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We present the experimental  results which make  possible an evalua-  
tion of the effect of sound on the processes of internal and external  

mass transfer. 

The possibility of intensifying the processes  of 
mass t ransfer  by means of acoustic oscillations of 
high intensity has been demonstrated in a number of 
references  [1,2]. Since with the acoustic method the 
kinetics of the drying process  does not differ f rom the 
kinetics involved intraditional methods [3], with indi- 
cations to the effect that accelerat ion takes placeboth 
during the period of constant and declining drying 
ra tes ,  it became of interest  to ascer ta in the effect of 
acoustic oscillations on each of these stages and to 
verify the existing hypotheses relative to the mecha-  
nism of acoustic drying. These hypotheses reduce to 
the fact that the external mass  t ransfer  is accelerated 
as a result  of a periodic reduction in pressure  at the 
surface of the material  on passage of the sonic wave 
through the expansion phase and as a resul t  of a change in 
the hydrodynamic conditions at the surface resulting 
from the appearance of acoustic flows [1]. During the 
second drying period the sound may make itself felt 
through a reduction in the viscosity of the liquid and 
throughputsatingbubbles trapped in the capillaries [2]. 

Our research  [4, 5] enabled us to establish that 
the sonic p ressure - -as  a physical factor--exer ts  
no effect on the drying process ,  but that the acceler -  
ating action of the sound is a strong function of the 
energy density, with the relationship between the 
dimension of the body, the wavelength, and the d i s -  
placement amplitude of no mean importance. In study- 
ing the effect of sound on the processes  of liquid evapo- 
ration and diffusion in a capillary porous material ,  we 
investigated the case in which L < X and A < L. 

In view of the fact that in a sound field, even at 
comparatively low intensities (120 dB), liquids begin 

to gush and spray, the investigations were carr ied 
out on the evaporation of liquids f rom a plate of a 
f i reclay ceramic with an average capillary dimension 
of 2 -3  pm. The plate was positioned in a diffuse 
sound field (with a frequency of 6.2 kc) produced by 
means of a gas- je t  GSI-4 emitter  [6] positioned in 
the upper portion of a vert ical  tube 20 cm in diameter 
and 100 cm long. The level of the sound pressure  was 
kept constant in all of the experiments and equal to 
148 dB, so that the hydrodynamic and acoustic con- 
ditions remained constant. It was the rate of evapo- 
ration in a sound field as a function of the physical 
propert ies  of the vapor-gas  mixture that was being 
investigated. The experiments were carr ied out on 
7 liquids whose molecular weight, vapor pressure ,  
and coefficients of diffusion varied within wide limits 
(see table). 

The evaporating liquid was removed f rom the 
chamber by means of a s t ream of air  whose veloc- 
ity was approximately 15 cm/ sec  and kept constant 
through all of the experiments.  The temperature of 
the incoming air  was 22 ~ C and the humidity was ~ = 
= 30%. The vapor pressure  Pm of the liquid removed 
to the ambient medium (with the exception of water) 
was assumed to the equal to zero in the calculations. 
After the plate was soaked in the test  liquid it was 
placed into the sound field, perpendicular to the 
direction of wave propagation. The initial mass  con- 
tent and the quantity of the evaporated liquid were 
determined gravimetr ieal ty,  the e r ro r  not exceeding 
~:7%. 

The coefficient of mass t ransfer  was determined 
from the expression 
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The in i t i a l  vo lume  of the  l iquid  in the  c e r a m i c  was  
kept  cons t an t  and amoun ted  to 4 .72  cm 3 so that  the 
d e g r e e  of c a p i l l a r y  f i l l i ng  w a s  kept  cons t an t  to an 
a c c u r a c y  of :~5%. This  i s  an e x t r e m e l y  e s s e n t i a l  c o n -  
di t ion f r o m  the s t andpo in t  of e l i m i n a t i n g  the ef fec t  
of t e m p e r a t u r e  which i n c r e a s e s  a s  a r e s u l t  of sound 
a b s o r p t i o n  in c a p i l l a r i e s  f r e e  of l iquid .  The s u r f a c e  
t e m p e r a t u r e  of the  c e r a m i c  s p e c i m e n  was  r e c o r d e d  
wi th  an a c c u r a c y  of ~1 ~ C by  m e a n s  of a e o p p e r -  
cons t an tan  t h e r m o c o u p l e .  

