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SYMBOLS 

a = mole ratio, fuel/oxidant 

C 
p 

Cv 

y 

= 

= 

g = 
t::l/. :: 

I 

M;98.16 := 

I .. 

J = 

K. 
I 

A. = 
I 

M 

M. 
I 

heat capacity at constant pressure 

heat capacity at constant volume 

C /C p v 

acceleration of gravity ~ 980.665 .ca{sec2 

heat of formation at 298.l6°K 

enthalpy above 298.16~ 

specific impulse 

mechanical equivalent of heat: 4.1833 X 107 ergs/cal 

equilibrium constant for reaction i 

equilibrium constant modified by pressure term 

average molecular weight of propellant gas 

molecular weight of component i 

N. 
I 

= mole fraction of component i 

Nf 
No 

Pc 

PI! 

Pi 
Qav 

R 

T 
C 

TI! 
V e 

vi 

= number of moles of fuel required to produce one mole of propellant gas 

number of moles 

chamber pressure 

exhaust pressure 

of oxidizer required to produce 

(total pressure of chamber gas) 

~ 1 atmosphere = 14.696 psia 

partial pressure of component i 

available heat in calories per mole 

gas constant; 1.9869 cal/deg mole 

chamber temperature, OK 

exhaust temperature, OK 

exhaust gas velocity 

one mole of propellant gas 
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February 1, 1947 

THEORETICAL CHARACTERISTICS OF SEVERAL 
LIQUID PROPELLANT SYSTEMS 

SUMMARY 

The various propellant characteristics, viz, chamber temperature, compos~t~on, 
molecular weight. gamma (ratio of isobaric to isocharic heat capacity). exit tempera
ture and specific impulse. have been calculated at several fuel-oxidant mole ratios 
and at chamber pressures of ISO, 300. 450 and 600 psia for the propellant systems 
(1) hydrazine-liquid oxygen, (2) hydrazine-liquid fluorine, (3) liquid hydrogen-liquid 
oxygen, and (4) liquid hydrogen-liquid fluorine, and at chamber pressures of 300, 450 
and 600 psia for the systems (5) hydrazine-hydrogen peroxide (anhydrous) and (6) hy
drazine-chlorine trifluoride. These calculations were made on the assumption of 
perfect gas behavior with adiabatic gas expansion from mixing chamber to exhaust and 
maintenance of chamber composition. 

Maximum specific impulse values at each chamber pressure were obtained from 
specific impulse - mole ratio curves and the corresponding associated characteristics 
were determined by suitable interpolation. The data summarized in Table XX afford a 
basis for comparing the fuels hydrogen and hydrazine and the oxidants oxygen, anhydrous 
hydrogen peroxide, fluorine. and chlorine trifluoride. 

The method of calculation is described in detail for the system hydrazine-oxygen 
at a chamber pressure of 450 psia and a mole ratio of 1.5. Pertinent equations are 
given for each of the other systems together with tables of basic thermo-chemical data 
such as heat of formation and heat content of various substances and equilibrium 
constants for the necessary dissociation reactions. 

INJROOUCTION 

Although considerable work has been done on the calculation of the specific 
impulse of various propellant systems both here and abroad. no exhaustive treatment 
has yet been offered which quantitatively demonstrates the effect of chamber pressure 
on the maximum specific impulse developed by any rocket liquid propellant system. 

Flight mechanical studies of rocket vehicles show that the relationship between 
specific impulse I and the propellant weight - gross weight ratio v is given by the 
equation 

I log (I-v) ; constant. 

An immediate consequence of this relationship is the fact that the propellant system 
having the highest specific impulse. other conditions being equal, will yield a rocket 
vehicle with the least gross weight. In view of this consequence and the fact that 
the specific impulse of a system increases with chamber pressure. the desirability for 
a study of the specific impulse-chamber pressure relationship is evident. 

1 
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This report describes the progress made in the first stage of a systematic study 
of the principal characteristics of rocket liquid propellant systems which comprise 
high energy fuels .and powerful oxidants capable of developing high specific impulse. 

The six systems studied herein employ the fuels liquid hydrogen and hydrazine 
and the oxidants liquid oxygen, liquid fluorine, anhydrous hydrogen peroxide and 
chlorine trifluoride. Values for the specific impulse of these systems were cal
culated, in most cases, at the four pressures, ISO, 300, 450 and 600 psia. Such a 
spread of data affords the designer of rocket propelled vehicles the opportunity of 
selecting not only a suitable propellant system but also the operating pressure which 
will assure the optimum performance of his product. 

Since the computations required for determining the various propellant char
acteristics involve considerable lahor, the methods used in this report were developed 
with an eye to operational simplicity. For instance. the notoriously onerous iteration 
process necessary for obtaining the equilibrium composition of the chamber gas has 
been simplified somewhat, without sacrificing mathematical rigor, by a judicious 
arrangement of the equations to be solved. 

In the calculations several fundamental assumptions have been made: 

1. Perfect gas behaviour is assumed not only in the sense that the expression 
PV = RT is the equation of state of a gas but also that heat contents (and, 
therefore, heat capacities) and equilibrium constants are independent of 
pressure. 

2. Chemical equilibrium is attained in the chamber by the gases which result 
from the reaction between the fuel and the oxidant. 

3, There is no heat transfer through the walls of the chamber, 

4. The velocity of the chamber gases is zero. 

5. The expansion process from chamber pressure to atmospheric pressure ~s 
isentropic. 

6. The original equilibrium chamber composition 1S maintained during the ex
pansion process. 

7. The enthalpy (or heat content) decrease of the combustion gases in cooling 
from chamber temperature to exit temperature is converted into jet velocity. 
This follows from assumption 5. 

The assumption of frozen equilibrium (i.e., constant Compos1t10n during the 
expansion process) is preferred to the assumption of shifting equilibrium because it 
is improbable that the transit time of the propellant gas in the nozzle is long enough 
for the latter condition to be fully reali%ed. Spot calculations, however. indicate 
that values of specific impulse based on the assumption of shifting equilibrium are 
slightly higher than those obtained by assuming frozen equilibrium; at the same time, 
exit temperatures are higher and gammas are lower. Moreover, the differences increase 
with rise in chamber temperature (i.e., with increase in dissociation). 
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BASIC DATA 

The fundamental data required for calculating such propellant system character
istics as chamber temperature and specific impulse include the heat of formation and 
t~ heat content of both reactants and products and the equilibrium constants for the 
various gaseous reactions involved. The data used in this report were obtained from 
several sources. A large part was either taken directly from. or derived from. the 
tables of Hirschfelder and coworkers 8. Other data. particularly those pertaining 
to the halogen compounds. were computed from spectroscopic constants found in the 
literature. 

Table I. p. 25 • presents the heat of formation at 25°C in calories per mole of 
the various species considered in this report. The values taken from Bichowsky and 
Rossini I vere corrected from 18° to 25°C. 

Table II. p. 26. presents the heat content above 25°C in calories per mole of 
the various gaseous species appearing in" the reaction products. The data for HaO. 
~, °2 , OH, Na • and NO were derived from the corresponding internal energy tables 
appearing in reference 8. The data for Fa and HF and for CIa and Hel were obtained 
from the spectroscopic constants given for those compounds by Murphy and Vance 4 and 
by Giauque and Overstreet &, respectively. 

The equilibrium constants together with their pressure modified derivatives for 
the reactions 

~ .. 2H 

Nz .. 2N 

XN2 .. ~O .. NO .. H2 

2~0 " 2~ t O2 

H20" H2 t 0 

H20 .. ~2 t OH 

are presented in Tables VI to Xl inclusive. These data were derived from the perti
nent free energy tables found in the Hirschfelder report. The equilibrium constants 
for the reactions 

~ .. Y2fa "'HF 

Fa 2F 
};Ht 

2 Y£12 " 0:1 

Cl 2 '" 2CI 

are presented in Tables III to V inclusive and were obtained from free energy data 
derived from spectroscopic constants. The thermodynamic data of Murphy and Vance on 
HF and F2 were reworked and extended to 5000o K, while the corresponding data of Giauque 
and Overstreet on Hel and Cl2 were reworked and extended to 40000K. The method of 
Giauque and Overstreet was used to calculate the rotational contribution to the sums 
over states required in deriving the free energy and heat content data for HF. F2• 
Hel and Cli!o 
For references see page 24 
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The heat content data for liquid oxygen below 298.16°K (i.e., the heat required 
to vaporize one mole of liquid oxygen at the temperature corresponding to the chamber 
pressure plus the heat required to raise the temperature of the vapor to 298.16°K) 
were taken from Millar and Sullivan 0. The corresponding data for liquid fluorine 
were computed from the critical constants given by Claussen T and by Cady and Hilde
brand 8, using the vapor pressure relationship between pairs of liquids due to Ramsay 
and Young 8 and the method of calculating heats of vaporization developed by Meissner 
10. A single value for the heat content of liquid hydrogen below 298.l6~·at each of 
the chamber pressures considered was taken from the temperature-entropy diagram of 
Keesom and Houthoff 11 The above data are presented in Table XII, p. 36 • 

GENERAL PROCEDURE 

The temperature 298.l6°K (25°C) is chosen as a reference level. Both fuel and 
oxidant are assumed to enter the motor in the liquid state. Of the fuels, hydrazine 
enters the motor at 298.16~ while hydrogen enters at 20.4°K. Of the oxidants, oxygen 
and fluorine enter the motor at temperatures at which their vapor pressures are equal 
to the chamber pressure, while anhydrous hydrogen peroxide and chlorine trifluoride 
enter at 298.16°K. 

The first step in the procedure is the calculation of the compOSItIon of the 
chamber gas at equilibrium at an assumed temperature and a given pressure, and the 
determination of the isobaric flame or chamber temperature, Te' The general approach 
is described in many places but. the procedure used in thu report is similar in cer
tain respects to that described by Le!11llon 1 

The next step is the ca.lculation of the exhaust temperature, Te , which is obtained 
frOOI the isentropic expansion law for a perfest ga.> when the chamber temperature, the 
chamber pressure, and the exhaust pressure are known. This step assumes the average 
value of the heat capacity of the propellant gas over the temperature interval Tc to 
Te' This assumption, although not strictly correct, affords a convenient and quite 
accurate procedure. 

The last step involves the calculation of the specific impulse which follows from 
the exhaust velocity which in turn is derived frOOI the equivalence relationship between 
the kinetic energy of the exhaust gas and the heat content decrease of the propellant 
gas in cooling from the chamber temperature to the exhaust temperature. 

The steps outlined above are worked out in detail in the following section for 
the system aN2Ht (t) + 02<Jl at Pc ~ 450 psi and a = 1.5. Pertinent equations are 
given for each of the other five propellant systems investigated. 

4 
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THE SYSTEM : HYDRAZINE-OXYGEN 

Detenaination of Propellant Gas Composition 

If a represents the mole ratio of f~el to oxidant, then inspection of the system 
aN 2H.(P) + 0aYt) indicates the following proportion 

n(N) 
2a. 

n(H) nCO) 
=4a=-Y (1) 

where n represents the number of atoms of each element. The components of the com
bustion products which will be present in significant amounts are: HaO, Ha, H, Oar 
0, OH, Na , N ~nd NO. We may therefore, write 

N,(Na".) + No(Oa) = N1 (H20) + N2 (Ha) + N3 (H) + N.(02) + N5 (0) + No(OH) + 

N7 (Na) + N,(N) + Ns(NO) , (2) 

where N, and No are the number of moles of N2 H. and 0a' respectively, required to 
form one mole of propellant gas, and where Ni represents the mole fraction of com
ponent i. The following relations are evident: 

N :: aN 
, 0 

(3) 

and 

On substitutIng terms from the right hand side of eq. (2) in eq. (1) and simpli
fying we obtain 

Further inspection of eq. (2) gives 

(6) 

and 

No = O·5N1 t N. + O.5Nr; t O.5No + O.5Ns • (7) 

Eqs. (4) and (5) give us three relationships involving nine unknown quantities. 
Six additional relationships can be obtained from the definitions of the equilibrium 
constants in terms of partial pressures for the following reactions: 

"a :: 2H 

~ +HO"'I'/O+H 2 2 '''2 

5 
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In view of the fact that the partial pressure of a component in a gaseous mixture is 
equal to the product of the mole fraction of the component and the total pressure, the 
above equations involving equilibrium constants may be rewritten as follows: 

A = K IP = N :lIN 
• 4 C 8 'I' 

A K /P = N 2N IN 2 6= 6 c 2. 1 

A7 = K71PC = N2N.INl 

A8 '" K8IPc~ = N2~N6INl 

(8) 

(9) 

(0) 

(11) 

(2) 

(13) 

In the above equations Pc is the total or chamber pressure and is expressed in at
mospheres, The A's are dimensionless numbers and assume different values at various 
pressures and temperatures, They are tabulated in Tables III to XII. 

Noweqs. (4), (S\ and (8) through (13) may be rearranged for computational pur
poses as follows: 

=~[2-N 3a. 3 

(15) 

(6) 

(17) 

N. = A/I/' IN2 2 (18) 

N(S = A~/N2 (19) 

N6 '" A8N/N2~ (20) 

Ns '" (A N )~ 
4 'I' 

(21\ 

6 
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(22) 

'This particular arrangement is chosen on the basis of dominant terms. Inspection of 
eq. (2) shows that for values of 0>1 (the stoichiometric ratio of fuel to oxidant) 
the dominant components on the right hand side of the equation are 1\0, 1\ and ~. 

In order to determine the composition of the propellant gas at the adiabatic 
chamber temperature Tel a pressure PI a mole ratio a and an approximate temperature T 
are assumed. Then the constants A are chosen from the appropriate tables. An ap
proximate value for Nl is found from eq. (4) by assuming N" N", Na , NfJ , Ne and Ne 
negligible. lhis crude value for Nl is substituted in eq. (15) and an approximate 
value of NI obtained. These values of Ni and Nz are substitut.ed in eq. (16) and a 
value for N, obtained. In this manner rough values are obtained for the mole fractions 
Nl through Ne• By a process of iteration refined values are obtained which satisfy 
the condition in eq. (4). 

Table XIII gives the composition of the propellant gas at several temperatures 
for the system aNaH" Cp-> + 01 (1.) at a chamber pressure of 450 psia and a mole ratio 
of 1.5. 

Deterllination of Chamber Temperature 

The adiabatic flame temperature, Te' is attained when 

(23) 

where Qa. is the heat available from the reaction (2) and is equal to the sum of the 
T 

initial enthalpy of the reactants plus the heat of combustion, while t:JJ.a ;8.16 is 
the change in heat content of the propellant gas from 298.16°K to the flame tempera~ 
ture Te' Specifically, 

e 
-Q .. N !::IeU.16 + N tlfU.16 + 2N. nH. - N M - N t:JI , (24) 

411 f Tf 0 To i"'l I t f f 0 0 

.here Tf and To are the temperatures of the i&ca.ing fuel and oxidant respectively, 
and 

e T 
L. N. M"I~' 16' i= 1 ' , • 

(25) 

Calculations are generally made for three values of the temperature in the vicin-
T 

ityof Te' The corresponding values of Qav and MI~8.16 are plotted graphically 
against T. The point of intersection of the two curves determines Te' For greater 
accuracy a three point Lagrangean interpolation may be made instead of a plot. 

Table XIII gives the composition of the propellant gas, the available heat and 
the enthalpy change above 298.16°K for the three assumed temperatures 3000, 3100 and 
32oooK. The chamber temperature, Te' was found by interpolation to be 3118°K. The 
composition of the propellant gas at Tc was also found by interpolation. 

