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ABSTRACT

This investigation was conducted tTo determine the
effectvon performance and temperatures of the addition of
either liquid hydrogen or liquid ammonia to three bipro-
pellant systems of current interest, These bipropellant
systems are nitrogen tetroxide-hydrazine, hydrogen peroxide-
hydrazine, and RFNA-hydrazine,

For each tripropellant system all inportant
parameters and chamber and exhaust temperatures are dé«
termined for equilibrium flow conditions and constant
composition flow conditions, All the results are listed
in tables and the effects on several of the more important
parameters are illustrated graphically,

The results show that theoretically the effect of
the addition of the third component is desirable by causing
reduction in temperature and increase in performance,

New parameters were introduced for utilization in
predicting performances of tripropellant systewms once the

chamber temperature has been calculated cr estimated,
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INTRODUCTION

One of the mejor preoblems in the operation of thermsal
jet and rocket engines is the reduction in heat transfer to
the combustion chamber walls, One sclution to the problem
of mainteining the wall material below its melting point has
been the use of exterlior cooling systems to maintein the
temperature of the wall considerably below the temperature
of the gas., To recover part of the heat lost in this men-
ner the fuel or oxidant may be used as the exterior coolant,
Such & system is salid to be regeneratively cooled, For
high performing propellant systems excessively high tempers-
tures are encountered in the combusticn chamber and the con-
vergent section of the nozzle; therefore, it is necessary to
resort to more_éffective wmethods of cooling (Cf. Ref, 1),
Furthermore, many of the newer fuels and oxidants are so
unstable that 1t is nof possible to use them in regenera-
tively cooled systems,

Theoretically at all opefating temperatures, and
practically, at least at lower temperatures, it has been
shown that film or transpiration cooling techniques offer
certain operative advantages (Cf, Ref. 2)., In addition,
such techniques theoretically appear to lend themselves to
application to very hot propellant systems operating over
longer periods of time,

In film or transpiration cooling, the coolant moves

in counterflow to the heat flow through the wall material,
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and evaporates on the surface exposéd to the high tempera-
ture, and may or may not take part in the combustion on
entering the combustion zone in the chamber, The extent
of the mixing with the combustion gases is not yet known
nor is it known what efficiency of absorption of radiant
energy by a gas or vapor stream may be expected,

The addition of a third component as film or trans-
piration coolant to the combustion reaction, if properly
chosen, may have certain desirable effects on the calculated
performances and the adiabatic flame temperatures, assuming
adequate mixing and complete chemical reaction, The extent
to which these assumptions identify the actual conditions
of operation will have to be determined experimentally.

The theoretical effect on performance and gas temperature

of combustion is of immediate interest since it will indicate
the direction and order of magnitude (Cf., Ref., 3) of the
changé in performance parameters to be expected,

Hydrogen (liquid or gas) and ammonia (ligquid or gas)
have previously been demonstrated (Cf. Refs, 3, 4, 6, and 7)
to be the most effective third components to be added to
present propellant systems, although water (liquid) has
been considered seriously (Cf, Refs. 7 and 8), These com-
ponents or their dissociation products lower the chamber
temperature by decreasing the available energy per pound
of total propellant and increase the performance, both very
desirable effects. Increased performance is possible be-

cause of the lower average molecular weight of the products
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of reaction resulting from the addition of the third
component

For these recsons, the investigation of the effect
of the addition of a third component on the performance of
rocket propellant systemé currently of interest was under-
taken, These systems of immediate interest were:; RFNA-
hydrazine system with liquid ammonia added, RFNA-hydrazine
with liquid hydrogen added, nitrogen tetroxide-hydrazine
with liquid ammonia added, nitrogen tetroxide-hydrazine
with liquid hydrogen added, hydrogen peroxide-hydrazine
with liquid ammoniea added, and hydrogen peroxide-hydrazine
with liquid hydrogen added, A re-evaluation of the per-
formance in stoichiometric proportion of the hydrogen
peroxide-hydrazine system was also undertaken since earlier
calculations (Cf., Ref. 8) neglected molecular and atomic
oxygen in the mass and_heat balénces6

The performance parameters were evaluated for each
tripropellant system at a mixture ratio corresponding to
stoichiometric proportions with féspect to the bipropellant
oxidant and fuel, but with varying amount of third component
(liguid hydrogen or ammonia) added in excess. Stoichiocmetric
proportions were chosen since the chamber temperature (Te)
was very nearly a maximum at this mixture ratio (the real
meximum is slightly on the reductant-rich side of stoichio-
metric) and the reduction in flame temperature by an addition

would be most marked,
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EXPLANATION OF SYMBOLS

Number of moles of water vapor (Hy0) in
the products of reaction

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

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

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

Number of moles of oxygen (02) in the
products of reaction

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

Number of moles of nitrous oxide (NO)
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

Velocitﬁ of sound corresponding to cham-

ber conditions (ft sec”l)

Effective exhaust velocity (£t sec™1)
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(CP)@

Cv),

Qf

B(1gp)

E(n)

=)

Characteristic velocity (£t sec—1)

Theoretical thrust coefficient of nozzle

Apparent molar isobaric heat capacity of
products of reaction at equilibrium
chamber temperature (cal mol=t ©kx~1)

Apparent molar isochoric heat eapaéity
of products of reaction at equilibrium
chamber temperature (cal mol~< og=1y

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

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

Dimensionless parameter equal to
Igp = T
=5 %

Sp c

Dimensionless parameter equal To

a_ - Ic _
Q 8]
n° T,

Nozzle throat area (sq in)

Thrust of rocket motor (1b)

