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Experimental  data on heat and mass  t rans fe r  during evaporation (sublimation) a re  genera l -  
ized on the basis  of the usual methods of s imi lar i ty  theory. The resul ts  of an analysis  of 
the authorVs experimental  data are  presented.  

One of the main difficulties ar is ing during the application of s imi lar i ty  theory to a specific c o m -  
plicated p rocess ,  such as combined heat and mass  t ranspor t ,  for example,  consis ts  in the construct ion of 
a sufficiently complete and physically co r r ec t  sys tem of c r i te r ia .  

A s an example of a physical  sys tem let us examine the quasis ta t ionary turbulent flow of a binary 
mixture  at a "semipermeable"  surface of evaporat ion (sublimation). We will assume that the sources  of the 
phys icochemica l  t ransformat ion  are  uniformly distributed over  the surface and that the t ransformat ion  
i tself  takes place in thermodynamic equilibrium. We will d isregard the secondary  molecular  p rocesses  
(Dufour and Sorer effects).  Radiation is not important.  The case of evaporation into a vacuum is not touched 
upon. 

We will assume that the mixture and its components are  close in proper t ies  to an ideal gas,  i =cpT .  
The heat capaci ty and gas constant of the mixture depend on the relat ive concentrat ions of the components,  
and the density of the mixture depends on the temperature  in addition. Although there is no doubt that the 
t ranspor t  coefficients also depend on the content of the components,  in many cases  this dependence is not 
very  marked.  The differential  equations for the boundary layer  are  well known [1] for the conditions fo r -  
mulated. 

In o rde r  for  the problem in principle to admit of a unique solution the values of all the var iabies  must  
be given at the boundaries of the sys tem (or some equivalent conditions). In par t icu lar ,  we assume that the 
t empera tu re  T w and the par t ia l  p r e s su re  Plw at the surface of evaporation are  known. 

By reducing the existing relat ionships to dimensionless  form one can use the method of scaling t r ans -  
format ions.  Here the scales  of the values are  their values given by the conditions of uniqueness. If there 
are  at least  two such values (such as the s t r eam and the wall, for  example), none of which is equal to ze ro  
o r  can be reduced to ze ro  by a shift in the f rame of re fe rence ,  then a determining simplex, represent ing 
the rat io of these pa ramet r i c  independent values or  scales ,  appears  in the c r i t e r i a l  relationship. 

Thus, for  the conditions formulated above we obtain the determining dimensionless  complexes Re, 
M, P r ,  and Sc and the determining simplexes ( P l w - P t f ) / P ,  P2f /P,  ( T f - - T w ) / T f ,  R 1/R2, and Cpl/Cp2. 

If the boundary conditions at the wall are  wri t ten as 

q = j r ,  (1) 

(for "adiabatic" evaporation),  where 

" i. . 02  \ On ) _ ! = '  
(2)(3) 
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then one can obtain f rom (1) the c r i t e r ion  of phase t r ans fo rma t ion  

r 

- -  o 

cp ( T  i - -  T~,) 

It  is obvious that this d imens ion less  complex s e r v e s  the same  purpose  as the re la t ionship (1), i .e . ,  
it is a m e a s u r e  of the interdependence of the in tensi t ies  of heat  and m a s s  t r ans fe r .  On the bas i s  of (2) and 
(3) it can a lso  be a s s e r t e d  that this is  a m e a s u r e  of the interdependence of the t e m p e r a t u r e  field and the 
densi ty  fields at the sur face  of t r ans format ion .  T h e r e f o r e  the following s ta tement  is also valid: with the 
a s s ignmen t  of the boundary condition (1) the need to ass ign  Plw falls off, and consequently K is included 
among the de termining  c r i t e r i a  in place of the s implex  (Plw - P l f ) / P .  (It would not be out of place to ob-  
s e rve  that the de te rmin ing  c r i t e r i on  of m a s s  exchange should a lso  be taken he re  in such a way that know- 
[edge of Plw is not requi red .  The c r i t e r i on  Nu D does not sa t is fy  this requ i rement . )  

