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KINETIC PEHFORMANCE HANDBOOK 

L. S. Bender, V.  J .  S a r l i ,  and W. G. 

ABSTRACT 

Burwe 11 

Presented i n  t h i s  handbook, prepared by the  United Ai rc ra f t  Research Labora- 
t o r i e s  under Contract NAS 3-11225, are se l f - cons i s t en t  k ine t i c  performance and 
aerodynamic degradation char t s  t o  permit rapid evaluation of t he  de l iverable  per- 
formance for f ive l iqu id  propel lant  combinations, H2-F2, H2-02, Aerozine 5o-N204, 
CH4-Flox (82.6% F2), and B2H6-OF2 over wide ranges of operating conditions and 
for d i f f e ren t  nozzle geometries and engine s i z e s .  
compass a range of oxidizer/f  ue l  r a t i o s  surrounding the  an t ic ipa ted  optimum mixture 
r a t i o ,  and include combustion chamber pressures from 100 t o  1000 p s i a  (50 t o  500 
ps ia  f o r  B2H6-OF2). Charts a r e  presented for both conical  and b e l l  nozzle contours 
for values of nozzle e x i t  a rea  r a t i o  between 20 and 100 and f o r  nominal t h r u s t  
l eve l s  between 100 and 1,000,000 pounds. Also included i s  s u f f i c i e n t  information 
for the  user  of t h i s  handbook t o  estimate the  e f f e c t  on k ine t i c  performance loss 
of va r i a t ions  i n  reac t ion  r a t e  constar,ts r e l a t i v e  t o  those used i n  t he  handbook. 
The procedures and react ion r a t e  constants employed herein a r e  cons is ten t  with 
those recommended by t h e  I C W G  Performance Standarization Working Group. 

The conditions general ly  en- 
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INTRODUCTION 

Extensive e f f o r t  has been expended i n  recent  years t o  assess "real gas"  flow 
proper t ies  i n  subsonic-supersonic expansion nozzles.  A p a r t i c u l a r l y  l a rge  amount 
of work has been perfcrmed with the  object ive of e s t ab l i sh ing  chemical nonequili-  
brium flow ef fec ts  i n  such nozzles, a p re requ i s i t e  t o  predict ing,  co r re l a t ing  or 
ext rapola t ing  the  performance of high-energy chemical rocket  engines. To a la rge  
extent ,  most of the  e a r l y  work w a s  concerned with def in ing  s impl i f ied  a n a l y t i c a l  
procedures f o r  assessing the poin t  and ul t imate  ex ten t  of departure from chemical 
equilibrium i n  the gas flow through t y p i c a l  convergent-divergent nozzles (e .g. , 
Refs. 1, 2, 3, 4 and 5) .  A f e w  inves t iga tors  (Refs. 6, 7, 8, 9 and 10) addressed 
themselves t o  the  problem of construct ing,  by exact  numerical means, the e n t i r e  
s e t  of f l o w  proper t ies  wi th in  one-dimensional nozzles although few r e s u l t s  were 
obtained. 

Most recent ly ,  much more sophis t ica ted  numerical procedures have become 
ava i lab le  (e.g., Refs. 11 and 12)  and much work of both an experimental and ana ly t i -  
c a l  nature  has been reported on the  evaluat ion of nonequilibrium flow e f f e c t s  i n  
a v a r i e t y  of enginelnozzle configurat ions (e.g., Refs. 13, 14, 15, 16 and 17). 
Indeed, exact  numerical procedures a r e  now ava i l ab le  (Refs. 11, 12, 18 and 19) 
which solve simultaneously the  chemical k i n e t i c  and gas dynamic equations pe r t inen t  
t o  two-dimensional and axisymmetric flow f i e l d s ,  such as those encountered i n  the  
supersonic port ions of t y p i c a l  expansion nozzles.  I n  combination with these  
k i n e t i c  procedures, add i t iona l  computational schemes have become ava i lab le  f o r  
t r e a t i n g  the  turbulen t  boundary l aye r  (e.g. R e f .  20) and f o r  handling the  t ransonic  
flow problem (Ref. 21). It has thus proved feasible within the  l a s t  few years t o  
undertake de t a i l ed  ana lys i s  and co r re l a t ion  of a c t u a l  rocket engine tes t  da ta  and 
t o  p red ic t  ''a p r i o r i "  the  del ivered performance of propel lant  systems and engine 
configurat ions of fu tu re  i n t e r e s t  f o r  space appl ica t ion  (Ref. 22, 23, 24, 25, 26 
and 27). 
cont rac tor  a r e  reported i n  Refs. 27, 28, 29, 30, 31 and 32. Generally, cor re la -  
t i o n  of performance da ta  has been achieved f o r  the  f ive  propel lant  combinations 
presented i n  t h i s  handbook. Selected H2-F2 da ta  ava i lab le  a t  low pressure and 
high area r a t i o  ( R e f .  32) did not  c o r r e l a t e  w e l l  with the  l a rge  mass of data re- 
ported i n  R e f ,  27, 28, and 29; the  measured performance reported i n  R e f .  32 is  
higher  than predicted del ivered performance f o r  similar operating conditions and 
nozzle geometries. 

The performance da ta  which have been analyzed and cor re la ted  by t h i s  

Use of computational procedures such as those described above i s  no t  e n t i r e l y  
s t ra ightforward,  however, f o r  severa l  reasons. F i r s t ,  each procedure makes use 
of s e l ec t ive  input  data,  r e s t r i c t i v e  assumptions and/or opt ional  subroutines 
which r e s u l t  i n  s i g n i f i c a n t  var ia t ions  i n  computed performance r e s u l t s ;  second, 
t.he performance lo s ses  predicted by procedures which ind iv idua l ly  handle such 
phenomena as nonequilibrium nozzle flow, viscous drag, and ex i t  f low divergence 
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are not necessarily additive losses; and third, most procedures are lengthy and 
all require access to high-speed digital computation equipment. 
develop effective methods to accommodate these problems, work has been performed 
by this Contractor (Ref. 25) and by the Performance Standarization Working Group 
of the Interagency Chemical Rocket Propulsion Group (ICRPG) (Ref. 33) which has 
resulted in defining "recommended" computer codes and both simplified and standard 
methodologies for predicting and correlating liquid rocket propellant engine per- 
formance. Remaining has been a more exact specification of the interaction between 
the combustor and nozzle components and development of an approximate method for 
estimating rapidly, without digital computation equipment, the deliverable per- 
formance of propellant combinations of current interest. It is for this latter 
purpose that the charts assembled herein have been prepared. 

In order to 

Specifically, a procedure of verified accuracy has been developed which pre- 
sumes the various component losses in an expansion nozzle can be deducted from 
the theoretical one-dimensional, shifting-equilibrium performance of the nozzle, 
neglecting any coupling effects which may actually occur in the flow system. 
Using this procedure a series of performance estimation graphs has been prepared 
for five propellant combinations typical of current earth-storable, space-storable 
and cryogenic systems (viz. aerozine 50-N204, CH4-02 (17.4%)-F2(82.6$), Bzq-OF2, 
%-02 and $-F2). 
charts which are sufficiently general to permit user-supplied nozzle contour data 
to be employed to estimate the nonequilibrium performance of virtually any nozzle. 
Additionally, sufficient information is provided to enable estimation of the 
effect on kinetic performance l o s s  of variations in reaction rate constants re- 
lative to the values used in the handbook. 

Included are kinetic performance and aerodynamic degradation 

Every attempt has been made to maintain performance prediction accuracy 
within 51% of the performance predicted by the full-kinetic axisymmetric machine 
program (TDK) recommended by the ICRPG (Ref. 33). 
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OUTLINE OF P E H F O W C E  PRXDICTION METHOD 

Work previously reported by t h e  United Aircraft  Research Laboratories (Refs. 
22-25) has shown t h a t  reliable predic t ion  of deliverable rocket  engine performance 
can be made provided t h a t  accurate  and complete k i n e t i c  data a r e  ava i l ab le  t o  
assess  nonequilibrium flow e f fec t s  i n  high a rea  r a t i o  nozzles and t h a t  appropriate  
accounting can be made of inf luences imposed by i n e f f i c i e n t  combustion and nozzle 
aerodynamics. This work combined with add i t iona l  e f f o r t s  reported i n  Refs. 16, 
1-7 and 34 suggest t h a t  s impl i f ied  procedures may be employed t o  approximate the  
nonequilibrium flow e f f e c t s  f o r  common high-energy l i q u i d  rocket propel lan ts  and, 
fu r the r ,  t h a t  aerodynamic performance lo s ses  due t o  viscous drag and nozzle ex i t  
flow divergence a re  add i t ive  with nonequilibrium los ses  when the  appropriate  
opt ional  gas model i s  employed t o  evaluate  the  aerodynamic losses .  Thus, exclu- 
sive of combustor-induced losses  such as incomplete reac t ion  or f low s t r i a t i o n ,  
a l l  major sources of nozzle perfomance degradation can be t r ea t ed  separa te ly .  
It i s  t h i s  f a c t  which serves as t h e  b a s i s  f o r  t h e  method described here in  t o  
es t imate  de l iverable  engine performance. 

I n  ou t l ine  form, t h e  pred ic t ion  method involves a sequence of s teps ,  each 
undertaken t o  evaluate  one of the  component performance losses  r e l a t i v e  t o  t h e  
theo re t i ca l ,  one-dimensional thermochemical performance of t h e  propel lan t  combina- 
t i o n  under consideration. Charts a r e  provided t o  permit i n t e rpo la t ion  of each 
component loss over wide ranges of operating conditions and f o r  d i f f e r e n t  nozzle 
geometries and engine s i z e s .  The cha r t s  have been compiled recognizing two primary 
modes of u t i l i z a t i o n  : a "performance" mode and a "contour se l ec t ion"  mode. Under 
the  performance mode, t he  desired object ive is  t o  p red ic t  t he  n e t  de l iverable  
performance of a given propel lan t  combination for a spec i f ied  s e t  of operating 
conditions within a prescribed engine/nozzle configurat ion.  Under the  contour 
se l ec t ion  mode (not necessar i ly  an optimum contour) on the  o ther  hand, t he  de- 
s i r e d  object ive is  t o  arr ive a t  a nozzle s i z e  or configurat ion which w i l l  produce 
a spec i f ied  l e v e l  of performance f o r  a given propel lan t  combination under a pre- 
scribed s e t  of operat ion conditions.  The log ic  f o r  each mode is  given below. 

The Performance Mode 

Specif ied under the performance mode are t h e  following: 

1. The propel lan t  combination 

2. Engine operating conditions (including O/F r a t i o  and combustion 
chamber pressure,  Pc) 
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3. The nozzle configurat ion and s i z e  ( including t h r o a t  radius ,  rt; 
radius  r a t i o ,  rc/rt; exi t  a r e a  r a t i o ,  (A/&in) e x i t ;  and nozzle 
contour -- i .e .  conical  nozzle with prescr ibed expansion angle, 
b e l l  nozzle with prescribed t runcat ion,  or other  generalized type 

with area r a t i o  gradient ,  0 A/bin , specif ied as a funct ion of 
ax 

l o c a l  nozzle a rea  r a t i o ) .  

To be determined from the  appropriate  performance char t s  and t ab le s  are: 

1. 

2. 

3. 

4. 

5. 

6. 

The theo re t i ca l ,  one-dimensional, shif t ing-equi l ibr ium and frozen- 
flow performance (I >. SPvac 

. The freezing-point  loca t ion ,  denoting the  loca t ion  beyond which 
recombination reac t ions  a r e  no longer possible  k i n e t i c a l l y .  

The one-dimensional, par t ia l -equi l ibr ium performance (determined 
by the  freezing-point  l oca t ion ) ,  from which the k i n e t i c  loss can 
be in fe r r ed .  

Aerodynamic losses ,  including 

a. The divergence loss 

b. The viscous drag loss 

e .  The transonic-flow loss (assumel t o  be 0.5% of the  s,, Ring-  
equi l ibr ium performance f o r  most common nozzle configurat ions ) 

The ne t  de l iverable  s p e c i f i c  impulse performance, which i s  equal  
t o  the  p a r t i a l  equilibrium performance (from 3 above) minus the  
divergence, drag and t ransonic  aerodynamic losses  (from 4 above), 

The ne t  de l iverable  t h r u s t  (from 5 above and tabulated e q u i l i -  
brium t h r o a t  mass flow r a t e s ) .  

The Contour Se lec t ion  Mode 

Specified under the  Contour Se lec t ion  mode a r e  the  following: 

1. The propel lant  combination and operating conditions.  

2. The des i red  t h r u s t  l e v e l  
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3. The general  nozzle configurat ion (conical  o r  b e l l  nozzle)  and 
ove ra l l  expansion area r a t i o ,  (A/hin)exit .  

Geometrical cons t ra in ts  (rc/rt and expansion half -angle, 6, f o r  
conica l  nozzles; design a rea  r a t i o  -- i . e .  the  a rea  r a t i o  a t  which 
the  exit  flow becomes p a r a l l e l  -- f o r  b e l l  nozzles) .  

To be determined from the  appropriate  performance char t s  a r e :  

4. 

1. 

2 .  

3 .  

4. 

5. 

6. 

7. 

8 .  

As 
t h r u s t  , 

The theo re t i ca l ,  one-dimensional, shif t ing-equi l ibr ium and frozen- 
flow performance (I > *  SPvac 

The shif t ing-equi l ibr ium s p e c i f i c  mass flow ra t e ,  +/A, through the  
,nozzle th roa t .  

The nominal s i z e ,  rt, of the nozzle t h r o a t  (from the  spec i f ied  
t h r u s t  l e v e l  and the s p e c i f i c  mass flow ra t e ,  from 2 above). 

The f reez ing  point  locat ion,  denoting t h e  loca t ion  beyond which 
recombination react ions a r e  no longer possible  k i n e t i c a l l y ,  

The one-dimensional, par t ia l -equi l ibr ium performance (determined b y  
t he  f reez ing  point  l oca t ion ) ,  from which the  k i n e t i c  loss can be 
in fe r r ed .  

Aerodynamic lo s ses  including 

a .  The divergence loss 

b.  The viscous drag loss 

e.  The transonic-flow loss (assumed t o  be 0.5% of the s h i f t i n g -  
equilibrium performance f o r  most common nozzle configurations ) 

The n e t  de l iverable  s p e c i f i c  impulse performance, which is  equal 
t o  the  par t ia l -equi l ibr ium performance (from 5 above) minus the 
divergence, drag and t ransonic  aerodynamic losses  (from 6 above) e 

The n e t  de l iverable  t h r u s t  (from 7 above and the equilibrium 
t h r o a t  mass flow r a t e  from 2 above). 

the n e t  nozzle t h r u s t  i s  necessar i ly  l e s s  than the spec i f ied  nominal 
it i s  required t h a t  an adjustment be made t o  the nozzle t h r o a t  s i z e  

(calculated i n  3 above) and the s e r i e s  of ca lcu la t ions  from 4 through 8 repeated. 
The number of i t e r a t i o n s  necessary t o  achieve the  desired ne t  t h r u s t  may, of 
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course, be reduced i n i t i a l l y  by increasing nozzle t h r o a t  s i z e  s l i g h t l y  over t he  
value calculated i n  s t e p  (3). 

Many var ia t ions ,  too  numerous t o  specify,  a r e  possible  on the above proce- 
dures when spec i f i c  e f f e c t s  of various parameters, such as rc/rt f o r  conical  
nozzles o r  design a rea  r a t i o  f o r  b e l l  nozzles, a r e  t o  be s tudied.  To permit such 
s tudies ,  the char t s  have been compiled with as much genera l i ty  as possible,  and 
f u l l  explo i ta t ion  of the data contained here in  i s  l e f t  t o  the  user .  

6 



DESCRIPTION OF TECHNIQVES 

In  order t o  e s t a b l i s h  a more complete understanding and i n s i g h t  i n t o  the  
appl ica t ion  and manipulation of the  char t s  displayed i n  the  various sec t ions  of 
t h i s  handbook, as well_ as t o  achieve a b e t t e r  r e a l i z a t i o n  of t he  l imi t a t ions  of 
the  methods employed t o  ca l cu la t e  t he  various flow losses ,  a descr ip t ion  of each 
of the  component loss mechanisms is  presented below. 

Kinet ic  Losses 

Kinet ic  l o s ses  a r e  evaluated herein using the  modified Bray c r i t e r i o n  f o r  
mult i react ion systems (Ref. 17). I n  order t o  f u l l y  u t i l i z e  the  da t a  presented 
i n  t h i s  handbook, a thorough understanding of t h i s  c r i t e r i o n  i s  e s s e n t i a l ,  al-  
though s t ra ightforward ca lcu la t ion  of nonequilibrium performance f o r  t y p i c a l  
conica l  and b e l l  nozzles does not  require  such f a m i l i a r i t y .  

Description of Bray Sudden-Freezing Cr i te r ion  

The Bray c r i t e r i o n  i s  an approximate procedure for predict ing the  point  i n  a 
reac t ing  nozzle flow where a reac t ion  has departed s i g n i f i c a n t l y  from equilibrium. 
This  is  accomplished by determining the  point  a t  which the  forward r a t e  of reac- 
t i o n  becomes of the  same order as the r a t e  required t o  maintain equilibrium. This 
concept i s  i l l u s t r a t e d  by considering a nozzle 
three-body recombination reac t ion  takes  place, 

kf 
kb 

2J + M T---J* + 

where the  change of J3 concentration with time 
L 

phenomenological k i n e t i c s  (Ref. 30), 

expansion i n  which an a r b i t r a r y  

M (1) 

a t  constant dens i ty  i s  found from 

In  Eq. ( 2 )  t he  bracket ,  r 1 , ind ica tes  the  a c t u a l  instantaneous concentration of 
L - l  the  indicated species ,  kf, denotes the forward r a t e  constant,  and the  sub-scr ipt  

"eq" denotes the  instantaneous equilibrium values.  
i s  c l e a r  t ha t  Y - Yeq<< Yeq, s o  t h a t  

For near-equilibrium flow, it 

while for near-frozen flow Y qs. Y, so  t h a t  
eq 
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Therefore, from Eqs. (3) and (4) it can be deduced t h a t  an approximate c r i t e r l o n  
f o r  the  f reez ing  point  of the  reac t ion  can be defined according t o  

as previously s t a t ed ,  where the  forward reac t ion  r a t e  expression, rf, is  evaluated 
with very l i t t l e  loss i n  accuracy using equilibrium quan t i t i e s  up t o  t he  f reez ing  
point.  

