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THEORETICAL PERFORMANCE OF JP-4 FUEL AND LIQUID
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I - FROZEN COMPOSITION

By Vearl N. Huff and Anthony Fortini

SUMMARY

Theoretical rocket performance for frozen composition during expan-
sion was calculated for the propellant combination JP-4 fuel and liquid
oxygen at two chamber pressures and several pressure ratios and
oxidant-fuel ratios.

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

INTRODUCTION

A continuing interest in hydrocarbon fuels and liquid oxygen as
rocket propellants is assured by favorable logistics and relatively high
gpecific impulse., Theoretical performance of several hydrocarbons with
liquid oxygen has been reported in the literature, for example, in refer-
ences 1 to 3.

Additional computations were made for the propellant combination
JP-4 fuel and liquid oxygen at the NACA Iewis laboratory between 1953
and 1955 as required for theoretical and experimental programs. These
data were computed for both frozen and equilibrium composition during
expansion,

The present report presents the data for frozen composition during
expansion for two chamber pressures and a wide range of oxidant-fuel
ratios and pressure ratios. A correlation is given which permits the
determination of specific impulse, cheracteristic velocity, ratio of
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nozzle-exit area to throat area, combustion-chamber temperature, and
nozzle-exit temperature for a wide range of chamber pressure.
SYMBOLS
The following symbols are used in this report:
A nozzle area, sq in.

local velocity of sound (velocity of flow at throat), f‘b/sec

o

ch F
coefficient of thrust; CF = —x = m

e .

molar specific heat at constant pressure, cal/(mole)(°K)

Zm ()

D

cp specific heat at constant pressure, NT ) cal/ (g) (°k)
Cy specific heat at constant volume

c* characteristic velocity, g.P.Ap/w, ft/sec

F thrust, Ib

fl’fz’ ees functions

8o gravitational conversion factor, 32.174 (Ib mass/1b force)
(ft/secz)

H.% sum of sensible enthalpy and chemical energy, cal/mole

h sum of sensible enthalpy and chemlcal energy per unit mass,

izni (B3)4

W) ¢ e

I specific impulse, 1b force-sec/lb mess

k coefficient of thermal conductivity, cal/(sec) (em) (°K)
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Dg .

o/F

o

;niMi
) g/ g-mole or lb/lb-mole

molecular weight, —
1 -

mole fraction

. . A log c¥*
characteristic-velocity exponent (—————)
? \A log P,

specific-impulse exponent for fixed pressure ratio,

A log T )
A log PC PC/P

temperature exponent for fixed pressure ratio ,<A log T

A log Pc:)Pc /P

' A log &
area-ratio exponent for fixed pressure ratio, A 1log P,
c

)Pc /P

oxidant-to-fuel welght ratio

static pressure (sum of partial pressures), l'b/sq in.
partial pressure, l'b/sq in.

universal gas constant (consistent units)

equivalence ratio, ratio of four times the number of carbon
atoms plus the number of hydrogen atoms to two times the

number of oxygen atoms 4 Cz -(l)- H)

entropy at a pressure of 1 atmosphere, cal/(mole) (°K)

Zi:ni (s2); B zp jnp 3/14.696

entropy per unit mass, M(T < nkj o y

cal/(g)(°K)

temperature, °g

mass-flow rate, l‘b/sec

isentropic exponent, (%%%)
s
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€ ratio of nozzle area to throat area, A/At

p density, Ib/cu in. ‘ >
1 sbsolute viscosity, poises = g/(cm) (sec)

Subscripts:

c combustion chamber o
e nozzle exit 3
i product of combustion including both gaseous and solid phases

J gaseous product of combustion

k solid product of combustion (éraphite) )

o conditions at 0° K

P constant pressure -

PC/P constent pressure ratio

8 constant entropy
t nozzle throat
1 reference point

CAICULATION (F PERFORMANCE DATA

Performence data were obtalined for two chamber pressures for a
range of equivalence ratios and pressure ratios. Frozen composition
during expension was assumed.

