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heat capacity at constant volume
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THEORETICAL CHARACTERISTICS OF SEVERAL
LIQUID PROPELLANT SYSTEMS

SUMMARY

The various propellant characteristics, viz, chamber température, composition,
molecular weight, gamma (ratio of isoberic to isocharic heat capacity}, exit tempera-
ture and specific impulse, have been calculated at several fuel-oxidant mole ratios
and at chamber pressures of 150, 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 ealculation 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,

INTRODUCTION

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 ¥ is given by the
equation

I log (1) = 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.
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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, 150, 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 labor, 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
PY = RT 1is 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 1is
isentropic.

6. The original equilibrium chamber composition is 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 composition 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 realized. 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).

2
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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
the heat content of both reactants and products and the equilibrium constants for the
various gasecus 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 ®. 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 ? were 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 H,0,
H,, O,, OH, N, and NO were derived from the corresponding internal energy tables
appearing in reference ®. The data for F, and HF and for Cl, and HCl were obtained
from the spectroscopic constants given for those compounds by Murphy and Vance * and
by Giauque and Overstreet ®, respectively.

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

H, = 2
N, < 2N
YN, + H,0 = NO + H,
2H,0 = 2H, + O,
H,0=H, + 0
H,0 = 4H, + OH

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

YWH, + %F, = HF
F, = 2F
YWH, + 1, = HC
cl, = ¢l

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 F, were reworked and extended to 5000°K, while the corresponding data of Giauque
and Overstreet on HCl and Cl, were reworked and extended to 4000°K. The method of
Gilauque 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, F,,
HCl and Cl,.

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 ®. The corresponding data for liquid fluorine
were computed from the critical constants given by Claussen ¥ and by Cady and Hilde-
brand ®, using the vapor pressure relationship between pairs of liquids due to Ramsay
and Young ® and the method of calculating heats of vaporization developed by Meissner
10, A single value for the heat content of liquid hydrogen below 298.16°%K at each of
the chamber pressures considered was taken from the temperature-entropy diagram of
Keesom and Houthoff *!. The above data are presented in Table XII, p. 36 .

GENERAL PROCEDURE

The temperature 298.16°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°K 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, T,. The general approach
is described in many places but the procedure used in this report is similar in cer-
tain respects tc that described by Lemmor '

The next step is the caiculation of the exhaust temperature, T, which is obtained
fram 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 isderived from 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 sectien for
the system aN,H, (£) + 0,(g) at P, = 450 psi and a = 1.5. Pertinent equations are
given for each of the other five propellant systems investigated.
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THE SYSTEM : HYDRAZINE-OXYGEN

Determination of Propellant Gas Composition

If a represents the mole ratio of fuel to oxidant, then inspection of the system
aN,H,(2) + 0,(Z) indicates the following proportion

n(N) _ n(H) _ n(0)
I - 4a 9 ’ (l)

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: H,0, H,, H, O,,
0, OH, N;, N and NO. We may therefore, write

Nf(N.‘,H‘) + N (0,) = N,(H,0) + N,(H,) + N, () + N (0,) + N,(0) + N(OH) +
N,(N;) + Ny(N) + Ny(NO) , (2)
where N, and N are the number of moles of N,H, and O, respectively, required to
form one mole of propellant gas, and where N, represents the mole fraction of com-

ponent i. The following relations are evident:

N,=oN (3)

9
DN 1. @

i=1

and

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

W, + N, *Ny= N, +N, + 0., + 0.5 =aN, + 2V, + N+ N, + N)).  (5)

Further inspection of eq. (2) gives

Nf =N, + 0.51V8 + 0.5, (6)
and
No = 0.5N, + N‘ + O.SNB + 0.5V, + 0.9V, . 1)

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:

H, = H; K, = Pﬂzfpﬂz
N, =2N; K = PNz/sz
- - %
A H,0= N0+ H,; ; 1(5 - PN()Pﬂz"fPNzPRSO
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2H,0 = 2H, + 0, ; K = PH‘:POQ/PH:O

HO=H, +0 ; K, = PH2PO/PH20
HO0 ="', + OH ; K, = Pﬂipcﬂ/Pﬁzo

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

X, = K, /P, = N*/N, (8)
N, = K/P, = NN, 9
Ay = K/PJ = NN /N NE (10)
Ao = K/P, = NN /N2 (11)
A, = K,/P, = NN/, (12)
Ny = Ko/P% = NN /N, (13)

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

Now eqs. {4), {5} and (8) through (13) may be rearranged for computational pur-
poses as follows:

N, = é [2-8, - 2+ @, - (2+ TN, - (1 TN, - Ny - (1+ BIN] (14)
N, =-§(2-3~1.2.&v3-zv‘-ms-z.szve-wa-zva) (15)
N, = 0.5V, + 0.5N, + 0.25N, + 0.25N, - 0.5V, - 0.5N, (16)
Ny = ON% an
N, = AN2/N,? (18)
N, = AN /N, (19)
N, = AN,/N% (20)
Ny = (AN)* (21
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Ny = ANNEN, , (22)

This particular arrangement is chosen on the basis of dominant terms. Inspection of
eq. (2) shows that for values of @1 (the stoichiometric ratioc of fuel to oxidant)
the dominant components on the right hand side of the equation are H,0, H, and N,.

In order to determine the composition of the propellant gas at the adiabatic
chamber temperature T,, a pressure P, 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 N, is found from eq. (14) by assuming N,, N,, N,, N,, N, and N,
negligible. This crude value for N, is substituted in eq. (15) and an approximate
value of N, obtained. These values of N, and N, are substituted in eq. (16) and a
value for N, obtained. In this manner rough values are obtained for the mole fractions
N, through N,. 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 oNH (2) + O,(Z) at a chamber pressure of 450 psia and a mole ratio
of 1.5.

Determination of Chamber Temperature

The adiabatic flame temperature, T, is attained when

Q,, = AL (23)

298.1¢8?

where Q“ is the heat available from the reaction (2} and is equal to the sum of the

initial enthalpy of the reactants plus the heat of combustion, while M, {, ,, 1is
the change in heat content of the propellant gas from 298.16°K to the flame tempera-
ture T . Specifically,

: 8
= 48, 98.1
A Y %N‘. AH, - N, 0, - NAH (24)

where Tf and T are the temperatures of the iacoming fuel and oxidant respectively,
and

]

T T
Mz:a.u = % Ni Mi'aSu.xo' (25)

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

ity of T,. The corresponding values of Q, and 8,5, , . are plotted graphically
against T. The point of intersection of the two curves determines T . 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
3200°K. The chamber temperature, T., was found by interpolation to be 3118°K. The
composition of the propellant gas at T, was also found by interpolation.
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Determination of Molecular Weight

The molecular weight, ¥, of the propellant gas in the chamber at temperature T,
is given by the relation

9
W= Z NH, (26)

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

Determination of Exit Temperature

The exit temperature, T,, is determined under the following conditions:

(1) The composition of the gas remains unchanged from T_ to T,
(2) The expansion process from P, to P, (1 atm) is adiabatic.

Condition (1) permits us to write

”’;: = 5., - M (27)

298.186 298.16 *

T

where OH;.° is the change in enthalpy of the propellant gas between T, and T,, and
4

AHZos.xs is the enthalpy change between 298.16 and T°K.

Condition (2) is simply the adiabatic expansion formula

T p \xzl
£ (P_ejf ) (28)

where ¥ is the ratio of the isobaric (CP) and isochoric (C,) heat capacities, For

T
our purposes, since C, = AHT§/(TC - T,) we may write

y -1 R, -T,)
y AH;c g

L4

(29)

where B is the gas constant.

To illustrate the manner of determining T, for the present system we assume a
temperature slightly greater than 0.57,, namely 1600°K. Then we compute in turn:
3118 3118 1600

o =N -0

1600 298.18 298.16

26,459 - 10,932

1

15,527 cal;

311
8. 1518°K;
1600
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- .9869(1518
L4 = 1.1 9?2,§2§ ) . 0.19420 ;

p\2 -1
Te= T, LA PY
P

3118(.032658)0 - 19420

and

1%

1604°K.

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

3118
M1604 = 15,489 cal;
3118
AT ¢oq = 1514°K;
y-l
— = 194164 ;
T = 3118(.032658) 19416 = 1604°K.

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

Determination of Specific Impulse
Specific impulse is defined by the relation

I=-t (30)

where Ve is the exit velocity of the propellant gas and g is the acceleration of
gravity. By equating the enthalpy decrease of the propellant gas in cooling from
Tg to T, to the kinetic energy of one mole of exhaust gas we obtain
T
JOHpE = %MVi , (31)
L3
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 V, and substituting in eq. (30) we
obtain for the specific impulse

T ¥ '
=1 20T (32)
g 2
¥

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

T \%
I=09.327 | Mr° Y. (33)

e
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For the present example the specific impulse becomes

b
I=9.327 (M) = 277.9 sec.
17.461

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
For the system aN,H, (£) + F,(£) we may write
NANH,) + N (F,) = N.(HF) + N,(H,) + N(H) + N (F,) + N(F) + N(N) + N,(N), (34)

where

kd
Y 55
il

Material balance considerations of (34) give

Nf =N, + .5V, (36)
N, = 0.5V, + N+ 0.5N, (37)
and

N, + 2N, + Ny = 4N, + 2N, = 20N, + 2N, + N,), (38)

while equilibrium considerations give
A, = K, = N (NN % (39)
A, = K /P, = N,°/N, (40)
Ay = K /P, = NS/N, (41)
A, = K, /P, = N2/N, (42)

10
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For the sake of ease in computation egs. (35} and (38) through (42) may be rearranged

as follows:
1-0.5(N;, +N,)- (1 + 1.5a)N,

N!
0.5+ 1.5
N, = (@ - 0.5)N, - 0.5N, + aN,
Ng = 0.25N, + 0.5N, + 0.25V, - 0.5V,
N, = OLN, ¥
N, = 22N A N%
N, = (\ N %

Since trial shows that N, <0.00001 in every case considered it may be neglected.

THE SYSTEM : HYDROGEN - OXYGEN
For the system al,(£) + 0,(£) we may write

Nt e ¥ 0,0 < N 00 ¢ Ny(H,) « Ny(H) + N,(0,) + Ny(O) + N (OH),

where

Material balance considerations of (49) give

h

PRE AN ARY R- AN 2

N, = 0.5¥, + N, + 0.5V, + 0.5V,
and
N, +2N, + N, + N, =aN, + 2N _+ N +N,),
while equilibrium considerations give
A, = K, /P, = N2/N,

Ag = Ko/P, = N,® N/N?

(43)

(44)
(45)
(46)
(47)

(48)

(49)

(50)

(51

(52)

(53)

(54)

(55)
11
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N, = K,/P_ = NN JN, (56)

Ay = Ko/PX = NENN, . (571)

For the sake of ease in computation egs. (50) and (53) through (57) may be rewritten

as follows:

2N, - (242N, - (2+ )N, - (1 +alN,

N1 = ~
a-2-(a- 1N, +(2+aN, + 2N, +N,
N, = ,
a
N, = (4\2}\’2)“
N, = AN /N7
N, = AN/N,
NG = A"Nl/Nzx

THE SYSTEM : HYDROGEN - FLUORINE

For the system aH,(£) + F,(£) we may write

where

Nf(H,) + N (F,) = N (HF) + N, (H,) + N,(H) + N(F,) + N (F) (58)
5
zN. = 1. (59)
=1t

Material balance considerations of (58) give

Ny = 0.5, + N, + 0.5, , (60)
N, = 0.5V, + N, + 0.5V, , (61)
N, + 2N, + N, = alN,+ N, + N, , (62)

while equilibrium considerations give

12

A, = K, = N/NJN X (63)
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Ay = K,/P, = N,*/N,

Ay = K,/P, = N2/N,

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

_2-N; - (2+aN

1 l1+a

N

(@ - 1N, -Ng + oN

2

(AN, )%

=
"

%
Kale/XlNa

2z
[]

In this system N, is found to be F\egligible.

