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THEORETICAL PERFORMANCE OF HYDROGEN-OXYGEN

ROCKET THRUST

CHAMBERS

By Grueert K. Srevers, WirLiam A. Tomazic, and GeorGe R. KiNNEY

SUMMARY

Theoretical rocket performance data for the pro-
pellant combination of ligwid hydrogen and liguid
oxygen are presented in convenient graphical forms
to permat rapid determination of specific impulse,
vacuum specific impulse, and characteristic velocity.
Data are presented for both frozen and equilibrium
composition during expansion for chamber pressures
of 15, 30, 60, 150, 300, 600, 900, and 1200 pounds
per square inch absolute over a wide range of percent
Juel from approzimately 8 to 34 and area ratios to
approzimately 300. For rapid caleulation of the
theoretical mozzle performance with over- or under-
expansion, separated flow, and
propellants at different initial conditions or heat loss
from the combustion chamber, the following theoretical
data are also presented: combustion-chamber temper-

ature, mozzle-exit temperature, and the ratio of

chamber-pressure to nozzle-exit pressure. An easy
method is given for estimating theoretical specific
impulse at chamber pressures other than those
presented.

INTRODUCTION

Interest in hydrogen-oxygen as a rocket propel-
lant combination for a wide variety of applications
including stages for launch vehicles and outer
space probes has increased the need for theoretical
performance data over a wider range of chamber
pressures than has been generally available (60,
150, 300, and 600 lb/sq in. abs, ref. 1). To
answer this need, data for chamber pressures of
15, 30, 900, and 1200 pounds per square inch
absolute were calculated.

Generally, rocket performance parameters (£,
I, ¢*) have been tabulated or presented graphically
as a function of pressure ratio. In this report,
specific impulse data are presented in a convenient

introduction  of

graphical form as functions of the ratio of nozzle-
exit to nozzle-throat area. Characteristic velocity
data are presented as functions of chamber
pressure. These plots, which may be obtained
in large working sizes (by using the request form
in  back of report), eliminate tedious time-
consuming interpolation. The following condi-
tions are considered:
(1) Eight chamber pressures (15, 30, 60, 150,
300, 600, 900, and 1200 lb/sq in. abs)
(2) A wide range of percent fuel by weight
(7.749 to 33.51)
(3) Equilibrium and frozen composition during
expansion
(4) A wide range of area ratio (1 to approx. 300)
Methods are described for using these data to
obtain quick calculations or estimates of theoret-
ical performance at the following conditions:
(1) Over- or underexpanded flow in nozzle
flowing full
(2) Flow separation in nozzle
(3) Introduction of the propellants at different
initial conditions or heat loss from the
combustion chamber

(4) Chamber pressures other than those
presented
SYMBOLS
A nozzle area, sq in.

) coefficient of thrust, Cpr=g.I/.*=1I/P.A,
c* characteristic velocity, g.P.A,/w, {t/sec
G specific  heat at constant pressure,

(Oh/DT),, cal/(g)(°K)
F thrust, 1b
e gravitational conversion factor,
Ib mass (ft,
O g
32.174 Ab force> sec?
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o . .
Hp sum of sensible enthalpy and chemical
energy at temperature 7', cal/mole
h sum of sensible enthalpy and chemical

energy per unit mass,
2 z(H7):/M, cal/g
1

I specific impulse with ambient and nozzle-
exit pressures equal, (Ib force) (sec)/
Ib mass

Fsae specific impulse in vacuum, (Ib force)
(sec)/Ib mass
M molecular weight, 23 z,M;, g/g-mole or
1

Ib/Ib-mole

olr oxidant-fuel weight ratio

static pressure (sum of partial pressures),
Ib/sq in. abs

R equivalence ratio, ratio of two times the
number of oxygen atoms to the number
of hydrogen atoms, 2(0)/(H)

1 temperature, °K

w mass-flow rate, Ib/sec

x mole fraction

€ ratio of nozzle-exit area to nozzle-throat
area, A,/A,

& ratio of nozzle-separation area to nozzle-

throat area, A,/A,
Subseripts:

@ ambient

c combustion chamber

e nozzle exit

0 product of combustion

m mean, after flow separation

0 at initial or calculated theoretical condi-
tions

P constant pressure

§ at separation point

t nozzle throat

1 corrected for over- or underexpansion

of flow in nozzle
corrected for change in initial heat con-
tent of propellants or heat loss from
combustion chamber
3 corrected for change in initial heat con-
tent of propellants or heat loss from

o

combustion chamber and over- or
underexpansion of nozzle
4 corrected for flow separation in nozzle

METHOD OF CALCULATION

Theoretical rocket performance data for liquid
hydrogen—Iliquid oxygen at chamber pressures of

60, 150, 300, and 600 pounds per square inch
absolute were obtained directly from reference 1.
Additional theoretical performance data at cham-
ber pressures of 15, 30, 900, and 1200 pounds per
square inch absolute, assuming both frozen and
equilibrium composition during expansion, were
furnished by the authors of reference 1.