The computations were carriled out by means of the method described
in reference 4 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 approximation process used in the calculations was continued
until seven-figure accuracy was reached in the desired values of the
assigned parameters Gmass balance and pressure).
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Assumptions

The calculations were based on the following usual assumptions:
perfect gas law, adiabatic combustion at constaent 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, methane CHy, carbon monoxide CO, carbon

dioxide COp, atomic hydrogen H, hydrogen H,, water H,0, atomic oxygen O,

oxygen Oz, and the hydroxyl radical OH. The combustion products are

agsumed to be completely expanded within the exit nozzle, that is, ambient
pressure equals exit pressure.

The graphite was assumed to be finely divided and to have the tem-
perature and velocity of the gases during the flow process.

Initial Data

Thermodynamic data. - The thermodynamic data for all combustion
products except graphite, methane, and water were taken from reference 4.
Data for graphite were taken from reference 5, end for water from ref-
erence 6., Data for methane were determined by the rigid-rotator -
harmonic-oscillator approximation using spectroscopic data from refer-
ence 7. The base used in this report for assigning sbsolute values to
enthalpy is the same as in reference 4.

The heat of sublimation of graphite at 298.16° K was taken to be
171.698 kilocalories per mole (ref. 8).

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 Jjet fuels may be found in
reference 9.

Several properties of the oxidant taken from references 4, 8, and
10 are listed in table I.

Viscosity data. - The viscosity data for the individual combustion
products were either taken from the literature when available, or
estimated.

The viscosity data for CO, COp, CHy, Hy, and 0o were calculated by

the method of reference 11 using the values of the constants from table
1A of that reference.

ra
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The viscosities of C, 0, H, and OH were calculated by the method of
reference 12, which assumes that the logarithm of viscosity is a linear
function of the logarithm of the temperature.

The viscosity of H;0 was calculated from the modified Sutherland
equation given in reference 13,

Computation of Combustion Conditions

A combustion pressure was assigned (300 or 600 1b/sq in. abs). At
this assigned pressure, the composition n;, enthalpy h (including both

chemical and sensible energy), and eﬁtropy s, were determined for three
temperatures at 100° K intervals. The temperatures were chosen to band
the value of enthalpy for the propellant mixture h,. The formulas

(ref. 4) used to calculate h and s are

;ni (B3)4

R (RN (1)
Z S 1.98718 1n ps/14.696
4 n; (S7)1 ) %——'\Pj p3/ @
® T M - o) PM

Combustion composition corresponding to h, was obtained by ordinery

three-point interpolation of composition as a function of h. Entropy

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 cbtained
by means of the thermodynemic relation )

(%)P -2 e

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 gases and solid graphite) divided
by the number of moles of gas and was computed by

1-np (4)

M=

4021
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This value of M is suitable for use in the gas law

p = 8L (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. The procedure is also
consistent 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 300° or 400° K intervals to cover the range of
pressure ratios from 1 to 1500. At these selected temperatures, the
following data were computed assuming isentropic expansion and frozen
composition: pressure, enthalpy, specific heat at constant pressure,
isentropic exponent, sbsolute viscosity, thermal conductivity, nozzle-
area ratio, coefficient of thrust, and specific impulse.

