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SUIDARY
The purrose of this thesis is to investigets the effect on perfornance
and chember temperature of ad’ing hydrogen to a propellzant system., 7The sys~
tems investigzated ared
(1) FEFTA-Aniline
(2) iitromethane
(3) Anhydrous hydrazene-liquid oxygen

Sincs a systematic investigation of the performence parameters of the

it was decided to make thesze caleul-tions, in addition %o the investizations
stated zbove,

The results of the calecul=tions can best be summarized by a study of the
figures at the snd of the thesis, A few eocnsralizstions cen be n=de, The
affect of addine hydroren in sm2ll quantities to 2 high %enmver-ture systenm
i3 t¢ inereass the performance considersbly without too much chenge in the
~hember temmsrature. As more hydrogen is added, the wmercentase decrszse in
chanber temperature is greater than the nercentege increase in psriommance,
If hydromen is added in large que-ntities, both the nerformance curve (affrc-
tive exhaust velocity) and ths chamber $emverature curve flstten ocut,

Z's Dehavior discussed sbove is charactaristiec of hot propsllant sys=-
tams such as R¥7A-Aniline and aahydrous hydrazene. Ia & low temperaturs
systen, such as nitromethane, the effsct is quite different. The =ddition

of hydro=en in s—=11 gusntities causes 2 rapid decreszse in chamber temners-
ture, but the incresse in nerformence is considerably 1es§ on & rparcentaze
basis., As more hydrogen is 2dded tha changes in performance and chamber temn-

er-ture are z2lmost linear,
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INTRCDUCTION

tne of the major problens in designing a liquid-propellant rocket motor
today is high temperature. The problen can be dealt with prineipally in two
Cwars: (1) by finding materials which can witnstand the hiph temperatures
encountered in a rocket wmotor, or, {(2) by finding suitalle means of cooling
the motor. Progress has been mide in solving this problem Uy both methods,

It hardly seems possible, however, that materials will be found that will be
able to withstand the temperaturcs encountered in the hotier propellant systems,
1d the problem has resolved itsell, then, into one of findin: better cooling

methois,

Sweat and [ilm cooling are Loth being developed to the point where it can
alrost be said that no propellant systen is Ytoo hot to handle". Hydrosen is
pernaps the best gas that can be found to add to a propellant system, from the
standpoint of performance, by virtue of its low moleciular weight. In an over-
all analysis, the extremcl; low density of hydropen would be a serious
disadvantage, except in very large rociets, where the density of the propellants
is overshadowed by thic specific impulse. Forgetting for the nmoment over-all
rocket desizn and considering only the perfornmance of a propellant system in the
rocret motor, it is seon that the addition of hydrogen is useful in at least two
ways: (1) it lowers the chamber terperaturc and (2) it increases the performance.
It is most gratifying that recent experiments heve shown that hydrogen is also
one of the best gases for use as a sweal coolani,

It was decided, therefors, to investiigate the elfect on periormaice and
chamber temperature of adding hydro~en to various propellant s:,-*at'.ems. The two
systens of immediate impertance were the RFih-aniline gysten and the monopropel-

lant, nitromethane. Sinee nitromethane is a cool propellant compared to the
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RFih-=aniline system, an interesting comparison should be obtained of the effect
of adding hydrogen. DBoth virtues of the hydrogen addition evidently can be
exploited to a greater extent in a very hot propellant system; consequently,
it was decided to make calculations on the anhydrous hydrazine-liguid oxygen
system.®

Since a systematic investigation of the performance parameters of the
RFNA-aniline systen over a wide range of mixture ratios had never been made,
it was decided to make these calculations before starting the analysis of
hydrogen addition. The range of mixture ratios included in the analysis
extends from 1.500 to 6.,000; the stoichiometric mixture ratio is L.171.

The body of the thesis is divided inte four parts: the first part is a
discussion of the assumptions that are made in the formulas that are used
for the performance calculations, and also introduces the various paraneters
that are used in evaluating the merits of a propellant system; the second part
is a developnent of the equations used to solve for the composition of the gas
rixture, including the minor components, atomic oxygen and hydrogen, nitrous
oxide, and hydroxyl ions; the third part is a sample calculation of the compo=-
sition and of the performance for a stoichiometric mixturs of RFlA-aniline
with 1% moles of hydrogen added; the fourth part is a presentation and
discussion of the resulis obtained from an analysis of the three propellant

systens, RFHA-aniline, nitromethane, and anhydrous hydrazine-liquid oxyvgen.

siCalculatecd under the 'direction of Dr. David Altman by members of the
Che=istry Section, Jet Propulsion Laboratory, California Institute of
Tecinology, using the "f{rozen-composition® method of calculation of

pericrmance parameters.

5}
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{The symbols are listed approximately 1n the order in wiich they

el

(N

&)

!

5, 22, KB’

etc.

HnCMDT

HeSTRIC
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Number oi moles

EPTARATION OF SY3BCLS
appear in
"3:0 tGX.b.)
of hydrogen (Ho) in the products of reaction

Huaber of molss

Hunber of noles
reaction
Number ol moles
reaction
sivmber of moler
Humber of moles
Humber of rnoles
reaction
rmber of moles
reactlon
thmber of moles
reaction
iiptber of moles
Sram
I gram
Huaver of

gran

Huarber of oram

Equilibrim coastant

Bquilibriw: cousstant

atoms of

ators

of water vapor (Hp0) in the products ofreaction
of carbon monoxide {CO) in the products of

of carbon diaxide (COp) in the products of
of oxyzen (0p) in the products of reaction
nitrogen (Np) in the products of reaction
of nitrous oxide (NO) in the products of

f hydroxyl ions (0H) in the products of

Q
T+

of atomic hydrozen (H) in the products of

of atonic oxygen (0) in the products of reaction

atons of carbon in the reactants

Irydrogen in the reactants

atons of nitrogen in the reactants

of oxy. en in the reactants
based on the ratios of the nunber of moles

based on the ratios of partial pressures

Particular eqoilibrir constants based on the ratios of the

bar of ncles of comp

£
cliend'

gases in 7iven reactions

An arbitrary coefficient defined by the sum 2C = O + H/2
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B An arbitrary coefficient defined by the sum H « 20 - O

D An arbitrary coecfiicient defined by the sum 0 = O = H/2

A Hggg Change ir enthalpy bebween temperature 300°K and T9K

nToK lumber of moles of products of reaction at temperature TOX

n Average number of -oles of products of reaction betiesn
temperatures T, and Tg

To Equilibrium chamber temperature in depgrees Kelvin -

To Egquilibrium exhaust temperature in degrees Xelvin

Fay ng ’ Enthalpy change between the equilibrium temperatures, T, and
Tes and equal to AH§,§§O - An‘;go

