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SUMMARY 

The major o b j e c t i v e  of the p re sen t  study was t o  i n v e s t i g a t e  

t h e  combustion c h a r a c t e r i s t i c s  of t h e  hydrazine f u e l s  i n  t h e  form of 

l i q u i d  drops a t  atmospheric pressure.  

placed on high ambient temperature condi t ions r e p r e s e n t a t i v e  of 

zoiihiistiot chzzbers . The Siirriiiig rates (giii/sec) of hydrazine, i.ii.iii, 

and UDMH as a func t ion  of drop diameter, ambient temperature,  and 

ambient oxygen concen t r a t ion  were obtained. Aerozine 50 was a l s o  

t e s t e d .  However, a stable burning condi t ion could n o t  b e  achieved 

w i t h  Aerozine 50 f o r  any test  condition. 

P a r t i c u l a r  emphasis w a s  

The hydrazine f u e l s  are capable of exothermic decomposition 

and may be  employed as monopropellants as w e l l  as t h e  f u e l  component 

of a bipropellant system; Hybrid cQmbustio2, ice., the hurling nf 

a monopropellant i n  an ox id iz ing  medium, has  some of t h e  

c h a r a c t e r i s t i c s  of both monopropellant and b i p r o p e l l a n t  combustion. 

Another o b j e c t i v e  of t h e  s tudy was to develop a hybrid combustion 

t h e o r e t i c a l  model t o  c o r r e l a t e  the d a t a  obtained. 

The high ambient temperatures and va r ious  ambient oxygen 

concentrat ions w e r e  obtained by placing drops of l i q u i d  f u e l  d i r e c t l y  

i n  t h e  combustion products of a f l a t  flame burner.  

provided a temperature range of 1660 K t o  2530 K and ambient oxygen 

mass f r a c t i o n s  i n  the  range of 0.0 t o  0.42. 

The burner  

I n  o rde r  t o  o b t a i n  a wide range of drop diameters (0.11 c m  t o  

1 .91  cm), two techniques were employed f o r  burning rate measurements. 

The l a r g e r  drop s i z e s  w e r e  simulated by a porous alundum sphere.  
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Liquid p r o p e l l a n t  w a s  f e d  t o  t h e  cen te r  of t h e  sphere through a water 

cooled tube; t h e  burning rate was measured d i r e c t l y  from t h e  p r o p e l l a n t  

feed rate. 

drop s i z e s .  

t h e  burning rate during s teady combustion. 

Suspended d r o p l e t s  were employed f o r  t e s t i n g  t h e  smaller 

P l o t s  of d r o p l e t  diameter v a r i a t i o n  w i t h  t i m e  y i e lded  

To a i d  i n  c o r r e l a t i n g  t h e  da t a ,  a hybrid combustion model 

I n  t h i s  model the i n n e r  decomposition flame was w a s  developed. 

assumed t o  be  i n f i n i t e l y  t h i n .  

flame w a s  assumed t o  b e  loca ted  a t  t h e  p o i n t  where t h e  unreacted 

gas flows i n t o  t h e  flame s u r f a c e  a t  t h e  laminar burning v e l o c i t y  

of t h e  mixture.  The b ip rope l l an t  r e a c t i o n  w a s  assumed t o  be  

i n f i n i t e l y  f a s t  so  t h a t  k i n e t i c  e f f e c t s  could b e  ignored. 

equat ions developed with t h i s  model are such t h a t  they c o r r e c t l y  

reduce t o  t h e  l i m i t i n g  cases of pure monopropellant combustion, 

pu re  b i p r o p e l l a n t  combustion, and evaporat ion wi th  no combustion. 

The r a d i a l  p o s i t i o n  of t h i s  i nne r  

The 

The experimental  m a s s  burning rates increased w i t h  inc reas ing  

drop diameter,  ambient temperature, and ambient oxygen concentrat ion.  

As drop diameter i nc reased  t h e  inf luence of ambient condi t ions 

(temperature,  oxygen concentrat ion,  convection) decreased. I n  

a d d i t i o n ,  as drop diameter increased t h e  experimental  mass burning 

rates deviated from a b ip rope l l an t  s o l u t i o n .  This  was p a r t i c u l a r l y  

t r u e  f o r  hydrazine where experimental d a t a  w a s  as much as an o rde r  

of magnitude g r e a t e r  than the  non-reactive theory p r e d i c t i o n s .  

The hybrid theory predicted burning rates i n  good agreement 

w i t h  experimental  v a l u e s  throughout t h e  test range. 

w a s  used t o  p r e d i c t  t h e  p re sen t  data p l u s  d a t a  on hydrazine 

This  model 
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combustion a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Taken toge the r ,  t h e  hybrid 

theory gave good p r e d i c t i o n s  f o r  burning rates vary ing  over  two 

o rde r s  of magnitude f o r  each of t h e  t h r e e  f u e l s ,  f o r  a wide v a r i e t y  

of d r o p l e t  s i z e s  (0.038 cm t o  1.91 cm i n  diameter)  and ambient 

condi t ions  (300-2530 K ,  oxygen concent ra t ions  of 0 t o  loo%, 

pres su res  from 1 a t m  t o  7.8 atm). 

p red ic t ed  and experimental  va lues  w a s  less than 20% f o r  a l l  t h r e e  

f u e l s .  

The average e r r o r  between 



CHAPTER I 

INTRODUCTION 

1.1 General Statement of t h e  Problem 

Liquid f u e l  combustion is an important  f i e l d  of s tudy of 

cnEIbustinn pheneIEe2a. x22y devices such as diesel el-,gines, gas 

t u r b i n e s ,  home o i l  h e a t e r s ,  and l i q u i d  rocke t  engines  involve t h e  

combustion of a l i q u i d  f u e l .  

a gas ;  t h i s  process  is c a l l e d  spray combustion. 

These devices  burn l i q u i d  d r o p l e t s  i n  

P r e r e q u i s i t e  t o  the  understanding of spray combustion i s  t h e  

understanding of t h e  combustion process f o r  an i n d i v i d u a l  drop. 

Droplet  s t u d i e s  form t h e  foundation f o r  t h e  p r e d i c t i o n  of s teady  

s ta te  combustion chamber performance. I n  addit_ inni  the mode1 mnst 

widely used t o  p r e d i c t  combustion i n s t a b i l i t y  i n  l i q u i d  fue l ed  

rocked engines  r equ i r e s  t h e  knowledge of i n d i v i d u a l  d r o p l e t  combustion 

c h a r a c t e r i s t i c s .  (1)* 

Droplet  combustion can b e  broken down i n t o  t h r e e  major 

subd iv i s ions :  b ip rope l l an t  combustion, monopropellant combustion, 

and hybrid combustion. Bipropel lant  combustion is  cha rac t e r i zed  

by a d i f f u s i o n  flame. 

drop and d i f f u s e s  r a d i a l l y  outward t o  a flame zone which surrounds 

t h e  d rop le t .  

ambient gas. A monopropellant is capable  of exothermic decomposition 

The f u e l  vaporizes  from t h e  su r face  of t h e  

The ox id ize r  d i f f u s e s  i n t o  this  flame zone from t h e  

*Numbers i n  pa ren thes i s  r e f e r  t o  i t e m s  i n  t h e  Bibliography. 
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I 

t 

and can support  a flame f r o n t  around t h e  d r o p l e t  i n  t h e  absence of an 

oxid iz ing  medium. Hybrid combustion, t he  burning of a monopropellant 

i n  an oxid iz ing  medium, e x h i b i t s  some of t h e  c h a r a c t e r i s t i c s  of both 

monopropellant and b i p r o p e l l a n t  combustion. The f u e l  vaporizes  from 

t h e  l i q u i d  su r face  and undergoes exothermic decomposition. 

decomposition products d i f f u s e  r a d i a l l y  outward and a t  some p o i n t  

react with t h e  oxid iz ing  medium. 

The 

Monopropellant and b ip rope l l an t  d rop le t  combustion has  

received a g r e a t  d e a l  of a t t e n t i o n  i n  t h e  l i t e r a t u r e ,  however, t h e r e  

have been r e l a t i v e l y  few s t u d i e s  on hybrid combustion. 

hybrid system involves  t h e  monopropellant, hydrazine,  N2H4, and 

s e v e r a l  of i t s  d e r i v a t i v e s  (monomethylhydrazine, unsymmetrical 

dimethylhydrazine) wi th  ox id ize r s  i n  rocke t  propuls ion systems. 

For example, t h e  Apollo command module t h r u s t e r ,  and t h e  luna r  

a scen t  and descent  engines  employ hydrazine f u e l s .  The t o p i c  of 

t he  present  i n v e s t i g a t i o n  w a s  t h e  hybrid combustion of hydrazine 

f u e l s ,  i n  view of t h i s  p r a c t i c a l  importance. 

A common 

1.2 Previous Related S tudies  

Liquid f u e l  d r o p l e t  combustion i s  charac te r ized  by two regimes 

during t h e  d rop le t  l i f e t i m e :  t he  prehea t  and s teady burning regimes. 

The major d i f f e r e n c e  between these regimes is  t h a t  t h e  l i q u i d  

temperature  rises during t h e  preheat  regime bu t  remains cons tan t  

during t h e  s teady burning regime. 

During t h e  prehea t  per iod ,  a p o r t i o n  of t he  energy reaching 

t h e  d r o p l e t  su r f ace  i s  used f o r  s ens ib l e  hea t ing  of t h e  l i q u i d .  The 
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remaining po r t ion  of t he  energy is  used f o r  vapor iza t ion .  

i nc reas ing  d rop le t  temperature ,  the rate of vapor i za t ion  inc reases .  

With 

Eventual ly  the  d r o p l e t  reaches a condi t ion  where a l l  t he  energy 

reaching t h e  d r o p l e t  s u r f a c e  i s  used t o  vaporize t h e  l i q u i d .  

s i g n a l s  t h e  onse t  of t he  s teady  burning regime. 

This  

During s teady  burning t h e  d r o p l e t  temperature  remains cons tan t  

a t  i t s  so-cal led " w e t  bulb temperature." 

regime i s  

Only t h e  s teady  burning 

considered i n  t h e  present  work. 

Numerous s t u d i e s  have been conducted on the  vapor i za t ion  and 

combustion of l i q u i d  d rop le t s .  Only those  s t u d i e s  involving the  

hydrazine p rope l l an t s  are discussed i n  t h e  following. 

Rosser (2)  conducted a study on hydrazine combustion using a 

porous sphere t o  s imula te  a drople t .  Fuel w a s  suppl ied  i n t e r n a l l y  

t o  t h e  sphere  and forced  r a d i a l l y  outward from the  c e n t e r  by a motor 

d r i v e n  sy r inge  pump. 

su r face .  The m a s s  flow of f u e l  suppl ied  w a s  a d i r e c t  measure of t h e  

burning rate. 

The f u e l  burned as it reached the  sphere  

Sphere s i z e s  i n  t h e  range of 3-13 mm i n  diameter were used i n  

the  experiments of Reference ( 2 ) .  The ambient oxygen concent ra t ion  

w a s  v a r i e d  by p lac ing  the  porous sphere i n  a closed con ta ine r  and 

pass ing  a mixture of oxygen and n i t rogen  slowly upward p a s t  t he  

burning sphere ,  

approximately 1.5% by weight of water and a n i l i n e  w a s  used i n  t h e  

tests. 

Hydrazine of about 97-98% p u r i t y  conta in ing  

A t  atmospheric p re s su re ,  Rosser found t h a t  8-10% by volume of 

oxygen w a s  requi red  t o  maintain a s t a b l e  flame surrounding t h e  
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sphe re”  For oxygen concent ra t ions  g r e a t e r  than  lo%, a double flame 

c h a r a c t e r i s t i c  of hybrid combustion w a s  observed, 

t h i s  double flame t o  a decomposition flame of hydrazine surrounded by 

an ox ida t ion  flame of t h e  decomposition products .  This  double flame 

w a s  s t a b l e  f o r  a l l  oxygen concent ra t ions  t e s t e d  g r e a t e r  than  10%. 

Rosser a t t r i b u t e d  

For t h e  hydrazine decomposition flame (10% 0 -90% N by 
2 2’  

volume, by Rosser’s  d e f i n i t i o n ) ,  the mass burning rate pe r  u n i t  area 

was cons t an t  over  t h e  e n t i r e  range of sphere s i z e s  and equal  t o  

0.014 gm/cm -sec. 

cond i t ions  w a s  c o n s i s t e n t l y  g r e a t e r  than t h e  mass burning rate f o r  

decomposition burning. 

2 
(2) The mass burning rate f o r  double flame 

Rosser and Peskin (3)  extended the  previous work of Rosser 

(2 ) .  Hydrazine of d i f f e r e n t  p u r i t y  w a s  used; p re s su res  were extended 

t o  less than  1 a t m .  They found t h a t  hydrazine conta in ing  about 0.5% 

a n i l i n e  and 1.5% water by weight could support  a decomposition flame 

i n  t h e  absence of oxygen a t  atmospheric p re s su re  bu t  no t  a t  lower 

p re s su res .  

of 1.5% a n i l i n e  concentrat ion.  

concen t r a t ion  had a 45% g r e a t e r  burning rate; adding a n i l i n e  reduced 

t h e  burning rate t o  t h e  va lues  obtained wi th  t h e  1.5% a n i l i n e  

concent ra t ion  hydrazine.  For both hydrazines  t e s t e d ,  a double flame 

w a s  observed wi th  ambient oxygen concent ra t ions  g r e a t e r  than 10% by 

volume. 

This  i s  i n  c o n t r a s t  t o  Rosser’s  (2) work wi th  hydrazine 

The hydrazine wi th  lower an i l ine  

D e l  Notar io  and T a r i f a  ( 4 )  s tud ied  hydrazine combustion f o r  

drops somewhat smaller than used by Rosser ( 2 ) .  

(on t h e  order  of 1-2 mm i n  diameter) of hydrazine (98% p u r i t y )  from 

They suspended drops 
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a q u a r t z  f i b e r .  A furnace w i t h  a f i x e d  p ropor t ion  of oxygen w a s  

then r a i s e d  t o  surround t h e  drop. 

t i m e  w a s  recorded photographically.  The s lope  of t h e  curve of 

diameter squared wi th  t i m e ,  c a l l ed  t h e  burning rate o r  t h e  evaporat ion 

cons t an t  (cm / s e c ) ,  w a s  obtained from t h e s e  measurements. P r e s s u r e  

w a s  maintained cons t an t  a t  1 a t m ;  temperature w a s  v a r i e d  from about 

The v a r i a t i o n  of drop diameter w i th  

2 

400-1000 C. 

D e l  Notario found t h a t  i n  every case a small p ropor t ion  of 

oxygen w a s  required t o  maintain combustion. I n  a pure n i t r o g e n  

environment t h e  evaporat ion constant  i nc reased  s l i g h t l y  w i t h  

temperature.  

ambient oxygen concentrat ion.  

The evaporation constant  a l s o  increased w i t h  inc reas ing  

The r e s u l t s  of d e l  Notar io  and T a r i f a  are i n  ques t ion  due t o  

r a d i a t i o n  from t h e  furnace w a l l s  t o  t h e  l i q u i d  phase. Faeth,  e t  a l . ,  

(5) found t h a t  furnace w a l l  r a d i a t i o n  con t r ibu ted  s i g n i f i c a n t l y  t o  

d r o p l e t  evaporat ion a t  temperatures above 800 K a t  atmospheric 

p re s su re .  

