
EVAPORATION OF A LIQUID FROM A SURFACE 

AN AIR JET AT VARIOUS SCHMIDT NUMBERS 

IN 
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The evapora t ion  of va r ious  liquids (acetone,  toluene,  ethyl alcohol,e%c.) f r o m  the su r face  of a 
plate was studied exper imenta l ly .  The Kutateladze number s  were  used to co r r e l a t e  the resu l t s .  

Cases  a re  encountered  in drying technology requ i r ing  the r emova l  of liquids more  volat i le  than water .  
This  is genera l ly  done by b las t  drying. Mass  t r a n s f e r  was studied when a i r  s t r e a m s  f r o m  nozzles impinge 
no rma l ly  on the evapora t ion  sur face .  

Tes t s  we re  made  of the val idi ty of the equations der ived  for  calculat ing m a s s  t r a n s f e r  in the evapora t ion  
of wa te r  or  the subl imat ion of naphthalene by b las t  drying [1, 2], and in the evapora t ion  of other  liquids. 

A number  of pape r s  have appeared  on the evapora t ion  of va r ious  liquids both f r o m  a porous  sur face  and 
f r o m  a f ree  su r face ,  but only one [3] cons idered  the c h a r a c t e r i s t i c s  of the evapora t ion  of different  liquids in 
b las t  drying. Butyl alcohol (C4Hi00) and acet ic  acid (C2H402) were  used to sa tu ra te  the evaporat ion sur face  
fo rmed  by a l ayer  of fine sand. Measu remen t s  showed that  the nature  of the dependence of the Sherwood num-  
ber  Sh on the Reynolds number  Re was independent of the Mnd of liquid being evapora ted .  On the other  hand, 
the Schmidt number  Sc c lea r ly  depended on the kind of volat i le  m a t e r i a l ,  although it  va r i ed  over  a re la t ive ly  
na r row range.  The m a s s - t r a n s f e r  ra te  was found to va ry  as Sc ~ 

Chilton and Colburn [4] analyzed the r e su l t s  of an invest igat ion of the evapora t ion  and subl imat ion of 
var ious  subs tances  for  c h a r a c t e r i s t i c  cases  of heat  and m a s s  t r a n s f e r .  They der ived  exp res s ions  for  heat  
and m a s s  t r a n s f e r  by using JH and JD. The equations involve the Prandt l  number  P r  and Sc to the same power  
n = n' = 0.33, although var ious  cases  of m a s s  t r a n s f e r  were  compared .  

In [5] the equations for  j were  put in another  fo rm which takes  account  of the di f ference between the expo-  
nents n and n' for  d i f ferent  cases  of heat  and m a s s  t r ans f e r .  

According  to [5] the ra te  of evapora t ion  f r o m  spher ica l  su r faces  is 

[  .ph] 
m----- X,Atr riD' 2+0,303(ReD. Sc) ~ ( ~ D /  ' J"  (1) 

It  is c l ea r  that  the physica l  p r o p e r t i e s  of the volat i le  m a t e r i a l  en te r  in a much m o r e  compl ica ted  way 
through s eve ra l  quanti t ies:  f i r s t  through Sc which appea r s  with the same exponent as Re,  through hvAt/r ,  and 
finally through (kv/XD) ~ which,  accord ing  to [5], takes  approx imate  account  of the s imul taneous  hea t -  and 
m a s s - t r a n s f e r  p r o c e s s e s .  This  shows that  the in te rac t ion  between heat  and m a s s  t r a n s f e r  for  a pa r t i cu l a r  
case  may  be di f ferent  in the evapora t ion  of di f ferent  liquids. 

The r e su l t s  of a study of the ef fec t  of P r  and Sc on the flow pa t te rn  of a fluid in a pipe a re  r epor t ed  in 
[7]. It was  es tab l i shed  that  n v a r i e s  f r o m  0.5 (for P r  and Sc close to unity) to 0.25 (for P r  and Sc l a r g e r  than 
unity). 

A fu r the r  analys is  of the analogy between heat  and m a s s  t r a n s f e r  led to a modif icat ion of the usual  type 
of d imens ion less  equation 

Sh = k Re m Se n (2) 

by the inser t ion  of the d imens ion less  number  (p - p~)/p [8] to yield a m a s s - t r a n s f e r  equation of the f o r m  

Sh p - -  p; -- k Re '~ Sc". (3) 
P 
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Fig. 1. Sample of f r i t  plate. 