(Aigz ) Apparent enthal-7 chaonge between the equilibrium temperatures,

T » T

T¢ and Ty, and equal to AHy§, - AH3§O + 5Q;7

‘3‘7 Value of the ratio of the average apparent specific heats
between Tg and T3

T:‘:; Value of the averave apparent specific heat at coastant
pressure between T, and Ty

E:; Valus of the average apparent specific heabt at constant volure
between Tg and Ty

Bee . Universal gas constant, equal to 1.93% cal/sran mols- K

Rga.s Gas constant for a particular gas in cal/gran - °X

Qp(reactants) Heat of formation of the reactants in keal, at 300%K

Qe{procucts) Heat of formation of the products of reaction in kecal, at 300°K

ng,* Heat available in lkeal, at T°K, from the heat of chemical reaction

AT An increment of temperature in °X

2t

(@)

Change in the number of moles of cozponent gasss during the

o

adiabatic expansion from Tg to Tg
E)Qf(pro:tucta) Change in the valuc of the heat of formation of the products of
reaction due to the change in composition, in keal
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Chanber preas
“Axture ratio.
weisht of fuel i o

lechanical equivalert of hest = 4,117 x 107 ergs/cal

Effective exhaust velcur’y

Characteristic weloc!iiy i

Specilic impulse

Acceleration dus
Red fuming nitric
6435 0 )

Average moleculur

~

Ixhaust pressure of

—
uie

in lbe-sec/1b

4, dmn oy S L gl
[ ‘_,‘.af_\. - \1—1‘

¥ie nozzle

psia

ratio of the weight of oxldizer Lo the

weisht of chanter pgases

Theoretical thrust coofficient

propellant sysien

itrarily chosen as 32.16)

acid (in tiis thesls, nitric acii with
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PART I
vISCUGSION OF ASSUMPTIONS AND INTROLDUCTION OF PARALETERC
Though this thesis is not concerned with the presentation of a derivation
¥ the equations describing the {low through the combustion chamber and noszzle
of a liguid-propellant rocket, it is well to recall the assuiptions involved
in their derivation; in order to zecp in mind thic limitations of uhesc equations.
The velocity of tie gases in the chamber is of the order of 70 fit/sce in a
rocket of conveitional desizne. The exhaust velocity of the jases is of the
order of 7000 ii/sec. Thus, the firsi assuuption that is made is thait the
velocity of the gases in the chamber is neglijitle., The gas is further assumed
to be non-viscous, which neans that the flow is not corplicated by frictional
effects. By makinc the adiitioral asswrptions that the flow is steady, and
that the expansion of the pas in the nozzle is an adiabatic expansion of a
perfect gas, the two following equations may be written:
¥a
©T/T, = (p/pe) L
2VR T, 3
L Rl ¢ AR 75
¥-1
The first equation is simply an expression of an adiabatic expansion
process; the second is an expression for the velocity of the ;as at any point
in the nozzle. If the pressure, p, is atmospheric pressure, and 7 the exhaust
Yemperature, then the particular value of v is called the effective exhaust
velocity, ¢, which is one of the important parameters used in judzin- the merit
of a propellant, It is assuned, therefore, that the gases are always expanded
to atmospheric mressure. The remaining assumption is that there is no change

in the gravitational potential ererzy of the gases.
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Several other paramcters are found useful in evaluating the meritis of
propellanis. One is the speciic impulse, Isp’ which may be defined as the
pounids of thrust per pound of propellani consumed per secand, and may be
fond from the equation, Isp = c/g, the effective exhaust veloeity divided by
gravity's acceleration., Another paraneter is the characteristic velocity, eo#,
wiich i defined by the equation, o* = a,/M" where [ is a ratier compli-
cated function of ¥ , the ratio of the specific heats, and a, is the apparent
velocit,” of sound in the chamber., This parameter will be discucsed in greater
detail later in the thesis. The ratio of the elfective exhaust velocity to
the characteristic velocity is equal to the theorctical thrust coefficient,

Cp = cfe¥, which is defined by the equation /1, 4.

The assunptions discussed thus far have pertained primarily to the flow
process of ?thgases through the nozrzls without mentioning anything about the
chemical composition of these cases., It is assuied that the products of reac-
Wlon of the propellants reach an equilibri:m cmuposition at the chather temper-
ature and pressure. A8 the gases expand throw i the nozzle, the teuperature
decreases continucusly, vhich causes a zhaunje in the composition. It is also
assuned that whon the gasss reach the exhaust terperature, thiey have the
equilibrium composition for that temperature and presswe. The perforaance
calculation of the propellanta is based, then, on the avera e value of the
thermmodymnanic properiies of the ~ases in expandin; from the chamber pressure
o atmospheric. Performance calculations are sowiires based on e assumption
that there is no change in camposition during tie expansion., In tids method
the composition at the equilibrium chamber lemperatizre is found and frosen
throurhout the expansion process. Since the sases move throusgh the combustion

chanber and nozzle with considerable welccity”, it is doubtful whether thereis



sufficient tine for the equilibriun composition to be achievedj yet it is
probabiy true that the composition is changing during the expansion, so that
some kind of average value of the thermodynamic properiicsof the gas mixture
should describe conditions more accurately than the values at the equilibrium
chamber temperature. The actual performance probably lies scmewhere between

the 'values calculated Ly the two methods.

PART II
DEVELOPUENT OF THE EQUATIC.!S FOR SOLVING THE COLPOSITION OF THE PRODUCTS OF
REACTION TUCLUDING XDIOR COIPOHENTS
The derivation of these equations was first made by Ir. David Altman and
Dr. Sidney VWeinbaum of the Jdet Propulsion Laboratory, and the development
precented here is.essentially that developed by theu.
The products of reaction at high temperature will be assuned to be:
a = number of moles of hydrogen (Ho)
boa % " 8 0 umter (HeD)
c = " A ® % garbon monoxide (CO)
d = " " " " carbon diexide (802)

g = i " 11 " Cm,"gﬂn (02)

f = " L " " nitrogen (Ny)
g = n " ® % pitrous oxide (NO)
h = " n " " hydroxyl ions (CH)

i = 0 3 " " atomic hydrogen (H)
j = L "% aboaie oxyzen (0,
The major componeuts arec nitrorseu and the four ;ases involved

in the water-;as equation, hydro’en, water, carbon monoxide, and carben <ioxide.

The other five zases are the minor ccoponents. 07 ea 2 e congidered a
izter comr onent ab hizh mixtore ratios,

=-: - w
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The problen involves, .nen, ben wiknom quantities; in order o sclve,

!

sen equations nust be fomd. b should Ls pointed out thal il the prepellant
syetern being investigated contains hydrogen, carbon, oxyuen, and niitroen, we
will have ten unknow: jases for wiuch to solve. If the systen conialns no
aitrogen, however, the nurber is reduced to seven, and thwe prollem is conside
erabl; siaplified. Ajain, if the swstem contains no carbon, there are o
elrit vrmown gquantitdes.

