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ABSTRACT

The purpose of this investigation is to determine the
effect on the temperatures and the performance parameters of
the addition of (1), liquid hydrogen, and (2), liguid ammonia
to three bipropeliant systems currently of interest. These
bipropellant systems are: mnitrogen tetroxide-hydrazine,
hydrogen peroxide=hydrazine, and RFNAwhydrazine;

For each of the six tripropellant systems investigated
the chamber temperature, exhaust temperature, and all the
important parameters were calculated, These calculations
for each system were carried out for both equilibrium flow
and constant composition flow assumptions, All the results
are listed in tables and the more importantrparameters are
presented in graphical form as well,

One hydrogen containing system and one ammonia con-
taining system are discussed in detail., General results
for all systems include the fact that the largest proportion-
ate decreases are observed in the variation of the exhaust
and chamber tem?eratures whereas the specific impulse shows
slight increases or proportionate décreases of much smaller
magnitude than the proportionate decreases in temperatures,

Several new parameters are introduced in an effiort
to make possible the prediction of performances of a tripro-
pellant system il the chamber temperature variation is known,
These parameters may also be used in an indirect manner to
illustrate the relative merit of liquid hydrogen and liguid

ammonia as coolants in tripropellant systems,
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INTRODUCTION

One of the ever present problems in the design of
any heat engine is the problem of removing the heat genersted
by the combustion at a rate high enough to prevent failure
of the engine, In a thermal jet or rocket motor the tempera-
tures of combustion and rates of heat transfer are greater
than in any other practical heat engine. It is therefore
easy to understand why this problem is one of the major
problems in thermal jet and rocket motor design,

One soluticn to the problem is regenerative coocling.
A regenerative cooling system maintains the motor wall ma-
terial below its critical temperature by the circulation
of the fuel or oxidant outside the motor wall. For many
of the high performing propellant sysﬁems this method 1s
inadequate and more effective cooling methods must be used
(cf, Ref., 1), Furthermore, many of the newer fuels and
oxidants are not stable enough to permit their use in re-
generative cooling systems.

Theoretically at all operating temperatures, and
practically, at lower temperatures, it has been shown that
film or transpiration cooling systems have certain advantages
(cr. Ref, 2), Also it appears that theoretically such cool-
ing techniques are applicable to very hot propellant systems
over langer pericds of time,

In film or transpiration cooling, the coolant moves

against the flow of heat through the wall material., On the



hot side of the wall the coolant elther evaporates, or
takes part in the chamber reactlon, or some combination
of both., The extent of the mixing with the combustion
gases is not yet known nor is it known what eff{iclency
of absorption of radiant energy by a gas or vapor streanm
may be expected,

If adeguate mixing and complete chemical reaction
are assumed, the addition as a film or trenspiration coolant
of a properly chosen third component may have certain de-
sirable effects on the calculated performance and’adiabati@
flame temperature., Although the extent to which the as-
sumptions are valid must be determined experimentally,
the theoretical effects on performance and gas temperature
are of immediate interest since they will indicate the di-
rection and order of magnitude of the effects that can be
expected (Cf. Ref, 3).

Although liguid water has been seriously considered
(Cf, Refs, 7 and 8), it hes been previously shown that the
most effective third components are liguld or gaseous hy-
drogen and liquid or gaseous ammonia (Cf, Refs, 3, 4, 6 and
7)., These coolants or their dissociation products lewer
the chamber temperature by decreasing the avallable energy
per pound of total propellant., The performance may 1lncrease
because of the lower average molecular weight of the pro-
ducts of reaction, If, however, the performance decreases
its proportionate decrease is always much less than the

proportionate decrease in chamber temperature,



For these reasons the investigation of six tri-
propellant systems currently of interest was undertaken
and the results are presented herein, The systems investi-
gated are: nitrogen tetroxide-hydrazine with liguid hydrogen
added, nitrogen tetroxide-hydrazine with liquid ammonia
added, hydrogen peroxide-hydrazine with liguid hydrogen
added, hydrogen peroxide-hydrszine with liquid ammonia
added, RFNA-hydrazine with liquid hydrogen added, and
RFNA-hydrazine with liguid ammonia added.

The performance parameters were evaluated for each
tripropellant system at‘a mixture ratic corresponding to
stoichiometric proportions with respect to the bipfopellant
oxidant and fuel, but with varying amounts of liquid hydro-
gen or liquid ammonia added in excess, Steichiometric pro-
portions of the bipropellant components were chosen since
the chamber temperature is very nearly the maximum value
at this mixture ratio and the reduction in flame tempera-

ture resulting from an added component would be most marked,
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EXPLANATION OF SYMBOLS

Number of moles of water vapor (Hg0) in
the products of reaction

Number of moles of hydrogen (Hy) in the
products of reaction

Number of moles of hydroxyl ions (OH) in
the products of reactvion

Number of moles of atomic hydrogen (H)
in the products of reaction

Number of moles of oxygen (0Og) in the
products of reaction

Number of moles of atomic oxygen (0) in
the products of reaction

Number of moles of nitrous oxide (N0) in
the products of reaction

Number of moles of nitrogen (Np) in the
products of reaction

Number of gram atoms of hydrogen in the
reactants

Number of gram atoms of nitrogen in the
reactants

Number of gram atoms of oxygen in the
reactants

Velocity of sound corresponding to cham-
ber conditions (ft sec™t)

) - 2. " S e o =-1
Tffective exhaust velocity (ft sec™)
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Cr

(CP)C

(Cy)e

2l

E(1gp)

E(n)

5

Characteristic velocity (ft sec—1)

Theoretical thrust coefficient of nozzle

Apparent molar isobaric heat capacity of
products of reaction at eguilibrium
chamber temperature (cal mol™+ °K~1)

Apparent molar isochoric heat capacity
of products of reaction at equilibrium
chamber temperature (cal mol~< OK“l)

Average apparent molar isobaric heat
capaclty or proaucts of reaction during
their passage through nozzle
(cal mo1™t Ox~1)

Average apparent molar isochoric heat
capaclty of products of reaction during
their passage through nozzle
(cal mol~1 °k-1)

Dimensionless parameter equal to

s S_Tc
Ispo  Te”
Dimensionless parameter eqgual to
ho-To
n®  T.°

Nozzle throat area (sq in)

Thrust of rocket motor (1Db)

Acceleration of gravity (arbitrarily
chosen equal to 32,2 ft sec—®)

Altitude index (mi)
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T T
LS (o PN g Tn . 3 R
A 35005 Ya) HTgS etc.Change in enthalpy of the products of
reaction (k cal) between superscript
temperature (9K) and subscript tem-

perature (9K)

J’H%i Enthalpy change in a specified system
from Tl to Tg with the system in chemi-
cal equilibrium (K cal)

ISP Specific impulse of propellant (sec)

J Mechanical equivalent of heat (4,186
x 1019 ergs k cal’l)

Ky, Ko, etc, BEquilibrium constants expressed in
terms of partial pressures for
particular reactions as listed on

- page 23,

Knl’ Kng,'etc@ BEquilibrium constants expressed in terms

of number of moles of components for
Vparticular reactions as listed on page 53,

il . Total weight of reactants (gm)

m - Weight rate of flow through nozzle
(1b sec”l)

M Average molecular weight of the products
of reaction during their passage through
the nozzle,

T Average molecular weight of the products
of reaction at equilibrium chsnmber
temperature |

n Number of moles of products of reaction



Average number of moles of products of
reaction present during their passage
through the nozzle

n¢ nRP00  ete,  Number of moles at temperature (°k)

indicated by superscript

Ang, Bng, etc, Number of moles of products minus the

| number of moles of reactants indicated
in balanced equilibrium equation for
a particular reaction
P Total pressure of the products of

reaction (atm.)

Py Nozzle exhaust pressure (psia)
P. Chamber pressure (psia)
Te 2500

Qav’ v , etc, Heat available from completion of re-
action at temperature (°K) as indi-
cated by superscript (k cal)

A Qav gg Change in heat available between T,

) and T, (k cal)
Qr (reactants) Heat of formation of the reactants at
3000 K (k cal)

Qf (products) Heat of formation of the products at

300° K (k cal)

RFNA » Red fuming nitric acid (in this investi-
gation, nitric acid with 6.8% by
weight N504)

Universal gas constant (1.986.ca1

7

-1 OKal)

mo1l-L °k~1, 8,315 x 10 ergs mol
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Absolute temperature (©K)

Equilibrium chamber temperature (°K)

Exhaust temperature (°K)

Average density of rocket propellant
(gm cm=9)

"Ratio of isobaric to isochoric heat
capacity (Cp/Cv)

Ratio of apparent isobaric to isochoric
heat capacity of products of reaction
at equilibrium chamber temperature

Ratio of average apparent isobaric to
isochoric heat capacity of the pro-
ducts of reaction during their passage
through the nozzle

A function of ¥ defined by

r‘1'§;'r<f§135&?%1)

r"l evaluated for ¥ = ¥,

Superscript zero indicates value of
parameter for bipropellant system

at stoichiometric mixture ratio



PART I
DISCUSSION QOF ASSUMPTIONS AND INTRODUCTICON OF PARANMETERS

The results of this investigation can be better
eveluated when they are considered from the point of view of
the assumptions on which they are based, FHence, before the
methods of c&lculating the results are discussed and il-
lustrated, it is necessary to set down the assumptions made
concerning the combustion and flow conditions which must
prevail if the theory and egquations used are to be conplete-
ly valid,

The assumptions are listed beleow in the approximate
order in which they are applied in Parts II and III, MNany
of the assumptions are discussed in greater detzil in these
succeeding secticns,

1. First of all, it is assumed that the propellants
react completely and there is sufficient time
for estabiisbment of equllibrium concentrations
of the normally unexcited components (Hg, HgO,
OH, H, Og, 0, NO, No, N) at the adiabatic flame
temperature determined by the mass and heat
balance,

2. All minor components are considered in these
calculations except atomic nitrogen (N), Neg-
lecting this component introduces an error
which is smaller than possible errors in the
egquilibriunm constants which determine the

composition,
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The equipartition of energy smong the electronic,
vibretional, and rotational energy levels is instan-
taneous, both in the chawmber and in the nozzle ex-
pansion processes for the constant composition and
equilibrium flow conditions assumed,

.
The gas mixture composition, L&H%QO, and Q&V
are assumed to be linear over temperature ranges
of one nundred degrees Kelvin,
For calculation of the characteristic velocity, the
ratio of specific heats (%) is assumed to be the
ratio of the specific heats at the equilibrium cham-
ber temperature (¥,). This was calculated on the
basis of the enthalpy change over the one hundred
degree temperature interval nearest the chamber tem-
perature at constant pressure, the chamber pressure,
For calculation of the exhaust temperature, a con-
stant average ratio of specific heats (¥ ) is used,
This was calculated on the basis of the enthalpy
change during the nozzle expansion process,
The function ', defined below, can be represented
by a s linear function of ¥ (i, Ref, 5). By

definition,

I

f%l
) szli
K-%l.
By linear approximation,

O = 1047 + .5048¥

This linear approximation was checked over the range

of ¥ encountered in these calculations and found
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0

10,

11.

12,

-11=

to be equal to the value calculated by the longer
expression to within one-half per cent.

