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The author has made an experimental study of the process of heat and 
mass transfer associated with the evaporation of a liquid from an open 
surface in a rarefied gas medium, the total gas pressure was varied 
from 1- 10 s to 1.33.10 s N/m 2. 

Many indus t r i a l  p r o c e s s e s  take p lace  in the p r e s -  
ence of heat  and m a s s  t r a n s f e r  a s soc i a t ed  with the 

evapora t ion  of va r i ous  kinds of l iquids  in a r a r e f i e d  
gas  med ium.  In p a r t i c u l a r ,  this  r e l a t e s  to e v a p o r a t i v e  
cooling, the evapora t ion  of pu re  and mul t i componen t  l 
l iquids,  the evapora t ion  of solut ions ,  etc.  T h e o r e t i c a l  
and e x p e r i m e n t a l  s tudies  of l iquid  evapora t ion  have  
made an i m p o r t a n t  cont r ibut ion  to  the deve lopmen t  
of ideas  conce rn ing  the laws and c h a r a c t e r i s t i c s  of 
combined p r o c e s s e s  of hea t  and m a s s  t r a n s f e r ;  how- 
ever ,  some of the p r o b l e m s ,  e s p e c i a l l y  at  r e d u c e d  
p r e s s u r e s ,  have  not yet  been  suf f ic ien t ly  studied.  

We have  e x p e r i m e n t a l l y  i nves t i ga t ed  ~the combined  
p r o c e s s e s  of heat  and m a s s  t r a n s f e r  a s s o c i a t e d  kvith : 
the evapora t ion  of a l iquid f r o m  an open s u r f a c e ; a t  
r educed  ambien t  p r e s s u r e s .  The e x p e r i m e n t s  w e r e  

conducted with both an e x t e r n a l  and an in t e rna l  hea t  
supply under  s t a t iona ry  condi t ions.  As the working  

l iquid we employed:  w a t e r  (H20), ethanol  (C2HsOH)~ 
and ca rbon  t e t r a e h l o r i d e  (CC14). 

The  e x p e r i m e n t s  w e r e  p e r f o r m e d  in a vacuum c h a m -  

ber  cons i s t ing  of a suppor t ing  pla te  and a c y l i n d r i c a l  
s t ee l  base  connec ted  with a g lass  hood 400 m m  in d i a m -  
e t e r  and 600 m m  ta l l .  Ins ide  the c h a m b e r  we ins ta l l ed  
an e l e c t r i c  balance ,  to the pan of which we a t tached an 
insula ted  v e s s e l  containing the~working l iquid .  In th is  
v e s s e l  we se t  up an e l e c t r i c  h e a t e r  cove r ing  the e n t i r e  

plane c r o s s  sec t ion .  The  h e a t e r  power  was regu la ted :  
by means  of a l a b o r a t o r y  a u t o t r a n s f o r m e r .  The  h e a t e r  
vo l tage  and c u r r e n t  w e r e  m o n i t o r e d  with a vol tmeter-"  

and a m m e t e r .  At f ixed i n t e r v a l s  n e a r  the evapora~on"  

s u r f a c e  we s t r e t c h e d  thin nylon th reads  to which we 
a t tached 10 c o p p e r - c o n s t a n t a n  m i c r o t h e r m o c o u p l e s .  
In the vacuum c h a m b e r  we in s t a l l ed  a spec i a l  m i c r o -  
m e t e r s c r e w  dev ice  by means  of which a c o p p e r - c o n -  
s tantan t h e r m o c o u p l e  could be d i sp laced  along the n o r -  
mal  to the l iquid su r f ace .  By means  of this moveab l e  
m i c r o t h e r m o c o u p l e  we m e a s u r e d  the t e m p e r a t u r e  o f  
the l iquid s u r f a c e  and the t e m p e r a t u r e  of a thin l aye r  
of v a p o r - a i r  m i x t u r e  at the phase  i n t e r f ace .  

