber entrance is defined as : 

C - C • Ula) Cpr pm - p.:t2 

where; 

. (j 5) 

• , , (Ii» 

IIJ. is the Iuel air f<llio, C pll2 is the specific hent 01 mOlS, air at compress:~ outlet, (Inc 
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C pi is the specific he-at of lueJ at combustion chafTlber inlet. 

b.2 After Com!:u~tion : 

The specific heat ot gasEouS products after c.onbustion may be det<:rm ined by using a 
mathemoticnl model formulated u!ing regression analysis to relate combustion temperature 
and fuel to air ratio to the ,,?ecitlc hea.t at products saseou~. l'he vaLues. ot Cp lor dlfterent 
1ue: aIr fa tlons gi ven in (Keenan and Kage 1984} were calculated In the form of the loJ.owin· 
equaHons; 

· •. 11 7) 

· •• !IS) 

C '" L05 + 0.34 (J.~Iij~-) - 0.02 (_~~~.)2 (tor 1/a = 0.017) 
pp 

· •. (9) 

Any value in hetween these r'ilnge Iimi'ts can be interpolated to get the exact vaJue of 
C gas. 

pp 

Hence, the value of C I I alter comblJ~tion, can be determined by using the {ollowIng 
p In Xlure 

reJationt 
C

pm3 
-; C

ppJ 
+ H C

ps3 
• •• (20) 

Then, the heat transf~r per unit mass into the combustion chamber can be calculated 
thiJ; way; 

n 
Qin :.: f2 (Cp~3 (T) .. T 3 - Cpm2 (t) • T 2 J 

The actual gas turbine work is given by ; 

W 
T.ac 

d T · •. (21) 

• •• (22) 

where W
T 

is the ac[Ual work per unit mU$ of the combustor product, "'T TI is the .ac . Ie 
theoritical worl< per unit mass of air inlet to the compressor, 0.95 is the ratio 01 the air 
aher combl.lstion ass.uming ,% air loss compressor and l/a. is the fuel to air ra1io. 

P k - 1 , J ,-------
\ --------- I Ie 

· .. (23} 

p 4 

where; 
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(0.97 is considered to account for the duct pressure loss) 

P iI = 101.32510.99 

(0.99 is considered to account for the exit pressure loss). 

T ii, is the isentropic temperature at turbine exit 

C " (C + Cp ) 12 
pm.g Pp3 pil 

Cv - C - R m.g - p m.g p 

K = (C 1 C ) m.g p m.g v m.g p 

Therefore i 

k - I 

T 4s " T J / (P J / P 4 ) k 

Hence, the turbine output work is given by 

- '1. WT.ac = C • 0.95 .. (ria) • (T3 - Hs)· T 
p m.g 

Then; ( = (WT - Wc)jQin tn .ac 

• •• (2i1) 

• •• (25) 

· •. (26) 

• •. (27) 

• •• (28) 

(29) 

Finally the compuler programme is written in FORTRAN language and run at Kuwait 
University Computing Centre. 

Eqllations I to 29 results were repeated to get the converged results. t::ach cOOlr>uter run 
in stored until the new result cOlnes out. A checking between the new and old results 
are printed out. Otherwise the iteration process ta.kes place. 

RESUL TS AND DISCUSSIONS: 

The effect 01 atmospheric conditions (temperature, pressure, and rlative humidity: 
on the gas turbine performance is studied. For this purpo~e a full computer programrl'l 
is constructed using the formulas which were derived from the previous section. The ertecl 
of atmospheric pressure is studied on the basis of change of altitude lrom zero to 2000 n', 
above sea level. Also the range 01 study for the ambient temperature and relative humidiO 
are considered from-20 to 60G C. and zero to 100 per cent respectively. Net specific wor" 
and overall thermal effiCiency are calculated for various values of maximum turbine inle( 
temperature (Tin, and pressure ratio. The values of maximum turbine inlet temperaturt 
are taken as 1000, 1200, 1400 and 1600 K, while the values of pressure ratio considered 
in the calculation are 2, ii, 6, 8. 10, 12. 14 and 16. 

