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THEORETICAL, PERFORMANCE OF JP-4 FUEL WITH A 70-30 MIXTURE
OF FLUORINE AND OXYGEN AS A ROCKET PROPELLANT
IT - EQUILIBRTUM COMPOSITION

By Sanford Gordon and Vearl N. Huff

SUMMARY

Theoretical rocket performance assuming equilibrium camposition
during expansion was calculated for JP-4 fuel with an oxidant contain-
ing 70.37 percent liquid fluorine and 29.63 percent liquid oxygen by
weight (fluorine-to-oxygen atom ratio of 2). Data were calculated for
two chamber pressures and several pressure ratios and oxidant-fuel
ratios.

The parameters included are specific impulse, cambustion-chamber
temperature, nozzle-exlt temperature, molecular weight, molecular-weight
derivative, characteristic velocity, coefficient of thrust, ratio of
nozzle-exlt area to throat area, specific heat at constant pressure,
isentroplc exponent, coefficient of viscosity, and coefficient of thermal
conductivity. A correlation is given for the effect of chamber pressure
on several of the parsmeters. ’

The maximum values of specific impulse for chamber pressures of 600
and 300 pounds per square inch absolute with an exit pressure of 1 at-
mosphere were 325.7 and 298.8 pound-seconds per pound, respectively.

A method for obtaining specific impulse for JP-4 fuel with OF, and
0z-Fp mixtures is given.

INTRODUCTION

Mixtures of liquid fluorine and liquid oxygen with JP-4 fuel have
been considered recently as possible high-energy rocket propellants
(refs. 1 to 5). Better performence may be obtained fram hydrocarbon
fuels with certain fluorine-oxygen mixtures than with either 100 percent
Pluorine or oxygen. The reason for this is that fluorine burns prefer-
entially with hydrogen, and oxygen with carbon. This is fortunate in
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that the alternative formation of water instead of hydrogen fluoride
would have led to lower combustion temperatures, and the formation of
carbon tetrafluoride instead of ctarbon monoxide would have led to higher
molecular weight. The result would then have been a lower ratio of tem-
perature to molecular weight with a correspondingly lower performance.

According to data in reference 6, the optimum oxidant mixture with
JP-4 fuel is gbout 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 29.53 percent oxygen by weight (f1uorine-to-
oxygen atom ratio of 2) for both frozen and equilibrium compositions
during 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 data for frozen composition during expansion are reported in
reference 7. The subject report presents the data obtained for two
chamber pressures on the basis of equilibrium camposition during expan-
sion. A correlation is given which permits the determination of spe-
cific impulse, characteristic veloclty, ratio of nozzle-exit area to
throat area, combustion-chamber temperature, and nozzle-exit temperature
for a wide range of chamber pressures. An equation is given that per-
mits estimation of specific impulse for a change in the heat of reaction
of the propellant.

SYMBOIS
A nozzle area, sq in.
a locel velocity of sound (velocity of flow at throat), f£t/sec
Cp coefficient of thrust, Cp = g.I/c¥* = F/P Ay
Cg molar specific heat at constant pressure, cal/(mole)(°K)
¢, specific heat at constant pressure, (Bh/BT)P, cal/(g) (°K)
c¥* characteristic velocity, chcAt/w, ft/sec
F thrust, 1b
£15f250- functions
8. gravitational conversion factor, 3?.174<i2 ?ii2%>(322é>

9707
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oy

sum of sensible enthalpy and chemical energy, cal/mole

sum of sensible enthalpy and chemical energy per unit mass,

; ni (BR)1
MZJ. - Ilks ?

specific impulse, 1b force-sec/lb mass

cal/g

coefficlent of thermal conductivity, cal/(sec)(em)(°K)

2 nj My

molecular welght, —%—_—:—Ek—-, g/ g-mole or lb/ 1b-mole
mole fraction

O 1ln &
characteristic-velocity exponent, E—l—n—Pc-

0lnI
specific-impulse exponent for fixed pressure ratio, Sio oL b /P
C/fe
temperature exponent for fixed pressure ratio oln T
>\ 1mm P Pc /P

in &
area~ratio exponent for fixed pressure ratio, %_T)P /P
1n P
c

oxldant-to-fuel weight ratio

pressure (sum of partial pressures), 1b/sq in.

partial pressure, lb/sq in.

universal gas constant (consistent units)

equivalence ratio, ratio of four times the number of carbon atams

plus the number of hydrogen atoms to two times the number of
oxygen atoms plus the number of fluorine atams in propellant,

