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ABSTRACT

It is the purpose of this thesls to calculate the data re-
gquired to construct enthalpy-entropy diagrams for propellant
systems and to investigate their usefulness when applied to the
determination of rocket motor performence parameters,

Diagrams which cover a range of mixture ratios bracketing

the stoichiometric value are included for the following systems:

(1) Liquid Ammonia and RFNA
(2) Liguid Ammonia and Liquid Ozone
(3) Liquid Hydrogen and Liquid Ozone

Graphical performance parameter values obtained for the
stoichiometric mixture of liquid emmonia and RFNA differed less
than two tenths of one percent from the analytical values cal-
culated by the Jet Propulsion Laboratory.

Performance values are determined for chamber pressures of
600 PSIA and 300 PSIA and for exhaust pressures of 14.7 PSIA,
7.5 PSIL&, and .147 PSIA.

Because of the extensive calculetions regquired to construct
an h~-s diagram, the graphical method of analysis is not eco-
nomical unless a comprehensive study of a propellant is desired,
However, if performence values are required over z wide range of
boundary conditions, the h-s disgram permits the presentation.
of a large amount of data in & concise and readily useable

fornm. -
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INTRODUCTION

One of the chief disadvantages of determining rocket motor
performance parameters by the analytical methods based on the
use of isentropic flow eguetions is thet one set of calculat-
ions yields results which are applicable for only & very limited
range of physical boundary conditions. For example, values cal-
culated for the expansion to an ambient exhaust pressure of ocne
atmosphere cennot be applied to the evaluation of & motor which.
is to propel the last stage of & multiple-step rocket. Also,
twe sets of caleulations are reqguired to obtain the performance
for both equilibrium and constant composition flow,

One sclution to these problems might be the graphicsal pre-
sentetion of the fundamentsl data reguired to calculate the
theoretical performence parameters for rccket motors in such a
way as to be useful over a wide range of operating conditions.
This technique of using plotted data has been wicely used in.
other fields when analyticel methods have proven to be cumber-
some. A notsble execmple is the graphical znalysis of high speed
airplane performance,

It is the purpose of this report to provide enthalpy-
entropy diagrams for the products of combustion of several pro-
pellent systems, and to investigate their usefulness when
applied to the determination of the theoretical performance of
rocket motors.

The basic informaetiocn reguired for the constructlon of the
h-s disgrams is the chemical composition of the reacticn pro-

ducts at appropriste temperatures and pressures. The nuxber of



these component calculations which must be made to construct a
given diagram is greater than the number reguired for the ana-
lytical caleulation of the performance parameters for one set
of boundary conditions, but the diagram permits & much more
comprehensive study of the specified propellent system. Also,
once the basic diagram is completed, the effort required to
plot a new pressure line, and thus peruit the evaluation of
the system for an entirely different exhaust condition, is not
grest.

Enthalpy-entropy diagrams for a renge of mixture ratios
which bracke%s the stoichiometric value are constructed for the
NHz-RFNA, NHz-Oz, and Hg-Oz propellent systems. The NHz-RFNA
system was selected in order that parameter values obtained
graphically could be compared with the analytical values being
calculated for this system by the Jet Propulsion Laboratory.
The NHz-Oz and H2~03 systems were chosen for two reasons: first,
because of the current interest in liguid ozone as an cxidant;
and second, because these systems represent, respectively, an.
intermediate and a very hot system, while the NHS«RFEA systen
is a relatively cool one. As & result, the complete set of
Giagrams covers a temperature range up to 4000°K. The reason
for the interest in liguid ozone is the large negative value
of its heat of formation.

The remaining portion of the text of this report is di-

vided into the following parts:

(1) Discussion of Assumptions and Introduction

of Parameters.



(o))

(8) Sample Cslculation.
(3) Discussion of Results.

(4) Conclusicns and Recommendaticns.

In part (1) the assumptions made in calculating the thermo-
dynamic data used in the constructicn of the h-s Ciagrams are
emphasized, and an sttempt is made to cleerly define the ref-
erence levels for 2ll values used. The essumptions which must
be consldered when the diagrams are used to calculate perfor-
mance are also included in order that the limitetions of the
graphical method be understood.

The sample calculation in part (2) is carried out in.
sufficient detall that the reader should be able to rezadily
check any desired value by following the exact procecdure used
in the original computation. Because of the wide range of tem-
peratures and pressures for which minor component calculations
were made, certein trends in the computed values were noticed
which probebly would not show up in a single anelytical cal-
cuiation., Methods for utilizing these trends when meking an ex-
tensive set of computetions are explained.

It should be noted in comnection with parts (&) and (4)
that the discussion of results and the conclusicns drawn fronm
this analysis are based upon the study of theoretical maximum
values of the performence parameters, and that no cxperimental
dats was available for comparison. For this rezson, the con-
structicn of the diagrams themselves is emphasized rather than.

_tt
the particular values derived from them,
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LIST OF SYMBOLS

Number of moles of Hg in the reaction products

4}

b Number of moles of HgO in the reaction products

¢ Number of moles of CO in the reaction products

d Number of moles of COg in the reaction products

€ Number of moles of Os in the reaction products

f Number of moles of No in the reaction products

g Number of moles of KO in the reacticn products

h Number of moles of OH in the reacticn products

i Number of moles of H in the reacticn products

J Number of moles of O in the reacticn products

C Number c¢f gream ztoms of carbon in the resacteants

H Number of grem atoms of hydrcgen in the reactants

N Number of gram atoms of nitrogen in the rezctants

0] Number of gram etoms of oxygen in the recctants

Kp fquilibrium constant based on the ratios of pertial
pressures

K, Eguilibrium constent based on the retios of wole
fractions

Ky, K5 Particular equilibrium constants based on the ratios

ete. of mole freections of the component géses in given.
reactions
TOK - . .
n- Total number of moles of the reaction products at TCK

ngOK Number of moles of the iy component of the reaction

products at TCK
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Temperature of reaction products in the rocket motor
chamber bsefore expansion through the nozzle

Temperature of rezction products after expension
through the noz:zle

Chamber pressure in pounds per sguere inch sbsolute

Zxheust pressure in pounds per square inch absolute

Sensible heat of the igy ccmponent of the reaction

products at T9K as referred to the defined
reference state

Total enthalpy of the resction products at TOK whose
reference state is the ecuilibrium composition at
300K

Heat released in kecals by & combustion reaction at T°K

Heat of formation of the iy component of the reaction
products at 300°K

Number of grams of propellent mixture

Total enthelpy per gram cof the reaction products at
T%K whose reference state is the equilibrium com-
position at 300°K

Total absolute enftropy of the reaction products at
T9K and a pressure of p atmospheres

Absolute entropy of the i;, component of the reaction
products &t TOK and & pressure of one ztmosphere

Absolute entropy per gram of the reaction products

at T9K and a pressure of p atmospheres
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Ry Universal gas constant, equal to 1,986 calories per

gram mole per degree Kelvin

c Effective exhaust velocity in feet per second

J llechanical eguivalent of heat, egual to 4,188 1010
ergs per kecal

ISp Specific impulse in pounds of thrust per pound of
propellent burned per second

g Acceleration of gravity ( arbitrarily fixed at 32.18
feet per second in this report)

r Hixture ratio. The ratic of the weight of oxidant

to the weight of fuel in a propellent systen

RFNA Red fuming nitric acid (nitric eacid with 6.8% of NOg)
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PART I: DISCUSSION OF ASSUMPTICNS AND INTRODUCTION OF
PARAMETERS

The assumptions upon which this analysis is based must
include both those which are involved in the construction of
the diagrams themselves, and any additional ones that are re-
guired when the diagrams are used in the calculation of rocket
motor performance parameters, The first group includes the

following:

(1) The equation of state is pve nRT.

Note: The source of the enthalpy and entropy tables
used is the report on "Thermochemistry and the Iguat-
ion of State of the Propellient Gases" by Hirshfelder,
McClure, and Curtiss, reference (£). The besic equat-
ion of state used in this report is a van der Waals
ecuation for which corrections have been made for the
overlapping of herd spheres., However, this corrected
equaticn was not used in the calculation of enthalpy
and entropy values, and the perfect gas law must be

assumed.,

(2) There is no Joule-Thompson effect. That is, for a
constant temperature, enthalpy does not vary as the pressure

changes.
(3) There is no enthalpy chenge on mixing.