The calculations were based on the assumptions
used in reference 1 and are as follows: perfect
gas law, adiabatic combustion at constant pres-
sure, isentropic expansion, no f{riction, homo-
geneous mixing, and one-dimensional flow. The
products of combustion were assumed to be the
following ideal gases: atomic hydrogen, H; hydro-
gen, H,; water, H,O; atomic oxygen, O; oxygen,
0,; and the hydroxyl radical, OH. The propel-
lants at injection were assumed to be at the boil-
ing points as given in table I (from ref. 1).

THEORETICAL PERFORMANCE DATA

Three theoretical performance parameters, ¢*,
L., and I, are plotted in figures 1 to 3 for both
frozen and equilibrium composition during ex-
pansion for chamber pressures of 15, 30, 60, 150,
300, 600, 900, and 1200 pounds per square inch
absolute with a range of percent fuel by weight
from 7.749 to 33.51 as a parameter.

Figure 1 is a plot of characteristic velocity
against chamber pressure. Figures 2 and 3 are
plots of vacuum specific impulse and specific
impulse, respectively, against the ratio of nozzle
exit-to-throat area.

SUPPLEMENTAL DATA

In order to calculate theoretical performance at
conditions other than those presented in this re-
port, the following supplemental data are
presented:

(1) Combustion-chamber temperature and spe-

cific heat for the given chamber pressures
and percent fuel by weight, table 11
(2) Nozzle-exit temperature, figure 4
(3) Ratio of chamber pressure to nozzle-exit
pressure, figure 5
The parameters of figures 4 and 5 are presented
as functions of nozzle area ratio.

METHODS OF USING SUPPLEMENTAL DATA

The methods and formulas presented herein are
helpful in using the supplemental data to obtain
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theoretical performance of nozzles being operated
at the following conditions:
(1) Over- or underexpanded flow in nozzle flow-
ing full (case A)

(2) Change in initial heat content of propellants
or heat loss from the combustion chamber
(case B)

(3) Combination of conditions (1) and (2) (case
C)

4) Flow separation in nozzle (case D)

(5) Chamber pressures other than those pre-
sented (case E)

These methods and formulas apply equally well
to either frozen or equilibrium composition during
expansion.

CASE A

OVER- OR UNDEREXPANSION OF FLOW IN NOZZLE FLOWING
FULL

The specific impulse corrected for over- or under-
expansion of flow in a nozzle flowing full is

> ___Pp
8 e i ) 1)
where
w:pﬁ—i’yj (2)
Co
Therefore,
P,—P, (A [ct
1=1+-5-(3)(2)
] 1 < e
) 0G) O

For example, consider a thrust chamber using
liquid hydrogen with liquid oxygen as a propellant.
The nozzle has an area ratio of 6 and is to be oper-
ated at 300 pounds per square inch absolute cham-
ber pressure and 13.6 percent fuel with an ambient
pressure of 14.7 pounds per square inch absolute.
The theoretical specific impulse with frozen com-
position during expansion is desired.

The values of the parameters needed for equa-
tion (3) are as follows:

e=6
P,/P,=20.41
1,=343 lb-sec/Ib from fig. 3(j)
P./P,=43 from fig. 5(j)

c¥=7237 from fig. 1(b)

Therefore,

I,=343+(1/43—1/20.41) (6) (7237/32.17)
=308 lb-sec/lb

CASE B

CHANGE IN INITIAL HEAT CONTENT OF PROPELLANTS OR
HEAT LOSS FROM THE COMBUSTION CHAMBER

The results presented in this report are com-
puted for adiabatic combustion with propellants at
the initial temperatures indicated in table I. A
change in heat content of the combustion gases in
the combustion chamber would result, for example,
from heat loss in the combustion chamber or from
the introduction of the propellants at a tempera-
ture other than the one indicated. The corrected
specific impulse assuming isentropic expansion and
the same combustion and exit pressures as in the
initial calculations may be closely approximated
by the following equation:

. it TS ,
B=I12487 (1 T()()Ahc @)

where Ak, is the change in heat content of the
combustion gases in the combustion chamber and
the subscript o indicates the original values of the
parameters. This equation is derived exactly in
reference 2 for these conditions (isentropic expan-
sion and constant pressure ratio) and contains a
second-order term. Actually, if pressure ratio is
held constant, a change in heat content of the
combustion gases generally will require a change
in area ratio; and conversely, if area ratio is held
constant, the pressure ratio will change. How-
ever, numerous calculations have been made to
compare the approximate values of specific
impulse as given by equation (4) and the true
theoretical values. These calculations indicate
that by dropping the second-order term and
assuming pressure ratio and area ratio to be
constant, the error involved is about one impulse
unit. This order of error should hold as long as
A, is no more than several hundred calories per
gram of propellant. The accuracy of plotting
and reading the curves is probably no greater
than this.

Characteristic velocity ¢* is also affected by ¢
change in the heat content of the combustion
cgases. From

_1Iy. 5)

% 4 -
¢ =0 (5
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the corrected ¢ becomes:

(”

.v-:x,

(6)

il
T
The ratio Cr ,/Cr . has been calculated and found
to deviate from unity by less than 0.001 over a
wide range of conditions. Therefore, for all
practical purposes the ratio can be taken as equal
to unity, and equation (6) reduces to

g—cs 2 @)
o
As an illustration, a thrust chamber
gaseous hydrogen at 25° C' with liquid oxygen as
a propellant is considered. The nozzle has an
area ratio of 10 and is to be operated at a chamber
pressure of 150 pounds per square inch absolute
and 15.24 percent fuel. The ambient pressure is
that necessary for ideal expansion. The theoret-
ical characteristic velocity and specific impulse
with equilibrium composition during expansion
are desired.
The parameter values necessary for equation
(4) are as follows:

(T,),=3231° K from table 1T
(T,),=—1895° K from fig. 4(g)
1,=385 lb-sec/lb from fig. 3(g)

using

For this example, Ak, is the enthalpy required to
convert liquid hydrogen at its boiling point to
gas at 25° C per gram of propellant. From
table I,

AH7=1894 cal/mole

For 15.25 percent hyvdrogen bv weight
. D . t=) ;

j\[:o"lo;o =13.22 g/mole
and
AH7 1894 9 9 /
AH ,— i m:l-}.).o cal/g

The corrected specific impulse can now be
obtained by substituting the preceding values
nto equation (4); therefore,

18)5‘
3231,

I3=(385)+87 < ) (143.9

or

1,=392 Ib-sec/lb

The corrected characteristic velocity ¢ is deter-
mined by substituting the values of 7, 7,, and
¢y (7577 ft/sec from fig. 1(a)) into equation (7);
therefore,

i

(.),

G=01577

) 7690 ft/sec
CASE ¢

COMBINATION OF CHANGE IN INITIAL HEAT CONTENT OF
PROPELLANTS OR HEAT LOSS FROM THE COMBUSTION
CHAMBER AND OVER- OR UNDEREXPANDED FLOW IN
NOZZLE

The specific impulse corrected for change in
initial heat content of propellants and for over- or
underexpansion of flow is

L—I+P —Ps 4, ®

where I, is obtained from equation (4). Com-
bining equations (2) and (7) gives

w4DE o

By the use of equation (9), equation (8) be-

comes
e ) ) (0)

‘H’(P /P, P, w) f‘((,)(L (10)

The example given in case B is used to illustrate
the use of this equation. All conditions are the
same with the exception that the ambient pressure
is 5.0 pounds per square inch absolute. The
theoretical specific impulse with equilibrium com-
position during expansion is desired.

From case B,

1,=385 lb-sec/lb
e=10
P.[P.=30
1,=392 Ib-sec/lb
Cy=T757T ft/sec

Theremaining value necessary for equation (10)

P /P,=73 from fig. 5(g)
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Substituting into equation (10) gives the specific
impulse corrected for change in initial heat content
of propellants and for overexpansion of flow:

13_39“+< 73 30) K10} (‘3; 7') (323)

=345 Ib-sec/lb
CASE D
FLOW SEPARATION IN NOZZLE

The specific impulse corrected for flow separa-
tion in the nozzle is

PP

I4-I o [/1s+ m, a (‘1 —113) (11)

where I, is the theoretical specific impulse cor-
responding to the separation area ratio e, which
is determined by the separation pressure ratio
PPy

Much experimental work has been conducted to
determine the values of P, and P, (see refs. 3, 4,
and 5). Reference 3 states that the separation
pressure for a nozzle is a function only of both
ambient pressure and nozzle geometry. Data
from various sources indicate that separation
pressure is insensitive to other flow parameters
including fluid properties and composition.