THE SYSTEM : HYDRAZINE - HYDROGEN PEROXIDE (ANHYDROUS)

FTor the syerem aNJH (2) » H 0 (£) w2 may write

YOH NG, NG N - N N D)

N,(N,) + N,(N) + N, (NO)

where

Material balance considerations of (66) give

Ny =N, + 0.5N, +0.5N,

N, = 0.5V, + N, + 0.5N, + 0.5N, + 0.5N,

and
2N1 + 2~a +Na +Ne
20 + )

=N, +2N, + N, + N, + N, =

PN (0} + N (CH) ¢

2N

k4

4>Na+[v9
2a

’

(64)

(65)

(66)

(67)

(68)

(69)

(70)

13
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while equilibrium considerations give

A, = K, /P, = N2/N,

N, = K /P, = N2/N,

>
"

K,/P¥ = NN, /NNE

>
;

= K,/P_ = N,*N /N*
A, = K, /P, = NN/N,

-k %= N5
Ng = KPR = NAN N, .

(1)

(72)

(73)

(74)

(75)

(76)

For the sake of ease in computation egs. (67) and (70) through (76} may be re-

arranged as follows:

2-N, - (4+6)N, - (3+3)N;, -(2+ 3N, -N, - (2+ 3a)H,
1+3

N =

d4a - 2 -5aN, + (6+ 8N, + (4+ )N, + (2+a)Ng - (20 - 1)Ng + (3 + da)N,

2+ 6a
N =2‘1'°‘N3'w4'20N3-GN6~(l+4a)N8-{1+4a)Ng
! 2+ 6a
N, = (N2
N‘ - A,gNgz/Ngz
N, = AN /N,

N, = AN, /N5
Ny = (NN

N, = AN NE/N,

9 517

14
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THE SYSTEM : HYDRAZINE - CHLORINE TRIFLUORIDE
For the system oNH (£) + CIF,{£) we may write
NANH,) + N (CIF,) = N (HF) + Ny (H,) + N,(N;) + N (HCL) + N (H) + N (E) +
N, (Cl) + N (N) + N(F,) + N ,(Cl,) , (17

where
10

ZN. =1. (78)

i
i=1

Material balance considerations of (77) give

Ny =N, + 0.5V, , (79)
N, =N +N_ +2N, (80)
and
2V3+N83N1*2‘V3fN‘+Ns=N‘*N,*sz:N‘+NG+2N,, (81)
2a 4a 1 3

while equilibrium considerations give
A, = K, = NN AN (82)
A, = K, /P, = N*/N, (83)
A, = K /P, = N2/N, (84)
A, = K /P, = N2/, (85)
Ao = K, = NJNJN % (86)
Ao= Kio/P, = NJ2A/N,, (87)

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

(6 -W, - (6 TIN, - W, - W, - (12 ¢ BN,

N =
1 6a + 4
20 - 2 - 2.5aN, + (2 + 0.5a)(N, + N.) - (a- - 1)N,
N2= ’Nﬂ*i‘{lo
3a + 2

15
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1 ;
N4=; NI+NG-3N.’+2N°-6NW)

1
Naz—; (NI*ZV=+N‘+NG-2\;)

s = (WN,)%

= AN,/ A N2
Ny = N8N,/ AN%
8 = (}‘ﬁs)x

N, = N,*7 AN,

Nio= NP/ ASN,

RESULTS AND DISCUSSION

The System Hydrazine-Oxygen

The data calculated for the svstem hydrazine-oxygen at the pressuves 150, 300,
450 and 600 psia and the mole ratios 1, 1.2, 1.5, 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 ¥. The curves indicate the following optimum values
for the specific impulse and associated characteristics:

Chamber | Mole | Chamber | Molecular Cp Exit | Specific
Pressure | BRatio Temp. Weight Y e Temp. | Impulse
v

P_, psia a T °K M T,.K I, sec
150 1.54 3013 17.205 1.2404 | 1922 238.1
300 1.46 3115 17.570 1.23%1 ] 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 through 5 indicate plots on semi-logarithmic paper of propellant gas
composition versus mole ratic for the system hydrazine-oxygen at the chamber pressures
150, 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 ! for the system hydrazine-oxygen.

T,,K T,,°K I, sec
a
Lemmon | This report | Lemmon | This report | Lemmon | This report
1 3278 3286 1878 1878 257.0 257.9
1.5 3083 3089 17117 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
P, = 300 psia and a = 1.5.

System T.,°K M % T,, °K I, sec
Naﬂ‘ + Oa(liquid) 3089 17.421 1.2404 1721 264.6
Naﬂ‘ + Oz(gas) 3116 17,386 1.2405 1736 266.0

The System Hydrazine-Fluociase

The dats calcutated for tne sys’em hyvdrazine-fluorine at the pressures 150, 300,
450, and 600 psis and the mole ratios 0.55, 0.65, 0.8, 1, 2, and 3 together with data
at 600 psia and a mole ratio of €.6 are presented in Table XV. These data are plotted
in Figs. % and 7, the latter giving a better view of the specific impulse-mole ratio
curves in the region of maximum specific impulse. The curves indicate the following
optimum values for the specific impulse and associated characteristics:

Chamber | Mole | Chamber | Molecular Cp Exit Specific
Pressure | Ratio Temp. Weight Y= a Temp. Impulse
Y .
. 0 o
Pc, psia a Tc, K M Te, K 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 18.87¢0 1.3201 1904 324.0

- Figs. 8 through 1l indicate plets 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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If hydrazine is reacted with gaseous fluorine at 298.16%K 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 @ = 1 the following comparative data obtain:

System T..°K 4 Y T,,°K I, sec
N Moncae — — |
Naﬂ‘ + Fafliqniﬁ} 3781 16.584 1.3166 1831 290.7
Naﬂ‘ + Fa{gaa) 3808 16.542 1.3171 1842 292.1

For the system hydrazine-liquid fluorine at P, = 300 psia and a = 1 Lemmon 1
lists the following: T, = 3806°K, I = 292 sec.

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

&
P T (mex), sec A7 | Per Cent T X AT | Per Cent
€| NH, +0,| NH, +F, Increase | NH, + O, [ NJH, + F, ¢ | Increase
P rem———

150 238.1 269.9 31.8 13.4 3013 4374 1361 45.2
300 264.7 299.4 34.7 13.1 3118 4518 1403 45.0
450 278.2 314.1 35.9 12.9 3180 4510 1430 45.0
600 286.6 324.0 37.4 13.¢ 3224 4680 1456 45.2
Average 13.1 45.1

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 ¥. The curves indicate the following values for maximum specific impulse
and associated characteristics:

Chamber | Mole | Chamber | Molecular CP Exit Specific
Pressure | Ratio Temp. Weight ¥ = T Temp. Impulse
v

P, psia a Tc,"K M T,,°K | I, sec
150 5.42 2427 7.899 1.2610 1501 313.1
300 5.14 2528 8.216 1.2600 1357 345.6
450 4.98 2588 B.415 1.2588 1282 361.5
600 4.88 2630 8.550 1.2582 12390 371.6

18
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Figs. 13 through 16 indicate plots on semi-logarithmic paper of propellant gas
composition versus mole ratio for the aystem hydrogen-oxygen at the chamber pressures
150, 300, 450 and 600 psia, respectively.

The following comparative data are presented for the case P, = 300 psia and a=5:

Tc °K M Y I, sec
This report 2572 8.388 1.2573 345.4
Lemmon 1 2561 8.4 1.23 343

If gaseous hydrogen is reacted with gaseous oxygen at 298.16°K instead of liquid
hydrogen with liquid oxygen then the following comparative data obtain at P, = 300
psia and o = 5:

System Tc,"K M y Te,°K I, sec
Hz(liq) + Oz(liq} 2572 8.388 1.2573 1387 345.4
Hz(gaa) + Oa(sas) 2760 8.356 1.2527 1502 359.1

The System Hydrogen-Fluorine

The data caleulated 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 impuise 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 Cp Exit Specific
Pressure | Ratio | Temp. Weight | ¥ = T Temp. | Impulse
L 4

P, psia a T,k M Tc,"K I, sec
150 4.95 2730 8.000 1.3199 1552 323.7
300 4.68 2848 8.283 1.3222 1363 356.3
450 4.50 2927 8.482 1.3232 1269 371.9
600 4.42 2975 8.580 1.3240 | 1199 382.4

Figs. 18 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 150, 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
P, = 300 psia and a = 5:

19
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System T.,°K M ¥ T,,K I, sec
Hy(lig) + F,(lig) 2738 7.966 1.3244 1308 355.9
H (gas) + F,(gas) 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 the hydrogen-oxygen system at the pressures considered, the
corresponding absolute chamber temperatures are approximately 12.5% higher.

P I (wax), sec Per Cent T..’K Per Cent

¢ | H,+0, | H + F, | AI |Increase |H, +0, | H, + F, | AT, ! Increase
150 113.1 323.7 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 2.8 2588 2927 339 13.1
600 371.6 382.4 lo.8 2.9 2630 2975 345 13.1
Aversage 3.1 12.8

izon of resulis betweon the anslogour systems hwdrogen-oxygen
e tnge whale the spesific wmpulas g f the latter system
hydrogen-oxyger

whagmber Lemperatures

SO e pon

TRTYESSORALIE AhInLuks

I (max) c T.K
3 » 5¢ AI | Per Cent € aAr | Per Cent
© ] H +0, | NH + 0, Decrease | H, + O, [NJH, + O, ¢ | Increase
150 313.1 238.1 -75.0 23.95 2427 3013 586 24.15
300 345.6 264.7 -80.9 23.41 2528 3145 617 24.41
45¢C 361.5 276.2 -B3.3 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 .,%K
P Ar | Per Cent £l Ar | Per Cent
¢ | Hy +F, INH +F, Decrease! H, + F, |INJH +F, ¢ | Increase
150 323.7 269:9 -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 25827 4610 1683 57.50
600 382.4 324.0 -58.4 15.27 2975 4680 1705 57.31
Average 15.85 58.42

The System Hydrazine-Hydrogen Peroxide (Anhydrous)

The data calculated for this system at the pressures 300, 450 and 600 psia 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:

Chamber | Mole | Chamber | Molecular Cp Exit Specific
Pressure | Ratio Temp. Weight Y= o Temp. | Impulse
L4
Pe, psia a Tc,°!( M Te,°K I, sec
300 0.875 2780 18.238 1,2189 1617 247.7
450 0.66 2806 18,363 1.21%0 1518 259.8
600 0.65 2825 18.44% 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 '® for
the system hydrazine-hydrogen peroxide (anhydrous):

a T,k ¥ T,,k I, sec
) This ... 1 This . This . This
Stosick Report Stosick Report Stosick | Report Stosick Report
0.75 2716 2712 1.20% 1.2244 1610 1561 249.0 247.3
1.60 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 comn-
stant Y. The curves indicate the following values for meximum specific impulse and
associated characteristics:

Chamber Mole | Chamber | Molecular CP Exit Specific
Pressure | Ratio Temp. Weight tialr Temp. | Impulse
v
P_, psia a T, K M T, °K | I, sec
300 1.41 3353 211465 1.3125 1634 241.0
450 1.36 3427 21.750 1.3133 1514 252.2
600 1.3 3483 21.990 1,3137 | 1435 259.6

Figs. 27 through 29 indicate plots on semi-logarithmic paper of propellant gas
composition versus mole ratio for the system hydrazine-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-
imately 22% higher.