7 
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Determination of Molecular Weight 

The molecular weight. M, of the propellant gas in the chamber at temperature Tc 
is given by the relation 

o 
M = L N.M., (26) 

i"l " 

where M i. is the molecular weight of the component i. For the present case M .. 17.461. 

Determination of Exit Tea.,erature 

The exit temperature, T.,'is determined under the following conditions: 

(1) The composition of the gas remains unchanged from Tc to T.: 

(2) The expansion process from Pc to p. (1 atm) is adiabatic. 

Condition (1) permits us to write 

(27) 

T 
where 6Hr

c is the change in enthalpy of the propellant 
• 

gas between Tc and T., and 

6H~98.16 is the enthalpy change between 298.16 and roK. 

Condition (2) is simply the adiabatic expansion formula 

~: . (::r ' 
where y is the ratio of tht isobaric (Cp ) and isochoric (Cu ) heat capacities. 

our purposes. since Cp = 6Hr
c/(Tc - Te) we may write 
e 

where R is the gas constant. 

(28) 

For 

(29) 

To illustrate the manner of determlning Te for the present system we assume a 
temperature slightly greater than O.5Tc • namely 1600Q K. Then we compute in turn: 

3118 Au3118 1600 
I:R '" LV - til 

1600 398.16 298.16 

26.459 10,932 

15.527 cal: 

8 
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')' - 1 
')' 

and 

1.9869(1518) 
15,527 0.19420 

T=T(Ptt)Y tt c P 
c 

" 3118(.032658)°·19420 

Then repeating the above computations with T = 1604°K; 

M
3118 
1604 15,489 cal; 

Ll.T
311B 

1604 1514°K; 

')'-1 
.194164 ; 

')' 

T 3118(.032658)·19416 
e 

Thus the exit temperature Te is found to be 1604°K. 

Determination of Specific Impulse 

Specific impulse is defined by the relation 
V 

I =_e 
g I 

l604°K. 

(30) 

where V . tt 
gravlty. 
Tt to Ttt 

is the exit velocity of the propellant gas and g is the acceleration of 
By equating the enthalpy decrease of the propellant gas 1n cooling from 

to the kinetic energy of one mole of exhaust gas we obtain 

J!::Jlc " ~:! 
T tt ' tt (31) 

where M is the mass, i.e., molecular weight, of one mole of gas, and J is the mechani
cal equivalent of heat. Solving eq. (31) for Vtt and substituting 1n eq. (30) we 
obtain for the specific impulse 

I = ":'(2M~C J) ~ g e • 

1/ 

( 32) 

Substituting the values g 980.665 cm/sec:! and J = 4.1833 X 107 erg/cal we obtain 
the expression 

(33) 

9 



For the present example the specific impulse becomes 

I:: 9.327 (15,489) ~ = 277.9 sec. 
17.461 

Feb T U a T Y 1, .1 9 4. 7 

In order to prevent cumulative errors in calculation the computations for this 
and subsequent systems were carried out to six figures even though the basic data are 
given to four and/or five figures. The results are presented, generally, to four 
figures as a matter of form and in a few cases (e.g., molecular weight and gamma) to 
five figures in order to indicate trends rather than accuracy. In view of the broad 
working assumptions and the coarseness of the basic data four place accuracy for the 
calculated results is somewhat optimistic. 

THE SYSTEM : HYDRAZINE - FLUORINE 

where 

1. (35) 

Material balance considerations of (34) give 

NI = Ne + ·5N7 (36) 

No = O·5N1 + N4 + O·5N3 (37) 

and 

(38) 

while equilibrium considerations give 

(39 ) 

(40) 

(41) 

A ., K /P = N 2/N 
4 • C 7 8 (42) 

10 
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For the sake of ease in canputation eqs. (35) and (38) through (42) may be rearranged 
as follows: 

1 - O. 5 (N 3 + N 1) - (l + 1. Sa.)N 6 

Nl ::: ------------
0.5 + 1.5a. 

Since trial shows that N4 <0.OOOOI in every case considered it may be neglected. 

THE SYSTEM: HYDROGEN - OXYGEN 

For the system aH2(~) .. 02<P) we may write 

where 

Material balance considerations of (49) give 

and 

while equilibrium considerations give 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55 ) 

11 
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(56) 

(57) 

For the sake of ease in computation eqs. (SO) and (53) through (57) may be rewritten 
as follows: 

where 

a - 2 • (a. - UN I + (2 + a)N 4 + 2N t> + N e N" '" _____________ .-;;..._~ ___ __,:. 

N =AN"/N a 
4 6'"1 " 

NI = AII/Ha 

Ne = Alil/Na ~ 

a. 

THE SYSTEM : HYDROGEN - FLUORINE 

For the system aHa(~) .. Fa(~) we may write 

Material balance considerations of (58) give 

and 

while equilibrium considerations give 

12 

(59) 

(60) 

(61) 

(62) 

(63) 
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(64) 

(65) 

Eqs. (59) and (62) through (65) may be rearranged as follows: 

2 - Nil - (2 + o')Ne H1 = --.;......------= 
1 + Q, 

2 

In this system N. IS found to be regligible. 

THE SYSTEM; HYDRAZINE - HYDROGEN PEROXIDE (ANHYDROUS) 

(66) 

where 

(67) 

Material balance considerations of (66) give 

(68) 

(69) 

and 

2a. 
(70) 

13 
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while equilibrium considerations give 

(71) 

(72) 

(73) 

(74) 

A7 = K,IPe = NaN"INl (75) 

A, = K,IP/' .. N.'lt.N6INJ • (76) 

For the sake of ease in computation eqs. (67) and (70) through (76) may be re
arranged as follows: 

14 

N • 1 

2 - Na - (4 + (n)N, - (3 + 3o.)N", - (2 + 3o.)Ne - N, - (2 + 3o.)H9 

1 + 30. 

2a - aNa - ~4 - 2aN", .aNa • (1 + ~)N8 - (1 ~ ~)N9 

2 + 6a. 

N '" A N a IN a 
, .6"1 :I 

N6 '" J\.,N1/N. 'It. 

N 8 ,. (A, N T)'It. 
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THE SYSTEM : HYDRAZINE - CHLORINE TRIFLUORIDE 

(77) 

where 

(78) 

Material balance considerations of (71) give 

(79) 

(80) 

and 

(81) 
2a. 4a. 1 3 

while equilibrium considerations give 

A K =N/l!.;~'N~ ~1" 1 1 102 " (82) 

(83) 

(84) 

(85) 

(86) 

(87) 

To facilitate computation somewhat eqs. (78) and (81) through (87) may be re
arranged as follows: 

6 - lY6 - (60. + 7) Ne - lYT - lYe - (121 + 8)N" 

6a. + 4 

20. - 2 - 2.5aNfl ... (2 + O.5a.)(Ne + NT) - (a.- - UNa 

3a. + 2 

15 
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.. 

(Nl + Na - 3NT + 2N, - 6N10 ) 

~1 + 2NlJ + N .. + Nt'> - 2Nff) 

N ,. (,\ N )~ 
8 2"2 

RESULTS AND DISCUSSION 

The System Hydrazine~Oxygen 

Feb r u a r y 1, .1 9 4. 7 

The data calculated for t.he system hydrazine .. oxygen at the pressures 150, 300, 
450 and 600 psis and the mole ratios 1, 1.2, l.5, 2, 2.5 and 3 are presented in Table 
XIV. Fig. 1 shows a plot of specific impulse versus mole ratio for each of the cham
ber pressures together with cross plots of constant chamber temperature, constant 
molecular weight and constant y. The curves indicate the following optimum values 
for the specific impulse and associated characteristics: 

Olamber Mole Chamber Molecular C Exit Specific p 
Pressure Ratio Temp. Weight y =- Temp. Impulse 

C 
" 

PI;' psia 0- T oK I; M T oK 
'II' 

I, sec 

150 1. 54 3013 17.205 1.2404 1922 238.1 
300 1.46 3115 17.570 1. 2391 1741 264.7 
450 1.41 3180 17.815 1. 2378 1647 278.2 
600 1. 38 3224 17.975 1. 2374 1580 286.6 

Figs. 2 hhrough 5 indicate plots on semi-logarithmic paper of propellant gas 
composition versus mole ratio for the system hydrazine-oxygen at the chamber pressures 
ISO, 300, 450 and 600 psia, respectively. The effect of pressure on composition is 
quite pronounced.' 

16 
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As a matter of interest the following table affords a comparison at a pressure 
of 300 psia and several values of mole ratio between the data of this report and those 
listed by Lemmon 1 for the system hydrazine-oxygen. 

T oK 
c' T., oK I, sec 

a 
Leamon This report LellllDn This report Lenmon This report 

1 3278 3286 1878 1878 257.0 257.9 
1.5 3083 3089 1717 1721 264.0 264.6 
2.5 2506 2489 1378 1303 252.5 253.0 
3 2272 2272 1167 1160 246.0 246.2 

As a matter of further interest calculations show that when hydrazine is reacted 
with gaseous oxygen at 298.16°K instead of liquid oxygen the absolute chamber temper
ature is increased by approximately 0.1%, while the specific impulse is increased by 
approximately 0.5%. The following table gives specific data for the conditions 
Pc = 300 psia and a ~ 1.5. 

System T OK 
c' 

M y T OK 
e' 

I, sec 

NaH, + 0:a{liquidl .3089 17.421 1.2404 1721 264.6 

NilH, + °a(gu) 31.16 P,386 1.2405 1736 266,0 
._, .'_.~.~ ._ .• ~ , ..... ,~.,.,."" ............. L.. .. ~-. .,---------~ .-.-- -----

The System HydrllZin.,o, ,fluorin.<o 

Th~ data ca.lc'.J.littect fo; to,,· ";t':;'em hydl'azine·flw)cine at. the pressures lSD, :300, 
450, and 600 psis lind the mole rcltlos (l,55., 0,65, 0.8, 1, 2, and 3 together with data 
at 600 psia and a mole rat io of 0,6 are presented in Table XV. These data are plot ted 
in Figs. 6 and 7, the latter giving a better view of the specific impulse-mole ratio 
curves in the region of maximum speci fic impulse. The curves indicate the following 
opt~ values for the specific impulse and associated characteristics: 

Chamber Ptble Chamber Molecular C Exit Specific 
Pressure Ratio Temp. Weight 

p 
Terrp. Impulse y=-

C 
11 

Pc' psia a T OK 
c' 

M T OK 
e' I, sec 

150 0.615 4374 18.430 1. 3221 2480 269.9 
300 0.605 4518 18.650 1.3212 2170 299.4 
450 0.600 4610 18.780 1. 3205 2010 314.1 
600 0.595 4680 18.870 1.3201 1904 324.0 

Figs. 8 through 11 indicate plots on semi-logarithmic paper of propellant gas 
composition versus mole ratio for the system hydrazine-fluorine at the chamber pres
sures 150, 300, 450 and 600 psia. respectively. 

17 
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I~ hydrazine is reacted with gaseous fluorine at 298.16~ instead of liquid 
fluorine then the absolute chamber temperature is increased by approximately 0.1%, 
while the specific impulse is increased by approximately 0.5%. For the case P = 300 
psia and d = 1 the following comparative data obtain: e 

System Te' OK M 'Y Te'~ I, sec 

NaH .. + Fa(liquid) 3781 16.584 1.3166 1831 290.7 
N:a H .. + Fa (gas) 3808 16.542 1. 3171 1842 292.1 

For the system hydrazine-liquid' fluorine at, Pc = 300 psia and d = 1 LeDlllon 1 
lists the following: Tc· 3806~, I = 292 sec. 

A comparison of results between the systems hydrazine-oxygen and hydrazine
fluorine shows that while the latter system exhibi~s values of specific impulse ap
proximately 13% higher than those of the hydrazine-oxygen system at the pressures 
considered, the corresponding absolute chamber temperatures are approximately 45% 
bigher. 

I (max). sec T OK 
Pc 6I Per Cent c' 

AT Per Cent 
I NaH.. + O:a NaH .. + Fa Increase NaH .. + Oa NaH .. + Fa c Increase 

ISO 238.1 269.9 31.8 13.4 3013 4374 1361 4S.2 
300 264.7 299.4 34.7 I 13.1 3115 4518 1403 45.0 
450 278.2 314 .. 1 ! 35.9 ! 12.9 3180 4610 1430 45.0 
600 286.6 324.0 37.4 13.0 3224 4680 1456 45.2 

Average 13.1 i 45.1 
i 

The System Hydrogen-Oxygen 

The data calculated for this system at the pressures 150, 300. 450 and 600 psia 
and the mole ratios 4. 4.5. 5, 5.5, 6 and 7 are presented in Table XVI. Fig. 12 shows 
a plot of specific impulse versus mole ratio for each of the chamber pressures to
gether with cross plots of constant chamber temperature. constant molecular weight 
and constant 'Y. The curves indicate the following values for maximum specific impulse 
and associated characteristics: 

CAamber Mole <llamber Molecular C Exit Specific 
Pressure Ratio T~. Weight 

p 
Temp. Impulse 'Y =-

Cv 

Pc' psia d Tc' "K M T oK 
e' I, sec 

150 5.42 2427 1.899 1. 2610 1501 313.1 
300 5.14 2528 8.216 1. 2600 1357 345.6 
450 4.98 2588 8.415 1. 2588 1282 361. 5 
600 4.88 2630 8.550 1. 2582 1230 371.6 

18 
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Figs. 13 thrOll8h 16 indicate plots on semi-logarithmic paper o.f propellant gas 
composition yersus mole ratio for the aystem hydrogen-oxygen at the chamber pressures 
ISO, 300, 450 and 600 psia, respectively. 

The following comparatiYe data are presented for the case Pc '" 300 psia and a. '" 5: 

T oK M 'Y I. sec c 

This report 2572 8.388 1. 2573 345.4 

UIIII10fl 1 2561 8.4 1.23 343 

If gaseous hydrogen is reacted with gaseous oxygen at 29S.16QK instead of liquid 
hydrogen with liquid oxygen then the following comparative data obtain at Pc = 300 
psia and a. '" 5: 

System Tc'~ M 'Y Ttt'~ I, sec 

8 2(liq) + °2(liq) 2572 8.388 1. 2573 1387 345.4 
8 2 (888 ) + °.(888 ) 2760 8.356 1. 2527 1502 359.1 

The System Hydrogen-Fluorine 

The data calculated for this system at the pressures 150, 300, 450 and 600 psia 
and the mole ratios 4, 4.5, 5, 6 and 7 are presented in Table XVII. Fig. 17 shows a 
plot of specific impulse versus mole ratio for each of the chamber pressures together 
with cross plots of constant chamber temperature, constant molecular weight and con
stant )', The curves indicate the following values for maximum specific impulse and 
the associated characteristics: 

Chamber Mole Chamber Molecular C Exit Specific 
Pressure Ratio Tetrp. Weipt " Temp. Impulse 'Y "'-

Gil 

Pc' psia a; T OK 
c' 

M Ttt'~ I, sec 

150 4.95 2730 8.000 1.3199 1552 323.7 
300 •• 68 2U8 8.283 1. 3222 1363 356.3 
450 4.50 2927 8.482 1. 3232 1269 371.9 
600 4 •• 2 2975 8.580 1. 3240 1199 382 •• 

Figs. IS through 21 indicate plots on semi-logarithmic paper of propellant gas 
composition versus mole ratio for the system hydrogen-fluorine at the chamber pres
sures ISO, 300, 450 and 600 psia, respectively. 