(4) The reference state for all enthalpy values plotted
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is the eguilibrium composition at 300°K and a pressure of one
atmosphere of the gas mixture containing the reaction products,
at which thermodynamic state the enthalpy of the mixture is
considered to be zero. It should be noted that for all practi-
cal purposes this is equivalent tc saying that at the reference
state minor components have disappeared.

This gualification upon the reference state that there be
no minor components present i1s not readily apperent because the
tabulsted values of enthelpy are &ll zero &t 500°K. However, if
we consider the eguilibrium expansion through a nozzle of a
specified propellent mixture to & teumperature at which no sig-
nificant amounts of the minor components remain, it is obvious
that the heat which has appesred due to the recombination of
these minor components represents an increase in energy which
is aveilable to produce an increase in the velocity of the pro-
pellent mixture. Thus, the enthalpy value of & point on the
h-s diagrem must represent not only the sensible heal above
300% contained in the gas amixture at the temperature corres-
ponding to the point, but also the heat which is required to
shift the equilibrium from that at the reference state to that
at the thermodynamic state represented by the point., This
latter increment of heat is exactly that which in an equili-
brium expansion is made availeble for increased performance.

In 2 constant composition expsnsion the entire enthalpy
grop is due to the change in the sensible heat, and in proba-

bly no actusl expension is eguilibrium ever ccmpletely
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maintained. In general, the enthalpy change for an expansicn
will be somewhalt grezster than the change in sensible hest due
to the temperature drop but less than the sum of the sensible
heat change and the heat which would be rejected from the gas
mixture if eguilibrium were maintained.

It is necessary to define some reference level for enthal-
py values because there is no thermodynamic state at which we
can say that the enthalpy of all substances is zero. For this
reason, it is not possible to determine absolute enthalpy

values, and any value used must be referred to some reference

state.

(5) The tabulated entropy values used are absolute values
of entropy of the gas components calculated &t a temperature of
TOK and a pressure of one atmosphere and considering the coum-
ponents to be pure perfect gases.

Because of the Third Law of Thermoaynamics, which stafes
that the entropy of most crystals at the absolute zeroc may be
taken as zero, it 1s possible to define and to determine ab-
solute entropies. Therefore, it is not necessary to define a
reference state for entropy values in the same sense that one

was defined for enthalpy values.

(6) All minor components ere considered except atomic
nitrogen (N). Nome of the adisbatic flame temperatures for the

NH.-RFEA and NH.-Ox svystems greatly exceeds 3000%K, and for
3 3z=Yg S ’
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this temperature range previous calculations have shown this

assumption to be justified.

(7) Over & temperature range of 1G0°K the variation of
temperature dependent quantities such as gas mixture composit-

ion with temperature is assumed to be linear.

(8) The eguipartition of energy among the electronic,
vibrational, and rotational energy levels is assumed to be in-
stantaneous during the combustion and expansion processes for

both eguilibrium and constant composition flow.

(9) The pressure lines on the h-s diagrams which repre-
sent equilibrium flow are calculated assuming that the compos-
ition of the products of the combustion resction changes con-
tinuously to maintain the equilibrium cgmpcsition corresponding
to the prevailing thermodynamic state, and that the energy re-
leased by this equilibrium shift is completely available for

conversion into energy of motion.

(10) The pressure lines on the h-s diagrams which repre-
sent constant composition flow are calculated essuming that the
composition of the products of the combustion reaction remains

constant and egual to the equilibrium composition at the adia-~

batic flame temperature T,.

In using the h-s diagrams to calculate rocket motor per-
formance parameters it is necessary to make the following

additional assumptions:
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(11) The reaction of the propellent mixture proceeds to
completion in the rocket motor chamber, and sufficient time is
available for the equilibrium concentration of all components
to be established at the adisbatic flame temperature determined

by the mass and heat balance.

(12) Viscous effects are neglected. That is, all flow is

considered to be isentropic.
(13) The gas flow through the nozzle is steady.
(14) The gas flow leaving the nozzle is axial.

(15) The velocity of the gas mixture in the combustion
chamber is zssumed to be negligible in comparison with the

effective exhaust velocity.
(18) Gravity effects are neglected.

(17) The nozzle is always correctly expanded for the
ambient exhaust pressure., If this pressure varies, the assump-

tion of a "rubber nozzle" must be made.
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The performance parameters which are considered in this re-

port are:

(1) The effective exhaust velocity ¢ . Unless otherwise
indicated z2ll velues of the effective exhaust velocity referred

to in this analysis are those defined by the equation

¢ = constant HDh

where Ah is the enthalpy change for an isentropic expansion.
Because of the assumptions made these are theoretical maximum
values. In practical design work, an experimental value of ¢

is cobtained by dividing the mezsured value of thrust by the mass
flow rate, This experimental value includes pressure, friction,

and divergence effects, and is somewhat less than the value de-

fined ahove.

(2) The specific impulse Isp‘ The specific impulse of a
propellent may be defined as the thrust per unit weight-rate of
flow or the pounds of thrust per pound of propellent burned per

second. It is obtained from the eguation
Isp = c/g

where g 1s the acceleration of gravity.
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PART II: OoAMPLE CALCULATION FOR AN OVER-OXIDIZED MIXTURE
OF LIQUID AMMONIA AND LIQUID OZONE

The objective of this section is to present in a logical
sequence the calculation of the data required to construct an.
enthalpy-entropy diagrem and the calculations involved in
applying the diagrzms to the determination of rocket motor per-
formance parameters.

The products of reaction resulting from the combustion of
100 grams of ligquid ozone and 50,0945 grams of liguid ammonia
are considered, This is an over-oxidized system ( mixture ratio
1.996 ), and it is chosen because the minor component values for
this csse are more sensitive to changes in the estimated quan-
tities than for stoichiometric and under-oxidized systems. This
sensitivity, and methods for soclving the resulting complicat-
ions, are discussed.

Data for the point on the h-s diagram corresponding to =&
temperature of 3200°K and a pressure of 300 PSIA ( 20.408
atmospheres ) is obtained. In compiling the thermodynamic data
from which to construct the charts, minor component calculations

ad already been made for this pressure at ESOOOK, SOOOOK, and

=)

3500%K, and from & plot of the sensible heat of the products of

reaction and the heat available from the reaction versus temper-
ature the adiabatic fleme temperature T, had been estimated to

lie between 3200°K and 3300°K.
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STEP A: MINOR COMPONENT CALCULATICKG.

The object of this step is to obtain the ecuilibrium com~
position of the products of reaction at 3200°K and 300 PSIA
with the value of each component correct to the nearest thous-
anth of a mocle. The equations used ere those developed by Dr.
David Altman and Dr. Sidney Veinbsum of the Jet Propulsion
Laboratory. This development is presented in Appendix I.

The eguaetion for this rezction at elevated temperatures is

£.941c Nig + 2.0835 0z = "E@-+ bH-0 + €0z + fHg + gNO + hCH
+1iH + JO
where the resctants are in the liculd state.

From Appendix I the eguations to be solved are:

[

(1) b = H -2a - Kga

a2
(11) g = o0-b |1,%0 K L PKgh
a® 2 Tar

022 ,

(111) f.g_f:‘;:.._i_ g - N = F(III) = o
KZ b~

- 2 YW s - e e
e ~'§§ Kg fw (0 -g) h o= Qg 1c
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A1l eguilibrium constants in the above equaticns are those
based on the ratios of mole fractions of the components in.the
reaction products.