The fo l lowing i n s t r u m e n t s  w e r e  included in the 
t e m p e r a t u r e  m e a s u r i n g  c i rcu i t :  l o w - r e s i s t a n c e  po-  
t e n t i o m e t e r ,  m i r r o r  g a l v a n o m e t e r ,  t h e r m o c o u p l e  

switch,  Dewar  v e s s e l  with a t h e r m o m e t e r  fo r  the cold 
junct ion of the t h e r m o c o u p l e s ,  e tc .  

The r e q u i r e d  working  p r e s s u r e  in the c h a m b e r  was 
kept at  a g iven l eve l  by means  of a vacuum pump and 

r egu la t ed  by a need le  va lve .  The total  p r e s s u r e  was 
m e a s u r e d  with a m e r c u r y  U - m a n o m e t e r .  

The outs ide  of the v e s s e l  containing the l iquid was 
wel l  insula ted ,  so that  t h e r e  w e r e  p r a c t i c a l l y  no hea t  
l o s s e s .  

The r a t e  of evapo ra t i on  was  d e t e r m i n e d  as the m a s s  
of l iquid  Am evapora t ing  f r o m  unit su r f ace  in unit  t i m e  

] -= h m / F  ,c. (1) 

The amount  of hea t  r e l e a s e d  by the e l e c t r i c  h e a t e r  
is  g iven  by 

qh = IU/F. (2) 

In the absence  of an i n t e rna l  hea t  su r f ace  in the l iquid 
the amount  of hea t  needed  fo r  evapora t ion  was suppl ied 
by a f low of hea ted  noncondensing gas in which c a s e  

the evapo ra t i on  p r o c e s s  was  adiabat ic .  
The p r e s e n c e  of a t e m p e r a t u r e  d i f f e rence  r e s u l t s  

in the  t r a n s f e r  of heat  f r o m  the gas  to the l iquid s u r -  
face .  The amount  of hea t  expended on evapo ra t i ng  the 
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Fig. 1. Intensity of evaporation of liquid j (kg/m 2, see) 
as a function of the total pressure P (N/m2): a) for 

water, b) ethanol, c) carbon tetraehloride. 
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l iquid was  d e t e r m i n e d  f r o m  the  e v a p o r a t i o n  in tens i ty ,  
i . e . ,  

qo = jr .  (3) 

The r e s u l t a n t  r a d i a n t  hea t  f lux was  d e t e r m i n e d  f r o m  
the S te fan -Bo l t zmann  equat ion on the  a s s u m p t i o n  that  
the  r ad i a t i on  coe f f i c i en t s  of the  m a t e r i a l s  p a r t i c i p a t i n g  
in r a d i a t i v e  hea t  t r a n s f e r  a r e  known (g l a s s - l i qu id )  

qrad---- Cr [ ( T w / l O 0 ) "  - -  (Ts ,/I00)4], (4) 

whe re  

---- 5 ,673 / (1 / e t  "4- l/e~ --'~t). , C~ 
(Xcon 
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Fig .  2. Convec t ive  hea t  t r a n s f e r  coef f ic ien t  a c ( W /  
/ m  2. deg) as  a funct ion of the to ta l  p r e s s u r e  P (N/  
/ m  2) f o r  ad i aba t i c  ( lower  curve)  and nonad iaba t i c  
(upper  curve)  e v a p o r a t i o n  (qh = 1285 W/m2):  
a) fo r  w a t e r ,  b) e thanol ,  c) ca rbon  t e t r a c h l o r i d e .  

