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TECHNICAL REPORT R- 111 

THEORETICAL PERFORMANCE OF HYDROGEN-OXYGEN ROCKET THRUST 
CHAMBERS 

By GILBERT K. IEVER , WILLIAM . To::11:AzIC, and •EORGE R . K1 NEY 

SUMMARY 

Theoretical rocket pe1jormance data for the pro­
pel! ant combination of liquid hydrogen and liquid 
oxygen are presented in convenient graphical forms 
to pe1mit rapid determination of peciji,c impulse, 
vacuum specific impulse, and characteristic velocity. 
Data are presentecl for both frozen ancl equili brium 
composition during expansion for chambe1· pressures 
of 15, 30, 60, 150, 300, 600, 900, and 1200 pounds 
per square inch ab olute over a wide range of percent 
fuel from approximately 8 to 34 and area ratios to 
approximately 300. For rapid calculation of the 
theoretical nozzle performance with over- or uncter­
expansion, separated flow , ancl introduction of 
propellants at clijf ererit initial conditions or heat loss 
from the combustion chamber, the following theoretical 
data are also presented: combustion-chamber temper­
ature, nozzle-exit temperature, and the ratio of 
chamber-pressure to noz~le-exit pressure. An easy 
method is given for estimating theoretical specific 
impulse at chamber pressures other than tho e 
presented. 

I TRODUCTI01 

Interest in hydrogen-o).._7gen 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 chamb er 
pressures than has b een generally available (60 , 
150, 300, and 600 lb/sq in. abs, ref. 1). To 
an wer this n eed , data for chamber pressures of 
15 , 30 900, and 1200 pounds per quare inch 
absolute were calculated. 

Generally, rocket performance parameters U,ac, 
I , c*) have been tabula ted or presented graphically 
a a function of pres ure ratio . In thi r eport, 
specific impulse data are presented in a convenient 

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 ,1-orking sizes (by using the request form 
in back of report) , eliminate tedious t ime­
consuming interpolation . The following condi­
tions are considered : 

(1) Eight chamber pressmes (15, 30 , 60 , 150, 
300 , 600 , 900 , and 1200 lb/sq in. ab ) 

(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 ) 
1vfethod are described for using these data to 

obtain quick calculations or es timates 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 

init ial conditions or heat loss from the 
combustion chamber 

(4) Chamber pressures other than those 
presented 

SYMBOLS 

A nozzle area, sq in. 
OF coefficient of thrust, CF= gcl lc*= F/P cAe 
c* characteristic velocity, gcPcA efw, ft/sec 
cP specific heat at constant pressm e, 

(oh/oT)p, cal/ (g)(°K) 
F thrust, lb 
gc gravitational conversion factor , 

32 174 (lb mass) (_!l_) 
· lb force sec2 

1 
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H; sum of sen ible enthalpy and chemical 
energy at temperature T, cal/mole 

h sum of sensible enthalpy and chemical 
energy per unit m a , 

~ x;(H~ )tfN[ , cal/g 
i 

I specific impul c with ambient and nozzle-
ex-it pressures equal , (lb force ) ( ec)/ 
lb mass 

I ,ac specific impul e m Yacuum, (lb force) 
(sec) b mass 

J1 molecular weight , ~ X;.ll;, g/g-mole or 
lb/lb-mole ; 

0/F oxidant-fuel weight ratio 
P st~tic pressme ( wn of partial pressures), 

lb/sq in. abs 
B equivalence ratio , ratio of two times tho 

number of oxygen atoms to the nwnber 
of hydrogen atoms, 2 (0 )/ ffi ) 

T tempera ure, °K 
w mass-flow rate, lb/ ec 
x mole frac ion 
e ratio of nozzle-exit area to nozzle- thro at 

area, A,/ 1i 
e8 ratio of nozzle-separation area to nozzle-

throat area, A ,/Ai 
ubscripts : 

a ambient 
c combustion chamber 
e nozzle ex-i t 
i product of combu tion 
m mean, after flow separation 
o at ini tial or alcula ted theoretical condi-

p 

1 

2 

3 

4 

tions 
constant pre sure 
at separation point 
nozzle throat 
conected for over- or underexpansion 

of flow in nozzle 
corrected for change in ini tial heat con­

ten t of propellant or heat loss from 
combustion chamber 

correc ted for change in ini ti,il heat con­
tent of propellants or heat loss from 
combustion chamber and over- or 
underexpan ion of nozzle 

corrected for flow eparation in nozzle 

METHOD OF CALCULATION 

Theoretical rocket performance data for liq uicl 
hyclro"'en- liquid ox·ygen at chamber pres mes of 

60, 150, 300, and 600 pound per quare inch 
absolute were obtained directly from refer ence 1. 
Addi tional theoretical p erforma,nce data at cham­
b er pre sure of 15, 30, 900, and 1200 pounds per 
square inch absolute, a urning both frozen and 
equilibrium composition during expansion, wer e 
furnished by the author of r efer ence l. 