From the reaction equaticn, the recctants represent & com-
bined weight of 150.094 grams, and the values for the number of

gram atoms of hydrogen, oxygen, and nitrogen are:

H = 8.8256
= 6,.2500
N = £.,9412

Annother equaticn which is used as & check for "g" 1is

H
o)

£2 b
Steps in the calculation are as follows:

(1) A value of "n", the totzl number of moles of the reaction
procducts &t 3200°K and 300 PSIA, is assumed. Unless some data
or previous results are aveéilable on which to base an estimate,
this value of "n" must be & guess. However, the calculations

are not too sensitive to errors in "n", and the second or third
estimate based on the value cbtained in previous trisls should
be close enough, The calculations are repected until the derived
value agrees with the estimeted value to the desired degree of
aceuracy. In this case, component calculaticns for 2500°K,
30009K, and 5500°K had already been made. A plot of 'n" versus

temperature was prepared, and from this plct the value of "n'
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at 5200°K was estimated to be 7.15. Using this value of nt,
the values of the necessary equilibrium constants based on the
ratics of mole fractions are determined from the tabulated
values of the corresponding constants based on the ratics of
partial pressures.

The resulting velues sre:

Kz = .007659
Kg = .008472
Ky = ,006672
Kg = 1665

KiQ = .08434

A1l numericel values in this caelculation sre carried to at
least four significant figures unless it is obvious that the de-

sired sccuracy will not be sacrificec by carrying less.

(2) A vslue of "a", the number of moles of Hy in the reaction
products at 3200°K is assumed. This value must also be a guess
unless previcus results ere avellable on which to base zn esti-
mete, Here a plot of "am versus temperature similar to that for
"n" was prepared, and the value at Z200°K was estimated to be

3215'

(3) TUsing the above estimated values of "n" and "a", equations
I, II, and III are solved with the result that F(III) is equel
to -~ £.1234, This negative value of F(III) indicates that .215
is too smell 2 velue of "am, From the variation of F(III) with

ng¥ for previcus calculaticns, it is estimated that "am must be
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increased by about four thousanths.

(4) The solution of equations I, II, and III is repeated for
"at equal to .219 and for "a" equal to .220., The corresponding
values of F(III) obtained are - .2507 and ,.3866, Solving for
all minor component values for these two values of "a", the

results are:

a =219 20

b $.8866 5.8862
e .7786 1713
f 1.%940 1.%856
g <1531 1700
h . D545 e D551
i L0779 . 0781
J 1184 1179

It is obvious from the above results that "g" znd "em" are
extremely sensitive to changes in "a", while the other compon-
ents are relatively insensitive., This extreme sensitivity is not
typical of stoichiometric and under-oxidized systems, and when.
"g" has been determined for these systems to the nearest thous-
anth of & mole, other component values will also be correct to
the same degree of accuracy or so nearly so that necessary cor-
rections can be made by means of an atom balance check, For this
caese, however, it is necessary to estimate a new value of fan to
four decimal places. This is done by plotting F(III) versus M"a"

and linearly interpolating for F(III) equal to zero. A value of
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a® equal to 2184 is thus obtained.

(5) Solving equaetions I, II, and III with "a" equal to .2194,

F(III) is egual to 0397, and other velues are as follows:

& 2194
b 3.8865
e 1756
£ 1.3900
g L1611
h . D538
i . 0780

1182
n 7.1627

The derived value of "n" is now compared with the estimated
velue., The difference is 0127, Since this is larger than the
arbitrarily chosen maximum allowable error of .01, a new value
of "n" equal to 7.1635 is assumed, and the entire process is

repeeted.

(8) Using the velue 7.16& for ¥n", the eguilibrium constents
are:

K, = .007667
. 002476

& of
i

Ky = .006683

&
i
L]
i
N
(0}
o
-3
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(7) Since the error in the value of "n" derived sbove was only
slightly larger than that sllowsble, the component values will
change very little, and it is still reasonably certain that the
value of "a" will lie between 219 and .220. In order to
definitely determine which of these 1s the closer value, the

calculations are now repeated with "a" equal to .2185.

(8) Using the value ,2195 for "aW", the value of F(III) is
- 0290, The value of "a" correct to the nezrest thousanth of a
mole is then .220, Using the check equaticn for %g", the cor-

rect value is found to be 180, Final results rounded to three

decimal places are:

a e
b 35.886
e . 776
£ 1.391
g L1860
h 534
i .078

<118
n 7.163

Making an atom balance check:

H = 8.8z4
0 = 6,250

N = 2,942
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None of these values differs more than .00l from the value

as determined from the reactants. Also, "n" checks exactly wit

the assumed value, and all component values can now be considered

asccurate te the desired degree.

STEP B: CALCULATION OF THE ADIABATIC FL

AME TEMPERATURL T,.

When the procedure as outlined in step A is carried out

for 3300°K, the following results are obtained:

3200°K

]

20

&

o

86

Lo SN
[¢N

776
1.891
160

B o+ @

O34
i 078

.118
n 7.163%

. 286

«159
7.270

3300°K

The adiabatic flame temperature Tc is defined as that tenm-~

perature at which the sensible heat of the cowbustion reaction

products is egual to the heat released by the reaction at 300%K,

The sensible heast is defined by:

Sensible Heat - E n

TYK
i

ADH

T°K
1 200%K

where "™m;" 1is the number of moles of the ith component of the
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combustion resction products at the tempersture indicated by
the superscript ( "yt = TMat, "bM, Me" etc, ), and "AH" is
the sensible heat of the ien component of the reaction products
at the temperature indicated by the superscript and as referred
to the defined reference state. The values of “A‘Hi” as defined
here are the enthalpy values tabulated in Table II.

The heat released by the combustion reaction is defined

by
TCK TOK
oy = Eni QGr; - @r (Reactants)

where “in" is the heat of formation of the ith component of

the reaction products.

In this case:

3200°€ __ 3200°K
ny AHiz000k =  .220 %X 22,927 ~+ 3,886 X 33,006
+.776 X 25,344 + 1,391 X 23,947
+.160 x 24,519 + .554 %23,227

+.073% 14,405 + ,118 ®x 14,405

= 205.432 kcals per 7.163 moles

or per 150,094 grams.

3300°K 3300°K o _ IO
ini ABy o oox .286 % 23,818 4+ 3,751 % 34,362

I

+ 787X 26,308 + 1,385 X 24,8587
+ ., 172 X 25,421 + ,834%24,121
+,116 x 14,901 + 158 % 14,901

214,044 kcals per 7.270 moles

or per 150.094 grams.
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3200°K
= 3.8868x57.798 + 180 x(-21,8) + .534 X (-10.08)

av
+.078 x (~52.089) + .118 X (-59,158)
- 2.,9412 x16.07 - 2.0833 ®X(-31.8)
= 223,090 kcals per 7.165 moles
or per 150.094 grams.
3300°K o
v = 3,751%X57.798 + 172 X(~-21.6) 4 834 ®(-10.06)

+.116 x (-52.089) 4+ .159 x (-59.159)
- £,9412 X 16,07 - 2.0833 % (~31.6)

= 209,617 kcals per 7.270 moles

or per 150.094 grams.

Using a linear interpolation to find at what temperature
the heat released is egual to the sensible heat of the reaction

products, the result is

aanl
TC - 3&80 Ko
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STEP C: CALCULATION OF ENTHALPY VALUES.

The enthalpy of a gas mixture at & temperature of T°K
whose reference state is the equilibrium composition &t 300°K

is given by:
7% _ %% TK 300°K T°K)
ABzp00k *E ny  DHjgaa0p 1 & - By “ry

where all symbols are the same as previously defined.

3200°K

HzngOx = 205,432+ (4.412 - 3.886) * 57,798

- 1680 x(-21.8) - .534 »(-10.08)
- 078 % (-52.089) - .118 % (-53,159)

= 255,705 kecals per 7.165 moles

or per 150,084 graums.
The enthalpy value plotted is defined by:

T°K TOK
Ahgngog = AHggpox / m

L=
»

where "m" is the number of grams of propellent mixture, in

this case 150,024 grams.

