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EXPERIMENTAL STUDIES OF THE VAPORIZATION 

OF DROPLETS I N  HEATED A I R  AT H I G H  PRESSURES 

Clyde W i l l i a m  Savery 

Under t h e  Superv is ion  o f  Associate  P r o f e s s o r  Gary  L. Borman 

ABSTRACT 

Measured h i s t o r i e s  of  vapor iz ing  n-heptane and Freon- 

13  d r o p l e t s  suspended i n  a hea ted  a i r  stream are repor t ed .  

The range o f  a i r  cond i t ions  was 1.5 < P < 100 a t m  and 

100  < Tw < 300' F. 

c a l c u l a t i o n s  c o r r e c t e d  f o r  the  e f f e c t s  o f  t o t a l  p re s su re  

Comparisons are made wi th  f i l m  t heo ry  

on thermodynamic p r o p e r t i e s .  Agreement was s a t i s f a c t o r y  

f o r  l i q u i d  s t eady- s t a t e  temperatures  and mass transfer 

ra tes  except f o r  Freon-13 where s i g n i f i c a n t  d i f f e r e n c e s  

were found a t  a i r  p r e s s u r e s  above 1 . 2 5  Pc. 

h i s t o r i e s  were found t o  be completely unsteady f o r  pres -  

sures  above 60 a t m .  The absence of  s t e a d y - s t a t e  cond i t ions  

was found t o  c o r r e l a t e  w i th  t h e  c r i t i c a l  mixing p o i n t  f o r  

t h e  Freon-13-air system. 

Freon-13 d r o p l e t  



iii 

SUMMARY 

The problem of  d r o p l e t  vapor i za t ion  a t  ambient gas 

p r e s s u r e s  i n  the nea r  and s u p e r c r i t i c a l  p r e s s u r e  range o f  

the vapor iz ing  l i q u i d  was i n v e s t i g a t e d  by a technique where- 

i n  drops were suspended on a temperature  probe and observed 

by means of shadowgraph movies. The fo rced  flow of  heated 

a i r  was upward and uniform dur ing  t h e  d r o p l e t  l i f e t ime .  

N-heptane drop vapor i za t ion  data corresponding t o  t h e  

range of  cond i t ions ,  a i r  temperature  100-300° F ,  a i r  pres-  

s u r e  1.5-100 a t m  a b s ,  drop Reynolds number 150-600, and 

i n i t i a l  drop diameter 1275-2025 microns were obta ined .  

These data c o n s t i t u t e d  t h e  low ambient gas  temperature  

(T,/TC < 0.8)  and high p r e s s u r e  ( 0  

n-heptane which has a c r i t i c a l  temperature  o f  312' F and 

a c r i t i c a l  p r e s s u r e  of  27 a t m  abs. 

P/Pc < 3.7) range f o r  

Chlorotr i f luoromethane (Freon 1 3 )  drop v a p o r i z a t i o n  

data corresponding t o  t he  range o f  c o n d i t i o n s ,  a i r  tempera- 

t u r e  100-300° F, a i r  p r e s s u r e  29-68 a t m  abs, drop Reynolds 

number 250-450, and i n i t i a l  drop diameter 980-1200 microns,  

were acqui red .  The Fr-13, which has a c r i t i c a l  temperature  

o f  84' F and a c r i t i c a l  p r e s s u r e  of  38.2 a t m  abs, r e s u l t s  

are i n  the range of  moderate gas temperature  (I < T,/Tc < 1 . 5 )  

and high p r e s s u r e  (0.75 < P/Pc < 1 .75) .  
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Vaporizat ion rates and drop p l a t e a u  temperatures  pre- 

d i c t e d  by t h e  a p p l i c a t i o n  of  e x i s t i n g  empi r i ca l  heat and 

mass t r a n s f e r  c o r r e l a t i o n s  were compared w i t h  measured 

va lues  f o r  i n d i v i d u a l  d r o p l e t  h i s t o r i e s .  The c a l c u l a t i o n s  

accounted for high p r e s s u r e  vapor- l iqu id  phase equ i l ib r ium,  

en tha lpy  of vapor i za t ion  a t  h igh  p r e s s u r e s ,  drop s u r f a c e  

r e g r e s s i o n ,  and h igh  mass t r a n s f e r  ra te  d i s r u p t i o n  of  pre- 

d i c t e d  heat and mass t r a n s f e r  ra tes .  Ca lcu la t ions  w i t h  

these  high p r e s s u r e  c o r r e c t i o n s  produced agreement wi th  

t h e  measured va lues  t o  w i t h i n  t h e  estimated comparison 

u n c e r t a i n t y  range o f  + - 13' F for p l a t e a u  temperature  and 

- -k 25% on mass t r a n s f e r  ra te  f o r  a l l  data except  t ha t  i n  

t he  moderate ambient gas temperature  range and reduced 

p res su res  above 1.25 where the  c a l c u l a t i o n s  underest imated 

mass t r a n s f e r  r a t e s  by more than  25%. C a l c u l a t i o n s  w i t h  

low p r e s s u r e  assumptions gave good p r e d i c t i o n s  o f  drop 

p l a t e a u  tempera tures  over  t h e  e n t i r e  range bu t  unde res t i -  

mated mass t r a n s f e r  rates cons iderably  a t  gas  p r e s s u r e s  

above 5 a t m  abs. 

A d e p a r t u r e  from the commonly observed drop tempera- 

t u r e  h i s t o r y  phenomenon wherein the  temperature  r a p i d l y  

approaches a p l a t e a u  va lue  and remains there u n t i l  vapori-  

z a t i o n  i s  p r a c t i c a l l y  complete was observed a t  moderate 

gas  temperatures  and reduced p r e s s u r e s  g r e a t e r  t han  1.5.  

T h i s  new v a p o r i z a t i o n  regime which i s  i d e n t i f i e d  by a 
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s t e a d i l y  i n c r e a s i n g  drop temperature  was s u c c e s s f u l l y  

c o r r e l a t e d  wi th  t h e  drop i n t e r f a c e  gas mixture  c r i t i c a l  

s ta te  i n  t h e  range o f  reduced gas p r e s s u r e  of  1.5-1.8 

w i t h  r e s p e c t  t o  the c r i t i c a l  p r e s s u r e  o f  Freon-13. 
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INTRODUCTION 

The importance. o f  d r o p l e t  vapor i za t ion  t o  the combus- 

t i o n  process  i n  diesel ,  j e t  and rocke t  engines  has been 

realized f o r  many years .  E a r l y  s t u d i e s  of t h i s  phenomenon, 

bo th  i n  chemical engineer ing  and combustion, were confined 

t o  low p r e s s u r e  condi t ions .  Seve ra l  r e c e n t  a r t i c l e s  review 

t h e  data accumulated s i n c e  World War I1 f o r  heat and mass 

t r a n s f e r  from s i n g l e  drops (19, 25, SO).* 

I n  the last  decade improved performance i n  combustion 

dev ices  has l e d  t o  ever  higher  ope ra t ing  p r e s s u r e  l e v e l s  

which are now approaching the  c r i t i c a l  p r e s s u r e  range of 

f u e l s .  I n  a d d i t i o n ,  o s c i l l a t o r y  combustion i n  l i q u i d -  

fue l ed  rocke t  engines  c r e a t e s  large amplitude v a r i a t i o n s  

i n  the  in s t an taneous  chamber p r e s s u r e  caus ing  d r o p l e t s  t o  

experience much h igherb than  normal des ign  p res su res .  

The a b i l i t y  t o  pred ic t  bo th  steady s ta te  and t r a n s i e n t  

performance of engines  i s  dependent i n  par t  on t h e  success- 

f u l  a p p l i c a t i o n  of a d r o p l e t  v a p o r i z a t i o n  model i n  the high 

p r e s s u r e  reg ion .  The a p p l i c a t i o n  of e m p i r i c a l  heat and mass 

t r a n s f e r  c o e f f i c i e n t s  based upon boundary l a y e r  average 

p r o p e r t i e s  led t o  a f i l m  t heo ry  v a p o r i z a t i o n  model which has 

been s u c c e s s f u l l y  . c o r r e l a t e d  w i t h  data a t  atmospheric p r e s s u r e  

( 6 ,  44). Thus, s t r o n g  mot iva t ion  e x i s t s  f o r  adapt ing  the 

f i l m  t heo ry  model f o r  t he  high p r e s s u r e  r eg ion  and t e s t i n g  

i t  w i t h  the r e s u l t s .  of high pressure v a p o r i z a t i o n  experiments.  

*Numbers i n  p a r e n t h e s i s  r e f e r  t o  r e f e r e n c e s  l i s t e d  alpha- 
b e t i c a l l y  by first au thor .  

. .  
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A t  atmospheric p re s su re  bo th  experiment and theory  

show tha t  a drop which i s  suddenly exposed t o  a high tempera- 

t u r e  i n e r t  gas environment w i l l  f irst show a g radua l  r ise 

i n  d r o p l e t  temperature  followed by a pe r iod  of cons tan t  

d r o p l e t  temperature .  The r i s i n g  temperature  p o r t i o n  of 

t h e  h i s t o r y  i s  referred t o  as the unsteady o r  "hea t ing  up" 

pe r iod  and t h e  cons tan t  temperature  p o r t i o n  as the s teady  

s t a t e  per iod .  The s teady  s ta te  temperature  w i l l  be referred 

t o  here as t h e  p l a t e a u  temperature  o r  "wet bulb" tempera- 

t u r e .  During the  unsteady s ta te  t h e  d r o p l e t  temperature  

r i s e  causes  the mole f r a c t i o n  of d r o p l e t  vapor a t  the 

d r o p l e t  s u r f a c e  t o  i n c r e a s e ,  t h u s  provid ing  a la rger  d r i v i n g  

p o t e n t i a l  f o r  mass t r a n s f e r .  A t  the  same t i m e  the  dec reas ing  

temperature  d i f f e r e n c e  between d r o p l e t  and ambient gas 

causes  a decrease  i n  the  d r i v i n g  p o t e n t i a l  f o r  heat t r a n s f e r .  

During the  unsteady pe r iod  some of the  energy reaching  

t h e  d r o p l e t  s u r f a c e  goes i n t o  vapor i z ing  t h e  l i q u i d ,  and the  

excess  goes i n t o  s e n s i b l e  h e a t i n g  of the d r o p l e t  l i q u i d .  

From previous  s t u d i e s  i t  has been shown tha t  because of 

i n t e r n a l  c i r c u l a t i o n  wi th in  the drop,  the  d r o p l e t  tempera- 

t u r e  i s  e s s e n t i a l l y  uniform being then  only a f u n c t i o n  of 

t i m e .  At s t eady  s ta te  a l l  of the heat t r a n s f e r  reaching  

the  s u r f a c e  goes i n t o  mass v a p o r i z a t i o n  and t h e  d r o p l e t  

t empera ture  remains cons t an t .  The r a t i o  of heat t o  mass 

t r a n s f e r  c o e f f i c i e n t s  i s  e s s e n t i a l l y  independent of rela- 
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t i v e  gas v e l o c i t y  and d r o p l e t  s i z e .  Thus, f o r  a g iven  

l i q u i d  and g iven  ambient gas ,  t h e  p l a t e a u  temperature  

depends only  on ambient gas temperature  and. p re s su re .  

Turning t o  t h e  e f f e c t s  o f  high ambient p re s su re  on t h e  

vapor i za t ion  p rocess ,  one must f i rs t  recognize t h e  e x i s t e n c e  

o f  c r i t i c a l  p o i n t s  f o r  b ina ry  mixtures .  A t  h igh p res su res  

t h e  ambient gas  d i s s o l v e s  i n  t he  drop forming a mixture  i n  

t h e  l i q u i d  phase. A c r i t i c a l  p o i n t  f o r  a two component mix- 

t u r e  o f  a g iven  composition i s  t h e  s i n g l e  p o i n t  on t h e  l i n e  

bounding t h e  two-phase r eg ion  o f  a pressure- temperature  

diagram where the phases become i n d i s t i n g u i s h a b l e  ( 2 3 ) .  

The locus  o f  these c r i t i c a l  p o i n t s  f o r  a l l  composi t ions i s  

c a l l e d  t h e  c r i t i c a l  mixing l i n e .  I f  one assumes thermo- 

dynamic equ i l ib r ium a t  the d r o p l e t  s u r f a c e ,  i t  i s  i n t u i t i v e  

tha t  a t  s u f f i c i e n t l y  high ambient temperatures  and p res su res  

t h e  mixture  a t  the s u r f a c e  may reach  o r  exceed the  c r i t i c a l  

mixing po in t  s ta te .  Such s ta tes  usua l ly  occur  f o r  ambient 

p r e s s u r e s  above tha t  o f  the pure  l i q u i d  c r i t i c a l  p r e s s u r e  

and mixture  temperatures  w e l l  below t h e  c r i t i c a l  temperature  

o f  the pure  l i q u i d .  

For d r o p l e t  h i s t o r i e s  where t h e  mixture  c r i t i c a l  p o i n t  

i s  approached, t h e  thermodynamic and t r a n s p o r t  p r o p e r t i e s  

become i n c r e a s i n g l y  dependent on p res su re .  I n  p a r t i c u l a r ,  

t h e  mole f r a c t i o n  of d r o p l e t  vapor a t  the d r o p l e t  su r f ace  

and t h e  en tha lpy  o f  vapor i za t ion  must b e  c a l c u l a t e d  t o  inc lude  

the i n f l u e n c e  o f  t o t a l  p re s su re .  The en tha lpy  o f  vapor i za t ion  
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( l a t e n t  heat) vanishes  a t  the mixture  c r i t i c a l  po in t .  Thus, 

i f  t h e  d r o p l e t  i n t e r f a c e  cond i t ions  reach  t h e  mixture  

c r i t i c a l  po in t  during t h e  unsteady p o r t i o n  of t he  h i s t o r y ,  

a l l  subsequent heat t r a n s f e r  t o  t he  drop w i l l  r e s u l t  i n  

s e n s i b l e  d r o p l e t  hea t ing .  For  such cond i t ions  no p l a t e a u  

temperature  w i l l  e x i s t ,  and t h e  d r o p l e t  temperature  h i s t o r y  

w i l l  be completely unsteady. 

Recently two i n v e s t i g a t i o n s  of high p res su re  drop- 

l e t  vapor i za t ion  have been undertaken a t  t h e  Univers i ty  of 

Wisconsin under N A S A  sponsorship.  I n  the f i r s t ,  Manrique 

performed detailed c a l c u l a t i o n s  of the vapor i za t ion  of 

carbon d ioxide  d r o p l e t s  i n  a high p r e s s u r e  n i t r o g e n  atmos- 

phere (35) .  Both steady state and t r a n s i e n t  v a p o r i z a t i o n  

models were i n v e s t i g a t e d  as w e l l  as t h e  case  of  p re s su re  

f l u c t u a t i o n .  In  the  second i n v e s t i g a t i o n ,  which i s  r epor t ed  

here,  a high p res su re  chamber which can achieve  a i r  tempera- 

t u r e s  up t o  300' F and p r e s s u r e s  up t o  100 a t m  was b u i l t  t o  

s tudy suspended d r o p l e t s .  An upward f lowing stream of  heated, 

h igh  p r e s s u r e  a i r  vapor izes  the d r o p l e t .  The experiment 

g i v e s  d r o p l e t  temperature  h i s t o r i e s  and two-dimensional 

s i z e  h i s t o r i e s  v i a  motion p i c t u r e  r eco rds .  

Water, n-heptane, and Freon-13 (Fr-13) data were 

obtained.  The appara tus  was tes ted  wi th  water drops.  The 

n-heptane exper imenta t ion  provided data i n  the r eg ion  of 

s u p e r c r i t i c a l  p r e s s u r e  bu t  a t  tempera tures  below t h e  near  

c r i t i c a l  range and below the i g n i t i o n  p o i n t .  Fr-13, 



chloro t r i f luoromethane  , was selected 

c a l  temperature ,  84' F, gave promise 

5 
because i t s  low c r i t i -  

of ach iev ing  a c r i t i c a l  

s t a t e  du r ing  v a p o r i z a t i o n  i n  the r i g ,  and i t s  high thermal 

s t a b i l i t y  w i t h  a i r  avoided c o n s i d e r a t i o n  o f  chemical reac- 

t i o n s  o r  combustion. I n  a d d i t i o n ,  Fr-13 i s  r e l a t i v e l y  

non-toxic and has a moderate c r i t i c a l  p r e s s u r e  of 38.2 a t m .  

The h igh  p r e s s u r e  data are compared w i t h  c a l c u l a t i o n s  

based on a f i l m  t heo ry  that has been modified f o r  app l i ca -  

t i o n  i n  t h e  h igh  p r e s s u r e  reg ion .  The t r a n s i t i o n  from 

quasi-s teady t o  unsteady drop temperature  h i s t o r i e s  i s  

examined, and i t s  r e l a t i o n  t o  the c r i t i c a l  s tate of  the 

gas mixture  i n  t h e  boundary l a y e r  i s  demonstrated. 

The combustion v a p o r i z a t i o n  l i t e r a t u r e  i s  reviewed 

i n  Chapter I. I n  Chapter I1 t h e  f i l m  theory  which was 

developed w i t h  low p r e s s u r e  assumptions (17)  i s  p resen ted ,  

d i scussed  and modified f o r  high p r e s s u r e  a p p l i c a t i o n .  

Chapter I11 con ta ins  a d e s c r i p t i o n  of  t he  experimental  

appara tus  and techniques .  

The exper imenta l  problems encountered and t h e  data 

r e d u c t i o n  techniques  employed are d i scussed  i n  Chapter I V .  

The experimental  r e s u l t s  are p resen ted  i n  Chapter V where 

they  are compared w i t h  c a l c u l a t e d  va lues .  F i n a l l y ,  i n  

Chapter V I  t h e  conclusions of the s tudy  and recommendations 

f o r  f u t u r e  work i n  t h i s  research area are given.  
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I. REVIEW OF THE LITERATURE 

Droplet  vapor i za t ion  has been an  a c t i v e  area of  com- 

b u s t i o n  r e sea rch  s i n c e  the  e a r l y ' 1 9 5 O f s .  The ear l ie r  work 

which i s  b r i e f l y  summarized below was concent ra ted  i n  the 

low p r e s s u r e  reg ion .  

A s  time has progressed ,  a t t e n t i o n  has been i n c r e a s i n g l y  

focused on the high p res su re  reg ion .  I n  1959 Spalding (53)  

proposed a d r o p l e t  burning ra te  model f o r  h igh  p res su res .  

Recent exper imenta l  r e s u l t s  of burning d r o p l e t s  f irst  gave 

evidence of  a new mechanism of vapor i za t ion  a t  gas p res su res  

exceeding the  c r i t i c a l  p r e s s u r e  o f  the vapor i z ing  l i q u i d  

(18 ) .  

menters and c o r r e c t l y  a s s o c i a t e d  wi th  the c r i t i c a l  r eg ion  

of the vapor i z ing  media, a f i r m  phys ica l  basis has only 

very r e c e n t l y  been tendered.  These i n t e r e s t i n g  develop- 

ments are reviewed i n  t h i s  chapter .  

Although the  mechanism was recognized by the e x p e r i -  

Experimental  and T h e o r e t i c a l  Resu l t s  at  Atmospheric Pressure  

A wealth o f  data on the v a p o r i z a t i o n  o f  suspended drop- 

l e t s  a t  atmospheric p r e s s u r e  was obta ined  by P r i e m  and h i s  

co-workers ( 4 4 ) .  The d r o p l e t  t empera tures  and s i z e  h i s t o r i e s  

data covered a range o f  cond i t ions :  a i r  tempera tures  of 

680-1430° R ,  a i r  v e l o c i t y  of 27-228 i n . / s e c ,  i n i t i a l  drop 

diameter OS 490-2180 microns, and 1 0  p a r a f f i n  f u e l s .  They 

compared t h e i r  data w i t h  h i s t o r i e s  c a l c u l a t e d  w i t h  quasi-  
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steady low p r e s s u r e  f i l m  theory .  

The f i l m  theory  used by P r i e m  was f irst  developed by 

El-Wakil, Uyehara and Myers (17) .  The Ranz-Marshall corre-  

l a t i o n s  f o r  heat and mass t r a n s f e r  provided the e m p i r i c a l  

heat and mass t r a n s f e r  c o e f f i c i e n t s .  The c o e f f i c i e n t s  as 

app l i ed  i n c l u d e  c o r r e c t i o n s  for u n i d i r e c t i o n a l  mola l  d i f f u -  

s i o n  and the e f f e c t  of mass t r a n s f e r  on heat t r a n s f e r .  Ideal 

p r o p e r t i e s  such as t h e  pure l i q u i d  l a t e n t  heat of vaporiza-  

t i o n  and vapor p r e s s u r e  r e l a t i o n s h i p  were assumed. 

I n  apply ing  the low p r e s s u r e  f i l m  theory  model t o  h i s  

data, P r i e m  found that temperature  h i s t o r i e s  agreed t o  w i t h -  

i n  10' F and mass t r a n s f e r  rates w i t h i n  20%. 

was considered t o  be w i t h i n  exper imenta l  accuracy. 

The agreement 

Experimental  Resu l t s  a t  High P res su res  

The ear l ies t  vapor i za t ion  data i n  forced  flow a t  pres- 

s u r e s  above atmospheric of which the au tho r  knows is t h a t  

o f  Ingebo ( 2 6 ) .  Ingebo's  data inc luded  f o u r  pure  l i q u i d s  

vapor iz ing  i n  a i r  a t  p r e s s u r e s  of 0.2-2 atm abs and methanol 

vapor i z ing  i n  a i r ,  argon, helium, and carbon d iox ide  a t  

atmospheric p re s su re .  A s teady  s t a t e  porous sphere arrange-  

ment was u t i l i z e d  i n  the s tudy.  H e  found tha t  t h e  f i l m  

temperature  d i f f e r e n c e  and mass v a p o r i z a t i o n  ra te  both  de- 

c reased  w i t h  i n c r e a s i n g  p r e s s u r e ,  o t h e r  cond i t ions  remaining 

cons t an t ,  

Hall and Diederichsen (21) us ing  an appa ra tus  ,'-which 
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was b u i l t  f o r  t h e  s tudy of suspended burning drops,  ob ta ined  

evapora t ion  l i fe t ime measurements of water drops i n  a i r  

heated by a gas flame o r  a carbon arc i g n i t e r .  The pres- 

s u r e  range of 1-20 a t m  was covered. They round t h a t  the  

r a t e  of v a p o r i z a t i o n  depended on the second power of drop 

r a d i u s  and that t h e  evapora t ion  l ifetime of a. g iven  diameter 

drop decreased w i t h  i nc reased  p r e s s u r e .  

P e t r a z h i t s k i y  ( 4 2 )  r e p o r t e d  t h e  r e s u l t s  of a n  exten- 

s i v e  experimental  i n v e s t i g a t i o n  of d r o p l e t  v a p o r i z a t i o n  a t  

high p res su res .  H e  ob ta ined  l i q u i d  p l a t e a u  tempera tures  

and v a p o r i z a t i o n  cons tan t  measurements, d ( D  dt 1, f o r  water, 

96% e t h y l  a l c o h o l  and kerosene drops suspended and vapori-  

z ing  i n  f lowing,  heated a i r .  The a i r  p r e s s u r e  was v a r i e d  

from 1 1 - 4 1  a t m  i n  each t e s t  except  f o r  water where t h e  

range was 11-60 a t m .  A Reynolds number range of 100-500 

was covered i n  t he  tests.  H i s  quasi-s teady r e s u l t s  w i th  

measured flow cond i t ions  were g iven  wi th  n e i t h e r  compari- 

sons t o  theo ry  nor  developed c o r r e l a t i o n s .  

2 

I n  the i r  combustion tests of a n i l i n e  d r o p l e t s  a t  high 

p r e s s u r e s ,  Brzustowski and Natara jan  ( 7 )  performed some 

v a p o r i z a t i o n  experiments.  They vapor ized  supported a n i l i n e  

d r o p l e t s  i n  a mixture  of 90% n i t r o g e n  and 10% oxygen. 

drops were l o c a t e d  in- la tc losed chamber and i n  one ser ies  

The 

of t e s t s  were heated by carbon e l e c t r o d e s  and i n  the  o t h e r  

b y  the combustion of a s o l i d +  p r o p e l l a n t ;  s t r a n d .  The maxi- 

mum tempera ture  n e a r  the drop and the evapora t ion  cons t an t  
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were determined. The t e s t  chamber p r e s s u r e  was v a r i e d  

from 100 t o  800 p s i g .  They concluded that  the evapora t ion  

mechanism of  a n i l i n e  i n t o  a gas above i t s  c r i t i c a l  pres- 

s u r e  bu t  below i t s  c r i t i c a l  t empera ture  i s  similar t o  i t s  

mechanism a t  low p res su re .  

A f i f t h  ser ies  of h igh  p r e s s u r e  v a p o r i z a t i o n  expe r i -  

ments was performed by  Torda and Matlosz (55 ) .  They ob- 

t a i n e d  tempe a t u r e  and s i z e  h i s t o r i e s  of  n-pentane d r o p l e t s  

i n j e c t e d  i n t o  and suppor ted  i n  a heated and p r e s s u r i z e d  

t e s t  chamber con ta in ing  n i t rogen .  Data cover ing  a range 

of p r e s s u r e  of 200-1400 p s i  a t  a f i x e d  gas environment 

temperature  of  850' R were r e p o r t e d .  

of heat and mass t r a n s f e r  was a combination of free convec- 

t i o n  and s imple d i f f u s i o n .  Their  a t t e m p t s  a t  s i m u l a t i n g  

t h e  exper imenta l  r e s u l t s  w i t h  c a l c u l a t i o n s  were not  p a r t i c u -  

l a r l y  s u c c e s s f u l .  

T 

Presumably, t he  mode 

Borman -- e t  a l .  ( 6 )  r e p o r t e d  t h e  r e s u l t s  of suspended 

hexane, decane, and hexadecane drops vapor i z ing  i n  a i r  a t  

va r ious  tempera tures  and p r e s s u r e s  from 1 t o  5 a t m  abs w i t h  

measured flow cond i t ions .  The exper imenta l  drop tempera- 

t u r e s  and mass t r a n s f e r  rates compared favorably  wi th  com- 

puted r e s u l t s  over  the r a n g e  o f  tempera tures  and p r e s s u r e s  

i n v e s t i g a t e d .  

