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This paper describes the apparatus, the experimental procedure, and 
the calculation of the characteristics of convective heat and mass 
transfer in the nonadiabatic evap oration of volatile liquids into a 
boundary layer from a flat porous plate situated longitudinally in a 
turbulent flow of air. 

The change f rom liquid to gas is a fea ture  of sev-  
e ra l  widely employed proCesses  and appara tuses  in 
the chemical  indus t ry .  An ana lys i s  of the local  heat 
(enthalpy) and m a s s  flows in the genera l  hydrodynamics  

field is v e r y  compl ica ted  even in the s imples t  ease 
of adiabatic  evapora t ion  of water  []], In the sc ient i f ic  
l i t e r a tu re  at p r e s e n t  there  are seve ra l  con t rove r s i a l ,  
and some t imes  quite cont radic tory ,  views on the 
effect of mass  t r a n s f e r  on heat  t r ans f e r  [2, 3]. There  
is no eff icient  and r e l i ab l e  method of de t e rmin ing  the 
convective heat t r a n s f e r  coefficient  when mass  t r a n s -  
fer is involved. 

Exper imenta l  inves t iga t ions  [4, 5] have been based 
on the assumpt ion  of the adiabatic  na ture  of the pro~ 
t e s s ,  i . e . ,  it is a s sumed  that all the heat supplied 
f rom outside by convect ion is used up on the phase 
change and is r e t u r n e d  to the boundary layer  with the 
enthalpy of the vapor .  It is well  known, hewever~ 
how difficult  it  is in expe r imen t s  to secure  stable 
and reproduc ib le  evapora t ion  condit ions,  These dif~ 
f icul t ies  are i n c r e a s e d  in the ease of volat i le  l iquids 
with low heats  of t r ans fo rmat ion~  Here we find that 
the flow ra te  of evapora ted  l iquid depends ve ry  great ly  
on va r ious  kinds of noneonvect ive effects ,  and on the 
in te rna l  s t ruc tu re  and phys icochemica l  p rope r t i e s  of 
the porous  pe rmeab le  ma t e r i a l .  In our expe r imen t s  
on the evapora t ion  of acetone on p e r m e a b l e  meta l  
p la tes  (Cr23Ni18 s tee l  with a voidage of 40-43%) we 
found an appreciable  difference in the t empe ra tu r e  
d i s t r ibu t ion  according to di f ferent  m e a s u r e m e n t s  of 
the plate .  The inhomogenei ty  of the t empe ra tu r e  f ield 

can be a t t r ibu ted  to the s t rong  effect of the s t r uc tu r e  of 
porous  m a t e r i a l  on the i n t e rna l  flow of l iquid and vapor .  

For  an incoming  flux with the same p a r a m e t e r s  
the equ i l i b r ium t e m p e r a t u r e  of adiabat ic  evapora t ion  
of volat i le  l iquids  is lower than that of water .  Hence, 
the t e m p e r a t u r e  of the wall  and the med ium close to 
it can be lower than the "dew point" for water  vapor ,  
which is a lmos t  always p r e s e n t  in the a i r .  Then in 
the b o u n d a r y - l a y e r  reg ion  adjacent  to the phase i n t e r -  
face bulk and surface  condensat ion  begins  and is  a c -  
companied by addit ional heat r e l e a s e .  In our e x p e r i -  
ments  ( ca r r i ed  out in s u m m e r ,  when the absolute 
moi s tu re  content  of the air  is ve ry  high), we v i sua l ly  
observed  abundant  p rec ip i t a t i on  of water  on the s u r -  
face of the plate in the air  flow. In some reg ions  

there were films of hoar frost or ice. Precipitation 
of water on the free surface of volatile liquids took 

place in the experiments in [6]. Hence, new com- 

ponents due to the heat of condensation, ice formation, 

and mixing of the liquid appear in the energy balance 

of the wall. This inevitably leads to a redistribution 

of the enthalpy and mass flows crossing the washed 

solid surface. 
The curve of saturated vapor pressure of volatile 

liquids is very steep. Hence, even small deviations 

from equilibrium temperature have a pronounced 

effect on the partial pressure and concentration in 

the evaporation zone. In such conditions the use of 
the relationships for adiabatic processes leads to 
appreciable errors in the generalization of the results 

