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RESEARCH MEMORANDUM

PRELIMINARY EVALUATION OF THE ATR AND FUEL SPECIFIC-IMPULSE
CHARACTERISTICS OF SEVERAL POTENTIAL RAM-JET FUELS
IV - HYDROGEN, a~METHYINAPHTHALENE, AND CARBON

By Benson E, Gammon

' SUMMARY

An anelyticel evaluation of the alr end fuel specific-impulse char-
scteristics of hydrogen, o~methylnsphthalene, and graphite carbon has
been made.

Adisbatic constent-pressure combustion temperature, air specific
impulse, and fuel specifie impulse are glven for each fuel, The spe-
cific impulse date for octene-l, teken as representatlve of aviation P
gasoline performance, are presented for comparison.

At en initial air temperature of 560° R and a pressure of 2 atmos-
pheres, the adiegbatic constant-pressure combustion temperatures for
hydrogen6 a~methylnsphthalene, and graphite carbon were 4256°, 4188°,
and 4173 R, respectively, for a fuel equivalence ratio of 1.0.

At & given air specific impulse, the decreasing order of fuel-
weight specifilc impulse is hydrogen, octems-1, a-methylnaphthalene, and
grephite carbon,

At & glven alr specific impulse, the decreasing order of fuel-
volume specific impulse is graphite carbon, c~methylnaphthalene,
octene-1, and hydrogen.

INTRODUCTICON

An investigation to evaluste the performsnce characteristics of
several proposed ram-Jjet fuels is being conducted at the NACA Lewis
laboratory. As & part of this program an enalytical evaluation of the
air and fuel specific-impulse characteristics of aluminum, magnesium,
boron, diborane, pentaborane, hydrogen, aviation gasoline, gresphite
carbon, a~methylnephthalens, and slurries of the sbove metals in avia-
tion gesoline is being made. The performence characteristics obtain-
able with octene-l, taken as representative of asviation gasoline, were
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chosen ag the reference standard with which the performance of the

other fuels was to be compared. Data on the theoreticel air and fuel
specific-impulse characteristics of octene-l, aluminum, magnesium,
aluminum - octene-l, and magnesium - octene-1 slurries, diborane, penta-
borene, boron, and boron - octene-l slurries are presented in refer-
ences 1, 2, and 3. Experimental ram-jet combustion performance data

for diborane, aluminum, and megnesium-hydrocarbon slurries are presented
in references 4, 5, and 6, respectively.

This report presents data for hydrogen, a-methylnaphthalene, and
graphite carbon in the following order:

(a) Adisbatic combustion-fleme temperature as e functlon of equiva-
lence ratio

(v) Air specific impulse as & functlon of equivalence ratio

(c) Fuel-welght specific impulse as a function of equlvalence
ratio

(d) Fuel-weight specific impulse as & functlon of alr specific
impulse

(e) Fuel-volume specific impulse as a function of air specific
impulse

The terms fuel equivalence ratio and stolchiometric fuel fraction
are besed on the oxygen availeble in the atmosphere and are used inter-
changeably.

SYMBOLS

The following symbols ere used in thls report:
A area, (sq ft)
F stream thrust, (1ib)
f/a  fuel-air ratio
g acceleration due to gravity, (ft/secz)
HTO molar enthalpy, (cal/gram mole)
1deal rocket specific impulse, {1lb-sec/lb mixture)

M Mech number

. 2211



1122

NACA RM E51FO5 - 3

My molecular weight of constituent i

m mess, (slugs/sec)

ni number of moles of constituent 1

P pressure, (1b/sq ft)

R gas constant, (£t-1b/(1b)(°R))

S, air specific impulse, ((1b)(sec)/ib air)

Se fuel-weight specifiﬁ impulse, ((1b)(sec)/ib fuel)

s's fuel-volume specific impulse, ((1b)(sec)/cu £t fuel)
static temperature, (°R)

v velocity, (ft/sec)