I (max), sec T ,°K
P AI | Per Cent < AT Per Cent
¢ | NH, ¢+ H0, |NH, + CIF, Decrease | NH, + HO, I N H, + CIF, ¢ | Increase
300 247.7 241.0 -6.7 2.70 2780 3353 573 20.6
450 259.8 252.2 -7.6 2.93 2806 - 3427 621 22.1
600 267.7 259.6 -8.1 3.03 2825 3483 658 23.3
Average 2.89 22.0

Similar comparisons can be made with respect to molecular weight, 7, 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.
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CONCLUSIONS

Mindful of the working assumptions of perfect gas law adherence, frozenm equil-
ibrium and adisbatic expansion of propellant gases the following general conclusions
obtain.

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 = CPva) remains essentially constant.

The fact that fluorine is a more powerful oxidant than oxygen is evidenced by
the higher maximum specific impulse obtained with various fuels. For example, in the
pressure range from 150 to 600 psia 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
maximum specific impulse only 23 per cent less than that developed by liquid hydrogen;
but it also develops a chamber temperature 23.5 per cent higher than does hydrogen.
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°K
IN CALORIES PER MOLE OF VARIOUS SUBSTANCES

Molecular

Substance Weight 298.18 Reference
HO (g) 18.016 -57,798 (12)
H, {g) 2.016 0

H (g) 1.008 51,911 3)
O, (&) 32.000 0

O (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) 36.008 21,532 (3
F, (2 38.000 0

F (g) 19.000 31,750 (3)
HF (g) 20.008 -64, 440 (4
G, (8) 70.914 0

Cl  (g) 35. 457 28,900 (3)
HCl (g) 36. 465 -22,063 {3)
CIF‘a (L 92,457 -59,300 (13)
NH, (1) 32.032 12,050 (14)
H,0, (1) 34.016 -45,160 {3)
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February 1, 1847

Table II
HEAT CONTENT Aﬂzos.ts IN CALORIES PER MOLE FOR VARIOUS GASES

T°K | H0 | H, | O, | oOH N, | No | F, | HF | €1, |HCL | Cl (H,F,N,0
600 2508 2106 2211 2134 2126 2189 2421 2121 2515 2532 1626 1499
700 3392 2809 2989 2855 2853 2947 3265 2812 3365 3110 2169 1996
800 4305 3516 3787 3552 3597 3722 4120 3511 4224 3724 2709 2493
900 5246 4225 4602 4292 4357 4515 4983 4218 5089 4374 3246 2989
1600 6221 4945 5430 4999 5133 5322 5852 4934 5963 5058 719 3486
1100 7223 5670 6257 5739 5921 6141 5625 5659 6843 5174 4308 3983
1200 8259 6406 7095 6478 6723 6971 7601 6393 7731 6520 4835 4480
1300 9325 7151 1954 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 6953
1800 | 15018 | 11036 | 12337 | 11210 | 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 | 14519 | 15157 | 15608 | 16451 | 14270 | 16920 | 14899 9980 9447
2300 | 21183 | 15145 | 16870 | 15393 | 16027 | 16490 | 17340 | 15102 | 17862 |15772 | 10448 9944
2400 | 22459 | 15989 | 17779 | 16226 | 16898 | 17374 | 18230 | 15939 | 18808 |16644 | 10994 | 10440
2500 | 23745 | 16840 | 18725 | 17093 | 17772 | 18260 | 19120 | 16782 | 19756 |17514 | 11500 | 10937
2600 | 25043 | 17696 | 19626 | 17949 | 18650 | 19149 | 20010 | 17631 | 20705 118383 | 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 | 20295 | 22472 | 20575 | 21298 | 21831 | 22682 | 20208 | 23564 20999 | 13519 12924
3000 | 30327 | 21173 | 23436 | 21460 22184 | 22730 | 23574 | 21077 24518 | 21875 | 14022 | 13421
3100 | 31670 | 22054 | 24392 | 22348 | 23072 | 23630 | 24465 | 21951 | 25473 |22753 | 14525 | 13917
3200 | 33018 | 22940 | 25352 | 23240 | 23961 | 24532 | 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 | 15504
3600 | 38478 | 26525 | 29228 | 26835 | 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 126210 | 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 | 195040 | 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
4800 37568 38372 39636 | 37349 22362
4900 38499 39284 40529 | 38287 22858
5000 35431 40196 41423 | 39229 23355
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Table KII

EQUILIBRIUM CONSTANTS FOR THE REACTIONS
KH, + %F, = HF AND XH, + %Cl, = HCl

'] -
K K, = Pyp/Py *Pg * K, = Pycy/Py Py *
1000 2.401(10%%) 1.850(10%)
1100 1.229¢10'%) 6.574(10%)
1200 1.030(10'%) 2.769(10%)
1300 1.263(10'0) 1.333(10%)
1400 2.087(10'%) 7.109(10%)
1500 4.374(10%) 4.121010%)
1600 1.112(10%) 2.554(10°%)
1760 3.321(10%) 1.674(10%)
1800 1.133010%) 1.150(16%)
1900 4.330(107) 8.224(10°%)
2000 1.822(107) 6.081(10%)
2100 8.310(10°%) 4.621(10%)
2200 4.070(10%) 3.599(10%)
2300 2.120(10%) 2.865(10%)
2400 1.166(10%) 2.324(10%)
2500 6.728(10%) 1.919(10%)
2600 4.050(10%) 1.607(10%)
2700 2.528(10°) 1.362¢10%)
2800 1.633(10%) 1.168(10%)
2900 1.087(10%) 1.011¢10%)
3000 7.434(10Y) 8.843(10)
3100 5.211(10%) 7.805(10)
3200 3.734(10%) 6.944(10)
3300 2.729(10%) 6.214(10)
3400 2.032(10%) 5. 604(10)
3500 1.539(10%) 5.080(10)
3600 1.183010% 4.629(10)
3700 9.230(10%) 4.240(10)
3800 7.295(10%) 3.900(10)
3500 5.833(10%) 3.605(10)
4000 4.718(16%) 3, 344(10)
4100 3.857(10%)
4200 3.183(10°%)
4300 2,650(107)
4400 2.224(10%)
4500 1.882(10%)
4600 1.604(10%)
4700 1.377(10%)
4800 1.190(10%)
4900 1.033(10°)
5000 9,028(10%)
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Table IV

EQUILIBRIUM CONSTANTS FOR THE REACTION F, = 2F

ng A, = KQ/Pc (Pc, atm)

T°K | K, = P (psia)
Fa 150 300 450 600

1000 1.550¢107%) 1.519(107%) 7.593(1071% 5.062(1071%) 3.796(1071%)
1100 3.148(10°7) 3.084(10°%) 1.542(10°7) 1.028(167%) 7.710¢107%)
1200 3.900(10"%) 3.821(1077) 1.916(10°") 1.274(10°7) 9.552(10°%)
1300 3.289(10°%) 3.222(10°%) 1.611(10°% 1.074(107%) 8.056(1077)
1400 2.056¢107%) 2,014(107%) 1.007(107°) 6.714(107%) 5.036(107%)
1500 1.009¢18"%) 9.886(10%) 4.943(10°%) 3.295(10°%) 2.471(10°%)
1600 4.067¢107%) 3.985(10™%) 1.992¢10" Y 1.328(107%) 9.961(107%)
1700 1.396¢107%) 1.368(107%) 6.839(102%) 4.559(107%) 3.419(107%)
1800 4.183(10°%) 4.098(107%) 2.043(107%) 1.366(10°%) 1.025(10°%)
1900 1.118¢10°%) 1.095(107%) 5.477(1077) 3.651(10°%) 2.738(107%)
2000 2.713(107H 2.658(10"%) 1.329(107%) 8.860(10°%) 6.645(107%)
2100 6.062(10°%) 5.93%(10"%) 2.970010°%) 1.980{10°%) 1.485(10°%)
2200 1.260 1.234(107%) 6.172(107%) 4.115(18™%) 3.086(10°%)
2300 2. 460 2.410(107%) 1.205¢107 ") 8.034(107%) 6.025(107%)
2400 4.552 4.460(10° 4 2.230010”Y) 1.487010°YH 11150107 Y
2500 8.019 7.856(107 %) 3.928(10° %) 2.619(107 %) 1.964(107 1)
2600 1.354(10) 1.327 6.633(107%) 4.422(107Y) 3.316(107Y)
2700 2.199(10) 2.154 1.077 7.1810107Y 5.386(107 1)
2800 3.454(10) 3.384 1.692 1.128 8.460(10° %)
2900 5.260(10) 5.153 2.577 1.718 1,288
3000 7.804(10) 7.646 3.823 2.549 o1y
3100 1.128(10%) 1.105(10) 5. 526 3.684 2.763
3200 1.594(10%) 1.562(10) 7.308 5,208 3,904
3300 2.208(10%) 2.163(10) 1.082(10) 7.211 5. 408
3400 3.004(1033 2.943(10) 1.472(10) g.810 7.358
3500 4.014(10%) 3.933(10) 1.966(10) 1.311(10) 9.832
3600 5.276(10%) 5.169(10) 2.585(10) 1.723(10) 1.292(10)
3700 6.845(10%) 6.706(10) 1.353(10) 2.235(10) 1.677(10)
3800 8.760(10%) 8.582(10) 4.291(10) 2.861(10) 2.146(10)
3900 1.107(10%) 1.085(10%) 5.423(10) 3.615(10) 2.711(10)
4000 1.383(107%) 1.355(10%) 6.775(10) 4.517(10) 3.387(10)
4100 1.710(10%) 1.675(10%) 8.377(10) 5.584(10) 4.188(10)
4200 2.095(10%) 2.053(16%) 1.026(10%) 6.842(10) 5.131(10)
4300 2.543(10%) 2.491(10°0) 1.246(16%) 8.305(10) 6.229(10)
4400 3.058(10%) 2.996{10%) 1.498(10%) 9.987(10) 7.490(10)
4500 3.648(106°) 3.574(10%) 1.787¢10%) 1,191010%) 8.935(10)
4600 4.324(107) 4.236(10%) 2.118(10%)) 1.412(10%) 1.059(10%)
4700 5.090(10%) 4.987(10%) 2.493(10%) 1.662(10%) 1.247(10%)
4800 5.947(10%) 5.826(10%) 2.913(10%) 1.942(10%) 1.457(10%)
4900 6.907(10%) 6.767(10%) 3.384(10%) 2.256(10%) 1.692(10%)
5000 7.969(10%) 7.807(10%) 3.904(10%) 2.603(16%) 1.952¢10%)
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Table V

EQUILIBRIUM CONSTANTS FOR THE REACTION Cl, = 2CI

A PCIa Ao = K, o/P, (P, atm)

T°K Kto =-pE:: Pe (psia)

