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By Leonard K. Tower and Benson E. Gemmon

SUMMARY.

An enalytical Investigatlon conducted to determine the theoretical
elr specific ilmpulse performance of several fuels over a range of equi-
valence ratios, inlet-alr temperatures, and combustion pressures is
reported herein. The fuels include octene-~l, 50-percent-magnesium
slurry, boron, pentaborane, diborane, hydrogen, carbon, and aluminum.
Inlet-slr temperatures between 100° and 900° F ere considered at a com-
bustlon pressure of 2 atmospheres; & combustion pressure of 0.2 atmos-
phere is also considered at en Inlet-alr tempersture of 100° F.

CN-1

- The benefit to air specific Impulse of an Increase in inlet-air
temperature at the higher equivalence ratios was reduced by such high
tempersture effects as dissoclatlon and increassed specific heats of

- the combustlon products. An Increase in combustion pressure from 0.2
to 2 atmospheres relsed the air specific iImpulse level as much as 5
seconds at higher equivalence ratios. The fuel consumption of penta-
borane and dilborane remsined below that of octene-1 desplite the edverse
effect of boron oxide veporization on the performsnce of fuels contein-
ing boron &t combustlon temperatures exceeding 3000° R; the fuel con-
sumption of boron beceme higher than that of octene-l1 gbove this tem~
perature. Boron, as well as diborane and pentaborane, provided higher
elr gpeclflc Impulse than octene-l &t en equivalence ratio of 1.0.

Means are shown for extending the date to inlet conditions beyond
the limited range of inlet-alr temperstures and combustion pressures
consldered. Also dlscussed are the determination of air specific im-
pulse efflclency and combustion effilclency for experimentel data by the
use of theoretlcal results and the estimstion of the relstive smounts of
the various fuels required to meintein a fixed level of thrust in an

engline.
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INTRODUCTION -

The ever increasing performance required of high-speed slrecraft _
places new demends upon the propulsion system. Improved range, thrust,
combustlon efficlency, and combustlon stebllity characteristics may
possibly be obtained by the use of the high-energy Jet-engine fuels.
These materials promise advantages over conventlonel hydrocarbon fuels
because of thelr hlgher heating value on a gravimetric or volumetric
basls, or because of the ease and stebllity of their combustion. Cur-.
rently deslgnated smong the high-energy Jet-engine fuels are certaln of
the light elements such as boron, alumlnum, and magnesium, alloys and
hydrides of these elements, and paintlike suspensions of the solid me-
terials in a liquid hydrocarbon (slurries). Considerable experimental
work, summarized in reference 1, hes been conducted with certain high-
energy fuels to determine thelr sultebllity for selected applicatlions
in alrcreft. The NACA Lewls leboratory has determined some of the
Physical properties and combustlon propertles of dilborene, boron, meg-
nesium, and eluminum, the metals haeving been burned in the form of
powder, wire, and slurries (refe. 1 to 5).

The theoretical performence of high-energy ram-Jjet fuels is of
Interest both In evaluating experimental results and 1n Judging the
potentialities of proposed but untested materlals. Theoretlical com-
perisons of fuels burned 1n a great excess of cool alr mey be based
upon heatlng values per pound of fuel, per pound of alr, or per cubic
foot of fuel. When the temperatures obtalined In the combustion process
become very high, however, consldersble energy 1s @bsorbed by dissocla-
tion, veporizatilon, fusion, and increases in specific heats of the com-
bustion products. The performance of fuels at elevated temperatures is
thus determined both by the heating value of the fuel and by the thermal
propertles of ite combustion products. Thus the theoretlcal performance
of & fuel must be determined by an analytlical method which can account

for as many thermal effects as possible. ' --

By means of such en analytical method, the theoreticsal performance
of meny high-energy jet-engine fuels has been studied at a single com~
bustor inlet-air temperature of 100° F and at a combustion pressure of
2 atmospheres (ref. 6). These data can be compared with experimental
data st the same conditions to eveluste the combustlon test performance
of en engine. In practice, of course, few cases wlll be encountered
where an engine 1s operating preclsely at an inlet temperature of 100° F
and a combustlon pressure of 2 atmospheres. i

The present report extends the theoretical date of reference 6 for
several fuels to other combustlon pressures and inlet-alr temperatures
and thus faclllitates the evalustlon of experimental data. The fuels
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considered hereln include octene-1, slurry of 50-percent magnesium in
octene-l, boron, penteborsne, diborane, hydrogen, cerbon, and aluminum.
Some exemples are given of the manner 1n which this theoreticel informe.-
tion cen be used in the operation of engines and in the eveluation of
experimentel deata.
SYMBOLS

The followlng symbols are used in thils report:
A area, sq £t
F stream thrust, 1b
Fn net internel thrust, Ib
g acceleration due to gravity, 32.17 £t/sec?

