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I Introduction 

The research being conducted under this grant is 

aimed at obtaining a more fundamental understanding of 

some of the aspects of oscillatory combustion. The in- 

vestigations dealing with size and velocity distributions 

in sprays and heat transfer in a non-flow system were 

completed previously and the resulting publications listed 

in past reports. During this reporting period the investi- 

gation dealing with heat transfer in a flow system has 

been completed and reported in Contractor Report CR-72443, 

"The Effect of Periodic Shock-Fronted Pressure Waves on 

the Instantaneous Heat Flux at the End-Wall of a Tube". 

This report thus gives a summary of progress during 

the period on the investigation of vaporization in the 

region of the critical point, The work is divided into 

three projects; a theoretical investigation of droplet 

vaporization, an experimental investigation of vaporizing 

droplets suspended from a thermocouple in a flowing air 

stream, and an experimental investigation of vaporizing 

droplets falling through a hot stagnant gas, 

The work on the theory of a spherically symmetric 

drop vaporizing at steady state has been completed for a 

C02-N2 system. 

mitted for publication in a technical journal, A program 

for calculating unsteady histories of a subcritical 

A paper covering this work has been sub- 

droplet has been written and a few histories have been com- 

puted. 
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The suspended d r o p l e t  experiments have y ie lded  data 

on Freon 13 droplets which show l i q u i d  temperatures much 

h igher  than  those c a l c u l a t e d  from simple theory.  I n  order 

t o  es tabl ish a better understanding of the  data a program 

has been i n i t i a t e d  t o  o b t a i n  heptane droplet  data a t  pres- 

s u r e s  from 1.5 t o  100. a t m .  Data taken  f o r  p re s su res  up t o  

10  a t m .  shows good agreement w i t h  t he  simple theory. 

The f a l l i n g  d r o p l e t  experiments have been concerned 

with improving t h e  drop forming apparatus  t o  prevent  i n i t i a l  

d i s turbances  of t h e  d r o p l e t  geometry. The apparatus  w a s  

a lso modified t o  allow formation of C02 d r o p l e t s ,  t hus  

al lowing data t o  be taken wi th  lower gas temperatures than 

those r equ i r ed  when us ing  n-heptane, 
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I1 Droplet Vaporization Theory 

A mathematical model for unsteady droplet vaporiza- 

tion at hiqh ambient pressures has been formulated during 

this reporting period. 

The model includes the effects of non-ideal mixtures, 

variation of the physical properties through the boundary 

layer, rate of surface regression and transient effects. 

In order to simplify the analysis, a continual formation 

of completely fresh surface is assumed. Furthermore, the 

liquid temperatytre is considered to he uniform. 

Under these postulates, the conservation equations 

for mass and energy are sufficient to describe the evolution 

with time of the one-dimensional temperature and composition 

~ profiles in the gaseous phase surrounding a droplet. For 

spherical symmetry, these equations can be written in the 

following form 

NA = xACv - c D ~ ~ -  aXA 
ar 

NB = x cv + cDAB- aXA 
ar B 

c = c(xA,P,T) 

( 4 )  
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Species A and B refer t o  those of the d i f f u s i n g  vapor 

and i n e r t  environment, r e spec t ive ly .  Equation (6) is  the 

equat ion of state f o r  the  mixture. The Redlich-Kwonq equa- 

t i o n  of state has  been adopted throughout t h i s  work. 

The i n i t i a l  and boundary condi t ions  are 

x,(r,O) = f ( r )  for r 2 r o ( 0 )  (7 )  

T ( r , O )  = d r )  for  r a r o ( 0 )  (8) 

T ( = , t )  = Tea 

V(rO,t)= - ar 
aXA dro D~~ 
I_ 

1 - xA 
Equation ( 9 )  i s  determined by t he  vaDor-liquid 

, equi l ibr ium r e l a t i o n s h i p  xAo = xAo(T,P). Equations (11) and 

( 1 2 )  are specified by t h e  Pent condi t ions .  I n  t h i s  work 

t h e  i n i t i a l  condi t ions ,  (7 )  and (8), are determined from the  

numerical s o l u t i o n  of a porous sphere supp l i ed  w i t h  l i q u i d  
R from its i n t e r i o r  and k e p t  a t  t h e  i n j e c t i o n  temperature T (0) 

under ambient condi t ions  Tm and P. 