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

Altitude index (mi)
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C
A Hz5o0

Te
Hie
! TS

Knl, Kng, ete,

B

T ; .
AE%F,etc@ Change in enthalpy of the products of
e

reaction (k cal) between superscript
temperature (°k) and subscript tem-
perature (°K)

Enthalpy change in a specified system
from T; to Tg with the system in
chemical equilibrium (k cal)

Specific impulse of propellant (sec)

Mechanical equivalent of heat
(4,186 x 1010 ergs k cal=d)

Equilibrium constants expressed in
terms of partial pressures for
particular reactions as listed on
page 47

Equilibrium constants expressed in terms
of nuumber of moles of components for
particular reactions as listed on page 47

Total weight of reactants (gm)

Weight rate of flow through nozzle
(1v sec”l)

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

Average molecular welght of the products
of reaction at eguilibrium chamber
temperature

Number of moles of products of reaction
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Te 2000 .
n, n s etc,

Anjy, Ang, etc,

P
Pe
Pe
aZ¢, %590, ete.
Ic
YA
Qav Te

Qr (reactants)

Qf (products)

RFNA

Heat

SR

Average number of moles of products of

reaction present during their passage

through the nozzle

indicated by superscript

number of moles of reactants

Number of moles at temperature (CK)

Number of moles of products minus the

indicated

in balanced equilibrium equetion for

& particular reaction

reaction (atm,)

Chamber pressure (psia)

Nozzle exhaust pressure (psia)

Total pressure of the products of

availsble from completion of re-

action at temperature (°K) as indi-

cated by superscript (k cal)

and Te (k cal)

300° K (k cal)

300° K (k cal)

Charnge in heat available between Tg¢
Heat of formaetion of the resctants at
Heat of formetion of the products at

Red fuming nitric acid (in this investi-

gation, nitric acid with 6,8% by

weight NoOg)

mo1-1 %k}, 8,315 x 10

!7

ergs m

Universal gas constant (1.986 cal

Ol—l OKml)
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Te, Isps 17s €TC.

- cn8‘=:

Absclute temperature (COK)

Equilibrium chamber temperature (©K)

Exhaust temperature (°K)

Average density of rocket propellant
(gn cm™2)

Ratio of lscbaric to isochoric heat
capacity (Cp/cv)

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

Ratio of average apparent iscbaric to
isochoric beat capacity of the pro=-
ducts of reaction during their passage
through the nozzle .

A function of ¥ defined by

, ¥4l :
F l = ¥ (;;f%:)?ﬁ’fl

/1t evaluated for ¥ = ¥

Superscript zerc indicates value of
parameter for biproge;lant system

at stoichionetric mixture ratio



PART I
DISCUSSION OF ASSUMPTIONS AND INTRODUCTION OF PARAMETERS

The assumptions used in evaluating the theoretical
performances of the tripropellant systems were that

1. The propellants react completely and there
is sufficient time for the establishment of
equilibrium concentrations of the normally
unexcited compenents - Hg, Hp0, NO, Ng, N,
02, O, Hy, OH - at the adilabatic flame tem-
perature determined by the mass and heat
balance, All minor components are con-
sidered in these calculations except atomic

nitrogen (N).

v}
@

The eguipartition of energy emong the elec-
tronic, vibraticonal, and roteational energy
levels is assumed to be instantaneous, both
in the chamber and in the expansion process,
for constant composition and equilibrium
flow conditions assumed,

5, Qver a temperature range of 100 degrees,
Qav,AHTgog, and gas mixture composition
versus temperature are assumed to be linear,

4, Chamber pressure (P,) is 300 psia for all cal-

culations presented herein, and the exhaust

pressure (Pg) is assumed to be 14,7 psia,



(e
@

10,

11.
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For constant composition {low calculations,

the propellant gas composition remaing con-
stant and eqgual to the composition at the
adiabatic flame temperature in the chamber (Tc)s
For equilibrium flow calculations the composi-
tion of the products changes continuously with
pressure and temperature along the nozzle and
the energy released in shifting the equilibrium
involved is made available for increased per-
formance,

Steady flow prevails throughout the nozzle,
Thet 1s, shock disturbances are neglected,
velocity profile is uniform and fliat, com-

pressibility and viscous effects are neglected,
It is further assumed one dimensional equations
are valid,

The expansion process is lsentropic and the
combustion takes plaqs adlabatically,

The enthalpy of the reaction products isQina
dependent of the pressure since relatively

low pressures were used in these calculations.,
Velocity of the reaction products in the chamber
is negligible compared to effective exhaust
veloclty.

In computing the chéracteristio velocity (c¥*)
the ratio of specific heats (X') is assumed to

be the ratio of the specific heats at the
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equilibrium chawmber temperature, and equal to

¥ c. TheY o is based on the change of enthalpy
over the one hundred degree interval nearest

the chamber temperature (Tq) at a constant
pressure equal to the chamber pressure, For

the expansion process a constant average iso-
baric heat capacity (ﬁb) is assumed,

The foregoing assumptions were used in calculating
the parameters necessary to compare the systems and the ef-
fect of adding a third component, Since achieving a high
terminal veloclity is essential, the impulse is a more sig-

parameter than the energy dissipated, Consequently,

»
&

nificant
the specific impulse which is the thrust per unit weight
rate of flow is computed and is the ratio of the effective
exhaust velocity to the acceleration of gravity., This is
one of the most useful parawmeters in comparing propellant
Sy STeus,

BEffective exhaust veloclty is of egual importance
as a parameter since it is indicative of momentum change
(c = Isp g). The effective exhaust velocity is the nozzle
exit velocity (axial) and is also defined as the ratio of
the thrust to mass rate of flow, Thus, it is easily calculated
both experimentally and theoretically.