(Hg) sum of the sensible enthalpy end chemicel energy at temperature
T end at standerd conditions, kcal/mole

M Maech nunmber

m molecular weight of a constituent

m mean molecular weight

n nunber of moles of & constituent

s static pressure, 1b/sq ft

R universal gas constant, £t-1b/(1b)(°R)

8g alr epecific impulse, lb-sec/lb air

Be,w Tfuel-welght specific lmpulse, lb-sec/lb fuel

T total temperature, °R

t static temperature, °R

v velocity, £t/sec

W weight flow, 1b/sec

X welght fraction of sollids in exhasust gases
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T retio of specific heats

n efflclency

nsa alr specific lmpulse efficiency

¢ equivalence ratio; ratlo of actual to stolchiometric fuel-sir
ratio

@(M) stream-thrust correction factor to M =1

Subscripts:

e alr

c combustion, combustor outlet

er crystal

e exhaust-nozzle outlet

exp experimental

¢ fuel

g gas

i denotes 1Y constituent of combustion products

in engine Inlet

1 liquid

8 solid

b theoretical

W welght

Superscript:

»

denotes a statlon having e Mach number of unity

ANALYTTCAL. METHOD

Sultable thrust perameters for both theoretical and actual jet-

engine fuel performance have been found to be alr specific impulse and

C R,
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fuel specific impulse, or total stream momentum.per pound of alr end per

pound of fuel, respectively. Air specific lmpulse ls defined as

*®
Sa=;l-(pA+‘;—!>

a

where
W = 'W'a + wf

end fuel-welght specific lmpuise 1s defined as

L 3
L L’V) %
S ,w Vg tg) = wp/wg,

Alr specific impulse cen also be expressed as

8 = —
a
Vg

o3 [

vhere T 1s an effective ratio of speciflic heets. The net internsal

thrust of an englne can be determined simply from the relation

WaSg WV
Fn‘@'(“*?)m

(1)

(2)

(3)

(4)

(see ref. 6), where (M) 1s a function relating stream thrust at eny

station to stresm thruet at a stetlon having a Mach mumber of unity.
(See eqs. (A2) end (A3) of the asppendix.) The slgnificance and the

utility of these concepts are dlscussed in more detall in reference 7.

The theoretical determinstion of alr specific impulse and fuel

specific impulse for the fuels consldered herein involved two principal
steps: (1) The combustion temperature and burned-product composition
were determined et the essigned combustion pressure, and (2) an isen-
tropic expension in the exhsust nozzle over an expansion ratio of 2:1

determined the exhaust-nozzle-outlet statlc temperature and veloclty.

The results of step (2) were used to compute eilr and fuel specific im-

pulse,

TS - gt
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The method of computing combustion temperesture and composition was
that of reference 8. A set of simultaneous equations was solved which
involved mess balance, heat belance, pressure, phase changes, and dis-
soclation of solid, liquid, and gaseocus molecules. The necessary ther-
modynamic propertles of almost all the dissoclated end undissoclated
combustion products were taken from tables included In reference 8. An
emplrical equatlion glven in reference 9 for the speclfic heat of meg-
nesium oxlde was used to obtain tabuleted velues of speclfic heat, en-
thalpy, and entropy for magnesium oxlde; the standard state entropy of
magnesium oxlde was taken from reference 10.

Thermal properties which were requlred_in setting up the equation
of heat balance for the fuels consldered herein ere presented 1n table I.
Shown in table I 1s elther the heat of formation, or the heat of combus-
tion, or both for each fuel. By means of the heat of formation or the
related heat of combustion, an assigned enthalpy, presented in table I,
was computed for each fuel. This enthalpy was consistent with the arbi-
trary base of reference 8. Because of thelr arbltrary bases, the en-.
thalpies assligned to the fuels glve no indication of the heat liberated

in combustion.

The following assumptions were made comtcerning the combustlon pro-
cess in order to simplify the analysis: (1) All fuels were pure; (2)
alr was composed of. 3.78 moles of nitrogen to every mole of oxygen; (3)
combustion inlet-alr veloclty was negligible so that the combustion
statlc temperature and the combustion total temperature were equal;
(4) ell gases were ideal; and (5) combustlion was adlabatic end complete,
that is, chemical equilibrium was assumed. .When solids or liqulds were
present in the combustion products, the volume occupied by the condensed
material was negligible, and thermal and velocity equilibrium existed

between the different phases.

The products of edlabatic combustion of each fuel which were con-
sldered possible in the computations of compositlion are listed in
table II. They were gaseous except as noted. The possible formation
of nitrides of boron, magnesium, and aluminum was neglected because of
inadequate thermodynemic deta. For the same reeson, dilssoclsation,
fusion, end vaporlzation of magnesium oxlde were neglected.

The exheust-nozzle-outlet temperature was determined by computing
an lsentroplc expansion from the combustlon tempersture emd pressure
over a pressure ratio of 2:1. It was assumed that in the nozzle (1)
composition was fixed during the expansion process, (2) the volume
occupled by condensed meterials was negligible, end (3) condensed ma-
terlals were in thermal and velocity equllibrium with the gas phase.
The jet veloeity was then calculsted by using the following equation

(ref. 11):

2981
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Ve / H(H%)i) <§1(33)1
- = 294.98 (Z-z—ni .-\ )e (5)
The eir speclfic impulse wes then
2N Ve B
Sa"(“Wa)[sJ’"ve (1 x)] (6)

The jet velocity V,, determined for en expansion ratio of 2:1 in
the exhaust nozzle, covered a raenge of Mach numbers nesr unity. The
error Introduced into the air speciflc impulse function by assuming a
Mach mumber of 1 for Vg, determined thus, was 0.5 percent or less

(ref. 12). The alr specific impulse was not corrected for this error.