In the calculations in which equilibrium flow is
assumed to be maintained in the nozzle expansion pro-
cess, the gas mixture composition changes continuous-
ly and instantaneously in accordance with the tempera-
ture and pressure variations as determined by the cor-
responding chemical eguilibrium constants?

In the calculations in which constant composition
flow is assumed to be maintained, the gas mixture re-
mains constant as the gases flow from combustion
chamber to the exhaust atmosphere, The composition,
therefore, ié equal to thaet at the adisbatic flame
temperature (Te) in the chamber,

The chamber pressure (Pp) is taken to be 300 psia

for all calculatiOﬁs'presented here and the nozzle
exhaust pressure (Pg) is assumed to be 14,7 psia,
Steady flow conditions prevail throughout fhe nozzle,
It is assumed that shock disturbances may be neglected
and that the velocity profile is flat, It is further
assumed thet one dimensional flow eguations are

valid, :

Since the expansion process.is taken to be lsentropic,
entropy éhanges from viscous and friction effects

are assumed to be negligible,

The enthalpy of the reaction products is inde-

pendent of the pressure, This is essentially



true since the highest pressures used in the
calculations are relatively low,

13, The velocity of the reaction products in the
chamber is negligible when compared with their
velocity in the exhsust,

The performance parameters calculated in this in-
vestigation are those currently in use at the Jet Propulsion
Laboratory, California Institute of Technology, to zid in
Judging the relative~merit of a liguid rocket propellant
system, Their definitions, therefore, are reviewed here
only briefly,

The characteristic velocity (c%) is defined arbi-
trarily to relate mass flow, chamber pressure and nozzle
throat area. As such, it is a2 measure of the efficiency
of the combustlon process and can be experimentally deter-
mined from easily measured gquantities, A Theoretical value
can be calculated from Tg, ¥ ¢, and Me for a given propellant
system and combustion conditions, The theoretical value is
a measure of the merit of the propellant and is usually
about ten percent greater then the experimentally determined
value, Comparison of the cheracteristic velocity obtained
in practice and, in theory, is an aid in combustion chamber
design,

The effective exhaust velocity (c¢) is that velocity
which when multiplied by the mass rate of flow will give
the thrugta The effective exhaust velocity is the nozzle exit

velocity when conditions are as assumed in this thesis, Here



G
= §

again is a parameter which can be computed Theoretically

and also can be determined experimentally from easily

\J

measured guantities,
Closely related to the effective exhaust velocity

'

is the specific impulse (Igp). This is defined as the
&

!-Jc

pounds of thrust per pound of propellant consumed per second,
.é,) & f Y i‘

It is obtained by dividing the effective exhaust velocity

It has been found useful in practice to define a
nozzle thrust coefficieht (CF) which is a function of the
chauber pressure, nozzle throat ares, and the thrust, Thus,
the thrust coefficient can be determined experimentally and
compared with the theoretical value, The theoretical value

ey

is obtained by dividing the effective exhaust velocity by

The altitude index of a propellant system is the

.

vertical range which a large rocket of an arbitrarily chosen
total impulse would attain for a particular set of given
assumptions, Once the total impulse has been chosen and the
assumptions made, the altitude index is a function of the

specific impulse and the mean propellant density, Therefore

=
QL
o

The altitude index gives the relative value o propellan
system 1f used in a definite rocket which further satisfies
the given éonéitions of manufacture and operation, These
conditions assume the use of a bipropellant system, but the
application to The systems studied here is still of value,
values ol altitude index computed are only slightly higher

than they sheould be,

Y
o

3
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PART II

DEVELOPMENT OF THE EQUATICNS FOR SOLVING THE COMPOSITION
OFf TEE PRODUCTS OF RBACTICN INCLUDING A SAMPLYE CALCULATICN

The method of solving the composition of the pro-
ducts of reaction presented here is quite similar to that
used at the Jet Propulsion Laborstory. However, it was ar-
rived at independently and it was used for all composition
solutions necessary in the preparation of the resulits con-
taeined in this thesis,

The propellant/systems investigated contained only
three chewical elements: hydrogen, nitrogen, and oxygen,
The following symbols are employed to represent the atomic
and molecular species present in the combustion gases:

a = number of moles of water vapor (H0)

b = number of moles of hydrogen (Hz)

¢ = number of moles of hydroxyl ion (OH)

number of moles of atomic hydrogen (H)

[}
i

nurber of moles of oxygen (0g)

®
#

f = number of moles of atomic oxygen (0)
g = nunber of moles of nitrous oxide (NO)

h

i

number of moles of nitrogen (Ny)

-

i

nunber of gram atoms of hydregen
¢ = number of gram atoms of oxygen

£

N = number of grem atoms of nitrogen
Thus, the general chemical equation for any system

involving only hydrogen, nitrogen, and oxygen becomes:



Loy

Ha+NeO-=alHO ¢ bHg + cOH ¢ GH + e0g + £0 + gNO + hiig
It can be seen thet the problem is to solve for the eight
unknown guantities: 2y b, ¢, d, €, £, g, and h,

From this general chemical equation, three eguations

invelving atom balances can be written:

Sum of H atoms: H=22 +2b 4 ¢+ 3 (1)
Sum of O atoms: O=a+c+2e +«f +¢g (2)
Sum of N atoms: =g+ ch (3)

The remaining five equations necessary for the solu-
tion of the problem are cobtained by assuming thgt complete
equilibrium is reached and employing this fact to obtain
five more independent relationships among the eight unknowns,
The equilibrium reactions involved and the corresponding

equations in terms of the unknown quentities are as follows:

iNp + HgO = NO + Hp (Ang = 0.5)
Kng = £.b_ (4)
h05& y
2 Ho0 = Og ¢+ 2Hg (ang = 1)
Kn6,2 e bg (5)
2
HoO = O + Hg (Aany = 1)
Kn7 b f_b (6)
) a2
sHe = H ( Ang = 0,5)
Kn, = & (7)
0 =3
HoO = OH ¢ $Hp (anjg = 0.5)

w7 ) ,
Knjo=. P,Jaaw_m (e)
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In these equations the equilibrium constants are
expressed in terms of the number of moles of the components,
In Table I the numerical values of the eguilibrium constants
are expressed in terms of partial pressures, K's, These

were converted to Kp's by usiang the following general re-

“lationship,

Kn = K ljl’lp}b‘n (9)

i

P
where np = number of moles of products of reaction

P = total pressure of products of reaction (atm,)
An = number of moles of products less number of moles
of reactants as determined from the balanced
chemical equation for the particular equilibrium
reaction
Since the Kp's depend on the total number of moles of
products, we have in effect introduced a ninth unknown, Nps

where _
np=a+brcs+dsresf +gs+h (10)

which must also be estimated for each particular solutidn@
Assuming a value for ”npﬁ,’these equations can now
be used to resolve the composition of the chamber or exhaust
gases, Rewriting (1),
2a ¢+ 2b + ¢ +# d = H

From (8), ¢ = Knjg @

From (7), d = Kpg be®

Substituting for "e! and "d" in (1),
2a + 2b 2 Knmi + Kng be® = H

X
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Solving above equation for "aW,

a=HDb> - Kpg b - 2pbl.5 | (11)

From (8),

From (7),

From (5),

From (86),

From (2),

From (3),

2be? & Knqg

¢ = Ky 10 a (12)
YR
d = Kpg be? (13)
e = Kng ae (14)
—5
—
g=0-a-¢-2e -°F (18)
h=3(N-g) (17)

Repeating (10), np=a+bs+cs+ds+esi+gas+h (18)

Repeating (4), Kny = &£ Db 1¢

he®a

These nine equations, (11) through (19), and the

general relationship, Equation (9), were used to sclve the

composition at one hundred degree intervals of tenperature

by using the following trial and error preocedure,

1.

Estimate "np" and evaluate the-equilibrium
constants (Kpts) for the corrésponding chamber
or exhaust pressure, Values of the eguilibrium
constants are listed in Table I,

Estimate "b", and using equations (11) through
(17), solve for the other components,

From equation (18), find "np", Compare this

with estimated value of Step 1,
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4, Frow equation (19), find Knge. Compare this with
the value of Step 1, The value of Knyg of Step 1
is in error only if "np'" estimate is incorrect.
5, Repeat the process using a new estimate of "np"
and "b"® until the computed "np“ agrees with the
estimated value, and Kpg from equatlon (19)
agrees with true value of Step 1,
6, As a check on numerical work, equations (1),
(), and (3) should be used,
To illustrate this method a sample calculation will
be presented here, The system chosen for the calculation
is the tripropellant system consisting of a stolchiometric
mixture of nitrogen tetroxide and hydrazine with one halfl
mole of liguid hydrogen added., The equation for this re-
action at 300° K is:
NoOg + 2N2Hg ¢ 0.5Hg(1) = 4Hg0(l) + 3Ng + 0.5Hgz (R0)
At an elevated temperature: '
NpO4 + 2NgHg + 0.5Hg(l) = aHg0(g) + bHz + cOH
+ dH + ¢02 + £O #+ gNO + hip
From the left hand side of (20), it can be seen that
H= 9,000 N = 6,000 0 - 4,000
The problem 1s to solve the composition of the pro-
ducts of this reaction when 1t occurs in a rocket motor with
chamber pressure of Pg = 300 psia at an estimated chamber
temperature of Te = 3200° K,
The results of the solution are presented>in Table A,

In the first attempt at solution, "np" was assumed to be



RESULTS OF SAMPLE CALCULATION
OF THE COMPOSITION OF THE PRODUCTS OF REACTION

For T = 3200° K, P = P, = 20,41 atun,

SOLUTION | 1 2 3
Step 1: ny (est,) 7,960 7,960 7,840
| Kng 0.00807  0,00807  0,00802
Kng 0.00275  0,00275  0,00271
Kpy 0.00742  0.00742  0,00731
Kng, 0.1755 0,1755 0.1744
Knyg 0.0678 0.0678 0.0674
Step 2: b (est,) 0,800 0,750 0,770
a 3,469 3,535 5,519
c 0.265 0.277 0,270
a 0.157 0.152 0,153
e 0.052 0,062 0.057
£ 0.032 0,035 0,033
g 0,110 0,031 0.064
h 2.945 2.985 £.968
Step 33 ny 7.850 7.826 7,854
Step 4: Kp., 0.0147 0.00380  0.00812
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7.960 and "b", 0,800, This solution gave a Kpg (Step 4)
much greater than Kpz (Step 1), indicating that the first
estimate of "b" was too high., The Ny (step ) was less
than ng (step 1),

The second attempt to obtain a correct solution was
made with "b" = 0,750. A new estimate of '"np" was not made
due to the relatively large error of the first solution plus
the fact that the solution is much more sensitive to changes
in ¥b", This solution gave a Kpg (Step 4) less than Kpg
(Step 1), indicating that "b" was too low, Again ny (Step 3)
was less than np (Step 1),

It was seen from the first two attempts at solution
that "b" must be between 0,800 and 0,750 and "np“ must be
between 7.850 and 7.8<6. Hence, "ny" was assuned to be
7,840 and "b", 0,770, These values yielded the following

results:

Kng (Step 1) = 0.00802 np (Step 1) = 7,840
K.;"‘ ('Step 4:) = 0,00812 np (Step 5) = 7 .8%4

As a check on the umechanics of the solution, summa-
tions of the gram atoms of H, 0, and N were made with the
following results