Interpolation of throat pressure. - A cubic equation in terms of
In P was derived from the following function and its first derivative
using the data at two assigned temperatures:

L, yT &)
ln<R+ZM_R

function, f7 = In fg

ar
£irst derivative, - li s = 2;}2 (r + 1+ E—&lan>

(Values for dr/d 1n P were found by a numerical method. )

The two temperatures were selected to band the throat temperature.
The pressure at the throat was found by interpolating In P as a func-
h h

tion of f, for the point fy = 1n.<i§-- T? . At this point the velocity

of flow equals the velocity of sound,

Interpolation of enthalpy. - Enthalpies were interpolated for a
series of pressures including the throat pressure by means of quartic
equations in terms of 1n P. Each of the quartic equations used was
derived from date 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 temperatures and its first and second derivatives at both
assigned temperatures:
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function, fg =%

3 T
first derivative, TP - N
d
second derivati 2f5 I (T — %)
ve, S5 = i1
_ PR @ p)e T M\ Y

Interpolation of temperature. - Temperatures were interpolated for
a series of pressures including the throat pressure by means of cubic
equations in terms of 1In P, Xach 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 derivative at
both assigned temperatures:

function, f4 =1n T

ar -
first derivative, 3 ln%P =L - 1

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 In P. Each of the cubic equations used was
derived from values of specific heat for four successive assigned tem-
peratures and used to interpolate those points within the interval of
the two middle temperatures.

Accuraecy 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
tebulated, 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 thermodynamic data used, all values are probably tabu-
lated to more places then are entirely significant.

Formilas

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

Specific impulse, 1b force-sec/1b mass

4021
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-h
c e
= 294.98n 3500
Throat area per unit mass-flow rate, (sq in.)(sec)/Ib

Ay 278L.6 Ty

W T T Pyhe
Characteristic velocity, ft/sec

c* = g P (Ag/w) = 32.174 P, (Ay/w)

Coefficient of thrust

gc1 _32.174 T
Cp = ¥ ¥

Nozzle area per unit mass flow rate, (sq in.)(sec)/1b

A _ 86.455 T
w  PMI

Ratio of nozzle area to throat ares

W
At W
Specific heat at constant pressure, cal/(g)(oK)

Zni(cp)i

i

MZl 5
Isentropic exponeqt (when the composition is frozen)

r=<aJ.nP) __ % _%

:D

0 In p/g R ey
‘e T H
Absolute viscosity, poises
L= PM
D3 ~
By /M.

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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Coefficient of thermal conductivity, cal/(sec)(cm) (°K)

k = u<cp +-2-§> (15)

The values of viscosity and thermal conductivity for mixtures of
combustion gases calculated by means of equations (14) and (15) are only
approximate. When more relisble transport properties for the various
products 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).

THEORETICATI, PERFORMANCE DATA
Tebles

The calculated values of the performance parameters are given in
tables ITI to VI. The properties of gases in the combustion chamber and
the characteristic velocity are given in table II for each chamber
pressure and equivalence ratio. Teble IIT presents the values of per-
formance 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 compression 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
functions 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 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 1.2 and 0.8 times the throat pressure.

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

The specific impulse and area-ratio values for expansion from
chamber pressure to 1 atmosphere are summarized in table-VI. The maxi-
mm values calculated for specific impulse for chamber pressures of 600
and 300 pounds per square inch absolute are 271.8 and 250.4, respectively,
at 31,98 weight percent fuel. -

4021
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Curves

The performance parameters are plotited in figures 1 to 5 for chamber
pressures of 300 and 600 pounds per squere inch sbsolute.

Curves of specific impulse are presented in figure 1 for pressure
ratios from 10 to 1500 as functions of weight percent fuel. The maximum
values occur at sbout 31.98 weight percent fuel. The exponent ny 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 area to throat area are plotted in
figure 3 for pressure ratios from 10 to 1500 as functions of weight
percent fuel. The exponent ng is also shown.

Figure 4 gives the curves for coefficient of thrust for pressure
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 fuel. Also shown is the
exponent ng¥*.

