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EFFECTS OF CHEMICAL EQUILIBRIUM ON TURBINE ENGINE
PERFORMANCE FOR VARIOUS FUELS AND COMBUSTOR TEMPERATURES

Donald H. Tran and Christopher A. Snyder
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

A study was performed to quantify the differences in turbine engine performance with and without
the chemical dissociation effects for various fuel types over a range of combustor temperatures. Both
turbojet and turbofan engines were studied with hydrocarbon fuels and cryogenic, nonhydrocarbon fuels.
Results of the study indicate that accuracy of engine performance decreases when nonhydrocarbon fuels
are used, especially at high temperatures where chemical dissociation becomes more significant. For
instance, the deviation in net thrust for liquid hydrogen fuel can become as high as 20 percent at
4160 °R. This study reveals that computer central processing unit (CPU) time increases significantly
when dissociation effects are included in the cycle analysis.

1.0 INTRODUCTION

The Navy/NASA Engine Program (NNEP) (ref. 1) is a computer program that was developed in
1975 to calculate the thermodynamic cycle performance of different turbine engines ranging from subsonic
turboprops to variable-cycle engines for supersonic transports. However, there were certain thermody-
namic cycles that NNEP was not capable of modeling efficiently. These deficiencies included the use of
cryogenic or nonhydrocarbon fuels and chemical dissociation effects that occurred as engine cycles were
operated at high temperatures. Several algorithms were evaluated to improve the thermodynamic model-
ing in NNEP. The procedure chosen was a computer program for calculation of chemical equilibrium
compositions (CEC), which was first written in 1961 (ref. 2). Later, CEC went through numerous
changes to increase its capabilities, flexibility, and speed. After these changes, the CEC program was
incorporated into NNEP to more accurately calculate the engine performance, including the effect of
chemical dissociation and the use of nontraditional fuels. This new program is now called the NASA
Engine Performance Program (NEPP). The details and interfacing of the NNEP and CEC programs are
discussed in references 3 to 5.

The purpose of this study was to quantify the differences in engine performance with and without
the chemical dissociation effects (i.e., with and without CEC). Three engine cycles were evaluated with
several fuels over a range of combustor temperatures. Computer central processing unit (CPU) time was
also assessed. Major differences in engine performance that were caused by chemical dissociation effects
and the changes in computer time will be discussed.

2.0 DISCUSSION AND METHOD OF ANALYSIS

The engine performance was calculated by the NEPP code. Engine parameters assessed included
net thrust, combustor fuel-to-air ratio, inlet-corrected weight flow, and thrust specific fuel consumption
(TSFC). Each engine was sized for 100-lbm/sec inlet-corrected weight flow at the design point. The
engine performance calculated with CEC was chosen to be the baseline, and the deviation was determined



from the performance calculated without CEC. For each engine parameter, the deviation was determined
by the following equation:

Answer without CEC
Answer with CEC

Percent deviation = (1.0 - ) x 100 percent

For thermodynamic data, NEPP uses either the THERM or THERME subroutine. These subroutines are
discussed and compared next. Then chemical dissociation is discussed, and the test matrix is presented.

2.1 THERM and THERME Subroutines

THERM, the default NEPP thermodynamic subroutine, contains cubic spline curve fits of thermo-
dynamic data for a default hydrocarbon fuel with a hydrogen-to-carbon ratio of 0.16 and a heating value
of 18 500 Btu/lb. THERM assumes that the thermodynamic properties of a gas stream are a function of
its temperature only (no pressure effects) and are calculated as a linear combination of air and stoichio-
metric products. THERM is accurate for estimating gas thermodynamic properties if the fuel is similar
to the default fuel and if the engine cycle is operated at conditions that involve little chemical dissocia-
tion. To maintain accuracy when using a fuel different from the default, one must incorporate the proper
data tables in the THERM subroutine for that specific fuel and air combination. However, chemical dis-
sociation cannot be modeled accurately because pressure effects are not accounted for.

A new subroutine, THERME, was developed to incorporate equilibrium effects into NEPP.
THERME calls the CEC program (rewritten as a subroutine to THERME) to get equilibrium properties.
The CEC program also uses curve fits of thermodynamic data for all possible chemical species; these
curve fits can be input in a standard form as described in reference 2. The CEC program determines
which species are present and their relative amounts, assuming equilibrium occurs at the minimum Gibbs
free energy point. Once it has determined the equilibrium composition, it then calculates the thermo-
dynamic properties.

Determining the equilibrium composition involves solving nonlinear sets of equations; therefore,
more CPU time is required with the THERME subroutine than with the THERM subroutine. However,
the changes required to model the fuels other than the default are much simpler with the THERME sub-
routine and CEC program. These changes can be as minor as changing a line in the input data set. For
the THERM subroutine, new thermodynamic data tables have to be calculated and then incorporated

_into the subroutine.

