SR UI&L,L}&JC}:: “‘.‘.U e ./
R v T | .

4 o = 2

: e

§ _____ ﬁfi;mﬂ

z

RESEARCH MEMORAN DUM
ANALYSIS OF TURBOJET AND RAM~JET ENGINE

¢ CYCLES USING VARIOUS FUELS | |
i By E. Clinton Wilcox, Richard J. Weber, and Leonard K. Tower

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

CTASQPFICATION CHANGED - - o Lo

e —— AL

nbvm7fé

Cepy |
ctllg:olpiomp Il.w' ni?fm u.s.c Bucs. ’Nll.r.d D&:mo{ﬂnmﬂhﬂm oft:ehm DEC 3 -[ ‘
3 or . ay 956

; NATIONAL ADVISORY COMMITTEE
} FOR AERONAUTICS

WASHINGTON
November 2’7 1[%56 S

__NACAULBRAEY
LA.NG".E’:. A":’Om-l 11 AT LABCRATICT C
- Langr-y ﬁed 'va




CJ-1

CONTLOENTIAL

NACA RM ES6I1%a SEGRET -

NATTONAL: ADVISORY COMMITTEE FOR AERONAUTICS

pipa-ianTioN GHANGED
s - Fitah uno. HENO
: ! ‘ u.s ; A ak
ANALYSIS OF Iﬁ;mﬁmRﬁdi“i i géwf‘ﬁ E‘ﬂﬂiqus;

CYCLES USING ffARIOUS FUsLS Bl S22

%,.; e

By E. Clinton Wilcox, Richard J. Weber,
and Leonard K. Tower

SUMMARY

Except for rough epproximations, 1t appears necessary to account for
variations 1in combustion-gas properties when different fuels are applied
in turbojet and ram-Jjet cycle calculations. Representative cycle per-
formance 1s presented using hydrogen, pentaborane, ethylene decaborane,
and & conventional hydrocarbon fuel. Turbojet performance is given up \\
to a flight Mach number of 3.0, both with and wilthout afterburning. Ream-

Jet performance 1s given up to a Mach number of 4.0. When compared with
the hydrocarbon fuel, the thrust per pound of airflow and engine over-
all efficiency, with other fuels, mey be elther higher or lower depending
on the operating conditions. Differences of as much as 10 percent or
more are found 1in some cases.

INTRODUCTION

The use of high-energy fuels in alrcraft propulsion systems is
currently recelving much attention because of the posslibilities they pro-
vide for decreased fuel consumption and increased sltitude capsbility.
Rough estimates of engine performance usling various fuels ususlly assume
that the thrust is independent of the fuel type and the specific fuel
congumption is inversely proportionel to the heating value.. This corre-
sponds to assuming & constant engine over-sll efficiency (where over-all
efficiency i1s defined as the net propulsive work produced by the engine
divided by the heat content of the fuel used). In some cases, however,
the chasnges in exhaust-gase properties and mass addition with various
fuels may result in significent differences in thrust end over-all effi-
ciency, which should be considered 1n more precise studies.

In the course of several projects recently conducted at the NACA
Lewls laboratory, a number of engine cycle calculations using various
fuels was made. These data have been collected for presentation in this
report to illustrate the performance of turbojet and ram-Jjet cycles
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utilizing several of the more promising high-energy fuels. Results are
presented 1n terms of engine over-all efficiency and thrust per pound of
alrflow ds functions of flight Mach number. Effects of fuel type on flow
areas, turbine operation, and so forth, are not included.

The fuels considered are hydrogen, pentaborane, and ethylene deca-
borane. A conventional hydrocarbon fuel, CHg, being representative of

the JP~-4 and JP-5 Jet fuels, is also included for comparison.