Figure I. 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 properti~ 
of any t:pe of fuel can be fed to the computer program to get the exact results. Alsc 
the efficiencies of the compressor, the gas turbine and the combustion chamber are assume(l 
equal to 87%, 89% and 97% respectively. The values or the duct pressure loss, and exit 
pressure gain are also assumed 97% and 99% respectively. These assumptions have been 
tal<en from manufacturer's ca[alogues to approach the real results. 

Figure 2. shows the net wurk al various alllbienl tClllpcralures i.llld dilIcrClIl IIi.:J.xilIlUr 
inlet temperatures (TIT). The increase of the maximum inlet temperature (TIT) increases 
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Ihe (Jet work. These net work values decrease ;;'3 tho: atmo::,pherlc air temperature im:rea5es 
tor the same TIT. The eHeet 0: the atmospheric air temperature Ol~ tI,e thermal eiJir:ienry 
is also indica.ted through Fig1. 7. 8. 9 and I Q. Simil<ld ~ • th... e {feet ot II tmo~pher ie <I ir 
1:Ii!mperature on the thermal eiIlclency is seen to follow the ~ame trend of lhe net work. 

The effen o{ pressure ratio on both net work and thermal elliclenr:y are clearly 
ShOWI\ ill r'I!i~' 3. 4, ~, (, ilild Fig~. 7, 11. 9, 10 rc;~pcclivc:ly. 

Figure J 5hows :l'1e change 01 nc t work wi th var 10U$ values 01 pressure ra rio J I conSTant 
maximum u.:rblnc Inlel lemp. value of 1000 k • .:md variou~ aH"lOspheric temp. In th'5 Fig. 
the increilse oC prl's'>urc ratio vi:llue 10 3. il'crcuse the net work for all considered atmospheric 
temperatures. t"\c~'ond :)renure ratio equQI to 51 the illcrea,e or the pressure. ratio c!ecreJ~e~ 
the net work output. Howe~er, the decreasing rate is lowered by decrea$ing the dunospher!c 
temjJt:r 3lure~. 

Figure 4 indlcatlt3 hUlv lhe net Ivorks Vi:lrtes WII:'1 the pressure r<llio when the mJ:<:lrfllJlrI 
turb,ne inlet temperature is considered CO"lsranc value of 120Cl k, whilt" the atmosp~.~ril!: 
temperature values are varied. The net work .$ increased With the i(\crea5e oj pressure 
ratio ",!'len the latter \5 less than ~. The \t'\crease o( press.ure ratio beyond X, ll"(,reu~e~ 

th~ ne! work (or at mospher ic tempera tures of 310, )10, and 330. However I the: Jncreo~e 
of pre55ure r<llio bcyol',d S does not affeCT or the net work lor atmo~pheric 1t'1I1l:)eroture 
of 270, and 280 IC 

The !ame ~lIeCls on the net w~rk were observed, a~ shown \f\ Fig. 5 WIth the chan/!,e 
of pressure rario {or constant m<ll<imt..m turbi ne inlet I empera (ure of 1400 K, and ';arlable 
atmospf:eric temperatures. But Fig. b showi thi'.f the increase of pressure ratio lrcrea~es 
of Ihe net worl< v(llue~ at all comidered Jtrro~ptleric len'perature~, and at con.)tcrH maxImum 
tUrbine illll!l temperature of 1600 K. 

Figllr~~ 9 and 10 sho\v the thermal efficiency at variou~ pressure ratios and iHmo ... • 
pheric lc:mpNalures Qnd con5L:lnI moximufr, turbine inlet temperatures 0: 140::1, \.ind 16GO 
I< respectively. The il1<rc(1sC of Ilre~.~lIre r;;IIO irlCrc .. ~c<; Ihe [hc:rrrwl effinency ill art 1I1(~ 
cun$idered cases. For d pressure ratio range less than 9, the increase of this pres!>urec r.:JlIU 

causes the increa5e of the therl1'al efficiency for cor,5tant m<lximum inlet temper"lure of 
1000 Ie ilS shown ill Pili. 7. Ikyooc1 ,}rr~~lIre ra[.o equill to 9, thc innea!.c 01 till'> pr("~,>urc 
r;J.tia dccrc~s.es the l\lenn:,d c! rinc\'.< y :.Ij:.::,dn It ;.tll c'o!'sidcred v:.Il\lc", or the .:l ... s~,me<l iJ.ltntl\· 
pheric lemperil[urc. Hcwever, at hig,ilc:r ~ulucs of atillospheric lerrlJcrature, Lhe rate or 
the thermal energy increas.e with the prcs:.urc rCllia is gerting smaller. 