Both thermodynamic subroutines make simplifying assumptions that may introduce inaccuracies in
determining the thermodynamic properties of an engine cycle. They neglect chemical reaction rate effects
and assume that the gas stream is always at the equilibrium condition. These assumptions may affect
the validity of the solution, depending on the engine type and its operating conditions.

2.2 Chemical Dissociation

Chemical dissociation generally occurs at higher temperatures and lower pressures. During chemi-
cal dissociation, the temperature and pressure effects drive the chemical reactions to smaller but higher
energy species. Therefore, for a given energy level, chemical dissociation decreases the mixture’s tempera-
ture and molecular weights, but it increases the specific heat. In an engine cycle, these effects are seen in
several components. More fuel must be added in the combustor to reach a desired temperature. This
extra fuel may be a small quantity in comparison to the total mass airflow; however, it may change the



mixture’s thermodynamic properties significantly. Inversely, if chemical dissociation is reduced by
decreasing temperature or increasing pressure, the species recombine into higher molecular weights and
lower energy products. This recombination reduces the turbine pressure ratio for a required amount of
work, and it may increase the nozzle exit pressure and jet velocity, thereby increasing the engine’s thrust.

2.3 Test Matrix

The test matrix used for the study is shown in table I. Three types of engines were run with three
different fuels at three different combustor temperatures. The engine performance was calculated with
and without CEC. It was also calculated in a combination running mode without and then with CEC, in
an attempt to reduce CPU time. However, this option resulted in convergence problems for several cases,
with little or no improvement in CPU time in comparison to running with CEC only. Consequently, this
option was not considered viable for the duration of the study.

A single-spool turbojet engine and two types of two-spool turbofan engines (separate and mixed
flow) were selected for the study. Each engine was “flown” over a typical flight path, for a particular
fuel, at a specified combustor temperature with and without CEC. The fuels chosen were two hydrocar-
bon fuels (JP4 and liquid methane) and a cryogenic, nonhydrocarbon fuel (liquid hydrogen). These fuels
were used to determine the deviations caused by using fuels different from the default fuel in the THERM
subroutine. The heating values were 18 600 Btu/Ib for JP4, 22 219 Btu/lb for liquid methane, and
50 664 Btu/Ib for liquid hydrogen. These heating values were calculated with the stand-alone version of
the CEC program. Engine combustor exit temperatures of 3460, 3860, and 4160 °R were specified for
each fuel to determine the dissociation effects.

3.0 RESULTS AND DISCUSSION

The deviation in engine performance parameters for cases with and without CEC are presented and
discussed separately for each engine. A positive deviation means that the case without CEC underpre-
dicted the performance parameter of the case with CEC, and a negative deviation means that it over-
predicted the value. The differences in engine performance parameters between cases with and without
CEC occurred for two reasons.

(1) The THERM subroutine was unable to model the changes in the chemical system properly
because the fuel used was not the default fuel. In this study, it was decided to use the default tables
and to change the fuel heating value only. This was a worst case scenario, but it would be informative to
someone who needed immediate answers and who did not have the time to run the CEC option or to

change the THERM data tables.

(2) Inclusion of the chemical dissociation effects altered the calculated engine performance
parameters.

The goal of the study was to show where the fuel and chemical dissociation effects could be
neglected and where they could cause significant differences in the engine performance calculations. In
the latter case, the CEC option should be activated to prevent large differences. For each engine
performance parameter, a maximum deviation was determined for the off-design conditions for a par-
ticular fuel and combustor temperature combination. These maximum deviations then were plotted
versus fuel types and combustor temperatures. The study showed that whereas some engine parameter
deviations depended on the engine cycle, others did not. Therefore, these results should be used only as a



guideline as when to run with CEC. Users should be very cautious not to apply “fudge factors,” using
these results to correct for the chemical dissociation and fuel effects relative to their particular applica-
tions. The effects of running with CEC in terms of CPU time are discussed last.

3.1 Single-Spool Turbojet Engine

The flight path used for the single-spool turbojet is shown in table II, and a schematic for this
engine with the design point parameters is presented in figure 1. The design point was sea level static.
A converging-diverging nozzle was assumed. The nozzle throat area was kept constant, and full nozzle
expansion was assumed. Typical component maps were used to model the compressor and turbine off-
design performance. '

3.1.1 Net thrust.—For the turbojet engine, with any fuel, increasing the design point combustor
temperature increased the net thrust. Also, reducing the carbon-to-hydrogen ratio of the fuel reduced the
molecular weights of the combustion products, further increasing the net thrust. Figure 2 shows a plot of
net thrust versus Mach number calculated by CEC for three different fuels at a combustor temperature of
4160 °R. The net thrusts were highest for liquid hydrogen, followed by liquid methane and JP4 fuels.
This hierarchy occurred because of the lower molecular weights of the combustion products and the
higher specific heat, causing a smaller pressure drop across the turbine and a resulting higher nozzle exit
jet velocity.

