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30-PERCENT-OXYGEN MIXTURE AS A ROCKET PROPELLANT
I - FROZEN COMPOSITION

By Sanford Gordon and Vearl N. Huff

SUMMARY

Theoretical rocket performance was calculated for JP-4 fuel with an
oxidant containing 70.37 percent liquid fluorine and 29.63 percent lig-
uid oxygen by weight (fluorine-to-oxygen atom ratio of 2). Frozen com-
position was assumed during the expansion process. Data were calculated
for two chamber pressures and for several pressure ratios and oxidant-
fuel ratios.

The parameters included are specific impulse, combustion-chamber
temperature, nozzle-exit temperature, molecular welght, characteristic
velocity, coefficient of thrust, ratio of nozzle-exit area to throat
area, specific heat at constant pressure, isentropic exponent, coeffi-
clent of viscosity, and coefficient of thermal conductivity. A correla-
tion is given for the effect of chamber pressure on several of the
parameters.

The maximum values of specific impulse.for chamber pressures of 600
and 300 pounds per square inch absolute with an exit pressure of 1 atmos-
phere were 301.1 and 278.2 pound-seconds per pound, respectively.

- INTRODUCTTON

Liquid-fluorine - liquid-oxygen mixtures with JP-4 fuel have been
considered recently as possible high-energy rocket propellants (refs 1
to 5). Better performance may be obtained from hydrocarbon fuels with
certain fluorine-oxygen mixtures than with either 100 percent fluorine
or oxygen. The reason for this is that fluorine burns preferentially
with hydrogen, and oxygen with carbon. This is fortunate in that the
alternative formation of water instead of hydrogen fluoride would lead
to lower combustion temperatures, and the formation of carbon tetrafluo-
ride instead of -carbon monoxide would lead to higher molecular weight.
The result would then have been a lower ratio of temperature to molecu-
lar weight with a correspondingly lower performance.
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According to data in reference 6, the optimum oxidant mixture with
JP-4 fuel is about 70 percent fluorine and 30 percent oxygen by weight.
Additional data were computed for JP-4 fuel with an oxidant containing
70.37 percent fluorine and 29.63 percent oxygen by weight (fluorine-to-
oxygen atom ratio of 2) for both frozen and equilibrium composition dur-
ing expansion. These data, which cover a wide range of oxidant-fuel
ratios and pressure ratios, were calculated to aid in rocket design and
for comparison with experimental results.

The present report presents the data obtained for two chamber pres-
sures on the basis of frozen composition during expansion. A correlation
is given which permits the determination of specific impulse, character-
istic velocity, ratio of nozzle-exit area to throat area, combustion-
chamber temperature, and nozzle-exit temperature for a wide range of
chamber pressures.

SYMBOLS

The following symbols are used in this report:

A , nozzle area, sq in.

a local velocity of ‘sound (velocity of flow at throat),
ft/sec

Cp coefficient of thrust; Cp = g,I/c™ = F/P.A,

C; molar specific heat at constant pressure, cal/(mole) (%K)

0)

cp specific heat. at constant pressure, T " cal/(g) (°K)

c, specific heat at constant volume

¥ characteristic velocity, g.P.Ay/w, ft/sec

F thrust, 1b

fl; fz, «+o functions

. 1b mass ft
8. ~ gravitational conversion factor, 32.174 \TyForce sec%)

Hg sum of sensible enthalpy and chemical energy, cal/mole
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h sum of sensible enthalpy and chemical energy per unit mass,
Ty
Mil - nk5 ?
I specific impulse, 1lb force-sec/lb mass
k coefficient of thermal conductivity, cal/(sec)(cm)(°K)
oy | |
M molecular weight, T-o g/g-mole or lb/lb-mole
n hole fraction
' A log é*
n % - characteristic-velocity exponen’c,,(A:log Pq)
np specific-impulse exponent for fixed pressure ratio,

A log I )
A log P
c/P,/P

O » temperature exponent for fixed pressure ratio,
<A log T
A log P, Pc/P
ng area-ratio exponent for fixed pressure ratio,
(ﬁ log ¢ ) |
A log Pc Pc/P
o/f oxidant-to-fuel weight ratio
P static pressure (sum of partial pressures), lb/sq in.
D partial pressure, 1b/sq in.
R universal gas constant (consistent units)
r equivalence ratio, ratio of four times the number of car-

bon atoms plus the number of hydrogen atoms to two times
the number of oxygen atoms plus the number of fluorine

atoms, :Ag : g
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se entropy -at pressure of 1 atmosphere, cal/(mole) (%K)