Dykema and Greene (6) a l s o  suspended s m a l l  d r o p l e t s  from a 

q u a r t z  f i b e r .  I n  a d d i t i o n  t o  hydrazine they burned unsymmetrical 

dimethylhydrazine (UDMH) i n  a i r  and i n  100% oxygen a t  room temperature 

and atmospheric p re s su re .  The v a r i a t i o n  of drop diameter w i th  t i m e  was 

recorded photographical ly .  

0.016 cm /sec i n  a i r  and 0.035 c m  /sec i n  pure oxygen f o r  

hydrazine.  

i n  a i r  and 0.030 cm /sec i n  oxygen. 

They r e p o r t  an evaporat ion cons t an t  of 

2 2 

2 For UDMH they found a burning rate of 0.011 c m  /sec 

2 
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Lawver (7) suspended hydrazine drops from a 0.01 inch  chrome1 

alumel thermocouple i n  an atmosphere of pure n i t r o g e n  t e t r o x i d e  a t  

about 150 F. To s imula t e  t h e  combustion environment of a rocke t  

engine combustion chamber, he  a l s o  suspended one d r o p l e t  d i r e c t l y  

i n  t h e  high temperature combustion products  of another d r o p l e t .  

For hydrazine drops burning i n  pure n i t r o g e n  t e t r o x i d e ,  t h e  

m a s s  burning rate p e r  u n i t  area did not reach a cons t an t  v a l u e  b e f o r e  

burnout. 

d r o p l e t ,  t h e  m a s s  burning rate reached a cons t an t  va lue  of 0.061 

2 g/cm -sec. (7) 

For a d r o p l e t  burning i n  t h e  combustion gases of another  

Lawver, Kosvic, and Breen (8) suspended hydrazine and UDMH f u e l  

d r o p l e t s  from a water cooled needle. 

cons t an t  using a motor d r iven  syr inge pump. The d r o p l e t s  were burned 

i n  pu re  n i t r o g e n  t e t r o x i d e  vapor and i n  mixtures of oxygen and 

n i t r o g e n  a t  atmospheric p re s su re  and approximately room temperature. 

They found t h a t  t h e  mass burning rate of hydrazine burning i n  N204 

vapor increased l i n e a r l y  wi th  drop diameter;  however, t h e  mass 

burning rate of hydrazine burning i n  a i r  v a r i e d  as drop diameter t o  

a power g r e a t e r  than one. 

Drop diameter w a s  maintained 

I n  a later work by Kosvic and Breen (9), t h e  r e s u l t s  f o r  

hydrazine were extended t o  pressures  g r e a t e r  t han  one atmosphere. 

For t h i s  s tudy,  Kosvic and Breen used a f r e e  drop burner .  

hydrazine/ni t rogen 

t h e  ambient atmosphere t o  t h e  drop. 

d rops ,  w a s  added t o  t h e  combustion products  of t h e  gas generator .  

By measuring t h e  s i z e  v a r i a t i o n s  of t h e  drop photographical ly ,  

burning rates were determined. 

A 

t e t r o x i d e  gas  generator  w a s  employed t o  provide 

Hydrazine, i n  t h e  form of l i q u i d  
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Theexper imenta lappara tus  of Reference (9) w a s  cons t ruc ted  t o  

provide a p res su re  range of 1.0 t o  34 atmospheres, a v e l o c i t y  of 1 t o  

100 f t / s e c ,  and a temperature  of 1000 t o  5500 F. 

a l i m i t e d  amount of d a t a  w a s  taken due t o  problems encountered i n  the  

apparatus .  For the  r e s u l t s  presented,  the mass burning rate appears  

t o  vary l i n e a r l y  wi th  drop diameter at a p res su re  of 7.8 a t m .  

ambient temperature and gas ve loc i ty  were n o t  s p e c i f i e d ,  however, f o r  

t h i s  test condi t ion.  

However, only 

The 

A s  i nd ica t ed  by the  preceding d i scuss ion ,  a number of 

i n v e s t i g a t o r s  have s tud ied  hydrazine type f u e l  combustion. 

observed t h e  phenomena a s soc ia t ed  wi th  hybr id  type f u e l  combustion 

a t  l o w  temperature.  

t o  determine f u e l  burning r a t e s  at h igh  temperature and high 

pressure .  However, t h e i r  repor ted  d a t a  is  q u i t e  l i m i t e d  and 

experimental  condi t ions  are not w e l l  def ined .  

A l l  have 

Kosvic and Breen (9) undertook a novel  approach 

Hybrid combustion is  more d i f f i c u l t  t o  treat  t h e o r e t i c a l l y  

than  e i t h e r  pure monopropellant or pure  b i p r o p e l l a n t  combustion. 

Bipropel lan t  combustion theory has been f a i r l y  success fu l  i n  

p r e d i c t i n g  experimental  burning r a t e s .  

no t  been q u i t e  as success fu l  mainly because of t h e  d i f f i c u l t y  i n  

t r e a t i n g  k i n e t i c  e f f e c t s .  Incorpora t ing  k i n e t i c s  i n t o  t h e  

t h e o r e t i c a l  developments is  no t  an easy t a s k  and can only be 

accomplished f o r  l i m i t i n g  cases .  The a n a l y s i s  of hybrid combustion, 

a combination of b i p r o p e l l a n t  and monopropellant e f f e c t s ,  a l s o  

involves  t h e  same d i f f i c u l t i e s  with k i n e t i c s  b u t  wi th  t h e  a d d i t i o n a l  

Monopropellant theory has 



8 

complication of the oxidation flame. 

combustion are discussed in the section titled Theoretical 

Considerations. 

Various theories on monopropellant 

1.3 Specific Statement of the Problem 

The preceding discussion has indicated the need for further 

jcxrp,sti o a t i n n  nf hybrid ~ ~ & ~ ~ ~ i ~ ~ ,  p a r t i c u l a r l y  at conditio~s 
--0------ 

representative of those found in a combustion chamber. Since 

propellant vaporization is an important parameter used to predict 

steady state combustion chamber performance, experimental values of 

droplet burning rates at high temperature are of considerable 

importance. The existing data is either in question due to 

radiation effects, del Notario and Tarifa ( 4 ) ,  or of limited usefulness 

because of undefined experimental conditions, L a m e r  (7 )  and also 

Kosvic and Breen (9). 

Therefore, the present work considered the combustion of 

hydrazine type fuel droplets with the following objectives: 

1. Determine quantitative values of droplet burning rates 

as a function of ambient temperature and ambient oxygen 

concentration for temperatures approximating those in a 

liquid rocket engine combustion chamber, at atmospheric 

pressure. 

2. Measure the effect of droplet diameter on droplet 

burning rate. 

3. Qualitatively investigate the hybrid combustion, two 

flame, phenomena at high temperature. 
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4 .  Determine if a semitheoretical correlation of hybrid 

combustion can predict the data obtained. 

The specific fuels considered in the study were hydrazine 

(N2H4), monomethylhydrazine (MMH), unsymmetrical dimethylhydrazine 

(UDMH), and Aerozine 50 (denoted A-50 consisting of 50% N2H4 

and 50% UDMH by weight). 



CHAPTER I1 

APPARATUS 

2 . 1  F l a t  Flame Burner 

A f l a t  flame burner apparatus w a s  employed t o  provide t h e  

& ---- - &  
L e u p r r d L U L t =  ambient gas around the test droplet. The tests were 

l i m i t e d  t o  atmospheric p re s su re ;  however, by changing t h e  mixture 

r a t i o  of t he  burner  a v a r i e t y  of ambient oxygen concen t r a t ions  could 

be  considered. 

Both t h e  suspended d r o p l e t  and porous sphere techniques were 

employed t o  experimentally determine d r o p l e t  burning rates. 

suspended d r o p l e t  method, d r o p l e t s  were supported from a q u a r t z  

For t h e  

f i b e r  and nhntnoranhed 2s  +-l11>7 h ~ m e d .  A ~ = l > 7 s i s  nf +-he . I r n p l ~ _ t  
r--- --o--r-- 

diameter v a r i a t i o n  as a f u n c t i o n  of t i m e  then y i e lded  t h e  burning 

rate. The porous sphere method consis ted of supplying f u e l  

continuously t o  t h e  c e n t e r  of t h e  porous sphere during t h e  combustion 

process .  The f u e l  feed ra te ,  where t h e  sphere remained f u l l y  wet ted 

without  dr ipping,  then y i e lded  the  burning rate d i r e c t l y .  

Eastman Organic f u e l s  were used i n  t h e  t e s t i n g :  hydrazine 

(95+ % p u r i t y ) ,  MMH ( b o i l i n g  po in t  87-88 C), and UDMH ( b o i l i n g  p o i n t  

61-63 C ) .  

weight,  w a s  blended from t h e s e  fue l s .  Some t e s t i n g  w a s  conducted 

us ing  analyzed UDMH (99.8% p u r i t y )  supp l i ed  by the  FMC Corporation, 

Aerozine 50, a mixture of 50% hydrazine and 50% UDMH by 

A f l a t  flame burner  developed by Faeth (10) w a s  employed i n  

t h e  t e s t i n g .  A sketch of t h i s  apparatus i s  shown i n  Figure 1. I n  
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orde r  t o  r ap id ly  immerse t h e  test d rop le t  i n  t h e  burner  combustion 

products ,  t h e  burner  was mounted on rails and moved with a solenoid 

valve ac tua ted  pneumatic cyl inder .  A high speed motion p i c t u r e  

camera w a s  used t o  measure t h e  time between t h e  d r o p l e t  f i r s t  

e n t e r i n g  t h e  burner  flame and the burner coming t o  res t  i n  t h e  test  

p o s i t i o n .  This t i m e  w a s  found t o  be on t h e  o rde r  of 10  msec. 

The burner  i t s e l f  w a s  similar t o  t h e  one descr ibed by Friedman 

and Macek (11).  The burner f a c e  consis ted of a porous bronze d i s k ,  

5 c m  i n  diameter,  cooled on its lower s u r f a c e  a t  a series of p o i n t s  

by c o n t a c t  w i th  a water cooled copper block. 

coo l ing  water w a s  measured using a rotameter .  

of t h e  coo l ing  water w a s  measured with chromel-alumel thermocouples. 

The h e a t  loss from t h e  flame t o  the burner  w a s  c a l c u l a t e d  from t h e  

measured flow rate and temperature rise of t h e  cool ing water. 

The flow rate of t h e  

The temperature rise 

Various mixtures of carbon monoxide ( t e c h n i c a l  grade) ,  oxygen, 

and n i t r o g e n  (commercial grade) were used t o  provide ambient oxygen 

concentrat ions i n  t h e  range of 0-42% by mass and temperatures i n  t h e  

range of 1660-2530 K. Rotameters c a l i b r a t e d  wi th  a w e t  test meter 

were used t o  measure t h e  flow r a t e  of t h e  gases.  Hydrogen was a l s o  

used t o  determine t h e  e f f e c t  o f  water vapor on t h e  burning rate a t  

several temperatures.  

The temperatures and composition of t h e  product combustion gas 

of t h e  burner  were ca l cu la t ed  allowing f o r  a l l  r e l e v a n t  d i s s o c i a t i o n  

r e a c t i o n s  and t h e  experimentally determined h e a t  l o s s  t o  t h e  burner  

f a c e .  The thermochemical p r o p e r t i e s  r equ i r ed  f o r  t h e s e  c a l c u l a t i o n s  

were taken from t h e  JANAF Tables (12). 
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The gas v e l o c i t y  a t  t h e  d rop le t  l o c a t i o n  w a s  c a l c u l a t e d  from 

the mass f l u x  i n t o  t h e  burner  and the known p r o p e r t i e s  of t h e  burned 

gas.  This approach is  s u f f i c i e n t l y  accu ra t e  s i n c e  t h e  t es t  p o s i t i o n  

w a s  w e l l  w i t h i n  t h e  p o t e n t i a l  core  of t h e  j e t  l eav ing  t h e  burner .  

Table 1 summarizes t h e  computed p r o p e r t i e s  of t h e  gas stream 

a t  t h e  d r o p l e t  l o c a t i o n  f o r  t h e  test condi t ions used. The ambient 

oxygen mass f r a c t i o n  i s  an e f f e c t i v e  value based on concentrat ions 

of  p o s s i b l e  ox id i z ing  s p e c i e s  (02, 0,  NO) .  

concentrat ions less than 0.1% are not l i s t e d  i n  Table 1. These 

minor spec ie s  were used, however, i n  c a l c u l a t i n g  ambient oxygen 

mass f r a c t i o n s ,  ambient temperatures,  and v e l o c i t i e s  a t  t h e  d r o p l e t  

l o c a t i o n .  

Product s p e c i e s  with 

c..----.I-.I n.---i -t T~-L. .+ - . ,~  
L . L  'I ' U U J p G A A U C U  ULUp.L.SL & C Z b L & L A & y u b  

For the  suspended d rop le t  t e s t s ,  t h e  d r o p l e t s  were mounted on 

a q u a r t z  f i l amen t  approximately 1 0 0 ~  i n  diameter.  The bottom end 

of t h e  f i lament  w a s  s l i g h t l y  enlarged t o  a i d  i n  support ing t h e  d rop le t .  

Droplet  diameters w e r e  measured from shadowgraphs recorded by a 16 mm 

c i n e  camera ope ra t ing  a t  speeds on t h e  o rde r  of 100 frames p e r  second. 

The background l i g h t  w a s  provided by a mercury arc lamp.  

marks were placed on t h e  edge of the f i l m  by an i n t e r n a l  t iming 

l i g h t  powered by a 100 cps p u l s e  generator.  

f i l m ,  developed as a nega t ive ,  was  used i n  t h e  t e s t i n g .  

Timing 

Kodak Plus-X Reversal 

The prel iminary s e t u p  f o r  a series of  tests a t  a given test 

cond i t ion  involved focussing t h e  camera, p r e s s u r i z i n g  t h e  supply 

tank t o  ope ra t e  t h e  pneumatic cy l inde r ,  and r e g u l a t i n g  the  supply 
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gases  and cool ing water. 

bu rne r ,  t h e  flame w a s  allowed t o  s t a b i l i z e  f o r  a s u f f i c i e n t  per iod 

Af te r  i g n i t i n g  t h e  gas mixture  from t h e  

of t i m e .  

The d rop le t  was then mounted on t h e  qua r t z  f i l amen t  with a 

g l a s s  sy r inge  and a cycl ing t i m e r  was actuated.  The e l e c t r i c a l l y  

d r i v e n  motion p i c t u r e  camera was s t a r t e d  and allowed t o  reach 

ope ra t ing  speed. The solenoid valve w a s  then ac tua ted  and t h e  

pneumatic cy l inde r  forced t h e  burner under t h e  d r o p l e t .  The d r o p l e t  

i g n i t e d  and burned f o r  approximately 2 seconds. The solenoid va lve  

w a s  t h e n  de-energized allowing t h e  burner t o  r e t u r n  t o  i ts  o r i g i n a l  

p o s i t i o n .  The camera power w a s  turned off  t o  complete t h e  test cycle .  

The f i l m s  obtained were analyzed using a Vanguard Motion 

P i c t u r e  Analyzer which w a s  c a l i b r a t e d  by photographing a w i r e  of 

known s i z e  a t  t h e  d r o p l e t  l o c a t i o n .  The e l l i p t i c a l  shape of t h e  

d r o p l e t  w a s  co r rec t ed  t o  a sphe re  having t h e  same volume using t h e  

method of Kobayasi (13). The diameter of t h e  equ iva len t  sphere,  

taken t o  b e  t h e  drop diameter,  was given by t h e  formula 

where R and R are t h e  major and minor diameters,  r e s p e c t i v e l y ,  of 

t h e  e l l i p t i c a l l y  shaped d r o p l e t .  