Using equation (1),

H=2a +2b+c+ d= 9,001 (an error of ,001)

equation (2),

fon|
()
!—j-
]
[419]

O=a+c+ 26+ f ¢+ g =58,000 (no error)
Using equation (3),

N =g ¢+ 2h = 4,000 (no error)
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Hence, the third solution, based on an assumed
"np" of 7,840 and "b" of 0,770, was shown to be the correct
solution, EBach component was determined to wilthin + 0,002
moles, Wo greater accuracy would be warranted since errors
inherent in the values used Ifor tihe heats of formation and
for equilibrium constants are of this order of magnitude or

larger,



PART IIT
SAMPLE CALCULATION OF PERFORMANCE PARAMETERS

In order to illustrate the methods used in calculat-
ing the results presented in this thesis, the performance
parameters for the system consisting of a stoichiometric
mixture of nitrogen tetroxide and hydrazine with one-hslf
mole of hydrogen added are presented in detail, The equa-
tion for this reaction at an elevated temperature is:

NoO4 + 2 NoHye 0.5 Ho (1) =

aHO (g) + bHy + c OH+ d Has e 0o
+f 04+ g NO+ h Ng |

The calculations are based on the assumption that
two gram molecular weights of hydrazine are present, This

gives a total mass of reactants, m, of 157,06 grams,

Step A, Calculation of Chamber Temperature (Te)

The first step in the calcﬁlation was to determine
the adiabatic flame temperature in the chamber (T,). This
equilibrium reaction temperature is that temperature for
which the heat released by the reaction (Qg%) equals the
enthalpy rise of the components of the reaction (Zny AHggo)a
Since both guantities depend on the composition, the method
used is as followss

a)., Chamber temperature was estimated to be 3200° K,

Chamber pressure is, as assumed, 20,41 atm,
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b). The composition was solved fer 3200° K using

the method outlined in Part II, AsH%S%O and QB“OO were com-

puted, These results appear in Table B, It is seen that

A.Hgégg is less than 95800 which showed that estimate of

Te = 3200° K is too low,

¢). Second estimate was 3300° K and (b) was re-
5500
peated, The results for T, = 3300° K showed AHzog 1is

greater than Qﬁ%ooo T, is therefore between 3200° X and
3300° K,

i

d). A linear interpretation of both Quy and a
was used to find AT where
Te = 3200 + AT
This double interpolation can be expressed as:
x50+ axCaii - ad) - B0

3500 5200
(Qav - Qav )

Substituting values from Table B,

216.84 + AT(225,92 - 216,84) = 224.75

100
+ _AT(R10,70 - 224,75)
100
AT = 34° ¥

e). For use in subsequent calculations the composi-
tion at the chamber temperature, n%ggé, and thggg were
computed at this point, The composition at 3234° K was ob-
tained by linear interpolation of the compositions at 3200° K

and at 3300° K.
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TABLE B

RESULTS OF SAMPLE CALCULATION OF
CHAMBER TEMPERATURE

T (°K) 3200 3300 3234
a 5,519 3,568 3,468
b 0.770 0,885 0,799
¢ 0.270 0,344 0.295
d 0.15% 0.211 0.173
e 0.057 ' 0,076 0.064
£ 0,033 0.052 0,039
g 0,064 0.084 0,071
n 2,968 2,958 2,965
np 7,834 7.948 7.874
A H300 216.84 k cal 225,92 k cal 219.93 k cal
Qs 224,75 k cal 210.70 k cal 219,95 k cal

where Aﬁgoo = Zh(moles of component),; x (AH§OO of component);
e (21)
ng = Qr (products) - Qf (reactants) (22)
Table II lists values of LngOQ for each component
versus temperature,
Table III lists values of heats of formation of
the various components used in evaluating ng of the chamber

and exhaust gases and of the reactants.
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Step B, Calculation of Characteristic Velocity (c¥)

At this point the characteristic velocity, c¥*, was
computed, This parameter is a measure of the combustion
efficiency and isla function only of the propellant proper-
ties, chamber combustion conditions, and nozzle conditions
from the chamber to the throat.

By definition,

c# = Pg Ty (23)
m

By substitution in (23),
M (®e) (%) Me

By substituting the proper values of #gh", "R,", and

the necessary conversion factors, (24) becomes:

c* = 946,01 | o Te £t sec™d (25)
~ G | 0T,

if T, is expressed in degrees Kelvin and My, in grams/mol,

In arriving at equation (24) from (23) only one as-
sumption is necessary., The ratio of specific heat capacities
of the products of reaction is assumed to be constant from
the chamber to the nozzle throat and equal to ¥ .; & being
the ratio of the specific heat capacities of the products of
reaction at the equilibrium chamber temperature, This is
a reasonably good assumption, The pressure changes markedly
from the chamber to the throat; but the temperatur69 and

consequently, ¥ , changes only slightly,
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In order to use (25), Mg, ¥W¢, and J"i(y,) were com-
puted, The average molecular weight of the products of re-
action at equilibrium chamber temperature was obtailned
first. The weight of reactants (m) was chosen to be 157,06
grams and the number of moles of chamber products was com-
puted in Step A,

W = _m (26)
nte

We = 157,06 gms = 19,948 gm mol~L
7,874 moies

The 1sobaric heat capacity of the products of re-
action was found by considering the enthalpy change of the
products of reaction with the system in equilibrium over

the 100° X temperature range nearest T,, This enthalpy

£2 e

change was then divided by the product of the average num-
ber of moles present in the chamber and the temperature

range (1009 K) to give (Cp)c$ In this calculation,

3500 ,
(Cy)cg 2 Hz500 (27)

np(100° K)

0 _ 3300 3200 3200 3300
o = (8Ezpg = BHggo ) + (Quy = Ggy )

where gﬂé'

Substituting nuwerical values from Table B, Step A,
6600 or oo . . e
$Hzoop = (RR25.92 - 216.84) k cal + (284.75 - 210.,70)
| k cal

= 28,18 k cal

il

(7,854 + 7,248) moles
P

i

7,891 moles
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Using (24),

(Cp), = 23,15 x 10° cal

7,891 moles x 100° K

e o ~1 oyp-1
= 29,512 cal mol~* Ok

Yo © (Cp)c = (Cp)c (28)
), (), - By
- 29,312 cal mol~+ Ol

(29,512 - 1.986)cal mol-L Og-1

€3

The function [™' can be represented by the follow-

ing linear equation:

Step C,

' = 21047 & .5048 ¥ (29)
Using (29),
T“”(Ké) 21047 + ,5048 (1.073)

H

i

. 8463
Repeating (25),
c¥* = 946,01

™ (se)

946,01 1.073 x 3234 ft sec=t
. 04065 —Vlo x 19,948

¥c Te Tt sec—l
10 T,

i

- 3
c¥* = G10b £t sec—-

Calculation of Fouilibrium Fxhaust Temperature (Tg)

The calculation of the chswber temperature assumed

that the reactents in the chamber completely reacted and

that they remained in the chawber for a sufficient time

to permit the establishment of equilibrium concentrations
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of all the components, When the gases leave the chamber

and flow through the nozzle, there are two mechanisms as-

sumed possible, Fither the composition of the gas mixture

remains constant as it flows through the nozzle, or the

composition is changing continuously in accordance with the

pressure variations, temperature variations, and the cor-

responding equilibrium constants., In reality, some inter-

mediate state is probably mraintained between these two extremes,
In calculating Te it will first be assumed that equi-

librium flow conditions exist in the nozzle as well as in

the chamber, At the end of the calculation it will be

pointed out what modifications were applied to this methed

in order to compute the parameters assuming constant cowmposi-

tion flow,

Since lisentropic flow is assumed, the exhaust

temperature (Tg) can be calculated from the following

equations
» ¥-1
s TE R < e -
PC C
o Te 1
where Eé - SHTe cal mol™" c‘\'K“l (51)

ﬁp (Tc - Te)
The correct Tg can be calculated by the following
trial and error method.,
1. Estimate Tg.

Te
2. Using this estimated T¢ evaluate §HT, and np.

5. Use Equation (51) to evaluate Cp and then

use Bquation (30) to calculate T,
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4, The correct solution is obtained when the cal-
culated value is equal to, or closely approximates the esti-
mated value, In the calculations presented herein, the cal-
culated Tg was accepted as correct when it was within ten
degrees of the estimated value,

The detailed cecmputation of Tg appears in Table C,
The final result, T, = 2270 °K, was arrived at by the fol-
lowing procedure, |

a) Exhaust temperature was estimated to be 2200° K.
Using method outlined in Part II, the ccmposition was solved
for 2200° K and a total pressure of Pe = 1 atmosphere,

£200 Te

T 41 N " lnt. S ‘:_ oW : o el
b) With the composition known, A Bz, aﬂUAQaVTe

were calculated,

\qQ S84 0 2200 Q Badd
A aVEEOO av &y

DRd4 .
AHzpo Wwas computed in Step A,
¢) The total enthalpy change of the products of
reaction that occurs between chamber and exhaust was conm-

puted using the following formula:

3234 B34 22 3254
$13500 = (AESS® - AEEEO0) + AwaviZog
d) The average number of moles of reaction products
that are present as the gas flows from the chamber to the

exit was found.

= nonod 2200
ﬂ? np &+ np |
2

e) Equations (30) and (31) were then used to com-

pute Cp and Te.



TABLE C

RESULTS OF SAMPLE CALCULATION OF

EXHAUST TEMPERATURE

T(°K) 3234 (Tc) £200 2300
a 5,468 5,985 3,969
b 0,799 0.50% 0,510
c 0,295 . 0.012 0,024
d 0.173 0.011 0,019
e 0.064 0.000 0.002
£ 0.039 0,000 0.001
g 0.071 0.003 0.002
h 2,965 2,998 2,999
np 7,874 7,512 7,526
PNCET 219,83 182,25 140,40
N Qgé\iﬁ@ 0.00 44,94 43,44
Sclution 1 2 ' 3
Te(est) 2200 2260 2270
N H%‘g%4 £19.83 219.8% 219,85
BHLE 132,25 137,14 157.96
A q'i%?j 44,94 44,04 45,89
52H%254 132,62 126,83 125.86
np 7,695 7,697 7.697
To - Te 1034 974 964
Tp | 16,673 16,917 16,9682

Te ~ 2257 2270 2270



Repeating (31),

rv;\;;z)d

C, - BHzooo  cal mol™t %k~

np (Te - Te)

= 182,62 x 10% cal

7.695 moles x (5254 - 2200)C°K

E@ = 16,673 cal mo1™T Ok~
And using (30),
o [g]
1,986

oty Caa

32340 K J_ atm bm___ aﬁ:@?E
20.41 atm

"

Te = 2257° K

f) The next estimate of exhaust temperature was
22609 K, Since this estimate was not ah even hundred de-
gree value, the following were calculated prior to repeat-
ing (b), (e¢), (d)ﬁ and (e): Composition at 2300° K,

