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Abstract - -  Current progress in gas turbine performance is achieved mainly by increasing the turbine inlet temperature. State- 
of-the-art mil i tary aircraft gas turbines operate with turbine inlet temperatures exceeding 2 000 K, and future development plans 
call for even higher temperature levels. At such high temperatures, the hot combustion gases can no longer be considered as 
chemically inert, and it becomes important to account for the chemically reactive nature of  the expanding flow. In this paper, the 
authors present a one-dimensional model of the chemically reactive f low through the first turbine stage of  an aircraft turbo-jet 
engine. The model is used to study the impact of  chemical reactivi ty on pol lutant emission characteristics and engines performance 
(i.e. overall efficiency and specific thrust). Three different casess are considered: sea-level static operation (take-off), commercial 
aircraft in subsonic cruising at l 0  000 m alt itude, and mil i tary aircraft in supersonic f l ight at 20 000 m alt itude. The results of 
this study show, for instance, that the production of  environmental pollutants in the turbine as a result of chemical reactivity is 
part icularly significant for turbo-jets operating at subsonic cruise velocities. Moreover, in both fl ight conditions considered, the 
increase of operating temperature decreases the overall efficiency. ~) Elsevier, Paris. 
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R e s u m e -  Analyse theorique des performances environnementales et energ~tiques des turboreacteurs a tres haute 
temperature. La temperature des gaz ~ I'entr~e de la turbine des turbor~acteurs a~ronautiques militaires de derniere g~neration 
dEpasse actuellement 2 000 K, et diff@rents projets prevoient des fonctionnements ~ temperature encore plus haute./~ ces niveaux 
de temperature, les gaz de combustion ne peuvent plus ~tre considEr~s comme inertes. II devient important de tenir compte 
de la r~activitE chimique du fluide qui subit la d~tente. Dans cet article, les auteurs presentent un modEle unidimensionnel de 
I 'ecoulement r~actif dans le premier etage de la turbine d'un turbor~acteur a~ronautique. Ce modele est utilise pour etudier 
I' impact de la reactivite chimique sur les ~missions polluantes et sur les performances des moteurs (rendement global, pouss~e 
sp~cifique). Trois cas difffirents sont considEres : point fixe, avion commercial en croisiere subsonique a 10 000 m d'alt i tude et 
avion mil itaire en vol supersonique a 20 000 m d'alt itude. Les r~sultats de cette etude montrent entre autres que la production 
de polluants dans la turbine par suite de la r~activitE chimique est part icul i~rement importante dans le cas des turbor~acteurs 
en vitesse de croisiEre subsonique. En outre, pour les deux conditions de vol considerEes, une augmentat ion de la temperature 
d'entrEe des gaz dans la turbine conduit ~ une diminut ion du rendement global. © Elsevier, Paris. 
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a~ronautiques 
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A nozzle section . . . . . . . . . . . . . . . . . . . . . .  m u h l  

cp specific heat . . . . . . . . . . . . . . . . . . . . . . . .  I . k g - l . K  -1 A H  o 
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specific thrus t  . . . . . . . . . . . . . . . . . . . . .  N.s.kg -1 

specific mass  enthMpy . . . . . . . . . . . . . .  J . k g -  1 

molar formation enthalpy . . . . . . . . . . .  J . m o l -  1 

heat of reaction . . . . . . . . . . . . . . . . . . . .  J . m o l -  1 

absolute enthalpy drop in the s tage . .  ,].kg -1 

lower heating value . . . . . . . . . . . . . . . .  J .kg -1 

molar mass . . . . . . . . . . . . . . . . . . . . . . . .  kg .mol -  1 

Inass flux . . . . . . . . . . . . . . . . . . . . . . . . . .  kg.s 1 

total mole nlllnber . . . . . . . . . . . . . . . . .  tool 

pressure . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pa 
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q chemical heat released in the stage. .  J .kg-I  
¢~ energy supply rate . . . . . . . . . . . . . . . . .  W 
T temperature . . . . . . . . . . . . . . . . . . . . . . .  K 
TIT  turbine inlet temperature . . . . . . . . . . .  K 
v absolute gas velocity . . . . . . . . . . . . . . .  re.s-1 
v0 cruise velocity . . . . . . . . . . . . . . . . . . . . .  re.s- 1 
w5 nozzle exit relative gas velocity . . . . .  m.s 1 
147 specific work . . . . . . . . . . . . . . . . . . . . . . .  ].kg -1 
xi molar fraction . . . . . . . . . . . . . . . . . . . . .  moli.mol- 1 
y~ mass fraction . . . . . . . . . . . . . . . . . . . . . .  kg~.kg- ~ 
z shaft axis . . . . . . . . . . . . . . . . . . . . . . . . .  m 