4(C) + (H
2(0) + (F b

s
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sh entropy at pressure of 1 atmosphere, cal/(mole)(°K) e
E (591 R ) pyln(py/L4.696) )
8’ entropy per unit mass, i(i T - J_ = ,
cal/{g) (%K)
T temperature, °k »
v specific volume g
W mass-flow rate, lb/sec
T isentropic exponent, (‘2—_]]:2_'15)
8
€ ratio of nozzle area to throat ares, A/At
T coefficient of viscosity, poises = g/(cm)(sec) ]
£ (%—]]%l@ , partial derivative of logarithm of molecular welght )
8
with respect to logarithm of temperature at constant entropy
o density, 1b/cu in.
Subscripts:
c cambustion chamber
e nozzle exit
i product of cambustion including both gaseous and solid phases
J gaseous product of cambustion
k solid product of cambustién (graphite)
o conditions at O0° K
P constant pressure
PC/P constant pressure ratio -

constant entropy , .

e
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+ nozzle throat

1 reference point

CALCULATION OF PERFORMANCE DATA

Performance date were obtained for two chamber pressures for a
range of equivalence ratios and pressure ratios. These data were cal-
culated assuming equilibrium composition during expansion.

The computations were carried out by means of the method described
in reference 8 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 suc-
cessive approximation process used in the calculations was continued
until seven-figure accuracy was reached in the desired values of the
assigned parameters (mmss balance and pressure or entropy).

Agsumptions

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-dimensionsl flow.
The products of cambustion were assumed to be graphite and the following
ideal gases: atamic carbon C, carbon monofluoride CF, carbon difluoride
CF2, carbon trifluoride CF3, carbon tetrafluoride CF4, difluorcacetylene
C2F2, methane CH4, carbon monoxide CO, carbon dioxide COz2, atamic

fluorine F, fluorine Fp, atomic hydrogen H, hydrogen Hy, hydrogen

fluoride HF, water H20, atomic oxygen O, oxygen O2, and the hydroxyl
radical OH. The cambustion products are assumed to be campletely ex-
panded within the exit nozzle; that is, exit pressure equals ambient
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 thermodynamic date for all cambustion
products except graphite, methane, the fluorocarbons, and water were
taken from reference 8. Data for graphite were taken from reference 9 B
for carbon monofluoride from reference 10, for the remainder of the
fluorocarbons fram reference 11, and for water from reference 12. Data
for methane were determined by the rigid-rotator - harmonic-oscillator
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approximation using spectroscopic date from reference 13. The base used
in this report for assigning absolute values to enthalpy is the same as

that in reference 8.

The dissociation energy of fluorine was taken to be 35.6 kilocal-
ories per mole, and the heat of sublimation of graphite at 298.16° X
was taken to be 171.698 kilocalories per mole (ref. 14). The heat of
solution of oxygen and fluorine was taken to be zero.

Physical and thermochemlcal data. - The properties of the fuel used
in these calculations are typical of the JP-4 fuel delivered to the Lewils
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) , & lower
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additiomal properties of jet fuels may be found in refer-
ence 15.

9%0%

The oxidant used in these calculations is a mixture of liquid fluo-
rine and liquid oxygen. The heat of solution of this mixture was neg- .
lected. Several properties of the oxidants taken from references 8, 14,
16, and 17 are listed in table I.

Viscoslty data. -~ The viscoslity date for the individual cambustion
products were elther taken from the literature when available, or esti-
mated. The viscosities of F, H, Hy, and HF are given in reference 18.

The viscosities of the remaining substances except Ho0 were calculated
using similar techniques. The viscosity of Hp0 was obtalned from a
modified Sutherland equation (ref. 19).

Camputation of Combustion Conditions

A combustion pressure was assigned (300 or 600 l'b/sq in. abs). At
this assigned pressure, the equilibrium composition ny, enthalpy h

(including both chemical and sensible energy), and entropy s were de-
termined for three temperatures at 100° K intervals. The temperatures
were chosen to band the value of enthalpy for the propellant mixture h,.
The formulas used to calculate h and s are .