2300 Sad4
AB@OO R dﬂOhgavpgoo

g) The procedure cutlined in (b), (c), (d) and (e)
was repeated for the new estimate of Tg = 2260° K. ILinear
interpclation between 2200° K and 2300°K values was used in

zoma
H§6809 AQ@Viigog and ndeGO@

determining
h) This second attempt at solution yielded Te = 2270,

The variaticn from the estimated velue was on the border-

lire of the accuracy standards set up for the calculations

so a third solution was macde using an estimated Te = 2270° K,

This gave a calculated exhaust temperature of the same value,

Hence, the correct Te was taken to be 2270° K,
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It should be noted at this point that %ﬁ%@ is
required for the calculation of the effective exhaust ve-
lecity and must be calceulated using the exact exhaust tempera-
ture, not using a temperature within ten degrees of the cor-
rect exhaust temperature, Therefore, when the calculated
and estimated exhaust temperatures were not exactly the same
value, a reevaluation of Sﬁgg was made using the correct

value of the exhaust temperature for use in evaluating the

effective exhaust velocity,

Step D, Calculation of Fouilibrium Fxhaust Velocity (¢)

and Equilibrium Specific Impulse (Igy)

The effective exhaust velocity was computed from

the following formula:

T ‘ ‘
c="\|2 &Hp, J (32)
m

where J 1s the mechanical equivalent of heat,
In obtaining Equation (32) it was assumed that:
1) The products of reaction behave as perfect gas,

ion process in the nozzle is adiabatic,

@
#4
w

2) The

Xpan

3) The velocity of the gases in the chamber is so
small in comparison with "e' that it can be
set equal to zero,
By substituting the proper value of J, and the neces-
sary conversion factors (32) becomes:
- Te =1 e
c = 9493,2 § HT, ft sec (33)

P

m



lrara
—_—S =

L1zl
le .
it SHTe is expressed in kilocalories and "m" in grams,

T .
The 5HT§ was computed in Step C anc m wes chosen
arbitrarily at the beginning of the calculation., Substi-
tution in

-1
c ft see™

;
84¢7 £t sec ™

i

c
The specific impulse is expressed by the following
relationship:

Isp = ¢ (34)

= 8497 £t sec™~
32.2 £t sec™®

Igp = @63.9 sec

Step E. Calculstion of Nezzle Thrust Coefficient (CF)

and Avercge Molecular Weight of Reaction Products

A nozzle thrust coefficient is defined by the fol-
lowing relationships

Cp = F (85)

Pe fy

Expressing the effective exhaust veloclity in terms
of the thrust and mass flow rate, it is seen that
CgF :F/PcfthF

°

@
m n/Pe fy c¥*

(26)
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1
= 8497 [t sec T

wF 929
- 6105 ft sec~

3

"= 1959

A

The average molecular weight of the reaction pro-
ducts during their passage through the nozzle was computed
from the relationship,

M= _n (37)

where ﬁ@ = n§2b4 + n§?7o

e

= 7,874 ¢ 7,520 moles
2

Tp = 7.697 moles
M= 157,07 gn

7,897 moles

|
= 20,407 gm mol™*

Step F, Calculation of Altitude Index (h)

The determination of altitude index was made from
a set of curves which weighted the specific impulse and mean
propellant density in a manner believed more properly than
given by density;impulse@ This altitude index is for a
large rocket manufactured and operated under a given set of
assumed conditions,

The mean propellant density (7?) was calculated,

=D

f:M

53000 i

i

157,07 gms
159,06 cm®

P = 1.1% gm cun™®

%
i



The values of the densities used to determine the
total volume occupied by this mass of liquid propellants
are listed in Table IV,

From Step D, Igp = <65.2 sec., Using this Igp and
the ?ﬁ calculated above as entering grguments to the curve;
the altitude index was found to be 536 miles,

For the case of constant composition flow, the
chamber temperature (Tq) and the characteristic velocity (c*)
are computed exactly as outlined in Steps A and B, since
these quantities are independent of the type of flow in
the nozzle,

In calculating the exhaust temperature (Te) in
Step C, the composition of the gas mixture was held fixed
at the composition that prevailed at the equilibrium chawmber
temperature and the changes in the resulting heat balances
made, As a result of this constant composition, £;Qav$2
will venish and 5%2, Tp and Te will be lower then the
values obtained assuming equilibrium flow,

With these exceptions the remaining calculaticns
are similar to those for the case of eguilibrium flow,
However, the values cobtained in Steps D, E, and F will
differ from those obtained in the equilibrium flow calcu-
lations since they depend on SiH%g and Eb calculated in
Step C., The characteristic exhaust velocity (c), specific
impulse (Igp), nozzle thrust coefficient (Cp), and the al-
titude index (h) are all less than the correspondiﬁg values

obtained assuming equilibrium flow, The average molecular
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weight of the reaction products (M) is greater than the

corresponding equilibrium flow value,



DISCUSSION OF RESULTS

The performance parameters of the three bipropellant
systems in stoichiometric proportions, which were used as
the basis of the tripropellant systems studied in this
thesis, were known earlier (Cf. Refs. 9, 11, and 12) al-
though corrections were made to the hydrogen peroxide-
hydrazine system., These corrections were made since
earlier calculations of the performance parameters of the
hydrogen peroxide-hydrazine system (Cf, Ref, 9) neglected
molecular and atomilc oxygen as components of the combustion
gas mixture, All three systems investigated exhibit rela-
tively high performance and, as such, they hold promise
for future development and are currently of interest,

The problem of determining what effedt the addition
of hydrogen or ammonia would have on each of these systems
was investigated by calculating the performance parameters
for two series of tripropellant systems, The first series
consisted oi the stoichiometric mixture of the bipropellant
system, to which was added 1lncreasing amounts of hydrogen;
the second series, the stoichiometric mixture of the bipro-
pellant system, to which was added increasing amounts of am-
monia, For each system all the parameters illustrated in
Part IIT were calculated for both equilibrium and constant
composition flow conditions. The results are tabulated in

Tables V-XVI and are preseanted graphically in Figures 1-18,
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For each tripropellant system studied the follow-
ing results are presented: & table of all parameters com-
puted assuming equilibrium flow conditions, a table of
all parameters computed assuming constant composition flow
conditions, a graph of chamber temperature, exhaust tempera-
ture, specific impulse,Qand eltitude index versus weight
per cent of third compenent for both eguilibrium and con-
stant composition flows, and a graph of the percentege
variations of these same parawmeters with weight per cent
of third compeonent,

The graphs of the percentage variations of certein
of the parameters were prepared in crder to better illus
trate the relative effect of the third component on the
various parameters, These graphs are based on the ratio
of the parameter for a given percentage additive to the
value of the paraweter for the stoichiometric mixture of
the bipropellant system, By referring to these curves for
any particular system one can tell what the effect on the
chamber temperature, the exbaust temperature, specific im-
pulse and altitude index will be for a gilven welght per
cent of third component - all in terns of a percentage of
the value of the parameter before the addition of a third
component,

At the first inspection of a plot of percentage
variation of parameters with welght per cent of third cown-
ponent, it may appe that the constant Compositién valuve

of the parameter is grester than the corresponding equilibrium



value, It should be realized that although the percentage
of the stoichiometric value may be greater for constant
composition flow, the absolute value of the parameter for
equilibrium flow is always greater than, or at least equal

to, the value for constant composition flow,

A, ADDITION OF LIQUID HYDROGEN TO A STOICHIQMETRIC

MIXTURE OF NITROGEN TETROXIDE AND HYDRAZINE,

0f the three basic bipropellant systems the best
performance is shown by the nitrogen tetroxide-hydrazine
system (Cf, Bef, 11). Its chawmber temperature at the stoi-
chiometric mixture ratio is 3233° K, Assuming equilibrium
flow conditions the exhaust temperature is 2534° K, the
specific impulse is 259,82 seconds, and the altitude index
ig 525 miles, Corresponding values for constant composi-
tion flow are 1823° K, 247.5 seconds, and 472 miles, respec-
tively., These values are for the parameters at the stoi-
chiémetric mixture ratio and are the basgls for the compari-
sons presented in succeeding paragraphs.

The chamber temperature, exhaust temperature, spe-

]

cific impulse, and altitude index for both eguilibrium and

O

constant composition flow conditions versus the weight per
cent of liquid hydrogen in the tripropellant system are pre-
sented in Figure 1, Figure 2 is a graphical presentation

of the percentage variation of the same parameters as

plotted in Figure 1 versus weight per cent of liguid hydrogen.



—40-

The values of &ll parameters computed as well as the per-
centage variations plotted in Figure 2 are listed in Table V
for equilibrium flow and in Table VI for constant compesition
flow,

Figure 2 shows that the greatest effects of the hy;
drogen addition are seen in the changes of the exhaust
temperature and the chamber temperature, For equilibrium
flow the exhaust temperature decreases steadily with in-
creasing hydrogen, For the system centaining meximum hy-
drogen, 1€.23%, an exhaust temperature of 809° K is only
34,7% of the stoichiometric value, 2334° K, The effect
on the exhaust temperature for constant composition flow is
not quite as great, At the point of maximum hydrogen addi-
tion the exhaust temperature of 809° K is 44.4% of the
stoichiometric value, 1823° K, The chamber temperature
varies with hydrogen addition in the same general manner as
the exhaust temperature. The effect, however, is not as
pronounced &s it is on the exhaust temperature, The maximum
effect is at the point of the greatest hydrogen addition
where the chamber temperature is still 1692° K, 52.8% of
the stoichiometric value, 3233° K,

Thus, it can be seen that the effect on the chamber
and exhaust temperatures is very desirable and appreciable,
The next considerations are the corresponding effects on
the performance parameters, It can be seen from Figure 2
that the effect on the specific impulce is also de.:s:‘Lreﬂ)le‘e

The addition of hydrogen increases the specific impulse
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which reaches its maximum near the point corresponding to
9.0% hydrogen, For eguilibrium flow the maximum is 275,.6
seconds, 106.5% of the equilibrium stoichiometric specific
impulse, 259.2 seconds, For constant composition flow
the maximum is 275,4 seconds, 111,0% of the constant com-
position steoichiometric value, 247,22 seconds, Both curves
are very flat, varying less than 2,5% in the range of hy-
drogen from 5 to 16%., |

The effect on the altitude index is somewhat dif-
ferent, Again referring to Figure 2, it is seen that for
low values of hydrogen the initial effect is to increase
the altitude index, The maximum 1s soon reached, and then
the altitude index decreases in nmuch the same manner as
the temperatures because of a rapidly declining mean bulk
density, For eguilibrium flow the maximum, 536 miles,
102.1% of the stoichiometric value, 520 miles, is reached
at 0.64% hydrogen, The constant composition flow maximum,
496 miles, 105.1% of the stoichicmetric altitude index,
472 miles, 1s réached at 2.5% hydrogen, From these maxi-
munm values the altitude index decreases steadily ana for
the system containing 16.23% hydrogen, the values are
330 miles, 62,9% of the stoichiometric value for equilibrium
flow and 330 miles, 70,0% of the stoichiometric value for
constant compositicn flow,

In spite of the decrease in altitude index, the
overall effect is still desirable since the percentege

decrease in chamber temperature is greater than the corres-



ponding percentage decrease in altitude Ilndex, In practice
the two factors would have to be carefully weighted depend-
ing on the use to‘which the missile is to be put, For hy-
drogen addition greater than 3%, the percentage decrease in
altitude index lags the percentage decrease in chamber
temperature by 4 to 10% for equilibrium flow; for constant
composition flow, by 11 to 18%,