If gaseous hydrogen is reacted with gaseous fluorine at 298.16°K instead of 
liquid hydrogen with liquid fluorine then the following comparative data obtain at 
Pc = 300 psia and a. = 5: 
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System T oK 
e' M 'Y Tit' "K 1, sec 

"a(Uq) ... FaOiq) 2738 7.966 1.3244 1308 355.9 
"a(8&8) ... F

3
(,&8) 2906 7.929 1.3208 1397 368.0 

A comparison of results between the systems hydrogen-oxygen and hydrogen-fluorine 
shows that while the latter system exhibits values of specific impulse approximately 
3% higher than those of thehydro~en-oxygen system at the pressures considered, the 
corresponding absolute chamber temperatures are approximately 12.5% higher. 

P 
1 (max), sec Per Cent Te' ~ Per Cent 

e Ha ... 0 3 Hli ... Flo! f::.J. Increase If:. ... Oa Ha ... Fa t::::re Increase 

150 313.1 323.7 10.6 3.4 2427 2730 303 12.5 
300 345.6 356.3 10.7 3.1 2528 2848 320 12.7 
450 361.5 371.9 10.4 2.9 2588 2927 339 13.1 
600 371.6 382.4 10.8 2.9 2630 2975 345 13.1 

Average 3.1 12.8 

A si.mi j.~, on .)£ re.suh", bet.wN:H the ,SI!H,10gcrlj..~ d'r3temB hydrogen-oxygen 
anG ,hY-(i r a:;', i ~i:<ygef!. shc,~'i~ ':;'.S:,' ··.¥h~lf:. i h{:, :;'~J~·':;1fi:: 1Jnp~'1::~~' "?alue:t£ of th-!'_ t.Qtter system 
,af€ app,:--0A .. :na~,;;-:j,- 13:~!! 'ow;::: th.-!;;),I, :t.:~~; .. i!l,#' 'l<-iiit:o_cz~ -~f t.hi! tr1d~{)gen .. oxygeJJ.. 

~.;,yste;Y: B:_ f~ prE'S.:H'::'c· .~', '. L~; th~ ",>,-;:-~'-t ;,U~',?,\ ·:,b.arnb-e.~ i:.emperatures 

a.r~: d~PtOx~~~at~:,~ 23~ h~~h2~' 

r--' , . 
1 

I (max) , sec Tc'~ Per Cent F C::.I Per Cent Me 
<: 1\ .. O

2 NzH .. T qol Decrease If:. ... O
2 NlIH .. ... °a Increase 

150 

I 

313.1 238.1 -15.0 23.95 2427 3013 586 24.15 
300 345.6 264.7 -80.9 23.41 2528 3145 617 24.41 
450 361. 5 278.2 -83.3 23.04 2588 3180 592 22.87 
600 371.6 286.6 -85.0 22.87 2630 3224 594 22.59 

Average 23.32 23.51 

A comparison of results between the analogous systems hydrogen-fluorine and 
hydrazine-fluorine, however. shows that while the specific impulse values of the 
latter system are approximately 15.5% lower than the corresponding values of the 
hydrogen-fluorine system at the pressures considered, the corresponding absolute 
chamber temperatures are approximately 58% higher. 
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I (max). sec T oK 
Pc 6.I Per Cent c' 6T Per Cent 

II. + Fa NaH., + Fa Decrease Ha + Fa NaH., + Fa c Increase 

ISO 323.7 269.9 -53.8 16.62 2730 4374 1644 60.22 
300 356.3 299.4 -56.9 15.97 2848 4518 1670 58.64 
450 371.9 314.1 -57.8 15.54 2927 4610 1683 57.50 
600 382.4 324.0 -58.4 15.27 2975 4680 1705 57.31 

ATerase 15.85 58.42 

The Syate. Hydrazine-Hydrogen Peroxide (Anhydrous) 

The data calculated for this system at the pressures 300, 450 and 600 pS1a and 
the mole ratios 0.6,0.65,0.7,0.75 and 1.0 are presented in Table XVIII. Figure 22 
shows a plot of specific impulse versus mole ratio for each of the chamber pressures 
together with cross plots of constant chamber temperature, constant molecular weight 
and constant y. The curves indicate the following values for maximum specific impulse 
and associated characteristics: 

Cbamber Mole OUllllber Molecular C Exit Specific 
Pressure Ratio Temp. Weight 

p 
Temp. Inpulse y=-

C 
11 

Pc, psia a Tc' '1< M Tc' "K I, sec 

300 0.675 2780 18.238 1. 2189 1617 247.7 
olSO 0.66 2806 18.363 1. 2190 1518 259.8 
600 0.65 2825 IB.ol49 1.2191 1450 267.7 

Figs. 23 through 25 indicate plots on semi-logarithmic paper of propellant gas 
composition versus mole ratio for the system hydrazine-hydrogen peroxide atthe chamber 
pressures 300, 450 and 600 psia, respectively. 

The following table affords a comparison at a pressure of 300 psia and two values 
of mole ratio between the data of this report and those calculated by Stosick I,a for 
the system hydrazine-hydrogen peroxide (anhydrous): 

a T OK 
c' Y T OK 

fl' 
1. sec 

This This This ThiS~ Stosick Report Stosick' Report Stosick Report Stosick Repor 

0.75 2716 2712 1. 209 1. 2244 1610 1561 249.0 247.3 
1.00 2509 2488 1. 240 1.2421 1400 1382 244.0 243.9 

The System Hydrazine-Chlorine Trifluoride 

The data calculated for this system at the pressures 300, 450 and 600 psia and 
the mole ratios 1.125, 1.25, 1.5 and 2 are presented in Table XIX. Fig. 26 shows a 
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plot of specific impulse versus mole ratio for each of the chamber pressures together 
with cross plots of constant chamber temperature, constant molecular weight and con
stant 'Y. The curvcs indicate the following values for maxiaaun specific impulse and 
associated characteristics: 

Clamber Mole Chamber Molecular C Exit Specific 
Pressure Ratio T~. Weight 

p 
Temp. Impulse 'Y =-

C 
1/ 

Pc' psia a. Tc'~ M Te, <;{ I, sec 

300 1.41 3353 21. 465 1. 3125 1634 241.0 
450 1.36 3427 21. 750 1.3133 1514 252.2 
600 1.32 3483 21. 990 1.3137 1435 259.6 

Figs. 27 through 29 indicate plots on semi-logarithmic paper of propellant gas 
cCJq)osition versus mole ratio for the system h"ydrazine-chlorine trifluoride at the 
chamber pressures 300. 450 and 600 psia. respectively. 

A comparison of the results of the systems hydrazine-hydrogen peroxide and hy
drazine-chlorine trifluoride shows that while the maximum specific impulse values of 
the latter system are only approximately 3% lower than those of the former system at 
the pressures considered. the corresponding absolute chamber temperatures are approx
imatel y 22% higher. 

I (max). sec T OK 
Per Cent c • Per Cent Pc M M 

NaH. .. ~Oa NaH. i" ClF3 Decrease NaH • + Ha03 N3H• + CIF3 
c Increase 

300 247.7 241.0 -6.7 2.70 2780 3353 

I 

573 20.6 
450 259.8 252.2 -7.6 2.93 2806 3427 621 

I 
22.1 I 

600 267.7 259.6 -8.1 3.03 2825 3483 658 23.3 

ATerase 2.89 22.0 

Similar comparisons can be made with respect to molecular weight, 'Y. and exit 
temperature between any pair or group of systems by reference to Table XX which pre
sents a summary of maximum specific impulse data and associated characteristics for 
the six liquid propellant systems considered in this report. 

Further inspection of Table XX shows that for each system and at each chamber 
pressure the maximum specific impulse occurs at a fuel-oxidant mole ratio somewhat 
greater than the stoichiometric value and that the mole ratio for each system de
creases toward the stoichiometric value with increase in pressure. 

22 



February 1, 1947 

CONCLUSI(lfS 

MindIul of the working uSwbptions of perfect gas law adherence, frozen equil
ibrium and adiabatic expansion of propellant gases the following seDeral conclusioDs 
obtai.. 

With increase in chamber pressure each liquid propellant system investigated 
experiences an increase in maximum specific impulse, in the corresponding chamber 
temperature and molecular weight of the exhaust gas, and a decrease in the cor
responding fuel-oxidant mole ratio and exit temperature. The ratio of isobaric 
to isocharic heat capacity (y = C,ICv ) remains essentially constant. 

The fact that fluorine is a more powerful oxidant than oxygen is evidenced by 
the higher max~ specific impulse obtained with various fuels. For example, in the 
pressure range from 150 to 600 psi a the maximum specific impulse is 3 per cent higher 
with hydrogen as a fuel and 13 per cent higher with hydrazine as a fuel. Furthermore, 
in the same pressure range at maximum specific impulse, fluorine develops a higher 
chamber temperature than does oxygen; e.g., 12.5 per cent higher with hydrogen as a 
fuel and 45 per cent higher with hydrazine as a fuel. 

Hydrazine, a liquid at room temperature, is an excellent fuel. In the chamber 
pressure range from 150 to 600 psia, when oxidized by liquid oxygen, it develops a 
maxiJllllll specific impulse only 23 per cent less than that developed by liquid hydrosen; 
but it also develops a chamber temperature 23.5 per cent higher than does hydr08~n. 
Similarly, when oxidized by liquid fluorine it develops a maximum specific impulse 
only 16 per cent less than that developed by hydrogen, but a chamber temperature 58 
per cent higher. 

Of the two systems hydrazine-hydrogen peroxide and hydrazine-chlorine trifluoride, 
all components of which are liquids at normal temperature and pressure, the former 
appears to be superior to the latter since it develops a maximum specific impulse 3 
per cent higher and a chamber temperature 22 per cent lower in the pressure range 
from 300 to 600 psia. 
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Table I 

MOLECULAR WEIGHT AND HEAT OF FORMATION AT 298.16°, 

IN CALORIES PER MOLE OF VARIOUS SUBSTANCES 

Molecular 
6H Substance Weight 298.10 Reference 

HIIO (g) 18.016 -57.798 ( 12) 

112 (g) 2.016 0 

H (g) 1. 008 51,911 (3) 

°2 (g) 32.000 0 

° (g) 16.000 59,112 ( 3) 

OH (g) 17.008 9,310 (2) 

N2 (g) 28.016 0 

N (g) 14.008 85.110 (3) 

NO (g) 30.008 21,532 (3) 

F2 (g) 38.000 0 

F (g) 19.000 31,750 (3) 

HF (g) 20.008 -64.440 ( 4) 

Cl
2 

(g) 70.914 0 

Cl (g) 35.457 28,900 (3) 

HCl (g) 36. 465 -22.063 ( 3) 

ClF
3 (l) 92.457 -59,300 (13) 

N2H4 (l) 32.032 12.050 ( 14) 

H20 2 rq 34.016 -45,160 (3) 
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Table II 

HEAT CONTENT 6Hr9S.16 IN CALORIES PER MOLE FOR VARIOUS GASES 

TOK HaO Ha Oa 00 Na NO Fa HF CIa HCI Cl H,F,N,O 
-

600 2508 2106 2211 2134 2126 2189 2421 2121 2515 2532 1626 1499 
700 3392 2809 2989 2855 2853 2947 3265 2812 3365 3IlO 2169 1996 
800 4305 3516 3787 3552 3597 3722 4120 3511 4224 3724 2709 2493 

5246 4225 4602 4292 4357 4515 4983 4218 5089 4374 3246 2989 
6221 4945 5430 4999 5133 5322 5852 4934 5963 5058 3779 3486 

0 7223 5670 6257 5739 5921 6141 5625 5659 6843 5174 4308 3983 
1200 8259 6406 7095 6478 6723 6971 7601 639~ 7731 6520 4835 4480 
1300 9325 7151 7954 7236 7535 7810 8480 7136 8625 7291 5358 4976 
1400 10411 7908 8822 8015 8356 8656 9361 7890 9526 8083 5878 5473 
1500 11531 8677 9712 8774 9187 9510 10244 8654 10432 8895 6397 5970 
1600 12672 9452 10560 9597 10023 10369 11128 9431 11345 9724 6918 6467 
1700 13833 10239 11448 10351 10868 11232 12013 10217 12263 10567 7427 691i3 
1800 15018 11036 12337 112W 11717 12101 12899 11012 13185 11422 7940 7460 
1900 16218 11841 13246 12018 12572 12973 13786 11816 14113 12285 8452 7957 
2000 17436 12657 14154 12847 13431 13849 14674 12627 15045 13153 8962 8453 
2100 18671 13479 15063 13686 14393 14728 15562 13445 15980 14025 9472 8950 
2200 19921 14308 15962 15157 15608 16451 14270 16920 14899 9980 9447 
2300 21183 15145 16870 16027 16490 17340 15102 17862 15772 10488 9944 
2400 22459 15989 17779 16226 16898 17374 18230 15939 18808 16644 10994 W440 
2500 23745 16840 18725 17093 17772 18260 19120 16782 19756 17514 11500 10937 
2600 25043 17696 19626 17949 18650 19149 20010 17631 20705 18383 12006 11434 
2700 26350 18556 20565 18827 19531 20041 20900 18485 21657 19253 12511 11931 
2800 27668 19423 21513 19691 20413 20934 21791 19344 22610 20125 13015 12427 
2900 28992 i 20295 22472 20575 21298 21831 22682 20208 i 23564 ! 20999 13519 i 12924 i 
3000 30327 21173 23436 21460 22184 22730 23574 21077 24518 121875 14022

1 

13421 I 3100 31670 22054 '24392 22348 23072 23630 24465 21951 25473 122753 14525 13917 

i 3200 33018 22940 25352 23240 23961 H532 25357 22829 26427 23633 15028 • 14414 
3300 34374 23831 26317 24134 24851 25434 26249 23711 27380 24519 15531 14911 
3400 35735 24725 27284 25034 25743 26338 27141 24596 28332 25418 16033 15408 
3500 37105 25625 28256 25934 26637 27243 28033 25486 29283 26332 16534 15904 
3600 38478 26525 29228 26!l35 27530 28148 28925 26379 30232 27266 17036 16401 
3700 39857 27429 30206 27743 28426 29055 29817 27275 31178 28223 17537 16898 
3800 41244 28339 31187 28653 29322 29962 30709 28174 32122 29210 18038 17395 
3900 42631 29249 32172 29565 30219 30869 31601 29076 33063 30229 18539 17891 
4000 44022 30166 33161 30480 31118 31779 32494 29981 34000 31284 19040 18388 
4100 31085 32019 33387 30889 18885 
4200 32006 32922 34280 31801 19381 
4300 32929 33827 35173 32716 19878 
4400 33854 34734 36065 33635 20375 
4500 34781 35642 36957 34558 20872 
4600 35709 36551 37850 35484 21368 
4700 36638 37461 38743 36415 21865 

~_v_, 

4800 37568 38372 39636 37349 22362 
4900 38499 39284 40529 38287 22858 
5000 39431 40196 41423 39229 23355 
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10 K 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 
3000 
3100 
3200 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4400 
4500 
4600 
4700 
4800 
4900 
5000 

Table III 

EQUILIBRIUM CONSTANTS FOR THE REACTIONS 
~H2 + ~F. = HF AND ~R2 + ~Cla = HCl 

K, = PHF/PH ~PF J.!I KII = PHC1 /PH J.!IPCl J.!I 
II 2 2 2 

2.401(10 14 ) 1. 850(10 5
) 