O f  a l l  t h e  high p r e s s u r e  v a p o r i z a t i o n  experiments  

summarized above, only t h e  work of Brzustowski and Natara jan  

and t h a t  of Torda and Matlosz extended i n t o  t he  s u p e r c r i t i c a l  
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pres su re  range. O f  these two exp'eriments, apparent ly  only 

Torda and Matlosz .observed s t e a d i l y  i n c r e a s i n g  d r o p l e t  t e m -  

p e r a t u r e s  which d i d  not  a t t a i n  the p l a t e a u  which i s  charac- 

t e r i s t i c  of  low p res su re  drop temperature  h i s t o r i e s .  All 

s i x  of t h e  vapor i za t ion  experiments summarized above 

u t i l i z e d  supported drops i n  a 1 ff g r a v i t y  f i e l d .  

NASA L e w i s  supported work i s  i n  p rogres s  a t  I l l i n o i s  

I n s t i t u t e  of Technology and Un ive r s i ty  of Wisconsin on free- 

f a l l i n g  drops vapor iz ing  i n  high p r e s s u r e  gases. The p r in -  

c i p a l  i n v e s t i g a t o r s  of these p r o j e c t s  are P ro fes so r  T.  P.  

Torda a t  I I T  and P ro fes so r s  P. S. Myers, 0. A .  Uyehara 

and G.  L. Borman a t  Wisconsin. 

A few s t u d i e s  of burning drops a t  high p r e s s u r e s  have 

been r epor t ed .  I n  a d d i t i o n  t o  t h e i r  p re l imina ry  vaporiza- 

t i o n  experiments prev ious ly  d i scussed ,  Brzustowski and 

Natara jan  ( 7 )  c a r r i e d  out burning experiments w i th  suspended 

a n i l i n e  drops a t  p r e s s u r e s  up t o  s l i g h t l y  above the  c r i t i c a l  

p r e s s u r e  of a n i l i n e ,  They i n f e r r e d  from t h e i r  motion p i c t u r e  

data tha t  a d i f f e r e n t  regime of  burning occurred i n  t h e  super- 

c r i t i c a l  p r e s s u r e  range. H a l l  and Diederichsen ( 2 1 )  ob- 

t a i n e d  burning l i f e t imes  of suspended kerosene,  t e t r a l i n ,  

decane, f u r f u r y l  a l c o h o l  and amyl a c e t a t e  drops a t  e l e v a t e d  

p r e s s u r e s  but  no t  i n t o  t h e  nea r  o r  s u p e r c r i t i c a l  p r e s s u r e  

reg ion .  

Probably the most i n t e r e s t i n g  high p r e s s u r e  d r o p l e t  

burning experiments ,  a t  l eas t  from the s t andpo in t  of vapori-  
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z a t i o n  mechanisms, are t h o s e  of Fae th ,  Dominicis and Olson 

(18) .  They measured the  temperature  and s i z e  h i s t o r y  of 

suspended burning d r o p l e t s  i n  a ze ro  g p r e s s u r i z e d  t e s t  

chamber. I n  a series of tests of 'n-decane burning a t  in-  

c r e a s i n g  a i r  p r e s s u r e s ,  t he  temperature  h i s t o r i e s  showed 

a dec reas ing  tendency toward a p l a t e a u  a t t a inmen t ,  and a t  

a reduced p r e s s u r e  of about 1.6,  only a s l i g h t  i n f l e c t i o n  

p o i n t  i n  the temperature  t r a c e  occurred.  At the  highest  

reduced p r e s s u r e  r e p o r t e d ,  3.5, t h e  d r o p l e t  temperature  

inc reased  s t ead i ly .  They a l s o  noted the  tendency f o r  com- 

b u s t i o n  l ifetime t o  i n c r e a s e  wi th  p r e s s u r e  a t  p r e s s u r e s  

somewhat above the c r i t i c a l  p re s su re .  

T h e o r e t i c a l  Resu l t s  at  High P res su res  

Spalding (53) raised doubts  about the  a p p l i c a t i o n  of 

the low p r e s s u r e  quasi-s teady burning theo ry  t o  p red ic t  

d r o p l e t  burning times a t  high p r e s s u r e s .  I n  the high pres-  

s u r e  r e g i o n  he abandoned the  quasi-s teady theory  wherein 

t he  burning ra te  was v a p o r i z a t i o n  ra te  l i m i t e d .  Spa ld ing ' s  

theory  cons idered  the  f u e l  t o  be a p o i n t  source and u t i l i -  

zed a f i rs t  o rde r  chemical r e a c t i o n  as the o u t e r  boundary 

condi t ion .  H e  ob ta ined  a p e n e t r a t i o n  theo ry  r e s u l t  f o r  

the t r a n s i e n t  cons t an t  proper ty  case .  A s  a n  i n i t i a l  

cond i t ion ,  he assumed that  all of  the f u e l  was in t roduced  

in s t an taneous ly .  H i s  theory  which i s  i n a p p l i c a b l e  t o  

pu re ly  v a p o r i z a t i o n  phenomena because of  the  o u t e r  boundary 
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cond i t ion  i s  i n t e r e s t i n g  n e v e r t h e l e s s  s i n c e  i t  avoids  t h e  

problems of t r a n s i t i o n  t o  t he  c r i t i c a l  s t a t e  and t h e  cor res -  

ponding vanish ing  of the  en tha lpy  of vapor i za t ion .  The 

po in t  source  assumption has r e c e n t l y  been r e l axed  by Rosner 

( 4 9 ) .  

Wieber (57) i n v e s t i g a t e d  the a t t a inmen t  of d r o p l e t  

c r i t i c a l  s ta te  cond i t ions  i n  r o c k e t  chambers. The r e s u l t s  

of h i s  quasi-s teady f i l m  t heo ry  c a l c u l a t i o n s  i n d i c a t e d  

t ha t  oxygen and heptane d r o p l e t s  would approach t h e i r  c r i -  

t i c a l  temperature  a t  reduced p r e s s u r e s  of approximately 

one and two, r e s p e c t i v e l y .  

gas temperature ,  800 f t / s e c  f i n a l  gas v e l o c i t y ,  i n i t i a l  

cond i t ions  of 10-1000 micron drop s i z e  and 80 f t / s e c  i n j e c -  

t i o n  v e l o c i t y  were considered.  Furthermore,  t h e  t r e n d s  

Ambient cond i t ions  of 5000' R 

of h i s  r e s u l t s  showed that  t he  f r a c t i o n a l  d r o p l e t  mass 

vaporized b e f o r e  a t ta inment  of c r i t i c a l  temperature  decreased 

w i t h  i n c r e a s i n g  p res su re .  

More r e c e n t l y ,  Manrique and Borman (36 )  i n v e s t i g a t e d  

high p res su re  vapor i za t ion .  They performed detai led numeri- 

c a l  c a l c u l a t i o n s  f o r  the s t e a d y - s t a t e  v a p o r i z a t i o n  of carbon 

d iox ide  drops i n  a n i t r o g e n  environment. For the case  of 

a s p h e r i c a l l y  symmetric boundary l a y e r  ( i . e . ,  no free o r  

fo rced  convect ion heat and mass t r a n s f e r ) ,  t hey  inc luded  

the  e f f e c t s  of  thermodynamic n o n - i d e a l i t i e s ,  p rope r ty  va r i a -  

t i o n  through the  boundary l a y e r  and h igh  p r e s s u r e  l i q u i d -  

vapor equi l ibr ium.  
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The most s i g n i f i c a n t  r e s u l t  of Manrique's and Borman's 

a n a l y s i s  i s  that  at  s u f f i c i e n t l y  h igh  p r e s s u r e s  they  found 

s t eady  s t a t e  cond i t ions  cannot be obta ined .  P r i o r  t o  t h e i r  

work i t  had been r e a l i z e d  t ha t  i f  the l i q u i d  component 

could reach  i t s  c r i t i c a l  tempera ture ,  a d i f f e r e n t  regime 

of v a p o r i z a t i o n  would be expected. However, t hey  focused 

a t t e n t i o n  on the s ta te  of the  gas mixture a t  the l i q u i d -  

vapor i n t e r f a c e .  They poin ted  out t he  f a c t  that t h i s  mix- 

t u r e  could r each  i t s  c r i t i c a l  s ta te  at  a temperature  below 

t h e  pure l i q u i d  c r i t i c a l  temperature  b u t  above t h e  pure  

l i q u i d  c r i t i c a l  p re s su re .  T h i s  c r i t e r i o n  de te rmines  whether 

a new regime i s  obta ined ,  It would be  expected t h a t  pro- 

bably a t h i r d  regime of d r o p l e t  v a p o r i z a t i o n  would be reached 

when the  d r o p l e t  t empera ture  reached i t s  c r i t i c a l  tempera- 

t u r e  and a puf f  of s u p e r c r i t i c a l  f l u i d  r e s u l t e d .  

Manrique (35) has extended h i s  work t o  t he  unsteady 

case  and has made comparisons w i t h  quasi-s teady f i l m  theory  

models. Genera l ly ,  he has found that the  s impler  t h e o r i e s  

g ive  a fa i r  p r e d i c t i o n  of v a p o r i z a t i o n  l ifetimes but give  

f a i r l y  large e r r o r s  i n  p r e d i c t i n g  temperature  and mass h i s -  

t o r i e s .  Under some cond i t ions  of p r e s s u r e  and temperature ,  

he found that  f i l m  t heo ry  g i v e s  p h y s i c a l l y  u n r e a l i s t i c  

s t eady  s ta te  resu l t s .  I n  t he  high ambient d e n s i t y  r eg ion  

(high p r e s s u r e  and low t empera tu re ) ,  f i l m  theory  c o r r e c t e d  

f o r  h igh  p r e s s u r e  produced bet ter  r e s u l t s .  t han  t h e  low pres- 

s u r e  model. However, the  low p r e s s u r e  model gave be t te r  
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p r e d i c t i o n s  than  the  high p r e s s u r e  f i l m  theory  model i n  t h e  

high tempera ture ,  high p r e s s u r e  r e g i o n  a l though n e i t h e r  

model gave c l o s e  agreement w i t h  the  e x a c t  c a l c u l a t i o n s  i n  

t h i s  reg ion .  

I n  view of t he  r e c e n t  work, two r e g i o n s  of d r o p l e t  

v a p o r i z a t i o n  behavior  were expected:  1) s u b c r i t i c a l  pres- 

su re  range e x h i b i t i n g  a quasi-s teady drop temperature  

h i s t o r y ;  2 )  s u p e r c r i t i c a l  p r e s s u r e  range e x h i b i t i n g  a 

completely unsteady drop temperature  h i s t o r y  and charac- 

t e r i z e d  by a s u p e r c r i t i c a l  gas  mixture  i n  the boundary 

l a y e r .  The d r o p l e t  temperature  h i s t o r y  could  b e  expected 

t o  e x h i b i t  the c l a s s i c a l  p l a t e a u  only i n  t he  low p r e s s u r e  

regime. Departures  from t h i s  form would i n d i c a t e  a t r a n s i -  

t i o n  t o  t he  second regime. 

Manrique's c a l c u l a t i o n s  sugges t  t h a t  f i l m  t heo ry  modi- 

f i e d  f o r  h igh  p r e s s u r e s  may be expec ted  t o  g i v e  approximate 

r e s u l t s  at p r e s s u r e s  i n  the  nea r  c r i t i c a l  r eg ion .  I n  addi- 

t i o n ,  a c o r r e l a t i o n  between t r a n s i t i o n  from the  f i rs t  t o  

the second regime and the gas mixture  c r i t i c a l  p o i n t  should 

be  ob ta inab le .  These p r e d i c t i o n s  and mod i f i ca t ions  t o  t h e  

low p r e s s u r e  f i l m  t heo ry  are d i scussed  i n  the fo l lowing  

chapter.  
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11. D I S C U S S I O N  OF THE THEORY 

I n  t h i s  chap te r  a p h y s i c a l  p i c t u r e  of  d r o p l e t  vapori-  

z a t i o n  i s  presented .  T h i s  i s  followed by  t he  development 

of the f i l m  t heo ry  equat ions .  The t o p i c s  of gas mixture 

c r i t i c a l  s t a t e  c a l c u l a t i o n s ,  p rope r ty  n o n - i d e a l i t i e s  due 

t o  high p r e s s u r e  e f f e c t s  and spa t ia l  v a r i a t i o n s  through the 

boundary l a y e r  are discussecl i n  r e l a t i o n  t o  t h e  f i l m  t heo ry  

c o r r e c t i o n s  r e q u i r e d  a t  nea r  c r i t i c a l  cond i t ions .  

Phys ica l  Desc r ip t ion  of Drop l e t  Vap o r  i z a t  i on 

The p rocess  of d r o p l e t  v a p o r i z a t i o n  can  be  i d e a l i z e d  

as a boundary l aye r  problem w i t h  s imultaneous heat,  mass 

and momentum t r a n s f e r  between a s t a t i o n a r y  sphere and a 

s teady flow of gas. 

Boundary l a y e r  development t i m e s  e q u a l  t o  d r o p l e t  

r a d i u s  d iv ided  by gas v e l o c i t y  were found t o  be s h o r t  

compared t o  d r o p l e t  l ifetimes,  thus  a l lowing  the  s teady  

s t  ate i d e a l i z a t i o n  ( 9  ) . 
Contrary t o  t h e  u s u a l  boundary c o n d i t i o n  i n  r i g i d  

sphere cases, i . e . ,  ze ro  v e l o c i t y  i n  t h e  zimutbal  direc-  

t i c n  a t  the sphere-boundary layer i n t e r f a c e ,  a f i n i t e  velo- 

c i t y  r e s u l t s  from d r o p l e t  i n t e r n a l  c i r c u l a t i o n  e f f e c t s .  

Winnikow and Chao (58) i n  t h e i r  s t u d i e s  of l i q u i d - l i q u i d  



They a l s o  observed a n  i n c r e a s e  i n  t h e  angle  of t he  boundary 

layer  s e p a r a t i o n  po in t  and i t s  dependence on the i r  c i r c u l a -  

t i o n  parameter. P r e d i c t i o n s  of the e f f e c t s  of i n t e r n a l  c i r -  

c u l a t i o n  upon drag c o e f f i c i e n t s  i n  any  systems o t h e r  t h a n  

h ighly  p u r i f i e d  f l u i d s  are, however, very ques t ionab le  

because of the  large dependence of i n t e r f a c i a l  behavior  on 

small impur i t  i e a .  

When the drop Weber number, the r a t i o  of drag to sur- 

f a c e  t e n s i o n  f o r c e ,  reaches  a c r i t i c a l  va lue ,  d r o p l e t  o s c i l -  

l a t i o n s  begin.  I f  no s t a b i l i z i n g  t r e n d s - s u c h  as r a d i u s  re- 

duc t ion  due t o  vapor i za t ion  or r e l a t i v e  v e l o c i t y  r educ t ion  

due to d r o p l e t  momentum ga in  are established, d r o p l e t  break- 



a d d i t i o n  t o  t h e  drag and c i r c w n f e r e n t f a l  s u r f a c e  t e n s i o n  

f o r c e  on a free drop,  a supported drop has a s u r f a c e  ten- 

s i o n  f o r c e  a t  the  support  p o i n t .  The l a t te r  f o r c e  accomo- 

d a t e s  i t s e l f  t o  balance the  weight' and drag f o r c e  and can, 

i n  f a c t ,  have a r e s u l t a n t  f o r c e  e i ther  i n  the  d i r e c t i o n  

of t h e  flow o r  i n  t h e  oppos i te  sense.  Inc reases  i n  d r o p l e t  

temperature  and p res su re  w i l l  i n c r e a s e  d r o p l e t  Weber number 

through the e f f e c t  of decreas ing  s u r f a c e  t e n s i o n  t h e r e b y  

i n c r e a s i n g  t h e  p o s s i b i l i t y  of o s c i l l a t i o n .  

The cond i t ions  of t h e  experiment and, i n  gene ra l ,  those  

e x i s t i n g  i n  s p r a y s ,  p l a c e  the flow i n  the laminar  regime. 

It would be p o s s i b l e  t o  c a l c u l a t e  t h e  heat and mass t r a n s f e r  

ra tes  by so lv ing  the boundary layer equa t ions  except  f o r  the 

e f f e c t s  of flow sepa ra t ion .  For average va lues  of heat and 

mass t r a n s f e r  c o e f f i c i e n t s ,  one can r e s o r t  t o  semi-empir ical  

c o r r e l a t i o n s  such as t h o s e  of Ranz and Marshall ( 4 6 ) .  The 

data synthes ized  w i t h  the  Ranz-Marshall c o r r e l a t i o n  were 

obtained under the cond i t ions  of low mass t r a n s f e r  r a t e s ,  

and the heat t r a n s f e r  r e s u l t s  were independent of mass 

t r a n s f e r .  These c o r r e l a t i o n s  can be u t i l i z e d  wi th  appropri-  

a te  c o r r e c t i o n  ( 4 )  f o r  s imultaneous heat and mass t r a n s f e r  

a t  high mass t r a n s f e r  rates. 

Normally, only two parameters, Reynolds number and 

Schmidt number, a r e  used t o  c o r r e l a t e  t h e  dimensionless  

mass t r a n s f e r  c o e f f i c i e n t ,  NuAB(Re,.Sc). 

mass t r a n s f e r  r a t e s  i n  f l u i d - f l u i d  sys t ems ,  one would expect  

However, a t  high 



given by Chao and .repeated i n  Eq.  

Film Theory 

Film theory  a p p l i e s  dimensionless  t r a n s f e r  c o e f f i c i e n t s  

based on average f i l m  p r o p e r t i e s  t o  compute hea t  and mass, 

t r a n s f e r  rates. I n  t h i s  s e c t i o n  the  f i l m  theory  d i f f e r e n -  

t i a l  equa t ions  f o r  d r o p l e t  temperature ,  TL, and mass, m,  

a s  a f u n c t i o n  of t i m e ,  0 ,  ape de r ived .unde r  the  assumptions 

of a quasi-steady model. Then t h e  steady s ta te  r e s u l t  i s  

developed as a s p e c i a l  case. Phys ica l ly ,  the  steady state 

r e s u l t  corresponds t o  a s imula ted  sphere experiment where 

t h e  v a p o r i z a t i o n  ra te  i s  balanced by the  l i q u i d  feed r a t e .  

A s  a pre l iminary  the  d e f i n i t i o n  of t h e  mass t r a n s f e r  

c o e f f i c i e n t ,  kx, i s  g iven  by Eq.  ( 2 . 2 ) .  I ts  d e f i n i t i o n  i s  

based upon the  molar f l u x  of s p e c i e s  A w i t h  r e s p e c t  t o  t h e  

molar average v e l o c i t y .  T h i s  convent ion,  which i s  i n  accor- 

has the advan- 

oncen t r a t ion  l e v e l  

t he  ma 

e; the bulk- 



NAo, NBo and yAo are the molar f l u x  of A,  the  molar f l u x  

of B and the  mole f r a c t i o n  of A at the d r o p l e t  s u r f a c e  and 

i s  the mole f r a c t i o n  of A i n  the  YAW 
r a t i o  of f l u x e s ,  NR, i s  def ined  as 

NR = NBo/NAo,  

Eq. ( 2 . 2 )  becomes 

free stream. I f  the  

( 2 . 3 )  

The s u p e r s c r i p t  b l ack  dot  ( e )  denotes  that  t h e  t r a n s f e r  

c o e f f i c i e n t s  depend on mass t r a n s f e r  rate.  The f i l m  theory 

summarized i n  paragraph 21.5 of  Ref. (4)* was s e l e c t e d  t o  

re la te  the c o e f f i c i e n t s  he and k; t o  the t r a n s f e r  c o e f f i -  

c i e n t s ,  h and kx, which a p p l y  a t  low mass t r a n s f e r  ra tes .  

The f i l m  theory  c o r r e c t i o n s  were obtained by assuming 

laminar  flow i n  p lane  geometry. The f l u x e s ,  i n  terms of 

the  boundary layer th i cknesses ,  r e s u l t e d  from i n t e g r a t i n g  

t h e  equat ions  of change assuming cons tan t  p r o p e r t i e s .  Then 

t h e  boundary l a y e r  t h i cknesses  were eva lua ted  i n  terms o f  

the  uncorrec ted  t r a n s f e r  c o e f f i c i e n t s .  There are two major 

assumptions i n h e r e n t  i n  t he  d e r i v a t i o n  ( 4 )  which may have 

i m p l i c a t i o n s  f o r  a p p l i c a t i o n  t o  high p res su re  d r o p l e t  eva- 

po ra t ion .  The f irst  and probably most s e r i o u s  i s  t h e  
. . .  

%This f f f i l m  theoPy" uses  a s i m p l i f i e d  u n i d i r e c t i o n a l  t r a n s -  
p o r t  model t o  p r e d i c t  the v a r i a t i o n  of the t r a n s f e r  c o e f f i -  
c i e n t s  wi th  mass t r a n s f e r  ra te ,  and i t  should not  be confused 
w i t h  t he  use of the term i n  the p r e s e n t  work. 



20 

assumption of cons t an t  p r o p e r t i e s  a c r o s s  the boundary layer,  

p a r t i c u l a r l y  cons tan t  heat capac i ty  and the neg lec t  of hea t  

of mixing between t h e  vapor and cont inuous gas phase. The 

second ques t ionab le  assumption i s ' t h a t  t h e  f i l m  t h i ckness  

i s  una f fec t ed  by high mass t r a n s f e r  rates. 

The r e s u l t s  of these f i l m  theory  c o r r e c t i o n  are given 

where 

e Z h = h  
e - 1  

- 'Ro - 'Am 
R~~ - 1 

1 t NR - yAo 

(2 .5)  

(2.7) 

and C i s  the  vapor s p e c i f i c  heat of' s p e c i e s  A. The para- 

meter z is equ iva len t  to the  "rate f a c t o r "  f o r  heat t r a n s f e r  

and RAB t o  the mass t r a n s f e r  " f lux  r a t i o "  c i t e d  i n  R e f .  ( 4 ) .  

With these preSiminar ies  i n  mind, the quasi-s teady 

PA 

energy equa t ions  can be w r i t t e n  for a vapor iz ing  drop. There 

are a number of as.sumptions i m p l i c i t  i n  t h i s  development, 

1. The drop temperature  a t  any moment i s  uniform. 



i s  n e g l i g i b l e .  

n e g l i g i b l e .  

6. Steady state heat and mass t r a n s f e r  c o r r e l a t i o n s  

are a p p l i c a b l e .  

The fo l lowing  word equat ion  corresponds t o  the  terms i n  

the energy ba lance ,  Eg. (2 .9)  

Energy t r a n s f e r r e d  Energy c a r r i e d  
t o  drop by 
convect ion b y  mass t r a n s f e r  

] - [ away from drop ] [ ::::a:] i n  drop = [ 
( 2 . 9 )  2 .  ' d m  . r r 3  dTL = T D h (T, - TL) - Xn 6 PL'PL 

where pL and C 

drop l i q u i d ,  TL and Ta are tempera tures  of the drop and f r e e  

are the  d e n s i t y  and s p e c i f i c  heat of the 
PL 

ream gas, i s  the heat of  v a p o r i z a t i o n  of t he  l i q u i d ,  m 
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where D, t he  d r o p l e t  diameter, i s  de f ined  by Eq. (2 .11 )  

(2.11) 

The mass t r a n s f e r  c o e f f i c i e n t s  independent '  of mass 

t r a n s f e r  ra te  are determined by t h e  Ranz-Marshall c o r r e l a t i o n 9  ( 4 6 ) :  

Nu = 2 + 0.6 R e  1/2 &/3 (2.12) 

(2.13) = 2 + 0.6 R e  112 sc1/3  NU^^ 
where Reynolds, P r a n d t l  and Schmidt numbers are des igna ted  

by R e ,  P r  and Sc, r e s p e c t i v e l y ,  The Nusse l t ,  Nu, and 

Sherwood, NuAB, numbers are de f ined  by Eqs.  ( 2 . 1 4 )  and 
c 

(2 .15) .  

( 2 . 1 4 )  hD NU = 

Average f i l m  p r o p e r t i e s  of thermal conduc t iv i ty  ( k ) ,  molecu- 

l a r  weight (E), d e n s i t y  ( p )  and b i n a r y  d i f f u s i v i t y  (QAB) 

are used. 

Combining Eqs. (2.4), ( 2 . 1 0 )  and (2,15), t h e  r e s u l t  

f o r  drop mass i s  obta ined ,  

(2.16) 
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S i m i l a r l y ,  E q s .  (2.51, (2 .71 ,  ( 2 . 9 )  and (2.14) y i e l d  Eq. 

(2.1’7) f o r  t h e  drop tempera ture  t i m e  d e r i v a t i v e ,  

Three a u x i l i a r y  equa t ions  are r e q u i r e d .  

(‘PA + NR ‘pB) 
(2.18) 

(2,191 

(2.20) 

Eq.  ( 2 . 2 0 )  i s  de r ived  by  assuming t h a t  t h e  molar f l u x  of 

s p e c i e s  B i s  e q u a l  t o  t h e  c o n c e n t r a t i o n  of  B a t  the drop 

i n t e r f a c e  t imes t h e  v e l o c i t y  of l i q u i d  s p e c i e s  A. 

E q s .  (2 .16)  and (2.17) c o n s t i t u t e  a coupled set  of 

f irst  o r d e r  d i f f e r e n t i a l  equat ions .  The equa t ions ,  w i t h  

t h e i r  i n i t i a l  c o n d i t i o n s ,  were so lved  numer ica l ly  by a 

fourth o r d e r  Runge-Xutta method which has an  au tomat ic  

s t e p  s i z e  adjustment  (56) .  It takes l e s s  t h a n  one minute 

t o  s o l v e  a three second drop h i s t o r y  on the  UNIVAC 1108 

are determined a t  average f i l m  t empera ture  and composition 
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va lues ,  and t h e  Nusse l t  and Sherwo.od numbers are based 

upon average f i l m  va lues .  

f i c  heats, C and C 

temperature .  The p r o p e r t i e s  pL and C r e f e r  t o  t h e  l i q u i d  

a t  t h e  l i q u i d  temperature .  

The gas mixture  component spec i -  

are eva lua ted  a t  t he  average f i l m  
PB' PA 

PL 

The s teady s ta te  r e s u l t  i s  obta ined  by s e t t i n g  t h e  

d e r i v a t i v e  i n  Eq. ( 2 . 1 7 )  t o  zero.  After s u b s t i t u t i o n  f o r  

z and rearrangement ,  

- (2 - 1) 
Tm - TL - CPA + N C 

R P 3  
(2.21) 

The equat ion  f o r  t h e  s teady  s ta te  mass t r a n s f e r  ra te  i s  

given b y  Eq. (2 .16 ) .  The terms on t h e  r i g h t  hand s ide  of 

t h e  equat ion  are f u n c t i o n s  of T- and TL, s o  it i s  necessary 

t o  s o l v e  by i t e r a t i o n .  S ince  t h e  r i g h t  s ide i s  less s e n s i -  

t i v e  t o  Too, it was found most convenient t o  treat  Too as 

the dependent v a r i a b l e  and TL as the independent v a r i a b l e .  

