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THECRETICAL ROCKET PERFORMANCE OF ILIQUID METHANE
WITH SEVERAL FLUORINE-OXYGEN MIXTURES
ASSUMING FROZEN COMPOSITIONR

By Sanford Gordon and Michael E. Kasgtuer

SUMMARY

Theoretical rocket performance for frozen compositlion during ex-
pension was calculated for liquid methane with several fluorine-oxygen
mixtures for a renge of pressure ratios and oxldant-fuel ratios. The
parameters included are speclfic impulse, combustion-chanmber temperature,
nozzle-exlt temperature, molecular weight, characteristic veloelty, co-
efficient of thrust, ratio of nozzle-exit ares to throat aresa, specific
heat at constant pressure, isentropic exponent, viscosity, and thermal
conductivity.

The maximum calculated value of specific impulse for s chamber
pressure of 600 pounds per square inch sbsolute (40,827 atm) and an exit
pressure of 1 atmosphere is 315.3 for 79.67 percent fluorine in the
oxidant.

INTRODUCTION

Mixtures of liquid fluorine and liquid oxygen as oxidants with
hydrocarbons as fuel have been considered in recent years for possible
high-energy rocket propellents. References 1 to 3 present data for
JP-4 fuel with several mixtures of oxygen and fluorine. These data show
that mixtures of fluorine and oxygen exist that give higher performance
with JP-4 fuel than either 100 percent oxygen or fluorine because fluo-
rine burne preferentially with hydrogen, and oxygen wlth carbon.

A hydrocarbon fuel with a higher hydrogen-carbon atom ratio than
thet of JP-4 fuel (1.942 hydrogen-carbon atom ratio) might be expected
to yield even higher values of specific impulse with mixtures of fluo-
rine and oxygen than were obtained with JP-4 fuel. Caleculations were,
therefore, made at the NACA Tewis laborastory in order to determine the
performsnce of liquid methane with several mixtures of liquid fluorine
and oxygen.
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SYMBOLS
The following symbols are used in this report:
nozzle area, sq in.
local velocity of sound, ft/sec

coefficient of thrust, Cp = goI/c® = F/P Ay

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

o
Zi: x; ()3 _
specific heat at constant pressure, _ﬁ1i—:_§£j—’ cal/(g)(OK)
specific heat gt counstant volume
characteristic veloclty, géPcAt/w,_ft/éec
thrust, 1b

gravitational conversion factor, 32.174 (1b mass/1b force) (ft/sec?)

sum of sensible enthalpy and chemical energy st temperature T,
cal/ﬁole

sum of sensible enthalpy and chemlcal energy per unit mess,
Z xy (B3)1
—%ﬁjj;;r,cay%

specific impulse, (Ib force)(sec)/lb mass

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

zi: x3My

molecular welght, T

X B g/g-mo;e or Ib/lb—mole

oxidant-fuel weight ratio

static pressure (sum of partial pressures), Ib/sq in.

partial pressure, Ib/sq in.
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R universal gas constant (consistent units)

r 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 plus the number of fluorine atoms, %—é—%ﬁ—g—;—

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

Z x;(s8); R E py ln(p,/14.696)

S entropy per unit mass, M(T_ - xk)' =T R
cal/ (g) (°Kk)

T temperature, °K

w mass~-flow rate, lb/sec

X mole fraction

T isentropic exponent, (%—i—z—ls)

8

[ ratio of nozzle area to throat aree

n sbsolute viscosity, g/(cm)(sec) or poises

P density, lb/cu in.

Subscripts:

c combustlon chamber

e nozzle exit

i product of combustion ineluding both gaseous and solid phases

J gaseous product of combustion

k solid product of combustion (graphi‘be)

P constant pressure

s constant entropy
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t nozzle throsat

A 4
Superscript: _
o] thermodynamic standard reference state

CALCULATION COF PERFORMANCE DATA

Performance data were obtained for liquid methane with several
fluorine-oxygen mixtures for a range of equivalence and pressure ratlos.
Frozen composition during expansion from e chasmber pressure of 600
pounds per square.inch sbsolute was agsumed,

i Q9LF

The computations were carried out by the method described in refer-
ence 4 with modifications to adapt it for use with an IBM card-programmed
electronic calculator. The machine was operasted with floating-decimal-
point notation and eight significent flgures. The successive approxi-
mation process used in the calculations was continued until seven-figure
accuracy was reached in the desired values of the assigned parameters
(mess balance and pressure or entropy).