TOK 3200°K
- - 255,705
A hy 009k = 4 50k -~ 150,094

1.704 kcals per gram.

i
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Pressure lines on the h-s diagram whose enthalpy values
al alculated i TOK £s & 3
are calculated using AHz.jogx &S defined above correspond to

7 st A ‘ TOK
equilibrium flow because the value ny continucusly changes
as the equilibrium shifts. If pressure lines corresponding to
constant composition flow asre desired, it is necessary only to
TCK Te : ‘ T°K
replace n, by X in the eguation fer AH, -o0. . The
i A00%K
second summation term becomes a constant value which is always
. TCK | X

greater than the value when n; is used. The enthalpy value
for a temperature of T9K and corresponding to constant compos-
ition flow is therefore lerger than the value at 7°K corres-
ponding to equilibrium flow. Because the heats of formation of
the minor components are negative, the fact that the minor com-
ponents do not disappear in a constant composition flow means
that less of the total heat present in the gas mixture during
such a flow is sensible, and as a result T, and the exhaust

veloecity are both less than the values for equilibrium flow,.

It should also be noted that when equilibrium flow is
being considered and enthalpy values are being calculated for
temperatures less than EOOOOK, the second summation term in.
the equation for £5H§Z§OK is zero because for these tenmper-
atures the composition of the gas mixture is assumed to be the

same as the eqguilibrium composition at 300°K.
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STEP D: CALCULATION OF ENTROPY VALUES,

The total ebsolute entropy of & gas mixture at TOK and an.

absolute pressure of "pm" atwmospheres 1s given by:

TOK o TOK
o ) o . pon 7
STOK = E ny blTOK n Ru ln p

o} mQ
T°K TVK
- E n. R, 1n (ni/ﬁ)

o
where S is the absolute entropy of the ith component of

irfxg
the reaction products, and K, is the universal gas constant,
Values of the absolute entrcopy for the gas components are
tabulated in Table III, For this report, the values of ni/n,
were carried to four decimal places, and the natural logs of
these fractions were taken from Volume III of the tables com-
piled by the Works Progress Administration, which lists the
entering argument from .0001 to 5.0000 in steps of .0001.

For 3200°K and 20.408 atmospheres pressure:

] o o LRE0%R 49,04 + 3.886 X69,01 + 776 X68,57
+1.391%684,31 + .180X69.47 + 534 X61.97
+ ,078 X 39,15 + 118X 49.79

- 7.,183%X1,986X 1n 20,408 -~ 1.986[.22‘0 In .220/7.163
+3,886 1n 3.886/7.163 + .776 1ln .776/7.165

+1,391 In 1.391/7.163 <+ .160 1n .180/7.18%

+ .534 1n .534/7.165 + 078 1n ,078/7.163

4+ .118 1n .118/7.183



- 26 -

474,762 -~ 42.898  19.820

w
kel
i

451,684 cals per degree Kelvin per 7.163

"

moles or per 150.094 grams,

The entropy value plotted is given by:

[e] .0
s = S
T°K TOK .

For 3200°K and 300 PSIA:

o
s 5 - 451,684
88007°K 150,004

5.009 cals per grem per degree Kelvin.

To calculate entropy values for pressure lines correspon-
ding to constant composition flow it is necessary only to re-

o
T~ K T o)

place ny by n;® in the equation for STOK .

STEP E: CALCULATION OF EFFECTIVE EXHAUST VELOCITY AND
SPECIFIC IMPULSE.

The effective exhaust velocity is given by:

Te
2[5HT X J
c = e cm per second
m

where "JM is the mechanical equivalent of heat equal to

4,186 X lOlO ergs per keal.
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Since the plotted enthalpy value 1s AH/m the eguation.

for Me®" can be written as follows:

T
¢ = /2 OnC xa.186 x 1010

Te

cm per second

The numerical factor .03281 converts cm per second to

feet per second., The equation for "c' then beconmes:

T
e = .03281 X 2.89345 X 10° Ath feet per second
e
Finally:
Te
c =  9493.41 AlhT feet per second
e

T
The value of zlth is very simply determined from the
e

h-s diagram. A vertical line is dropped from T, on the pressure

c
line corresponding to the chamber pressure to the pressure line

corresponding to the ambient exhaust pressure. The value of en-

T
thalpy for this latter intercept is Ah ° . The enthalpy

300°K
drop is then given by:

T T T
AL ¢ = An°© - AnC
Te 500°K 300K

For the sample calculation the isentropic expansion from

200 PSIA to 1l4.7 PSIA is considered. For this case:
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T
Ah© - 1.821 - 1,082 = .799 keals per gram
e

from Figure 22,

¢ = 9493.41 . 799 feet per second
¢ = 08486 feet per second
Isp is determined by dividing the value of the effective

exhaust velocity by the value of the acceleration of gravity.

For this calculation:

Iean = 84.86 264 seconds

SP 55,10

i

STEP F: DETERMINATION OF THE EXHAUST TEMPRERATURE Te .

The value of the exhaust temperature Te can be determined
roughly from the h-s diagram. It is the temperature value at
the intercept of the isentropic expension line and the pressure
line representing the ambient exhaust pressure. A more accurate
value is obtained from & plot of entropy versus temperature,
and all values reported in this snalysis are determined in this
manner. On the T-s dizgram a vertical line is dropped from T,
on the pressure line representing the cheamber pressure to the
pressure line corresponding to the embient exhaust pressure.

The temperature velue of this intercept is Te .
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PART III: DISCUSSION OF RESULTS.

There is no basis for an extended discussion of the per-
formaence values reported in this snalysis. No experimentsl
date for the propellent systems considered here was availsble,
and the only analytically determined values available for com-
parison were those for the stoichiometric mixture of liguid
ammonia and RFNA caleculated by the Jet Propulsicn Laboratory.

The results obtained by both methods are as follows:

A, Bguilibrium Flow:

Paraneter JPL Value Graphical Value
Te 2600°K 2599°K
Te 1631°K 1650°K
e 7315 ft/sec 7323 ft/sec
Isp 227.2 sec 2e7.7 sec

B. Constant Composition Flow:

Parameter JPL Value Graphical Value
T, 2600°K 259¢°K
T, 1505°K 1505°K
e 7217 ft/sec 7199 ft/sec
ITa 224.,1 sec 223.8 sec
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It should be noted that T, is determined in the same way
for both analytical and graphical solutions. For the graphical
solution, however, Te is read directly from the appropricte

T-s diagram, and the values of "e® and I depend only on the

s
velue of the enthalpy change for the expaﬁsion considered. The
value of this enthalpy change is taken directly from the h-s
disgram. The fact that the above values agree to within two
tenths of one percent ic comsidered & positive check on the
accuracy of the graphical method.

Pressure lines on the h-s and T-s diagrams corresponding
to constant compositiongflcw are constructed only for the ex-
pansion from a chamber p;essure of 300 PSli to an ambient
exhaust pressure of one atmosphere. These pressure lines are
indicated on the diagrams by dashed lines, and should be used
only for the zbove specified expansicn. The error, however,
will not be great if they are used to approximate the con-
stant compositicn flow parameter values for a chamber press-
ure of 600 PSI4&. The fact that exhaust pressure lines for
constant composition flow are included for only this one con-
dition is not intended to convey the impression that the
actual expansions of these propellent systems conform to the
assumptions for eguilibrium flow,. It was originally intended
to calculate complete constant composition flow data, but
time limitations prevented this. In the absence of more com-
plete datz, no definite conclusicns can be drawn as to which

type of flow would result from the combustion of the propell-~

ent systems considered.
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For very hot systems, such as 32-05 s the position of the
exhaust pressure lines representing constent composition flow
on the h-s and T-s diagrems is quite different from that of the
corresponding pressure lines for ecquilibrium flow. This dis-
placement on a percentage basis is greatest on the T-s diagran,
and as a result Te is the performence parameter whose equili~
brium flow value differs most from its constant composition
flow value. For the HQ—OB system the Te value for constant
composition flow is several hundred degrees lower than the
equilibrium flow value.

The plots of specific impulse versus mixture ratioc show
one significant tendency. The mixture ratioc for which the
maximum value of the specific impulse is obtained apparently
shifts towards the over-oxidized side as the exhaust pressure
approaches absolute zero. If this effect is general, it will

be an important factor in the design of the latter stages of

multiple-step rockets.