Pour aguations can he obialined immedialtel; by making a balance of atoas
oi: eaci: side of the reaciion egnation. IL we let C, hy i, and J, denote the
atons of carbon, lydro;jen, nitroen, and cxygen, respectively, in the reaciants,
e reachlon equetion lavelving the ten wnknowmn [asces Deconos,

C+E}‘+EI¢O = 5{2+bH20¢c{30+:1302¢802¢ f;iz*;";?fG#hOH«-ﬂ{-rjﬂ
fron wiich four equations ean Im-ediately he “wribten,
c+d = ¢ (1)
2a+2bshsi = H (2)
2f ez = N {3)

Dece2de2eegehej s O L)

Tie ctier six equalious rejuired cas ve outained {ron six eguations

invedvi:.. reactlons a.ad disscglations auon. Lhe ten productis:
00p # By = CO & HpO (Ey) - (5)
E
o ¢ B0 = 0 e Ho (K3) (&)

2Hy0 = 2Hp 4 Gy (%) | (1)

Pare 9



HyO = Hy ¢ 0 (K7D (8)
%‘Ha = H (Kg) (9)
HoO = OH « 3, (Byq) (10)

Table IiI is a list of eguilibrium constanis over a wide range of tanwe
peratures. The data were collected by Hirschfelder, Curtis, -icClure, and
0O:borne and presented in 0.S.R.D. Report Ho. 5h7. The desiznations used for
the equilitriun constants are those civen in Table III. ‘'enotin; by K,l, then,
the equilibriun constant for the Tifth eguation, Xy for the'si;th, K, for the

seventh, K7 for the eighth, K9 for the ninth, and X i‘of the tenth, the

10
remaining six equations are readily‘ obtained., It should be noted, however,

hat the equilibrium constants siven in Table IITI express the ratios of the
partial pressures of the gases. Since e are working with moles of gases, it
is necessary %o convert the constants given‘ to a form in terms of nolss. This
can be accomplishied by the following formula. For instance, if Kp is the
equilibrium constant for the reaction

ah «bB = ¢l & dD
then,

(n/p)S*da-b

Ein-Kp

Then ths relations involving these six equilibrium constants are:
Xy = be/ad
3
KB = pa/f%
X, = a2e/b2
K> = ai/b
1

-

Klo = ha.‘:/b

Paze 10
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He 22 = a2 Ky
: &

A
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The remaining independsnt relatlong are

i
£ = z{feg)
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(1)

(11
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or eliminating I,

Z&az/bzxg +g=N = 0 (II1)

How it can be sean that all of the unknown quantit.iqs carn be found if
the proper values of "a® and "b“f can be found. The procedure, then, to be
ftsllmved is outlined below:

(1) Estimate the chamber terperature to the nearest 100°K.

(2) Estimate the total mumber of moles (using water-gas relation, ior
iristar.ce) and find the values of K, Kg, etc., for the pressure in w‘uim
intarested.

(3) Estimate the mumber of moles of hydrogen, "a”.

(i) Calculate the corresponding value of "b" from equation (I).

{5) Calculate ths corresponding value of "g" from equation (II).

(6) Substitute these values of "a', "b?, and "g" into equation (III).

(7) Repeat the calculations, base& on a new valus of “a", so chosen that
equation (III) vd.lllequal zero, If equation (III) is greater than zero, "z"
is too large (if positive) and a lower value of "a" ghould be cliosen. Ii "g"

is negative, "a" is too small and a larger value should be chosen.

ARESTRICTED Page 12



PART III
SAPLE CALCULATION FOX A STOICHIOUDTRIC UIXTURD OF EFHA ARD ANILINE WITH CUB
AT A HALP MOLIS OF HIDROGEN ADDED
In order to illusirate this nethod of calculating minor ccmponenis, and
also to show hww the performance parameters are calculated, a sanple calcula-
tion is presented tclow. The calculation is made on & stoichiometric mixture
of tre RFNA-Aniline g stem with three halves moles of hydrogen added.

The reacta.its are ;iven in the following proportions:
Hii0g + 4050 50, + 17k CglighHp + 3/2112 ——> ten zaseous products

Sinee the values of the heats of formation and the values of the equilibriwm
congtants are known in three and at vest fowr significant fisures, the accuracy
of ouwr calculations irs lizited by these values. Tiorking with four Si;niﬁ.cant
fisures, pernits, in goneral, the number of moles of a constituent to be ecalcu-
lated to the nearest thousandtis of 2 mole.

The reactants above represent 2 combined weirht of 86.85 grams and the
smmber of atoms can be found to be,

c = 1,05 H = 1.274 ¢ = 3,200 H = 35,219
The héat of formation of these reactants is Qr = 39.99 keal.

Assure the ehamber- terperatire to be T, ® 30009%, the total mumber of
rmoles to be 4.2, aznd the chamber pressure to be 300 psi, or 20.L1 atmospheres.
L 2able estimate of the total nurber of uoles can be nade either by the
use of the water-sas equilibrium, or Ly finding the nunber of moles of iy, HpO,
€0, and Hp that can be formed from the nurber of atons of C, L, H, and 0
évailable, Letinates obtained in this mamer are very close to the aciual
mrier of roles. Then the values of the equilibrim constanis are fomd ‘roo

able III.

Pa-e 13



Ky K3 X X, Xy X10 n/p (n/p)i

X from 7.282 C.223479 0,001983 C.005336 0.1579 0.05290 0.,2058 0.4537
Tatle III

thmj:: of 7.582 0.002L43¢ 0.0004031 0.001098 0.0718h 5.02L400
moles

liow assune "a" to be 0.723; then, from equation (I), "b" can be found %o
be 1.830, and solving equation (II) yields g = 0,004. Putting these values
into equation (IXI) yields F{III) = =0.4462. Since equation (III) is less
than zero, ‘a" is ﬁoo low, so try "a' = 0,724, If this is carried out,F(III) =
40,558, whica is not as near to zero as the value for a = 0,723, Thus it is
seen that within our limits ol accuracy, a = O. 723 is itz correct sol:tion.

liow all the other components ean be found from .the eguations previously

derived (see page 11, equations (11) and (12} ):

¢ = 0.783 4 = 0,261 e = 0,003 £ = 0,635

h = 0.052 i = 2,081 j = 0.003

The values of the change in enthalpy from 300°K to 3000°K, 4333%0, can

now be found by use of Table IV, as well as the heat of formation of the products
of reaction, Qe(procucts), and a tulle of values constructed. The value of

A Egooooo is given by,

and, the value of the heat of forration of the producis and of the reactants, by,

G = zi:“i . A

WSTEINED *Page 1L
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TABLE I |
_ n3000 llkgggo Qf(prodﬁcts) 12900 Higtj Qf(prodﬁcts)

a 0.723 15.30 N, 725 1k, 70 _
b 1.330 5.3 . 105,77 L.8hh 534 106.58
¢ 0.793 17.50 21.02 Q.777 12,68  20.86
4 0.261 9.58 2155 C,263 9.Lk 25,31
e 073 el 0.901 0,02
i 0.635 1L.08 0.636 13,54
g 0,204 g, 08 3,09 303 0.06 ~-0.06
h 0.052 G+ -0.4L8 035 a.72 -0.33
i 0.061 0,42 ~3.17 OLs 0,583 -2.3h
3 1,303 ¢.oh ~0.13 001 0.01 0.6

1,355 115.08 LTS8 4335 - "109.19 149.96

=39.99 =39.92
Qav = 127.53 keal | Qgv = 109.97 keal

o /\300

where the value of has been camputed from -the relation:

000 g
égv = Qelproducts) - Qe(reactants) = lQ?.SB keal.