The more the fuel deviated from the THERM default fuel, or the more the combustor temperatures
increased, the greater the deviation in net thrust. Figure 3 shows the maximum deviation in net thrust
versus combustor temperature for all fuels. Liquid hydrogen had the largest deviations over the range of
combustor temperatures. The maximum deviation in net thrust for liquid hydrogen ranged between 13.6
to 17.8 percent, with the largest deviation occurring at the highest combustor temperature. The devia-
tion for liquid methane was not as large as for the liquid hydrogen, but it still ranged from 5.3 to
7.7 percent. For JP4, the THERM subroutine showed good agreement with the CEC results with the
difference ranging only from 1.5 to 2.8 percent.

3.1.2 Combustor fuel-to-air ratio.—For all the fuels, engine fuel flow increased with increasing
combustor temperature. Figure 4 presents the combustor fuel-to-air ratio deviations for all fuels. There
were some differences with JP4; however, the largest differences in the fuel-to-air ratio occurred when
liquid hydrogen was used. This happened because the THERM subroutine was written for hydrocarbon
fuels, and it underpredicted the increase in the specific heat of the combustion products, especially at
higher combustor temperatures. The effects of chemical dissociation could be seen as the deviation
increased with increasing temperature along the curve for each fuel. The effect of various fuels (effect of
difference from the default hydrogen-to-carbon fuel ratio) was illustrated by the magnitudes of the
differences that made up the curves.

The maximum deviation in fuel-to-air ratio for liquid hydrogen ranged from 15.3 to 21.9 percent,
with the largest difference occurring at the highest combustor temperature. The maximum deviation in
fuel-to-air ratio for liquid methane ranged from 6.0 to 10.0 percent. The deviation in fuel-to-air ratio was
smallest for JP4, with the maximum difference ranging from 1.4 to 4.1 percent. The shapes of the com-
bustor fuel-to-air ratio deviation curves indicate that, when running the program without CEC, the fuel
heating value should be input as a function of combustor entrance and/or exit temperatures instead of as
a constant.



3.1.3 Inlet-corrected weight flow.—Figure 5 is a typical plot of the inlet-corrected weight flow for
the single-spool turbojet engine using liquid hydrogen at all combustor temperatures with and without
CEC. As can be seen, all six curves fell nearly upon one line. The inlet-corrected weight flow was hardly
affected by combustor temperature or chemical dissociation. (Differences are less than 0.1 percent.) The
differences for liquid methane and JP4 were similar, so these graphs were not included.

3.1.4 Thrust specific fuel consumption.—Figure 6 shows the maximum deviation in TSFC versus
combustor temperature for all the fuels. The maximum deviation in TSFC for liquid hydrogen ranged
from 6.9 to 10.9 percent, with the largest difference occurring at the highest combustor temperature. The
maximum deviation in TSFC for liquid methane ranged from 2.4 to 4.7 percent. For JP4, the THERM
subroutine showed good agreement with CEC results, with the maximum deviation ranging from 0.4 to
1.7 percent.

For all combustor temperatures, the TSFC for JP4 was higher than for the other fuels because of
its lower heating value. However, the deviation in the combustor fuel-to-air ratio offset the difference in
net thrust, thereby reducing the deviation in TSFC. Still, there were sizeable deviations for the liquid
methane and hydrogen fuels.

3.2 Two-Spool, Separate-Flow Turbofan Engine

The flight path for the two-spool, separate-flow turbofan engine is listed in table III, and a schema-
tic for the engine with the design point parameters is shown in figure 7. The design point was sea level
static. The design point bypass ratios of this engine, for the purpose of convenience, were the same as
those of the two-spool, mixed-flow turbofan engine (which is discussed next) with CEC for all combina-
tions of fuels and combustor temperatures. The design point bypass ratio was the same for cases with
and without CEC for a particular combination of fuel and combustor temperature. However, this bypass
ratio varied for different combinations of fuels and combustor temperatures from 1.6 for JP4 at 3460 °R
to 3.6 for liquid hydrogen at 4160 °R. Converging-diverging nozzles were assumed. Nozzle throat areas
were kept constant, and full nozzle expansion was assumed. Typical component maps were used to model
the fan, compressor, and turbine off-design performance.

3.2.1 Net thrust.—It was found earlier (section 3.1.1) that for a turbojet engine, the net thrust
with CEC was highest for liquid hydrogen followed by liquid methane and JP4 fuels for the same inlet-
corrected weight flow. For the two-spool, separate-flow turbofan engine, the bypass ratio was highest for
liquid hydrogen, because of a higher specific heat, followed by liquid methane and JP4 fuels. Figure 8
shows that the net thrust with CEC for JP4 was slightly higher than for liquid methane and liquid
hydrogen fuels at 4160 °R. In spite of the higher bypass ratio of the hydrogen-fueled turbofan, the net
thrust is practically equal to that of the JP4-fueled turbofan. This is attributed to the higher energy
available in the hydrogen fuel and air mixture. This tendency also is true for other combustor tempera-
tures.