I n  a d d i t i o n  t o  t h e  foregoing equat ions ,  m a s s  and energy 

balances r e q u i r e  t h a t  

dTR - S Q 
d t  -vc"c" - 

P 

where I 
aT -R 
a r  A A  r = ro(t)  0 = k- - N (Ev - HA) 
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Equations (1) through (16) are being solved simul- 

taneously by a numerical e x p l i c i t  technique. 

i n  numerical ly  s table  i f  F o u r i e r ' s  modulus, based on t h e  

The technique 

d i f f e r e n c e  va lues  of t i m e  and space eva lua ted  a t  t h e  am- 

b i e n t  cond i t ions ,  i s  equal  to  o r  less than 0.5. 

I n  order t o  test  t h e  computer program, t h e  temperature 

response of a COz, 1000-micron-radius, porous sphere vaporiz- 

i n g  i n  N2 a t  815OK and 72.9 atmospheres was c a l c u l a t e d  fo r  

d i f f e r e n t  mesh s i z e s .  The steady s ta te  temperature predicted 

w i t h  a space increment of 400 microns was found t o  be 280°K 

whereas for  a 200  micron increment t h e  s teady  state tempera- 

t u r e  was Found t o  be 277OK. The computing t i m e  i n  t he  la t ter  

case i s  p r o h i b i t i v e l y  long. Previous s teady  s ta te  ca lcu la-  

t i o n s  w i t h  a more accu ra t e  numerical technique show a value 

of 275OK f o r  these condi t ions.  This discrepancy i s  p r imar i ly  

caused by t h e  i n a b i l i t y  of t h e  r e l a t i v e l y  large f i n i t e  d i f -  

fe rences  t o  po r t r ay  accu ra t e ly  t h e  l a r g e  temperature and com-  

p o s i t i o n  g r a d i e n t s  e x i s t i n g  i n  the  f i l m  a t  t h e  d r o p l e t  sur face .  

A s ix -po in t  Lagrange formula i s  used t o  determine t h e  tem- 

pera tu re  and c o m p ~ s i t i o n  derivatives there. I t  i s  of i n t e r e s t  

t o  no te  t h a t  f o r  a 1000-micron-radius droplet  w i t h  a s teadv  

s ta te  temperature equal  t o  0.9Tc and a t o t a l  p re s su re  euual  

t o  t h e  c r i t i ca l ,  t h e  temperature and mole f r a c t i o n  g r a d i e n t s  

a t  t h e  d r o p l e t  su r f ace  are of t h e  order of 3000°K/crn~0.30K/ 

micron) apd 6 / m ,  r e spec t ive ly .  The l a r g e r  t h e  mesh s i z e  t h e  

l a r g e r  t h e  error introduced i n  t h e  c a l c u l a t i o n s .  As a conse- 

quence of t h i s  error, t h e  computations t end  t o  predict  con- 

s i s t e n t l y  h igher  energy rates i n t o  t h e  droDlet. 
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Preliminary history calculations are shown in Figures 

1 and 2 for a carbon dioxide droplet vaporizing in nitrogen 

under a pressure of 72.9 atmospheres and temperatures of 

14OOOK and 815"K, respectively. 

For the conditions illustrated in Figure 2 the liquid 

temperature converges asymptotically towards its steady state 

value up to a point where the surface to volume ratio he- 

comes appreciable. However, some care must be exercised in 

interpreting the last part of the vaporization process until 

further data are obtained for the reasons mentioned above. 

During the last part of the vaporization process the term 

dT /at exhibits small random variations, II 

For the near critical conditions illustrated in 

Figures 1 and 2 the rate of surface regression is not a 

1 significant factor in the vaporization process. 