}:1\' n; (Bp)y
BT ()

E;, n;(89); 1.98718 ; p;1n(ps/14.696)
8 = E(l - nk) - PM
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Combustion composition corresponding to he was obtained'by.ordi—
nary three-point interpolation of composition as a function of h.
Entropy s, corresponding to h, was obtained by means of a three-

point -~ three-slope interpolation of s as a function of h. The slope
was obtained by means of the thermodynamic relaetion

@), -3

It is8 convenient to treat the products of combustion (sometimes a.
mixture of solid graphite and ideal gases) as a single homogeneous fluid.
Therefore, the molecular welght of the combustion products M 1is de-
fined as the weight of a sample (including gases and solid graphite)
divided by the number of moles of gas, as given by the formula

Y ngy
Mo T

- | (4)
1l - nk )
This value of M 1s sultable for use in the gas law
_ PRT
- M (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 asstmption that the solid particles are small enough
t0o be considered gas molecules of extremely large molecular weight.

Camputation of Exit Conditions

Calculation of parameters at assigned temperatures. - Exit temper-
atures were selected at 2009, 3009, or 400° K intervals to cover the
range of pressure ratios from 1 to 1500, At these selected temperstures,
the following data were computed assuming isentropic expansion and equi-
librium composition: opressure, enthalpy, molecular weight, molecular-
weight derivative, isentropic exponent, specific heat at constant pres-
sure, viscosity, thermal conductivity, nozzle-ares 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:
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h
function, fl=lnf2;ln(%+%_—f?>

piret derivative, —ot - T T+1+ d")
T In? - M, 1o P

(Values for dy/d In P were found by a& mmerical method.)

The two temperatures were selected to band the throat temperature.
The pressure at the throat was found by interpolating 1In P as a func-
tion of £ for the point £ = In (h,/R - h /R). At this point the

veloclty 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 data at two successive assigned temperatures and used to
interpolate those polnts within the temperature interval. The data used
in forming each gquartic were the following function at one of the as-
signed temperatures and its first and second derivatives at both as-

sligned temperatures:
function, fz =

=l

af 5 T

first derivative, FinP W

aér
3 _ Iy ~
second derdivative, (@ 1o D)2 = M( 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 asgigned temperatures and used to in-
terpolate those points within the temperature interval. The data used
in forming each cubic were the following function and its derivative at
both assigned temperstures:

function, fy = In T

af -
first derivative, fg = = (f )( L )

d1n P \ 1 -z

9707
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Interpolation of molecular welght. - Molecular welghts were inter-
polated similarly {to temperatures using the following function and
derivative:

function, fg = 1n M

first derivative -EEG— = Efg =<f — )( £ )
7dIn?P T - &

Interpolation of specific heat, isentropic exponent, and molecular-
welght derivative. - 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 derived from values
of specific heat for four successive temperatures and used to interpolate
those points within the interval of the two middle temperatures. Isen-
tropic exponents and molecular-weight derivatives were interpolated in a
manner similar to that for specific heats.

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 tab-
ulated. The temperature and molecular weight may in some cases be in
error by a few figures in the last place tabulated. The derivatives may,
in regions where they are changing rapidly, be in error by a few percent.
However, because of uncertainties in thermodynamic data used, all values
are probably tebulated 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

T -
I = 294.98 «’—%ﬁo—e (8)

Throat area per unit mass-flow rate, (sq in.)(sec)/Ib

A 278L.6 Ty

¥ T TPk (7)
Characteristic velocity, ft/sec
A A
* _ t)_ J O E
¢t = chc<—;T—>—— 32.174 PC(—;’_—) (8)

L
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Coefficient of thrust

8l 32,174 I
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CF = =% =% (9)
Nozzle area per unit mass-flow rate, (sq in.)(sec)/1b
A _86.455 T
2= 20209 - 10
W PMT (10) -
Ratio of nozzle area to throat area g
_A/w
“= i ()
Specific heat at constant pressure, cal/(g)(QK)
®p (é ) M l - n (12)
k
where CB is given by equation (37) of reference 8.
Isentropic exponent
o 1nP) a2 (13)
"8 Ime/) TR
where a2 is given by equation (32) of reference 8.
Coefficient of viscosity, poises
PM
po= (14)
)
H3/My
J
Molecular-weight derivative
20 p;D;
{0 1n M) _ i
£ —(m)s =Dy - ——3p— (15) ]
where DA and Di have the definitions of reference 8. -
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Coefficient of thermal conductivity, cal/(sec)(cm)(°K)

k=u<cp+§-§) (16)

The values of viscosity and thermal conductivity for mixtures of
combustion gases calculated by means of equations (14) and (16) are only
approximete. When more reliable transport properties for the various
products of combustion become available, a more rigorous procedure for
computing the properties of mixtures may also be Jjustified. When solid
graphite was present among the cambustion products, it was omitted from
equation (14).