Figure 9 shows the maximum deviation in net thrust versus combustor temperature for all fuels.
The maximum deviation in net thrust ranged from 15.2 to 19.8 percent for liquid hydrogen and from
5.8 to 8.6 percent for liquid methane. For JP4, the THERM subroutine showed good agreement with the
CEC option over the entire temperature range. The maximum deviation ranged from 1.3 to 3.0 percent
only.

3.2.2 Combustor fuel-to-air ratio.—The calculated combustor fuel-to-air ratios for this engine were
very similar to those for the single-spool turbojet engine. This was not totally unexpected, but it was




thought that fuel and dissociation effects might change the engine off-design operating points sufficiently
to alter the combustor fuel-to-air ratio. An interesting side note is that, unlike the single-spool turbojet
engine, the overall engine fuel-to-air ratio decreased with increasing combustor temperature. This was
due to the design point bypass ratio increasing with increasing combustor temperature. The reduction in
core airflow was greater than the increase in combustor fuel-to-air ratio.

Figure 10 shows the deviation in the combustor fuel-to-air ratio for all the fuels. Of the three
fuels, liquid hydrogen had the largest deviations in the fuel-to-air ratio. The maximum deviation in fuel-
to-air ratio for liquid hydrogen ranged from 15.6 to 21.9 percent, with the largest difference occurring at
the highest combustor temperature. The maximum deviation in fuel-to-air ratio for liquid methane
ranged from 6.1 to 9.8 percent. The deviation in combustor fuel-to-air ratio for JP4 was the smallest,
with the maximum deviation ranging from 1.4 to 3.6 percent. The shapes of the combustor fuel-to-air
ratio curves were very similar to the trends noted in section 3.1.2.

3.2.3 Inlet-corrected weight flow.—Figure 11 is a plot of the inlet-corrected weight flow for all
combustor temperatures for the two-spool, separate-flow turbofan engine using liquid hydrogen with and
without CEC. Even though the design point bypass ratio varied with combustor temperature, little or no
change was seen in the inlet-corrected weight flow below Mach 1.5. The difference increased above Mach
1.5, but even at the highest point it was minor (less than 1 percent). This trend was similar for liquid-
methane-fueled and JP4-fueled engines; therefore, these plots were not included.

3.2.4 Thrust specific fuel combustion.—Since TSFC is directly related to net thrust and the
deviations in net thrust were significant for liquid methane and liquid hydrogen fuels, one would expect
that the deviations in TSFC would be significant for these fuels too. The deviations in TSFC for all the
fuels are shown in figure 12. Liquid hydrogen had the greatest differences in TSFC in comparison to the
other fuels. The maximum deviation in TSFC ranged from 6.0 to 10.8 percent for liquid hydrogen, from
2.3 to 4.8 percent for liquid methane, and from 0.5 to 1.7 percent for JP4. Overall, the variations of
engine parameters for the two-spool, separate flow turbofan engine were very similar to those for the
single-spool turbojet engine.

3.3 Two-Spool, Mixed-Flow Turbofan Engine

The flight path for the two-spool, mixed-flow turbofan engine was the same as for the two-spool,
separate-flow turbofan engine (table III). A schematic for this engine with the design point parameters
is shown in figure 13. The design point was sea level static. The design point engine bypass ratios for
each combination of fuel and combustor temperature running with and without CEC were determined by
including the design point cycle constraint of having equal Mach numbers at the mixer entrance (nearly
equal total pressures). To meet this requirement, the design point bypass ratio was different for cases
with and without CEC. Again, the design point engine bypass ratios varied from 1.4 to 3.6 for different
combinations of fuels and combustor temperatures. Engine bypass ratio increased with increasing com-
bustor temperature and was higher for cases with CEC than for cases without CEC for the same com-
bination of fuel and combustor temperature. A converging-diverging nozzle was assumed. The nozzle
throat area was kept constant, and full nozzle expansion was assumed. Typical component maps were
used to model the fan, compressor, and turbine off-design performance.

3.3.1 Net thrust.—For this engine, with and without CEC, increasing combustor temperature
increased the bypass ratio. Less air went through the combustor and less fuel was burned. Still, static
pressures at the mixer entrance had to be maintained equal to ensure proper mixing.