Although in pr inciple  it should be a s s e r t e d  that independently of how the de termining  complex  is taken 
(for m a s s  exchange or  for  hea t  exchange) the s y s t e m  of de te rmin ing  c r i t e r i a  for  the p r o c e s s  of combined 
heat  and m a s s  t r a n s f e r  under cons idera t ion  mus t  r e m a i n  the s a m e ,  the nature of the effect  of the d e t e r -  
mining c r i t e r i a  can undoubtedly be quite different  in this ease .  One can see f rom the di f ferent ia l  equations 
for  the boundary l aye r  - for  m a s s  balance of the vapor  and for  ene rgy  - that the interdependence of the i r  
solution is manifes ted  p r i m a r i l y  through the density of the mix ture  which depends both on the concentra t ions  
and on the t e m p e r a t u r e s .  Severa l  pa r t i cu l a r  c a se s  of c r i t e r i a l  re la t ionships  can be obtained here  depending 
on the concre te  c i r c u m s t a n c e s  of the p roce s s .  

It  is known that at low intensi t ies  of evapora t ion  (sublimation) the c r i t e r t a l  dependence for  the di f -  
fusionaI  Nusse l t  number  appea r s  analogous (down to the matching of the coeff icients  of the equation) to the 
dependence for  "pure"  heat  exchange of i ncompres s ib l e  liquids under the s ame  hydrodynamic  conditions 
(in this case  the 8chrnidt numbers  e m e r g e s  as  an analog of the Prand t I  number) .  It is c l e a r  that in this 
e a se ,  apa r t  f rom the analogous s t ruc tu re  of the d i f ferent ia l  equations of vapor  m a s s  balance and of energy  
(obtained f rom the d iscard ing  of unimportant  t e r m s  f rom the energy  equation),  the f o r m e r  mus t  be solved 
independently f rom the l a t t e r  (although the question is whether  a solution is poss ib le  in principle) .  

The effect  of the fac tor  of var iab i l i ty  of the densi ty  of the mix tu re  i n c r e a s e s  with an inc rease  in the 
intensi ty of evapora t ion ,  s ince the drops  in concentra t ions  and t e m p e r a t u r e s  inc reased  s imul taneously  with 
it. This  effect  should be cons idered  as cons iderab ly  g r e a t e r  than during ~pure" heat  exchange,  poss ib ly  
because  the total  densi ty en te r s  into the different ia l  equation of vapor  m a s s  balance in the fo rm of a d e r i v a -  
tive. Here  additional de te rmin ing  c r i t e r i a  appear  in the c r i t i c a l  dependence.  

We conducted expe r imen t s  on the porous  evapora t ion  of wa te r ,  acetone,  and ethyl  alcohol (17 = 43%) 
and the subl imat ion of a number  of subs tances  f rom the su r face  of the f iat  t rans i t ion e l emen t  of a manifold 
which cons t r i c t s  an a i r  s t r e a m  (diaphragm). The method of conducting the expe r imen t s  is descr ibed  in 
[2, 9]. The mode of flow is turbulent  and subsonic.  The evapora t ion  of the liquids had a nature c lose  to 
adiabat ic ,  i .e . ,  p rae t i ea i ly  al l  the heat  t r a n s f e r r e d  f rom the gas  went into evaporat ion.  The subl imat ion 
had a marked ly  nonadiabatic nature .  As a consequence of this there  was  no opportunity to t r ea t  the ent i re  
col lect ion of expe r imen ta l  data using the phase  t rans i t ion  c r i t e r i on  since in the fo rm indicated it  is a c r i -  
ter ion only of adiabat ic  evaporat ion.  However ,  i t  was  poss ib le  to genera l ize  the expe r imen ta l  data on 
evapora t ion  and subl imat ion using the de termining  s impUces  

Plw - -  Ply T j  - -  T w 

p TI 

The s implex  of p r e s s u r e s  (Fig. la)  p lays  the main  role  in this. The dependence r ep re sen ted  in Fig. l a  can 
be desc r ibed  by the equation 

ii9 = 0.126ReO.6 ( P ~ , - - P a f , )  ~/3 
p ; , �9 (4) 

The s ca t t e r  of the expe r imen ta l  points he re  is cons iderable  (+30%), although it can be dec reased  
since the s t ra t i f ica t ion  of the expe r imen ta l  points as  a function of the t e m p e r a t u r e  s implex  is c l ea r ly  
revea led  on the graph.  
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Fig. 1. Dependence of dimensionless  
intensity of mass  t r ans fe r  on s i m -  
pl ices of par t ia l  p r e s s u r e s  (a) and 
tempera tures  (b) for average  values 
over  the surface of a flat t ransit ion 
element  of a manifold at d / D  = 0.2; 
L / D  = 1.48-3.0: 1) water ;  2) acetone; 
3) alcohol; 4) naphthalene; 5) diphenyl; 
6) benzoic acid; 7) salicycUc acid. 