The calculations were based on he assumption 
used in reference 1 and are a follows: perfect 
ga law, adiabatic con1.bustion at constant pre -
sure, i entropic expan ion, no friction , homo­
geneou mi-ung, and one-dimen ional fl.ow . The 
product of combustion were a sumed to be the 
following ideal gases: atomic hy drogen, H ; hydro­
gen, H 2 ; water , H 20 ; atomic oxygen, 0 ; oxygen, 
0 2 ; and the hydro:x.·yl radical , OH. The propel­
lants at inj ection were assumed to be at the boil­
ing points as given in able I (from r ef. 1). 

THEORETICAL PERFORMA1 CE DATA 

Three theoreticnl performance parameters c* , 
I ,ac, and I , are plotted in figure 1 to 3 for bo th 
fro zen and equilibrium compo i tion during ex­
pan ion 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 a a parameter. 

Figure 1 is a plo t of characteristic velocity 
against chnmber pressure. Figure 2 and 3 ar e 
plots of vacuwn pecific impul e and pecific 
impulse, respectiYely, against the ratio of nozzle 
exi t-to-throat area. 

SUPPLEMENTAL DATA 

In or ler to calcul ate theoretical performance at 
condition other than those presented in this re­
port, the following upplcm ental data arc 
pre ented: 

(1) Combustion-chamber temperature and spe­
cific heat for the gi,en chamber pressure 
and percent fu el by "·eight , table II 

(2) K ozzle-exit tcmperatmc, figure 4 
(3) Ratio of chnm bcr pres ure to nozzle-exit 

pressure, figm 5 
The pa,rameters of figmcs 4 and 5 are presented 
as function of nozzle area r atio . 

METHODS OF USI G SUPPLEME TAL DATA 

The methods and formula pre ented herein are 
helpful in using the upplemental data o obtain 
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theoretical performance of nozzles being operated 
at the follo,,-ing conditions: 

(1) Over- or urrderexpanclecl £lo ,, in nozzle flo w­
ing full ( case A) 

(2) Change in initial heat con tent of propellants 
or heat lo from the combustion chamber 
(ca e B ) 

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

(4) Flow separation in nozzle (case D ) 
(5) Chamber pressures other tha n ho e pre­

sen eel ( case E) 
These methods and formula s apply equally ,,·ell 

to either frozen or equilibrittm composition during 
expansion. 

CASE A 

OVER - OR 'DEREXPANSION OF FLOW IN ~OZZLE FLOWING 
FULL 

The pecific impul e corrected for over- or wider­
expansion of flow in a nozzle :flowing fu]l i 

T herefore, 

l 1=I o+ P,.- Pa A. 
w 

(1) 

(2) 

(3) 

For exa.m ple, consider a thru t chamber u ing 
liquid hydrogen "·ith liquid oxygen as a propellant. 
The nozzle ha an area ratio of 6 and is to be oper­
a ted at 300 pounds per square inch ab olute cham­
ber pressure an d 13.6 percent fuel with an nmbient 
pressm e of 14.7 potmd per quare inch absolute. 
The theoretical specific impulse \\7-th frozen com­
po ition dming expansion i de ired. 

The values of the parameter needed for equa­
t ion (3) are a follows: 

e=6 

P c/Pa=20.41 

! 0 = 343 lb-sec b from fig. 3(j) 

P c/P , = 43 from fig . 5( j) 

c: = 7237 from fig . l (b) 

Therefore, 

11= 343+ (1 /43 - 1/20.41 ) (6) (7237/32.17) 
= 30 lb-sec/lb 

CASE B 

CHANGE IN INITIAL HEAT CO NTENT OF PROPELLANTS OR 
HEAT LOSS FROM THE C0.1BUSTIO,· CH AMBER 

The resul ts pre entcd in this report are com­
puted for adia batic combustion with propellants at 
the initial tempera ures indicated in table I. A 
ch ange in heat content of the combu t ion 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 ternpcra­
t,ure other than the one indicfl,ted. The correc ted 
specific impulse assuming isentropic expansion and 
t he ame combustion and exit pressures as in the 
initial calcula tion may be closely approxim ated 
by the follo\\·ing equation: 

n = I ~+ 7 (1-~:)
0 

D-hc (4) 