Now, in order to cetermine whether the next estiuate of the ‘chamber temperature
sﬁould be higher or lower than the ?riginal estimate, refer to Figure 1.

FIGURE 1,

3
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3030

Since the value of Qav is lese tan th:z value of Aﬁgggo, a point on Iigure

1 corresponli.: to "4 has boen assumed, and the next estiiaite should be lower

than 3000% °

Now, assuiming the chamber temverature, T, to be 2900°K, and carrying out

c!
a procedure exactly sinilar to ihe one just carried out for 3000°X, a table of
values can be prepared for the assumed value of 2900°K. Tabulating the valuss
of the nusber of noles of each r2secus caponent, the change in enthalpy, .a'nd
wo heat of formation of the produets of reaction, it is seen thal the value
ol QE?,OO is fouad to be 109.97 keal (cce Youle I

Tie actual chamber tesperaturs is found by deteruining whers the heab

availaile is exmucily equal to the iotal change of enthalp; DY . Thus T is found

br a linear interpolation,

ZP s a1/100 @0 - oF%) = anPP + a1/100 (aH353° - SH3R0)

solving, AT =11° and Ty = 2911%K,

Having found the equilibriu: coambor temparatire, . the otject now is to
find whiot the lenperature will be after the sas has expanded throuws: o nozzle.
Considering the expansio:.: process to be ad . tabatiec, the exhaust temperalire can

#

e oxpressed 25 a fwnction of the chamher temperature, the chamber prédssure, the

exit pressure, il the average value of the ratio of the specif: heats, V.

3 thal the exil precsure is atuospiaeric, the eguation can be written,

Tl %)
Te ®= To (0ee) ¥ = T {LU.i/30.0) ¥

Juring the expansion process tic tuoperaziure decreases continuously aud therefore,

asswaing that equilibriwse is alvmys achieved, tne gas composition is constanily
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changing. 17 the exit temperature is estimated, and the equilibrium gas cowpo-
sition conputed for this assuned terperature, an average value of the ratio of
specific heats, 7‘?, can be found, with which the exit temperature caun te computed.
Thus, by a process of successive approvisation, the exact e&fl'l«ikilf::“g tenperature can
be found,

| Assume, thon, the exhaust tomperature, Ty, Lo ve 1700°K. Since there are
no nincr components below 2000°%K, within the lizits of our ascecuracy, e con=-
r;:ozze;,zts £ tne .;;:13 mixture can be compuled by means of equation {(5), the water-

sas equilibriwa, A goneral solnbion of this equation can be written,

(k-1) a 4+ (KD+B) -H/2 .= 0

were A 8 20 -0+ H/2, B = He420-0, azd D & 0= C « H/2, For the
temperature assumed and for the reactants under consideration,
A = 1.500 B = L1 D = -0.455 and X = 3,560
and the solution to the simple quadratic equation is,
a = 0,343 b & 73/2 -2 = 1,767 v & Awag . D057
dh = Daa = 2,308 aed £ = /2 = 0,637.
& table of valuos can bhen be forved:

TiRLL IX

2911 1700 1700 §.,.1700 P 1306 1800 ¢ 1500 ,

n n A Hgdo n3aa) BQelrrod) n AH, O 5112900 6Cp{prod)
b l.8k2 0 1,767 2h.e -0.075 U 3l L.736 26,30 -2.056 -3.2)
c 90?78 00657 7.21 "k)i121 o 3.6?6 L‘Ecm "0.102 -

‘ 3.18 . ‘ 5,90

d G.Ef}? 003’38 6'82 30121 3.3U9 Bi’¢02 *')0102
2] 70001 - ' ""' - el e - L -
£ 2.636 04637 6.9 - ' - Se37 1ok - -
: D.mB . - "OQ%B 0.% - - o 00‘03 .36
N 0037 = - ~3e337 Codk = - ~34037  De3}

4.337 L.292  53.98 500 " Le292 EL35 6456
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e various coluins are computed as follows:

:32911 The nunber of molcs o” each camponent at 2711%K, the comsuted
chanber temperature, is found by interpolation between the
values found for 2900°% and 3000°K.

. :

n..I'OO The nuber of moles of each conponent at 1700%K, the estimatod
exhaust temperaturc, ics found by use ol the water-gas equilibrium.

a 8%7:00: g The change in enthalpy from 300°K to 17009 for each componend
ks b - {1700
is found by multiplring the number of moles Ly the OF 300 per
wole iven in Table IV,

$nd 799 e in the nurd £ pol £ each nt in roing fr

n3n13 The chan e in the nurber of moles of each componont in roing from
2911% to 1700°X.
SQf(prod) The heat which appears diring the expansion process as a result
ol the disappesrance ol minor cosponeats is found by mulilplying
) " - 8 700 - e
he chanze in the nwaver of moles, n2900 s Uy o heat of
Tormation of the cownonent.
Havin: all of these values, 10U is now possible to calculate the apparent
enthalpy chan~e Juring ihe process of expansion., This apparent enthalpy change

represents the charge in energy available to produce an effective exhaust

velocity. It can be fownd from the following relation:

(A &%ggg)'r s Ai-lgggl % SQf(prod) - Aﬂ%ggo

where A t@g%l can be found by a linear inverpolation between the wvalues found

for 29009X and 30009K,

u29k Aggggo . AT (Angggg) = 109.73 keal

3
(A ﬁ%;g'iz = 52,500 keal

8 SIS R Pa. e 18
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The averago apparent value of the spocific heat at cons tant pressure ,T »
can then be foumd by dividing the apparent enthalpy change by the average

nusber of noles, T, and by the temperature change frem T to Tg ,

C‘p - (Aa%gg’l"% {Te-Te) = 11.9G2

and the average apparent value of the specific heat at constant volume, Uv,

fras

EV = Up"Ru = 909?6

where Ry is the Universal Gas Constant equal to 1.966 cal/gran mole degree

Relvin. The average value of garma is simply the ratic of these two,

_— ¥ - -
Y. = 'ﬁp/ﬁ'v = 1.199 ‘and --%-:L = 0,1660.