:§3n1(5%)i- R zgjpjln p;/14.696
J

s entropy per unit mass, M{T - nk) - =Y g
cal/(g) (%K)

T o temperature, %k

W mass-flow rate, 1b/sec

's isentropic exponent, (g—%gg—g)s

3 ratio of nozzle area to throat area, A/A,

0 density, 1b/cu in.

m coefficient of viscosity, g/(cm)(sec) = poises

Subscripts:

c combustion chamber

e nozzle exit

i product of combustion including both gaseous and solid
phases :

J ‘gaseous product of combusfion

k solid product of combustion'(graphite)

o conditions at 0° K

P constant pressure

PC/P constant pressure ratio

s constant entropy.

t . .. nozzle throat.

1. reference point
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CALCULATION OF PERFORMANCE DATA

Performance data were obtained for two chamber pressures for a range
"of equivalence ratios and pressure ratios. Frozen composition during ex-
pansion was assumed. :

The computations were carried out by the method described in refer-
ence 7 with modifications to adapt it for use with an IBM card-programmed
electronic calculator. The machine was operated with floating-decimal-
point notation and eight significant figures. The successive approxima-
tion process used in the calculations was continued until seven-figure
accuracy was reached in the desired values of the assigned parameters
(mass balance and pressure).

Assumptions

The calculations were based on the following usual assumptions:
perfect gas law, adiabatic combustion at constant pressure, isentropic
expansion, no friction, homogeneous mixing, and one-dimensional. flow.
The products of combustion were assumed to be graphite and the following
ideal gases: atomic carbon C, carbon monofluoride CF, carbon difluoride
CF,, carbon trifluoride CFg, carbon tetrafluoride CF,, difluoroacetylene

CZFZ’ methane CH,, carbon monoxide CO, carbon dioxide COp, atomic fluo-
rine F, fluorine F,, atomic hydrogen H, hydrogen Ho, hydrogen fluoride
HF, water H;0, atomic oxygen O, oxygen Oy, and the hydroxyl radical OH.

The combustion products are assumed to be completely expanded within the
exit nozzle; that is, ambient pressure equals exit pressure.

The graphite was assumed to be finely divided and in temperature
and velocity equilibrium with the gases during the flow process.

Initial Data

Thermodynamic data. - The thermodynsmic data for all combustion
products except graphite, methane, the fluorocarbons, and water were
taken from reference 7. Data for graphite were taken from reference 8,
for carbon monofluoride from reference 9, for the remainder of the
fluorocarbons from reference 10, and for water from reference 11. Data
for methane were determined by the rigid-rotator - harmonic~oscillator
approximation using spectroscopic data from reference 12. The base used
in this report for assigning absolute values to enthalpy is the same as
in reference 7. A ' "

g

The dissociation energy of fluorine was taken to be 35.6 kilocalo-
ries per mole and the heat of sublimation of graphite at 298.16° K was
taken to be 171.698 kilocalories per mole (ref. 13). The heat of solu-
tion of oxygen and fluorine was taken to be zero.
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Physical and thermochemical data. - The properties of the fuel used
in these calculations are typical of the JP-4 fuel delivered to this
laboratory over a period of 2 years. The JP-4 fuel was assumed to have
a hydrogen-to-carbon weight ratio of 0.163 (atom ratio of 1.942), a lower
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additional properties of jet fuels may be found in reference
14,

The oxidant used in these calculations is a mixture containing 70.37
percent liquid fluorine and 29.63 percent liquid oxygen by weight
(fluorine-to-oxygen atom ratio of 2). Several properties of the oxidants
taken from references 7, 13, 15, and 16 are listed in table I.

Viscosity data. - The viscosity data for the individual combustion
products were either taken from the literature when available, or esti-
mated. The viscosities of F, H, Hz, Hr, N, and N, are given in reference

17. The viscosities of the remaining substances except HZO were calcu-
lated using similar techniques. The viscosity of H;0 was obtained from
a modified Sutherland equation (ref. 18).