THEORETICAL PERFORMANCE DATA
Tables

The calculated values of the performance parameters and eguilibrium
camposgition of the combustion products are given in tables II to ViI.
The properties of gases in the combustion chamber and the characteristic
velocity are given in table II for each chamber pressure and equivalence
ratio. Table III presents the values of performance parameters at as-
signed temperatures and constant entropy. These values were computed
directly and used to interpolate properties for assigned pressure ratios.
The values of viscosity and thermal conductivity of the mixture are also
given in this table as functions of temperature. The performance param-
eters 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 dismeters. An example for this latter application is
glven in reference 20. 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 pressure ratios from 10 to 1500 are
glven in table V. This table gives sufficient data to permit interpo-
lation of complete data for any pressure ratio within the range tabu-
lated. :

The performance parameters are summarized in table VI for expansion
fram chamber pressure to 1 atmosphere. The maximum values calculated
for specific impulse for chamber pressures of 600 and 300 pounds per
square inch absolute are 325.7 and 298.8, respectively, at 20.71 percent
fuel by welght. This mixture corresponds closely to the chemically cor-
rect mixture for the formation of carbon monoxlide and hydrogen fluoride.

Table VII presents the composition of the combustion products at

the combustion temperature and various assigned temperatures at constant
entropy.

OO,
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Curves -

The performance parameters are plotted in figures 1 to 6 for chember
pressures of 600 and 300 pounds per square 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
value of specific impulse occurs at about 21 weight percent fuel for all
pressure ratios. The exponent ny 1s also shown.

9%0%

Curves of combustion-~chamber and nozzle-exit temperature for pres-
sure ratios from 10 to 1500 are plotted in figure 2 as functions of
weight percent fuel. The exponent np is 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 per-
cent fuel. The exponent ng is also shown.

Figures 4 and S give the curves for coefficient of thrust and mo- .
lecular weight, respectively, for pressure ratios from 10 to 1500 as
functions of weight percent fuel.

Figure 6 presents curves of characteristic velocity as functions of
weight percent fuel. Also shown is the exponent n.x.

The theoretical calculations of equilibrium composition in the cam-
bustion 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 4.00 (weight percent
fuel, 23.35 to 41.05). The sppearance of solid graphite and carbon-
fluorine compounds affected the values of the thermodynamic parameters
and resulted in a break in the performance data in the region of 23
weight percent fuel. This break in the performance date is apparent in
figures 1 to 6.

Effect of Assuming Frozen or Equilibrxium Composition

The assumption of whether the composition remains constant during
the expansion process (frozen) or is in continuous equilibrium affects
the value of the performance parameters. A comparison is given in fig-
ure 7 between the values of gpecific ilmpulse assuming equilibrium com-
position {this report) and frozen camposition (ref. 7). The maximum
value of specific impulse for & chamber pressure of 600 pounds per square .
inch absolute (40.83 atm) and an exit pressure of 1 atmosphere is 325.7
for equilibrium composition and 301.1 for frozen composition, a differ-
ence of 8.2 percent. The maximum specific impulse occurs at about 21 -
percent fuel by weight for both equilibrium and frozen compositions.
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An example of the large effect of change of composition on specific
heat and isentropic exponent is given in figures 8(a) and (b). For the
stoichiometric equivalence ratio, the value for specific heat assuming
equilibrium composition is, at about 2000° X, over 10 times the value
assuming frozen composition. This large difference is due primarily to
the rate of change of camposition with temperature and only relatively
little to the difference in composition. The value for isentropic ex-
ponent at about 1600° K is 25 percent greater for frozen composition
than for equilibrium composition.

Chamber-Pressure Effect

By use of suitable derivatives, performance parameters can be esti-
mated with good accuracy at chamber pressures other than those given in
this report. Derivatives which permit the calculation of I, T, &€, and
c¢* at various chamber pressures for fixed pressure ratios and equiva-
lence ratios were obtained from the following equations:

IRt A S
ng = -5—1;?—1,—)1) o™ e - Cade (19)

e e B4, DA
R SRR CIVRN (20)

These equations, which were derived analytically from thermodynamic
relations, are valid only for chemical equilibrium during expansion.
The equations may be written in the approximate form:

P, 071
I=1; (21)
c,l

<
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P \ 7,1
T=T Ci) : (22)
Q?C: -
e = elGPc )ne,l (23)
c,l
P, \Pe*,1 s
c¥ = c"]‘_'é ¢ ) ’ (24) g
c,l

where Pc’ 1 may be selected to be either 300 or 600 pounds per square
inch absolute, provided that I,, T;, &4, c"f‘,'_, and their derivatives are
the corresponding values for the chamber pressure selected.