Then the exhaust temperature, T,, is found from the egquation,
Y-1
¥

Te = To (Pe/Pe ) = 176L°K

llow assume the value of the exhaust temperature te be 1300% and make pre-
cisely the same calculations that have just been made for T, = 1700%K,

By a process of linear interpolation for values of Aﬂggn and 5Qf(prod),
8

then, the exact exhaust temperature can be found using successive approxi-
mations. (rdinarily only three apprroximations are necessary, since tle
value of ths ratio of the specilic heats does not vary much i a one-hundreds-
degree temperature interval. I s}‘muld ve noted here that this wethod of
approximation is not wnduly iong if the chamber temporature ls less than
2000°X, since only the water-gzas equation mus® then be solve:. If, however,
‘the exhaust temperature is appreciably higher, and minor compounents still

aprnear, thie caloculacions are extremely lonz and tedious,
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The object of the preceding calculationg have been to obialn two important
values, tie apperent enthalpy change between chamber temperaiure and exhausi,
b e a ¥ o s
(Ai%»e )T’ and the average valus of 0 ratio of the specific heats, ¥, for it
"C

is now possible teo calewlate the follewin: irworiant paranmeters of the propel-

lants: the effeciive exhaust velociiy, ¢y the specilic impulsc, Isp?’ the

characteristic veloocity, o; and the theorebtical thrust coefficient, GF'

o i '
¢ = 0.03281RJ(a ﬁ&: /8 = 701 ft/seo

Igy, = cfg = 203.0 sec
‘ )
cx » &/ = 5540 fifscc
where J is the mochanical equivalent of heat, a conversion factor o convert

il and 2,03231 converts om/sec to ft/eecs

froz keal to ergs, egqual to 4.125 x 10

z is the acceleration due to gravity taken asg 32,10 z?*a/sacz s W is Ye mass of
'4

the reactantz; ag is the apparent velocity of sound in the chanver; Misa

Imetion of the averase ratio of soeciide heats
) 2

¢ _ 2 25'—-” LY
M = Y { = l}"‘Y L = 0,7090.

2 5 2 & il A b B e T T o W 1 =
The appareut velocily of sound in the chembor may bo Jound fron the following

exprogsion:
- Fi kv % # Y "y fra
a, = ‘(Rg Tc e Ry Tc/ M)

‘a

-
Bagfes

® 3332 f£t/sec
where & is the average nolecular weicht ol the products of reactions. The expros-
sion “apparent volocity of sownd i She chavber” iz used, forwaat of a betber
termi, o distinguish thds quantity from the actual velociiy of sowd at the

chamber temperature, which would e found from the exprossion:

T
8 = (Y, Bygg T )¥
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where ¥ ¢ 18 the ratio of the specific heats at the chamber temperature.
Since Yc # ¥, the velocily required for the calculation of ¢# is rather.
difficult to give a name, but varies witih the actual velocity of sound at

the eguilibrium cha_mber temperature as the ratio, (Yc / Y )‘}.

PART IV
SCULSION OF RESULTE

A, HPNA-Aniline System

The analysis of the RFNA-aniline gysteu, by the method discussed in Part
II, over a range of m:i,iture ratios from 1.5 to 6.0, vields several interesting
features. The acid used in the analysis is red fuming nitric acid viih 6.3%
lip0), by weight. The aniline is presumed to be pure. The value of the heat of
formation of aniline used in this analysis is ~5,11 keal per gram mole. 4
more accurate value would have been -4,55, based on the value of the heal of
combustion of aniline reported by C. ki, Anderson and E. C. Gilbert.* The
effect on performance and chauber temperature of an error in the value of the
heat of formation of aniline is shown by the data presenied in Table ¥, The
error in chamber temperature dve to an srror of © .SS{ keal/gran wole in the heat
of formation of aniline is found to be only one half of one porcent at a nixture
ratio of 2.3. At higher mixture ratios tho error will be even less, since less
aniline enters ihe reaciion at hnisher mixbure ratios. %he error in performance
is less than the error in chamber tcuperature, Assuming, then, that the value
used was in error by 3U% (1.56 keal/mran mole), the error in chamber temperature
may be amsuned to be less than two tenthis of one percent, ai mixture ratios

avove 2.3, which is certainly neglirible.

N

o

sJournal o the American Therdical Cocietyr, Volume O {1942) page 2371.
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‘l‘able ¥V ie o tabulation ol the resulis obtained, and Figures 2, 3, and L
are a cpaphical presentation of these resulic, Figure 2 shows how the average
value of the specific lLeat ab constaniy pressure, up , increasaes as stoichiiouetrie
is approached from either side. This is due to thwe increase in vhe triatouic
components, principally €Oy and Ho0, which have a higher value of Cp than the
other compeonents. Since the next hishest value of Cp is that of Op, the curve
dr’ops more slowly for mixture ratios above stoichiomeiric, where Op is in oxcess.
Since ? is simply the ratio of tho specific heats, il reaches a minimum where
the '5p is a maximum. The averars molecular weipgnt of the pgas mixiure, ‘i,

g <
increases with mixture ratio, as would be expected, since the heavier components
predominate as the mixture ratio increases.

Shifting attention to Figure 3, now, it is seen thal the chamber temperature
does not reach a maxisu valne at stoichiometric, as one might expect. The
maximum occurs on the undor-oxidized side, somewhere in the viciniiy of a mixture
ratio of 3.7 The highest teuperature will be reached in the chamber when a
certain conposition of gases exisis such ﬂxa*b the Q. and the Cp have the optimum
value. Z&notier way of saying this is that as the mixture ratio decreases from
stoichiomatric to that at maximun T,, the value of C’p decraasas fagter than the
value of Q. decreases, and the opiimut values occur at a uixture ratio lower
than stoichiometric. The sane res:dlt was ottained in a subsequent calculation;
when ; mole of Hy was added to a stoichionetric mixture of FNA-aniline, the
temperature was found to increase apain, siaowing that the maximum temperature
occurs on the under-oxidized side.

Figwre & shows the effect of mixture ratio on performance, The maximum
efzect:we exhaust velocity, ¢, ogcurs at a nixture ratio of about 3.5, a ratio

slizhitly less than the ratio for maximum T,. Sinuce the average molecular weight

of the producis, aj, decreases more rapidly than T, with decreasing mixture ratio
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in tiis region, (Tg/ E)“;ss which varies directly as ¢, siould reaci a naximum
at a ratio slightly loss than bhe .aimun for Toe It must be resewbered
that ¢ also varies with the ratio of specific heats, ?, in a rathsr conpli~
cated mammer, This dependence will be discussed later in the thesis. OSince
the curve is very flat in this region, the behavior discussed ahove is
probably only of academic interest. As a natter of fact, probably the most

interesting feature of this particular analysis is that the curves c¢ versus r,

and T, versus r, are very flat in the region Letwoen 3.0 and L.S.