1. 229(I0 13) 6.574(10') 
1. 030 (012 ) 2.769(10·) 
1. 263(10B) 1. 333(10') 
2.08700 1°) 7.109(10 3

) 

4.374(0 9
) 4.121(10 3

) 

1. 112(10 9
) 2.554(l03} 

3. 321( 10e} 1. 674(10 3
} 

1. 133(10 8
) 1.1S0( 10 3

) 

4.330(10 , 8.224(10") 
1. 822(10 7) 6. 08I( 102} 
8.310{l06) 4.621(10 2

, 

4. 070( 10 0, 3.599(10 2
, 

2. 120( 10 6) 2.865(10 2) 
1.166(10 6

) 2.324(10 2
} 

6. 728( 10~) 1. 919(10 2
) 

4.050(10°) 1. 607(0 2
) 

2.528(10°) 1. 362( 10 2
) 

1. 63300°) L 168(10 2
) 

1. 087 (lOS) 1. 0 II (l02) 
7.434(10') 8.843(10) 
S.211(l04) 7.805(10) 
3.734(10·) 6.944(10) 
2.729(10 4) 6.214(10) 
2.032(104} 5. 504( 10) 

1. 53900") 5.080(10} 

1.1 4.629 (lO) 
9.2 4.240(10) 
7.295(10 3 

) 3.900(10) 
5.833(10 3

) 3.60S(I0} 
4. H800·) 3,344(lO} 
3.857 (10 3

) 

3.183(103
) 

2.650(10·) 
2.224(10 3 

) 

L882(I03) 

1. 604(I03, 
l.37700 3

, 

1. 190(103
) 

1. 033(10·) 
9.028(10 2

) 
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Table IV 

EQUILIBRIUM CONSTANTS FOR THE REACTION Fa : 2F 

P :I Aa = K/P~ (P ~. atm) 
F rOK Ka = p (psia) 

P F 
c 

a 150 300 450 600 

1000 1. 550 (10 -8) L 519(10- 9
) 7.59300- 1°) 5.062(10- 1°) 3.796(10-1°) 

1100 3.148( 10"7) 3.084(10"8) 1. 54200"8) 1. 02800"8) 7.710(10"9) 
1200 3.900 (10" 6) 3.821(10. 1

) 1.910(10"7) 1.274(10- 1
) 9.552(10"8) 

1300 3.289(10·") 3.222(10.°) 1. 61l(10-~} 
1. 07400~:! 8.056(10· ) 

1400 2.05600-·) 2.014(10 -s) 1. 007 (10 -II) 6.714(10 -6) 5.03600"6) 
1500 1.00900-3

) 9.8B600-:l, 4.94300- (1
) 3.295(10 -3) 2.471 (l0-1I) 

1600 4.067 (10 -3) 3.985(10··) 1. 992(10 -4) 1. 328 (10 -.) 9.961(10-3 ) 

1700 L 396(10'2) 1. 368(10'3) 6.83900:
4

) 4.559(10- 4
) 3.41900-4

) 

1800 4.183(10"2) 4.098 (10 -3) 2.049(10- 3
) 1. 366(10'3) 1.025(10'3) 

1900 1.118(10") 1.095( 10· a ) 5.477(10- 3 ) 3. 65l( 10'3) 2. 738(lO-~) 

2000 2.71300- 1) 2.658(10"2) 1. 329(10.2 ) 8.860(10. 3
) 6.64500. 3 , 

2100 6.062(10"1) 5.939(10- 2 ) 2.970(10'2) 1. 9B0(10 -2) 1.485(10"2) 
2200 1.260 1.234(10 1) 6.17200'2) 4.115( 10- 2

) 3.086(10-2
) 

2300 2.460 2.410(10"1) 1. 205(10. 1) 8.034(10. 2
) 6.025(10'2) 

2400 4.552 4.460(10- 1 ) 2.230(10- 1 
) 1.487([0'1) 1.115(10- 1 

) 

2500 8.019 7.856(10- 1
) 3.928(10- 1) 2.619(10- 1

) 1.964(10'1, 

0 1. 354(10) 1.327 6.633(10- 1
) 4.42200- 1 

) 3.316 (10,1) 

0 2.199(0) 2.154 1.077 7 .18l( 10- 1
) 5.386(10. 1) 

2BOO 3.454(10) 3.384 1. 692 l. 128 B.460(10"1) 

2900 5.260(10 ) 5.153 2.577 1. 718 1.288 
3000 7.804(10 ) 7.646 3.823 2 549 1 911 
3100 1.128(lO~) 1.105(10) 5.526 3.68·\ '2, 7/)3 

3200 1. 594(10 2
) 1. 562 (10) 7.808 5.206 3. 'l0el. 

3300 2.208 (10 2
) 2.163(10) 1.082(10) 7.211 ;) 40B 

3.004(10 2 
) 

'" 

? 358 3400 2.943(10) l.472(10) 9.810 
3500 4.014(10 2 

) 3.93300) 1. 966( 10) 1.311(10) 
3600 5.276(10 2

, 5.169(10) 2.5B5(10) 1. 723(10) 1. 292{l0) 
3700 6.845(10") 6.706(10) 3.353(10) 2.235(10) 1.677(10) 
3800 8.760(10 2

) 8.582(10) 4.291(10) 2.861 (10) 2.146(10) 
3900 1.107(10 3

) 1.085(10 2
) 5.423(10) 3. 615( 10} 2.711(10) 

4000 1. 363(10·) 1.355(10~) 6.775(10) 4. 517( 10) 3.387(10) 
4100 1. 710(10') 1. 675(102

) B.377(10) 5.584(10 ) 4. IB6(10) 

4200 2.09500 3 
) 2.053(10 2

) 1. 026(10 2
) 6.642 (10) 5.131(10) 

4300 2.543(10 3
) 2.491(10") 1. 246( 10") 8.305(10) 6.229 (10) 

4400 3.05B(103) 2.996(10 2
) 1. 496(10 2

) 9.987(10) 7.490(10 ) 
4500 3.648(10 3 

) 3. SHOO!!) 1. 787(10 2
) 1.191(10 2

) 6.935(10) 
4600 4.324(103 

) 4.236(10 2
) 2.118(10 2 » 1. 412(10 2

) 1.059(10 2
) 

4700 5.090(10 3 ) 4.9B7(10 2
) 2. 493(102) 1. 662(10 2

) 1.247(102
) 

4800 5.947(10 3
) 5.826(10 2

) 2.913(10 2) 1. 942( lOll) 1. 457(0 2
) 

4900 6.907(103
) 6.767(10 2

) 3.36400 2 
) 2.256(10 2

) 1. 692(10 2
) 

5000 7.969(10 3
) 7.807(10 2

) 3.904(10 2
) 2. 603( 10 2

) 1. 952(102 ) 
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TO{{ 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 

3000 ! 
i 3100 i 
I 3200 I 
i 3300 1.. 
1 340,) i 

3500 
3600 
3700 
3800 
3900 
4000 

T.ble V 

EQUILIBRIUM CONSTANTS FOR THE REACTION CI I = 2Cl 

p a 
K - Cl 

10 -~ 
a 

1. 718(10- 7 ) 

2.576(10- 6
) 

2.476(10-°) 
1. 688 (10 -4) 

8.780(10-') 
3.680( 10-3 ) 

1. 293(10- 2
) 

3.925(10 -2} 

1. 055 (10 -1) 

2.561(10- 1 ) 

5.694(10- 1 ) 

1.174 
2.269 
4.145 
7.204 
1.199(10) 
1. 920(10) 
2.969(10) 
4.451(10) 

150 
1. 683(10 -8) 
2.524(10. 7

) 

2.426(10- 6
) 

1. 654(10 -5) 

8.602(10- 5 ) 

3.605(l0-4} 
1. 267 (10 -3) 

3.845{l0-3) 
1. 034(10 -2) 
2.509(l0-2} 
5.580(10- 2

) 

1.150(10- 1 ) 

2.223(10- 1
} 

4.061(10- 1 ) 

7.058 (10 -1) 

1.175 
1. 881 
2.909 
4.361 

Pc (psia) 

300 
8.416(10. 9 ) 

1.262(10- 7
) 

1. 213(10 -6) 

8.269(10- 6
) 

4. 301( 1O-1i ) 

1.803( 10-4 ) 
6.334(10-'} 
1.923(10-3 ) 
5.168(10- 3 ) 

1. 255(10- 2 ) 

2.789(10- 2
) 

5.75100-2
) 

L 112( 10- 1
) 

2.030(10- 1 
) 

3.529(10- 1
) 

5.874(10- 1 ) 

9.405(10- 1 ) 

1.454 
2.180 

450 600 
5.611(10- 9

) .s.208(10-9
) 

8.413(10- 8 ) 6.309(10- 8 ) 

8.086(10- 7 ) 6.065(10- 7
) 

5.513(10- 6 ) 4.134(10- 8 ) 

2.867(10.°) 2.151(10-5 ) 

1.202(10-4) 9.014(10-&) 
4.223(10-') 3.167(10·') 
1.282(10-3 ) 9.614(10-') 
3.445(10. 3 ) 2.584(10-3

) 

8.364(10. 3
) 6.273(10-3

) 

1. 860 (10 -2) 1. 395{l0 -2) 

3.834(10.2 ) 2.876(10·3
} 

7. 4l0(10-~) 5.558(10-") 
1.354(10- 1

) 1.015(10- 1
) 

2.353(10. 1 ) 1. 764(10. 1 ) 

3.916(10. 1 ) 2.937(10. 1 ) 

6.270(10. 1
) 4.703(10. 1

) 

9.696(10- 1 ) 7.272(10- 1
) 

1.454 1.090 
6.494(10) 6.362 I 3.181 2 121 1. 591 

'-'--'---j- ..•....... +--:::.: . .::.::..=----.--+--=-=-:..:=-------J 
9.241(10) i 9.054 i 4.527 I 301B 2.263 
1.286(10 2

) , 1.260(101 : 6.300 : 4200 3.150 
l.754(102) i 1.718(10) I 8.592 i 5.728 4.296 

2. 346(10
2)''ri 2.298(10) ___ t.-.1.149(1(», __ .1. i.662 5.746 

3.081(10 2) 3.024(10) ! 1.512(10) I 1,008(10) 1.561 
4.000(10 2

) 3.919(10) 1.959(10. 11.306(10) 9.791 
5.111(10 2

) 5.007(10) 2.504(10) 11.669(10) 1.252(10) 
6.443(10 2

) '6.312(10) 3.156(10)' 2.104(10) 1.578(10) 
8.028(10~) 7.865(10) 3.933(10) 2.622(10) 1.966(10) 
9.892(10 2

) 9.692(10) 4.846(10) 3.231(10) 2.423(10) 
1.201(10 3

) 1.183(10 2 ) 5.913(10) 3.942(10) 2.956(10) 
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Table VI 

EQUILIBRIUM CONSTANTS POR THE REACTION H2 2H 

I 
A. 2 = K

2
/P

C (Pc' atm) PH :I 

T"K K:I = -- Pc (psia) 
PH 150 300 450 600 2 

1500 3.104(10- 1°) 3.041(10- 11
) 1. 521(10 -11) 1.014(10- 11

) 7 .603(10-1~) 

1600 2.954(10-&) 2.894(10- 10 ) 1. 447(10- 1°) 9.647(10- 11
) 7.235(10- 11 

) 

1700 2.166(10- 8
) 2.122(10- 9

) 1. 061 (10 -9) 7.074(10- 1°) 5.305(10- 10 ) 

1800 1.279(10- 7
) 1.253(10- 8

) 6.26500- 9
) 4.177 (10- 9

) 3.13300- 9 ) 

1900 6.291(10- ) 6.164(10 - H) 3.082<10- 8
) 2.055(10- 8

) 1. 541(10- 8 ) 

2000 2.649(10- 6
) 2.595(10-') 1. 29800- 7

) 8. 651( 10- B) 6.488(10-B) 
2100 9.712(10- 6

) 9.515(10-') 4.758(10- 7
) 3.172(10- 7

) 2.379(10-B) 
2200 3.174(10-~) 3.110(10- 6 ) 1. 555 (10 -6) 1. 037(10- 6

) 7.774(10- 7
) 

2300 9.371(10- 0
) 9.181(10- 6

) 4.591(10- 6
) 3.060(10- 6

) 2.295(10- 6
) 

2400 2.532 (10- 4
) 2.481(10- 5 ) 1. 240 (10- 5 ) 8.269(10- 6

) 6.202(10- 6
) 

2500 6.326(10-") 6. 1ge(10-5) 3. 099(10-~) 2. 066(10-~) 1.549(10-~) 

2600 1. 475(10- 3
) 1. 445 (10 -4) 7.226(10- 5

) 4.817(10- 5
) 3.613{10-5) 

2700 3.229(10- 3 
) 3.164(10- 4

) 1. 582(10- 4 ) 1.055(10-4 ) 7.909 (10 -5) 

2800 6.697 (10 -3) 6.561(10- 4
) 3.281(10- 4

) 2.187(10- 4
) 1. 640 (10- 4 ) 

2900 1. 321(10- 2
) 1. 294(10 -3) 6.471(10- 4

) 4.314(10-") 3. 236( 10"-4) 

3000 2.495(10- 2
) 2. 444( 10- 3

) 1. 222(10- 3
) 8.148(10-") 6.111(10- 4

) 

3100 4. 522(10-~) 4.430(10 -3) 2.215<.10 -") 1. 477(10-") 1.108(10- 3 ) 

3200 7.907 (10- 2
) 7.747(10- 3

) 3.873(10- 3 
) 2.582(10- 3

) 1. 937 (10- 3 ) 

3300 1.336(10- 1) 1. 309(10- 2
) 6.545(10- 3

) 4.363(10 -3) 3.272(10- 3
) 

3400 2.191(10- 1 ) 2.147(10- 2
) 1. 073( 10- 2

) .. -t 7.155(10- 3
) 5.366(10- 3

) 

3500 3.492(10- 1) 3.421(10- 2
) 1. 71100-

2
) 

1 
1.110(10- 2

) I 8.553(10- 3
) 

3600 5.429(10,,1) 5.319(10- 2
) 

I 
2.659(10- 2

) I L 773(10- 2
) 

I 
1. 310(10"2) 

I 3700 8.243(10- 1
) 8.076(10 -2) 4. 038( 10 -2) I 2.692(10- 2

) 2.019(10 -2) I 

1.20000- 1
) 

I 
6.001(10- 2 ) 

I 
4.001(10- 2

) 
I 3.000(10- 2

) 3800 1. 225 I 

1. 748(10 -1) 8.739(10"2) 
-j-

5.826(10- 2) 4.370(10- 2
) 3900 1. 784 

4000 2.550 2.498(10- 1 ) 1. 249( 10 -1) 8.328(10- 2
) 6.246(10- 2

) 

4100 3.583 3.510(10- 1) 1. 755(10- 1) 1.170 (10- 1
) 8.776(10- 2

) 

4200 4.956 4.856(10 -1) 2.42800- 1
) 1.619(l0-~ 1.214110- 1

) 

4300 6.751 6.614(10- 1
) 3.307(10- 1

) 2.205(10- 1) 1. 654(10- 1) 

4400 9.072 8.888(10- 1 
) 4.444(10- 1) 2.963(10- 11 2.222(10- 1) 

4500 1.203(10) 1.179 5.893(10-' ) 3.929 (10- 1 ) 2. 947 (10- I ) 

4600 1.576(10) 1. 544 7.720(10- 1) 5.147(10-') 3.860(10- 1 ) 