PART IV: CONCLUSIONS AND RECOMMENDATIONS,

Because of the extensive calculations which are required
to construet even a skeleton enthalpy-entropy disgram for a
propellent system, this graphical method is not recommended
unless a comprehensive study of the system is to be made. It
does, however, have several definite advantages over analyti-
cal methods. The h-s diagram makes possible the presentation
of a large amount of date in a concise and readily useable
form. If the diagram is a fairly complete one, an almost infi-~
nite variation of the physical boundary conditions defining
the expansion process is possible, whereas one set of analyti-
cal calculations is limited to one combustion condition and
one exhaust condition.

The graphical method does not require that attention be
focused on either the assumptions of equilibrium flow or of
constent composition flow to the exclusion of the other since
exhaust pressure lines for both conditions can be plotted on
the same diagram. Neither is it necessary to assume isentropic
flow if some criteria for estimating a Ycondition curve® are
aveilable.

In order to better evaluate the usefulness of the h-s
and T-s diagrams in czlculating performence paremeters, this
graphical method should be applied to a propellent system for
which complete experimental data is available. If 2 complete

set of pressure and temperature lines are constructed, not.
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only for the thermodynamic conditions in the rocket motor
chamber and at the nozzle exhaust, but also for conditions
near the throat, the h-~s diagram could be applied to the cal-
culation of the characteristic velocity and the nozzle thrust
coefficient as well as the parameters determined in this
analysis. It is believed that a thorough investigation of one

propellent system in this manner would be of great value.
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ENTHALPY TABLE

TABLE II
DHzgpoy keals/gram mole

T% H, H,0 CO €O, O, N, OH NO H,N,0 RAT

300 o©.00 0.0 0. 0. 0.0 0.0 .0 ©0 0
400°  0.698 0.8111 0.699 0.942 0.721 0.897 0.497 0.199
500 1.393  1.641 1.404 1.970 1.447 1.389 0.993  0.397
600 2.083 2.496 2.125 3.072 2.203 2.112 1.490 0.596
700 2.796 3.380 2.862 4.232 2.981 2.840 1.987 0.795
800 3.502 4.292 3.615 5.441 3.778 3.582 2.484 0.993
900 4.212 5.234 - 4.386 6.692 4.504 4.343 2.981  1.192
1000 4.931 6.208 5.171 7.976 5.421 5.118 4.985 5.308 3.477 1.390
1100 5.657 7.211 5.973 9.201 6,278 5.907 5.725 6.133 3.974 1.589
1200 6.393 8.247 6.785 10.629 7.135 6.709 6.465 6.958 4.471 1.788
1300 7.138  9.312 7.606 11.989 7.990 7.520 7.233 7.800 4.967 1.886
1400 7.895 10.309 8.437 13.367 8.847 8£.342 8.002 8.643 5.464 2.185
1500 8.664 11.519 9.275 14.760 0.704 9.173 8.783 9.499 5.961 2.384
1600 9.439 12.660 10.120 16.168 10.592 10.009 9.584 10.355 6.457 2.582
1760 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 19.017 12.369 11.703 11.197 12,088 7.451 2.980
1900  11.828 16.206 12.689 20.455 13.257 12.558 12.01512.957 7.947 3.178
2000  12.644 17.424 13.554 21.902 14.146 13.417 12.834 13.827 8.444 3.377
2100  13.466 18.659° 14.423 23.358 15.061 14.279 13.643 14.700 8.941 3.576
2200  14.295 19.909 15.204 24.820 15.974 15.143 14.506 15.598 9.438 3.774
2300  15.132 21.17) 16.169 26.290 16.889 16.013 15.360 16.480 9.935 3.973
2400  15.975 22.446 17.045 27.760 17.802 16.883 16.213 17.364 10.430 4.17!
2500  16.827 23.733 17.023 29.242 18.717 17.758 17.080 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
2760  18.542 26.338 19.691 32.218 20.601 19.516 18.807 20.036 11.921 4.767
2800  19.410 27.656 20.576 .33.712 21.543 20.399 19.678 20.929 12.418 4.966
2900  20.282° 28.980 21.484 S5.211 22.486 21.284 20.563 21.823 12.915 5.165
3000  21.J60 30.315 22.353 36.712 23.427 22.170 21.447 22.716 13.411  5.363
3100  22.041 31.6%6 23.242 $8.222 24.384 23.058 22.335 23.617 13.908 5.562
3200  22.827 33.006 24.136 39.734 25.344 23.947 23.227 24.51% 14.405 5.76}
3300  23.818 34,362 25.028 41.244 26.308 24.837 24.121 25.421 14.901 5.959
3400 24,912 35.723 28,923 42.764 27.276 25.729 25.021 26.325 15.398 6.158
3500  25.611 37.092 26.818 44.281 28.247 26.622 25.920 27.220 15.894 6.356
3600  26.512 38.466 27.715 45.808 20.219 27.516 26.822 28.135 16.392  6.555
3700  27.416 39.845 28.613 47.332 30.198 28.412 27.730 26.04) 16.889 6.754
3800  28.826 41.231 29.512 48.862 31.178 29.307 28.640 29.948 17.385 6.952
3900  29.286 42.619 30.412 50.394 32.164 30.205 29.552 30.856 17.862 7.15
4000  30.153 44.010 31.313 51.930 33.153 31.J04 30.467 31.761 18.379 7.350
4100  31.069 45.413 32.215 53.471 34.139 32.006 31.39C 32.682 18.875 7.548

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

NOTE: FOR_USE OF THIS TABLE IN CALCULATING THEORETICAL PROPELLANT PERFORMANCE .
cft  PROGRESS REPORT 1.28



T%K

300
LOO
500

600
700
800
900
1000

1100
1200
1300

1500

1600
1700
1800
1900
2000

2100
2200
2300
21,00
2500

2600
2700
2800
2900
3000

3100
3200
3300
3L00
3500

3600
3700
3800
3900
L0o0o

4100

H20

Lh.80
47.12
43.96

50.52
£1.88
53.10
55.24

56.20
57.10
57.95
58.76
59.53

60.27
60,97
61.65
62.30
62,93

63.53
6L.,11
6ls.67
65.21
65.7h

66.25
66.7h
67.22
67.69
68.1L

68.58
69.01
69.43
69.8Y
70.24

70.63
71.01
71,38
1.7k
72.09

72.144

TABLE

I1I

co

L7.30
Lho.31
50.88

52.19
53.32
5h.32
55.23
56,06

56.82
57.53
58.19
58.81
59.39

59.94
60.Ub6
60,95
61.L2
61.86

62.28
62.69
63.08
63.L5
63.81

6l.16
8Ll g
6h.81
65.12
65.42

65.1

65.99
66.26

66.53
66.79

67,04
61.29

67.53
67.76

67.99
68.21
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ENTROPY TABLE (Spop)

€O,

50.20
52,89
55.17

57.17
58.96
60.57
62,04
63.39

6L.64
65.80
66,89
67.91
68.87

69.78
70.6L
7T1.L46
72.24
72,98

73.69
74.37
75.02
15465
76,26

76,84
77.40
779k
78.47
78.98

79.L8
79.96
80.43
800 88
81.32

81.75
82.17
82.58
82.98
83.37

83.75

(cal/degree/mole)