Turbojet cycles were calculated with these fuels for Mach numbers
up to 3.0, both nonafterburning and with afterburning to 3500° R. Sev-
eral compressor pressure ratios and turbine-inlet temperatures were con-
sidered. Ram-Jet cycles were calculated up to a Mach number of 4.0, with
combustion temperatures from 1500° to 4000° R. Calculations assuming both
frozen and equilibrium expansion were made to Investigate the ilmportance
of ByOz-phase changes for the boron-conteining fuels.

SYMBOLS
F/vg engine thrust per pound of airflow, 1b/(1b/sec)
£ fuel-air ratio
g acceleration due to gravity, 32.174 ft/sec?
H lower heating value of fuel, Btu/1b
J - mechanical equivalent of heat, 778 £t-1b/Btu
M Mach number
sfc specific fuel comsumption, (ib/hr)/1b
v velocity, ft/sec
| over-all efficiency
Subscripts:
e nozzle exlit
o . free stream
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ANAT.YSIS

The engline cycle anelyses were carried out by computing the change
in state of the working f£luld in passing through the varlous engline com-
ponents. The required thermodynemic gas propertlies were tzken from the
tables of reference 1. The effects of chemical dissociation were neg-
lected. However, account was taken of the vaporization of the solld
Bo0z present in the cowmbustion products of the fuels containing boron.

Cycle thrust per pound of alrflow and over-all efficiency are de-
fined by the following expressions:

F _1 '

3 [(1 + £)Ve - v€| (1)
Ly

Work out _ Wa O _ 4.63 Vo (2)

M = Tpergy in = f£JH (sfc}H

The nozzle-exlt velocity term V., appearing in the equation for
cycle thrust per pound of alrflow F/wa is tThe product of the nozzle
thrust coefflclent and the ideal completely expanded Jet velocity.

In the calculations 1t was essumed that the use of the high-energy
fuels did not slter the performance of the various engine components.
For example, the possibllity of a deleterious effect of solld combustion
products on turbine performance was ignored. Also, the same combustion
efficiency was assumed for all fuels, although the high-energy fuels are
expected to be better in this regard at high-altitude conditions than
the conventional hydrocarbons.

The lower heating values used for the various fuels are as follows:

Fuel ) Lower heating value,
E,
Btu/1b
Hydrocarbon, CHp ' 18,700
Hydrogen, Hz 51,570
Pentaborane, BgHg 29,160
Ethylene decsborane, BjgH;zCoHg 26,4860

-
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The heating velue assumed for ethylene decsborane is that for the pure
substance; presently available commercial grades of this fuel (EDB) have
exhibited values of something less than 25,000 Btu per pound.

In most cases considered, the same fuel was used in both the primary
combustor and the afterburner of the turbojet. One case was investigated,
however, in whilch hydrocarbon fuel was used in the primary coubustor and
pentaborane in the aftterburner. For this case the average heabting value
can be found from the followlng expression:

g = _HCUEC * fplp (3)

vhere the subscripts HC and P refer to hydrocarbon and pentaborane,
regpectlvely. '

The data presented apply for any altitude In the stratosphere for
fuels that do not contein boron. There is. an altitude effect, however,
on cycle-performance with boron-contalning fuels. One of the combustion
products is By0z, which 1s a solid at room temperature. At the higher

temperatures considered in the combustion chamber, the BzOx that 1a

formed tends to vaporize. This vaporlzation is encouraged both by higher
combustion temperatures and by lower combustion pressures. The thermal
energy absorbed during vaeporization 1s not avallable for producing thrust
and may be interpreted as a decrease in effectlve heating value. Most
of the calculations were made for an altitude of 40,000 feet. Several
other altitudes were considered for the pentaborane-fueled ram jet in
order to investigate the lmportance of this altitude effect.