PRESENTATION OF DATA

The effects of combustor inlet conditlons upon the ‘theoretlcel com~
bustion performance of the fuels are shown in figures 1 to 8. The fig-
ures pertain to the fuels as followe:

Octene~L (14Q.)e « o + « o s ¢ o o « o s « o
8lurry of 50-percent magnesium Iin octene-l .
Carbon (grephite) . . . . .
Boron (ecryst.) . .
Pentaeborane (liq.)
Diborane (1lig.) .
Hydrogen (1iq.) .
Aluminum (cryst.)

O~ wNDH

The effect of Inlet-alr temperature and equivaelence ratio or fuel-
alr retio upon combustion performance at a combustion pressure of 2
atmospheres 1s shown in parts (a), (b), end (c) of each figure. Equi-
valence ratios of 0.1 to 1.0 end inlet-air temperatures of 100°, 500°,
and 900° F are considered. For eluminum, data are shown only for inlet-
alr temperatures of 100° and 500° F.

The vearlation of combustion temperature with inlet-sir temperature
and equivalence retio is presented in parts (a); the variatlion of air
specific Impulse with inlet-slr temperature and equlvalence ratio is
presented in parte (b), and the varilation of the reciprocal of fuel-
welght specific impulse with ailr specific Impulse and inlet~air tempera-
ture 1s presented 1n parts (c). Also shown on parts (c) are lines of
constant fuel-elr ratio. Reclprocal fuel-welght specific lmpulse has
been used instead of fuel-welight specific impulse to impraove readebllity
of the curves. These parts (c) of the figures mey be employed to com-
pere the performence of different fuels &t the same Inlet condlitions

VNPT t———



8 .- CONFIDENT A4 NACA RM ED3Gl4

as explalned in the sectlon Determinetlon of relative fuel-flow require-
ments for given engine. Parts (c) cannot be used to compare the theo-
retical performance of a fuel at one Inlet conditlion with the perform-
ance of the ssme fuel at another inlet conditlon, since changes in
inlet-alr temperature are obtained in the free-flylng ram Jet only by
change 1n altitude or flight Mach number. The net thrust of the engine
is then no longer determined by the alr speclific impulse alone, but i1s
elso affected by the changing inlet condition (eq. (4)).

The effect of combustion pressure end eguivalence ratio on the alr
specific impulse of each fuel except eluminum is presented in parts (d)
and (e) of each figure. Equlvalence ratios ranging from 0.7 to 1.0 and
combustion pressures of 0.2 and 2 atmospheres are consldered at an
inlet-alr temperature of 100° F, In parts (d), the variation of air
speclfic impulse wilth equivalence ratlo ls presented at the two com-
bustion pressures, and, in parts (e), air specific impulse is presented
ageinst the logarithm of combustlon pressure at four equivalence ratios.
Figure parte (e) are useful in adjusting theoretical air specific im-
pulse determined for any inlet-alr tempersture to eny desired combustion
pressure, as dilscussed in the section Determination of sir specific im-
pulse at combustor lnlet condltions other than those reported.

ANALYSIS OF DATA

Qctene-1, 50-percent-magnesium slurry, and carbon. - Figures 1(a),
2(a), end 3(a) for octene-1l, 50-percent-magnesium slurry, end carbon,
respectively, show that a glven increase in inlet-alr temperature results
in a diminishing gain 1n combustlon temperature as equivalence ratio is
ralsed. For example, the combustion temperature of octene-l (fig. 1(a))
at an equivalence ratlio of 0.1 is increased 745° R by ralsing the inlet-
air tempergture from 100° to 900° F, while at an equivalence ratio of
1.0, the same increase 1in inlet-alr temperature ralses the combustion
temperatures only 320° R. The elevated combustlon temperatures occurring
at the higher equilvalence ratlios result in ircreased specific heats and
more dissoclatlion of combustion products. Much of the heat made avall-
able by an Increase 1n inlet-alr temperature 1s thereby absorbed wlthout
a8 corresponding galn in combustion tempersture.

Since air speclfic Impulse 1s a function of combustion temperature
(eq. (3)), the gain in air specific impulse athieved by a glven increase
in inlet-air tempereture becomes less when equivalence ratio is raised,
es shown in figures 1(b), 2(b), and 3(b). Raising the inlet-air tem-
persture from 100° to 900° F increased the air. specific impulse of
octene~1l by 24.6 seconds at an equlvalence retlo of 0.1, but only by
7.3 seconds at an eqitivalence ratio of 1.0 (fig. 1(b)).

2981
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In figures 1(d), 2(d), and 3(d), 1t is shown that the air specific
impulse at a combustion pressure of 0.2 atmosphere 1s less than that
at a combustion pressure of 2 atmospheres within the range of equivalence
ratios shown (0.7 to 1.0). Moreover, the loss in alr specific impulse
with this decrease in combustion pressure 1s greatest at the richer
equivalence ratios. A decrease in combustion pressure shifts the chemi-
cel equilibrium smong all the combustion products toward the condition
of more dissoclation. The resulting ebsorption of thermel energy lowers
the alr specific impulse. Bince dissocietion becomes greater at the
higher combustion temperatures assocleted with richer equivalence retios,
the loss in asir specific impulse with lowered combustion pressures be-
comes more serious as equivalence ratlo 1s relsed.