B, Addition of Hp to a Stoichiometric Mixture of HFUA-Aniline

Fizuwre 5 shows the effect on ¢ and Tc of adding Hy to the FFlA-aniline
system at stoichiometric mixture ratlo. As previously alluded to, the value
of T, is higher on the slishily under-oxidized side, as evidenced by the
r;aax.imm in the T, curve at about % mole of H, added. It is intercsting to note
the scales, liquid Hy added by weight, and liquid H, adied by volume, If
% mole of Hy is added, for irasm:ice, the performance is increased 4.19 and T,
is inereased 0.9%. If one mole of Hy is added, the performance is inereased
6.5% and T, is decreased about 1.25. It should be noted that 1 wole of H,
amounts to almost 507 of the total volume of propellants, and L of the total
weight. CSince T, is not decreased appreeiably, even by this much addition of
Ho, it might ceom that this procedure is of litile help toward solving tie high

termperature problem in rocket motor design, However, it is assumed that H, is

2
added by sweal or {ilm cooling through a porous wall; then the magnitude of ‘l'c
is ro longer of primary importance, for, i ithe cooliny srsten functions
properly, the chamber walls are protecied by the film of coolant, through

vhich the temperature gradient is extremely high, and the wall tenperature is
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reduced Lo a rance well within the preseni-day desiyn limits. It is conceive-
able that an effective propellant sysie~ can be designed using the RFlA-aniline
system simnly as a weans of heating bydropgen to a high temperature. For
instance, 1f{ tiree fourths of the volume of propellanis carried were hydrojen,
a theoretical c of 0223 fi/sec could be realized, which is a 13.4% increase
in performance over the acide~aniline system al stoichiowetric. Uince the
theoretical Té would be only 16:3’?08, it would no longer be necessary to us

the expedient of cooling the chamber at all, if suitable means could be
devised to mix the pronellmms thoroughly to prevent the posaibi “lit;,r of local
hot spots ’n the chamber. It seoms that such a propsllant scheme would be
admirably suited to the ligquid owyyene~liguid hydrosos propellant systom if the
technical okill in handling liguid oypgen and particularly liquid hydrogen

reaches the stace where shich a propellant syston becrmes feasible,
L

C. The Addition of liydrosen to NHitromethane
Figure 6 shows the effect of adding Hy to the comparatively cool propellant,

nitrowethane. The nost outstanding feature in the curve is that the sharp
increase in perforuance noticed in the RFlLA-ariline systen is not present.
Both the T, and the ¢ curve have almost a lincar relation with the mumber of
moles of Hp addeds Discussing, as before, the ‘additiom of > mole of Hpy it
is seen that the decrease in T, is 9.0 while the increase in performance is

7 le2%. For 1 mole of Hy added the T, decreases 17. L% while the performance
inerease is 2.15. The effect of adding ﬂz to a cool propeliant system, then,

is a great decrsase in T,, bul not much increase in perfornmance.
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D. The Addition of ilydrogen to the Anhydrous Hydrazine-ILijuld Oxygen System
Figure 7 siows the effect on T, and ¢ of adding Hy to a stoichiometric
mixture of anhydrous hydrazine and liquid oxygen. These curves were drawn
frow data computed by members of the Chemis try Sectlon of JPL, under the
direction of Dr. David Altman, The calculations were made by a "frozen compo-
sition" moethod, that is:?éasuming that the composition of the gas mixture does
not change during the expansion process. Thialapproximation involves consider-
able error when comparing results with those obtained by this method, especially
at hiph chamber temperatures, since the adiitional heat available due to the
disappearance ol minor components during expansion down the noszsle, which is
qerlected in the {rozen composition method, is appreciable,: UConsequently,
this difference in assumptions must be borne in mind when nakinz comparisons
with this systoen. Referring.to Figure 7, it is scen that the tiro curves
presentad there have approximately the sams shane as those in Figure U, dramn
for the HFiA-aniline systém. This i3 to be expected since the stoichliometric
chamber temperatures arc of the same order of magnituds in the two cases. In
reneral, the results obiained Irom these calculations shiow better serformance
than was found in the case of the RFNA-aniline system. This must be taken with
a zraln of salt, however, even though the hydrazine system has the hicher Tc,
since it can be deducod from consideration of the averaye molecular weight of
the products of réaction, that the addition of Hy to RiMA-aniline (average
molecnlar weisht of products at stoichiometric is 21,33) should have a greater

effeet in increasing performance than in the hydrazine system (average molecular

*In the case of the calculation of T, and ¢ of the [FliA-aniline system at
stoichiometric mixture ratio, the value of the enthalpy chan;e between T, and

Te was found to be 43.95 kcal while the value of the change in heat, due to the
disappearance of minor componeuts ‘huring expansion was found to he 23,07 keal.

*
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weisht of the products of reaction at stoichionotric is 19.7). Thie calculations
show a 7.1 increase in performance and an 0.7 decrease in J. vriith e addition
of % mole of Hp, and an 3.57 increase iu perfovinnes and a 3.00 decrease in Tes

with the addition of 1 mole of lHo.

JICLUSIONS ‘

Fizures 8 and 9 show the comparative results obtained from an malyais of
the three systems. Though it is appreciated that ganeral:lsatima conrerning
the effects of this treataent of hvdrogen addition sheuld not be made without,
the advantage of considerably more information on a varicty of systemn, it is
believed that the following conclusions are justified by the rosults at hand,
The effect of adding hydrogen in small quantities to & hinh temperature sisitem
i3 to increase the performance considerablys withoub %oo much cdhange in the
charber temperatwrce. This change is caused prinecipally by a lowering of the
average molecular 'weig;'nts of the products o:f reaction, without disturbing the
eguilibriun cooposlition ,‘enoug;l'a to cause a proporiionate cnange in the heat
available, Quy. As umore hydrogen is added the conmposition is aliered in such

o

a namer as Yo decrsass the Ugy sufficiently lo cause a greater decrosse in
Ts than e increase in performance, on a porcm se basic. As nore hydrogen
is added both the Ty and ¢ curves begin to flaiton ont,

The effect is quite different in a low lesperature syster such as nitro-
methane, The addition of hydrogen in small guantitles cauwssc a rapid decrease

3

in T.e  This rapid decrease in T, also teuds to counterbalance the effoct of
the decrease in average molscular uéi.ght, resulting in a lesser increase in
performance than is found in a hotter system where the decrease in Tc is not
go audden. The effeci can be caleulated alaost entirely from the water-gzas

equilibriun, sluce the dissaclations into minor components abl a temperulure
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balow 2500°K are already quite small (T, for aitrorethane is 2,529K). The
average molecular weight of the products is 20.3 at T, so the addition of
hydrocen certainly causes a reduction; however, since ihe performance varics
as the quantity ( Ty / H )é (neclecting the effect of Y for the moment)
the decrease in T, teuds to negate the effoct of the decrease in ¥,

