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THERMODYNAMIC AWALYSIS OF A SIMPLE GAS TURBINE CYCLE
WHEN USING H2,NH3 AND C3H8 FUELS
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ABSTRACT

A simple egquilibrium cumbustion model with superimposed kinetic
ND and CO ratas of formation has been developed. 7This has been used to
compute ¢the estinated performance and emission data for a simple gas
turbine cycle. The model has also been used to caompare performance and
enission levels of gas turbine when operating vith hydrogen, ammonia
and propane fuels. The analysis is mainly concerned to study the af-
fects of equivalence ratio, oressure ratio and fuel type on the ¢re-
dicted pertormance and NO and CO emission leve.s. Comparison has also
been made between predicted maximum ccycle tenpegratures, NO and CO
emissions with that the corresponding measured values. This com-
parisons indicated that the predicled trends are agree vwith that of
the experimental trends. ¥rom the theoretical and experimental results
it is found that the use of hydroyen fuel improves the performsnce of
the gas turbine and gives higher product temperature than that of
other fuels examined. The NC emission is increased as the result of
increasing the product temperature. The most important engine operat-
ing variables in determining the perfourmance and emission levels are
the equivalence ratio and pressure ratio. The analysis confirms the
vell docamerted benefits of lean mixtures d4nd lovw pressure ratio for
lover enqgine emissions.

1-INTRUDDCTI ON

The gas turbine can truly be described es -he primemover of the
twentieth century. 1Its potential az a practical source was recognized
in the edrly 1900s. The rapid development was maintained in the post-
ware Yyears, due to the tremendous advantaqes offered by the aircraft
gas turbine ia terms of range of, speged, fuel economy and passenger
comfor-. However if the gas turbine is to maintain its pre-eminence 1t
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will Y= mnrcegssary to imprave 1ts pertormance in the areas of Euel
economy, emlssions and sensltivity to fuel type.

In recent yrars it has been noticed that the reserves of highly
refined petroleum fuels are becoming limited. 1ln order to caonserve
these stocks of fuel and to minimize pover costs as the price ot
petroleum resources escalates, it is obviously desirahle to improve
the performance of gas turbines. It will also become hnecessary for
such device to operate on a less narrow cukt of the crude oll. So that
a greater proportlon of each barrel can be used. There are slnmjlarity
obvious benefits to be obtalned from making gas turblne run effl-
cieat)y on alternative fuels such as, natural gas, hydrogen and am-
monia fuels(ll. Thus, the need to consider the use of fuels other tran
highly refined petroleum products, coupled vith concern for the Qrow-
ing level of atmospheric pollution, have tended to draw attent:ion to
our lack of understanding of the combustion process and to highllcht
on the object of gas turblne combustion.

Theoretical studies of combustlon products at chemical equi-
librium anéd predicting performance of combustion system are bacoming
important far research work inm the field of rockat engines(2l, ijet
engines(31 and reciprocating engines[4). The method and procedures of
computation of combustion products and of their correspondlng ther-
modynamic state differ according to the computation technlque employed
and basic assumptions made. Hydrogen appeaxs to be an ideal fuel for

combustion in engines., 1t is the cleanest possible fuel in use and it
is the easiest fuecl material to produce from vater by using nuclear or
solar enerqgy({5}. As a fuel for combustion in englnes, hydrogen has a

vider range of flammability than other petrolcum fuels. It can be ig-
nited at extra lean mixtures, thus raising the combustion efficiency.
The exhaust gases cemilted from the hydrogen combustlion device has no
carbon compounds. Ammonia vas selected for considerations due to 1lis
exhaust freedom from unburpned hydrocarbon and carbon monoxide. Unlike
hydrogen, with similar carbon [ree cemposition, ammania is a liguid at
relatively reasonable storage pressure and temperature (7.5 ata. and
23 oC). Finally propane fuel is considered as a base hydrocarbon gas
fuel for comparisons. Propane has been used as a fuel in coembustion
systems as the principal component of LPG for about 5C years[6]. Emis-
sion levels with LPG are rcported to be less than with hydrocarbon
fuels.