4700 2.043(10) 2.002 1. 001 6.672(10- 1) 5.004(10- 1) 

4800 2.617(10) 2.564 1. 282 8.547(10-') 6.410(10- 1) 

4900 3.322(10) 3.255 1. 627 1.085 8.137 (10- 1
) 

5000 4.176(10) 4.091 2.046 1. 364 1. 023 
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Table VII 

EQUILIBBIUM CONSTANTS FOB THE BE ACTION Na = 2N 

P II A4 " K4 /P C (Pe • atrn) 

TQK N P (psia) K" =--
PN 

e 
II 150 300 450 600 

2000 7.86500*13) 7.706(10*14) 3.853(10- 14 ) 2.569(10*14) 1.926(10*14) 

2100 6.37800*12) 6.249(10. 13 ) 2.124(10.13 ) 2.083(10*13, 1.56200*13) 

2200 4.279(10. 11
) 4. 192{lO·12) 2.096(10*12 ) 1.397 (10 -12, 1.04800*12) 

2300 2.438(10- 1°) 2.389(10- 11 ) L 194(10 -11) 7.96200. 12 ) 5.971( lO- llI ) 

2400 1. 203(10 -9) 1.179(10-1°) 5.893(10-11
) 3.929(10- 11 ) 2.947(10- 11

) 

2500 5.230(10. 9
) 5.124(10- 1°) 2.56200- 1 °) 1.708(10. 1 °) 1. 281(10- 1°) 

2600 2.032(10 -8) 1.991(10. 9
) 9.954(10 -10) 6.636(10- 1 °) 4.977( 10- 1 °) 

2700 7.142(10. 8 ) 6.997(10. 9 ) 3.49900- 9
) 2.332(10- 9

) L 749(10- 9 ) 

2800 2.298(10- ) 2.251(10- 8
) 1.126(10-") 7.505(10. 9

) 5.629(10*9) 
2900 6.830UO·') 6.692(10- 8

) 3.346 (10 -8) 2.231(10. 8 ) 1.673(10- 8 ) 

3000 1.88600- 6 , 1.848(10. 7
) 9.239(10. 8

) 6.15900*8) 4. 619( 10- 8 ) 

3100 4.883(10 -6) 4.784(10- ' ) 2.392(10. ' ) 1.595(10*1) 1.19600. ' ) 
3200 1.192(10-:1) 1.168(10- 6 ) 5.839(10 7) 3.893( 10 ') 2.920(10. 7 ) 

3300 2. 76l( 10 .~) 2.705(10- 6 ) 1. 353(10-6) 9.017(10- ' ) 6.763(10- 1) 
3400 6.083(10- 11 ) 5.960(10- 6

) 2.98000 *6) 1. 987(10 -6) 1. 490(10 -6) 

3500 1.282(10*4 ) 1.256(10-5 ) 6.28000 *6) 4.187( IO- B
) 3.140( 10- 11 ) 

3600 2. 596( 10 ·4) 2. 543(10-~) 1. 272(10- 5 ) 8.478(10.°) 6.358(10-°) 

3700 5.054(10 -4) 4.952(10-°) 2.476(10 -lI) 1.651(10- 6 ) 1. 238{lO-lI) 

3800 I 9. S2l( 10 -4) 9.328(lO-lI) 4. 664( lO-o) 3.109( 10-°) 2.332(10- 5 ) 

I 
3900 I 1736(10-°) 1. 70I( 10-') B. 504( 10 -0) 5.669(10-~) 4. 252(l0-~) 
400;) I 3.0H{ 10-') 3.0UHIO- 4 ) L 506(10-4 ) 1.004(10- 4

) 7. 529( 10"6) 

I 
, 

~. 290 ( 10 -;; ) 5.183(10- 4 , 2.591 (10 -4) 1. 728(10-') 1. 296( 10 -~) 4100 i 

I 

, 
4200 I a.882{lO-3) 8.702{lO"4) 4.351(10 -') 2 . 90 I ( 10 - 4 ) 2.175(10"') I , 
4300 I L 456( 10 -2) 1. 426(10 -3) 7. 132( 10 -4) 4. 755{ 10 -4) 3.566(10"4) 

4400 I 2.335(10"") 2.288(10- 3
) 1.144( 10-a, I 7.626(10- 4

) 5.719(lO"'} 

4500 3.671 (10 -2) 3. 597( 10-3 ) 1. 798( 10- 3 ) 1.199(10- 3
) 8. 99I( 10- 4

) 

4600 S. 660( 10"2) 5.545(10"3) 2. 773( 10- 3
) 1.848( 10-3) 1. 386 ( 10 -3) 

4700 8.561(10"2) 8.387(10"3) 4.19400"3) 2.79600- 3) 2.097 (10 -3) 

4800 1.27400"1) 1.248(10"2) 6. 241( 10 -3) 4.161(10-3) ;J.120(I0-") 

4900 1.86700"1) 1. 829 (10 -2) 9.146(10- 3
) 6.097(10"3) 4.573(10"3) 

5000 2. 695{10 -1) 2.640(10- 2
) 1. 320 (10 -.:/) 8.801(10- 3

) 6.601(1;>"3) 
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Table VIII 

EQUILIBRIUM CONSTANTS FOR THE REACTION ~"a + BaO = NO + B. 

PNJ'H A = K IP ~ (P atm) 
a II & c c· 

TOK KG = P (ps i a) 
P N ~H 0 

c 
a a ISO 300 450 600 

IS00 i 6.167(10. 9
) 1. 930( 10. 9

) 1. 365(10. 9
) 1.114(10·" ) 9.652(10. 1 °) 

1600 3. 40I( 10. 9 ) 1.065(10. 11
) 7.527 (10 0 9

) 6. 146( 10 .9) 5.323 (10. 9
) 

1700 1. 541(0
07

) 4.823(10. 8
) 3.411(lOOs) 2.185(10

08
) 2.412(10. 8

) 

1800 S.891( 10
07

) 1.844(10
0 

) 1.304{I0· ) 1. 065( lOoT} 9.220(10-") 

1900 1. 95 I( 10
06

) 6.107(10
07

) 4.318(10 -7) 3. 526( 10
07

) 3.053(10
07

) 
2000 5. 756{ 10 06) 1. 802( 10- 6

) 1. 274(10
06

) 1. 040(10 -6) 9.008(0
07

) 
2100 1. 53I( 10-l) 4. 792( 10-") 3. 389( 10-°) 2.767(10"") 2. 396( 10 -0) 

2200 3. 782( 10"1i) 1. 184(10 -5) 8. 371( 10 -6) 6. 835( 10 "6) 5.919(10. 6
) 

2300 8.371(10"5) 2.62000"5) 1. 85300 -5) 1.51300-:'1) 1. 310(10"s) 

2400 1.771(10"4) 5. 543( 10-~) 3. 920(10-~) 3.200(10-") 2. 712( 10"0) 

2500 3. 505( 10 -.) 1. 097 ( 10 -4) 7.75800- 5 ) 6. 334( 10 -5) S. 485(10 Os) 

2600 6.641(10"4) 2.079( 10-4) 1. 470( 10 -4) 1.200(10-4) 1. 039 (10"4) 

2700 l.18S( 10"3) 3.719(10- 4
) 2.629(10 '4) 2. 147( 10-4

) 1. 859( 10-4
) 

2800 2. 047( 10- 3
) 6.407 (10 -4) 4.531 (10-4

) 3.699(10- 4
) 3.204(10 -4) 

2900 3. 4l4( 10 -3) 1.068(10.3 ) 7. 555( 10 -4) 6.169(10 04 ) 5.342(10
04

) 
3000 5. 4H( 10

0
"') 1. 713 00 -Il) 1.212(10-") 9.892( 10-4

) 8.567(10 -4) 

3100 8. S2I( 1003 ) 2.667(10. 3 ) 1.886(10.3
) 1. 540 (10 03 ) 1. 334( 10- 3

) 

3200 1.290(10.2
) 4.038(10-3 ) 2.855(10- 3

) 2.331(10
03

) 2.019(1003} 

3300 1.909( 10- 2
) 5.975(10.3) 4.225(10 -3) 3.450(10-3

) 2.988(10 3) 

3400 2. 75a( 10- 2
) 8. 633QO -3) 5.104(10-3 ) 4.984110.3

) 4.316(10- 3) 

3500 3.692(10- 2
) 1.218(10. 2

) 8.614{lo-3) .. - 7.033UO· 3
) 6. 091( 10- 3

) 

3600 5. 39l( 10.2 ) 1. 687(lO·2} I 1. 193 (10 -2) I 9.742(IO·a) 6.437(10. 3
) 

3700 7.345(10. 2 
) 2. 299 ( 1O. 2

) 
, 1. 626(10. 2

) 1. 327( 10. 2
) 1.150(10.2 

) 

3800 9.818(10 -2) 3.073(10- 2
) 1 2.173(10. 2

) 1.774(10.2
) 1 536(lO·2} 

3900 1. 301 (10- 1
) 4.072(10-") I 2.879(10·") 2.351 (10.2

) 2.036(10 -2) 

4000 l. 696( 10- 1
) 5.307(10. 2

) 3. 753( 10- 2
) 3.06400-2 

) 2.654(10- 2
) 
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TOK 

1500 
1600 
l7co 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 
3000 
3100 
3200 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 

Table IX 

EQUILIBRIUM CONSTANTS FOR THE REACTION 2H3 = 2Ha + O. 

pHaPO a II 
I( = 6 

PH- O 3 

3. 48S( 10·u ) 
4.293(10. 11

) 

3.967(10-1°) 

2.850(10-9
) 

1. 654(10. 8
) 

8.13100- 8
) 

3.42400-7
) 

1. 306(10 - 6) 

4.169( 10- 6
) 

1. 259(10·:1) 
3. 438(10 -~) 

8.84300-5
) 

2. 019( 10 -.) 
4.63600. 4

) 

9.881(10··) 
1. 98I(lO·~) 
3.799(10. 3

) 

7.0t1(10-3) 
1. 250 (10 -z) 

2.15S( 10- 2
) I 

. -2 3. :l80( 10 ) i l 
5 793(10. 2 ) 

9.147(10- 2
) 

1. 405(10 1) ; 

2.138(10·') 

I 3.169(10. 1) 

ISO 

3.411(10.13
) 

4.206(10.12 ) 
3.887(10. 11

) 

2.19200- 1°) 

1. 620 00 .9) 

1. 966( 1O- 1l
) 

3.355(10. 8
) 

1. 280(10. 7 ) 

4.085(10 -6) 

1. 233( 10- 6
) 

3.36800. 6
) 

8. 664( 10. 6
) 

2.037(10. 5 ) 

4. 542( 10- 5 ) 

9.681(10. 5
) 

1. 941( 10 .4) 

3.722(10- 4
) 

I 

6.86900- 4
) 

1. 22S( 10·") I 
2.111(10 -J) I . ,). 

8.962(10") 
1.377(10-") 
2.095(10- 2

) 

3.10S(10-2} 

"-6 = KelP c (Pc' atm) 

P (psia) 
C 

300 450 

1. 109(10.13 ) 1. 139( 10.13 ) 

2.103(10. 12
) 1. 40200·1:1) 

1. 94300 -1l) 1. 296(10. 11 ) 

1. 39";(10 - .... ) 9.301(10-") 
8.10200- 1 °) 5.402(lO-10) 

3.983(10. 9
) 2.655(10- 9

) 

1. 617 (l0·~) 1. 118 (10. 8
) 

6.398(10. 8 ) 4.265(10. 6
) 

2.042(10- 7
) 1. 362{10 -7) 

6.161(10- 7
) 4.H2( 10- 7

) 

1. 684( 10 -6) 1. 12300. 6
) 

4.33200. 6
) 2.888(10- 6

) 

1. 01S( 1O·~) 6.190 (10 .0) 

2.211(10- 3
) 1. 514 (10. 5 ) 

4.840 (10. 0 ) 3.227( 10.5
) 

9.704(10''') 6.470(10'0) 
1. 861(10.4 ) 1. 241(10.4 ) 

3.434(10- 4 ) 2.290(10 .• ) I 6.123! 10- 4
) 4. 082( 10'4) 

L 055 (10 2 
i 7. 0.~6( 10 -'1, I 

-3 . ' - .~ 

" l 

4. 48l( 10 -J) 2.987(lu-") I 
! 

6.883(10'3) 4.58800"3) , 
L04i(1O- 2

) 6.982(10'·) 

I 1. 552( 10 -2) 1.035(10- 2
) 

600 

8.543(10-14 ) 
1. OSH 10 -12) 

9.116(10.12
) 

6.981(10 -H) 

4. OS1( 10 -10) 

1. 992( lO- il
) 

8.38100·") 
3.199( 10- 8

) 

1.021(10. 7
) 

3.084(10· ) 
8.421(10. 7

) 

2.166(10. 6 ) 

5.092(10·") 
1. 136( 10 .~) 
2.420(10. 5

) 

4.8S2( 10· a
) 

9.305( 10. 5
) 

1.717<10- 4
) 

3.0052(10"') 

), 277 ( 10 -') . -~ 

2.240(lO-3), 
3.441(10. 3

) 

5.237(10- 3
) 

7.762(10- 3
) 
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Table X 

EQUILIBRIUM CONSTANTS FOR THE REACTION H
2
0 

PH Po A1 = K7IPt; (Pc' atm) 

rK K7 = 2 Pc (psia) 

Pu 0 
I 150 600 2 450 

1500 8.53S(I0-12} 8. '362(10. 13 ) 4. 18100·13 } 2.181(10- 13 ) 

I 
2. 091( 10- 13 ) 

1600 1.062(10- 1 °) 1.040(10"11) 5.20200- Ill) 3.468(10· L2) 2.601 (lO-Ill) 

1700 9.883( 10- 1 °) 9.683 (10 -11) 4.841(10- 11 ) 3.228(10-11
) 2.421(10. 11 ) 

1800 7.16l<10- v) 7.016(IO"10) 3.508(10-1U) 2.339(10- 1°) 1. 75400. 1°) 

1900 4.210(10. 8 ) 4.125(10"9) 2.062(10- 9 ) 1. 37500- 9
) 1.031(10"9) 

2000 2.083(10"7) 2.041(10"8) 1. 020 00 "s) 6. 803( 10. 9
) 5.102(10. 9

) 

2100 8.839(10- ) 8.660(10. 8 ) 4.330(10. 6
) 2.887(10. 8

) 2.165(10·") 

2200 3. 344( 10 -6) 3.276 (H) -7) 1.638(10"7) 1. 092(10 "7) 8.191(10"8) 

2300 1.093(10.3 ) 1.071{l0·s) 5.354(10. 7 ) 3.569(10. 7
) 2.677(10- 7

) 

2400 3. 30S (10 -$) 3.238(10- 6
) 1.619(10"6) 1.079(10"6) 8.095(10· ) 

2500 9.101(10"11) 8.917(10- 8 ) 4.458(10-°) 2.972 (l0-6) 2.229(10. 6) 

2600 2.336(10"4) 2.289(10- 5 ) 1.144(10 "'I) 7. 629( 10- 6
) 5.722(10"6) 

2700 5.545(10"4) 5.433(10"6) 2.716(10"0) 1. 81l( 10"') 1. 358(10"0) 

2800 1. 242(l0-3} 1.217(10"4) 6.084(10 -6) 4.056(10- 11 ) 3.042(10"11) 

2900 2.645(10- 3
) 2.591(10"4) 1. 296(10·") 8.638{l0-1I) 6.47800- 6

) 