Computation of Combustion Conditions
Combustion pressure was assigned (300 or 600 lb/sq in. abs). At
this assigned pressure, the composition “hi; enthalpy h (including both

chemical and sensible energy), and entropy s were determined for three
temperatures at 100° K intervals. The temperatures were chosen to band
the assigned value of enthalpy for the propellant mixture h The for-
mulas used to calculate h and s are (ref. 7)

Sl e )
O
g:ni(sr)i 1.9871832:pj 1n pJ/l4.696

= M(1 - ny) B PM . (2)

Combustion composition corresponding to hc was obtalned by ordi-
nary three-point interpolation of composition as & function of 'h. En-
tropy 8, corresponding to h was obtained by means of a three-point

three-slope interpolation of s as a function of h. The slope was ob-
tained by means of the thermodynamic relation )
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0s
$L=% | (3)

It is convenient to treat the products of combustion (sometimes a
mixture of solid graphite and ideal gases) as a single homogeneous fluid.
Therefore, the molecular weight of the combustion products M is defined
as the weight of a sample (including both gases and solid graphite) di-
vided by the number of moles of gas, as given by the formula

3ot

s v | G

This value of M 1is suitable for use in the gas law

PRT
P=5 (5)
provided the solid phase is included in the density. Such a fluid will
exhibit ideal properties as long as the volume of the gases is large with
respect to the volume of the solid phase. This procedure is also con-
sistent with the assumption that the solid particles are small enough to
be considered gas molecules of extremely large molecular weight.

Computation of Exit Conditions

Calculation of parameters at assigned temperatures. - Exit tempera-
tures were selected at 3000 or 400° K intervals to cover the range of
pressure ratios from 1 to 1500. At these selected temperatures, the
followlng data were computed assuming isentropic expansion and frozen
composition: pressure, enthalpy, specific heat at constent pressure,
isentropic exponent, viscosity, thermal conductivity, nozzle area ratio,
coefficient of thrust, and specific impulse.

Interpolation of throat pressure. - A cublc equation in terms of
1n P was derived from the following function and its first derivative
using the date at two assigned temperatures:

h 1T b,
function, fl =lnf,=1n\g+ %4 - &,

first derivative ! - +1 + —9r _
»TInp - B, \ ilo P

(Values for dy/d 1n P were found by & numerical method.)
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The two temperatures were selected to band the throat temperature.

The pressure at the throat was found by interpolating 1n P as a func-
h h

tion of f; for the point f; = 1n(§°- - -R—O) At this point the veloc-

ity of flow equals the velocity of sound.

Interpolation of enthalpy. - Enthalpies were interpolated for a se-
ries of pressures including the throat pressure by means of quartic equa-
tions in terms of 1n P. Each of the quartic equations used was derived
from data at two successive assigned temperatures and used to interpolate
those points within the temperature interval. The data used in forming
each quartic were the following function at one of the assigned tempera-
tures and its first and second derivatives at both assigned temperatures:

o] =g

function, fz =

df5
first derivative, 1o

%t

second derivatlve, (@ 1o P)z

Il
=13

(T -
T

Interpolation of temperature. - Temperatures were interpolated for
a series of pressures including the throat pressure by means of cubic
equations in terms of 1n P. Each of the cubic equations used was de-
rived from data at two successive assigned temperatures and used to
interpolate those points within the temperature interval. The data used

in forming each cubic were the following function and its flrst deriva-
tive at both a531gned temperatures -

Zh%

function, fy =1nT

df4 _r -1
first derivatlve, d Tnp- 7

Interpolation of specific heat. - Specific heats were interpolated
for a series of pressures including the throat pressure by means of cubic
equations in terms of 1n P.  Each of the cubic equations used was de-
rived from values of specific heat for four successive temperatures and
used to interpolate those p01nts within the interval of the two middle
temperatures.

Accuracy of interpolation. - The errors due to interpolation were
checked for several cases, The values presented for enthalpy, entropy, -
and specific impulse appear to be correctly computed to all figures
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tabulated, while the remaining parameters may in some cases be in error
by one or two figures in the last place tabulated. However, because of
uncertainties in the thermodynamic data used, all values are probably
tabulated to more places than are entirely significant.

Formulas

The formulas used in computing the various performance parameters
are as follows:

Specific impulse, 1b force-sec/lb mass

h, - he ‘
I = 294.98 Al —T500- (6)

Throat area per unit flow rate, (sq in.)(sec)/lb

Ay 278L.6 Ty

w P‘tM'ta' (7)

Characteristic velocity, ft/sec

c* = g P (Ag/w) = 32.174 P (Ay/w) | - (8)
Coefficient of thrust
8.1 32,1741
Cr = o* = (‘:* (9)

Nozzle area per unit flow rate, (sq in.)(sec)/lb

A _86.455 T .
= s Sl . 1
w PMI (.O)

Ratio of nozzle-exit area to throat area

_ AJw : : T
€= Atéw S : (11)
Specific heat at constant pressure, cal/(g) (%K) :

2 1y (Cp),

-1
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Isentropic exponent

r- (B o2 __p (13)
log p 8 cv

(when the composition is frozen)

Coefficient of viscosity, polses

B o= z—PM-I;— (14)
‘ d
v 3/,
Coefficient of thermal conductivity, cal/(sec)(cm)(°K)
S5
k = u(;p +7 g) (15)

The values of viscosity and thermal conductivity for mixtures of com-
bustion gases calculated by means of equations (14) and (15) are only ap-
proximate. When more reliable transport properties for the various prod-
‘ucts of combustion become available, & more rigorous procedure for
computing the properties of mixtures may also be justified. When solid
graphite was present among the combustion products, it was omitted from
equation (14).