02

L9.00
51.06
52.67

gL.05
£5.25
56031
£7.27
58.1)—‘

58096
99.71
60.39
61.03
61.62

62.19
62.73
63.24
63.72
64.18

64.63
65.06
65.47
65,86
66.23

66.60
66496
67.30
67.63
67.95

63.26
68.57
68,87
69.16
69.LL

69.71
69.98
70.24
70,50
70.75

70.99

Ny

45.80
L7.79
49.35

S(JDGS
51.77
52.76
53.66
5L.L8

55.23
55.93
56.58
57.19
57.76

58.30
58.81
59.30
£9.76
60.20

60.62
61.02
61.11
61,78
62.1h

62.48
62.81
63.13
63.4b
63474

6L.03
6L.31
64,58
6L.85
65.11

65.36
65,61
65.85
66.08
66.31

66.53

NO

50 .10
52,45
5L.06

55,40
%6.57
57.60
58.53
59,38

60.17
60.89
61.56
62.18
62.77

63.32
63.85
6L.35
64,82
65.27

65.70
66.12
66.51
66.89
67.25

67.60
67.54
68.27
68.58
68.88

69.47
69.75
70.02
70.28

70.5l
70.79
71.03
71.27
71.50

.73

OH

52.51

53.21
53.86
Sh.L7
55.0l
55.58

56.10
56.58
57.05
57,19
57.91

58.30
58.70
59.08
59.U5
59.80

60.1k
60.47
60.78
61.09
61.39

61.68
61.97
62.24
62.51
62.77

63.03
63.28
63.52
63.76
63.99

64,22

27.40
28.82
29.92

30,82
31.59
32.25
32,84
33.36

33.83
34.26
3L.66
35.03
35.37

35.69
35.99
36.27
36.54
36.80

37.04
37.27
37.49
37.70
37+90

38.10
38.29
3847
38-6’-’-
38.81

33.97
3%9.13
39.28
39.43
39.57

39.71
39.85
39.98
Lo,11
Lo.2h

h0.36

36,62
38.0L
39,1k

Lo.olh
0,81
.47
42,06
42,58

43.05
L3.L48
L,3.88
Lh.25
Lk.59

b9l
Ls.21
L5.L9
15.76
16,02

Li6.26
L6k
L6471
Lb.92
L7.12

L7.32
L47.51

L7.69
L7.86

48.03

13.19
L8.35
LB.50
118,65
L8.79

18493
Lh9.07
49.20
l9.33
Lg.ub

kLg.58

38.06

39.48
Lo .58

L1.48
42,25
42,91
43.50
Lhi.02

Lh. L9
Ll,92
L5.32
45.69
46.03

46,35
L6.65
46.93
L47.20
L7.46

L7.70
k7.93
L8.15
48,36
48456

L8.76
18,95
b9 .13
L9 .30
L9 . L7

L9.63
L9.79
Lo .9k
50.09
50.23

50.37
50.51
50.64
50.77
50.90

51.02

21.27

33.27
3L.83

36.10
37.18
38.12
38496
3972

LOJL1
L1.05
h1.65
h2.21
L2.7h

L3.24
Lh3.72
Lka17
Ll.61
115,03

L5.L3
45,81
46,19
L6.5kL
46.89

L7.23
L7.55
L7.87
L8417
L8.L7

L8.76
L4940k
L9.32
L9 .57
L9.8L

50,01
50.34
50459
50.82
51,05

51.28
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TATLE IV

HEATS OF FORMATION AT CONSTANT PRESSURE .-
USED IN THIS ANALYSIS

Heat of PFormation in

Congtituent Kiloecaloriss per Mdle
Hp0 +57.798
)O | ~21.600
OH -10.060
H ' -52.089
0 ~59.159
NH,(1) +16.070
KOp - 6.100
HNO +41 . 660
0=(1) -31.500

Hy(1) +1.848



TARIE WV

ATOMIC WEIGHTS USED

Element Atomic Weight

14.008

1.008

16.000

Hp 2.016
Ho0 34,016
NH= 17.032
HN~ 63.016
HOo 46.008
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TABLE VT
SAMPLE CALCULATION SHEET (A)
H-8.8236
0-6.2500 NH; -0 P=300 PSIA
N-2.9412 T=3200°K
QVER—OXIDIZED (+=1996)
h 7.150 1.163
Kn 21.00759 001061
0. 00247 .002497%
ZKe .004944 004952
2..006672 006683
9.16650 166071 ATOM BRLANCE
10.,06434 06440
a . .215 | ,219 [ .220 | .2/94 ,2195 H 8824
2a 430 ., 43F 440 438% 4290 O 6250
W A626 4630 4690 4684 4685 N 2942
az 0462 0416, _.048¢ 09814 ,048/8
X Kn/a e | 391 13725 (372 13736, 13746
ZH Ko fal | 2.1391 12,1375 21372 2,/37362.13746
Kag '/ 0770 0719 .0281 | 0780 078l
-25-Kagh 8.31668.3077,9.3055 8.3062 83665
b 3.68 79 3.8866 3.8862 3.886483.8861
bZ 15,1158 15,1052 151026 151047 151018
y | ZKeb/a? _4I583 4001 3970 -,399/ 3394
2 a/a  .03103  .0305 .0303 0304 ,0304
A |+X+y+2 [.58596 15687 (5645 15667 (5676
bA 6.166/ £.0969 6.0800 | 6,083 60907
9 0839 | (531 (700 | el 1593
9% 00707 0239 0281 | 02595 .0253%
Ks? 00005866 00005878
29%a%/i,70, 73393 2.5374 3.1578 2.9/99 7.7529
E(m) —2.1234|—.2507 +.3%66 +,0397 —. 0290
a 219 220 2194 2195 22.0 |
b 3.9866 38862 3,865 |3 .3%4) 3. 836
e 2786 773 156 776 176
£ [.3990 ],3856 |,3900 . 1,3909 [.34]
9 J531 1700 | el | 593 160
h 5343 5331 | 5334 5342 534
@ 07?79 _.078 | 0180 .08 078
J A1 84 l7a | |82 .1/83 I8
n 7.0627 7. 1625 7.163




s
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TABLE NII

SAMPLE CALCULATION SHEET (B)

NH;-03 (m=150.094 GRAMS) P= 300 PSIA
OVER-OXIDIZED (- =1.996) Q_ (REACTANTS)-—18.3589 KCALS
Te

T°K 2500 | 3000 | 3200 az80 | 3300 | 3500
a Ha Do 120 220 | 273 | 286 | 453
b Hz0 4.343 4093 3,386 (3.773 3,151 3.4/
f Nz 1,438 | [ 406 [ .39 | [.386 ||, 3285 |/.3606
9 NO 065 | [30 | Jeo | .70 | 171z | 209
h OH J04 | ,366 | 534 Lbl4 O34 | 853
i H 002 | 032 0718 .[08 | 116 ,Z242
3 0 008 | 063 118 | .15/ 159 | ,Z1>

n 6.940 | 7,009 | 7.1¢3 | 7.249 | 7.270 | 7.559

2n;AH; [48. 140 (88.534.|205.432 Z(4,044 231,716

Qav 23,090 209617

AH 155,156 Z2[8,.905 Z55, 705 221790, 331,423

Ah (0341458 1704 [ %21 [ 35/ 2,208
Sh 5% 443,960, 464,406 474. 762 480,758 494.945
nRnP 4097041976 42.898 43,539 454;7@
Snifw 4 13,725 [7.381 19.820 20.914.21.262 | 24.643

S° 416,715 434,211 4514684 458,431 (474,223

s° 2,770, 2.930,3.009 |3.046 13.055 | 3./160

ATOM | BALANCE CHECK

H 8,824 8.824 |2 824 R.824 | 9,823 |

@) 6.250 250 6,250 6.250 | 6250

N 299 (2942 2.942Z 2942 | Z.94!
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TASLE VIIX

ENTHALPY - BNTROPY SUMMARY

P = pressure in psila
h = kcal per gram
s = cal per gram per °K

RFNA - NH3 OVER-OXIDIZED (r = 2.00)

Terp®k P w 500 P = 300 P = 14.7 P = 7.35 P = 147

3000 Ah 1.381 1.422
s 2.811 2.886

2500 Ah 1.00% 1.012
s 2.674 2.739

2400 Ah 0.943 0.948
s 2.649 2.713

2300 Ah 0.88% 0.888
s 2,608 2.688

2000 Qn 0.723 0.724 0.730
s 2.549 2.611 2.884

1500 A&h 0.479 0.479 0.479

8 2.740 2.802 2,152
1300 Ah 0.390 0.390
] 205?7 2-739
1000 Ah 0.261 0.261 0.261
8 2.564 2.626 2.976
500 Ah 0.070 0.070
8 2.362 2.712
400  Ah " 0.035
8 2.634
300 Ah 0.0 0.0