3000 5.332(10- 3
) 5. 224( lO-4) 2.612(10-4 ) 1. 74l( 10"4) 1. 306(10·") 

3100 1.026( 10-2 ) 1. OOS( lO-3) 5.026(10"4) 3. 3S1( 10-'" 2.51300"4) 

3200 1. 899( 10. 2 ) l. 861(IO-a) 9.303( 6.202 (10 -") 4.651(10- 4) 

3300 3.392(10"") 3.323(10"3 ) L 662( ) 1.10800- 3
) 8.308(10-·) 

3400 --l 5.855(10- 2
) 5,736(1O-l) I 2.868(10- 3 ) 1. 912(10- 3 ) 1.434(10- 3 ) 

9. nO( 10- 2 ) 9. S72( lO. a ) 
, 

4. 786( 10- 3 ) 3.l9HI0- 3 ) 2.393(IO-~) ~ ! 
I 
I 3600 

1 
1.585\10. 1) I 1.554(10- 2

) i 7.769(10-') 5.180(10- 3
) 

I 
3.885(10- 3

) 

3700 1 2 . 512 (10 • 1 " I Z. 46I( 10. 2
) I 1. 23l( 10 -2) 8.204(10- 3 

) 6.153(10. 3 ) 

3800 -l- 3.875(10-l i 1.3.796(10. 2
) 1. 89800. 2) 1. 265(10"2) 9.491(10"3) 

3900 I 
5.884(10'::1) 5.76500- 2

) 2.882 ( 10" ~) 1. 922 (10 -:I) 1. 44l( 10- 2
) 

4000 8.729(10. 1
) 8.552(10- 2 ) 4.27600. 2

) 2. 85I( 10 -2) 2. 138( 10"2) 
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Table XI 

EQUILIBRIUM CONSTANTS FOR THE REACTION H20 = ~H2 + OH 

TOK KII = P;: (psia) 

1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 

2300 
2400 

2500 
2600 
2700 
2800 
2900 
3000 
3100 
3200 
3300 

• 3400 
I 3500 

3600 

3700 ,I 

3800 
3900 
4000 

150 300 450 600 

5. 123( 10- 7
) 1. 603( 10- 7 ) 1. 134( 10-7 ) 9. 258( 10- 8 ) 8. 018( 10 -II) 

2.165(10- 6
) 6.777(10"7) 4.792(10-7 ) 3.912(10"7) 3.388(10- 7 ) 

'r. 943{ 10- 6 ) 2. 486( 10- 6 ) 1. 758{ 10- tl ) 1. U5( iO"6) 1. 2U( 10- 8) 

2 .402( 10-~) 7. 518{10-6) 5.316(10- 6 ) 4. 34l( 10-6 ) 3.759(10- 11) 

6.595(10- 5 ) 2.064(10- 5 ) 1.460(10- 11 ) 1.192(10- 5) 1.032(l0-G) 
1.642(10- 4) 5. 14.0{10'5) 3.634(10- 11 ) 2.967(10'5) 2.570(10- 5) 
3.694(10-4 ) 1. 156 (10- 4 ) 8. 176(10- 11 ) 6.676 {10-5) 5. 781( 10 'S) 

8.058(10'4) 2.522(10'4) 1.783(10- 4 ) 1.456(10-4 ) 1. 261(10- t ) 

1.566(10-3) 4.902(10,4) 3.466(10- 4 ) 2.830{10'·) 2.451(10- 4
) 

2. 946( 10- 3 ) 9. 221( 10- 4 ) 6.520(10- 4 ) 5.324(10- 4 ) 4.611( 10- 4
) 

5.230(10- 3 ) 1.637(10- 3 ) 1.158(10- 3 ) 9.451(10- 4) 8.185(10' 
8.970(10-3) 2.808(10- 3 ) 1.985(10- 3) 1.621(10- 3

) 1.404(10-
1.463(10- 2 ) 4.579(10'3) 3.238(10-3 ) 2.644(10'3) 2.290(10-
2. 312( 10- 2 ) 7. 237( 10- 3 ) 5.117(10- 3 ) 4.l78( 10- 3 ) 3.618( 10- 3 ) 

3.556(10- 2 ) 1. 113(10-2 ) 7.869(10- 3 ) 6.425(10- 3 ) 5.564(10'3) 
5.289(10'2) 1. 655(10- 2 ) 1.171(10-2 ) 9. 558( 10'3) 8.277(10- 3 ) 

7.674(10'2) 2.402(10- 2 ) 1.69800- 2 ) 1.387(10- 2 ) 1.201(10- 2
) 

1.087110- 1 ) 3.402(10- 2 ) 2.406110- 2 ) l. 964( 10- 2 ) 1. 70H 10"2) 

7.598(10- 1 ) 2.378(10- 1 ) 1.682(10- 1) 1.37300- 1
) 1. 189 (1 O-T) 

9.489(10- 1 ) 2.970(10"1) 2.100(10'1) 1.715(10- 1
) 1.485(10'1) 
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Table XII 

HEAT CONTENT BELOW 298.16°K IN CALORIES PER MOLE OF 

LIQUID OXYGEN, FLUORINE AND HYDROGEN AT VARIOUS PRESSURES 

Pressure, 
psis. 

150 

300 

450 

600 

OXYGEN FLUORINE HYDROGEN 

Temp .• tJ(J,U.t 6 Temp. , !::if2911.le Temp. , 
oK T oK T oK 

120.0 2584 111.6 2660 20.4 

133.1 2299 123. 1 2466 20.4 

142.2 2159 130.9 2277 20.4 

149.2 I 1813 137.0 2100 20.4 

Table XIII 

COMPOSITION, AVAILABLE HEAT, ENTHALPY CHANGE, 

AND MOLECULAR WEIGHT OF PROPELLANT GAS AT VARIOUS 

TEMPERATURES: aN 2 H
4 

+ °2 ; Pc '" 450 pSi;':l 1.5 

j-_._._---_._-_. --~'--'--~--~----~----'--'--~----~ ,-~- '--'~~~I 

! 
Compopent 

N 
t 

N4 (011) 

N5 to) 

N6 (OH) 

N., (N z) 

N8 (N) 

Ng (NO) 

M 

. 42806 

.21937 

,01337 

.000 25 

.00034 

.00814. 

.32862 

.00014. 

.00111 

21,377 

25,321 

.21924 

.01799 

.00046 

.00064 

.0 J 246 

.32661 

.000 23 

.00169 

26,621 

26,286 

.02380 

.00080 

.00116 

.01723 

.32395 

.00036 

.00248 

25,622 

27,206 

.01895 

.00051 

.00012 

.01324 

.32618 

.00025 

.00182 

26,459 

26,459 

17.461 

611 298 .14 
T 

1905 

1905 

1905 

1905 
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Table XIV 

" 
SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE-OXYGEN 

AT VARIOUS PRESSURES AND MOLE RATIOS 

- Chamber Molecular Exit Specific Mole Chamber Cp 
Ratio Pressure Temperature Weight 'Y .. 

Gil 
Temperature Impulse 

a. p 
c' psia T c' 

oK M Ttl' oK I, sec 

1 150 3207 19.585 1. 2282 2083 231.0 
300 3286 19.719 1. 2279 1878 257.9 
450 3334 19.796 1.2277 1767 271.5 
600 3367 19.849 1. 2275 1693 280.4 

1.2 150 3175 18.579 1. 2315 2051 235.8 
300 3248 18.694 1. 2315 1842 262.9 
450 3291 18.758 1.2315 1729 276.6 
600 3321 18.803 1.2316 1653 285.5 

1.5 ISO 3037 17.347 1. 2394 1939 238.0 
300 

I 
3089 17.421 1.2404 1721 264.6 

450 3118 17.461 l. 2409 1604 277.8 
600 3138 17.487 1.2415 1525 286.2 

2 ISO I 2743 I 15.891 1. 2548 171~ 235.0 
300 i 2767 I 15.919 1. 2575 1492 I 260.0 

I 

450 I 2780 15.933 1.2591 1375 272.1 I 

600 ! 2'89 15.941 1. 260~ ____ .1297 279.8 
: 

-~-- ... ,-- "--- .- ~ -. ~-,- ~-~-- ----~-... - ! 
2. S 

! 
ISO '2479 14.911 I 1.2694 1514 229.5 

! 300 2489 14.921 I 1. 2731 1303 
f 

253.0 

I 
450 I :<495 14.925 I 1. 2754 1192 264.3 
600 i 2500 14.928 1. 2769 1118 271. 5 I 

3 150 2266 I 14.225 l. 2821 1360 223.7 
300 2272 14.229 1. 2866 1160 246.2 
450 2275 14.230 1. 2889 1056 257.0 

I 600 2278 14.231 1. 2909 988 263.6 

. 

~ 
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Mole 
Ratio 

a. 

.55 

.6 

.65 

.8 

I 

2 

3 
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T.ble XV 

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE-FLUORINE 

AT VARIOUS PRESSURES AND MOLE RATIOS 

Chamber Chamber Molecular Cp Exit Specific 
Pressure Temperature Weight 'Y = 

·c" Temperature Impulse 

Pc' psia Te • 
oK M T e • 

oK I, sec 

150 4484 18.985 1. 3226 2545 269.1 
300 4622 19.124 1.3214 2220 298.8 
450 4705 19.210 1. 3206 2050 313 .. 7 
600 4767 19.265 1.3202 1939 323.4 

600 4670 18.827 1. 3198 1901 323.9 

150 4299 18.151 1. 3219 2442 269.5 
300 4422 18.290 1.3209 2125 298.9 
450 4496 18.375 1. 3203 1960 313.6 
600 4551 18.430 1. 3199 1852 323.2 

ISO 3978 17.245 1.3207 2263 266.0 
300 4094 17.383 1. 3198 1971 295.1 
450 4161 17.465 1.3192 1818 309.6 
600 4212 17.519 1. 3188 1718 319.1 

150 3681 16.466 1. 3167 2105 262.3 
300 3781 16.584 1. 3166 1831 290.7 
450 3839 16.653 1. 3162 1687 304.9 
600 3882 16.697 1. 3160 1593 314.1 

150 2872 14.431 I 1.3119 1653 247.0 
300 2904 14.462 1.3148 1411 273.0 
450 2921 14.479 1. 3166 1283 285.2 
600 2935 14.489 1.3177 1200 293.0 

150 2379 13.393 1. 3210 1353 233.4 
300 2388 13.399 1. 3257 1138 256.1 
450 2392 13.401 1.3284 1027 266.9 
600 2397 13.402 1.3299 955 273.8 

." 
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Mole 
Ratio 

a. 

4 

4.5 

5 

5.5 

6 

7 

Table m 

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDROGEN-OXYGEN 

AT VARIOUS PRESSURES AND MOLE RATIOS 

Chamber Chamber Molecular 'Y .. C, Exit 
Pressure Temperature Weight c; Temperature 

Pc' paia Te , oK M 1 fl' oK 

150 2883 9.858 1. 2353 1852 
300 2922 9.889 1.2373 1638 
450 2942 9.904 1.2385 1522 
600 2957 9.915 1. 2399 1443 

150 2718 9.049 1. 2441 1723 
300 2742 9.067 1.2471 1508 
450 2156 9.014 1.2488 1393 
600 2166 9.019 1. 2503 1316 

150 2556 8.319 1. 2531 1599 

300 2512 8.388 1. 2573 1387 

450 2581 8.392 1. 2592 1216 

600 2588 8,395 1.2601 1202 

ISO 2404 1.811 1. 2625 1483 
300 241( 7.821 1. 2668 1279 
450 2420 7.823 1. 2692 1111 
600 2425 7.824 1. 2708 1100 

150 2263 7,341 1. 2715 1318 
300 2270 1.343 1. 2764 1182 

450 2274 7.345 1. 2191 1078 

600 2218 1.34S 1. 2810 1010 

150 2019 6.586 1.2881 1200 

300 2023 6.586 1. 2943 1019 

450 2026 6.586 1. 2971 925 

600 2029 6.581 1'.2991 864 

. . '~', ... ~ ,. .. 
," :::..<. : ~ . ;. 

Speei fie 
Impulse 

I, sec 

308.1 
342.0 
358.8 
369.4 

j11.2 
344.6 
361.0 
31'1. 4 

312.6 
345.4 
361.3 
311.4 

312.9 
345.1 
360,7 
370.1 

312.5 

343.9 
359.1 
368.9 

309.8 
340.4 
355.2 
364.4 
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Mole 
Ratio 

(J. 

4 

4.5 

5 

6 

i 
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Table XVII 

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDROGEN-FLUORINE 

AT VARIOUS PRESSURES AND MOLE RATIOS 

Chamber Chamber Molecular Cp Exit 
Pressure Temperature Weight 'Y = Temperature Cv 

Pc' psia T c' oK M Te' oK 

150 3033 9.023 1. 3164 1735 
300 3086 9.056 1.3190 1488 
450 3113 9.073 1.3205 1357 
600 3136 9.083 1. 3216 1272 

ISO 2869 8.452 1.3176 1639 
300 2907 8.473 1. 3211 1397 
450 2927 8.482 1. 3232 1269 
600 2943 8.489 1. 3245 1186 

ISO 2712 7.953 1. 3202 1544 
300 2738 7.966 1. 3244 1308 
450 2752 7.973 1. 3269 1185 
600 2764 7.977 1. 3284 1105 

150 2422 7.140 1.3278 1365 
300 2434 

I 
7.144 1. 3330 1146 

450 2440 7 146 1.3359 1032 
600 2447 7.147 1. 3375 960 

150 6.510 1. 3370 1208 
300 2177 6.511 1. 3426 1008 
450 2180 6.512 1. 3451 906 
600 2185 6.512 1. 3469 841 

Specific 
Impulse 

I, sec 

321. 7 
355.1 
371. 3 
381. 8 

323.0 
356.0 
371.9 
382.2 

323.5 
256.0 
371.4 
381. 4 

321. 9 
353.2 
368.0 
377.6 

318.4 
348.7 
363.0 
372.3 

." 
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Tabl. XVIII 

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE-HTDROGEN 

PEROXIDE (ANHYDROUS) AT VARIOUS PRESSURES AND MOLE RATIOS 

Chamber Chamber Molecular =~ Exit Specific 
y Pressure Temperature Weight Temperature Impulse 

11 

Pc' psia Te • 
OK M Te' OK I, sec 

300 2833 18.754 1. 2137 1665 247.2 
450 2852 18.787 1.2146 1558 259.5 
600 2865 18.810 1. 2153 1485 267.5 

300 2800 18.405 1.2172 1635 247.6 
450 2815 18.432 1. 2182 1525 259.8 
600 2825 16.449 1.2191 1450 267.7 

300 2758 18.072 1. 2207 1599 247.6 
450 2770 18.093 1.2220 1488 259.7 
600 2778 18.106 1. 2230 1413 267.3 

300 2712 17.758 1.2244 1561 247.3 
450 2722 17.774 1. 2259 1449 259.2 
600 2728 17.784 1. 2270 1374 266.7 

300 2488 16.485 1. 2421 1382 243.9 
450 2492 16.490 1. 2444 1273 255.0 
600 2494 16.493 1. 2457 1200 262.2 

Table XIX 

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE·CHLORINE TRIFLUORIDE 

AT VARIOUS PRESSURES AND MOLE RATIOS 

Mole Chamber Chamber Molecular y " Cp Exit Sped fie 
Ratio Pressure Temperature Weight C Temperature Impulse 