Greek Symbols 

/]chr chemical heat release efficiency 
rlp~o propulsion efficiency 
rh),c polytropic compression efficiency 
7~p,i polytropic intake efficiency 
~p,t polytropic turbine efficiency 
rlp,n polytropic nozzle efficiency 
?~/th thernml efficiency 
rio overall efficiency 
A degree of reaction 
p density . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

equivalence ratio 
cb~ chemical species production rate . . . .  

Subscripts 

co relative to a complete oxidation 
f relative to a chemically inert flow 

kg-m 3 

moli .m-a .s- 1 

1. INTRODUCTION 

In order to improve thermal  efficiency, gas turbines 
have evolved considerably in recent years with respect 
to their  maximum working fluid tempera tures  and pres- 
sures. State-of- the-art  mil i tary aircraft  gas turbines op- 
erate with turbine inlet t empera tures  exceeding 2 000 K. 
Ambit ious research programs are investigating turbo-  
.jet engine operat ion with Turbine Inlet Temperatures  
(TIT) close to the stoichiometrie flame tempera tu re  
within the foreseeable future [1, 2]. 

Current design procedures assume tha t  the com- 
bustion reaction process proceeds to completion in the 
combustion chamber,  and tha t  the combustion products  
can be considered as chemically inert in the downstream 
sections of the engine. At high tempera ture  levels, this 
assuinption is no longer valid, and the combustion gases 
contain dissociated, incompletely oxidized species. This 
has two effects on engine operat ion.  Fi rs t  of all, the 
presence of incompletely oxidized combustion products  
at the combustor  exit implies tha t  the full fuel heating 
value (LHV) has not been released as heat. A frac- 
tion of LHV thus remains as potent ial  chemical energy. 

Tile second effect results from the chemically reactive 
nature  of tile hot combustion gases, whereby the final 
react ion steps of the combustion process continue to 
occur within the turbine  itself. A further fraction of the 
fuel heat ing value is thus released during the hot gas 
expansion. However, as a result of the rapidly changing 
flow conditions in the turbine,  the  combustion reactions 
do not proceed to complet ion in the turbine stage. At 
the turbine outlet ,  the cooled expanded gases therefore 
still contain dissociated species, resulting in significant 
levels of pol lutant  emissions. Purthermore,  the fraction 
of LHV not released in the combustor  is therefore not 
flllly recovered in the turbine.  

Given the fast changes in pressure and tempera ture  
during the expansion, the above-mentioned chemical re- 
actions are far from equilibrium. A coupled analysis with 
respect to both  aerodynamics  and thermo-chenfistry is 
thus necessary to s tudy the flow characterist ics in this 
part  of the engine. 

In a previous paper  [3], the authors  investigated the 
influence of the chemical react ivi ty on the expansion 
characterist ics in a s ta t ionary  gas turbine using a one- 
dimensional flow model. This prel iminary investigation 
showed clearly that. at high turbine ilflet temperatures .  
incompletely oxidized species are present at the com- 
bustor outlet .  As the expansion proceeds, par t  of the 
incompletely oxidized species (mainly CO and He) re- 
combine with oxygen, forming CO2 and H20  and releas- 
ing a further amount  of heat. This heat  release affects 
the expansion characterist ics  and is nminly observed in 
the first s tage of the turbine. The s tudy concluded tha t  
chenfical react ivi ty has a significant impact  on turbine 
flow characterist ics for TITs  above 2 000 K. 

Currently, the highest TITs  are observed for aircraft  
engines. Thus, the one-dimensional model  of the reactive 
flow was further developed and applied to a simple 
turbo- je t  engine [4]. The first par t  of this paper  presents 
results from the one-dimensional model showing the 
impact  of chemically reactive flow in the turbine on 
pol lutant  emission characteristics.  In the second part  
of the paper  a cycle analysis is developed in order 
to s tudy the influence of very high TIT  on engine 
performance (i.e., overall efficiency and specific thrust) .  
For both  parts  of the s tudy three typical  aircraft  
operat ing conditions are considered: sea-level s tat ic  
operat ion (take-off), commercial  aircraft  in subsonic 
flight (10 000 m, Mach= 0.86) and mil i tary aircraft  in 
supersonic flight (20 000 m, Mach = 2.5). 