Although the date of figures l(e), 2(e), end 3(e) were computed for
only two combuetion pressures, a stralght line of alr specific Impulse
against the logerithm of combustion pressure for each equlvelence ratlo
has been drawn between combustion pressures of 0.2 and 2 atmospheres.
For fixed expansion ratlos and equivalence ratlos, the theoretlcal im-
pulse Ve/g of a rocket varles very nearly linearly wilth the logarithm

of chember pressure as shown in reference 13. This semllogarithmic re-
letion is extended hereln to ram-jet elr specific impulse agalnst com-
bustion pressure. As & verification, alr specific Ilmpulse at an equl-
valence retlo of 1.0 was computed for octene-l at two addltional com-
bustlion pressures of 0.6 and 10 atmospheres. These data are represented
on figure 1(e) by the circled points. This semllogerithmic relation
between air specific impulee and combustlion pressure 1s expected to be
valid for all elght fuels reported here at equivalence ratios from 0.7
to 1.0. Extrapolation of the lines from 2 to 10 atmospheres combustion
pressure 1s less satlsfactory than interpolation between 0.2 end 2 atmos~
pheres. All lines have therefore been shown broken above 2 atmospheres.

Boron, pentsborane, diborane, snd hydrogen. - These fuels comprise
a sequence in which boron is combined wlth lncreasing percenteges of
hydrogen. One of the combustion products, boron oxide, vaporlzes be-
tween 3000° and 3500° R, with a loss in air specific impulse resulting
from heet sbsorption. In the following teble are shown the mole frac-
tions of boron and hydrogen in the fuels end the approximate heat ab-
sorbed by vaporizing the boron oxlde formed from a pound of each fuel.
Also shown 1s the spproximate heat sbsorbed by vaporlzing the boron
oxide formed from e pound of stolchiometric fuel-aelr mixture. For con-
venience, these heats of vaporization have been evaluated at & tempera-
ture of 3240° R.
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Fuel Mole fraction of | Heat &bsorbed by )
constituents vaporization of
boron oxlde
Boron |Hydrogen |Btu/lb | Btu/lb
fuel stoichio-
metric
fuel-air
mixture
Boron 1.0 0 5314 503
Pentaborane . 357 . 643 4551 323
Diborene . 250 750 4153 261
Hydrogen 0 1.00 0 0

As the amount of boron in the fuel decreases, the heat absorbed by vapor-
lzstion of boron oxlde also decreases. T o : : —

Comparison of Pigures 4(a), 5(a), and 6(a) shows irregularities in
the curves of combustion tempersture asgeinst,equivalence ratio, beginning
at about 3000° R, caused by vaeporlzation of the boron oxide. The lrregu-
larities become progressively less severe as the hydrogen content of the
fuel 1is raised, because of the decreasing amount of heat absorbed by
vaporizaetlion of boron oxide. The effect of this vaporization on the
thrust performence of the fuels 1s shown in figures 4(b), 5(b), and 6(b)
(veriation of eir specific impulse with equivalence ratio and inlet-air.
temperature) end in figures 4(c), 5(c), and 6(c) (variation of recilprocal
fuel-weight specific impulse with alr specific impulse and inlet-alr tem-
perature). It is of interest to compare the :reciprocal fuel-weight
specific impulse (fuel consumption) of these .fuels with that of octene-1
(fig. 1(c)) at levels of elr specific impulse below and sbove the vapor-
izetion reglon of boron oxide. For levels of eir specific impulse less
than 140 seconds and at any inlet-alr temperedture, a higher reciprocal
fuel-weight specific impulse (greeter fuel consumption) is experienced
with octene-l1 than with boron, penteborane, or dlboramne. At alr specific
impulses exceedlng 140 seconds, octene-l1 actually shows a lower fuel-
welght specific impulse (less fuel consumption) then boron, for any
inlet-eir temperature. While the reciprocal fuel-weight specific im-
pulses of both pentaborene and diborane rise bharply et an air specifilc
impulse of @bout 140 seconds, thelr fuel consumption remeins lower than
that of octene-l at all levels of ailr specific impulse. At an equiva-
lence ratio of 1.0, boron, as well as diborane and penteborene, provides
e higher air specific lmpulse than octene-1 (figs. 4(b), 5(b), and 6(Db)).

oy
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It is shown in flgure 4(d) that the alr specific lmpulse of boron
at en equlvalence ratio of 1.0 1s raised 5 seconds by increasing the
combustion pressure from 0.2 to 2.0 atmospheres. This, the largest gein
experienced by any of the fuels consldered herein, results from sup-
pressing the dissociatlion made possible by the high combustlon tempera-
ture of boron.

Liquld hydrogen has by far the lowest reciprocal fuel-welght specl-
fic impulse (lowest fuel consumption) of any of the fuels consldered
herein, at eny level of air specific impulse (fig. 7(b)). Despite its
outstanding combustion properties, llquid hydrogen does not eppear prom-
ising as a rem-jet fuel because of its low liquid density (ref. 6) and
difficulties of handling and storage.

Aluminum. - Alumimum produces an oxlde which vaporlzes at elevated
temperatures. This vaeporization has an edverse effect on the combustion
performance of aluminum, as the lrregularltlies in the curves of flg-
ures 8(a) to (e) indicate.

APPLICATIONS OF DATA

Determination of alr specific impulse at combustor inlet conditions
other than those reported. - In many instaences 1t 1s deslred to know the
elr specific impulse at Inlet conditlions other then those for which the
date of filgures 1 to 8 were computed. Approximste values of alr specific
impulse et other inlet conditions may be determined as follows:

At the lower equlvalence ratios (below 0.7) the effect of pressure
is usually negligible. The alr specific impulse at these lower equive-
lence ratlios can be read directly from the curves of alr speciflic im-
pulse against equivalence ratio and inlet-air temperature (parts (b) of
the flgures) without consideraetion of combustion pressure. An exception
to thils arises with materials conteining boron, where the veporization
of boron oxlde in the vicinlty of an equivalence ratio of 0.4 1s pressure
dependent. A direct computetlon is then necessary.