The amount  of hea t  t r a n s f e r r e d  to  the  l iquid  by  con-  
vec t ion  and conduct ion  was  c a l c u l a t e d  f r o m  the ex -  
p r e s s i o n  

q con ~- qo - -  qrad, (5) 

the convec t ive  hea t  t r a n s f e r  coef f ic ien t  was  obta ined  
f r o m  the equat ion 

a con = q c o n / ( T m  - -  Ts  :), (6) 

and the  r a d i a t i v e  h e a t  t r a n s f e r  coef f i c ien t  f r o m  

arad = qradl(Tw - - T s  ). (7) 

It fo l lows f r o m  an a n a l y s i s  of the hea t  ba l anc e  tha t  
the e x p e r i m e n t a l  condi t ions  in fac t  c o r r e s p o n d e d  to the  
ad iaba t i c  e v a p o r a t i o n  r e g i m e .  In the  c a s e  of non- 

ad i aba t i c  evapo ra t i on  the  l iquid  was  hea t ed  to a c e r -  
ta in  t e m p e r a t u r e  by  an i n t e r n a l  hea t  sou rce ,  the t e m -  
p e r a t u r e  of the  l iquid be ing  g r e a t e r  than  the  ambien t  
t e m p e r a t u r e .  In the  g e n e r a l  c a se  the  amount  of hea t  
qh r e l e a s e d  by the e l e c t r i c  h e a t e r  was  expended on 
evapora t ing  the l iquid (jr),  but  in p a r t  was a l so  t r a n s -  
f e r r e d  by conduction,  convect ion,  and r ad i a t i on  to 
the  a mb ie n t  med ium.  

The amount  of hea t  d i s s i p a t e d  in the  ambien t  m e -  
d ium by  conduct ion and convec t ion  was  d e t e r m i n e d  
f r o m  the hea t  ba l ance  

qcon= q h - -  qo - -  qrad - -  qt, (8) 

whe re  qt = - X i ( 0 T i / 0 h )  a r e  the  hea t  l o s s e s  to the  
ambien t  m e d i u m  th rough  the t h e r m a l  insu la t ion .  

At ambien t  p r e s s u r e s  l o w e r  than 7" 10 3 N / m  2 (for 
the  s a m e  hea t  f lux qh = 1660 W / m  2) the  t e m p e r a t u r e  
of the  l iquid  du r ing  the e v a p o r a t i o n  p r o c e s s  was  lower  
than the a m b i e n t  t e m p e r a t u r e .  In th i s  c a s e  e v a p o r -  
a t ion p r o c e e d s  not only on account  of the  h e a t  r e l e a s e d  
by the i n t e r n a l  s o u r c e  but  a l so  on account  of the hea t  
t r a n s f e r r e d  by  hea t  exchange with the  a mb ien t  med ium.  
The hea t  t r a n s f e r  be tween  the e v a p o r a t i o n  su r f ace  and 
the ambien t  m e d i u m  was c a l c u l a t e d  f r o m  the equat ion 

<:+con = ( q o - - q h - - q r a d ) / ( T m  - -  T s  ). (9) 

We wi l l  now c o n s i d e r  the  e x p e r i m e n t a l  r e s u l t s .  
It i s  c l e a r  f r o m  Fig .  1 that  with d e c r e a s e  in the 

to ta l  p r e s s u r e  the  evapora t ion  in t ens i ty  i n c r e a s e s .  
The na tu r e  of the  c u r v e s  fo r  the  l iquids  i nves t i ga t ed  
i s  the  same,  j = f (P)  v a r y i n g  acco rd ing  to a power  
law of the  type  j = a P  n + b. 

The r e l a t i o n  be tween  the spec i f i c  convect ive  hea t  
flux and the  to ta l  a m b i e n t  p r e s s u r e  i s  governed  by a 
s i m i l a r  law. 

The e x p e r i m e n t a l  da ta  (Fig .  2) show that  fo r  ad i -  
aba t i c  e v a p o r a t i o n  the  i n t ens i t y  of convec t ive  hea t  
t r a n s f e r  a c o  n d e c r e a s e s  with d e c r e a s e  in to ta l  p r e s -  
su re .  F o r  the  i n v e s t i g a t e d  lic~uids in  the  p r e s s u r e  
r ange  P = 1" 10 ~ - 1" 10 3 N / m  ~ the va lues  of a c o  n a l -  
mos t  co inc ide .  