The Bray c r i t e r i o n  has been used successful ly  t o  analyze flows i n  which only 
one reac t ion  i s  energe t ica l ly  and k i n e t i c a l l y  important. However, t h i s  method 
of so lu t ion  considering only a s ing le  reac t ion  may be va l id  only f o r  a r e l a t i v e l y  
few complex chemical systems. 

For t h e  expansion of products of combustion i n  a nozzle, severa l  react ions 
must be considered i f  an e f f ec t ive  point  of chemical f reez ing  i s  t o  be found. 
Extension of Bray's one-reaction c r i t e r i o n  t o  mult i react ion one-equilibrium noz- 
z l e  flows is  not  necessar i ly  straightforward, unless one react ion out of the  many 
taking place has t i e d  up most of t he  energy i n  the  combustion process, o r  unless  
a l l  energe t ic  react ions tend t o  leave equilibrium a t  near ly  the  same loca t ion  i n  
the  nozzle. When t h i s  is not t h e  case, the  simple f reez ing  c r i t e r i o n  can a t  b e s t  
bracket t h e  a c t u a l  nozzle flow parameters (by assuning t h a t  the  f a s t e s t  and slow- 
est of t h e  many react ions con t ro l ) .  

Modified Bray Cr i te r ion  f o r  Multireaction Systems 

The concept of a composite f reez ing  point  is  based on the  ass.umption t h a t  an 
important rate-contr,cll ing species  exists whose n e t  rate of formation o r  deple- 
t i o n  becomes very small as the  react ions i n  which it pa r t i c ipa t e s  become very 
slow, and t h a t  once t h i s  species  has frozen a t  some point  i n  the  nozzle (which 
w i l l  be re fer red  t o  a s  t h e  "composite-reaction f reez ing  point") ,  a l l  remaining 
species can no longer r eac t .  The problem of f inding a composite-reaction f reez ing  
point  reduces t o  determining the  k ine t i ca l ly ,  and thermodynamically, important 
species and react ions which must be s tudied,  The importance of many of t he  e x i s t -  
ing species  can be evaluated on the  bas i s  of (1) t h e i r  r e l a t i v e  equilibrium com- 
pos i t ion  values,  a mole f r a c t i o n  of 0.005 being a p r a c t i c a l  lower l i m i t ,  (2 )  t h e  
energy release of t h e  chemical react ions i n  which they pa r t i c ipa t e ,  and (3) t h e i r  
r o l e  i n  e f f ec t ing  the  chain-breaking s teps  i n  t h e  ove ra l l  reac t ion  mechanism. 

The reac t ion  r a t e  t h a t  i s  necessary t o  keep an important species  i n  e q u i l i -  
brium can e a s i l y  be found knowing t h e  equilibrium composition h i s to ry  as calcu- 
l a t ed  using t h e  conservation equations, s ta te  r e l a t ions ,  and t h e ' p e r t i n e n t  
Guldberg-Waage l a w s  of mass ac t ion  ( R e f s .  31 and 32). The required time rate of 
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change of t h e  concentration for component i due t o  reac t ion  only, i.e., excluding 
expansion e f f e c t s ,  i s  

- - 
where [Mi] 

molecular weight, xiWi. While equilibrium machine so lu t ions  employ the  l o c a l  

flow area  t o  minimum flow area  r a t i o  (i.e.,  A / h i n )  as an independent var iab le ,  
the  a x i a l  dis tance,  X, i s  a more convenient var iab le  s ince  

= pxi/W, x i  i s  the  mole f r a c t i o n  of species  i, and W is  the mean 

n 

i=l 

becomes indeterminate a t  the  minimum area  ( i . e . ,  a t  A = Amin). 
Eq. (6) can proceed once the  equilibrium propert ies  and a nozzle geometry have 
been spec i f ied .  Use of the equilibrium values for computing the required gradients  
w i l l  be accurate  up t o  the point  where the  f i rs t  important reac t ion  freezes;  bu t ,  
s ince  the  species  under consideration w i l l  usual ly  appear i n  t h i s  react ion,  t h i s  
does not  represent  a severe l imi t a t ion  on the  method when one reac t ion  is cont ro l -  
l i n g  or a l l  reac t ions  f reeze  a t  the same locat ion.  

Evaluation of 

In  complete analogy with the  simple one-reaction Bray c r i t e r i o n ,  it i s  
necessary when t r e a t i n g  a mult i react ion system t o  compare the  required reac t ion  
r a t e ,  Eq. (6), with the  t o t a l  forward r a t e  of reac t ion  wr i t ten  i n  terms of a l l  
react ions t h a t  make s u b s t a n t i a l  contr ibut ions t o  the ove ra l l  r a t e  of production 
or deplet ion of species .  The forward react ion r a t e  equation for the  ne t  r a t e  of 
production of species  Mi i s  

where N is  the  t o t a l  number of react ions,  n the t o t a l  number of species ,  k the 
forward r a t e  constant f o r  t he  jth react ion,  and afij and allij the s toichiometr ic  
coefficj-ents of the ith species  i n  the jth reac t ion  f o r  t he  reac tan ts  and products, 
respect ively,  when the  jth reac t ion  taking place i n  the  exothermic d i r ec t ion  i s  
wr i t ten  as (Ref. 3 0 )  

f 2 
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When a s ing le  ra te -cont ro l l ing  reac t ion  exists, f o r  example, the oxygen recomb2na- 
t i o n  reac t ion  i n  the  expansion of a i r  up t o  6000 K, Eq. (8) takes the  simple form 

I n 
kf, n- [ M k ] a k l  I .  

J k-l  J’lo 

where 
thermodynamically important, has a la rge  va r i a t ion  i n  composition through the 
nozzle t o  ensure accurate  d i f f e r e n t i a t i o n  of the  composition with respect  t o  a x i a l  
dis tance i n  Eq. (6) .  
can then be defined from Eqs. (6)  and (8) as 

r e fe r s  t o  the  species  i n  the  jth reac t ion  which, i n  addi t ion  t o  being 

An e f f ec t ive  f reez ing  point  f o r  a mult i react ion nozzle flow 

I n  the  s i t u a t i o n  described above where one dominant reac t ion  ex i s t s ,  the r igh t -  
hand side of Eq. (11) is replaced by Eq. (10) s o  t h a t  t h i s  f reez ing  c r i t e r i o n  
reduces e s s e n t i a l l y  t o  the  simple Bray c r i t e r i o n .  In  any event, it i s  c l e a r  t h a t  
there  can be as many f reez ing  points  as r ad ica l s  or atoms t o  which Eq. (11) i s  
applied,  b u t  these points  usual ly  remain i n  c lose  proximity t o  one another i n  
prac t ice ,  depending on the  choice of react ions employed i n  the  forward reac t ion  
r a t e  equation. 

The most successful  r e s u l t s  from t h i s  composite reac t ion  e f f ec t ive  f reez ing  
point  ana lys i s  a r e  achieved when only three-body react ions a r e  considered i n  
evaluating t h e  r i g h t  s i d e  of Eq. (ll), s ince  bimolecular react ions i n  which one 
o r  more new rad ica l s  are formed f o r  every r ad ica l  consumed add very l i t t l e  energy 
t o  the  flow a f t e r  t he  three-body react ions have frozen.. 

Graphical so lu t ions  t o  Eq. (11) are e a s i l y  car r ied  out f o r  a r b i t r a r y  flow 
systems, once the  important react ions and species  have been ascer ta ined,  by 
performing graphical  d i f f e r e n t i a t i o n  of t he  equilibrium concentration p ro f i l e s  as 
a funct ion of axial dis tance f o r  a preselected nozzle geometry, X = X(A/AFin). 
Then, f o r  a given s e t  of forward r a t e  constants and with a l l  t he  equilibrium prc- 
p e r t i e s  known a s  a funct ion of a rea  r a t i o ,  the  l e f t  s ide  of Eq. (11) can be p lo t -  
ted aga ins t  the  r i g h t  s i d e  over t he  range of a rea  r a t i o s .  The point  of crossing 
ind ica tes  where s i g n i f i c a n t  f reez ing  has occurred, and is  thus termed t h e  f reez ing  
point.  

Method of Calculation of Freezing Point 

A s  was defined i n  Eq. (ll), the loca t ion  of t h e  freezing point  i s  determined 
t o  be t h a t  pos i t ion  within a nozzle where the equilibrium composition gradient  and 
the  k i n e t i c  composition gradient  become equal. Although the k i n e t i c  composition 
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gradien t  i s  independent of the  nozzle a rea  r a t i o  gradient ,  the  equilibrium dom- 
pos i t ion  gradient  i s  proport ional  t o  the  nozzle a rea  r a t i o  grad ien t  d(A/kin) /dx 
for a prescribed value of a r ea  r a t i o ,  A/Amin. Spec i f ica l ly ,  from Eq. (7) 

or a l t e rna t ive ly ,  

Therefore, f o r  a select ,ed propel lant  system, O/F r a t i o ,  and chamber pressure,  the  
term 

i s  independent of nozzle geometry. A l l  of t he  geometric cons t ra in ts  p a r t i c u l a r  
t o  a given nozzle a r e  i n  the  second term of Eqs. (12) and (13). 

Use has been made of t h i s  f a c t  i n  preparing generalized char t s  t o  permit 
determinations t o  be made of f reez ing  points  f o r  each of the ' f ive  propel lant  
combinations under consideration. In pa r t i cu la r ,  both k i n e t i c  and "normalized" 
equilibrium gradients  have been es tab l i shed  as funct ions of l o c a l  nozzle a rea  
r a t i o  and p lo t t ed  f o r  s eve ra l  combustion chamber pressures and O/F r a t i o s .  
normalized gradients  a r e  used; one which bas i ca l ly  shows the  dependence of t he  

Two 

term 

on ( A / h i n )  by assuming 

dx 

and the second which shows the  gradient  f o r  a 15 deg conica l  nozzle with rc/rt = 1, 
rt = 1.0 F t .  (0.3048m). 
which f reez ing  points  can e a s i l y  be obtained f o r  scaled 1-5 deg conica l  nozzles 

The l a t t e r  gradient  provides a p r a c t i c a l  reference from 

simply by multiplying the gradient  displayed by the f a c t o r  - 1 . This former 
rt 
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gradient  i s  t h e  more general  one and can be used t o  represent  any given nozzle 
simply by multiplying the  gradient  displayed by t h e  f a c t o r  

Curves displaying' t he  d i f f e r e n t i a l  gradient ,  d(A/Amin) , a r e  provided f o r  repre- 
T7q 

senta t ive  nozzle configurations i n  Figs .  ND-1 through ND-4. Gradients a r e  presented 
for conical  nozzles of half  angle from 5 t o  30 deg and values of rc/rt up t o  10 
i n  Fig.  ND-1. 
ND-2 t o  ND-4.  
nozzle p r o f i l e s  (Figs. ND-5 t o  ND-9) a r e  presented for fami l ies  of per fec t  nozzles 
with design area r a t i o s  of from 100 t o  1000, an Yc/r t  = 1 and f o r  3 values of 
spec i f i c  hea t  r a t i o ,  1.25, 1.30 and 1.35. The data displayed allow the  user  t o  
s e l e c t  a b e l l  nozzle subjec t  to any t runca t ion  c r i t e r i o n  of h i s  own choosing. 
The user  i s  reminded t h a t  the  equilibrium gradient  t o  be employed t o  determine 
freezing point  l oca t ion  is  a funct ion of t h roa t  radius and it is  not t he  non- 
dimensional gradients  which are i l l u s t r a t e d  i n  Figs .  ND-1 through ND-4. 

Similar ly ,  gradients  f o r  b e l l  (pe r f ec t )  nozzles a r e  shown i n  F igs .  
The gradient  curves (Figs.  ND-2 t o  ND-4) as well  as corresponding 

A s  w a s  indicated previously, the  k i n e t i c  gradients  displayed i n  the char t s  
presented herein a r e  independent of t h e  nozzle a rea  r a t i o  gradients .  
t he  k i n e t i c  gradients  a r e  functions of t he  l o c a l  equilibrium flow propert ies  and 
compositions within the  nozzle and the  k i n e t i c  rate constants.  For a simple 
recombination reac t ion  such as  t h a t  given by Eq. (l), the  appropriate  k i n e t i c  
gradient  from Eq. (5) is  

However, 

For the  more general  case involving mult iple  react ions as given by Eq. (g), t he  
appropriate  k i n e t i c  gradient  is  

where the  term on the right-hand s i d e  of Eq. 1.5 is  ca l led  the  "composite" kinet ic .  
gradient .  

In  both Eqs. (14)  and (l5), one recognizes t h a t  the  k i n e t i c  gradient  f o r  
each reac t ion  i s  scaled d i r e c t l y  by the  r a t e  constant,  kf, f o r  t h a t  react ion.  
Thus, it becomes a r e l a t i v e l y  straightforward process t o  use the  gradient  char t s  
provided herein t o  evaluate the  s e n s i t i v i t y  of t h e  par t ia l -equi l ibr ium performance 
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t o  var ia t ions  or changes i n  r a t e  constants  r e l a t i v e  t o  those already employed. 
In  the  most simple case, t he  user  may choose t o  work with t h e  composite k i n e t i c  
gradient  only. Typically, i n  t h i s  instance,  the  k i n e t i c  gradient  i s  scaled by a 
f a c t o r  which i s  assumed t o  apply t o  the reac t ion  r a t e s  f o r  each individual  reac- 
t i o n  comprising the composite. In the  more general  case, however, f ac to r s  can 
be applied t o  each ind iv idua l  react ion and a new composite gradient  computed. To 
a f f e c t  such changes the  r a t i o  of desired reac t ion  r a t e  t o  t h e  r a t e  used i n  the 
handbook can be determined from the  reac t ion  r a t e  t ab le s  supplied herein for t he  
spec i f i c  propel lant ,  and the  individual  k i n e t i c  gradient  curves then scaled by 
these f ac to r s .  The new composite k i n e t i c  gradient  must be establ ished by summing 
the contr ibut ions of t he  severa l  react ions and the  new freezing poin t  then estab-  
l i shed .  

Graphical so lu t ion  of Eq, (11) t o  e s t a b l i s h  the  f reez ing  point  r e s u l t s  i n  
def ining an a rea  r a t i o  within the  nozzle beyond which the  energe t ic  three-body 
recombination react ions cease t o  be important. The assumption i s  t h a t  no f u r t h e r  
chemical reac t ion  takes place downstream of the  f reez ing  area  r a t i o .  This assump- 
t i o n  may be val idated by comparing performance r e s u l t s  obtained on t h i s  bas i s  
with results of exact numerical ca lcu la t ions  using a one-dimensional f u l l - k i n e t i c  
machine program such as those described i n  Refs. 12 and 33. I n  e f f e c t ,  such com- 
parisons ca l ib ra t e  t he  sudden-freezing c r i t e r i o n .  For example, it was found i n  
Refs. 22 and 25 t h a t  t he  e f f ec t ive  f reez ing  point f o r  t he  H2-F2 propel lant  com- 
b ina t ion  occurred a t  an area r a t i o  where t h e  composite k i n e t i c  gradient  was equal 
t o  two times the  equilibrium gradient .  This delayed freezing apparently accounts 
f o r  some continued energy re lease  i n  t h e  f l o w  beyond the  simple f reez ing  point,  
which energy may be a t t r i b u t e d  t o  r e l a t i v e l y  f a s t  two-body react ions (e.g., 
H;! + F-HE’ + H, i n  t h i s  p a r t i c u l a r  case) .  
modated by use of a t r a n s i t i o n  f a c t o r  i n  the  sudden-freezing ana lys i s  which 
numerically equals the r a t i o  of the composite-kinetic gradient  t o  the  equilibrium 
gradient  required t o  achieve cor re la t ion  between f u l l - k i n e t i c  and sudden-freezing 
performance r e s u l t s .  For t he  char t s  appearing i n  t h i s  handbook the  following 
t r a n s i t i o n  f a c t o r s  were employed. 

This delayed f reez ing  may be accom- 

Propellant Combination Transi t ion Fact or 

Aerozine 50-M204 1 

CH4 -F 1 OX 2 

H2-02 1 

H2 -F2 2 



Recent evidence (Ref. 26) ind ica tes  t h a t  a t r a n s i t i o n  f a c t o r  of 2 may be more 
appropriate  f o r  t h e  CH4-Flox and B2H6-OF2 propel lant  combinations, and t he  user  
of t h i s  handbook i s  advised t o  adopt such a f a c t o r  i f  t he  g rea t e s t  precis ion is  
desired.  
combinations have been v e r i f i e d  i n  Ref. 13. 

The t r a n s i t i o n  f ac to r s  f o r  t h e  Aerozine 50-N204 and H2-O2 propel lant  

A tabula t ion  ind ica t ing  the loca t ion  i n  t h i s  handbook where the  k i n e t i c  and 
equilibrium char t s  can be found appears i n  the  "Index t o  Figures and Tables". 
t h i s  index, f i gu res  a r e  numbered with p re f ix  l e t t e r s  or roman numerals t o  refer 
t o  each spec i f i c  sec t ion  or propel lant .  For example, Fig.  1-13 t o  1-30 provide 
the desired gradients  f o r  t he  %-F2 combination; Fig.  11-13 t o  11-30 provide 
those f o r  t h e  %-02 combination; Figs .  111-13 t o  111-30 provide f o r  the  CH4-Flox 
combination; Figs .  IV-13 t o  IV-30 f o r  t he  Aerozine 50-N204 combination, Figs .  V-9  
t o  V-24 f o r ' t h e  B2H6-0F2 combination. 

