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A theoretical analysis is presented for the process of heat and mass 
transfer in the case of a liquid evaporating from a capillary-porous 
body into an approaching gas stream. The method of the experimen- 
tal investigation into this process is described. The excellent agree- 
ment between the experimental and theoretical data makes it possible 
to use the resulting quantitative relationships to calculate the heat- 
transfer coefficients in the case of intermittent cooling. 

The p rob lems  of convect ive  heat  and m a s s  t r a n s f e r  
between a body and the ambient  medium a r e  usual ly  
solved on the bas i s  of concepts  re la t ing  to the boun- 
dary  l ayer ,  for  which a sys tem of t r anspor t  equations 
is der ived .  It is a ssumed in this  case  that the heat  
t r a n s f e r  between the sur face  of thebody andthe medium 
is  desc r ibed  by the s o - c a l l e d  law of convect ion a c c o r d -  
ing to which the densi ty  of the heat  flow q is d i rec t ly  
propor t ional  to the t e m p e r a t u r e  head At (At = tree d - 
- tsur).  The p ropo r t i ona l i t y f ac to r  is the hea t - t r ans fe r .  
coeff ic ient  aq .  The body- su r f ace  t e m p e r a t u r e  t in th is  
case  is defined as a function of the coordinate  x of the 
body in the d i rec t ion  of the gas flow (t 1 =f(x)) .  With 
this method of calculat ion,  the h e a t - t r a n s f e r  coef f i -  
c ient  aq  is independent of the the rmophys icM c h a r a c -  
t e r i s t i c s  of the body and of its d imens ions .  

A s imi l a r  method is used also for  the calcula t ion of 
the m a s s  t r a n s f e r ;  h e r e ,  analogously,  a m a s s - t r a n s f e r  
coeff ic ient  a m is introduced,  and this  quantity r e p r e -  
sents  the propor t iona l i ty  fac tor  between the densi ty  of 
the m a s s  flow j and the concentra t ion  d i f fe rence  A~ or 
the p r o p o r t i o n a l - p r e s s u r e  d i f fe rence  Ap.  

As demons t ra ted  by r e s e a r c h  [1], this method is 
fundamental ly  i n c o r r e c t  and may  be employed as a 
calcula t ional  p rocedure  only for  ce r t a in  special  cases  
of pure heat  t r a n s f e r .  A r igorous  s ta tement  of the 
p rob lem deal ing with the t r a n s f e r  of heat between a 
body and the ambient  medium must  be formula ted  as a 
conjugaey p rob lem ( t e m p e r a t u r e s  and heat  f lows a r e  
equal at the boundary of separa t ion  between the solid 
and the medium) in which the t r a n s f e r  of heat  within 
the body is d i r ec t ly  assoc ia ted  ~ i th  the t r a n s f e r  of 
heat  and m a s s  within the boundary l ayer  at the sur face  
of the body. 

The init ial  a t tempt  to use this approach in solving 
the p rob lem of the t r a n s f e r  of heat  between a mois t  
body and the flow of a heated gas is desc r ibed  in [2]. 
Here  it is quite na tura l  that a number  of s impl i f ica t ions  
and assumpt ions  w e r e  adopted. It was  assumed that 
the evapora t ion  of the l iquid takes  p lace  within the body, 
at a su r face  r emoved  f rom the sur face  of the body by a 
d is tance  4. The sur face  evaporat ion t e m p e r a t u r e  t e is 
a ssumed to be a constant  and equal to the t e m p e r a t u r e  
of the wet ,bulb  t h e r m o m e t e r  (te = tM). However ,  this 
las t  r e s t r i c t i o n  does not apply to the constant  quan-  

tity (tsur = const). It is then assumed that the l inear  
ve loc i t i es  of mot ion in the boundary layer  a re  constant 

(w x = const  = 5/8Wmed; Wy = const).  This  assumption 
was n e c e s s a r y  to solve the di f ferent ia l  equation of heat  
t r a n s f e r  for the boundary l ayer .  As a r e su l t ,  it was 
es tabl ished that the r e l a t i v e  coeff ic ient  of heat  t r a n s -  
fer  or ,  m o r e  exact ly,  the Nussel t  number ,  is a func-  
tion not only of the hydrodynamics  of the flow (the Re 
number) and its physical  c h a r a c t e r i s t i c s  (the Pr  num-  
ber) ,  but also of the thermophys icM prope r t i e s  of the 
body (the coeff ic ient  of t he rm a l  conductivity Xso [ of 
the body) and of the locat ion of the evaporat ion s u r -  
face 4. These  c h a r a c t e r i s t i c s  of the body a re  i n c o r -  
porated into the gene ra l i zed  a rgument  K: 

Hx ~ x  p~-o.~. (1) t( - ~ . . . .  