The derivatives obtained by means of equations (17) to (20) are
shown in tables IT to V and are plotted in figures 1, 2, 3, and 6.

To illustrate the use of these derivatives, suppose it is desired
to obtain the value of specific impulse for a chamber pressure of 450 .
pounds per square inch absolute and & pressure ratio of 30.62 (exit
pressure, 1 atm) for an equivalence ratio r of 1.5 (20.71 weight per-
cent fuel). From figure 1(a) or table V, the value of I at thls pres-
sure ratio and equivalence ratio (but for a chamber pressure of 600
1b/sq in. abs) is 316.0 and the value of ny is 0.0090. From equa-~

tion (21),

0.0090
_ 450
I= 316.0(%65>

316.0 (0.99741)

= 315.2
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)):
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Param-|P, = 450 1b/sq in. abs|P, = 1200 1b/sq in. abs

eter 1p. =1 atm Pe = 1 atm
Estimated|Direct|Error|Estimated|Direct|{Error
by corre-|calcu- by corre-|calcu-
lation lation lation lation
‘I 315.18 315.19{0.01 347.56 347.50(0.06

T 4424.2 |4424.0( .2 4615.2 {4613.4(1.8
Te 2905.7 |2905.6| .1 2403.1 |2403.0| .1

5.119 5.112| .007| 10.009 |10.002| .007
c* 6789.3 |6788.9| .4 6873.7 |6872.0l1.7

It is expected that values estimated for other equivalence ratios
and pressure ratios for any chamber pressure from about 150 to 1200
pounds per square inch gbsolute will have small errors in 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
where solid graphite first appears.

Estimated Performance of JP-4 Fuel with Ozone-Fluorine
Mixtures or with Oxygen Bifluoride

The performance of other propellants having the same atom ratios
as the propellant in this report, but with a difference in the heat con-
tent of the propellants or cambustion products, may be estimated fram
the following equation (ref. 21):

12 = 12 + B &b, + C (Ah,)2 - (25)

where Ahe 1s the change in the heat content,

Te
87.0132{1 -~ —
Te/a1

o - 87.0132(Te ) 11
T2 \T.2 l[(cp)c (cp)e]l

and the subscript 1 indicates the values of the parameters before the
change is made. Inasmuch as the data in this report are for an oxidant
with a fluorine-to-oxygen atom ratio of 2, then equation (25) is appli-
cable to a fluorine-ozone mixture having this, same atom ratio or to
oxygen bifluoride.

B

O
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For example, assume that the performance is desired for JP-4 fuel
with liquid oxygen bifluoride at an equivalence ratio of 1.5, a combus-
tion pressure of 600 pounds per square inch.absolute, and a pressure
ratio of 40. The reaction may be written

CHy .942 + 0.9903 OF2

From reference 8, the difference in heat content between OF; and
% Oz + Fp 1is 5844.3 calories per mole of oxygen bifluoride. Therefore,

Ahe  is 85.15 calories per gram of propellant (fuel plus oxidant).

From tables II and V(a) or figures 1(a) and 2(a) the values of the
parameters gre

I, = 325.0

T, = 4479

Te,1 = 2769
(cp)c’l = 1.357

(cple,1 = 0.489

These values yield the following:
12 = 105,625
B = 33.22
¢ = -0.00786

By equation (25),

18 = 105,625 + 33.22(85.15) + (-0.00786)(7251)
= 105,625 + 2829 - 57 = 108,397
I=329.24

This compares with a value of 329.34 obtained by a direct calculation.

Equation (25) was used to obtain specific impulse at several equiv-
alence ratios for JP-4 fuel with oxygen bifluoride and JP-4 fuel with an

9707
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oxidant containing 70.37 percent fluorine and 29.53 percent ozone by
weight. The results are compared In figure 9 with the specific impulse
data of table VI.

Use of Derivatives

The derivatives ‘of the fundamental thermodynamic quantities have
many useful applicatiens. Equations (21) to (25) are exemples of these
applications.

All the relations between the first derivatives may be expressed
in terms of three arbltrary first derivatives in addition to the funda-
mental quentities (ref. 22). Reference 22 presents a convenient scheme
for expressing all first derivatives in terms of (BV/BT)P, (BV/BP)T, and

(dn/dr)p = cp. In order to meke use Of the tables in reference 22,

(dv/3T)p and (3v/OP)p can be obtained from the data in this report by
means of the following equations:

(%)P =(EPR)<Y ; l) (l' } g) (27)
&) 5@ - 8

The dimensions of specific volume v in equations (27) and (28)
which result from using the dimensions assigned to the other variables
in this report are (cal)(sq in.)/(g)(1b force). For certain applica-
tions involving these derivatives, the dimensions of v are unimportant
inasmuch as they will cancel. However, a converslion factor may be used
when it is desired to obtain any other dimension for v. For example,
1(cal)(sq in.)/(g)(1b force) equals 606.84 cu cm/g.