In  

Reaction Rate Data 

Of the  f i v e  propel lant  combinations considered during the  course of t h i s  
analysis ,  v i z .  H2-02, +-F2, A50-N204, CHh-Flox (82.6$ F2), and B2q-CF2 the  
CH4-Flox and B2H6-OF2 a r e  the  most complex. 
involves a t  l e a s t  twelve (12) gaseous species  which can be r e l a t ed  by twenty- 
th ree  (23) react ions when a l l  t h i r d  bodies a r e  considered as equal ly  e f f i c i e n t  
(Ref. 38). The number of react ions i s  subs t an t i a l ly  higher i f  p a r t i c u l a r  t h i rd -  
body e f f i c i enc ie s  must be iden t i f i ed  for the  propel lant  combinations and a l s o  i f  
condensed species ,  e.g. carbon were considered. The react ion mechanisms which 
describe the  recombination process of t he  other  propel lants  a r e  subsets  of the  
CH4-Flox system, s ince  the  combustion species  t h a t  a r e  present f o r  the  %-02, 
H2-F2 and A50-N204 (N2 excepted) a r e  common t o  the  species generated i n  CH4-Flox 
combustion. The exception, nitrogen, which i s  present i n  A50-N204, and possible  
nitrogen containing species  a r e  not involved i n  s ign i f i can t  recombination reac- 
t i ons ;  however, t he  ni t rogen and i t s  compounds may be s ign i f i can t  as  t h i r d  bodies.  

The CH4-Flox propel lant  combination 

The react ions contr ibut ing s i g n i f i c a n t l y  t o  the  recovery of energy during 
recombination processes a r e  usual ly  l imited t o  three-body react ions.  Many o ther  
react ions,  such as bimolecular react ions,  occur i n  the  f u l l  mechanism, but  they 
can usual ly  be neglected a s  secondary i n  es tab l i sh ing  the  nonequilibriwn per- 
formance of the  propel lant  combinations (Refs. 16, 22, 38 and 39). 
bimolecular react ions a r e  important t o  the  production of se lec ted  species f o r  
the  three-body energe t ic  react ions,  t h e i r  influence on propulsion performance 
i s  f e l t  i n d i r e c t l y  and only as long as the conditions a re  present i n  the  nozzle 
for the three-body recombination react ions t o  occur a t  the  minimum c r i t i c a l  r a t e  
( f reezing poin t )  (Ref. 16) .  
ab le  number of react ions t h a t  can be t r ea t ed  u t i l i z i n g  the  modified freezing-  
point  ana lys i s  only s i g n i f i c a n t  three-body react ions can be considered f o r  t he  
complex combination of species  possible  f o r  the CH4 f u e l  when combined with F2-02 

Although the  

With the  view of reducing the  mechanisms t o  a t o l e r -  
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bearing oxidizers  and t h e  o ther  fue l -oxid izer  combinations. 
therefore ,  have been l imi ted  t o  t h e  p r inc ipa l  recombination reac t ions :  

The mechanisms, 

H + H + M-% + M 

H+F+M-HF+M 

H + OH + M-%0 + M 

where M represents  s i g n i f i c a n t  t h i r d  bodies unique t o  the  propel lan t  combination. 
The s e l e c t i o n  of t he  p a r t i c u l a r  three-body reac t ions  has been based i n  p a r t  on 
ana lys i s  performed t o  co r re l a t e  space-storable engine t e s t  da ta  (Ref. 26). 
s tud ie s  t o  e s t a b l i s h  the  s e n s i t i v i t y  of performance t o  react ions and rates in -  
clude t h e ' r e c e n t  inves t iga t ions  by the ICRPG (Ref. 38) and NASA ( R e f .  39). 
s tud ie s  corroborated the  conclusions presented ear l ier  i n  Refs. 1.3, 16 and 22. 

Also 

The 

The B2H6-OF2 propel lan t  combination involves a t  l e a s t  s ix t een  (16) gaseous 
species  and as many as f i f t y  (50) reac t ions  when a l l  t h i r d  bodies are considered 
as equal ly  e f f i c i e n t  ( R e f .  38). 
react ions i s  s u b s t a n t i a l l y  higher i f  p a r t i c u l a r  third-body e f f i c i e n c i e s  must be 
iden t i f i ed .  
th ree  body recombination reac t ions  l i s t e d  on page 19 with appropriate  considerat ion 
given t o  3rd bodies unique t o  the  B2H6-OF2 propel lan t  combination namely, BF and 
BOF. The t h i r d  body e f f i c i enc ie s  for BF and BOF were estimated during a separa te  
phase of the  cont rac t  involving ana lys i s  and co r re l a t ion  of B2H6-OF2 perf omance 
t e s t  da ta  (Ref. 26). 
t o  t he  propel lan t  combinations. 

A s  i n  t h e  CH4-Flox combination t h e  number of 

Analagous t o  CHlc-Flox the  important reac t ions  are l i m i t e d  t o  the  

The o ther  t h i r d  bodies,  namely H2, H, HF, and H20 are common 

The recombination mechanism f o r  each propel lan t  combination has not been 
s implif ied t o  the  poin t  t h a t  only general  t h i r d  bodies,  M, are considered. How- 
ever,  the  number of ind iv idua l  t h i r d  bodies have been reduced t o  include only 
those of prime importance. It was assumed t h a t  t he  mole f r a c t i o n  coacentrat ion 
of a species  must be a t  l eas t  t o  be po ten t i a l ly  important as a t h i r d  body 
f o r  t he  three-body recombi a t i o n  reac t ions .  Species whose mole f r a c t i o n  concen- 
t r a t i o n s  are  l e s s  than 10- a r e  considered only if  they  a r e  prime reac tan ts  or 
products i n  the  mechanism, e.g., OH i n  the water recombination reac t ion .  

t 

This compromise approach between general  and ind iv idua l  t h i r d  bodies allows 
m a x i m u m  f l e x i b i l i t y  i n  the  k i n e t i c  performance cha r t s  s o  t h a t  ind iv idua l  r e fe r -  
ence reac t ion  rates used i n  t h i s  inves t iga t ion  can be changed when be t te r  da ta  
become available or can be changed t o  r e f l e c t  d i f fe rences  i n  r a t e s  as reported i n  
the  l i t e r a t u r e .  This i s  i n  con t r a s t  t o  the  rates l i s t e d  i n  the  ICRPG compilation 
presented i n  R e f .  38, f o r  which only a general  third-body e f f e c t  can be assessed. 



The t a b l e  below summarizes the reac t ion  r a t e  constants and the  third-body 
e f f i c i e n c i e s  which can be combined t o  e s t a b l i s h  the  react ion mechanism and r a t e s  
appropriate  f o r  each of the propel lant  combinations, v i z .  H2-02,  H2-F2,  A 5 0 - N 2 0 4 ,  
C H 4 - F l o x  and B2H6-OF2. 

Reaction 

1 H + H + A r = I $ + A r  

Sumary of Elementary Reactions and Reaction 
Rate Constants 

Forward Rate : l b s  -moles, 
ft-3, see, OR 

14 -1 kf I= 4.62 x 10 T 

3 H + OH + A r - - Z ; H 2 0  + A r  

2 H + F + A r = H F + A r  

15 -1 kf = 7.85 x 10 T 

15 1 = 1.155 x 10 T- I kf 

Third-Body Eff ic ienc ies  Relative t o  Argon 

The H2-02 propel lant  combination mechanism includes react ions (1) and (3)  
with t h i r d  bodies H, % and H20 (a  t o t a l  of s i x  r eac t ions ) .  
combination mechanism includes react ions (1) and (2)  with t h i r d  bodies H, H2 and 

The %-F2 propel lant  

'HF (a t o t a l  of six reac t ions) .  

16 



The A50-M204 propel lan t  combination mechanism includes reac t ions  (1) and (2) 
with t h i r d  bodies H, %, H20, C02, CO and TJ2 (a t o t a l  of 12 r eac t ions ) .  

The C H 4 - F l o x  p rope l lan t  combination mechanism includes reac t ions  (l), (2 )  
and (3)  with t h i r d  bodies H, H2, HF, C02, CO and %O (a t o t a l  of 18 reac t ions) .  

The B2H6-OF2 p rope l lan t  combination mechanism includes reac t ions  (l), ( 2 )  and 
(3 )  with t h i r d  bodies H, H2, HF, %O, BOF, and BF (a t o t a l  of 18 reac t ions ) .  

Ind iv idua l  tables of t he  react ions and rate constants  have been expanded for 
each propel lan t  combination from the  above summary and are included separa te ly  i n  
the  handbook compilation (c . f .  Index t o  Figures and Tables).  

The rate constants  f o r  the H2-F2 system are cons is ten t  with the  l i t e r a t u r e  
da ta  and have been se l ec t ed  by UARL as being representa t ive  of t h e  most r e l i a b l e  
da ta  available a t  t h i s  time (Refs. 40 and 41) .  

The rate constants  f o r  t he  H2-@recombination reac t ions  are a l s o  Consistent with 
the  l i t e r a t u r e  da ta .  The hydrogen recombination reac t ion :  

H + H + M-H2 + M 

with H and % 
combination. 
a t h i r d  body: 

as t h i r d  bodies i s  common t o  both the  %-F2 and H2-02 propel lant  
The rate constant f o r  the  water recombination reac t ion  with argon as 

H + OH + M s H 2 0  + M 

has been es tab l i shed  from analys is  of t he  experiments of Schot t  and B i r d  ( R e f .  42) 
along with t h e  dependent hydrogen recombination r a t e  f o r :  

as es tab l i shed  i n  R e f .  40 (see e.g.  R e f .  43). 
on the %O recombination is about 20 times t h a t  of argon as es tab l i shed  by compari- 
son of t he  rate with argon ( R e f .  43) and experimentally measured values i n  flame 
s tud ie s  f o r  which H20 was t h e  s i g n i f i c a n t  t h i r d  body (Refs. 44 and 45).  

The e f f e c t  of H20 as the  t h i r d  body 

The third-body e f f i c i e n c i e s  f o r  H, H2, HF, C02, CO, H20, and N2, BOF, and BF 
r e l a t i v e  t o  argon f o r  react ions no t  c i t e d  i n  l i t e r a t u r e  have been estimated and, 
therefore ,  a r e  not  based on experimental ve r i f i ca t ion .  For  example, the t h i r d -  
body e f f i c i e n c i e s  of C02, CO, %O and N2 f o r  reac t ion  (1) of the above table are 
estimated t o  be near tha t  reported f o r  % e  

e f f i c i enc ie s  estimated f o r  reac t ion  (3)  above are general ly  cons is ten t  with the  
values recommended i n  Ref. 46. 

The order and r e l a t i v e  third-body 



Equilibrium & Frozen Performance 

The ca lcu la t ion  of t he  equilibrium, frozen, and par t ia l -equi l ibr ium flow 
propert ies  and performance was performed with the  machine program described i n  
Refs. (36 and 37) using l a t e s t  JANAF thermochemical data  (Ref. 47). 
computer program has been found t o  give r e s u l t s  i d e n t i c a l  t o  those frorn the  ICRPG 
reference one-dimensional equilibrium (ODE) program (Ref. 33). 

The Ref. 37 

Estimates of the  maximum performance t h a t  can be obtained from a s p e c i f i c  
propel lant  system can be obtained from the equilibrium performance curves presented 
f o r  each of the  propel lant  systems considered. An estimate of t h e  maximum pos- 
s i b l e  k i n e t i c  performance loss can s imi l a r ly  be obtained by comparing the  frozen- 
flow performance with the  equilibrium performance f o r  a p a r t i c u l a r  propel lant  
combination; the  difference is  the  maximum k i n e t i c  loss. 

The maximum t h r u s t  ava i lab le  from a pa r t i cu la r  propel lant  system with a 
nozzle of spec i f ied  e x i t  area r a t i o  and th roa t  radius  i s  obtained from the  e q u i l i -  
brium vacuum spec i f i c  impulse and the  appropriate  equilibrium mass flow r a t e  tabu- 
la ted  i n  t h i s  handbook (i .e.  from Tables 1-2, 11-2, 111-2, IV-2, and V-2). 
maximum t h r u s t  , Tmax, i s  then evaluated by: 

The 

Additionally,  the  e f f ec t ive  frozen spec i f i c  heat  r a t i o  f o r  a pa r t i cu la r  pro- 
pe l l an t  and O/F r a t i o  is  given i n  these tab les  f o r  use with the b e l l  nozzle design 
curves and divergence loss curves which require spec i f i ca t ion  of s p e c i f i c  heat  r a t i o .  

Partial-Eauilibrium Performance 

The procedures outlined i n  a preceding sec t ion  of t h i s  handbook a r e  u t i l i z e d  
t o  obtain t h e  freezing-point loca t ion  f o r  a given propellant system i n  a nozzle of 
specif ied geometry under a f ixed set  of assumed operating conditions.  I n  order t o  
use the  freezing-point locat ion t o  e s t a b l i s h  the  corresponding nonequilibrium 
(i. e. ,  par t ia l -equi l ibr ium)  performance, it is necessary t o  perform thermochemical 
calculat ions which assume t h a t  shif t ing-equi l ibr ium expansion occurs up t o  the  
freezing-point location, and t h a t  frozen-flow expansion occurs downstream of the  
freezing-point locat ion.  A large number of such ca lcu la t ions  have been performed 
using the Ref. 37 (see a l s o  Ref. 33) computer program f o r  each propel lant  combina- 
t i o n  considered herein f o r  broad ranges of O/F r a t i o ,  combustion chamber pressure 
and nozzle e x i t  a rea  r a t i o .  The r e s u l t s  of these calculat ions appear i n  graphical  
form t o  show the  e f f e c t  of f reezing area r a t i o  on par t ia l -equi l ibr ium s p e c i f i c  
impulse performance. These graphs are indexed i n  the  "Index t o  Figures and Tables". 
Par t ia l -equi l ibr ium performance r e s u l t s  f o r  %-F2, H2-02, CH4-Flox, A50-N204 and 
B2H&-OF2, appear i n  Figs .  1-31 t o  -48, 11-31 t o  -48, I V - 3 1  t o  -48, and V-25 t o  
V-40, respect ively.  Entering t h e  appropriate  curve with a f reez ing  area  r a t i o  



and the  nozzle e x i t  area r a t i o ,  p a r t i a l  equilibrium s p e c i f i c  impulse is  obtained. 
It i s  t o  be emphasized t h a t  t he  s p e c i f i c  impulse s o  defined must be reduced by 
the  aerodynamic losses  ( t o  be described subsequently) i n  order t o  obtain the  n e t  
de l iverable  performance. 

Aerodynamic Losses 

The primary aerodynamic losses  which are encountered i n  expanding flows through 
convergent-divergent nozzles a r e  three-fold:  losses  due t o  viscous d i s s ipa t ion  
along the  nozzle walls, losses  due t o  e x i t  f low divergence and losses  due t o  the  
nonuniform na ture  of t h e  flow i n  t h e  t ransonic  region of t he  nozzle.  

Flow Divergence Loss 

The divergence losses  presented i n  t h i s  handbook have been ca lcu la ted  by 
comparing a n a l y t i c a l  one-dimensional and axisymmetric t h r u s t  coe f f i c i en t s  f o r  t h e  
nozzle typss ,  p rope l lan t  combinations and conditions considered i n  t h i s  handbook. 
The computer programs used f o r  these  ca lcu la t ions  jncLu.de the  two-dimensional 
equi l ibr ium program (TDE) recommended by the  ICRPG ( R e f .  33) and developed by the  
United A i r c r a f t  Corporation (Ref. 48) and the  one-dimensional equilibrium program 
described i n  R e f .  36. 

Divergence losses  are presented f o r  families of pe r fec t  nozzles as a func t ion  
of amount of nozzle t runca t ion  (percentage of t h e  design area r a t i o )  f o r  t h ree  
values of s p e c i f i c  heat r a t i o  (Figs.  AL-1, -2 and -3). 

For conica l  nozzles, t h e  divergence loss can be estimated f o r  t h e  l a r g e r  ex i t  
a r ea  r a t i o  nozzles -- e.g. ( A / A ~ ~ ~ )  e x i t  = 20, as 

where 6 i s  t h e  half-angle of t he  conica l  nozzle. 
using t h i s  expression is found t o  be within 5 f o r  e x i t  area r a t i o s  g rea t e r  than 
20; extension t o  lower values of area r a t i o  may induce s l i g h t l y  g r e a t e r  divergence 
losses .  Divergence loss i s  noted t o  be independent of nozzle sca le .  

Estimation of divergence loss 

Additionally,  divergence losses  are presented (Fig.  AL-4 and AL-5) f o r  the  
1 5  deg conica l  and 70% b e l l  nozzles a t  a s e r i e s  of pressure and t h r u s t  levels t o  
allow immediate es t imat ion of divergence loss f o r  these  commonly used nozzles.  
The 70% b e l l  nozzles,  as used here,  refer  t o  a truncated pe r fec t  nozzle 70% of 
the  length of a 15  deg conica l  nozzle of t he  same ex i t  area r a t i o .  
fixed s p e c i f i c  heat  r a t i o ,  a unique design a rea  r a t i o  i s  a l s o  implied when a 70% 
b e l l  i s  discussed. The non-dimensional length of a 70% b e l l  nozzle of spec i f ied  
e x i t  area r a t i o  i s  given by the equation: 

mus, f o r  a 



o r  

s ome 

then 

The f a c t o r  0.70 would be changed, of course, f o r  the  appropriate  value f o r  
other  t runcat ion c r i t e r i o n ,  say t o  ( .60) f o r  a 60% b e l l ,  e t c .  

The calculated coordinates of t h e  exi t  point  of a b e l l  nozzle (k, T') a r e  
rt rt 

plo t ted  on the  appropriate  Figure:  ND-5, -6, or -7 and the  nozzle contour 
required of the  design a rea  r a t i o  selected,  usual ly  by in te rpola t ion .  Nozzle a rea  
r a t i o  gradients  a r e  presented f o r  most of these  nozzles i n  Figure ND-2, -3 and -4 
and the appropriate  nozzle area r a t i o  gradient  obtained f o r  a p a r t i c u l a r  nozzle by 
in te rpola t ion .  For these l a t e r  r e s u l t s  divergence losses  were evaluated using a 
chemically-frozen gas model and t h e  corresponding option i n  the axisymmetric-flow 
machine program (Ref. 48). 
and nozzle curvature can be accura te ly  estimated by t h i s  flow model ( R e f .  25). 

Experience has shown the  e f f e c t s  of flow divergence 

Boundary Layer Loss 

F r i c t i o n a l  boundary layer  losses  have been evaluated f o r  15  deg conical  and 
70% b e l l  nozzles with the modified Bartz boundary layer  procedures ( R e f .  20) 
using the  ICRPG reference turbulent  boundary layer  (TBL) computer program (Refs. 33 
and 49). I n  using t h i s  program a frozen, axisymmetrical-flow gas model was assumed 
together  with the  ad iaba t ic  w a l l  temperature option. Use of t h i s  gas model and 
wall temperature option has been shown t o  provide r e s u l t s  cons is ten t  with r e s u l t s  
of rocket engine data cor re la t ions  ' ( R e f .  25).  