of investigations of external convective heat and mass 

transfer. 
Local heat and mass transfer in the nonadiabatic 

evaporation of volatile liquids in a forced flow of 

heated gas was experimentally investigated in the 

following way. Liquids (ethyl alcohol, benzene, ace- 

tone), which had been thoroughly purified by double 

distillation and deaerated, were delivered from inside 

to the ex te rna l  surface  of a porous  plate .  The design 
of the exper imenta l  model e n s u r e d  that evapora t ion  
took place d i rec t ly  f rom the ex te rna l  surface  of the 
spec imen (without extens ion of the evapora t ion  bound-  
ary into the porous  body). The most  sui table homo-  
porous  m a t e r i a l  was found to be a layer  of s lag-co t ton  
spheru les  0 .3-0 .5  m m  in d i a m e t e r  [7]. Such a l ayer  
has a v e r y  homogeneous s t r uc t u r e  and can eas i ly  be 
reproduced,  Clogging of the pores  with l iquid i m -  
pur i t i e s  is eas i ly  r emoved  by mixing,  washing,  or 
r e p l a c e m e n t  of the used batches .  The spheru les  
were contained in a r e c t a ngu l a r  q u a r t z - g l a s s  holder  
divided into five compar tmen t s .  The sur face  of the 
l ayer  was leveled with a specia l  templa te  and its 
hor izonta l i ty  was checked with a sp i r i t  level .  We 
thus obtained a f ive - sec t ioned  porous  plate 70 m m  
wide, 12 m m  deep, with sec t ion  lengths 11 = 25 ram, 
l 2 = 3 4  ram, l 3 = 3 9  mm,  l ~ = 4 9  ram, l 5 = 5 4  m m i n  
the d i rec t ion  of the flow. The inves t iga ted  l iquid 
was fed through tubing into individual  connect ions  in 
the bottom of each sect ion.  Since each v e s s e l  was 
mounted on the p la t fo rm of a VTK-500 dial scale  the 
flow of evapora ted  l iquid was cont inuously recorded .  
A special  dra inage sys t em ensu red  the absence of 
a i r  bubbles  in the porous  ma t e r i a l .  

Evapora t ion  f rom the outer  sur face  was achieved 
by va r y i ng  the hydros ta t ic  head of the l iquid.  The 
m a t e r i a l  of the model did not allow us to conduct an 
expe r imen t  even with a m i n i m u m  extens ion  of the 
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Fig. 1. Diagram of working section of wind tunnel: 1) experimental  
plate; 2) Pitot-I>randtl tube; 3) MMN-0.5 mic romanomete r ;  4) t he rmo-  
meter ;  5) microthermocouple;  6) r e se rvo i r ;  7) VTK-500 balance; 
8) coordinator;  9) R-306 potentiometer;  10) galvanometer;  
A) ar rangement  of thermocouples for  measur ing wall t empera ture  

in each section of model. 
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Fig. 2. Mean and local heat t r ans f e r  as a function of 
a) K = r/CLAT; b} p a r a m e t e r  (1 - bT): 1} mean; 2} local; 

I) alcohol; II) benzene; III) acetone; IV) water  [5]. 
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evapora t ion  zone. When the top of the l ayer  dr ied  
out the sur face  of the spec imen  rap id ly  d i s in tegra ted  
and the spheru les  were c a r r i e d  off in the flow. When 
the head was inc reased ,  the s t r e a m s  of f i l t e r ing  l iquid 
washed away the surface  of the model and made it 
uneven.  We c a r r i e d  out specia l  expe r imen t s  to d e t e r -  
mine  the range  of opt imum hydros ta t ic  heads for 
which a change of level  in the ves se l  had no effect on 
the flow ra te  of the evapora ted  l iquid.  The indica tor  
of the balance made it poss ib le  to fix p r ec i s e ly  and 
ma in ta in  the r equ i r ed  head. Through windows in the 
side wails  of the working sect ion we could v i sua l ly  
observe the state of the sur face .  