As shown in figure 14, the net thrust with CEC using JP4 fuel is slightly higher than with the
other fuels at 4160 °R. The reason for this is similar to that for the two-spool, separate-flow turbofan
engine, as discussed in section 3.2.1. Figure 15 shows the deviation in net thrust versus combustor
temperature for all fuels. The maximum deviation in net thrust for liquid hydrogen ranged from -7.2 to
-8.6 percent. The negative sign indicates that net thrust calculated with CEC was less than that without
CEC. Meanwhile, the maximum deviation in net thrust ranged from -1.7 to -2.4 percent for liquid
methane and from 0.2 to 1.2 percent for JP4. For JP4, net thrust for cases with and without CEC did
not differ significantly.

When all engine cycle parameters remained the same, running with CEC increased the net thrust,
as seen for the turbojet and separate-flow turbofan engines. For the mixed-flow turbofan when running
with CEC, the energy of the core stream increased resulting in a higher bypass ratio than running
without CEC. Increasing the bypass ratio at constant engine airflow and fan and compressor pressure
ratios reduced the net thrust. The net result of the increase in net thrust from running with CEC and of
the reduction in net thrust from the increase in engine bypass ratio was that the deviation in net thrust
can be either a positive or negative value, as seen here.

The deviation in net thrust was smaller for the mixed-flow turbofan than for the turbojet and
separate-flow turbofan engines. This was due to the compensating effect of chemical dissociation and the
bypass ratio, which tended to limit the increase in net thrust when running with CEC. Therefore, there
was less difference in net thrust for the two-spool, mixed-flow turbofan. If the design point bypass ratios
with and without CEC were the same for the two-spool, mixed-flow turbofan engine, the deviations in
engine performance parameters would increase even more, and the trends would be similar to those for
the two-spool, separate-flow turbofan engine.

3.3.2 Combustor fuel-to-air ratio.—Figure 16 shows the deviation in the combustor fuel-to-air
ratio for all the fuels. The trends were similar to the previous plots for the single-spool turbojet and
two-spool, separate-flow turbofan engines, as discussed in sections 3.1.2 and 3.2.2. Liquid hydrogen had
the largest deviations in the combustor fuel-to-air ratio. The maximum deviation ranged from 16.0 to
22.6 percent, with the largest difference occurring at the highest combustor temperature. The maximum
deviation ranged from 6.2 to 10.2 percent for liquid methane and from 1.3 to 3.8 percent for JP4.

3.3.3 Inlet-corrected weight flow.—There was a small change in the inlet-corrected weight flow
(less than 1 percent) with and without CEC at Mach 1.8 and above for all the fuels at all combustor
temperatures. The trend for the liquid-hydrogen-fueled engine can be seen in figure 17. The plots for
liquid methane and JP4 were very similar; therefore, they were not included.

3.3.4 Thrust specific fuel consumption.——The maximum deviations in TSFC for all the fuels over a
range of combustor temperatures are shown in figure 18. It was noted that the deviations in TSFC
decreased at higher combustor temperatures for liquid methane and liquid hydrogen because of the fuel
flow and net thrust values. The maximum deviation in TSFC ranged from -2.2 to -3.9 percent for liquid
hydrogen and from -0.5 to -1.2 percent for liquid methane. For JP4, the maximum deviation was
insignificant (less than 0.3 percent).

For all the fuels at all combustor temperatures, the bypass ratio and combustor fuel-to-air ratio
with CEC were higher than without CEC. For JP4, the engine fuel flow with CEC was almost identical
to the engine fuel flow without CEC. The maximum deviation in TSFC (engine fuel flow divided by net
thrust) was small because there was not much difference in fuel flow and net thrust.



3.4 Two-Spool, Mixed-Flow Turbofan Engine With Mixer Optimization

The flight path for the two-spool, mixed-flow turbofan engine with mixer optimization was the
same as for the two-spool, separate-flow turbofan engine (table III). The engine was configured the same
as for the previously discussed two-spool, mixed-flow turbofan engine (see section 3.3). The only dif-
ference between this engine and the previous one was that the optimization feature in NEPP was
employed to vary the mixer secondary inlet geometry to minimize TSFC. The total area of the mixer
(primary plus secondary areas), however, was constant for all off-design cases.

3.4.1 Net thrust.—Again, as shown in figure 19, the net thrust for JP4 fuel was slightly higher
than for other fuels at 4160 °R for a reason very similar to that discussed in sections 3.2.1 and 3.3.1.
This was true for all combustor temperatures.

Figure 20 shows the deviations in net thrust versus combustor temperature for all the fuels. The
maximum deviation in net thrust ranged from -1.75 to -6.2 percent for liquid hydrogen, from -1.11 to
1.11 percent for liquid methane, and from 0.4 to 1.5 percent for JP4. The reasons for the differences in
net thrust were the same as those for the two spool, mixed-flow turbofan engine without optimization, as
discussed in section 3.3.1.