As the-combustion products are expanded in the exhaust nozzle, the
resulting temperature drop tends to condense the vaporized B;0z, and the
heat of condensation is made partlslly awvailable for producing thrust
(equilibrium expansion). Inasmuch ae the gas velocity through the nozzle
is very high, however, insufficient time may be available in some cases
for the B203 to condense, and the B203 remains in the phase in which it
left the coubustion chamber (frozen expansion). For the boron fuels,
therefore, performance for both equllibrium end frozen expansion was
investigated. )

The important component assumptions made for the two engine types
were as follows.
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Turbojet Assumptions

Inlet. - The inlet-diffuser pressure recovery was scheduled with
flight Mach number as shown in figure 1. These values are representative
of a diffuser having two oblique shocks and one normal shock.

Compressor. - The compressor adlzbatic efficlency was taken as 0.85
for 8ll cases. The actual pressure ratio of a given compressor deviates
from the rated (i.e., sea-level static) value as the flight conditions
are changed. The variation of opersting compressor pressure ratlo with
£light Mach nuwmber is shown in flgure 2 for several values of rabted pres-
sure ratio. The 1llustrated variations are based on the assumptions of
flight in the stratosphere, constant mechanical speed, choked turbine
nozzles, and a typlcal varigtion of equlvalent alrfiow with equlvalent
compressor speed. A glven value of reted compressor pressure ratlo
corresponds to a specific engline design, and changes in rated compressor
pressure ratio would require a completely redesigned engine. For hydro-
carbon and hydrogen fuels, rated compressor pressure ratios of 4, 8, and
12 were considered over the enbtire flight Mach number range. For the
boron-containing fuels, only one rated pressure ratlo was consldered at
each flight Mach nuwber as given in the following table:

Flight Mach number Rated pressure ratlo
1.0 iz
1.5 12
2.0 8
2.5 4
3.0 4

These selected rated pressure ratios represent a compromise between
maximum thrust and over-all efficiency. The corresponding compressor
operating pressure ratlos may be obtalned from figure 2.

Primary combustor. - The combustion efficlency (ratio of ideal to
actusl fuel-alr ratios) was taken as 0.95. The ratio of combustor-exit
to -inlet total pressure was assumed to be 0.95.

Turbine. - An adisbatic efficiency of 0.20 was assumed.

Afterburner. - The combustion efficlency was assumed to be 0.90.
A loss of 0.05 in total-pressure ratlo across the afterburner was as-
sumed to sccount for both friction and momentum pressure loss.
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Exhaust nozzle. ~ The nozzle thrust coefficient (ratio of actual
thrust to 1desl thrust if-completely expanded to ambient pressure) was
taken as 0.96.

Ram-Jet Assumptions

Inlet. - The same inlet characteristics were assumed as for the
turbojet.

Combustor. - Combustor-inlet Mach number.was teken as 0.175. A com-
bustion efficlency of 0.90 was assumed, with a flameholder drag of twice
the lncompressible dynamic head. A further momentum pressure loss due
to heat addition wes included.

Exhaust nozzle. - The same exhaust-nozzle characteristlcs were
assumed as for the turbojet.

RESULTS AND DISCUSSION
Turbo jet Performance

Performance of turbojet cycles using hydrocarbon fuel is shown 1n
figures 3 and 43 performance using hydrogen is shown in figures 5 and 6.
Thrust per pound of airflow and englne over-all efficlency are plotted
against flight Mach number for several rated compressor pressure ratios.
Figures 3 and 5 are for the nonafterburning case, and figures 4 and 6
are for afterburning to a temperature of 3500° R. Parts (&), (b), and
(c) are for turbine-inlet temperatures of 2000°, 2500°, and 3000° R,
respectively.