By rearranging terms and by the use of equation
(2), equation (11) becomes

et )i le)] o

To illustrate the use of this equation, a liquid-
hydrogen—liquid-oxygen thrust chamber with a
conical nozzle having a 15° half-angle divergence
and an area ratio of 6 is considered. The thrust
chamber is to be operated at a chamber pressure

of 150 pounds per square inch absolute at 17.35

percent fuel with an ambient pressure of 10.0
pounds per square inch absolute. The specific
impulse with frozen composition is desired.

The value of P, obtained from reference 4,
is 3.56 pounds per square inch absolute. There-
fore, P,/P,=150/3.56=42.1. By use of this
value and figure 5(h), ¢=>5.8. With this value
and reference 4, P, can be obtained and is 4.76
pounds per square inch absolute. Using the value
of e and figure 3(h) gives

I,=359 1b-sec/lb

. * L4l
From figure 1(b), ¢,=7621 feet per second. There-
fore, the corrected specific impulse for nozzle sep-
aration from equation (12) is

7621 3.56 4.76
14_3’%(3 >|: (130 150

476 10.0
+4 <1)0 150)]

=298 Ib-sec/Ib

CASE E
ESTIMATION OF THEORETICAL SPECIFIC IMPULSE AT

CHAMBER PRESSURES OTHER THAN THOSE PRESENTED

There are many methods and procedures that
can be used to estimate accurately the theoretical
specific impulse at chamber pressures other than
those presented in this report. One method of
using the data is described herein. This method
is valid over the entire range of pressure presented
but is illustrated only for a particular range of
pressure.

As an example, a liquid-hydrogen—liquid-oxygen
thrust chamber is considered. The nozzle has
an area ratio of 5 and is to be operated at
a chamber pressure of 350 pounds per square
inch absolute and 15.25 percent fuel with an
ambient pressure of 14.7 pounds per square inch
absolute. The theoretical specific impulse with
equilibrium composition during expansion is de-
sired.

By use of equation (3), the theoretical specific
impulse can be calculated at 15.25 percent fuel
at chamber pressures of 150, 300, and 600 pounds
per square inch absolute. The necessary data
are obtained from the appropriate curves and
are as follows:

| Chamber pressure, 1b/sq in. abs |

Parameter
| |
150 | 300 600 ‘
| e 5 | 5 5
| PP, 10.21 | 20.41 40. 83
Iy 351 | 352 354
P,/F 28.4 | 29.0 | 29. 5
I e

7577 | 7669 ~ 7669

Inserting these data into equation (3) gives
(I,)150=277 lb-sec/lb
(I1)300:335 lb—sec/lb
(I)e00=365 1b-sec/lb
A plot of theoretical specific impulse against
chamber pressure with percent fuel as a param-
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eter can then be made on semilog paper as
follows:

20— e —
Equilibrium expansion
360—€ = 5 &
Pz} =14.7 Ib/sq in. abs
5 340 — —t <
™ |
8 |
® 320 —— 3 | f——i -
2 "-15.25 percent Hp |
by weight
= 300— 1 i =— o
280 ——— —— = 1
60— ——— —— — et
100 150 200 300 400 500 600
Pc- Ib/sq in. abs

From this plot the specific impulse at the desired
chamber pressure of 350 pounds per square inch
absolute is found to be 343 pounds per second per
pound.

This same procedure can be carried out for
other percentages of fuel so that a cross plot of
specific impulse against percent fuel can be ob-
tained for any chamber pressure within the range
of 150 to 600 pounds per square inch absolute.
This is particularly useful and timesaving when
test data are obtained with the same thrust cham-
ber at various chamber pressures.