Assumptions

The calculations were based on the following usual assumptions:
perfect gas law, adiebatic combustlion at constant pressure, isentropic
expansion, no frictlon, homogeneous mixing, and one-dimensional flow.
The products of combustion were assumed to be grephite and the following
ldeal gases: atomic carbon C, carbon monofluoride CF, carbon difluoride
CFg, carbon trifluoride CFz, carbon tetrafluoride CF4, difluoroacetylene

CoFo, methane CHy, carbon monoxide CO, carbon dioxide COp, atomic fluo-

rine F, fluorine Fo, atomic hydrogen H, hydrogen Hg, hydrogen fluoride
HF, water HpO0, atomic oxygen O, oxygen Oz, and the hydroxyl radical OH.

The combustion producte are sssumed to be completely expanded within the
exit nozzle; that is, smblent pressure equals exit pressure.

The graphlte was sssumed to be finely divided and in temperature
and velocity equilibriwm with the gases during the flow process.

Initial Data

Thermodynamic data. -~ The thermodynemic date for all combustion
products except grephite, methane, the fluorocarbons, and water were
taken from reference 4, Data for graphite were tasken from refereuce 5,
for carbon monofluoride from reference 6, for the remainder of the




4762

NACA RM ES58B20 5

fluorocerbons from reference 7, and for water from reference 8., Data
for methane were determined by the rigid-rotator - hermonic-oscillator
approximation using spectroscopic date from reference 9. The base used
in this report for assigning absolute values to enthelpy is the same as
in reference 4.

The dissociation energy of fluorine was assumed to be 35.6 kilo-
calories per mole and the heat of sublimation of grephite at 298.16° K
was assumed to be 171.698 kilocalories per mole (ref. 10). The heat of
solution of oxygen and fluorine was omitted.

Physical, thermochemical, and viscosity data. - Several properties
of the propellants taken from references 4, 10, 11, and 12 are listed in
table I. The viscoslity deta for the individusl combustion products were
either taken from the literature when availsble, or estimated. The
viscosities of F, H, Hp, and HF are given in reference 13. The viscosi-
tles of the remaining substences except H20 were calculated using similar
techniques. The viscosity of H20 was obtained from a modified Sutherland
equation (ref. 14).

Formulas

Interpolation formulas and accuracy of resulis are discussed in
reference 15. The formules used in computing the various performance
parameters are as follows:

Specific impulse, (Ib force)(sec)/1b mass

h -
I = 204,08 N2 (1)

1000

Throat area per unit mess-flow rate, (sq in.)(sec)/Ib
Ay  2781.6 Ty
w PiMra (2)

This equation is derived from the continulty equation and the fact that
the velocity of flow equals the velocity of sound at the throst.

Characteristic velocity, ft/sec

Ay Ay
c* = gP, — = 32.174 P =~ (3)



Coefficient of thrust

eI 32,174 1
Cr = —ox = e

Nozzle ares per unlt mass-flow rate, (sq in.)(sec)/1b

A _ 86,455 T

W PMI

Ratio of nozzle srea to throat ares
A/w
€ =
Atgw
Specific heet at constant pressure, cal/({g) (°K)
Lo}
2% (%)
= i -
p MZl - Xk’
Isentropic exponent
v = d1lnP
d 1n P/s
When the composition is frozen,

Gum)= °s _%
o In p/g cp - cy

=i

Absolute viscosity, poises
L= PM
>
Hs/M
TR J
Coefficient of thermal conductivity, cal/(sec)(em)(°K)

e o)
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(4)

(5)

(6)

(7)

(8)

(s)

(10}

29.% .
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THECRETICAL PERFORMANCE DATA
Tables

The calculated values of the various performance psresmeters for a
combustion pressure of 600 pounds per square inch gbsolubte and for a
range of oxidant-fuel ratios and exit conditions are given in tables IT
to V for a range of fluorine-oxygen ratios.