The dependence i l lustrated in Fig. lb is described by the equation 

IID=O.36ReO.6 (P~--Pifl~ Ts--T~ 1~ 
p T j  , 

(5) 

The sca t te r  of the experimental  points for  this dependence is • Given the very  wide range of 
var ia t ion in the p a r a m e t e r  (Plw - P l f ) / P  = 4 .10-4-0 .44  it cannot be considered as very  great.  It lies within 
the l imits of accu racy  of the experimental  data. The temperature  simplex varied in the range of 0.017-0.2. 

Equations (4) and (5) pertain to values of the intensity of evaporation (sublimation) j and the t empera -  
ture T w averaged over  the surface (averaging with respec t  to area ,  see [2, 9] for more  detail). The fraction 
of radiant flux to the surface  was not more  than 6%. The values entering into the s imi lar i ty  cri ter{a are  
taken f rom the state of the mixture at the entrance to the working section. The values Tf and Plf re fe r  to 
there. The Prandt l  number  in the experiments  was pract ical ly  constant  and equal to 0.7. The c r i te r ion  
P2f /P ,  which cha rac t e r i ze s  the vapor content of the substance evaporated (sublimed), at the entrance was 
e i ther  equal to unity or  (for water) differed insignificantly f rom it (Ptf /P was not m o r e  than 0.016). The 
p a r a m e t e r s  Se, R 1/R2,  and Cpl/Cp2 were  also not reflected in this treatment.  

It is interest ing to note that if the subl imators ,  water ,  and the highly volatile liquids are  examined 
separa te ly  in Fig. la  then ri D is approximately proport ional  to ( P l w - P t f ) / P  to the f i rs t  power,  which is 
equivalent to the absence of a dependence of Nu D on this simplex. With allowance for  what has been ob-  
tained it is c lear  that this is a resul t  of the joint effect of the simplex ( P l w - P l f ) / P  and the tempera ture  
simplex. 

The very  possibil i ty of represent ing the experimental  data on sublimation and on porous evaporation 
(which was conducted in the absence of recess ing  of the evaporation surface) by a single dependence indi- 
cates  the absence of fundamental differences in the courses  of these processes .  In par t icu lar ,  it can be 
assumed that the effective surface of evaporation under such conditions coincides with the geometr ica l  
surface  of the substance,  which is evidently connected with two c i rcumstances :  the film of liquid at the 
surface is continuous and the evaporation f rom the depress ions  and prot rus ions  of the meniscuses  obeys the 
law of cosines .  (Experiments on the porous evaporation of water  which we conducted under the same con-  
ditions but with mater ia l  of 30% porosi ty  are  described in [7]. The effect of these differences in porosi ty  
(43 and 30%) was not noticeable.) 

The data on the evaporation of water ,  acetone, and ethyl alcohol presented in Fig. 1 were  analyzed 
ea r l i e r  [2] as a function of the c r i te r ion  of phase t ransformat ion  

IID = 0.41 Re ~ K -~ (6) 
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A compar i son  of (4) and (5) with (6) thus actual ly conf i rms  the equivalence of the c r i t e r ion  K and the 
s implex  (Plw - P i f ) / P  mentioned above. This  c i r cums tance  a lso  has  a d i rec t  connection with the ra t io  
a / [ 3 ,  since in place  of (1) one can wr i te  

(Vf - -  T~) = 13 (p~ - -  p~) r. (7) 

Hence 

a/Cp cp (T~ - -  Tw) p,_w - -  p~f 
- (8) 

~p r p 

If 

a/c~ . . . .  const, (9) 
[3p 

then the c r i t e r i a  K and ( P i w - P l f ) / P  become comple te ly  in terchangeable .  