Combustion characteristics of gaseous hydrogea in a "can" type
gas turbine combustor is, studied by Sampath, et. al.{3]., Their results
on combustion pexrformance of hydrogen were compared with that of other
lignid fuels uslng the same combustion hardvare. They found that
hydrogen combustion 1is characterized by high combustion efficieacy,
ease of ignition and good flame stability. However it camn also result
in relatively high metal temperature wvhich ecan impact on llner
durability and high NOx emissions. Analysis of an intercooled gas tur-
bine cycle with hydrogen turbine and regenerative heater wvas made (7).
Tteir results indicated that the thermal efficiency and the speclfic
octput of the cycle were improved compared to the conventional cycle.

A slmple model of CO oxidation supported vith experimental data
with particular references to gas turbine combustor was developed [B].
The results concluded that the criteria for lovw CO emission from bur-
ners vwould appear that the flov of combustlion gases should reside for
a sufficient time in a zone vhere the temperature in the range of 1600
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to 1600 oK.

The objective o0f! the present investigatipn is t» produce a mathe-
matical model for o simple gas turbine cycle with superimposed kinetic
NO :nd CU rates of formation. This has been used to compare the pre-
dicted performance and NO and CO emission levels of gas tuzbipe cycle
when using hydroygen, propane and ammenia fuels. Cpmparisons with some
available experimental data are also included.

2-GAS TURBINE CYCLE MODEL.

The mathematical model descrihed in Ehis papec considers the gas
turblne cycle in a Mahner simjlar to the Baryton fuel-air standard
cycle. The compression and expansion processes are assumed adiabatic
and the combustion process is considered steady flow constant preszure
process, The combustion products i5 assumed to he a mixture of yases
in chemlecal cgquilibriup at trke appropriate temperature and pressure
through out the cycle. Procedures f£or incorporating kinetic mechanizms
for NO formation amd CO oxidation are also bullt into the madel. The
assumed tregmodynamic <cycle 1is shown schematically 1n Fig.(1l). The
cycle and the governing equations are outlined briefly as follovs;
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Fig.(l) Simple Gas Turbine Cycle

2.1-The CampressSion Pracess

This corresponds to tne process 1~-2 on P-V and T-5 diagrans,
Fig.(l). During this process an adiabatic change of state due to con-
pression is assumed. A constant composition of oxygen and nitrogen
(air) is assumed wup to point 2 where the combustion begins. The
process is treated in an incremental manner in pressure ratio, a 2.5
pressure ratio increment being adopted. The working £111d prior %o
compressiogn is assumed to be at atmospheric pressure and a tewmperature
of 298.15 oK. The temperature at the end of each pressure ratio incre-
ment is evaluated using the fcllowing relation;
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Ra/ "Z,c*Cparn
T2 = Ti(rp) (1)

Where, rp is the pressure ratio increment and Cpam is the mean value
of molar specific heat at constant pressure. 1t is assumed to be con-
stant during each pressure ratio increment and is updated at the end
of each increment to allow for the change in gas temperature. Knowing
the composition, pressure and temperature at any polnt, the ther-
modynamic properties (per mole of the gas mixture) are evaluated using
the fgllowing relations;

h = £ (MFL(hT)i} (2)

Cp= £ (MFi(CpT)i} (3
where (hT)! and (CpT)i are the specific molar enthalpy and constant
pressure molar specific heat of species i respectively. The numerical

values of those thermpdynamic praperties arc given by the followving
equations;

2 3 4
(hTYi= Ai,l + Ai,2%T + Ai,3*%T + Ai,4*T + Ai,S*T (4)
2 3 1
(CpT)i= B1,] + Bi,2*T + Ri,3*T + BL,4*T + Bi,S*T (S)
Where Ai,l, Ai,2, ...... ,AL,5 and Bi,1, Bi,2 ...... ,Bi,5 are
polynomial coeificients for each species and for fuels. Those pre-
viously generated by the author(9) are wused. The coxputations are

repeated  for all  incrocwents in pressare ralis unkil Che ce¢nd vf com-
pressian pracess at point 2.