Effect of solid graphite. - The theoretical calculations of equilib-
rium composition in the combustion chamber showed that solid graphite
was not present for the equivalence ratios of 1 to 2 (weight percent
fuel, 22,71 to 37.01) and was present for equivalence ratios of 3.
The appearance of solid graphite did affect the values of the thermo-
dynamic parameters and resulted in a break in the performance data in
the region of equivalence ratios between 2 and 3. The performance at an
equivalence ratio of 3 was not plotted in figures 1 to 5 but is presented
in tables II to VI. '

Chamber -Pressure Effect

The logarithms of the parameters I, T, &, and c¥* are very nearly
linear with the logarithm of chember pressure for a fixed equivalence
ratio and pressure ratio. This linearity permits the data to be cor-
related by means of exponents according to the following equations:

<A log I (16)

o7 = \A Tog PC)PC /P
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Alog T
np = <m)P (17)
§ Fe/pe/p
A log €
n, = (2308 ° 18)
€ (A log P ) (
og Fe PC/P
_ (A log c*
Ue¥ = <; log Pc> (19)
Equations (16) to (19) may be written as
P, \I
I=1q <1> < ) (20)
c,l
P, VT
T=T <Pc,1> (21)
Pe P&
E = 81 ( c ) (22)
Pc,l .
P \Be*
C* = C;: ( c > (23)
Pc,l

where Pc,l may be selected to be either 300 or 800 pounds per square
inch absolute provided that I, Ty, €3, and ci are the corresponding
values for the chamber pressure selected.

The data of tables IT 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 atm) for an equivalence ratio r of 1.5 (30.59 weight percent fuel).
From figure 1(a) end teble V, the value of I at this pressure ratio
and equivalence ratio (but for a chember pressure of 300 1b/sq in. abs)
is 261.5 and the value of ny is 0.0142. From equation (20),

4021
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H
]

)0.0142

450
261.5 (366

I

261.5 (1.00577)

263.0

A comparison of the parameters obtained by means of the chamber-pressure
correlation and by a direct calculation for two exemples is given in the
following teble (r = 1.5; 30.59 weight percent fuel):

Parameter P, = 450 Ib/sq in. abs P, = 1200 1b/sq in. sbs
Pe = 1 atm P = 1 atm
Estimated | Direct | Error | Estimated | Direct | Error
by corre- | calcu- by corre- | calcu-
lation lation lation 1 lation
I 263,04 263.09 | 0.05 250.40 290.25 | 0.15
To 3482.7 3482.9 .1 3605.2 3600.4 4.8
Te 1815.4 1815.5 .2 1560.5 1558.0 2.5
€ 4,643 4.641( .002 9.429 9.408| ,021
c¥® 5762.5 5762.7 .2 5838.2 5835.0 3.2

It is expected that values estimated for other equivalence ratios
and pressure ratios will have small errors of the order of magnitude
shown in the preceding table. A possible exception might occur when the
value of the exponent is changing repidly such as in the region when
solid greaphite first sppears.

SUMMARY (F RESULTS

A theoretical investigation of the performance of JP-4 fuel with
liquid oxygen as an oxidant was made for the following conditions:
(1) equivalence ratios from 1 to 3, (2) chamber pressures of 300 and
600 pounds per square inch, (3) pressure ratios from 1 to 1500, and
(4) frozen composition during expension.

The results of the investigation are as follows:
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1. The maximm values of specific impulse for chember pressures of
600 and 300 pounds per square inch absolute (40.83 and 20.41 atm) and “
and exit pressure of 1 atmosphere were 271.8 and 250.4, respectively,
at 31.98 weight percent fuel.

2. The data presented in this report permit interpolation of complete
performance data for any equivalence ratio from 1.00 to 2.00, chamber
pressure from 150 to 1200 pounds per square inch sbsolute, and pressure
ratio up to 1500.

4021
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TABIE I. - PROPERTIES (OF LIQUID OXYGEN

Molecular weight, M

Density, g/cc

Freezing point, °C

Boiling point, ©C

Enthalpy required to convert
liquid at boiling point to
gas at 25° C, kcal/mole

Enthalpy of vaporization,
kcal/mole

Enthalpy of fusion,
kcal/ mole

32.00
87,1415
b_218.76
b_182.97
€3,080

d1.630

€0.106

apt -182.0° C; ref. 10.