RFNA - m{:?, STOICHIOMETRIC ( » = 2.21)
Tews X Pw 600 Pow 300 Pow=lh.7 Po=7.35 P =047
3000 Ab 1.517 1,57
8 2.946 3.033
2700 Ah 1.233
s 2.846
2600 Ah 1.154 1.171
g8 2.817 2.889
2500 Ah 1.080 1.092
8 2.788 2.858
2000 Ah 0.770 0.772 0.783
8 2.650 2.716 3,005
1200 A4h 0.610
8 2.911
1500 Ah 0.510 0.510 0.510
1400 ANh 0.462
B 20815
1300 Ah 0.514%
8 2-845
1000 Ah 0.278 0.278 0.277
B 2«‘66 30726 3‘0913
500 AR 0.074%
8 2.813
300 Ah
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RFNA - NH; UNDRR-OXIDIZED (r=1.50 )

Tornp K P=600 P=300 Pe=ilh.7 P =7.3 P = .147
3000 Ah  1.548 1.583
8 3&272 3-352

2500 ah 1.169 1.172
g 3.134 3.213

2100 Ah 0.920 0.621
8 3.026 3,103

2000 Ah 0.861 0.861 0.864
s 2.997 3.074% 3,413

1500 4Ahn 0.877 0.577 0.577
8 3,248 2,326 2. 764
1400 Ah 0.418
3 3.130
1000 4h 0.317 0.317 0.317
s 3.038 3.116 3.553
900 Ah 0.268 0.268
8 2.987 3,064
800 Ah 0.221
8 %.008
500 Ah ' n.086 0.086
s 2.797 %, 234
400 Ah 0.042
8 2,138

300 &h
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ﬁﬁE - 63 OVER~OXIDIZED ( r = 2.00)
Torp K P=600 P=300 Pw=ilh7 Pm7.3 P e 147
3500 Ah  2.081 2.208
2400 Ah 1.888
s 2.999

. .

3300 4B 1.749 1.850

200 An 1.704
8 3.009
2000 Ah LA15 1.458 1.980

1
s 2.852 2.930 3. 379

2500 AL 1.034 1.107

s 2.776 2,080
2000 Ah 0.787 0.747

8 R 2.920 2.98%
1500 4h 0.488 0.483  0.488
1000 Ah ' 0.266
‘ 8 : ‘ 3*@98
500 An 0.071

8 2.739
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Ntz - O3 STOICHIOMETRIC (r = 1.41)

Tern K P=0600 Pe=300 TP =17 P=7T.35 P = 147
500 A 2.351 2.554
s 3,278 3,812
3400 Ah 2,167
g 5,205
3300 Ah  R.0M1 2,130
s 3,175 3. 288
3200 Qh 1.956
s %.233
3000 AR 1.597 1.668 2,267
s  3.045 5.137 3,657
2500 Ah 1.146 1.260 1.311
g | 2.051 %, 204 3.383
2000 An 7.819 0.82k
s 3,099 %.169
1800 AR n.691 0.691
5 %, 031 2.098
1500 An 0.533 0.533 0.533
5 2.534 3,001 %.380
1000 AR | 0,289

& >u183
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HHB - 03 UNDER-OXIDIZED (r = 1.10)

Temp®K P=600 Pw=300 P=14.7 Pw=7.35 P = 147

3500 Ak 2.275 - 2.469
8 3.508 - 3.647

3200 Ah 1.
8 30369 34»471‘

3100 Ah

3000 Ah 1.588 1.628 2.164
s 3.297 3.389 3.919

2500 Ah 1.195 1.249
8 3.232 3.590
2000 Ah 0.878 0.879
2 . 33&&26 3:50#
1700 Ah 0.699 0.699
p , 3,329 3.406
1500 Ah 0.585 0.585 . 0.585
8 3.258 3.335 3.770
1000 AR 0.320
8 3.556
500 Ah 0.086

8 3.233
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N5 - O3 UNIER -OXIDIZED (r = 0.80)

Tomp’K Pw600 Pm=300 Pwli.7T PwuT.3 P = 47

3500 Ah 2,563
s 3,99
3000 Ah 1.75% 1.771
8 3.660 3.752

2600 Ah 1,391 1.398

2500 Ah 1.317 1.322

1.377
8 3.497 3.589 B.00%
2000 Ah 0.975
8 3&826
1500 ah 0.653 0.653 0.653
8 30631 3&731 3%-233 ‘
1400 An 0.592
8 \ 3.599
1300 Ah 0.532 0.533
8 3.555 3.648
1200 Ah 0.474 0474
8 3.508 3.599
1100 ah | 0.417
8 3.548
1000 Ah 0.360 0.360 04360
- s 3. hok 3,49) 4,002
500 ah 0.098
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- P16 -
H, - 0 OVER-OXIDIZED (r = 9.32)
Tomp®K P=600 P=300 Pw=li7 P=7.35 P = .147
k500  An %.935 B 558
s %.8%0 L, 087
=800 ah 2,27
s 2.670
2700 Ah 2.993 3350
8 3.595 ETTH
2600 Ah 3,028
8 %, 686
3500 Ah 2.516 2,746 5345
a 3,462 3.607 4.745
2000 Ah 1.706 1.765 2.4% 2.777
s 3,213 2.306 %.858 4,085
2500  ah 1.334 1.383 2.367
3 3,464 3.555 4,380
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i P

Hy - Oy STOICHIOMETRIC (r = T7.9%)

Temp K Pw6GOD P=300 Pwilb.7 PeT.35 P = 147

4000 Ab 4.580 5.293
s 4,217 4,499

3800 Ah  3.819

g8 h.023
3700 Ah 3,405 912
s 3.936 141
3600 Al 3.542
B #«037
3500 Ah 2.936 3.213 6.204
s 3.780 3.947 5,246
2000 oh 1.965 2.046 2.869 2.278
8 30&‘81 31588 2":229 .357
2500 Ah 1.397 1.549 1.617 2.825
8 - 3.352 3.752 3.859 4.821
2000 AQh 0.992 0.999 1.002
8 2.507 3. 587 4.069
1800 Ah 0.833
8 3.930



s - 03 URDTR-OXIDIZED (r = 6.61)

Temp %K P=0600 Pw 300 P=18.7 P=7.35 P = 147
4500 A 4,680 Y b5k

3700 An  3.516 3.957

2600 An %561
s 4,411
2500 Ah  2.933 2013 6;a60
e 4,136 .31 5.738
3000 ah  2.000 2,058 2.836 . 267
8 3.850 3.960 4.632 4.880
g 2,754 4.177 4,286 5.008
2000 An 1.086 1.690 1.124
5 3.966 4,057 k.582
i50C Ah 0.716
8 4,350
10060 Ah 0.331

E



\

- 5% -
-

L

%
- e

Jood
%

R s, e
1000 Ah 5.108 5.949
s 5.367 5.717
3607 Ah 3.569
3 4.960

s 5.285 .083 6.690
00 Ah 3,958
a 4.99%
3000 Ah 2.%39 2.411 %125 3.556
2500 ah 1.781 1.863 1.908 3.023
s 4503 5037 54171 6.297
2000 ah 14307 1.308 1.357
1500 Ah 0.870
8 5e 201
1000 An 0.477
3 4.983

800 Ah 0.332
8



TABLE IX

PERFORMANCE SUMMARY

| RFNA - NHz(1) |

r Pe Pe c Isp T K Te'K
3.00 300 14.7 6645 207 2325 1360
2.21 (stote.) 300 1%.7 7323 228 2599 1630
1.50 300 14.7 6898 214 2062 1110
3,00 600 14.7 7161 223 2331 1170
2.21 (stotec.) 600 14.7 7942 247 2621 1425
1.50 600 14.7 7384 230 2063 955
3.00 300. 7.35 T167 223 2325 1190
2.21 (stoic.) 300 7.35 7914 o246 2599 1425
1.50 300 7.35 7384 230 2062 955
3,00 600 735 7576 236 2331 1010
2.21 {stoic) 600 7.35 8437 262 2621 12340
1.50 600 T35 7782 22 2063 810
3,00 300 <157 8721 271 2325 480
2.21 (stole) 200 147 9751 303 2599 615
1.50 300 47 8869 276 2062 350
3,00 600 147 885& 275 2331 400
1.50 600 147 8996 280 2063 300