The introduction of this dimensionless  number ,  just  as the introduction of the combination into Eq.(1), 
shows that the p r e s e n c e  of fur ther  information on the flow pattern together with an improvement  of the methods 
of measu remen t  permit ted  a more  accura te  analysis  which showed that the simultaneous p rocesses  of heat and 
mass  t r ans fe r  influence one another ,  and it is impossible to r e s t r i c t  oneself  to the use of simple dimensionless  
relat ions.  

The resul ts  of an investigation of the evaporation of var ious  liquids repor ted  in [9] showed that an in- 
c rease  in the evaporation rate is accompanied by an increase  in the hea t - t r ans fe r  rate.  By introducing the 
Gukhman number Gu = (t - tm)/]? the resu l t s  could be descr ibed  by a single equation. It was noted in [9] that 
the m a s s - t r a n s f e r  coefficient fl inc reases  with an increase  in the molecular  weight of the liquid. The resul ts  
of exper iments  with a longitudinally s t reamlined plate are  presented in [10] for pa rame te r s  which ensure a high 
evaporat ion rate.  This resul ts  f rom a higher t r ansve r se  mass  flux, which is one of the fac tors  affecting the 
flow pattern.  The t r ansve r se  flux is expressed  by the rat io of the velocity of the liquid vapor f rom the evapora -  
tion surface to the velocity of a ir  flowing past  this surface.  The effect of the flow pat tern ,  and consequently 
also of the t r ansve r se  flux, was taken into account by Gu or  the Kutateladze number  K defined as 

K -  (4) 

The Sc and Pr  numbers  were  general ly not used in [9-11] to corre la te  the resul ts .  

It is c lear  f rom this analysis  of papers  on the evaporat ion of var ious liquids that the method of co r r e l a t -  
ing resul ts  and obtaining working equations is based on supplementary data on the flow pattern and the use of 
more  accura te  methods of measurement .  

We present  the resu l t s  of a study of the evaporat ion of var ious  liquids (butyl alcohol C4H100 , ethyl a lco-  
hol C2H60 , methyl alcohol CH40 , carbon te t rachlor ide  CC14, acetone C3H60 , toluene C7H8, ethyl acetate C4H802) 
f rom the surface of a plate in a s t r eam of air  f rom a s ingle-s l i t  nozzle.  The data cited in the papers  mentioned 
above were taken into account in analyzing our experiments .  

A solid f r i t  plate 100 x 170mm was used to study mass  t rans fe r  during the evaporat ion of the var ious  
liquids. With this a r rangement  it is possible to l imit  oneself to the measuremen t  of average m a s s - t r a n s f e r  
coefficients.  The f r i t  plate was placed on a supporting Dural  plate. The liquid was fed into the space under 
the f r i t  plate through a pipe connected to a container mounted on a Sartorius e lect ronic  balance. The amount 
of liquid evaporated was determined by weighing the container.  

The fr i t  plate method and the associa ted  equipment for measur ing  m a s s - t r a n s f e r  coefficients were in- 
vented in Czechoslovakia [12]. Holes for  thermocouples  were bored in three places direct ly under the active 
surface of the fr i t  plate. 

The general  form of the plate is shown in Fig. 1. 

During the exper iment  the plate was placed under the slit nozzle mounted on the experimental  equipment 
for studying blast drying descr ibed in [1]. The plate was positioned relat ive to the nozzle in such a way that 
there  was a uniform flow of air  past  it. 
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With some liquids it was found that after  evaporation had gone on for  about 20 min the surface t e m p e r a -  
ture of the plate changed as a resu l t  of the condensation of water  vapor  f rom the air  circulat ing past  it. This 
effect  was more  pronounced the lower the surface t empera tu re  of the plate. The condensation of water  vapor 
also affects the evaporation rate to a cer tain extent. To l imit  this effect  the experimental  plate was carefully 
wiped with a t issue wetted in the liquid being evaporated before each experiment.  