1 2 

2 . 3  Porous Sphere Technique 

To determine t h e  e f f e c t  of drop diameter on t h e  burning rate 

f o r  t h e  f u e l s  t e s t e d ,  a porous sphere technique similar t o  t h a t  used 

by Rosser (2) was employed. A s  shown i n  Figure 2 ,  f u e l  w a s  suppl ied 

i n t e r n a l l y  t o  the  porous sphere.  The f u e l  was forced r a d i a l l y  
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outward and burned as i t  reached the sphere su r face .  

rate w a s  monitored using a Sage syr inge pump which w a s  c a l i b r a t e d  by 

measuring t h e  volume flow of l i q u i d  as a func t ion  of pump s e t t i n g .  

The f u e l  flow 

Ca lcu la t ions  ind ica t ed  t h e  need f o r  a means of cool ing t h e  

inflowing f u e l  t o  t h e  porous sphere s i n c e  t h e  feed tube was surrounded 

by high temperature gases. This was accomplished by using t h e  coo l ing  

manifold shown i n  Figure 2. Thermocouples were mounted a t  t h e  i n l e t  

and o u t l e t  of t h e  cooling manifold; t h e  temperature rise of t h e  cool ing 

water w a s  continuously monitored throughout t h e  t e s t i n g  and never 

exceeded 2 F. 

The porous alundum spheres  were obtained from t h e  Norton 

Company. Manufacturing i r r e g u l a r i t i e s  i n  t h e  spheres  were sanded t o  

y i e l d  a s p h e r i c a l  shape. Sphere diameters of 0.63, 0.95, 1.27, 

1.59 and 1.91 c m  w e r e  used i n  the tests. The smallest s i z e  w a s  

l i m i t e d  because of t h e  0.125 inch diameter cool ing manifold; t h e  

l a r g e s t  s i z e  w a s  l i m i t e d  by the  diameter of t h e  f l a t  flame burner.  

The porous sphere,  w i th  cooling manifold and f u e l  feed tube 

a t t ached ,  w a s  mounted above the  f l a t  flame burner .  A t  some minimum 

h e i g h t  of t h e  sphere above the  burner a sma l1 , cen t r a l  p o r t i o n  of 

t h e  f l a m e  emi t t i ng  from t h e  burner w a s  extinguished. 

above t h i s  minimum w a s  i nc reased ,  t h e  burning rate of t h e  porous 

sphe re  increased by as much as 15% f o r  t h e  1.91 c m  sphere.  A s  t h e  

h e i g h t  w a s  increased s t i l l  f u r t h e r ,  t h e  burning rate decreased. 

A s  t h e  h e i g h t  

To account f o r  t h e  v a r i a t i o n  i n  burning rate with he igh t  above 

t h e  bu rne r ,  t h e  h ighes t  ambient oxygen concen t r a t ion  cond i t ion  w a s  

used as a base l ine .  The height  of t h e  sphere above t h e  burner w a s  
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ad jus t ed  u n t i l  t h e  maximum burning rate cond i t ion  was obtained. This  

h e i g h t  w a s  used f o r  a l l  t e s t i n g  on a p a r t i c u l a r  s i z e  sphere.  

t h e  1.91 cm sphe re  t h e  h e i g h t  used f o r  t e s t i n g  w a s  2.5 cm;  f o r  t h e  

0.63 c m  sphe re  t h e  h e i g h t  used f o r  t e s t i n g  was 1.5 cm. 

For 

Operation of t h e  porous sphere system cons i s t ed  of s e t t i n g  

At: t h e  given test t h e  burner  t o  g ive  t h e  d e s i r e d  test condi t ion.  

condi t ion,  t h e  porous sphe re  w a s  i g n i t e d  i n  a i r ;  t h e  f u e l  f eed  rate 

w a s  set  t o  g ive  t h e  f u l l y  wet ted,  non-dripping condi t ion.  The sphe re  

w a s  then immersed i n  the  burner combustion products and f i n a l  

adjustments were made on the  f u e l  flow rate t o  y i e l d  t h e  s t a b l e  

burning rate. 



CHAPTER 111 

THEORETICAL CONSIDERATIONS 

3.1 Ex i s t ing  Theories 

Hybrid combustion involves  some aspec t s  of both b i p r o p e l l a n t  

and monopropellant combustion. The approach used here for txeatlng 

t he  b i p r o p e l l a n t  flame is  f a i r l y  s tandard.  Namely, t h e  r e a c t i o n  rate 

w a s  assumed t o  be i n f i n i t e l y  f a s t  so t h a t  k i n e t i c  e f f e c t s  could be  

ignored.  However, t h e  t rea tment  of the monopropellant flame r e q u i r e s  

f u r t h e r  explanat ion.  

Monopropellant combustion i s  i n h e r e n t l y  more d i f f i c u l t  t o  

analyze than b i p r o p e l l a n t  combustion s i n c e  k i n e t i c  e f f e c t s  must be 

included i n  ml- - -z - -  A C C r . r o - n n  
A l l 2  1 l I a J U L  U ~ L L F ~ L G & L ~ . C  in the  =?ricting 

t h e o r i e s  of monopropellant combustion is the  way i n  which k i n e t i c  

e f f e c t s  are incorpora ted  i n t o  the so lu t ion .  Severa l  t h e o r i e s  

w i l l  be  d iscussed  i n  the  following. 

L o r e l l  and Wise (14) w e r e  among t h e  f i r s t  i n v e s t i g a t o r s  t o  

a t tempt  a s o l u t i o n  of monopropellant combustion. 

t he  k i n e t i c s  could b e  represented  i n  terms of a s i n g l e  o v e r a l l  

r e a c t i o n  rate express ion  which was s u i t a b l e  f o r  a unimolecular 

r e a c t i o n  wi th  n e g l i g i b l e  reverse  reac t ion .  The equat ions  developed 

were so lved  numerically t o  f i n d  the m a s s  burning rate eigenvalue of 

t he  two p o i n t  boundary va lue  problem de f in ing  t h e  problem. 

They assumed t h a t  

W i l l i a m s  (15) developed a numerical s o l u t i o n  by assuming a 

one s t e p ,  o v e r a l l  r eac t ion .  In add i t ion ,  h e  w a s  a b l e  t o  develop an 

a n a l y t i c a l  s o l u t i o n  f o r  l a r g e  a c t i v a t i o n  ene rg ie s ,  s m a l l  d r o p l e t s ,  
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and s m a l l  chemical r e a c t i o n  rates. W i l l i a m s  d i d  allow f o r  t h e  

presence of a d i s t r i b u t e d  r e a c t i o n  zone i n  h i s  a n a l y t i c a l  s o l u t i o n .  

However, h i s  method i s  s t r i c t l y  app l i cab le  only t o  a d i a b a t i c  burning 

and t h e  assumption of low r e a c t i o n  rates l i m i t s  t h e  use fu lness  of 

t h i s  approach. 

Spalding and J a i n  (16) developed an a n a l y t i c a l  s o l u t i o n  f o r  

monopropellant d r o p l e t  burning rates by using t h e  t h i n  flame 

approximation. For l a r g e  a c t i v a t i o n  ene rg ie s ,  t h e  temperature 

dependence of t h e  r e a c t i o n  rate is q u i t e  s t rong.  

of t h e  energy release from t h e  decomposition r e a c t i o n  w i l l  occur i n  

a t h i n  s h e l l  some d i s t a n c e  from t h e  d r o p l e t  s u r f a c e  under t h e s e  

condi t ions.  

t h e  flame s u r f a c e  w a s  taken t o  b e  located a t  t h e  r a d i a l  p o s i t i o n  where 

t h e  unreacted gas flows i n t o  the  s h e l l  a t  t h e  laminar burning 

v e l o c i t y  of t h e  mixture. 

Therefore t h e  bulk 

Neglecting t h e  e f f e c t  of cu rva tu re  on t h e  flame speed, 

By us ing  t h e  t h i n  flame approximation, Spalding (16) was 

a b l e  t o  d e r i v e  t h e  d r o p l e t  burning rate f o r  a d i a b a t i c  combustion i n  

terms of t h e  laminar flame speed. H e  assumed t h e  laminar flame 

speed w a s  a known experimental  quan t i ty .  

Adler and Spalding (17) presented a s o l u t i o n  of t h e  burning 

rate f o r  premixed flames propagating i n  t h e  presence of an enthalpy 

g rad ien t .  As a p a r t i c u l a r  example, they discussed t h e  s o l u t i o n  f o r  

t h e  burning rate of t h e  hybrid combustion case, i .e.,  t h e  burning of 

a monopropellant i n  an ox id iz ing  medium. 

approximation and assuming t h e  b i p r o p e l l a n t  flame r a d i u s  w a s  much 

g r e a t e r  than t h e  monopropellant flame rad ius ,  Adler and Spalding 

were a b l e  t o  o b t a i n  a s o l u t i o n  f o r  t h e  hybrid combustion case. 

Using t h e  t h i n  flame 
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I n  a later work by J a i n  (18),  a more d e t a i l e d  a n a l y s i s  of t h e  

nonadiabat ic  burning of monopropellants w a s  presented. J a i n  aga in  

used t h e  t h i n  flame approximation. However, t h e  hybrid combustion 

case w a s  no t  considered. 

T a r i f a  (19) assumed the  r eac t ion  rate w a s  of a p a r t i c u l a r  form 

i n  a zone of f i n i t e  thickness .  

s o l u t i o n  f o r  t h e  combustion of a monopropellant i n  an atmosphere of 

i n e r t s .  A g l o b a l  r e a c t i o n  rate of t h e  Arrhenius form was assumed i n  

t h i s  a n a l y s i s .  

H e  developed an approximate a n a l y t i c a l  

Fendel l  (20) a l s o  discussed t h e  burning of a monopropellant 

i n  an atmosphere of i n e r t s .  He presented a closed form a n a l y t i c a l  

s o l u t i o n  f o r  t h e  zero a c t i v a t i o n  energy l i m i t .  

Dynamic Science Corporation (21) considered t h e  t h e o r e t i c a l  

t r ea tmen t  of hybrid combustion. Their approach w a s  based on t h a t  of 

Tari fa  (19). T a r i f a ' s  monopropellant theory w a s  extended t o  inc lude  

t h e  e f f e c t s  of nonadiabat ic  burning. However, they assumed t h a t  t h e  

b i p r o p e l l a n t  flame r a d i u s  was much g r e a t e r  than t h e  monopropellant 

flame r a d i u s  as d id  Adler and Spalding (17). 

The major d i f f e r e n c e  between t h e  va r ious  t h e o r i e s  on 

monopropellant combustion i s  t h e  manner of t r e a t i n g  chemical k i n e t i c s .  

By assuming c e r t a i n  forms f o r  t h e  r e a c t i o n  rate, va r ious  i n v e s t i g a t o r s  

(15, 16, 19, 20) developed a n a l y t i c a l  s o l u t i o n s  f o r  a d i a b a t f c  

combustion. Jain (18) developed an a n a l y t i c a l  s o l u t i o n  f o r  t h e  

nonadiabat ic  case. Adler and Spalding (17) and Dynamic Science 

Corporation (21) t r e a t e d  the  hybrid combustion case. However, both 

assumed t h e  b i p r o p e l l a n t  flame was e f f e c t i v e l y  an i n f i n i t e  d i s t a n c e  

from t h e  monopropellant flame. 
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The presen t  t h e o r e t i c a l  development d i d  inc lude  t h e  e f f e c t  of 

a f i n i t e  b i p r o p e l l a n t  flame rad ius .  

t h e  monopropellant flame w a s  s i m i l a r  t o  t h a t  of Spalding (16);  

Spalding 's  t h i n  flame approximation w a s  used t o  relate flame p o s i t i o n  

t o  t h e  laminar burning v e l o c i t y .  

approximated by an Arrhenius type c o r r e l a t i o n  wi th  two a d j u s t a b l e  

parameters,  an a c t i v a t i o n  energy, and a pre-exponential  f a c t o r .  

The approach used f o r  t r e a t i n g  

The laminar burning v e l o c i t y  was 

Spalding 's  (16) t h i n  flame approach w a s  used i n s t e a d  of one 

of t h e  o t h e r  t h e o r i e s  f o r  several reasons. Fende l l ' s  (20) ze ro  

a c t i v a t i o n  energy assumption may o r  may n o t  b e  v a l i d  f o r  hydrazine 

type f u e l  d r o p l e t  combustion. The assumption c e r t a i n l y  does n o t  

a g r e e  wi th  Ebe r s t e in  and Glassman's (22) measurements of t h e  chemical 

k i n e t i c s  of hydrazine,  MMH, and UDMH. The more d e t a i l e d  t reatments  

of Williams (15) and T a r i f a  (19) could have been used. However, f o r  

s i m p l i c i t y  Spalding 's  t reatment  was p re fe r r ed .  

3 . 2  General Model 

The t h e o r e t i c a l  model of hybrid combustion c o n s i s t s  of a 

s p h e r i c a l  f u e l  d r o p l e t  surrounded by a decomposition flame of t h e  f u e l  

gas which is  i n  t u r n  surrounded by an ox ida t ion  flame of t h e  

decomposition products.  

i n  Figure 3 .  

The model of t h e  burning d r o p l e t  is i l l u s t r a t e d  

The major assumptions employed i n  t h e  a n a l y s i s  are as follows: 

1. The s t agnan t  f i l m  approximation is  used f o r  e s t ima t ing  

t h e  e f f e c t  of forced convective flow around t h e  d r o p l e t .  

With t h i s  approximation, t h e  gas phase system i s  



Figure 3 Sketch of t h e  Hybrid Combustion Model 
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s p h e r i c a l l y  symmetric between t h e  d r o p l e t  s u r f a c e  and t h e  

edge of t h e  s t agnan t  layer ,  rm, as i n d i c a t e d  i n  Figure 

3.  The approach used t o  estimate ro3 w i l l  b e  descr ibed 

later. 

2. The d r o p l e t  is composed of a s i n g l e  chemical spec ie s .  

3.  The t o t a l  gas p re s su re  is constant  throughout Regions 

A ,  B, and C of Figure 3. Faeth (23) has shown t h a t  t h i s  

assumption is v a l i d  except f o r  d r o p l e t s  much smaller 

than ones used i n  t h e  present work. 

The i d e a l  gas l a w  holds  f o r  a l l  s p e c i e s  and compress ib i l i t y  

e f f e c t s  are neglected.  Because of t h e  h i g h  temperatures 

of t h e  gas  surrounding t h e  d r o p l e t ,  compress ib i l i t y  

e f f e c t s  are s m a l l .  

4. 

5. Thermal d i f f u s i o n  is neglected.  Faeth (23) i nd ica t ed  

t h a t  t h e  mass f l u x  due t o  thermal d i f f u s i o n  w a s  less than 

20% of t h e  concentrat ion d i f f u s i o n  f l u x  f o r  t h e  gas 

phase surrounding a n  evaporating is0 octane d r o p l e t .  I n  

a d d i t i o n ,  treatment of thermal d i f f u s i o n  i s  extremely 

complicated. Therefore,  i n c l u s i o n  of t h i s  phenomena 

does not  appear t o  be  warranted. 

6. Radiat ion e f f e c t s  are neglected.  Lazar (24) has shown 

t h a t  r a d i a t i o n  con t r ibu te s  only a small f r a c t i o n  of t h e  

energy r equ i r ed  t o  vaporize a d r o p l e t  a t  moderate 

p re s su res .  

7. Only s teady state condi t ions are considered. Since t h e  

a n a l y s i s  i s  app l i ed  t o  both d r o p l e t  and porous sphere 
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burning, t hese  two cases r e q u i r e  f u r t h e r  explanat ion.  