The characteristic velocity (c¥*) parameter is com-
puted since it 1s determined only by the properties of the
propellant and the throat diameter and is independent of the

exit conditions, It is a measure of the combustion efficiency
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and readily calculated considering only the propellant pro-
perties (Te, Y ¢, M) at the combustion conditions, In
this way it is very useful to obtain quick estimates of the
merit of a propellant system,

The nozzle thrust coefficient (Cp) has been found to
be a useful parameter. It is a function of chamber pressure,
nozzle throat area, and the thrust developed, Theoretically,
it may be evaluated from the ratio of the efiective exhaust
velocity to the characteristic Velocitye

The altitude index 1s a useful parameter in comparing

propellant systems since it is a welghted function ol speci-
fic impulse and propellant density. It 1s a comparison of
the altitude attainable by an arbitrarily chosen large total
impulse rocket with a rocket of specified total impulse,
By using a large rocket the propellants become onlj functions
of their specific impulse and density and thus provide a good
measure of their relative merit for long range or high alti-
tude missile application,

The values of altitude index were based on equations
for bipropellant systeus and, therefore; produce values that

are slightly optimistic,
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PART II

DEVELOPMENT OF THE EQUATIONS FOR SOLVING THE COMPOSITION
OF THE PRODUCTS OF REACTION INCLUDING MINOR COMPONENTS

The equations developed here for determining the
composition of the products of reaction are of necessity
synonymous to methods previously developed for solving
similar problems, They represent an independent derivation,
however, As a result, the use and nomenclature of the equa-
tions are slightly different,

Although there have been numerous methods of solu-
tion for this type problem, they are all time consuming and
laboriocus, Several methods were investigated in an effort
to find a quick exact solution, but the final conclusion
was that some methods, although of equal adaptability, did
not offer any definite advantage over the method used in
this thesis, either in time or accuracy,

The products of reaction of all the propellant
systems investigated contained Hg, H, OH, NO, Ng, H20, O, Og.
The following system of symbols was used to represent the
atomic and molecular species present in the combustion gases:

a = number of moles of water vapor (HgO)

b = number of moles of hydrogen (Hp)

¢ = number of moles of hydroxyl ion (OH)

(o
L]

number of moles of atomic hydrogen (H)
e = number of moles of oxygen (02)

£ = number of moles of atomic oxygen (O)
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g = number of moles of nitrous oxide (NO)
h = number of moles of nitrogen (Ns)
H = number of gram atoms of hydrogen

= qumber of gram atoms of nitrogen

ot

0 = number of gram atoms of oxygen

The major components are molecular hydrogen, molecu-
lar nitrogen, and water vapor, The minor components are atomic
hydrogen, nitrous oxilde, atomic oxygeﬁ, oxygen, atomic nitro-
gen, and the hydroxyl ion, The presence of atomic nitrogen
is neglected in this investigation,

Therefore, the problem is te find at least eight
equations by the use of which the eight unknowns can be
solved, The reaction equation for systems containing hydro-
gen, nitrogen, and oxygen is:

H+ N+ O=23H20 +#+ bH2 4 cOH « dH + €02 ¢ f0

+ gNO + hilp '
This immediately gives three of the necessary eight

equations by setting up the atom balances:

Sum of hydrogen atoms: H=2a+2b+c+d (D)
Sum of oxygen atoms: O=a+c+R +Ff +g (2
Sum of nitrogen atoms: N=g+2h (3)

The remaining five equations were obtained by con-
sidering reactions and dissociations among the eight products
of reaétione Bquilibrium must be assumed and the resulting
equations are as follows:

iNo + Hg0 = NO + He (ang = 0,5)

Knz =858 | (4)

h°5a



2Hg0 = 0o ¢ 2Hp (aong = 1.,0)
Kna = 3?.2 (5)
al
HoO = 0 + H, (any = 1,0)
Knnp = fo (8)
- _
3Ho = H (a ng = 0,5)
Kng = _d_ (7)
be®
Ho0 = OH # 3l (anio = 0.5)
Knjo = :_c,g.:i (8)

The tabular values of the equilibrium constants used
from Table I were based on ratios of partial pressures, but
since the development here depends on the mdieg ol gases
it was necessary to convert the Kz, Kg, K7, Kg, and Kjg to
Knzs Kngs Ennps Kng, and KnlO by the following general rela-
tions ‘

Kn = X gl_%g(“) (9)

where np = number of moles of products of reaction

P

i

total pressure of products of reaction
on = number of moles of products minus the number
of moles of reactants obtained from balanced
equilibriﬁm equation
Also, there is an additional equation since Kp is
a function of total moles of products of reaction where
npna&b+c+d+e=&-f+g4-h (10)
It is pointed out that np must also be estimated for each

particular solution,
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These equations can be solved to express the com-
position of each of the components as a function of, at
the most, two unknowns, giving the following equations:

9 » S )

a=HD> - Kpg b - 20ple? (11)

L] 5 g
2 b°° + Knjg

b = b (where b = assumed trial value) (12)
¢ = Knyp 3 (13)
be®

d = Xng b*° (14)

e = K a° (15)
—5—

I =Kpy a (16)

b

=0~a=-¢==2e =Ff (x7)

h=% (I -g) (18)

np = a +bscsdsesfsgeh (19)

Kng = &b _ | (20)
ahe®

With these equations all - -the unknown quantities can
be found if tThe correct estimate of "b" can be found, The
correct value of "b¥ is found by trial and error., Therefore,
the following trial and error procedure is employed.