where :::.he is the change in hea content of the 
combustion g,1 es in the combustion chamber and 
the sub cript o indicate the original values of the 
parameters. This equation i dcri ved exactly in 
reference 2 for the e condition (isentropic expan­
~ion and con taut pres m e ratio) and co ntains a 
econd-order term. Actuall.,·, if press Lu·e i-at io i 

held constant , a change in heat content of the 
combustion gases generally will require a change 
in area ratio ; and conversely, if area ra tio i held 
con tant , the pre sure ratio ,,·ill change. Ho,-..-­
ever , nwnerous calculations have been m ade to 
compare the approximate values of specific 
impulse as given by eq ua t i on ( 4) and the t rue 
theoretical Yf\ lue . These calculations indicate 
that by dropping the second-order term and 
a tuning pre sure ratio and area ratio to be 
on tant , the error involved is about one imp ulse 

unit . This order of error should bold a long as 
.:::.h. is no more than several hundred calories per 
gram of propellant. The fl,CCura cr of plo ting 
and reading the CUITes i probably no greater 
than this. 

Characteristi velocity c * is also affocLecl by a 
change in the heat content of the combu tion 
gase . From 

* l gc 
c· = CF (5) 
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th e corrected ct become : 

(6) 

The ratio CF, 0/CF, 2 has been c,11 ulat ed and found 
to deviate from 1mit~T b~T le s than 0.001 onr a 
wide range of condition . Therefore, for all 
practical pmposes t.he ratio can be taken as equal 
to unity, and equation (6) l'('d uc(' to 

(7) 

As an illustration, a thn1st chamber u u w 
gaseou hydrogen at 25° "-ith liquid ox~Tgen as 
a propellant i considered. The nozzle has an 
area ratio of 10 and i to be operated itt a chamber 
pre sure of 150 pounds per square inch absolute 
and 15.24 percent fuel. T he ambient pressure i 
tlrn.t ncces ary for ideal expan ion. Tbe theoret­
ical characteri tic ,elocity and pecific impulse 
with equilibrium composition during expansion 
arc desired. 

The parnmeter values nece sary for equi1t. ion 
(4) are as follo\\· : 

(Tc) 0= 3231 ° K from table II 
(T.) 0= 1 95° K from fig. 4(g) 

10 = 3 5 lb-sec b from fig. 3(g) 

For thi example, 6.hc is the enthalpy required to 
convert liquid hydl'Ogcn at it boiling point to 
ga at 25° 0 per gram of propellant. Fl'Om 
table I , 

M-I~= l 94 cal/mole 

For 15 .25 percent hyclrngen by \\·eigh t, 

;,![-
2·016 - 13 ?2 o·/ 1 

1 1 - 0.1525- .~ b 1110 e 

and 
JH~ 1 94 . 

6.Hc= 111. = 13.22=14 .. 3 cal/g 

The concctccl pecific impulse can no \1- be 
obtained by ubstitut.ing the prec clin o· ,alues 
into equation (4) ; therefore, 

1i= (385)2 + 7 ( 1- ~2;D (143.3) 

or 

The corrected characLerislic ,-elocit~T ct is deter­
mined by substituting the ,alues of 10, 12, and 
c! (7 5 77 ft /sec from fig. 1 (a)) in to equation (7) ; 
therefore, 

ct= (7577) G9
!)=7690 ft/ sec 

CASE C 

COMBINATION OF CHANGE IN I lTIAL HEAT CONTE:-IT OF 
PROPELLA 'T OR HEAT LO FROM THE COMB STION 
CHAMBER AND OVERT OR NDEREXPANDED FLOW I 
NOZZLE 

The specific impulse corrected for change in 
initial heat content of propellanL and for o,er- or 
undorexpansion of flow i 

where 12 i obtained from equation (4). 
bining equations (2) and (7) give~ 

-(PcAtgc) (Io) 
W2- * J c;, 2 

( ) 

Com-

(9) 

By the use of equation (9) , equation ( ) be­
come 

I a=I 2+P.-Pa (~) (c!) (f) 
P c A, gc f 0 

= J.,+(- 1 _ _ l ) (E) (c!) (f) (lO) 
- Pc/Pe P c/Pa O gc f 0 

Tho example ginn in case Bi u eel to illustrate 
the use of thi equation. AU conditions are the 
amc 11-ilh the exception that th o ambient pressure 

is 5.0 pounds per squar inch absolute. T he 
theoretical specific impulse wilh equilibrium com­
position dw-ing expansion is desired. 