For t h e  case of a supported d r o p l e t ,  t h e  temperature of 

t h e  l i q u i d  i s  assumed to  be constant  and equa l  t o  t h e  

f u e l  b o i l i n g  temperature. The e f f e c t  of a f i n i t e  s u r f a c e  

r e g r e s s i o n  rate is neglected.  

been shown (25) t o  have a n e g l i g i b l e  e f f e c t  upon t h e  

computed burning rates a t  moderate p re s su res .  

porous sphere burning, t h e  l i q u i d  s u r f a c e  temperature 

is  assumed t o  equal  the f u e l  b o i l i n g  temperature.  However, 

t h e  l i q u i d  temperature v a r i e s  w i t h i n  t h e  porous sphere.  

The energy conducted t o  t h e  sphere s u r f a c e  s u p p l i e s  t h e  

energy r equ i r ed  t o  vaporize t h e  l i q u i d  a t  i t s  b o i l i n g  

temperature p l u s  t h e  energy r equ i r ed  t o  raise t h e  l i q u i d  

temperature from its supply temperature t o  t h e  b o i l i n g  

temperature.  

These assumptions have 

For 

8 .  The monopropellant flame is assumed t o  b e  loca ted  a t  t h e  

r a d i a l  p o s i t i o n  where t h e  unreacted gas flows i n t o  t h e  

flame s u r f a c e  a t  the laminar burning v e l o c i t y  of t h e  

mixture.  

t h i n  flame approximation (16) . 
This assumption corresponds t o  Spalding 's  

9. The b i p r o p e l l a n t  r eac t ion  is  confined t o  an i n f i n i t e l y  

t h i n  s u r f a c e  where f u e l  decomposition products  and o x i d i z e r  

combine i n  s to i ch iomet r i c  proport ion.  Brzustowski (26) 

has  shown t h a t  t h i s  assumption is v a l i d  when t h e  product 

of p r e s s u r e  and d rop le t  diameter exceeds a given l i m i t .  
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The experimental  condi t ions of t h e  p r e s e n t  i n v e s t i g a t i o n  

are above the  l i m i t  determined by Brzustowski. 

b i p r o p e l l a n t  flame su r face ,  t h e  concen t r a t ions  of f u e l  and 

o x i d i z e r  are taken t o  be zero.  

The L e w i s  number of the o x i d i z e r  i s  assumed t o  be un i ty .  

A l l  s p e c i f i c  h e a t s  are assumed cons t an t .  

The thermal conduct ivi ty  i n  Regions A, B ,  and C are 

assumed to  be a l i n e a r  func t ion  of temperature. 

A l l  gaseous, non-fuel, s p e c i e s  are i n s o l u b l e  i n  t h e  

l i q u i d  phase. 

At t h e  

10. 

11. 

12. 

13. 

3 . 3  Governing Equations 

Using t h e  assumptions of the preceding s e c t i o n ,  t h e  equat ions 

of conservat ion of m a s s ,  energy, and s p e c i e s  were obtained from the 

g e n e r a l  equat ions presented by W i l l i a m s  (27) and are a p p l i c a b l e  

f o r  a l l  r eg ions  surrounding t h e  d rop le t .  Employing s p h e r i c a l  symmetry 

t h e s e  equat ions are: 

2 
47r r p v = M = constant  (Mass) (3.1) 

N 
- A r2 = 0 (Energy) (3 .2 )  d r  [ f ix  i= 1 hi ci d r  

2 dYi 
r pD - + + ( E  -Y ) = 0 d r  i i  

where 

+ a n -  il 
47r 

(Species) ( 3 . 3 )  

(3  4 )  
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and t h e  mass f l u x  f r a c t i o n  of spec ies  i, E 

equat ion  

is defined by the  i' 

Since a l l  gaseous species a re  in so lub le  i n  the  l i q u i d  phase 

except  t h e  f u e l  and both  t h e  monopropellant and b i p r o p e l l a n t  f lames 

are r e s t r i c t e d  t o  i n f i n i t e l y  t h i n  su r faces ,  only c e r t a i n  d i f f u s i n g  

s p e c i e s  are p resen t  i n  each of t he  Regions A,  B ,  and C. I n  Region 

A only  f u e l  is  d i f fus ing .  

products  are d i f f u s i n g .  

products  are d i f f u s i n g .  Therefore E = 1 i n  Region B and E: = 1 

i n  Region A. 

I n  Region B only f u e l  decomposition 

I n  Region C only o x i d i z e r  and ox ida t ion  flame 

FP F 

In  Region C the va lues  of ~p and E- are r e l a t e d  t o  t h e  - " 

s t o i c h i o m e t r i c  c o e f f i c i e n t ,  y ,  which i s  def ined  by t h e  equat ion  

-6 

6I 
0 y = -  

FP 
(3 .6)  

Since  t h e  m a s s  f low rate of f u e l  decomposition products  i n t o  the  

b i p r o p e l l a n t  f lame must equal  t h e  t o t a l  mass flow rate, 61, i n  Region 

B, E ~ ,  5 ,  and y are r e l a t e d  by the equat ions  

Eo = Y 

E p = l + y  

i n  Region C. 

Using the  above r e s u l t s  and i n t e g r a t i n g  Equation (3.2) i n  

Region A y i e l d s :  



Ih hF - AA r2 $1 
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(3.9) 

The right-hand s i d e  of Equation (3.9) can be  evaluated by applying 

conserva t ion  of energy a t  t h e  d rop le t  su r f ace .  Under t h e  s teady  

burning assumption a l l  t h e  energy reaching t h e  d rop le t  s u r f a c e  goes 

i n t o  the heat of vapor iza t ion  of the l i q u i d  fuel, This is expressed 

as : 

(3.10) 

where L must a l s o  inc lude  any l i q u i d  phase enthalpy rise of t h e  f u e l  

f o r  t h e  porous sphere case. Introducing Equation (3.10) i n t o  

Equation (3.9) r e s u l t s  in: 

2 dT 
'A d r  

- 16(hF - h + L) = 
F,R 

Equation (3.2) i n t e g r a t e d  i n  Region B becomes: 

(3.11) 

(3.12) 

The right-hand s i d e  of Equation (3.12) can be  eva lua ted  by 

cons ider ing  t h e  conserva t ion  of energy ac ross  the  flame a t  r = rI, i . e . ,  

Noting t h e  boundary cond i t ion  of Equation (3.9) (3.13) becomes 

(3.13) 



Introdi  

'I 

cing Equations (3.13) and (3.14) i n t o  (3.12) yielr  

i ( h m  - h + L) = AB r 2 - dT 
F,fi d r  

I n t e g r a t i n g  Equation (3.2) i n  Region C r e s u l t s  i n  
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(3.14) 

(3.15) 

t h e  fol lowing : 

& [(l+y)hp - yh,] - Ac r2 =I [i[(l+y)hp - yho] - Ac r2 "1 d r  dr + 
f r 

(3.16) 

Following t h e  same procedure as  before ,  the conservat ion of energy i s  

app1fed acrooo the flz=e at r = rf. Emever, the eiiergy io coiistaiit 

i n  Region B and equal  t o  the t o t a l  energy i n  Region A. 

r e s u l t  f o r  Region C: 

The f i n a l  

(3.17) 2 dT i [ ( l + y ) h p  - yho - hF,R + L] = A, r - d r  

The enthalpy of any spec ies  i is  r e l a t e d  t o  i t s  h e a t  of 

formation a t  a s tandard  temperature, T o ,  through the  equat ion:  

hi hi - h o  i + AH: (3.18) 

The equat ions obtained by s u b s t i t u t i n g  Equation (3.18) i n t o  the  

energy equat ions  f o r  Regions A, B,and C are s impl i f i ed  by def in ing  

two new v a r i a b l e s  as fol lows:  
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q2 f ( 1 q )  AI$ - yAH: - AI$ + L - (hF,a - h i )  (3.20) 

Using t h e  assumption of constant  s p e c i f i c  h e a t s  and s u b s t i t u t i n g  

Equations (3.18)-(3.20) i n t o  Equations (3.111, (3.15),  and (3.17) 

y i e l d s  the  following set of equations: 

(Region A) (3.21) 
2 dT i[CF(T-T0) + L] = XA r - 

d r  

~ [ c , ( T - T O )  + ql] = dr (Region B) (3.22) 
2 dT 

~ [ ~ ( T - T O )  + q,] = A 1: - dT (Region C) (3.233 C d r  

where 

YC0 (3 = (l+y)Cp - 

The boundary condi t ions  appl icable  t o  Equations (3.21) ,  

(3.22) and (3.23) are as fol lows:  

f o r  Equation (3.21) 

T = TI I r = rR T = T R ;  r = r  

f o r  Equation (3.22) 

T = Tf f T = T I ;  r = r  I r = r  

(3.24) 

(3.25) 

(3.26) 
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and f o r  Equation (3.23) 

T = T f ;  r = r ,  T = T ,  f r = r  

where rk, Tk,  r,, and T, are known q u a n t i t i e s .  

In t roducing  t h e  assumption t h a t  t he  thermal c o n d u c t i v i t i e s  

vary l i n e a r l y  wi th  temperature i n  each reg ion ,  i.e., 

(3.27) 

and us ing  t h e  appropr ia te  boundary cond i t ions ,  Equations (3.211, 

(3.22),  and (3.23) can be  in tegra ted .  

s i m p l i f i e d  by in t roducing  dimensionless v a r i a b l e s  as fol lows:  

The r e s u l t i n g  equat ions  are 

(3.28) 

f 3 = -  r 
R r 

T e o -  
T, 

The i n t e g r a t e d  equat ions  are:  

(3.29) 

(3.30) 

(3.31) 

(3.32) 

(3.33) 

(3.34) 1 eI - eR + L* 
L* 

1 - [L* - e R )  I n  
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(3 .35)  - 01 - ( Q, - eo) 1n eI - e o  + Q, ef - e o  + “I  

AE additisnal eqiiatieri caii 3e geilerated withoiit int roducing 

a d d i t i o n a l  unknowns by cons ider ing  t h e  conservat ion of s p e c i e s  app l i ed  

t o  t h e  o x i d i z e r  i n  Region C. 

i n  Region C becomes: 

Equation ( 3 . 3 )  app l i ed  t o  t h e  o x i d i z e r  

‘(y+Yo) AC 2 r - =  
d r  COLeO 

(3 .37 )  

b where Le, E 
rnD) 

i s  the  L e w i s  number €or  t h e  o x i d i z e r  (assumed t o  
” -o’r 0 

equa l  u n i t y ) .  Dividing Equation (3.23) by Equation (3 .37)  r e s u l t s  i n :  

(3 .38)  

The appropr i a t e  boundary condi t ions f o r  Equation (3 .38 )  are as 

fo l lows  : 

T = Tf Y o = O  ; T = T m  yo - - yo00 (3 .39 )  

The concen t r a t ion  of t h e  o x i d i z e r  f a r  from t h e  d r o p l e t ,  Yow, i s  

assumed t o  be  a known quan t i ty .  I n t e g r a t i n g  Equation (3.38) wi th  

boundary cond i t ions ,  Equation (3 .39 ) ,  and in t roducing  Equation (3 .30)  

and (3.33) y i e l d s :  



(3.40) 

Equations (3.341, (3.35), (3.36), and (3.40) comprise a set 

of fou r  equat ions  i n  f i v e  unknowns, B,, B f ,  €II, € I f ,  and i. 

a d d i t i o n a l  equat ion  requi red  is generated through t h e  use  of a 

The 

laminar flame v e l o c i t y  expression.  

Comparing Equations (3.4) and (3.1) i t  i s  c l e a r  t h a t  

(3.41) 2 h = r p v = cons tan t  

and t h e r e f o r e  

Assuming t h a t  ( p v ) -  can be represented i n  terms of a laminar flame 

v e l o c i t y  express ion ,  i .e . ,  

1 

then 

2 2  
= B, rll A exp 

(3.43) 

(3.44) 

c o n s t i t u t e s  t h e  a d d i t i o n a l  required equat ion .  A r ep resen t s  a pre-  

exponent ia l  f a c t o r  which may a l s o  c a r r y  any p res su re  dependence of 

t he  laminar  flame expression;  E i s  an a c t i v a t i o n  energy. 

E are assumed t o  be a cons tan t  fo r  each f u e l  a t  a given t o t a l  

p re s su re .  

Both A and 
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The f i v e  equat ions,  Equations ( 3 . 3 4 1 ,  ( 3 . 3 5 )  , ( 3 . 3 6 )  , ( 3 . 4 0 )  

8f and ( 3 . 4 4 )  form a closed set  f o r  the f i v e  unknowns, B,, B f ,  

and rh f o r  t h e  hybrid combustion case. This set of equat ions can 

be  s i m p l i f i e d  f o r  several l i m i t i n g  cases. These l i m i t i n g  cases, 

pure monopropellant combustion, pure b i p r o p e l l a n t  combustion, and 

pure evaporat ion,  are discussed i n  t h e  following. 

For pure monopropellant combustion, t h e  concen t r a t ion  of 

o x i d i z e r  i n  t h e  ambient surroundings is  zero. From Equation ( 3 . 4 0 )  

Bf = 1 ( 3 . 4 5 )  

and from Equation ( 3 . 3 6 )  

Bf = Bw ( 3 . 4 6 )  

Thus, t h e  equat ions app l i cab le  t o  pure monopropellant combustion 

are : 

I Iil CF e1 - eR f L* 
- (1 - h] = e [ 6, - L* - (L* - 8,) I n  

( 3 . 4 7 )  

BI - 8" + Q, - (Q, - 0")  I n  

( 3 . 4 8 )  

= 6, 2 rA2 A exp ( 2Ri:Tw] ( 3 . 4 9 )  
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These t h r e e  equat ions,  Equations (3.47), (3 48) , and (3  49) , form 

a closed set f o r  t h e  t h r e e  unknowns, B1, BI,  and i. 

% A s  Region B i n  Figure 3 becomes i n c r e a s i n g l y  narrower, 

approaches 8,. 

corresponds t o  pure b i p r o p e l l a n t  combustion and t h e  hybrid combustion 

A t  t h e  p o i n t  where 8, equals  B f ,  t h e  s i t u a t i o n  

c h a r a c t e r i s t i c  is l o s t .  From Equation (3.35), BI must equa l  Bf 

f o r  8 equal  t o  6,. 

combustion reduce t o  : 

Thus t h e  equations f o r  pure b i p r o p e l l a n t  I 

(3.50) 

O/Co 

Bf = ( 1  - 8' + Q2)/[y] Y+YO.. + 8" - Q, 

(3.51) 

(3.52) 

The unknowns f o r  t h i s  case are 8,, B f ,  and &. An equat ion such as 

Equation (3.44) i s  no t  r equ i r ed  s i n c e  Equations (3.50)-(3.52) form 

a c l o s e t ' s e t  f o r  t h e  t h r e e  unknowns. 

For evaporation with no combustion, t h e  ambient oxygen 

concen t r a t ion  is  zero and from Equation (3.521, 8 must equa l  one. f 

From Equation (3.51) f o r  Bf  equal  one 6 

f o r  pure evaporat ion reduce t o  the following: 

must equal  8,. The equat ions f 
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1 lil CF 1 - e, + L* 
XARrR 1 - +-] = 

[i - eR - (L* - e,) In L* 

(3.53) 

The solution for the hybrid and pure monopropellant combustion 

cases involves the parameters A and E in the laminar flame velocity 

expression. 

combustion for the fuels of interest. 

had to be estimated from the experimental data. 

to compute these parameters is explained in the following. 