If it is understood that Eqs. (7) and (8) pe r ta in  to the local  va lues  of ~,  [3, and Tw while Tf and Plf 
a r e  taken with r e s p e c t  to the s tate  at the ent rance  to the evapora t ion  c h a m b e r  (i.e., they a r e  fixed as un- 
changed p a r a m e t r i c  values  in a given problem)  then the constancy of the local  t e m p e r a t u r e s  t w of the e v a -  
pora t ion  sur face  follows f rom the condition (9) (and vice ve r sa )  in the course  of the p r o c e s s  of adiabat ic  
sa tura t ion  of the gas  (drying agent) by the vapor s  of a given evapora t ing  liquid. Thus,  the condition (9) 
p roves  to be re la ted  to the condition 

t w = t z = t_~, = const. (10) 

As shown in [5], by using only the condition (10) and the equation of energy  balance of the adiabatic 
evapora t ion  cha m be r  one can obtain the following re la t ionship  in turn: 

c;,2 " ( T / - -  T~,) _ R2 Pl~, i l l  - -  c t t~ x] - -  , (11) 
r R l  P2w /* 

where  xf is the m a s s  content of vapor  in the d ry  gas  at the ent rance  to the chamber ;  iif is the enthaipy of 
the vapor  at the ent rance;  Tf  is the t e m p e r a t u r e  of the mix tu re  at the ent rance .  

It is in te res t ing  that at  xf  = 0 Eq. (11) coincides  with a dependence of the same  kind but obtained f rom 
an examinat ion of concentra t ion  and t e m p e r a t u r e  f ields with the condition of thei r  s imi l a r i ty  (Pr = Sc = 1) 
and s eve ra l  o ther  a s sumpt ions  [11]. 

In conclusion,  let  us examine one of the poss ib i l i t i e s  for  using the data on "pure"  heat  exchange for  
calculat ing the heat  exchange in the p r e s enc e  of a phase  t r ans fo rma t ion  with the supply of m a s s  to the 
boundary layer .  It was  shown in [2] that at  l eas t  for  the evapora t ion  intensi t ies  studied the effect  of the 
hydrodynamics  of the main  s t r e a m  on "pure"  heat  exchange and on heat  exchange with evapora t ion  is the 
same.  The effect  of the supply of m a s s  to the boundary l aye r  f rom the source  of the phase t r ans fo rma t ion  
can  be cha r ac t e r i z ed  for  adiabatic  evapora t ion  p r i m a r i l y  by the c r i t e r i on  of phase t r ans fo rma t ion  and, it 
appea r s  f rom our  data ,  by the complex  Sc R 1/I12 [2]. 

By compar ing  the dependence p resen ted  in [2] for  heat  exchange during the evapora t ion  of different  
liquids f rom the sur face  of the f lat  t rans i t ion e lement  of a manifold with the data of [10] on "pure"  heat  
exchange obtained on the s ame  appara tus  under  comple te ly  analogous hydrodynamic  conditions we have 
(K = 6-250) 

a / %  = 0.26K ~ (Sc R,/R2)-L (12) 

We obtain a r e su l t  ve ry  c lose  to this by conducting the s ame  compar i son  for  Va inberg ' s  data on the 
evapora t ion  of acetone ,  alcohol,  benzene,  and w a t e r  during longitudinal ex te rna l  flow ove r  a plate [6], By 
compar ing  them with the wel l -known expres s ion  for  "dry"  heat  exchange under  analogous conditions we 
obtain 

0a (13) a l a  o = 0.37 K/: �9 

The author  of [6] used the modif ied phase  t r an s fo rma t ion  c r i t e r i on  K l - r / c l ( T f - T w ) ,  which v a r i e s  
in the range of 4-19. The inclusion of the heat  capaci ty  of the liquid c l in this c r i t e r ion  is insufficiently 
justif ied in our opinion and evidently occur red  because  of an init ial  ove re s t ima t ion  of the f rac t ion  of heat  
going into the heating of the newly enter ing liquid. If c I is conver ted  to the usually used fo rm of the phase  
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TABLE 1. Values of Complex Sc R1/R2 and Heat 
Capacity c 

Cl, kcal iepl. kcal 
Liquidstudied sc RI/R~ /kg .deg i/kg-deg 

Water 
Acetone 
Alcohol 
Benzene 

1,0 
0,6 

0,8-0,85 
0,6 

TABLE 2. Results of Calculations 

Liquid evaporated 

1,0 [ 0,45 Water 
0,5 [ 0,35 
0,6 0,35 
0,4 ] 0,25 Acetone 

I 

Ethyl alcohol 

30 
200 

10 
30 

10 
50 

100 

afa o from N. 