The fluorine-oxygen atom ratios selected sre 0(100 percent oxygen),
0.2, 0.5, 1.0, 2.0, 3.0, 3.3, 3.4, 3.7, and 4.0, which correspond to the
following percentages of fluorine in the oxidant by weight: O, 19.19,
37,25, 54.29, 70.37, 78.08, 79.67, 80.15, 81.46, and 82.61. The range of
oxldant-fuel ratios selected for each percentage of fluorine is greater
for the fluorine percentages up to 70 than for those over 70, For the
fluorine percenteges over 70, closely spaced oxidaent-fuel ratios were
selected primerily to determine maximum specific impulse.

The properties of gaeses in the combustion chenmber and the charac-
teristic veloecity are given in teble IT. Table ITIT presents the values
of the performance paremeters at assigned temperatures and constant
entropy. These values were computed dlrectly and used to interpolate
propertles at the assigned pressure ratios given in table IV. Propertles
at the throat in table IV may be found where the ratio of nozzle area to
throst area € 1s 1.000. The values adjacent to the throat correspond to
pressures of 1.2 and 0.8 times the throat pressure. Table V presents
the equilibrium composition in the combustion chamber. Solid graphite
did not appear as a combustion product for any of the condltiouns con-
sidered in this report and is therefore omitted from table V. The mole
fractions of carbon tetrafluoride and methane were always less than
5x10-6 for all the conditions considered in this report and therefore
these substances were also omitted from teble V. Performance data for
expansion from combustion-chamber pressure to 1 atmosphere are summarized
in teble VI,

Curves

The performance parameters are plotted in figures 1 to 7. Curves
of specific impulse are presented in figure 1 for assigned pressure
ratios as functions of percentages of fuel by weight.

Combustion temperature and exit tempersature for assligned pressure
ratios are plotted in figure 2 as functions of percentages of fuel by
welght,
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In figure 2(f) the combustion temperatures for 78.08, 79.67, 80.15,
8l.46, and 82.61 percent fluorine in the oxidant by weight are presented
as separaste curves. However, the exit curves coincided so closely thet
only one curve is given for each pressure retio covering the range of
78.08 to 82.81 percent fluorine.

Curves of the ratio of nozzle area to throat area are plotted in
figure 3 as functions of percentages of fuel by welght for assigned pres-
sure ratios,

Figures 4 and 5 present curves of moleculsr welght and characteristic
velocity, respectively, as functions of percentages of fuel by weight.

Effect of fluorine-oxygen ratio. - The specific-impulse data for
expansion from chamber pressure to 1 atmosphere Ctable VI) sre plotted
in figure 6 to show the effect of fluorine-oxygen ratios on performance.
Specific impulse increases with increasing percentages of fluorine to
about 80 percent fluorine in the oxidant. Increasing the smount of fluo-
rine in the oxidant above 80 percent results in a decrease in specific

Impulse,

Maximum values of specific ilmpulse calculated for a chanber pressure
of 600 pounds per square inch sbsolute (40.827 atm) and an exlt pressure
of 1 etmosphere are shown in the following table:

Fluorine in| Maximum
oxidant, specific
percent by | impulse,
welght 1b-sec

1b

0 282.8
19.19 289.0
37.25 295.3
54.29 301.8
70.37 310.0
78,08 315.1
79.67 315.3
80.15 315,2
81.46 314.2
82.61 312,7

The data of the preceding table are plotted in figure 7; it may be
seen from this figure that a specific impulse value of about 315 may be
obtained from sbout 77 to 81 percent fluorine in the oxidant. Specific
impulse increases from 282.8 to 315.3 for 0 to 79.67 percent fluorine in
the oxidant and decresses from 315.3 to 312,7 for 79.87 to 82.61 percent
fluorine in the oxident. A curve for JP-4 fuel with mixtures of fluorine

29L¥
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and oxygen (fig. 8 of ref, 2) is also glven in figure 7 for comparison.

The maximum value of specific impulse for JP-4 fuel is 301.6 at about 70
percent fluorine in the oxidant as compared with 315.3 at 79.67 percent

fluorine in the oxidant for liquid methane.

Effect of finite chamber srea. - The use of a combustion chamber of
finite cross-sectional areas leads to a pressure change ascross the com~
bustion process. Reference 15 illustrates how the data for low pressure
ratios may be used to calculate the pressure at the injector face.