These parameters are not experimentally known for droplet 

Thus the parameters A and E 

The procedure used 

In order to compute the empirical parameters, A and E, an 

experimental lil for some mid-range test condition was selected. 

picking a value for E, A was computed so that the experimental i and 

computed i were matched. 

mass burning rate, i, was computed for other test conditions. In 

t h i s  manner a set of computed mass burning rates was obtained for 

each value of E for comparison with the remainder of the data. 

Then, 

Using these same values for A and E, the 

The approach used to estimate the value of the dimensionless 

infinite radius, B,, will now be explained. 

conditions, B, equals infinity. However, the experiments were 

conducted under forced convection Conditions. To estimate the 

effect of forced convective flow around the drop, 

discussed by Faeth (28) was employed. With this approximation 

for convection effects the outer film dimensionless radius, e,, is 

given at any flow condition by the following: 

For zero convection 

a film theory as 
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Nu B, = - NU-2 (3.54) 

where Nu i s  t h e  Nusslet  number i n  t h e  absence of mass t r a n s f e r  and 

chemical r eac t ion .  

The Nusselt  number f o r  any flow condi t ion w a s  es t imated 

us ing  t h e  c o r r e l a t i o n  developed by Lazar (24). 

as fol lows:  

The c o r r e l a t i o n  is  

(3.55) - -  -4 / 3]-lI2 Nu - 1 + 0.278 Nu* Pr1I3 [l + 1.237 Re-' Pr  

where Nu* i s  the  Nusslet  number f o r  t h e  no flow cond i t ion ,  As 

suggested by Combs (29),  p r o p e r t i e s  i n  t h e  c o r r e l a t i o n  were taken t o  

b e  those  of t h e  ambient gases  s ince  t h i s  method eliminates t h e  

d i f f i c u l t i e s  i n  d e f i n i n g  unambiguous mean p r o p e r t i e s .  

c o r r e l a t i o n s  used f o r  t h e  ambient g a s  p r o p e r t i e s  required f o r  t h e  

e s t ima t ion  of t h e  Reynolds and P r a n d t l  numbers are given i n  Appendix A. 

The 

Experimental mass burning r a t e s ,  M, are compared wi th  p red ic t ed  

v a l u e s  using t h e  t h e o r e t i c a l  model i n  t h e  next  chapter .  

used i n  t h e  model are l i s t e d  i n  T a b l e  2. 

and r e fe rences  used t o  determine these p r o p e r t i e s  are given i n  

Appendix A. 

The p r o p e r t i e s  

The s p e c i f i c  c o r r e l a t i o n s  
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Table 2 

Properties Used in the Theoretical Models 

Fuel 

MMH UDMH N2H4 Property 

TR (K) 387 361 336 

Y 1.00 1.74 2.13 

L (cal/gm) 334 209 139 

-748 -708 -334 

CF (cal/gm-K) 

-4630 -6180 -7220 

0.696 0.751 0.807 

0.871 CFp (cal/gm-K) 0.800 0.854 

Cp (cal/gm-K) 0.540 0.500 0.481 

co ( cal / gm-K) 0.290 0.290 0.290 

Au x lo4 (cal/cm-sec-K) 1.0 1.1 0.77 

1.2 1.2 0.90 

0.83 0.73 0.65 

4 

4 
x 10 (cal/cm-sec-K) 

ACR x 10 (cal/cm-sec-K) 



CHAPTER IV 

RESULTS AND DISCUSSION 

4.1  Data Reduction 

The high temperature d rop le t  burning rate d a t a  w a s  obtained 

using t w o  somewhat d i f f e r e n t  experimentai techniques.  The smaii 

diameter burning rates were obtained from t h e  diameter v a r i a t i o n  

wi th  t i m e  of a suspended d r o p l e t .  Data f o r  t h e  l a r g e r  diameters 

w a s  obtained d i r e c t l y  from t h e  mass rate of f u e l  suppl ied i n t e r n a l l y  

t o  a burning porous sphere. 

suspended d r o p l e t  tests and t h e  a p p l i c a b i l i t y  of comparing t h e  

d a t a  obtained i n  these  two d i f f e r e n t  ways a r e d i s c u s s e d  i n  t h e  

The method of d a t a  r educ t ion  f o r  t h e  

G n l  1 nrni n m  '"..'"."*.6. 

The suspended d r o p l e t  experiments y i e lded  t h e  t i m e  v a r i a t i o n  

of d r o p l e t  diameter.  When t h i s  da t a  w a s  p l o t t e d  as diameter 

squared as a func t ion  of t i m e ,  reasonably l inear  curves were 

obtained. A sample diameter squared p l o t  f o r  t h r e e  tests wi th  UDMH 

i s  shown i n  Figure 4 .  

measuring t h e  s l o p e  of these curves. The s lopes  were determined 

by f i t t i n g  a least squares  curve t o  the d a t a  f o r  each test. Since 

d r o p l e t  burning rates vary wi th  d rop le t  diameter , t h e  s l o p e s  were 

balanced about a f i x e d  average diameter (on t h e  o r d e r  of 1200~). 

Burning rate cons t an t s  were obtained by 

For each test  condi t ion,  the measured burning rate cons tan t s  

A statist ical  a n a l y s i s  of were an average of t h r e e  s e p a r a t e  tests. 

t h e  d a t a  i n d i c a t e d  t h a t  t h e  percent s tandard d e v i a t i o n  of t h e  s lopes  
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obtained from t h e  least squares  curves d i d  n o t  exceed 5% f o r  any 

reported test. 

The e f f e c t  of t he  diameter of t h e  qua r t z  support  f i b e r  on t h e  

r e s u l t s  f o r  t h e  suspended d r o p l e t  tests was i n v e s t i g a t e d  during 

prel iminary t e s t i n g .  It was found t h a t  doubling t h e  diameter of t h e  

f i b e r  from 100 t o  2001.1 r e s u l t e d  i n  a 15% inc rease  i n  t h e  burning 

rate constant .  This  suggests  t h a t  t h e  p r e s e n t  r e s u l t s  ( 1 0 0 ~  f i b e r )  

may be  somewhat i n  excess of t h e  burning rate cons t an t s  of f r e e  

drop lets . 
For comparison with t h e  porous sphe re  d a t a ,  burning rate 

cons t an t s  had t o  be  converted t o  mass burning rates. 

between t h e  burning rate cons t an t ,  K,  and t h e  mass burning rate, $I, 

as given by Williams (27)  is: 

The r e l a t i o n s h i p  

Experimental burning rate constants  and computed mass burning rates 

from Equation (4.1) are l i s t e d  i n  Appendix B f o r  a l l  test Conditions 

and the  t h r e e  f u e l s  t e s t e d .  

Mass burning rates were obtained d i r e c t l y  wi th  t h e  porous 

sphere experimental  technique. The porous sphere d a t a  is a l s o  

l i s t e d  i n  Appendix B. Spot checks f o r  va r ious  test cond i t ions  

from day t o  day ind ica t ed  that  mass burning rates could b e  reproduced 

w i t h i n  about - +3% wi th  t h i s  technique. 

The t o t a l  h e a t  of vapor i za t ion ,  L, d i f f e r e d  i n  numerical value 

I n  t h e  case of a porous sphere,  f o r  t h e  two experimental  techniques.  

L included t h e  energy required f o r  s e n s i b l e  h e a t i n g  of t h e  l i q u i d  
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from i ts  en te r ing  temperature (298 K) t o  t h e  f u e l  b o i l i n g  temperature. 

However, t he  t h e o r e t i c a l  d i f f e rence  i n  mass burning rate f o r  t h e  

d i f f e r e n t  L va lues  d i d  n o t  exceed 3% f o r  any test condi t ion.  

Therefore ,  t h e  mass burning rates f o r  t h e  two experimental  

techniques are, f o r  a l l  p r a c t i c a l  purposes t h e  same f o r  a given drop 

diameter and test condi t ion.  

Figure 5 shows photographs of burning porous spheres  under 

va r ious  condi t ions.  For ox ida t ion  cond i t ions  a l l  f u e l s  exh ib i t ed  a 

flame with two d i s t i n c t  zones of luminosity.  

c h a r a c t e r i s t i c  of hybrid combustion of t he  hydrazine f u e l s .  

et a l . ,  (8) observed similar behavior f o r  hydrazine burning i n  

n i t r o g e n  t e t r o x i d e .  However, Lawver a l s o  i n d i c a t e d  t h a t  t h e  v i s i b l e  

flame f r o n t s  d id  no t  coincide with t h e  maximum temperature p o i n t s  

i n  t h e  flame f o r  t h e i r  test condi t ions.  Therefore t h e  v i s i b l e  

f r o n t s  may o r  may n o t  i n d i c a t e  t h e  p o s i t i o n  of t h e  monopropellant 

and b i p r o p e l l a n t  flames. 

more s p h e r i c a l  than t h a t  f o r  UDMH i n  Figure 5. 

ox ida t ion  condi t ions w a s  s i m i l a r  i n  appearance t o  UDMH. 

This phenomena i s  

Lawver, 

The hydrazine flame i s  seen t o  b e  somewhat 

MMH burning under 

For decomposition condi t ions,  no v i s i b l e  flame f r o n t  could 

Hydrazine and MMH burning be seen  f o r  any of t h e  t h r e e  f u e l s .  

under decomposition condi t ions are a l s o  shown i n  Figure 5 .  

Figure 5 a l s o  i l l u s t r a t e s  the presence of small drops 

on t h e  bottom s i d e  of t h e  porous sphere. 

used as a n  i n d i c a t i o n  of t h e  steady burning condi t ion.  

s t eady  burning condi t ion t h i s  small drop d i d  no t  grow o r  diminish i n  

s i z e .  

These small drops were 

A t  t h e  

A s t a b l e  burning cond i t ion  could not  be  obtained i f  t h e  drop 



4 3  

N2H4, d - 1 . 2 7 c m ,  ToD=2530K, Y m = 0 . 4 1 8  UDMH, d -1.27cm, Tm=2530K,  Yom=0.418 
2- R- 

N2H4, d - 1 . 2 7 c m ,  T,=1835K, Yw= 0 R- MMH, d Q = 1 . 2 7 c m ,  ToD=1835K, Yw=O 

Figure 5 Photographs of Burning Porous Spheres for  Various 
Test Conditions 
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d id  n o t  appear; f o r  w i th  no drop present, t he  porous sphe re  became 

dry and overheated. 

Some i n d i c a t i o n  of t h e  e f f e c t  of t h e  small drop on t h e  

burning rate of t h e  porous sphere can be  obtained by comparing the 

s u r f a c e  area of t h e  porous sphere t o  t h e  s u r f a c e  area of the porous 

sphere w i t h  t h e  s m a l l  drop attached. The increase i n  s u r f a c e  area, 

f o r  t h e  worst  condi t ion shown i n  Figure 5 ,  is  less than  3%. 

Since t h e  hybrid combustion model required numerical  va lues  

f o r  t h e  parameters A and E ,  t hese  parameters were es t ima ted  from t h e  

d a t a .  

f o r  a l l  t h r e e  f u e l s .  Also shown on Table 3 are t h e  c o r r e l a t i o n  

cond i t ions  used t o  compute A with t h e  given value of E and M. 

Table 3 shows t h e  va lues  of A and E used i n  t h e  hybrid model 

For zero a c t i v a t i o n  energy, A corresponds t o  t h e  mass burning 

rate pe r  u n i t  area of a plane laminar flame. Antoine (30) reported 

va lues  of laminar flame speed f o r  hydrazine taken from measurements 

r epor t ed  using t h e  s t r a n d  burning technique. A t  atmospheric 

p re s su re  Antoine's  r epor t ed  value of t h e  laminar flame speed 

corresponds t o  a m a s s  burning rate pe r  u n i t  area of 0,019 

z gm/cm -sec, 

hydrazine is 0.0136 gm/cm -sec. 

be  compatible with s t r a n d  burning measurements a t  least  f o r  t h e  one 

cond i t ion  where t h e  two can be compared. No measurements of t h e  

laminar flame speed of MMH or UDMH could be found i n  t h e  l i t e r a t u r e .  

The p resen t  computed va lue  of A (with E=O) f o r  

2 Thus, t h e  p re sen t  r e s u l t s  seem t o  

A s  discussed i n  t h e  theory chap te r ,  t h e  e f f e c t  of forced 

convective flow p a s t  t h e  burning d r o p l e t  w a s  accounted f o r  by 

assuming a s t agnan t  f i l m  of dimensionless r ad ius  8,. Table 4 lists 
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Table 3 

Correlation Conditions and Parameters Used i n  the  Hybrid Model 

Correlation Condition A E 

To,(K) Yooo dR(cm) &(gm/sec) (&cm - sec )  (kcal/mole) 2 Fuel 

0.0136 0 

N2H4 2470 0 0 .95  0.0420 0.1040 10 

6.106 30 

0.0025 0 

MMH 2470 0 1 .27  0.0205 0.0116 10 

0.2486 30 

UDMH 2470 0 1.27 0.0218 

0 i 0038 n 

0.1033 10 

77.88 30 
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values  of B,, Reynolds number, and P rand t l  number f o r  va r ious  test 

condi t ions.  The c o r r e l a t i o n s  used t o  estimate the  Reynolds and 

P rand t l  numbers are given i n  Appendix A. Also l i s t e d  i n  Table 4 is  

t h e  r a t i o  of mass burning rate computed f o r  convective flow t o  the  

mass burning rate f o r  no flow condi t ions f o r  hydrazine f o r  both t h e  

b ip rope l l an t  and hybrid models. 

As i nd ica t ed  i n  Table 4, as d r o p l e t  diameter increased a t  a 

given tes t  condi t ion  t h e  e f f e c t  of forced convection (based on t h e  

va lues  of M/M*> increased  t h e  mass burning rate f o r  t h e  b ip rope l l an t  
. .  

model as much as 2.5 t i m e s  over t h e  mass burning rate f o r  no flow 

condi t ions  f o r  t h e  l a r g e s t  sphere s i z e  t e s t e d .  However, t h e  hybrid 

model w a s  q u i t e  i n s e n s i t i v e  t o  ambient condi t ions.  I n  f a c t ,  as drop 

diameter increased  t h e  e f f e c t  of convective flow decreased. This 

phenomena w i l l  be  discussed i n  grea te r  d e t a i l  la ter .  

A s  noted i n  the  In t roduct ion  fou r  f u e l s  were t o  be t e s t e d ,  

namely, hydrazine,  MMH, UDMH, and A-50. No experimental  da t a  was 

taken f o r  A-50 although a t t e m p t s  were made t o  ob ta in  d a t a  using both 

the  suspended d r o p l e t  and porous sphere techniques.  

a suspended d r o p l e t ,  the  l i q u i d  A-50 formed bubbles and s h a t t e r e d  

I n  t h e  case of 

before  s u f f i c i e n t  t i m e  had elapsed t o  ob ta in  a diameter h i s t o r y  of 

t h e  drople t .  For porous sphere burning t h e  l i q u i d  b u r s t  from t h e  

su r face  of t h e  sphere  i n  the  form of small d rop le t s ;  a s t a b l e  burnfng 

condi t ion  could not  be  obtained even f o r  combustion i n  a i r  a t  room 

temperature. Lawver, e t  a l . ,  ( 8 )  noted s imilar  behavior f o r  mixtures  

of hydrazine and UDMH containing more than 5% UDMH by weight. 