150 300 450 600
1000 1.718(10°7) 1.683(10"%) 8.416(10°%) 5.611010°%) 4.208(107%)
1100 2.576(10"%) 2.524(1077) 1.262(1077) 8.413(10°°%) 6.309(107%)
1200 2.476(107%) 2.426(107%) 1.213(107%) 8.086(10™7) 6.065(10°7)
1300 1.688(107%) 1.654(10°%) 8.269(10"%) 5.513(10"%) 4.134(107%
1400 8.780(107%) 8.602(10"%) 4,301(107%) 2,867(10°°%) 2.151(107%)
1500 2,680(107%) 3.605(107%) 1.803(107%) 1.202(107%) 9.014(107%)
1600 1.293(10°%) 1.267(107%) 6.334(10™%) 4,223(107Y) 3.167(107%)
1700 3.925(10°%) 3.845(107%) 1.923(10”%) 1.282¢(107%) 9.614(10"%)
1800 1.055(10° 1) 1.034(10°%) 5.168(107°%) 3.445(107%) 2.584(10 )
1900 2.561(10™%) 2.509(10"%) 1.255(107%) 8.364(107%) 6.2713(10°%)
2000 5.694(167%) 5.580(107%) 2.789(10°%) 1.860(107%) 1.395(107%)
2100 1.174 1.150¢107%) 5.751(107%) 3.834(10°%) 2.876¢16°%)
2200 2.269 2.223(107 %) 111201079 7.410(107%) 5.558€10°%)
2300 4.145 4.061(107%) 2.030(10"") 1.354(107%) 1.015¢10™YH
2400 7.204 7.058(107 ") 3.529(107 2.353(10°1) 1.764(107%)
2500 1.199{10) 1.175 5.874¢1074) 3.916(10"") 2.937(107%)
2600 1.920(10) 1.881 9,405(10° %) 6.270¢107 %) 4.703(107%)
2700 2.969(10) 2.909 1. 454 9.696(107%) 7.2720107Y)
2800 4,451(10) 4.361 2,180 1. 454 1.090
2900 6.494{10) 6.362 3.181 2.121 1.591
3000 9.941(10) 9.054 1.527 3.018 2.263
3100 1. 286109 1.260(10° 6.300 4.200 3.150
3300 1.754¢10%) 1.718(10) §.592 5.728 4.296
3300 2.346{10%) 2.298(10) 1.143{10} 7.662 5.746
3400 3.087{10°) 3.024(10) 1.512(103 1.008(10) 7.561
3500 4.000¢10%) 3.919(10) 1.959(103 1.306(10) 9.737
3600 5.111¢10%) 5.007(10) 2.504(10) 1.669(10) 1.252(10)
3700 6.443(10%) 6.312(10) 3.156(10) 2.104(10) 1.578(10)
3800 8.028(10°) 7.865(10) 3.933(10) 2.622(10) 1.966(10)
3900 9.892¢16%) 9,692(10) 4.846(10) 3.231(10) 2.423(10)
4000 1.207¢10%) 1.183(10%) 5.913(10) 3.942(10) 2.956(10)
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Table VI

EQUILIBRIUM CONSTANTS FOR THE REACTION H, = 2H

PHa ‘ ) A= Ka/Pc (P,, atm)

T°K K, = B P_ (psia)
H, 150 300 450 600

1500 3.104(10°1%) 3.041(107Y 1.521¢(10"") 1.014(10° %) 7.603(1071%)
1600 2.954(10°%) 2.894(1071%) 1.447(107%%) 9.647(10°'Y) 7.235¢107)
1700 2.166(10°°) 2.122(107%) 1.061(107") 7.074(10°"% 5.305(107%%)
1800 1.279¢10" ") 1.253(10°%) 6.265(10"%) 4.177(1077) 3.133(107°)
1900 6.291(10°") 6.164(10°%) 3.082(10°%) 2.055(10" K 1.541(1079)
2000 2.649(10°%) 2.595(10"7) 1.298(1077) 8.651(10" %) 6.488(107%)
2100 9.712(10~°%) 9.515(1077) 4.758(10°7) 3.172(10°7) 2. 379(10'“)
2200 3.174(10°°) 3.110(107%) 1.555(10 "% 1.037(10" 2 7.774020° )
2300 9.371(10°°) 9.181(10°%) 4.591(107%) 3.060(10"°%) 2.295(10°%)
2400 2.532(10°%) 2.481(10 5) 1.240(10°%) 8.269(10° ) 6.202(10° %)
2500 6.326(10 ‘) 6.198(10°%) 3. 099(10'5) 2.066(10°°) 1.549(10° 5)
2600 1.475¢10° ) 1.445(10°%) 7.226(10°%) 4.817(10 5) 3.613(107%)
2700 3.229(10° ) 3.164(107%) 1.582(10°%) 1.055(107%) 7.909(10°3)
2800 6.697(10 ) 6.561(10°%) 3.281(107%) 2.187(10 ‘) 1.640(10™%)
2900 | . 1.321(10° ) 1. 294(10") 6.471(107%) 4.314(10° ) 3.236(107%)
3000 2.495(10" ) 2.444(10° ) 1.222(10°%) 8.148(10° ) 6.111(107%)
3100 4.529(10" ) 4.430(10° ) 2.215(10 3 1.477(10° ) 1.108(1077)
3200 7.907(107%) 7.747(10° ) 3.873(10°%) 2.582(1077) 1.937(107%)
3300 1.336(107") 1.309(107%) 6.545(107%) 4.363(1077) 3.272(107%)
3400 2.191(10° 4 2.147(107%H 1.073(10° %) 7.1550(107%) 5.366(10°%)
3500 3.492(10° l‘ 3.421(10 2) 1.711(10-2) 1.140(10 2) 8.553(10—3)
3600 5.429(107 %) 5.319(167%) 2.659(107%) 1.773(107%) 1.330(107%)
3700 3.243(10° ‘ 8.076(107%) 4.038(10 2\ 2,692(107%) 2.019(10° %)
3800 1.225 1.200¢10° %) 6.001(107 ) 4.001(20"%) 3.000(107%)
3900 1.784 1.748(10° Y 8.739(107%) 5.826(10°%) 4.370(10°%)
4000 2.550 2.498(10° %) 1.249¢(107%) 8.328(10°%) 6.246(107%)
4100 3.583 3.510(107Y) 1.755(107%) 1.170 (107 %) 8.776(107%)
4200 4.956 4.856(10°") 2.428(107%) 1.619¢10" ") 1.214(107Y
4300 6.751 6.614(107 1) 3.307(10 ‘) 2.205(107") 1.654(107%)
4400 9.072 8.888(10” ") 4.444(10° ) 2.963(10™ 1 2.222(10™H
4500 1.203(10) 1.179 5.893(10° ) 3.929(107") 2.947(107")
4600 1.576(10) 1.544 7.720(10”Y 5.147(107Y) 3.860(10°")
4700 2.043(10) 2.002 1.001 6.672(10° 1 s.00a(107 Y
4800 2.617(10) 2.564 1.282 8.547(107") 6.410(107 1Y)
4900 3.322(10) 3.255 1.627 1.085 8.137(107%)
5000 4.176(10) 4.091 2.046 1.364 1.023
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Table VII

EQUILIBRIUM CONSTANTS FOR THE REACTION N, = 2N

PNB X‘ = KQ/Pc (Pc' atm)
T°K K, = 5 (psia)
N, 15¢ 300 450 600

2000 7.865(107"'%) 7.706{107'%) 3.853(107'%) 2.569(107 %) 1.926(107 %%}
2100 6.378(107%%) 6.249(10" %) 2.1240107'%) 2. 083(10““} 1.562¢107%)
2200 4.279(107'Y) 4.192(1074%) 2.096(107%) 1.397(107'%) 1.048(1074%)
2300 2.433(10““) 2.389(107 Y 1.194010° Y ?.962{19"2) 5.971(10"*%
2400 1.203(10° ") 1.179(10° % 5.393(10”“> 3.929(107 %Y | 2.947¢107h
2500 5.230(107%) s.124(10“° 2,562(107" ) 1.708(107"%) 1.281(167%%)
2600 2.032(107%) 1.991(10" ) 9.954(1071%) 6.636(10"0) 4.977(107%9)
2700 7.142020°%) 6.997(107 ) 3.499(10°%) 2.3320107%) 1.749(10”%)
2800 2.298(107°) 2.251(10”%) 1.126(10°%) 7.505(10°%) 5.629(107°
2900 6.830(10°7) 6.692(10"%) 3.346(107%) 2.231(10’”) 1.673(107%)
3000 1.886(107%) 1.843(10") 9.239(10°%) 6.159(107%) 4.619(10"%)
3100 4.883(10°°%) 4.784(10"7%) 2.39201077) 1.595(1077) 1.196(10°7)
3200 1.192(107%) 1.168¢107%) 5.839(1077) 3.893(10° ’) 2.920(107°)
3300 2.761(16™%) 2.705(16”%) 1.353(107%) 9.017(10"7) 6.763{10"7)
3400 6.083(107%) 5.960(10™%) 2.980(10°%) 1.987(10 6) 1.490(107%)
3500 1.282(107%) 1.256(107%) 6.280(10°%) 4.187(16° ) 3.140¢1067%)
3600 2.596(1c" % 2,543(10"%) 1.272(10°%) 8.478(10°° 6.358(10° %)
3700 5.054(107%) 4.952{107%) 2.476(107%) 1.651(10‘5) 1.238(107%)
3800 9.521(10™%) 9,328(107%) 4.664(107%) 3.109(10°% 2.332(107%)
3900 1,736(107%) 1.701{10"%) 8.504(10°°%) 5,669(10°%) 4.252(107%)
4009 3.074007% 3.012¢(107%; 1.506(107%) 1.004(107%) 7.529(10°%)
41060 5.2900107%; 5, 183(107%) 2.591(107% 1.728¢10°"Y) 1.296(10°%
4200 8, 882(107%) 8.702{187%) 4.351(10°%; 2.901(10™%) 2.1?5(10“3
4300 1.456(13” ) 1.426{10 3) 7.132(167Y 4.755(10°%) 3.566(10°%)
4100 2.335(10°°) 2.288(107%) 1.144(10 3) 7.626(10°%) 5.719(107%)
4500 3,671(107%) 3.597¢107") 1.798(107%) 1.199(107%) 8.991(10" )
4600 5.660(107%) 5.545(107°%) 2. 773(10‘”) 1.848(10" -9 1.386(107 )
4700 8. 561(10‘“) 8.387(10’3) 4.194(10°%) 2.796(10°° 2.097(10° )
4800 1.274(16" ) 1.248(107%) 6.241(107%) 4.161(10““ 3.120010° )
4900 1.867¢107%) 1.829(107%) 9.146(107° 6.097(10°%) 4.573(107 )
5000 2.695(10™") 2.640(10°%) 1.320¢107%) 8.801(10"%) 6.601(12°%)
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Teble VIII
EQUILIBRIUM CONSTANTS FOR THE REACTION XN, + H,0 = NO + H,
PNOPHQ }\5 - KG;’Pc% (Pc' atm)
T°K v 4 P_ (psia)
N, H,0 150 300 450 600

1500 6.167(16" ”) 1.930¢10"°%) 1.365(10°%) 1.114(16™%) 9.652(10"1%)
1600 3.401(16° > 1.065(10 “) 7.527(10 “} 6.146(107°) 5.323(10°%)
1700 1.54101077) | 4.823(10" ) 3.411430°% 2.785(10”%) 2.412(107%)
1800 5.891(10° ’) 1.844(1071) 1.364(107") 1.065(10° 9.220(10™%)
1900 1.9500107% | 6.107(10" ) 4.318(1077) 3.526(1077) 3.053(1077)
2000 5.756(10°% | 1.802(10° ) 1.274(10°% 1.040(10°%) 9.008{10"7)
2100 1.531(10°%) | 4.792(10°%) 3.389(107") 2.761(10°°) 2.396(10" 5)
2200 3.782¢107%) 1.184(107%) 8.371(10°%) 6.835(10°% 5.919(10°%)
2300 §8.371(107%) 2.620(107%) 1,853(10 5) 1 513(167%) 1.310€10"%)
2400 1.771(107Y) 5.543(10°°) 3.920(1077) 3.200(10°°) 2.772¢10" °)
2500 3.505(10™%) 1. 097(10“) 7.758(107%) £.334(10 5) 5.485(10°%)
2600 6.641(107%) | 2.079(10™%) 1.470(10"‘) 1.200¢10° 3 1.039(107%)
2700 1.188(107%) 3. 719(10"} 2.629(10™%) 2.147(107%) 1.659(10‘*)
2800 2.047(10"%) | 6.407(107%) 4.531(107%) 3.699(107%) 3.204(107%)
2900 3.414(107% 1.068(10°%) 7.555¢10° ) 6.169{10 ‘) 5.342(10°%)
3000 5.474(107 %) 1. 713(10'“) 1.212(10°%) 9.892(10" ) 8.567¢10"%)
3100 8.521(10'3) 2.667(10" ) 1.886(10'3) 1.5400107%) 1.334(10°%)
3200 1.290(10" } 4,038(10°°) 2.855(107%) 2.331(10° ) 2.019(20"%)
3300 1.909(10°°%) $.975(10" ) 4.225(107%) 3.450(10° ) 2.988(107%)
3400 2.758(10'2) 8.633(16™%) 5.104(1077) 4,984(10" ) 4.316(10 3)
3500 3.892(10°%; 1.218(10°%) 3,614(187") 7.033¢10" ) 6.091¢10" )
3600 5.391(10°°) 1.687(10°%) 1.193(10°%) 9.742(10°%) 8.437(10°°)
3700 7.345(167%) 2.299(107%) 1.626(107%) 1.327(107%) 1.150(107%)
3800 9.818(10°% 3.073018°%H 2.173(107%) 1.774¢107%) 1.536(10 “)
3900 1.301(10°0) | 4.072(10°%) 2.879(107°) 2.351(10 2) 2,036(10" )
4000 1.696(10°%) | 5.307(107%) 3.753¢107%) 3.064(107%) 2.654£107%)