A d i g i t a l  computer code f o r  the IBM 1620 computer was 

w r i t t e n  i n  FORGO language t o  perform s t eady  s ta te  ca l cu la -  

t ions .  

Mixture Cr i t i ca l  State T r a n s i t i o n  

I n  t he  d e s c r i p t i o n  of t h e  p h y s i c a l  p rocess  of d r o p l e t  

vapor i za t ion ,  the  hypothes is  of a t r a n s i t i o n  from a vapori-  

z a t i o n  process  occur ing  a t  a cons t an t  plate.au temperature  

t o  a s t e a d i l y  i n c r e a s i n g  one was advanced. The key t o  t h i s  
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t r a n s i t i o n  is  the state of t he  gas  mixture  i n  the f i l m  

surrounding t h e  drop a t  the  drop-film i n t e r f a c e .  I f  the 

gas mixture  a t  t h i s  po in t  exceeds t he  c r i t i c a l  temperature  

corresponding t o  t h e  t o t a l  p r e s s u r e  i n  the  gas mixture ,  a n  

unsteady d r o p l e t  temperature  h i s t o r y  r e s u l t s .  Manrique 

and Borman's c a l c u l a t i o n s  (36)  i l l u s t r a t e  t h i s  phenomenon. 

Consequently, an estimate of t h e  c r i t i c a l  mixing l i n e  f o r  

t he  gas mixture  i s  necessary  t o  p r e d i c t  t he  low l i m i t  of 

t h i s  regime. 

A r i g o r o u s  s o l u t i o n  t o  t h i s  problem c o n s i s t s  of 

s o l v i n g  the  problem of thermodynamic equ i l ib r ium f o r  the 

vapor- l iqu id  i n t e r f a c e .  But i n  t h i s  case  of the  c r i t i c a l  

mixing l i n e ,  one has t o  f i n d  the locus  of the c r i t i c a l  

p o i n t s  of t h e  yA(P, T )  func t ions .  

i n  a r e c e n t  a r t i c l e  presented  a method of e s t i m a t i n g  the  

c r i t i c a l  mixing l i n e s  f o r  non-polar b ina ry  mixtures .  T h i s  

method was adapted and programmed f o r  computing the rela- 

t i o n s h i p s  f o r  the  n-heptane-air and Fr-13-air s y s t e m s .  

A b r ie f  o u t l i n e  of t h e  method i s  g iven  below. 

Chueh and P r a u s n i t z  (13) 

Chueh and P r a u s n i t z  proposed t h a t  t h e  c r i t i c a l  tempera- 

t u r e  and c r i t i c a l  volume be computed as a q u a d r a t i c  func- 

t i o n  of s u r f a c e  f r a c t i o n ,  gA, 

(2 .22)  
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where 

vci = c r i t i c a l  volume of cornponect i, 

= mole f r a c t i o n  of component i. y i  
Parameters a r e  in t roduced  which &e c o e f f i c i e n t s  of the 

q u a d r a t i c  terms. They p resen t  c o r r e l a t i o n s ’ f o r  t h e s e  para- 

meters which are func t ions  of the  pure component c r i t i c a l  

p r o p e r t i e s .  

Because of  t h e  s t r o n g l y  non l inea r  dependence of t h e  

c r i t i c a l  p re s su re  on composition, a d i f f e r e n t  procedure i s  

presented  f o r  computing t h e  mixture  c r i t i c a l  p re s su re .  

The c o r r e l a t i o n s  f o r  c r i t i c a l  temperature  and c r i t i c a l  vol-  

ume are used i n  conjunct ion  with a s l i g h t l y  modified ver-  

s i o n  of t h e  Redlich-Kwong equat ion  of state .  They compared 

computed c r i t i c a l  p re s su res  f o r  36 b ina ry  sys t ems  w i t h  data 

and found a mean average d e v i a t i o n  of 3.696 The average 

d e v i a t i o n s  of experimental  and f i t t e d  c r i t i c a l  temperatures  

a r e  found t o  be 0.4% f o r  65 b ina ry  s y s t e m s .  The i r  scheme 

f o r  determining t h e  mixture  c r i t i c a l  volume was found t o  

c o r r e l a t e  the data f o r  25 s y s t e m s  w i t h i n  an average devia-  

t i o n  of 1.9%. 

P.roperty Non-Idea l i t i es  

The low p res su re  model d e p a r t s  from a r e a l i s t i c  repre-  

s e n t a t i o n  of d r o p l e t  vapor i za t ion  as the s y s t e m  p r e s s u r e  

i n c r e a s e s .  Cons idera t ions  of t h e  c r i t i c a l  s ta te  of the  

gas mixture  were presented  i n  t h e  previous  s e c t i o n .  Th i s  
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s e c t i o n  i s  concerned with t h e  v a r i a t i o n s  i n  t h e  p r o p e r t i e s  

which e n t e r  i n t o  the f i l m  t heo ry  model. High p r e s s u r e  

non-ideal e f fec ts  are treated first  and are followed by a 

d i s c u s s i o n  of the spat ia l  v a r i a t i o n  of p r o p e r t i e s  through 

the  boundary l a y e r .  The i m p l i c a t i o n s  of the use of pro- 

per t ies  averaged over  the f i l m  are assessed. 

High P res su re  E f f e c t s  

p ,  *AB, The p r o p e r t i e s  of t he  gas mixture ,  yAo, A ,  k, C 

11, and p ,  a l l  appear i n  the f i l m  t heo ry  r e s u l t s  g iven  i n  

Eqs.  ( 2 . 1 6 )  and ( 2 . 1 7 ) .  The f i r s t  th ree ,  which are co r rec t ed  

i n  t h e  h igh  p r e s s u r e  a p p l i c a t i o n  of the  f i l m  t h e o r y ,  are 

d i scussed  i n d i v i d u a l l y  i n  subsequent parts of t h i s  s e c t i o n .  

The last  f o u r  p r o p e r t i e s  are used i n  t h e i r  uncorrec ted  form 

i n  the high p r e s s u r e  theory .  Cor rec t ions  f o r  them were 

considered but d i sca rded  f o r  va r ious  reasons .  

Ca lcu la t ions  were made f o r  a Fr-13 drop vapor i z ing  at 

h igh  p r e s s u r e  w i t h i n  t h e  range of exper imenta l  c o n d i t i o n s  

r e p o r t e d  i n  Chapter V. Then a r b i t r a r y  v a r i a t i o n s  i n  t h e  

v a r i o u s  mixture  p r o p e r t i e s  were in t roduced ,  and t h e  sens i -  

t i v i t y  of the c a l c u l a t e d  p l a t e a u  temperature  and i n s t a n t a n -  

eous v a p o r i z a t i o n  rate t o  these changes were assessed. 

Neg l ig ib l e  eff .ects  due t o  1 0 %  v a r i a t i o n s  i n  mixture  

s p e c i f i c  heat, C v i s c o s i t y ,  11, and d e n s i t y ,  p ,  were 

found. Therefore ,  h igh  p res su re  c o r r e c t i o n s  were no t  i n t r o -  

duced f o r  these p r o p e r t i e s .  S ince  these va lues  e n t e r  i n t o  

P'  
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t he  dimensionless  numbers which appear f r a c t i o n a l l y  expon- 

e n t i a t e d  i n  the heat and mass t r a n s f e r  c o r r e l a t i o n s ,  t h e  

i n s e n s i t i v i t y  i s  no t  t o o  s u r p r i s i n g .  

However, a 10% v a r i a t i o n  i n  the  b ina ry  d i f f u s i o n  c o e f f i -  

c i e n t ,  PAB, produced about a 10% change i n  t h e  s t e a d y  s ta te  

drop-air  temperature  d i f f e r e n c e  and a 2% change i n  vapori-  

z a t i o n  ra te .  No data e x i s t s  f o r  b ina ry  d i f f u s i o n  c o e f f i -  

c i e n t s  i n  Fr-13-air mixtures .  The d i f f u s i v i t y  v a l u e s  used 

were c a l c u l a t e d  by means of a corresponding s ta te  co r re l a -  

t i o n  which i s  estimated t o  be a c c u r a t e  only w i t h i n  approxi- 

m a t e l y  10% ( 2 5 ) .  Consequently, high pressure c o r r e c t i o n s  

t o  the b ina ry  d i f f u s i o n  c o e f f i c i e n t s  ( 5 4 )  were omit ted.  

Droplet-Film I n t e r f a c e  Mole F r a c t i o n  

The de te rmina t ion  of the mole f r a c t i o n ,  yAo, at  t h e  

d rop le t - f i lm  i n t e r f a c e  i s  a vapor- l iqu id  equ i l ib r ium pro- 

blem. I n  t h e  case  of a pure l i q u i d  drop vapor iz ing  i n t o  a 

pure i n e r t  gas environment, there are two components and 

two phases. Designat ing t h e  mole f r a c t i o n  i n  t h e  l i q u i d  

and vapor phases by xAo and yAo, r e s p e c t i v e l y ,  of the  fou r  

v a r i a b l e  f a c t o r s  (yAo, xAO, P, T )  there are two degrees of 

freedom f o r  the  s y s t e m  according to Gibbs Phase Rule ( 4 0 ) .  

A common and s imple approach i s  t o  use t h e  s a t u r a t i o n  

p r e s s u r e  r e l a t i o n s h i p  f o r  the vapor i z ing  component. 
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A t  t o t a l  pressures low compared t o  the c r i t i c a l  p r e s s u r e  

of A ,  t h i s  u s u a l l y  g i v e s  a s a t i s f a c t o r y  approximation. 

T h i s  approximation i s  u t i l i z e d  i n  the l o w  press.ure f i l m  

theory .  
8 

A t  thermodynamic equ i l ib r ium t h e  chemical p o t e n t i a l  

of any g iven  component i n  a l l  phases of a multicomponent 

system i s  i d e n t i c a l  ( 4 0 ) .  T h i s  basic  approach o r  its equi- 

v a l e n t  of determining t h e  mole f r a c t i o n s  which g ive  equi- 

v a l e n t  f u g a c i t i e s  i n  the  l i q u i d  and vapor phases f o r  each 

component was used by Manrique and Borman (36 )  i n  t h e i r  

a n a l y s i s  of t he  C02-N2 sys t em.  

t u r e  and t o t a l  p r e s s u r e  of t he  s y s t e m  and determined t h e  

f u g a c i t y  of the  components as a f u n c t i o n  of component mole 

f r a c t i o n s  us ing  t h e  Redlich-Kwong equa t ion  of s ta te  f o r  t h e  

mixture .  I n  t h i s  manner t h e y  obta ined  a map of equ i l ib r ium 

mole f r a c t i o n ,  yA and xA, f o r  the range of atmospheric t o  

t h e  gas mixture  c r i t i c a l  p r e s s u r e  f o r  a g iven  tempera ture ,  

They s p e c i f i e d  t h e  tempera- 

Manrique and Borrnan demonstrated t h e i r  approach by 

making a s a t i s f a c t o r y  comparison w i t h  data f o r  t h e  C02-N2 

s y s t e m .  However, a t  t he  same time t h e i r  approach i s  t i m e  

consuming, p a r t i c u l a r l y  the  a l g e b r a  involved  i n  ob ta in ing  

simultaneous s o l u t i o n s  t o  t h e  component f u g a c i t i e s  i n  bo th  

phases and s a t i s f y i n g  s p e c i e s  c o n t i n u i t y  i n  each phase. 

Hougen, Watson and Ragatz ( 2 3 )  d e s c r i b e  ano the r  

approach. It i s  a p p l i c a b l e  t o  the r e g i o n  nea r  the  c r i t i c a l  

p o i n t ,  and was used f o r  t h e  n-heptane-air c a l c u l a t i o n s  



given  i n  Chapter V. T h i s  convergence p r e s s u r e  technique 

has been developed f o r  hydrocarbon mixtures  and ex tens ive  

c h a r t s  (39 )  have been prepared which g i v e  t he  vapor l i q u i d  

equ i l ib r ium r a t i o ,  K ,  which i s  a f u n c t i o n  of Pr ,  T r ,  and 

the  convergence p res su re ,  Pconv f o r  each hydrocarbon, n i t r o -  

gen and carbon d ioxide .  The convergence p res su re  cor res -  

ponds t o  t he  mixture  c r i t i c a l  p re s su re .  Hougen, Watson 

and Ragatz i n d i c a t e d  t h a t  t h i s  semi-empirical  method re- 

q u i r e s  judgment, bu t  it y i e l d s  g e n e r a l l y  accep tab le  r e s u l t s  

a t  p r e s s u r e s  less than  80% of the convergence p res su re .  

A f o u r t h  method which was considered f o r  use wi th  t h e  

Fr-13-air c a l c u l a t i o n s  and f i n a l l y  s e l e c t e d  upon the basis 

of t es t s  w i t h  data i s  summarized below. The method i s  a 

v a r i a t i o n  of t h e  one o u t l i n e d  by Reid and Sherwood ( 4 7 )  

f o r  c a l c u l a t i n g  phase-equilibrium c o n s t a n t s ,  Ki,  

where t h e  s u b s c r i p t  o denot ing  t h e  drop-film i n t e r f a c e  i s  

dropped for convenience. 

(fO Ki - Y i L  i L  
- 

where 

i s  t h e  fugac i ty .  o f  pure i a t  T and P as a l i q u i d ,  
0 

f s"z 
If P Psat, t h e  s a t u r a t i o n  pressure a t  T ,  fiL i s  estimated 

from the f u g a c i t y  of f s a t u r a t e d  a t  T us ing  t h e  Poynting 

c o r r e c t i o n .  I f  P < Psat,  t h e  s a t u r a t e d  va lue  of fyL 
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corresponding t o  T i s  used. 

u s u a l l y  t h e  case  f o r  n i t r o g e n  and a i r ,  t h e  vapor p r e s s u r e  

For cases where T > Tc,  

r e l a t i o n s h i p  i s  e x t r a p o l a t e d  t o  a, f i c t i t i o u s  va lue  of Psat. 

The vapor phase f u g a c i t y  coe ’ f f i c i en t  f o r  component i 

i n  the  gas  mixture ,  $,, i s  determined from the Redlich- 

Kwong equa t ion  of s ta te  as shown by Chao and Seeder ( 1 0 ) .  

The l i q u i d  mixture  i s  treated as a r e g u l a r  s o l u t i o n  

and t h e  a c t i v i t y  c o e f f i c i e n t ,  yiL, is c a l c u l a t e d  b y  t h e  

Scatchard-Hildebrand equa t ion  

where 

i i 

and 

(2.26)  

(2.28) 

.n 
The molar l i q u i d  volume, Vi, and the  s o l u b i l i t y  parameter, 

6i,  have been treated as empirical  c o n s t a n t s  by v a r i o u s  

au tho r s .  Cavett  ( 2 9 )  reviewed the l i t e r a t u r e  and s e l e c t e d  

and t a b u l a t e d  va lues  f o r  many components. Cave t t ’ s  va lues  

f o r  NZ, 02, C02, and n-heptane were u t i l i z e d  i n  t e s t  calcu- 

l a t i o n s  which are summarized below. 

I n  the case of Fr-32 and Fr-13 whlch were no t  l i s t e d  
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by  Cavet t ,  Vi (25' C )  was determined by  e x t r a p o l a t i n g  the 
f 

equat ion  g iven  b y  P r a u s n i t z  e t  _.- al. (43). 

Vi = a f bT 

Two v a l u e s  of the molal 

moved from the  c r i t i c a l  

a te  the cons t an t  i n  Eq. 

l i q u i d  volume a t  tempera tures  re- 

were s u b s t i t u t e d  i n  o rde r  t o  evalu- 

(2.29).  Then was de r ived  
% 

from Eq. (2.28) by s u b s t i t u t i n g  t h e  25' C va lue  of Vi. 

C a v e t t l s  method ( 8 )  of d e t e r m i n h g  d 1  was appl ied  t o  

g i v e  

= --+P (H* - H) - RT p,, (2.30) 
6i [ V 

* 
where (H - H )  i s  the  en tha lpy  d e r i v a t i o n  f o r  the  l i q u i d  

8 8 
a t  25' C ,  V 

t h e  s a t u r a t i o n  va lue  a t  25' C. 

i s  the Vi (25' C) prev ious ly  found and P i s  

Table  I c o n t a i n s  t h e  con- 

s t a n t s  derived fo r  Fr-12 and Fr-13. 

Table I 

Ca lcu la t ed  Constants  f o r  Liquid  Phase A c t i v i t y  Coeff ic ients  

( g  em3 ) 6 i  (.+) 
Component i ('w)i m mole em 

Fr-12 11- 5 3  6.96 

Fr-13 

A i r  

11.86 

2.60 

4.19 

2.97 

An i t e r a t i v e  procedure was developed to .  c a l c u l a t e  t h e  
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equ i l ib r ium mole f r a c t i o n s  f o r  a two component mixture at  

a f i x e d  temperature  and p res su re .  

t o  be equal  t o  Psat/P, KB = 0 3 ,  and xA = 1. 

I n i t i a l l y ,  KA was assumed 

Then 

X A = l -  XB 

These f o u r  equa t ions  were so lved  and XA and KB were calcu-  

l a t e d  from Eq. ( 2 . 2 5 ) .  These c a l c u l a t e d  va lues  were used 

as a second estimate and the  procedure repeated u n t i l  t he  

f r a c t i o n a l  change i n  KA between s u c c e s s i v e  i t e r a t i o n  was 

less than  0.005. 

I n  o r d e r  t o  avoid t h e  d i f f i c u l t i e s  of t r e a t i n g  a three 

component mixture ,  a i r  was assumed t o  be a s i n g l e  component. 

The c o n s t a n t s  i n  t h e  l i q u i d  phase a c t i v i t y  c o e f f i c i e n t  ca l -  

c u l a t i o n  were determined by  mole f r a c t i o n  weight ing of N2 

and O2 v a l u e s  f o r  the a i r  composition, They are g iven  i n  

Table  I. 

The r e s u l t s  of a comparison of c a l c u l a t e d  and measured 

mole f r a c t i o n s  f o r  the C02-N2 s y s t e m  are shown on Fig .  1 

(60). The c a l c u l a t e d  gas phase v a l u e s  ag ree  w i t h i n  15% a t  
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Dioxide-Nitrogen Mixtures  a t  0 C 
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Pr - 1 .5  and Tr = 0.9 w i t h  r e s p e c t  t o  C02.  

Three methods of  c a l c u l a t i n g  equ i l ib r ium mole f r a c -  

t i o n s  f o r  n-heptane i n  a i r  are compared wi th  data (11) on 

Fig.  2 .  

range of temperatures  i s  covered. The c a l c u l a t e d  phase equi- 

l i b r i u m  cons tan t  method g i v e s  the best agreement. 

A cons tan t  p r e s s u r e  o f  Pr % 3 and a s u b c r i t i c a l  

Fr-12-air s y s t e m  c a l c u l a t i o n s  are compared w i t h  the  

data of  Parmelee (41) i n  Fig.  3.  The agreement over  the  

range o f  data, up t o  Pr o f  0 .3 ,  i s  good. 

The Chemical Abs t r ac t s  from 1955-1969 were searched 

f o r  vapor- l iqu id  equ i l ib r ium data of  any sort f o r  Fr-13. 

The compilat ion of  Chu -- e t  a l .  ( 1 2 )  publ i shed  i n  1956 was 

consul ted  i n  a d d i t i o n .  No data was found. T h i s  nega t ive  

r e s u l t ,  o f  course ,  provided t h e  mot iva t ion  f o r  developing 

and t e s t i n g  a method of computing the equ i l ib r ium mole f r a c t i o n s  

of b ina ry  mixtures  a t  high p res su res .  

Only the case  of thermodynamic e q u i l i b r i u m  at  t h e  

i n t e r f a c e  has been considered t o  t h i s  po in t .  It seems 

p o s s i b l e  tha t  the  concen t r a t ion  of  the cont inuous phase 

gas i n  the l i q u i d  may no t  reach the  e q u i l i b r i u m  va lue  par- 

t i c u l a r l y  if t h e  vapor i za t ion  rates are r a p i d .  A l i m i t i n g  

va lue  would be  the case  of no abso rp t ion  i n  the vapor iz ing  

l i q u i d .  The phase equ i l ib r ium c o n s t a n t s  and, thence ,  the  

i n t e r f a c e  mole f r a c t i o n s  f o r  the  l i m i t i n g  case  of no absorp- 

t i o n  can be e a s i l y  c a l c u l a t e d  by the method o u t l i n e d  i f  the  

l i q u i d  phase a c t i v i t y  c o e f f i c i e n t ,  yiL, i n  Eq. (2 .25 )  and 
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i n  E q .  ( 2 . 3 2 )  are un i ty .  The r e s u l t s  ,of c a l c u l a t i o n s  XA 
employing t h i s  assumption f o r  Fr-13 drops  vapor i z ing  i n  

a i r  are d i s c u s s e d  i n  Chapter V. 

La ten t  Heat of  Vapor iza t ion  

Consider a b ina ry  mixture  i n  vapor- l iqu id  e q u i l i b r i u m  

such as i s  normally assumed t o  e x i s t  a t  a vapor i z ing  drop- 

f i l m  i n t e r f a c e .  The l a t e n t  heat of  v a p o r i z a t i o n  of A ,  AA, 

i s  d e f i n e d  as t h e  d i f f e r e n c e  between t h e  par t ia l  molar 

en tha lpy  of A i n  t h e  vapor and t h e  en tha lpy  of A i n  the  

l i q u i d .  

A t  low total p r e s s u r e s  t h e  assumption of s u b s t i t u t i n g  

the  heat of  v a p o r i z a t i o n  of pure A a t  T = Tsat i s  commonly 

used. T h i s  assumption i s  made i n  the low p r e s s u r e  f i l m  

theory c a l c u l a t i o n s .  However, this approach w i l l  lead t o  

s u b s t a n t i a l  e r r o r s  a t  total p r e s s u r e s  i n  t h e  v i c i n i t y  of  o r  

g rea te r  than  c r i t i c a l  p r e s s u r e  of  component A.  A method 

of account ing  f o r  these high p r e s s u r e  e f f e c t s  has been de- 

veloped by Manrique and Borman (36 ) .  T h e i r  method which i s  

appl ied  to the  de te rmina t ion  of par t ia l  molal e n t h a l p i e s  

of gas mixture  components f o r  use i n  the high p r e s s u r e  f i l m  

t heo ry  c a l c u l a t i o n s  i s  o u t l i n e d  below. 

The Redlich-Kwong equa t ion  of s ta te  i s  a p p l i e d  t o  a 

gaseous mixture .  The equa t ion  f o r  the mixture  compressi- 

b i l i t y  f a c t o r  i s  r ea r r anged  i n t o  t h e  form of a cubic  and 

so lved  by the Newton-Raphson method. The en tha lpy  d e v i a t i o n  
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from t h e  ideal  s t a t e  i s  computed from t h e  temperature  par- 

t i a l  d e r i v a t i v e  of  t h e  l o g  f u g a c i t y  par t ia l  p re s su re  r a t i o .  

Reid and Sherwood (47 )  have t a b u l a t e d  g e n e r a l i z e d  

en tha lpy  d e v i a t i o n  as a f u n c t i o n . o f  reduced p r e s s u r e ,  t e m -  

p e r a t u r e  and c r i t i c a l  c o m p r e s s i b i l i t y  f a c t o r .  T h e i r  gener- 

a l i z e d  r e s u l t s  based upon an  i n t e g r a t e d  th ree  parameter 

equa t ion  of s t a t e  were extended t o  l i q u i d  phase en tha lpy  

d e v i a t i o n s  by the use of a gene ra l i zed  c o r r e l a t i o n  of l a t e n t  

heat of  vapor i za t ion .  The Reid and Sherwood va lues  were 

used t o  f i n d  t h e  l i q u i d  phase en tha lpy  d e v i a t i o n s .  

Thus, t h e  l a t e n t  heat of v a p o r i z a t i o n  i n  t h e  high 

p r e s s u r e  r eg ion  was computed as t h e  d i f f e r e n c e  of gas and 

l i q u i d  phase en tha lpy  d e v i a t i o n s .  Typica l  computed va lues  

f o r  t he  Fr-13-air s y s t e m  are compared w i t h  t he  pure Fr-13 

va lues  i n  Fig.  4. 

Thermal  Conduct ivi ty  

Lenoir ,  Junk and Comings (34)  developed a corresponding- 

states-type c o r r e l a t i o n  f o r  gases a t  high p res su re .  T h e i r  

c o r r e l a t i o n  i s  based upon n i t r o g e n ,  methane, argon, e thane ,  

e thy lene ,  and carbon d iox ide  data over  a l a r g e  p r e s s u r e  range. 
# Thermal Conduct ivi ty  r a t i o ,  k , i s  c o r r e l a t e d  as a f u n c t i o n  

of reduced p r e s s u r e  and temperature .  It i s  de f ined  as  t h e  

r a t i o  of conduc t iv i ty  a t  any p r e s s u r e  d i v i d e d  by  the  ther-  

m a l  conduc t iv i ty  a t  atmospheric p r e s s u r e .  

Values of thermal conduc t iv i ty  f o r  t he  pure components 
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of t h e  f i l m  gas mixture ,  e .g . ,  Fr-13 and a i r ,  are computed 

a t  the average f i l m  temperature .  Atmospheric va lues  are 

u t i l i z e d .  

means of the Mason-Saxena method'which i s  g iven  by B i r d ,  

Stewart and L igh t foo t  ( 4 ) .  They are weighted by mean f i l m  

va lues  of  component mole f r a c t i o n s ,  

The low p r e s s u r e  va lues ,  ki, are combined by 

klp = 2 yi ki 
m i=lg Yi (Dij 

j-3. 

(2.35)  

where 
2 

-1/2 1/2 1 / 4  

Q, i3 = J a  &(I + %) [l +k) (2)  ] ( 2 . 3 6 )  

km = k iY km I P  (2 .37 )  

lP i s  the  mixture  thermal conduc t iv i ty  a t  atmospheric km 
p r e s s u r e ,  km i s  t h e  c o r r e c t e d  va lue  of mixture  thermal con- 

d u c t i v i t y ,  Mi and pi are t h e  molecular  weights and the v i s -  

c o s i t y  of s p e c i e s  i, and yi i s  the f i l m  average mole f r a c -  

t i o n  of s p e c i e s  i. 