No at tempt  w a s  made t o  determine the cause of t h i s  erratic behavior 

f o r  A-50. 
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Also i nves t iga t ed  during the experimental  program w a s  t he  

e f f e c t  of water vapor i n  t h e  ambient gas on t h e  burning rate. 

experimental  e r r o r ,  i t  w a s  found t h a t  ambient water vapor mass 

f r a c t i o n s  as high as 0.14 had no e f f e c t  on t h e  burning rates a t  a 

given temperature,  ambient oxygen concent ra t ion ,  and drop diameter .  

Within 

The experimental  d a t a  is compared t o  t h e  p red ic t ed  d a t a  using 

t h e  var ious  models i n  the  following s e c t i o n s .  

4.2 Ef fec t  of Drop Diameter 

The d r o p l e t  s i z e s  normally found i n  spray  combustion phenomena 

are a t  least  an order  of magnitude smaller than  t h e  smallest drop 

s i z e s  considered i n  t h i s  experimental  program. Therefore ,  t h e  d a t a  

mus t  be ex t r apo la t ed  over a l a r g e  range i n  order  t o  p r e d i c t  burning 

rates f o r  drop sizes found ffi spray coiiittiation, For t h i s  resssn the 

e f f e c t  of d rop le t  diameter on mass burning rates is  an important  

experimental  cons idera t ion .  

Figure 6 is  a t y p i c a l  p l o t  of t he  m a s s  burning rate of hydrazine 

as a func t ion  of drop diameter f o r  an ox ida t ion  condi t ion.  Also 

shown are the  p red ic t ed  mass burning rates using t h e  hybrid model 

w i th  va r ious  a c t i v a t i o n  ene rg ie s  and t h e  b i p r o p e l l a n t  model. 

The b i p r o p e l l a n t  r e s u l t s  are shown a s  bands r a t h e r  than s i n g l e  

curves i n  Figure 6. 

mass burning rates w e r e  most s e n s i t i v e  t o  a change i n  t h e  thermal 

conduct iv i ty  i n  t h e  reg ion  adjacent  t o  t h e  d r o p l e t  s u r f a c e  (Region 

A of Figure 3 ) .  

from a - +20% v a r i a t i o n  on AAR. 

A parametr ic  s tudy ind ica t ed  t h a t  b i p r o p e l l a n t  

The bands shown i n  F igure  6 g ive  the  l i m i t s  r e s u l t i n g  

Since t h e  hybr id  model r equ i r e s  a 
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c a l c u l a t i o n  of A f o r  each f u e l ,  a v a r i a t i o n  i n  Xu i s  merely absorbed 

i n  t h e  ca l cu la t ed  A. 

A s  i nd ica t ed  on Figure 6 ,  the b i p r o p e l l a n t  model p r e d i c t s  t h e  

mass burning rate of t h e  small d rop le t  f a i r l y  w e l l .  However, as 

d r o p l e t  diameter i nc reases  t h e  da t a  d e v i a t e s  considerably from t h e  

b i p r o p e l l a n t  s o l u t i o n .  For t h e  l a r g e s t  diameter drop, t h e  b i p r o p e l l a n t  

s o l u t i o n  i s  almost 4 t i m e s  lower than t h e  experimental  value., 

The hybrid model does p red ic t  t h e  t r e a d  of M w i t h  diameter 

i n  Figure 6. Also, one can no te  t h a t  t h e  s o l u t i o n s  f o r  va r ious  

a c t i v a t i o n  ene rg ie s  asymptot ical ly  approach one another  f o r  l a r g e  

diameters.  For t h e  cond i t ions  of Figure 6 t h e  temperature independent 

laminar flame v e l o c i t y  expression (Ed) g i v e s  t h e  b e s t  p r e d i c t i o n  of 

t h e  experimental  da t a .  

Figure 7 is a similar p l o t  f o r  hydrazine except t h a t  a 

decomposition cond i t ion  i s  shown. I n  t h i s  case, t h e  evaporat ion 

model p r e d i c t s  mass burning rates which are low by almost an o rde r  of 

magnitude f o r  t h e  l a r g e s t  diameter sphere.  Again, t h e  hybrid model 

does p r e d i c t  t h e  d a t a  with a temperature independent laminar flame 

v e l o c i t y  expression giving t h e  b e s t  o v e r a l l  p red ic t ion .  

By comparing t h e  r e s u l t s  i n  Table 4 wi th  t h e  t r ends  ind ica t ed  

i n  Figures  6 and 7 ,  one can ob ta in  a p l a u s i b l e  explanat ion as t o  why 

t h e  e f f e c t  of convective flow decreases w i t h  inc reas ing  drop diameter 

f o r  hydrazine and f o r  t h e  hybrid model. 

hybrid s o l u t i o n  approaches t h e  b i p r o p e l l a n t  s o l u t i o n  wh i l e  f o r  l a r g e  

diameters t h e  hybrid s o l u t i o n  dev ia t e s  s i g n i f i c a n t l y  i n d i c a t i n g  t h e  

o n s e t  of monopropellant l i k e  behavior. 

For small diameters t h e  

Since f o r  l a r g e  diameters 
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convective flow has no e f f e c t  on t h e  computed hybrid mass burning rate, 

monopropellant l i k e  behavior is  highly i n s e n s i t i v e  t o  ambient 

condi t ions.  

Figures  8 and 9 are t y p i c a l  p l o t s  of M as a func t ion  of drop 

diameter f o r  MMH f o r  an oxida t ion  and a decomposition condi t ion  

r e spec t ive ly .  Bands of +20% - Xu a re  not  shown i n  order  t o  avoid 

c l u t t e r i n g  t h e  f i g u r e ,  however, these ranges are similar t o  those 

shown on Figures 6 and 7. A s  ind ica ted  on Figure 8 t h e  b ip rope l l an t  

model does p r e d i c t  experimental  mass burning rates of MMH f a i r l y  

w e l l  over t h e  e n t i r e  range of drop s i z e s  considered. A t  small 

diameters ,  t he  hybrid s o l u t i o n  fo r  E=O and t h e  b ip rope l l an t  s o l u t i o n  

merge toge ther .  Theore t i ca l ly  t h i s  i n d i c a t e s  t h a t  MMH has  l o s t  i t s  

monopropellant c h a r a c t e r i s t i c s .  A t  l a r g e r  diameters  t h e  s o l u t i o n s  

separate ind ica t ing  t h e  onse t  of monopropellant l i k e  behavior.  

S i m i l a r  behavior can be  noted i n  Figure 9. In  t h i s  case, 

however, t he  dev ia t ion  from an evaporation s o l u t i o n  is  as much as 

a f a c t o r  of 2 f o r  l a r g e  diameters.  

p r e d i c t  t h e  t rend  i n  t h e  d a t a w i t h a  zero a c t i v a t i o n  energy s o l u t i o n  

Here aga in  t h e  hybrid model does 

supe r io r  t o  a temperature dependent laminar flame v e l o c i t y  so lu t ion .  

Again the  - +20% Figures  10 and 11 a r e  similar p l o t s  f o r  UDMH. 

band of hAll f o r  t h e  b ip rope l l an t  so lu t ion  is  not  shown f o r  c l a r i t y .  

Some t e s t i n g  w a s  conducted wi th  high p u r i t y  UDMH; t hese  r e s u l t s  a r e  

a l s o  ind ica t ed  i n  Figures  10 and 11. 

UDMH exh ib i t ed  s imilar  behavior t o  t h a t  of MMH. As shown 

i n  Figure 10 ,  t h e  d a t a  dev ia t e s  s l i g h t l y  from a pure b ip rope l l an t  

s o l u t i o n  f o r  l a r g e  diameter.  For t h e  decomposition condi t ion  of 

Figure 11 the  dev ia t ion  a t  l a r g e  diameters is  much more pronounced. 
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Once again,  t h e  zero a c t i v a t i o n  energy s o l u t i o n  p r e d i c t s  t h e  t rend  

i n  t h e  d a t a  b e t t e r  than a temperature  dependent laminar flame 

v e l o c i t y  so lu t ion .  

One should note  t h a t  i n  determining t h e  va lue  of t h e  h e a t  

of r e a c t i o n  of t h e  oxida t ion  flame, q2, d i s s o c i a t i o n  e f f e c t s  were 

not  considered. 

as high as 5500 K. 

occur.  I f  d i s s o c i a t i o n  e f f e c t s  had been considered,  t h e  computed 

b i p r o p e l l a n t  flame temperatures would have been reduced, and; t h e r e f o r e ,  

t h e  computed mass burning r a t e s  would have been even lower f o r  t h e  

b i p r o p e l l a n t  model. Lazar (24) found t h a t  computed b ip rope l l an t  

burning rates w e r e  as much as 50% higher  than  experimental  va lues  f o r  

h i s  condi t ions  unless  d i s s o c i a t i o n  e f f e c t s  were considered. Since 

d i s s o c i a t i o n  e f f e c t s  are not  a f a c t o r  i n  t h e  evaporat ion model f o r  

decomposition condi t ions ,  t h e  apparent s u p e r i o r i t y  of t h e  b ip rope l l an t  

model over  t h e  evaporat ion model could thus  be explained.  

The computed b ip rope l l an t  flame temperatures were 

A t  t h e s e  high temperatures d i s s o c i a t i o n  w i l l  

4 . 3  Effec t  of Ambient Oxygen Concentration 

The e f f e c t  of var ious  ambient oxygen concent ra t ions  on t h e  

burning rates of t h e  th ree  f u e l s  was a l s o  inves t iga t ed  using both 

the  suspended d r o p l e t  and porous sphere techniques.  Figures  1 2 ,  13,  

and 14 summarize t h e  r e s u l t s  f o r  t h ree  drop diameters and f o r  t h e  

t h r e e  f u e l s .  

As i nd ica t ed  on Figure 1 2 ,  as diameter increased ,  t h e  e f f e c t  

of i nc reas ing  ambient oxygen concentrat ion decreased. 

s o l u t i o n  f o r  hydrazine is no t  shown f o r  c l a r i t y ;  i n  a l l  cases ,  t h e  

b i p r o p e l l a n t  s o l u t i o n  p red ic t ed  mass burning rates lower than  

The b i p r o p e l l a n t  
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experimental  values .  

s o l u t i o n  p r e d i c t s  t h e  t r ends  i n  the d a t a  bes t .  

Here again,  t h e  hybrid zero  a c t i v a t i o n  energy 

The b i p r o p e l l a n t  s o l u t i o n  is shown on Figure 13  f o r  MMH s i n c e  

i t  p r e d i c t s  the  d a t a  as w e l l  as or b e t t e r  than  t h e  hybrid so lu t ion .  

However, as ind ica t ed  previbus ly ,  inc luding  d i s s o c i a t i o n  e f f e c t s  

would lower the  pred ic ted  b ip rope l l an t  burning rates. 

hydrazine,  t he  e f f e c t  of increas ing  ambient oxygen concent ra t ion  

decreased as drop diameter increased.  

J u s t  as f o r  

S i m i l a r  behavior w a s  found f o r  TJDMH as i l l u s t r a t e d  on Figure 14 ,  

Note t h a t  t h e  99.8% p u r i t y  UDMH cons i s t en t ly  y i e lded  h igher  burning 

rates than  the  s tandard  p u r i t y  UDMH f o r  t h e  s m a l l  diameter r e s u l t s .  

T n e  high p u r i t y  UDMH was only t e s t e d  a t  t h e  s m a l l  diameter condi t ion.  

4 . 4  E f f e c t  of Ambient Temperature 

I n  add i t ion  t o  t h e  oxidat ion r e s u l t s ,  decomposition d a t a  was 

a l s o  obtained f o r  t h e  th ree  f u e l s  using t h e  two experimental  

techniques.  Figures  15, 16,  and 17 summarize the  r e s u l t s  f o r  t h r e e  

of t h e  drop diameters  t e s t ed .  

As i n  t h e  case of increas ing  ambient oxygen concent ra t ion ,  

Figure 15 i n d i c a t e s  t h a t  as drop d iameter  increased  t h e  e f f e c t  of 

i n c r e a s i n g  ambient temperature decreased f o r  hydrazine.  

t h e  hybrid model wi th  E=O gave the b e s t  c o r r e l a t i o n  of t h e  da t a .  

As befo re ,  

For MMJ3, shown on Figure 1 6 ,  a pure evaporat ion s o l u t i o n  

worked b e s t  f o r  t h e  two s m a l l  diameters whereas t h e  hybrid s o l u t i o n  

wi th  E=O worked b e s t  f o r  t h e  l a rge  diameter i n d i c a t i n g  t h e  onse t  of 

monopropellant behavior.  
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Figure 1 7  i l l u s t r a t e s  similar behavior f o r  UDMH. Note t h a t  i n  

c o n t r a s t  t o  t h e  oxidat ion condi t ions ,  t h e  samples of d i f f e r e n t  p u r i t y  

gave nea r ly  t h e  same mass burning rate a t  a l l  decomposition condi t ions  

f o r  t h e  s m a l l  diameter drople t .  

4.5 Overa l l  Comparison of Experimental Values and t h e  Hybrid Model 

In order t o  get a a r e  general picture as t o  how w e i i  the 

hybr id  model pred ic ted  experimental  mass burning rates, a d i r e c t  

comparison w a s  made as shown on Figures 18 ,  19,  and 20 f o r  t h e  th ree  

f u e l s .  Also p l o t t e d  on these  f igu res  are experimental  va lues  of t h e  

burning rates of the  f u e l s  ava i l ab le  i n  t h e  l i t e r a t u r e .  Since t h e  

temperature independent laminar flame v e l o c i t y  expression c o r r e l a t e d  

t h e  d a t a  b e t t e r  than  a temperature dependent expression,  only t h e  

temperature i~ldependeat  case is p l ~ t t e d .  

The a d d i t i o n a l  burning r a t e  d a t a  p l o t t e d  on Figures  18 ,  19 ,  

and 20 w a s  taken from Dykema and Greene (61, Rosser (31,  Lawver, e t  al., 

(81, and Kosvic and Breen (9).  Since t h e  convective condi t ions  

were not  w e l l  def ined f o r  t h e s e  experiments, only the  in f luence  of 

n a t u r a l  convection w a s  considered i n  c a l c u l a t i n g  6,. 

number f o r  n a t u r a l  convection w a s  ca l cu la t ed  using t h e  expression: 

The Nussel t  

Nu = 2 + 0.6 Gr114 Pr113 (4.2) 

The Grashof number was est imated from t h e  fol lowing r e l a t i o n :  

2 3 

2 
P g dg 

G r  = ( 4 . 3 )  
1-I 

suggested by Spalding (31) f o r  burning spheres.  The c o r r e l a t i o n s  

used t o  determine t h e  p r o p e r t i e s  necessary t o  c a l c u l a t e  t h e  Grashof 
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and P r a n d t l  numbers are t h e  same as were used previously and are 

l i s t e d  i n  Appendix A. 

The d a t a  of Dykema and Greene (6), Rosser (5 ) ,  and Lawver, 

e t  a l . ,  (8) w a s  a l l  taken a t  approximately room temperature. 

t h e  same p r o p e r t i e s  as l i s t e d  i n  Table 2 w e r e  used i n  t h e  hybrid 

model p r e d i c t i o n s  f o r  t hese  low temperature condi t ions.  

t h e  same va lue  of A as l i s t e d  i n  Table 3 w a s  a l s o  used. 

However, 

I n  a d d i t i o n  

The d a t a  of Kosvic and Breen (9)  w a s  taken a t  a p re s su re  of 

7.8 a t m .  However, t h e  temperature w a s  not  s p e c i f i e d  f o r  t h e i r  

r epor t ed  r e s u l t s  although they ind ica t ed  t h a t  i t  w a s  somewhere i n  t h e  

range of 1000 t o  5500 F. The po in t s  shown i n  Figure 18 were computed 

wi th  an ambient temperature of 2000 K since tnis temperature l ies 

i n  about t h e  middle of t h e  reported range. I n  add i t ion .  t h e  pre- 

exponen t i a l  f a c t o r ,  A ,  w a s  assumed p r o p o r t i o n a l  t o  p re s su re  which 

corresponds t o  a n  o v e r a l l  r e a c t i o n  o r d e r  of two as reported by 

Antoine (30). 