February 1, 1947

EQUILIBRIUM CONSTANTS FOR THE REACTION 2H, = 2H, + 0,

Table IX

pﬂ:poa Ks = Ku/Pc (P,, atm)
oK . = P_ (psia)
-3
Py,o 150 300 450 600

1500 3.488(107'%) 3.417(167*%) 1.709(107'%) 1.139(187%%) 8.543(107'%)
1600 4.293(107%) 4.206(107'%) 2.103¢1071%) 1.402(107%) J.051¢107%)
1700 3.967(107'% 3.887(107'%) 1.943(107"Y) 1.296(10°%Y) 9.716(10" %)
1800 2.850(16°%) 2.792(10°'% 1.396(107°% 9.307(107° ") 6.981(10° %)
1900 1.654(107%) 1.620(10~% 8.102¢(107*9 5.402(107%% 4.051(107*%
2000 8.131010°%) 7.966(10"%) 3,983(10°%) 2.655(10"%) 1.992(10°%)

2100 3.424(10° 1) 3.355(10° ") 1.677(10°%) 1.118{16"%) 8.387(107°)

2200 1.306(107%) 1.280¢10°") 6.398(10°%) 4.265(107% 3.199¢10°%)

2300 4.169(10°%) 4.085(10°% 2.042(10°7) 1.362¢1077) 1.021€10°7)

2400 1.259(10°%) 1.233(107%) 6.167(10° ") 4.112(1077) 3.084(107")

2500 3.438(107%) 3.368(10°%) 1.684(107%) 1.123(107%) 8.421(10"7)

2600 8.843(107%) 8.664(107°) 4.3320107%) 2.888(10°%) 2.166{10°%)

2700 2.079(10°%) 2.037(107%) 1.018¢16™%) 6.790(10°%) 5.092(10° %)

2800 4.636(107%) 4.542(1077) 2.271(107%) 1.514(107%) 1.136(107%)

2900 9.881(107%) 9.681(10°%) 4.840(107%) 3.227(107%) 2.420010°%)

3000 1.981(10°%) 1.941(107%) 9.704(10°%) 6.4706(10° ") 4.852(107°)

3100 3.799(107%) 3.722(107%) 1.861(107%) 1.241(107%) 9.305(107%)

3200 7.011(107% 6.869(10°%) 3.4340107% 2.290(10°%) 171720~

3300 1.250(10"%) 12250107 5.123(10™% 4.082(10°%) 3.062(107%)

3400 2.155(107%) 2. 111¢10™ % 1055016 %) 703801075 3.277C107%)

3500 5.5804107% 3,507(1077%) 175400077 16901077 1 3,7607107Y

3600 5.793(10°%) 5.676(107%) 2.838(107°} 1.892(10°%) 1.419(1077)

3700 9.147(107% 8.962{10"") 4.481(107%) 2.987(i6™% 2. 240(107%)

1800 1.405(10° %) 1.377¢107% 6.883¢10°%) 4.588(10°%) 3.4410307")

3900 2.138(107%) 2.095(10°%) 1.047(10°%) 6.982(1077) 5.237(107%)

4000 3.169(10°1) 3.105(10°%) 1.552¢10~%) 1.035(107%) 7.762(107%)
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Table X
EQUILIBRIUM CONSTANTS FOR THE REACTION H,0 = H, + O
. Py Py A, = K,/P_ (P, atm)
T°K K, = 2 P, (psia)
Pu.0
150 300 450 600

1500 8.535(107%%) | 8.3s2¢107'%) 41810107 | 2. 78701079 2.091¢107"%)
1600 1.062(107%) 1.040(16" %) 5.202(107%%) | 3.468(10°'%) 2.601(1071%)
1700 9.863{10" %) 9.683(107'%) 4.841(107%Y) 3.228(107'Y) 2.421(1071%)
1800 7.161(107°) 7.016(167'%) 3.508(10™*%) | 2.339(1071%) 1.754(107%%)
1900 4.210(107%) 4.125(107°) 2.062(10™%) 1.375¢10°%) 1.031(10°%)

2000 2.083(1077) 2.041(107%) 1,0200(107%) £.803(107°%) 5.102(107°%)

2100 8.839(10" ") 8.660(10°%) 4.330(10°%) 2.887(10°%) 2.165(10™%)

2200 3.344(107%) 3.276(1077) 1.638(10°7) 1.092(10°7) 8.191(107%)

2300 1.093(107%) 1.071(10"%) 5.354(10°7) 3.569(1077) 2.677(10°7)

2400 3.305(107%) 3,238(10°%) 1.619(10°%) 1.079(10™%) 8.095(10" )

2500 9.101(107%) 8.917(10"%) 4.458¢10"%) 2.972(107°%) 2.229¢107°%)

2600 2.336(107%) 2.289(10"%) 1.144(107%) 7.629(10°%) 5.722(10°%)

2700 5.545(167%) 5.433(10°%) 2.716(107%) 1.811(10°%) 1.358(107°)

2800 1.242(107% 1.217¢10°%) 6.084(107%) 4.056(107%) 3.042(10°%)

2900 2.645(107%) 2.591(10°%) 1,296(107%) 8.638(107%) §.478(107%)

3000 s.332(10™%) 5.224(107%) 2.612(107%) 1.741(107%) 1.306(107%)

3100 1.026(107%) 1.005(1077) 5.026(107%) 3.351(107%) 2.513(10™%)

3200 1.899(107%) | 1.861(107%) 9.303(10°%) 6.202(10"% 4.651(10™%)

3300 3.392(107%) 3.323¢10°%) 1.662(107°) 1.108¢10™%) 8.308(107%)

3400 5.855(107%) 5.736(10™") 2.868(107%) 1.912(10°%) 1.434(107%)

3500 9,770(10°%) 9.572(10"%) 1.786(10°%) 3.1910107%) 2.3930167%)

3600 1.585(10° 5 1.554(107%) 7.769(10°°) 5.180(10"%) 3.885(1077)

3700 2.512(107 % 2.461(107%) 1.231(107%) 8.204(10°%) 6.153(10"%)

3800 3.875{10°%)  1-3.796(10°%) 1.898(107%) 1.265(10°%) 9.491(10°%)

3900 5.884(107 1) 5.765(10°%) 2.882(10°%) 1.922(107%) 1.441(107%)

4000 8.729(107H) 8.552(107%) 5.2760107%) 2.851(10"%) 2.138(10°%)
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EQUILYBRIUM CONSTANTS FOR THE REACTION H,0 = ¥H, + OH

Table XX

p %p Ny = Ky/PX (P, atm)
_ THoH P (peis)
T°K 5 e— . {psia
Pu,o
150 300 450 600
1500 5.123¢107%) 1.603(1077) 1.134¢1077) 9.258(107 %) B.018(10° 8
1600 2.165(10™%) 6.777(10"7) 4.792¢10°7) 3.912(10°7) 3.388(1077)
1700 7.943010”%) 2. 486(107%) 1.758(107%) 1.435(107%) 1. 243(10°%)
1800 2.,402(10°°) 7.518(107%) 5.316(107°) 4.341(107%) 3.759(10°%)
1900 6.595(10°%) 2.064(10°%) 1.460(1079) 1.192(16°%) 1.032(107%)
2000 1.642(10°%) 5.140(10 7%} 3.634(10°%) 2.967(107%) 2.570(107 %)
2100 3.694(107%) 1.156(10°%) 8.176{10°%) 6.676(107%) 5.781(107%)
2200 8.058(10™%) 2.522(107%) 1.783(10°% 1, 456(107%) 1.261(107 %
2300 1.566(10"") 4.902(10" %) 3, 466{10™%) 2.830(107%) 2. 4511074
2400 2.946(107%) 9.221(10™%) 6.520¢107%) 5.324(107%) 4.611(107%)
2500 5.230¢(10°%) 1.637(1079) 1,158¢10°%) 9.451(107%) 8.185(107%)
2600 8.970(107%) 2.808(10°%) 1.985¢(107%) 1.621(107%) 1.404(107%)
2700 1.463(107%) 4,579(10°%) 3,238(10°%) 2.644(107%) 2.290(10 )
2800 2.312(10°%) 7.237¢(10°%) 5.117¢107%) 4,178{107%) 3.618(107Y)
2900 3.556{107 %) 1.113(107%) 7.869(10°%) 6.425(107%) 5.564(1079)
3000 5.289(107%) 1.655(107%) 1.171¢(107%) 9.558(107°) 8.277(10°%)
3100 7.674(167%) 2.402(107% 1.698(107%) 1.387(10°%) 1.201(107%)
3200 1,087(107%) 3.402(107%) 2.406(107%) 1.964(107%) 1,701010°%
3300 1.513(10" 1) +.736(10° ) 3.34910° %) 2.734(16"%) 2.368(10° %)
3400 2.060(107 % 6.448(107 % 4.559(107%) 3.723(107%) 3.224(107%)
3500 2.749(107% . 3.605(40° % 5.084(107%) 4.968(10°%) 4.302(107%)
3600 3.615(187 %) 1.1320107 % 8.001(107%) 6.533(107%) 5,658(107°)
3700 4.688(107 H 14874107 Y 1.038(10" Y 8. 4720107 % 7.337(107%)
3800 5.983010° Y 1.873(107 Y 1, 3240107 1.081¢10" %) 9.364(10"%)
3900 7.598(107%) 2.378(10° Y 1.682(107") 1.373(10™%) 1.189(10° 1)
4000 9.489(10°H) 2.970(107%) 2.100(107 1Y) 1.715(167Y) 1.485(107 %)
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Table XIX

February 1, 1847

HEAT CONTENT BELOW 298.16°K IN CALORIES PER MOLE OF
LIQUID OXYGEN, FLUORINE AND HYDROGEN AT VARIOUS PRESSURES

OXYGEN FLUORINE HYDROGEN
Pressure, Temp. , INELLERY Temp., AH2O8 .18 Temp., 208,18
psia °K r °K T °K Ay
150 120.0 2584 111.6 2660 20.4 1905
300 133.1 2299 123.1 2466 20. 4 1905
450 142.2 2159 130.9 2217 20. 4 1905
600 149.2 1813 137.0 2100 20.4 1905
Table XIII
COMPOSITION, AYAILABLE HEAT, ENTHALPY CHANGE,

AND MOLECULAR WEIGHT OF PROPELLANT GAS AT VARIOUS

TEMPERATURES: aN H, + 0, ; P_ = 450 psi 2 = 1.3
. R -
Temperature, °K ;

SV . .