The characteristic velocity varies in almost the
exact manner in which the effective exhaust velocity and
specific impulse vary. This can be seen by examining the
variation in thrust coefficient, the ratio of effective ex-
haust veloccity to the characteristic velccity., For equi-

librium flow it varies from 1,40 at stoichiometric to 1.38

for maximum hydrogen, This is less than 2% variation, For
constant composition the variation is slightly greater,

from 1.34 to 1,38, or about 3%,

B, ADDITION OF LIQUID AMMONIA TO A STOICHIOMETRIC
MIXTURE OF NITROGEN TETHOXIDE AND HYDRAZINE,

The results for the system, nitrogen tetroxide-
hydrazine with liguid ammonia added, are presented in Table
VII, Table VIII, Figure &, and Figure 4, For purposes of
discussing this system, Figure 4, the percentage variation
curve, will be used,

As in the previous system discussed, the greatest

effects of the third component are on the temperatures,
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The chamber temperature and exhaust temperstures decrease
steadily with increasing ammonia, At the point of maximum
ammonia addition, corresponding to 17.91% by weight, the
temperatures are: chamber temperature, 2628° K, 81,3% of
the stoichiometric value, $233° K; exhaust temperature for
eguilibrium flow, 1456° K, 62.,4% of the stoichiometric
value, 2334C K; and exhaust temperature for constant com-
position flow, 1434° K, 78.7% of the stoichiometric value,
1823° X,

The specific impulse, assuming equilibrium flow,
decreases slowly with increasing_ammonia and for the maxi-
mum ammonia content, the specific impulse is 244,06 seconds,
94,.4% of the stoichiometric value, 259,22 seconds, For con-
stant compositicn flow The specific impulse increases to a
maximum of 250.8 seconds, 101.3% of the stoichiocmetric
value, 247.5 seconds, near 5% ammenia, It then decreases
to 2427 seconds, 98,1% of the stoichiometric value at 17.91%
ammonia. |

Similar tendencies are shown in the variation of
the altitude index, For equilibrium flow the altitude index
is almost constant from O to 4% ammonia and then drops off
to 459 miles, 83,6% of the stoichiometric value, 525 miles,
at maximum ammonia content, For constant compositicn {low
the altitude index increases to a maximum of 483 miles,
102,.,3% of the stoichiometric value, 472 miles, near 5%
amronia, It then decreases to 424 miles, 89,8% of the

stoichiometric, at the point of maximum ammonia,



—lidl =

As in the system in which hydrogen was added, the
variation in the thrust coefficient is very small indicating
that the characteristic velocity varies in almost the same

manner as the specific impulse,

C. GENERAL RESULTS APPLICABLE TO ALL SYSTEMS
INVESTIGATED .

Two systems have been discussed in detail, Similar
discussions of the other four systems studied would not be
very dissimilar although numerical results are not identical,
The results of all six systewms are presented in Tables V
to XVI and in Figures 1 to 16, A study of these results
makes possible certain generslizations to all the systems
investigated,

When the per cent variation of chamber temperature,
exhaust temperature, specific impulse and altitude index
are plotted versus weight per cent of third component, hy-
drogen or ammonia, the following can be said of these curves
for all systems considered,

1. The parameter that is affected to the greatest
extent is the exhaust temperature for equilibrium
flow,

2, With the exception of the red fuming nitric
aclid-ammonia-hydrazine system, the parsumeter that
is affected to the next greatest extent is the
exhaust temperature for constant composition

flow,
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With the exception of the red fuming nitric
acild-ammonia-hydrazine system the parameter
that is affected to the next greatest extent

s the chamber temperature, Both 2 and 3 are

(RN

also true for ammonia addition of greater

than 6% to the red fuming nitric acid-ammonia-
hydrazine systems,

Next in order is the altitude index for equi-
librium flow, However, there are several
minor irregularities in this order for weight
per cents of third component of less than 2%,
If the alﬁitude index for constant composition
flow is neglected for the time being, the
parameter which maintains the highest per-
centage of its stoichiometric value is the
specific impulse for constant composition flow,
Just below this is the specific impulse for
equilibrium flow,

The altitude index for constant composition
flow behaves guite differently with the addi-
tion of liguid hydrogen or liquid ammonia.
This occurs because of the large difference
in the densities of the two liguids, Liquid
hydrogen has a density of ,07 grams per cubic
centimeter while liguid ammonia has a density

of ,648 zrams per cubic centimeter, For

4

hydrogen addition of greater than 5k, the
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altitude index for constant compesition flow

is below the curve of the specifiic impulse
variation, For ammonia addition this parameter
remains above the specific impulse curve for
constant composition flow out to a point where
the ammonia addition is between 8,5% and 11%,
depending on the system,

The main purpose of the addition of a third compo-
nent is to reduce the chamber temperature, However, with
this change of temperature and the presence of increasing guan-
tities of a third component, the performance changes, In an
attempt to determine parameters which can be used as a measure
of the effectiveness of the addition of the third component,
the percentage variation curves were considered, and from
them the following quantities were computed for all systems
for both equilibrium and constant composition flows:

E(Isp) defined as (Isp/Ispo - Te/Tc®)

B(n) defined as (n/h® - To/7.°)

The superscript zero represents the value of the
parameter for the stoichliometric mixture ratio before the
addition of a third component, It was found that the value
of each of these parameters was practically constant for
egual percentages of hydrogen in the three éystems@ The

same was found to be true for egual percentages of ammonia

for the ammonia containing systems,

o ()

These values were averaged for the hydrogen systems

and for the ammonia systems, The average error in the value



of E(I )y or E(h} for any system, when compared with the

Sp
mean value of the parameter for the three systems, was
found to be small as can be seen from the following results

for the nitrogen tetroxide-hydrogen-hydrazine system,

Flow Paraumeter AV, Error  Max, Error
Equilibriun E(Isp) 0,004 0.008
Constant Composition E(Isp) 0.015 0.021
Bguilibrium E(h) 0,006 0,007
Constant Composition E(h) 0,087 0,030

This order of magnitude of the average and maximun errors
was the same for the other systens,

The values of these parameters are listed in
Tables XVIL to XXIV, WFigure 17 is a plot of the average
values of the four guantitiles, E(Isp) and E(h) for both
types of flow, versus welght per cent of hydrogen or am-
monia, A study of Tables XVII to XXIV and Figure 17 makes
several general results apparent,

For equal weight per cents of hydrogen, the per
cent lag of the specific impulse or altitude index behind
the per cent variation in chamber temperature is the same
within i.g% for all three hydrogen tripropellant systems
studied, This i1s also true for equal percentages of ammonia
in the three ammonia tripropellant systems investigated,

The obvious usefulness of these relatively simple
parameters lies, of course, in their ability to predict

performances of tripropellant systems once the chamber
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temperature curves have been calculated or estimated,
and as an indirect means for illustrating the relative
merit of a series of third components under consideration
as possible coolants, |

The parameter, E(ISP)3 was applied to data from
other sources in so far as it was available, It is shown
in Table XVIII that E(Isn)’ calculated from data for constant
compositioﬁ flow conditions for the liquld oxygen-liguid
hydrogen-hydrazine system (Cf, Ref, 3), was in good agree-
ment with these results. The average error was ,016, This
was the only other data available for a tripropellant system
containing hydrogen, nitrogen and oxygen,

Using data for carbonaceous tripropellant systems
(Cf, Ref., 4), it was found that agreement among the car-
bonaceous systems was satisfactory, but that E(Isp) for
systems containing carbon was'not in agreement with E(Isp)
for those tripropellant systems containing only hydrogen,
nitrogen and oxygen, However, it is believed that similar
parameters might be useful in anélyzimg carbonaceous sys-
tems at such time as more tripropellant data is available,

The relative effectiveness of hydrogen can be con-
veniently compared with that of ammonia on the basis of
these parameters, If the variation of specific impulse
is of primary importance, E<Isp) is the interesting parameter,
For low percentage of hydrogen (say 4%) E(Isp) is about
nine times greater than the corresponding E(Isp) for ammonia,

At higher percentages the effect is less pronounced, For
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example, at 15% of hydrogen the E(1
that for ammonia,

When the variation of altitude index is of primary
importance as in the case of long range or high altitude
missiles, hydrogen is also more effective than ammonia -
based on a comparison of corresponding valués of E(n)-

For 4% of hydrogen or ammonia the ratio of the E(p) for
hydrogen to the E(p) for ammonia is eight, For 15% of

third component the factor is still two,
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ENTHALPY TABLE

TAsLE Iz Algggoy keals/gram mole

T  #, H,0 €O €O, O, M, OM WO M,N,0 RAT

s00 6.8 0.0 0.6 @©8 0.0 0.0 0.0 00
400"  0.695 08181 0.699° 0.942 0.721 - ©.697 0.497 0.199
500 1.893  1.641 1.404 1.970 1.447  1.399 0.993  0.897
600 2.093 2.496 2.125 3.072 2.203 2.312 1.490 0.596
700 2.796 3.880 2.862 4.232 2.981 2.840 1.987 0.795
800 3,502 4.292 3.615 5.441 3.778 3.582 2.484 0.993
900 4.212 5.234 - 4.886  6.692 4.594 4.343 ‘ 2,981  1.192
1000 4.931 6.208 §.171 7.976 5.420 S5.118 4.985 5.308 3.477 1.390
1100 5.657 7.211 5.973 9.201 6.278 5.907 5.725 6.0193 3.974 1.589
1200 6.393 8.247 6.785 10.629 7.135 6.709 6.465 G.958 4.471 1.788
1300 7.138  9.312 7.606 11.989 7.890 7.520 7.233 7.800 4.967 1.986
1400 7.895 10.399 8.437 13.367 8.847 6.342 8.002 8.643 5.464 2.185
1500 8.664 11.519 9.275 14.760 ©.704 ©.173 8.783 9.499 5.961 2.384
1600 9.439 12.660 10.120 16.168 10.592 10.008 9.584 10.855 6.457 2,582
1700 10.226 13.821 1§0.972 17.587 11.481 10.854 10.390 11.221 6.954 2.781
1800  11.023 15.006 11.820 19.017 12.369 11.703 11.197 12.088 7.451 2.880
1900  11.828 16.206 12.689 20.455 13.257 12.558 12.015'12.957 7.947 3.178
2000  12.644 17.424 13.554 21.902 14.146 13.417 12.834 13.827 8.444 3.377
2100  13.466 18.659° 14.423 23.358 15.061 14.279 13.643 14.700 8.941 3.576
2200  14.295 19,909 15.294 24.820 15.974 15.143 14.506 15.598 9.438 3.774
2300  15.132 21.)70 16.369 26.290 16.889 16.013 15.360 16.480 9,935 3.973
2400  15.975 22.446  17.045 27.760 17.802 16.883 16.213 17.364 10.430 4.171
2500  16.827 23.733 17.923 20.242 18.717 17.758 17.080 18.249 10.928 4.870
2600  17.683 25.031 18.807 30.729 19.659 18.636 17.936 19.143 11.425 4.569
2760  18.542 26.338 19.691 32.218 20.601 19.516 18.807 20.036 11.921 4.767
2800  19.410 27.656 20.576 .33.712 21.543 20.399 19.678 20.929 12.418  4.966
2000  20.262° 28.980 21.884 S5.211 22.486 21.284 20.563 21.823 12.915 5.165
3000  21.J60 30.315 22.853 36.712 23.427 22.170 21.447 22.716 13.411  5.363
3100  22.041 31.688 23.242 98.222 24.384 23.058 22.335 23.617 13.908  5.562
3200  22.927 33.006 24.136 30.734 25.344 23.947 23.227 24.519 14.405  5.761
3300  23.818 34.362 25.028 41.244 26.308. 24.837 24.121 25.421 14.901  5.959
3400  24.712 35.723 26.923 42.764 27.276 25.729 25.021 26.325 15.398 6.158
3500  25.611 37.002 26.818 44.281 28.247 26.622 25.920 27.229 15.894  6.356
3600  26.512 38.466 27.715 45.808 29.210 27.516 26.822 28.135 16.392 6.555
3700  27.416 39.845 28.613 47.332 $0.198 28.412 27.730 20.041 16.889 6.754
3800  28.826 41.231 20.512 48.862 31.178 29.307 28.640 29.948 17.385 6.952
3900  29.236 42.619 30.412 S50.394 32.164 30.205 29.552 30.856 17.882  7.151
4000  30.153 44.010 31.813 51.830 33.153 31.(04 30.467 31.761 18.379 7.350
4100  31.089 45.413 32.205 53.471 34.130 32.006 31.390 32.682 18.875 7.548

SOURCE OF DATA:
* THERMODYNAMIC PROPERTIES OF PROPELLANT GASES®, HIRSCHFELDER, CURTIS,
MCCLURE, AND OSBORNE, 0. S. R, D. REPORT # 547.