2. DESCRIPTION OF THE 1-D FLOW 
MODEL 

Figure 1 shows the main components  of a simple 
turbo- je t  engine [51. The assumptions  and equations 
used to model  the different sections of tile engine are 
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Figure 1. Simple turbo-jet engine. 

briefly summarized below. The reader is referred to 
previous papers  [3, 4, 6] for a more complete description. 
The working fluid is assumed to behave like an ideal gas 
throughout  the engine. 

2.1. Engine intake 

The ambient  t empera ture  aald pressure values are 
taken from tile International Standard Atmosphere 
tables. Because of the significant effect of forward speed 
the intake is modeled as a separate  component.  The 
intake is considered as an adiabat ic  duct.  Since there 
is no heat  or work transfer, the s tagnat ion tempera ture  
is constant  al though there will be a loss of s tagnat ion 
pressure due to friction and shock waves for supersonic 
flight conditions. 

For commercial  aircraft  at subsonic speeds, diffusion 
in the inlet duct  is modeled by considering the intake 
polytropic efficiency %,i, with ~jp,i = 0.95. 

For mil i tary aircraft at supersonic speeds, the 
compressor inlet pressure results from the pressure rise 
across a system of shock waves at the inlet followed by 
that  due to subsonic diffusion in the remainder  of the 
duct  [7]. For the case considered (20 0{}0 m, M a c h =  2.5) 
we assume a system of shock waves including an oblique 
shock wave followed by a normal shock wave [4]. 

2.2. Compressor 

The compressor provides the work necessary to fin- 
ish compressing the inlet air to the specified combustor  
pressure. Tile compression is modeled using the com- 
pressor polytropic efficiency rlp.~, with rb,c = 0.89. 

2.3. Combustion chamber 

Pressure drops in the combustor  are neglected. The 
burnt-gas mixture composit ion at the combustor  exit is 
computed for specified pressure and t empera tu re  (TIT) 
conditions, assuming adiabat ic  reactor  behavior. The 
gas mixture at the exit of the combustion system can 
be characterized by tile following hypotheses: 

the gas mixture entering tile nozzle guide vane is 
free of hydrocarbon molecules; 
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the mixture is assumed to be at  chemical equilib- 
r imm with the exception of the NO species; 

-- the gas mixture  contains the following 11 species: 
CO2, CO, H20,  He, H, OH, 02, O, N2, N and NO. 

The jet-fuel considered in this s tudy is kerosene 
with physical propert ies  similar to C12H26. The fuel 
is assumed to enter the combustor  at  the operat ing 
pressure and at 400 K. The molar composit ion at 
equil ibrium is easily computed  using STANJAN [81. 
Tile combustion equation can be wri t ten as follows: 

C12H26 + -~  (O2 + 3.76 N2) 

~rt (XCO 2 cO2  + XCO CO + XH20 H20 (1) 

+ XOH OH + xo~ O2 + XH2 H~ + xoO 

+ x~f H + XN N + XN2 N'~ + XNO NO) 

where • denotes tile equivalence ratio, and nt the to ta l  
number of moles in the combustion products ,  with 

139.12 

2XN2 +ZNO+ZN'  
In practice, NO concentrations at  the combustion 

chamber outlet  are considerably lower than those 
indicated by equilibrium calculations. According to 
emission regulations described in [91 , tile NO con- 
centrat ion is set equal to 11.3 g.kg~ll for all simulation 
cases. (20 concentrat ions are also sigifificantly different 
in practice compared to the equil ibrium value computed 
at  the mean combustor  outlet  te lnperature.  This is 
due to the t empera tu re  fluctuations in the combustor  
flow, caused by the fluctuations of equivalence ratio. 
However, it is reasonable to assume that  the CO 
concentrat ions are at equilibrium on a local scale at  
the  combustor  outlet .  The simulation inethods proposed 
in this paper  can then be applied individually to the 
different "pockets" of combustor  outlet  gases, provided 
a reasonable t empera tu re  dis t r ibut ion is assumed at 
the combustor  outlet .  Fur ther  discussion of this point  
together  with accompanying results may be found in a 
previous paper  [a]. 