In  o rde r  t o  c o r r e c t  t h i s  va lue  f o r  high p r e s s u r e ,  t h e  

c o r r e l a t i o n  of Lenoi r ,  Junk and Comings i s  u t i l i z e d  w i t h  t h e  

p s e u d o c r i t i c a l  p r o p e r t i e s  determined by mole f r a c t i o n  aver-  

ages  of the pure component c r i t i c a l  temperature and p r e s s u r e  

va lues .  Then the reduced p r e s s u r e  and tempera ture  are 
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based on t h e  t o t a l  p r e s s u r e  and average f i l m  temperature  

va lues .  

Opera t iona l ly ,  t h e  va lues  from the  Leno i r ,  Junk and 

Comings c o r r e l a t i o n  a t  v a r i o u s  reduced tempera tures  a t  a 

s p e c i f i c  reduced p r e s s u r e  were f i t t e d  by a t h i r d  order 

least  squares  r o u t i n e .  T h i s  de r ived  f u n c t i o n  was then  

u t i l i z e d  f o r  Fr-13 drop v a p o r i z a t i o n  c a l c u l a t i o n s  a t  a 

p a r t i c u l a r  p re s su re .  The reduced p r e s s u r e  could be f i x e d  

because f o r t u n a t e l y  t h e  c r i t i c a l  p r e s s u r e s  of a i r  and Fr-13 

are almost i d e n t i c a l ,  and t h e r e f o r e ,  t h e  p s e u d o c r i t i c a l  

mixture  p r e s s u r e  i s  independent of mixture  composition. 

Property V a r i a t i o n  Through the  Boundary L a y e r  

A major u n c e r t a i n t y  i n  t h e  a p p l i c a t i o n  of f i l m  t heo ry  

t o  d r o p l e t  v a p o r i z a t i o n  problems a t  high p res su res  and 

temperatures  i s  t h e  v a r i a t i o n  of p r o p e r t i e s  through the 

boundary l a y e r .  Cons idera t ion  was g iven  t o  i n c l u d i n g  a 

c o r r e c t i o n  t e r m  o r  provid ing  an averaging technique t o  

account f o r  t h i s .  T h i s  approach w a s  abandoned a f t e r  tech- 

n iques  were i n v e s t i g a t e d .  The techniques  considered were 

found t o  be complicated and u n c e r t a i n  s i n c e  no comparisons.  

w i th  data were given.  Never the less ,  t h e  techniques  sur- 

veyed are i n t e r e s t i n g ,  and they are b r i e f l y  summarized. 

The matched asymptot ic  series (l), r e f e r e n c e  s t a t e  ( 3 2 ) ,  

success ive  i t e r a t i o n  ( 5 2 ) ,  and s t a g n a t i o n  p o i n t  methods 

are d iscussed .  
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Acrivos (1) showed t h a t  by p i ec ing  t o g e t h e r  exac t  

asymptot ic  s o l u t i o n s  f o r  the cases  of Prandtl  o r  Schmidt 

numbers equa l  t o  zero,  Nuo, and i n f i n i t y ,  Nuoo, a s imple 

expres s ion  f o r  the  Nussel t  number i n  laminar  boundary Layer 

flow can be  obta ined .  I n  the case  of t h e  cons t an t  p rope r ty  

s o l u t i o n  Acrivos demonstrated that t h e  Nussel t  number 

d iv ided  by t h e  square  r o o t  of the Reynolds number reduced 

by t h e  asymptot ic  r e s u l t  f o r  P r a n d t l  number equal  t o  ze ro  

i s  a s imple f u n c t i o n  of NuO/Nu,. Comparison of exac t  numer- 

i c a l  s o l u t i o n s  i n d i c a t e d  t h a t  h i s  r e s u l t s  were almost insen-  

s i t i v e  t o  geometry. 

H e  g e n e r a l i z e d  t h i s  r e s u l t  t o  t h e  case  of v a r i a b l e  

p r o p e r t i e s .  However, i n  o rde r  t o  s o l v e  f o r  the Nussel t  

number, i t  i s  necessary  t o  s o l v e  two separate non-l inear  

i n t e g r o - d i f f e r e n t i a l  equat ions  by  expansion and summing of 

an  asymptot ic  series.  Der iva t ives  and i n t e g r a l s  of t h e  

p r o p e r t i e s  have t o  b e  eva lua ted ,  and the algebra i s  very 

complicated.  H i s  approach i s  no t  easi ly  adaptable t o  a 

d i g i t a l  computer. It would be necessary  t o  f u r t h e r  gener- 

a l i z e  h i s  r e s u l t  f o r  t h e  case of s imultaneous heat and mass 

t r a n s f e r  which would add f u r t h e r  complicat ion.  Acrivos 

admits tha t  there  may be some q u e s t i o n  about t h e  independence 

of t h e  v a r i a b l e  proper ty  r e s u l t  from geometry. 

A method of r e f e r e n c e  s ta tes  was proposed by Knuth ( 3 2 ) .  

He developed r e f e r e n c e  s ta te  p r e s c r i p t i o n s  by a combination 

of exac t  c a l c u l a t i o n s  f o r  laminar  c o u e t t e  flow and t h e  
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a n a l y s i s  of  f e w  c a l c u l a t e d  r e s u l t s .  of boundary. layer prob- 

lems. There i s  s u b s t a n t i a l  u n c e r t a i n t y  i n  apply ing  h i s  

r e s u l t s  t o  c o r r e l a t i o n s  f o r  over  a l l  t r a n s f e r  numbers t o  

geometr ies  o t h e r  t han  f l a t  p l a t e  p a r t i c u l a r l y  where separa- 

t i o n  occurs .  Furthermore, he claims that  the composition 

r e f e r e n c e  state reduces t o  a l i n e a r  average i n  a l l  cases 

except  where the r a t i o  of molecular  weights of the two 

s p e c i e s  exceeds a f a c t o r  of t e n .  The d e v i a t i o n  of h i s  

r e f e r e n c e  states from those  obta ined  by l i n e a r  averages of 

temperature  and composition were very small f o r  a t y p i c a l  

Fr-13 case.  

I n  the case  of laminar  boundary l a y e r  flow over  a 

f l a t  p la te  Schuh ( 5 2 )  performed c a l c u l a t i o n s  of v a r i a b l e  

p r o p e r t i e s .  H i s  method i s  q u i t e  s i m p l e  and appears t o  be 

w e l l  s u i t e d  f o r  a d i g i t a l  computer. H e  s ta r t s  w i t h  the  

cons t an t  p rope r ty  B las ius  and Pohlhausen s o l u t i o n  f o r  t h e  

v e l o c i t y  and temperature  p r o f i l e s ,  de te rmines  t h e  v e l o c i t y  

p r o f i l e  w i t h  t h e  v i s c o s i t y  and d e n s i t y  v a r i a t i o n  from t h e  

i n i t i a l  temperature  v a r i a t i o n ,  and f i n a l l y  t h e  new tempera- 

t u r e  p r o f i l e  from t h e  new v e l o c i t y  and i n i t i a l  d e n s i t y  

p r o f i l e s .  It i s  claimed tha t  t h i s  procedure converges a f te r  

fou r  r e p e t i t i o n s .  

Schuh's c a l c u l a t i o n s  were a p p l i e d  t o  a i r  w i t h  v a r i a b l e  

p r o p e r t i e s .  H e  found tha t  a l though the  boundary l a y e r s  

th ickened ,  there was no  apprec iab le  change i n  shea r ing  

stress o r  heat t r a n s f e r  c o e f f i c i e n t  over  t he  cons t an t  
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proper ty  case.  The u n c e r t a i n t y  of apply ing  t h i s  method t o  

c o r r e c t i n g  heat and mass t r a n s f e r  c o e f f i c i e n t s  f o r  spheres 

e x i s t s  s i n c e  the f l a t  plate equa t ion  i s  used. 

The idea of applying Schuh ' s . success ive  i t e r a t i o n  

approach t o  t he  forward s t a g n a t i o n  p o i n t  on a two o r  th ree  

dimensional body of  r e v o l u t i o n  n a t u r a l l y  arises. However, 

there  is aga in  t h e  ques t ion  o f  a p p l i c a b i l i t y  of a correc-  

t i o n  f o r  a s i n g l e  po in t  t o  an average va lue  determined 

e m p i r i c a l l y .  I n t u i t i v e l y ,  one would expect  bet ter  r e s u l t s  

t h a n  i n  apply ing  the  f l a t  p l a t e  o r  p lane  two dimensional 

r e s u l t  d i r e c t l y .  
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111. EXPERIMENTAL APPARATUS 

The experimental  appara tus  provides  a means of i n t r o -  

ducing and suppor t ing  a d r o p l e t  i n  a stream of heated high 

p r e s s u r e  a i r  and ob ta in ing  a s i z e  and temperature  h i s t o r y  

of the evapora t ing  d r o p l e t .  J .  A.  Ricart-Lowe (48) and 

L, D. Alexander ( 2 )  have p rev ious ly  desc r ibed  parts of 

t h i s  appara tus .  A complete d e s c r i p t i o n  of t h e  r i g  which 

i s  shown i n  a photograph, Fig.  5,  i s  g iven  here. 

R i g  Components 

The r i g  i s  convenient ly  subdivided i n t o  a heater, t es t  

s e c t i o n  and probe assembly.  These components are descr ibed  

i n  order .  

A c r o s s  s e c t i o n a l  view of the  heater i s  shown i n  F ig .  

6. It c o n s i s t s  of a c y l i n d r i c a l  f l anged  p r e s s u r e  v e s s e l  

which c o n t a i n s  a packed bed heated by four semi-c i rcu lar  

p ipe  heaters. The heater i s  "wye" connected w i t h  a 220 v 

three phase a-c source  which p rov ides  a maximum t o t a l  power 

of 4.6 kw. 

The a i r  flow passes up from the  i n l e t  nozz le  over t h e  

t o p  of the r a d i a t i o n  shield, down between the r a d i a t i o n  

s h i e l d  and h e a t e r . u n i t s ,  and up through t h e  heater bed t o  

the tes t  s e c t i o n .  The s t r u c t u r a l  and thermal des ign  of t he  

heater are d i s c u s s e d  by Ricart-Lowe (48). 

The tes t  s e c t i o n  c o n s i s t s  of a 1 2  i n .  high r e c t a n g u l a r  
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b lock  of s t a i n l e s s  s tee l  w i t h  a 6 i n .  square  c r o s s  s e c t i o n .  

Fig.  7 shows a c r o s s  s e c t i o n a l  view. Two window assemblies, 

a probe assembly which i s  desc r ibed  below, a n  i n l e t  calming 

s e c t i o n  and nozzle ,  numerous p e n e t r a t i o n s ,  and a t o p  f l a n g e  

complete the l i s t  of components of t he  t e s t  s e c t i o n .  

The calming s e c t i o n ,  which i s  composed of a series of 

s c reens  and space r s ,  t ends  t o  break up tu rbu lence  and f la t -  

t e n  the  a i r  stream temperature  p r o f i l e .  A 1 i n .  diameter 

ASME nozzle  ( 3 )  was u t i l i z e d .  A t e f l o n  s l e e v e  w i t h  an in- 

side diameter of 1 i n .  f i t s  upon the t o p  or  t h r o a t  of t he  

nozzle  i n  o r d e r  t o  i s o l a t e  the r e g i o n  around the  probe t i p  

from free convect ion c u r r e n t s .  

P e n e t r a t i o n s  i n  t he  test s e c t i o n  are provided f o r  a 

p r e s s u r e  gauge l i n e  (1/2 NPT) and the  probe thermocouple 

leads (3/8 NPT). The probe assembly and two window sub- 

assemblies b o l t  t o  the  sides of t h e  t e s t  s e c t i o n .  The t es t  

s e c t i o n  i s  clamped by means of b o l t s  between the  heater 

upper f l a n g e  and another  blank f l a n g e  which rests on t o p  of 

the test  s e c t i o n .  A detailed d i s c u s s i o n  of the tes t  s e c t i o n  

i s  g iven  by Ricart-Lowe (48) .  

The probe which i n t r o d u c e s  and suppor t s  the  d r o p l e t  

i s  an independent assembly which b o l t s  t o  the side of t h e  

test s e c t i o n .  It , cons i s t s  of a housing ( n o t  shown) and a 

brazed subassembly of tub ing  shown i n  Fig.  8. The sub- 

assembly which i s  joined t o  t h e  housing j u t s .  out from t h e  

housing f l a n g e  i n t o  the t e s t  s e c t i o n  where it makes a, 
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connect ion w i t h  the  i n l e t  cool ing  water l i n e .  

The coo lan t  e n t e r s  t h e  end of the  1 / 4  i n .  diameter 

tube of the probe subassembly where it i s  sealed by an 

O-ring t o  a f i t t i n g  on the  i n s i d e  wall of t h e  tes t  s e c t i o n .  

The coolan t  flow through the  t u b e  around the  probe t i p  

and out  the annu la r  space between the 18 gauge t e s t  l i q u i d  

supply l i n e  and t h e  1/4 i n .  tube .  

The tes t  l i q u i d  flows from the  bottom o f  t he  conden- 

s o r - r e s e r v o i r  through the  a c t i v a t i n g  va lve  (#1 on Fig .  9 ) ,  

through the  V8 i n .  diameter s t a i n l e s s  s t ee l  tub ing  t o  t he  

probe housing where i t  passes through a p r e s s u r e  seal i n  

t he  probe housing. The t e s t  l i q u i d  t h e n  l eaves  t h e  probe 

housing and f lows i n t o  an  18 gauge s t a i n l e s s  s t ee l  hypo- 

dermic tub ing  par t  of which i s  shown on Fig.  8. 

The t e s t  f l u i d  passes down around the t e f l o n  i n s u l a t e d  

thermocouple lead wires t o  the 0.029 i n .  diameter t e f l o n  

probe t i p .  The s e c t i o n  of 1 4  gauge t u b i n g  i s  sealed at 

t he  t o p  wi th  epoxy g lue .  The probe t i p  i s  a l s o  jo ined  t o  

the  tube  w i t h  epoxy. The thermocouple lead wires are 

sealed by epoxy t o  t h e i r  spaghet t i  i n s u l a t i o n  about a n  

i n c h  above t h e i r  o u t l e t  from the  tub ing .  The t e s t  l i q u i d  

i s  fo rced  out the  t e f l o n  probe t i p  where i t  can flow down 

t h e  lead wires and form d r o p l e t s  on the  thermocouple bead. 

A t e f l o n  c o l l a r  was placed around the probe thermo- 

couple leads immediately above the junc t ion  i n  the Fr-13 
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tes ts .  T h i s  was found necessary i n  o r d e r  t o  support  the 

d r o p l e t s  f o r  t h e  t es t s ,  Alexander .(2) g i v e s  a d i s c u s s i o n  

of the probe de ta i l s .  

Flow Arrangement 

The flow diagram, Fig. 9 ,  shows t h e  f u n c t i o n a l  arrange- 

ment of t h e  r i g  components. Paths of t he  vapor iz ing  medium, 

water coolan t  and a i r  are inc luded  i n  the  diagram. 

The vapor i z ing  medium i s  in t roduced  i n t o  t h e  Fr-22 

cooled condensor-reservoir  through va lve  #2. It i s  fed 

i n t o  the  probe by a c t i v a t i n g  va lve  #1 and u t i l i z i n g  a d i f fe r -  

ence i n  p r e s s u r e  between t h e  test s e c t i o n  and r e s e r v o i r .  

The r e g u l a t i n g  v a l u e s ,  e i t h e r  high o r  low p res su re ,  

main ta in  the  a i r  p r e s s u r e  i n  t h e  r i g .  A i r  a c t s  as a pres- 

s u r i z i n g  agent  f o r  the  probe coolan t  and t h e  condensor- 

r e s e r v o i r  as w e l l  as a heat t r a n s f e r  medium f o r  d r o p l e t  

vapor i za t ion  i n  t h e  t e s t  s e c t i o n .  A i r  i s  a v a i l a b l e  from 

e i t h e r  a 2000 p s i  r e s e r v o i r  (d r i ed  by coo l ing  t o  32' F a t  

1800 ps ia)  o r  a house a i r  l i n e  a t  7 5  p s i .  A i r  flow through 

the r i g  i s  r e g u l a t e d  by choking the flow from t h e  r i g  out- 

l e t  a t  va lve  #6. 

Water coo l s  the probe supply l i n e .  The coo lan t  i s  

maintained at the ,system p r e s s u r e  by a wash b o t t l e  arrange- 

ment which has t o  be  r e f i l l e d  about every 2 hours .  Cooling 

c o i l s  i n  an  i c e  b a t h . c o o 1  the water as it flows from the 

b o t t l e  t o  t h e  t e s t  s e c t i o n .  
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I n s  trumentat . ion 

Ins t rumen ta t ion  i s  provided to .  o b t a i n  d r o p l e t  tempera- 

t u r e  and s i ze  h i s t o r i e s ,  a i r  flow rate,  sys t em p r e s s u r e  

and va r ious  ope ra t ing  temperatures  and p r e s s u r e s  f o r  per- 

formance maintenance, safety and c o n t r o l  of t h e  r i g .  The 

flow diagram, Fig .  9 ,  shows t h e  l o c a t i o n  of the  temperature  

and p res su re  senso r s .  

The probe temperature  and the gas  meter i n l e t  a i r  

temperatures  are recorded cont inuously on a brush r eco rde r .  

The o t h e r  temperature s i g n a l s  are recorded on a mul t ipo in t  

c h a r t  recorder .  

E i t h e r  of two p r e c i s i o n  p r e s s u r e  gauges a r e  used t o  

determine system p res su re .  The ranges are 0-750 ps ia  and 

0-1500 ps ia ,  r e s p e c t i v e l y ;  the accuracy i s  0.1% of f u l l  

s c a l e  r ead ing  f o r  each. 

The volumetr ic  a i r  flow through t h e  test  s e c t i o n  i s  

3 determined by the  use of a 1800 f t  /hr capac i ty  gas meter 

and s t o p  watch. 

The o p t i c a l  s y s t e m  used t o  o b t a i n  d r o p l e t  s i z e  h i s t o r i e s  

i s  shown schemat ica l ly  i n  Fig. 10.  T h i s  arrangement pro- 

duces a shadowgraph of the probe t i p  on a ground glass screen .  

Light  from a po in t  source zirconium-arc lamp i s  focused about 

an  inch  i n  f r o n t  of the thermocouple, and the  shadow image 

is  co l l ima ted  by a s i n g l e  l e n s  upon the ground glass. The 

magni f ica t ion  usual ly .  used is about s i x .  L inear  magnifica- 
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t i o n  of o b j e c t s  a t  the probe plane was established by two 

methods. O p t i c a l  bench mock-ups of t h e  s e t u p  us ing  s t i l l  

pho.tographs of a r e t i c l e  g r i d  as w e l l  as a c t u a l  o b j e c t s  

p laced  i n  t h e  probe p o s i t i o n  of t he  r i g  demonstrated l i n e -  

a r i t y .  An image of a timer i s  p r o j e c t e d  on a mirror i n  

the camera o b j e c t  plane.  

16 mm movie f i l m s  are t aken  of the  ground glass w i t h  

a Cine-Kodak S p e c i a l  I1 movie camera. A 50 mm f/1.6 l e n s  

which focusses  t o  13 i n .  d i s t a n c e  i s  used. 4 X r e v e r s i b l e  

f i l m  w i t h  normal development procedure,  l e n s  wide open, 

13 i n .  o b j e c t  t o  f i l m  p l ane  d i s t a n c e  and 64 f p s  speed were 

found t o  g i v e  adequate  s i z e  h i s t o r i e s  from which measure- 

ments could be taken.  

A swi tch ing  c i r c u i t  was b u i l t  t o  synchronize the 

temperature  and s i z e  h i s t o r i e s .  When a swi t ch  i s  thrown, 

a t iming  mark i s  produced on a channel of t h e  temperature  

r e c o r d e r ,  and the  t i m e r  which appears on the movie record  

i s  s tar ted.  

Rig Operat i o n  

A d e s c r i p t i o n  of the ope ra t ing  procedure f o r  data 

g a t h e r i n g  i s  g iven  i n  t h i s  s e c t i o n .  

The heater i s  t u r n e d  on and house a i r  i s  flowed through 

the r i g  u n t i l  t he  e n t i r e  assembly  i s  warmed up. T h i s  takes 

about s i x  hours.  During the start  up p e r i o d  the instrumen- 

t a t i o n  i s  warmed up and c a l i b r a t e d ,  t,he coo lan t  c y l i n d e r  
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and i c e  bath are f i l l e d ,  and the o p t i c a l  system i s  a l igned .  

The t es t  f l u i d  i s  p laced  i n t o  t he  c o i l s  of the con- 

densor.  After  the r i g  has achieved s t eady  s ta te ,  the a i r  

f l u i d  r e s e r v o i r  i s  p r e s s u r i z e d  t o  about 75 p s i  above t h e  

desired o p e r a t i n g  p r e s s u r e .  The probe coolan t  i s  s t a r t e d ,  

and the system p r e s s u r e  and the a i r  flow rate  are a d j u s t e d  

t o  the  test va lues .  

A t  t h i s  stage the t e s t  i s  i n i t i a t e d  as fo l lows .  The 

t e s t  l i q u i d  can be made t o  d r i p  on the probe thermocouple 

by manipulat ing va lve  #l. The temperature  r e c o r d e r  i s  

s tar ted.  When a s tab le  drop i s  r e s i d i n g  on the probe thermo- 

couple ,  t he  camera i s  s tar ted and the "start" switch of  

the  synchron iza t ion  c i r c u i t  i s  a c t i v a t e d ,  The camera i s  

s topped when the  drop disappear$ and t h e  temperature  recor -  

der remains on u n t i l  t h e  a i r  tempera ture  measured by  the  

probe senso r  r ecove r s  i t s  i n i t i a l  va lue .  Normally, the a i r  

flow i s  s topped t o  conserve a i r  and a cursory  a n a l y s i s  of 

t h e  temperature  h i s t o r y  i s  made b e f o r e  proceeding t o  t he  

nex t  d r o p l e t  h i s t o r y .  



I V .  EXPERIMENTAL UNCERTAINTIES AND DATA REDUCTION 

I n  the  opening s e c t i o n  of t h i s  chapter experimental  

problems which in t roduce  e r r o r s  are d iscussed .  The second 

s e c t i o n  deals wi th  the  data r e d u c t i o n  techniques  which were 

employed. U n c e r t a i n t i e s  i n  the  experimental  r e s u l t s  and 

t h e i r  i m p l i c a t i o n s  r ega rd ing  the  c a l c u l a t e d  r e s u l t s  are 

t rea ted  i n  the f i n a l  s e c t i o n .  

Sources of Experimental  E r r o r  

There are s e v e r a l  problems which a t t e n d  high p res su re  

suspended d r o p l e t  v a p o r i z a t i o n  experiments .  The combination 

of fo rced  and free convect ion,  reduced s u r f a c e  t e n s i o n ,  and 

non-convection heat l o s s e s  are among t h e  problems; t h e y  

are d i scussed  below. 

I n  mixed o r  combined convect ion problems, t h e  important  

parameter i s  G r / R e 2 ,  the  r a t i o  of t h e  Grashof number t o  

Reynolds number squared ( 3 0 ) .  I n  the s i t u a t i o n  where t h e  

c h a r a c t e r i s t i c  l e n g t h ,  fo rced  flow v e l o c i t y ,  f l u i d  tempera- 

t u r e  and temperature  d i f f e r e n c e  remain c o n s t a n t ,  G r / R e  2 

would be independent of p re s su re .  I f  these  cond i t ions  d i d  

indeed p r e v a i l  f o r  d r o p l e t  vapor i za t ion ,  t h e  importance of 

combined convecti.on, which i s  measured by G r / R e 2 ,  would not  

i n c r e a s e  as the  p r e s s u r e  i s  inc reased .  

Experimental ly  it was found tha t  t h e  a i r  v e l o c i t y  i n  

t he  tes t  s e c t i o n  had t o  be reduced as the p r e s s u r e  was 
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increased  i n  o rde r  t o  maintain stable drops.  Since t h e  

o t h e r  parameters i n  Gr /Re2 remained approximately cons t an t ,  

G r / R e  i nc reased  wi th  i n c r e a s i n g  p res su re .  A cons ide ra t ion  

of the  c r i t i c a l  Weber number c r i t e r i a  f o r  drop s t a b i l i t y  

2 

exp la ins  t h i s  experimental  f a c t  e 

2 - u DP We - 
d 

A s  shown i n  Eq. ( 4 . 1 )  t he  square of the v e l o c i t y ,  u, corres -  

ponding t o  t h e  c r i t i c a l  value of t h e  Weber number i s  propor- 

t i o n a l  t o  drop s u r f a c e  t e n s i o n ,  (3, and i n v e r s e l y  p ropor t iona l  

t o  the gas d e n s i t y ,  p. Through the  combined e f f e c t  of gas  

d e n s i t y  which i n c r e a s e s  w i t h  p r e s s u r e  and drop su r face  ten-  

s i o n  which decreases w i t h  p r e s s u r e  ( 4 7 ) ,  t he  maximum v e l o c i t y  

tha t  r e s u l t s  i n  a s table  d r o p l e t  dec reases  w i t h  i n c r e a s i n g  

p res su re .  

I n  the reg ion  o f  combined free and fo rced  convect ion 

heat t r a n s f e r  t o  spheres ,  G r / R e 2  > 0.3,  t h e  h e a t  t r a n s f e r  

rates f o r  opposed flow a r e  lower than  t h a t  p r e d i c t e d  by pure 

forced convect ion (59 ) .  However, f o r  t h e  case of s imultaneous 

hea t  and mass t r a n s f e r  t o  spheres i n  opposed flow, t h e  oppo- 

s i t e  e f f e c t  has been observed al though the  r eg ion  of  combined 

convect ion,  approximately 0.001 < G r / R e 2  

i s  d i f f e r e n t  (38) .  Although v e l o c i t y  components arise from 

both  temperature  and concen t r a t ion  d i f f e r e n c e s ,  both a r e  i n  

t h e  Same d i r e c t i o n ,  i . e e ,  downward f o r  cool ,  dense vapors.  