Results obtained over wide ranges of conditions a re  presented i n  F igs .  AL-6 
t o  AL-13. A s u f f i c i e n t  number of pressure l eve l s  and t h r u s t  l eve l s  have been 
examined t o  allow in te rpola t ion  of drag loss over the  range of pressure and t h r u s t  
values l i s t e d  f o r  each propel lant  i n  the  f igu res .  In  cont ras t  t o  divergence loss, 
boundary layer  l o s s  i s  known t o  be a funct ion of nozzle sca le .  N o  e f f e c t  of w a l l  
lieat t r a n s f e r  has been included i n  the  handbook. The user  is re fer red  t o  Ref. 33 
f o r  a more comprehensive treatment of the boundary l aye r  loss mechanism. 

Trans onic Loss 

The flow cha rac t e r i s t i c s  i n  a sonic  th roa t  a r e  such t h a t  t h e  sonic  l i n e  is 
more near ly  parabolic than l i n e a r  and t h a t  i t s  posi t ion r e l a t i v e  t o  the minimum 
cross-section is dependent upon the  geometric parameters of t he  th roa t .  It i s  
evident t h a t  mass flow calculat ions based on the assumption of uniform axial flow 
across t h e  minimum sec t ion  w i l l  be somewhat i n  e r ro r .  
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The t ransonic  loss accounts f o r  nonuniform transonic  flow and f o r  f r i c t i o n a l  
drag loss i n  t he  subsonic port ion of t he  nozzle. For t h roa t  curvature t o  t h r o a t  
radius  r a t i o s ,  rc/rt, g r e a t e r  than 2 the  procedures developed by H a l l  (Ref. 50) 
could be u t i l i z e d ,  However, the  use of such s impl i f ied  procedures a r e  not appl i -  
cable for small values of t h r o a t  approach (subsonic) rc/rt (e.g. rc/rt = 1). For 
such configurations the  t ransonic  so lu t ion  developed a t  UAC (Ref. 21) is  more 
appl icable  and was u t i l i z e d  i n  order t o  obtain a corrected mass flow r a t e ,  and 
impulse performance. On the  bas i s  of a la rge  number of such ca lcu la t ions  it has 
been found t h a t  the  t ransonic  loss  amounts t o  a maximum of approximately 0.56 of 
the  s h i f t i n g  equilibrium performance f o r  reasonably configured nozzles (viz  . 
rc/rt >O. 5) .  
been prepared t o  permit i t s  in te rpola t ion ,  and it is  recommended t h a t  the  user  
ass ign a conservative value of 0.5% f o r  a l l  nozzles, propel lant  combinations and 
conditions' considered here in .  

Because of the  very small magnitude of t h i s  loss, no char t s  have 

Performance Estimation f o r  Gaseous Propel lants  

Tables and f igu res  presented herein apply t o  Liquid oxidizer- l iquid f u e l  
systems. Performance est imates  f o r  o ther  than these  l i qu id  oxidizer- l iquid f u e l  
systems a r e  determinable i n  the  form of AI values t o  be used as correct ions t o  
the  l iqu id- l iqu id  est imates .  A general  equation, appl icable  t o  gaseous oxidizer- 
l iqu id  fue l ,  l i qu id  oxidizer-gaseous f u e l  and gaseous oxidizer-gaseous f u e l  
systems is  presented. 

SP 

Suf f i c i en t  data a r e  included i n  Table 1 t o  allow ca lcu la t ions  of AI for t he  
SP various propel lants  i n  t h e i r  commonly used s t a t e s .  I n  a t y p i c a l  appl icat ion,  f o r  

example, cryogenic propel lants  a r e  in j ec t ed  a t  t h e i r  respect ive bo i l ing  points ,  
hence s p e c i f i c  heat  data f o r  the l i qu id  phase of these  components is  not presented. 
I n  the  A5O-N2o4 system, on the  other  hand, Aerozine 50 is commonly in jec ted  a t  a 
"standard" temperature of 77% ( 2 5 O C )  and as the  bo i l ing  point  of Aerozine 50 is 
considerably above t h i s  value, it i s  assumed t h a t  only l iqu id  phase in j ec t ion  i s  
of i n t e r e s t .  
the bo i l ing  point  of t h i s  component i s  709, and the  options of i n j ec t ion  of the  
l i qu id  a t  a temperature o ther  than the bo i l ing  point  o r  of gaseous in j ec t ion  a r e  
ava i lab le  t o  t h e  user .  

Data f o r  N204 i s  included f o r  both l i qu id  and gaseous phase s ince  

An average s p e c i f i c  heat  has been presented f o r  t h e  propel lants  i n  Table 1; 
no g rea t  e f f ec t  on AI 
it does afford considerable s impl i f i ca t ion  i n  t h e  ca lcu la t ion  of AI 

was found t o  occur as a r e s u l t  of t h i s  approximation and 
SP 

SP' 

The performance of a system with one or both components i n  a gaseous state 
may be estimated from the  approximate equation: 

21 



where I = Equilibrium vacuum s p e c i f i c  impulse of the l iquid- l iquid systems ; 
spm e 

2 J = 778 - ft*lb ; g = g r a v i t a t i o n a l  constant (32.174 f t / s e c  ) ( i n  metric units, 
BTU 

2 N sec  J /g  = 1 - 
kg-m 

and 

I + O/F 

where: AHrnL = (Enthalpy of f u e l  a t  desired s t a t e )  - (Enthalpy of l i qu id  f u e l  
a t  i t s  bo i l ing  po in t )  

= (Enthalpy of oxidizer  a t  desired s t a t e )  - (Enthalpy of A Hoxidi z e r 
l i qu id  oxidizer  a t  i t s  b.p.)  

O/F = oxidizer-fuel  weight r a t i o  

Since A I  correct ions a r e  necessar i ly  small r e l a t i v e  t o  the  t o t a l  e q u i l i -  
SP brium performance value, calculat ions may be s implif ied by r e t a in ing  only the  

f i rs t  term of a Maclaurin s e r i e s  expansion of t he  f u l l  equation f o r  approximate 
performance gain: 

Defining : 

one obtains:  

which can then be applied as a correct ion t o  the  l iqu id- l iqu id  performance obtained 
from t,he t ab le s  and f igures  presented i n  t h i s  handbook. 

Values of t he  heat  of vaporization f o r  each f u e l  and oxidizer  used i n  t h e  
handbook a r e  presented i n  Table 1 and a r e  f o r  the p a r t i c u l a r  component i n  the 
gaseous s t a t e  a t  i t s  bo i l ing  point.  Values of average spec i f i c  heat a r e  a l s o  
presented t o  allow ca lcu la t ion  of sens ib le  enthalpy change of t he  propel lant  
component i f  it i s  desired t o  i n j e c t  t he  component i n t o  the  combustion chamber 
a t  some temperature T other  than i ts  bo i l ing  point :  
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where j = FUEL o r  OXIDIZER 

m9 i n  terms of t he  average 

A H j  = Cp j l iqu i r j  

whereAHVAp ; TBpj and C a r e  obtained from Table 1. 
p j  

The r e su l t i ng  A H  i s  then used i n  Eq.  20 t o  f ind  the mean E t o  use i n  5 
Eq.  22 t o  e s t a b l i s h  the  performance change due t o  the a l t e r e d  component. 

A s  an example, choose a H2(d)-02(g) system operating a t  an O/F = 6 with the 
gaseous oxidizer in jec ted  a t  100%' above i t s  bo i l ing  point.  

From Eq. (24) 
A H  oxidizer  = 91.69 BTU/lb + 100 x 7 = 104 BTU/lb 

AHfuel = 0 

P 
I 

From Eq.  (22) 

I is  then se lec ted  from the appropriate f igu re  a t  the  spec i f ied  chamber 

pressure and nozzle exLt a rea  r a t i o ,  f o r  example, f rom f igure  11-1, 
"'Q Q 

I = 465.2 see (4559.0 M-sec/kg) 
spf E 

= 5.4 see  (52.9 N*sec/kg) *Isp 

Met performance f o r  t he  H2(P)-02(g) i s  then: 

I = I + A I s p  = 465.2 + 5.4 = 470.6 see (4611.9 f\T-sec/kg) 
sp!? g spP B 
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Table 1 

Thermodynamic Proper t ies  f o r  Performance Estimation of Gaseous Propel lants  

AYraporization Tb o i l  ing 

Component Btu/lb 

02 91.7 

191.8 H2 
F2 73.9 

"4 219.4 

F lox 77.0 

178.2* N2°4 

A50 425.8* 

OF:! 88.67 

B2H6 221.2 

Kcal/mole 

1.63 

0.2148 

1.56 

1.96 

1 - 572 
9.11 

9.54 

2.66 

3.41 

OF OC 

-297.4 -183.0 

-423.2 -252.9 

-306.7 -188.1 

-242.5 -152.5 

-305.0 -187.3 

70.0 21.15 

190.0 87.8 

-229 5 -145.3 

-134.5 . - 92.5 

* a t  77% (25OC) 
Liquid 

Summary of Relevant Equations f o r  Performance Calculations 

Conical nozzle divergence loss = 

Kcal Btu/lb*OR or - 
K, . OC 

0.22 

3-50 

0.19 

0.52 

0.18 

0 - 37= 
0.65 

0.70* 

0.17 

0.36 
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AH Fue I + 0'' (*'oxidizer ) G =  
I + O / F  I 

I 

"Pr E. 
I ' (2J T H )  I s p  = 2 4 

Transonic L O S S  = 0.005 (Ispvac 
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equilibrium 

1 T 

(f) equilibrium * TT * (Ispvac)equilibriurn 
't net 

1 T 

( I sPvac  )ne+ 
* - I T *  

rtnet = 
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SAMPLE CALCULATIONS 

Exaples of the calculation procedure are presented to enable the user to 
familiarize himself with the mechanics of estimation of nozzle performance. 

Example 1. Performance Estimation Of Specified Conical Nozzle 

Using the handbook in the performance mode, estimate the net performance of 
the following 15 deg conical nozzle operating as specified: 

(1) Nozzle: 15 deg conical 

r - 0.3333 ft (0.1016 m) t -  

(2) Propellant H2 ( P ) -F2 ( e ) 
and 

Conditions: O/F = 12 

P, = 100 psia (6.895 x lo5 N/m2) 

Quantities to be determined are: 

(1) Equilibrium performance (Fig. 1-1); frozen performance (Fig. 1-2); and 
maximum thrust (Eq. 16) and Table 1-2 

(2) Freezing point (Fig. 1-14) ; partial-equilibrium performance (Fig. 1-32) 
(3) Aerodynamic losses: 

and transonic l o s s  ($$ of equilibrium performance) (Eq. 25) 
(4) Net performance (partial-equilbrium Isp- (aerodynamic losses)) (Eq. 26). 

Flow divergence loss (Eq. 17); drag loss (Fig. AL-6) 

Actual determination of values f o r  the above quantities proceeds as follows: 

(1) For this H2-F2 system operating at 100 psia and an O/F = 12, and a 
nozzle of ( A / A ~ ~ )  exit = 100, the equilibrium performance is 488 see 

(4782 -) obtained from Fig. 1-1. Frozen performance is likewise 

obtained from Fig. 1-2 for this system and is found to be 415.5 see 

Ne sec 
kg 

(4072 L,). N see 

these two values. The maximum thrust obtainable with this nozzle 
can be found by using the equilibrium mass flow rate in Table 1-2, 
the equilibrium vacuum specific impulse and the nozzle throat radius 
in Eq. 16: 

The partial equilibrium performance must lie between 
kg 



or 

or 
= 3.1416 (0.3333)2 (58.3) (488) Tmax 

= 9931 lb (4.417 x 104N) 

( 2 )  In Fig. 1-14, dividing the equilibrium gradient for the 15  deg conical 
nozzle with rt = 1.0 ft (0.3048 m) by the specified throat radius 
rt = 0.3333 ft (0.1016 m) gives the new equilibrium curve for the 
smaller nozzle. The intersection of this new equilibrium curve 
with the composite kinetic curve establishes the freezing point 
which is found to occur at (A/&in) = 2.10. 

An alternative procedure to establish the freezing point location is 
to utilize the second equilibrium gradient curve presented in Fig. 1-14 
along with the appropriate data from Fig. ND-1. 

For several values of area ratio, values of area ratio gradient are picked 
from Fig. ND-1. The selected points are given in columns 1 and 2 in table below. 
These area ratio gradient values are then divided by the throat radius of the 
desired nozzle and are tabulated in column 3 of the table. 
obtains the kinetic gradient for a nozzle of unity area ratio gradient for each 
previously selected value of area ratio (col. 1) and these are given in column 4. 
The net equilibrium H-atom gradient is then calculated by the following equation 
and listed in column 5, 

From Fig. 1-14 one 

or 

and is calculated for each value of A/hin in column 1. 

This resulting data is then plotted on Fig. 1-14 (an overlay should be used) 
and the intersection of the resulting curve with the "composite kinetic (transi- 
tion factor = 2 ) "  curve in this figure establishes the freezing point. 



1 2 3 4 5 

1.02 0.18 0.54 
1.05 0.40 1.20 
.xi. 08 0.555 1.665 

1.20 0.585 1.755 
1.50 0.660 1.980 
2.00 0.760 2.280 
2.50 0.85 2.55 

0.90 
0.60 
0.50 
0.30 
0.13 
0.075 
0.047 

0.486 
0.720 
0.833 
0.526 
0.257 
0.171 
0.120 

This procedure is necessary when other than 15 deg conical nozzles 
are examined. 
for conical nozzles of various rc/rt and half angle specification 
from Fig. ND-1, and perfect nozzles of specified design area ratios 
from Figs. ND-2, -3, -4. For the conical nozzle-circular arc 
combinations shown in Fig. ND-1, the area ratio gradient is 
obtained by following the desired rc/rt curve from the throat to 
the intersection of this curve with the conical section curve of 
the specified half-angle and then following this curve. The 
intersection of the two curves represents the point at which the 
circular-arc and conical section are tavlgent and the contour is 
conical downstream of this point. Using either procedure, once 
the freezing point is established, the partial equilibrium perfor- 
mance is then obtained from Fig. 1-32. 
(A/hin)fr = 2.10, the nonequilibrium performance is 461.7 see 

The values of area ratio gradient may be obtained 

For this case with 

(3)  For a 15 deg conical nozzle, divergence loss is calculated from 
Eq. 17 (or found from Fig. AL-4). 

1-cos 8 
2 ) 

(1 'pvac frozen 
D.L. = 

- 1-00 96593 *415. - 
2 

RT- sec D.L. = 7.1 sec (69 -) 
kg 

By interpolation, the drag loss is estimated from Fig. AL-6 as (1.2%)* 

N-  sec 
(Fig. 1-2) = 1.2% * 415.5 = 5.0 sec (48.9 -) kg (IShac ) frozen 

for this nozzle. Transonic l o s s  is * (I 1 SPvac equilibrium 

*Tangent point and transition from circular-arc throat to conical skirt 
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B e  sec 
(Fig. 1-1) and is  2.4 sec (23.9 -). 

kg 

(4) Net performance i s  then t h e  p a r t i a l  equilibrium performance (Fig. 1-32) 
l e s s  t h e  component l o s ses  (Eq. 26): 

= 461.7-(7.1 + 5 + 2.4) 

thus 

Ne sec 
= 447.2 sec (4383 -) 

(1 spvac)net kg 

(5) Net t h r u s t  i s  the  net vacuum spec i f i c  impulse times the  equilibrium 
mass flow a t  t h e  th roa t  (Table 11) (Eq. 10) 

T = 447.2 sec * 58.3 Ib * 7r * (3333)2 = glOl/lb (4.048 x lo%) 
ne t  sec 

Performance r e s u l t s  and the  appropriate  f igu res  and equations a r e  summarized 
below:* 

E q u i l i b  rim Perf ormanc e 

Frozen Performance 

Freezing Area Ratio 

Kinetic Performance 

Equilibrium Mass Flow 

Maximum Thrust Possible 

Aerodynamic Drag 

Divergence Loss 

Transonic Loss 

Net Delivered Performance 

Net Delivered Thrust 

48% sec (4782 - N -  sec)  

415.5 sec (4072 N*sec) 

2.10 Figure 1-14 

Figure 1-1 

Figure 1-2 
kg 

kg 

461.7 sec (4525 -) N. sec 
kg 

Figure 1-32 

58.3 lb/sec/ft2(284.7 kg ) Table 1-2 

9931 l b  (4.417 x l o 4  N*sec) 
sec2m2 
kg 

Equation 16 

N. sec  
kg 

5.0 sec (48.9 -) Figure AL-6 

7.1 see (69 N*sec) Equation 17 
kg 

2.4 sec (23.9 -) N. sec 
kg 

Equation 25 

Equation 26 No sec 447.2 sec (4383 -) 
kg 

9101 l b  (4.048 x lo4 z) Equation 27 
kg 

*A swnmary of re levant  equations may be found on p. 24. 
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Example 2. Performance Estimat,ion Of Specified Bell Nozzle 

Using the handbook in the performance mode, estimate the net performance 
of the following bell nozzle operating as specified: 

(1) Nozzle: Bell, (A/hin)design - - 300 

rc/rt = 1.0 

rt = 0.3333 ft. (0.1016111) 

(2) ' Propellant €$ (1 ) -F2 (1 ) 
and 

Conditions: O/F = 12 

Pc = 100 psia (6.895 x 105 N/&) 

Quantities to be determined are: 

(1) Equilibrium performance (Fig. 1-1) , frozen performance (Fig. 1-2) 
and maximum thrust (Eq. 16) and Table 1-2. 

(2) Freezing point (Fig. 1-14) , partial equilibrium performance (Fig. 1-32). 
(3) Aerodynamic losses: Flow divergence l o s s  (Fig. AL-3), drag l o s s  

(Fig. AL-8) and transonic l o s s  (3 of equilibrium performance) 
(Eq. 25). 
Net Performance (partial equilibrium Isp - .  C(aerodynamic losses) ) 
(Eq. 26). 