SUMMARY OF RESULTS

A theoretical investigation of the performasnce of liqulid methane
with fluorine-oxygen mixtures was made for the following conditions:
fluorine in oxidant by welght from O to 82.61 percent for variocus
equlvalence ratios, pressure ratios from 1 to 300, and frozen composition
during expansion from 600 pounds per square inch sbsolute in the com-
bustion chamber. The meximum values of specific impulse calculated for
an exit pressure of 1 atmosphere (;pressure ratio, 40.827) ranged from
282.8 to 315.3 for O to 79.67 percent fluorine in the oxidant and from
315.3 to 312.7 for 79.67 to 82.81 percent fluorine in the oxidant.

Lewls Flight Propulsion leboratory
National Advisory Committee for Aeronsutilcs
Cleveland, Ohio, February 27, 1958
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TABLE I. - PROPERTIES OF LIQUID FROFPELLANTS

Property Propellant
Oxygen, Fluorine, | Methane,
02 Fa CHg

Molecular welght, M 32.00 38.00 16.042
Density, g/cc 81.1415 by.54| ©0.4245
Freezing point, °C dse 218,76 | 4-217.96 |3,T-182.48
Boiling point, ©C d_182.97| 4-187.92| 9-161.49
Enthalpy of formation at

boiling point from ele- a.h

ments at 25° C, kealfmole| ©-3.080| &-3.030|™"-21.352
Enthalpy of vaporization,

keal/mole dsiy.e30| 9sdi.51| 9-k1,955
Enthalpy of fusion,

kcal/mole 825,106 | ¥%0.572| *Po.225

8At -182.0° C; ref. 1l.
bat -196° C; ref. 12.
Cat -161.5° C; ref. 1l.
dRer. 10.

®At 1.1 om Hg.

fAt 87.7 mm Hg.

ERef. 4.

bimpublished NACA calcula-
tions based on data of
ref. S.

iat -182.97° C.
Jat -187.92° c.
Epg -161.49° C.

Tpy -218.76° C.
Bpt -217.96° C.

Dpt -182.48° C.