CONCLUDING REMARKS

This report contains theoretical data on hydrogen-
oxvegen as a rocket propellant combination over

a wide range of chamber pressures (15 to

AERONAUTICS AND SPACE ADMINISTRATION

1200 Ib/sq in. abs). Conventional rocket per-
formance parameters are presented primarily as
functions of expansion area ratio, so that the
performance is related to engine geometry rather
than to thermochemical parameters as is usually
done. This form of presentation allows rapid
and accurate calculation of theoretical perform-
ance for any hydrogen-oxyvgen rocket thrust
chamber being operated at any chamber pressure
within this range at design or off-design condi-
tions. The off-design conditions include over- or
underexpanded flow in nozzle, flow separation in
nozzle, introduction of the propellants at a dif-
ferent level of heat content or heat loss from the
combustion chamber.
Lewrs Researca CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CLEVELAND, OH1o, March 13, 1961
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TABLE I.—PROPERTIES OF LIQUID PROPELLANTS

Properties Hydrogen Oxygen
Molecular weight, M 2.016 32.00
| Density, g/ce 0.0709 at —252.7° C 1.1414 at —182.0° C
Freezing point, °C —259.20 —218.76
Boiling point, °C (propellant temperature used in this report) —252.77 —182.97
Enthalpy required to convert liquid at boiling point to gaseous
| elements at 25° C, keal/mole 1.894 3.081

Enthalpy of vaporization, keal/mole
| Enthalpy of fusion, keal/mole

0.216 at —252.77° C
0.028 at —259.20° C

1.630 at —182.97° C
0.106 at —218.76° C
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Traure 2—Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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(b) Chamber pressure, 15 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated.
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(¢) Chamber pressure, 30 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indieated.

Freure 2.—Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Ratio of nozzle exit-to-throat area, e

(d) Chamber pressure, 30 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated.

Ficure 2.—Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Ratio of nozzle exit-to-throat area, e
(e) Chamber pressure, 60 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated.

Fraure 2. Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Ratio of nozzle exit-to-throat area, e

(f) Chamber pressure, 60 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated.

Fraure 2.—Continued.  Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Fraure 2—Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen
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Fraure 2—Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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(i) Chamber pressure, 300 pounds per square inch absolute; equilibrium composition during isentropic expansion to arca ratio indicated.

Fraure 2.—Continued.  Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Ratio of nozzle exit-to-throat area, e

Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Freure 2.— Continued.  Theoretical specifiec impulse in vacuum of liquid hydrogen and liguid oxygen.
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Specific impulse in vacuum, Z,,0, Ib-sec/Ib
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Froure 2—Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Specific impuise in vacuum, Z,,., Ib-sec/Ib
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Ficure 2.—Continued.  Theoretical specific impulse in vacuum of liguid hydrogen and liquid oxygen.
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Specific impulse in vacuum, Z,,., Ib-sec/Ib
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(n) Chamber pressure, 900 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated.

Fraure 2.—Continued.

Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Specific impulse in vacuum, 7., Ib-sec/Ib
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Fraure 2. Continued.  Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Ficure 2.—Concluded. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen.
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Fraure 3.— Theoretical specific impulse of liquid hydrogen and liguid oxygen.

9¢

&L

C

LY0ddd TVOINHO

TVYNOILVN—III-Y4

SOLLAVNOYIV

A0VdS ANV

NOILLVHLSINIINAY



Ib-sec/Ib

impulse, 7,

o
=
[}
2

(%2}

480 = -—— S - ”l_ | . o
EESEEEEs EEEE==EEEsiiibli i =E
g FH e ==+ Fuel in propellant, HHH
& el HHHH + 1 percent by weight i DESSSEs
- SRERETSRLIEIItIIII B i REREINE
= [f23.951] i r
440 SE
™ o= _ﬁr,'
400 = SSEEES
360 21 - - HESE HH-
) SSs===
WA = g
,;4‘ :/’ ==
%247 H =
99%9% M
320 LA
. : U
126.47HIN Yl A
33,51 AT g
23,951 FPaRRs 2
LA AT LA =
A LA LT L
LHTHH
280 A AT
9887 YL LA
1 "‘/ A /// =
i i =
/ 5’ L] =Ek | BiS g
K 2 1l EEE nem o 8
240 PR pg == = HHEEE | = ]
HHH 72” HH 5 HH -
f/ § " = BS
§ =
200 8 SIEEsEs B £ FH =
160 S=s52 T+ ==
120 i k’:"; S==s H =SE=ES
o H=E (b)
EE
2 4 6 8 10 20 40 60 80 |00 200 400 600 800 |000

(b) Chamber pressure, 15 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated.

Fraure 3.—Continued.