The loeal Nussel t  number  IqUx is thus a function of 
three  numbers :  

Nu x = f (Rex, Pr, K). (2) 

This is the bas ic  d i f fe rence  in the solution of the p rob-  
lem of heat  t r a n s f e r  between a body and the ambient  
medium,  as opposed to the genera l ly  accepted ca leu ta -  
tionM procedure  based on the law of convect ive heat  
t r ans fe r .  Despite the number  of s impl i f ica t ions ,  this 
method of solution y ie lds  f a i r ly  accura te  r e su l t s .  

Let  us dwell on this in somewhat  g r e a t e r  detai l .  
The d i f ferent ia l  equation of t r a n s f e r  in the boundary 
l ayer  for l aminar  s t r eaml in ing  of a f lat  plate has the 
f o r m  

w~ Ot(x'Y~) +wvOt(x'g) --a O~t(x'g~), (3) 
Ox Oy Of 

where  w x and Wy a r e  components  of the veloci ty  of 
motion along and ac ros s  the flow, r e spec t ive ly .  

Fo r  the caleula t ional  p rocedure  we wil l  a s sume  
that w x = w x = eonst  and Wy = Wy = const,  in which 
ease ,  as demons t ra ted  in [2], we will  have 

Nu x = a ~ x  = 

=  Pr001/  exp - -  - - - -  

Y ~  2 

where  Re x = WxX/V is the local  Reynolds number  for  
the averaged flow veloc i ty  w x in the boundary layer ;  



JOURNAL OF ENGINEERING PHYSICS 201 

i I f _ 1  wined I 

a ~  / '  I 
Q2 I 

1 a 
I 

0 / /.732 3 �9 

p /W'mod. i :TI 

5 

o . ,  . . . .  - t  - 

/ u 

0 t 2" 3 4 t u \ ]  Wmed 

Fig. 1. Pro files of longitudinal wx(a) and transversal wy(b) velocity when flat plate 

is in laminar  flow. 

Table 1 

The Quantity N(B) for Various Values of B 

B N (B) B N (B) B N (B) B N (B) 

1 
0.9912 
0.9825 
0.9653 

0 
0.01 
0.02 
0.04 

0.30 
0.40 
0.50 
0.60 

0.7565 
0.6852 
0.6188 
0.5570 

0.06 
0.08 
0.10 
0.20 

0.9478 
0.9307 
0.9139 
0.8327 

0.80 
1.00 
2.00 
5.00 

0.4469 
0.3538 
0,0891 
0.0001 

Table 2 

Theoret ical  Values of N as a Function of K and B 

N (K, B) 
1 

K K B=0  B = 0.04 B =0,08 B=0,2 B=0.4 B=0.6 B = I  

0 
0.1 
O. 125 
0.166 
0.200 
0.250 
O. 333 
O. 500 
0.68 
1,0 
1.25 
1,66 
2.5 
5.0 
10 

I0 
8 
6 
5 
4 
3 
2 

45 
1 

0.8 
0,6 
0,4 
0.2 
0.1 

1 
1.06 
1.08 
1.103 
1.104 
1.24 
1.16 
1.22 
1.26 
1.32 
1,36 
1.40 
1.44 
1.50 
1.53 

1 
1,06 
1.08 
1,10 
1.11 
1.111 
1,145 
1.20 
1.25 
1,325 
1,355 
1.40 
1,44 
1,51 
1.54 

1 
1.06 
1.08 
1 .1I  
1.11 
1,12 
1.17 
1.22 
1.28 
1.35 
1.39 
1.43 
1,48 
1,55 
1.58 

1 
1.075 
1 .10  
1,15 
1.12 
1.152 
1.19 
1.21 
1.32 
i .39 
1.45 
1.50 
1.56 
1.63 
1 ,69  

1 
1 .08  
1.11 
1,15 
1.16 
1,18 
1 ,23  
1,33 

1.50 
1 .56  
1.66 
1.70 
1.80 
1.86 

.11 
1 13 

.I8 
1,18 

.20 
1,27 

.38 
1 .49  
1.61 
1,69 
1.76 
1.88 
2.00 
2,09 

1 
1.13 
1.175 
1,24 
1,29 
1.30 
1,40 
1,57 
1.72 
1.94 
2.05 
2.22 
2.40 
2.62 
2.76 
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B = Wy/Wx(Rex -~ is a d i m e n s i o n l e s s  p a r a m e t e r  

c h a r a c t e r i z i n g  the t r a n s f e r  in the t r a n s v e r s e  d i r ec t ion .  

~(~'8/. 
Nt ==, 8)' a'7~..[ 
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. 

/ Y ' \  
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Fig .  2. N(K,B) v e r s u s  1/K. 