]~aro s e r i e s  of m e a s u r e m e n t s  w e r e  c a r r i e d  out wi th  
each  l iquid  (with and without  sound),  with each  e x p e r i -  
m e n t a l l y  d e r i v e d  quant i ty  r e p r e s e n t i n g  the a v e r a g e  
va lue  f r o m  t h r e e  m e a s u r e m e n t s .  The e x p e r i m e n t a l  
da t a  a r e  p r o c e s s e d  to d e t e r m i n e  the  m a s s - t r a n s f e r  
coe f f i c i en t  (du r ing  the f i r s t  d r y i n g  pe r iod)  by c o n -  
s t r u c t i n g  the d r y i n g  c u r v e s  and d e t e r m i n i n g  the v a p o r  
p r e s s u r e  at  the  s u r f a c e  [7], wi th  the  l a t t e r  a s s u m e d  
to be  equal  to the  s a t u r a t e d  vapor  p r e s s u r e s  of the  
l iquids  at the  s u r f a c e  t e m p e r a t u r e .  

The r e s u l t s  of the  e x p e r i m e n t s  a r e  p r e s e n t e d  in 
Table  1. We can s e e  f r o m  the c i ted  da ta  tha t  the  s u r -  
f ace  t e m p e r a t u r e  of the  s p e c i m e n  in a sound f i e ld  is  
1 - 2 ~  h i g h e r  than  unde r  i d e n t i c a l  cond i t i ons ,  but  
in the a b s e n c e  of sound.  However ,  the  i n c r e a s e  in 
the  t r a n s f e r  po t en t i a l  cannot  s e r v e  to exp la in  the  s u b -  
s t a n t i a l  v a r i a t i o n  in d r y i n g  i n t ens i t y  ( f r o m  40 to 150%), 
s ince  the m a x i m u m  change  in v a p o r  p r e s s u r e  (in 
ca rbon  t e t r a e h l o r i d e )  amoun ted  to  only 10 %. 

Since the  p h y s i c a l  p r o p e r t i e s  of the  v a p o r - g a s  
m i x t u r e  for  a g iven l iquid  in the  e v a p o r a t i o n  of that  
l iquid  in a sound f i e ld  r e m a i n  the  s a m e  as  in the  
a b s e n c e  of sound,  the a c c e l e r a t i o n  of r a a s s  t r a n s f e r  
may be  a s s o c i a t e d  only wi th  the v a r i a t i o n  in the h y d r o -  
dynamic  cond i t ions  at  the  e v a p o r a t i o n  s u r f a c e  and,  
m a in ly ,  wi th  the  a p p e a r a n c e  of a c o u s t i n  f lows at  the  
t e s t  s u r f a c e ,  whose  magni tude  is  a funct ion of the 
sound in t ens i ty  which  may  r e a c h  s e v e r a l  m e t e r s  p e r  
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Fig .  1. R e l a t i v e  change in d i m e n s i o n l e s s  m a s s  
t r a n s f e r  coe f f i c i en t  in a sound f i e l d .  
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second .  The p r o c e s s  of e v a p o r a t i o n  in a sound f i e ld  
is  t h e r e f o r e  sub j ec t  to the  s a m e  quan t i t a t i ve  r e l a t i o n -  
sh ips  a s  p r e v a i l  in the  a b s e n c e  of sound in the  e a s e  
of f o r c e d  convec t ion ,  whi le  the  d i m e n s i o n l e s s  c o -  

ef f ic ien t  of m a s s  t r a n s f e r  in the  a c o u s t i c  f i e ld  should  
be  sought  in the f o r m  

Nu~ = f ( P r ,  Re). 