11
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TABLE II. - THERMODYNAMIC PROPERTIES OF COMBUSTION-CHAMBER GASES AND CHARACTERISTIC
VELOCITY FOR LIQUID METHANE WITH SEVERAL MIXTURES OF FLUORINE AND OXYGEN
Equiva- Fuel, (Oxidant-|Temper-|Moclecular|Enthalpy, |Entropy,|Specific|Isen- Charac~
lence percent|to-fuel [ature, [welght, h, 8, heat, tropic {teristic
ratlo, by welght T, M cal/g_ cal » ex- veloelty,
r welght |ratio, 9K () (%K) cal ponent, ek,
4(c) + (H 0, 3 Y, ft(sec
2"5‘;—{?}4- (a) b) (v) b}
Percent fluorine in oxidant, O (100 percent oxygen)
1.00 20.04 | 5.990 3497 22.87 2645.8 2.8259 0.519 1,201 5700
1.30 24.58 | 3.089 3444 20.54 3237.1 . | 3.0420 .565 1.207 5959
1.40 25.98 2.850 3372 19.80 3419.6° | 3.1038 .578 1.210 5998
1.50 27.32 2.660 3272 19.08 3595.5 7 | 3.1804 .590 1.215 6011
1.60 28.82 2.4983 3147 18.39 3765.0 7| 3.2121 .600 1.220 5996
1. 31.09 2.216 2855 17.10 4086.6 | | 3.3011 .618 1.231 5301
Percent fluorine in oxidant by weight, 19.19
1.20 21.10 | 3.740 38622 20.83 3017.6 . | 2.9809 0.521 1.224 6056
1.40 23.78 | 3.206 3536 19.59 3359.2 | | 3.1015 .548 1.227 6145
1.50 25.05 | 2.982 34860 18.99 3521.4 5.1556 .560 1.230 6169
1.80 26.28 2.805 3362 18.40 3678.2 3.2056 .571 1.233 6172
1.80 28.52 2.493 3119 17.28 3977.0 ~ | 3.2936 .591 1.242 6118
Percent fluorine In oxidant by welght, 37.25
1.30 20.35 3.913 3753 15.88 3145.8 . | 3.0158 0,508 1.247 6248
1.50 22.77 3.391 3650 18.86 3447.2 | 3.1221 .530 1.248 6324
1.60 25.93 3.179 3572 18.38 3591.2 7| 3.1701 .541 1.250 6336
1.70 25.05 2.992 3479 17.87 3730.9 | 3.2147 .552 l.252 6333
1.80 27.19 2.877 3258 16.95 3998.3 . | 3.2945 571 1.258 8282
Percent fluorine in oxidant by weight, 54.29
1.30 18.26 4.475 3957 12.60 3100.6 2.97086 0.476 1.271 6415
1.40 19.40 4.158 3917 18.16 3238.7 3.0222 488 1.270 6459
1.50 20.50 3.879 3864 18.73 3373.1 3.0708 . 499 1.270 6489
1.60 21.57 3.636 3798 18.30 3503.9 | | 3.1165 .511 1.270 6506
1.80 23.863 3.232 3628 17.48 3755.1 7| 3.1994 .531 l1.272 6503
Percent fluorine in oxident by weight, 70.37
1.40 17.22 4.808 4209 19.08 3178.8 "] 2.8530 | 0.458 1.294 6664
1.50 18.22 4.488 4157 18.69 3299.0 " | 2.9988 .469 1.293 8684
1.680 19.20 4.208 4091 18.30 3416.3 [ | 5.0419 .480 1.292 8711
1.70 20.16 3.960 4014 17.93 3530.8 .| 3.0823 .490 1l.292 8717
Percent fluorine in oxidant by meight, 78.08
1.55 17.55 4.697 4333 18.59 3317.5 '| 2.9700 0.450 1.303 6833
1.60 18.02 4.551 4298 18.40 3372.4 ' | 2.9890 .455 1.303 6841
1.85 18.48 4.413 4228 18.31 3426.7 35.0041 .470 1.300 6807
Percent fluorine 1n oxidant by weight, 79.67
1.48 16.66 5.003 4418 18.89 3232.1 ! | 2.9282 0.450 1.305 6840
1.51 16.94 4.904 4402 18.78 3265.2 || 2.9399 . 453 1,305 6848
1.55 17.31 4.777 4351 18.70 3309.0 .| 2.9531 457 1.303 6827
Percent fluorine In oxidant by weight, 80.15
1.48 16.40 | 5.098 4440 18.98 3207.7 ,| 2.9157 0.447 1.308 6839
1.48 16.59 5.029 4431 18.91 3229.8 | 2.9238 449 1.306 6846
1.50 16.77 4.962 4408 18.86 3251.8 [ | 2.9308 . 451 1.305 58368
Percent fluorine in oxlidant by welght, 81.46
1.38 15.45 5.471 4438 19.32 3113.3 .§ 2.8700 | 0.436 1.309 6817
1.40 15.64 5,393 4493 19.25 3135.6 .| 2.8783 .438 1.308 6828
1.42 15.83 5.317 4476 19.20 3157.7 [} 2.8858 .440 1.308 6825
Percent fluorine in oxldant by welght, 82.561
1.30 14.53 5.882 4527 1¢.65 3019.9 2.8241 0.425 1.312 6776
1.33 14.85 §.735 * | 4528 19.53 3057.2 2.8386 .429 1.311 6799
1.40 15.48 5.462 4480 19.41 3131.0 2.8633 436 1.307 6793
1.50 16.40 5.098 4385 18.23 3239.7 2.8965 448 1.300 6772

8The base used for enthalpy 1s given in ref. 4.
bParameters based on frozen composltion.
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THEORETICAL ROCKET PERFORMANCE AT ASSIONED EXIT TEMPERATURES FOR LIQUID

METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES

[Frozen composition assumed during isentropic expansion or compression from
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TABLE III.

- Corttinued.

combustion-chamber pressure of 600 1b/sq in. abs.]

(b) Percent fluorine in oxidant by weight, 19.19
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THEORETICAL ROCKET PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR LIQUID

NACA RM ES8B20
TABLE III.

- Continued.

METHANE WITH SEVERAL FLUORINE OXYGEN MIXTURES

nsion or compression from

(d) Percent fluorine in oxidant by welght, 54.29

combustion~chamber pressure of 600 1b/sq in. abs.]
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- Continued.

TABLE III.

ng isentroplc expansion or compression from

combuastion-chamber pressure of 600 1b/sq in. abs.]