If we adopt the pa rabo l i c  law wx(Y) for  the veloci ty  
d i s t r ibu t ion  along the coord ina te  y, we have w x = 
= (5/8)Wine d, where  Wine d i s  the ve loc i ty  in the co re  
of the flow. The ave rage  value of Wy is  de t e rmined  
f rom Fig .  lb  f rom the magni tude  of the p a r a m e t e r  
(y/x)Re.  F o r  the ave r age  value of Wx/Wme d = 5/8 the 
quanti ty 6*(Wmed/VX) 1/2 = 1.73 (see Fig .  la ) .  This  
ave rage  value of y(Wmed/~X) 1/2 = 1.73 c o r r e s p o n d s  to 
(Wy/Wa)(WaX/V)l/2 = 0.2 (see Fig .  lb) .  Hence we have 

w u : ~ . m e / ~  r  pr = B = ~ V / R%Pr = 

=0.2.1.26.0.838 = 0.2i. (5) 

Here  i t  was  a s s u m e d  that  P r  = 0.7, which c o r r e s p o n d s  
to the values  of the P rand t l  numbe r s  for  a i r .  When 

B = 0.21, the e x p r e s s i o n  in the b r a c k e t s  of f o rmu la  (4) 
is equal to 0.84. Consequently,  fo r  a i r  (Pr  = 0.7) 

Nti x = ~ V - P ~ ] / ~  0.84 = O.al U ~ ,  (6) 

which is  v i r t ua l ly  coinc ident  with the e m p i r i c a l  f o r -  
mula  for  the local  ~qusselt number  Nu x in the case  of 
l a m i n a r  s t r e a m l i n i n g  of a f la t  p la te  

Nu~ = 0.30 I f  Re x (7) 

It fol lows f rom f o r m u l a  (4) that  with an i n c r e a s e  in 
the  p a r a m e t e r  B the Nusse l t  number  d i m i n i s h e s .  We 
wil l  denote the e x p r e s s i o n  in b r a c k e t s  by N(B): 

N u d g e -  _ 
N (B) -- i f  Pr 

= [exp ( - -  ~-~ B' ) - -  + K ~ - B  erfc ( +  B ) ] .  (8) 

The function N(B) is  shown for  va r ious  va lues  in Table  
1. We see f rom the tab le  that  when B -> 5 the quanti ty 
N(B) ts  ve ry  s m a l l  and, consequent ly ,  the Nu x number  
is  v i r t ua l ly  equal to ze ro .  F o r m u l a  (4) wi l l  a l so  be 
valid in the  case  of in jec t ion  into the boundary  l a y e r  

through the porous  su r face  of the body.  In th is  ca se ,  
the p a r a m e t e r  B i s  given by [3] 

where  w s is  the l i nea r  ve loc i ty  of in jec t ion  at  the body 
su r face ;  c 1 and c 2 a r e ,  r e s p e c t i v e l y ,  the spec i f ic  hea t  
capac i t i e s  of the flow and of the in jec ted  gas .  

With an i n c r e a s e  in the in jec t ion  veloci ty  w s we thus 
have an i n c r e a s e  in the p a r a m e t e r  B, as  a r e s u l t  of 
which the Nusse l t  number  d imin i shes  in acco rdance  
with fo rmu la  (4). This  is  expla ined  by the th ickening 
of the boundary  l a y e r ,  r e su l t i ng  in a change in the 
t e m p e r a t u r e  p rof i l e  in the boundary  l a y e r .  Some i n v e s -  
t i g a t o r s  use  f o r m u l a  (4) to ca lcu la te  the heat  t r a n s f e r  
in the evapora t ion  of a l iquid f rom porous  bod ies ,  a s -  
suming the p r o c e s s  of i n t e rmi t t an t  evapora t ion  to be 
analogous to the p r o c e s s  of gas  inject ion into the bound-  
a r y  l aye r .  As de mons t r a t e d  by the ca lcu la t ions ,  with 
an evapora t ion  in tens i ty  lower  than 25 k g / m  2 �9 hr ,  the 
l i nea r  r a t e  of evapora t ion  is independent  and has  no 
effect  on the magni tude  of the p a r a m e t e r  B [3]. M o r e -  
over ,  it  should be borne  in mind that  the  l inea r  r a t e  
of evapora t ion  (in t e r m s  of i ts  phys ica l  s ignif icance)  
is  not  the veloci ty  of m o l a r  mot ion,  but  c h a r a c t e r i z e s  
the diffusion of the vapor  in the  boundary  l aye r .  The 
inject ion ve loc i ty  w s and the l i n e a r  r a t e  of evapora t ion  
a r e  t he r e fo re  quant i t ies  which a r e  d i f fe ren t  in t he i r  
phys ica l  na tu re ,  although e x p r e s s e d  in the s a m e  uni t s .  

The quant i ta t ive  r e l a t i o n s h i p s  governing the hea t  
and m a s s  t r a n s f e r  in the ca se  of in ject ion into the  
boundary  l a y e r  cannot thus be used  to ana lyze  the 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  for  the  evapora t ion  
of a l iquid f r o m  a porous  body.  