B
TARLE IX
PRERFORMANCE SUMMARY
NH,(1) - aE(l)

, ‘ an . -

T Pg ?ﬂv c ‘ X_Q T&‘x Te K

2,00 300 14.7 8486 264 3280 2400
1.41 (stole.) 300 14.7 8930 278 3285 2460
1.10 . 300 14.7 8901 277 3124 2050
0.80 300 14.7 8292 258 2564 1&23
2.00 ; 600 14.7 9233 287 3352 2200
1.41 (stoto) 600 14.7 9749 303 3362 2290
1.10 600 14.7 9649 300 379 1802
0.80 600 14,7 8910 277 2573 1220
2.00 300 7.35 9199 286 3280 2200
1.41 (stoic.) 300 7.35 9692 301 3285 2280
1.10 300 T+35 9621 299 2124 1805
0.80 300 7.35  B921 27T 2564 1230
2,00 600 7.35 9873 307 3352 2185
1.41 (stoie.) 600 7.35 10414 324 3362 2100
1.10 600 7.35 10233 318 3179 1580
0.80 600 735 9412 293 2573 1050
2.00 300 87 11684 263 3280 1100
1.41 {stoie.) 300 J47  12409 386 3285 1220
1.10 300 147 11872 360 3124 796
0.80 300 L1487 10786 335 2564 465
2.00 600 157 11936 371 3352 1140
1.41 (stoie.) 600 47 1272 396 3362 1060
1.10 600 147 12132 377 3179 665
0.80 600 147 10972 34) 2573 380
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.

e BN i s e B s
VA AT LA

PURFOTMANCT  SUVMARY

Hy(1) - 04(2)

FRIND O
OOV W
N RS G

- . - -

, )
by Pe Pe ¢ Ien Ta K Tea QK
5.52 300 147 10129 315 3634 2670
«94 (stoic.) 300 14.7 10013 350 3640 24500
.5 300 14.7 11107 3L 3607 2820

300 14,7 11762 366 3847 2500

600 14.7 11059 344 3752 2770
(stote.) 600 14.7 11665 363 3760 2615
£00 1,7 12227 380 3721 2710
600 1%.7 12816 398 3537 2280

£ ]

& R\
b = [ R ol W

» - »

s 4 & =

7 O3

300 7435 11021 343 3634 2735
(stote.) 300 735 11623 362 2640 2765
200 735 12113 377 3607 2670
300 735 12768 397 Bhu7 2275
600 7.35 11856 368 3752 2605
{stoic.) 600 7.3% 12521 389 3760 2675
600 7o 35 13081 4o7 3721 2550
600 735 13651 4ok 3537 2010

» - - -

£ ~I\0 OO
L OOW D OWOND
O 0 W

L - - -

300 %7 14391 447 3634 1520
(stoie.) 300 <147 15217 473 3640 2015
2300 b7 15768 490 3607 1650
200 L147 16081 500 34h7 1080

600 147 14819 461 3752 1710
(stole) 600 147 15733 489 3760 1910
600 147 16214 =504 3721 1430
600 J147 16442 511 3537 910



FROZEN PRRFORMANCE SUMMARY

RFRA - 333 |
r Pg __Pe ¢ Tgp ToK Te’K
e %.00 300 14.7 6563 204 2325 135
2.21 (stoiec.) 300 14.7 7199 228 2599 1505
1.50 300 1%.7 6898 214 2062 1110

HK} - 03

2.00 300 14.7 8155 254 3200 1882
1.531 (stote.) 300 14.7 8544 266 3285 1900
1.10 300 %g.; 8643 260 32 1780

0.80 300 g232 256 2564 1395

H2~G3
9.92 300  15.7 9578 298 3634 2095
7.94 (stois.) 300 1%.7 10091 314 3640 2100
g.g% 300 1%.7 10566 329 3721 2060-

300  18.7 11306 352 3447 19
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FIGURE 18

DIAGRAM

THEORETICAL SPECIFIC IMPULSE FROM h-s

TC° K
300° ¢

ah

¢ = 0493 /Ah ft/sec

ISp = e¢/g seconds
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APPENDIX I

MINOR COMPONENT CALCULATIONS OF
¢, H, 0, N SYSTEMS

The most tedious part of a performence cslculation for
high temperature systems is the solution for the gas composition
at chamber and exit conditions. For systems containing carbon,
hydrogen, oxygen, and nitrogen, there are ten components to
solve for if the chamber temperature exceeds about 2500°K and
an eleventh (atomic nitrogen) if the temperature exceeds about
3000°K. Trial and error solutions reguire many cycles of oper-
ations and so are fairly long. It is possible, however, to set
up ten equations involving the ten unknown components in terms
of the equilibrium constants and the mass balance eguations.
These equations can then be reduced in number by eliminating
unknowns and the resulting equations can be solved directly
for the components. One such scheme is the following:

Let the number of moles of the components be represented

by the following symbols:

a = nH2 f = nNh
&~
b = o &8 = Dyg
C = DNpg h = Nog
el nCOO i = 1y
e = nog J = nO

These ten unknowns are related by the following ecuations:
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(1) be = K (6) nef = X

ad 1 b i 10
(®) ga = Ky (7) c+d= C

£zb
(3) i’e = Kg (8) b+ec+R2d+2e+g+h+ j= O
(4) %')1:19 (9) 2a+2b+h+1i = H
(5) i =X . (10) ef+g = W

where C, 0, H, and N represent the totzl number of gram stoms
of the element in the sample chosen for the celculation. The
K's are given in terms of the number of moles of the consti-
tuents and are related to the ans (in terms of pressures) by

the relation:
n, - n
K = K(a/P) ® R

where n is the total number of moles, P, the total pressure,
and Ny~Tp represents the difference in the number of moles
between the products and reactants for the particuler reaction

under consideration.
The elimination of the unknowns may now be accomplished
zs follows., Solve Egn. for c:
c= C =4
Substitute into Egqn. (1) to yield

bC - bd -~ Kl&d - O



This gives for d:

d = _bC
b+Kla

Substitute back into Egn. (7) and obtain for g:

)

i
Q
]
o
9!

]
Q

The remaining unknowns are now readily solved for in terms of

a and b to yield:

q = bC h = _b Ky,
b + Xja as h
2 -t ‘.-(1—7_
aﬁ.a
f = %(ﬁ-g) J = b K7
a

Solve for g from Egn. (8) to yield:



Kia + 2b K X
(II) g =0 -C |—= N I R
Kla + b aﬁ a

- 2K, b°

Another equation for g is obtained by eliminating £ from

Egn's. (2) and (10) to give:

oy 2 2
(I11) 282+ g-N = o = F(III)

2 1.2
Kz™ b

The eguations I, II, ana III form the basis for the solution

of the unknowns. This is accomplished zs follows:

PROCEDURE

(1) Choose a likely value of a.

(2) Calculate the corresponding value of b from (I).
(3) Calculate the corresponding value of g from (II).
(4) Substitute the values of a, b, and g into kgn. (III)

to obtain F(III).

(5) Repeat calculations and interpolate to those values

which make F(III) equal to zero.

In general, it will be found that if F(III) is greater

than zero, g should be decreased, and vice versa,
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The following are specizl cases:

A, Case where there is no C in the systen [N, H, O] :

Eqn's., (I) and (III) ere the same but (II) becomes:

(11) g

i
<

I

o’
o
+
o
i 1
)

-+
o

-+

The procedure is the same.

B. Case where there is no ¥ in the system [C, H, O] :

Een. (I) is the same, (III) is eliminsted, and (II) becomes:

\ Lo K, 2Kgb . G Kia + 2b
(II) © |1 ¢ —— + + = 7
ai a aé Kla + b

-0 = F(II) = o
The proper a will make F(II) ecual to zero.

L4

C. Case where both C and N are absent [H, O] :

Egn. (I) is the same, (III) is eliminated, and (II) becomes:
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K K 2hgb .
(11) b| 14 —20 e 2 |-0=FII) =o
& a -
a= &

The proper & makes F(II) equal to zero.