I n  the  case of Fr-13 data, both are important  bu t  n e i t h e r  

200 f o r  Pr = 1, 
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predominates. T h i s  rather remarkable r e s u l t  i s  ano the r  

i l l u s t r a t i o n  of the danger i n h e r e n t  i n  i n d i s c r i m i n a t e  appl i -  

c a t i o n  of  heat-mass t r a n s f e r  ana log ie s .  S ince  Narasimhan 

and Gauvin's experiments (38) were carr ied out a t  turbu-  

l ence  i n t e n s i t y  l e v e l s  less than  1%, a t  P r a n d t l  numbers of 

1, a t  s t e a d y  s ta te  and over  a l i m i t e d  range of v a r i a b l e s ,  

t h e i r  r e s u l t s  were only used i n t e r p r e t a t i v e l y  and no t  

quant i t  a t  i v e l y  . 
The upper l i m i t  on v e l o c i t y  a t  h i g h e r  p r e s s u r e s  a l so  

\ 

causes  an  i n c r e a s e  i n  t h e  free convect ion from t h e  t e s t  

s e c t i o n  walls. T h i s  t e n d s  t o  d i s t u r b  the uniform v e l o c i t y  

d i s t r i b u t i o n  a t  the o u t l e t  of the  nozzle .  I n  the  i n i t i a l  

high p r e s s u r e  experiments f l u c t u a t i o n s  i n  a i r  temperature  

a t  t he  probe t i p  led t o  two success ive  des ign  changes i n  

t h e  appa ra tus .  The first change was a n  enlargement of the 

flow nozzle  from 1 / 2  t o  1 i n .  diameter. The second, 

which f i n a l l y  e l imina ted  t h e  problem, was a lengthened 

nozzle .  

A second source of experimental  e r r o r  re la tes  t o  

reduced d r o p l e t  s u r f a c e  t ens ion .  S ince  t h e  d r o p l e t  s u r f a c e  

t e n s i o n  dec reases  w i t h  i n c r e a s i n g  p r e s s u r e ,  d r o p l e t  s tabi-  

l i t y  becomes a problem. This s t a b i l i t y  phenomenon no t  only 

l i m i t s  t he  v e l o c i t y  which enhances free convect ion as d is -  

cussed above, bu t  i t  a l s o  leads t o  troublesome d r o p l e t  

behavior ,  and it l i m i t s  t he  d r o p l e t  s i z e  ob ta inab le .  

Glass tone  ( 2 0 )  g ives  t h e  fo l lowing  formula f o r  t h e  
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apparent  weight, W, of a drop which d r i p s  from a fed tube  

of r a d i u s ,  r ,  

where @ i s  a n  e m p i r i c a l l y  determined c o r r e c t i o n  f a c t o r .  

I n  apply ing  t h i s  c r i t e r i o n  t o  estimate drop s i z e ,  r would 

correspond t o  t h e  probe t u b e  t i p  r a d i u s .  An i n c r e a s e  i n  

ambient p r e s s u r e  would decrease  o which i n  t u r n  would l i m i t  

t h e  drop weight o r  s i z e  ob ta inab le .  

A t  the onse t  of i n s t a b i l i t y ,  t h e  d r o p l e t  o s c i l l a t e s  i n  

a v e r t i c a l  d i r e c t i o n  a l t e r n a t e l y  t a k i n g  t h e  c l a s s i c a l  ob- 

late and p r o l a t e  shapes. When t h i s  problem occurs  a t  h igh  

p r e s s u r e s ,  i t  e i the r  leads t o  loss of  support  ( d r o p l e t  f a l l s )  

o r  damped d r o p l e t  o s c i l l a t i o n s  a f t e r  s u f f i u i e n t  s i z e  reduc- 

t i o n  due t o  r a p i d  vapor i za t ion .  Occasional ly  d r o p l e t  spin-  

n ing  occurred  a t  high p res su res .  The e f f e c t s  of t h i s  be- 

hav io r  on heat and mass t r a n s f e r  rates are d i f f i c u l t  to 

assess, but it undoubtedly inc reased  the  average ra tes  

above what would be  p r e d i c t e d  by s teady  s ta te  c o r r e l a t i o n s .  

Analysis  of t he  movie f i l m  h i s t o r i e s  from an i n i t i a l  

series of Fr-13 experiments showed tha t  f r e q u e n t l y  t h e  drop- 

l e t  c lung t o  t h e  bottom h a l f  of the s p h e r i c a l  thermocouple 

bead and d i d  no t  envelop i t  as most l i q u i d s  would a t  room 

temperature  and atmospheric pressure. The exposure of t h e  

unwetted t o p  p o r t i o n  of the  bead provided an  ex t raneous  

heat energy source  t o  the d r o p l e t .  The p l a t e a u  tempera tures  
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obta ined  i n  t h i s  series of tests were s u s p i c i o u s l y  high 

when compared t o  va lues  predicted by f i l m  t heo ry .  T h i s  

was la ter  confirmed by Fr-13 data t aken  w i t h  a redes igned  

probe  t i p .  The l a t t e r  data are r e p o r t e d  i n  Chapter V. 

There are two non-convection sources  of heat t r a n s f e r  

t o  a suspended drop which may c o n t r i b u t e  t o  exper imenta l  

e r r o r .  One i s  r a d i a t i o n  from the  t e s t  s e c t i o n  walls, and 

t h e  o t h e r  i s  t h e  thermocouple lead wires. An estimate of 

the f r a c t i o n  of the t o t a l  heat ra te  t r a n s f e r r e d  t o  t h e  drop 

by r a d i a t i o n  was made f o r  a t y p i c a l  experimental  cond i t ion .  

The r a d i a t i v e  energy f l u x  was cons idered  t o  be  composed 

of two components. The f i r s t  from t h e  t e s t  s e c t i o n  walls 

which were assumed t o  b e  a t  150' F ( t h e  o u t s i d e  wall i s  

w a r m  t o  the  touch)  was assumed t o  have e m i s s i v i t y  and view 

f a c t o r s  of u n i t y .  A second component was due t o  the  a i r  

calming s e c t i o n  which can be seen through t h e  nozzle  from 

the drop l o c a t i o n .  It was assumed tha t  the calming s e c t i o n  

was a t  300' I?, t h e  appa ra tus  maximum a i r  temperature .  

view f a c t o r  was estimated by assuming that  t h e  geometry 

corresponded t o  two pa ra l l e l  d i s k s  ( 3 3 ) ,  and tha t  t h e  effec- 

A 

t i v e  e m i s s i v i t y  was u n i t y .  

The computed r a d i a t i v e  heat f l u x  was found t o  be l e s s  

than  4% of t he  convect ive heat f l u x  f o r  an 0,033 i n .  diameter 

drop w i t h  a computed Nussel t  number of 16 .4  and a i r -d rop  

temperature  d i f f e r e n c e  ,of 100' F. 

An estimate of t he  heat l o s s  from t h e  thermocouple lead 
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wires was a l s o  made. It was assumed that t h e  0.005 i n .  

diameter lead wires a c t e d  as i n f i n i t e l y  long  one-dimensional 

f i n s .  An average wire thermal c o n d u c t i v i t y  of  1 0  BTU/hr- 

ft-OF was assumed which corresponds t o  t h e  chromel-constantan 

lead wires. 

A t empera ture  d i f f e r e n c e  between t h e  lead wire r o o t  

and ambient gas of 180' F and a convec t ive  heat t r a n s f e r  

c o e f f i c i e n t  of 230 BTU/hr-ft2-'F were used i n  the  ca l cu la -  

t i o n .  The heat energy a r r i v i n g  from bo th  lead wires com- 

puted i n  t h i s  manner was found t o  be  less  t h a n  3% of the 

convec t ive  heat energy found f o r  the p rev ious ly  o u t l i n e d  

case .  Although the model assumed i s  crude,  i t  i s  be l i eved  

t h a t  the assumptions are conse rva t ive .  Furthermore,  f o r  

t he  Fr-13 data, 0 .003  i n .  diameter lead wires were s u b s t i -  

t u t e d  f o r  t h e  0.005 i n .  wires assumed i n  t h i s  c a l c u l a t i o n .  

Data Reduction Techniques 

The important  data from a drop v a p o r i z a t i o n  r u n  are 

d r o p l e t  t empera ture  h i s t o r y ,  s i z e  h i s t o r y ,  a i r  tempera ture ,  

a i r  p r e s s u r e  and gas  flow r a t e  through the t e s t  s e c t i o n .  

I n  comparing the r e s u l t s  of t r a n s i e n t  c a l c u l a t i o n s  w i t h  

exper imenta l  d r o p l e t  h i s t o r i e s ,  the  c a l c u l a t e d  dependent 

var iables  are d r o p l e t  t empera ture  and s i z e  h i s t o r i e s .  Repre- 

s e n t a t i v e  exper imenta l  h i s t o r i e s  f o r  a Fr-13 drop r u n  are 

i l l u s t r a t e d  below, and t h e n  t h e  data r e d u c t i o n  technique  

i s  desc r ibed .  
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The d r o p l e t  s i z e  h i s t o r i e s  were obtained on 16 mm 

movie f i l m .  P r in t s .  of a Fr-13 f i l m  h i s t o r y  a r e  shown on 

Fig.  11. A photograph of t he  corresponding temperature  

h i s t o r y  r eco rd  f o r  the Brush recopder  i s  shown on Fig.  1 2 .  

The cond i t ions  of the run were pressure = 47.8 a t m  (P r  = 

1.25), a i r  temperature  = 171.5° F ,  and a i r  v e l o c i t y  3.37 

in . / s ec .  The timer started about 32 frames be fo re  frame 0 .  

T h e  vo l t age  s t e p  shown on t h e  channel  1 of the temperature 

r eco rd  co inc ides  wi th  t h e  t imer  commencement. The marks a t  

the  t o p  edge o f  t h e  temperature  r eco rd  are second marks; 

t h e  cha r t  speed was 125 mm/sec. The d r o p l e t  was being fed  

u n t i l  frame 2 .  

The temperature  h i s t o r y  i s  reduced by  p i ck ing  m i l l i -  

v o l t  va lues  o f f  t h e  d a t a  r eco rd  a t  f r equen t  i n t e r v a l s  and 

t r a n s l a t i n g  them t o  tempera tures  by means of a conversion 

c h a r t .  Each channel  of  the  r eco rde r  was c a l i b r a t e d  w i t h  a 

poten t iometer  over t h e  e n t i r e  range be ing  used, and t h i s  

procedure was r epea ted  each t i m e  the range was changed. 

A r a t h e r  e l a b o r a t e  procedure o f  d r o p l e t  s i z e  d a t a  

reduct ion  was necessary because o f  t h e  d rop  shape d i s t o r t i o n s .  

The d a t a  shown i n  Fig.  11 i l l u s t r a t e  t h e  non-spherical  drop 

s i l h o u e t t e s .  After a p a r t i c u l a r  frame of t h e  f i l m  r eco rd  

was s e l e c t e d  f o r  s i z e  de te rmina t ion ,  i t  was p r o j e c t e d  on a 

l a r g e  white p i e c e  of cardboard a t  a range of about 15 f t .  

The drop  o u t l i n e  was t r a c e d  on a p i e c e  of paper. Next, t h e  

paper  was put  on a glass- topped t r a c i n g  t a b l e ,  and t h e  drop 
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o u t l i n e  was t r a c e d  on vellum paper.  

An axis of symmetry o f  t h e  drop was found by  f o l d i n g  

t h e  vellum sheet, s o  t ha t  i t  s p l i t  the drop p r o f i l e  i n  

half. T h i s  s t e p  r equ i r ed  judgment s i n c e  t h e  drop half  out-  

l i n e s  were not  a lways  co inc iden t .  For t he  drop p r o f i l e  

shown on F i g .  1 3  about 1 2 %  of  t h e  measured drop volume i s  

contained i n  the reg ion  between the overlapping boundaries .  

8% i s  p o s i t i v e  and 4% i s  nega t ive ,  

p r o f i l e  was d iv ided  i n t o  a number of  segments the same 

he igh t  as shown on Fig .  13. Then t h e  drop volume and sur -  

f ace  a r e a  were determined by assuming that  t h e  drop was 

composed of‘ f rus t rum of a cone shaped segments w i t h  radi i  

shown on Fig.  13.  The drop volume, V,  and s u r f a c e  a r e a ,  

A ,  were computed by Eqs.  (4 .3)  and ( 4 . 4 ) .  

One half  of  t he  drop 

n-1 i s  the  number of increments ,  rn a r e  the rad i i ,  and h i s  

the segment he igh t .  

c u l a t e d  by Eq,  (4 .5)  

The mean chord l e n g t h ,  Dch,  was ca l -  
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A i r  
flow 

Drop o u t l i n e  

Supe rpos i t i on  o f  
right s i d e  o u t l i n e  

Overlapping 
r eg ion  (12% of 
t o t a l  volume) 

t . c .  o u t l i n e  

Scale : 713X 

Fig.  13. P r o f i l e  of Fr-13 Drop Vaporizing i n  A i r  a t  
47.8 atm a b s  
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The mean chord l eng th  i s  used i n  the  c a l c u l a t i o n s  as a 

c h a r a c t e r i s t i c  l eng th  i n  the heat and mass t r a n s f e r  cor re-  

l a t i o n s  and t o  re la te  the d r o p l e t  mass t o  area w i t h  Eq. 

(4 .5) .  However, a f u r t h e r  r e l a t l o n  i s  r e q u i r e d  t o  re la te  

Dch t o  d r o p l e t  volume. T h i s  r e l a t i o n s h i p  i s  d i scussed  i n  

t h e  following paragraphs.  

S ince  the drops were not  s p h e r i c a l ,  Dch d i f fe red  from 

t h e  diameter o f  an equ iva len t  volume sphere. The va lues  

computed from Eq.  (4 .5 )  were p l o t t e d  versus  volume, V ,  f o r  

a number of  data p o i n t s .  T h i s  func t ion  which i s  shown on 

Fig ,  1 4  i s  w i t h i n  a s l i g h t  s c a t t e r ,  independent of tempera- 

t u r e  and p r e s s u r e ,  The t h i r d  o r d e r  l ea s t  squares  f i t  t o  

t h i s  f u n c t i o n  and the diameter f o r  an equ iva len t  volume 

sphere are shown on the  f i g u r e .  The de r ived  r e l a t i o n s h i p  

between Dch and V was u t i l i z e d  i n  the  d r o p l e t  h i s t o r y  calcu-  

l a t i o n s  presented  i n  Chapter V. 

Droplet  mass and temperature  were t h e  dependent v a r i a b l e s  

i n  t h e  t r a n s i e n t  c a l c u l a t i o n s  which are  compared w i t h  measurdd 

d r o p l e t  h i s t o r i e s .  A t  each t i m e  i n t e r v a l  i n  the  c a l c u l a t i o n ,  

t h e  d r o p l e t  volume i s  determfned from t h e  mass, and then t h e  

Dch(V> de r ived  r e l a t i o n s h i p  g i v e s  t h e  diameter and su r face  

area which are used t o  c a l c u l a t e  i n s t an taneous  t i m e  der iva-  

t i v e s  of d r o p l e t  mass and temperature .  I n  t h i s  f a s h i o n  the  

experimental  s u r f a c e  t o  volume r e l a t i o n s h i p  i s  used i n  ob- 

t a i n i n g  the  c a l c u l a t e d  d r o p l e t  h i s t o r i e s .  
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Estimated Experimental  E r r o r s  

I n  the f irst  s e c t i o n  o f  t h i s  c h a p t e r  sou rces  of  e r r o r  

which would be expec ted  t o  i n t r o d u c e  bias  i n t o  the  expe r i -  

mental  r e s u l t s  were d iscussed .  Accurate p r e d i c t i o n s  of 

these e r r o r s  i s  very d i f f i c u l t ,  and about  t h e  only r ecour se  

a v a i l a b l e  i s  t o  des ign  t h e  appa ra tus  and exper imenta l  pro- 

cedure t o  minimize these e f f e c t s .  I n  a d d i t i o n  t o  such e r r o r s  

there  are ,  of course ,  exper imenta l  u n c e r t a i n t i e s .  

Experimental  u n c e r t a i n t i e s  i n c l u d e  accuracy e r r o r s  and 

p r e c i s i o n  e r r o r s .  Accuracy e r r o r s  are d e t e c t e d  by c a l i b r a -  

t i o n  procedures ,  the  r e s u l t s  of  which are a p p l i e d  when t h e  

data i s  processed .  T h i s  was done f o r  t h e  p r e s s u r e ,  tempera- 

t u r e ,  gas flow rate  and l i n e a r  s i z e  measurements. P r e c i s i o n  

e r r o r s  are due t o  random f l u c t u a t i o n s  o f  t h e  ins t rument  it- 

self  i n  conjunct ion  w i t h  t h e  data r ead ing  process .  An accu- 

r a t e  estimate of  p r e c i s i o n  e r r o r s  r e q u i r e s  an exper imenta l  

de t e rmina t ion  of  measurement e r r o r  which, s i n c e  it invo lves  

s u b s i d i a r y  experiments ,  i s  expensive and t i m e  consuming. 

I n  l i e u  o f  exper imenta l  de t e rmina t ions  of p r e c i s i o n  

e r r o r s ,  u n c e r t a i n t i e s  can be r e a d i l y  estimated. Uncer ta in ty  

i s  d e f i n e d  as "what .we t h i n k  the error would be i f  w e  could 

and d i d  measure i t  by c a l i b r a t i o n "  (51 ) .  An approximate 

va lue  of u n c e r t a i n t y  that i s  assumed i s  a p l u s  o r  minus accu- 

r acy  range which i n c l u d e s  95-998 o f  a l l  r ead ings  of  t h e  

ins t rument  (51 ) .  If no accuracy range i s  g iven  by t he  
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inst rument  manufacturers ,  one-half  t h e  least count o r  s c a l e  

reading  i s  used. Thus, w i t h  these d e f i n i t i o n s  and t h e  major . 

assumption t h a t  the i n d i v i d u a l  d e v i a t i o n  popula t ions  are 

normally d i s t r i b u t e d ,  s tandard  procedures  f o r  combining inde-  

pendent e r r o r s  can be zlpplied t o  ob ta in  p r e c i s i o n  i n d i c e s  

of t h e  experimental  r e s u l t s .  Furthermore,  the impl i ca t ions  

o f  t h e s e  e r r o r s  r ega rd ing  the c a l c u l a t e d  r e s u l t s  compared 

w i t h  experimental  r e s u l t s  i n  Chapter V can b e  es t imated .  

Me as urement Un c e r t  a i n t  i e  s 

The fol lowing l i s t  o f  assumptions l e a d s  t o  a simple 

s t a t i s t i c a l  technique (51)  f o r  e s t i m a t i n g  t h e  unce r t a in ty  

i n t e r v a l ,  R ,  i n  a r e s u l t ,  R ,  due to a combination of e r r o r s ,  

x, i n  v a r i a b l e s ,  x.  

- 
- 

1. Est imates  of u n c e r t a i n t y  i n t e r v a l s  a r e  v a l i d  f o r  

t h e  va r ious  v a r i a b l e s .  

2 .  Measurement d e v i a t i o n  popula t ions  are normally 

d i s t r i b u t e d .  

3. E r r o r s  a r e  independent .  

The u n c e r t a i n t y  i n t e r v a l  f o r  N v a r i a b l e s  i s  g iven  by Eq.  ( 4 . 6 )  

T h i s  t echnique  i s  u t i l i z e d  t o  p r e d i c t  t h e  unce r t a in ty  

i n t e r v a l  f o r  t h e  gas  flow measurement, V ,  t h e  v e l o c i t y  i n  

the t e s t  s e c t i o n ,  u, t h e  temperatures  of the drop,  TL, 
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a i r ,  TW, and gas meter i n l e t ,  T and the measured mass 

t r a n s f e r  rate, de. dm The gas flow i s  determined by t iming  

the  i n t e r v a l  f o r  a g iven  q u a n t i t y  of  gas t o  flow through 

43' 

the meter as given b y  Eq .  (4 .7)  

v " B  V (4 .7 )  

where V i s  the t o t a l  volume, t y p i c a l l y  3 f t 3 ,  and 8 i s  t h e  

stopwatch t i m e ,  t y p i c a l l y  1 min. Applying Eq.  (4 .6)  

A measured tempera ture ,  T ,  c o n s i s t s  of  a thermocouple 

p o t e n t i a l ,  vtC, m u l t i p l i e d  b y  s c a l e  f a c t o r s ,  Ki ,  as g iven  

by E q .  (4.9) 

T = v t c  K 1 2  K K3 ( 4 . 9 )  

where t h e  s c a l e  f a c t o r s  are t h e  g a i n  of the a m p l i f i e r ,  t h e  

r e c o r d e r  s c a l e  f a c t o r ,  and t h e  s l o p e  of t h e  thermocouple 

c a l i b r a t i o n  curve,  r e s p e c t i v e l y .  Applying Eq. ( 4 . 6 ) ,  t h e  

u n c e r t a i n t y  i n t e r v a l  f o r  the  tempera ture  measurement i s  

ob ta ined  as Eq.  (4.10).  

- 2  (5)' =(;1) +(;S +(2) 
1 3 

(4.10) 

The t e s t  s e c t i o n  v e l o c i t y ,  u, i s  computed from Eq.  

(4.11) 
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( 4 . 1 1 )  

where C i s  a cons tan t  which depends on the barometr ic  pres- 

s u r e  and t e s t  s e c t i o n  nozz le  s i z e  which are assumed t o  be 

a c c u r a t e l y  known, and T i s  the gas  meter i n l e t  temperature .  

S i m i l a r  manipulat ions t o  E q .  ( 4 . 1 1 )  g i v e  t h e  u n c e r t a i n t y  

i n t e r v a l  f o r  u. 

g 

2 

( 4 . 1 2 )  
m 

The s l o p e  of the drop mass ve r sus  t i m e  g i v e s  t h e  drop 

mass t r a n s f e r  rate,  dm/d0. The l i q u i d  d e n s i t y ,  of course ,  

has t o  be  used t o  convert  from drop volume t o  mass. I n  

o rde r  t o  o b t a i n  an  estimate o f  measured mass t r a n s f e r  ra te  

u n c e r t a i n t y  i n t e r v a l ,  dm/d0,  i t  i s  assumed tha t  t h e  measured 

drop mass t r a n s f e r  ra te  i s  p r o p o r t i o n a l  t o  t h e  cube of  t h e  

drop diameter, D, and i n v e r s e l y  p r o p o r t i o n a l  t o  drop l i f e -  

t i m e ,  80. 

C D3 
A0 

where C i s  a cons t an t  which inc ludes  t h e  l i q u i d  d e n s i t y .  

Operat ing on Eq.  (4.,13) w i t h  E q .  ( 4 . 6 ) ,  Eq. ( 4 . 1 4 )  r e s u l t s .  

( 4 . 1 4 )  
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The u n c e r t a i n t y  i n t e r v a l  i n  d r o p l e t  diameter, D,  i s  

treated i n  a subsequent paragraph and i t s  c a l c u l a t i o n  i s  

g iven  i n  Eqs. (4.15) and (4.16).  

A summary of  t h e  u n c e r t a i n t y  i n t e r v a l s  f o r  t h e  funda- 

mental  components of t he  exper imenta l  measured q u a n t i t i e s  

a long  w i t h  t h e i r  sou rces  are conta ined  i n  Table  11. T a b l e  

I11 c o n t a i n s  a summary o f  t h e  c a l c u l a t e d  u n c e r t a i n t y  i n t e r -  

v a l s  f o r  a t y p i c a l  Fr-13-air exper imenta l  t e s t  run .  The 

t y p i c a l  va lues  s e l e c t e d  were P = 38.2 atm ( P r  = l), u = 

u = 3 in . / s ec ,  T = 220' F ,  T = 70' F, D = 0.04 i n . ,  and 
g 

TL = -13' F. 

Table  I1 

Summary of Measurement Component Uncer ta in ty  I n t e r v a l s  

Uncer ta in ty ,  x 
Q u a n t i t y ,  x ( a b s o l u t e )  Source 

v 0 .05  f t 3  1 / 2  of minimum s c a l e  
d i v i s i o n  

0 0.005 min 1 / 2  of  minimum s c a l e  
d i v i s i o n  

1 mv/v K1 Manufac turer ' s  s p e c i f i c a t i o n s  

0.025 d i v / f u l l  1/2 of minimum s c a l e  
range d i v i s i o n  K2 

K3 

K3 

1.5' R/v Slope of t . c .  c a l .  curve 
f o r  probe 

2.5' R/v Slope of t . c .  c a l .  curve 
f o r ,  g.m. temp. 

A B  0 . 0 1  s e c  1 / 2  of minimum readable 
t imer  s c a l e  d i v i s i o n  
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Tab le  I11 

Summary of  Uncer ta in ty  I n t e r v a l s  Ca lcu la t ed  f o r  a Fr-13 T e s t  

Uncer ta in ty  I n t e r v a l  
C ommen't s Q u a n t i t y  a b s o l u t e  % 

P 0 . 1  a t m  0 .3  Gauge mfg. spec .  

V 0.05 f t  3 /min 1.7 Calcu la t ed  by Eq.  ( 4 . 8 )  

U 0 . 2  i n . / s e c  4 . 4  Ca lcu la t ed  b y  Eq.  ( 4 . 1 2 )  

1.5' R 3 Ca lcu la t ed  by E q .  ( 4 . 1 0 )  TL 
T 1' R 

g 
2.7 Calcu la ted  by E q .  (4.10) 

T m  5.6' R 3 Calcu la t ed  b y  E q .  ( 4 . 1 0 )  

D 0.00082 i n .  2 Ca lcu la t ed  by Eq.  ( 4 . 1 6 )  

dm/de 1. ~ x I O - ~  lbm/sec 6.5 Ca lcu la t ed  by Eq.  ( 4 . 1 4 )  

The de t e rmina t ion  of the mean chord l e n g t h  of a drop- 

l e t  from f i l m  data was d e s c r i b e d  i n  t h e  previous  s e c t i o n .  

The expe r imen ta l ly  de r ived  r e l a t i o n s h i p  between t h e  d r o p l e t  

mean chord l e n g t h  and volume was shown on Fig .  1 4 .  The 

f u n c t i o n  was smoothed and f i t t e d  by a t h i r d  o r d e r  l eas t  

squa res  f i t  through the 20 data p o i n t s .  The s c a t t e r  i n  

these data about  t h e  f i t t e d  f u n c t i o n  g i v e s  t h e  d e v i a t i o n  of 

t h e  data from a mean v a l u e  i f  t h e  d e v i a t i o n s  are approxi- 

m a t e l y  normally d i s t r i b u t e d .  

A t e s t  of t h e  no rma l i ty  of the data i s  shown on F i g .  

15 where the data i s  p l o t t e d  on p r o b a b i l i t y  coord ina te s .  