The Reyno lds  n u m b e r  in th i s  e a s e  i s  de f ined  on the 
b a s i s  of the v e l o c i t i e s  of the  a c o u s t i c  f lows and i s  
t h e r e f o r e  a funct ion of sound f r equency  and in t ens i ty ,  
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Fig. 2. Change of temperature (~ in t ime 
(see)  in a bed  of s i l i c a  g e l - i n d i c a t o r  d e p e n -  
ding on sound p r e s s u r e  ( f  = 6.8 ke; a) m o i s -  
t u r e  content  of s i l i c a  ge l  u =24% ; b) 3%):1)  
151 dB; 2) 157; 3) 161; 4) 163; 5) 165.5; 6) 168. 

as  wel l  as  of the  r e l a t i o n s h i p  be tween  the d i m e n s i o n s  
of the  e v a p o r a t i o n  s u r f a c e  and the wavelength .  How- 
e v e r ,  if we t ake  into c o n s i d e r a t i o n  tha t  under  the con -  
d i t ions  of our  e x p e r i m e n t s  the  p a r a m e t e r s  of the  
sound f ie ld  r e m a i n e d  cons t an t ,  the v a r i o u s  a e c e l e r a -  
t ions  of e v a p o r a t i o n  fo r  the  t e s t  l iquids  can  be exp la ined  
by the change  in the  r e l a t i o n s h i p  be tween the m a s s  
flow in n a t u r a l  convec t ion  and in the  f o r c e d  flow of the  
a c o u s t i c  f i e ld .  

The r e l a t i v e  change  i n t h e  coef f i c ien t  of m a s s  t r a n s -  
f e r ,  ob ta ined  in the  sound f i e ld ,  can be w r i t t e n  in the  
f o r m  

Nu n -- Nu 0 a,,,~ -- a=o _ fl (R%, Pr) 

Nuo %0 f2 (Gr, Pr) 

B e a r i n g  in mind  tha t  Rea  in our  e x p e r i m e n t s  r e m a i n s  
cons tan t ,  we p r o c e s s e d  the r e s u i t s  (F ig .  t )  in the 
f o r m  of the r e l a t i o n s h i p  

Nu" - -Nu~  - - f ( ~ ) ,  w h e r e  ~a= Pry  s 
Nuo Y~ - -  Ym~ 

We s e e  f r o m  the  c i t ed  f i g u r e  that  the app l i ca t i on  of 
sound is  m o s t  e f fec t ive  for  l iquids  which e v a p o r a t e  
p o o r l y  unde r  o r d i n a r y  cond i t ions  (~> 20). F o r  l iquids  
wi th  a s m a l l  p a r a m e t e r  g~the in t ens i fy ing  effect  of 
sound is  l e s s  s ign i f i can t ,  s i nce  t h e s e  a lso  e v a p o r a t e  
we l l  unde r  cond i t ions  of n a t u r a l  convec t ion .  

Le t  us now tu rn  to the  p r o b l e m  of the  ef fec t  e x e r t e d  
by sound on i n t e r n a l  m a s s  t r a n s f e r .  In the m a j o r i t y  of 
r e f e r e n c e s  on a c o u s t i c  d ry ing ,  p a r t i c u l a r  note  is  t aken  
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of the fact  that the given method makes  it poss ib le  to 
intensify the p r o c e s s e s  at low m a t e r i a l  t e m p e r a t u r e s  
even during the second per iod  when the mois tu re  con- 
tent is  smal l .  This s t a t e m e n t - v a l i d  for  c o m p a r a -  
t ive ly  low levels  of sound p r e s s u r e  (and with a high 
mois tu re  content in the ma te r i a l ) - -p roves  to be un- 
r e l i ab l e  in the p rocess ing  of a m a t e r i a l  exhibiting a 
low moi s tu re  content in sound f ie lds  of high intensi ty 
(above 163 dB). The p r o c e s s  of removing the mois tu re  
in such f ie lds  p roceeds  quite intensively,  but as the 
cap i l l a r i e s  a re  f reed  of mois tu re  the re  is  a rap id  r i s e  
in t e m p e r a t u r e  which may reach  60-100 ~ C. F igure  2 
shows the curves  for  the change in t e m p e r a t u r e  with 
t ime  in a layer  of d ry  (mois tu re  content, 3%) s i l i ca  
ge l - ind ica to r  (par t i c le  d imensions ,  1-2  mm) for  
var ious  levels  of the sound field.  The dashed line shows 
the t e m p e r a t u r e  curve for  the ma te r i a l  at  a mo i s tu re  
content of 24%. 