Nonconveetive flows of heat to the model walls  
were reduced by put t ing the working body in a water  
jacket .  A tu rbu len t  boundary  layer  was produced at 
the v e r y  s t a r t  of the active m a s s - t r a n s f e r  surface  
by the a t tachment  of a rough p ro jec t ion  (t = 0.5 m) 
to the front  edge of the porous  plate .  

The t e m p e r a t u r e  at 25 points  on the porous  plate 
and the t e m p e r a t u r e  of the side walls  of the model 
and the working  sect ion of the wind tunnel  were r e -  
corded by eoppe r -cons t an tan  the rmocouples .  The i r  
t he rma l  emf was m e a s u r e d  by an R-306 l o w - r e s i s -  
tance po ten t iomete r .  The hot junct ions  of the t h e r m o -  
couples were mounted on a wooden post  (0.5 x 2 x 
x 12 mm),  f i t ted to a special  base ,  in each sect ion 
(Fig. 1). A eoppe r -eons t an tan  mie ro the rmoeouple  
0.05 mm in d i ame te r ,  but t -welded by the capaci tor  
d ischarge  method, without the head, was used  to 
moni to r  the sur face  t e m p e r a t u r e  on the flow side.  

During the expe r imen t s  we m e a s u r e d  the veloci ty  
of the incoming  flow, the d i s t r ibu t ion  of s ta t ic  p r e s -  
su re  along the model ,  and the t e m p e r a t u r e  of the t h e r -  
m o m e t e r s  wetted by the invest igated l iquid and by 
water .  For  d i f ferent  r e g i m e s  we r eco rded  the t e m -  
p e r a t u r e  and ve loc i ty  d i s t r ibu t ions  in the boundary  
l aye r .  

The inves t iga t ions  were  c a r r i e d  out in a c losed-  
c i r cu i t  con t inuous-ac t ion  wind tunnel  with a d o s e d  
working sec t ion  [5]. A cons tant  concent ra t ion  of the 
vola t i le  subs tance  in the c i r cu i t  was s ecu red  by p r o -  
viding for pa r t i a l  a ir  exchange with the a tmosphere .  
The flow veloc i ty  was regu la ted  by a s y s t e m  of gates 
and sl ide va lves .  The a i r  was heated to the r equ i r ed  
t e m p e r a t u r e  by an e l ec t r i c  hea ter ,  two sect ions  of 
which were  connected to the automatic  control  sys tem,  
which ma in ta ined  the p r e s c r i b e d  t e m p e r a t u r e  to wi th-  
in i 0.2" K. 

The expe r imen t s  with each l iquid involved three  
hydrodynamic  and three  t he rma l  r e g i m e s :  Redo v a r i e d  
f rom 2.83 �9 105-4.23 �9 105 and the t e m p e r a t u r e  T~ of 
the incoming  flow f r o m  323-353 ~ K. 

The convective heat  t r a n s f e r  coeff ic ient  c~ u was 
calcula ted f rom the hea t -ba lance  equation 

m"r • clrri"(T1 - - r ~ ) - - q  r +_ 2 q ,  (1) 
a~ = T~  - -  T ~ - -  ' 

where fn"r  is the amount  of heat  spent  on evapora t ion  
of a specif ic  flow of l iquid;  Clfi~"(T 1 - T w) is  the 
amount  of heat  spent  on heat ing the l iquid f rom the 
t empe ra tu r e  at the en t r ance  to the evapora t ion  t e rn -  

p e r a t u r e ;  qr  is the rad ian t  heat flux; EqT is the sum 
of the heat losses  and leakage of heat through the wall 
of the model~ 

--/ /  

�9 o.6" 0.  7 0.8 0.9 

Fig.  3. 

~0 f/ 

~ x  

/2 t~K 

Mean and local  m a s s  t r a n s f e r  as a funct ion of 
K = r/CLAT: 1) mean ;  2) local ;  I) alcohol;  II) benzene ;  

III) acetone ; IV) water  [10]. 