W welght flow, (1b/sec)

X welght fraction of solids in Jet gases

o density, (1b/cu £t)

Subscripts:

a air

c combustor-exit conditions

e nozzle-exit conditions determined by amblent pressure

by fuel

J Jet

3 nozzle throat station

- ANALYTICAL METHOD

The enslytical method is described with specific reference to the

hydrogen fuel. The general procedure used with a-methylnaphthalene and
graphite carbon was similar; the significant differences will be indi-

cated.
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Hydrogen. - The hydrogen was assumed to be 100 percent pure; air
was assumed to be composed of 3.78 moles of nitrogen to every mole of
oxygen. For convenience in celculation and for comparison of theoreti-
cal and actual performance values, the combustor conditions were selec-
ted as inlet-air temperature of 560° R and pressure of 2 stmospheres.
The combustor inlet~-elr velocity was essumed to be negliglbly small;
friction effects were neglected. The combustlion-product gases of fixed
composition were assumed to be expanded to 1 atmosphere at the exlit of a
converging nozzle. The alr speclific-impulse function proposed in refer-
ence 7 was used as & meastre of the power ocutput in order to meke the
results as general as possible. The slr specific impulse 1s defined as
the stream thrust per unit welght of ailr flow per second for a flow
state of Mach number 1.0.

At a given stolchiometric fuel fraction, the ram-Jet combustion
gas tempersture end composition were celculated for an adiabatic
constant-pressure combustlon at 2 etmospheres by the matrix method of
reference 8, All geses were assumed to follow the universel gas law.
Thermodynaemic dete of referemce 9 were used. The gaseous constituents
congidered in the equilibria were: Hg, H0, N, NO, Oy, OH, K,
N, and O, Calculations were made over an equivalence-ratio range
from 0.1 to 1.0 in Intervals of O.l.

The nozzle-exit gas tempersture wes calculated at a constant com-
poeltion for isentropic expansion to amblent pressure et the nozzle
exit. TFrom the ges composition and teuwpersture, the Jet velocity was
calculeted by using the following equation (reference 10):

v z ° Z °
dJ _ I, = 9.328 i T e W (1)
. Ing My ) \Dmg My J

The air specific-impulse values were then calculated according to
the equation glven in reference 1

sa=(1+f/a)[%y+%(1-x] (2)

For the fuels considered herein, the welght fraction of solids in
the exhaust x was zero.

Equation (2) mey be derived from the defining equation for air
gpecific impulge

2211
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F m.VJ.+ Pz A3 .
= - (3)
a

e

Sa

The fuel-weight specific impulse is defined as the stresm thrust at the
nozzle exit per unit fuel flow. The fuel-weight specific-impulse values
were derived from the asir specific-impulse values from the relation

Sp = 8, (a/f) _ (4)
Fuel-volume specific impulse is defined as
' —
8, =58 pp (5)

The air specific impulse is a measure of the potential thrust; the fuel-
welght specific impulse is a measure of the time 1 pound of fuel will
meintain the given air specific impulse.

o~Methylnaphthalene. - The gaseous constituents assumed present in
the equilibria when a-methylnaphthalene was used as the fuel were:
COz2, CO, Hg0, Oz, Np2, NO, Hz, H, O, OH, &and C, The assigned
enthalpy of a-methylnaphthalens was taken as 1357.3 (kcal/mole) for
these calculations.

Graphite carbon. - The gaseous constibuents assumed present in the
equilibria when graphite carbon was used as the fuel were: CO, CO,
02, N2, NO, O, N, and C.

RESULTS AND DISCUSSION

Temperature. - The adiabatic constant-pressure combustion tem-
perature and the nozzle-exit gas temperature for hydrogen,
a-methylnaphthalene, and graphite carbon are shown in figures 1(a),
1(b), and 1(c), respectively. The nozzle-exit gas temperatures are
those used in deriving the air and fuel specific-impulse values from
equations (2) and (4); they are the static temperatures at the nozzle
throat for a flow state Mach number of 1.0.