(4) 

Determination of values for the above quantities proceeds as follows: 

(1) For this -F2 system operating at 100 psia and an O/F = 12 and a 
nozzle of 7 A/hin)exit= 100, the equilibrium performance is 488 sec 
(4782 -) obtained from Fig. 1-1. 

from Fig. 1-2 for this system and is found to be 415.5 sec (4072 -). 

The partial equilibrium performance must lie between these two values. 
The maximumthrustobtainable with  this nozzle can be found by using 
the equilibrium mass flow rate in Table 11, the  equilibrium vacuum 
specific impulse and the nozzle throatradius in Eq. 16: 

N e  sec Frozen performance is obtained 
kg 

Ne sec 
kg 
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(2) 

A 'A MIN 

1.2 
1 .4  
1.6 
1.8 
2.0 
2.5 

o r  

or 

Tmax = 3.1416 (0.3333)2 * (58.3) * (458) 

T = 9931 l b  (4.417 x 10%) m a x  

The appropriate  s p e c i f i c  hea t  r a t i o  i s  found from Table 1-2 t o  be 
1.34, thus,  t he  pe r fec t  nozzle contour from Fig.  ND-7 ( Y = 1.35) 
and t h e  corresponding nozzle gradient  from Fig. ND-4 ( Y = 1.35) 
a r e  u t i l i z e d .  
gradient  f o r  Y = 1.35 (Fig. ND-4) has 
been avoided s ince t h e  a c t u a l  spec i f i c  heat  r a t i o  and the  Fig.  
ND-4 value d i f f e r  by a small amount f o r  t he  sake of c l a r i t y  i n  
t h i s  example. 

In t e rpo la t ion  between the  values of area r a t i o  
= 1.30 (Fig. ND-3) and 

I n  order to e s t a b l i s h  the  f reez ing  poin t ,  the  a l t e r n a t i v e  procedure 
described i n  s t ep  (2) ,  exampls 1 must be followed. 
gradient  values  obtained from Fig.  ND-4, the normalized equilibriuni 
gradient  from Fig.  1-14 and the  ca lcu la ted  equilibrium gradient  shown 
below: 

The a rea  r a t i o  

1.07 
1.32 

1.65 
1.84 

1.44 
1.55 

3.21 
3.96 
4.32 
4.65 
4.95 
5.52 

0.30 
0.17 
0.12 
0.091 
0.075 
0.047 

a H  

* 963 
.673 
.518 
,423 
371 
259 

(dt ) eq 

The values  of equilibrium gradient  tabula ted  above a r e  then p l o t t e d  
on Fig.  1-14 and the  in t e r sec t ion  of t h e  equilibrium and composite 
k i n e t i c  curve employing a t r a n s i t i o n  f a c t o r  of 2 curves e s t ab l i shes  
the f reez ing  poin t  a t  (A/Arain) = 1.75. 

The p a r t i a l  equilibrium performance i s  then obtained from Fig.  1-32. 
For the  present  example and the  f reez ing  area  r a t i o  of 1.75, t h e  
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N e  sec 
ki3 

partial equilibrium performance is 457 sec (4479 -) . 
(3) By interpolation from Fig. AI,-3, the divergence loss is found to 

be 1.3% times (Ishac 1 frozen (Fig. 1-2): 

D.L. = .Ol3 415.5 

D.L. = 5.4 sec (52.9 E) 
kg 

Interpolation on Fig. AI,-8 gives an estimate of drag loss for this 
nozzle as 1% * (1s%ac ) frozen (Fig. 1-2) = .01 * 415.5 = 4.2 sec 

(41 -) Ne sec . As the 7% bell nozzles had about the same truncation 
kg 

fraction as the present example, the 7% bell curves are used for 
drag loss estimation without appreciable error. Transonic loss is 

) (Fig. 1-1) = .OO5 * 488 = 2.4 sec (23.5 ,-). 
kg 

4% (1sPvac eq 

(4) Net performance is then the partial equilibrium performance less 
the component losses (Eq. 26) 

aerodynamic loss (Ispvac 1 net = (1 SPmC 1 partial eq. - c ( AIsp) 

= 457 - (5.4 + 4.2 + 2.4) 
N- sec 

) = 455 sec (4361 -) (ISfiac net kg 
Performance results and the appropriate figures and equations are summarized 
below: 

Equilibrium Performance 

Frozen Performance 

Freezing Area Ratio 

Kinetic Performance 

Equilibrium Mass Flow 

Maximum Possible Thrust 

Aerodynamic Drag 

Divergence Loss 

488 sec (4782 m) 
415.5 sec (4072 e) 
1.75 

kg 

kg 

N. sec 
ki3 

457 sec (4479 -) 

9931 lb (4.417 x l O 4 N )  

4.2 sec (41 &?%) 
kg 

No sec 5.4 sec (52.9 -) 
kg 

Figure 1-1 

Figure 1-2 

Figure 1-14 

Figure 1-32 

Table 1-2 

Equation 16 

Figure AL-8 

Figure AL-3 
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Transonic Loss Equation 25 N. sec)  2.4 sec (23.5 - 
kg 

Equation 26 N sec N e t  Delivered Performance 

N e t  Delivered T h r u s t  9056.16 (4.028 x 10%) Equation 27 

445 sec (4361 L) 
kg 

Example 3. Select ion of Conical Nozzle of Specif ied T h r u s t  

Using t h e  contour se l ec t ion  mode, s i z e  a 15 deg conical  nozzle of 
spec i f ied  e x i t  a r ea  r a t i o  and t h r o a t  radius  r a t i o  t o  de l iver  1000 l b  (4448~) 
t h r u s t  u t i l i z i n g  the  spec i f ied  propel lant  and operating conditions. 

(1) Nozzle: 15' conical  

Deliver 1000 l b  (4448~) ne t  t h r u s t  

(2) Propellant + ( J ) - o ~ ( J )  

Conditions: O/F = 6 
and 

Pc = 200 p s i a  (1.379 x 10 6 N/rn2) 

I n  order  t o  e s t a b l i s h  t h e  required nozzle th roa t  radius  the  following 
quan t i t i e s  must be determined: 

(1) 

( 2 )  

Equilibrium performance (Fig. 11-3) and frozen performance 
(Fig. 11-4). 
Equilibrium mass flow at  t h e  th roa t  (Table 11-2) and t h e  approximate 
th roa t  size:  

(3) 
(4) Aerodynamic Losses: Flow divergence loss (Eq. 17), drag loss  

Freezing poin t  (Fig. 11-17) and nonequilibrium performance (Fig. 11-35), 

(Fig. AL-7) and t ransonic  loss (go of equilibrium performance) 

Since the  nozzle throa t  s i z e  required t o  de l ive r  a spec i f ied  t h r u s t  
i s  dependent on the  aerodynamic and k i n e t i c  losses  which themselves 
a re  f'unctions of nozzle t h r o a t  s i ze ,  the  exact nozzle radius  must 
be es tab l i shed  through an i t e r a t i v e  process. 

(Eq. 25) .  
(5) 



Evaluation of t he  above q u a n t i t i e s  follows: 

(1) For an H2-02 propel lan t  a t  an O/F = 6 and P, = 200 p s i a  and a nozzle 
of  e x i t  a rea  r a t i o  60, the  equilibrium performance from (Fig. 11-3) 

N. sec 
kg 

perforname from Fig. 11-4 i s  425 sec  (4165 -). 
kg 

( 2 )  Equilibrium mass flow a t  the  t h r o a t  i s  found from Table 11-2 t o  

be 124.2 lb/sec,/ft* (606.5 .A2) t h e  approximate t h r o a t  radius 

i s  then (Eq. 21) 

sec rn 

T 

I )' 
1000 

rt = ((124.2) (3.1416) (457.5) 

= 0.075 f t  (0.0229) rt 

(3) Once the  t h r o a t  radius  has been ca lcu la ted  the  f reez ing  point  may 
be establ ished.  In Fig. 11-17, the  equilibrium gradient  f o r  t he  
15  deg conica l  nozzle with rt = 1.0 f t  (0.3048m) i s  d iv id ied  by 
t h e  th roa t  radius  determined above, rt = 0.075 f t  ( 0 . 0 2 2 9 ) .  This 
new equilibrium curve i s  then p l o t t e d  on Fig. 11-17 and i t s  i n t e r -  
sec t ion  wf-th the  composite k i n e t i c  curve e s t ab l i shes  t h e  f reez ing  
point  which i s  found t o  occur a t  ( A / h i n )  = 1.24. 
performance i s  then obtained from Fig.  11-35 and i s  441 sec 

The nonequilibrium 

(4) For a 15 deg conica l  nozzle divergence loss  i s  ca lcu la ted  from Eq. 
17 : 

N e  sec 
D. L. = 7.2 sec (71.0 -) 

kg 

Drag loss  i s  obtained by in t e rpo la t ion  from Fig. AL-7 and i s  

(Fig.  11-4) = (0.014)(425) = 6.0 sec (58.3 -). Ne sec 

kg 
1.4%* (I ) 

'pvac frozen 

4 
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Transonic loss  i s  0.0.05 * (I ) . (Fig. 11-3) = (0.005) (457.5) = 
SPvac eq 

N e  sec 
2.3 sec (22.4 -1. 

kg 

(5) Net performance is  then the  partial-equilibrium perfomnance l e s s  
the component losses  (Eq. 26) 

= 441 - (7.2 + 6.0 + 2.3) 

Thus 

The delivered thrus t  i s  

Tnet = 

N9 sec 
kg 

= 425.5 sec (4170 -) 

thus, from Eq. 20, 

(425.5) (124.2) (3.1416) (0.075)* 

A s  t h i s  delivered thrus t  i s  l e s s  than the spec i f ied thrus t ,  throat  
radius should be increased s l igh t ly  and the calculation repeated 
f o r  t h i s  increased nozzle s ize  and i t e r a t i o n  continued u n t i l  the  
required delivered thrus t  i s  obtained. 
the  required throat  radius mw be obtained by using the  calculated 
delivered specif ic  
used i n  the  radius equation (Eq. 22): 

A good approximation t o  

impulse instead of  the equilibrium value i n i t i a l l y  

For the present example, t h i s  becomes 

1000 
rt =((1*4.2) (3.1416) (425.5) 

r = 0.0776 f t  (0.0237m) t 

and is  accepted as a f i n a l  value f o r  rt since no discernible change 
i n  p a r t i a l  equilibrium performance or i n  the aerodynamic losses  was 
found . 



Performance r e s u l t s  and t h e  appropriate  f igu res  and equations a r e  summarized 
below for t he  first i t e r a t i o n .  

Equi l ibr ium Perf omanc e 

Frozen Performance 

Freezing Area Ratio 

Kinetic Performance 

Equilibrium Mass 

Aerodynamic Drag 

Divergence Loss 

Transonic Loss 

Flow 

Net Delivered Performance 

Net Delivered Thrust 

N-  sec 
kg 

457.5 sec (4490 -) 

N* sec 

kg 
425 sec (4160 -) 

Figure 11-3 

Figure 11-4 

1.24 Figure 11-17 

Figure 11-35 

2 (606.5 %) Table 11-2 l b m  124.2 
sec ft sec m 

No sec 
kg 

6.0 sec  (58.3 -) Figure AL-7 

N -  sec 
kg 

7.2 sec  (71.0 -) 

Ne sec)  2.3 sec  (22.4 
kk 

Equation 17 

Equation 25 

Equation 26 423.5 sec (4150 -) 

929.5 lbs (4134N) Equation 27 

N. sec 
kg 

Example 4. Establ ishing The Effec t  O f  Reaction Rate Change 

U t i l i z i n g  the  handbook i n  the  performance mode, e s t a b l i s h  t h e  e f f e c t  
on k i n e t i c  perfomance of a 4 f o l d  increase i n  the  reac t ion  r a t e  constants  
f o r  t he  spec i f i ed  propel lan t ,  operating conditions and nozzle: 

(1) Nozzle: 15 deg cone 

rt = 1.0 f t  (0.3048m) 

(2) Propel lant  5 ( B ) - F ~  ( L ) 

Conditions: O/F = 8 
and 

(3) Reaction Rates: Reaction r a t e s  uniformly adjusted t o  4 times the  
reference r a t e s  used f o r  the handbook preparat ion (T%ble 1-1). 
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Quantities to be determined: 

(1) 

(2) 

Freezing point (Fig. 1-13) with standard rates (Table 1-1) and 
corresponding nonequilibrium performance (Fig. 1-31) . 
Freezing point (Fig. 1-13) with new reaction rates (each rate in 
Table 1-1 times 4) and corresponding nonequilibriwn performance 
(Fig. .1-31). 
Net Performance change due to reaction rate increase. (3) 

Calculations of the above quantities follows: 

(1) The equilibrium gradient curve for the 15 deg conical nozzle, 
rt = 1 ft (0.3048m) is shown in Fig. 1-13. 
located at the intersection of the composite kinetic and 
equilibrium curves is at A/Qn = 1.90. 
equilibrium performance is then, from Fig. 1-31, 471 sec 

(4616 -) . 
Since a U  the component reactions have been multiplied by a factor 
of 4, the sum of the component reactions has also multiplied by 
4 and the composite kinetic curve is increased by this factor, and 
replotted on Fig. 1-13, establishing the new freezing point at 
A/hin = 2.5. 

from Fig. 1-31 to be 476 sec (4665 -). 
No sec A performance gain of 5 sec (49 -) is thus realized by an increase 

in the reaction rates of a factor of 4. 

The freezing point 

The corresponding partial 

N- sec 
kg 

( 2 )  

The corresponding nonequilibriwn perfomnance is seen 

No sec 
kg 

(3) 
kg 

Performance results and the appropriate figures and equations are summarized below: 

Original Freezing-Area Ratio 1.90 Figure 1-13 

Kinetic Performance 471 sec (4616 -) Figure 1-31 

Revised FreezingArea Ratio 2.5 Figure 1-13 

No sec 
kg 

N- sec 
Revised Kinetic Performance 476 sec (4665 -) 

kg 
Net Performance Change +5 sec (+49 -) N- sec 

kg 

Figure 1-31 
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LIST OF SYMBOLS 

a 

A 

A m i n  

I 
sPvac 

J 

M 

PC 

r 

rC 

rt 

t 

T 

v 

W 
- 
W 

W/A 

X 

xi 

Y 

Forward rate parameter (see Eq. 2) 

Area 

Minimum area  

Vacuum Specif ic  Impulse 

General Molecular Species (see Eq. I) 

Heaction r a t e  constant i n  forward d i r ec t ion  

Reaction rate constant i n  backward d i r ec t ion  

General molecular species o r  general’  t h i r d  body 

Oxidizer-fuel r a t i o  

Chamber pressure 

Radius 

Throat radius  of curvature 

Throat radius  

Time 

Thrust 

Velocity i n  a x i a l  d i r ec t ion  

Molecular weight 

Mean molecular weight 

Specif ic  mass flow r a t e  

Axial dis tance 

Mole f r ac t ion  

Concentration r a t i o  defined by Eq. ( 2 )  
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H910666- 16 FIG. ND-1 

COMPARISON OF NOZZLE AREA RATIO GRA IENTS FOR TYPICAL CIRCULAR 
ARC AND CONICAL CONTOURS 

rJr+ = RADIUS OF CURVATURE/THROAT RADIUS FOR ARC CONTOUR 

8 = HALF-ANGLE OF CONICAL CONTOUR 
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REACTION 

TABLE 1-1 
SUMMARY OF ELEMENTARY REACTIONS AND REACTION RATE 

RECOMBINATION MECHANISM 
CONSTANTS EMPLOYED IN H2 -F2 

FORWARD RATE 1 I 

H + F + A  - - H F + A  

I I 

K f  = 1.155 X 1 0 l 5  T - '  

I I H + H + A  - H 2 + A  K f  = 4.62 X 10-14T''  - 

1 H + H + F  =----H2+F K f  = l (4 .62  X l O I 4  T- '  ) 

5 H i - H + H F e H 2  + H F  

6 H + F + H F F H F + H F  

7 H + H i - H 2 -  H2 + H 2  - 
a H + F + H ~ - H F + H ~  - 

1 2  H + F + F  - H F + F  I K f  = 1 (1.155X 1015 T - '  ) 1 
i 

Kf = 2.5 (4.62 X 1014 T- ' )  

K f  = 2.5 (1.155 X l O I 5  T - ' )  

K f  = 2.5 (4.62 X l O I 4  T - '  ) 

K f  = 2.5 (1.155 X T - l  

~ 

NOTE: A L L  RATES ARE EXPRESSED IN TERMS OF LB-MOLES, FT3,  SEC; AND T I S  IN O R  

TO CONVERT TO kg-MOLES, rn 3, SEC, AND T IN K; MULTIPLY ABOVE RATE BY 2.165 X 
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TABLE 1-2 

EQUILIBRIUM AND FROZEN FLOW PIiOPERTIES AT 
NOZZLE THROAT 

H 2 W  - F 2 W  

',-psi@ 

100 

200 

300 
500 
750 

1000 

100 

200 

300 
500 
750 

1000 

OXIDIZER - FUEL WEIGHT RATIO 

16.0 

59.8 
118.3 
1-76.3 
291 5 
434.6 

576 9 

4.0 8.0 

56.9 
112.8 
168.4 
279 9 0 

416.8 

554 2 

10.0 12.0 14.0 

59.0 
116.7 

287.9 
429.4 

174.0 

570.2 

6.0 

Cquilib rim 
Mass 

Flow - 
WiA 

Lbm 
2 Ft, .See 

55.4 
110.7 
165 9 
276.4 
414.6 

552.7 

55.8 
110 : 9 
165 9 
275 5 
412.1 
548.6 

5'T .7 
114.3 
170.6 
282.4 
421.5 
560.0 

58.3 

115 9 5 
172 3 
285.1 

565 9 0 

425.4 

Frozen 

Mass 

Flow - 
WIA 
Lbm 
2 %t .See 

-- 

56.4 
112.4 
168.1 

279.5 
418.5 
557 6 

57.8 

170.8 
282.8 

561.2 

114.5 

422.3 

59.3 
117.1 
174.4 
288.3 
429.8 
570 5 

60.3 
119.1 
177 4 

436.4 
293 0 

579 0 

1.33 
1.33 
1.32 
1.32 
1.32 
1.31 

61.3 
120.9 
180.0 

297 9 1 
442.3 
586.6 

1.34 
1.33 
1-33 
1.33 
1.32 
1.32 

62.2 
122.7 
182.6 

448.5 
301.4 

594.7 

63.3 

1-85.6 
306.2 
455.6 

124.8 

603 9 

Frozen 

Spec if  i c 

Heat 

Rat io  

Y FR 

XOTE : 