(12) (14J 

0,72 0,67 
1,27 1,18 

0,85 0,60 
1,18 0,82 

0,61 0,56 
0,98 0,91 
1,21 1,12 

(15) 

0,58 
1,24 

t ransformat ion  c r i t e r ion  with the substitution of Cp = 0.24 k c a l / k g ,  deg then in place of (13) we have 

a/% = 0.24K ~ c/~ , (14) 

where c l is accordingly also in k c a l / k g . d e g  and K is in the range of 9-80. 

The values of the complex Sc R 1 / R  2 and of the heat capacity cl a re  very  close for  the liquids studied 
(Table 1). 

If one also takes into account the smal l  ranges of variat ion of these pa rame te r s ,  their  c loseness  to 
unity, and the e r r o r  in conducting the exper iments ,  which in combination can also be reflected in the ex-  
ponents of these values,  then Eqs. (12) and (14) mus t  be acknowledged to be identical with respec t  to those 
effects which they take into account. 

Finally,  if we again turn to the cr i t ica l  dependence obtained by the authors  of [3] for heat exchange 
during the evaporation of water  f rom the porous wall of a rec tangular  channel and compare  it with the c o r -  
responding dependences for  "dry" heat exchange during turbulent flow we will have (K = 28-400) 

a/a o == 0.149K ~ . (15) 

Although the exponent of K differs in this case ,  which may be connected with the proper t ies  of the 
flow in the initial section of the slotted channel, the numerical  resul ts  of the calculations for water  are  
r a the r  close for the three cases  (Table 2). 

As seen from Table 2, the calculat ions from Eqs. (12) and (14) for the liquids studied give marked 
differences only for  acetone. In this case the Schmidt number was computed from the diffusion coefficient 
of acetone in a i r  given in [12]: 0.109 cm2/sec .  The results  of the calculation for acetone agree much bet ter  
if the value Sc = 1.6 given in [13] is used. Then from Eq. (12) for K equal to 10 and 30 we have o ~ / a  o equal 
to 0.65 and 0.90, respect ively.  

The general  tendency reflected by a dependence of the type of (12) is for the heat-exchange coefficient 
to fall with an increase  in the t r ansve r se  flow of mass  (the c r i t e r ion  of phase t ransformat ion dec reases  in 
this case).  At the same time, as seen f rom Table 2, at r a the r  low intensities of evaporation the hea t -  
exchange coefficients are  higher than with "dry" heat exchange. A number of invest igators  ([8] et al.) in 
their  time were  able to detect only the lat ter  case ,  which served as the source of discussion.  Relatively 
recent ly  Mugalev discovered an analogous increase  in the heat-exchange coefficients during light blowing 
of gases  [4] and logically explained them by the d i sc re teness  developing in this case  in the jets of gas blow- 
ing through the porous membrane  which leads to dis turbances  in the s t ruc ture  of the boundary layer.  In 
the p roces se s  of evaporation and sublimation the s imi lar i ty  pat tern evidently will be p r imar i ly  connected 
with the mic rosou rce  nature of the phase t ransformat ion.  

n D = j D / Kmp  = NUD[(Plw-P~t) /p]  
J 
K12 = KpiRiT 
P 
R 

T,t 

K -: r / Cp (Tf - Tw) 
r 

NOTATION 

is the c r i t e r ion  of intensity of mass  t ransfer ;  
is the density of mass  flow of v a p o r ;  
is the coefficient of interdiffusion of vapor and air ;  
is the p r e s su re ;  
is the gas constant; 
a re  the tempera ture ;  
is the c r i te r ion  of phase t ransformat ion;  
is the heat of phase transition; 
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C 

Sc --- v/K12 
Re - w D / r  
II 
i 

P 
D 
d 
L 

Is the 
is the 
is the 
~s the 
is the 
is the 
is the 
is the 

heat capacity;  
Schmidt number;  
Reynolds number;  
porosi ty;  
enthalpy; 
density; 
d iamete r  of supply manifold; 
d iamete r  of opening in t ransi t ion e lement  of manifold; 

is the distance f rom entrance (uniform field of veloci t ies  and tempera tures )  of working 
sect ion to t ransi t ion element;  
is  the molecu la r  mass ;  
is the heat-exchange coefficient.  

S u b s  

W 

f 
l 
S 

m 

0 
1 
2 

c r i p t s  

denotes the wall; 
denotes the impinging s t ream;  
denotes the liquid; 
denotes the saturat ion;  
denotes the "mois t  n the rmomete r ;  
denotes the "dry"  heat exchange; 
denotes the vapor;  
denotes the air .  
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