The subjsct would not be complete without discussing the eifects of a
change in the average apparent specific heat at constant pressure, Ep’ and

the ratio of the specific heats, ¥, The equation for ¢ can be exprossed in

terms of ¥, T,, and Y5 3

T
-— T s —
J 1 27
¢ .\/%TRTO (I'T':') ¥ Tl * 10 1 - (pe/Pe) 7

Y
whore [1 - (Wpc)ﬁ?u} may be salled the ideal thermodynamic efficiency.
It is sesen that the larger the value of Y s the larger the value of the ideal
thermodynanic efficiency. On the other hand, the lower the value of Y s the
greater will be the ’factor ?/ ?-1, so that the highiest ¢ can be expected,
"all other thiangs being held constant, when the values of 7 is least, This is
true because the factor ?/ —f.. 1 increases faster than the idsal thermodynamic
efficiency decreases with a decresase in Y « Hydrogen, haviaz the lowest Cp nar
gram mole of all the major camponents, decreases the value of the average specific
hieat o the mixture, wilen it is added to a propellant system., Thus hydrogen
increases tiie value oi ¥ » It is seeny, then, that the addition of hydrogen to
a propellant systen has three effects on the cowposition of the pas mixture:
(1) it lowers the average molecular weignt of the products, (2) it increases
the value of Y » and (3) it alters the equilibrium composition in such a way

that the chamber temperature is in voneral decreased, except for the nuidition

of small amounts in whicli case the lemperature ma, at rfirst inerease, as discussed
previously.
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A furlher investiration of other prope.lant systems should be made. Ihe
salculations are long and tedious, but 1% is belleved that some valuable infor-
mation may be obtained by invesiizatine the very hot propellant systeas,
pariicularly she liguid oxyzen-liquid hydrogen system. GSince liquid hydrogen
presents such tremendous technioal difficultles in preparation, handling, and
storage, 1% 1s suggesind %hai the additlon of other malterials, such ss ammonia
or hydrazine, to a propellant sysiem alao be oonaldered., It must be remembered,
too, thet the erbitrary cholce of & chamber pressure of 300 psia was dicteted
by the fact that i1t is ssanderd prectice 5o compare propellant sysatems at this
pressure, but this does not mean thot 300 psia is the best chamber preasaure for

any perticular propellant system by eny means., Investigations of the offeat of

gchomber pressure on chumber temperature and performanco are being made,
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RESTRICTED
TasLe IV
o, ENTHALPY TABLE

AHéOéoK kcals/qgram mol«

T°% H, H,0 €O CO, O, N, OH NO H,N,0 RAT
300 o 0 o o 0 00 o 0 0 0 00 c o

400 0 695 . 811 C.699 0.942 0 721 O £97 0. 497 0.199 X
500 1.393 1 641 1.404 | 970 1 447 1 399 0.993  0.397 7
600 2 093 2 496 2.125 3072 2203 2.112 1 490 0.596

700 2.796 3.380 2 862 4 232 2.981 2 840 1.987 0.795 . 4
800 3 502 4.292 3.615 5 441 3.778 3.582 2.484 0 993 ~
900 4.212 5.234 4.386 6.692 4.534 4 343 2.981 1 192

1000 4931 8.208 S 171 7976 5.421 5 118 4.985 5.308 3.477 1 380

1100 5.657 7 211 5.973 9.291 6.278 5907 5725 6 133 3.974 |.589

1200 6.393 8.247 6.785 10.629 7.135 6.709 6.465 6.958 4 471 1.788

1300 7.132  9.312 7606 11.989 7.390 7 520 7.233 7.800 4.967 1.986

1400 7.895 10.399 8.437 13.367 8.847 8.342 8 002 B 643 5.464 2.185

1500 8.664 11.519 9.275 14.760 ©.704 9.173 8 783 9.499 5 961 2.384

1600 9.439 12.66C 10 120 16.168 10.592 10 009 9 584 10 355 6.457 2.582

1700 10 226 13 821 10.972 17.587 11 481 10 854 10.390 11.221 6.954 2. 781

1800 11 023 15.006 11 829 18.017 12.369 11 703 11 197 12.088 7 451 2.980

1800 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 21.9C2 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 B8 94! 3.576

2200 14 295 19.909 15.294 24 820 15 974 15 143 14.506 15 598 9 438 3 774

2300 15132 21.171 16.169 26 290 16 889 16 013 15.360 16 48C 9 935 3 973

2400 15 975 22 445 17.045 27.760 17.802 16 B83 16 213 17 364 10 430 4 171

2500 16.827 23.733 17.923 29.242 18.717 17 758 17 08O 18.249 10 928 4.370

2600 17.683 25.031 18.807 30.729 19.659 18 636 17.936 19 143 11.425 4 569

2700 18.542 26.338 10.691 32 218 20.601 19 516 18 807 20 036 11 821 4 757

2800 19 410 27 656 2C.576 33 712 21 543 20 399 19 678 20 929 12 418  4.966

2900 20 282 28.980 21.464 35.211 22 485 21 284 20.563 21 823 12 915 5. 155

3000  21.160 30.315 22.353 36.712 23 427 22 \IC 21.447 22.716 13 411  5.363

3100 22 041 31.65% o' .42 38.222 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 24 510 14.405 5 761

3300 23 818 34 362 25 028 41 244 26.308 24 837 24 121 25 421 14.901 5 950

3400 < 24.712 35.773 25 923 42 764 27 276 25 728 25 021 26.325 15 398 6 158

3500  25.611 37.092 26 R18 44.281 28 247 25 622 25.920 27.220 15894 6.356

3600  26.512 38 466 27 715 45 808 29.214 27 €16 26.872 28 135 16.392  6.555

3700 27.416 39.845 28 513 47 332 30 198 28 412 27 730 29 4! 1§ 889  6.754

3800 28 326 41 231 29 512 48 862 31 178 29.307 28.640 29 043 17.385 6.852

3900 29 236 42 619 30.412 50 304 32 164 30.205 29.552 30 856 17.882  7.151

4000 30 153 44.C10 31 313 51 @30 33 153 31 104 30 467 31.761 18.379  7.350

4100  31.069 45.413 32 215 53 470 347139 32 006 31 39r 32.682 18.875 7 548

SOURCE OF DATA

THERMODYNAM L PROPERT (ES OF PROPLULANT GASES | HIRSCHFELDEN  CUWT (G
MCCLUKE  AND OSRORNE ¢ 4 R D FcPORT 4 547
ROTE:  FOK LSt OF THIS TASLE IN CALCULAT I THEC w7 1CAL PROPELLANT PEId DRMANCE

cfr proorESS wEPORT 1zt
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TIINCINT FACTNE T T
AESTHIOTED

VARIATI & OF

Hixturs

TABLI V
PLRFORCANCE PARANETRES WITH LIETUNE RATIC

IN THE RIPEA-AGILINE SYSTLM

“Batio 1.500 2,300 2,300 3,000 o500 L.1T71 54000 6.000
To K 1570 2622 2974  30h2 3111 3082 3003 231k
A 4 798 1477 1833 1597 2273 2L7h 2230 1927