THEORETICAL PERFORMANCE DATA
Tables

The calculated values of the performance parameters are given in
tables IT to VI. The properties of gases in the combustion chamber and
the characteristic velocity are given in table II for each chamber pres-
sure and equivelence ratio. Table IIT presents the values of performance
parameters at assigned temperatures and constant entropy. These values
were computed directly and used to interpolate properties for assigned
pressure ratios. The first temperature for each equivalence ratio is
greater than the combustion temperature and represents an isentropic com-
pression from combustion conditions. The data for this temperature were
used for interpolation. The values of viscosity and thermal conductivity
of the mixture are also given in this table as a function of temperature.

The performance parameters for small pressure ratios from 1 to 8 are
given in table IV. These properties permit computations within the rocket

L date ) =
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nozzle and for finite combustion-chamber diameters. Properties at the
throat may be found where € = 1.000. The values adjacent to the throat
correspond to pressures which are 1.2 and 0.8 times the throat pressure.

The performance parameters for pressure ratios from 10 to 1500 are
given in table V. This table gives sufficient data to permit interpola-
tion of complete date for any pressure ratio within the range tabulated.

The specific-impulse and area-ratio values for expansion from cham-
ber pressure to 1 atmosphere are summarized in table VI. The maximum
values calculated for specific impulse for chamber pressures of 600 and
300 pounds per square inch absolute are 30l.l and 278.2, respectively,
at 20.7 weight percent fuel. This mixture corresponds closely to the
chemically correct mixture for the formation of carbon monoxide and hy-
drogen fluoride.

Curves

The performance parameters are plotted in figures 1 to S5 for chamber
pressures of 600 and 300 pounds per square inch absolute.

Curves of specific impulse are presented in figure 1 for pressure
ratios from 10 to 1500 as functions of welght percent fuel. The maximum
values occur gt about 20.5 weight percent fuel. The exponent n; is

also shown.

Curves of combustion temperature and exit temperature for pressure
ratios from 10 to 1500 are plotted in figure 2 as functions of weight
percent fuel. The exponent np 1s also shown.

Curves of the ratio of nozzle ares to throat area are plotted in
figure 3 for pressure ratios from 10 to 1500 as functions of weight per- -
cent fuel. The exponent n, is also shown.

Given in figure 4 are the curves for coefficient of thrust for pres-
sure ratios from 10 to 1500 as functions of weight percent fuel.

Figure 5 presents curves of molecular weight and characteristic
velocity as functions of weight percent of fuel. Also shown is the ex-
ponent n.%.

Effect of solid graphite. - The theoretical calculations of equili-
brium composition in the combustion chamber showed that solid graphite
was not present for the equivalence ratios of 1 to 1.6 (weight percent
fuel, 14.83 to 21. 79) and was present for equivalence ratios of 1.75 to
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4.00 (weight percent fuel, 23.35 to 41.05). The appearance of solid
graphite and carbon-fluorine compounds affected the values of the thermo-
dynamic parameters and resulted in a break in the performance data in the
region of 23 weight percent fuel. This break in the performance data is
apparent in figures 1 to 5.

Chamber-Pressure Effect

According to data of reference 19, the logarithms of the parameters
I, T, €, and c* are nearly linear with the logarithm of chamber pres-
sure for a fixed equivalence ratio and pressure ratio. This linearity
permits the data to be correlated by means of exponents. according to the
following equations: .

Alog I
ny = |——m——— 16)
I <A log P ) (
A log T > (
- [Aleg T . 17)
By <A log Pc PC/P i
0og
g

A
n€=(A——-—_.

© c)Pc/P

_ (A log c*
Oe* = (A log Pc) (19)

o I

(18)

av] Ky

Equations (16) to (19) may be written as

- P, I .
I= Il<Pc 1) (20)
T - T1<Pc 1) (21)
P_ o
¢ =,51(Pc_ 1> | (22)
n

* * c
¢ = cl(Pc J.) - (23)
2
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where P. 1 may be selected to be either 300 or 600 pounds per square
J
inch absolute provided that Il, Tl’ & and c: are the corresponding

values for the chamber pressure selected.