At equivelence ratios exceeding 0.7, the effect of combustlon pres-
sure upon alr specific impulse becomes important for all fuels. The
effect of combustion pressure on ailr specific Impulse in this region can
be determined in the following manner: The alr speclific impulse at the
desired inlet-air temperature, determined from parts (b) of the figures,
is entered in parts (e) at a pressure of 2 atmospheres. The alr specific
impulse 1s then corrected to the deslred pressure along & line of con-
stant composition (constant equivalence ratio). For exemple, the air

AR
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specific impulse of boron at an equlvelence ratio of 0.8, an Inlet-alr
temperature of 800° F, and a combustion pressure of 0.3 atmosphere can
be found se follows: From figure 4(b) the air specific impulse is
determined as 182.6 seconds for the conditions steted, but at a com-
bustion pressure of 2 aetmospheres. The value obtalned 1s entered in
figure 4(e) et this pressure and air specific impulse (point A), and a
line of constant composition 1s followed to a pressure of 0.3 atmos~
phere (poilnt B). The desired alr specific impulse i1s found to be 178.8
seconds. This 1s very close to the value of 178.83 seconds determined
by direct computation for a pressure of 0.3 atmosphere.

In meking a pressure correction, it may be necessary occasionally
to euter deate in a figure such as 4(e) at an alr specific impulse exceed-
Ing the highest line of alr speclflc impulse agalnst combustion pressure.
For example, figure 4(b) indicates an sir specific impulse of 190.5 sec-
onds for an equivalence ratio of 1.0, an inlet-air temperature of 900° F,
end a combustion pressure of 2 atmospheres. A point C 1s thus located
on figure 4(e) which is sbove the highest line already present. A cor-
rection to & combustlion pressure of 0.2 atmosphere, made along a deshed
line converging toward exlsting lines at the same rate with which they
converge toward each other, locetes en alr specific impulse of 184.6 sec-
onds at point D. By direct computetion, the value sought is found to be
184.7 seconds. -

Determination of ailr specific impulse efficlency and combustion
efficlency. - "Both alr specific lmpulse efficlency end combustion erfi-
clency mey be found for experimental data by the use of curves presented
herein. Ailr specific impulse efflclency 1s deflned aes the ratlio of the
experimental alr speclific Impulse to the theoretlical alr specific Im-
pulse at the same equlvalence ratio:

8
g, = (—g:f_?)¢ @ constant) (7)

The experimental alr speclfic impulse must be computed from experimental
measurements as discussed in. the appendix; the theoretical alr specific
impulse 1s read from the curves of elr specific Impulse agalnst equiva-
lence ratio at the burner-inlet temperature applying to the experimental.
data. It may then be corrected to the combustlion pressure used in the
actual engine by the method described previously.

A combustion efflclency which is often useful can be defined as the
ratlo of the theoretical equlvalence ratio to:the experimental equiva-
lence ratlo required to produce a glven elr speciflc impulse:

&y
N = <°ex;p)sa (s, constant) (8)

-~
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Fuel-alr ratlos may replace equivalence ratios. This definition is velld
only for equlvalence ratlos of 1.0 or less. When the experimentel data
are obtained at pressures other than 2 atmospheres, a pressure correction
may be convenlently applied to the theoretical equivalence ratio aes
follows: The experlimental ailr speclflc Impulse and combustlion pressure
are entered on the semllogarithmlc graph of theoretical alr specific im-
pulse against combustion pressure (parts (e) of the figs.), and a line
of constant composition 1ls followed to a combustion pressure of 2 atmos-
pheres. The alr specific impulse, adjusted to the Z2-atmosphere standard,
and the experimental Inlet-alr temperature are then used on the plots of
alr specific impulse ageinst inlet-alr temperature and equivalence ratio
to find the theoretical equivalence retio. For example, boron burned at
an inlet-alr temperature of 500° F, a combustion pressure of 0.2 atmos-
phere, and an equlvalence ratlo of 1.0 produces an experimental alr
specific impulse of 180 seconds, which locates point E on figure 4(e).
Following the dashed line of constant composltion to polnt F determines

a pressure-adjusted slr specific impulse of 184.9 seconds. Locating a
point in figure 4(b) at 184.9 seconds and at an inlet-sir temperature of
500° F determines a theoretlcal equlvelence ratio of 0.885. A combustion
efficlency of 0.885 is then found by meens of equation (8).

Determination of relative fuel-flow requirements for given engine. -
Ia instances where several fuels are being considered for an engine, it
may be deslred to know the relative amounts of each fuel required to ob-
tain a fixed thrust level. The curves of air specific Impulse asgalnst
reciprocel fuel-~weight specifilic impulse may convenlently be used for
determining the amounts of fuel 1f advantage 1ls taken of the followlng
essumptions: The combustion efflciency is the same for each fuel, and
momentum and other internsl pressure losses are nearly the same for each
fuel at a glven thrust level.