Comporent 3000 ozing 3208 3118
N, wm,o . 42805 . 42068 41080 L 41909
N, (Hp .21937 .21924 . 21942 .21925
N, (H) .01337 L01799 .02380 . 01893
N, 0 . 00025 .00046 . 00080 .00051
s (0} .00034 00064 00116 L00072
N, (OH) 00874 .01246 01723 L01324
, (N . 32862 . 32661 .32398 .32618
N, M) .00014 .00023 . 00036 .00025
s (NO) L0011 . 00169 .00248 .00182
-Q,, 27,377 26,621 25,622 26,459

T, 25,321 26,286 27,206 26, 459
488.186
M 17.461
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SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE-OXYGEN

Table XIV

AT VARIOUS PRESSURES AND MOLE RATIOS

Mole Chamber Chamber Molecular CP Exit Specific
Ratio | Pressure | Temperature Weight Y= T | Temperature Impulse
v
. o
a P_, psia T,, K M T,, °K 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 1.2217 1767 271. 8
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 1.231¢6 1653 285.5

1.5 150 3037 17.347 1.2394 1939 238.0
300 3089 17.421 1.2404 1721 264.6
450 3118 17.461 1.2409 1604 277.8
600 3138 17.487 1.2415 1525 286.2

2 150 2743 15.891 1.2548 171% 235.0
300 2767 15.919 1.2575 1492 260.0
450 2785 15.933 1.2591 1375 272.1
600 2788 15.941 1.2603 1297 279.8

zZ.3 150 2479 14.911 1.2694 1514 229.5
304 248% 14.921 1.2731 1303 253.¢
450 2495 14,925 1.2754 1192 264.3
600 2500 14.928 1.2769 1118 271.5

3 150 2266 14.225 1.2821 1350 223.7
300 2272 14,229 1.2866 1160 246.2
450 2275 14.230 1,2889 1056 257.¢0
600 2278 14.231 1.2909 288 263.6
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Table XV

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE- FLUORINE
AT VARIOUS PRESSURES AND MOLE RATIOS

Mole Chamber Chamber Molecular CP Exit Specific
Ratio | Pressure | Temperature Weight Y = ‘&~ | Temperature Impulse
v
a P_, psia T., °K M T,, °K I, sec

.55 150 4484 18.985 1.322¢8 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
.6 600 4670 18.827 1.3198 1901 323.9
.65 150 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
.8 150 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 315.1
1 150 3681 16. 466 1.3167 2105 262.3
300 3781 16.584 1.3166 1831 290.17
450 3839 16.653 1.3162 1687 304.9
600 3882 16. 697 1.3160 1593 314.1
2 150 2872 14.431 1.3119 1633 247.8
300 2904 14.462 1.3148 1411 273.0
450 2921 14.479 1.3186 1283 285.2
600 2935 14.489 1.3177 1200 293.0
3 150 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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SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDROGEN-OXYGEN

Table XVI

AT VARIOUS PRESSURES AND MOLE RATIOS

Mole Chamber Chamber Molecular y = CP Exit Specific
Ratio | Pressure | Temperature Weight T Temperature Impulse
1
a P,, psia T,, °K M T,, K I, sec

4 150 2883 9.858 1.2353 1852 308.1
300 2922 9.889 1.2373 1638 342.0
450 2942 9.904 1.2385 1522 358.8
600 2987 9,915 1.2399 1443 369.4

4.5 150 2718 9,049 1.2441 1723 311,2
300 2742 9.087 1.2471 1508 344.6
450 2756 9.074 1.2488 1393 361.0
600 2766 9,079 1.2503 1316 arL. 4

5 150 2586 8.379 1.2531 1599 312.6
300 2572 8. 388 1.2573 1387 345.4
450 2581 8. 392 1.2592 1276 361.3
600 2588 8,395 1.2607 1202 371.4

5.5 150 2404 7.817 1.2625 1483 312.9
300 2414 7.821 1.2668 1279 345.1
450 2420 7.823 1.2692 1171 360.7
500 2425 . 1.824 1.2708 1100 370.7

] 150 22563 7.341 1.2715 1378 312.§
300 2270 7.343 1.2764 1182 343.9
450 2274 7.345 1.2791 1078 359.1
600 2278 7.345 1.2810 1010 368.9

7 150 2019 6.586 1.2887 1200 309.8
300 2023 6.586 1.2943 1019 340.4
450 2026 6.586 1.2971 925 355.2
600 2029 6.587 1.2991 864 364.4
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Table XVII

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDROGEN-FLUORINE
AT VARIOUS PRESSURES AND MOLE RATIOS

Mole Chamber Chamber Molecular c Exit Specific
. : = _P
Ratio | Pressure | Temperature Weight Y = ¢ | Temperature Impulse
v
a Pc, psia T, K M Te, °K I, sec

4 150 3033 9.023 1.3164 1738 321.7
300 3086 9.056 1.3190 1488 355.1
450 3113 9.073 1.3205 1357 371.3
600 3136 9.083 1.3216 1272 381.8

4.5 150 2869 8,452 1.3176 1639 323.0
300 2907 8.473 1.3211 1397 356.0
450 2927 8.482 1.3232 1269 371.9
600 2943 8. 489 1.32458 1186 382.2

5 150 2712 7.953 1.3202 1544 323.5
300 2738 7.966 1.3244 1308 256.0
450 2752 7.973 1. 3269 1185 371.4
600 2764 7.917 1.3284 1105 381.4

6 150 2422 7.140 1.3278 1365 321.9
300 2434 7.144 1.3330 1146 353.2
450 24490 7.146 1.3359 1032 368.0
600 2447 7,147 1.3373 960 377.6

7 150 2170 6.510 1.3370 1208 318. 4
300 2177 6.511 1.342¢6 1008 348.7
450 2180 6.512 1.3451 906 363.0
600 2185 6.512 1. 3469 841 372.3




February 1, 1947

Table XVIII

SUMMARY OF CALCULATED DATA FOR THE SYSTEM HYDRAZINE-HYDROGEN

PEROXIDE (ANHYDROUS) AT VARIOUS PRESSURES AND MOLE RATIOS

Mole Chamber Chamber Molecular Cc Exit Specific
Ratio | Pressure | Temperature Weight Y= 'C& Temperature Impulse
v

a | P_, psia T., °K M T,, °K I, sec
.60 300 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

.65 300 2800 18.405 1.2172 1635 247.6
450 2815 18.432 1.2182 1525 - 259.8

600 2825 18. 449 1.2191 1450 267.17

.70 300 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

.15 300 2712 17.758 1.2244 1561 247.3
450 2722 17.7174 1.2259 1449 259.2

600 2728 17.784 1.2270 1374 266.7

1.00 300 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

Mo l.e Chamber Chamber Molecular 4 _ Cp Exit Specific
Ratio | Pressure | Temperature Weight T | Temperature Impul se
v
a P, psia T,, °K M T,, °K I, sec

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 1.3134 1381 259.2

2 300 2981 19.357 1.3128 1453 239.3
450 3000 19.384 1.3144 1323 250.0
600 3012 15. 402 1.3155 1237 256.7
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Table XX

SUMMARY OF MAXIMUM SPECIFIC IMPULSE DATA AND ASSOCIATED CHARACTERISTICS

FOR SIX LIQUID PROPELLANT SYSTEMS AT VARIOUS PRESSURES

Mole Chamber Chamber Molecular c Exit Specific
. . Y =_P
Ratio | Pressure | Temperature Weight © Temperature Impulse
v
a P_, psia T., °K | T,, °K I, sec
Hydrazine - 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
4.98 450 2588 8.415 1.2588 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 (Asmhydrous)
0.675 300 2780 18.238 1.2189 1617 247.7
8.66 450 2806 18.363 1.2190 1518 259.8
0.65 600 2825 18. 449 1.2191 1450 267.7
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 21.9%0 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. Title Distribution

RA-15021 Flight Mechanics of a Satellite Rocket A(l), C, D(1)

RA-15022 Aerodynamics, Gas Dynamics and Heat A(l), C, D(1)
Transfer Problems of a Satellite
Rocket

RA-15023  Analysis of Temperature, Pressure and A(l), C, D(1)
Density of the Atmosphere Extend-
ing to Extreme Altitudes

RA-15024 Theoretical Characteristics of Several A(l), C, D(3)
Liquid Propellant Systems

RA-~15025 Stability and Control of a Satellite A(l), €, pD(1), D(2)
Rocket
RA-15026 Structural and Weight Studies of a A(l), €, D(1)

Satellite Rocket
RA-15027 Satellite Bocket Power Plant A(l), ¢c, D(3)

RA-15028 Communication and Observation Problems A(l), C, D(2)
of a Satellite

RA-15032 Reference Papers Relating to a A(l), C, D(2)
Satellite Study

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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A (1). GOVERNMENT AGENCIES

Guided Missiles Committee

Joint Research & Development Board
New War Department Building
Washington, D.C.

Commanding General (4 Coples)

Army Air Forces

Washington 26, D.C.

Attention: AC/A3-4, DRE-3, Pentagon

Commanding General (238 Copies)
Axr Materiel Command
Wright Field, Dayton,
Attention: TSEON-2

Ohio

Commanding General

ALT University

Mezxwell Field, Alabema

Attention: Air University Library

Chief of the Bureau of Aeronautics {6 Copies)
Navy Department

wWashington 38, D.C.

Attention: TD-4

Chief of the Bureau of Ordnance (4 Coptles)
Hevy Department
Washington 23,

Attention; Re-9

n.C.

Chief of the Buresu of Ships (3 Coples)
N&vy Department

washington 28, D.cC.

Attention: Code 633

Chiefl, Guided Missiles Branch
Technical Comsand
Edgewood Arsenal, Maryland

Commanding General

Proving Ground Command

Eglin Field, Florida

Attn: Firet Experimental Guided Missiles Group

Commanding Officer (2 Coples)

gffice of WNaval Research Branch Office
818 Mission St.
S8an Francisco, Californie
Commanding Officer

U.8. Kavsl Afir Missils Test Center
Point Mugu, Californias

Commanding Officer
U.8. Naval Ordnance Test Station
Inyokern, Californis

Commanding Officer
Alamogordo Army Air Base
Alamogordo, New Mexico

National Advisory Committes
for Aeronsutics (4 Copies)
1800 Mew Hampshire Avenue, N.W.
Washington, D.C.
Attention: uMr. C.H.

Director,

Helms

Director, Naval Research Laboratory (3 Copiee)
Anacostis Station
Washington, D.C.

Library of Congress (3 Copies)
Technical Information Section
Washington 36, D.C.

Attention: Mr. J. Heald

Office of the Chief of Ordnance
Ordnance Research & Development Division
Rocke t Braach

Pentagon

Washington 28, D.C.

Chief of Naval Operations
Navy Department
Washington 38, D.C.
Attention: Op-07

C. PRIME CONTRACTORS

COGNIZANTY
CORTRACTOR TRANSMITTED VIA AGENCY
Applied Physics laboratery Developnent Contrsct Officer BUORD
Johns Hopkins University Applied Physics Laboratory
Silver Bpring, Maryland Johns Hopkins University
Attn: Dr. Dvight E. Gray 8831 Georgis Avenue
(3 copies) Silver 8pring, Maryland
Bell Afrcraft Corporation Bureau of Aeronautjos Rep. AAF
Nisgara Falls, Kev York Cornell Aeronsutical fab. BUAER
Attn: Mr. R. H. Stanley Box 88 & BUORD
Mr. B. Hamlin Buffalo, MNew York
Bell Yelephone Laboratories ORD DEPT
Murrey Hill, New Jersey
Attn: Dr. W. A. WacNair
Bendix Aviation Corporstion AAF &
Special Products Development, BUORD
Esst Teterdoro, Nev Jersey
Attn: Dr. Barner Belvidge
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C. PRIME CONTRACTORS (Cont'd)

CONTRACTOR

Boeing Adroraft Company
Sesttle 34, Washington
Attn: Mr. R. H. Nelson

Consolidated~-VYultes Adrcraft Corp.
Lone ftar Ladorstory
Datngerfield, TYexas

Aten: MNr. J. E. Arneld

Consolidated-VYultes Afreraft Corp.
Downey, Californis
Attn: MP. W. M. Robineon

Cornell Aeronsutiocal iab.
Buffalo, New York
Attny Mr. ¥. M. Duke

Curtiss~-Wright Corp.
Columbue, Ohio
Attn: Mr. Bruce Eston

Douglas Afrcraft Co.

El Segundoc Pranoch

R1 Segundo, Californis
Attny Mr. E. ¥. Neinemann

Douglas Afrcraft Co.