KOTE:  FOR. USE. OF THIS TABLE IN CALCULATING THEORETICAL PROPELLANT PERFORMANCE.
¢ PROGRESS REPORT 1.25§
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TABLE TIT
HEATS OF FORUATION USED IN THIS INVESTIGATION

Ho(1) wveeeeeess  1.848% k cal mol-t

HoOg eseececnsss 44,5167 n
N504(1) cscoscos -12,2° g
HNOZ sscoossoose +41,66° "
RFNA (6 .8%

N0y seoees 41,00 n
NoHg ceoecososss =L2,00 n
NHg(1) oeeoenoees +16.07° "
HoO(8) eseesosos #57.798 L
OH s0c0essssnces —10,006 it
O vsvosccoccsces =59,159 "
H cooccoscsscses =02,088 i
NO wosoooosnnses —2146C "

Acalculated by L. G. Cole from data in Chemical Rubber Pub-
lishing Company Handbook of Chemistry and Physics, pp. 1745-
1747 (1945),

behemical Rubber Publishing Company Handbook of Chemistry
and Physics (1947),

CBichowski, F, R., Rossini, F, D., "The Thermochemistry of
Chemical Substances" Reinhold Publishing Corporation (1936).,

All other data from "Tables of Selected Values of Chemical
Thermodynamic Properties?, National Buresu of Standards

(U, S, Department of Commerce) with support of Office of
Naval Research, USN, March &1, 1947,



—BE—

A-4

TABLE IV

DENSITI®S USED IN THIS INVESTIGATION

Component

Nﬂg(l)
HNO@(G@S% N204)

Te

gm cmn—®
1.01
1,465
1,491
0.07
0.648
' 1.545

W
ot

at
at

]
ct

at

at

15° ¢

0° ¢

0° ¢

-252,8° ¢

20° ¢ (Cf. Ref. 14)

R0° ¢



TABLE V
VARIATION OF PERFORMANCE PARAVETERS WITH WEIGHT PER CENT
OF LIQUID HYDROGEN FOR NgOg-Ho(1)-NoHa SYSTEM

ASSUMING EQUILIBRIUM FLOW CONDITIONS

(1) (®) (3) (4) () (8) (7) (8)
W%  MOLES Te Te/Te®  Te Te/Te®  F T
°K ok grn cm™
0,00 0,00 3233 1,000 2834 1,000 1.25 21,446
0.64 0,50 5234 1,000 2270 0,973  1.13  20.407
1,288 1,00 3208 0,992 2149 0.921 1,08 19,413
1,90 1,50 3158  0.977 2057  0.87%  0.94  18.452
£.,52 2,00 3099 0,859 1930 0.827 0.88 17,597
4,91 4,00 2809 0,869 1588 0.685 0,68 14,866
9,57 8,00 2283 0,706 1185 0.508 0.48 11,475

16.28 10,00 l6ge O.0=d 80¢ 0,847 0.5 8.468

(9) (10) (11) (12) (18) (14) (15) (18)

W% c* c Isp Igp/Isp® Cp B b/n°
£t sec=t £t sec=t  sec mi,
0.60 5965 8546 2bg.2 1,000 1,40 525 1,000
0,64 6105 8497 £65.,9 1,018 1,59 536 1,021
1.28 6198 8587 266,7 1,089 1,38 527 1.004
1.90 6264 8655 268.8 1,087 1,38 521 0,992
2,62 6303 8713 £70,6 1,044 1.38 519 0,989
4,91 6390 8825 274,1  1.057 1,38 492 0,937
9,37 6413 8868 275.4 1,063 1.38 420 0,800

16,25 - 65657 8767 Tl 1,047 1.88 2460 0,629
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0,00
0.64
1.28
1,90
2,52
4,91

5
e

€3
3

16.23

-58-
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TABLE VI

ATION OF PERIOEMANCE PARAMETERS WITH WEIGHT PER CENT

OF LIQUID HYDROGEN FOR NpOg-Hp(1)-NoHg SYSTEM

ASSUMING CONSTANT COMPOSITION FLOW CONDITIONS

(2)
WOLES

1.00
1,20
2,00
4,00
8,00
15,00

(10)

s

c?

(11)

c

(4)

Te/Te

1,000
1.000
0.99%
0,977

0.95

0

0.869
0,706
0,08

(

£t sec™L ft sec—l

5965

5105

. 6587

7970
8161

876
8867

8787

o

1)
Isp

sec

(5)
Te
oK

1823

1821

1801

1768

1727

1525

1175
809

I

24T .0

<0 .4

208,05

=262 .0

65,0

&T2,1

&75 .4

271.3

(6)
Te/Te”

1.000
0,929
0,988
0,970
0,947
0.857
0,645

0,444

(13)

sp/Isp®

1,000
1.024
1.044
1.009
1.071
1.09¢
1,113
1.096

(7)
7

-

gm cm™ ¥

1.29

1.15

1,08

0.94

e &

.88

0,68

o S
[} ® )
o1
TS NN

-
e

[oX
wt

1,85 4

1.87
1.88
1.68

(15
h

wi,

16,117
18,208
17,410
14,811
11,470

8,468

) (18)
h/h®



TABLE VII

VARTATION OF PERFORMANCE PARAMETERS WITH WEIGHT PER CENT

(1)

WT%

0.00
£ .66
5,17
9.83
14,04
17.91

(9)
WT%

0,00
2.606
5,17
9,85
14,04
17.91

OF LIQUID AMMONIA FOR NpOg-NHz(1)-NgHy SYSTEMN

ASSUMING BQUILIBRIUM FLOW CONDITIONS

()

MOLES

0,00
0.9
0,950
1.00
1.50
2,00

(10)

o
3%

el

£t sec”l £t sec”

2965
6014
6017
o976
0848
9705

(3) (4) (5) (6) (7)
Te  To/T6° Te  T/T° P
ox oK g1 em=?
B323% 1,000 2334 1,000 1.825
3208 0,992 2246  0.962 1,22
3161 0,978 2102 0,901 1,19
3017 0,933 1842 0,789 1.14
2830 0,875 1628 0,698 - 1,10
2628 0,813 1456 0,624 1,07
(11) (12) (13) (14) (@15
c Isp Isp/Isp® Cp h
1 sec mi,
8546 R59,2 1,000 1,40 525
8375 260,1 1,003 1,39 527
8343 259.1 0.999 1,39 523
8229 £55,6 0,986 1.38 498
8075 250,7 0,967 1.38 472
7875 244,6 0,944 1,38 439

(8)
‘iﬁ

21,446
20,842
20,214
19,071
18,088
17,293

) (18)
h/h°

1,000
1.004
0.996
0,949
0.899
0,836
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TABLE VIII

VARIATION OF PERFORMANCE PARAMETERS WITH WEIGHT PER CENT

(1)
W%

0.00
2,66
5,17
9.8%
14,04
17.91

(9)

WT%

0,00
2,06
o.17
9.83
14,04
17.91

OF LIQUID AMMONIA FOR NgOg-NHz(1)-NoHg SYSTHE
ASSUMING CONSTANT COMPOSITION FLOW CONDITIONS

() (8) (4) (5) (8) (7) (8)
HOLES  Te  To/Te® Te  To/Te® 7 i

Ok ok gm cm™®

0.00 3283 1,000 1823 1,000 1.25 20,900
0.25 3208 0,992 1809 0,992 1.22 20.384
0.50 3161 0,978 1780 0,976 1,19 19.886
1,00 3017 0,933 1887 0.925 1,14 18,911
1,50 2830 0,875 1556 0,854 1,10 18,018

2,00 <628 0.813 1434 0,787 1,07 17,225

(10) (11) (12)  (18)  (34) (15) (18)
e c Isp Isp/Isp” O b h/m°
Tt sec™* ft sec—t sec ‘ mi,

5965 7970  247.5 1,000  1.34 472 1,000
6014 8059  249,6 1,008  1.34 479 1,015
6017 8076  250,8 1,013 1,34 483 1,023
5976 8065  250,5 1.012 1,35 479 1,015
5848 7996  248,3 1.005 1,37 460 0.975

o705 7816 cdz,.7T 0,981 1.37 424 0,898



51—
A-9
TaBLbE IX

VARIATION OF PERFORMANCE PARAMETERS WITH WEIGHT PER CENT

0F LIQUID HYDROGEN FOR HgOg-Hp(1)-NoH, SYSTEN

ASSUMING EQUILIBRIUM FLOW CONDITIONS

(1) (2) (%) (4) (%)

W%  MOLES  Te Te/Te®  Te

0.00 0,00 2851 1,000 1879
1,00 0.50 2845 0.997 1805
1.97 1.00 2749 0,564 1670
2o 93 1.50 <059 0,926 1544
3,87 2,00 2527 0,886 1445
7. 46 4,00 <140 0,751 1144
15,88 8,00 1628 0,571 798
2.0l 15,00 1143 0,401 028
(9) (1) (@) (12

W% ci¥* ¢ Isp I
£t sec™dl £t sec—?t sec

0.00 5773 8067 250,90
1,00 0852 8a<l 205,35
1.97 5876 8290 207.5

%o 9D 6012 8549 209.5
5,87 68044 8396 260,7
7046 60985 8461 262 .8
15.88 6083 8696 260 ,.7

2d.=21 o886 8128 OR o4

(8)

.0
Te/Te

. 000

(@] |
O
b

1z

¥
[

®

-

<
DN

.84
0.780
0.730
0,578
0,403
0,267

(13)

o
sp/Isp

1.000
1,019
1.028
1.035
1.041
1,049
1,041
1.008

(7)
Iy
gm cm“5
1.28
1.09
0,95
0.85
0,77
0,56
0.58

0.26

(8)

M

19,747
18,250
16,901
15,831
14.854
12,013

8,958

6,215

(14) (15) (16)

Cp -~ h

1.39 4056
1.9 409

h/h°

1.000
0,992
0,967
0,941
0,929
0,853
0.664
0.462
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TABLE X

VARIATION OF PERFOREANCE PARAMETERS WITH WEIGHT PER CENT

(1)