As a rule ,  the t e m p e r a t u r e  of the m a t e r i a l  drops  
during the f i r s t  dry ing  per iod .  This is a r e su l t  of the 
fact that the heat expended on the evaporat ion of the 
liquid is  provided p r i m a r i l y  by the m a t e r i a l  i t se l f  and 
the t empe ra tu r e  of the ma te r i a l  t he re fo re  begins to 
r i s e  only during the second per iod.  This is  c lear ly  
seen f rom the curves  shown in Fig.  3. The curves  
showing the var ia t ion  in the mass  content of carbon 
t e t r ach lo r ide  in a ce ramic  plate  under conditions of 
na tura l  convection (1) and in a sound f ie ld (2) a re  
shown in this f igure.  Curves 3 and 4 cor respond  to 
the change in the t empe ra tu r e  of the ma te r i a l  for the 
same evaporat ion conditions.  

It is  thus obvious that one of the significant f ac to r s  
enhancing the intensif icat ion of the m a s s - t r a n s f e r  
p roce s s  during the second drying per iod  is the e l eva -  
tion of the ma te r i a l  t empe ra tu r e  resu l t ing  f rom the 
absorpt ion of sonic energy.  To a sce r t a in  the mechan-  
i sm of the effect of sonic osc i l la t ions  on the diffusion 
of mois ture  in a cap i l l a ry -po rous  m a t e r i a l  it t h e r e -  
fore becomes  neces sa ry  to invest igate  this  p r o c e s s  
in the absence of heating. 

The exper imenta l  de terminat ion  of the diffusion 
coefficient as a rule  is  assoc ia ted  with grea t  expendi-  
tu res  of t ime,  thus making it m~suitable for the acoust ic  
drying method. We therefore  used the Ermolenko 
method [8] in which the diffusion coefficient is obtained 
f rom the drying curve by compar ing  the average  m o i s -  
ture  content of the ent i re  specimen with i ts center  
section. The theore t ica l  fo rmula  for the specimen in 
the form of a p la te  has the form 

The specimen was fashioned in the form of three 
plates of fireclay ceramic, 20 ram in diameter. The 
thickness of the center plate was 2.7 mm, while the 
thickness of the entire sandwich was 9 mm. The 
plates were soaked in distilled water and then pressed 
against each other by means of a metal mandrel which 
served to moistureproof the side surface of the speci- 
men. The presence of the metal mandrel, in view of 
the excellent thermal conductivity of the latter, caused 

the heat r ece ived  by the spec imen as a r e su l t  of the 
absorpt ion  of acoust ic  energy to be removed to the 
surrounding space,  and thus there  was v i r tua l ly  no 
heating of the specimen.  

The ins ta l la t ion  on which the exper iments  were  
c a r r i e d  out consis ted of a square horizonal  tube 
(50 • 4 • 4 cm 3) connected by means of matched 
speakers  to a sound s o u r c e - - a  dynamic UZG-7G 
s i ren .  A standing wave on frequencies  of 2.3 and 1.4 
kc was set  up in the tube. The same tube was used 
for  compara t ive  convect ive-dry ing  t e s t s ,  with the 
veloci ty  of the a i r  chosen so as to achieve identical  
dry ing  curves  during the f i r s t  per iod.  It was assumed 
that if the sound exer t s  a specif ic  effect and a c c e l e r -  
ates  the motion of the liquid in the cap i l l a r i e s ,  this 
must  have an effect on the var ious  drying curves  
during the second per iod .  Accordingly,  the diffusion 
coefficients for  convective and acoust ic  drying should 
be different .  

The de te rmina t ion  of the mois tu re  content of the 
specimen in i ts center  sect ion was accomplished 
g r av ime t r i ca l l y .  F igu re  4 shows the change in spec i -  
men mois tu re  content with t ime on the action of sound 
(1) at a frequency of 1.4 kc and a sound p r e s s u r e  of 
159 dB and in an a i r  s t r e a m  (2) with the la t te r  moving 
at a speed of 3.7 m / s e c  (a r e l a t ive  humidity of 68% 
for the a i r  and a t empe ra tu r e  of 22 ~ C). Here we also 
find the curves  showing the change in the t empera tu re  
of the specimen sur face  (3) and at the boundary b e -  
tween the center  and external  plates  (4). Since the 
t empe ra tu r e  inside the specimen is 0.5 ~ C higher  than 
at the sur face  during the second period,  and in view 
of the fact that the t empe ra tu r e  gradient  is smal l ,  
the d i sp lacement  of the mois tu re  occurs  exclusively 
as a r e su l t  of the exis tence of a mois tu re  gradient .  
The p r o c e s s  of drying by means of acoust ic  and con- 
vect ive methods under these  conditions proceeds  in 
a v i r tua l ly  identical  manner .  