A s ta t i s t ica l  a n a l y s i s  of the r e s u l t s  f o r  hydrazine p l o t t e d  

i n  F igu re  18 ind ica t ed  t h a t  t h e  average pe rcen t  e r r o r  between 

p r e d i c t e d  and experimental  mass burning rates w a s  18.8%. 

The r e s u l t s  f o r  MMH are shown on Figure 19. 

p e r c e n t  error f o r  MMJ3 w a s  17.1%. 

The average 

Figure 20 shows the  r e s u l t s  f o r  UDMH. The average e r r o r  i n  

t h i s  case w a s  18.7%. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

5.1 Summary 

The o v e r a l l  o b j e c t i v e  of the p re sen t  i n v e s t i g a t i o n  w a s  t o  

s tudy t h e  combustion characteristics nf the h-ravg-+ne "J Y& U Y I . .  f u e l s  a t  high 

temperature and atmospheric pressure.  

t h e  s tudy were as follows: 

The s p e c i f i c  o b j e c t i v e s  of 

1. To determine d r o p l e t  burning rates as a func t ion  of 

ambient temperature, ambient oxygen concentrat ion,  and 

d r o p l e t  diameter.  

To develop a semi theore t i ca l  hybrid combustion model 

which provides a means of e s t ima t ing  t h e  burning rates 

f o r  t h e s e  f u e l s .  

2. 

The s p e c i f i c  f u e l s  considered i n  t h e  s tudy were hydrazine,  

MMH, UDMH, and A-50, however, a steady burning cond i t ion  could not  b e  

achieved f o r  A-50 f o r  any test condition. Therefore ,  only r e s u l t s  

f o r  hydrazine,  MMH, and UDMH were obtained.  

Two d i f f e r e n t  experimental  techniques were used t o  provide 

a l a r g e  range of d r o p l e t  s i z e s .  The smallest diameter d a t a  w a s  

obtained using t h e  suspended d rop le t  technique. A l l  o t h e r  d a t a  

w a s  obtained us ing  a porous sphere i n t e r n a l l y  supp l i ed  w i t h  l i q u i d  

f u e l .  

t h e  l i q u i d  f u e l .  However, t h e o r e t i c a l  cons ide ra t ions  i n d i c a t e d  

t h a t  t h e  measured burning rates at a given test cond i t ion  would be  

The techniques d i f f e r e d  i n  t h e  energy r equ i r ed  t o  vapor i ze  



7 1  

n e g l i g i b l y  d i f f e r e n t  using the  two techniques.  The o v e r a l l  

experimental  range included ambient temperatures from 1660 t o  2530 K, 

ambient oxygen mass f r a c t i o n s  from 0.0 t o  0.418, and drop s i z e s  from 

0.11 t o  1 .91  cm. 

Spalding 's  t h i n  flame approximation (16) w a s  used as a b a s i s  

i n  t h e  development of a t h e o r e t i c a l  model of hybrid combustion. 

model developed r equ i r ed  k i n e t i c  parameters f o r  s o l u t i o n .  

t h e s e  parameters are no t  known for d r o p l e t  combustion of t h e  f u e l s  

of interest. Therefore,  t h e  k i n e t i c  parameters had t o  be computed 

The 

However, 

from t h e  experimental  d a t a  a t  a given test condi t ion.  

parameters w e r e  then used t o  p r e d i c t  t h e  d a t a  a t  a l l  o t h e r  

experimental  condi t ions.  I n  add i t ion ,  t h e  hybrid model with t h e  

same k i n e t i c  parameters was used t o  p r e d i c t  d a t a  a v a i l a b l e  i n  t h e  

l i t e r a t u r e .  The agreement between t h e  p red ic t ed  and experimental  

burning rates w a s  q u i t e  good f o r  the test range considered. 

These same 

5.2  Conclusions 

The major conclusions of the s tudy are as follows: 

1. The experimental  mass burning rates of a l l  t h r e e  f u e l s  

i n c r e a s e  s l i g h t l y  with i n c r e a s i n g  ambient temperature 

f o r  t he  temperature range t e s t e d .  As drop diameter 

increases t h e  pe rcen t  increase i n  m a s s  burning rate wi th  

temperature decreases.  

2. Experimental mass burning rates inc rease  with i n c r e a s i n g  

ambient oxygen concentrat ion f o r  a l l  t h r e e  f u e l s  i n  t h e  

ambient oxygen concentrat ion range t e s t e d .  The percent  

i n c r e a s e  i n  mass burning rate with ambient oxygen 



concent ra t ion  decreases wi th  i n c r e a s i n g  drop 

diameter.  

As drop diameter i nc reases  t h e  experimental  mass 

burning rates dev ia t e  from a b i p r o p e l l a n t  o r  evaporat ion 

s o l u t i o n  i n d i c a t i n g  the onse t  of r e a c t i v e  behavior .  

The dev ia t ion  i s  e spec ia l ly  ev ident  f o r  hydrazine where 

an evaporat ion model p r e d i c t s  burning rates as much as 

an order  of magnitude lower than  observed experimental  

va lues .  The devia t ions  f o r  MMH and UDMH are less 

pronounced than  t h a t  f o r  hydrazine.  However, t h e  hybr id  

s o l u t i o n  does p r e d i c t  t h e  t r end  with drop diameter  

b e t t e r  than t h e  b ip rope l l an t  model f o r  a l l  t h r e e  f u e l s .  

4 .  The hybrid c o r r e l a t i o n  does p r e d i c t  t h e  observed t r ends  

3 .  

i n  mass burning r a t e  with drop diameter ,  ambient 

temperature ,  and ambient oxygen concen t r a t ion  f o r  a l l  

t h r e e  f u e l s .  A temperature independent laminar  flame 

v e l o c i t y  express ion  gives t h e  b e s t  o v e r a l l  c o r r e l a t i o n  

f o r  a l l  t h r e e  f u e l s  and the  experimental  range t e s t e d .  

5. T h e o r e t i c a l l y ,  ambient cond i t ions  have a n e g l i g i b l e  

e f f e c t  on m a s s  burning rates f o r  s t r o n g  monopropellant 

behavior .  However, ambient condi t ions  p lay  an important 

r o l e  i n  b i p r o p e l l a n t  combustion. 



BIBLIOGRAPHY 

1. Priem, R. J . ,  and Heidmann, M. F., "Propel lant  Vaporization 
as a Design Criteria f o r  Rocket Engine Combustion Chambers," 
NASA TR-67, 1960. 

2. Rosser, W. A.,  Jr . ,  "The Decomposition Burning of Monopropellant 
Drops: Hydrazine, Nitromethane, and Ethyl  Nitrate," Progress  
Report No. 20-305, 1957, Jet Propuls ion Laboratory,  Pasadena, 
C a l i f o r n i a .  

3. Rosser, W. A., Jr . ,  and Peskin,  R. L., "A Study of Decomposition 
Burning," Combustion and Flame, Vol. 10 ,  June 1966, pp. 152-160. 

4. d e l  Notar io ,  P. P . ,  and Tarifa, C. S . ,  "An Experimental 
I n v e s t i g a t i o n  on t h e  Combustion of Monopropellant Droplets ,"  
TN 59-628, January 1959, A i r  Force Of f i ce  of S c i e n t i f i c  Research. 

5. Faeth,  G. M . ,  Karhan, B. L . ,  and Yanyecic, G. A . ,  " I g n i t i o n  and 
Combustion of Monopropellant Droplets ,"  AIAA Journa l ,  Vol. 6 , 
No. 4 ,  A p r i l  1968, pp. 684-689. 

6. Dykema, 0. W . ,  and Greene, S. A . ,  "An Experimental Study of 
RP-1, UDMH, and N2H4 S ing le  Droplet Burning i n  A i r  and i n  
O x y g e ~ , "  Progress  i n  Astronaut ics  and Rocketing Series, Vol. 2 ,  
Academic P r e s s ,  New York, 1960, pp. 299-324. 

7 .  Lamer, B. R. ,  "Some Observations on t h e  Combustion of N2H4 
Droplets ,"  Paper No. 65-355, AIAA Second Annual Meeting, 
San Francisco, C a l i f o r n i a ,  July 1965. 

8. Lamer, B. R. ,  Kosvic, T.  C . ,  and Breen, B. P . ,  "Effects  of 
Additives on t h e  Combustion of Hydrazine," AFRPL-TR-67-288, 
January 1968, Dynamic Science Corporation, Monrovia, C a l i f o r n i a .  

9 .  Kosvic, T. C . ,  and Breen, B. P . ,  "Study of Addit ive E f f e c t s  on 
Hydrazine Combustion and Combustion I n s t a b i l i t y  a t  High 
P res su re  , ' I  AFRF'L-TR-69-12, November 1969 , Dynamic Science 
Corporation, Monrovia, Ca l i fo rn ia .  

10.  Faeth,  G. M. , "Predict ion of Pure Monopropellant Droplet  L i f e  
H i s t o r i e s , "  AIAA Journa l ,  Vol. 8, No. 7, J u l y  1970, pp. 1308-1314. 

11. Friedman, R . ,  and Macek, A. ,  " I g n i t i o n  and Combustion of Aluminum 
P a r t i c l e s  i n  Hot Gases," Combustion and Flame, Vol. 6 ,  No. 1, 
March 1962, pp. 9-19. 

12. Jones,  W. H. (Chairman), JANAF Thermochemical Tables,  Dow 
Chemical Company, Midland, Michigan. 



74 

13. 

14. 

15. 

16. 

1 7 .  

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Kobayasi, K. ,  "An Experimental Study of t h e  Combustion of a 
Fuel  Droplet ," F i f t h  Symposium ( I n t e r n a t i o n a l )  on Combustion, 
Reinhold, New York, 1954, pp. 141-148. 

L o r e l l ,  J. ,  and Wise, H. ,  "Steady S t a t e  Burning of a Liquid 
Droplet .  I. Monopropellant Flame ,I1 The J o u r n a l  of Chemical 
Physics ,  Vol. 23, No. 10,  October 1955, pp. 1928-1932. 

W i l l i a m s ,  F. A., "Theory of the  Burning of Monopropellant 
Droplets ,"  Combustion and Flame, Vol. 3, December 1959, 
pp. 529-544. 

Spalding, D. B . ,  and J a i n ,  V. K. ,  "Theory of t h e  Burning of 
Monopropellant Droplets," A.R.C. Technical Report No. 20-176, 
Current Paper No. 447, 1958. 

Adler,  J. ,  and Spalding, D. B. ,  "One-dimensional Laminar Flame 
Propagation with- an Ehialpy Gradient ,I1 Proc. Roy. SOC. A . ,  
Vol. 261, 1961, pp. 53-78. 

J a i n ,  V. K . ,  "The Theory of Burning of Monopropellant Droplets  
i n  an Atmosphere of I n e r t s , "  Combustion and Flame, Vol. 7,  
March 1963, pp. 17-27. 

T a r i f a ,  C. S . ,  d e l  Notario,  P. P . ,  and Moreno, F. G . ,  

Droplets ,"  Eighth Symposium ( I n t e r n a t i o n a l )  on Combustion, 
W i l l i a m s  and Wilkins, Baltimore, 1962, pp. 1035-1056. 

l s C ~ = ; ~ ~ = t f ~ ~  =f T Y I y u I u  - ? e . * - i A  M-nm-vnnall AL".&VpL"yC&I-Q&IL" n n t e  23d Biprzpellants i3 

Fendel l ,  F. E . ,  "F in i t e  Rate Burning of a Monopropellant Droplet  
i n  a Stagnant Atmosphere," Astronaut ica  Acta, Vol. 11, No. 6 ,  
1965, pp. 418-421. 

"Analysis of Liquid Rocket Engine Combustion I n s t a b i l i t y , "  
Technical Report No. AFFPL-TR-65-254, January 1966, Dynamic 
Science Corporation, Monrovia, C a l i f o r n i a .  

Ebe r s t e in ,  I. J . ,  and Glassman, I., "The Gas-Phase Decomposition 
of Hydrazine and Its Methyl Derivatives," Tenth Symposium 
( I n t e r n a t i o n a l )  on Combustion, The Combustion I n s t i t u t e ,  
P i t t s b u r g h ,  1965, pp. 365-374. 

Faeth,  G. M . ,  "The Kine t i c s  of Droplet  I g n i t i o n  i n  a Quiescent 
A i r  Environment ,I1 Ph.D. Thesis, 1964, The Pennsylvania S t a t e  
Un ive r s i ty ,  Universi ty  Park,  Pennsylvania. 

Lazar,  R. S . ,  "Bipropellant Droplet Combustion i n  t h e  V i c i n i t y  
of t h e  Cr i t i ca l  Point ,"  Ph.D. Thesis ,  1970, The Pennsylvania 
S t a t e  Universi ty ,  Universi ty  Park,  Pennsylvania. 



75 

25. W i l l i a m s ,  F. A., "On t h e  Assumptions Underlying Droplet  
Vaporization and Combus t i o n  Theories ,I1 The Journa l  of Chemical 
Physics ,  Vol. 33, N o .  1, Ju ly  1960, pp. 133-144. 

26. Brzustowski, T. A . ,  "Chemical and Phys ica l  L i m i t s  on Vapor- 
Phase Di f fus ion  Flames of Droplets," Canadian J o u r n a l  of 
Chemical Engineering, Vol. 43, February 1965, pp. 30-35. 

27. W i l l i a m s ,  F. A.,  Combustion Theory, Addison Wesley, Reading, 
Massachusetts,  1965. 

28. Faeth,  G. M.,  "Flame Zone Development of Monopropellant 
Droplets ,"  Combustion and Flame, Vol. 12,  October 1968, pp. 
411-416. 

29. Combs, R. L . ,  Discussion of paper by Eisenklam, P .  S . ,  
Arunachalam, S.  A., and Weston, J. A., "Evaporation Rates and 
Drag Resis tance of Burning Drops," Eleventh Symposium 
( I n t e r n a t i o n a l )  on Combustion, The Combustion I n s t i t u t e ,  
P i t t s b u r g h ,  1967, p. 728. 

30. Antoine, A. C . ,  "The Mechanism of Burning of Liquid Hydrazine," 
Eighth Symposium ( I n t e r n a t i o n a l )  on Combustion, W i l i i a m s  
and Wilkins,  Baltimore, 1962, pp. 1057-1059. 

31. Spalding, D. B . ,  "The Combustion of Liquid Fuels ,"  Fourth 
Symposium ( I n t e r n a t i o n a l )  on Combustion, W i l l i a m s  and Wilkins,  
Baltimore,  1953, pp. 847-864. 

32. Harshman, R. C. ,  "The Physical  and Chemical P r o p e r t i e s  of t h e  
Alkyl Hydrazines , I 1  Jet  Propulsion, A p r i l  1957, pp. 398-400. 

33. L e w i s ,  G. H . ,  and Randall ,  M . ,  Thermodynamics, 2nd Ed., 
Revised by P i t z e r ,  K. S . ,  and B r e w e r ,  L . ,  M c G r a w - H i l l ,  New 
York, 1961. 