: bRef. 8.

CRef. 4.
dat -182.97° C; ref. 8.
At -218.76° C; ref. 8.

NACA RM ES56AZ7
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TABLE III. - THEORETICAL ROCEET PERFORMANCE AT ASSIGNED TENPERATURE FOR JP-4 FUEL AND LIQUID OXYGEN WITH

FROZEN COMPOSITION DURING ISENTROPIC PROCESS

(a) Chamber pressure, 500 pounds per square inch absolute.
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THEORETICAL ROCKET PERFORMANCE AT ASSIGNED TEMPERATURES FOR JP-4 FUEL AND LIQUID

OXYGEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS

TABLE IXI. - Concluded.

(b) Chamber pressure, 800 pounds per square inch absolute.
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WITH FROZEN CCMPOSITION DURING ISENTROPIC PROCESS
(a) Chamber pressure, 3500 pounds per square inch absolute.
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TABLE IV. - THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATTOS BETWEEN 1 AND 8 FOR JP-4 FUEL AND LIQUID OXYGEN

20

boxidant-to-fuel ratio, by weight.

3pPuel in propellant, percent by weight.
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 1 AND 8 FOR JP-4 FUEL AND LIQUID

- Concluded.

TABLE IV.

OXYGEN WITH FROZEN CGAPOSITION DURING ISENTROPIC PROCESS

(b) Chamber pressure, 600 pounds per squars inch absolute.
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FROZEN COMPOSITION DURING ISENTROPIC FROCESS

(a) Chamber pressure, 300 pounds per square inch absolute.

TABLE V. - THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID OXYGEN WITH
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID

- Continued.

TABLE V.

OXYGEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS

Chamber pressure, 500 pounds per square inch absolute.

{a) Concluded.
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OXYGEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS
(b) Chamber pressure, 6§00 pounds per square inch absolute.

THEORETICAL ROCEET PERFORHANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID
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TABLE V. - Continued.
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Chamber pressure, 600 pounds per square inch &bsolute.

OXYUEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS

(b) Concluded.

THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID

- Concluded:

NACA RM E56A2T7

TABLE V.
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-~ THEORETICAL ROCKET PERFORMANCE FOR COMPLETE EXPANSION TO EXIT PRESSURE

TABLE VI.

OF 1 ATMOSPHERE FOR JP-4 FUEL AND LIQUID OXYGEN

{ Frozen composition during isentropic process.]
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Figure 1. - Theoretical specific impulse of JP-4 fuel with
liquid oxygen. Frozen composition during isentroplc ex-
pansion to pressure ratio indicated.
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Flgure 1. - Concluded. Theoretical specific impulse of JP-4

fuel with 1iquid oxygen. Frozen composition during isen-
troplc expansion to pressure ratlo indicated.
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Figure 2., - Theoretical combustion-chsmber temperature and
nozzle-exit temperature of JP-4 fuel with liquid oxygen.
Frozen compositlion during isentroplec expansion to pres-

sure ratio indicated.
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Flgure 2. - Concluded. Thearetical combustion-chamber temperature and
nozzle-exit temperature of JP-4 fuel with liquid oxygen. Frozen com-
position during isentropic expansion to pressure ratio indicated.
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Pigure 3. - Theoretical ratio of nozzle area to throat area
for JP-4 fuel with liquld oxygen. Frozen composition dur-
ing isentroplc expansion to pressure ratio indicated.
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Figure 3. - Concluded. Theoretical ratio of nozzle area to
throat aree for JP-4 fuel with liqulid oxygen. Frozen

composition during isentroplc expansion to pressure ratio
indicated.
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Figure 4. - Concluded. Theoretical coefficient of thrust for
JP-4 fuel with liquid oxygen. ZFrozen composition during
isentroplc expansion to pressure ratlo indicated.
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