In the case  of t r a n s p i r a t i o n  cooling,  as  in the ca se  
of dry ing ,  the evapora t ion  of the l iquid,  in the  m a j o r i t y  
of c a s e s  does  not take p lace  at the su r face ,  but at 
some depth ~ f r o m  the body su r face .  In the e v a p o r a -  
t ion zone (0, -4 )  we have evapora t ion  of the  l iquid,  
with the m o i s t u r e  being t r a n s p o r t e d  p r i m a r i l y  in the 
fo rm of vapor .  Unlike r e f e r e n c e  [2], the t e m p e r a t u r e  
p rof i l e  in the evapora t ion  zone i s  t h e r e f o r e  a s sumed  in 
the fo rm of the r e l a t ionsh ip  

t ( x ,g )=t~  + f (x ) {1 - - . exp[ - -D(g+~) l } ,  (10) 

where  f (x )  is  a function by means  of which we take into 
cons ide ra t ion  the va r i a t i on  in t e m p e r a t u r e  along the 
coord ina te  x; D is  a constant ;  t e is the evapora t ion  
t e m p e r a t u r e .  

The boundary  condit ions have the fo rm 

_~,  Ot(x, O) _ ;%olf(x)Dexp_O~ (11) 
ov 

or ,  us ing  f o r m u l a  (10), 

_~ .  at(x, O) = 
oy 

D 
= - -  ~, so l  [ t (X, O) 2.-- te] �9 , ( 1 2 )  

expD ~ - -  1 



0 

o
o

 
0 

~
.~

.~
 

~
~

 ~
'~

 

c
o

 
0 

~ 
i / 

%
 ~Y

 / 
- 

c~
 

V
 

0 0 cl
 

b3
 

CJ
.h

 



204 INZ HENERNO-FIZICHESKII ZHURNAL 

Table  3 

Experimental  Values of  K and N(K, B) for Sands Exhibiting Various 
Porosities (B = 0.2) 

~. l0 s H I K 
l 

N (K, B) N (o~, B) 
N (K, B) 
N (=, B) 

Porosity 42 % 

624 
835 

1000 
1240 
3760 

0.509 
0.681 
0.816 
1.01 
3 .07  

1.965 1,2745 
1.468 1,2353 
1.225 1,2051 
0.99 1,1695 
0.326 0.9948 

Porosity 38 % 

0.8327 1.53 
1,48 
1,447 
1,4 
1.138 

8 
6 
5 
4 
2 

444.25 
587.9 
721.9 
906.02 
1815.6 

0.363 
0.480 
0,589 
0.739 
1.482 

2.75 1.3003 
2.08 1,2811 
1,697 1.2488 
1,353 1.2252 
0,675 l , l O l l  

Porosity 36 % 

0.8327 1 .56  
1.538 
1.499 
1.47 
1.322 

8 
6 
5 
4 
2 

677.3 
914.6 

1076.05 
1335.5 
2781.1 

0,553 
0,746 
0,878 
1,09 
2.27 

,808 1.2633 
. 34 1.2211 

1,138 1.19025 
0,917 1.1694 
O, 44 1,0332 

Porosity 35 % 

0.8327 1,516 
1,465 
1,429 
1,404 
1,24 

771.2 
1010,6 
1199.7 
1488.9 
2872.3 

0,629 
0.825 
0,979 
1.215 
2.344 

1,589 
1,212 
1,021 
0,823 

10.427 

1.24882 
1.2058 
1.1695 
1.1308 
1.0281 

0,8327 1.499 
1,447 
1.404 
1,357 
1.234 
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where  ;tso 1 is  the t h e r m a l  conduct ivi ty  of the body in 
the evapora t ion  zone. Boundary  condit ion (2) is  thus 
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Fig .  4. P ro f i l e  of ve loc i ty  d i s t r i b u -  
t ion Wx(Y) in a i r  boundary  l aye r :  1) 
e x p e r i m e n t a l  points ;  2) t heo re t i ca l  

va lues .  

s i m i l a r  to the condit ion ci ted in r e f e r e n c e  [2], but 
the quanti ty H in th is  c a se  is  given by 

H =  ~,so~ D (13) 
[exp D ~ - -  1 ] 

The r e m a i n i n g  boundary  condi t ions r e m a i n  as  be fo re ,  
i . e . ,  when 

y = - - ~  t ( x , - - ~ ) = ~ = c o n s t .  (14) 

F o r  the given boundary  condi t ions  we obtain a solut ion 
for  the d i f f e ren t i a l  equation (3) that  is  analogous to the 
solut ion given in [2]. 