[Prozen composition assumed duri

(f) Percent fluorine in oxidant by weight, 78.08
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THEORETICAL ROCKET PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR LIQUID

NACA RM E58B20

TABLE III.

- Concluded.

METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES

[Frozen composition assumed during isentropic expansion or compression from

combustilon-chamber pressure of 600 1lb/eq in. abs.]

»

(1) Percent fluorine in oxidant weight, 81.46
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combustlon-chamber pressure of 600'1b/sq in. abs.]

FOR LIQUID METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES
(a) Percent fluorine in oxidant, O (100 percent oxygen)
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TABLE IV. - THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300
[Frozen composition assumed during isentropic expansion from
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300

POR LIQUID METHANE WITH SEVERAL FEUORINE-OXYGEN MIXTURES

TABLE IV. - Continued.

»

]

{Frozen composition assumed during isentrople expansion from
combustion-chamber pressure of §00 1b/sq in.

(v} Percent fluorine in oxidant by weight, 18.18
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300

FOR LIQUID METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES

TABLE IV. - Continued.

L]

. 1'4Te2’

[Frozen composltion assumed during isentroplc expansion from
combustion-chamber pressure of 600 lb/eq in. abs.}

(c) Percent fluorine in oxidant by weight, 37.26
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PERPORMANCE POR PRESSURE RATIOS FROM 1 TO 300

FTHEORETICAL ROCKET

TABLE IV, - Countinued.

FOR LIQUID METHANE WITH SEVERAL PLUORINE-OXYGEN MIXTURES

[Frozen composition assumed during isentropic expanaion from
eombustion-chamber pressure of 6§00 1b/eq In. absa.]

(d) Percent fluorine in oxidant by weight, 54&.29
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300

FOR LIQUID METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES

TABLE IV. - Continued.
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[Prozen composition assumed during isentropic expansion from
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300

combustion-chamber pressure of 600 lb/Bq in. abs. ]

FOR LIQUID METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES
[Frozen composition assumed during isentropic expansion from

- Continued.
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300

(h) Percent fluorine in oxidant by weight, 80.15

FOR LIQUID METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES
combustlion-chamber pressure of 600 lb/sq in. ‘abe.]
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS FROM 1 TO 300

FOR LIQUID METHANE WITH SEVERAL FLUORINE-OXYGEN MIXTURES

- Concluded.
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Equniva- Tuel, {Oxi
Teane Pamﬂ:ﬂ'- to-fusl Equilihrine composition (mola fraatlon?)
retlio wel
wo, ;";w Yazio ¢ o o, ar, Cofy c0 00, P r, E E, B L0 [ 0y )
4c) + {H [+72 ]
Eib; ¥ i?i
Parcent fluorine in oxidant, 0 (100 percent axyget)
1.00 20,04 | 5.080 0Q.15640{0.24 751! 0.02123|0.05388 0.4668810.02158(0.07074|0.08027
1.50 24.53 | 3.089 L1088 10377 .02780! .11814 ATETS| 00747 -01133] 04SSO
1.40 25.948 | £.850 .25185| .08878 .02648| 15088 48073| 00388 -004E2| .0%27T0
1.50 27.532 | 2.880 .24986| .07S1l4 08292} .168712 - 4d122] .00174] 00158 (02041
1.60 28.82 | 2.493 .26451| .06BES .01799| 22588 .41657| .00063| .00048] .01l41
1.80 .00 | 2.21& .28a50| 04882 00048 | . 30180 . L00006| .00003| .
Peraent flucrine in oxidant by weight, 19.1%
1.20 £1.10 | 5.740 0.18552|0,08841]| 0.00134 0.03400|0.084e8|0.184680,55161 |0.01786| 0. 02888 0, 08484
1.40 25.78 | 3.808 22241 08TER| . rr .05880| . L5533% | .00748| .00714| 04074
1.50 £5.05 | 2.p92 23827 .056818| 00048 .05410| 186475 . .50607| .Q0405| .00305( 02873
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Percont fluorine in oxidant by weight, 37.85
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1.48 18.59 | 5.029 ,00009| .Q0008 ,1982¢| ,00004| .08305 .08845| .04054| .60215| .00Q07| .QQOL17 00011
1.50 16.17 | 4.582 L00101]| .ODOBE|O0.00005! 0.00039] 1M 05705 L09678] ,043%57| 60288 00001 .000OOL 00001
Peroont flucrius in cxidant by welght, 81.48
1.38 15.46 | 5.471 |0.00001|0.00001 0.186560]0.00029]0.09328 ©0.0863K | 0.08526 [0.60710{0,00035 [0.00L7R| 0.00001 | 0. 0082
1.40 15.84 | 5.593 00007 LO000T .18747| .00008| .0887T .08835| .ozysa| .so727| .00007| .0OQ3R 00014
1.42 15.63 | 5.317 ,000E9| .00088 |0, 00003/ 0.00003] .187121 08258 L085T0| .02e5¢| .606wl| .000QL| .QOOQ2 00001
. Peroent fuarine in uxidant by welght, SR.81
1.30 14.53 | s.aa2 |0.00001]|0.00001 0.1775850.00041) 0. 18575 |0.00000[8.071%0 | 6.01428 {0 80284 (0, 0003 10, 00277 0. 000021 0,00103
1,353 14.88 | 5.735 .00014) .D0O0L1E |0,00001 o.00001] .10043| .cooo3| .11488| .00001]| .07705| .01888| .SQEON] .0COGS 00019 Q0008
1.40 15.48 | S.480 .0023al 00esy| .000L0|0.00001) .00186| 17229 09102 0804 | L02MNA| 81530 00001
1.3 18.40 | 5.098 o048l .00597] (000131 .oo0on| .ooBTS] .17478) ,08181 O807TE| 05811 8184
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TABLE VI. - THEORETICAL ROCKET PERFORMANCE FOR EXPANSION TO EXIT