2.4. Turbine first stage flow equations 

The intent of the present paper  is to provide 
insight about  tile interaction between the working fluid 
chemical react ivi ty  and other flow characteristics. The 
model  thus considers one-(fimensional s ta t ionary flow, 
the spal;ial dimension considered being the shaft axis z. 
The model is further simplified by assuming adiabat ic  
and frictionless flow. Due to the current high turbine 
efficiency it is thought  tha t  the approximat ion level 
induced by this la t ter  assmnption is lower than the one 
due to the choice of a one-dimensional pressure specified 
flow- model. 

Because of the fast t empera tu re  decrease in the 
turbine,  the fluid chenfical evolution is mainly located 
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at the expansion start [3]. Thus this model is applied to 
the turbine first stage only. 

Steady-state, chemically reactive, adiabatic, friction- 
less one-dimensional flow in the turbine first stage can 
be described by the following equations expressing con- 
servation of mass, momentum and energy, and chemical 
species balances (one equation per chemical species), 
respectively: 

d(pAv)  = 0 (2) 
dv dp dW 

pV~zz + dzz = 0 (stator); = P-~-z (rotor) (3) 

dh dv dW (rotor) (4) 
d---~ + v dzz = 0 (stator); - dz 

dy~ 
pv -~z = d~ M~ (5) 

W refers to the specific work produced by one unit 
mass of fluid as it expands in the rotor wheel. In order 
to evaluate the right-hand side terms in equations (3) 
and (4), we introduce the assumption that  the local 
degree of reaction A is constant throughout the rotor 
wheel. This leads to: 

dYV 1 dh 
dz A d z  

(6) 

Flow through the nozzle followed by the rotor wheel 
may now be modeled by coupling equations (2) through 
(6) with appropriate equations describing the chemical 
reaction rates (see below). The resulting set of ordinary 
differential equations is then solved using an ODE 
solver. 

The fluid undergoes very rapidly changing tempera- 
ture and pressure conditions while expanding through 
the turbine. To correctly account for the resulting fluid 
composition variations, a detailed chemical reaction 
scheme is considered. The reaction scheme is a reduced 
scheme based on a complete reaction scheme proposed 
by Miller and Bowman [10] for combustion of methane. 
The complete scheme was reduced for computational 
simplicity. The reaction scheme proposed yields essen- 
tially identical results compared to a reaction scheme 
with 19 reactions involving the 11 chemical species 
listed in a previous paragraph. Details of the simulation 
results undertaken in order to reduce the number of re- 
actions considered may be found in reference [11]. The 
reaction scheme is shown in table I. 

The reaction kinetics for the forward reactions 
are described using Arrhenius expressions for the 
reaction rates, with rate constants taken from [10]. The 
reverse reaction rates are calculated from the reaction 
equilibrium constants. All reaction rates are computed 
using the CHEMKIN-II  package [12]. 

The simulation proceeds by imposing a half-period 
sinusoidal pressure profile on the fluid. The turbine inlet 
Math number is set equal to 0.2 in all cases. The stator 
outlet pressure is chosen for transonic (Mach = 1.1) 

TABLE I 
Reaction scheme. 

Reaction mechanism 

1 C O + O H  ~- C O 2 + H  

2 C O + O + M  ~- C O 2 + M  

3 O + OH ~ 02 + H 

4 O -~- H2 ~- OH + H 

5 H + H + M  ~- H 2 + M  

6 H + O H + M  ~--- H 2 0 + M  

7 O + O + M  ~--- O ~ + M  

8 N + NO ~- O + N2 

9 N + 02 ~ NO + O 

operation. Subsonic operation is assumed in the rotor. 
The choice of the outlet rotor pressure results from a 
detailed analysis of the flow velocity vector diagram [3]. 
Conservation of the flow axial velocity component is 
assumed, and purely axial flow at the rotor outlet is 
imposed. The rotor velocity is set such that  the degree 
of reaction is equal to the chosen value 0.3. This value 
is representative of current machine design practice. 

2.5 .  O p e r a t i n g  c o n d i t i o n s  

Since dissociation and recombination reactions occur 
only at very high temperatures, simulations were run 
for two TIT  values: 2 100 K and 2400 K. 2 100 K is 
representative of TIT  levels attained in state-of-the-art 
high performance military jet engines. As discussed in 
the introductory section of the paper, a number of 
ambitious research programs are currently investigating 
the possibility of near-stoichiometric engine operation. 
Thus, simulations were run with a TIT  of 2 400 K, 
which is close to stoichiometric conditions for most 
flight conditions considered. Table H lists the turbine 
inlet conditions that  were chosen for the present study. 