Cons ide r ing  the v a r i a t i o n  of a e o  n = f ( P )  (P > 6 .6 .  
�9 10 3 H / m  2) f o r  nonad iaba t i c  evapo ra t i on  of a l iquid with 
an i n t e r n a l  hea t  s o u r c e  (upper curve) ,  we see  that  with 
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Fig .  3. T e m p e r a t u r e  d i s t r i b u t i o n  n e a r  the s u r f a c e  of w a t e r  fo r  ad i aba t i c  (1 - - fo r  
1.105 N / m  2, 2--2.66.104;  3--1.33.104;  4--5.32.103;  5--1.33.103)  and n o n a d i a -  
ba t ic  (1--1.105 N / m  2, 2--3.99.104;  4 - - 6 . 6 5 .  103; 5--2.66.103;  6--1.33.103) b ) e v a -  

p o r a t i o n  in a r a r e f i e d  gas  me d ium.  A b s c i s s a s - - y  in m m .  
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d e c r e a s e  in total  p r e s s u r e  aeon  i n c r e a s e s .  In non-  
adiabat ic  evapora t ion  of a l iquid with an  i n t e r n a l  heat  
source  pa r t  of the heat  r e l e a s e d  by the source  is  ex-  
pended on phase t r a n s f o r m a t i o n ,  while pa r t  i s  d i s -  
s ipated in the ambien t  med ium.  In th is  case  with fall  
in  total  ambien t  p r e s s u r e  the f r ac t i on  of the heat  ex-  
pended on the phase  t r a n s i t i o n  i n c r e a s e s .  Then the 
vapor  flow, act ing in  the same  d i r ec t ion  as the heat  
flow, in tens i f i e s  the convect ive  heat  flux component .  
Other things being equal,  with d e c r e a s e  in p r e s s u r e  
the t e m p e r a t u r e  head dec rea se s ,  which leads  to an 
i n c r e a s e  in C~co n in accordance  with Newton 's  law. 

Thus, the convect ive heat  t r a n s f e r  coeff ic ient  of 
the l iquid depends on the total  p r e s s u r e ,  l iquid  t e m -  
pe ra tu re ,  d i r ec t ion  of heat  flow, t e m p e r a t u r e  head, 
etc. 

F igure  3 shows the t e m p e r a t u r e  d i s t r ibu t ion  n e a r  
the evapora t ion  sur face .  The or ig in  is  located on that  
surface .  Along the axis  of a b s c i s s a s  we have plotted 
the d i s tance  f rom the evapora t ion  sur face  into the 
ambien t  med ium y (in ram), along the ord ina te  axis 
the absolute  t e m p e r a t u r e .  The cu rves  in Fig.  3a co r -  
respond to ad iabat ic  evaporat ion,  those in Fig.  3b to 
nonadiabat ic  evapora t ion  of water  with an i n t e r n a l  heat  
source  of constant  power  (qh = 1285 W/m2). 

As follows f rom these  m e a s u r e m e n t s ,  the lowest  
t e m p e r a t u r e  is  es tab l i shed  at the evapora t ion  sur face ,  
while the t e m p e r a t u r e  f ield n e a r  that  su r face  (along 
the n o r m a l  to it) g radua l ly  approaches  the t e m p e r a t u r e  
of the ambient  medium,  except for  a thin l aye r  i m-  
media te ly  a d j a c e n t  to the evapora t ion  sur face .  In this  
l aye r  the t e m p e r a t u r e  of the v a p o r - a i r  med ium changes 
abrupt ly  (with a jump) as may  be seen f rom the graph.  
The th ickness  of the l aye r  and the magni tude  of the 
jump depend on the ambien t  p r e s s u r e .  Fo r  example ,  
at P = 2.66" 104 N / m  2 the change in t e m p e r a t u r e  at a 
d i s tance  of 1 m m  f rom the evapora t ion  sur face  is 
equal to 1.8 ~ K; subsequen t ly  the t e m p e r a t u r e  curve  
rap id ly  ad jus t s  to the t e m p e r a t u r e  of the med ium.  
With d e c r e a s e  in p r e s s u r e  the th i ckness  of the l a y e r  
in which a sharp  t e m p e r a t u r e  change is  obse rved  and 
the t e m p e r a t u r e  jump i n c r e a s e :  at P = 1.33.103 N/m 2 
the t e m p e r a t u r e  change at a d i s tance  of 1 m m  f rom the 
evapora t ion  sur face  is  a l r eady  3 .5  ~ K, and the ad jus t -  
ment  of the t e m p e r a t u r e  to the t e m p e r a t u r e  of the m e -  
dium i s  ve ry  smooth.  Fo r  compar i son ,  the f igure  also 
shows the t e m p e r a t u r e  d i s t r i bu t ion  n e a r  the evapora -  
t ion sur face  at a tmosphe r i c  p r e s s u r e  (curve 1, Fig.  
3a). 