It is planned to obtain vaporization histories under 

higher pressure conditions where steacly state conditions 

cannot be obtained. Comparisons with the quasi-steady state 

theory will be carried out. 
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I11 Suspended Drop Experiment 

During t h e  r e p o r t i n g  per iod  minor modi f ica t ions  w e r e  

made t o  t h e  probe, an a i r  cooler w a s  b u i l t  t o  dry  t h e  h igh  

p re s su re  a i r  supply; and t h e  ins t rumenta t ion  and optics 

w e r e  completed. An experimental  techniaue has  been developed, 

Water, Fr-13, aprd n-heptane drop vapor i za t ion  data have 

been obtained. The purpose of t h e  water experimentation w a s  

t o  tes t  the apparatus .  The Fr-13 data i s  considered provi- 

s i o n a l  a t  t h i s  t i m e  because of the  s u b s t a n t i a l  dev ia t ion  

from s i m p l e  s teady  s ta te  theory.  As a r e s u l t  t h e  program of 

n-heptane was undertaken t o  i n v e s t i g a t e  any sys temat ic  

d e v i a t i o n s  between experimental  r e s u l t s  and simple theory a t  

i nc reas ing  pressures .  A t  p r e s su res  up t o  1 0  a t m .  no sig- 

' n i f i c a n t  depar tures  f r o m  theory have been found for  n-heptane 

i n  air .  

R i g  Development and Instrumentat ion 

Two further probe modi f ica t ions  w e r e  made dur ing  t h e  

r e p o r t i n g  per iod ,  One w a s  t o  change t h e  probe tube  t i p  

from s t a i n l e s s  s teel  t o  t e f l o n .  T h i s  change provided the rma l  

i n s u l a t i o n  f o r  t h e  drop f r o m  t h e  cooled p o r t i o n  as w e l l  as 

e l e c t r i c a l  i n s u l a t i o n  for t h e  probe thermocouple lead w i r e s .  

A chrornel-constantan thermocouple w a s  s u b s t i t u t e d  for  the  

copper constantan nrobe thermocouple. The average thermal  

conduct iv i ty  of the  0.005 i n .  diameter probe lead wires w a s  

reduced by a f a c t o r  of 1 0  by t h i s  change. The o p t i c s  



stage of the  2000 p s i  a i r  compressor, Prev ious ly  the  a i r  

w a s  cooled t o  about 150°F  a t  1.800' p s i .  Now t he  Fr-12 

cooler cools t h e  1800 p s i  a i r  t o  32OF. It  k o n s i s t s  of a 

converted home type dehumidifier.  

M r .  Lee D. Alexander has completed h i s  master's 

degree research. The  fol lowing quo ta t ion  is t h e  abstract 

from h i s  master's t h e s i s .  
1 

Exis t ing  apparatus  w a s  modified and in- 
s t rumenta t ion  w a s  developed i n  order t o  s tudy 
t h e  vapor iza t ion  of d r o p l e t s  suspended i n  a 
high p res su re  a i r  stream, Water droplets w e r e  
suspended a t  p r e s s u r e s  of up t o  60 atmospheres 
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Water Drop Data 

Water Drops w e r e  evaporated i n  heated a i r  a t  2 0 ,  4 0 ,  

and 60 a t m .  p ressures .  I t  might be added t h a t  no d r o p l e t s  

experiments would be complete without  t r y i n g  water.  The 

s t eady  s ta te  r e s u l t s  are shown on Fig. 3 where they are 

compared w i t h  simple s teady  state theory c a l c u l a t i o n s .  The 

meagre data agrees  i n  t r e n d  w i t h  t he  c a l c u l a t i o n s ,  and t h e  

measured va lues  are about 1 0 ,  7, and 5 O F  above t h e  ca l -  

c u l a t e d  va lues  f o r  t he  p re s su res  of 20 ,  40,  and 60 a t m . ,  

r e spec t ive ly .  The water drop r e s u l t s  w e r e  obtained w i t h  

0 .005 i n .  diameter Fe-Con thermocouple w i r e s  which o f fe r  

an improvement of about 4 t i m e s  over t he  Cu-Con w i r e s .  

Data obtained w i t h  Cu-Con thermocouple w i r e s  ( no t  shown) 

t r e s u l t e d  i n  p l a t e a u  temperatures  about 10°F above the  data 

shown. 