Consequent ly ,  the loca l  Nusse l t  number  wi l l  be 
given by 

Nu~ x Ot (0, x) _ 
tme d ~  t (0, x) c3y 

1 1/- ~ N(K, B), (15) 
V~ 

where  N(K, B) is a function which is given by 

1 - -  1 1 N ( K , B ) =  ~ ( K , B ) - - ~ - V - =  Berfc-ff  B x 

x 1 - -  - K V ~ -  ~ (K'B)~- 

1 B e r fc@B1-1  
- t - 2  K 

(16) 

BI• 

18) x ] f n -  K exp (K s - -  BK) erfc ( K - -  (17) 

The quanti ty K c h a r a c t e r i z e s  the influence of the pene -  
t r a t ion  of the evapora t ion  zone. It is  given by 

K =  ~,D V -Pe~. (18) 
~ (expD~- -  1) 

The cu rves  of N ' (K,B)  w e r e  plot ted for  var ious  values  
of B f rom f o r m u l a  (16) (see  F ig .  2 and Table 2). We 
see  f rom Fig .  2 that  with a r educ t ion  in 1/K the quan-  
t i ty  N'(K,B) d imin i shes ,  i . e . ,  with g r e a t e r  pene t ra t ion  
of the evapora t ion  su r face  the Nu x number  i n c r e a s e s .  
The g r e a t e r  the value of B the m o r e  in tens ive  the r e d u c -  
tion in Nu x. The ana ly t i ca l ly  de r ived  r e l a t i onsh ips  
have subsequent ly  been  conf i rmed  by expe r imen t .  

The expe r imen ta l  inves t iga t ion  was c a r r i e d  out in 
a cont inuous-ac t ion  wind tunnel with an enclosed w o r k -  
ing sec t ion  exhibi t ing the fol lowing a i r s t r e a m  p a r a -  

m e t e r s :  ve loc i ty ,  5 m / s e e ;  t e m p e r a t u r e ,  353 ~ K; hu- 
mid i ty ,  5%. The m o d e l - - a b o x  made of p l a s t i c  and f i l led  
with quar tz  sand- -was  pos i t ioned within the working 
sec t ion  of the tunnel. 

During the cou r se  of the expe r imen t  we studied the 
effect  of a d r y  l a y e r  of sand on the h e a t - t r a n s f e r  coe f -  
f ic ient  (the th ickness  of the l a y e r  was va r i ed  as fo l -  
lows: 0, 2, 4, 5, 6, and 8 ram, with va r ious  d i s p e r s i o n  
r a t i o s - - q u a r t z - s a n d  p o r o s i t i e s  of 35, 36, 38, and 42%. 

When we use  na tu ra l  m a t e r i a l  we cannot expect  a 
comple t e ly  f la t  r e c t i l i n e a r  boundary  of phase  t r a n s i -  
t ion.  This  is  pos s ib l e  only through r e s o r t  to a r t i c i c i a l  
means .  In p a r t i c u l a r ,  in our e x p e r i m e n t s  the d r y  l aye r  

x ~  b 

�9 ~ d 

0 2 

F ig .  5. E x p e r i m e n t a l  da ta  compared  
to t h e o r e t i c a l  curve:  a) p o r o s i t y  
42 pe rcen t ;  b) 38 pe rcen t ;  c) 36 

pe rcen t ;  d) 35 pe rcen t .  

was achieved by applying a very fine hydrophobic film 
to the sand grains. The sand was poured into the rec- 
tangular box. Water was fed into the box from below 

through a connecting tube. To ensure uniform entry 
of the water, an additional supporting grid was installed 
inside the box, and the sand was poured directly onto 
this grid. The space between the bottom of the box and 
the grid was filled with water which was uniformly 
drawn up by the sand until it reached the top layer 
which had been treated with the hydrophobie film. To 
avoid "parasite" unanticipated heat losses through the 
side wa l l s ,  the l a t t e r  were  ca re fu l ly  insu la ted  with a 
l a y e r  of foam p l a s t i c .  In addi t ion,  the box was f i t ted 
out with a t h e r m o s t a t i n g  jacke t  in which wa te r  was 
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continuously c i rcu la ted  at a specif ic  t empera tu re .  The 
bottom wall  of the m e a s u r i n g  uni t  was made of mass ive  
textoli te.  A rec tangu la r  hole was cut into its center  
to house a box exhibit ing d imens ions  of 260 • 140 ram. 
To produce a hydrodynamic  pa t te rn  s im i l a r  to the one 
preva i l ing  under  condit ions of the externa l  s t r e a m -  
l ining of a plate,  p rov i s ionwas  made for the evacuation 
of a i r  in front  of the box. The model was mounted in 
a posi t ioning device and set  flush with the bottom wall  
of the working sect ion of the tunnel .  This  procedure  
e l iminated the d is tor t ing  effect of tunne l -wal l  v ib ra -  
t ions.  

VTK-500 sca les  were  used to measu re  the amount  
of mois tu re  being vaporized during the course  of the 
exper iment ,  and in addition we measured  the t e m p e r a -  
tu re  of the sand, the flow, the walls  of the box, and 
of the water  enter ing the box. Pa r t i cu l a r  attention was 
devoted to the accuracy  with which the t empera tu re  
fields were  m e a s u r e d  in the sand. Fo r  this purpose ,  
we fabr icated a 17-junct ion different ial  thermocouple  
made of copper -eons tan tan  wire; the junction d iamete r  
was 0 .15-0 .2  mm.  The junct ions of the different ia l  
thermocouple  were posit ioned along the ver t ica l ,  
with va r iab le  space (0.4 mm near  the outside s u r -  
face of the sand and up to 1 mm at some dis tance 
from the surface) .  We used a PMS-48 potent iometer  
to measu re  the the rmal  emf of the thermocouples ,  and 
this device was fitted out with a sens i t ive  M-17-1 ga l -  
vanometer .  To invest igate  the hydrodynamic boundary 
layer  we used a min ia tu r i zed  Pitot tube with an effec- 
t ive center  height of 0.15 ram, which was moved in 
the ver t ica l  plane by means  of a min ia tu r ized  pos i t ion-  
ing device.  