W%

0,00

(%)

MOLES

0,00
0,20
1.00

1,20

= ,00
4,00
8.00

15,00

(10)

e

()

Te Te/Te®  Te Te/Te®
Ok oK
2851 1,000 1684 1,000
2845 0,997 1677  0.990
2749 0,964 1600 0,945
2639 0,926 1512  0.898
2627 0,886 1428 0,843
2140 0,751 1141 0,676
1628 0,571 798  0.471
1143 0,401 528 0,312
@) (1) (13)
c Isp  Isp/Igp®
£t sec™t S
vebe  £43,8 1,000
8107  251,8 1,035
823 255,7 1,049
8320  ©58.4 1,060
83 259,8 1,066
84 262,7 1,078
8596  260.7 1,069
8128  252.4 1,085

(4)

()

(s)

I = A = T = S

-

OF LIQUID HYDROGEN FOR H202GH2(1)~N2H& SYSTEW
ASSUNMING CONSTANT COMPOSITION FLOW CONDITIONS

(7)

f

gm em™®

1.28
1,09
G.90
0.85
0.77
0.06
0.88

0.26

Cy h
mi,
36 458

S S B B PN
@™ o » =3
I -
(o o o)) -3
IS B s S s < BTN

8}
4@}
B
()
[y

38 526
&8 2=

19,418

18.1%26

w

16,89%

&

15,804
14.840
12.010

o«
°

(<]
N
6¢]

G
@

o
tt
o

(14) (15) (18)

h,/h°
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TABLE XTI

VARIATION OF PERFORMANCE PARAMETERS WITH WEIGHT PER CRNT

(1)

WT%

0.00

4,08
7.84
14,54
20 ,d=
25,58

(9)
W%

0,00
4,08
7,84
14,54
20,5=
25,58

OF LIQUID AMWONIA FOR HpOp-NHz(1)-NgHg SYSTEL

ASSUMING BQUILIBRIUM FLOW CONDITIONS

(2)
MOLES

(10)

Q3

(5)

Te

%K
2851
2804
2677
2376
2099
1862

(11)

c

(4)

[y O ! mn O
Te/ T Te Te/Tg f

gm cm”

(5) (8)

1.000 1979 1,000

0,985 1767 0,895

0,959 1606 0.81z

0,855 134z  0.678

0,756 1140 0,576

0.65

-1 -1
£t sec ft sec

o775
o804
o699
o487
O=83
5081

8067
8052
7926
7648
7501
7048

% 977 0,494

(12)  (13)
Tsp  Tsp/Tsp
sec

250.5  1.000

249.5 0,996

246.0 0,982

257.5 0,948

228.5  0.911

218,9  0.874

(7

)

2

=
20

@

A

8
5

1.19

1.12

1.07

1,08

(14)

Cp

1.40
1.38
1.39
1.59
1.39
1,39

(15
h
mi,

489

19,747
18,851
18,049
16,719
15.698
14,901

) (18)
n/h°

1,000
0,980
0.941
0.857
0,759
0.681



VARTATION OF PERFORMANCE PARAMETERS

(1)
W%

0,00
4,08
.84
14,04
20,52
5,58

0,00
4,08
7.84
14,54
20,52
20,58

TABLE XTI

OF LIQUID AWMMONIA FOR Hg02-NH3(1)-NoH4 SYSTEM

ASSUMING CONSTANT COMPOSITION FLOW CONDITIONS

(2)
MOLES

0,00
0.2
0,20
1.00
1,50
€,00

(10)

e

(3) (4)
Te Te/Te
OK

<851 1.000
2804 0,983
<677 0,939
=576 0,855

o
o
(o)
[av)
<
@

(o))
)
(&)

(11) (

c

ft seec~t £t sec—i

oS
o804
5699
o487
BYASE
2081

e}

12)

Isp

sec

(5) (6)
Te Te/Teo
°g
1694  1.000
1654 0,976
1553 0,917
1333 0,787
1138  0.872
977 0,577

(13)

Isp/Isp”

7852 245,.8 1,000

7916 =45.8 1,008

7876 244.6 1,003

7637 2

2 0,969

7346 228.1 0.936

7048 218.9 0.898

(7)
7

grm cm-

=z

£ ®]

1.28
1.5
1.19
1.12
1.07
1.05

(14) (15
Cp h

mi,

1.%6 460
1,56 462
1,58 458

19’59 3’71
B39 555

WITH WEIGHT PLR CENT

(8)

M

19.418
13,752
18.001
16,710
15,696
14,901

) (18)
h/h°

1,000
1,004
0.996
0,911
0.807
0.724
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TABLE XIIIX
VARIATION OF PERFORMANCE PARANETERS WITE WEIGHT PER CENT
OF LIQUID HYDROGEN FOR RFNA-Hg(1)-NoH, SYSTEN

ASSUNMING BQUILIBRIUM FLOW CONDITIONS

W @ G @ G ©®  m (8

=TV (¥ i 1 (@) . o =
WI% ~ MOLES Tp  To/Tew T  Te/Te" P il

0.00 0,00 2957 1,000 2037 1,000 1.28

A
!..-J
@
[$]
D
-3

0,90 0.50 2949 0,997 1658 0.212 1,11

bt
w
o

-3
o
-

13

ot

1,79 1,00 2856 0,966 1716 0.842 0.98 8.

1
1.50 2746 0,929 1098 0,78% 0,88 17,201

D
®

(9]
o

2,00 Z6dz 0,890 1490 0.73L 0,79 16,159

(¥
@

o
}._I

6.78 4,00 L9 U704 117¢ 0,079 0,09 15,064
15,46 8.00 1680 0,068 816 0,401 0,40 9,685
al 45 10,00 1184 0,400 o043 0,276 0.27 7,019

(2) (10) (11) (12) (18) (14) (15) (18)
W% c* c Isp Isp/Isp® Cp h  Dh/n°
£t sec™t £t sec#l sec mi,

0.00 5660 7870 244,4 1,000  1.%9 460 1,000
0.90 5811 8026  249,5 1,020 1,38 468 1.017
1,79 5844 8107  251.8 1,080 1,39 458 0,996
2.65 5598 8160  255.4 1,037 1,38 449 0,976
5.51 5909 8193  254.4 1,041  1.39 436 0,948
6.76  HU58 8245  256,1 1,048  1.38 386 0,859
13,46 5927 8179  ©54,0 1,089 1,38 313 0,680
£1.43 5764 7889 245,0 1,002  1.38 212 0,461



TABLE XIV
VARIATION OF PERFORMANCE PARAMETERS WITH WRHIGHT PER CENT
OF LIQUID HYDROGEN FOR RFNA-Eg(l)mNEF_ SYSTEM

ASSUMING CONSTANT COMPOSITION FLOW CONDITIONS

(1) () () (4) (5) (6) (7) (8)
W% MOLES  To  To/T°  Te  Te/Te° F i
°K oK g em=o
0,00 0,00 2957 1,000 1703 1,000 1,28 21.006
0,90 0,50 2948 0,997 1696 0,996 1,11 19.614
1.7 1.00 2856 0.966 1619 0,951 0,98  18.320
2,65  1.50 2746 0,928 1540 0.904 0.88 17,149
5,61  £,00 2652 0,890 1455 0,854 0,79 16,126
6.78  4.00 29229 0.754 1173 0.689 0,59 13,063
13.46 8,00 1680 0,568 816 0.479 0,40  ©9.693

cl.45 15,00 1184 0,400 0545 0,819 0.7 7,019

(9) (10) (11) (12) (18) (14) (18) (16)

WT% c c Isp Isp/Isp®  CF nh  h/h®
ft sec“l i sec"l sec mi,
0.00 5660 vess  £37.2 1,000 1,35 437 1,000
0.90 5811 7882 244.8 1,028  1.36 447 1,028
1.79 5844 8022 249.1 1.046  1.37 447 1.023
5.65 5898 8096 £51.4 1,055 1,37 441 1,009
5,51 5909 8155  £53.3 1,065 1,38 430 0,984
6.78 5958 Sedd  256.0 1.075  1.38 386 0,883
5,46 5927 8179 £54.0 1.086  1.38 5135 0.716
21.43 5764 7689  245.0 1.030 1,38 212 0,485



VARIATION OF PERFORMANCE PARAMETARS WITH WEIGHT PE
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TABLE XV

OF LIQUID AMMONIA FOR RFNA-NHz(1)-NgHg SYSTEM
ASSUMING EQUILIBRIUM FLOW CONDITIONS

(1) ()
WT% MOLES

13,531 1.00
18,72 1.50
25,49 2,00

(9) (10)

WT% ck*
ft sec™

0.00 5660

5,70 o708
T.15 0587
15,581 0418
18,7= 0206
&5 .49 5018

9
ke

()

(11)

c

(4)

Te/Te®

1,000
0,989
0,941
0,858
0,74%
0,659

(12)

I
1

£t seec” s

7870
78635
7774
7508

SP
ec

(5) (8)

(7)

Te  To/Te® ©

20387 1,000
1823 0.890
1648 0,809
1585 0.680
1177 0.578
1008 0,495

(13)

~ T O
Tsp/Isp

cdd 4 1,000

cdd,2 0,999

241.4 0,988

2d

3o

2 0,954

224,55 0,919

26,1 0,884

gm cm

1.28

1.24

1.20

1,15

1.08

1.04

113
ATERR

CENT

cl.567
0,584
19,491
17,995
16.838

L

N

15,92

©

(14) (15) (18)

Cp

1.59
1.58
1.59
1.59
1.39
1.39

h
mi,
460
460
441
405
508
514

h/h®

1,000
1.000
0,959
0,880
0.778
0,685



(1)
WT%

0.00
5,70
7,15
15,51
18,7%

N
X
®4

>
0

(¢)
W%

0,00
3,70
7.15
13,51
18,72
549

08~

A-18

TABLE XVI

VARTATION OF PERFOHMANCE PARAMETERS WITH WEIGHT PER CENT

OF LIQUID AMMONIA FCR RFNﬁwNﬁg(l)mNgﬁé SYSTEM

ASSUMING CONSTANT COMPOSITION FLOW CONDITIONS

(2)
MOLES

0,00
0.29
0,20
1,00
1,90
©.00

(10)

c¥

(3)

2479
2193

1948

(11)

c

(4) (5)
Te/Te®  Te
Ok
1,000 1703
0,985 1669
0.941 1578
0,838 1563
0,742 1173
0.659 1008

(12)
Ig, I

- |
£t sec . ft sec — sec

2660
2705
o087
o418
5206
50186

7667
7751
7690
7487
7209
6958

(6) (7)
Te/Te®  F
gm cm“é
1,000 1.28
0,998 1,24
0.927 1.20
0,800 1,15
0,689 1.08
0,092 1.04
(13) (14) (15
sp/Isp. Cp n
mi,
1.000 1.5 437
1.008 1.36 441
1,003 1,58 432
0,976 1,38 402
0,940 1,58 354
0,908 1,29 314

(8)

i

) (18)
h/nh°

1,000
1,009
0,989
0,920
0,810
0,719
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TABLE XVII
VARTATION OF E(Isp) WITH WEIGHT PER CENT OF LIQUID HYDROGEN