If 

a P e' psia T e , OK M le' aK I, dec 

1.125 300 3557 22.841 1. 3153 1725 240.5 
450 3601 22.928 1. 3154 1585 251. 7 
600 3634 22.986 1. 3155 1493 259.1 

1. 25 300 3466 22.206 1. 3138 1686 240.8 
450 3507 22.281 1. 3140 1548 252.1 
600 3537 22.332 1.3141 1457 259.5 

1.5 300 3290 ! 21. 090 1.3121 1606 240.9 
450 3323 21. 145 1.3128 1471 252.1 
600 3346 21. 183 l. 3134 1381 259.2 

2 300 2981 19.357 1. 3128 1453 239.3 
450 3000 19.384 1.3144 1323 250.0 
600 3012 19.402 1. 3155 1237 256.7 

41 
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Table XX 

SUMMARY or MAXIMUM SPECIFIC IMPULSE DATA AND ASSOCIATED CHARACTERISTICS 

rOR SIX LIQUID PROPELLANT SYSTEMS AT VARIOUS PRESSURES 

Mole Chamber Chamber Molecular C Exit Specific 
Ratio Pressure Temperature Weight 'Y = p 

Temperature Impulse C 
l' 

a P e' psia 
Te • 

cK M T ,,' 
cK I. sec 

Hydraz~ne - Oxygen 

1.54 150 3013 17.205 1. 2404 1922 238.1 
1.46 300 3115 17.570 1. 2391 1741 264.7 
1.41 450 3180 17.815 1.2378 1647 278.2 
1. 38 600 3224 17.975 1.2374 1580 286.6 

Hydrazine - Fluorine 

0.615 150 4374 18.425 1. 3221 2482 269.9 
0.605 300 4518 18.645 1. 3212 2170 299.4 
0.600 450 4610 18.765 1. 3205 2010 314.1 
0.595 600 4680 18.860 1. 3201 1904 324.0 

Hydrogen - Oxygen 

5.42 150 2427 7.899 1. 2610 1501 313.1 
5.14 300 2528 8.216 1.2600 1357 345.6 
4.96 450 2588 8.415 L 2588 1282 361. 5 
4.88 600 2630 8.550 1. 2582 1230 371.6 

Hydrogen - Fluorine 

4.95 150 2730 8.000 1. 3199 1552 323.7 
4.68 300 2848 8.283 1.3222 1363 356.3 
4.50 450 2927 8.482 1. 3232 1269 371.9 
4.42 600 2975 8.580 1. 3240 1199 382.4 

Hydrazine - Hydrogen Peroxide (Anhydrous) 

0.675 300 2780 18.238 1. 2189 1617 247.7 
0.66 450 2806 18.363 1. 2190 1518 259.8 
0.65 600 2825 18.449 1.2191 1450 ~67.7 

Hydrazine - Chlorine Trifluoride 

1.41 300 3353 21. 465 1. 3125 1634 241.0 
1. 36 450 3427 21.750 1.3133 1514 252.2 
1. 32 600 3483 21.990 1. 3137 1435 259.6 
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INITIAL EXTERNAL DISTRIBUTION LISTS 

Initial distribution of all related technical reports on the satel
lite vehicle are given below. The code is explained on pages 61 through 
70. 

Report 
No. Ti t Ie Distribution 

RA-lS021 

RA-lS022 

Flight Mechanics of a Satellite Rocket A(l), C, 0(1) 

Aerodynamics. Gas Dynamics and Heat A(l), C, 0(1) 
Transfer Problems of a Satellite 
Rocket 

RA-lS023 Analysis of Temperature, Pressure and A(l), C, D(l) 
Density of the Atmosphere Extend-
ing to Extreme Altitudes 

RA-lS024 Theoretical Characteristics of Several 
Liquid Propellant Systems 

RA-15025 Stability and Control of a Satellite 
Rocket 

RA-lS026 Structural and Weight Studies of a 
Satellite Rocket 

RA-lS027 Satellite Rocket power Plant 

RA-15028 Communication and Observation Problems 
of a Satellite 

RA-lS032 Reference Papers Relating to a 
Satellite Study 

AU) , 

A(l) , 

A(l) , 

AU) , 

A(l) , 

AU) , 

C, D(3 ) 

C, D(l) , 

C, DO) 

c. D(3) 

C, D(2 ) 

C, D(2 ) 

D(2) 

Those agencies not on the initial distribution may obtain reports 
on a loan basis by writing to: Commanding General, Air Materiel Command, 
Attn: TSEON-2, Wright Field, Dayton, Ohio. 
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Olohe c:orp. 
Alr.r.rt Dlvl.10a 
Jollot, 111Jaol. 
Attal .1'. J. A •• o •• le 

Goo4r •• r Alrer.tt Corp. 
A II: 1'0. , 01110 
A,tat Dr. c.rl A ..... t.l. 

GOOdr •• r Alrer.t~ 
Pl.nt - B-
AlI:ron 11, Obl0 
Attn: Mr. A. J. P.ter.oft 

Crue •• n Alror.tt 
Bn,ln.orla, corp. 
B.th,.,., Loas I.l.nd, I.Y. 
Attnl .1'. Willi •• T. 8ell ••• dler 

auSh •• Alrer.tt Co. 
Culv.r Cltr, C.lltorat. 
Atta: .1'. D. B. Bvaa. 

J.t Propul.ton Labor.torr 
C.lttornt. Inotttute ot 
Teehnololf (I 001'1.0) 

Ilelle. Corp. 
New Yor~, N •• York 

•• •• IelloSI co. 
Foot ot D.atorth Ave.ue 
Jer •• r Cltr I, N.J. 
Dr. O. B •••••• rlr 

Ch.lr •• n, .IT, CSC (2 cople.) 
ProJoet .eteor Ottl~ 
••••• chu.etto [n.tltut. ot 

Tecbnolosr 
C •• br ldse, ••••• 
Attn' Dr. S. G. St.ver 

.eDonnell Alrcr.tt corp. 
8t. Loul., Kl .... rl 
Attn. .1'. W. P •• ontso •• rr 

Bortb A •• rlc •• Avl.tlon Ino. 
Lo. An,.lo., C.lltOPD1. 
Attn: Dr. W •• Boll.r 

aor tb 1'01' Al rc r. tt [ac. 
a •• tho .. no, C.lltor.l. 

P .. l ••• ton Unlv .... ltr 
Pbraloa De,art •• nt 
p .. lncetoD, a •• J.r.er 
Attn: Dr. Joha A. Wheeler 

Bureau ot Aaron •• tl •••• p. 
elon. L. Kar&la Co • 
B.ltl.ore, I, .arrlaad 

I •• po.tor ot •• v.l •• torl.1 
161 W. J.cksoa Blv4. 
Cble.so 6, 1111001. 

B.ro.u ot Aeroa •• tl •• ae,_ 
1210 •••• 1110n ao.d 
AlI:rO. la, Obl0 

Bure •• ot Aeron&utIQ. a.p. 
Or ••••• Alrcr.tt BasI'. Corp. 
B.tllp.s., L.I., •• t. 

Otrlcer-ln-Cbar,e 
Ord •• noe aeae.rob 6 
Oevelop.eDt Dlvlalon 
Sub-ottlce (Rocket) 
calttornla In.tltute at Teebno1oar 
Pasadena ~. calltornla 

Insp •• tor of Maval .at.rlal 
90 Church Str.et 
N •• 101'11: T, M.t • 

a.vr Ordn.neo Re.ldent 
T.cllnl~a1 Llaloon Ortlcer 
M •••• obu •• tt. In.tltut. ot T.cbno10sr 
Roo. 20-C-13a 
Ca.brlds. se, .a ••• 

Bureau ot Aeronautic. aep. 
.cDonnell A1rcr.tt Corp. 
P.O. Bo" 616 
8t. Loul. 21, .1 •• our1 

Bu .. e.u ot A.ronautlc. 
ReSident aepre.ontatlve 
.unlclp.1 ~lrport 
Lo. Anlel.e ~6, Callt. 

Develop.ent Cont .. act Ottlcer 
princeton Unlveraltr 
PrlncetoD? Hew Jeraey 

COOBI:UX'l' 
.t.n:xCl' 

aUAR 

AU' 

BUABa 

BUAn 

AU' 

BUABa 

AU' 

oaD DBft 

BVORD 

AU' 
BVOn 

BuoaD • 
AU' 

.lAI' 6 
BUU:. 

lil' 
BUOBD 
6 BUU:a 

BUGaD 
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C. PRIME CONTRACTORS (CoDt'd) 

COlt'fR~C'fOR 

PriDcetoR Unl.eralt, (I coplea) 
Priaceton, Itea Jerae, 
~ttal Project SQUID 

aadl0 Corporatlan ar ~.erlca 
VIctor Dlvlalon 
Ca.den, Ite. Jerae, 
~ttn: Mr. T. T. Eaton 

• adloplane Corporation 
Metropolitan ~lrport 
vaa Itu,a, Calirornia 

aa,theon Manura cturlng Co. 
Waltba., Maaaachvoetta 
Attn: Mra. B. L. Tho.aa 

aeevea laatru.ent Corp. 
216 K. 81at Street 
Ite. Yorl< 2S, •• I. 

• epvbltc ~viat~on Corp. 
Mtlttar, Contract Dept. 
Far.ingdale, L.I., '.I. 
Attn: Dr. Wl1lia. O'Donnoll 

R,an ~orona .. t<lcal Co. 
Ltndberg Fie Id 
San Dle,o 12, Callrornla 
~ttn: Mr. B. T. sal.on 

8. W. Marahall Co. 
Shoreha. Building 
Washington, D. C. 

Sperr, Gyroscope Co., Inc. 
Oreat Neck, L.I., '.Y. 

Untted Aircrart Corp. 
Chance Vovght Alrcrart Div. 
Stratford, Conn. 
Attn: Mr. P. S. Baker 

United ~lrcrart Corp. 
aeaearcb Depart.ent 
Ba.t Rartrord, Conn. 
Attnl Mr. John G. Lae 

Univer.tt, or Mlchtgan 
~eronautleal aeaeareh Centor 
Willow Run Airport 
Ipatlanti, MiChigan 
Attn: Mr. R. F. Ma, 

Dr. A. M. J[ue the 

Univerait, or Southern calirornia 
Itaval Re.earch Project, 
Colleae or Engineering 
Los Angeleo, Calirornia 
~ttn: Dr. R. T. DeVault 

Unlveratty of Texao 
Derenae Research Lab. 
Aua tift. Te%&a 
Attn, Dr. C. p. Boner 

Wtll,s-Overland Motors, Inc. 
Ma,wo04, Calirornla 
Attn, Mr. Joe Talley 
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'f"~.SMIT'J'BD YI~ 

Co •• anding Orrioor 
Braaeh orrice 
Orrice or .a.al Roaearch 
90 Churoh Streot - a. 1116 
Itew York T, Ito. York 

Bureau or Aeronautlca Rep • 
Loetbeed Alrc •• rt Corp. 
2555 Itortb Bol1,.00d Way 
Burbank, callrornla 

Inapector of ItaTal Material 
parI< square Building 
Boa ton 16, Maas. 

Inapeetor of ItaTal Katertal 
90 Churoh St. 
lie" york T, N.T • 

tn.pector or Naval Kater!al 
401 Water Street 
Baltiaore 2, Karyland 

Inspector or Naval Material 
90 Church Street 
New yorl< T, N.Y. 

Bureau or ~eronautles Rep. 
United Alrcrart Corp. 
Chance Vought Airerart Div. 
stratrord 1, Conn. 

Bureau or ~eronauttca Rep. 
Unttod Alrcrart Corp. 
Pratt. Wbttney Alrcrart Div. 
Eaat Hartrord 8, Conn. 

Bureau ot AeronautiCS Rep. 
15 South Ra,.ond Street 
pasa4ena, Callrornia 

Develop.ent Contract Orrioer 
500 Ea.t 24tb Street 
Austin 12, Texa. 

Representative-In-Charco, BUAEa 
Conaolldate4-Vultee Atroraft Corp. 
Downe" callrornla 

COOIIIZAltT 
~GE.CI 

BU~BR 

"".1'" • 
BUORD 

Buu:a 

~A1'" • 
BUU:R 

BOABa 

DUABR 

BUU:R 
ORD DEPT 

BUABR 

BuoaD 

BUAER 

BUORD 

BQABR 

." 

a 
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D. COMPONENT CONTRACTORS 
(1) AERODYNAMICS • BALLISTICS 

CONTRACTOR 

lIew Kexico School ot Kines 
R •••• rch • Deyelopaent Diy. 
Albuquerque, New Mexico 

New Mexico School ot Agri
culture. Mech.nic Arts 
State College, New Mexico 
Attn: Dr. George Gardner 

New T~rk University 
Applied Mathe.atics Center 
New york, New York 
Attn: Mr. Richard Courant 

Ottice ot the Chiet ot Ordn.nce 
Ordnance Research • De~elo •• eftt 
DiYision 
Res.arch • Materi.ls Branch 
BallistiCs Section 
Pentagon 
Washington 2&, D.C. 

Polytechnic Institute ot Brooklyn 
Brooklyn, New Tork 
Attnl Mr. R.P. H.rrington 

University ot MinDesota 
Minn.apolis, Minn.sota 
Attn: Dr. Aker .. an 

AeroJet Englneering Corp. 
lZU5&, C&11torni& 
Attn: K.F. Mundt 

•• rquardt AirOT&~t Co. 
Venlce,california 
Att.nt Dr" ft .. E. MArquardt 

TRlll8MITTBD vn. 

Deyelopaent Contr.ct Otticer 
New Mexico school ot Min ... 
Albuquerque, New Mexico 

Deyelopment Contract Otticer 
N.w Mexico School ot Mines 
Albuquerque, New Mexico 

Inspector ot xayal Mater!al 
90 Church Street 
New york 7, New York 

Inspector ot Ifaval Material 
90 Church Street 
New York 7, New York 

In.pector ot .aval Materi&l 
Federal Bldg. 
Milwaukee 2, Wis. 

lIureau or Aeronautics Rep. 
10 South Raymond Street 
Pasadena, Calitornla 

Bure.u or Aeronautics Rep. 
16 South Raymond Street 
Pas.den., California 

(2) GUIDANCE. CONTROL 

COOIfIZAIIT 
AORIICY 

aUORD 

BUORD 

Bt/AER 

ORD DEPT 

8UAI:IIl 

IIUORD 

BUABR 

BUAER 

Belmont Radio Corpor.tlon AAF 
~~21 West DiCkens Avenue 
Chicago 29, tllinois 
Attn: Mr, H.rold C. Mattes 

Bendi. AViation Corp. 
Eclipse-Pioneer Divlslon 
Teterboro, New Jersey 
Attnl Mr. R. C. Sylv.nder 

lIendix Avl.tlon Corp. 
Pacitic Dlvlsion, SPD West 
North Hollywood, Cal it. 

Bendi. Avi.tion R.dio Division 
East JOppA Road 
Baltimore ., •• rylan4 
Attn: Mr. J. W. Ha .... on4 

Buehler And tompany 
1607 How.rd Stree t 
Chic.so 2&, Ililnois 
Attn: .r. J.ck K. Roehn 

Co .... andin& Gener.l 
ArlOY Air Forces 
Pen talon 
Wa.hlncton 2&, D.C. 
Attnl Ac/A8-4, DRE-2F 

Bureau ot AeronAutics 
Resident Represent.tive 
Bendix Avl.tlon Corp. 
Te te.rboro, Mew Je rae, 

Development Contract Ofticer 
Bendix Aviatlon corp. 
11&00 Sherman Way 
North Hollywood, C.litornia 

BUAER 

BUORD 

AAF 

AAF 

AAF 
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D. COMPONENT CONTRACTORS (Cont'd) 

CO.TIlI,CToa 

Consolidated-Vultee Atrcra~t 
Corporation 
san Oieso, cali~ornia 
Attn: Mr. C • .l. Brett.ieeer 

Cornell Untyersity 
Itha .. a, Jew York 
Attn: Mr. Wl11ia. C. Ballard, Jr. 