1. Estimate T¢ to nearest 100° K,

2., Estimate np and compute the equilibrium con-

stants (Kp's) for total pressure of products
of reaction for this estimated Tg.

3, Estimate "b", number of moles of hydrogen,
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Calculate other components from this estimated
"hi, using Equations (11) through (18),

From Equation (19), find np. Compare with es-
timated np of Step P

From Equation (20), find Kpg. Compare this
with Kng of Step 2, These two will be identical
if np estimated = np actual,

Repeat calculations based on new value of "bn
until agreement of np (estimated) = np (computed)
and Knpg (Step 6) = Kpg (Step 2).

As a check on numerical accuracy, Equations

(1), (), and (8) should be used,
demonstrate the use of these equafions for deter-

composition of the products of reaction, the fol-

lowing sample calculation is presented,

The composition is to be solved for a particular

temperature and pressure corresponding to chamber conditions

in a rocket motor, The propellant system chosen to best

demonstrate the use of these equations is nitrogen tetroxide

and hydrazine at stoichiometric with the addition of % mole

of liquid ammonia,

The chemical equation expressing the reaction of

the propellant is given, at low temperature, as

ae

NoOg4(l) + .25 NHz (1) + 2 NgHg = 4 Hp0 (1) + 3,125 Ng + .375 Hp

at elevated temperature:

NoOg (1) +

.25 NH5 (1) + 2 NgHa = aH0 (g) + bHZ + CcOH + dH
+ e0g + £O + gNO + hNp
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From this equation, np is found to be equal to or
greater than 7.5 moles;

Using equations (1), (8), and (3), the following
three equations are obtaineds
Sum of hydrogen atoms

H=8,70=2a +#+ 2b + ¢ & d
Sum of oxygen atoms

O0=4,0=2a +¢c +2e +Tf +g
Sum of nitrogen atoms

N =6,20 =g + 2h

Now employing Equations (11) through (18), an ad-
ditional seven equations are obtained:

a = 8,75 b°° - Kng b - 2ble?

2 b®5 + K.nlo
b=2>»
¢ = Xnjp a
bed
d = Kng be?
e = Kns a.2
be
f = Kn;;» a
b
g=4,0-a -¢ =-2e = ¢f

h = 3(6,25 - g) = 5,125 - g/2
It was now necessary to choose a temperature to the
nearest 100° K and to estimate the total number of moles of

all the reactants at this temperature,
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With T = 3200° K; P¢ = 300 psia; np = 7.8 moles,

the composition was computed,

T B3200° K
ny, 7.8
(np/p) (2 1=1) 0,382
(np/P)(A n=0,5) 0.618
Kng 0.00800
Khﬁ 0,00270
Knn 0.00727
Kng . 0.1738
Knjg 0,0672

To begin the trial and error solution of the composi-
tion, a representative value of "b" was chosen,
In the {irst trial, "b" was taken equal to 0,7 moles,

and the equations (11) through (18) solve:

a , 3,463
b 0,700
c 0.278
d 0.145
e 0.066
£ 0,086
8 0,091
h 5,080

Kngz (calculated) 0,008
np 7,859
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Comparing Kpg and ngp calculated with Kpz and np

“based on assumptions, it was found that

Knz (based on assumed values) = 0,00800
compared with

Knz (calculated) = 0,00800
and

np (assumed) = 7,80
compared with

np (calculated) ‘ = 7,859

With this information, it was necessary to assume
another np = 7,86, and resolve the equations with an ad-
justed value of "b" = (,890.

T 5200

np 7,86

(np/p) (87=1.0) ¢ 385

(np/P) (2 7=0:5) 4 g

Kng 0,00802
Kng 0,00272
Kney 0.0073%
Kng 0,1743
Knig 0.0674
a B o 4T3
b 0.0690
C 0,282
a 0.145
e 0,069

£ 0,037
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g 0.070
h 3,090
Kng 0,00802
ny, 7.856

Comparing results of second trial showed Kpz's to be
in exact agreement and ny calculated = 7,806 compared to np
estimated = 7,860, This difference is negligible, There-
fore, the exact composition is computed for the chosen
temperature, = 3200° X, at a pressure, P = 300 psia

(20.41 atms.).
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PART TITI
SAMPLE CALCULATICHS OF PRRFOEMANCE PARAWETERS

Calculations are made on the nitrogen tetroxide
(liquid) and hydrazine (liquid) propellant system at stoi-
chiometric with the addition of # mole of liquid ammonia as
the third component to illustraté the methods presented
thus far,

Since a sample calculation for the determination of
the propellant composition at a chosen temperature has been
made in Part II, these calculations will proceed from that
point in order to avoid duplication,

The chemical equation at stoichiometric mixture of
this propellant system is at low temperature:

1,0 NgOg + 2 NgHg = 4 Hz0 (1) + 3 Ng

With the addition of # mole of'liquid ammonia to
the above equation, it becames

1.0 Ng0g4 + 0,25 NHz(l) + 2 NoHg =

4 HoO (1) + 3,125 Nz + 0,375 Hg
At an elevated temperature the chemical equation is:
1.0 N204 + 0,25 NHZ (1) + 2 NgHg =
a HoO (g) + bHo + ¢ OE + d H ¢+ ¢ 02
+ T 0+ g NO+ hNe '
Total mass of all products of reaction is equal to

160,93z gms,



Step A, Calculation of Chamber Temperature (Teq)

Estimate Tg to the nearest 100° K, Choose T, (est.)
= 3200° K,

Using methods for solving the composition of the
products of reaction demonstrated in Part II, the composition

was found to bhe

Ca 5,475
b 0,690
c 0.26& "
d 0,145
e 0,069
f 0,037
g ¢.070
h $.080

The ng can now be evaluated for this temperature:

ng = £Qr (products) - Q@ (reactants) (21)

Table III lists values of heaté of formation of the
chamber and exhaust gases and of the reactants used in evalu-
ating ng.