As a r e s u l t  of this exper iment  we were  able to plot 
the t empera tu re  prof i les  in the sand and the velocity 
d is t r ibut ion in the boundary layer .  In addition, we 
measured  the quantity of evaporated mois tu re .  F igure  
3 shows the curves  for the t empera tu re  d is t r ibut ion  
in dry and moi s t  sand (mois ture  content,  100%). We 
see from these graphs that all of the t e m p e r a t u r e -  
d is t r ibut ion  curves  exhibit three  cha rac te r i s t i c  seg-  
ments .  

The f i r s t  segment  is the penet ra t ion  zone (0 > y > 
-~).  It is in this segment  that the heat is  t r a n s -  

mitted by conduction (natural  convection and radia t ion 
are neglected).  The heat is expended on phase conver -  
sion, and a f rac t ion  of the heat is spent on heat ing 
the sand. It is in this segznent that the t empera tu re  
profi le  is presented  in the form of a curve.  If there  
were  no evaporat ion,  the t empera tu re  d is t r ibut ion 
would be l inear  in na ture .  However, the p resence  of 
m a s s  flow dis tor t s  the t empera tu re  profi le;  this seg-  
ment  is wel l -approximated  by formula  (10). 

The second segment  is  the t r ans i t ion  zone. It is 
here  that we have a quali tat ive change in the pat tern ,  
since it is  in this  segment  that liquid is  evaporated.  In 
this connection,  it should be borne  in mind that the 
mois tu re  is not evaporated on a plane which is pa ra l l e l  
to the outside contour of the body, but at some layer  
of f inite d imens ions .  The phenomenon of volume evapora -  
t ion was also noted in [4], and it was found here  that 

the intensive evaporat ion which occurs  in drying takes 
place in a very  thin layer  at the boundary of phase 
separat ion.  Consequently,  we mus t  assume that t e = 
= cons t  in the solution,  this being the average t e m p e r a -  
ture  through the th ickness  of the evaporat ion zone. 

The third segment  is the zone of mo i s t  sand (r = 
= 100%). There  is no evaporat ion;  however,  a por t ion 
of the heat is spent on heating the sand. The heat is 
t r ansmi t t ed  by the conduction of the skeleton, so that 
the t empera tu re  profi le  in this segment  of the curves  
is shown in the form of a s t raight  l ine.  This fact ind i -  
cates  that the th ickness  and s t ruc tu ra l  cha rac te r i s t i c s  
of the dry in te r l ayer  of the porous body exert  cons ide r -  
able influence on the intensi ty  of mass  t r ans fe r  during 
the course of evaporat ion f rom the cap i l l a ry-porous  
body. If the intensi ty  of evaporat ion were  independent 
of the s t ruc tu ra l  cha rac te r i s t i c s  of the topmost dry 
layer ,  it might be possible  to set up adiabatic condi-  
t ions and to e l imina te  the heating of the wet sand. The 
dry in te r layer  forms a major  the rmal  r e s i s t ancewhich  
prevents  a remova l  of moi s tu re ,  such that all of the 
heat not  spent on phase convers ion  would be removed 
by the vapor into the flow. In actual  prac t ice  we find 
that adiabatic evaporat ion is a special case which can 
be achieved only within thin i n t e r l aye r s  or by choosing 
a par t i cu la r  porosi ty for the in te r l ayer .  

Analys is  of the exper imenta l  curves  shows that 
with inc reas ing  depth for the phase - t r ans i t i on  zone 
the curves  move higher and higher ,  re ta in ing  all the 
fea tures  of their  shape. As the dry  in t e r l aye r  th ickens ,  
there  is an inc rease  in the hydraul ic  r e s i s t ance  of the 
porous s t ruc ture .  At the same t ime,  the p r e s s u r e  
within the porous ma te r i a l  i nc reases  and, consequently,  
the evaporat ion t empera tu re  of the mois tu re  r i s e s .  For  
smal l  penet ra t ions  the evaporat ion t empera tu re  for 
the surface is therefore  independent  of the magnitude 
of penetra t ion and it is equal throughout to the t e m p e r a -  
lu re  of the wet-bulb t h e r m o m e t e r ,  which is a function 
of the external  condit ions.  With inc reas ing  th ickness  
for the dry in t e r l aye r ,  the evaporat ion t empera tu re  
r i s e s .  Consequently,  we have to introduce boundary 
conditions into the solution to take into considerat ion 
the var ia t ion in t empera tu re  as a function of the th ick-  
ness  ~. 