S ince  t h e  data f a l l s  i n  approximately a s t r a igh t  l i n e  which 

passes through t h e  c e n t e r ,  t h e  d i s t r i b u t i o n  i s  symmetr ical  
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and approximately normal (51 ) .  A s  a r e s u l t  E q ,  (4 .15)  can 

b e  u t i l i z e d  t o  compute t h e  standard d e v i a t i o n  of t h e  dia-  

meter measurement, aD. 

r N  1/2 
1 

N - 1  I 
L 

was c a l c u l a t e d  from the  data and t h e  f i t  i s  shown uD 
i n  F ig .  1 4  and found t o  b e  5.76 x lom4 i n .  

t h e  r e l a t i o n s h i p  between t h e  u n c e r t a i n t y  i n t e r v a l ,  x, and 

Eq .  (4.16) g i v e s  
- 

aD f o r  the normal d i s t r i b u t i o n .  

- 
OD - 

where P ( x )  and 

t i o n  w i l l  f a l l  

(4.16) 

P ( a )  are t h e  p r o b a b i l i t i e s  t h a t  a g iven  devia-  

w i t h i n  t h e  u n c e r t a i n t y  i n t e r v a l ,  $ x, and 

,+ o, r e s p e c t i v e l y .  The results f o r  t he  diameter u n c e r t a i n t y  

a re  a l s o  g iven  i n  Table  111. 

Ref l ec t ed  U n c e r t a i n t i e s  i n  C a l c u l a t i o n a l  Comparisons 

Comparisons between d r o p l e t  h i s t o r y  data and c a l c u l a t e d  

d r o p l e t  h i s t o r i e s  are p resen ted  i n  the fo l lowing  chap te r .  

The c a l c u l a t e d  h i s t o r i e s  r e q u i r e  va lues  of independent 

v a r i a b l e s  which correspond t o  t h e  exper imenta l  cond i t ions  

of t h e  t e s t .  The major dependent v a l u e s  which are ca lcu-  

la ted a r e  the a i r - d r o p l e t  t empera ture  d i f f e r e n c e  and t h e  
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d r o p l e t  mass t r a n s f e r  ra te .  U n c e r t a i n t i e s  i n  the va lues  

of these independent v a r i a b l e s ,  u, D, T,, and P ,  lead to 

u n c e r t a i n t i e s  i n  t h e  major dependent v a r i a b l e s ,  Tm - TL 

and dm/de. It i s  p o s s i b l e  t o  estimate u n c e r t a i n t y  i n t e r -  

v a l s  i n  these c a l c u l a t e d  v a r i a b l e s .  

Eq. ( 4 . 6 )  was stated i n  t h e  previous  s e c t i o n .  It can 

a l s o  be a p p l i e d  t o  t h e  steady s t a t e  d r o p l e t  c a l c u l a t i o n s  

developed i n  Chapter 11. The par t ia l  d e r i v a t i v e s  i n  Eq.  

( 4 . 6 )  i n  t h i s  case  a r e  non-l inear  and complicated w i t h  

r e s p e c t  t o  t h e i r  dependence on x. Consequently, t h e  aR/ax 

va lues  f o r  R = (T, - TL> and dm/de were determined by  per- 

forming computer c a l c u l a t i o n s  of t he  change i n  t h e  dependent 

v a r i a b l e ,  R ,  for s m a l l  changes i n  t he  independent v a r i a b l e s ,  

x, about a base va lue .  

The base cond i t ions  which are  t y p i c a l  of t h e  Fr-13-air 

data are: 

D = 0.04 i n . ,  and TL = -13' F. 

+ z, f o r  u, D ,  T ,  and P were g iven  i n  T a b l e  111. A summary 

of t h e  par t ia l  d e r i v a t i v e s  and the  components of t h e  computed 

dependent v a r i a b l e  u n c e r t a i n t y  i n t e r v a l s  i s  given i n  T a b l e  

IV . 

P = 38.2 a t m  (Pr  = l), u = 3 i n . / s e c ,  T, = 220' F,  

The u n c e r t a i n t y  i n t e r v a l s ,  

- 

The f i n a l  total va lues  of t h e  u n c e r t a i n t y  i n t e r v a l s  are: 

= 2.1% of base case  v a l u e s  and 
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- 
dm de = 1 . 0 2  x l o m 7  lbm/sec  

= 5.2% of  base case  va lue .  

What these r e s u l t s  mean i s  tha t  f o r  a t y p i c a l  case  uncer- 

t a i n t i e s  i n  t h e  measured v a l u e s  of  t h e  independent  v a r i a b l e s  

i n t r o d u c e  u n c e r t a i n t i e s  o f  + - 5' R and 4- - 
p e c t i v e l y ,  i n t o  the c a l c u l a t e d  tempera ture  d i f f e r e n c e  and 

mass t r a n s f e r  ra tes .  These va lues  can be t r a n s l a t e d  t o  

probable  e r r o r  which i s  t h e  convent iona l  method o f  r e p o r t i n g  

r e s u l t s .  Probable  e r r o r  here i s  d e f i n e d  as the  range i n  

which one h a l f  of  t h e  r e p o r t e d  va lues  would b e  expected t o  

l i e .  The probable  e r r o r  i n t e r v a l  would be approximately 

50% o f  t h e  u n c e r t a i n t y  i n t e r v a l ,  x,  and the  computed r e s u l t s  

would b e  r e p o r t e d  as Too - TL - + 2.5' R and cim/de + - 5 x 

lbm/sec.  

lbm/sec ,  res- 

- 

The o t h e r  s i g n i f i c a n t  r e s u l t  of  t h i s  a n a l y s i s  i s  t h a t  

a good tes t  of t h e o r e t i c a l  model would be t o  see i f  i t  con- 

s i s t e n t l y  p r e d i c t e d  r e s u l t s  which agreed w i t h i n  t h e  sum of 

t h e  exper imenta l  and c a l c u l a t e d  u n c e r t a i n t y  i n t e r v a l s .  T h i s  

would mean drop  tempera tures  which agreed t o  w i t h i n  13' R 

and mass t r a n s f e r  r a t e s  t o  w i t h i n  23%. 
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V. EXPERIMENTAL RESULTS AND COMPARISONS WITH THEORY 

T h i s  chap te r  con ta ins  a p r e s e n t a t i o n  of drop vapori-  

z a t i o n  data f o r  water, n-heptane and Freon-13 (Fr-13).  The 

data are compared wi th  f i l m  t heo ry  c a l c u l a t e d  r e s u l t s  f o r  

p l a t e a u  tempera tures  and v a p o r i z a t i o n  rates. The Fr-13 

tempera ture  h i s t o r i e s  which e x h i b i t e d  non-c l a s s i ca l  behavior  

are c o r r e l a t e d  w i t h  t he  c r i t i c a l  p o i n t  of  t h e  gas mixture  

at  t h e  drop i n t e r f a c e ,  

Water Drops Vaporizing i n  A i r  

A f e w  tempera ture  data p o i n t s  were obta ined  f o r  water 

drops vapor i z ing  i n  a i r  a t  p r e s s u r e s  of 20,40 ar?d 60 a t m  

abs. The water drop exper imenta t ion  was ur.dertaken f o r  t h e  

purpose of t e s t i n g  the  r i g  performance, and the  data were 

p rev ious ly  r e p o r t e d  by Alexander ( 2 ) .  

An i n i t i a l  ser ies  of t es t s  was performed u t i l i z i n g  a 

copper-constantan probe thermocouple which had a 0.0185 i n .  

diameter s p h e r i c a l  bead and 0.005 i n .  diameter lead wires.  

. For t h i s  ser ies  of t es t s  t h e  probe t i p  c o n s i s t e d  of 22 

gauge s t a i n l e s s  s t e e l  hypodermic t u b i n g  i n s t e a d  of t h e  t e f -  

l o n  s l e e v e  ( d e s c r i b e d  i n  Chapter 111) which was i n s t a l l e d  

later.  

The copper-constantan probe thermocouple was r e p l a c e d  

w i t h  an i ron-cons tan tan  one of  t h e  same dimensions and t h e  

s t a i n l e s s  probe t i p  was replaced w i t h  t he  t e f l o n  tube .  



After these a l t e r a t i o n s  were made, a second series of tes ts  

were made. The r e s u l t s  of bo th  tes ts  are shown on F igs .  

1 6 ,  1 7  and 18 f o r  t he  test p r e s s u r e s  of 20 ,  40 a 

a b s ,  r e s p e c t i v e l y ,  The r e s u l t s  of low p r e s s u r e  f i l m  theory  

c a l c u l a t i o n s  of p l a t e a u  tempera tures  are a l s o  shown i n  t h e  

f i g u r e s  f o r  comparison purposes .  

Because of the r e l a t i v e l y  h igh  s u r f a c e  t e n s i o n  of 

water, t h e  drops  clung t o  t h e  probe t i p  i n s t e a d  of the 

thermocouple j u n c t i o n  as was the  case  f o r  n-heptane and 

Fr-13 drops.  I n i t i a l l y ,  t h e  drops  were approximately 0 . 1  

i n .  diameter, and they  completely enveloped t h e  thermocouple. 

Although the  drop l i f e t imes  were long ,  on the order  of 

minutes,  no mass t r a n s f e r  data were obta ined .  The p l a t e a u  

tempera tures  which were measured w i t h  a poten t iometer  were 

s teady.  No a i r  flow c o n d i t i o n s  were recorded .  

The 20 and 40 a t m  p r e s s u r e  r e s u l t s  show t h a t  t h e  probe 

a l t e r a t i o n s  reduced t h e  i n d i c a t e d  w e t  bulb tempera tures  

by about 15' F,  and the corresponding r e d u c t i o n  was 20' F 

f o r  t h e  60 a t m  data. Since t h e  lead wires were immersed i n  

the  drop f o r  bo th  se r ies  of tes ts ,  it i s  surmised t h a t  t h e  

s u b s t i t u t i o n  of t h e  t e f l o n  f o r  t h e  s t a i n l e s s  probe t i p  

reduced t h e  drop heat g a i n  by  conduct ion s u f f i c i e n t l y  t o  

account f o r  the  d i , f fe rence .  

The be t t e r  data, which were obta ined  w i t h  the  i ron -  

cons tan tan  thermocouple arrangement,  agree wi th  the  calcu-  

lated p l a t e a u  tempera tures  t o  w i t h i n  10' F f o r  a l l  p o i n t s .  
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However, the  c a l c u l a t e d  va lues  are c o n s i s t e n t l y  lower. 

The agreement between t h e  data and c a l c u l a t i o n s  seems t o  

improve as t h e  t e s t  p r e s s u r e  i s  i n c r e a s e d  a l though t h e  

data are t o o  meager f o r  a conclus ive  s ta tement  about  t h e  

a p p l i c a t i o n  of low p r e s s u r e  f i l m  t heo ry  t o  t h e  data. The 

g e n e r a l l y  good agreement between the  c a l c u l a t e d  and measured 

drop tempera ture  was cons idered  t o  be adequate  f o r  a t t e s t i n g  

s a t i s f a c t o r y  r i g  performance a t  high p r e s s u r e s .  

N-Heptane Drops Vaporizing i n  A i r  

About 90 h i s t o r i e s  were r eco rded  f o r  n-heptane drops 

v a p o r i z i n g  i n  a i r  at  p r e s s u r e s  of  1 .5 ,  5, 1 0 ,  50 and 100  

a t m  abs. The data covered a range of  reduced p r e s s u r e s  of  

0.056 t o  3.71 and reduced drop tempera tures  of 0.57 t o  

0.69 w i t h  r e s p e c t  t o  the  c r i t i c a l  p r o p e r t i e s  of pure  n- 

heptane.  A chromal-constantan probe thermocouple w i t h  a 

bead diameter of 0 .018  i n .  diameter and 0.005 i n .  diameter 

lead wires was used t o  o b t a i n  a l l  n-heptane tempera ture  

data. All of the  drop tempera ture  h i s t o r i e s  d i s p l a y e d  t h e  

t y p i c a l  behavior  where t h e  tempera ture  i n i t i a l l y  s h a r p l y  

approaches t h e  p l a t e a u  o r  w e t  bulb tempera ture ,  l e v e l s  out  

a t  the p l a t e a u  v a l u e  and s l i g h t l y  b e f o r e  the  thermocouple 

i s  d r y ,  beg ins  t o  r i s e  e x p o n e n t i a l l y  t o  t he  a i r  tempera ture .  

The ,minimum t e s t  s e c t i o n  p r e s s u r e  which would produce 

adequate  a i r  v e l o c i t i e s  was about 1.5 a t m  abs. Consequently, 

i t  was no t  p o s s i b l e  t o  make an e x a c t  comparison w i t h  



publ i shed  v a p o r i z a t i o n  data for n-heptane drops  i n  a i r  a t  

atmospheric p r e s s u r e .  However, c a l c u l a t e d  p l a t e a u  tempera- 

t u r e s  were compared w i t h  bo th  c a l c u l a t e d  and measured 

va lues  r e p o r t e d  by P r i e m  ( 4 4 ) .  .The r e s u l t s  of t h i s  com- 

p a r i s o n  of a tmospheric  data and c a l c u l a t i o n s  are shown on 

Fig. 19. The agreement between the two c a l c u l a t e d  v a l u e s  

i s  e x c e l l e n t  bo th  i n  magnitude and t r e n d .  The va lues  

c a l c u l a t e d  by t h e  s teady s ta te  technique  o u t l i n e d  i n  Chapter 

15 are c o n s i s t e n t l y  about So F h ighe r  t han  t h e  exper imenta l  

p o i n t s  of Pr iem.  T h i s  agreement i s  w i t h i n  t h e  experimental  

accuracy r e p o r t e d  by  P r i e m  f o r  1 a t m  data. 

A comparison between c a l c u l a t e d  plateau tempera tures  

and measured v a l u e s  a t  t h e  lowest sys t em p r e s s u r e  i n v e s t i -  

gated, 1 .5  a t m  abs, i s  shown on Fig .  20. An a i r  tempera- 

t u r e  range of 110-250° F i s  covered by t h e  data. 

ment between c a l c u l a t e d  and measured va lues  i s  w i t h i n  10' F 

w i t h  a maximum s c a t t e r  about a mean exper imenta l  f i t  of 

+ - 5' F. 

be t te r  a t  t he  higher a i r  tempera tures .  A few data p o i n t s  

t aken  on a d i f f e r e n t  day  from the bulk  of t h e  data shown 

on Fig.  20 are i n d i c a t e d  by t h e  t r i a n g l e s .  

these p o i n t s  f a l l  g e n e r a l l y  i n  the range of t h e  o t h e r  data 

demonstrates  self cons i s t ency  of the  data and exper imenta l  

technique.  

The agree- 

Ca lcu la t ed  and measured p l a t e a u  tempera tures  agree 

The f a c t  t ha t  

The d i f f e r e n c e  between p l a t e a u  tempera tures  c a l c u l a t e d  
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by l ow  p r e s s u r e  f i l m  theory  and f i l m  theory  with the i n t e r -  

f ace  mole f r a c t i o n  and heat of vapor i za t ion  c o r r e c t e d  f o r  

p r e s s u r e  i s  almost i n d i s t i n g u i s h a b l e  a t  1.5 a t m .  The high 

p res su re  f i l m  theory  u t i l i z e d  in .  c a l c u l a t i n g  n-heptane drop 

s teady  s ta te  temperatures  and mass t r a n s f e r  ra tes  inc luded  

no c o r r e c t i o n s  f o r  s u r f a c e  r e g r e s s i o n  o r  gas f i l m  thermal 

conduc t iv i ty  as i n  t h e  case of  t h e  Fr-13 a n a l y s i s .  

Fig.  2 1  shows a comparison between c a l c u l a t e d  and 

measured p l a t e a u  temperatures  f o r  n-heptane drops vapor iz ing  

i n  a i r  a t  5 a t m  abs. I n  the range o f  data shown, b o t h  the  

high and low p r e s s u r e  models agree w i t h  the  data t o  w i t h i n  

5' F except  a t  a i r  temperatures  above 250' F where both 

models p r e d i c t  p l a t e a u  temperatures  8-10' F h igher .  The 

f i l m  theory  c a l c u l a t i o n s  c o r r e c t e d  f o r  high p r e s s u r e  are 

2-3' F c l o s e r  t o  the measured va lues  than  the uncorrected 

theory f o r  a i r  temperatures  above 250' F. 

1 0  a t m  abs data i s  compared w i t h  h igh and low p r e s s u r e  

f i l m  theory  r e s u l t s  on Fig.  2 2 .  The high and low p r e s s u r e  

f i l m  theory  r e s u l t s  agree wi th in  5' F over  t h e  range o f  t h e  

comparison. The lower p l a t e a u  tempera tures  p r e d i c t e d  by t he  

high p res su re  theory  f i t  t he  data b e t t e r  than t h e  low pres- 

s u r e  theory ,  a l though both  t h e o r e t i c a l  r e s u l t s  are i n  good 

agreement w i t h  the data. 

A comparison of  c a l c u l a t e d  and measured p l a t e a u  tempera- 

t u r e s  o f  n-heptane drops vapor iz ing  i n  a i r  a t  50 atm abs 

i s  shown on Fig. 23. T h i s  p re s su re  i s  almost twice  the  
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c r i t i c a l  p r e s s u r e  of  n-heptane. The shape of the  d r o p l e t  

temperature  h i s t o r i e s  a t  t h i s  s u p e r c r i t i c a l  p re s su re  was 

similar t o  the data a t  the  lower a i r  p r e s s u r e s .  The r e s u l t s  

c a l c u l a t e d  by e i the r  theory agree w i t h i n  10' F of  the 

measured va lues .  The low p r e s s u r e  f i l m  theory  c a l c u l a t e d  

va lues  show be t t e r  agreement w i t h  the data. 

I n i t i a l l y ,  a l l  of t he  high p r e s s u r e  f i l m  theory  calcu- 

l a t i o n s  were based upon n-heptane i n t e r f a c e  mole f r a c t i o n  

estimates obta ined  by the convergence p r e s s u r e  technique 

d iscussed  i n  Chapter 11. When the mass t r a n s f e r  rate com- 

pa r i sons  were made, the high p res su re  f i l m  theory  r e s u l t s  

c o n s i s t e n t l y  p r e d i c t e d  mass t r a n s f e r  rates about 30% higher  

than  the  measured va lues  f o r  t h e  50 and 1 0 0  a t m  cases. 

T h i s  anomaly was subsequent ly  t r a c e d  t o  t he  high p r e d i c t e d  

n-heptane gas phase mole f r a c t i o n  a t  the  drop-film i n t e r -  

f a c e .  A comparison o f  t h e  r e s u l t s  of  the convergence pres- 

su re  c a l c u l a t i o n  w i t h  measured values  was shown on Fig.  2 

f o r  n-heptane-nitrogen mixtures  a t  100 a t m .  The p r e d i c t e d  

va lue  of  t h e  n-heptane gas phase mole f r a c t i o n  was about 

40% h igher  than the data f o r  the  h ighes t  temperature  po in t  

(388' K = 240' F). 

The problem of  i n a c c u r a t e  c a l c u l a t e d  mole f r a c t i o n s  

was re so lved  by us ing  t h e  n-heptane-nitrogen vapor- l iqu id  

equ i l ib r ium data i n  l i e u  of c a l c u l a t e d  va lues  f o r  t he  f i l m  

theory vapor i za t ion  c a l c u l a t i o n s  a t  50 and 1 0 0  a t m .  The 

mole f r a c t i o n s  c a l c u l a t e d  by t he  convergence p res su re  



method at  LOO a t m  were appoximately 20% higher  than  those  

c a l c u l a t e d  at  50 a t m  and t h e  yAo va lues  were e q u a l  a t  260' I? 

f o r  1 0 0  and 50 a t m .  Consequently, the  1 0 0  atrn vapor- l iquid 

equ i l ib r ium data were used u n a l t e r e d  i n  t h e  50 a t m  calcu- 

l a t i o n s .  That  t h i s  procedure i s  more s a t i s f a c t o r y  than  

us ing  t h e  c a l c u l a t e d  va lues  f o r  a l l  p r e s s u r e s  i s  borne out  

by th,e r e s u l t i n g  mass t r a n s f e r  comparisons which are pre- 

s e n t e d  i n  t h e  l a t t e r  par t  o f  t h e  s e c t i o n .  The use of 

a c c u r a t e  va lues  f o r  the i n t e r f a c e  mole f r a c t i o n  a t  50 a t m ,  

i f  t h e y  were a v a i l a b l e ,  would be expected t o  produce h igher  

c a l c u l a t e d  p l a t e a u  temperatures  t h a n  those  shown on Fig.  2 3  

and hence, probably b e t t e r  agreement. 

Calcu la ted  and measured p l a t e a u  temperature  r e s u l t s  

a t  100  a t m  a b s  are compared on Fig.  24, The tempera tures  

p r e d i c t e d  by s teady  s t a t e  f i l m  theory  c o r r e c t e d  f o r  high 

p res su re  agree  wi th in  5' F f o r  a l l  data p o i n t s  except t h e  

h ighes t  which i s  about 10' F high.  

r e s u l t s  agree  w e l l  w i t h  the data too ,  a l though t h e y  appear 

t o  be c o n s i s t e n t l y  a f e w  degrees  h igher  than  t h e  average 

data va lues .  

The low p res su re  theory  

Fig.  25 shows a summary of the p l a t e a u  temperature  

data a t  a l l  p re s su res .  The l i n e s  r e p r e s e n t i n g  the  tempera- 

t u r e  data are least  squares  f i t s  of  t he  data p o i n t s .  The 

s l o p e s  of the  p l a t e a u  versus  a i r  temperature  func t ions  

s teepen  as the pressure i n c r e a s e s ,  and t h e y  approach t h e  

p l a t e a u  equal  t o  a i r  temperature  l i n e  as an asymptote as 



98 

240 

2 30 

220 

2 10 

200 

Fr-l 
O 190 

n 

a, 
k 5 180 
k 
a, 

a, 
E-r 

5 

.F, 
(d 

g170 

; 160 

2 150 

140 

130 

120  

- - H.P. Theory 
- L.P.  Theory 

11 0 
100 1 5 0  200 

0 A i r  Temperature,  F 

Fig.  24. P l a t e a u  vs A i r  Temperature f o r  N-Heptane Drops 
Vaporizing i n  A i r  a t  1 0 0  ‘atm a b s  



99 
220 

210 

200 

190 

180 

170  

160 
Frc 
0 

Q, “15 0 

1 4 0  

k 
3 

4J 

a, 

2 

2 120 

Q, 130 i3 
5 
LTI 

cd 
r i  
pc 

110 

100 

9 0  

8C 

7c 

100 at-  

I 
I 

I I I 1 I i -I 

100 150 200 250 300 
Air Temperature,  0 F 

Fig. 25. Summary o f  N-Heptane Temperature Data 



100 

the  p r e s s u r e  i n c r e a s e s .  The knee i n  the p l a t e a u  ve r sus  

a i r  temperature  curves  sh i f t s  i n  the d i r e c t i o n  of  higher 

a i r  temperature  as the s y s t e m  p r e s s u r e  i s  increased .  T h i s  

e f f e c t  of  p r e s s u r e  f o r  a given f u e l  i s  analogous t o  t h e  

e f f e c t  o f  going f r s m  less t o  more v o l a t i l e  f u e l s  a t  a given 

p r e s s u r e  ( 4 4 ) .  

The data r ep resen ted  on Fig.  25 are shown c r o s s  p l o t t e d  

versus  p r e s s u r e  on Fig.  26 f o r  a i r  temperatures  of 100 ,  

175 and 250' F,  r e s p e c t i v e l y .  The s l o p e  i n c r e a s e s  w i t h  

i n c r e a s i n g  a i r  temperature  a l though t h e  l i n e s  appear t o  

f l a t t e n  a t  t h e  highest  p re s su res .  They would most l i k e l y  

approach the  a i r  temperature  as a l i m i t  a t  very high pres-  

su res .  

The e f f e c t  of p r e s s u r e  upon the  two f i l m  theory  predic-  

t i o n s  i s  r ep resen ted  on Fig.  27 where the p r e d i c t e d  drop 

temperature  minus the measured p l a t e a u  temperature  i s  p l o t t e d  

versus  p r e s s u r e  f o r  an a i r  temperature  of 175' F. The 

measured p l a t e a u  temperatures  are least  square  f i t t e d  values .  

Temperature e r r o r s  are wi th in  - + 6' F f o r  bo th  t h e o r i e s  a t  

a l l  p re s su res .  The lox pres su re  f i l m  t heo ry  e r r o r  e x h i b i t s  

a tendency t o  i n c r e a s e  wi th  i n c r e a s i n g  p res su re .  

Seve ra l  i n d i v i d u a l  d r o p l e t  h i s t o r i e s  were analyzed f o r  

mass t ransfer  rates i n  the  manner desc r ibed  i n  Chapter I V .  

I n  o r d e r  t o  o b t a i n  in s t an taneous  mass t r a n s f e r  rgtes,  t h e  

drop volumes a t  s e v e r a l  d i f f e r e n t  times dur ing  the h i s t o r y  

were p l o t t e d  ve r sus  t i m e .  A t angent  t o  t he  volume t i m e  
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curve was measured a t  t h e  p a r t i c u l a r  p o i n t  desired. Care 

was taken  t o  p i c k  p o i n t s  which occurred  dur ing  t h e  d i s t i n c t  

p l a t e a u  r eg ion  of  t h e  tempera ture  h i s t o r y  s i n c e  comparisons 

were t o  be made w i t h  s teady  s t a t e  c a l c u l a t i o n s .  

The data were s u b j e c t e d  t o  the fo l lowing  c r i t e r i a ,  

and only data which m e t  i t  were analyzed f o r  mass t r a n s f e r  

rates. A Nusse l t  number was computed us ing  f i l m  p r o p e r t i e s  

based upon an average or’ the  measured drop and a i r  tempera- 

t u r e s  and the measured t e s t  s e c t i o n  flow ra te .  T h i s  va lue  

of  t h e  Nusse l t  number, NuCalG, computed from the Ranz- 

Marshall c o r r e l a t i o n  was compared w i t h  an  exper imenta l ly  

determined Nusse l t  number, Nuexp. The experiment a l l y  

determined Nusse l t  number i s  c a l c u l a t e d  from Eq. (5 .1)  

where 

X = the  heat of v a p o r i z a t i o n  o f  t he  l i q u i d  

D = drop diameter 

_.- dm - measured mass t r a n s f e r  ra te  
de 

Tm = measured a i r  tempera ture  

TL = measured drop tempera ture  

k = average f i l m  thermal conduc t iv i ty .  