The data of tables II and V were used in equations (16) to (19) to
calculate exponents which are also shown in the tables and are plotted
in figures 1, 2, 3, and 5.

To illustrate the use of these exponents, suppose it is desired to
obtain the value of specific impulse for a chamber pressure of 450 pounds
per square inch absolute and a pressure ratio of 30.62 (exit'pressure, 1
atmosphere) for en equivalence ratio r of 1.5 (20.71 weight percent
fuel). From figure 1(b) or table V(b), the value of I at this pressure
ratio and equivalence ratio (but for a chamber pressure of 300 lb/sq in.
abs) is 289.9 and the value of ny is 0.0185. From equation (20),

450
289.9 300

H
I

)0.0185

289.9 (1.0075)

292.1

A comparison of the parameters obtained by means of the chamber-pressure
correlation and by a direct calculation for two examples is given in the
following table (r = 1.5; 20.71 weight percent fuel):

Parameter P., 450 1b/sq in. abs P., 1200 1b/sq in. abs
Pe, 1 atm ' Pe, 1 atm .
Estimated by|Direct Error (Estimated by|Direct Error
correlation jcalculation correlation {calculation
I 292.08 292.12 |0.04 320.61 320.53 10.08
Te 4423.7 4424.1 .4 4616.0 4613.4 2.6
Te 1910.9 1910.8 .1 1568.5 1567.4 1.1
€ 4.107 4,101 .006 - 7.956 : 7.948 .008
* 6505.8 6506.2 .4 6617.8 6615.9 (1.9

It 1s expected that'values estimated for other equivalence ratios
and pressure ratios will have small errors of the order of magnitude

shown in the previous table.

A possible .exception might occur when the

value of the exponent is changing rapidly such as in the region when
solid graphite first appears.



14 ’ : NACA RM ES6A13a

SUMMARY OF RESULTS

A theoretical investigation of the performance of JP-4 fuel with an
oxidant containing 70.37 percent liquid fluorine and 29.63 percent lig-
uid oxygen by weight was made for the following conditions: (1) equiva-
lence ratios from 1 to 4, (2) chamber pressures of 300 and 600 pounds per
square inch, (3) pressure ratios from 1 to 1500, and (4) frozen composi-

_tion during expansion.

The results of the investigation are as follows:

1. The maximum values of specific impulse for chamber pressures of
600 and 300 pounds per square inch absolute (40.83 and 20.41 atmospheres)
and an exit pressure of 1 atmosphere were 30l.1 and 278.2; respectively,
at 20.7 weight percent fuel.

2. The data presented in this report permit interpolation of com-
plete performance data for any equivalence ratio from 1.00 to 4.00, cham-
ber pressure from 150 to 1200 pounds per square inch absolute, and pres-
sure ratio up to 1500.

lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 23, 1956
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TABLE I. - PROPERTIES OF LIQUID OXIDANTS

Property Oxygen, O, |Fluorine, F,

Molecular weight 32.00 38.00
Density, g/cc 81.1415 Py 54
Freezing point, °C ©_218.76 ©.217.96
Bolling point, °C €_182.97 €.187.92
Enthalpy required to- convert d3.080 d3.030

liquid at boiling point to

gas at 25° C, kcal/mole
Enthalpy of vaporization, €1 630 ¢f) 51

kcal/mole
Enthalpy of fusion, €8 106 ;B 372

kcal/mole

&)t -182.0° C; ref. 15.
bat -196° C; ref. 16.

CRef. 13.

dRef. 7.
e

At -182.97° C.

f O
At -187.92° C.

€at -218.76° C.

h ¢ -217.96° C.

17
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- THEORETICAL PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR JP-4 FUEL WITH OXIDANT CON'I"AINING

NACA RM E56A13a

TABLE III.

70.37 PERCENT PLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT
[Frozen composition during isentropic expansion or compression.

(a) Combustion-chamber pressure, 600 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR JP-4 FUEL WITH OXIDANT

-~ Continued.

" TABLE III.

CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT

[Frozen composition during isentropic expansion or compression.]

(b) Combustion-chamber pressure, 300 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR JP-4 FUEL WITH OXIDANT
Combustion-chamber pressure, 300 pounds per square inch absolute.

[Frozen composition during isentropic expansion or compression.]

CONTAINING 70.37 PERCENT FLUOhINE AND 29.63 PERCENT OXYGEN BY WEIGHT

{b) Concluded.

- Concluded.