To de te rmine  the d imens ion less  complex B cha rac -  
t e r i z ing  the t r ans f e r  of heat in the la te ra l  d i rec t ion 
we plotted the velocity d is t r ibut ion  profi le  of wx(y) in 
the boundary layer  (Fig. 4). The excel lent  agreement  
between the r e su l t s  of the theore t ica l  Blas ius  solution 
for a plate of infinite length (l ~ r162 with the exper i -  
menta l ly  derived data suggests  the poss ib i l i ty  of us ing  
the "pure" h e a t - t r a n s f e r  data--uncomplicated by m a s s  
t r a n s f e r - - f o r  the calculat ional  scheme.  The l inear  
r a t e  of evaporat ion (the magnitude of the Stefan flow) 
is de termined from the formula .  

D12 ]sur 
w~y= VPlo -- , (19) 

(1 - -  Plo) P 

where Jsur is the m a s s  flow ra te  of the evaporat ing 
mois tu re ;  Pl is the vapor concentra t ion;  p is the den-  
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sity of the mois t  a i r ;  P~0 is the re la t ive  concent ra t ion  
of the vapor; and D12 is the coefficient of vapor diffu- 
sion in the a i r .  F o r m u l a  (18) was used to calculate  
the value of K for sands of var ious poros i t i es  as a func-  
t ion of the th ickness  of the dry in t e r l aye r  (Table 3). 
We see f rom Table 3 that the value of K d imin ishes  as 
the th ickness  of the dry in t e r l aye r  i nc reases .  It is 
difficult  to es tabl ish  a c lear  quant i ta t ive re la t ionship  
between K and the porosi ty  of the sand, s ince the sand 
is a na tura l  m a t e r i a l  which involves var ious par t ic le  
shapes.  During the course  of the exper iment ,  the sands 
were  chosen by sc reen ing  the par t ic le  d imens ions .  
However,  the poros i ty  of d i spe r se  m a t e r i a l s  is de t e r -  
mined p r i m a r i l y  by the m a n n e r  in which the par t ic les  
are  packed, and depending on the manner  in which 
the sand was poured, the poros i ty  var ied within a de-  
fined range  f rom exper iment  to exper iment .  However, 
it is poss ib le  to achieve a quali tat ive evaluation:  with 
an inc rease  in the porosi ty  of the sand, the value of 
K d imin i shes .  This  is explained by the change in the 
effective the rmal  conductivity of the porous dry i n t e r -  
layer  (the thermal  conductivity of the skeleton i nc rea se s  
as its porosi ty d imin i shes ,  s ince a g rea te r  port ion of 
the porous  body is occupied by its skeleton in this  case 
--the skeleton exhibiting a cons iderably  g rea t e r  coeffi-  
c ient  of the rmal  conductivi ty than the pore space fi l led 
with the water  vapor). 

Knowing the values of K =f(~, sur) and B (B = 0.2), 
we can find the values of N(K, B). F igu re  5 shows the 
theoret ical  curve  of N =f (K)  for B = 0.2 and the ex-  
pe r imen ta l  points for quartz  sand with var ious  po ros -  
i t ies (35, 36, 38, 42%). 

We can see f rom these graphs that the exper imenta l  
data l ine up r a the r  well  along the theore t ica l  curve.  
Only the very  thin i n t e r l aye r s  (~ = 2 mm) r e p r e s e n t  
an exception; here  we note a cer ta in  deviat ion f rom 
the theore t ica l  data, which can be explained by the 
diff icult ies encountered in m e a s u r i n g  t e m p e r a t u r e s  in 
the very thin i n t e r l a y e r s .  Consequently,  the exper i -  
men t  conf i rms  the proposed theore t ica l  solution. 

In conclusion,  let us dwell on the work of Morgan 
and Je razun i s  [5], who invest igated the effect of heat 
and m a s s  t r ans fe r .  These  authors  at tempted to analyze 
the heat and mass  t r a n s f e r  occur r ing  on vaporat ion of 
a liquid f rom porous bodies (evaporat ion cooling) as 
well  as dur ing  the p rocess  of drying.  F i r s t  of all ,  it 
should be noted that the p rocess  of drying mois t  bodies 
is a typical  nonsteady p roces s  of heat and mass  t r a n s -  
fer ,  while the p rocess  of evaporat ion cooling is a 
s teady-s ta te  p rocess .  Fo r  nonsteady hea t -  and m a s s -  
t r a n s f e r  p roces se s ,  the quanti tat ive re la t ionsh ips  
governing steady heat and m a s s  t r a n s f e r  a re  not su i t -  
able. In pa r t i cu la r ,  the so-ca l led  fo rmula  of convec-  
tive heat t r ans f e r  (q = eAt) cannot be used,  s ince  the 
h e a t - t r a n s f e r  coefficient c~ is a function of both t ime  
and of the thermophys ica l  cha r ac t e r i s t i c s  of the body. 
Equally unsui tab le  is the Dalton fo rmula  for mass  
t r a n s f e r  dur ing a period of a decl ining drying ra te .  