W e  believe t h a t  t h e r e  is  i n s u f f i c i e n t  water data t o  

i n f e r  anything about t h e  e f f e c t  of p re s su re  on t h e  r e l a t i o n  

of measured t o  c a l c u l a t e d  drop temperatures.  However ,  t h e  

agreement i s  good and a t tes ts  t h e  r i g  and temperature i n s t r u -  

mentation performance. N o  drop s i z e  r eg res s ion  measurements 

were obtained,  and consequently no mass t r a n s f e r  rate com- 

par i sons  w e r e  poss ib le .  

Fr-13 Drop Data 

The i n i t i a l  Fr-13 i n  a i r  data taken showed q u i t e  a 

scatter i n  p l a t e a u  versus  a i r  temperature,  This  w a s  e l i m i -  

na ted  by changing t h e  drop-making from an i n t e r u p t e d  a i r  
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f l o w  t o  a continuous a i r  flow technique. Making drops w i t h  

an h i n t e r u p t e d  a i r  flow has t h e  f u r t h e r  advantage t h a t  

drops are stable a t  a h igher  Weber Number than  i f  they are 

formed i n  a non-sflow f i e l d  and then  subjected t o  a sudden 

r ap id  t r a n s i e n t  i n  a i r  flow. 

Fr-13 drop d a t a  has been obta ined  a t  reduced p res su res  

of 1, 1.5, and 2 and a i r  temperatures of 70 - 200 OF. The 

d r o p l e t  p l a t e a u  temperatures as a func t ion  of a i r  temperature 

are shown on F&g. 4. The va lues  of l i q u i d  temperatures  cal- 

c u l a t e d  from simple s teady  s ta te  theory are overlayed on 

t h e  f i g u r e ,  All of t h e  data and c a l c u l a t i o n s  shown corres- 

pond t o  a reduced p res su re  of 1 (560 p s i )  except  for p o i n t  A, 

which i s  a data p o i n t  f o r  Pp=1.5 (840 p s i ) .  

temperature h i s t o r y  i s  shown on Fig,  5, T h i s  h i s t o r y  

A measured 

corresaonds t o  d a t a  p o i n t  B. on Fig.  4.  T h i s  data i s  con- 

sidered 

a. 

b. 

C. 

d. 

very p rov i s iona l  f o r  a number of reasons: 

The temperatures show a l a r g e  d e v i a t i o n  from 

simple theory.  

Frecruent droplet  behavior included spinning,  

o s c i l l a t i o n  and drops hanging f r o m  the  bottom of 

the thermocouple bead r a t h e r  than enveloping it. 

Mass t r a n s f e r  rates p red ic t ed  f r o m  simple theory  

fo r  s p e c i f i c  data w e r e  as much as an o rde r  of 

magnitude less than observed rates. 

The effects of f r e e  convection due both t o  t e m -  

p e r a t u r e  and concent ra t ion  g r a d i e n t s  w e r e  p re sen t  

b u t  are d i f f i c u l t  t o  estimate. 



attached to the probe thermocouple bead in order to r 

support the Fr-13 dropb. This addition maintained the 

droplet around thq bead, and this arrangement produced simi- 

lar temperature data to that without the ring. 

Calculations were made which showed that the contri- 

butions from thermal radiation and thermocouple lead con- 

duction should total less than 10% of the heat being 

transferred to a typical drop by forced convection. 

on heat transfer to oscillating drops indicates that at 

most the heat transfer rates could be inhanced by 50% over 

the quiescent case. The mass transfer rates would be en- 

hanced as well. 

Data 

Errors in the application of simple theory in the 

ted. Absor 
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2 The c a l c u l a t e d  cr i t ical  mixing l i n e  f o r  Fr-13 i n  

a i r  is  shown on Fig.  6.  The range of data p o i n t s  a t  Pr = 1, 

1.5 and 2 is  overlayed. Two data p o i n t s  labeled C, w e r e  

obtained a t  Pr = 2. 

dome were unsteady h i s t o r i e s .  The temperature and s i z e  

These p o i n t s  which fall above the P-T 

histories w e r e  poorly def ined  and are n o t  repor ted ,  I t  

should be poin ted  out t h a t  the c r i t i ca l  mixing l i n e  was 

c a l c u l a t e d  from an equat ion developed fo r  nonpolar hydro- 

carbon mixtures and thus  may be i n  s u b s t a n t i a l  error. 