The operating temperature T I T  = 2 400 K cannot be 
reached at sea-level static conditions with a compression 
ratio set to 5. In this particular case the compression 
ratio begins at 6. 

Aircraft 

commercial 

military 

TABLE II 
Simulation conditions. 

Altitude Mach Compression ratio 

sea-level 0 5-50 

10 000 m 0.86 10--50 

20 000 m 2.5 5-25 
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3 .  R E S U L T S  O F  T H E  1 - D  F L O W  M O D E L  

3 . 1 .  P o l l u t a n t  e m i s s i o n s  

Figure 2 shows NO mole fraction profiles. We recall 
that  NO composit ion at the  turbine inlet is set equal 
to 11.3 g.kgfu*~r At  TIT  = 2 100 K, the product ion of 
thermal  NO within the stage is negligible, whereas at  
2 400 K we observe a significant product ion of NO. 
The effects of compression rat io are clear: for all flight 
conditions considered, the NO mole fl-action decreases 
with compression ratio, whereas the NO product ion 
rate increases. The effect of a l t i tude is less clear: for 
s ta t ionary sea level operat ion,  we observe high NO 
mole fractions, and high levels of NO product ion within 
the turbine. At commercial  flight al t i tude,  the NO 
product ion within the turbine is less pronounced. At  
high al t i tude,  the NO mole fractions are lower, but  the 
product ion within tile turbine is significantly greater  
than for operat ion at 10 000 m. 

Figure 3 shows CO mole fraction profiles. Unlike the 
NO mole fraction profiles, we note a similar behavior 
at  both  T IT  levels considered. However, tile scales of 
the two parts  of the figure are very different. Titus, at 
2 100 K, the absolute difference between CO emissions 
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Figure 3. CO mole fraction vs. compression ratio. 

at the combustor  outlet  and at the engine outlet  is 
much smaller than at 2 400 K. We recall that CO is 
assumed to be at equilibrium at the turbine inlet, which 
explains the high values noted at the turbine inlet for 
TIT = 2 400 K. For low compression ratios, the high 
CO composition values result from the low pressure 
levels which favor molecular dissociation of CO2 and 
from the combustor overall equivalence ratio ~5 which is 
close to unity, implying near stoichionmtrie eombustor 
operation. 

Note that the CO recombination reaction is tile major 
internal heat source for the expanding gas stream, and 
this reaction is responsible for most of the temperature 
increase compared to a non reactive flow. During the 
expansion process, the rapid decrease of pressure and 
temperature favors the recombination of CO to form 
CO2. However, this recombination process is governed 
by reaction kinetics and the exit CO composition is far 
front equilibrium. Thus. we observe a large amount of 
CO at the nozzle exit. 

Figure ~ shows profiles of the chemical heat release 
efficiency ~h~. This efficiency is a measure of the fraction 
of the fuel heating value which has not been released 
due to the presence of dissociated and partially oxidized 
species. We define this efficiency as follows: 

i 
T/chr---~ @AH°c H (7) 

, 12 26 

4 4 6  
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~chr can thus be computed at any location in the 
expansion path.  At the  combustor  outlet ,  the definition 
of Ilchr is similar to tha t  of the combustion efficiency, as 
defined in reference [9]. 

We note tha t  at  the turbine inlet r/ch~ is well below 
1 0 0  % in all eases. At supersonic speed, for example, r/~h~ 
only reaches 95 % at 2 400 K for low compression ratios. 
Thus, 5 % of the fuel heat ing value remains unreleased. 
During the expansion process, the recombinat ion of 
dissociated species (mainly CO and H~) leads to an 
increase of r/ch,.. However, the recombination reactions 
are not sufficient to recover all the t im heating value. 
We also observe tha t  the recombination reactions are 
more active at sea-level s tat ic  conditions than  in flight 
conditions. 

3.2. Effect of altitude and cruise velocity 

In this section, we compare emissions characterist ics 
of a given jet-engine operat ing at take-off with those of 
an engine in flight conditions, based on a visual analysis 
of the curves in figures 2 and 3. We consider the high 
t empera tu re  case, i.e. TIT  = 2 400 K. 