3.4.2 Combustor fuel-to-air ratio.—Figure 21 shows the deviations of the combustor {uel-to-air
ratio. This figure has the same trends as figures 4, 10, and 16, as discussed in sections 3.1.2, 3.2.2,
and 3.3.2, respectively. Liquid hydrogen had the largest deviations in the combustor fuel-to-air ratio.
The maximum deviation ranged from 15.8 to 21.8 percent, with the largest deviation occurring at the
highest combustor temperature. The maximum deviation ranged from 5.9 to 9.8 percent for liquid
methane and from 1.3 to 3.7 percent for JP4.

3.4.3 Inlet-corrected weight flow.—For all fuels at all combustor temperatures, there was only a
small difference in the inlet-corrected weight flow (less than 1 percent) between cases with and without
CEC at Mach 1.8 and above. This trend for the liquid-hydrogen-fueled engine can be seen in figure 22.
The plots for liquid methane and JP4 were very similar; therefore, they were not included.

3.4.4 Thrust specific fuel consumption.—The deviations in TSFC for all the fuels over a range of
combustor temperatures are shown in figure 23. The maximum deviation in TSFC ranged from -2.2 to
-3.9 percent for liquid hydrogen, from -0.54 to -1.28 percent for liquid methane, and from 0.01 to 0.25
percent for JP4. These results are very similar to those for the two-spool, mixed flow turbofan engine
without optimization (section 3.3.4).

3.5 Computer Time (CPU)

From this study, running the engine cycles with CEC took more CPU time than without CEC
because the program had to perform more calculations to obtain the thermodynamic properties. The
difference in CPU time between cases with and without CEC depended on the complexity of the chemical
system and engine cycle. The study was performed with an Amdahl 5860 computer running with the
Virtual Machine/System Product (VM/SP release 4) Operating System.

Figure 24 shows the range of ratios of CPU time running with and without CEC versus fuel types
for the turbojet engine at 4160 °R. As the chemical system increased in complexity, so did the ratio of
CPU time. Liquid hydrogen had the simplest chemical system; therefore, it had the lowest ratio of CPU
times. Liquid methane and JP4, on the other hand, had fairly similar ratios of CPU times. This was



expected because both fuels contained only hydrogen and carbon atoms. The CPU time increased slightly
for JP4 in comparison to liquid methane because the JP4-fueled engine was running at close to stoichio-
metric conditions at higher combustor temperatures. These conditions tended to increase the number of
intermediate species that had to be accounted for in the chemical equilibrium calculations.

Figure 25 shows the effect of engine types in terms of the ratio of CPU times for cases with and
without CEC for all the fuels and combustor temperatures. It indicates that as the engine cycle
calculations became more complex, the ratio of CPU time increased. The two-spool, mixed-flow turbofan
engine with mixer optimization had the highest maximum and minimum ratios of CPU time because of
the amount of time spent in the CEC program.

4.0 SUMMARY AND CONCLUSIONS

The NASA Engine Performance Program (NEPP) was applied in this study to determine the dif-
ferences in turbine engine performance and computer time with and without the use of the chemical
equilibrium (CEC) option. The modeled engines were a one-spool turbojet, a two-spool, separate-flow
turbofan, and a two-spool, mixed-flow turbofan. The fuels chosen were a “standard” hydrocarbon fuel
(JP4) and two nontraditional fuels (liquid methane and liquid hydrogen). Combustor temperatures of
3460, 3860, and 4160 °R were selected to determine the chemical dissociation effects induced by
temperature.

The key engine performance parameters evaluated were net thrust, combustor fuel-to-air ratio,
inlet-corrected weight flow and net thrust specific fuel consumption (TSFC). The results from the CEC
calculations were used as the baseline to determine the percentage deviations from running without CEC.
The engine parameters were also calculated by running the engine cycles without CEC and then with
CEC during the NEPP iteration process, but this was not a viable option because there were convergence
problems and little improvement in CPU time in comparison to running with CEC. Therefore, this
option was not considered further. The CPU time required to run the engine with and without CEC was
also examined to determine how various engine cycles and fuel types affect the computational process.

For all the engines, the deviations in engine performance parameters were largest for liquid hydro-
gen followed by liquid methane and JP4 fuels. This hierarchy occurred because as the fuel deviated
further from the default fuel in subroutine THERM, the differences in thermodynamics properties
increased. Increasing combustor temperature generally increased the deviation in engine performance as
a result of chemical dissociation. Either new thermodynamic data tables must be input in the THERM
subroutine for other fuel-air combinations, or the CEC option must be activated to obtain more accurate
results.

According to these results, the inlet-corrected weight flow over the flight path was almost the same
between cases with and without CEC for a particular fuel at all combustor temperatures. This indicates
that the inlet-corrected weight flow was not dependent on fuel type and combustor temperature. The
deviations in combustor fuel-to-air ratio for all the fuels at various combustor temperatures did not vary
greatly from engine to engine. They ranged from 15 to 23 percent for liquid hydrogen, from 6 to 11 per-
cent for liquid methane, and from 1.3 to about 4 percent for JP4. From the shape of the combustor fuel-
to-air ratio curve, the users should input the fuel heating value as a function of combustor temperature,
rather than as a fixed value for each fuel when running without CEC.