SUMMARY OF RESULTS

A theoretical investigation of the performance of JP-4 fuel with an
oxldant containing 70.37 percent fluorine and 29.63 percent oxygen by
welght was made for the following conditions: (1) equivalence ratios
from 1 to 4, (2) chamber pressures of 300 and 600 pounds per square
inch, (3) pressure ratios fram 1 to 1500, and (4) equilibrium composi-
tion during expansion.
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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 ebsolute (40.83 and 20.41 atm) and
an exit pressure of 1 atmosphere were 325.7 and 298.8, respectively.

2. Data are presented that permit interpolation of complete perform-
ance dasta for equivalence ratios from 1 to 4, chamber pressures from 150
to 1200 pounds per square inch gbsolute, and pressure ratios up to 1500.

3. A method for obtaining specific impulse for JP-4 fuel with OF, and
03z-Fg mixtures is given.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, June 6, 1956
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TABLE I. - PROPERTIES OF

LIQUID OXTDANTS

Properties Oxygen, Fluorine,
02 Fa

Molecular weight, M 32.00 38.00
Density, g/cc 81,1415 by .54
Freezing point, °C C_218.76 | ©-217.96
Boiling point, °C €.182.97 | ©-187.92
Enthalpy required to convert

liquid at boliling point’ to

gas to 25° C, keal/mole dz.080 | 93.030
Enthalpy of vaporization,

keal/mole c,e1.630 | ¢-T1.51
Enthalpy of fusion,

keal/mole ¢,80,106 | ¢:20.372

apt -182.0° C; ref. 16.
Pat -196° C; ref. 17.
CRef. 14.

@Ref. 8.

€t -182.97° C.
fat -187.92° C.
8at -218.76° C.

by _217.96° c.
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TABLE IT, - THERMODYNAMIC PROFERTIES OF GASES IN COMBUSTION CHAMBER FCOR JP-4 FUEL WITH CXIDANT

CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT

Bquiva- |Percent|Oxident-|Tem- |Temper-|Molec- (En- Entropy,|8pecific|Isen~ |Character-|Charac-
lence fuel by|to-fuel |pera-|sture |ular ‘thalpy, B8, heat, tropic~-|iatic- teris-
ratlo, |weight [weight |ture,|expo- |welght,| h, cal c_, expo- (veloclty |tic
T, - rat}O: gﬁ nent, M cel/g | &m X cﬁl nent, |expanent, |veloc-
4(C)+(H o/f o weg| 7 1 ity,
z%o;¢EFg 8)(°K c o*
£1/aec
(a) (b) (p) (v) (v)
Combuetion~chember pressure, 600 1b/sq in. abs
1.00 14.83 | 5.743 [4007 [0.0351 | 22.24 {2592,0 | 2.5230 0.869 1.196 0.0108 6203
1.40 19.80 | 4,102 |4464 .0428 21,20 |3064.9 2.6853 | 1.306 1.171 0125 6757
1.50 20.7L 3,829 4479 L0431 | 20,95 [3175.0 | 2.7138 1.357 1.169 .0126 6814
1.6C 2L.79 3.589° [4396 +04:26 20.97 (3282.1 | 2.7302 1.351 1.167 .0126 6749
2.50 30,33 2,297 3898 ,0308 20.41 |4128.8 | 2.8100 | 1.017 l.172 0076 6420
Combustlon-chember pressure, 300 lb/sq in. abs
1,00 14.83 5.743 3910 |0,0358 22.10 |2592.0 2.5851 | 0.924 1.190 C.0109 8157
1.25 17.87 | 4.595 {4238 0411 21.45 |2893.9 2.8988 | 1l.251 1.171 0121 6543
1.40 18.60 | 4,102 14332 0437 | 21.03 (3064.9 2.7505 | 1.449 "l.164 .0L31 6697
1.50 20.71 3.829 43546 L0439 20.78 |3175.0 2.7798 | 1.507 1.l62 .0133 8753
1,80 21,79 3.58¢8 4267 L0442 | 20,80 (3282.1 2.7962 1.479 1l.164 0129 8691
1,75 23.35 | 3.282 4163 0391 | 20.75 |3437.3 | 2.8148 1l.641 1.1431 .0111 6667
2.00 25.83 2.872 4087 .0362 20.55 |3682.7 2.8339 1,494 1.143 .0103 6594
2.50 30,53 2,287 |3813 L0332 20.26 |41286.8 2.8777 | 1.114 1.167 .0086 6384
3,00 34,31 | 1.914  |3552 0277 | 20.04 |{4523.9 2,9025 .959 1.176 .0066 6181
4,00 41.05 1.438 3095 .0153 19.59 (5192.5 2.9287 . 785 1.184 .0027 5819
8The base used for enthalpy 1s given in ref. 8.