After 90 rain of drying,  the mois ture  content of 
the middle portion of the specimen amounts to approxi- 
mately 5.3%, so that the coefficients of diffusion cal- 
culated with and without the action of a sound field 
are virtually equal and are respectively, area  = 

:1 .55.10 -6 m2/hr and a m =1.45-10 -6 m2/hr. The 
difference in the diffusion coefficients (6~c) falls with- 
in the limits of accuracy for our measurements and 
in the absence of specimen heating we were therefore 
unable to detect any specific effect from the sound 
during the second drying period. 

Proceeding from the derived results we assume 
that during the f i r s t  drying per iod for m a t e r i a l s  whose 
dimensions  cons iderably  exceed the osci l la t ion ampl i -  
tude of the sound wave the acce le ra t ion  of the drying 
p r oc e s s  is  assoc ia ted  with the appearance of acoust ic  
flows at the sur face  of the mois t  ma te r i a l .  The a c c e l e r -  
ating action of sound is a function of the sound field, 
the configuration of the mois t  ma te r i a l ,  and the r e -  
lat ionship between the dimensions  of the m a t e r i a l  and 
the wavelength; moreover ,  the acce le ra t ing  action of 
the sound is a function of the physical  nature of the 
liquid being evaporated and is alt the more  cons ide r -  
able the lower the vapor p r e s s u r e  of the liquid. 
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Fig.  3. Change in m a s s  content  U(T) and in 
t e m p e r a t u r e  fiT) of c e r a m i c  plate with evapo-  
r a t i o n  of ca rbon  t e t r a c h l o r i d e  (u, %; t, ~ 
r, rain);  1) u(r) ;  3) t(~-) without sound, v - 15 
e r a / s e e ;  2) u(~r); 4) t(~-) with sound, f = 6 . 2 k c ,  

P =  148 dB: v=  15 e ra / see .  
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F ig .  4. Change in m o i s t u r e  content  u(7) and t e m p e r a t u r e  
t(T) of a c e r a m i c  pla te  with water  evapora t ion  (u, % ; t, 
~ % rain):  1) u(~-) with sound, f = 1 . 4  ke, P =159 dB; 
2) u(r) without sound, v = 3 .7  m/ see ;  3) t(~-) and 4) t(~') 
at a p la te  su r f ace  and ins ide  a sound field f = 1.4 kc, P--  

=159 dB. 
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During the second drying per iod ,  given the ident ical  
re la t ionship  between the dimensions of the ma te r i a l  
and the osc i l la t ion  ampli tude,  the acoust ic  f ie ld exer t s  
no specif ic  effect on the in ternal  mass  t r ans fe r  and 
can acce l e r a t e  the p roce s s  only by elevat ing the t e m -  
pe ra tu re  of the m a t e r i a l  through the absorpt ion of 
acoust ic  energy.  

NOTATION 

qm0 and qma a re  the evaporat ion intensi ty with 
natural  convection and in a sound field; t s is the s u r -  
face t e m p e r a t u r e  of the body; Ps and Pine a re  the p r e s -  
sure  of sa tu ra ted  vapors at the body sur face  and in 
the surrounding medium a m0 and a ma a re  the mass  
t r a n s f e r  coeff icients  with natural  convection and in 
a natural  convection and in a sound field; Re a is the 
Reynolds number for acoust ic  flows; P r  and Gr are  
the Prandt l  and Grashof numbers ;  7s and 7me a re  the 
specif ic  weight of a vapor -gas  mixture  at the sur face  
of the ma te r i a l  and in the surrounding medium; a m 
and ama a re  the diffusion coefficients  with natural  
convection and in a sound field; du/d~- is  drying rate;  
R and R i a re  the half thickness  of the whole plate  and 
its middle par t ;  ~(~) and U(T) a r e  the mois tu re  con- 

tents  of the whole sample  and its middle par t ;  L is 
the body s ize;  ~ is  the sound wavelength; A is the d i s -  
p lacement  ampli tude;  P is  the sound p r e s s u r e ;  f is 
the sound frequency; v is the a i r  flow velocity.  
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