The trends of the results in net thrust and TSFC were very similar for the turbojet and the
two-spool, separate-flow turbofan engines. The maximum deviation in net thrust was 20 percent for



liquid hydrogen, 9 percent for liquid methane, and 3 percent for JP4. The maximum deviation in TFSC
was 10.9 percent for liquid hydrogen, 4.8 percent for liquid methane, and 1.7 percent for JP4.

For the two-spool, mixed-flow turbofan engines (with and without the optimization feature), the
maximum deviation in net thrust was -8.6 percent for liquid hydrogen, -2.4 percent for liquid methane,
and 1.5 percent for JP4. The maximum deviation in TSFC was -3.9 percent for liquid hydrogen, -1.2
percent for liquid methane, and 0.25 percent for JP4. The deviations in net thrust and TSFC were
smaller for the mixed-flow turbofan engines (with and without optimization control) than they were for
the turbojet and separate-flow turbofan engines. When all engine cycle parameters remained the same,
running with CEC increased the net thrust. However, for the mixed-flow turbofan, the energy of the core
stream increased when running the engine cycles with CEC, resulting in a higher bypass ratio than when
running without CEC. Increasing the bypass ratio at constant engine airflow and fan and compressor
pressure ratios reduced the net thrust. The net result of the increase in net thrust from running with
CEC and the reduction in net thrust from the increase in engine bypass ratio was that the deviation in
net thrust was small. Therefore, there were fewer differences in net thrust and TSFC for the two-spool,
mixed-flow turbofans. If the design point bypass ratios with and without CEC for the two-spool, mixed-
flow turbofan engine were the same, then the deviations in engine performance parameters would increase
even more, and the trends would be similar to those for the two-spool, separate-flow turbofan engine.

More CPU time was required to run the engine cycle with CEC than was required without CEC
because the CEC program had to solve a set of nonlinear equations to determine the equilibrium com-
position and then calculate the thermodynamic properties. The ratio of computer time with to without
CEC generally was larger for the more complex chemical system (e.g., the JP4 fuel system as opposed to
the liquid hydrogen fuel system) because the CEC program had more nonlinear equations to solve. The
CPU time also increased with the complexity of the engine cycle. For instance, the ratio of CPU time
ranged from 3 for the turbojet to almost 10 for two-spool, mixed-flow turbofan with optimization. This
increase in computer time could greatly affect the use of chemical dissociation, and the accuracy of
results, for users with limited computer resources.

" When running NEPP with liquid methane and liquid hydrogen, the CEC option must be activated
to obtain more accurate results on engine performance. Even though this study indicates that for certain
engine cycles the deviations with JP4 are fairly small, it does not imply that the users can use the default
THERM subroutine on all engine cycles running with JP4. Different engine cycles run with different con-
straints may give different results. In addition, users should be very cautious not to apply “fudge
factors,” using these results to correct for the chemical dissociation and fuel effects relative to their par-
ticular applications. The study showed that whereas some engine parameter deviations depended on
engine cycle, others did not. Consequently, these results should be used only as a guideline as when to
run with CEC. We recommend that users run a representative set of engine test cases with and without
CEC to determine whether the CEC option must be used to reach a desired level of accuracy for engine
performance.
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TABLE L—ENGINE TEST MATRIX

Engine Chermnical Fuel Combustor
equilibrium temperature,
°R
Single-spool turbojet ] JP4, typical jet fuel -
Two-spool, separate-flow — Always on f{_ = 0.16, by mass 3460
turbofan C
Two-spool, mixed-flow T Always off Liquid methane (CH4) — 3860
turbofan
— Liquid hydrogen (H,) — 4160

Two-spool, mixed-flow turbo-

fan with optimization

TABLE I.—FLIGHT PATH FOR SINGLE-SPOOL
TURBOJET ENGINE

Mach number | Altitude, | Mach number | Altitude,
ft ft
0 0 1.5 39 500
.26 50 1.8 46 800
.60 10 000 2.0 50 900
.90 25 000 2.5 55 000
1.2 32 200 3.0 58 400