Performance of the afterburning turbojet cycle utilizing & hydro-
carbon fuel in the primary combustor and pentaborane in the afterburner
is shown in figure 7. TInterest in this case stems largely from possible
adverse effects of boron oxide depositlion on turbine performance. Thrust
per pound of alrflow snd engine over-all efficlency are shown in figure
7(a) for equilibrium expansion in the exhaust nozzle, that is, assuming
thet sny vaporized BoOz in the aiterburpq;mpqa_sgff;cient time to con-

dense during expansion. Figure 7(b) presents similar data for frozen
expansion in the exhsust nozzle. It was assumed that the composition
vas in equilibrium at the combustion~chamber-outlet conditions and that
the relative proportions of vaporized and condensed BpOz did not change

during expansion. The required primary and afterburner fuel-air ratios
shown in figure 7(c) apply to both equilibrium and frozen expansion.
Comparison of figures 7(a) and (b) indicstes that, for the altitude con-
sidered (40,000 £t), both equilibrium and frozen expansion yleld sbout
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the same performance. Thils would not necessarily be the case for other
altitudes. This effect is more completely considered in a subsequent
discussion of a pentaborane-fueled ram Jet.

Afterburning and nonafterburning turbojet cycle performance for two
turbine-inlet temperatures is shown in figures 8 and 9 for pentaborane
and ethylene decaborane fuels, respectively. The case of equilibrium
nozzle expansion is given in part (a) and frozen expansion in part (b).
The equilibrium and frozen expansion refers only to the exhaust nozzle,
because neither primary-combustor tempersture is high enough to vaporize
any significant portion of the B20z entering the turbine.

The effect of fuel type on turbojet cycle performance is summarized
in figure 10 at a turbine-inlet temperature of 2500° R. Rated compressor
Pressure ratlio is varied with flight Mach number for all the fuels
according to the table in the ANALYSIS. EBquilibrium expansion in the
exhaust nozzle 1s assumed for the boron-containing fuels. For all fuel
types the thrust per pound of alrflow decreases approximately linearly
with lncreasing Mach number. For the afterburning case, engine over-all
efficiency increases nearly linearly with Mach number in the range con-
sldered. For the nonafterburning case, engine over-zll efficiency tends
to level off at the higher Mach numbers.

Variations in thrust per pound of alrflow end engine over-all effi-
cilency of as much as 10 percent are observed when different fuels are
used. These varistions result from changes in mass addition, specific
heat, and gas constant for the combustion products. The magnitude of
the differences and even the comparative rank of the fuels vary with the
engine operating conditions. In general, hydrogen fuel appears to pro-
vide somewhat lmproved thrust per pound of asirflow and approximabtely
equel over-all efficiency when compared with a hydrocerbon fuel. Per-
formance usling the boron-containing fuels appesrs similar to or slightly
Inferior to that with the hydrocarbon fuel. The assumption of frozen
nozzle expansion would tend to worsen thelr performsnce gtill further.
Of course, these differences in engline over-all efficiency for the vari-
ous fuels, though slignificant, are small compared with the differences
in heating value. '

The effect of changes in rated compressor pressure ratio 1s shown
in figure 11 for & flight Mach number of 3.0. Data are given for both
hydrogen snd hydrocarbon fuels. Parts (a) and (b) show nonafterburning
performance for turbine-inlet temperatures of 2000° and 3000° R, respec-
tlvely; part (c) is for a turbine-inlet tempersture of 2000° R, with
afterburning to 3500° R, For the nonafterburning cycle, maximum over-all
efficiency with both fuels occurs at higher pressure ratios than those
for maxlmum thrust. For the afterburning cycle, both the thrust per
pound of airflow and the over-all efficlency are relatively insensitlve
to changes in pressure ratio for both fuels.

-

e
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Ram-Jet Performance

Thrust per pound of airflow and over-sll efficlency for the ram-jet
cycle are presented in figures 12 and 13 for hydrocarbon and hydrogen
fuel, respectively. Data for penteborane fuel are given in figures 14
and 15, based on assumptions of-equilibrium and frozen expansion in the
exhaust nozzle, respectively. Parts (a), (b), and (c) of figures 14 and
15 are for altitudes of 40,000, 60,000, and 80,000 feet, respectively.
Similar performance for ethylene deceborane is shown 1n figure 16 at an
altitude of 40,000 feet, where part (a) is for equilibrium expansion and
part ‘b) for frozen expansion.