The following working equations were used: 

= AO!F~, (5) 

AOR~ (7) P= F,p; ' 

Sh = ~L/D, (8) 

Re = tooL~ V's]p v. (9) 

The vapor p r e s s u r e  p~ on the saturat ion line in (6) and (7) was determined f rom the average surface t em-  
pera ture  of the plate tp measured  with a thermocouple.  The value of v in Eq. (9) was determined at the t em-  
pera ture  of the air  at the nozzle outlet. The average boundary- layer  t empera ture  

= t o + tp (10) 
2 

was used to find ~" and D. To es t imate  the resul ts  it is neces sa ry  to know the vapor pressur~ilit~, the diffusion 
coefficient D for the a i r - v o l a t i l e  liquid sys tem,  and the gas constant R. Fur ther  d imens i imie~  corre la t ion  
of the resu l t s  r equ i res  a knowledge of cer tain physical  proper t ies  of the liquids used in the~:experiments. The 
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Fig. 3. S h ~  Re ~ ve r sus  Sc. 

values of these quantit ies repor ted  in the l i te ra ture  differ somewhat  f rom one another.  The different values 
were  compared  and a c r i t ica l  es t imate  was made of them. We then chose relat ions and data which we judged 
to be rel iable.  A more  detailed d iscuss ion of this problem is beyond the scope of the p resen t  paper .  

The investigations were  pe r fo rmed  with a sl i t  width b = 10 mm, a distance between the nozzle outlet 
and the plate s = 100 m m ,  and air  speeds w 0 = 20, 30, and 40 m/ sec  at the nozzle outlet. The pa rame te r s  
were  chosen to lie in the range of applicability of the equation 

Sh = 0.2 b-O. 1 ss Re o. 77 Sc 1 / 3 = ~ ReO.Tr Sc I / 3, (11) 

cited in [1]. 

Values of Sh for var ious  Re were  obtained by vary ing  the veloci ty w 0 in o rder  to ver i fy  the exponent of 
Re. The effect  of different  values of s/b and b was not determined because when Eq. (11) is applicable for  s/b = 
10 and b = 10 mm and var ious  values of Re for the evaporat ion of var ious  liquids there  is no reason  to doubt 
that it can be used for  s/~o and b which differ f rom the values cited above. 

About 60 exper iments  were  pe r fo rmed  al together .  The evaporat ion rate  was de termined by averaging 
the resu l t s  of two or  three exper iments .  

The values of Sh and Re were  determined experimentally~ They_were used f i r s t  to ver i fy  the choice of 
the exponent of Re in Eq. (11). To do this the values of S h ~ c  u3 with k = 0.1399 were  determined.  This quan-  
tity depends on Re only. The resul t s  for CC14, CH40 , and C4H802 are  plotted in Fig. 2 and show that the condi-  
tion 

is fa i r ly  well satisfied. 

If the resu l t s  are  wri t ten in the fo rm 

Sh/k Sc:/3 .,. ReO.77. 

Sh/k Re ~ = Scl/3, 

cor responding to (11), it follows that the effect of the physical  proper t ies  of volatile liquids is not adequately 
descr ibed  by Sc 1/3 as indicated by (11). The deviations of individual liquids f rom the proposed relat ion are  
shown in Fig. 3. It  is c lear  that the deviations are  considerable  in some cases  (CH40, CC14, C3H60). The 
f igure also shows why this deviation was not found in exper iments  on the evaporat ion of water  and the subl ima-  
tion of napl~haleneo For  them Eq. (11) is applicable. 

In a fur ther  analysis  of the resu l t s  the possibi l i ty of introducing the dimensionless  number  (p - p~)/p (p = 
104 kN/m 2) was tested. The resul t s  plotted in Fig. 4 show that the spread of experimental  values is increased.  
Subsequent considerat ion was given to the cor re la t ion  of the resu l t s  by means of K. 

F i r s t  an at tempt was made to cor re la te  the resu l t s  by a method s imi lar  to that used in [10] by replacing 
Sc by K in the dimensionless  equation. The values of K for  the individual exper iments  were  determined f rom 
Eq. (4) and used to calculate ScA~ Re ~ The resul ts  are  shown graphically in Fig. 5. The distribution of 
points obtained did not show any c lear  dependence on K. 