It i s  a c h a r a c t e r i s t i c  fea tu re  of the t e m p e r a t u r e  
f ield for  nonadiabat ic  evapora t ion  (Fig. 3b) that  with 
dec rease  in total  p r e s s u r e  the t e m p e r a t u r e  jump 
close to the evapora t ion  sur face  d e c r e a s e s .  At a 
heat  flux q.h = 1285 W / m  2 and a total  p r e s s u r e  of 6 .5.  
�9 103 N / m  2, the re  is  no t e m p e r a t u r e  jump at the phase 
interface~ 

At lower  ambien t  p r e s s u r e s  it is  n e c e s s a r y  to i n -  
c rease  the power  of the i n t e r n a l  heat  source  in o r de r  
to keep the sur face  t e m p e r a t u r e  of the l iquid above 
the t e m p e r a t u r e  of the ambien t  med ium.  F o r  the 
above -men t ioned  hea t  flux the su r face  t e m p e r a t u r e  l i e s  
below the ambien t  t e m p e r a t u r e  and heat  is  supplied to 

the evapora t ion  sur face  both f r o m  the i n t e r n a l  heat  
source  and f r o m  the v a p o r - g a s  med ium.  Accordingly ,  
the na tu re  of the t e m p e r a t u r e  f ield d i f fers  f rom the 
case  of ad iabat ic  evapora t ion .  

In our  case,  fo r  ad iaba t ic  evapora t ion ,  when t h e r m a l  
energy  is  supplied to the evapora t ion  sur face  f rom the 
ambien t  med ium which i s  at cons tan t  t e m p e r a t u r e ,  with 
d e c r e a s e  in total  p r e s s u r e  the ex te rna l  r e s i s t a n c e  to 
vapor  m a s s  t r a n s f e r  d e c r e a s e s ,  and the ra te  of evap- 
ora t ion  i n c r e a s e s  sharp ly .  In  this  case  the t e m p e r a -  
t u r e  of the l iquid  fa l l s ,  and consequent ly  the t e m p e r -  
a ture  head i n c r e a s e s ,  which, in i t s  tu rn ,  causes  an 
i n c r e a s e  in  the conduct ive component  of the heat  flux. 
The d i r e c t i on  and in t ens i ty  of the heat  f luxes in the 
l iquid and gas phases  depend on the r e l a t ion  between 
the t e m p e r a t u r e s  of the l iquid,  the phase in te r face ,  and 
the v a p o r - g a s  med ium.  Depending on the change in  
the t e m p e r a t u r e  of the l iquid sur face  and the vapo r -gas  
mix tu re  the heat  flow due to convect ive heat  t r a n s -  
fe r  is  d i rec ted  e i ther  f r o m  the v a p o r - g a s  med ium to the 
l iquid ( T m  > T s) or f rom the l iquid to the v a p o r - g a s  
m e d i u m  (T s > Tm).  When T s = T m the re  is  no con- 
vect ive  hea t  t r a n s f e r ,  but  some t h e r m a l  energy  is  
t r a n s p o r t e d  by convect ive  m a s s  t r a n s f e r ;  in this  case 
the r a t e  of evapora t ion  i s  ma in t a ined  by the i n t e r n a l  
hea t  source  and r ad i a t i ve  heat  t r a n s f e r .  