The rad ian t  component  was reduced  by water  cool -  
ing of the walls  of the working sect ion of the wind 
tunnel .  The t e mpe r a t u r e  of the sect ion walls  even in 
the hottest  condit ions did not exceed the plate t e m -  
pe ra tu r e  by more  than 4 - 6  ~ K, and the value of qr 
was not more  than 1% of the total  he at flux. 

A ca lcula t ion  of EqT showed that the low the rmal  
conductivi ty of the l aye r  m a t e r i a l  and holder  of the 
model and the use of the water  jacket  reduced  the 
nonconvect ive components  to a m i n i m u m :  0 .8 -1 .5~c  
of the total heat flux. 

The t empera tu re  of the evapora t ion  sur face  for 
all the analyzed r e g i m e s  was above the dew point  of 
water  vapor  in the air  flow and, hence,  in  the c a l -  
culat ion of ~u the rma l  effects due to condensat ion of 
water  vapor  were ignored.  The local  va lues  of the 
specif ic  mass  flow and the m a s s  t r a n s f e r  coeff icient  
was de te rmined  f rom the re l a t ionsh ips  

rn~ (2) 

a z = .  rn~ . (3)  

glw - -  Zoo 

The concent ra t ion  of vapor  on the sur face  was d e t e r -  
f rom the equation of state on the assumpt ion  that the 
evapora t ing  l iquid is in the rmodynamic  equ i l i b r ium 
with i ts  vapor .  The vapor  concen t ra t ion  in the i n -  
coming flow was neglected in view of its s m a l l n e s s .  
In the ca lcula t ion  of the va lues  of the s i m i l a r i t y  c r i t -  
e r i a  the t e mpe r a t u r e  %0 was taken as a c h a r a c t e r -  
i s t ic  t e m p e r a t u r e ,  and the l ine ar d imens ion  was me a s -  
u red  f rom the s t a r t  of the working sec t ion  to the end 
of the averaging zone [8]. 

T r e a t m e n t  of the expe r imen ta l  data showed that 
for all  t h e r ma l  and hydrodynamic  r e g i m e s  there  was 
a steady reduc t ion  of the heat  and m a s s  t r a n s f e r  co -  
eff ic ients  along the plate ,  with the mos t  rap id  r e -  
duct ion oc c u r r i ng  in the f ront  pa r t  of the porous  pla te .  
In the same t e m p e r a t u r e  condit ions all the l iquids  
showed s t r a t i f i ca t ion  of the expe r imen ta l  Re n u m b e r s ,  
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and in the case  of the s a m e  He n u m b e r s  they showed 
s t r a t i f i c a t i o n  as  r e g a r d s  t e m p e r a t u r e  of the a i r  f low. 
The tab le  g ives  the a p p r o x i m a t i n g  f o r m u l a s .  The 
index of the power  of the Re number  and the c o e f f i c i -  
en ts  in the f o r m u l a s  we re  obta ined  by apply ing  the 
method  of l e a s t  s q u a r e s  to the r e s u l t s .  

The table  shows that  an i n c r e a s e  in the r a t e  of 
t r a n s v e r s e  m a s s  flow has  d i f fe ren t  e f fec t s  on the 
heat  and m a s s  t r a n s f e r .  With i n c r e a s e  in the t r a n s -  
v e r s e  flow the m a s s  t r a n s f e r  is  i n c r e a s e d ,  .whereas 
the hea t  t r a n s f e r  is  r educed .  The s t r a t i f i c a t i o n  of 
the e x p e r i m e n t a l  da t a  depends  not only on the r e g i m e  
p a r a m e t e r s  but a l so  on the p h y s i c a l  p r o p e r t i e s  of 
the e v a p o r a t i n g  l iquid.  Hence,  in the subsequen t  
t r e a t m e n t  we u s e d  the c r i t e r i o n  K = r / (ClAT),  which 
t akes  into account  the phase  change,  the p h y s i c a l  
p r o p e r t i e s  of the t r a n s p o r t e d  subs tance ,  and the t e m -  
p e r a t u r e  condi t ions .  