Only the introduction of the ra t io  of the total a tmospher ic  p r e s s u r e  p and the vapor  p r e s s u r e  p" mentioned 
in [11] led to a sa t i s fac tory  corre la t ion  of the experimental  resul ts .  The numerica l  values of Sh/~ ~e ~ were  
divided by the value of this rat io and plotted as a function of K in Fig. 6. This graph shows a unique dependence 
on K. The dependence of (Sh~ Re ~ (p/p~) on K was analyzed by the method of l inear r eg ress ion ,  and the equa-  
tion: 
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Sh . P; = l . 0 0 2 K _ l . , s ~  (12) 
�9 ~ R e O . 7 7  p 

o r  

S h =  1.002k Re ~ K - l J s 4  P . 
pp (13) 

was determined from the straight line drawn through the experimental points. 

This implies that the mass-transfer rate decreases with increasing K, in accord with the results in [11] 
where a similar conclusion was drawn for longitudinal flow past a plate, the only difference being that the ex- 
ponent of K was 0.6. Figure 6 also shows the experimental points for the sublimation of naphthalene for which 
K is an order of magnitude larger (r was taken as the heat of sublimation). In spite of this if the straight line 
given by Eq. (12) is extrapolated into this region it passes very close to the experimental points. 

Analysis of the experimental data showed that the physical properties of the volatile liquid and the inter- 
a c t i o n  of h e a t  and m a s s  t r a n s f e r  cannot  be s a t i s f a c t o r i l y  t a k e n  into a c c oun t  s o l e l y  by Sc and the  r a t i o  (p - p~)/p.  
The  u s e  of K and the r a t i o  p / p / ,  on the  o t h e r  h a n d ,  h e l p e d  to  c o r r e l a t e  the  r e s u l t s  and to  ob ta in  Eq.  (13) whi6h 

P 
can  be u s e d  to  d e t e r m i n e  m a s s - t r a n s f e r  c o e f f i c i e n t s  in b l a s t  d r y i n g  u s i n g  a s l i t  n o z z l e  o r  a s y s t e m  of s l i t  n o z -  
z l e s  f o r  Sc = 0 .6 -2 .5  o r  K = 7-500.  The  r a n g e s  of the  r e m a i n i n g  p a r a m e t e r s  (w 0 = 10-40  m / s e c ,  b = 5 -40  r a m ,  
L /b  = 1 .25 -20 ,  s /b  = 8 .5-80)  r e m a i n  the  s a m e  a s  f o r  Eq.  (11). 
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The question of the exponent of K in Eq. (13) remains open. The appreciable difference between the ap- 
propriate values of this exponent for longitudinal flow past a plate and blast drying with a slit nozzle shows its 
dependence on mass t ransfer .  Tests  must be performed to find whether the exponent of K for blast drying 
with a circular  nozzle, for example, is the same as in Eq. (13). 
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N O T A T I O N  

the diffusion coefficient, m2/h; 
the area,  m2; 
the weight, kg, g; 
the character is t ic  dimension, m; 
the gas constant, J /kg-deg;  
the absolute tempera ture ,  ~ 
the thermal  diffusivity, m2/h; 
the nozzle width, nun, m; 
the specific heat of liquid, J/kg.deg; 
the vapor pressure  at saturation point, N/m 2, kN/m2; 
the total atmospheric p ressure ,  N/m 2, kN/m2; 
the heat of evaporation, J/kg, kcal/kg; 
the distance between plate and nozzle outlet, ram; 
the temperature ,  ~ 
the temperature  according to Eq. (10), ~ 
the efflux velocity, m/sec;  
the efflux velocity at nozzle outlet, m/sec; 
the heat - t ransfer  coefficient, W/m 2 �9 deg, kcal/m2h ~ 
the mass - t r ans fe r  coefficient, m/hi 
the thermal  conductivity, W/m �9 deg; 
the kinematic viscosi ty,  m2/sec; 
the Nusselt  number; 
the Sherwood number; 
the Reynolds number; 
the Schmidt number; 
the Prandtl number; 
the Kutateladze number. 

I n d i c e s  

k is the liquid; 
v is the air;  
D is the vapor; 
p is the surface. 
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