At & stolchiometric fuel fraction of 1.0, an initiel air tempera-
ture of 560° R, and 2 atmosphsres pressure, the combustion temperatures
for hydrogen, a-methylnaphthalene, and graphite carbon are: 4256°,
4188°, and 4173° R, respectively.

Alr specific impulse. - The variation of air specific impulse with
stoichlometric fuel fraction for hydrogen, a-methylnaphthalene, and
graphite carbon is presented in figures 2(a), 2(b), and 2(c), respec-
tively. At a stoichiometric fuel fraction of 1.0, the air specific-
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impulse values are 179.3, 168.7, and 166.1 ({1b)(sec)/1b air) for hydro-
gen, o-methylnaphthelense, and graphite carbon, respectively.

Fuel-weight specific impulse. - The variation of fuel-weight spe-
cific impulse with stolchliometric fraction of hydrogen,
a-methylnephthalene, and graphite carbon is presented in figures 3(a),
3(b), and 3(c), respectively.

Relation between eir and fuel specific impulse. - Comparison of
fuel specific impulse for a series of fuels can best be made at the
same air specific impulse, that is, at equivelent thrust levels., The
variation of fuel-weight specific impulse with air specific impulse for
hydrogen, a-methylnsphthalene, and grephite carbon is presented in fig-
ures 4(a), 4(b), and 4(c), respectively. These data were obtained by
cross-plotting the date for air and fuel-weight specific lmpulse pre-
sented in figures 2 and 3.

The data presented in figure 4 are shown again in figure 5 for com-
parison with the octene-l reference curve. Reference lines of constant
fuel-air ratio are shown 1n figure 5 to, facllitate comparisons. It is
evident from figure 5 that hydrogen gives a better fuel-weight specific
impulse at a given air specific impulse than octene- 1,
a~-methylnephthelene, or grephite carbon. Octene-l is better than
o -methylnaphthalene and a~methylnaphthalene is better than graphite
carbon on a fuel-weight specific impulse basis.

The limiting value of air specific impulse for octene-1 is
172.8 ((1b)(sec)/1b air). ILimiting values of air specific impulse were
not calculated for hydrogen, a-methylnaphthalene, and graphite carbon.
Calculations for these fuels were made up to an equivalence ratio of
1,0,

A comparilson. of the air and fuel-volume specific-impulse character-
istics of hydrogen, a-methylnephthalene, and graphite carbon with
octene-l is shown in flgure 6. On & fuel-volume specific-impulse basis
at a fixed air speclific impulse, carbon and a-methylnephthalens offer
potential advantages over octene-l. Hydrogen is inferior to octene-1
on this basis. The densities used for liquid hydrogen,
a-methylnephthelene, graphite carbon, and octene-l were: 4.426, 863.99,
141,11, 44.44 pounds per cubic foot, respectively. The density of _
octene-1, carbon, and a-methylnaphthalene are teken at room temperature.
The density of hydrogen 1s taken at approximately its normsl boiling
point -422.86° F, All densities are quoted for l-atmosphere pressure.

7
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SUMMARY COF RESULTS

For the conditions of this asnalysis, the following results were
obtainsd:

(1) At an initial air temperature of 560° R and 2-atmosphere pres-
sure, the adiabatic constant-pressure combustion temperatures for hydro-
gen, a.—methylnaph‘bhalene , and graphite carbon were 4256°, 4188°, and
4173° R, respectively, at the stoichiometric point.

(2) At a given air specific impulsse, the decreasing order of fuel-
welght specific impulse 1s hydrogen, octene-l1, a-methylnaphthalene, and
graphite carbon.

(3) At a given air specific impulse, the decreasing order of fuel-
volume specific impulse is graphite carbon, a-methylnaphthalene,
octene-1, and hydrogen.