3000 Ocean Park Boulevard

8snts Monica, California

Attn: Mr. A. E. Raywoand (1)
Mr. E. ¥. Burton (1)

Eastman Kodak Co.

Navy Ordnance Division
Rochester, New York

Attn: Dr. Berbert Trotter

Fairchild Engine & Airplsne Corp.
KEPA Division
P.0. Box 418
Osk Ridge, Tenn.
Attn: Mr. A. Kalitineky,
Chief Engineer

Fairchild Engine & Adrplane Corp.
Plilotless Plane Division
Farmingdale, Long Island, X.Y.
Attn: Mr. J. A. 8lonim

The Franklin Institute

ladboratoriss for Resoarch and
Development

Philadelphia, Pa.

Attn: Mr. R. H. McClarcsn

General Electrie Co-.
Project Hermes
Schenectady, New York
Attn: Nr« Co K. Bauer

General Electric Co,
Federsl & Marine
Commeroial Divieion
Schenectiady, Kev York
Attn: Mr. A. L. BRuix

Genewral Eleciric Co.

Aviation Divielon

Schenectady, Nevw York

Atin: Mr. 8. A. Bobuler, Jr.
Mr. Phillip Clses
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TRAXSMITYIED VIA

Development Contract Qfficer
Consolida ted-Vultee

Afreraft Corp.

Daingerfield, Teszas

Represontative~in~Charge, BUAER
Consoclidated-Yultee Airoraft Corp.
Yultee Field

Downey, Cslifornia

Development Contract Officer
Cornell Aeronauticsl lLab.
Buffalo, New York

Buresu of Aeronsutics Rep.
Curtiss-Wright Corporation
Columbus 18, Ohio

Buresu of Aeronsautics Rep.
Douglas Adrceaft Co.
El Segundo, Californie

Naval Inspector of Ordnance
Navy Ordnance Division
faatmen Kodak Co.

850 West Main Street
Rochester 4, Nev York

Representative~4in-Charge
Fairchild Engine & Atrplane Corp.
Pilotlees Plane Division
Farmingdale, Long Ieland, N.Y.

Commanding Officer
¥aval Airoraft Modificstion Unit
Johneville, Peunsylvanis

pDevelopment Contrsct Officer
Goneral Electrio Co.
S8chenectady, Nev York

COONIZAKRT
AURNCY
AA¥

BUOBRD

ALP
BUAER
& BYORD

BUORD
4 BUAER

BUAER
& BUORD

BUAER

AAF
ORD DEPT

BUORD

BUAER

BUAER

ORD DEPT

BUORD

AAR



c.

COXTRACTIOR

Glspn L. Martim Co.
Balitimoras, Maryland
Attnt MNr. K. M. Yoorhies

Gleun L. Martin Company
Baltimore 3, Miryland
Attar Mr. W. B. Bargen

Globes Corp.

Adreratt Division
Joliet, Illinois

Attmr  Me. J. A. Weagle

Goodyear Atvcraft Corp.
Akron, Ohio
Attnt Dr. Car) Arnsteln

Goodyear Alrcraft

Plant *B"

Akron 17, Obio

Attn: MNe. A. J. Peterson

Grumman Adrorsaft
Engineering Corp.
Bethpage, Long Island, N.Y.

Attn:  Mr. Willism T. Schwvendler

Hughes Aircraft Co.
Culver City, Califormia
Attn: Mr. D, H. Bvans

Jet Propulsion laboaratory
Californis Inetitute of
Technology (2 copies)

Kellex Corp.
New York, New York

M. ¥W. Xellogg Co.

Foot of Danforth Avenue
Jersey City 3, N.J.

Dr. G. B, Mesaerly

Chatirsan, MIT, CNMC (2 copiee)

Project Meteor Office

Maasschusetts Institute of
Technology

Combridge, Nass.

Attn: Dr. H. G, Btever

MeBonnell Adreraft Corp.
8t. Louils, Missourg
Attn: Mr. W. P. Montgomery

Korth American Aviation Inc.
Los Angeles, Californias
Attn: Dr. Wwm. Bollay

Northrop Adrcraft Ince
Kawthorne, Californis

Princeton University
Physice Department
Princeton, New Jersey
Attn: Dr. John A. Wheeler

PRIME CONTRACTORS (Coant'd)

TRANSMITTED VIA

Buresu of Asronautics Rsp.
@lenn L. Warfin Co.
Bsltimore, 3, Naryland

Inspsctor of Naval Naterial
141 W. Jackson Blvd.
Chicago 4, Illinois

Bureauw of Aeronsutics Rep.
1210 Massillon Rosd
Akron 18, Ohio

Bureaw of Aeronsautics Rep.
Grumman Afrcraft Eongr. Corp.
Bethpage, L.I., N.Y.

Officer=-in=~-Charge
Ordnance Research &
Development Divisicn
Sub-office (Rocket)

Californis Institute of Technology

Pasadena 4, California

Inspector of Naval Material
90 Church Street
New York 7, N.Y.

Navy Ordnance Resident
Technicdal Liaison Officer

uassachusette Inetitute of Technology

Room 20-C-138
Cambridge 39, Mass.

Bureau of jAeronsutics Rep.
McDonnell Afrcraft Corp.
P.0. Box Bl6

Bt. Louis 31, Missouri

Bureau of Aeronautics
Resident Representative
Municipal Airport

Los Angelee 485, Calif.

Development Contract Officer
Princeton University
Princeton, New Jersey

COONIZANTY
AORNCY

BUABR

ALY

BUAER

HBUAER

AAY

BUAER

AAF

ORD DEPT

BUORD

AAF
BUORD

BUORD &
AAF

AAY &
BUAER

AAF
BUORD
& BUAER

AAF

BUORD
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C. PRIME CONTRACTORS {Cont'd)

COXTRACTOR

Princeton University (3 copiles)
Princeton, New Jersey
Attnt Project BQUID

Radio Corporation of Americas
Victor Division

Camden, New Jersey

Attn: Mr. T. T. Eaton

Redioplane Corporation
Metropolitan Adrport
Van Nuys, Celifornia

Raytheon Msnufacturing Co.
waltham, Massachusetts
Attn: Mrs. H. L. Thomas

Reeves [nstrument Corp.
218 B. 9lst Street
New York 28, ¥.Y.

Bepublic Aviation Corp.
Wilitary Contract Dept.
Parmingdale, L.I., N.YX.
Attn: Dr. William O0'Donnsll

Ryan Aeronautical Co.
Lindberg Field

San Dlego 12, Californis
Attn: Mr. B. T. Salmon

8. W. Marshall Co.
S8horeham Building
Washington, D. C.

Sperry Gyroscape Co., Inc.
Great Neck, L.I., N.Y.

United Afrcraft Corp.
Chance Vought Aircraft Div,
Stratford, Conn.

Attn: Mr. P. 8. Baker

United Aircraft Corp.
Research Departaent
Bast Hartford, Conn.
Attn: Mr. John G. Lee

University of Michigan
Aeronsutical Research Center
Willow Run Afrport
Ypsilanti, Michigan
Attn: Mr. R. F. May

Dr. A. M. EKuethe

University of Southern Californis
Navsel Research Project,

College of Engineering

Los Angeles, Cslifornia

Atitn: Dr. B. T. DeVault

University of Texas
Defense Research Lab.
Austin, Texas

4ttn: pPr. €. P. Boner

Willys-Overland Motors, Inc.

Maywood, California
Atitn: Mr. Joe Talley
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COGNIZANT
TRANSMITTED VIA AGENCY
Commanding Officer BUAER
Branch affice
Office of Naval Research
90 Church Btreet - Rm 1116
New York 7, New York
AAF &
BUOGRD
Bureau of Aeronsutics Rep. BUAER
Lockheed Atrcraft Corp.
2355 Worth Hollywood Way
Burbank, California
Inspector of Kaval Material AAF &
Park Bquare Building BUAER
Poston 18, Mass.
Inspector of Kaval Meterial BUAER
80 Chursh St,
New York 7, N.Y.
AAFP
AAF
Inspe2ctor of Naval Material BUAER
401 water Street
Baltiwmore 23, Maryland
inspector of Naval Materisl BUAER
80 Church Street ORD DEPT
Rew York T, N.Y.
Bureau of Aeronautics Rep. BUAER
United Adrcraft Corp.
Chance Yought Adreraft piv.
Stratford 1, Conn.
Bureaw of Aeronsutics Rep. BUORD
United Alrcraft Corp.
Pratt & Whitney Afrcraft Div,
East Hartford 8, Conn.
AAF
Bureau of Aeronautics Rep. BUAER
16 South Raymond Street
Pasadena, California
Development Contract Officer BUORD
500 Bast 24th Street
Austin 12, Texas
Representative-in-Charge, BUAER BUAER

Consolidated-VYultee Alroraft Corp.
Downey, California




D. COMPONENT CONTRACTORS
(1) ARRODYNAMICS & BALLISTICS

COXKTRACTOR

New Nexico 8chool of Mines
Research & Development Div.
Alduquerque, Mew Mexico

New Mexico School of Agri-
cultare & Mechanic Arts

State College, New Mexico
Attns Dr. George Gardner

New Yark University
Applied Mathematics Center
Hew York, Nev York
Attn: Mr. Richard Courant

Office of the Chief of QOrdnance
Ordnance Research & Development
Diviaion

Researeh & Materis«ls Hranch
Hallistics Section

Pentagon

Washington 25, D.C.

Polytechnic Institute gf Brooklyn

Brooklyn, Kew York
Atint Mr. R.P. Harrington

University of Minnesota
Minneapolis, Minnesota
Attn: Dr. Akerman

Aerojet Engineering Corp.
Arusa, Californie
Attnt  K.F. Mundt

Marquardt Airovaft Co.
Venieces, California
Atint Dr. R« £+ Marquardtl

Belmont Radio Corporation
5921 West Dickens Avenue
Chicago 28, 1llinois

Attn: Mr. Harold C. Mattes

Bendix Aviation Corp.
Eclipse~-Pioneer Division
Teterboro, Mew Jersey
Attn: Mr. Rs €. Sylvander

Bendix Aviation Corp.
Pacific Divistion, SPD West
North Hollywood, Calif.

Bendix Aviation Radio Division
Esst Joppa Road

Boltimore 4, Marylana

Attn: MNMr. J. W. Hammonda

Buehler and Company

1607 Howard Street
Chicago 26, I[llinois
Attn: Mr. Jack M. Roehn

Commanding General
Army Air Forces
Pentagon

Washington 26, D.C.
Attn: A€C/AS-4, DRE-2F

COGNIZANY
TRANSMITTED VIA
AGEXCY
Development Contract Offtcer BUORD
New Mexico School of Hines
Albuquerque, New Mexico
Development Contract Officer BUORD
New Mexico School of Mines
Alduguergque, New Mexico
Inspector of Nsvsl Msterial BUAER
80 Church Street
MNew York 7, New York
ORD DEPT
Inspector of Naval Material BUAER
80 Church Street
New York 7, New York
Inspector of Naval Material BUORD
Federal Bldg.
Milwaukee 2, Wis.
Bureau of Aeronautics Rep. BUAER
15 South Raymond Street
Pasadena, California
Buresu of Aeronsutics Rep. BUAER
186 South Raymond Street
Pasadena, California
——————
{3) GUIDANCE & CONTROL
AAF
Bureau of Aeronautics BUAER
Resident Representative
Bendix Aviation Corp.
Teterdore, New jersey
Development Contract Officer BUORD
Bendix Aviation Corp.
11600 Sherman Way
North Hollywood, Cslifornia
AAF
AAF
AAF
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D. COMPONENT CONTRACTORS (Cont‘d)

CONTRACYTOR

Consolideted-Vultee Afrcraft
Corporation

Ban Diego, Californis

Attn: Mrs, C. Jo Breitvieser

Cornell University
Ithaca, Nex York

(2) GUIDANCE & CONTROL

COGNIZANT

TRANSMITTED VIA
AGENCY

Bureau of Aeronautics BUABR
Representative,

Consolidated-Vultee Afrcraft Corp.