Pparameter includes energy due to change in composition.
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TABLE III. - THEORETICAL ROCKET PERFORMANCE AT ASSIGNED TEMPERATURES FOR JP-4 FUEL AND
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THEQRETICAT, ROCEET PERFCORMANCE AT ASSIGNED TEMPERATURES FOR JP-4 FUEL AND OXIDART
CONTATNING T0.37 PERCERT FLOURINE AND 29.63 PERCERT OXYGER BY WEBIGHT.

TABRIE ITT. - Contlmmed.
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TO 8 FOR JP-4 FUEL AND OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT

OXYGEN BY WEIGHT
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(b) Conoluded.

r = 1.75; o/f = 3.282; percent fuel = 25.35
r a 2.00; off = 2.872; percent fuel = 25.83
r = 2.50; o/f = 2.297; percent fuel = 30.33

r = 3.00; o/f = 1.914; percent fuel = 34.31

T = 4.00; o/f = 1.436; parcent fuel = 41.05
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TABIE V. - THEGEETICAL ROCEET PERFCORMANCE AT ASSIGHED FRESSURE RATIOS FRGM 10 TO 1500 FOR

JP-4 FUEL AND OXTDANT CONTAINING 70.57 PERCENT FLOURINE AND 25.63 PERCERT OXYGEN BY WEIGHT.
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THEQRETICAL ROCKET PERFORMANCE AT ASSIGNED PRESSURE RATIOS PR 10 TO 1500 FOR JP~4
{b) Catustion-chamber pressurs, 300 pounds per square inch sbsolute

PUEL AND OXIDART CONTAINING 70.357 PERCENT FLOURINE AND 29.65 PERCENT OXYGEN BY WEIGHT.
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THEQRETICAL ROCEKET PERFCRMANCE AT ASSIGHED FRESSURE RATIOS FRGH 10 TO 1500 FOR JP-4

FUEL AND OXIDART CONTAINING 70.37 PERCERT FLOURINE ARD 29.65 PERCENT OXYGEN BY WEIGHT.
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TABIE VI. - THECRETICAL, PERFORMANCE FOR EXPANSICN TO 1 ATMOSPHERE FCR JP-4 FUEL WITH

OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEICGHT

[Equilibrivm composition during isentroplc expansion.]

. )

Bquiva- | Percent | Oxident~ | Cambus- | Bxit Character- | Coeffi- | Area Specific
lence fuel by | to~-fusel | tion temper- | istic clent ratlio, | impulse,
ratlo, welght | welght temper- | ature, | veloclty, |of & I,
T, ratio, |ature, T ¥, thrust, 1b-sec/1b
4(C)+(H o/t T., O fﬁ/sec Cp
2(0)+(F A
Combustion-chamber pressure, 800 1b/sq in. &bs
1.00° 14.83 5,743 4007 2452 6203 1.532 6.26 295.3
1.40 19.60 4,102 4464 2627 6757 1,533 6.0L 322.0
1.50 20.71 3.829 4479 2758 6814 1.538 6.22 325.7
1.60 21.79 3,589 4396 2756 6749 1.544 6.30 323.8
2.50 30,33 2,297 3898 2168 6420 1.523 5.92 303.9
{ombustion~chember pressure, 300 Ib/sq in. abs
1.00 14.83 5.743 3910 2608 6157 1.418 3,75 271.3
1,25 17.87 4,595 4238 2868 6543 1.418 3.75 288.3
1.40 19.60 4,102 4332 3028 6697 1.422 3.82 296.0
1.50 20.71 3.829 43486 3081 6753 1.423 3.86 298.8
1.60 21.79 3.589 4267 3056 6691 1.428 5.91 296.9
1.75 25.35 3.282 4163 2936 6687 1.423 3,84 294.8
2,00 25.83 2,872 4087 2755 6594 1.416 3,75 290.3
2.50 30.33 2,297 3813 2473 6384 1l.414 3.69 280.5
3.00 34 .31 1.914 3552 2237 6181 l.412 3.68 271.3
4,00 41,05 1.436 3095 1866 5819 1.408 3.60 254,7
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[Iaentroplc expansion or cccpression froo ocabustion conditions;_‘

OZYDANT CCONTAINING 70.37 PERCENT FLOURINE AND 29.63 PERCENT OXY(EN BY WEIGET.