Lewis Flight Propulsion ILseboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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FPigure 1. - Theoretical variation of combustion and nozzle-exit
temperature with stolchiometric fraction of fuel. Combustor
inlet-alr temperature, 560° R; inlet-air pressure, 2 atmospheres;
expansion ratio, 2.0.



NACA RM ESIFO5

10
000
4000 /'/
Combustion ,//// -
temperaﬁffi////' /////,/"
2] P ,/’//
& 3000 — .
e ' ,///ﬁgzzle-exit
H //// ~1 temperature
= L L~
£
g / /
g 2000 2
B /
7 -
1000 //
~NACA —~
|
0 2. " .6 .8 1.0

Stoichiometric fraction of o~methylnaphthalene
(b) a-Methylnaphthalene.

Figure 1. - Continued. Theoretical variation of combustion and
nozzle-exit temperature with stolchiocmetric fraction of fuel.
Combustor inlet-air tempersture, 560° R; inlet-air pressure,

2 atmospheres; expansion ratio, 2.0.
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Figure 1. - Concluded. Theoretieal variation of combustion and
nozzle-exit temperature with stoichiometric fraction of fuel.
Combustor inlet-air temperature, 560° R; inlet-air pressure,
2 stmospheres; expansion ratlo, 2.0.
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(a) Hydrogen.

Figure 2. - Variation of air specific impulse with stoichiometric
fraction of fuel. Combustor inlet-air temperature, 560° R; inlet-

alr pressure, 2 atmospheres.
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Figure 2. - Continued. Veristion of air specific impulse with

stoichiometric fraction of fuel. Combustor inlet-air
temperature, 560° R; inlet-air pressure, 2 atmospheres.
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Figure 2. - Concluded. Variation of air specific impulse with

stoichiometric fraction of fuel. Combtustor inlet-air
temperature, 560° R; inlet-air pressure, 2 atmospheres.
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Fuel-weight specific impulse, (1b)(sec)/1b fuel
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(a) Hydrogen.

Figure 3. - Varlation of fuel-weight specific impulse with
stolchiometric fraction of fuel. Combustor inlet-air
temperature, 560° R; inlet-air pressure, 2 atmospheres.
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Fuel-weight specific impulse, (1b)(sec)/1b fuel
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Figure 3. - Continued. Variation of fuel-welght epecific
impulse with stoichiometric fraction of fuel. Combustor
inlet-air temperature, 560° R; inlet-air pressure,

2 atmospheres.
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Fuel-weight specific impulse, (1b)(sec)/1b fuel
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{c) Carbon.
Figure 3. - Concluded. Variatlon of fuel-weight specific
impulse with stoichiometric fraction of fuel. Combustor

inlet-air temperature, 560° R; inlet-air pressure,
2 atmospheres.
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Fuel-weight specific impulse, (1b)(sec)/lb fuel
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{a) Hydrogen.
Figure 4. - Variation of fuel-welght specific impulse with air specific

impulse for seversl fuels. Combustor inlet-air temperature, 560° R;
inlet-ailr pressure, 2 atmospheres.
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Fuel-weight specific impulse, (1b)(sec)/lb fuel
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(b) a-Methylnaphthalene.
Figure 4. - Conbtinued. Variation of fuel-weight specific Impulse with

air specific impulse for several fuels. Combustor inlet-air temperature,
560° R; inlet-air pressure, 2 atmospheres.
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Flgure 4. -~ Concluded. Variation of fuel-weight specific lmpulse with air
specific impulse for seversl fuels. Combustor inlet-sir temperature, 560° Rj
inlet~alr pressure, 2 stmospheres.
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Flgure 5. - Comparison of air and fuel-weight specific-impulse character-

istlcs of hydrogen, a-methylnaphthalene, and graphite carbon with
octene-1. ’
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Fuel-volume specific impulse, (Ib)(sec)/cu £t fuel
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Figure 6. - Comparison of air and fuel-volume specific-impulse character-
isties of hydrogen, a-methylnaphthalene, and grephite carbon with
octene-1l1.
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