San Diego, Californias

AAF

Attn: Mr. William C. Ballard, Jr.

Pirector, (.8, Navy Electronics NAVY

1aboratory,
San Diego, Californis

Rleetro~Nechanieal Research
Ridge Field, Comnecticut
Attn: Mr. Charles B. Aiken

AAF

Farnsworth felevision and Redio Co. DCO, Applied Physics Labarstory BUORD

Fort Weyne, fIndiana
Attn: dr. J. D« Schantz

Johns Hopking University
8821 Georgia Avenue,
Silver Spriang, Maryland

Federal Telephone and Radio Corp. AAF

200 Mt. Pleasant Avenue
Newark 4, New Jersey
Attn: MNr. E. K. Wendell

Galvin Manufacturing Corp.
AB48 Augusta Blvd.

Chicago 6, Illinoin

Attn: Mr. G. R. MacDonald

G« %o Giannini and Co., Inc.
480 West Colorsdo St.
Pasadena, Californis

Gillfillan Lorp.

18181840 Venice Blva.
Los Angeles 8, Califormia
Attn: Mr. G. H. Miles

Hillyer Engineering Co.
New York, Ner York
Attnt Mr. Curtiss Hillyer

Kearfott Engineering Co.
Rew York, New York
Attn: Mr. W. A. Reichel

XLear Incorporsted

110 fona Avenue, K.W,
Grand Rapids 2, Michigan
Attn: MNr. R.M. Mock

Manufacturers Machine & Tool

320 washington Street

Mt. Vernon, N.Y.

Attn: Mr., L. Kenneth Mayer,
Comptroller

AAF

Bureau of Aeronsutics Rep. BUAER
13 South Raymond 8t.
Pasadena, California

AAF

Inspector of Naval Materisl BUAER
80 Church Streot
New York 7, New York

Inspector of Naval Material BUAER
80 Church Street
New York 7, New York

AAF

Co. AAF

Minnespolis~Honeywell Mfgr. Co. AAF

2753 Fourth Avenue

llnnetpollu‘s, Minnesota

attn: Mr. W. J. McGoldrick,
Viece~President

Ohio State University

Research Foundatiom

Columbus, Ohio

Attn; Mr. Thomas E. Davis,
Staff Assistant

AAF



D. COMPONENT CONTRACTORS (Cont'd)

CONTRACYOR

fisller, Raymond & Nrown

P.0. Box 342

State College, Pennsylivania
Attn: Dr. R, C. Raymond, Pres.

Offlce of Chief Bignal Gfficer
Engineering & Technical Bervices,
Enginesring Division

Pentagon

Washington 26, D.C.

Raytron, Inc.

208 E. Washington Avenue

Jackeaon, Michigan

Attn: MNr. John R. Gelzer, Vice-Pres.

L. N. Schwein Engineering Co.

8736 wWashington Blvd.

Los Angeles k8, California

Attn: L.N. Schweln, Genéral Partner

SBenfor Naval Liaison Officer

U.S., Mavel Electronic Lislson 0Office
S8ignal Corps, Engineering ladboratory
Fort Monmouth, New Jerssy

8ervo Corporation of America
Huntington, L.X., New York

8quare D Co.

Kollemsan Inatrument Division
Elmburst, New York

Attn: Mr. Y. E. Carbonara

Stromberg-~Carlson Company
Rochester, New York
Attn: M¥r« L.1. Spencer, Vice-Pres.

Submarine S§ignal Company
Boston, Msessachusetts
Attn: Mr. Edgar Horton

Summers {yroscope Co.
1100 Coloradoe Avenue

S&nts Konica, California
Attnt Mr. Towm Summers, Jr.

8ylvania EKlectric Products Inc.
Flushing, Long Island, N.Y.
Attn: Pr. Robert Howie

University of fllinois
Urbana, Illinois
Attn: Mr. H. E. Cuaninghams, 8ec.

tlniversity of Pennsylvania
Noore Behool of Electrical Engr.
Philedelphis, Pa.

finiversity of Pittsburgh
Pittsburgh, Pennsylvanias
Attn: Mr. E. A. Holbrook, Dean

OUniversity of Virginia
Phaysices Department
Charlottesville, Virginia
Attn: Dr. J. W< Beams

(%) GUIDANCE & CONTROL

TRANSMITTED VIA

Inspector of Naval Materisl
80 Church Streot
New York 7, New York

Bureau of pAeronsutics Rep-
80 Church Btreet
New York ¥, Hew York

Development Contract Officer
Heasachusetts Institute of Technology
Cambridge 39, Messsachueetts

Inspector of Neval Material
90 Church Street
Ke¥ York 7, New York

Commandihg Officer
Naval Afrcraft Modiftcation Unit
Johnsville, Pa.

Development Contract Oofficer
Univeresity of Virginias
Charlottesville, Vvirginia

COGNIZANT
AGENCTY

AA¥

ORD DEPY

AAF

AAF

NAYY

BUAER

BUARR

AAF

BUORD

AAP

BUCRD

AAFP

BUARR

AAF

BUORD
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D. COMPONENT CONTRACTORS (Cont*'d)
{3) GUIDANCE & CONTROL

COGNIZANT

CONTRACTOR TRANSMITTED VIA AGENCY

washington University AAF

Research Foundation

#1385 Forsythe Blvd.,

Clayton 8, Missouri

Attnt Dr. R. G. Spencer

Westinghouse Rlectrie Corp. AAF

Springfield, Msszsachusetts

Attn: J.K.B. Hare, Vice«Pres. -

{Dayton Office)

DPirector of Specialty ORD DEPT
Proaucts Development

waippany Radio Laboratory

¥hippany, N.J.

Attn: Mr. M.H. Cook

Zenith Radio Corporsijion AAF

Chicagoe, Illinois

Attn: HRugh Robertson,

Executive Vice-Pres.

(3) PROPULSION

Aerojot Engineering Cori.n Bureau of Aeronautics Rep. BUAER
Azusa, California 15 South Raymond Street
Attn: K.F. Mundt Pasadena, California

Armour Research Foundation ORD DEPT
Technical Center,

Chicago 18, Illinois

Attn: Mr. W. A, Casler

Arthur D. Little, Inc. ORD DEPY
30 Memorial Drive,

Cambridge, Wass.

Attn; Mr. Helge Holst

Battelle Wemorial Institute AAF &
808 King Avenue BUAKR
Columbus 1, Ohio

Attn: Dr. B. D. Thomas

Bendix Aviation Corp. Development Contract Officer BUORD
Pacific Division, SPD West Bendix Aviation Corp-.
N. Hollywood, Calif. 11800 Sherman Way

N. Hollywood, Calir.

Bendix Products Diviston AAF
Bendix Aviation Lorporsation BUORD
401 Bendix Drive

Bouth Bend 20, Indiana

Attn: Mr. Frank €. Mock

Commanding General ARF
ATrwmy Air Forces

Poentagon

washington 23, D.C.

Attn: AC/AS~4 DRE-2g

Commanding General

Air Materiel Conmand

Wright Field Dayton, Ohio

Attn: TSEPP-4B(2) TSEPP-4A (1)
TSEPP-BA (1) TSEPP-8C (1}
TSORE~ (1)

Commanding Officer ORD DEPT

Picatinny Arsenal

Dover, New Jersecy

Attn: Technical Division
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D. COMPONENT CONTRACTORS {(Cent

CONTRACTOR

Commanding Officer
Watertova Araensl

Watertovn %3, Memsachuaetta.
Attnt ladoratory.

Continentsl Avistion and Engr. Corp.
Petroit, Michigan

Curtiss-Wright Corporation
Propeller Division
Caldwell, New Jeraey

Attn: Mr. C. W. Chillson

Experiment, Incorporasted
Richmond, Virginia
4ttn: Dr. J. W. Mullen, II

Feairchild firplane & Engine Co.
Ranger Alrcraft Engines-Div.
Farmingdale, L.I., New York

Genersl Motors Corporation
Allison Diviston
Indianapolis, Indfana
Attn: Mr. Ronald Hazen

G« M. Giannini & Co., Inc.
$88 W. Colorado St.
Psssdena, California

Hercules Powder Co«
Port Even, N.Y.

Marquardt Alrcraft Company
¥Yenice, California
Attn: Dr. R. E. Marquardt

Menasco Manufacturing ¢o.

805 B. 8San Fernando Blva.

Burbank, Californis

Attn: Robert R. Miller
Exec. Vice«Pres.

New York University
Applied Msthematics Center
New York, New York
Attn: Dr. Richard Courant

Qrfice of Chief of Ordnance

ordnance Research & Development Div.
Rocket Branch

Pentagon,

¥ashington 38, D.C.

Polytechnic Institute of Brooklyn
Brooklyn, New York
Attnt Mr. R.P. Harrington

Purdue University
Lafayette, Indians
Attn: Hr. G. S. Meikel

Reaction Motors, Inc.
Lake Denmark
Pover, New Jersey

{3} PROPULBION

TRANSMITTIED VIA

Bureau of Aeronautics Rep.
11111 Fremeh Road
PDetroit B, Michigan

Development Contract Officer
P.Q. Box 1i-T
Richmond 2, Virginis

Bureau of Aeronautics Rep.
Bethpage, L.I., N.Y.

Bureau of Aercnautics Hep.
General Motors Corporation
Allfison Diviation
Indianapolis, Indianas

Inaspector of Xaval Material
80 Church Street
New York ¥, New York

Buresu of Aeronautics Rep.
18 SBouth Raymond Street
Pasadena, California

Inspector of Naval Material
80 Church Street
New York 7, Mew York

Inspector of Navasl Materisl
90 Church Btreet
New York 7, New York

[nspector of Naval Msterial
141 W, Jackeon Blvd.
Chicsgo 4, [llinois

Bureau of Aeronautics
Resident Representative
Reaction Motors, Inc.
Naval Ammunition Depot
Lake Denmark, Dover, N.J.

COGNIZANT
AGRNCY

OAD DEPT

BUARR &
AAF

AAFV

BUORD

BUAER

BUAER

AAF

BUORD

AAY
BUAER

AAF

BUAER

ORD DEPY

BUAER

BUAER
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D. COMPONENT CONTRACTORS (Cont'd)

CONTRACTOR

Rensselaer Polytechnioc Institute

Troy, New York

Attat Instructor of Raval Bolence

Bolar Aircraft Company
San Diego 13, California
Attn: Dr. M.A. Williamson

Standard 011 Company
Esso Laborstories
Elirabeth, Kew Jersey

Univeraity of virginia
Fhysics Departument
Charlottesville, Virginia
Attn: Or. J. W. Beaus

University of wisconsin
Madison, Wisccnsin
Attn: Dr. J.0. Hirschfelder

Weatinghouse Electric Co.
Essington, Pennsylvania

wWright Aeronautical Corp.
¥oodridge, New Jersey

Be thlehem Steel Corp.
Shipduflding Divislon
Quincy 89, Mavs.
Attn: Mr. B, ¥Fox
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{(3) PROPULS ION

TRANSMITTED VIA

Development Contract Officer
Standard 011 Company

Esso laborsatories, Hox 243
Elizabeth, Xew Jermey

Development Contract Officer
University of Virginis
Charlottesville, Virginis

Inspector of Naval
Materisl,

141 W. Jsckson Blvd.
Chicago 4, Illinols

Bureau of Aeronautics
Resident Representative
¥estinghouse Electric Corp.
Essington, Pennsylvanias

Buresau of Aeronautics Rep.
Wright Aeronautical Corp.
Woodridge, New Jersey

Supervisor of ghipbuilding,
Quincy, Mass.

COGNRIZANT
AGENCY

BUORD

ORD DEPY

BUORD

BUORD

BUORD

BUAER

BUARR

BUAER