PRESSURE OF 1 ATMOSPHERE FOR LIQUID METHANE WITH SEVERAL
MIXTURES OF FLUORINE AND OXYGEN

Equlva~- Fuel, {Oxidant-{Combus-|Exit Charac- Area Thrust |Specific
lence percent|to-fuel [tion temper-|teristic |ratlo,|coeffi-|impulse,
ratio, by welght temper-|ature, |veloclty, ¢ client, y
r welght |ratlo, |ature, Tes c*, Cp ib-sec
4{Cc) + (H o/F Tes ox ft/sec
+ oK
Percent fluorine in oxidant, O (100 percent oxygen)
1.00 20.04 3.990 3497 1827 5700 5.91 1.520 269.3
1.30 24.58 3.069 3444 1768 5959 5.84 1.517 281.0
1.40 25.98 2.850 3372 1713 5998 5.80 1.516 282.6
1.50 27.32 2.660 3272 1641 6011 5.75 1.514 282.8
1.60 28.62 2.493 3147 1554 5996 5.68 1.511 281.6
1.80 31.09 2.216 2855 1360 53901 5.54 1.505 276.1
Percent fluorine in oxldant by weight, 19.19
1.20 21.10 3.740 3622 1777 6036 5.686 1.510 283.3
1.40 23.78 3.206 3536 1718 6145 5.63 1.50¢ 288.1
1.50 25.05 2.992 3480 1667 6169 5.59 1.507 289.0
1.80 26.28 2.805 3362 1604 6172 5.55 1.506 288.8
1.80 28.62 2.493 3119 1450 6118 5.46 1.502 285.6
Percent fluorine in oxidant by weight, 37.25
1.30 20.35 3.913 3753 1735 6248 5.44 1.501 291.5
1.50 22.77 3.391 3650 1678 6324 5.42 1.500 294.9
1.80 23.93 3.179 3572 1633 6336 5.40 1.499 285.3
1.70 25.05 2.992 3479 1579 6333 5.37 1.498 294.9
1.90 27.19 2.677 3258 1452 6282 5.30 1.486 292.0
Percent fluorine in oxldant by welght, 54.29
1.30 18.26 4£.475 3957 1723 6418 5.23 1.492 297.6
1.40 19.40 4£.156 3917 1708 6459 5.23 1.493 299.8
1.50 20.50 3.879 3864 1684 6489 5.23 1.493 | 301.0
1.60 21.57 3.636 3798 1653 6506 5.22 1.492 301.8
1.80 23.83 3.232 3628 1567 6503 5.19 1.491 301.4
Percent fluorine in oxidant by weight, 70.37
1.40 17.22 4.809 4209 1733 6654 5.04 1.485 307.5
1.50 18.22 4.488 4157 1715 6694 5.04 1.485 308.8
1.680 19.20 4,208 4091 1689 6711 5.04 1.485 309.8
1.70 20.186 3.960 4014 1858 8717 5.04 1.485 310.0
Percent fluorine in oxlidant by welght, 78.08
1.55 17.55 4.697 4333 1748 6833 4.97 1.482 314.7
1.60 18.02 4,551 4298 1735 6841 4,97 1.482 315.1
1.65 18.48 4.413 4228 1715 6807 4.98 1.483 313.7
Percent fluorine in oxidant by weight, 79.67
1.48 16.66 5.003 4418 1774 6840 4.95 1.481 314.9
1.51 16.94 4.904 4402 1768 6848 4.95 1.481 315.3
1.55 17.31 4.777 4351 1755 6827 4.87 1.482 314.4
Percent fluorine in oxidant by weight, 80.15
1.46 16,40 5.098 4440 1780 6839 4.94 1.481 314.8
1.48 16.59 5.029 4431 1777 6846 4.95 1.481 315.2
1.50 16.77 4,962 4408 1771 6838 4.85 1.481 314.8
Percent fluorine in oxidant by welght, 81.46
1.38 15.45 5.471 4498 1803 6817 4.96 1.479 313.5
1.40 15.64 5.393 4£493 1792 6828 4.93 1.480 314.2
1.42 15.83 5.317 4476 1788 6825 4,93 1.481 314.1
Percent fluorine in oxidant by weight, 82.61
1.30 14.53 5.882 4527 1791 6776 £.90 1.479 311.5
1.333 14.85 5.735 4528 1794 6799 4£.91 1.480 312.7
1.40 15.48 5.462 4480 1793 6793 4.94 1.481 312.6
1.50 16.40 5.098 4395 1786 6772 4.99 1.483 312.1
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Figure 1. - Theoretical specific lmpulse of liquid methane with several