Let us first consider a jet  engine operat ing at  a 
fixed compression ratio. At  subsonic velocities, we 
observe (figure 3) that  the CO composit ion at the 

stage inlet is approximate ly  twice tha t  observed at 
the stage inlet for sea level s ta t ic  operation.  At the 
stage outlet ,  the amount  of CO is reduced as a result 
of recombinat ion reactions, but  the CO composit ion 
remains higher than  tha t  observed at tile combustor  
outlet  for s ta t ionary  operat ion.  Thus, subsonic cruising 
operat ion with a fixed compression rat io leads to 
significantly increased CO emissions compared to sea 
level s ta t ionary  operat ion.  For the NO species (figu~ 2), 
we observe tha t  the outlet  NO levels observed are 
very close for a giwm compression ratio. The amount  
of NO produced within the turbine stage itself is 
however greater for the s ta t ionary  case. Comparing 
s ta t ionary  and supersonic operat ing conditions, we 
observe less CO and NO for flight operat ing conditions. 
The CO level decrease in supersonic flight compared 
to sea level s tat ic  operat ion could seem surprising with 
regards to the absolute pressure reduction. Actual ly  
the CO decrease is due to a lower equivalence ratio 
@. Indeed in supersonic flight conditions the entering 
fluid undergoes an impor tan t  t empera tu re  rise due to 
dynamic compression. So less fuel is needed in order to 
a t ta in  the prescribed TIT.  

In practice however, jet  engine compression ratios 
usually decrease with a l t i tude in order to increase the 
specific thrust .  For subsonic operat ion,  this results in 
a flu'ther slight increase in outlet  NO composition, and 
to a significant increase in outlet  CO composition. For 
supersonic operat ion,  decreasing the compression ratio 
increases the outlet  emissions levels compared to levels 
encountered with the compression rat io considered for 
s ta t ionary  operation.  However, unless the compression 
rat io decreases significantly, the outlet  levels of CO 
and NO are generally lower than those observed for 
s ta t ionary  operation.  

Thus, we observe tha t  the chemically reactive nature  
of the expanding gas s t ream has a strong effect on the 
product ion of environmental  pollutants .  The effect is 
par t icular ly  pronounced for turbo- je t  engine operat ion 
at subsonic cruise velocities. 

3.3. Heat release in turbine stage 

As we discussed previously, heat  is released in the 
turbine stage, and thus the t empera tu re  decreases 
less rapidly than  if non reactive flow is assumed. 
The computed  t empera tu re  difference at the stage 
outlet  between the two types  of flow is denoted AT.  
Figure 5 shows tha t  A T  increases with compression 
ratio. One of the key reasons is that  pressure favors 
the recombinat ion reactions, thus more heat is released 
at high pressure. For TIT  = 2 400 K, the tempera ture  
difference is significant and exceeds 10 K at sea- 
level s tat ic  conditions. As we discussed previously, we 
also note tha t  the difference in t empera tu re  is less 
impor tant  for flight conditions due to a reduced rate of 
recombinat ion reactions. 
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Figure 6 shows q/Ah~t ratio profiles where q is the 
measure of the heat  released by recombinat ion reactions 
in the turbine stage and Ahst represents the absolute 
enthalpy drop. Referring to figure 7, q and Ahst are 
defined as follows: 

q = n t  x i  h f , i  - -  - - ~  r~t X i  h f , i  

i 3 i / 4  

where M denotes tile gas mix molar  mass, and 

A h s t  = h 4  - h 3  

The profiles shown in figure 6 are very similar 
to those obtained in figure 5. At TIT  = 2 100 K, the 
chemical heat  released q represents a very low fraction 
of the  energy recovered in the stage (< 0.25 %). 
Conversely, at  TIT  = 2 400 K, q levels are significant 
(over 2.5 % of Ahst for sea-level s tat ic  operat ion 
with high compression ratios).  Wi th  such considerable 
differences observed within the expansion turbine 
itself at high temperatures ,  it appears  clear tha t  the 
thermodynamic  characterist ics of the gas s t ream are 
modified. The purpose of the following sections is to 
investigate how the chemical react ivi ty  influences the 
performance characterist ics of the  whole engine. 
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4. ANALYSIS OF ENGINE PERFORMANCE 

In this section we present a cycle analysis which 
has been developed in order to s tudy the influence of 
chemical react ivi ty on performance characterist ics  of a 
turbo- je t  engine. Full details of this a~lalysis may be 
found in reference [13]. The following hypotheses (air 
s t andard  cycle [5]) were retained for this analysis: 