Eq. (5 .1)  i s  simply a rearrangement of  the  energy ba lance  

f o r  the  drop i n  which the heat t r a n s f e r  c o e f f l c i e n t  i s  given 

i n  terms of the Nusse l t  number. The c r i t e r i o n  i s  tha t  only 
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data which g i v e s  a r a t i o  of  NuCalc/Nuexp w i t h i n  t h e  range 

0.85-1.15 w i l l  be analyzed f o r  mass t ransfer  rates. T h i s  

excluded about one h a l f  of the data analyzed.  

Data p o i n t s  which m e t  t h e  c r i t e r i a  are shown on Fig .  

28. They are p l o t t e d  ve r sus  drop Reynolds number, and t h e y  

appear  t o  be randomly s c a t t e r e d  about a va lue  of  u n i t y .  

F ig .  29  shows t h e  c a l c u l a t e d  mass t r a n s f e r  ra te  e r r o r  

ve r sus  Reynolds number f o r  t he  data p o i n t s  analyzed.  The 

c a l c u l a t e d  va lues  are the  r e s u l t s  o f  s teady  s ta te  f i l m  

t heo ry  c o r r e c t e d  f o r  high p r e s s u r e  as d i s c u s s e d  above i n  

t h i s  s e c t i o n .  The corresponding p r e s s u r e s  are i n d i c a t e d  

f a r  each  p o i n t .  All of t h e  p o i n t s  f a l l  w i t h i n  a 30% e r r o r  

band a l though t h e  average e r r o r  i s  -9.1%. There appears  

t o  be  a systematic  t r e n d  w i t h  Both Reynolds number and pres-  

s u r e .  It i s  expected t h a t  t h e  50 a t m  c a l c u l a t e d  p o i n t s  may 

be  h igh  wi th  r e s p e c t  t o  t.he 100 a t m  ones due t o  the  use of 

1 0 0  a t m  i n t e r f a c e  mole f r a c t i o n  data f o r  bo th  p r e s s u r e s .  

Two exp lana t ions  of these r e s u l t s  are  tendered .  The 

f i rs t  i s  the  use  of t h e  Ranz-Marshall c o r r e l a t i o n  f o r  drop  

Reynolds numbers above 450. Hugmark ( 2 5 )  recommends a 

s l i g h t l y  d i f f e r e n t  c o r r e l a t i o n  f o r  heat and mass t r a n s f e r  i n  

the range of Reynolds number of  450 < R e  < 10 ,000  which 

he c la ims  g i v e s  a be t te r  f i t  t o  t he  data he analyzed.  The 

use  of Hugmark's c o r r e l a t i o n  would lower t h e  three  data 

p o i n t s  which have R e  > 450 by about 5%. T h i s  would improve 

t h e  cons i s t ency  of the data somewhat, but i t  would a l s o  
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increase the average e r r o r  from -9.1% t o  about -11%. 

The second exp lana t ion  f o r  t h e  r e s u l t s  shown on Fig.  29 

, i s  the  i n f l u e n c e  of  drop shape on mass t r a n s f e r .  The low 

Reynolds number drops are s l i g h t l y  more pendant shaped than  

the  drops w i t h  higher  Reynolds numbers. The h igher  drag 

f o r c e  a s s o c i a t e d  w i t h  h igher  Reynolds numbers t ends  t o  m i t i -  

gate the deformat iona l  e f f ec t s  of g r a v i t y  s i n c e  the drag 

f o r c e  opposes t he  g r a v i t a t i o n a l  fo rce .  Using the co r re l a -  

t i o n s  of Hsu, S a t o  and Sage ( 2 4 )  f o r  e s t i m a t i n g  t h e  i n f l u -  

ence of drop shape on evapora t ion  ra tes ,  two t r e n d s  are 

ev iden t .  The f i rs t  i s  t h a t  t he  c a l c u l a t e d  mass f low rates 

a t  a l l  Reynolds numbers would be 5010% higher  us ing  t h e  

Hsu, Sa to  and Sage r e s u l t s ,  and the  second i s  t h a t  t he  

c o r r e c t i o n s  due t o  drop shape would be somewhat greater a t  

the low Reynolds numbers due t o  greater  drop deformation. 

Considering the pauc i ty  of data on Fig.  29 and t h e  

l a c k  of Reynolds number over lap  of p o i n t s  at  d i f f e r e n t  

p r e s s u r e s ,  t h e  exp lana t ion  given,  a l though p l a u s i b l e ,  i s  

considered p r o v i s i o n a l .  

Once the  mass t r a n s f e r  data was screened  b y  t he  Nussel t  

number c r i t e r i a ,  the  e f f e c t  of p r e s s u r e  was i n v e s t i g a t e d .  

The r e s u l t s  of a comparison of c a l c u l a t e d  mass t r a n s f e r  

e r r o r  ve r sus  pressure i s  shown on Fig.  30. T h i s  r e s u l t  

i s  based upon t h e  7 data p o i n t s  shown on Fig .  29. There 

are two 100 atm h i s t o r i e s ,  two 50 a t m  h i s t o r i e s ,  and one 

each a t  p r e s s u r e s  of 1 0 ,  5 and 1-1/2 a t m  abs .  The f i l m  
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theory  with low p r e s s u r e  assumptions i n c r e a s i n g l y  under- 

estimates mass t r a n s f e r  rates as the  p res su re  i s  increased .  

A t  a pressure of 100 atm (reduced p r e s s u r e  of 3.7), low 

p r e s s u r e  f i l m  t heo ry  underes t imates  t h e  mass t r a n s f e r  rates 

by 80%. 

the  p r e d i c t e d  mass t r a n s f e r  rates a t  high p r e s s u r e s  showing 

an e r r o r  of only -10% at  100 a t m .  

The high p r e s s u r e  f i l m  theory  grea t ly  improves 

The h igh  p res su re  f i l m  theory  shows a small improvement 

wi th  i n c r e a s i n g  p r e s s u r e  w i t h  a l l  the r e s u l t s  w i t h i n  18% 

of t h e  measured va lues .  Over t h e  range of data considered 

the  high p r e s s u r e  f i l m  theory mass t r a n s f e r  p r e d i c t i o n s  are 

about 10% low on the  average.  

Fr-13 Drops Vaporizing i n  A i r  

Approximately 50 i n d i v i d u a l  h i s t o r i e s  of  Fr-13 drops  

vapor iz ing  i n  a i r  a t  reduced p r e s s u r e s  of 0.75, 1 .0 ,  1 .25 ,  

1.5 and 1.75 were obta ined  exper imenta l ly .  Most of t h e  

data e x h i b i t e d  the c l a s s i c a l  temperature  behavior .  The 

drop tempera ture  i n i t i a l l y  passes  from t h e  feed t o  the 

p l a t e a u  temperature ,  resides a t  the p l a t e a u  temperature  

u n t i l  t h e  thermocouple becomes almost d r y ,  and t h e n  r ises 

exponen t i a l ly  t o  the a i r  temperature .  A t  t h e  h ighe r  pres- 

s u r e s  a f e w  non-c l a s s i ca l  temperature  h i s t o r i e s  were re- 

corded. A l l  of the data r e p o r t e d  here was obta ined  w i t h  

a chromal-constantan probe thermocouple which had a j u n c t i o n  

diameter of  0.014 i n .  and 0 .003  i n ,  diameter lead wires. 
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Pla t eau  temperatures as a f u n c t i o n  of a i r  temperature  

are shown on Fig.  31 f o r  a reduced p r e s s u r e  of 0.75 (28.65 

atm abs). 

c o r r e c t e d  and uncorrec ted  f o r  high p res su re .  The calcu- 

l a t ed  r e s u l t s  were obta ined  by s t eady  s t a t e  c a l c u l a t i o n s .  

The high p r e s s u r e  f i l m  theory  conta ined  cor rec t$ons  which 

are summarized i n  the fo l lowing  l i s t :  

Ca lcu la t ed  va lues  are g iven  f o r  f i l m  t heo ry  

1. 

2. 

3 .  

4. 

Gas phase drop i n t e r f a c e  mole f r a c t i o n s  were 

c a l c u l a t e d  by the  phase equ i l ib r ium cons tan t  method. 

Fr-13 heat of v a p o r i z a t i o n  va lues  were c a l c u l a t e d  

by gas  and l i q u i d  phase par t ia l  molal  en tha lpy  

d e v i a t i o n s .  

A first o rde r  s u r f a c e  r e g r e s s i o n  c o r r e c t i o n  was 

in t roduced  i n  the  form of the a i r  t o  Fr-13 mass 

f l u x  r a t i o .  

Film thermal conduc t iv i ty  was c o r r e c t e d  f o r  high 

p r e s s u r e  by a c o r r e l a t i o n  of Lenoi r ,  Junk and 

Comings (34) .  

The high p r e s s u r e  f i l m  theory  underes t imates  t h e  p l a t e a u  

temperature  by about 15' F while t he  uncorrec ted  f i l m  

theory  produces only a -10' F e r r o r  a t  the h igher  a i r  

temperature  

A series of s t eady  s t a t e  c a l c u l a t i o n s  which show t h e  

effects  of the va r ious  c o r r e c t i o n s  weFe performed f o r  Pr = 1, 

ToD = 200" F, u = 3.7 in . / s ec  and a diameter of 0.025 i n .  

T a b l e  V con ta ins  t h e  r e s u l t s  of these c a l c u l a t i o n s .  The 
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exper imenta l  p l a t e a u  temperature  r e s u l t i n g  from a least  

square  f i t  t o  the data i s  inc luded  f o r  comparison. The 

major c o n t r i b u t i n g  c o r r e c t i o n  t o  i n c r e a s i n g  the mass t r a n s -  

fe r  r a t e  is t h e  one f o r  s u r f a c e  r e g r e s s i o n .  The thermal 

conduc t iv i ty  p r e s s u r e  c o r r e c t i o n  i s  the  second most important  

c o r r e c t i o n  from t h e  mass t r a n s f e r  p o i n t  of  view. It i n c r e a s e s  

t h e  mass t r a n s f e r  r a t e  by h a l f  as much as the s u r f a c e  regres- 

s i o n  c o r r e c t i o n  does.  Following t h e  low p r e s s u r e  r e s u l t s ,  

t h e  c a s e s  l i s t e d  i n  t h e  tab le  correspond t o  t h e  o r d e r  of t h e  

l i s t  of c o r r e c t i o n s  i n  the l i s t  above. A t  h i g h e r  p r e s s u r e s  

t h e  thermal c o n d u c t i v i t y  c o r r e c t i o n  becomes t h e  major fac-  

t o r  a f f e c t i n g  the  mass t r a n s f e r .  

T a b l e  V 

Effect  of  Various High P res su re  Cor rec t ions  
on Steady State  Fi lm Theory Ca lcu la t ed  R e s u l t s  
f o r  Fr- 13-Air 

D e s c r i p t i o n  

Normalized 
Mass Trans.  P l a t e a u  

A 

Temp. (uF)  Rate 

L. P. f i l m  t heo ry  -9 0.820 

Film theo ry  (yAo) -28 0.736 

Film theo ry  (yAos. A )  -22 0.601 

Film theo ry  (yAo,. A, NR> -20 0.885 

H.P. f i l m  t heo ry  (yAo,h,NR,k # -15 1 .000  

Fig.  32 shows similar r e s u l t s  $or a reduced p r e s s u r e  

o f  1 (28 .2  a t m  a b s ) ; a s  i n  the case  of Pr = 0.75, the low 
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p r e s s u r e  f i l m  t heo ry  g i v e s  t h e  best  r e s u l t s  a l though typ i -  

cal  p l a t e a u  temperature p r e d i c t i o n s  are 5' F low. High 

p r e s s u r e  f i l m  t heo ry  p r e d i c t e d  p l a t e a u  temperatures  are 

about 10' F low. 

a l l  of the high p r e s s u r e  c o r r e c t i o n s  enumerated above except  

f o r  thermodynamic equ i l ib r ium a t  the i n t e r f a c e  are shown 

on Fig.  32. The phase mole f r a c t i o n s  f o r  t h i s  case were 

c a l c u l a t e d  by  the phase equ i l ib r lum cons tan t  method, bu t  

no a i r  abso rp t ion  i n  t h e  l i q u i d  phase was allowed. The 

Fr-13 gas phase mole f r a c t i o n s  were found t o  be about 25% 

higher  and the en tha lpy  of v a p o r i z a t i o n  va lues  10% lower 

than  t h e  equ i l ib r ium va lues .  T h i s  assumption gave predicted 

p l a t e a u  temperatures  g e n e r a l l y  20' F t o o  low compared w i t h  

the measured va lues .  

The r e s u l t s  f o r  a t h i r d  c a l c u l a t i o n  w i t h  

A comparison between h igh  and low p r e s s u r e  theory  and 

experimental  p l a t e a u  tempera tures  i s  shown on Fig.  33 f o r  

a reduced p r e s s u r e  of 1 . 2 5  (47 .8  atm abs).  Both c a l c u l a t i o n s  

p r e d i c t  t empera tures  about !,2 F low. However, t he  low 

p r e s s u r e  theory  g ives  s l i g h t l y  be t t e r  agreement w i t h  t h e  

measured va lues  a t  the higher  a i r  tempera tures .  

0 

P l a t e a u  tempera ture  r e s u l t s  of measurements and low 

and high p r e s s u r e  f i l m  t heo ry  c a l c u l a t i o n s  a t  a reduced 

p res su re  of 1 .5  (57.4 a t m  abs) are compared on Fig.  34. 

There i s  very l i t t l e  d i f f e r e n c e  between the  p l a t e a u  tempera- 

t u r e s  c a l c u l a t e d  by. either theo ry .  Both t h e o r i e s  p r e d i c t  

t empera tures  which are about 10O.F low. A t  a i r  tempera tures  
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above 240' F no p l a t e a u  tempera tures  sat isfy the  high 

p r e s s u r e  f i l m  theory .  The highest  recorded  p l a t e a u  tempera- 

t u r e  a t  any p r e s s u r e  i s  p l o t t e d  on the f i g u r e .  It co r re s -  

ponds t o  a reduced temperature  of  0 .95  w i t h  r e s p e c t  t o  the  

Fr-13. 

Five data p o i n t s  a t  a reduced p r e s s u r e  of 1.75 (66.9 

a t m  abs) were obta ined .  They are compared w i t h  c a l c u l a t e d  

p l a t e a u  tempera tures  on Fig.  35. There i s  very l i t t l e  

d i f f e r e n c e  between t h e  two t h e o r e t i c a l  p r e d i c t i o n s  except 

t h a t  t h e  high p r e s s u r e  theo ry  p r e d i c t s  no s o l u t i o n  above 

an  a i r  temperature  o f  160' F. 

of the p rope r ty  r e l a t i o n s ;  i t  does not correspond t o  t h e  

T h i s  r e s u l t  i s  a consequence 

m,l.xture c r i t i c a l  p o i n t ,  and i t  i s  b e l i e v e d  t o  b e  p h y s i c a l l y  

u n r e a l i s t i c .  The ca l cu la t ed  v a l u e s  are about 20' F lower 

than  t h e  measured p l a t e a u  tempera tures .  

The p l a t e a u  v e r s u s  a i r  tempera ture  data were f i t t e d  b y  

a t h i r d  o r d e r  l eas t  squares  r o u t i n e  and the r e s u l t s  f o r  a11 

p r e s s u r e s  are shown on F ig ,  36. The r e s u l t s  appear somewhat 

unsystematic .  The curve f o r  a reduced p r e s s u r e  of 1.75 i s  

based upon f e w  data, and i t  may not b e  r e p r e s e n t a t i v e .  How- 

eve r ,  t h e  non- l inear  behavior  of t h e  p l a t e a u  temperature  

w i t h  p r e s s u r e  a t  low a i r  tempera tures  i s  b e l i e v e d  t o  be a 

r e f l e c t i o n  of t he  l iquid-vapor  e q u i l i b r i a  c h a r a c t e r i s t i c s .  

The fo l lowing  f i g u r e ,  F ig .  37, shows t h i s  non-l inear  

behavior .  It i s  i n t e r e s t i n g  to no te  that  the high p r e s s u r e  

f i l m  t heo ry  r e s u l t  has a similar shape t o  t h e  data which 
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U 

0 Data, Smoothed 
- H.P. Theory 
- - L.P.  Theory  

' 8 7 5  1 . 0  1 .25 1.5  1.75 

Reduced P res su re ,  P/P, (Fr-13)  

Fig. 37. Summary of Fr-13 Temperature Data, hown vs  8 Pressure f o r  A i r  Temperature of 150 F 
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were c ross -p lo t t ed  from F ig .  36. The c a l c u l a t e d  r e s u l t s  

g e n e r a l l y  p r e d i c t  p l a t e a u  tempera tures  10' F low and become 

more i n  e r r o r  a t  t he  h ighes t  p re s su re .  

F ig .  38 shows a comparison between the  v a r i a t i o n  of 

p l a t e a u  temperature  w i t h  p re s su re ,  a i r  temperature  f i x e d  

a t  250' F, f o r  c a l c u l a t e d  and measured r e s u l t s .  The high 

p r e s s u r e  theo ry  agrees b e t t e r  w i t h  t h e  data a t  high pres- 

s u r e s ,  and t h e  low p r e s s u r e  theory  g i v e s  be t te r  agreement 

a t  low p res su res .  The c a l c u l a t e d  r e s u l t s  are t y p i c a l l y  

10-15° F low over  t h e  range of p r e s s u r e s  i n v e s t i g a t e d .  

The Fr-13 data were analyzed f o r  mass t r a n s f e r  rates 

and comparisons were made w i t h  c a l c u l a t i o n s .  The data 

r e d u c t i o n  technique  was described i n  Chapter I V .  A s  i n  

t h e  case  of t he  n-heptane drop data, exper imenta l ly  deter- 

mined Nusse l t  numbers were compared w i t h  ones c a l c u l a t e d  

w i t h  t h e  Ranz-Marshall c o r r e l a t i o n  a t  t h e  measured cond i t ions .  

The r e s u l t s  f o r  5 d r o p l e t  h i s t o r i e s  a t  va r ious  p r e s s u r e s  are 

shown on Fig.  39. 

0.7, and there  i s  no sys t ema t i c  dependence on p res su re .  

The r a t i o  of Nucalc/Nuexp are t y p i c a l l y  

The range of drop Reynolds number f o r  t h e  p o i n t s  i s  275-425, 

and there i s  no apparent dependence on i t  ei ther .  

There are fou r  exp lana t ions  f o r  t h e  c o n s i s t e n t l y  low 

va lues  of Nucalc /Nuexp. The f irst  i s  tha t  drop motion inc lu-  

d ing  i n t e r n a l  c i r c u l a t i o n ,  o s c i l l a t i o n  and r o t a t i o n  enhances 

the heat t r a n s f e r  rate w i t h  r e s p e c t  . to the r i g i d  sphere 

r e s u l t s  of the  Ranz-Marshall data. The second i s  tha t  the 
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Ranz-Marshall c o r r e l a t i o n  c o r r e c t e d  f o r  h igh  mass t r a n s -  

fe r  rates i s  i n a p p r o p r i a t e  f o r  vapor i z ing  drops i n  t h e  nea r  

c r i t i c a l  r e g i o n  i r r e s p e c t i v e  of drop shape and motion ef- 

f e c t s .  The t h i r d  exp lana t ion  i s  t h a t  t h e  r e s u l t s  are p r i -  

m a r i l y  due t o  the non-spherical  shape of t h e  Fr-13 drops.  

A s  d i scussed  i n  Chapter I V ,  i n  t h e  r e g i o n  of opposed f low 

of combined convect ion,  heat t r a n s f e r  ra tes  are h igher  

than  t h o s e  p r e d i c t e d  by fo rced  flow f o r  t h e  case of simul- 

taneous heat and mass t r a n s f e r ;  t h i s  i s  t h e  f o u r t h  explana- 

t i o n .  

The c a l c u l a t e d  Nusse l t  numbers c o n t a i n  a c o r r e c t i o n  

f o r  high mass t r a n s f e r  rates upon heat t r a n s f e r  as d i scussed  

i n  Chapter 11. The c o r r e c t i o n  f a c t o r s  v a r i e d  from 0.65- 

0.8 f o r  t h e  r e s u l t s  shown on Fig.  3 9 .  The a p p l i c a t i o n  of 

these c a l c u l a t e d  c o r r e c t i o n  f a c t o r s  which are based upon 

f i l m  averaged p r o p e r t i e s  i s  a source  of e r r o r .  Appl ica t ion  

of Hsu, Sat0 and Sage's r e s u l t s  ( 2 4 )  f o r  t h e  i n f l u e n c e  of 

drop shape on mass t r a n s f e r  i n d i c a t e s  t ha t  t h e  heat t r a n s f e r  

ra tes  p r e d i c t e d  by t h e  Ranz-Marshall c o r r e l a t i o n  could be  

lO-3O% low. However, t h e  Hsu, S a t o  and Sage c o r r e l a t i o n s  

are f o r  pendant shaped drops ,  not  i r r e g u l a r  ones l i k e  the  

Fr-13 data, and t h e y  are f o r  mass t r a n s f e r ,  a l though the  

heat-mass t r a n s f e r  analogy would suppor t  t h e i r  a p p l i c a t i o n  

t o  heat t r a n s f e r  rates a l s o .  Fig.  40 shows t h e  Nu va lues  

f o r  t he  data p o i n t s  normalized by (Re1/2Pr1/3) p l o t t e d  

ve r sus  G r / R e 2 ,  t h e  combined convect ion parameter. The 

exP 
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r e s u l t s  of Narasimhan and Gauvin (38) f o r  a i d i n g  and 

opposing flow are shown a l s o  on the f igure  f o r  comparison 

as w e l l  as the pure fo rced  convect ion asymptote of Nu / 

(Re1/2Pr1/3)=0.68. The Fr-13 drop data f a l l  g e n e r a l l y  

between the  fo rced  flow l i m i t  and t h a t  f o r  opposed flow 

exP 

suppor t ing  the hypo thes i s  t ha t  the  combined convect ion 

phenomenon i s  an important  e f fec t .  The Fr-13 data may we l l  

be  the r e s u l t  of a s t a r t i n g  t r a n s i e n t  s i n c e  t h e  d r o p l e t  

l i f e t i m e s  are less than  0 .5  sec.  Since t h e  r e s u l t s  shown 

on Fig .  40 are f a i r l y  c o n s i s t e n t  and there are  s e v e r a l  

p robable  exp lana t ions  f o r  the low c a l c u l a t e d  va lues ,  t h e  

data were accepted and mass t r a n s f e r  comparisons were made. 

F igs .  4 1 ,  42 ,  43, 4 4  and 45 show comparisons between 

quasi-s teady f i l m  t heo ry  c a l c u l a t i o n s  and drop h i s t o r i e s  

a t  reduced p r e s s u r e s  of 0 .75 ,  1 . 0 ,  1 .25,  1 . 5  and 1.75,  

r e s p e c t i v e l y .  Drop temperature  and mass t r a n s f e r r e d  h i s -  

t o r i e s  are compared f o r  each drop. I n  every case  but  

Pr = 1, both  the  low p r e s s u r e  and high p r e s s u r e  f i l m  theory 

c a l c u l a t e d  r e s u l t  i s  shown. On Fig .  42 t h e  r e s u l t s  f o r  

Pr = 1, c a l c u l a t e d  r e s u l t s  f o r  high p r e s s u r e  f i l m  theory  

w i t h  no a b s o r p t i o n  of a i r  i n  t h e  l i q u i d  phase,  are inc luded .  

I n  every case  the c a l c u l a t e d  temperatures are  lower than  

the  measured ones a l though t h e  c a l c u l a t e d  va lues  are  u s u a l l y  

w i t h i n  10' F of t h e  measured. The temperature  h i s t o r y  calcu-  

l a t ed  under t h e  assumptions of h igh  p r e s s u r e  f i l m  theory  w i t h  

no a i r  a b s o r p t i o n  i n  the  l i q u i d  phase i s  almost twice  as low 
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Run 6 (3-19-69) 
Air Temp. = 171.5'F 
Air Vel. = 3.37 i n . / s e c  
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Fig. 43 .  His to ry  of Fr-13 Drop Vaporizing in Air a t  
1.25 P, 
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compared t o  t he  measured va lue  as the o t h e r  c a l c u l a t e d  

v a l u e s  are f o r  t he  same Pr = 1 case. 

The c a l c u l a t e d  mass t r a n s f e r  ra tes  are lower than  t h e  

measured r a t e s  w i t h  t h e  low p r e s s u r e  f i l m  t heo ry  r e s u l t  

u s u a l l y  twice  as much i n  e r r o r  as t h e  high p r e s s u r e  r e s u l t .  

A t  reduced p r e s s u r e s  from 0.75-1.5 the  h igh  p r e s s u r e  f i l m  

t heo ry  r e s u l t s  are 0-30% low w i t h  t h e  e r r o r  i n c r e a s i n g  w i t h  

i n c r e a s i n g  p r e s s u r e .  The mass t r a n s f e r  rate p r e d i c t e d  by 

h igh  p r e s s u r e  theo ry  w i t h  no a i r  a b s o r p t i o n  f o r  t h e  Pr = 1 

case ,  shown on F ig .  42 ,  corresponds c l o s e l y  t o  t h e  measured 

ra te  a l though the h igh  p r e s s u r e  theo ry  r e s u l t  assuming equi-  

l i b r i u m  a t  t h e  i n t e r f a c e  i s  only 10% below t h e  measured 

ra te .  

The s l o p e s  o f  the c a l c u l a t e d  mass t r a n s f e r r e d  curves  

on F igs .  41-45 were compared wi th  t h e  s l o p e s  of  the co r re s -  

ponding measured rates f o r  bo th  high and low p r e s s u r e  f i l m  

t heo ry .  These r e s u l t s  are shown on Fig.  46. There i s  a 

d i s t i n c t  t r e n d  of  underes t imat ion  w i t h  i n c r e a s i n g  p r e s s u r e  

f o r  bo th  t h e o r i e s .  E r r o r s  of 50% and 75% are noted  f o r  

t he  h ighes t  p r e s s u r e ,  Pr = 1.75, f o r  high and low p r e s s u r e  

f i l m  t h e o r i e s ,  respec t . ive ly .  

The c a l c u l a t i o n  of the c r i t i c a l  mixing l i n e  o r  gas 

mixture  t r a n s i t i o n  t o  a c r i t i c a l  s ta te  was d i s c u s s e d  i n  

Chapter 11. The s o l i d  l i n e  on Fig.  47 i s  a p o r t i o n  of t h e  

locus  of c r i t i c a l  s tates c a l c u l a t e d  for Fr-13-air mix tures .  