2.2-The Caombnstinp Process

Referring to Fig.(l), the mixture of fuel apd air at temperature
T2 and pressure P2 (s assumed to burn at constant pressure. The
process is considered adiabatic, and final chemical equilibrium with
product species of €O, €02, 02, H2, H20, OH, R, O, NO and N2 at point
3 is assumed. The chemical eguilibrium species cencentration at any
temperature and pressure is calculated using the adiabatic tlame tem-
perature proqram developed before[l0].

The technigue adapted faor calculating the adiabatic flame tem-
perature is to determine the enthalpy of the product gases at an es-
timated flame temperature and at egual increments in temperature abave
and belov the estimated value. The program fits a quadratic eguation
in temperature to those three enthalpies, whick is then solved for the
temperature at vhich the preduct enthalpy is equal ta the reactant en-
thalpy. The precedure is continued for the newv estimate of temperature
with half temperature increments, until tne reactdant and product en-
thalpies agree to wvithin a set accuracy. Once T3 and the equilibrium
compeosition have been determined by successive approximation, then all
the other thermodynamic properties at point 3 are calculated using
equations (2) through (5).
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3-The Expansiown Prgcess

The exransion of the products of combustion, from point 3 to
point 4 in Pig.(l), iz treated in an incremental manner in pressure
ratio. A single expansion increment comprises two steps, these are;

1) An adiabatic ehangr of state due te decrease in pressure duting the
expanslon increment. The temperature at the end of each expansion
tratio increment (rt) is evaluated uslng.the following relazlon;

—7&'R9/Cpgm
T4 = T3I*(rt) (6)

vhere, the value of Cpgm is assumed constant during each expansinn
increment and s updated at the end of each increment to allow for
the change in gas temperature and composition.

ii)Calculativn of the revised equilibrium composition at the new pres-
sure and temperature at the end of the increment.

The computation is repeated for successive irncrements in expan-
sion until the end of the expansion process, i.e P= 1 ata. at point 1.

J-GAS TURRINE CYCLE STUDY

Computation have been performed for three fuels (H2, NH3J and
C3H8), for pressuare ratioss (Rp) in the range of 2.5 to 40 and for
equivalence ratios of .6 to 1.6. The predicted performance of these
conditions hes been comparcd on the basis of a number of parameters,
including peak cycle temperature, net specific vork done, thermal ef-
ficiency and the specific energy consumption. Applying the firat 1law
¢f thermodynamic, for a stesdy flow open system processes, sipce the
~ompreszion and expansion processes are adiabatic (dg=0). Refereeing
to Fig.{l) the net cycle vork dune may be dectermined as follows;

| ’ 2 4
$dh = ¥net = Nair dh + Np an
1 lj 3'[

Wnet = Np(h3 - h4) - Nair(hZ - hl)
¥Wnet Np/Nair (hd - h4) = (h2 - hl} Kj/Kmol air (7)

J}

The indicated thermal efficiency 13 the ratio of the net work
dane to the energy cantent af the fuyel supplied, i.s

T_th X mmemme o 18
LHEV 1 14FC

where;LHV is the lower heating value of the fuel(l). For hydrogen =116
Hj/kg, Lor ammonia =17.2 Mji/Kq and for propane=4t Mj/Kg. The indicated
speciflc fuel corsumption,ISFC is deternined using the following
relation;

ISFC=(MF)E*ML£*3600/Wnet Kgf/K¥H (9)
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The specific energy consumption, ISEC is calculated as follovs;