- the reacting gas mixture is assumed to be a perfect 
gas; 

the mass flow rh is constant;  
the pressure losses in the combustor and pipes are 

negligible; 
the engine intake, compressor, turbine and pro- 

pelling nozzle are described by means of the following 
polytropic  etficiencies, which can be considered as rep- 
resentative of current technology [4]: 

$]p,i = 0.95; ?~p,c ~--- 0.89; ~ p , t  : 0 . 8 ;  ~ p , n  ~- 0.91 

Figure 7 shows the different cycle points considered for 
the proposed analysis. T3co denotes the tempera ture  
tha t  the combustion gases would achieve if the fuel 
heating value is completely released as heat  (i.e., com- 
plete oxidation of the tirol). Tsco is thus the adiabat ic  
flame tempera tu re  used for simplified cycle analysis 
calculations. Point 3 refers to tile combustor  outlet.  
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Figure 7. Thermodynamic cycle of jet-engine. 

Assuming tha t  the average fluid specific heats  for 
t ransformations 2 3 and 2-3co are essentially identical,  
t empera tures  T3 and Taro are related by the chemical 
heat  release efficiency, defined by equation (7) and 
evaluated at  the combustor  exit (point 3): 

h3 - h~ T~ - Tz 
- -  - ( 8 )  

~chr,3 - -  haco - h2 T3co - T2 

For cycle 0--2 3co-4co -5co ,  point 4co is computed  
such tha t  the work required to drive the compressor is 
exact ly matched by the turbine work output .  

Point 4 is computed  assuming chemically reactive 
flow in the turbine,  whereas point  4f results from as- 
suming chemically inert behavior of the gas which is 
expanded to the same pressure as that  considered for 
point 4. Tempera ture  T4 is obta ined from tempera tu re  
T4f by adding the tempera ture  difference A T  computed  
with the one-dimensional flow model presented in the 
previous sections. Indeed A T  represents the tempera-  
ture difference at the turbine outlet  between a react ing 
and a non react ing fluid frictionless expansion from 
tempera tu re  Ta and pressure p2 to pressure p4, whereas 
T4 - T4f represents the t empera tu re  difference between 
a reacting and a non reacting fluid polyt ropic  expan- 
sion from tempera ture  Ta and pressure p2 to pressure 
p4. Because of the low relative impor tance  of the fric- 
tions it is actual ly  acceptable to assume tha t  these two 
tempera ture  differences are equal. This assumption is 
further justified by the low numerical  value of A T  con> 
pared to the other t empera tu re  differences appear ing in 
equations (8) to (15). 

Pressure p4 is such tha t  the compressor work 
requirements are matched by the turbine. Based on the 
hypotheses adopted for this study, this leads directly to 
the following relationships: 

T ~ -  T4 + A T  = 7~3- T4f = T 3 c o -  T4co = T 2 -  T1 (9) 

In the same way, we have the following relat ion for 
thermal  efficiencies at  sea-level s tat ic  conditions: 

Vth T 4  - T5 
g]thco T4co - Tsco (10) 

Observation of the t empera tu re  differences in the 
thermodynamic  cycle d iagram (figure 7) as well as 
numerical  s imulat ion results lead to the following 
conclusion: 

qth < ~ c h r , 3  (11) 
~ t h c o  

From the thermodynamic  point  of view this means tha t  
the  penal ty  due to operat ing the engine at  a t empera tu re  
T3 far smaller than  the adiabat ic  flame tempera tu re  T3~o 
is more severe than the gain obtained from expanding 
the gas with a heat  release q instead of expanding it 
adiabatically.  

The specific thrust F is simply defined by: 

F = w 5  - vo (12) 

The overall efl:iciency ~o defined as the product  of 
thermal  efficiency ~th and propulsion efficiency Vp~o 
may be wri t ten  as follows: 

2 v0 
?-]pro =-- _ _  

w5 + vo 

~ t h  7-  2 Q  

m ~ o  ( ~  - ~o) 
::~ ~/o --  O (13)  

Note tha t  at sea-level s tat ic  conditions, we take rio = ~th 
since r~p~o = 0. v0 represents the cruise velocity and w~ 
the relative speed of the gases ejected from the nozzle. 
The la t ter  can be computed  as follows: 

~,~ = v/2cp (T~ - T~) (14) 

for the reactive flow case and: 

w~ = v / 2  c ,  (V,~o - :r~co) ( 1 5 )  

assuming complete oxidat ion of the fuel. 