For example, the c r i t i ca l  mixing l i n e  

for  Co2-N2 gave p res su res  60% too l o w  

and/or c a l c u l a t i o n s  based on fugacity 

W e  b e l i e v e  t h a t  t h e  Fr-13 data 

s i m i l a r l y  c a l c u l a t e d  

when comared t o  data 

va lues .  

can be improved by 

going t o  a smaller thermocouple bead and w i r e s  and by using 

improved experimental  techniques.  

I t  has been demonstrated t h a t  s u p e r c r i t i c a l  data, i ,e .  

above t h e  c r i t i ca l  mixing l i n e  and n o t  merely a t  super- 

c r i t i ca l  p res su res ,  can be obtained. 

n-Heptane Drop D a t a  

I n  order t o  c l a r i f y  t h e  s t a t u s  of t h e  Fr-13 i n  a i r  

d a t a ,  it w a s  decided t o  make vapor iza t ion  measurements with 

a hydrocarbon f u e l  over a w i d e  range of pressures .  Thus, 

it would be p o s s i b l e  t o  compare data a t  low pres su res  and 

2P.L. Church, J.M. Prausnitz,"Vapor-Liquid E o u i l i b r i a  
a t  High Pressure:  CalculatioQ of C r i t i c a l  Temperatures, 
V o l u m e s  and Pressures  of Non Polar Mixtures: AIChE J., 13, 
6 ,  1107-1113, (1967). 



pressures ;  1.5, 5 ,  10 a t m ,  abs. 

a i r  temperature range; 100-300°F 

The r e s u l t s  of s teady  state c a l c u l a t i o n s  f o r  atmo- 

spheric p res su re  are compared w i t h  both theory and calcu- 

l a t i o n s  of earlier workers3 i n  Fig. 7. 

t o  maintain adequate a i r  flow rates i n  the  r i g  a t  p re s su res  

below 1 1/2 a t m .  ah., so a one t o  one comparison w i t h  data 

a t  1 a t m .  wasn ' t  poss ib le .  The p r e s e n t  c a l c u l a t i o n s  are 

i n  e x c e l l e n t  agreement wi th  the  former c a l c u l a t i o n s ,  and 

agree w t i l l  w i t h  t h e  1 atrn. experimental  d a t a  of Priern, 

It  wasn ' t  p o s s i b l e  

' 

Figures  8, 9 ,  and 1 0  show data p o i n t s  and. c a l c u l a t e d  

s teady  s ta te  temperatures a t  1 1/2, 5,  and 1 0  a t m .  abs. for 

t h e  n-heptane i n  a i r  system. A comparison between measured 

and c a l c u l a t e d  d r o p l e t  vapor iza t ion  rates i n  t h e  Bteady 

temperature reg ion  w i l l  provide a f u r t h e r  check hetw 
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it is  expected t h a t  t h i s  v a r i a b l e  w i l l  he more s e n s i t i v e  t o  

dev ia t ions  a t  inc reas ing  p res su res  than  i s  d r o p l e t  tempera- 

t u r e .  

The p o s s i b i l i t y  of reaching the c r i t i ca l  mixing l i n e  

for a n-heptane i n  a i r  mixture a t  high p res su res  w a s  con- 

sidered. Figure 11 shows a c a l c u l a t e d  c r i t i ca l  mixing l i n e  

for  n-heptane i n  a i r  mixture:. P o i n t  A. des igna te s  t h e  maxi- 

mum design condi t ion  of t h e  r ig ,  i.e. 2000 p s i  and 300'F a i r  

temperature. Th i s  ope ra t ing  p o i n t  is  w e l l  wi th in  t h e  P-T 

dome f o r  t h e  mixture,  so it would n o t  be expected t h a t  

s u p e r c r i t i c a l  condi t ions  could be reached. 



of d r o p l e t  vapor iza t ion  and improving t h e  experimen 

apparatus  and technique. The o b j e c t  and genera l  method re- 

main the  same as described i n  previous r e p o r t s  though some 

of t he  details  have changed. 