Director, U.S. XaYY Electrontc. 
Labora tory, 
san Dieso, california 

Eleetro-Mechanieal Reeearch 
aidSe Field, Connecticut 
Attn: Mr. Charlee B. Aiken 

Farn •• orth Televi.lon and Radio to. 
Fort Wayne, Indiana 
Attn: .r. J. D. Schantz 

Federal Telephone and aadl0 torp. 
aoo Mt. Plea.ant Ayenae' 
lIe.ark t, lie • .Jersey 
Attn: Mr. E. II. Wendell 

Oalyin Manufacturin& Corp. 
.&.& Aasueta Blvd. 
Chicaso G, Illinois 
Attn: Kr. O. a. MaCDonald 

G. K. Giannini and Co., Inc. 
aso Weet toloredo St. 
Pa.ad"na" caltfornia 

Gilfillan Corp. 
181&-1849 Venice Blyd. 
Loa Anleles 6, Callforn1a 
Attn: Mr. G. H. Kl1es 

Hillyer Enlineerlns co. 
Xew York, lIew York 
Attnl Mr. Curti •• Billyer 

Kearfott Enlineerlna Co. 
II •• York, lew York 
Attn: Mr. W. A., Itelchel 

Lear Incorporated 
110 10na AYenue, I.W. 
Grand Rapid. a, M!chlsan 
Attn: Kr. It.M. MOCk 

Manufacturers Machine • Tool Co. 
3aO Wa.hinlton S tree t 
Mt. Vernon, If.Y. 
Attn: Mr. L. I.enneth Mayer, 

tOMptroller 

Minneapoli.-Boneywell Mfgr. to. 
a703 Fourth Avenue 
Klnneapolis,S, Minnesota 
Attn: Mr. w. -4. McGoldrick, 

Viee-Presiden t 

Ohio State University 
Ite.earch Foundation 
Colu .. bue, Ohio 
Attn, Mr. Tho .. a. E. Davie, 

Staf'~ A.si.tant 

(2) GUIDAICE • COIITROL 

TItAISKITTED VIA 

Bureau ot Aeronautics 
Representattv., 
CORsolldated-Vultee Alrcraft Corp. 
San Dieso, Cali~ornla 

DCO, Applied Physics Laboratory 
.lohss Hopkins Uniyer.ity 
8621 Georsia Avenue, 
Sliver Spriftl, Maryland 

eureau of Aeronautlos Rep. 
15 South Itaymond St. 
pasadena! californiA 

Inspector of Naval Material 
90 Church Street 
lIew York 7, lie. York 

Inepector of' Nayal Material 
90 Church Street 
New York 7, lIew York 

COOIIIZANT 
AGENCY 

BUABIt 

AAF 

KAVY 

AAF 

BUORD 

AAI" 

BUAER 

AAF 

BUAER 

BUAER 

AAF 

AAF 

AAF 

AAP' 

a 
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D. COMPONENT CONTRACTORS (Cont'd) 

COII'lRAC"08. 

Baller, aar.ood .. Brown 
P.O. Bolt. '4l1 
State Col Ieee, Peno.rlyaaia 
Attn: Dr. It. C. I\a,.ond, Pre •• 

Office of Chief Sleaal Officer 
Eaeineerine .. "echnical Service., 
Enelneerine Dlvi.ion 
Pentaeon 
.a.hineton lIO, D.C. 

Ra,t.ron, Inc. 
lI09 S. .a.hincton AYenue 
Jack.on, Kichiean 
Atto: Mr. John 8.. 'elzer, Vice-Pre •• 

L. N. Sch •• in Eneln.erine Co. 
0138 .aahineton Blvd. 
Lo. Aneele. 18, California 
Attn: Loll. Sch.eln, Gener .. l Partner 

Senior ""v.l Llai.oo Officer 
V.S. lIaval Electronic Liai .. on Offic. 
Sienal Corp., SnCineerine Laboratorr 
Fort Monaouth, lie. Jer.er 

Servo Corporation of Aaerica 
B.atlncton, L.I., lIew York 

S'luare D Co. 
Koll.aaD Instru.ent Dlvisloo 
BlabQr.t, Mew York 
Attn: Mr, V. E. Carbonara 

Stro.berg-Carlson Company 
Rocbeater, Wew York 
Attn: Mr. L.L. Spencer, Vice-Pres. 

Subaarine 8iCnal Coapany 
Boston, Ma •• &chuBetta 
Attn: Mr. Edear Borton 

Su •• era GJPo&oope Co-
1100 Colorado Avenue 
santa Monic., californi .. 
Atto: Mr. To. Sa.aer., Jr. 

Srl ... nia Electric Prod.ct. Inc. 
Flu.hinC, Lone I.land, II.Y. 
Attn: Or. I\obert Howle 

Unlver.itr of llllooi. 
Urb"oa, Illinol. 
Attn: IIr. R. E. Cunnlncha., S .... 

Unlver.lty of Penn.yly.ola 
.oore School or Electrical Eoer. 
Phil .. delphl., Pa. 

Onlver .. ltr of Pltt.bureh 
Pltt.bnreh, Pe.on·rly .. nl. 
Attn: Mr. 8. A. Holbrook, Dean 

Unlyer.itr of Vlrelnia 
Phrsic. Depart.ent 
Chariotte •• llle, Virelnia 
Attn: Dr.~ •• 4 Bea •• 

(2) GUIDANCE • CONTROL 

TRANSMIfTED VIA 

In.pector of Naval •• terlal 
80 Ch .. rch 8tre .. t 
lie. York 7, lIew York 

Bureau of Aeronautlc. Bep. 
90 Church S tr .... t 
New york T, Mew York 

Development Contract offlc .. r 
M .... achu •• tts Institute of Technology 
C •• brldee 39, ••••• chu.etts 

Inspector of Nav&l Material 
90 Church S tree t 
Hew york 7, lew York 

Coa.andlng Offlo.r 
Naval Aircraft .odiflc.tlon Unit 
Johnsville, Po.. 

Development Contract officer 
Univer.ity of Virginia 
Charlottesville, Virgin I .. 

COGIIIZAIIT 
AO&IICY 

AAF 

OllD DEPT 

AU' 

AAJ" 

IIAVY 

BUA!lI. 

AAF 

Buoao 

AAF 

Buoao 

.lAP 

BUA&a 

AAF 

BUOIUI 
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D. COMPONENT CONTRAtTORS (Contad) 

CONTRACTOR 

waahinlton univer.it, 
R ••• arch FoondatloD 
'110 For.,th. B1?d., 
C1a,t08 0, Mia.ouri 
Attat Dr. k. G. Speacer 

We.tiDlhou.e Electric Corp. 
IprlDlrie1d, Maa.achu.etts 
Attn. J.~.B. Rare, Vice-Pre •• 

(Dayton Of nee ) 

Director or Specialty 
producta Deve10p.eDt 

WhippaD7 Radio Laborator, 
WhippaDY. II.J. 
Attn, IIr. M.8. Cook 

ZeDith RadiO CorporatiOft 
Chlcalo, Illinois 
Attn: RUSh Robert.on, 

ExecutlYe Vlce-Pr.~. 

AeroJet Enllneerlnl Cor~." 
AZu •• , CaliforniA 
Attn, K.F. Mundt 

ArMour Re ••• rch Foundation 
Technical Center, 
CblCaso 18, tliinol. 
Attn, Mr. W. A. Caaler 

Artbur D. Little, Inc. 
30 Memorial Drive, 
C&m1:l;rld,se, " •• 11. 
Attn: Mr. H"lle Holst 

Battelle lIe.-or1&l Institute 
50D !ting Avenue 
Colu.bus 1, Obio 
Attn: Dr. B. D. Thomas 

Bendix Aviation Corp. 
Pacific Dlvlalon, SPD Weat 
II. Bol17.00d, ~allr. 

Bendix Product. Dlvtslon 
Bendix AViation Corporation 
401 BeDdlx Drive 
South BeDd 10, Indiana 
Attn, Mr. Frank C. Mock 

Co.a&nd1os GeDe~.l 
Ar.,. Air porce. 
Pen tasoJl 
Washington 25, D.C. 
Attn: AC/AB-4 ORE-IE 

Co •• andlne General 
Air lIaterlel Coa_nd 
Wrllht Field Dayton, Obio 
Attn: TBEPP-4B(2) TSEPP-4A(1) 

TSEPP-8A(1) T8£PP-8C(1) 
TSORE- (1) 

Co.mandlnl Officer 
Plcatlnny Arsenal 
Doyer, Mew ~er.ey 
Attn: Teehn1eal DIV1S~Oft 
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(a> GUIDAMCE • COIITROL 

TI1.AIISMITT£D YIA 

(3) paOPULSlON 

Bureau ot Aeronaqtlcs Rep_ 
l~ South Raymond Street 
Pasadena, Call~orn1a 

Development Contract O~fleer 
Bendix .vlatlon Corp. 
11800 Sberman Way 
H. HollywQod, Calif. 

COGMIZAIIT 
AG£IICY 

AAlP 

01\.D DEPT 

.lAP 

Buu:a 

ORD DBPT 

OM DEPT 

.AF .. 
nUAER 

BUORD 

.lAP' 
BVORD 

UF 

OM DEPT 

.' 

• 
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D. COMPONENT CONTRACTORS (Cont'd) 

COU'.ACTO. 

CO •••• dl •• Offloer 
w.,.rtow. Ar.en.l 
w.tertown 7a, ••••• o_ ••• tt •• 
Attnl LaboratorJ' 

Cont1n.ntal AYlatlon and Bngr. Corp. 
Detroit, .iebig.n 

Curti •• -Wright Corporation 
Prop.ll.r Dly1.10n 
Caldwell. N.W JeraeJ 
Attn: .r. C. W. Chll1aon 

Exp.rl.ent, Incorpor.ted 
R1cb.ond, Ylrglnla 
Attn: Dr. J. W •• ullen, II 

F.lrcb11d Alrpl.ne .. Engine Co. 
R.nger Aircraft Englne.-D1v. 
Faralngdale, L. t., lIew Tork 

Gener.l .otor. Corporation 
Alll.on Dlvl.lon 
Indlanapoll., Indiana 
Attn. .r. Ronald Baoen 

G ••• Giannini" Co., 
asa w. Colorado It. 
"a.dena, California 

Hereulea Powder Co
Port Bwe .. , 11.1'. 

Inc. 

.arquardt Aircraft Company 
Venice, Callforni. 
Attn. Dr. R. I. wa"qu&rdt 

.ena.oo .auufacturlng Co. 
808 E. 8an Fernando BlVd. 
Burbank, california 
Attn: Robert ft. Willer 

Exec. Vice-Pre •• 

.e. York Onlver.lty 
Applied •• the.atlc. Center 
IIew York, lew York 
Attn: Dr. Richard Courant 

Offic .. of Cbie t or Ordnan.,." 
Ordnance R"a"arch .. Developaent DiV. 
aoc ke t Branch 
Peatalon, 
Waahlogtoo aa, D.C. 

Polytechnic Inatltate or Brookl,n 
BrooklJn, lIew York 
Attnl wr. a.p. aarrington 

Purdue Unlyeralt, 
Lata,e t te, {ndiana 
Attn. .r. O. S ...... 1kel 

Reaction Motors, Inc. 
Lake Denaark 
Dover. Hew ~er.ef 

(I) PIlOPVLIIOI 

Bureau of Aeronaut1ca aep. 
11111 French Road 
Detr01t af .lchlgan 

Develop.ent Contract Otrlcer 
P.O. BOK 1-'1' 
RlchDond a, Virginia 

Bureau or Aeronautlca Rep. 
Betbpase, L.t., M.t. 

Bureau or AeronautiC. Rep. 
General .otora corporation 
Alli.on Dlvl.Son 
Indlanapolla, Indiana 

Inspector or Maval .aterial 
90 Churcb Street 
Mew york 1, New York 

Bureau of AeronautiCS Rep. 
1& Boutb Ra,aond Street 
P ••• dena, california 

In.pector or Maval .aterlal 
90 Churcb S tree t 
Mew york 7, Mew York 

Inspector ot Maval waterlal 
90 Cburch 8treet 
Mew York 7, Me. York 

Inspector of Maval .aterl&l 
141 W. Jacklon Blvd. 
Cblcago 4, Illino1. 

Bureau ot AeronauticS 
aeald.nt Rapreaentatlve 
Re.etlon Motor., Inc. 
Naval A •• unltSon Depot 
LAke Den.ark, Dover, N.J. 

COGIfIZAIIT 
AOEIICY 

oaD DEPT 

BUU:R .. 
AAF 

BUORD 

BUU:R 

BUAIR 

AAF 

BVORD 

AAt 
BUAER 

AAF 

BUAEa 

ORD DBPT 

BV,u:a 

BUAEa 
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D. COMPONENT CONTRACTORS (Cont'd) 

COIITIUC 1'01. 

aeo ... ,laer Pol}'t .. "IIol" loatltute 
Tro},. II •• Tork 
~ttnl Inatructor or lIaval 80lence 

801ar ~Ircrart Co.pany 
Sao Dle&o 12, Callrornla 
~ttn: Dr. M.~. WIllla •• on 

Standard 011 Co.paay 
£ •• 0 Laboratorle. 
81lEabeth, .... ~eraey 

Univeralty or Vlr&lnia 
Plly.lca Depart.ent 
Charlotte.vllle, Vir&inla 
~ttn: Dr.~. W. Bea.a 

univeralty or Wisconain 
Madl.on, WI.cenBln 
~ttn: Dr. 01.0. Hlr.chreld.,r 

W.,8tta&hou.e Electric Co. 
Eaalngton, Penn.yl .. aala 

wrl&ht ~eronautlcal Corp. 
Woodrldl'" New oIerae1 

BethIeh". Steel Corp. 
Shipbuilding Olyl.ion 
qulnc1 69, Ma" •• 
~ttn. Mr. 8. Fox 
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(8) paOPULSIOII 

'fIUII8M ITTICD VI~ 

Deyelopment Contract Orricer 
Standard Oil Co.pany 
E880 Laboratories, DOE 243 
Elizabeth, lie. oIer.ey 

Deyelopaent Contract Orrlcer 
Unlveraity or Vlrgtnta 
Charlotteaville, Virginia 

Inapector or Naval 
Ma terial, 
141 W. oIaclcson Blvd. 
Chtcalo 4, 11ltnola 

Bureau of ~eronauttca 
R"atdent Repreaentattve 
Weatln&houa., ElectriC Corp. 
Eaatnlton, Peanaylvania 

Bureau or .eronautic. Rep. 
Wright ~eronauttcal Corp. 
WOQdrldle, lie. oIer8"y 

Sup.,rylaor of Shlpbulldlnl, USII 
Qutne),. Ma .... 

COG.IZ~IIT 

~QBIICT 

BUORD 

ORD DEPT 

BUORD 

BUORD 

BUORD 

Bu~£a 

BU~EI\ 

BUiER 

( 

• 