34. S c o t t ,  D. W. ,  Oliver, G. D. ,  Gross, M. E . ,  Hubbard, W. N. ,  and 
Huffman, H. M. ,  "Hydrazine: Heat Capacity,  Heats of Fusion and 
Vaporization, Vapor Pressure,  Entropy and Thermodynamic 
Functions, '!Journal of t h e  American Chemical Society,  Vol. 71, 
J u l y  1949, pp. 2293-2297. 

35. Aston, J .  G . ,  Fink, H. L . ,  Jang, G. J. ,  and Russel, K. E., "The 
H e a t  Capacity,  Heats of Fusion and Vaporization, Vapor P res su res ,  
Entropy and Thermodynamic Functions of Methylhydrazine," 
J a u r n a i  of t h e  American Chemical Society,  VO1.- 73, May- 1951, 
pp. 1939-1943. 

36. Campbell, D. T . ,  and Chadwick, W. D . ,  "Combustion I n s t a b i l i t y  
Analysis a t  High Chamber Pressure,  F i n a l  Report," AFRPL-TR-68-179, 
August 1968, Rockefdyne, Canoga Park,  C a l i f o r n i a .  



76 

37. Svehla, R. A,, "Estimated Viscosities and Thermal Conductivities 
of Gases at High Temperatures," NASA Technical Report R-132, 1962. 

38.  Kobe, K. A., and Lynn, R. E., Chemical Reviews,Vol. 52, 
p. 117, 1963. 

39. Bizjak, F., and Stai, D. F., "Temperature-Entropy Diagram of 
Monomethylhydrazine," AIAA Journal, Vol. 2, No. 5, May 1964, 
pp. 954-956. 

40. "Dimazine-Unsymmetrical Dimethylhydrazine; Properties, 
Applications, Reactions," P a C  Corporation, Is~rganic Chmicals 
Division, New York, New York. 

41. Audrieth, L. F., and Ogg, B. A , ,  The Chemistry of Hydrazine, John 
Wiley and Sons, New York, 1951. 



APPENDIX A 

PHYSICAL PROPERTIES 

A . l  References f o r  Phys ica l  P r o p e r t i e s  

The r e fe rences  f o r  t h e  physical  p r o p e r t i e s  required i n  t h e  

calculations are shown on Table 5 ;  The reference teqerature, To, 

used i n  t h e  c a l c u l a t i o n s  was 298.15 K.  The c o r r e l a t i o n s  used t o  

compute p r o p e r t i e s  are discussed i n  t h e  following. 

A.2 Gas Phase P r o p e r t i e s  

The s p e c i f i c  h e a t s  of t h e  f u e l ,  f u e l  decomposition products ,  

o x i d i z e r ,  and b i p r o p e l l a n t  flame products were assumed constant .  

The temperatures a t  which t h e  s p e c i f i c  h e a t s  were evaluated were as 

fol lows:  

C and C were evaluated a t  2500 K. The f u e l  decomposition products  

and b i p r o p e l l a n t  flame products were t r e a t e d  as a s i n g l e  s p e c i e s  f o r  

t h e s e  c a l c u l a t i o n s .  

C w a s  evaluated a t  1000 K ,  CFp w a s  evacuated a t  2000 K ,  and F 

P 0 

The b i p r o p e l l a n t  flame products were taken as those determined 

from t h e  s t o i c h i o m e t r i c  combustion of t h e  f u e l  i n  oxygen. 

t he  products  of f u e l  decomposition cannot b e  determined i n  such an 

easy manner. For hydrazine,  t h e  f u e l  decomposition products  were 

taken t o  be  those as suggested by Andrieth and Ogg (41);  namely 

However, 

N2H4 = 0.50 NH + 0.25 N2 + 0.25 H2 (A. 1 )  3 

The decomposition products f o r  MMH and UDMH were c a l c u l a t e d  a t  t h e  

a d i a b a t i c  decomposition flame temperature allowing f o r  a l l  relevant 
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Table 5 

References for  Physical Properties of the Fuels 

References 

Property 
Combustion Products 

N p 4  MMH UDMH and Ambient Gas 

TR 
L 

32 

32 

32 

32 

32 

32 

AH" 32 32 32 33 

C 34 35 36 37 

37a 37a 37a 37 

38 39 40 -- 
-- 38 39 40 b 

pd 

a 

bRequired for  the Computation of A ,  Method of Reference (37) .  
Computed, Method of Reference (37) .  
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d i s s o c i a t i o n  r eac t ions .  

used f o r  property c a l c u l a t i o n s .  These were as follows: 

The main products of decomposition were 

MMH = 0.33 H2 + 0.33 N2 + 0.33 CH4 (A. 2) 

UDMH = 0.50 CH4 + 0.25 N2 + 0.15 H2 + 0.10 HCN (A. 3) 

rnL llle the+iiIal conduct ivi ty  of xegion j of Figiirs 3 was aaaLiiiizd 

t o  vary l i n e a r l y  wi th  temperature,  t h a t  is 

where A 

evaluated a t  temperature Ta f o r  Region j .  

eva lua ted  by consider ing t h e  poss ib l e  l i m i t s  of t h e  thermal conduct ivi ty  

i n  each region. For example, hydrogen, ammonia, and methane have 

somewhat h ighe r  thermal conduc t iv i t i e s  t han  gaseous spec ie s  such as 

carbon dioxide,  n i t rogen ,  and oxygen. Therefore,  l a r g e  q u a n t i t i e s  

of hydrogen i n  a region would r a i s e  t h e  thermal conduct ivi ty  over t h e  

corresponding va lue  of t h e  thermal conduct ivi ty  f o r  no hydrogen 

p resen t .  

r e p r e s e n t s  t h e  thermal conduct ivi ty  of t h e  gas  mixture 
jR 

The cons t an t s  A were j a  

By consider ing t h e  poss ib l e  s p e c i e s  p re sen t  i n  each region,  a 

high and low va lue  of A w a s  determined. The A used i n  t h e  

c a l c u l a t i o n s  w a s  t h e  average of the high and low values .  
j R  j a  

A.3 Ambient Gas P r o p e r t i e s  

The Reynolds number, P rand t l  number, and Grashof number 

appearing i n  t h e  convection co r rec t ion  equat ions,  Equations (3.55) 

and ( 4 . 2 ) ,  were evaluated f o r  the ambient gas mixture.  The p r o p e r t i e s  
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appearing in these dimensionless numbers were evaluated as follows 

for an N component gas mixture: 

Specific Heat 

N N 

i=1 i=l 
C =  1 XiM C / x  XiMi 

where 

where 

Ci = B1 + B2 T, (cal/ gm-K) 

vis cos i ty 

Vi = Bg 4- B4 T, 

Thermal Conductivity -__ 
N 

i=l 
- xi xi 

(gm/cm-sec) 

(A.9) 

where 

'i = B5 + B6 Too (cal/cm-sec-K) (A. 10) 

N 
p = P Xi Mi/RTm 

i=1 
(A. 11) 

The constants, B1 to B6, were determined by Lazar ( 2 4 )  and 

are tabulated in Table 6 for the species present in the ambient gas 

mixture. 



Table 6 

Constants i n  the Ambient Gas Property Equationsa 

x10 x10 B47 x10 B55 x10 
B1 Component 

x10 

O2 

N2 

c02 

0 

NO 

CO 

0.248 

0.282 

0.282 

0.277 

0.298 

0.292 

1.67 

1.67 

1.21 

0.72 

1.35 

0.85 

2.02 

1.85 

1.52 

1.95 

1.52 

1.63 

2.73 

2.50 

2.35 

2.55 

2.35 

2.35 

- 

4.55 

7.18 

3.18 

3.70 

1.19 

3.20 

1.322 

1.282 

1.232 

1.321 

1.397 

1.282 

a From Lazar (24). 
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Table 7 

Experimental Evaporation Constants and Mass Burning Rates f o r  
Hydrazine Obtained Using the Suspended Droplet  Technique 

3 dll* 0.13 cm; pll = 1.00 gm/cm 

2530 

2530 

2530 

2530 

2530 

2470 

2330 

2255 

2165 

2060 

1435 

1835 

i750 

1660 

0.043 

0.132 

0.233 

0.328 

0.418 

0 

0 

0 

0 

0 

0 

0 

0 

0 

53.4 

53.4 

53.4 

53.4 

53.4 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

17.03 

19.03 

20.84 

22.06 

25.48 

12.36 

12.31 

11.34 

9.24 

9.52 

9.70 

8.17 

8.40 

8.02 

1.70 

1.90 

2.08 

2.21 

2.55 

1.24 

1.23 

1.13 

0.92 

0.95 

0.97 

0.82 

0.84 

0.80 
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Table 8 

Experimental Evaporation Constants and Mass Burning Rates for 
MMH Obtained Using the Suspended Droplet Technique 

3 dR = 0.13 cm; pR = 0.87 gm/cm 

t 

2530 

2530 

2530 

2530 

2530 

2470 

2330 

2255 

2165 

2060 

1935 

1835 

1750 

1660 

0.043 

0.132 

0.233 

0.328 

0.418 

0 

0 

0 

0 

0 

0 

0 

0 

0 

53.4 

53.4 

53.4 

53.4 

53.4 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

11.36 

13.13 

14.48 

16.80 

20.84 

10.97 

9.23 

8.49 

8.61 

8.51 

8.63 

8.74 

8.61 

8.70 

0.99 

1.14 

1.26 

1.46 

1.82 

0.96 

0.80 

0.74 

0.75 

0.74 

0.75 

0.76 

0.75 

0.76 
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Table 9 

Experimental Evaporation Constants and Mass Buring Rates for 
Standard Purity UDMH Obtained Using the Suspended Droplet Technique 

dQ = 0.11 cm; pQ - 0.78 gm/cm’ 

2530 

25 30 

2530 

25 30 

2530 

2470 

2330 

2255 

2165 

2060 

1935 

1835 

1750 

1660 

0.043 

0.132 

0.233 

0.328 

0.418 

0 

0 

0 

0 

0 

0 

0 

0 

0 

53.4 

53.4 

53.4 

53.4 

53.4 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

9.72 

12.33 

14.44 

16.83 

20.25 

12.43 

9.26 

9.39 

8.98 

9.23 

7.93 

8.29 

8.70 

8.02 

0.68 

0.87 

1.01 

1.18 

1.42 

0.87 

0.65 

0.66 

0.63 

0.65 

0.56 

0.58 

0.61 

0.56 
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Table 10 

Experimental Evaporation Constants and Mass Burning Rates f o r  
99.8% Purity UDMH Obtained Using the Suspended Droplet Technique 

3 dk = 0.11 cm; pR = 0.78 gm/cm 

2530 

2530 

2530 

2530 

2530 

2470 

2330 

2255 

2165 

2060 

1935 

1835 

1750 

1660 

0.043 

0.132 

0.233 

0.328 

0.418 

0 

0 

0 

0 

0 

0 

0 

0 

0 

53.4 

53.4 

53.4 

53.4 

53.4 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

55.7 

11.34 

13.88 

16.86 

20.35 

20.67 

10.49 

9.03 

9.16 

7.91 

8.92 

8.12 

8.21 

7.97 

8.02 

0.80 

0.97 

1.19 

1.43 

1.45 

0.76 

0.63 

0.65 

0.56 

0.63 

0.57 

0.58 

0.56 

0.56 
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Table 11 

Experimental Mass Burning Rates Obtained 
Using t h e  Porous Sphere Technique 

2530 
2530 
2530 
2530 
2530 
2470 
2330 
2255 
2165 
2060 
1935 
1835 
1750 
1660 
2530 
2530 
2530 
2530 
2530 
2470 
2330 
2255 
2165 
2060 
1935 
1835 
1750 
1660 
2530 
2530 
2530 
2530 
2530 
2470 
2330 
2255 
2165 
2060 

0.043 
0.132 
0.233 
0.328 
0.418 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.043 
0.132 
0.233 
0.328 
0.418 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.043 
0.132 
0.233 
0.328 
0.418 
0 
0 
0 
0 
0 

53.4 
53.4 
53.4 
53.4 
53.4 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
53.4 
53.4 
53.4 
53.4 
53.4 
55.7 
s5.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
53.4 
53.4 
53.4 
53.4 
53.4 
55.7 
55.7 
55.7 
55.7 
55.7 

0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.63 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
1 .27  
1 .27  
1.27 
1 .27  
1.27 
1.27 
1.27 
1 .27  
1.27 
1 .27  

23.1 
24.0 
25.5 
27.0 
29.0 
21.2 
19.4 
18.2 
17 .5  
16.9 
16,s 
16.2 
15.6 
15.1 
43.8 
45.2 
47 .O 
49.8 
52.4 
42.0 
39.0 
36.8 
35.0 
33.6 
33.0 
32.8 
32.4 
31.8 
75.6 
77.7 
80.0 
83.0 
88.5 
74.5 
71.8 
68.7 
66.2 
66.2 

7.04 
8.03 

10.3 
11.4 
12.0 

5.35 
4.88 
4.70 
4.68 
4.56 
4,5n 
4.45 
4.45 
4.45 

13.5 
14.8 
16.6 
18.8 
20.4 
12.5 
11.7 
11.3 
11.1 
10.8 
10.8 
10.6 
10.6 
10.4 
23.8 
26.0 
27.2 
30.8 
33.1 
20.5 
20.1 
19.7 
19.5 
19.3 

5.82 
6.76 
8.31 
9.75 

4.84 
4.28 
4.00 
3.74 
3.60 
2 An 
3.54 
3.48 
3.42 

10.6 

-.-- 

12.3 
14 .1  
17 .2  
19.8 
21.4 
11.1 
10.5 
10.1 

9.82 
9.51 
9.50 
9.33 
9.33 
9.10 

22.3 
25.1 
26.6 
28.8 
31.2 
21.8 
21.0 
20.6 
20.4 
20.3 
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) 

19 35 
---- 18-35 
1750 
1660 
25 30 
2530 
2530 
2530 
25 30 
2470 
2330 
2255 
2165 
2060 
19 35 
1835 
17 50 
1660 
2530 
2530 
2530 
2530 
2530 
2470 
2330 
2255 
2165 
2060 
1935 
1835 
1750 
1660 

0 
0 
0 
0 

0.043 
0.132 
0.233 
0.328 
0.418 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.043 
0.132 
0.233 
0.328 
0.418 
0 
0 
0 
0 
0 
0 
0 
0 
0 

55.7 
55 .? 
55.7 
55.7 
53.4 
53.4 
53.4 
53.4 
53.4 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
53.4 
53.4 
53.4 
53.4 
53.4 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 
55.7 

1.27 
1.27 
1.27 
1.27 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 
1.91 

64.7 
63.2 
63.2 
62.3 
112. 
114. 
116. 
120. 
124. 
108. 
104. 
101. 
99.8 
96.7 
94.5 
94.2 
92.1 
91.5 
172. 
175. 
180. 
182. 
186. 
145. 
142. 
140. 
140, 
138. 
138. 
137. 
135. 
135. 

19.1 
i o  1 

18.7 
18.5 
31.9 
34.0 
37.1 
40.0 
42.0 
30.6 
30.1 
29.4 
29.1 
28.9 
28.9 
28.7 
28.6 
28.4 
45.6 
48.1 
50.4 
53.2 
55.8 
44.5 
44.2 
44.2 
44.0 
44.0 
43.8 
43.8 
43.6 
43.6 

-.e .* 20.1 
19.9 
19.9 
19.7 
33.2 
35.8 
37.8 
40.8 
43.3 
32.5 
32.2 
31.8 
31.5 
31.5 
31.2 
30.8 
30.6 
30.6 
48.5 
50.6 
52.0 
53.8 
55.5 
44.8 
44.6 
44.2 
44.0 
43.8 
43.8 
43.7 
43.7 
43.5 
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