For example, e ram-Jjet engine 1s operated wlth octene-1 or any other
reasonably simllar hydrocarbon at & fuel-air ratio of 0.05, en inlet-air
temperature of 100° F, and a combustion pressure of 2 gtmospheres. From
figure 1(c), the air specific impulse for octene-l at this fuel-alr ratio
end inlet-air tempersture 1s 153.4 second.s; the reclprocal fuel-weight
specific impulse 1s 0.000326 seconds™l. By use of the curves (fig. parts
(¢)) of reciprocgl fuel-weight spec:L'Bic impulse against alr specific im-
pulse for the other fuels et an inlet-alr temperature of 100° F, fuel-air
retios, reclprocal fuel-welght specific Impulses, and relative fuel flows
requlired to produce an elr speclflc impulse of 153.4 seconds are deter-
mined. They are presented 1n the followlng teble:
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Fuel Fuel-air | Reciprocal fuel-welght Relative
ratio specific impulse, sec-l | fuel
flow
Octene-1 0.05 0.326X10-3 1.00
50-Percent- .085 423 1.30
magnesium slurry
Boron .054 « 353 1.08
Pentaborane : 042 .274 .84
Diborane .038 . 247 .76

The relative fuel flow can be defined in thils case as elther the ratio
of the reciprocal fuel-weight specific impulse of the substitute fuel to
that of octene-1l, or the ratio of the fuel-#ir ratio of the substitute
fuel to that of octene-l, since, at a constant air specific impulse, the
fuel-welght specific impulses of two fuels are in the retio L

Sf’wl G’E)z (9)

Sf ’¥Wo (E)
Yal/l . -
(see eq. (2)).

A correction of fuel-ailr ratios for combustlion pressures other than
2 atmospheres can be made in the manner previously described for equi-
valence ratlos used to determine combustion efficlency.

CONCLUDING REMARKS

The effect of inlet-alr temperature, combustion pressure, and equi-

valence ratlo upon theoreticael silr specific lmpulse performance was inves-

tigeted for the following fuels: octene-l, 5O0-percent-magnesium slurry,
boron, pentaborane, diborane, hydrogen, carbon, and eluminum. Considered
were Inlet-air temperatures from 100° to 900° F at a combustion pressure
of 2 atmospheres and a combustlon pressure of 0.2 atmosphere at an Inlet-~

alr tempersture of 100° F.
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The benefit to alr speclflc Impulse of an Increase 1n inlet-air
temperature was observed to decrease at hligher equivalence ratlios, be-
cause of Increasing speclflc heats and dissoclatlon of the combustion
products resulting from higher combustlon temperatures. The fuel con-
sumption of pentaborane end diborane remasined below that of octene-l
despite the adverse gffect of boron oxide vaporlzetlion on the performance
of boron-containing fuels at combustlon temperatures exceeding 3000° R;
the fuel consumption of boron became higher than that of octene-1 ebove
this tempersture. The elr specific Impulse performance of boron, di-
borane, and pentaborane exceeded that of octene-1l at high equlvalence
ratlos. An Ilncrease 1n combustlon pressure from 0.2 to 2.0 atmospheres
caused galns in alr speclific impulse at higher equivalence ratlos of as
mich as 5 seconds.

Because a limited range of inlet-alr temperatures and combustion
pressures were consldered, methods of extendlng the datae to other inlet
condltlions were presented. Determination of alr specific impulse effi-
clency and combustlon efflclency for experlimental combustlion by means of
the theoreticel data hereln was discussed. The use of the theoretlcal
performance date in determinlng the relative flows of the various fuels
to an engine operating at a fixed thrust level was also dlscussed.

Lewls Flight Propulsion Leborstory
Natlional Advisory Committee for Aeronautics
Cleveland, Ohio, July 14, 1953
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APPENDIX - COMPUTATION OF ATR SPECIFIC IMPULSE FROM
EXPERIMENTAL -DATA

The determination of ailr specific Impulse efficlency requires that
the experimental elr specific impulse be computable. Suiteble measure-
ments of pressure, drag, and thrust must be made on the experimental
engine or combustor to permlt computation of the stream thrust et the
end of the exhsust nozzle:

Fe = (pA + ‘%’)e (A1)

This equation 1s then reduced to the stream thrust function at a condi-
tion of sonlc flow

o PA + v_rgl (a2)
e oM
where
2
D) = AL (43)

Ye-l 2
Me ,J2(ve + 1) (1+ 5 Mej
The experimentel alr specilfic impulse is then

By = — (A4)

The Mach number at the exhsust-nozzle outlet can be estimated fProm the
equatlon

Wo oV
= |E28 &
Me Te&PeAe : (A'?)

For ¢onvenience, ®(M,) may be found from tebles 30 to 35 of refer-
ence 14 as the term F/F*. The expression ®(M) is relatively insensi-

tive to 71, in the neighborhood of M equal to 1, as shown in the follow-

ing table:
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M | F/F*=0M,)
Te
1.1 1l.4

0.7 | 1.05898 | 1.0451

.8 1.0231 | 1.0185
.9 1.0051| 1.0034
1.0 | 1.0000 | 1.0000
1.1|1.0041 | 1.0030

1.2 |1.0148 | 1.0108

1.3 | 1.0305 | 1.0217

It mst be observed that 1f M, 1s determined by equation
the error in ®(M,), resulting from an incorrect choice of
ceed that shown in the preceding table. Data Iln reference
satisfactory value of y_, at high combustion temperatures
specific impulse) would fe 1.2 to 1.3; at low alr specific
bustion temperature, values of 1.3 to 1l.4 cen be employed.
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TABLE I. - THERMAL PROFERTIES OF SOME FUELS