With use of Table III, Ql, was found to be equal to
218,92 k cal./160,32 gu, |

The 4 Hg%go can now be evaluated,

ABZg0 = Ty Ny Ay (=€)

This was computed from Table II and found to be |
equal to 217.08 k cal,/160.82 gm, If the Q?%OO is compared

with the st§880, it is found that the temperature of 3200°
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K chosen for Te is too small and a new Te must be selected,
For the second trial, Te = 33%00° K is chosen, Similar cal-
culations are nmade as with Tg = 3200° K and the composition

of the products of reaction are found to be

a B.0=1
b 0,775
c 0,806
d | 0.20L
e 0,089
£ 0.057
g 0,088
h 4,081

Q§§OO and zsﬂgdoo are computed at #300° K and found
to be:

Q2200 = 204.90 k cal./160.52 gms.

A HZEQ0 = 226,11 k cal./160.32 gus,

Comparing these'values, it is seen that Te = 3300° K
is too high., Therefore, T¢ must be between 3200° K and
33000 K. The exact value of T, will be that temperature
where AhEaOO = Qav, With the assumption that Aﬂggg and
Qac versus T(9K) are linear over a 100° temperature range,
the A T (temperature change between the lower and upper
temperatures Te¢) is computed by the following relation:

T = 3200° + AT

3500 _ ”20 2
luO(Qav . O) o 0 -

3300 15200 5200 ..
100(“500 - AHggo) ¢ AH&OG (£3)



AT=28°K
Te = 3200 + 8 = 3208° K

Step B. Calculation of Ratio of Isobaric to Isochoric Heat
Capacity (Y¥e)

The isobaric and isochoric heat capacities (Cpc and
Cve) must be calculated in order to obtain ¥ c.

3300 ' o
= §Hzzo0 (x4)

nP(AT)

6500

3500
S Hy 300

52003
5200 ‘

3520 55 OR
_ AIK 0o _ OO)( 5)

= (o H + (Q

wnere

o
k=

Orb == .J.Q. Ce x 105 cal Oqu le“‘l

np(lOO)

= 23,05 x 10 = 29,133 cal K"+ moi~t
7.1

Cve = R9,130 - 1,986 = 27,144
XE = Cpe = 1,076 (26)
Cve

step C, Calculation of Average Molecular Weight (Hg)

e is the average molecular weight of the products

of reaction,

oz

lic = m 27
Trs (27)
where " m = mass of rea ctanbb
Te _

n~* = nuwber of moles at temp, Te produced by "m"
mass of reactants,

W, = 160,32 = 20,384 gms, mol—+
=7 665 |
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Step D, _Calculation of Charzcteristic Velocity (c¥)

Using only the adiabestic flame temperature in the
chamber znd ¥, and ﬁc calculated, the parameter, charaéterism
tic of the propellant (c¥) can be computed, This is very
valuable since the propellant can be immediately Judged as
to its practicability and may save many useless calculations
of propellant systems which would be of no interest,

c* is defined either of two wayss

c* = Pg ft (28)
Pe ft
m

where Pe = chamber pressure psia

fy = area of throat

m = mass rate of flow through nozzle
or B
o= =

5 Ye + 1
(57D 20re-1)

where ae = velocity of sound corresponding to chamber
conditions
I 4oy = Tunction of ¥ evaluated at ¥ = ¥,
Ry = universal gas constant

M = average molecular weight of chamber gas

adiabatic flame temperature in chamber

=3
()
1]

¥ o = ratio of isobaric heat capacity to isochoric

heat capacity
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he [0 (y found from its relation to
The J7 (¥e) can be found from its lation to Y.

in the equation:

b c‘?*l .
o5 Tolvw -5 o
[7W(¥c> = 3; XQ; l,mch ~1) (30)
or the linear relation:
I (Vb) 1047 + 5048 Y, (31)

can be used,

This linear approximation (Cf, Ref., 5) was checked
over the range of ¥ encountered in these calculations and
found to be equal to the value calculated by the exact
equation within one half per cent,

Using the linear approximation for 1&gy, ¥

was calculated to be equal to 6014 ft sec™,

Step E., Calculation of Exhaust Temperature T
3 , ] e

At this point it is important to illustrate two
separate methods of caiculation: One set of calculations for
equilibrium flow (assuming that the composition is a function
of the temperature and is changing through the nozzle) and
a second set of calculations for constant composition flow
(assuming that the composition is independent of temperature
and pressure through the nozzle), Calculations for equili-
brium flow will be carried out first and then the modifications
necessary to calculate constant composition flow are listed,

The exhaust temperature (Te) will be calculated from

the relation:

- Ru
I P L;;-Z P b il
Te = T (p2)° ¥ = Tc (?%).CE - (82)
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1, FBEquilibrium flow,

The composition of the products of reaction is a
function of temperature and is continuously changing aé the
gas [lows through the nozzle,