TABLE III.
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- THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 1 TO 8
@rozen composition during 1isentropic expansionj
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(a) Combustion-chamber pressure, 600 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 1 TO 8

- Continued.

TABLE IV.

FOR JP-4 FUEL WITH OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63

PERCENT OXYGEN BY WEIGHT

@rozen composition during isentropic expansionﬂ

{(b) Combustion-chamber pressure, 300 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 10 TO 1500 FOR JP-4 FUEL WITH

- Continued.

TABLE V.

OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT.

@rozen composition during isentropic expansiona

(b) Combustion-chamber pressure, 300 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 10 TO 1500 FOR JP-4 FUEL WITH

- Concluded.

TABLE V.

OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT

[Frozen composition during isentropic expansionJ

(b) Concluded.

impulse,
I,
ib-sec/1b

Specific

NV AOVIO®D
avTOnNEOM
OO OOH
U amnam

HOMQ T TR
oY oMMV
QaEMMn T T
MmN

Ve DAW N0
DTN AN
TOCOROOH
[ ECEV I T T Y g

BCNONDO OO
oWV HINAMWY D
NN T T
Y T YA TV LY

MOWNT RO
TAAHAWN O
TOORDRO
M

TOMENE T~
T~ ON
RN Y T
nmMmnnnnmn

TN TR
DM GM
MOVt OOOO
[SESECRCICRCE SR,

TN @ N
HOMO AT~
HeQAMMNS
(R T VY oYL T

VeTDOVNDOW
VAHONORVO
WeTLY~OO
QOO NN

CVOOHWNNMO
WA D N D
COOHAHNNMN
anmmmmnnmn

+

e,

exponent,
ni,

Alog 1
Ogc

Specific-

impulse

oMe -
auEeaeMmMmm
e e e
CcoccocooCco
c e e

(=3

VOO HM T~
MMTT T TS
e et
QOO0 0O0C
e e st s w .

o

Coeffi-
cient
Cp

of
thrust,

OCBWYWOVT RN
M@ o Moo
oMM T TN?nY

ot e -

CNODN 0N T
Rl ol e RofoRath)
VOVON S~

et e e e

HOMODMDO
VTDNDNO
[SLaR R R TR TR

Aol e

~rOoOoM®DO®
NN 0
VOO0~

A -

WMMOOOON
weoweTr O
WM T e

e

OV R H~
OO HITN-0
COOS

e

TV
VTR OWOWmE—
[SRLARAR AV YT RToRv]

ol e

HOMO~BOO
VoM~ OO
vorNNN~C

et el

DO~
weovovom
NWMT TN

e

THODOVN O
ooaNtT-nOomMm
oo~~~ oo

A e e

Area-ratio
exponent,
ey
MOL)
A
og e/p,
T

(

RO~ OONT
MO0V DND
QQoO0QODTH
QOO0 O0O0CO

(=3

RO HDH
AR T TO™ R
e e e
[=Rel=NoloReToNo]

(=]

Ratio of
nozzle
area to
throat
area,

€

OOV HN
QUHMHOWMO™M

NRMITNODR

[SEGR ol SR TsRTe N To N )
MOV HND
NN ATRANO
NN T O

AATNMNO
QOVNNr-NY

NANTNODO

MO~ HO
~VNHAO
QUOVIM-MO T
HANNNT T O

MOEACAMOO
wH-MMMOoOWno

NNMTINDO
-

ownmt-ovaNo
TTAROMNOW
MNOAHOVOTAN
HHQ QM TN

VoV IO
HOMNYTNOT

NI~ 0O
“

HNDOO-ND -
A ANADOO
nNE-N@O~-ONn e
MM TN~

oWV ANOMN
NOTVOOND

NN TR0
-

ST DOORM
noaNavoom
T-TROOON
LaRa IV R R R o N o

Specific
heat at
pressure,
Cns
cal/{g)
(o

MOV ANO YN
COONDOO™
TMmmmMmnnm

(=]

M- TROT
VOV ST T T
mMmmnnnanm

(=]

NOTOTOT
NWHAHOOOAD
NeTTITMOMm

(]

nNown—HNnOWn
DWW~ 00OW
MmmMmMmnnmnnm

(=]

Ll RN Rl
wNITTNMRQ
NSITETT T

o

Vel HON
HHOOOO DO
eTTETnANG

o

VOVRANDNO
WO™>OVCNN T
AA A A A RS S ]

(=]

NE-OVOHNAW
TN AH O
AR AR A AR A4

[=]

HLTOARNOMMO
MAEAO®
nuunuuune T T

[=]