is the heat  supplied to tile jet-engine and is 
computed as follows: 

:= rhCl~H26 LHVc12H26 (16) 

5. RESULTS OF THE ENGINE 
PERFORMANCE ANALYSIS 

Figure 8 shows the variations of the t empera tu re  
difference Taco - 7;  as a fimction of compression rat io 
for the different flight condit ions considered in this 
paper.  We note tha t  the difference between T3~o and 
Ta is considerable,  par t icular ly  at high t empera tu re  and 
low compression ratios. 
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Figure 9 shows profiles of the specific thrust  F.  
We note tha t  the specific thrus t  is maxinmm at sea- 
level s tat ic  conditions and decreases with a l t i tude 
and flight speed. At T I T  = 2400 K we observe a 
marked difference between the two cases considered. 
The chemical react ivi ty of the expanding gas s t ream 
results in a significant decrease of thrust .  This effect is 
more pronotmced for low compression ratios. 

Figure 10 shows the overall efficiency plot ted versus 
compression ratio, The low overall efficiencies obtained 
for commercial  aviat ion flight conditions (i.e., 10 000 m 
alt i tude,  M a c h =  0.86) are a well known result. We 
recall tha t  this paper  considers only the simple turbo- je t  
engine. For commercial  aviat ion conditions, significantly 
bet ter  results are obtained by adopt ing the more 
sophist icated turbo-fan cycle, whicll is not considered 
here. 

The key result in figure 10 is tha t  in flight conditions, 
the increase of operat ing tempera ture  decreases the 
overall efficiency. Moreover, at high tempera tures  the 
gas chemical react ivi ty causes a marked decrease of the 
overall efficiency. At T I T  = 2 400 K, a difference of more 
than  2 percentage points can be observed at  sea-level 
s tat ic  conditions for high compression ratios. Figure 11 
presents the same results for the par t icular  case of 
sea-level s tat ic  operat ion with low compression ratios. 
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Figure 9. Specific thrust  F vs. compress ion  ratio. 

We again note tha t  for compression ratios lower than 
17, the effect of chemical react ivi ty of the expanding 
combustion gases is to decrease the efficiency when the 
tempera ture  is increased. 

6. CONCLUSIONS 

The results presented in this paper  suggest that ,  
for current high tempera ture  turbo-jet  engines (i.e. 
TITs  on the order of 2 100 K), chemical react ivi ty 
of the expanding gas s t ream has litt le impact  on 
engine performance. However, given the current t rend 
towards even higher TITs,  the results show that  
chenfical react ivi ty may have a significant effect on the 
performance and enviromnental  characterist ics  of future 
jet-engines. In part icular ,  we may note the following. 

2) At ul tra-high temperatures ,  pol lutant  product ion 
in the combustion chamber is significant. ChemicM re- 
act ivi ty of the hot gas s t ream in the turbine leads to 
further NO product ion in the turbine. Conversely, CO 
par t ia l ly  recombines with oxygen, resulting in a decrease 
of CO composit ion within the stage. Heat is released due 
to this recombinat ion process, which modifies the flow 
characterist ics of the expanding gas stream. However, 
7kh~ is well below 100 % at the turbine inlet, and only 
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part of the heat unreleased in the combustor is recovered 
in the turbine as a result of chemical reactivity. Thus~ 
for high TIT engines, overall efficiency and specific 
thrust are lower than the values computed assuming 
full release of the fuel heating value in the combustor. 

2) The production of environmental pollutants in tile 
turbine as a result of chemical reactivity is particularly 
significant for turbo-jets operating at subsonic cruise 
velocities. 

3) At take-off, the amount of heat released by 
chemical reactions in the turbine stage is over 2.5 % 
of the enthalpy drop in the turbine, for a high TIT 
(2 400 K) engine. 

4) For low compression ratios and high TIT  levels, an 
increase of TIT  leads to a decrease of thermal efficiency 
at sea-level static condition. 

5) In flight conditions, the increase of operating 
temperature decreases the overall efficiency. 

This study therefore questions the current trend 
which consists in increasing firing temperature to 
increase performance. At high temperature levels, the 
effects of chemical reactivity of the expanding hot gases 
lead to unacceptable pollutant emission levels and tend 
to counteract any potential gain in efficiency suggested 
by a study considering complete oxidation of the fuel. 
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