100 

200 

300 

500 
7 50 

1000 

1.31 
1.31 
1.31 

1 -31  
1.31 
1.31 

1.31 
1.31 

1.30 
I-. 30 
1.30 

1.31 

1.32 
1.32 

1.31 

1.31 

1.31 

1.31 

1.34 
1.34 
1-33 
1.33 
1.33 
1.32 

1- 35 
1.34 
1.34 
1.34 

1-33  
1-33  

P, ( p s i a )  x 6.895 x 103 = P, 

Mass Flow ( 

(1t/m2) 

) x 4.883 = Mass Flow Lbm 
Ft2.  see 

(+) m see 
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VARIATION OF EQaUILIBRIUM VACUUM SPECIFIC, 

IMPULSE WITH AREA RATIO 
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VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH ARE 
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VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA 
H 2 ( 6  - F 2  (P) 

Pc = 200 PSIA,(1.379X106N/m2) 
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VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

H q U )  - F2 (4 
P, = 500 PSlA (3.448 X lo6 N/m 2, 

4600 

4500 

h ' 4400 

2 
z: 
c 
Z 

I 
Y 

> 
n 

U" 

wi 
r/) 

3 
0, z - 
0 
6 
% 
a a 

LL 

w 

z 

U < > 

U 
4 4300 

4200 

4100 

4000 

3900 

- 470 

- 460 

450 - 

0 
H" 

wi m 
430 

- a  r 

410' 
- -  

400 ' 
- -  

390 
0 

'IO 

20 40 60 80 
XIT AREA RATIO, A/A,,,) E X I T  

100 



H910666- 16 FIG. 1-9 

4900 

4800 

c 

!2 - 4700 z 
Y 

I 

U 
4 
> 

4600 

4500 

4400 

4300 

H 2  (1) - IF2 ( 1 )  
Pc = 750 P Y A  (5.171 X 1 0 6 N / m 2 )  

500 

490 

480' 
V 
W 
v) 

I 
u 
4 > 

470 

440 

430' 

'IO 

0 20 40 , 60 80 

XI T 'AMIN 'EXIT 

100 



H910666- 16 FIG. 1-10 
VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AR 
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NORMALIZED GRAPHICAL SO UTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 
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NORMALIZED GRAPHICAL SO TlON FOR FREEZING AREA 
USING M O ~ I F I € D  AY ANALYSI~ 
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FOR FREEZING AREA RATIO 
AY ANALYSIS 

H 2  (1  1 - F 2  (1) 

Pc = 300 PSlA (2.069X1O6N/m2) 

O / F  = 16.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 1-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLl R I U M PERF 0 RM AN C E 

FOR HYDROGEN-FLUORINE P ~ O ~ E L L A ~ T  SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 

FOR HYDROGEN PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO Q QUILIBRIUM PERFORMANCE 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NON QUILIBRIUM PERFORMANCE 
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EFFECT OF FREEZING AREA RATIO ON NON RlUM ~ERFORMANC 
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EFFECT OF FREEZING ARE 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLA 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLl RI Ulll PER FORM ANC E 

FOR HYDROGEN-FLUORINE PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANC 

FOR HYDROGEN-FLUORLNE PROPELLANT SYSTEM 

O / F  = 16.0 

4800 

4700 

- 
Y 
v) 4600 
Y - 
5 
I 

u 
>' 4500 

4400 

4300 

4200 

41QO 

u 
W 
m 
I 
U 
4 - >  
5 

wi 

n z 
u 
J 

H 

Y, 
J 
-3 

LL 

W 
-p. 

m 
I 
3 
3 u 
4 > 

490 

480 

470 

460 

450 

440 

430 

420 

410 
1 2 3 4 5 6 

FREEZING AREA RATIO, (A/AMIN) F R  
8 7 



H9 10666- 16 

REACTIONS 

H + H + A  e H 2 + A  

H + O H + A  
,= 

H 2 0 + A  

1 H + H + H  - H 2 + H  

T A B L E  11-1 
SUMMARY OF ELEMENTARY REACTIONS AND REACTION RATE 

CONSTANTS EMPLOYED I N  H2 -02 RECOMBINATION MECHANSIM 

I FORWARDRATE 

k f  = 4.62 X T - ’  

k f  = 7.85 X 1015 T-’ 

k t = 20 (4.62 X 10 l4 T - l )  

2 H + H + H 2  H 2 + H  2 

3 H + H + H 2 0  == H2 + H 2 0  

4 H + O H + H 2 0 E  H,O+H,O 

k f  = 2.5 (4.62 X 10 l5 f” )  

Kf  = 2.5 (4.62 X lo1’ T” ) 

kg = 20 (7.85 X T 

5 H + O H + H p  - H 2 0 + - H 2  

6 H + O H + H  - H 2 0 + H  A 

NOTE: A L L  RATES ARE EXPRESSED IN TERMS OF LB-MOLES, FT3,  SEC; AND T IS IN  OR 

kf  = 3 (7.85 x 1015 T” 1 

k f  = 3 (7.85 X T’l j 

TO CONVERT TO kg-MOLES, m 3 ,  SEC, AND T IN OK; MULTIPLY ABOVE RATE BY 2.165 X 
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TABLE 11-2 

EQUILIBRIUM AND FROZEN FLOW PWOPERTIES AT 

NOZZLE THROAT' 

%(.l) - o2(4> 

OXIDIZER - FUEL KEIGHT FAT10 

pc-psia 1 
-~ ~ 

Equi  l i b  rim 100 58.2 I 58.7 I 60.4 
Mass 200 116.5 117.1 120.1 

Flow - 300 174.7 175.5 179.6 
WIA 500 291.1 292.2 298.4 
Lbns 

436.7 437.9 446.6 750 
Ft2.  Sec I 1000 I 582.2 I 583.7 I 594.6 

WIA 500 292.0 295.2 303.6 
Lbm 

750 437.7. 441.9 453.6 
n I I 

F-t'. Sec 1000 583.4 588.5 603.3 

Frozen 100 1.25 1.23 1.22 

Specific 200 1.25 1.23 1.22 

Heat 300 1.25 1.23 1.22 

Ratio 500 1.25 1.23 1.21 

%R 750 1.25 1.23 1.21 

1000 1.25 1.23 1.21 

62.6 65.0 67.5 

185.6 192.6 199.9 
124.2 129.0 133.9 

307.8 319.2 331.2 
460.1 476.6 494.6 
611.9 633.6 657.4 

64.3 66.9 69.4 
.127.3 132.4 137.4 
190.0 l g . 4  204.9 
314.4 326.5 339.0 

623.5 646.8 671.3 
469.3 487.0 505.5 

1.21 1.21 1.21 

1.21 1.21 1.21 

1.21 i.20 1.20 

1.21 1.20 1.20 I 1.20 1 ;2: j 1.20 
1.20 1.20 

Mass Flow ( Lbm ) x 4.883 = Mass Flow ( kg 
Ft2 .  sec i z - d  



H910666- 16 FIG. 11-1 

VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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N910666- 16 FIG. 11-2 
VARIATION OF -FROZEN VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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H9 10666- 16 FIG. 11-3 
VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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FIG. 11-4 H910666- 16 
VARIATION OF FROZEN VAClJM- SPECIFIC IMPULSE WITH AREA RAT10 
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H9 10666- 16 FIG. 11-5 
VARIATION OF EQUILIBRIUM VACU M SPECIFIC IMPULSE WITH AREA RATIO 
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H910666- 16 FIG. 11-6 
VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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H910666- 16 FIG. 11-7 
VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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H9 10666- 16 FIG. 11-8 
1 VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH A 
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H910666- 16 FIG. 11-9 
VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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H910666- 16 FIG. 11-10 
VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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H910666- 16 FIG. 11-11 
VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 
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H9 10666- 16 FIG. 11-12 
VARIATION OF FROZEN VACUU SPECIFIC IMPULSE WITH AREA RATIO 
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H910666-16 FIG. 11-15 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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H9 10666- 16 FIG. 11-16 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
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NOTE: REACTION RATE CONSTANTS LISTED IN TABLE '11-1 

10 ' 

100 



H910666-16 

i o 3  

102 
c 

I 

ki 
m 

I 
E 

W 
-l 
0 

m 

4 10' 

4 c 

VI 
Y 

I 

m 
\ 

7.-  z m 
Y 

4 100 

d 
3 

W 
E 

a 

+ 
4 
I 

10-1 

10-2 

FIG. 11-18 NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

H 2 ( 1 ) - 0 ,  (1) 

P c =  200 PSIA (1.379X106N/m 2 )  

O/F  = 8.00 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 11-1 

10 ' 

100 

Q 
h z 10-1 
\ 

10 -3 
- 



H910666- 16 FIG. 11-19 NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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H910666- 16 FIG. 11-24 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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FIG. 11-25 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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FOR FREEZING AREA RATIO 
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H9 10666-16 FIG. 11-28 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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FIG. 11-29 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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H9 10666- 16 FIG. 11-30. 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR HYDROGEN-OXY EN PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO. ON NONEQUlLlBRlUM PERFORMANCE 
FOR HYDROGEN-OXYGEN PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 
FOR HYDROGEN-OXYGEN PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR HYDROGEN-OXYGEN PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR HYDROGEN-OXYGEN PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR HYDROGEN-OXYGEN PROPELLANT SYSTEM 
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R.EACTION 

H 2 + H  

1 H + H + H  = H 2 + H  

A H + H + H  --z 

2 H + H + H 2  Hz +H2 

3 H + H + H F  H 2 + H F  

4 H + H + C 0 2  _-L H, + C 0 2  

SUMMARY OF ELEMENTARY REACTIONS AND REACTION RAPE CONSTA 
EMPLOYED IN CH4 - FLOX RECOMBlNA ON MECHANISM 

FORWARDRATE 

k f  = 4.62 X T 

k f  = 20 (4.62 X 1 0 - l 4 T - ’ )  

k f  = 2 5  (4.62 X lo ‘14T-1)  

k f =  2.5 (4.62 X 10-14 T - l )  

k f  = 2.0E4.62.X T - l )  

6 H + H + H 2 0  = H 2 + H 2 0  

H + F c M  T- HFS-M 
A 

I 5 H + H + C O  e k,+co I k (  = 2.0 (4.62 X T “ l )  I 
k f=  2.5 (4.62 X 

kc =: 1.155 X T- ’  

T - ’ )  

8 H + F + H 2  - H F  + H2 k f  =2.5 (1.155 X l o ”  T - l )  

9 H + F + H F  e H’F + HF k f  = ZS(1.155 X 10 T - l )  

10 H + F + C 0 2  H F  + COP k f = 2 . 0 ( 1 . 1 5 5 X  1 0 1 5 T - ’ )  

11 H + F + C O  HF + CO k f  = 2.0 (1.155 X lo1’ T - ’ )  

12 H + F + H p O  H F + H 2 0  k f  =2.5(1.155 X 10” 7-l 

15 

I 7 H + F + H  - H F + H  I k i  = l(1.155 X T - l )  I A 

I H + O H + M  H 2 0 + M  kf =7.85 X T - ’  

13 H + O H + H  H 2 0 + H  

14 H + O H + H ,  H 2 0  + H2 

I 15 H + O H + H F  H,O+HF I k f  =3(7.85 X T - ’ )  I 

kf  = 3 (7.85 X lo1’  T a l  ) 

k f = 3 (7.85 x 1015 T-1 

16 H + O H + C 0 2  H 2 0  + C02 

17 H + O H + C O  e H,O+CO 

I k f  = 20(7.85 X T - l )  
18 H + O H + H 2 0  H 2O + H 2O 

NOTE: A L L  RATES ARE EXPRESSED IN TERMS OF LB-MOLES, F T  3, SEC; AND T IS I N  OR 

k f  = 10 (7.85 X 

k ,  = 3 (7.85 X 

T - l )  

T- ’  ) 

TO CONVERT TO kg-MOLES, “2, SEC, AND T IN K; MULTIPLY ABOVE RATE BY 2,165 X 
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EQUILIBRIUM AND FROZEN FLOW PROPER!EES AT 
NOZZLE THROAT 

CH4 - FLOX (82.6% Fg) 

NOTE: Pc (pia) x 6.895 x lo3 = pc (N/m2) 

kk3 ( '7 ) ) x 4.883 = MBSS Flow Ft2. sec m sec 
Lbm Mass Flow ( 
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VARIATION OF EQUILIBRIUM VACUUM SPECIFIC I ULSE WITH AREA RATIO 
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VARIATION OF FROZEN ~ A ~ U  C I  

CH - FLBX (82.6% F2 ) 

Pc = 100 P S I A  (6.895 X lo5 N/m2) 
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VARIATION OF EQUILIBRIUM V A ~ U U M  SPECIFIC IMPULSE WITH A~~~ 

CH - FLOX (82.6% F2 ) 

Pc = 200 PSlA (1.379 X lo6 N/m2) 
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I 

VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA R 

CH - FLOX (82.6% F2 ) 

Pc =200 PSIAa(1.379 X lo6 N/m 2 ) 
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VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

CH - FLOX (82.6% F2 ) 
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VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

CH - FLOX (82.6% F2 ) 

2 P, =300 PSIA(2.069 X lo6 N/m ) 
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VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

CH - FLOX (82.6% F2 

Pc =SO0 P S l A  (3.448 X lo6 N / m 2 )  
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VARIATION OF FROZEN VACUUM SPECIFIC I 10 

CH - FLOX (82.6% Fp ) 

Pc =500 P S l A  (3.448 X lo6 N/mZ)  
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VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

CH - FLOX (82.6% F2 ) 

Pc =750 PSlA (5.171 X 1 0 6 N / m 2 )  
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VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

CH - FLOX (82.6% Fq 1 

2 Pc = 750 P S l A  (5.171 X lo6 N/m ) 
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VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

CH - FLOX (82.6% F2 ) 

Pc =lo00 PSIA'(6.895 X lo6 N / m 2 )  
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VARIATION OF FROZEN VACUUM SPECIFIC IMPULSE- WITH AREA RATIO 

CH - FLOX (82.6% F2 ) 

Pc =IO00 PSIA (6.895 X lo6 N / m 2 )  
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CH, - FLOX (82.6% FZ ) 

Pc = 100 PSlA (6.895X105N/m2) 

O/F = 3.50 

_ _  1 NOTE:. REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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S U B S O N I C ~ S U P E R S O N I C  AREA RATIO, A/A,,, 



H910666- 16 

10 

10 
.- 
I 

Y) 

I 
E 
Y 
J 
0 

a. 

I 
A!? 

m 

f 10- 
A 

e 
m 
\ 

CC 
Y 

c'10- 

6 
z 
w 

< 
Iy 
0 
s 
0 c 
4 
I: 

10- 

10" 

FIG. 111-14 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AR 
USING MODIFIED BRAY A ~ A ~ Y S I S  

CHq - FLOX (82.6% F2 ) 
TABLE OF REACTIONS 

Pc = 100 PSlA (6.895X105N/m 2, NO. RE ACTION 

O/F = 5.50 1 H + H + H  + H 2 + H  
NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 2 H + H + H ~  -H2 + H 2  I,. 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CH, - FLOX (82.6% F2 1 

Pc = 100 PSIA (6.895X105N/m 2 )  

O/F = 6.50 

1 NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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RE ACT ION 

H + H + H  - t H 2 + H  

H + H + H F  *H2 + H F  

H + H + CO +H2 + CO 
H + H + H  2 O - H 2 + H 2 0  

H + F + H  t H F + H  

H + F + H F  - H F + H F  
H + F + C 0 2  t H F + C O q  
H + F + C O  * H F + C O  
H + F + H2Q-HF + H 2 0  

H + H + H p  -)H2 + H 2  

H i  H + C02 +Hp + C02 

H + F + H 2  - + c H F + H q  

H + O H + H  + H 2 O + H  ‘ 

H + O H + H g  * H 2 0 + H 2  
H + OH+HF---H2Q + HF 

H + O H  + C O - - t H 2 0  + CO 
H + O H  + C02-H20 + C02 

H + O H  + H20+H20 + H 2 0  
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SUBSONIC+SUPERSONIC AREA RATIO, A/A,,, 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 
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REACTION 

H + H + H  - t H 2 + H  

H + H + H F  -H2 + H F  

H + H + CO -H2 + CO 
H + H + H  O - H 2 + H 2 0  

2 
H + F + H  - H F + H  

H + F + H F  - H F + H F  
H + F + CO2 --t H F  + C02  

H + F + C O  + H F + C O  
H + F + H2Q--tHF + H 2 0  

H + H + H 2  -H2 + H 2  

H i  H + CO2 +H2 + CO2 
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FIG. 111-18 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 
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CHq - FLOX (82.6% F2 ) 

P c  = 200 PSlA (1,379X106N/m 2) 

O/F = 6.50 

NOTE: REACTION RATE CONSTANTS LISTED I N  TABLE 111-1 

REACT10 N 

H + H + H  * H 2 + H  

H + H + H F  *H2 + H F  

H + H + C O  *H2 + C O  
H + H + H  O - H 2 + H 2 0  

H + F + H  t H F + H  
H + F + H 2  - H F + H 2  
H + F + H F  - H F + H F  
H + F + C O g  - H F + C 0 2  
H + F + C O  t H F + C O  
H + F + H2Q-HF + H 2 0  

H + H + H p  -H2 + H q  

H i  H + C02 - t H 2  + C02 

2 

H + O H + H  - t H q O + H  
H + O H  + H2 --t H 2 0  + H2 
H + O H  + H F  - H 2 0  + HF 

H + O H  + CO-H20 + CO 
H + O H  + C02-LcH20 + C02 

H + OH + H20-H20 + H:, 0 

2 1 2 3 4 5 6 

SUBSONIC-+SUPERSONIC AREA RATIO, AIA,,, 
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NORMAL ZED GRAPHICAL SOLUTION FOR FREEZING AREA RAT 
USING MODIFIED BRAY ANALYSIS 
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R EACTlO N 
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2 