ISEC=(MF) f*Mf*LHVX3600/Wnet MIJ/KWH (13}

A-KINETIC NO CALCULATION

Nitric oxide, NO can be formed in one of the following three ways
i)at high temperature {n flames N2 reacts with oxygen to form thermal
NO !l)when the fuel has nitrogen-containing compounds the nitrogen Iis
released at comparatively lowv temperature to form fuel NO 1if)lastly
NO formed in flame fronts other than that from atmospheric N2 and 02
is referred to as prompt NO. In most combustion devices, thermal NO ix
the dominant source of nitric oxide. Prompt NO is formed in turbulent
diffusion flame when maximum temperature levels as low as 1300 oC. The
principal reaction governing the formatign of thermal NO during the
combustion of lean, stoichiometric and rich mixtures are given by the
extended Zeldovish equations([9];

KEL

N2 + 0 ==== NO + N {11)
Kbl
KE£2

02 + N ==== NO + [a] (12)
Kb?2
Kf3

N + QOH ==== NO + ¢4 (13)
Kb3

vhere;Kf, Kb are the forward and backward rate constant for each reac-
tion considered. The values of Kf and Kb required for computation were
taken from reference(9).
The general rate equation for NO production by these three reac-
tions isj;
aNo
----- = REL(O)(HZ) - KbB1(NO)(N} + K£2{02)(N) -Kb2(NO)(Q)

+KE3(N)(OH) - Kb3(NO)(H) (14)
The steady state approximation for N atoms 15 used;
KE£1(O)(N2) + Kb2(0){(NO) + Kb3(H}I(NO)
(NS§)=mmmm s s s e et e e e (15)
Kb1{NO) + RE2{02})+ KEf3(OH)
where; { ) denotes mole concentration. In a hlgh temperature combusa-
tion process, it appears to be a good assumptian that the C-H-0 system
reaches equilibrium while NO is still negligible, s¢ from Eg.14;

d(NO)=dt*{KE1(0O)(N2]~Kb1(NO}(N)+K£2(02}(N)-Kb2(NO) (D)
tKE3(N)(OH)-XDb3(NO) (H)} Cm**3/mol Sec (16)

Using the temperature, pressure and the equilibrium values of O,
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N2, 02, OH and Y at the end of each increment {n the expanslon process
(Ervm the thermodynamic simulation), kinetic nitric oxide conhcentra -
ticne 1s computed by integration of Eq.lf using the Buler method. It is
rccognized that comparison with other data should be on the basis of
mass emisslion rates for a given pover ouktput (gm NO per sec./Kj) or
Pcr unil wass of fuel consumed (gm NO per sec./Kgf). QAccordingly the
data have heen resef in the form of specific mass emission rates using
the following expressions,

NO gm/Kj = d(NO)* MNO * Np/Nair /Wnet gm NOpersec/KJ 117)
NO gm/Kqf= NO gm/IKWH / ISFC Kgf/IKWH gm NOpersec./Kgf 118)
5-KINETIC CO CALCULATION

Carbon monoxide, €O, is always present in the exhaust gases due
to the dissociation process. With rich mixtures the carbon monoXxide is
further increased by incomplete combustion. It is formed as an inter-
mediate species in the oxidation of carbon containing fuels. It is as-
sumed that at the beginning of the expansion process all carbon con-
tent of the fuel is instantaneously converted to €0 vhich is sub-
sequently oxidized to CO? during the expansion process vie the follow-
ing reaction(9);

CoO + O ====== C(C02 + H (13)

Thus the rate eqQuation for CO is simply;
d(co)/dt = -KE4(CO)(CH) + Kb4({H)(CO2) {20)

The product temperature, pressure and the concentrations of other
species are assumad to¢ remain the same as predicted by the eguilibrium
model. Thus by using the carbon conservation eguation;

(CQ) + (C62) = (CO)e + (CO2)e {21)
The €O level through the expansion process is computed by integration

of BEq.20. The specific rates of mass emission of CO gm per sec/Kj and
gm per sec/¥Xgf are calculated using the expressions below;

CO gm/¥; d(CO)*MCO*Np/Nair/Wnet gm per sec/Kj (22)