Ratio of nozzle exit-to-throat area, €

Theoretical specific impulse of liquid hydrogen and liquid oxygen.

AONVINHOAUHAd TVOILLAHOTH.L

JAXO- NADOHAAH A0

N

AMO0U

LD

LSOYHL

SHIIIWVHD



4808 i HHEEEE : f BRI R I
= HEEE +F Fuel in propellant, i
= = g percent by weight = N .60 -
S g T
] BECLHHH L 228 11
=T s L g -
+ e il T | 29.57 LT =2 11.19 HiH
440 - WP LT o t
= e i Lttt i e 133.51F -+ mEEShs H =
LA TR - - LA 1
;9‘55""25: s iEeEal LT 11 5 T
AT | L] g HH HH 3
Ziiiilyes : = H i
it EEEsssss o H THHHH
WA jﬂ”
400 200 35 =+ BEE = E
W1 Eas =
_,-/ HEH HHH L 7.749
= F-H =
H A LT = BEEsE i § HHH
| i H i 2E8
360 HH A =+
T ¥ ’(—r‘» —31 = ] SRES
’! A 14 |4 H— == +
i LA H
Wi A H LT === H
o :’r'/v/ HH 88 = === =aEa
b = 1 FanEps = = H =5
; V1 B3 LA /‘-4 A L . = &
= 320 29,571, LTHMT T LA HEAT] = HHA
26.47 HTH A LA L] H S ===
e | 23.95 i - B HE ] ]
. 33.51 A = L HEEEEE
@ 21.87 4 == .
" F1 A i - =
S = 1] - — B 1] ] oy 12 en - -
e HE as T F
3 - A R o s o — = - R R
o 280 - i £ - .| 1]
= 7\ A1 A L1 = 2 i == = & i HH HHHH =
o I = - - 2 03
2 % 4 LA EEE ==5== HHHH T
a ] 5
U % L1 s - - - - e SEsSassns
- U B2 = FEEAEH
Y A === Si i S2E
240HH / 1A - HH H EE H 1 ==
BEE / A // = e e =i
Vi % HHH = i -t HHHE =223
/ // ES SRS g { SESES HH
/) fllig FEEEEE E i HEH T
200 5 : EmEm=s e g BEEEEsEIEii 2 1 | E B
AR = £ H A E HH
/ B HHHH BEEE SES RS H
HHHH R F : i R x HHHHEEH +
160 A R £ e e e e R
H HHH FEE 5 = S T = b
120 & H- 1 Ef S===ESEs R RS =
: 2 o - T' = - =S b s = ‘,_‘;: o w o m - . - (c
t
| 2 4 6 8 |0 20 40 60 80 |00 200 400 600 800 1000

Ratio of nozzle exit-to-throat area, €
(¢) Chamber pressure, 30 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated.

Fraure 3.— Continued.  Theoretical specifiec impulse of liquid hydrogen and liquid oxygen.
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Fraure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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(e) Chamber pressure, 60 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated.
Iraure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Fraure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Continued. Theoretical specific impulse of liquid hydrogen and liguid oxygen.
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Fraure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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(i) Chamber pressure, 300 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated.

I'raure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Ficure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Fraure 3. Continued.  Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Fraure 3.-—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Fraure 3.—Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Ficure 3.—Continued.

Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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(0) Chamber pressure, 1200 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated.

Fraure 3. Continued.  Theoretical specifiec impulse of liquid hydrogen and liquid oxygen.
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(p) Chamber pressure, 1200 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated.
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Frcure 3.

Concluded.

Theoretical specific impulse of liquid hydrogen and liquid oxygen.
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Ratio of nozzle exit-to-throat area, e

(1) Chamber pressure, 15 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated.

Fraure 4. —Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen.
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Ficure 4.—Continued. Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen.
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Fraure 4.—Continued.  Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen.

TH.L

AONVINHOIHHAd TVOLLHHO?

JAXO-NAHOHAXAH A0

LC

LAIMO0Y

ISNYHL

SUAIINVHD



Nozzle -exit temperature, 7o, °K

3200 >

2800

2400

n
o
o
o

1600

1200

800

400

2 4 6 8 10

(k) F
i

20 40 60 80 100 200 400 600

Ratio of nozzle exit-to-throat area, e

(k) Chamber pressure, 600 pounds per square inch absolute

; equilibrium composition during isentropic expansion to area ratio indicated.
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Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen.
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