Some add i t ions  have been made t o  t h e  drop forming 

probe assembly. A s h i e l d  which retracts t o  permit viewing 

the formation of t h e  droplet on the  probe t i p  and then 

p o s i t i o n s  i tself  t o  p r o t e c t  t h e  d r o p l e t  f r o m  being shoved 

up the  probe t i p  by t h e  r e l a t i v e  airflow w a s  added t o  the  

probe assembly, Experiments w e r e  performed using rubber 

cushions of var ious  th icknesses  t o  determine how fast  

droplet  should be decelerated t o  release the d r o n l e t  s u i t a b l y  

6 
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dimensional v i e w  available on t h e  f i l m  is  n o t  s u f f i c i e n t  t o  

permit a determinat ion of s i z e .  Because simple remedies 

have n o t  corrected t h i s ,  a sys temat ic  s tudy of t h e  formation 

of d r o p l e t s  on and t h e i r  release from t h e  probe t i p  i s  i n  

progress .  

The oven w a s  o r i g i n a l l y  intended t o  be opera ted  by 

s e t t i n g  t h e  i n p u t  power l e v e l  and wai t ing  u n t i l  t h e  gas in- 

side reached i t s  s teady  s t a t e  temperature. T h i s  proved 

u n s a t i s f a c t o r y  because the  i n s u l a t i n g  material reaches 

excessive temperatures,  and because t h e  long per iods  which 

are r eau i r ed  t o  reach high s teady  s ta te  temperatures permit 

metal vapors t o  p l a t e  the  i n t e r n a l  windows and! make them 

quick ly  unusable. Because of t h i s  t he  oven i s  now t o  be 

operated a t  high power for a short  t i m e  and t h e  i n d i v i d u a l  

1 data runs made when t h e  oven reaches t h e  requi red  tempera- 

tu re .  New p a r t s  have been fabricated t o  adapt  t h e  oven t o  

t h i s  use. 

I n  a d d i t i o n ,  t h e  f a c t  t h a t  m e t a l  vapors from the  

heater cloud t h e  windows a t  high temperatures make it de- 

s i rable  t o  obtain u s e f u l  data a t  l o w e r  temperatures. T h i s  

may be accomplished by using materials w i t h  l o w e r  c r i t i ca l  

temperatures than  normal heptane. To explore  t h i s  p o s s i b i l i t y  

a cool ing  system using ice w a t e r  w a s  ad.ded t o  t h e  apparatus  

and other modi f ica t ions  were made so t h a t  carbon dioxide 

could be used as t h e  d r o p l e t  f l u i d .  With these p repa ra t ions  

some carbon d ioxide  d r o p l e t s  have been s u c c e s s f u l l y  formed 

i n  Nitrogen gas and photographed us ing  the  p r e s e n t  probe 
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assembly. This  w a s  accomplished by f i l l i n g  t h e  probe 

reservoir wi th  so l id  carbon d ioxide  a t  atmospheric p re s su re ,  

then meltihg it under p res su re  i n  t h e  apparatus .  Although 

t h i s  technique Might be used t o  ob ta in  a l imi t ed  amount of 

d a t a  it r e q u i r e s  r a p i d  handling and is  very fussy.  Because 

of t h i s  some thought has  been given t o  developing a probe 

which w i l l  convenient ly  handle materials which are n o t  

e a s i l y  handled f l u i d s  a t  atmospheric pressure.  Such a drop 

forming probe w i l l  be f a b r i c a t e d  i f  required.  

Future p l ans  inc lude  Zinishing t h e  drop forming s tudy 

i n  o rde r  t o  improve t h e  i n i t i a l  d r o p l e t s ,  furkher  t e s t i n g  of 

t h e  oven assembly, and some manor work on t h e  camera t o  i m -  

prove t h e  q u a l i t y  of t h e  photographs. 
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