Figure S, shows the SOlIl1C trcnd of thermal I!'fficiency wi th [he pressUI e ratio {or 
ma)(lmum Lurbine Inlel remp. 01 1200 k. In Fig, 8 the increL'lse oJ pressure ril tw. in ttle 
range beyof\d 10, ha~ :ittle affect the thermal efficiency values when the rttrnc~phcnc 
temperature ~alues arc equal to 2.50 and 270 K, but the values oJ thermal effiCiency cccrease 
as the pressure rat \0 ir.ncase:s when the atmospheric vall.!!:!!. are in the range o{ 290-33::1 
K. The atmospheric pre~Slll'e h:lS no redl effect on the efficiency and work output pcr UI"{ 

rna~s. However, the Jtmosphcrlc prc'!'~ure has :l [)otlce:lble eHcct on the specific power 
output per unit volumc. The irnportam of tl1l's point com~s Crom the fac:s {hilt the COI1iLlre5~Or 
succed almost c1 COl1:itant volume, An iocrease 01 the specific volume (due to lowering c!mosp
heric pressure) dccn::ascs {he mass or air !l'I\akc and cOf\sequel'\Hy the power outp:L This 
means that bi' decreasing the comprCSl.or inleL pressurc (at changing the altituce abol'c 
se:l level) inlprOVC!i the gn turbine- .Jrr':lrlI)ClIlCIOl the~nl,)1 elJidcl\cy. 

The eflect of {he reJa~il!e humidity 011 the gas £urbine arrangement trermal ei::cicnq 
and net work arc rln::sclltd in FiR5, II, :::lnd 12 rc~pc("liveh', In hoth riWlrc~ no (,::,,('"1 ;,' 
1I?ln:cd fur ~'II"""J>h~.·r ... 1"llIlwl,'IUfl'" tI! ;nu, 2'j{) ,Hid 2')() K, w'lIl.· .il Id):I,(,1 ~n..IiII~hl'l 'e 
aIr temp. (greolter than ) IC K}, Ihe increase of rcla I i\'E' humidi ty deere ase!. iii Ihe I',e: work 
values and increases in the (herm,,1 efficiency \'aluc~. 
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EHect of atmospheric 1empera'ture on the gas. !urbme arrangement thermal eHiciency 
and the net work valUES, when the partial loads are con.sidered. are ~nown in Fig,. 14, and 
., respectively. The Increase ot atmospheric air temperature decrease! both thermai eIflclel)CY 
en.d net work at aU partlalload values.. 

Fig~re 13, also shows rhe comparison results between the new predictions ,\long wi th 
Brown Bover. Company (BDC) maoufacture. Doth re:sult~ are shown dearly ill good agreement. 

CONCLUSION : 

The performance of gas turbine is gr~atly aUected by the atmospheriC wC!!<lther 
condirions, 5uch as ambient temperature, pre$sure, and relative humidity. Among the three, 
ambient temperature has the greatest effect on gas turbine efficiency, and net work. 
Thj~ effect seems to increase wi [h increasing turbine inleT temperature and pressure ratio. 
Thc ambient pressure eUects th~ work outpUf per unit volume only, and has no eUeCl 
on either the net work per unit ma~5 nor thermal efficiency. Also the relatille humidity 
has a negligible effect on both thermal eLIiciency and net work per unit mass, at low 
atmospheric temperature. However, decrea.se the efficiency and Increases in net work 
at higher values of atmospheric air temperature and turbine inlet temperature. 

Finally the eflect of atmospheric air temperature, und relative humidity on the 
net work output per unit mas:; and thermal eHiciency of a gaf turbine arranr;;ement are 
computed and studIed. 
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