+H2 + CO 
H + H + H  O-H2 + H 2 0  

H + F + H  - H F + H  

H + F + H F  - H F  + HF 
H + F + C02 --t H F  + C 0 2  

H + F + C O  - t H F + C O  
H + F + H20-HF + H 2 0  

H + F + H 2  - H F + H 2  

H + O H + H  - - t H 2 O + H  
H + O H  + H2 --+, H 2 0  + H2 
H +  O H + H F - H ~ O + H F  

H + O H  + C 0 2 - t H 2 0  + C02 
H + O H  + CO-H20 + CO 

CHq - FLOX (82.6% F2 ) 

Pc = 300 PSIA (2.069XlO 6N/m 2) 

O/F = 3.50 - 

, NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CH, - FLOX (82.6% F2 ) 

Pc = 300 PSIA (2.069Xl06N/m2) 

O/F = 5.50 

1 NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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RE ACT ION 
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H + F + C O  - t H F + C O  
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H i  H + CO2 +H2 + C02 

2 

H + F + H 2  - H F + H Z  

H + O H + H  - t H 2 O + H  
H + O H  + H 2  + H2O + H2 
H + O H  + H F + H 2 0  + HF 

H + O H  + CO-H20 + CO 
H + OH + C02-H 20 + CO2 

H + OH + H,OtH,O + H 3 0  

2 1 2 3 4 5 6 
SUBSONIC+SUPERSONtC AREA RATIO, MA,,, 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CH4 - FLOX (82.6% F2 ) 

P c =  300 PSIA (2.069X106N/m2) 

O/F = 6,SO 
NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 

10 

10’ - 
I u 
w 
Y, 

I c 
LL 
w 
0 

m 

-I 100 

m 
- 7  
J 

I 
Q - 
c 

? 
z 
2 lo-’ 

- c- 

- 
z 

4 

r3 
I 

r5 

4 10-2 
r 

IO -3 

10 - 4  
2 1 2 3 4 

su B SO NI C+SU P E R SO N I c AREA R ATI 0, A/ A, I ,,, 

R E ACT 10 N 
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H + H + Hp -H2 + H2 

H i  H + C02 +H2 + C02 

H +  F + H  - H F  r H  
N + F + H 2  - H F + H 2  
H + F + H F  +HF + HF 
H + F i- C02 - H F  + C02  
H + F + C O  + H F + C O  
H + F + H2Q-HF + H 2 0  

H + Q H + H  - t . H 2 O + H  
H + O H + H 2  * H 2 0 + H 2  
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H -t OH + CO-H20 + CO 
H + OH + C02-H 2 0  + C02 

H + OH + H20-H20 + H 2 0  
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USlNG MODIFIED BRAY ANALYSIS 
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NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CH4 - FLOX (82.6% F2 ) 

Pc = 500 PSlA (3.448X106N/m 2) 

O/F = 5.50 
NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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RE ACT ION 
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H + OH + C02-H20 + C02 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CHq - FLOX (82.6% F2 ) 

P c =  500 PSlA (3.448X106N/m 2)  

O/F = 6.50 
NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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R E ACT IO N 

H + H + H  - - t H 2 + H  

H + H + H F  -H2 + H F  

H t H t  CO -H2 +CO 
H + H + H  O - H 2 + H 2 0  
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H 4 H + C02 - t H 2  + C02 

~ + F + H  - H F + H  
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H + F + C O p  - t H F + C 0 2  

H + F + C O  * H F + C O  
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H + O H + H  - - t H 2 O + H  
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H + O H  + C 0 2 - t H 2 0  + C02 
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NORMALIZED GRAPHICAL SOLU REA RATIO 
USING M O D I ~ ~ E D  B 

CH4 - FLOX (82.6% F2 ) 

Pc = 750 PSlA (5.171X106N/m2) 

O/F 3.50 
NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 111-1 
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R E ACT ION 

H + H - : - H  - i e H 2 + H  

H + H + H F  -H2 + H F  
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H + H + H  0-H, + H 2 0  2 

H + H + H 2  -H2 + H2 

H i  H + C02 *H2 + CO2 

H + F + H  
H + F + H 2  + H F + H 2  

- H F  + H  

H + F + H F  - H F + H F  
H + F + CO2 --t H F  + C02 
H + F + C O  * H F + C O  
H + F + H2Q-HF + H 2 0  

H + O H + H  - H 2 O + H  
H + O H  + HP + H 2 0  + H2 

H + OH + HF - H 2 0  + H F  

H + O H  + CO-H20 + CO 
H + OH + C 0 2 - t H 2 0  + CO2 

H + OH + H,O+H,O + H 2 0  
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CH, - FLOX (82.6% Fq 1 

Pc = 750 PSlA (5.171X106N/rn 2) 

O/F = 5.50 
NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 11’1-1 
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RE ACT ION 

H + H + H  - H 2 + H  
H + H + H2 -H2 + H2 
H + H + H F  -H2 + H F  

H + H t C O  - H 2 + C 0  
H + H + H  O - H 2 + H 2 0  

H + F + H  

H + F + H F  - H F + H F  
H + F + C02 --t HF + C02 
H + F + C O  + H F + C O  
H + F + H2Q-HF + H 2 0  

H -t H + C02 +H2 + C o p  

2 - H F  + H  
H + F + H q  - H F + H 2  

H + O H + H  - H 2 O + H  
H + OH + H 2  --F H 2 0  + H2 
H + OH + H F - H 2 0  + H F  

H + OH + CO + H 2 0  + CO 
H + OH + C02-+cH20 + C o p  

H + OH + H20+HZ0 + H 2 0  

2 1 2 3 4 . 5  6 
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FIG. 111-27 

NORMALIZED GRAPHICAL SOLUTION FOR ~ R ~ ~ ~ I ~ ~  A R ~ ~  R 
USING MODlFlED BRAY AN 

CH4 - FLOX (82.6% F2 ) 

P c =  750 PSIA (5.171X106N/m2) 

O/F = 6.50 

- NOTE: REACTION RATE CONSTANTS LISTED IN T A B L E  111-1 
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H + H + H  + H 2 + H  
H + H + H 2  -H2 + H 2  
H + H + HF +H2 + H F  

H t H i -  C3 -H2 + CO 
H + H + H  O - H 2 + H 2 O  

2 
H + F + H  - H F + H  
H + F + H 2  - H F + H 2  
H + F + HF -HF + HF 
H + F + C02  +=-- H F  + C 0 2  
H t F + C O  * H F + C O  
H + F + H2Q-HF + H 2 0  

H i  H + CO2 +H2 + C 0 2  

H + O H + H  - t H 2 O + H  
H + O H + H 2  - H 2 0 + H 2  
H + O H  + HF + H 2 0  + HF 

H + OH + CO - H 2 0  + CO 
H + OH + C02-H 20 + C 0 2  

H + O H + H 2 0 - P c H 2 0 + H 2 0  

2 1 2 3 4 5 6 
SUBSONIC+SUPERSONIC AR A RATIO, A/A,lN 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

CHq - FLOX (82.6% 62 ) 

Pc = 1000 PSlA (6.895X106N/mZ) 

O/F = 4.00 

- NOTE: REACTION RATE CONSTANTS LISTED IN T A B L E  111-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

R E ACT ION 

H + H t H  + H 2 + H  

H + H + H F  - i L H Z  + H F  

H + H + C3 - H z  + CO 

H + H + H 2  *H2 + H 2  

H -I H + C02 +H2 + C02 

H + H + H  2 0 - H 2  T H 2 0  

H + F + H  - H F + H  
H + F + H 2  - H F + H 2  
H + F + H F  -+-HF+HF 
H + F + C02 H F  + C02 
H + F + C O  t H F + C O  
H + F + H2Q-HF + H 2 0  

H + O H + H  - t H 2 O + H  
H +OH + H 2  --t H 2 0  + H2 

H + O H  + H F - - t H 2 0  + H F  

H + OH + CO-H20 + CO 
H + O H  + C 0 2 f H 2 0  + CO;! 

H + OH + Hz0-H20 + HZO 

2 1 2 3 4 5 6 
SUBSONIC+SUCERSONIC AREA RATIO, A/A,,, 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
US1 NG MOD IF IE  D BRAY ANALYSIS 

CH4 - FLOX (82.6% F2 ) 

Pc = 1000 PSlA (6.895X106N/rn2) 

O/F = 6e50 
9 NOTE: REACTION RATE CONSTANTS LISTED IN TABLE 1111-1 
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RE ACTION 

H + H + H  - H 2 + H  

H + H + H F  -+cH2 + H F  

H t H + C3 + H 2  + CO 
H + H + H  2 O - H 2 + H 2 0  

H + H + H 2  -H2 + H 2  

H i  H + C 0 2  - t H 2  + COq 

H + F + H  + H F + H  
H + F + H p  + H F + H 2  
H + F + H F  - t H F + H F  
H + F + C02 --t HF + C 0 2  

H + F + C O  - t H F + C O  
H + F + H2Q-HF t H 2 0  

H + O H + H  - - t H 2 O + H  
H + O H + H 2  - t H z O + H 2  
H-t  O H + H F - - t H 2 0 + H F  

H + O H  + CO - H 2 0  + CO 
H + OH + CO2-H 2 0  + C02 

H + O H + H 7 0 * H 2 0 + H 2 0  
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SUBSONIC+SUPERSONlC AREA RATIO, A/A,lN 
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EFFECT OF FREEZING AREA RATIO ON N ~ ~ E Q U I L I ~ R I U ~  PERFORMANCE 
FOR METHANE - FLOX PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON N O ~ E Q ~ I ~ I ~ ~ I U ~  PE 
FOR METHANE - FLOX PROPELLANT SYSTEM 

CH4 - FLOX (82.6% F2 ) 

Pc = 200 PSlA (1.379 X IO6 N / m 2 )  

O/F = 3.50 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PE~FORMANC 
FOR METHANE - FLOX PROPELLANT SYSTEM 

4200 

4 100 

c u 
4000 

VI 
Y 

c 
2 
Y 

I 

U 

>" 3900 

3800 

3700 

3600 

3500 

430 

420 

4 10 

400 

390 

380 

370 

360 

350 

CH4 - FLOX (82.6% Fz ) 

Pc = 200 PSlA (1.379 X lo6 N/m2) 

O/F = 5.50 

2 3 4 5 6 

FREEZING AREA RATIO, ( A / ~ I N  )FR 

7 8 



I 

H910666- 16 

4200 

4 100 

h 
V 

VI w 4000 
v 
CI 

Z 

I 
Y 

V 

>4 3900 

3800 

3700 

3600 

3500 

EFFECT QF 

; 
v) 

I 
V 
4 > 
a 

H" 
rai 

a 
n s 
I! 
I 

% 
3 

VI 
A 

U 
W 

3 
U 
U > 

430 

420 

4 10 

400 

390 

380 

370 

360 

350 
1 

FIG. 111-36 

FREEZING AREA R 
FOR METHANE- 
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Pc = 200 PSlA (i,379X106N/m2) 
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FREEZING AREA RATIO ON ~ ~ N E Q U ~ ~ I ~ R I ~ ~  ~ E R ~ O ~ M ~ ~  
FOR METHANE - FLOX ~ R O ~ ~ L ~ A N ~  SYSTEM 

CH4 - FLOX'(82.696 5 ) 
Pc = 300 PSIA(2.069 X IO6 N/m2) 

O/F = 3.50 
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FREEZING AREA RATIO, (A/AMIN IFR 
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FREEZING AREA RATIO ON NONEQUlLlBRlUM ~ ~ R F O R M A N C E  
FOR METHANE - FLOX PROPELLANT SYSTEM 
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EFFECT OF FREE-ZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR METHANE-FLOX PROPELLANT SYSTEM 
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E F F E C T  OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR METHANE - FLOX PROPELLANT SYSTEM: 
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TABLE I V - i  

SUMMARY OF ELEMEEiTARY REACTIONS AND REACTION RATE CONSTANTS 
EMPLOYED IN AEROflNE 5 0 - N ~  04 RECOMBINATION MEC 

REACTION 1 1  FORWARD RATE 

2 H + H + H , ’  H2 +H2  I 

= 4.62 X T‘l 

K f  = 2.5 (4.62 X 1014 T *’) 

3 H + H + H 2 0  e H p + H q O  

4 H + H + C 0 2  E H 2 + C 0 2  

5 H + H + C O  s H 2 t C 0  

6 H + H + N 2  H 2 + N 2  

H + O H + M  H 2 0 + M  

7 H + O H + H  H 2 0 + H  

Kf = 2(4.62 X T A 1 )  

Kf = 2 (4.62 X 1014 T - l )  

Kf = 3 (7.85 X 1015 T-”) 

8 H + O H + H 2  H 2 0  + H 2 0  I K f  = 3 (7.85 X 1015 T - ’  )I 
9 H + O H + H 2 0 =  H 2 0 + I - $ 0  

10 H + O H +  CO:, H 2 0 +  CO 

11 H + O H + C O  H 2 0 + C 0  

12 H + O H + N 2  H 2 0 + N 2  

NOTE: ALL RATES ARE EXPRESSED IN TERMS OF 

K f =.20 (7.85 X 1015 T ) 

K f  = 10 (7.85 X 1015 T - l )  

K f = 3 (7.85 X T -’ ) 
K f  =3(7.85 X 1015 T “ l )  

LB-MOLES, FT ’, SEC; ANC T IS I N  O R  

TO CONVERT TO ks-MOLES, m3, SEC, AND T IN OK; MULTIPLY ABOVE RATE BY 2.165 X 
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TABLE IV-2 

EQUILIBRIUM AID FROZEIY FLOW PROPERTIES AT 

NOZZLE TEROAT 

r I I I 

I 

NOTE: P (psia)  x 6.895 x 103 = p, ( ~ / m 2 )  
C 

) x 4.883 = Mass Flow ( ,+ ) 
Lbm Mass Flow ( 

Ft2  a sec m see 



H910666- 16 FIG. IV-1 
VARIATION OF EQUILIBRIUM VACUUM SPECIFIC IMPULSE WITH AREA RATIO 

AEROZINE 50 ( 8 )  - N2 0,  (1) 
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VARIATION OF FROZEN VACUUM 
AEROZINE 50 ( I )  - N2 0,  (1) 

P c  =IO0 PSlA (6.895X10sN/m2) 
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VARIATION OF EQUILIBRIUM VACUUM S 
AEROZINE 50 ( 8 )  - N; 8 4  ( 8 )  , 

P, = 200 PSIA (1.379X106N/rn 2) 
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VARIATION OF FROZEN VACUUM ~ ~ ~ C ~ ~ l C  ~~P~~~ 
AEROZINE 50 (1) - N, 0,  (1) 
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AEROZINE so (8)  - N; 04 (8) 

VARIATION OF EQUILIBRIUM VACUUM SPECIFIC I ~ P U ~  

Pc =300 PSlA (2.069X106N/m2) 
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H9 10666- 16 FIG. 1'4-6 
VARIATION OF FROZEN VACUUM SP 

AEROZINE 50 (1) - N, 04 (1) 

Pc = 300 PSlA (2.069X106N/rn2) 
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9 10646- 14 FIG. IV-7 
~ ~ A T I O ~  OF EQUILIBRIUM V I 

AEROZINE 50 (I)  -iZ O4 (1) 
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H9 10666- 16 IG. IV-8 
VARIATION OF FROZEN VACUUM 

AEROZINE 50 (I) - b42 0,  ( 8 )  

Pc = 500 PSlA (3.448X106N/m*) 
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H9 10666- 16 FIG. IV-9 
VARIATION OF EQUILIBRIUM VACU O 

AEROZINE 50 (1) - kz 0 ,  ( 8 )  

3500 

3400 

3300 

3200 

3100 

3000 

2900 

Pc = 750 PSlA (5.171Xl06Ea/m*) 

360 

3 50 

340 

3 30 

320 

3 10 

30 0 

,290 
0 20 40 60 80 100 
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VARIATION OF FROZEN VACUUM S U b  
AEROZINE 50 (I) ’ N 2  04 (1) 

Pc  =750 PSlA (5.171X106N/m2) 
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VARIATION OF EQUILIBRIUM V A C U U ~  SPEC 
AEROZINE 50 (1) - N g  04 ( 8 )  
Pc =1000PSIA (6.895X106N/m 2, 
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H9 10666- 16 FIG. IV-12 

VARIATION OF FROZEN VACUUM S 
AEROZINE 50 (1) - N, 0 ,  (1) 
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9 10666- 16 FIG. llV-13 

NORMALIZED GRAPHICAL SO 
USING MO 

AEROZINE 50 (1) - N204 ( 2 )  

P, = 100 PSIA (6.895 X IO5 N/m2) 

O/F = 1.50 
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NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 
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RE ACTION 
1 H + H + H  - H 2 + H  
2 H + H + H 2  - H g + H 2  
3 H + H + H 2 0  -- H 2 + H 2 0  
4 H + H + CO2 - Hp + C02 
5 H + H + C O  - H 2 + C O  

H2 +N2  100 6 H + H + N 2  -6 

7 H + O H + H  - H 2 0 + H  

8 H + O H + H 2  - H 2 0 + H 2  
9 H + O H  +H20- H 2 0 + $ 0  
10 H + OH + C02- H2 0 + C02 

10-2 

IO -3 



H9 10666- 16 FIG. IV-14 

AEROZINE 50 ( i )  - N204 (1) 

Pc = loo PSIA (6.895 X lo5 N/m2) 

O / F  = 2.00 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 

10’ 

1 H + H + H  - H 2 + H  
2 H + H + H 2  - H 2 + H 2  

3 H + H + H 2 0  ---- H 2 + H 2 0  
4 H + H + C 0 2  ----L H2 +CO2 
5 H + H + C O  -C H 2 + C O  

Y + N 2  100 6 H + H + N 2  - 
7 H + O H + H  - H 2 0 + H  
8 H + O H + H 2  - H 2 0 + H 2  
9 H + O H + H 2 0 -  H 2 0 + b O  
10 H + OH + C02- H2 0 + C02 
1 1  H + O H  + CO - H 2 0  + CO 
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AEROZINE 50 (1) .- N204 (1) 

P c  = 100 PSIA (6.895 X lo5 N/m2) 

O/F = 2.50 
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H910666- 16 FIG. IV-16 

AEROZINE 50 ( a )  - N204 (1) 

p c  = 200 PSIA (1.379 X lo6 N/m2) 

O/F = 1.50 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 
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NORMALIZED GRAPHICAL S 
USING MODI 