Heat of t:c:ullmst::I.o::ﬂ:ti

Fuel Formula Phase Temperature, | Heat of Enthalpy
g formation, E mole | Btu/lb | Phese of essigned,
keal/mole cabustion Ve
products keal/mole
Octene-1 Cgl1g Idquid 298.16 Ps€1185.12 | 18,999 | (K;0)4 (C0), | 1265.28
50-Percent- | 4.61382 Hg | Crystal 258,16 Gote 14,820 | {NgO) ops {CO) g 341.56
megnesium | + CgHyg Liquid (8,0)
slurry He0 &
Boron B Crystal 298.16 0.0 ®151.0 | 25,104 |(B20z) e 173.38
Penteborane BgHg Iiquid 298.15 &7.8 ®1022.9 | 28,127 | (Hg0) g, (BDg)ey | 1187.18
Diborane BoHg Liquid 180.63 ®Zg8.1 | 3,061 (E0)gs (BO5)er | 557.8
Hydrogen Hp Iiquid 20,39 ©s855,005 | 49,881 (820)g 67.5¢
Carbon c Crystal 298.16 0.0 ®9¢.052 | 14,087 |(COz)g 92.18
(grephite)
Alrmdym Al Crystel 298.16 20.0 ©199.545 | 15,309 | (Alx05)cy 234.70
8%Mel at tempersture shown; oxygen and combustion products at £98.18° K. W‘r

bEm.tofvaporimbion, Qﬁkesl/mla ﬁmrei’aram:als.
CReference 18.
at of formation of Mg from reference 17.
eReference 17.
TEnthalpy changs between 180.63° and 298.16° K from reference 18.

€Heat of veporizetion end enthalpy change between 20.39° and £98.16° K from reference 19.
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TABLE IT. - PRODUCTS CONRSIDERED POSSIBLE AS A RESULT (QF ADIABATIC COMBUSTION

21

Product®

Fuel
Octene~1 | Boron | Penta- Eydrogen 50-Percent- | Aluminum
borane magnesium
slurry

N

OH

NO

(Mg0) g
(A1203)s,1,g
Al

Al0
(Bz03)g,1,g
B

BO

BE

8Gasecus except as noted.
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Combustion temperature, T,, °R

P NACA FM E53GL4
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/
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.B
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(a) Varlation of combustion temperature with equivalence ratio

and inlet-alr temperature.

Figure 1. « Effect of rem-jet combustor inlet conditions on

theoretical combustion performance of liquid octene-1l.

Combustion pressure, 2 atmospheres.
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Alr specific impulse, By, lb-sec/ib air
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0 s
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Equivalence ratio, &

(b) Variation of air specific impulse with inlet-air temperature
end equivalence ratlo. Combustlon pressure, 2 atmospheres.

Flgure 1. - Continued. Effect of ram-jet combustor inlet condil-
tlons on theoretical combustlon performance of liquid
octene-1.
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Raciprocal fuel-veight specific impulse, 1/8p y, 1b fuel/Ib-sec

NACA RM ES3Gl4

Air specific impulse, §,, lb-sec/lb air
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/
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(c) Varistion of reciprocal fuel-weight specific impulse with air specific impulse

and inlet-alr temperature.

Combustion pressure, 2 atmospheres.

200

Figure 1. - Continued. BEffect of ram-jet combustor inlet conditions on theoretical
conbustion performance of liquid octens-1.
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ﬂ 150
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(d) Varistion of air specific impulse with com-

bustlon pressure and equivalence ratlio. Inlet-
air temperature, 100° F.

Flgure 1. - Contlnued. Effect of ram-Jet

combustor inlet condltions on theoretical com-~
bustion performance of liquld octene-l.
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Air specific impulse, 8y, lb-sec/lb air

e NACA RM ES3G14
172 ——T . -1
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retio, Y ———
¢ -
168 e
J —— fp — —t=1"T
l64
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0 Additional data
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156
152
-7 —— e e G — e — s s ot e—] —t
148 1 .
.2 4 6 .8 1 ] 1 r3 8 16

Combustion pressure, atm

(e) Variation of eir specific impulse with combustion pressure at selected
equivalence ratios. Inlet-air temperature, 100° F.

Pigure 1. - Concludéd. ZEffect of ram-Jet combustor inlet conditions on theo-
reticel combustion performance of liguid octepe-l.
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Combustion temperature, T., °R
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SN 27
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temperature, /

/
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500//
0 100/ .2 4 .6 .8 1.0

Equivalence ratio, ¢

(a) Varietion of combustion temperature with equivalence retio

and inlet-alr temperature.

Combustlon pressure, 2 atmospheres.

Figure 2. - Effect of ram-Jet combustor inlet conditions on
theoretical combustion performance of 50-percent-megnesium

slurry.
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Air specific impulse, 8y, lb-sec/1b air

NACA RM ES3Gl4

P77
74
A

140 /7///1//;///
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a4

900 ¢ /
Ry /
" 100/

Equivalence ratio, @

(b) Variation of air specific impulse with inlet-air
temperature and equivalence ratio. Combustion
pressure, 2 atmospheres.

Figure 2. - Continued. Effect of ram-Jet combustor inlet
conditions on theoretical combustion performance of
50-percent-magnesium slurry.
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Reciprocal fuel-weight specific impulse, 1/81,,, 1b fuel/1b-sec

e~

)
80 100 120 140 160 180 200
Air epecific impulse, 8,, lb-sec/Ib air

(c) Variation of reciprocal fuel-welght specific impulse with air specific
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres.