TABLE III.—FLIGHT PATH FOR TWO-5POOL,
SEPARATE-FLOW AND TWO-SPOOL,
MIXED-FLOW TURBOFAN ENGINES

Mach number | Altitude, || Mach number | Altitude,
ft ft
0 0 1.5 39 500
.26 50 1.8 46 800
.60 10 000 2.0 50 900
.80 25 000 2.25 51 500
1.2 32 200 2.50 52 000
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Figure 1.—Single-spool turbojet engine.
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Figure 2.—Net thrust for single-spool turbojet engine with Figure 3.—Deviation In net thrust versus combustor temperature
CEC (program for calculating chemical equilibrium . for single-spool turbojet engine.
compositions) at 4160 °R.
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Figure 4.—Deviation In fuei-to-air ratio versus combustor
temperature for single-spool turbojet engine.
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Figure 5.—Inlet-corrected weight flow for single-spool turbojet Figure 6.—Devlation in thrust specific fuel consumption (TSFC)
engine with liquid H, fuel. versus combustor temperature for single-spool turbojet
engine.
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Figure 8.—Net thrust for two-spool, separate-flow turbofan
engine with CEC at 4160 °R.
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Figure 7.—Two-spool, separate-flow turbofan engine.
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3500 3750 4000 4250
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Figure 9.—Deviatlon in net thrust versus combustor temper-
ature for two-spool, separate-flow turbofan engine.
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Figure 10.—Deviatlon in fuel-to-alir ratio versus combustor Figure 11.—Inlet-corrected welight flow for two-spool, separate-
temperature for two-spool, separate-flow turbofan engine. flow turbofan engine with liquid H, fuel.
12 —
10—
§ 8l Liquid H,, fuel
5%
§ 41— Liquid CH fuel
2= JP4 fuel
0 1 1 |
3250 3500 3750 4000 4250

Combustor temperature, °R

Figure 12.—Deviation in TSFC versus combustor temperature
for two-spool, separate-flow turbofan engine.
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Figure 13.—Two-spool, mixed-flow turbofan engine.
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bypass ratio
A JP4 2.9856
| O ULquid CH, 3.1924
0O Uquid H, 3.6237

| | | I |
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Figure 14.—Net thrust for two-spool, mixed-flow turbofan

engine with CEC at 4160 °R.
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-
» | ] | |
%50 3500 3750 4000 4250
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Figure 15.—Deviation in net thrust versus combustor
temperature for two-spool, mixed-flow turbofan engine.
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Figure 16.—Deviation in fuei-to-alr ratio versus combustor
temperature for two-spool, mixed-flow turbofan engine.
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Figure 18.—Devlation In TSFC versus combustor temparature
for two-spool, mixed-flow turbofan engine.
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Figure 17.-—Inlet-comrected weight flow for two-spool, mixed-
flow turbofan engine with liquid H, fuel.
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Figure 19.—Net thrust for two-spool, mixed-flow turbofan
engine with mixer optimization with CEC at 4160 °R.
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Figure 20.—Deviation in net thrust versus combustor
temperature for two-spool, mixed-flow turbofan engine
with mixer optimization.
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Figure 22.—Inlet-corrected welght flow for two-spool, mixed-
flow turbofan engine with mixer optimization with liquid H,
fuel.
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Figure 21.—Deviation In fuel-to-alr ratic versus combustor
temperature for two-spool, mixed-flow turbofan engine
with mixer optimization.
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Figure 23.-Deviation in TSFC versus combustor temperature
for two-spool, mixed-flow turbofan engine with mixer
optimization.
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spool turbojet engine.






REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, Including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jeflerson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188}, Washington, DC  20503.

1. AGENCY USE ONLY (Leave blank)

2. REPORT DATE
April 1992

3. REPORT TYPE AND DATES COVERED
Technical Memorandum

4. TITLE AND SUBTITLE
Effects of Chemical Equilibrium on Turbine Engine Performance for Various
Fuels and Combustor Temperatures

6. AUTHOR(S)
Donald H. Tran and Christopher A. Snyder

5. FUNDING NUMBERS

WU-505-69-40

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191

8. PERFORMING ORGANIZATION
REPORT NUMBER

E-6795

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES)

10. SPONSORING/MONITORING

National Aeronautics and Space Administration
Washington, D.C. 20546-0001

AGENCY REPORT NUMBER

NASA TM-105399

11. SUPPLEMENTARY NOTES

Responsible person, Donald H. Tran, (216) 977-7025.

Unclassified - Unlimited
Subject Category 07

12a. DISTRIBUTION/AVAILABILITY STATEMENT

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words}

A study was performed to quantify the differences in turbine engine performance with and without the chemical
dissociation effects for various fuel types over a range of combustor temperatures. Both turbojet and turbofan engines
were studied with hydrocarbon fuels and cryogenic, nonhydrocarbon fuels. Results of the study indicate that accu-
racy of engine performance decreases when nonhydrocarbon fuels are used, especially at high temperatures where
chemical dissociation becomes more significant. For instance, the deviation in net thrust for liquid hydrogen fuel can
become as high as 20 percent at 4160 °R. This study reveals that computer central processing unit (CPU) time
increases significantly when dissociation effects are included in the cycle analysis.

14. SUBJECT TERMS

Cycle analysis

Computer program; Chemical equilibrium; Turbine engines; Performance prediction;

15. NUMBER OF PAGES
22

16. PRICE CODE
A03

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