A s  p rev ious ly  d i scussed ,  t he  a t t a inmen t  of a c r i t i c a l  s t a t e  
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i n  t h e  gas phase a t  the drop i n t e r f a c e  was expected t o  b e  

the i n i t i a t i n g  c o n d i t i o n  f o r  non-c l a s s i ca l  t empera ture  

h i s t o r y  behavior .  If t h i s  hypothes is  is  c o r r e c t ,  t h e  depar- 

t u r e  from p l a t e a u - l i k e  behavior  should  c o r r e l a t e  w i t h  the  

c r i t i c a l  mixing l i n e .  This  c o r r e l a t i o n  i s  confirmed by the  

maximum measured drop tempera tures  e x h i b i t f n g  a d i s t i n c t  

p l a t e a u  which are p l o t t e d  f o r  f o u r  p r e s s u r e s  on F i g ,  47. 

The tempera ture  po in t  corresponding t o  the three highest  

p r e s s u r e s  each r e s u l t e d  from a series of drop tempera ture  

h i s t o r i e s  a t  success ive ly  lower a i r  tempera tures  a t  a 

f i x e d  p res su re .  The t r a n s i t i o n  from non-c l a s s i ca l  t o  

c l a s s i c a l  t empera ture  h i s t o r i e s  i s  shown on Fig .  48 f o r  

reduced p r e s s u r e s  of 1 .65,  1.75 and 1.78. 

The p o i n t  on Fig.  47 corresponding t o  a p r e s s u r e  of 

57.5 a t m  abs (Pr = 1 . 5 )  was the  highest  p l a t e a u  tempera ture  

obta ined  a t  the  p r e s s u r e .  No s t e a d i l y  i n c r e a s i n g  drop 

temperature  h i s t o r i e s  were recorded s i n c e  t h e  higher a i r  

tempera tures  r e q u i r e d  would have exceeded t h e  r i g  maximum 

des ign  l i m i t  of 300'. F a i r  temperature .  
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VI. CONCLUSIONS 

The suspended d r o p l e t  v a p o r i z a t i o n  data obta ined  i n  

t h i s  i n v e s t i g a t i o n  are shown i n  r e l a t i o n  t o  high 

p r e s s u r e  v a p o r i z a t i o n  r e s u l t s  of o t h e r  i n v e s t i g a t i o n s  i n  

Fig.  49. The p r e s e n t  r e s u l t s  are t h e  f i r s t  v a p o r i z a t i o n  

data known t o  the a u t h o r  t ha t  were obta ined  a t  reduced 

p r e s s u r e s  above 0.75 where drop s i z e  and temperature  h i s -  

t o r i e s  were obta ined  under measured flow cond i t ions .  I n  

a d d i t i o n ,  t h e  n-heptane-air  v a p o r i z a t i o n  data are t h e  f i r s t  

known data a t  reduced p r e s s u r e s  above 2 under any flow 

cond i t ions .  

The conclus ions  which fo l low are based upon t h e  

n-heptane-air and the  Fr-13-air data r e p o r t e d  i n  Chapter V.  

The  cond i t ions  of t h e  n-heptane data are:  a i r  temperature  

100-300° F, a i r  p r e s s u r e  1.5-100 a t m  abs, drop Reynolds 

number 150-600, and t h e  i n i t i a l  drop diameter 1275-2025 

microns. The Fr-13 drop data c o n d i t i o n s  are:  a i r  tempera- 

t u r e  100-300° F,  a i r  p r e s s u r e  29-68 a t m  abs, drop Reynolds 

number 250-450, and i n i t i a l  drop diameter 980-1200 microns. 

The seven main conclus ions  are given i n  the  fo l lowing  l i s t .  

1. The a b i l i t y  t o  suspend vapor i z ing  d r o p l e t s  i n  1 ff 

f i e l d  on a tempera ture  probe a t  measured l i q u i d  

tempera tures  up t o  a reduced va lue  of 0.95 ( w i t h i n  

28' R of the l i q u i d  c r i t i c a l  t empera tu re )  and a t  an 

a i r  p r e s s u r e  of 56 a t m  was demonstrated.  
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2. 

3 .  

4. 

5. 

Under cond i t ions  of  low ambient gas temperature  

(T,/TC 

p r e d i c t i o n s  by f i l m  theory  c o r r e c t e d  and uncorrec ted  

f o r  high p r e s s u r e  p r o p e r t i e s  bo th  compared favorably  

( w i t h i n  5' F )  w i t h  measured p l a t e a u  tempera tures .  

Under cond i t ions  of low ambient gas temperature  

(T,/TC < 0 . 8 )  and high p r e s s u r e  ( 0  < P/Pc < 3.7)  

p r e d i c t i o n s  by f i l m  theory  c o r r e c t e d  f o r  high 

p r e s s u r e  p r o p e r t i e s  agreed t o  w i t h i n  + - 25% of 

measured mass t r a n s f e r  rates.  Fi lm theory  uncor- 

r e c t e d  f o r  high p res su re  y i e l d e d  mass t r a n s f e r  

r e s u l t s  of  similar accuracy up t o  about  5 a t m  abs 

a i r  p r e s s u r e  (P/Pc = 0.18) ;  a t  t h e  h ighes t  p res -  

s u r e  the p r e d i c t e d  mass t r a n s f e r  ra te  was 80% low. 

Under cond i t ions  of  moderate ambient g a s  tempera- 

t u r e  (1 < T,/TC < 1.5)  and h igh  p r e s s u r e  (0.75 < 

P/Pc < 1.75)  p r e d i c t i o n s  by f i l m  theory  c o r r e c t e d  

and uncorrec ted  f o r  high p r e s s u r e  p r o p e r t i e s  were 

c o n s i s t e n t l y  10-15' F below the measured p l a t e a u  

tempera tures .  The low p r e s s u r e  theory  gave s l i g h t l y  

be t t e r  p l a t e a u  temperature  p r e d i c t i o n s  a t  reduced 

0 . 8 )  and h igh  p r e s s u r e  ( 0  < P/Pc < 3.7) 

p r e s s u r e s  below 1.25, and the  r e s u l t s  f o r  both 

t h e o r i e s  were the same a t  h ighe r  p re s su res .  

Under cond i t ions  of moderate ambient g a s  temperature  

(1 < T,/Tc < 1.5)  and high p r e s s u r e  (0.75 < 

P/Pc < 1.75) p r e d i c t i o n s  by f i l m  t heo ry  c o r r e c t e d  
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f o r  h igh  p res su re  p r o p e r t i e s  agreed t o  w i t h i n  

35% of measured mass t r a n s f e r  rates a t  reduced 

p r e s s u r e s  less than  1.5.  The p r e d i c t e d  mass 

t r a n s f e r  ra tes  were low by about 50% a t  a reduced 

p res su re  of 1.75, and the  p r e d i c t e d  va lues  exhi-  

b i t e d  a sys temat ic  t r end  t o  i n c r e a s i n g l y  under- 

e s t ima te  mass t r a n s f e r  r a t e s  as t h e  p re s su re  

increased .  The low pressure f i l m  t h e o r y  mass 

t r a n s f e r  p r e d i c t i o n s  showed similar t r e n d s  al though 

t h e  e r r o r s  were gene ra l ly  twice as g r e a t .  

Under cond i t ions  of moderate ambient gas  tempera- 

t u r e  (1 < T,/TC < 1 . 5 )  and high p res su re  (0.75 < 

P/Pc < 1.75) drop hea t  t r a n s f e r  Nussel t  numbers 

c a l c u l a t e d  from the Ranz Marshall c o r r e l a t i o n  were 

about 30% below Nussel t  numbers der ived  from 

the measured vapor i za t ion  r a t e s  and temperature  

d i f f e r e n c e s .  

6 .  

7.  A depa r tu re  from c l a s s i c a l  drop temperature  h i s -  

t o r y  behavior  was observed a t  reduced p res su res  

g r e a t e r  t han  1.5,  and t h i s  t r a n s i t i o n  from behavior  

e x h i b i t i n g  a p l a t e a u  t o  tha t  wi th  s t e a d i l y  inc rea -  

s i n g  temperature  was c o r r e l a t e d  w i t h  t he  drop 

i n t e r f a c e  gas mixture  c r i t i c a l  s tate.  

I n  t h e  range of data considered s i g n i f i c a n t .  non- 

i d e a l i t i e s  of thermodynamic and t r a n s p o r t  p r o p e r t i e s  were 

encountered.  There i s  scan t  data a v a i l a b l e  and it  was 
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u s u a l l y  necessary  t o  r e s o r t  t o  c a l c u l a t i o n s  us ing  genera l -  

i z e d  equa t ions  of  state and corresponding s ta te  type  cor re-  

l a t i o n s  of  p r o p e r t i e s .  These p rope r ty  n o n - i d e a l i t i e s  

in t roduced  u n c e r t a i n t i e s  i n t o  t h e  c a l c u l a t e d  r e s u l t s  and 

i n d i r e c t l y  i n t o  some of t he  measured r e s u l t s ,  e .g . ,  

experimental  Nusse l t  numbers f o r  heat t r a n s f e r .  

I n  Chapter I V  t h e  u n c e r t a i n t i e s  i n  t h e  measured quan- 

t i t i e s  were estimated as wel l  as t h e i r  e f f e c t s  upon t h e  

c a l c u l a t e d  r e s u l t s .  For t h e  Fr-13-air ca se  considered i t  

was estimated that the c a l c u l a t e d  r e s u l t s  should l i e  w i t h i n  

13' R f o r  drop p l a t e a u  tempera ture  and 23% of mass t r a n s f e r  

ra te  of t h e  measured va lues  i f  t h e  theory  i t s e l f  and pro- 

p e r t y  va lues  used w i t h i n  t h e  theo ry  are a c c u r a t e .  A l l  of 

the h igh  p r e s s u r e  f i l m  t heo ry  c a l c u l a t i o n s  agreed w i t h  t h e  

data w i t h i n  these t o l e r a n c e s  over t h e  e n t i r e  range of data 

except  wi th  r e s p e c t  t o  mass t r a n s f e r  rates a t  reduced pres- 

sures  greater than  1.25 and a t  moderate ambient gas tempera- 

t u r e s .  Thus, on this basis the  a p p l i c a t i o n  of f i l m  theory  

c o r r e c t e d  f o r  high p r e s s u r e  i s  v i n d i c a t e d  f o r  t h e  e n t i r e  

range of data of the  p r e s e n t  i n v e s t i g a t i o n  shown on Fig .  49 

except  for that a s s o c i a t e d  w i t h  the Fr-13-air data above 

a reduced p r e s s u r e  of  1.25. 

Cor rec t ions  t o  t h e  Nusse l t  and Sherwood numbers com- 

puted  by t h e  Ranz-Marshall c o r r e l a t i o n s  f o r  high mass 

t r a n s f e r  rates of 0.65-0.8 were a p p l i e d  t o  the Fr-13 drop 

c a l c u l a t e d  h i s t o r i e s .  These r e l a t i v e l y  l a r g e  c o r r e c t i o n s  
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raise doubts  about  t h e  a p p l i c a t i o n  of  the Ranz-Marshall 

r e s u l t s  t o  these data. The co r rec t ions  t o  the  n-heptane 

c a l c u l a t e d  r e s u l t s  were much c l o s e r  t o  u n i t y  due t o  t h e  

r e l a t f v e l y  low a i r  temperatures  covered ,  

There are s e v e r a l  recommendations f o r  f u t u r e  work i n  

t h e  area of h igh  p r e s s u r e  d r o p l e t  vapor i za t ion .  They are 

p r imar i ly  focused on t h e  approach of  suspended d r o p l e t  

experiments .  The recommendations are as fo l lows :  

1. Addi t iona l  data w i t h  o t h e r  vapor i z ing  media i n  

t h e  high p res su re ,  moderate tempera ture  range  i s  

des i rab le .  T h i s  would a l low conf i rmat ion  of t h e  

data and f i l m  theory  c a l c u l a t i o n s  developed f o r  

Fr-13-air. A p a r a f f i n  f u e l  vapor i z ing  i n  n i t r o g e n  

would be  a good choice .  Another candida te  l i q u i d  

would be  C 0 2  vapor iz ing  i n  a n i t r o g e n  environment 

s i n c e  comparisons w i t h  Manrique*s de t a i l ed  calcu-  

l a t i o n s  (35)  would be poss ib l e .  A p a r a f f i n  f u e l  

o r  C 0 2  vapor iz ing  i n  h igh  p r e s s u r e  a i r ,  a l though 

more r e a d i l y  ob ta inab le  w i t h  t he  p resen t  experimental  

s e tup ,  would be less desirable b u t  accep tab le  com- 

b i n a t i o n s .  

2.  It i s  desirable t o  have drop shape measurements 

of unsupported drops  moving r e l a t i v e  t o  a gas  

environment a t  s u p e r c r i t i c a l  p r e s s u r e s  and tempera- 

* t u r e s  i n  o rde r  t o  r e l a t e  t h e  r e s u l t s  of suspended 

drop  experiments  t o  cond i t ions  i n  a combustion 



chamber . 
3 .  The c o r r e c t i o n s  t o  heat and mass t r a n s f e r  c o e f f i -  

c i e n t s  due t o  high mass t r a n s f e r  ra tes  r e q u i r e  

some a t t e n t i o n ,  perhaps t h e o r e t i c a l ,  s i n c e  they  

become important a t  nea r  c r i t i c a l  cond i t ions .  

High p res su re  vapor- l iquid e q u i l i b r i a  data up 

t o  t h e  mixture c r i t i c a l  p o i n t  i s  necessary t o  

r e f i n e  any t h e o r i e s  and c a r e f u l l y  t es t  high pres- 

s u r e  v a p o r i z a t i o n  models w i t h  v a p o r i z a t i o n  data. 

4. 

5. I n  t h e  range of low ambient gas temperature 

(TJTc < 0.8)  and high p r e s s u r e  (0  < P/Pc < 3.7)  

v a p o r i z a t i o n  data over  a greater range of d r o p l e t  

Reynolds number a t  each p r e s s u r e  are des i rab le  t o  

check on t h e  Reynolds number dependence of mass 

t r a n s f e r  ra te .  T h i s  would g i v e  a greater va r i a -  

t i o n  i n  drop shape (independent of p r e s s u r e )  which 

may have a s i g n i f i c a n t  e f f e c t  on t h e  heat and mass 

t r a n s f e r  c o e f f i c i e n t s  . 
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APPENDIX A. PRO PERT Y DATA 

The p rope r ty  r e l a t i o n s  f o r  a i r ,  water, n-heptane and 

Fr-13 ( ch lo ro t r i f luo romethane )  are summarized i n  t h i s  

appendix. These equa t ions  were u t i l i z e d  i n  t h e  s t eady-  

s ta te  and quasi-s teady v a p o r i z a t i o n  c a l c u l a t i o n s .  I n  most 

cases  d a t a  from t h e  sou rce ,  i n d i c a t e d  by t h e  r e f e r e n c e  

number fo l lowing  t h e  p rope r ty  name, were f i t t e d  by  a cubic  

least  squares  f i t .  I n  some cases  p rope r ty  equa t ion  was 

taken  d i r e c t l y  from the  data source .  The s igned  number 

fo l lowing  "E "  i n  a c o e f f i c i e n t  i n d i c a t e s  t h e  power of  t e n  

by which t h e  preceding  number should be m u l t i p l i e d .  

A i r  P r o p e r t i e s  

1, S p e c i f i c  h e a t  ( 2 2 )  

C = (6.2240836 - 9.892961E-03T t 1.26987533 
P 

-05T2 - 5.476402E-09T3) 0.068559 

where 504 < T < 756' R and C (BTU/lbm-OR) 
P 

2. Thermal conduc t iv i ty  ( 2 2 )  

-07T2 .- 6.0211273E-11T3) 0.32253-06 

where 504 < T < 756' R and k(BTU/in.-sec-OR). 



3. Dynamic viscosity (22) 

1-1 = (-4.22207613-03 + 2.57430353-03T - 1.25860843 
-06T2 + 3. 6216393-10T3) 0.9603-06 

where 504 < T < 756' R and p(lbm/in.-sec) 

4. Critical constants (47) 

Tc = 132.4' K 

Pc = 37.25 atm 

Water Properties 

1. Vapor Pressure (29) 

= 218.167 x Psat 

For TL > 373.16 

n = [3.346313 (647.27 - TL) + 4.14133-02(647.27' 
- TL)2 + 7.5154843-09(647.27 - TL) 
-11(647.27 - TLI5] / [ 1.3794481E-02TL 
(647.27 - TL> + TL] 

+ 6.564443 

For TL - < 373.16 

n = [ 3.2,437814(647.27 - TL) + 5.868263-03(647,27 
- TL)2 + 1.17023793-08(647.27 - TL)4]/[2.1878462E 
-03 x TL(647.27 - TL> + TL] 
0 where TL( K) and Psat(atm) 
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2. Enthalpy of vaporization (29) 

For TL - < 690' R 

X = 1.5409974E+03 - 1.5304025 x TL + 1.701721E 
-03 x TL2 - 1.0238529E-06TL3 

For TL > 690' R 

X = 408.35902 + 3.1484431TL - 4.7181765E-03TL 2 
+ 1.9004536E-06TL 3 

where TL (OR) and X ( BTU/lbm) 

3. Vapor specific heat (37) 

= 0.5799577 - 2.9462E-06T - 1. 4249794E-06T2 
t 1, 81177E-09T3 

P where T ( O R )  and C (BTU/lbm-OR) 

4. Vapor thermal conductivity (22) 

k = (-0.15603002 t 2.08142563-03T t 5.862479E 

-07T2 - 8.469343E-11T3) 0.212E-06 
where T(OR) and k(BTU/in.-sec-'R) 

5. Vapor dynamic viscosity (22) 

l~ = (-3.73420723-02 t 1.53603943-02T t 7.3957384E 

-06T2 - 3.8423677E-09T3) 0.5603-07 
where T ( O R )  and p(lbm/in.-sec) 
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6 ,  Binary  d i f f u s i o n  c o e f f i c i e n t  . f o r  water -vapor-a i r  (3$ )  

1. g o  2.4E-07T 
'AB = P 

7. L i q u i d  d e n s i t y  ( 2 9 )  

*L = (1.58772113-02 + 1.870149E-06TL - 1.030489E 

-08TL2 + 1.393879E-llTL 3 ) 1728 -1 

where TL ( O R )  and pL( lbm/ in .  3 ,  

N-Heptane P r o p e r t i e s  

1. Vapor p r e s s u r e  (45)  

255.89687 
In 'sat = 11.94763 - l5 TL - 101.58) 

2.  En tha lpy  o f  v a p o r i z a t i o n  ( 4 5 )  

A = 139.9 t 0.181TL - 2.7875E-04TL 2 

where 500 < TL < 900' R and, X(BTU/lbm) 

3. Vapor s p e c i f i c  heat ( 4 5 )  

C 0.119376 t 5.3943-04'1: 
P 

where 560 < T < 960' R and C (BTU/lbmCoR) 
P 

4 .  Vapor thermal c o n d u c t i v i t y  (45) 

k = -1.416E-07 t 6 , 2 2 2 2 ~ - 1 0 ~  

where 500 < T < 1400' R and k(BTU/in.-sec-OR) 



5. Vapor dynamic viscosity (45) 

1-1 = 3.92E-08 + 5.88E-lOT 
where 510 < T < 1060' R and p(lbm/in.-sec) 

6. Binary diffusion coefficient for n-heptane-air (45) 

DAB = (-3.1313-03 + 1.2868E-05T + 2.39273 
-0 8T2 ) /P 

where 540 < T < 830' R, P (atm), and DAB(in.2/sec) 

7. Liquid density (45) 

= 3.16623-02 - 9.5355E-06TL - 6.945E-09TL 2 
PL 

where 510 < TL < 650' R and ~ ~ ( l b ~ / i n . ~ )  

8, Liquid specific heat (45) 

C = 0.231 + 5.62E-04TL PL 

PL where 500 < TL < 700' R and C 

9. Critical properties (47) 

To = 540.3' K 

Pc = 27.0 atm 

BTU, 

Fr-13 Properties 

1. Vapor pressure (16) 

1bm-OR) 



f o r  T~ e 475' R 

- 11.80586 ln(TL)/ n = 36.7613 - 2623.988TL -1 
2.302588 + 5.71495E-03TL 

- 19,1691 ln(TL)/ -1 n = 56.34405 - 3351.281TL 
2.302588 + 9.20366E-03TL 

where TL ( O R )  and Psat (atm) . 

2. Enthalpy of vaporization (16) 

f o r  TL 500' R 

f o r  TL 500' R 

X = -1251.5327 + 3.7661221TL + 7.834936E-04TL 2 
-6.329101E-06TL 3 

where TL ( O R )  and X(BTU/lbm) 

3. Vapor specific heat (14) 

C = 0.1166976 - 1.0678591E-04T f 4.94597673 P 
-07T2 - 3. 1573555E-10T3 

where 460 e T. e 760' R and C (BTU/lbm-'R) P 



4.. Vapor thermal conduc t iv i ty  (14) 

k [ 0.00564 + 1.955E-05(T-460) ] /42300 
where 410 Q T < 685' R and K(BTU/in.-sec-OR) 

5. Vapor dynamic v i s c o s i t y  (28) 

l . ~  (-0.017186351 + 1.01926733-04T 3. 9.8799823 
-08T2 + 3.7369087E-11T3) 5.603-05 

where 540 < T < 680' R and p( lbm/in.-sec)  

6. Binary d i f f u s i o n  c o e f f i c i e n t  f o r  Fr-13-air (4) 

T - 
'AB - ( 1.8) (6 .4516) P 

where 

n = 7.0013417 + 1.5321532 Loglo T - 1.5288892 
(LoglOTI2 + 0.33510243 (Log1iTl3 

and 510 < T < 680' R, P ( a t m ) ,  and DAB ( In .2 / sec )  

7. Liquid d e n s i t y  (16) 

PL = [36.07 + 0.01566 (543.59 - TL) + 3.2453 
0.5 -05(543.59 - TLl2 + 1.11 (543.59 - TL) 

+ 6.665 (543.59 - TL> 'I3] /1728 
3 where 460 < TL < 540" R and pL ( lbm/ in .  

8. Liquid spec i f ic  heat (15) 

C. PL = -3.8797818 + 3.4082899E-02TL - 9.1990079E 
3 -05TL2 + 8. 1380467E-08TL 



where 410 TL < 535 and CpL (BTU/lbm-OR) 

9. C r i t i c a l  c o n s t a n t s  

Tc = 302' K 

Pc = 38.2 a t m  

N-Heptane-Air Mixture  P r o p e r t i e s  

1. N-heptane i n t e r f a c e  gas phase mole f r a c t i o n  (Chapter  TI) 

2 
yAo 9.31717 - 0.0O2J-9465TL - 3.78041E-06TL 

t 8. 90531E-09TL 3 

where 540 < TL < 570' R and P = 1 . 5  a t m  abs 

yA0 = expC-3.039819 - 0.0565159TL + 1.571044E 
- 0 4 ~ ~ ~  - 1.034703E-07TL 3 3 

where 540 TL < 720' R and P = 5 a t m  abs 

= exp(4.86578 - 0.0885904TL + 1.94609E-04TL 2 
YAO - 1. 16075E-07TL 3 ) 

where 540 < TL 720' R and P = 10 a t m  abs 

2 yAo e: -0.829433 t 4.679168j3-03TL - 8.801203E-06TL 
t 5.59099E-09TL 3 

where 536 c TL < 698' R and P = 50, 100  a t m  abs 

2. En tha lpy  of v a p o r i z a t i o n  (Chapter 112 



where 540 < TL < 570, P = 1 .5  a t m  abs, and X(BTU/lbm) 

X = (10229.3 - 2.23207TL - 4.12203E-03TL 2 

+ 3.0741gE-07) 0.017964 

where 550 < TL < 650, P = 5 ' a t m  abs, and X(BTU/lbm) 

- 8.22705E-06TL 3 ) 0.017964 

, where 550 < T < 670, P = LO a t m  abs, and X(BTU/lbm) L 

- 3. 066951E-07TL 3 

where 536 < T < 698' R ,  P = 50 atm abs and h(BTU/ lbm)  L 

X = 159.652 - 0.5426141TL f 1.261746E-03TL 2 

- 9.27936E-07TL 3 
J 

where 536 < TL < 698' R ,  P = 100 a t m  a b s  and X(BTU/lbm) 

Fr-13-Air Mixture  P r o p e r t i e s  

1. Fr-13 in t e r f ace  gas phase mole f r a c t i o n  ( C h a p t e r  11) 

= 3.404846 t 1.24854E-02TL - 1.15057E-05TL 2 
yAo 

t 6 . 4 9 5 9 9 ~ - 0 9 ~ , ~  

where"420 < TL < 460' R and P = 28.65 a t m  abs 

2 
YAO = -1.958613 + 0.002193246TL t 1.047311E-05TL 

- 8. 24939E-09TL 3 

where 430 < TL. < 490' R and P = 38.2 a t m  a b s  



where 450 < TL < 515' R and P = 57.3 a t m  abs 

3 + 1. 32523E-07TT 
where 450 < TL < 493' R and P = 66.9 atm abs 

2. Entha lpy  of v a p o r i z a t i o n  

A = 16.7298 + O.0453331TL + 5,20392E-04TL 2 
- 1. 10909E-06TL 3 

where 420 < TL < 460' R and P = 28.65 a t m  abs 

t 2.03348E-07TL 3 

where 430 < TL < 490' R and P = 38.2 a t m  abs 

A = -104.036 t 0.516387TL t 1.91283E-04TL 2 

- 1.43168E-06TL 3 
where 430 c TE. 490' R and P = 47.8 atm abs 

- 3. 65246E-06TL 3 

where 450 < TL < 515' R and P = 57.3 a t m  a b s  



X = 583.061 - 6.47868TL .t 3.69395E-02TL2 

- 4. 33773E-05TL3 

where 450 < TL < 493' R and P = 66.9 atm a b s .  



APPENDIX B. DATA SUMMARY 

The water data p resen ted  i n  Chapter V i s  complete; 

no mass t r a n s f e r ,  d r o p l e t  s i z e  o r  s i z e  measurements were 

taken .  The Fr-13 h i s t o r i e s  given i n  t he  form of f i g u r e s  

i n  Chapter V are complete. However, t h e  n-heptane drop 

mass t r a n s f e r  data i n  Chapter V are incomplete .  A complete 

summary of  the  n-heptane mqss t r a n s f e r  data i s  conta ined  

i n  Table  V I .  
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