AEROZINE 50 (1) - Np04 ( 8 )  

P c  = 200 PSlA (1.379 X lo6 N/rn2) 

O/F = 2.00 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 

102 

2 H + H + H 2  - H 2 + H 2  
3 H + H + H 2 0  - H 2 + H 2 0  
4 H + H + C 0 2  - Hp + C o p  
5 H + H + C O  - H p + C O  
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H9 10666- 16 FIG. IV-18 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED AY ANALYSIS 

AEROZINE.50  (1) -'N204 (1) 

Pc = 200 PSIA (1.379 X lo6 N/m2) 

O/F = 2.50 
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REACTION 
1 H + H + H  - H 2 + H  
2 H + H + H q  - H 2 + H 2  
3 H + H + H 2 0  -- H 2 + H 2 0  
4 H + H + C 0 2  -.-c Hp + C 0 2  
5 H + H + C O  H 2 + C O  

6 H + H + N 2  - H2 + N 2  

a H + O H + H ~  - H 2 0 + H 2  
7 H + O H + H  - H 2 0 + H  

9 H + O H + H 2 0 -  H 2 0 + k O  

S U B S O N I C 4 S U P E R S O N l C  AREA RATIO, M A M I ,  



H9 10666- 16 FIG. IV-19 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED RAY ANALYSIS 

AEROZINE 50 (11 - ~ 2 0 4  (1) 

p C  = 300 PSIA (2.069 X lo6 N/m2) 

O/F = 1.50 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 
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H910666- 16 FIG. IV-21 

NORMALIZED GRAPHICAL 
USING MO 

AEROZINE 50 (1) - N204 (I) 
Pc = 300 PSlA (2.069 X lo6 N/m2) 

O / F  = 2.50 
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FIG. IV-22 

NOR~ALIZED GRAPHICAL SOLUTl A RAT1 
USING MODlFl 

AEROZINE 50 (1) - N 2 0 4  (1) 
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NORMALIZED GRAPHICAL SO 

AEROZINE 5 0 ( 1 )  -N204 (I) 
6 2  P c  = 500PSIA (3.448 X 10 N/m ) 

O / F  = 2.00 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 
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FIG. IV-24 

NORMALIZED GRAPHICAL SOL 
USING MODlFl BY ANALYSIS 

AEROZINE 50 (1) - N204 (1) 

Pc  = 500 PSlA (3.448 x lo6 N/mz ) 

O/F = 2.50 
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H9 10666- 16 FIG. IV-25 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED B AY ANALYSIS 

AEROZINE 50 (1) - N204 (1) 

P c  = 750 PSlA (5.171 X IO6 N/m2 ) 

O/F = 1.50 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-l  
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NORMALIZED GRAPHICAL 
USING MO IS 

AEROZINE 5 0 ( 1 )  - N 2 0 4  ( 8 )  

P c =  750PSIA (5.171 X 106N/m2) 

O/F = 2 0 0  
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2 H + H + H 2  - H 2 + H 2  
3 H + H + H 2 0  -- H 2 + H 2 0  
4 H + H +CO2 H2 +Cop 
5 H + H + C O  - H Z + C O  
6 H + H + N 2  -9 

1 1  H + OH + CO H2O + CO 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

AEROZINE 50 (I)  - Np04 (1) 

P c  =750 PSlA (5.171 X lo6 N/m2) 

O/F = 2.50 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 

1 H + H + H  - H 2 + H  
2 H + H + H 2  - H 2 + H 2  
3 H + H + H 2 0  -- H 2 + H 2 0  
4 H + H + C O ; ,  - H2 i C O 2  
5 H + H + C O  - H 2 + C O  

6 H + H + N 2  - H2 + N 2  
7 H + O H + H  - H 2 0 + H  
8 H + O H + H 2  - H 2 0 + H 2  

9 H + O H  +H20- H 2 0 + h  0 

SUBSONIC-+-SUPERSONIC AREA RATIO, WA,,,,, 
- 
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10' 

FIG. IV-28 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING A 

10-4 

USING MODlFl AY ANALYSIS 
AEROZINE 50 (1) - N204 (1 )  

Pc  =lo00 PSlA (6.895, X IO6 N / m 2 )  

O/F = 1.50 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 

6 
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NORMALIZED GRAPHICAL S 
USING MODI 

AEROZINE 50 (1) - N204 (I) 
Pc =1000PSIA (6.895X lo6 N/rn2) 

O/F = 2.00 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE IV-1 
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NORMALIZED GRAPHICAL SOLUTION FOR F RPITlQ 
USING MODIFIED 

AEROZlNE 50 (1) - N204 (1) 
2 P c  -1000PSlA (6.895 x I O 6  N/m 

O/F = 2.50 

NOTE: REACTION RATE CONSTANTS LISTED IN  TABLE IV-1 

3 H + H + H 2 0  -- H 2 + H 2 0  
4 - H2 + C02 
5 H + H + C O  --c H 2 + C O  

H + H  + C 0 2  

6 H + H + N p  - 
7 H + O H + H  - H 2 0 + H  
8 H + O H + H 2  - H 2 0 + H 2  

r+ = 1.0 F T  (0.3048 m), 

S U B S O N I C ~ S U P E R S O N I C  AREA RATIO, A/AMIN 

i 
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FOR AEROZINE - N2 04 PROPELLANT SYSTEM 
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EFFECT OF FREEZfNG AREA RATIO ON ~ O N E ~ U I ~ I  FO 
FOR AEROZlNE -N204  P OPELLANT SYSTE 

AEROZlNE 5 0 ( B )  - N2 o4 ( 8 )  

P c= 200 PSlA (1.379X106Nim2) 

O/F = 1.50 
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I 
i FIG. IV-35 

EFFECT OF FREEZING AREA RATIO ON 
FOR AEROZINE - N 2 0 4  PR 
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EFFECT OF FREEZING AREA RATIO ON NONE 
FOR AEROZINE - N2O4 PROPEL 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANC 
FOR AEROZlNE - N2 04 PROPELLANT SYSTEM 

AEROZlNE S O ( 1 )  - N2 O4 (1) 

P c =  300 PSlA (2.069X106N/rn2) 

O/F = 1.50 
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EFFECT OF FREEZING AREA RATIO ON NONEQUIL~~RIUM ~ ~ R F O R M ~ ~ ~  
FOR AEROZINE - N204 PROPELLANT SYSTEM 

AEROZINE 50 (I) - N2 04 (I) 
P c=  300 PSlA (2.069XlO 6N/m2) 

O/F = 2.00 
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EFFECT OF FREEZING AREA RATIO ON N O N E ~ U I ~ ~ ~ ~ I U M  PE 
'FOR AEROZINE - N2O4 PROPELLANT SYSTWn 

AEROZINE 50 (P) - N2 04 (1) 

P c = 3 0 0  PSlA (2.069 X lo6 N/rn2) 

O / F  = E50 
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FIG. IV-40 
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EFFECT OF FREEZING AREA RATIO ON N O N E ~ U I L I ~ R ~ U ~  
FOR AEROZINE - N2 0 4 PROPELLANT SYSTEM 

AEROZINE 50(P) - N2 04 (1) 

p c =  500 PSlA (3.448X1O6N/m2) 
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FIG; IV-41 
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EFFECT OF FREEZING AREA RATIO ON NO 
FOR AEROZlNE - N2 0 4 PROPELLANT SYST 
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EFFECT OF FREEZING AREA RATIO ON N O N E ~ U I ~ I B R I U ~  
FOR AEROZINE - N20 4 PROPELLANT SYSTEM 

AEROZINE S O ( 1 )  - N2 O4 (1)  

P c= 500 P Y A  (3.448X10 6N/m 2) 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 
FOR AEROZINE - N2 04 PROPELLANT SYST€M 

AEROZINE 50 ( f )  - N 2  0, (1) 

P c =  750 PSIA ( 5 . 1 7 1 X 1 0 6 N / m 2 )  

O/F = 1.50 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR AEROZINE - N2 0 4 PROPELLANT SYSTEM 

AEROZINE 50 ( a )  - N2 0 4  (1) 

P c=750 PSlA (5.171X106N/m 2, 

O/F = 2.00 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM P~RFOR~ANCE 
FOR AEROZINE - N2 04 PROPELLANT SYSTEM 

AEROZINE 50 (1) - N2 04 (1) 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANC 
FOR AEROZINE - N2 0 4 PROPELLANT SYSTEM 

AEROZINE 50 (I) - Np o4 (1) 

P c = l O O O  PSlA (6.895X106N/m2) 

O/F = 1.50 
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EFFECT OF FREEZING AREA RATIO ON NON~QUI~IBRIUM ~ E R ~ O R M A N ~  
FOR AEROZINE - N2 04 PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUNl ~ ~ R F ~ R ~ ~ ~ C  
EOR AEROZINE - N2 0 4 PROPELLANT SYSTEM 

AEROZINE 50 ( a )  - N2 0, (PI 

P c=lOOO PSIA (6.895X106N/m 2) 

O / F  = 2.50 
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RE ACT ION FORWARD RATE 

H + H + A  +a- %+A kf  = 4.62 X 1O14T-l 

I H + H + H  % + H  kf  = 2.0 (4.62 X 1014 T -l) 

2 H + H + H 2  -BD H2+ H2 k t  = 2.5 (4.62 X ?O14 T - ' )  

3 H + H + H F  - H2 + HF kf  = 2.5 (4.62 X 1014 T - l )  

TABL 
S UMMARY OF NTARY REACT18 

 PLOY^^ IN BA-05 

5 H + H + B F  -k=- H2-F BF 

6 H + H + H @  -I- + + Y O  

H + F + A  --.F H F + A  

7 H + F + H  --.F HF + H 

8 H + F + H 2  --a- HF + H2 

9 H + F + H F  --t HF + HF 

10 H + F + B O F  --). HF + BOF 

kf  = 2.0 (4.62 X 1014 T " l )  

+ = 2 5  (4.62 X 10'4T'1) 

4 = 

k f =  

kf _. - 2 5  (1.155 X l O I 5  TO1 ) 

1.155 X 1015 T - 1  

1 (1.155 X 1015 T - l  ) 

kf  = 2.5 (1.155 x lo15 T - l )  

k f =  2.0 (1.155 X To '  ) 

1 I 4 H + H + B O F  - ' % + B O F  I kf  = 2.0f4.62 X 1014 T-1) 

~~ ~ 

11 H t F + B F  - HF + BF k f =  ZO(l.155X lOiST-l  ) 

12 H + F + ? O  -D- H F + Y O  kt  = 2.5 (1.155 X 1015 T - l  ) 

H + O H + A  H 2 0 + A  $ = 7.85 X T " l  

14 H + O H + H 2  -m- H iO+  H2 

15 H + O H + H F  +m- H,O + HF 

k f =  3 (7.85 X lo1' T - l )  

kf = 3 (7.85 X 1015 T'l ) 

I 13 H + O H + H  +-. % 0 + H  I kg = - 3  (7.85 X 1015 TO1) I 

16 H + O H + B O F  -E- H20 + BOF 

H,O + BF 17 H + O H + B F  4- 

kf = 10 (7.85 X 1015 T" ) 

6rf = 3 (7.85 x 1015 T - ~  ) 

I 18 H+OH+H,O -)e H 2 0 + H 2 0  I k f  = 20 '(7.85 X 10l5 T"'.)  I 
NOTE: ALL RATES EXPRESSED IN TERMS OF LB-MOLES, F T  3, SEC; AND T I S  IN R 

TO CONVERT TO Kg-MOLES, M3. SEC. AND T IN OK. MULTIPLY ABOVE RATE BY 2165 X loo3  
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Specific 
Heat . 
Ratio 

W L E  V-2 

100 1.274 1.281 1.287 1.291 1.294 1.298 -- 
250 1.264 1.271 1.276 1.281 1.284 1.288 1.291 
500 1.263 1.269 1.274 1.278 1.282 1.282 1.288 

EQUILIBFUUM AND FROZE3V PROPERTIES A T  

NOZZLE THROAT 

B2H6(1) - oF2(1) 

I OXIDIZER - FUEL WEIGHT RATIO I I I 

NOTE: I?, (psia) x 6.895 x lo3 = I?, (N/m2) 

1 kg Mass Flow ( Lbm ) x 4.883 = Mass Flaw ( m2 Ft2.sec 
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VARIATION OF EQUILIBRIUM VACUU C l ~ ~ C  I ~ ~ U L S E  WITH AREA RATIO 
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VARIATION OF FROZEN VACUUM SP ClFlC ~~~~L~ WITH AREA RATIO 
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VARIATION OF EQUlLlBRlUM ~ A C U U  
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VARIATION OF FROZE 
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VARIATION OF EQUILIBRIUM V c IT Ti0 
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VARIATION OF FROZEN ~ A C U U  IC 1 IT A 
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VARIATION OF EQUlLl RlUM VACUUM 
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VARIATION OF FROZEN V A C U U ~  RE IO 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING ~ O D ~ F ~ ~ D  RAY ANALYSIS 

B 2  H 6  (I) - OF2 (8)  

Pc = 50 PSlA (3.448 X lo5 N/m2)  

O/F = 3.0 

NOTF: REACTION RATE CONSTANTS LISTED IN TABLE V-1  
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FIG. V-10 H9 10666- 16 I 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODlFlED BRAY A ~ A L Y S ~ ~  

B 2  H 6  (1) - O F 2  (1) 
2 Pc = 50  PSIA (3.448 X lo5  N/m 

O/F = 3.5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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NORMALIZED GRAPHICAL SObUTlON FOR FREEZING AR 
USING ~ O ~ I F I ~ D  BRAY 

B 2  H 6  (1) - O F 2  ( 8 )  
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O/F = 4.0 

NOTE:  REACTION R A T E  C O N S T A N T S  LISTED IN T A B L E  V-1 
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NORMALIZED GRAPHICAL SO 0 
USING MODlF 

B 2  H 6  ( 0 )  - OF2 (1) 

Pc = 50  PSlA (3.448 X lo5 N/m2) 

O / F  = 4,5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

B 2  H g  (8)  - O F 2  (8) 

Pc  = 100 PSIA (3.448 X lo5 N/m2) 

B / F  ='3.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA .RATIO 
USING MODIFIED BRAY ANALYSIS 

B 2 H 6 ( B )  - O F 2  (1) 

Pc = 100 PSIA (3.448 X lo5 N/m2) 

O / F  = 3.5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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FIG. V-15 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

B 2  H 6  (1.1 - OF2 (1) 

Pc = 100 PSIA (3.448 X lo5 N/m2) 

O/F = 4.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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H9 10666- 16 FIG. V-16 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 

B 2 H 6 ( I )  - O F 2  (1) 

Pc -100 PSIA (3.448 X lo5  N/m2) 

O/F = 4.5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

B 2 H 6 ( P )  - O F 2  (1) 

pC = 250 PSIA (3.448 x lo5 ~ / m ~ )  

O/F = 3.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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H9 10666- 16 FIG. V-18 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 

B 2  H 6  (1) - OF2 (1) 

Pc 250 PSlA (3.448 X lo5 N/m2) 

O/F = 3.5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V- 1 
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FIG. V-19 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

'- 

B 2  H 6  (1) - OF2 ( e )  
Pc = 250 PSlA (3.448 X lo5 N/m2) 

O/F = 4.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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FIG. V-20 

NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

B 2  H6 ( E )  - OF2 ( 1 2 )  

Pc = 250 PSIA (3.448 X lo5 N/rn2) 

O/F = 4.5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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H91O666- 16 FIG. V-21 
NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 

USING MODIFIED BRAY ANALYSIS 

B 2  H 6  (1) - dFZ (1 )  

Pc = 500 PSIA (3.448 X lo5 N/m2) 

O/F = 3.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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SUBSONIC SUPERSONIC AREA RATIO, A/A MIN 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 
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USING MODlFlED BRAY ANALYSIS 

6 2  H 6  (8) - OF2 (1) 

Pc = 500 BSlA (3.448 X lo5 N/m2) 

O/F = 4.0 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE V-1 
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NORMALIZED GRAPHICAL SOLUTION FOR FREEZING AREA RATIO 
USING MODIFIED BRAY ANALYSIS 

B Z  H, ( 1 )  - O F 2  (1) 
Pc = 500 PSIA (3.448 X lo5 N / m 2 )  

O/F = 4.5 

NOTE: REACTION RATE CONSTANTS LISTED IN TABLE v -1  
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EFFECT OF FREEZING AREA RATIO ON N~NE~UILIBRIUM PERFORMANCE 
FOR A DIBORANE - OF;! PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO OM NONEQUILIBRIUM PERFORMANCE 
FOR A DIBORANE - OF;! PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NON 
FOR A DIBORANE - OF2 PROPELLANT SYSTEM 

B 2  Hg ( f )  - OF2 ( B )  
Pc = 100 PSlA ( 6.985 X lo5 N/m2 

O/F =3.0 
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EFFECT OF FREEZING AREA RATIO ON ~ O N ~ ~ U I L I ~ R I ~ M  PERFORMA 
FOR A DIBORANE - OF2 PROPELLANT SYSTEM 

B 2  Hg ( 8 )  - OF2 ( 8 )  

Pc = 100 PSlA ( 6.985 X lo5 N/m2 

O/F = 3.5 

4400 

4300 
h cn 

\ 
u w 

2 

!L? 420C 

h 

A 

Y 
z 

I 

3aoc 

370C 

450 

440 

43 0 

420 

410 

400 

390 

380 

3 70 
1 2 7 a 



H910666-16 FIG. V-31 

EFFECT OF FREEZING AREA RATIO 0 NONEQUlLlBRlUM PERFORMANCE 
FOR A DIBORANE - OF2 PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON N~NEQUILIBRIUM PERFORMANCE 
FOR A DIBORANE - OF2 PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR A DIBORANE - OF;! PROPELLANT SYSTEM 

O/F = 4.0 
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EFFECT OF FREEZING AREA RATIO ON NONEQUILIBRIUM PERFORMANCE 
FOR A DIBORANE - OF2 PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR A DIBORANE - OF2 ' PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEOUILIBRIUM PERFORMANCE 
FOR A DIBORANE-OF2 ' PROPELLANT SYSTEM 
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EFFECT OF FREEZING AREA RATIO ON NONEQUlLlBRlUM PERFORMANCE 
FOR A DIBORANE - OF;! ’ PROPELLANT SYSTEM 
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