TABIE VII. -~ EQUILIERIUM CCMPOSITICN OF PRODUCTS (F HEACTICN AT ASSIGNED TEMPERATURES F(R JP-4 FUEL AND

NACA RM ES6F04
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TARLE VII. ~ Contirmmed.
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[oeatroplic expansion or ou=pressiocn froa ocobustion ovnd.ition'.]
(b) Coabustion—chachber pressure, 300 pounds per square inch absolute

OXYDART CONTAINING 70.37 FERCENT FLOURINE AND 29.635 PERCERT OXYGEN BY WEIGHT.
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BQUILIBRIUM COMPOSITION OF PRODUCTS OF REACTIOH AT ASSIGHED TEMPERATURES F(R JP~4

TABIE VII . ~ Concluded.

[Iuentaopi.e expansicn or cozpression from soobustion comitlou.l,]

{b) Concluded.

OXIDART CORTAINING 70.57 PERCERT FLOURINE AND 29.63 PERCENT OXYGEN BY WEIGHT.
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» 300 pounds per square inch absolute
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Specific impulse, I, lb-sec/lb
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(a) Combustion-chamber pressure, 600 pounds per
square inch absolute. Exponent ny for use

b1
= c
in equation I = IGOO '556) .

Pigure 1. - Theoretical specific impulse of JP-4 fuel

with oxidant containing 70.37 percent liquid fluo-

rine and 29.63 percent liquid oxygen by weilght. -
Equilibrium compositlion during isentropic expansion

to pressure ratio indicated.

S



4046

NACA RM ES6FO4 avnz T . 37

Specific-impuise
| exponent,
o1
| .004 :
400 .006<].0054_-00p
007 N
. r’ =~
w50 °-°°jﬁ %%Rif\\\\\gf
N )
;/A//‘r\\\ \\\\\\s\
\ N
360 ? //.'L : /2\\\\ \‘i\\\\\
.00L
//1 “;{//n\\\\‘ Q\\QEEQ\ Pressure]
o 340 /] '/./,&?\\\‘\\\\\i\\\\\\\\ v
— \ N \ X
3 /./j,:/ ﬁﬁ\\\\\Q\\\\\\x\\\\\\iig_
: 1Y ROV N\
P2 FAN N NN NN
H \[ N NN
5 ? y/ ///,7\\ Y *\\\\\ \ \}\§\§?m _
w 2 \ \ \ \ 3 200
2 200 I /Z/ /,lL\, ?\\‘Ny\\ NN \\‘v\lso
ol - / \ \00]_
: AV NN
\
£ 200 ////A\\\\L \\\ LA AN e
7TV LN AR
\ \ \
A A LTS NS NS e
7 |1 A4 \ N~
260 / e OLIo | LN \\\\\T\Q N
/ el O e
4 oo~ L% N
240 -006 \ \ Rtk
-005[ .002
Stoichiometric X 00..| ‘0
ratio
20 16 20 24 28 32 36 40 44
Fuel in propellasnt, percent by welght
L1 1 1 | N Y AN TN AN M N N SR B
6 5 4 3 2 1.5 1.4

Oxidant-to-fuel ratio, off
b) Combustion-chamber pressure, 300 pounds per square inch absolute.
2 nI
c
Exponent n; for use in equation I = I 5] -
T 300\300

Figure 1. - Concluded. Theoretical specific impulse of JP-4 fuel with
oxidant containing 70.37 percent liquid fluorine and 29.63 percent
liquid oxygen by weight. Equilibrium composition during isentropic
expansion to pressure retio indicated.
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Temperature, T, °K
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inch absolute. Exponent np far use in equation
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c
T = Tsoo(gm) .

Figure 2. - Theoretical combustion-chamber and nozgle-
exlt temperatures for JP-4 fuel with oxidant contain-
ing 70.37 percent liquid fluorine and 29.63 percent
liquid oxygen by welght. Equilibrium composition
during isentropic expansion to pressure ratio
Indicated.
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tropic expansion to pressure ratio indicated.
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