So far  as the ana lys i s  of hea t -  and m a s s - t r a n s f e r  
p roces se s  is concerned in the event of t r ansp i r a t i on  
cooling, the or iginal  re la t ionships  given by these au-  

thors  exhibit a fundamental  e r r o r  in our opinion. In i -  
t ia l ly  the authors assume that the intensi ty  of the heat 
and mass  t r a n s f e r  on evaporat ion of the liquid f rom 
the porous body is descr ibed by the re la t ionships  f rom 
the c lass ica l  theory of heat and mass  t r ans f e r  in which 
the effects of the penet ra t ion  of the evaporat ion s u r -  
face into the body is not taken into considerat ion.  In 
pa r t i cu la r ,  the authors base  their  ca lcula t ions  on r e -  
la t ionships according to which the hea t -  and m a s s -  
t r a n s f e r  coefficients are de termined f rom the gene r -  
ally accepted formulas  of external  heat and mass  

t rans fe r :  

Nu. := A, Re"Pr0, NU~m = A s Re=Pr~, (20) 

where A t and A 2 are constants ,  and p and n are  expo- 
nents .  

However,  as was  demons t ra ted  e a r l i e r ,  these  fo r -  
mulas  lose validity when the evaporat ion zone is set  
deeper into the body. 

In addition, they adopted an unjust i f ied assumpt ion 
to the effect thatthe hea t -  and m a s s - t r a n s f e r  coeffi-  
cients vary as functions the coordinate x and of th ick-  
ne s s  ~ in accordance with the fo rmula  

[ a ( x , ~ )  _ a  m(x ,~ )  1 - -  , (21) 
ct 6 Ctm~ 

where T and fl are  constants ;  ~0 and ore0 are ,  r e s -  
pect ively,  the coefficients of h e a t - a n d  m a s s - t r a n s f e r  
without penet ra t ion  of the evaporat ion surface .  On the 
bas i s  of these fo rmulas ,  the authors c a r r y  out the 
calculat ion and, quite na tura l ly ,  attain r e su l t s  exceed-  
ing our data by a factor  of three .  The re la t ionship  
between the heat -  and m a s s - t r a n s f e r  coefficients and 
the Re and P r  n u m b e r s - - a s  well as the coordinates  
x and ~--must  be derived from the solution of the con-  
jugacy problem ra ther  than being assumed in advance 
in the form of empi r ica l  formulas .  Thus the study 
ca r r i ed  out in [5] once again conf i rms  the inappl ica-  
b i l i ty  of conventional methods of calculat ing heat t r a n s -  
fer in connection with the problem of t r ansp i r a t i on  
cooling. 

The bas ic  conclusion of our paper  is the fact that 
in order  to de te rmine  both the quanti tat ive and qual i -  
tat ive pa t te rn  of the effect exerted by m a s s  t r ans f e r  
on heat t r a n s f e r ,  we have to take into cons idera t ion  
the hydrodynamic condit ions of body s t r eaml in ing  (ex- 
te rnM conditions) and the p roper t i e s  of the cap i l l a ry -  
porous body ( internal  conditions).  Consequently,  the 
t r ans f e r  of heat and mass  between cap i l l a ry -porous  
bodies and the ambient  medium is a single in te r re la ted  
hea t -  and m a s s - t r a n s f e r  p rocess  which takes place in 
the boundary layer  of the body and in the boundary 
layer  of the medium.  

NOTATION 

t is the t empera tu re ;  q is the specific heat flux; 
C~q is the heat  t r ans f e r  coefficient;  c~ m is the m a s s  
t r a n s f e r  coefficient; X is the the rmal  conductivity;  
a is  the the rmal  diffusivity; w is the velocity;  ~ is the 
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humidi ty ;  w is the  concent ra t ion ;  j is  the m a s s  flow 
dens i ty ;  P is  the p r e s s u r e ;  $ is  the d is tance ;  x ~nd-y 
a r e  coord ina tes ;  e is  the spec i f ic  heat  capaci ty ;  
5* is the convent ional  depth of boundary  l a y e r .  S i m i -  
l a r i t y  c r i t e r i a  : Nu x i s  the local  Nusse l t  number ;  Pe  x 
is  the local  P e c l e t  number ;  Pe  x is  the local  P e e l e t  
number  based  on mean  in teg ra l  ve loc i ty  in boundary  
l aye r ;  P r  is  the P rand t l  number .  Subsc r ip t s :  med  is 
the ambient  medium (humid a i r ) ,  w(wet bulb) is  the 
s ta te  of ad iaba t ic  sa tu ra t ion ;  su r  is  the su r f ace ;  sol  
is  the sol id;  x is  the local  value which depends  on the 
coordina te ;  e is  the  evapora t ion  sur face .  
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