First, estimate Tg (°K) to the nearest 100 PK, As-
suming that Te is 2200 ©K, the composition of the reaction
products is calculated by means of the method illustrated

in determining the composition in Part II,

a (Hg0) = 3,983
b (He) = 0.380
¢ (OH) = 0.014
a (B) = 0,008
e (0g) = 0,001
£ (0) - -

g (o) = 0,001
Lo (¥ig) = 3,124
nle = 7,512

From this composition at 2200 °K, [&Hgggo was de-
~termined to be 129.48 k cal/l160,.,d2 gms. and zsﬂggo was pre-
viously calculated to be 217.80 k cal/160,32 gnms.,

The change in the enthalpy of the products of re-
action in going from T, to Tg with the components in equili-

brium is now calculated:

Ie Te 2200 2200 Te
SHozoo = (AHzgp - AHzgg ) - (Qgv = Qav)
5 T
(Qé@oo - Qag) = 44,04 k cal/160,32 gms,

5H§§OO = 129.48 k cal/160,32 gms,
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NOW‘EP can be found for use in determining exhsust
temperature (Te)s This is the average isobaric heat capacity
between the chamber and exit,

- Te

Cp = §Hrg

np(Tc“‘Te)

and since

E@ = 7,689 moles

and JHgg = 129,48 k cal/160.32 gums.
Then, Cp = 16,690
and R = ,119
Cp
Therefore,

R
Te = Tc (Pe/Pc)Cp = 2239 Ok

It is.now necessary to estimate a new Tg since the
Te calculated is more than s+ 10° of the Te estimated,
Therefore, Te = 2300 ®°K is now taken and the composition
of the products of reaction calculated as before,

a (Hg0) = 3,960

b (Hg) = 0,392
¢ (0H) = 0,027
a (H) = 0.017
e (02) = 0,003
£ (0) = 0.001
g (NO) = 0,006
(M) = 3,127
nre = 7.528
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Using method illustrated for computing Te from first
trial, Te = 2200 °K,
Te _ .
S Hozgg = 119.25 k cal/160.5% gus,
Now instead of computing Te for an assumed Te =
2300 9K, it is better to take a new Tg (assumed) equal to
the computed Tg of first trial (plus or minus a small cor-

rection depending on whether or not the first estimate of

Te was high or low compared to the first calculated value

of Tg.
For the assumed Tg so corrected
Te = 2239 °K
: Te o o
and SHonzg = 125,51 k cal/160,82 gus.
from which
C, = 16.838
and By = .118
[+
P RI;
Hence, Tg = ( ) = 2246 °K

The Te calculated is only 7 degrees different from
Te estimated and can be taken as the correct Te. Repetition
of the calculation would not change Te.

It is noted, however, that the value of <SH$Z to be
used in finding the effective exhaust velocity (c) must be

for the correct Te = 2246 K instead of for Te = 2239 K.

T , |
SH g = 124,80 k ¢al/160.32 gus.
L .
S H3Sz9 = 125,51 k cal/160.52 gms.
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. MNModification for Constant Composition Flow

To modify the calculation of Ty (equilibrium flow)
to apply to a calculation of Tg (constant compoéition flow),
the following variations must be used,

The composition is not a function of temperature
and remains fixed during the flow through the nozzle,

ne Te estimated must be smaller than Tg estimated
for equilibrium flow, |

ik T .y .
5}&% (Ahﬁgo - AH e(est.)) - 0 (change in enthalpy

300 due to composition
changes)
Therefore,
To ik
ayms c
S HT’;—; AHTe
With these modifications the procedure is the same

as used for equilibrium flow as illustrated,

Step F, Calculation of Effective Exhaust Velocity (c)

and Specific Tmpulse (Igp)

The value of effective exhaust velocity (c¢) is de-

termined from

-

T
= 2 mC 5
c §Hrg J (53)

where J

i
)

echanical equivalent of heat

The ac

(1

uwal formula used was
m i
$HFS| * rt sec™d
e
M

[}
18
o]
N
w
&
@
AV

¢ = 8375 ft sec™t for equilibrium flow
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c = 8039 It sec™t for constant composition flow

Isp = ¢/g sec (34)
Igpy = 8375 = 260,1 sec for equilibrium flow

l B2,
Isp = 8089 ft‘sec“} = 249,56 sec (constant composi-

52.2 £t sec™® tion flow)

This value of Igp represents the theoretical maxi-
mum since Igp is defined by

Isp = gww,ﬂ ne =g
mg wg §

Feme implies that the effective exhaust velocity
is equal to the jet velocity which is only true for a per-
fectly expanded, frictionless nozzle, with true axial flow

from nozzle throat,

Step G, Calculation of Nozzle Thrust Coefficient (Cp)

The nozzle thrust coefficient (CF) is a function of

F, Poy, f and 1is defined as

Cgp=_F =¢ (35)
Cp = 8370 = 1,489 for equilibrium flow
6014
Cp = 8034 = 1,24 for constant composition flow
6014

Step H, Calculation of Altitude Index (h)

The determination of the altitude index is based on
values of altitude index and loading factor varying with

density and specific impulse,
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Arguments of propellant density and specific impulse
were used to determine the corresponding altitude index ex-
pressed in miles, With this method of determining alti-
tude it was possible to find and plot altitude index as a
function of weight percent addition of the third component,

The densities used are those shown in Table IV,

It is first necessary to find the average propellant density
from the ratio of the molecular weight to the total volume
of the reactants,

The propellant mass = m}ﬂ 160,52 gms,

The total volume equals 131,72 cm®,

C=m (36)
Vol ,

C =160.%2 gm = 1,22 gums cmo
151,72 cn®

Isp from previous calculation is equal to 249,68 sec
(constaﬁt composition) and equal to 260,1 sec (equilibrium
flow), |