From case B, 

f 0= 3 5 lb-s c/lb 
E= lO 

P c/Pa=30 
12=392 lb- ec/lb 
c!= 7577 ft / ec 

Thoremaining value ncce a1·yfor equation (10) 

P c/P .=73 from fig. 5(g) 



THEORETICAL PERFORM NCE OF HYDROGE r -OXYGE ROCKET THRUST CHAMBERS 5 

ubstituting into equation (10) gives the specific 
impul c corrected for change in initial heat content 
of propellanls and for o,erexpansion of flow: 

l 3=392+(/3-f0) (10) (;g~~) G9!) 
=345 lb-sec/lb 

CASED 

FLOW SEPARATION IN NOZZLE 

The pecific impulse corrected for flow separa­
tion in" the nozzle is 

I = I+ P,-Pa A +pm-Pa (A -A) (11) 
4s W s W es 

where I , is the theoretical specific impulse cor­
responding to the separation area ratio Es, which 
is determined by the separation pre sme ratio 
P c/P ,. 

11uch experimental Yrnrk has been conducted to 
determine the values of P s and Pm (see r efs. 3, 4, 
and 5) . Reference 3 states that the separation 
pressme for a nozzle is a function only of both 
ambient pressure and nozzle geometry. D ata 
from variou:s sOlffces indicate that separation 
pressure is insensitive to other flow parameters 
including fluid properties and composition. 

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

To illustrate the use of this equn,tion, 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 tbn1st 
chamber is to be operated at a chamber pressure 
of 150 pounds per square inch absolute at 17 .35 
percent fuel mth an ambient pre~sure of 10.0 
po1md per quarn inch absolute. The specific 
impulse m th frozen composition is desired. 

The value of P ,, obtained from reference 4, 
is 3.56 pounds per square inch absolute. There­
fore, P 0/P ,= 150/3.56=42.l. By use of this 
vaJue and figure 5(h), E,=5.8. With this value 
and reference 4, Pm can be o htained and is 4. 76 
pound per square inch absolute. sing the value 
of Es and figure 3 (h ) gi,es 

I ,=359 lb-sec/lb 

Fromfigurc l (b), c:=7621feetper econd. There­
fore, the corrected specific impulse for nozzle sep­
aration from equation (1 2) is 

=298 lb-sec/lb 

(
3.56 _ 4.76) 
150 150 

+6 (4.76 _ 10.0)] 
150 150 

CASE E 

ESTIMATIO OF THEORETICAL SPECIFIC IMPULSE AT 
CHAMBER PRESS RES OTHER THAN THOSE PRESENTED 

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

As an example, a liquid-hydrngen- 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 e>qiansion i de­
sired. 

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

I Chamber pressure, lb/sq in. abs 
Parameter 

I 150 I 300 600 

E 5 5 5 
P 0 • P. 10. 21 20. 41 40. 83 
l o 351 352 354 
Pc/ P ,. 28. 4 29. 0 29. 5 
c; 7577 7669 7669 

In erting the e data into equation (3) gives 
(11)150= 277 lb-sec/lb 
U1)aoo=335 lb-sec/lb 
U1)aoo=365 lb-sec/lb 

A plot of theoretical specific impulse against 
chamber pressure with percent fuel a a param-
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eter can then be made on semiloo- paper a 
folio"· 

380----------------~-

Eq uil, br ium expans ion 

360- < • 5 
P
0

, 14 .7 l b /sq i n. obs 

1 ::: 1 ''-15.25 percent Hz 

....; 300 -----+ 
by we ight 

280----•/ -------

260--- ----~­
IOO 150 200 300 400 500 600 

Pc, l b/sq i n. obs 

From this plot the specific impulse at the de ired 
chamber prcssme of 350 pounds per quare in ch 
ab olute is found to be 343 pounds per second per 
pound. 

This same procedme can be carried out for 
other percentage of fuel so that a cross plot of 
pecific impul e against percent fuel can be ob­

tained for any chamber pre sme ,,ithin the range 
of 150 to 600 polmds per square inch absolute. 
Thi i particularly useful and time aving ·wh en 
te t data arc obtained ,,ith the sam e th rust cham­
ber at Yariou chamber pres mes. 