Figure 2. - Contimed. Effect of rem-Jet combustor inlet comditions on
theoretical cambustion performence of 50~-percent-megnesium slurry.
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190 '
- Conbustilon
o« pressure,
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m
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% < ’////,/r/,/”'
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g >
160
.7 .8 .9 1.0

Bquivalence ratio, @

(d) Veriation of air specific impulse with com-
bustion pressure and equivalence ratlo.
Inlet-air temperature, 100° F.

Figure 2. - Continued. Effect of ram-Jjet
combustor inlet conditions on theoretical
combustlion performance of 50-percent-
megnesium slurry.
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Air specific impulse, 8y, lb-sec/lb air

188
P
-l i
1t
184 ——Equivalence — =t
ratio,
¢ _—
1.0 L
180 == —
/ — —
—_—
11
) //—/
176]
L
— — -
]
/
172
[
.8 |
F// r’
les
QJ
. __.-—- JE RSy i _W j
164
180 Y1
2 4 6 8 1 2 4 6 8 10

Combustion pressure, atm

(e) Variation of air specific Impulse with combustion pressure at selected
equivalence ratios. Inlet-air temperature, 100° F.

Figure 2. - Concluded. Effect of ram-Jet combustor inlet conditions on theo-

retical combustion performance of 50-percent-magnesium slurry.
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Combustion temperature, T, °R
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(a) Variation of combustion temperature with eguivalence
ratio and inlet-air temperature.

2 atmospheres.

Combustion pressure,

Figure 3. - EBEffect of ram-jet combustor inlet conditions on
theoretical combustion performance of carbon (graphite).
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(b) Variation of air specific impulse with equivalence ratio
and inlet-alr temperature. Combustion pressure, 2 atmospheres.

Figure 3. - Continued. Effect of rem-Jet combustor inlet con-
ditions on theoreticel combustion performance of carbon

(graphite).
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Reciprocal fuel-weight specific impulse, 1/8p ., 1b fuel/lb-sec
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Adr specific impulse, Sy, 1b-sec/lb air

(¢) Variation of reciprocal fuel-weight specific impulse with air specific
impulse and inlet-air temperature.

Combustion pressure, 2 atmospheres.

Figure 3. - Continued. Effect of ram-jet combustor inlet conditions on
theoretical combustion performance of carbon (graphite).
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(d) Variation of air specific impulse with com-
bustion pressure and equlvalence ratlo.
Inlet-air temperature, 100° F.

Figure 3. - Continued. Effect of ram-Jet
combustor inlet conditlons on theoretical
combustion performance of carbon (graephite).
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Air specific impulse, Su, lb-sec/lb air
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Combustlon pressuré, atm

(e) Veriation of air specific impulse with combustlon pressure at selected
equivalence ratios. Inlet-alr temperature, 100° F, B

Figure 3. - Concluded. Effect of ram-Jjet combustor inlet conditions on theo-
reticel combustion performance of carbon (graphite).
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Combustion temperature, T., °R
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(a) Veriation of combustion temperature with equivalence ratio
and inlet-sir temperature. Combustlon pressure, 2 atmospheres.

Figure 4. - Effect of ram-Jet combustor Inlet conditions on
theoretical combustion performence of crystalline boron.
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Air specific impulse, Sy, lb-sec/1b air
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(b) Varilation of air specific impulse with inlet-air
temperature end equivalence ratio. Combustion pressure,
2 etmospheres.

Figure 4. - Continued. Effect of ram-Jet combustor inlet

conditions on theoretlcal combustlon performance of crys-
talline boron.
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(c) Varietion of reciprocel fuel-welght specific impulse with air specific

impulse and inlet-air temperature.

Conbustion pressure, 2 atmospheres.

Filgure 4. -~ Continued. Effect of ram-Jet combustor inlet conditions on
theoretical combustion performence of crystalline boron.
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(d) Variation of air specific impulse with
combustion pressure and equlvalence ratio.
Inlet-air temperature, 100° F.

Flgure 4. - Continued. Effect of ram-Jjet
combustor inlet condifions on theoretical
combustion performance of crystelline

boron. =
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(e) Variation of alr specific impulse with combustion pressure at selected
equivalence ratios. Inlet-air temperature, 100° F.

Figure 4. -~ Concluded. Effect of ram-Jet combustor inlet conditions on theo-
retical combustion performance of crystelline boron.
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(a) Variation of. combustion temperature with equivalence ratio

and inlet-sir temperature.

Combustion pressure, 2 atmospheres.

Figure 5. - Effect of ram-Jet combustor inlet conditions on
theoretical combustion performance of liquild penteborane.
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(b) Variation of air specific impulse wilth inlet-air

temperature and equivalence ratio.
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Figure 5. - Continued.

Combustion pressurey

Effect of rem-Jet combustor inlet

conditions on theoretical combustion performance of liquid

penteborane.
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Reciprocal fuel-weight specific impulse, 1/81.", 1b fuel/lb-sec
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Figure 5. - Continued. Effect of ram-jet cambustor inlet conditions on
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Figure 7. - Continued. Effect of ram-Jet combustor inlet conditions on
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Figure 7. - Concluded. Effect of ram-Jet combustor inlet conditions on theo-
retlicel combustion performance of liquid hydrogen.
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