Comparison of the various fuels over s range of Mach numbers 1s made
in figure 17(a) for a combustion temperature of 4000° R. For all the
fuels, maximum thrust per pound of alrflow occurs at a Mach number of
approximetely 2.75. Englne over-all efficiency rises rapidly with Mech
number without reachling s maximum in the range consldered. As was the
case for the turbojet cycle, significant differences in both thrust and
efflclency occur with the use of dlfferent fuels because of changes in
the properties of the combustlion products. No fuel sappears to be supe-
rior in both thrust and efficlency, and the calculated differences vary
with the f£flight conditions.

The effect of changes in combustlon temperature is shown in figure
17(b) for a flight Mach number of 4.0. Figure 17(b) differs from the
previously discussed figures in that engine over-all efficlency is shown
as a Tunction of-thrust per pound of sirflow for each of the fuels con-
sildered. The relative superiority of one fuel over another 1s seen to
depend both on the combustion temperature and on whether the thrust per
pound of alrflow or the over-sll efficlency is taken as the criterion of

merit. -

The data for the boron-contelning fuels glven In figure 17 is for
equilibrium expansion in the exhsust nozzle and an altitude of 40,000
feet.

In figure 18 the effect of altitude on the performence of a
pentaborane-fueled ram Jet is shown. For a combustion tempersture of
2000° R, there 1s no altitude effect and the same result is obtained for
both frozen and equilibrlium expansion. This is because only a negligible
part of the B0z is vaporized at this temperature. Appreclable amounts

of B0z are vaporlzed in the combustor, however, for a combustion tem-

perature of 4000° R. Increasing eltitude increases the amount of vapor-
ization and lowers the over-all engine efficliency. The recovery of some
of the heat of vaporization during equilibrium expansion in the nozzle

produces higher efficiency and thrust than in the case o0f frozen expansion.
The decresassed pressure accompanying increased altitudes results in more
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vaporized B50z; and, hence, the amount of fuel necessary to obtain a

glven combustlon-chamber temperature increases. This increased fuel
addition mey in some cases result in an increased thrust per pound of
alrflow at increased altlitudes, although at the expense of decreased effi-
clency. This effect is illustrated by the data presented in figure 18
for equilibrium expansion and a combustion-chamber temperature of 4000° R.

CONCLUDING REMARKS

A theoretical analysis of the performance of the turbojet and ram-
Jet cycles using various fuels indicated that, except for rough approxi-
mations, it is necessary ‘o consider the effects of variation in
combustion~gas propertles and fuel mass additlon when computling cycle
performance. Differences in thrust per pound of alrflow and engine over-
all efficlency of 10 percent or more may exist because of these effects.

In general, the use of hydrogen fuel resulted in a somewhat increased
thrust per pound of alrflow and a slightly decreased englilne over-all effi-
ciency when compared wlth a conventional hydrocarbon fuel. The boron-
contalining fuels were inferior in both thrust per pound of airflow and
engine over-all efficiency when compared with a conventional hydrocarbon
fuel. The differences in performance obtalined usling the various fuels
were influenced by the englne operating conditions.

For the boron-containing fuels at high combustion-chamber tempera-
tures, equilibrium expansion in the exhaust nozzle gives & greater thrust
per pound of alrflow and engine over-all efficlency than frozen expansion.
The difference between equilibrium and frozen expansion increasses as the
flight altitude increases. At low combustion-chanber temperstures, equi-
librium and frozen exfansion give the same performance and there is no
apprecleble altitude effect.

Lewls Flight Propulsion Lsboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, September 26, 1956
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Figure 3. - Turbojet cycle performance with hydrocarbon fuel (no afterburner).
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Figure 16. - Concluded. Ram-jet cycle performance with ethylene decaborsne fuel.

Altitude, 40,000 feet.
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