NOVADMNOMm
DV-VONV DT

werIeTTe|

(=]

exponent | constant
h

tropic

QNrOVHNNY
QMmN e
mmAanMnmnmn

A e -

TOOAOMO A
MWV DD
MMM mnn
C e s e e e s e

vl e

r~HBOT O
OO MM
S LAl Ve Wt o Vo

A A~

VAHONOYTD YT
MY ITVOVC™
AR T T Dt o)
PR AP

ot

MO N
OGO
auaNeaam

Ao

MO T HO D
oMM T
Lalala b Yal ot ul 4l
e e e b s

A A

COMNOHM-HY
NOLCO-~To
QAN
C e e e e

M Ao

ovovowtm
AROOARNN
aamMmMmmnn
DI S

Hed A

vonrownam
M9 T TNOWO
aNeaeaN

Hel e

AV ® -~
A Rl ol oo Y
IS AVCECAG RS IV NS X3 )
“ e s 4 e e

e el e

h,
1,
ca(céi)

r = 1.75 (23.35 percent fuel by weight)

trHOYTNO Y
nMe~-~-Ndo
NM-ATOT
O T TN m
NN

WITONONAON
AOMNVODH T
NANDNRADWN
ANHAAOOO
[LACEVECESRCEG AV

r = 2,00 (25.83 percent fuel by weight)

NOHTrODOW
NO=HMNOME
ONTOANDWN
OO~V ONW
QRN NN

AVAOAT O
QN HNON T
ROV ANMN A D
A A SalalaTaiv]
NN N

r = 2.50 (30.33 percent fuel by weight)

HAHDO®YT O
MMTOVORAO T
THAAOANO N
TNNNAQOO
T T T Yo Yo

ocoovEITMAHC
ANOONM~O®
MOV NO
O D®D -
nueaQaNN

r = 3.00 {34.31 percent fuel by weight)

corvmOAN~
OvOVHHVTQ
DO
Ot~V T Y
mmmnnnnm

VRO NON
ATOHONOWVtV
orNOOVN MO
TN
mMmnnannm

r = 4.00 (41.05 percent fuel by weight)

VOOSTINO
AN
ONOVAV VN
O T MM N N
AR AAL S S

WO ¢ @Nt-r-0
NAWWVRTO0
CNAVROOW
HHOOOO QR
TTTTITAOn

Combustion-chamber pressure, 300 pounds per square inch absolute.

Temperature| Enthalpy,|Isen-

VOADNHYO T

AOVOVHNOW

s o2l DAOAMTIVY AOHMTING
E o3 MNTTETEY ¢TTWVBVIOG
£5 ©C0000C00 COCDOCOOO
g W e e e ee eeaeeean
§ 2 d °

—

Temper-

ature,
T,
oK

CHQOUDADY
Tar~~TNOD
TNOoODNEM
NN A A

BN AN D
TNV O RSO
NHOODMO
el

DV DNAAA
MOV
TROD-NT
QRN At

NORANNODO
- DO RN O
NHONDDM O
e

OMmE-QODM
VONNTDO A
NHACDM~N T T
00 02 OF vl v vl vt

>
VAN AVORN
DVODHANON
NQROOCHD®D™
et et

NN NMOONER
0w Tno
NOort-VweTMm
Qe

MOV~ O
VOO MM
NHOQR®®DM™
et

HACANAHORDR
NV T M~
oo onTnM
Nttt

MM OV©
tOHWDNNNO
HeEHOD®D -~
et

abs

Pressure,
P,
1b/sq in.