fluorine-oxygen mixtures. Frozen composition during isentropic expansion
from combustion-chauber pressure of 600 pounds per squere inch absolute
to pressure ratio indicated. T
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Figure 1. - Continued. Theoretical specific impulse of liquid methane with seversal
fluorine-oxygen mixtures. Frozen compositlon during isentropic expansion from
combustion-chamber pressure of 600 pounds per square inch absolute to pressure
ratio indlcated.
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Figure 1. - Continued. Theoretical specific impulse of liquid methane with several
fluorine-oxygen mixtures. Frozen composlition during isentroplc expansion from
combustion-chamber pressure of 600 pounds per square 1lnch absolute to pressure

ratio indicated.
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Figure 1. - Continued. Theoretical specific lmpulse of liquid methane
with several fluorine-oxygen mlxtures. Frozen composlition during
isentropic. expansion from combustlon-chamber pressure of 600 pounds
per square inch absolute to pressure ratlo Indilcated.
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Pigure 1. - Continued. Theoretical #pecific impulse of
liguid methane with several fluorine-oxygen mixtures.
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combustion-chamber pressure of 600 pounds per square
inch absolute to pressure ratio indicated.
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Figure 1. - Concluded. Theoreticel specific impulse of liquid

methane with several fluorine-oxygen mixtures. Frozen composi-
tion during Isentroplc expansion frowm combustion-chember pres-

sure of 600 pounds per squere inch absolute %o pressure ratios

indicated.
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Figure 2. - Theoretical combustion-chamber temperature and nozzle-exit tem-
perature for liquild methane and several fluorine-oxygen mlxtures. Frozen
couposition during isentropic expansion from combustion-chamber pressure
of 600 pounds per square inch absolute to pressure ratio indicated.
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Figure 2. - Continued. Theoretical combustion-chamber temperature and nozzle-exit
temperature for liquid methane and several fluorine-oxygen mixtures. Frozen
composition during isentropic expansion from combustion-chamber pressure of 600
pounds per square inch absolute to pressure ratilo indicated.
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Figure 2. - Concluded. Theoreticael combustlon-chamber temper-

eture and nozzle-exit temperature for liquid methane and

several fluorine-oxygen mixtures. FProzen composition during
isentropic expesnsion from combustion-chamber pressure of 600
pounds per squere inch absolute to pressure ratio indicated.
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