CO gm/Kgf = CO gm/IKWH / 1S5FC Kgf/IKWH gm per sec/Kgf (23)
6-RESULTS AND DISCUSSTIONS

Shown in Figs.(2)through(10), are some nf the more important
resulls of the performance and emissions calculations over a range of
equivalence ratio and pressure ratio for the simple gas turbine cycle
vith hydrogen, propane and ammonia fuels, Some af experimental results
obta:ned in Referencelll)l are represented for comparisvn. The mcasured
and predicted results are presented now and discussed in a family of
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curves as following;

Shavn In Fig.(2} are the calculated peak cycle temperatures and
the measured data as a function of eguivalence ratio. The temperatures
are vary with equivalence ratio. If dissociation were not present, the
maximum peak cycle temperature would occur at the stoichiometric mix-

ture cquivalence ratio. However, due Lo dissoclation and the inl[lucnce
of the different specific heats of the products of combustion, tae
maximum peak temperature occur with slightly xich mixtures. The

diagrams also show that the fuel type zan influence the calculatced
peak temperature. Hydrogen, for example, glves 10 to 18 percent higher
peak temperature than propane, but 18 to 22 percent higher than am-
monia. This can be explained due to that the less dissoclatlion and
higher heating value of hydrogen fuel than that for propane and am-
monia fuels, The results shown In this figure indicate alse that a
higher pressure ratio increases the peak temperature. The measured
combustion temperature for the three furels examined at different
equivalence ratio and at atmospheric pressure are also presented in
the £fiqure. The_ . same oObservatlons are noted from the experimental
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Fig.(2)Effects of Equivalence Ratio, Pressure Ratio and Fuel
Type on Calculated and Measuvred Flame Temperature.

The net specific work done (Wnet), the indicated thermal ef-
ficiency lqth), the indicated =specific fuel consumption (ISFC) and the
indicated specific energy consumption (1SEC) are computed and
presented io Figs.(3)through(6). These Adiajzrams 1indicate that the
equivalence ratio and the pressure ratio has an appreciable effect on
the ideal performance. The addition of air decreases the ctemperature
rise during the combustian process, however the temperature rise per
vwnit of energy supplied are increased. This is because the specific
heats are lower for lower temperatures, which reswlts in higher ther-
mal efficiency. The addition of fuel to a correct fuel—-air mixture
results in unliberated energy wvhich is charged agalnst the process in
the energy supplied. This excess fuel does not increase the work in
proportion to the increase in fuel, Fig.(l), and the 'ideal thermal ef-
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ficiency, Fig.(4), decreasecs while the Indicated speciflzc encrgy con-
sumption, Fig.(8), increases as the mixture¢ is made richer.
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The net vork done, Fig.(3) is at a maximum act Ethe same equiv-
alence ratio as the maximum peak temperature. As noted previously the
temperatures obtained for hydrogen are higher than those with propane
and ammonia. This results in a higher net work done for hydrogen fuel.
Also, as less disscciation occurs with hydrogen and the larqer ratio
of moles producl - moles reactant (Mp/Nair) Ehere (s a higher net wvork
done and higher thermal efficiency for hydroagen than propanc and am-
monia fuels, as can be seven irom Figs.(2}Yand(4).
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Fuel consumption and specific energy consumptian characteristics
for the three fuels are illustrated in Figs.(S5)and{(€). The diagrams
shows the indicated specific fuel consumption (Kgf/IKWH) and the in-
dicted specific enerqgy consumpbtion (Kj/IKWH) as a faunction of eqguiv-
alence ratio and pressure ratio. The figures highlights an ISFC for
hydrogen roughly one fifth for propane and one tenth for anmonia at 4
comparable equivalence ratis., This ls in agreement with the higher
heating value for hydrogen fuel. Also, the ISEC Ffor hydrogen is lover
than those for propane and ammonia. Shown in Flgs.(3}through(6) also
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are the effects of pressure ratio (Rp) on calculated performance. The
diagrams shown 1n these flgures indicate that, a higher pressure ratlo
improves net wvork done, indicated therxmal efficiency, indicated
specific Ifuel consumption and indicated specific energy consumption,
The effect of equivalence ratio and pressure ratio on NO and CO
pollutant emissions 1is shown in Figs.(7)through(B8). The kinetic NQO
rate of mass emission (gm NO per sec/Kj) and the rate of mass emlsslan
per unit mass of fuel (gm NO per sec./Kgf) as a function of equiv-
alence ratio and pressure ratio are plotted in Fig.(7). The diagrams
show that the peak nitrlc oxide levels occur just to the lean side of
stoichiometric fuel-air mixture, because of the greater oxygen con-