oO0O0OQOoOWnOo
oQooO0oWNoOr-o
ooworwnn
MO

ooowVOoroO
QoMM

Nt

[elegegajelelnXed
QoOoQWworC
Qownor~unMMn
N

coowVor~C O
oMo nMNE

COQoOoOO0OoONOo
QOoOo0oWMNOonr~oO
oownor-nm
nEHA

ooOONOoOt-00
ownorunMnE

0wl

QOO00OOWNO
COo0OMNOr~O
ocoownor-unnm
N

ooOoWVONOOC
ownornnna

N

00000 OWNO
eooconoro
cownornmm
N

COONOr-00
onwornMn NN

LR R

Pres-
sure
ratio,
Po/P

QONOOOOOOo
AR NMYTODO
-

cCOooO00000
NoQOOCOO
ARMTYVOOW

e

owoocoooo
HHANM TV O
-

COO00000O0
NOOOOO0 O
HANMTODRO W

LR

oNO0Oo0QOoo
HEHONITOVDO
-

o0oo0O0COoO0
nNOoO0OO00O
HNMeOVOOown

et

oo OOO0O
HAQMTODOO
-

QoooO0COoO0
wooooocooC
ATV OWw

e

OMNOO0O0OoO
HHMNMTOVOO
-

0000000
NwooO00O00O
HNMNTOD OWw

el




NACA RM E56A13a

28

¥ 152 28 ¢ $O0¥°T 29.LS 09LT S60¢ 9¢P"T SO 1% 00" ¥
0°9%92 ¥ ¢ 007" T 0L09 76T 288¢ ¥I6°T T 9¢ 00*¢
2'0L2 PSS 96¢°T 9229 2202 ¢18e L62°2 geeog 0S°2
S*¥vL2 82 ¢ 2621 7929 L902 L90% 2L8° 2 €8° 82 00°2
L°%L2 AR 682°T 29¢9 T902 coTy 28e ¢ =i ord SL°T
S*9L2 8T ¢ LB T ANAS) 8902 L92% 68S°¢ 6L°T2 09°T
2*8Le ST°¢ 98¢ T 09799 €102 1517447 628°'¢ TL°02 0S°'T
8°GL2 ¥T°¢ s8¢ T 90%9 9502 PAS NG "20T" ¥ 09° 61 0% 1
9692 ¢T ¢ ¥8e° T 9929 S661 82 S6S° v L8" LT S2°1
T°%S2 60°'¢ cee T ¢T6S 908T 0Teg ePL S c8 71 00°'1
(19°02 ‘or3®x uorsusdxe) sqm -uy dm\pﬁ 00g ‘eamssoad xsquey)
8°TL2 2L’ s 2IS'T €8.LS SGST S21¢ 9¢¥° 1 SO° 19 00 ¥
6°S82 SS8°S S0S* 1 TTITS T2.L1 8T9¢ 716" 1 Te*v¢ 00 ¢
9° 2862 1%°S 00S8°1 LL29 L8LT 868¢ L62°2 €e*0¢e 0s°2
0" L62 €2°S 26%°T 2079 918t 891y 2L8°2 €8° G2 00°2
0*L62 21°S 887 1 22%9 ¢08T 692% 282°'¢ gere2 SL°T
S* 662 €0° S 87°1 T6%9 LOST 9627 68S°¢ 6L°T2 09°1T
T°TOg 96° ¥ 287 T 6€S9 €081 B8LYY 628° ¢ TL*02 0S°'1
¥°862 y6' v 8%°1 ¥879 98.T y97¥ 20T ¥ 09°6T 0% T
S*T62 6% 087" 1 82¢9 92LT 6SCY S6S° ¥ L8 LT S2°'1
AR AR €8 ¥ 9L%* T ¥L.6S 67ST LOO% e¥L° S "E8°FT 00°'T
(¢8°0% ‘or138x uoisusdxe) s8qB *UT dm\pH 009 ‘aamesaxd xaquwy)
Ao (d)+(0)2
q X ¢
o) SEEYLE: ° A J/o ET?V«
q1/o98-qT 2 ‘gsnayy | - 4o 3L faanys foryBx I
‘1 ‘oTyBa Jo fLqpooToa faamys | ~xadmaq 1u8tem| auBtem ‘o1qex
‘osTndmt BOJIB qQUaTO OT38T | ~xadmaq uoTSY TanJ-01 | £q Tang aouaT
O0TJToadg | ©T22ZON | ~TJF20) ( ~I9308IBYD 3TXd | -snquo) | -3uspTx0 | jusoxsg | -wATNbE

ﬁmQOﬁmﬁdmxm otdouaquest Suranp uorqisodmoo noaohuw

LHOIEM Xd NEDXXO INADHHL £9°62 QNV HNTHONTI INAOWEI LS*OL DNINIVINOD INVIIXO

HLIM TEOL y=df ¥OJ THEHISONLY T OL NOISNVAXHE ¥OJ TONVWMOIMEI TYOLIAMMOMHLI - *IA TIGVE




29

Page intentionally left blank

' Page intentionally left blank




29



30

Specific impulse, I, lb-sec/lb

NACA RM ES56A13s
|
Specific-impulse
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(a) Combustion-chamber pressure, 600 pounds per square inch absolute.
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Exponent ny for use in equation I = Ign, 3%5 .

Figure 1. - Theoretical specific impulse of JP-4 fuel with oxidant containing
70.37 percent liquid fluorine and 29.63 percent liquid oxygen by weight,
Frozen composition during isentropic expansion to pressure ratio .indicated.
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