CONCL DING REMARKS 

This report contains theoret ica l data on hydrogen­
oxrgen as a rocket propellant combination oYer 
a " -ide range of chamber pressmes (15 to 

1200 lb/sq in. ab ). Co1wentional rocket per­
formance parameters are presented primarily as 
ftmctions of expa• ion area ratio , o that the 
performance i related to engine geometry rather 
than to thermochemical parameters as i usually 
clone. This form of presentation allo"·s rapid 
and accmate calc ulation of theoretical perform­
ance for any hydrngen-oxygen rocket thn1st 
chamber being operated at any chamber pressure 
within this range at design or off-de ign concli­
tions. The off-de ign conditions include o-..er- or 
tmclerexpancled flow in nozzl , flow epara ti.on in 
nozzle, introduction of the propellants at a dif­
ferent lev-el of heat content or heat lo from the 
combu ti.on chamber. 
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TABLE !.- PROPERTIES OF LIQUID PROPELLANTS 

Molecular \\·eight , .1[ 
Density, g cc 
Freezing point, °C 

Properties 

Boili ng point, °C (propellant temperature used in this report) 
Enthalpy required to convert li qu id at boi ling point to gaseou 

elements at 25° C, kcal/ rnole 
Enthalpy of Yaporization , kcal/mole 
Enthalpy of fus ion, kcal/mole 

H~·drogen 

2.016 
0.0709 at - 252.7° C 

- 259 .20 
- 252.77 

1.894 
0.216 at - 252.77° C 
0 .02 at - 259.20° C 

32.00 
1.1-!1-! at - 1 2.0° C 

- 21 .76 
- 1 2.97 

3.081 
1.630 at - 1 2.97° C 
0.106 at - 21 .76° C 



TABL IG ll.- T J I EOR IGTI AL COi\JBUSTION-CH Ai\[BEH, T IGi\ l PERATURJG' AND 

C hamber p r essur e, lb/sq in. abs 

H2, 
percen L I? 0 / J,' 15 30 GO 150 300 600 !JOO 1200 

(' /),C 'l'c C /),C 'l ',. (' l),C rrc (' o.c rf 'c 
CJ),C 7'c Cp ,c 7'c (' l),C ?'c Cv ,r 'l'c 

----
7. 749 1. 5 I I. 905 2. 827 1 2!JG I 2. 550 ] 30:38 2. 297:3 I . 9992 :32 I 0 I. 8003 :32!)7 1. 62:3:3 :3:H4 I. "295 I. <IG72 :H4 

I l. J9 1.0 7. 937 4. 4 128 30:39 4. 0070 3 .1 27 3. 6327 :i. J 852 ;3:3-1 1 2. 11 :34:37 2. 605:3 3534 2. 4567 2. :3567 :rn:i2 
12. 28 .9 7. J 43 4. 5 29 30:36 '1. 154,J 3 123 3. 75 :3. 2 51 :n:rn 2. 9626 :H:lO 2. 6696 :l526 2. 5 l l ;3 2. 4047 :rn22 
13. 6 G. 349 4. 4 6-15 :30J6 4. 0221 3 10 1 3. 6135 3. ]245 :3:30,1 2. 7!l2 1 :rnM 2. 4!)0!) ;3 ,1 I 2. :32 !) 2. 2202 :35G8 
15. 25 .7 5. 556 ;3, !)7 1 !) 2!)7 1 :3. 5484 30<1!) 3. 160!) 2. 7030 :n3 1 2. :3!)!)2 ;3:307 2. J30 I :i:1 I I. 98 8 I. !)57 :l45 I 
] 7. 35 .G ,1. 762 ;3. 2346 2. 11 2!)5 1 2. 5G4J 2. 2005 :3097 I. !J6G7 :l 155 I. 767 J :320 J. G656 I. 600 1 :3255 
20. 12 .5 :t 9G 2. 11!)43 2. 2390 278:3 2. 0170 I. 7727 2 I 1. o;;w 2D l 5 I. 50 12 2!)4,1 I. 4,11 5 I. 4040 2!)(j!) 
2 1. 7 . ,15 :3, 57 1 2. 10:34 .I. !JG l 2 2G63 I. 7899 I. 6077 273:3 I. ,5()():3 2755 J. 4 ] 56 un I. ;3752 1. :rno 2 2788 
2:3. 95 .4 :3. J 75 I. 704 I. 7255 25 11 I. 607,'i I. 4 79 255;3 I. -1207 2:165 I. :3697 2,57,1 I. :3460 I. :; :3 IG 2.'iS I 
26. ,17 . :35 2. 77 I. G400 J . 5552 2320 I. 4 97 I. -12 7 1 2:rnJ I. :rn:rn 2:3,1.1 1.%!! 1 2:3-17 I. :357!) 
29. 57 . :3 2. ;3 I I. 5 172 I. 4 29 20 6 1. ,157 I. '1348 20!)2 I. <12:30 200:3 I. '-I 1,15 20\!4 I. ,11 08 
:i3. 5 1 . 25 J . !) ,1 I. 52 19 I. 5 [,1:3 I IG I. 50 8 I. 5040 I, l (i I. 50 I.''> I 17 I. 4\l!l8 18 17 I. •1!)!)0 
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