The e x p e r i m e n t a l  hea t  t r a n s f e r  da ta  l ie  on the 
a pp rox ima t ing  s t r a i g h t  l ine with a s p r e a d  of not m o r e  
than 9:4% (Fig .  2a) and a r e  given by the fo l lowing 
e x p r e s s i o n s :  

Nuq~ = 0.01 Re ~ K ~ 

Nua:0.0118 Re ",8 K ~ (4) 

F i g u r e  2a a l so  g ives  the r e s u l t s  of an inves t iga t ion  
of the loca l  hea t  t r a n s f e r  on e v a p o r a t i o n  of w a t e r  
f r o m  the su r f ace  of a c a p i l l a r y - p o r o u s  p la te  [5]. 

A fac t  which m e r i t s  a t tent ion is  that  the obta ined  
r e l a t i o n s h i p s  (4) can be u sed  for  ca l cu l a t i ons  of the 
e v a p o r a t i o n  of l iqu ids  o the r  than those  used .  However ,  
(4) cannot  be e x t r a p o l a t e d  for  the ca l cu la t ion  of pu re  
hea t  t r a n s f e r .  This  fau l t  can  be o v e r c o m e  by i n t r o -  
ducing a r e l a t i v e  m a s s  t r a n s f e r  p a r a m e t e r  which 
t akes  into account  the e f fec t  of the t r a n s v e r s e  flow 
of subs tance  in the t u rbu len t  boundary  l a y e r  (Fig .  ?b): 

Then 

Cpn P w U~, 
br= cp~op~u~oSto " 

Nuqx = 0.0297Re ~ (1-- b09, 
Nuq =0.0331 Re ~ (l - -  br) a. (5) 

When b T = 0 Eqs.  (5) a r e  v e r y  s i m i l a r  to the  known 
e x p r e s s i o n s  fo r  hea t  t r a n s f e r  in the absence  of e v a p o -  
r a t i o n  [9]. 

The inves t iga t ion  and ca l cu la t ion  of the m a s s  t r a n s -  
fe r  p r o c e s s  showed that  the e x p e r i m e n t a l  da t a  a r e  
given by the a p p r o x i m a t i n g  r e l a t i o n s h i p s  (Fig .  3) 

Nu~ = 475 " l O'~Re~ K-~ ( PL ) ' 

where  P~ /P lw  is  a s i m p l e x  e x p r e s s i n g  the r a t i o  of 
the to ta l  p r e s s u r e  in the flow to the p a r t i a l  v a p o r  
p r e s s u r e  on the phase  i n t e r f a c e .  F i g u r e  3 a lso  shows 
r e s u l t s  of F e d o r o v ' s  m a s s  t r a n s f e r  i nves t iga t ions  
[10], Which we t r e a t e d  by the method d e s c r i b e d .  It 
is  obvious that  r e l a t i o n s h i p s  (6) can be r e c o m m e n d e d  
for  ca l cu la t ion  of the m a s s  t r a n s f e r  of d i f f e ren t  l iqu ids .  

NOTATION 

c~ u is  the convect ive  hea t  t r a n s f e r  coef f ic ien t ;  m"  
is  the spec i f i c  t r a n s v e r s e  flow of subs t ance ;  c is  the 
spec i f i c  heat ;  r is  the hea t  of phase  t r a n s i t i o n ;  T is  
the t e m p e r a t u r e ;  z is  the concen t r a t i on  of subs t ance ;  
(~m is the convect ive  m a s s  t r a n s f e r  coef f ic ien t ;  Re is  
the Reyno lds  numbe r ;  Nuq is  hea t  t r a n s f e r  N u s s e l t  
number ;  Nu m is  the m a s s  Cransfer  N usse l t  numbe r ;  
F is  the a r e a ;  ~ i s  t i m e .  S u b s c r i p t s :  :o s tands  fo r  
incoming  flow; w s tands  for  wal l ;  x s tands  for  loca l  
v alue s .  
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