centration and the assoclated relatively high temperature. For a lean
mixture the rate of nitric oxide formation falls due to the attendant
drop in the flame temperature. For a rich mixture the rate decreases

due to oxygen deficiency and falling flame temperature. One other ob-
servation is Lhal, hydroyen produces higher nitric oxide Lthan that for
propane and ammonia fuels with both lean and rich mixtures. This is
because of the higher flame tewmperature for hydrogen - this higher
flame temperatuzrec influences the dissociation of oxygen so that a
higher atomic oxygen is formed. The results also indicate that the NO
rate of mass emission is increases as the pressure ratlo increased.
The same abservations are noted for the experimental resuvlts obtained
at different equivalence ratio and at atmospheric pressure, Fig. (7).

The computed rates of mass emission of CO as a function of eguiv-
alence ratio and pressure ratio are shown in Fig.(8). The results are
presented for propane fuel. The measured volumetric concentration as a
function of equivalence ratio at atmospheric pressure is presented.
The diaqrams demonstrate that the CO rate of mass emisslon and the
measured volumetric concentration inpcreases cleadily with increasing
the equivalence ratio, as the amount of fuel in the mixture is in-
creases. The 1increases of CO levels in lean mixture is a consequence
of low temperatures which Ereezing the oxidation. 1t can be seen also
that the €O emission level is increases as the pressure ratio is In-
creases.

CONCLUSIONS

On the basis of the theoretical results the following conclusions

can be drawn;

1-It is possible to carxy out gas turbine engine modeling using a
simple equilibrium 8rayton fuel-air cycle analysis for comparing the
ideal performance and pollutant emission levels,

2-Hydzrzogen seems to be a viable alternative fuel with 1respect to
economic, operatianal and emission considerations.

3-Hydrogen provldes {mproved speciflc power ountput, speclflic fuel con-
sunption, specific energy consumption and thermal efficiency rela-
tive to propanec and ammonia fuels.

4-Higher NO emission is produced with the use of hydraogen

5-The most important engine opuration variables 1n determining perfor-
mance and emissions are the eguivalence ratio and pressure ratio.
The simple analysis undexrtaken confirms the well documented benefits
of lecan mixtures and lower pressure ratio for lower emission levels.

6-The presented experimental results are in agreement in trends with
the results obtained from the thermocdynamic analysis.
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NOMENCLATURE

Cp Constant pressure molar specific heat K3/Kmol oK
Cpam Mean specific heat for air . K3i/Kg oK
Cpgm HMean specific heat for product gases K3i/Kg oK
hi Molar speclfic enthalpy for specles | KJ/Kmol
Kfi Forwvard rate constant for creaction i Cm**3/mols
Kbi Backward rate canstant for reaction i Cm=x*3/mols
MFi Malc fruclion of species i

MNO Moleccular wciqglik of NO gm/mole
MCO Molecular weight of CO gm/mole

ME fuel molecular weiqht gm/mole
Nair Humber of male of air

Np Number of mole of praducts

P Pressure ata.

R Gas constant K3j/mole oK
rt Expansion ratio

rp Pressure ratio

T Temperature oK

Wnet Net work done Ki/mol air
@ Equivalence ratio

T th Thermal cfficiency LY

T Polytrapic compressor cfficiency (assumed 85%)

7t  Polytropic turbinc cfficicncy (assumed 05%)
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