The ra te  of evapora t ion  depends on the ra t io  of the 
n u m b e r  of l iquid mo lecu l e s  escaping f rom the sur face  
to the n u m b e r  of vapor  mo lecu l e s  condensed on it. The 
vapor  mo lecu l e s  pe ne t r a t e  into the gaseous  medium as 
a r e s u l t  of d i f fus ion and convect ion.  With dec rea se  in 
the p r e s s u r e  of the uncondensed  gas above the l iquid 
sur face  the r e s i s t a n c e  of the ex te rna l  med ium fal ls  
and mo lecu l e s  of l iquid  vapor  pene t r a t e  m o r e  rapidly  
into the r a r e f i e d  space.  Consequent ly,  the lower  the 
p r e s s u r e  of the v a p o r - a i r  mix ture ,  the m o r e  in tense  
will  be the flow of vapor  through the l aye r  of non-  
condens ing  gas .  Since a t  p r e s s u r e s  of the v a p o r - a i r  
m i x t u r e  co r r e spond ing  to the v i scous  r e g i m e  of gas 
flow the r e m o v a l  of vapor  molecu les  f rom the vapor  
of the l iquid lags  behind the i r  ra te  of format ion ,  the 
vapor  concen t ra t ion  in  a th in  l a y e r  n e a r  the evapora -  
t ion sur face  i n c r e a s e s .  In accordance  with the kinet ic  
theo ry  the d i s t u r ba nc e  of t h e r m o d y n a m i c  equ i l ib r ium 
between a l iquid  and i ts  vapor  is assoc ia ted  with the 
fo rma t ion  at the phase  in t e r f ace  of a pa r t i a l  p r e s -  
su re  and t e m p e r a t u r e  jump.  The l a t t e r  i s  c l ea r ly  
v i s ib le  in Fig.  3. 

Thus, the p r e s e n c e  of a cons ide rab le  t e m p e r a t u r e  
g rad ien t  and p r e s s u r e  gradient ,  toge ther  with the 
t r a n s v e r s e  flow of vapor  n e a r  the sur face  of a l iquid 
evapora t ing  into a r a r e f i e d  medium,  causes  molec -  
u l a r  mot ion  of the v a p o r - a i r  m i x t u r e  nea r  the liquid 
sur face .  Stefan has  obtained a c o r r e c t i o n  for  the i n -  
f luence  of m o l e c u l a r  mot ion  on evapora t ion  in t ens i ty  
which is p ropor t iona l  to the ra t io  of the b a r o m e t r i c  
p r e s s u r e  to the pa r t i a l  p r e s s u r e  of a i r .  Since dur ing  
the evapora t ion  of l iquids  u n d e r  condi t ions  of f ree  con-  
vect ion,  convect ive  c u r r e n t s  due to the vapor  flow are  
a lso  formed,  these  convect ive  c u r r e n t s ,  as i t  were,  
a s s i s t  the m o v e m e n t  of molecu les  escaping f rom the 
l iquid su r f a c e  into the a m b i e n t  med ium.  T h e r e f o r e  
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Stefan 's  fo rmula  gives  cons ide rab le  d i s c r epan c i e s  as 
compared  with our exper iment .  

NOTATION 

j is  the evapora t ion  ra te ,  k g / m  2. sec; r is  the spe-  
cific heat  of phase t r ans i t i on ;  e 1 and e 2 a re  the r a d i a -  
t ive power  of l iquid and glass,  r e spec t ive ly ;  T m, Ts, 
and T w a r e  the absolute  t e m p e r a t u r e  of medium,  l iquid  
surface,  and wall  of vacuum chamber ,  r espec t ive ly ;  
X i i s  the heat  conduct iv i ty  of insu la t ing  ma te r i a l ,  C r 
i s  the reduced e m i s s i v i t y  of sys tem,  W / m  2. deg 4. 
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