% 19.12 23,02 25,02 25,70 27.16 20.38 29.00 29.13
5 1,313 1,235 1.191 1,162 1.115 1.079 1.101 1.1l
E‘p 3,235 10.435 12.36L 14,239 19,211 27.210 21,717 15,813
c 561y 6340 7129 7224 7287 7255 6988 6539
ox oo 4363 50L0 5071 508h L9933 L8LO  L6lo
Cp 1.390 1,405 1.41h 1.425  1.439  1.435 L.Lbh 1,429
Igp 17L.6  212,7 221.7 22h.6 226.6 225.6 217.3 20L.8
e 0.7696 0.7280 0.7058 0.6910 6,06071 Q6477 0.6593 n.6015
8¢ 3109 35k 3557 3505 3378 323h 3191 3142
RECTRICTED

Page 33
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RESTR

VARIATION OF PERFORANCE PARALET-RS WITH MOLES OF HYDROGEN ADDED

CTED

TABLE VI

TO A STOICHIOKETRIC MIXTURE OF RFNA-ALILINE

ﬁ;liidﬁﬁ % T T Y X ¢ o Ip G
0 3083  2L7h  27.210 1.0787  38.373 k993 7255 225.6  1.L53
] 3110 2252 18.576 1.1200 25.198 7552 23L.8
1 3047 1986 13.987 1.1655 22,5403 5430 7726 2L0.2 1.423
1% 2011 1771 12,051 1.1973 20.132 5546 78L1 2U3.8  1.Llh
2 2767 1619 11.170 1,2162 13.27h S64S 7953 2L7.3  1.L09
22 2612 1506 10.869 1.2232 16.771 5713 0033 2b9.9  1.LO7
3 263 1368 10.15F 1.2h32 15,507 5740 8058 250.6  1.LOL
3% 23Lh 1265 9.75  1.2570 1L.L39 5777 3090 251.6  1.L0O
I 2231 1192  9.552 1.2625 13.525 5313 Sléo 252.5 1,397
g 2035 1061 9.17h  1.2763 12,052 5362 8109 25Lh.6  1.397
é 1880 960  8.908 1.2369 10.902 590k -+ 8223 255.8  1.39L
8 1636 81 8.573 1.3015  9.261 5951 8281 257.5 1.392
15 1165 597  8.122 1.3237  6.u11 8333 259.1
RESTRICTED Pare 34



RESTRICTED

]

TABLE VII

VARIATION OF PERFOMALCE PARMMETERS UITH MOLES OF HYDROGEN ADDED

7O HITROMETHANE

i’*;;’l‘;id :fl To %K Tk ¢ Igp i
0 2,52 1366 701L 213.1 20.330
+ 2216 1195 7096 220,6 17.725
1 2026 1069 7159 222,6 15,762
2 1741 891 7257 225,7 13.012
L 1385 671 7393 230.0 9.370
8 1011 500 7533 234.2 7,01l
REETRICTED Page 35



13 IV TAR
FSTRICTED

TABLE VIII

VARIATION OF PERFORMANCE PARAMDTERS WITH 1OLES OF HYDROGEN ADDED TO

A ETOICHIOMETRIC MIXTURE OF ANHYDROUS HYURAZIHGE ARD LIQUIL OXYGEN™

ﬁ;liidiﬁ by%#et?ih_t ik ¢ Tep
0 0 3283 8291 257.5
1.54 3258 6715 270,6

1 3.0k 3165 9000 279.5
1% L7 3020 9167 28L.7
2 5.88 2865 9255 288.3
2% 7.24 27 9L00 291.9
3 8.57 2606 Shh 294.2
3% 9.85 2L8Y 9524 295.8
L 11.10 2370 9557 296.8
L 12,32 2274 9603 298.2
5 13.50 2175 9600 293.1
6 15,78 2005 9593 297.9
7 17.93 136 9586 297.7
10 23.79 1553 9527 295.8

+#Hased on the "frozen" composition method of
performance calculation.

RESTRICTED

Page 36



BCTRICTED

TABLE IX

HLAT: OF FORMATION AT COLETAT PRESSURE

UOED I THIS ANALYSIS

Conatituent

Heat of Formation in
Zileocaloriocs per Mole

C0p

Hy

co

OH

i

NO

0

i

Ho
HlOy
K0y (6487 Hp0y,)
#CgHghHp
CH310p

#A more accurate valus is -L.59, based
on the value of ¥, heat of combustion of
aniline reported by C. . Anderson and i. C.
Gilbert in the Jowrnal of the Auerican
Chendeal Society, Vol. &4 (1942) paze 2371..

9k.l5
57.80

26.04

~9e31
~51.90
~21 .60
~59.10
~35.10
-12.20
12..66
l1.05
~6.11
27.60

Fage 37



RESTRIGTED

RESTRICTED

TABLE X
DATA SHOYING THE EFFLCT OF AN BRIDR OF 5.39 KCAL IN THE

HEAT OF FORMATION OF ANILINE

dixture Ratio 3,000 3.500
T %K 3042 i
7! K 3059 3123
¢ error 00,56 00.39
¢’ 722l 1237
c! 7247 7316
% error 09.32 00.36
T, The correct chamber temperature.

T The chamber temperature computed froz an
erroneous value of the heat of formation
of aniline,



HEETHICTED

THE VARIATION OF THE GAS

TABLE XI

CHAMBER TEMPERATURE

COMPOSITION WITH ¥MINTIRL RATIO AT THI BQUILIBRIUM

xuare 1.500 2,300 2.300 3,000 3.500 L.17L  £.000 6,000
Chamber '
igm rature 1570 2622  297h 3042 3111 3082 3003 2814
Component

Gases
a Ho 0.3335 0.,1515 0.0799 0.0626 £.0363 0.0197 0.0101 0.00L40
b HoO 10,0339 0.226L 0,291 0.3039 0.3161‘ 7.3230  3.3221 0.318L
c co 34772 0,367 0,281 0.2511 0.1733 0.1097 2.0579 N.0226
d COp  0.0160 91,0818 0.1365 0.1589 0.2021 7.233h 0.2L61 1.2423
e 02 7o0011  0,003L4 0.0162 22,0460 0.092L 0.1k83
f Ko 70134k 2.1678  0.183h 2.1379 92,1954 1.2016 0.2093 12,2135
g HO 0.0016 0.0031 0.0085 0.0143 2,045 1.0175
h OH 7.001 0.,0108 0,0172 0.0302 0.,037% 0.0359 0.0270
i i 0,0033 0.,0092 0,002 0,0096 0.0066 0,0031 0,001l
3 0 7.0008 0.0017 0.0052 0.0079 0.0050 17,0055

FUSTHICTE D
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