With these values of Igp and C enter the tables and
pick off the corresponding value of altitude index (h) equal
479 miles for constant composition flow and equal to 527

miles for equilibrium flow,
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DISCUSSION OF RESULTS

Considerations have indicated that hydrogen is
the best additive to e bipropellant system for reduction
of heat transfer because of its high heat capacity per
unit weight and its low moiecular weight which results in
increased performance and reduced combustion temperature
providing equilibrium conditions are attained and complete
mixing is assumed., 1In a practical system it is proposed
that the addition of hydrogen be accomplished by the use
of liguid hydrogen (Ho(1l)) or by the use of a molecule
whose dissociation products are predominantly low molecular
weight, i.e,, liquid ammonia (NHz(1)). The effect on the
performance of the propellant systems, NoOgq - NgHg, RFNA -
NoHa, and HgOg - NoHyg, by addition of liquid hydrogen and
liquid ammonia has been calculated for various percentages
of additive, These results are tabulated in Tables V to
XVI and demonstrated in Figures 1 to 16,

For each tripropellant system a table of all parame-
ters computed assuming equilibrium flow conditions; a table
of all parameters computed assuming constant composition
flow conditions, curves of chamber temperature, exhsust
temperature, specific impulse, and altitude index against
weight per cent addition of third component for both equi-
librium and constant composition flow, and a curve of per-
centage variations for these same parameters are presented,

The percentage variation better illustrates the

relative effect of the addition of the third component on



the performance parameterém The percentage variations are
based on the ratio of the parameter to the stoichiometric
value of the system belng considered, The change in value
of & parameter from the value at stolchiometric can readily
be determined from the curve showing this variation as a
function of weight per éent addition of the third component,
This information is valuable in selecting a propellant
system for a given specification.

It is well to note that the constant composition
values of the wvariation of the parameters appear larger
than the values of the variation of the parameters for
equilibrium flow, IT must be remeubered that the absolute
value of the parameter for equilibrium flow considerations
is always greater than or equal to, but never less than
the value of the parawmeter for constant composition con-

siderations,

A, ADDITION OF LIQUID HYDROGEN TO A STOICHIOMETRIC MIXTURE
OF NITROGEN TETROXIDE AND HYDRAZINE

The addition of hydrcgen to the combustion chamber
will alter the average molecular weight, the specific heat,
and influence the component equilibria, The first effect
is sufficient To cause an increase in performance (because
of decrease in M) at the same time lowering the chamber
temperature because of the reduction in available energy

and the high heat capacity of hydrogen.
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The nitrogen tetroxide-hydrazine system at stoichio-
metric for eguilibrium flow has a high chémber temperature
(Te = 3253° K), a high specific impulse (Igp = 259.2 sec),

a high altitude index (h = 525 mi.), and a characteristic
velocity (c* = 5965 £t sec™l). (Cf. Table V,) These re-
sults make this a desirable system, However, it is immedi-
ately apparent that there are severe temperature problenms
involved in using this propellant system for long term opera-
tion, Therefore, the effect of the addition of hydrogen on
this propellant system was evaluated,

The parameters for this system are shown in Figures
1 and 2 and their values are shown in Table V and VI,

Chamber temperature and exhaust temperature both de-
crease almost linearly with the increase of hydrogen showing
approximately 48 per cent drop in chamber temperature with
addaition of 16.25 per cent by welght hydrogen and approxi-
mately 56 per cent decrease in exhaust temperature (constant
composition flow) and 65 per centldecrease in exhaust tempera-
ture (equilibrium flow) for the sawme addition by weight hy-
drogen (16.25 per cent), Thus, it is seen that the effect
of the third component on the temperature is desirabile,

An increase in specific impulse 1is observed by the
addition of hydrogen reaching a maximum between 8-10 per cent
by weight addition of hydrogen; The maximum increase is ap-
proximately 11 per cent for constant composition Tlow consider-

ation and 6,5 per cent for equilibrium flow consideration,
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Altitude index shows & 5 per cent increase at ap-
proximately 2.5 per ceant addition by weight of hydrogen
for the assumed constant composition flow process and a
< per cent increase at 0,5 per cent addition by weight hy-
drogen for the assumed equilibrium flow condition,

It is well to note that the percentage decrease in
altitude index is less than the percentage decrease in
chamber temperature, so the overall effect is still favor-
able, 1In practice the two factors would have to be care-
fully weighted depending on the use to which the missile
is to be put, TFor hydrogen addition greater than 5 per cent
by weilght the percentage decrease in altitude index lags
the percentage decrease in chamber temperature by three to
ten per cent for equilibrium flow, and for constant compo-
sition flow by nine to seventeen per cent.

The effective exhaust velocity (c) increases to a

-1 g approximately 9,4 per cent by

maximum of 8867 ft sec
weight of hydrogen for constant composition flow, and reaches
a maximum of 8868 ft sec—t for eéuilibrium flow at approxi-
mately the same weight per cent addition of hydrogen as for
constant composition {low,

The characteristic velocity follows the effective
exhaust velocity reaching a maximum of 6413 £t sec~! for the
same welght per cent addition of hydrogen,

The thrust coefficient (Cp) decreases from 1.48 to

1.%8 for constant composition flow and increases from 1,584

to 1,38 for equilibrium flow, The thrust coefficient is
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the same for both flow assumptions after the chamber tempera-
ture is suppressed to the point where there is no re-

association energy appearing in the nozzle expansion,

B, ADDITION OF LIQUID ANMMONIA TO A STOICHIOMETRIC MIXTURE
OF NITROGEN TETROXIDE AND HYDRAZINE

The introduction of low molecular weight constituents
into the cowbustion chamber by the use of liquid ammonia
produces results similar to those obtained by adding hydro-
gen and for missile use the handling problem is greatly
simplified, The change in performance is smaller, however,