FOR EQUILIBRIUM FLOW CONDITIONS

Propellant systems:
A. V504-Ho(1)-NgHy
B. HoOg=Hs (1)-NoHy
Co RFNA-Hg(1)-NoHg

Wt.% Ho(1) A B C Average
of A,B,C
0,00 0,000 0,000 0,000 0,000
5,00 0,108 Callo 0,14 0,114
6,00 0,236 0,240 0,256 0,.r44
8,00 0,820 0,014 0,829 0,821
10.00 0,585 0,574 0,388 0,382
12.0Q0 0.440 0,428 0.436 0.435
15,00 0,506 0,496 0,504 0.502
20,00 - 0,880 0,087 0,583
Average Error 0,004 0.006 0.006
lax, Error 0,008 0.008 0.010

Errors are with respect to average value obtained

by averaging E(Isp) of systems A, B, and C.
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TABLE XVIII

VARIATION OF E(Isp) WITH WELIGHT PER CENT OF LIQUID HYDROGEN

FOR CONSTANT COMPOSITION FLOW CONDITIONS

Propellant Systems:
A, WN504-Hg (1) -NgHy
B. Hg05-Hg(1)-NoHy

P4

C. RFNA-Hg(1)-NgH,
D. 05(1)-Hy(1)-NoH, (8)

Average

Wt.3 Ho(l) A B C of A,B&€ D
0.00 0.000 0,000 0,000 0,000 0,000
5,00 0.114 0,154 0.144 0,131 0,124
6,00 0,280 0.2606 0.=282 0,276 0,250
8,00 0,468 Q,545 0,556 0,506 0,85
10.00 0,456 0,400 0.416 0.417 0,092
12,00 0.490 0,452 0.464 0,469 0,402
15,00 0,006 0,92c 0,080 0,066 0,028
20,00 - 0,606 0.614 0.610 0.630
Average Errord,.Qlb 0.011 0,005 0,016
Max. krror 0,021 0,017 0,013 0,026

Errors are with respect to average value obtained
by averaging E(Isp) of systems A, B and C,

(a) Data was computed from values listed in Ref, 3,



TABLE XIX
VARTIATION OF E(h) WITE WEIGHT PER CENT OF LIQUID HYDROGEN
FOR EQUILIBRIUN FLOW CONDITIONS

Propellant Systems:
A, NoO4-Ho(1l)=NoHa
B, HgOg-Hg(1)-NgHyg
C. BFNA-Hg(1)-NoHg

Average
Wt.% Ho (1) A B c of A,B&C

0.00 0,000 0,000 0,000 0.000
3,00 0,040 0.022 0,052 0,038
6.00 0.080 0,064 0.074 0.07%
8,00 0.094 0.088 0.080 0,087
10,00 0.100 0.094 0,089 0,094
12,00 0.105 0.095 0.096 0.099
15.00 0.108 0.096 0.100 0.101
20,00 - ' 0.080 0.068 0.073

Average Error 0,000 0,006 0,006

Max., Error 0,007 0,016 0.014

Errors are with respect to average value ob-

tained by -averaging E(h) of systems A, B and C,



VARTATION OF E(h) WITE WEIGHT PER CENT OF LIQUID HYDROGEN

FOR CONSTANT COMPOSITICON

Propellant Systems:

A, NoOg-Ho (1) =NoHg
B, Ex0z-=Ho (1) =NoHy
C. RFNA-Hy(1)-NgHy

Wt.% Ho(l)

0.Q0
5,00
6.00
8,00
10,00
12.00
15.00
20,00

Average brror

Max, Errcr

0,000
0.113

0.164 -

0,184
0,188
0.1280

0.180

0.0:7
0,050

0,000
0,080
0,150
0,149
0,192
0,148
0.144

0.124

0,008
0.01s

FLOW CONDITIONS

0,000
0,086
0.116
0,128
0,156

" 0,143

0,140
0,106

O 0017
G.026

Average of
A, B&C

0,000
0,093
0,137
0,154
0,159
0,160
0.155
0.115

Errors are with respect to average value obtained

by averaging E(h) for systems A, B and C,
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TABLE XXI

VARIATION OF E(Isp) WITH WEIGHT PER CENT COF LIQUID ANMMONIA
FOR EQUILIBRIUNM FLOW CONDITIONS

Propellant Systems:
D, NgOg-NHz(1)-NgHy
E. Hy00-NHg(1)-NoH,
F. RFNA-NHg(1)-NgHy

Average of

Wt.% NHz(1) D E F D, BE & F
0.00 0,000 0,000 0,000 0,000
3,00 0.012 0,010 0,010 0.011
6,00 0,032 0.028 0,054 0,031
8,00 0.044 0,044 0,056 0.048

10,00 0,060 0.064 0,078 0,067
12,00 0,078 0.088 0.100 0.089
15,00 0.106 0,120 0,136 0,121
20,00 - 0,172 0.190 0.181
Average Error (0,007 0.003 0,008
Max., Error 0,015 0,009 0,010

Brrors are with respect to average value obtained by

averaging.E(Isp) for systems D, E and F,



A=-22
TABLE XXIT

VARTATION OF E(Igp> WITH WEIGHT PER CENT OF LIQUID ANMONIA
FOR CONSTANT COMPOSITION FLOW CONDITIONS

Prépellamt Systems:
Do NgOgq-NHz(1)-NoHy
E, HoOo-NHz(1)-NoHy
F. RFNA-NHg(1)-NoHy

Average of

Wt.% NHz (1) D B F D, E, & F
0,00 0,000 0,000 0.000 0,000
3,00 0,020 0.020 0.018 0,019
6,00 0.044 0.044 0,050 0.046
8.00 0.063 0,064 0,076 0,068

10,00 0,084 0.088 0,100 0,020
12,00 0.107 0,110 0.125 0,113
15,00 0.141 0,144 0.156 0.147
20.00 - 0.196 0,210 0.203
Average Error 0,004 0,008 0,007
liax, Error 0,008 0,007 0.010

BErrors are with respect to aversge value cobtalined

by averaging E(Isp> for systems D, E, and F,



Ry W

A-23

TABLE XXITI

VARTATION OF E(h) WITE WEIGHT PER CENT OF LIQUID ANMONIA

FPOR EQUILIERIUM FLOW CONDITIONS

Propellant Systems:
D, NgOg-NHz(1)=-NoHy
E. Hs09-NHz(1)-NoHy
F. RFNA-NHg(1)-NoHy

Wt.% NHz (1) D B
0.00 0.000 0,000
3,00 0,012 0,000
6.00 0.020 0,000
8,00 0,020 0.003

10.00 0.021 0.008
12,00 0,084 0.016
15,00 0,028 0.023
20,00 - 0.028
Average Error 0,004 0,009
Max, Error 0,008 0,012

F
0,000
0.010
0,016
0.023
0,052
0.040
0.04%2

O @ 0'52

0,007
0,013

Average of
D, E & F

0,000
0,007
0,012
0,015
0,020
0,027
0.031

0,030

Errors are with respect to average value obtained by

averaging,E(h) for systems D, E, and F,



TABLE XXIV

VARTIATION COF E(n) WITH WEIGHT PER CENT OF LIQUID AMMONTA

FOR CONSTANT COMPOSITICON FLOW CONDITIONS

Propellant Systemss

D. Ng04-NHz(1)-NoHy

E. HpOg-NHz (1)-NoHg

F., RFNA-NHg(1)-Ng

Wt .% NHz (1)
0,00
3,00
6.00
8,00

10,00
12,00
15,00
20,00

Aversge Error

Msx. Error

teined by averaging E(n) for systems D, E and F.

b
0,000
0,0&8
0,060
0,076
0,088
0,103
0,106

0,01k
0,016

Hy
E
0.000
0,016
0.042
0,058
0,070
0.080
0.080
0.070

0,007
0.010

I
0,000
0,018
0,042
0,060
0.072
0,080
0,084
0.064

0.008

0,008

Aversge of
D, E and F

0,000
0,021
0.048
0,065
0,077
0.088
0,080
0,067

Errors are with respect to average value ob-



L]

-
S F

PR
Nb-hi

ENT Hll)

v

o
23

s

ITidN Flow |

PER:

4_' lﬁ',jh-l ! &J, ¥

FLOW

e My

CoMpo:

EIGHT

USTAN’

AN
u

EQUILLBRIM-

Y
=

A&

Wit

280

ol?‘yj

Q




@

M

L

Y5

24

e
o W

1y

20

AN iﬁq:}

) I -

7T TR T Te

1w

WEIGHT PERCENT _

{1
&

2)ENENGE

12

=78

o 4
X

Lo I T W T W O

COMPOSTTION

e

WEIGHT PERCENT H,()



-9

g gt

T

b 3

MB( TR

[

T

e
pA
43

i H

YSTE

‘;{

KL

,Hy S

PR

L

NHT

=

P
G

WETE Y

e

L
2!

s

v

|

e

o dsete




~80-

c WEIGHT PERCENT NH;®




-81-

'\! :

0

e
z_(

FL

AND h |
EYSTEM

TionN

20l |

A

i EES0S SHENS SN
i3,
SN

B

T T

-

L

» H ‘Il?)-

Wt
%

b

-
R

ANT COMPOS |

b ]

50

N R,

RS Canss RS03 LN LECIL IS
o (erEQUY

Py

gt

ol

(235)3810d




=5

0 4 8 i |6 20 24
\ T



FarApn

R
lv

e

SITION, FIOW .

5 =

S B

B

o B R

| .luﬂi" L‘ : i ; Ll
NGO N He SYSTEM

LR HOE RS

£

i AR
Uit

E@ur

-8F

(cc)-CONSTANT COMPY

_o-

| wite we
TN O

elel

L

- m.u) u@l .

029) 3810 W1 DI

=500 - j200) - ||

5 -
H P!
- o

g




WEIGHT

PERCENT NHy(Q)




M
",Ep@v!”i"

T
Te , Lo, AND H i
Lol

F

e 5P

Lfla Tl P Sl \ B i
AP

T PERCENT M)
POSITION

H

BRIUM-

'713_~&\;.1N11*
7

o

EiG

W
=8V

—85

6l

N

IG
RN R £ )
e NST.AN,T COM

s B0 0 RV

RIATTG:
H
¥

Ve FGLLL

T ,:v::‘
AB R

VA
{
N

et 4
H

)

e |

I‘”hl

5260

336) 3§

22
| Pisog




T e
WEIGHT PERCENT H,W



-87-

e

T

[ Rt Rl

| WiTH WEIGHT PERCENT

B D




BEEE | | e
WEIGHT PERCENT NH;®



WEIGHT PERCENT THIRD COMPONENT



g@ _,._20 o -
WEIGHT PERCENT THIRD COMPONENT






Vj' l"" ‘ .

)

PONEWT] |1

W

D R e G

=
i3

"1G URE.

LA e

Vs
i

M

l

R

TA

; by
ON

i

[

A

COMNE
ey

vn
Ril

.
A4

o
:l\

| PERCENT THIRD




)

LA

Ry
\
zhAT

v ]
- of

N H

V-B.‘E: q} ;

o

D COMPONENT
EDNE SRRY PRSHS &1 E
c-,l
P e\t

s

ce) ‘

Bl e

. Pi;.é..;{(ééif}:} : -

W

Fin-le)r

ingn i v

7_:‘1’,1’5: 9]

ey 2

ND Eqnl_

THAF

ETer) |

N[ OF]t

1)

WEIGHT PERCEN

R