For this system the results are presented in Tables
VII and VIII and Figures S and 4,

The exhaust temperature decreases almost linearly
with the addition of ammonia showing very little difference
for either equilibrium or constant composition flow, For
an addition of 17,21 per cent by weight of ammonia a reduction
in exhaust temperature of approximately 38 per cent is ob-
tained for equilibrium flow and 21 per cent for constant
composition flow,

As can be seen in Pigure 3 the change_in specific
impulse (Igp) reaches a maximum of 251 sec and 260 sec at
approximately 5 per cent addition by weight of ammonia for
constant composition flow and equilibrium flow respectively,

The chamber temperature decreases steadily with

the addition of ammonia, but it is to be noted that for
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approximately the same weight per cent addition of ammonia
and hydrogen a reduction in chamber temperature of 19 per
cent is obtained with liquid ammonia while a reduction of
chamber temperature of 48 per cent is obtained by the ad-
dition of liguid hydrogen,

Altitude index increases with the addition of am-
monia to a maximum (b = 527 miles) at approximately & per
cent addition by welght ammonia for equilibrium flow, For
equilibrium flow the altitude index reaches a maximum
(h = 483 miles) at approximateiy 5 per cent addition by
weight of ammonia,

The effective exhaust velocity increases to a maxi-
mum of 8375 £t sec~1 at approximately 2,7 per cent addi-
tion by weight of smmonia for eguilibrium flow, An increase
to a maximum of 8076 ft sec-l at 5 per cent addition by
weilght eof ammonia 1is obtained for constant composition flow,

The characteristic velocity (c¥*) follows the same
trend as the effective exhaust veloclity reaching a maximum
value of 6017 ft sec—1 at five per cent ammonia,

The thrust coefficient (Cp) changes from 1.40 to
1.38 for equilibrium flow and increases from 1l.534 to 1.37
for constant composition flow indicating that the charac-
teristic velocity and specific impulse vary in a similar

manner with various percentages of third component,
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C, GENERAL RESULTS APPLICABLE TO ALL SYSTEMS INVESTIGATED

The effect of the addition of hydrogen and ammonia
to the other propellant systems 1is very similar to the ef-
fect on the performance and temperature changes for the ad-
dition of the third component to the nitrogen-tetroxide
systems, Therefore, little would be gained in a detailed
discussion of the remaining systems, The results of all
the systems are presented in Tables V-XXIV and Figures 1-17.

The calculations for the assumption of constant
composition flow in all three systems reveal that the ab-
solute changes are of a smaller order of magnitude on the
addition of a third component than are the equilibrium flow
results., Actually the flow condition may fall somewhere
between the eguilibrium flow and constant composition flow
assumptions, however, it is well to demonstrate both types
of flow as limiting conditions,

A study of the results reveals that:

1. The exhaust temperature for equilibrium flow

is affected the most of all,

2. With the exception of the RFNA-NHz(1l) -NoHgy
system the exhaust temperatﬁre for constant
composition flow is affected to the next
greatest extent,

5, The chamber temperature is affected the next
greatest extent with the same exception as

stated in (2)., For weight per cent additions
g p
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greater than 6 per Cént, (2) and (3) are cor-
rect as stated with no exception,

4, Altitude index for equilibrium flow is the

parameter affected the next greatest amount.,

5, The specific impulse maintains the highest

percentage of its value at stToichiometric
‘with the value for variation in specific im-
pulse for constant composition flow being the
greater,
| If B(rg,) is defined by (Isp/Isp - Te/Tc) and if
E(p) is defined by (h/h° - T¢/Te®), wherein the superscript
term is the value at stolchiometric, it is found that the
value of each of these parameters was practically constant
for equal percentages of hydrogen for the three systems,
The same is true for equal percentages of amwonia added
to the three systems.

These values for the hydrogen systems and the ammonia
systems were averaged and the average error in the parameter
for any system when compared with this mean value for
the three systems was small, This is illustrated in the
following results for the nitrogen tetroxide-liquid hydrogen-

hydrazine systems

Flow Parameter Av, Error  lax, Error
Eguilibrium EISp 0.004 2.008
Constant Composition EIsp 0,015 0.021
Equilibrium Ey, 0.006 0,007

Constant Composition  Ep 0,027 0,030
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Similer variations were found for the other systems,
The values of these parameters are listed in Tables XVII-XXIV
and Figure 17,

The following general results are observed:

1., The amount of the variation of the chamber

temperature exceeds the variation in speci-
fic impulse and altitude index by a constant
value,

2, Hydrogen is more effective than ammonia based

on the effect on the performance parameters
of the systems under investigation.

The obvious usefulness of these relatively simple
parameters lies of course in their adaptability in pre-
dicting performances of tripropellant systems once the
chamber temperature curves have been calculated or esti-
mated; and as an indirect means for illustrating the rela-
tive merit of a series of third components under considera-
tion as possible coolants,

This parameter was applied to data available from
other sources, It is shown in Table XVIII that EISp
calculated from data for constant composition for liquid
oxygen-liquid hydrogen-hydrazine system (Cf. Ref, 3) was
in good agreement with the results discussed before;

In comparison with data for carbonaceocus tripropellant
systems (Cf. Ref, 4) it was found that agreement was satis—
factory with exception that EIsp for system dontaining
carbon was not in sufficient agreement, It is believed,

however, that similar parameters might be useful in analyzing
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carbonaceous systems at such time as more tripropellant

data 1s available,
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