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We present the results of an experimentalinvestigation into the kinetics 
of acoustic drying of silica gel and felt at a frequency of 500 cps; 
we examine the mechanism of the intensifying effect of acoustic 
energy on the drying process. 

The d ry ing  of mo i s t  m a t e r i a l s  in an acous t ic  f ield 
is a c o m p a r a t i v e l y  l i t t l e - s t u d i e d  p r o c e s s  which, how- 
ever ,  exhibi ts  some p r o m i s e  for i n d u s t r i a l  appl ica t ion  
in the d ry ing  of c a p i l l a r y - p o r o u s  p roduc t s  which a re  
diff icult  to dry.  Of p a r t i c u l a r  i n t e r e s t  is a study of 
the k ine t ics  and the m e c h a n i s m  of d ry ing  c a p i l l a r y -  
porous  m a t e r i a l s ,  p a r t i c u l a r l y  du r ing  the second con-  
c luding stage of the p r o c e s s ,  for  which i n fo rm a t i on  
is  s c a r c e  and con t r ad i c to ry .  

The inves t iga t ion  of the k ine t ics  of acous t i c  d ry ing  
for  s e v e r a l  c a p i l l a r y - p o r o u s  m a t e r i a l s  which we have 
u n d e r t a k e n  was c a r r i e d  out at a f r equency  of 500 cps ; 
the gene ra t i on  of this  f r equency  is cons ide rab ly  m o r e  
economica l  than the higher  f r e q u e n c i e s ,  while a b s o r p -  
t ion in a i r  is c o n s i d e r a b l y  reduced.  

The e x p e r i m e n t a l  i n s t a l l a t i on  cons i s t ed  of a p n e u -  
mat ic  s i r e n  of the SPM-1 type, s epa r a t ed  f r o m  the 
d ry ing  zone by an F-42 tef lon d i aph ragm 60 # in t h i ck -  
hess ,  as well as of a c i r c u l a r  box, 7.5 m m  in d i a m -  
e ter ,  for the s p e c i m e n  be ing  dr ied ,  this  box being 
covered on the ins ide  with a l ayer  of porolon  10 m m  
in th ickness  for  t h e r m a l  insu la t ion ,  au tomat ic  h igh-  
speed sca le s  of the VTK-500 type to e n s u r e  weighing 
accu racy  of • 10 rag, c h r o m e l - c o p e l  t he rmocoup le s  
of w i r e  0.2 m m  in d i a m e t e r ,  set  into the c e n t e r  po r t -  
t ion of the s p e c i m e n  to depths of 5, 13, and 18 ram. 
The en t i r e  i n s t a l l a t i on  was housed in a soundproof  
chamber .  

The sound level  in al l  of the e x p e r i m e n t s  was 158 
dB. Si l ica  gel and fel t  we re  used  as the m a t e r i a l s  to 
be dr ied .  The s i l i c a  gel (KSM-6) conta ined  p a r t i c l e s  
1 -3  m m  in s i ze ;  i ts  d ry  bulk dens i ty  was 0.7 g / c m  3, 
and its in i t i a l  m o i s t u r e  content  was 0.39 kg/kg.  The 
felt  was made  up p r i m a r i l y  of f i be r s  50 g in d i a m e t e r ;  
its dry  bulk dens i ty  was 0.07 g / c m  3, while i ts  in i t i a l  
m o i s t u r e  content  was 1.8 kg/kg.  

The s p e c i m e n  together  with the box was weighed 
pe r iod ica l ly  for  30 see,  with the s i r e n  t u rned  off. The 
f inal  m o i s t u r e  content  of the s i l i e a - g e I  and fel t  s p e c i -  
m e n s  fel l  below the sens i t i v i ty  of the sca le s  and was  
a s s u m e d  to be equal to zero.  

The r e s u l t s  of the acous t ic  d ry ing  of the s i l i ca  
gel and of the fel t  a re  p r e s e n t e d  in Fig.  1. As we can 
see,  the na tu re  of the cu rves  for  the low- f requency  
dry ing  (curve  1) of the m a t e r i a l s  in an acous t ic  f ield 
differs  l i t t le  f rom the n a t u r e  of the cu rves  for  con -  
vent ional  d ry ing  of porous  m a t e r i a l s .  As in the ease  

of convent ional  dry ing ,  the p r o c e s s  is  divided into 
two per iods  : 1) a cons tan t  d ry ing  ra te  and 2) a de-  
c l in ing  d ry ing  ra te .  In the f i r s t  pe r iod  we have a sub-  
pe r iod  of hea t ing  and an i n c r e a s i n g  d ry ing  ra te .  The 
r a t e  of the acous t ic  d ry ing  of the fel t  r e t a i n i n g  the 
wet t ing m o i s t u r e  and the m o i s t u r e  of the m a c r o c a p i l -  
l a r i e s  is  g r e a t e r  by approx ima te ly  an o r d e r  than 
the ra t e  of d ry ing  for  the s i l i c a  gel conta in ing  adsorbed 
m o i s t u r e  which is bound m o r e  s t rongly  with the m a -  
t e r i a l .  

The na tu re  of the va r i a t i on  in t e m p e r a t u r e  dur ing  
acous t ic  d ry ing  (cu rves  2, 3, 4) d i f fers  subs tan t ia l ly  
f rom that  of the t e m p e r a t u r e  cu rves  for convent ional  
f o r ms  of dry ing .  Dur ing  the per iod  of the cons tant  
d ry ing  r a t e  a slow i n c r e a s e  in t e m p e r a t u r e  cont inues ,  
and this  doub t l e s s ly  in tens i f i e s  the p roces s  of dehydra-  
t ion as a r e s u l t  of an i n c r e a s e  in the sur face  d ry ing  
potent ia l .  On r e a c h i n g  the f i r s t  c r i t i c a l  m o i s t u r e  con-  
tent  {Fig. l b ,  point  K s) the fel t  exhibi ts  a p ronounced  
i n c r e a s e  in t e m p e r a t u r e  in all  l aye r s  of the spec imen .  
In the case  of the s i l i ca  gel, as in all  adsorben t s ,  
exhibi t ing a second c r i t i c a l  m o i s t u r e  content  (the point  
of t r a n s i t i o n  for  the dry ing  ra te  f rom a un i form decl ine  
to a nonun i fo rm decl ine) ,  the a c c e l e r a t i o n  in the r i s e  
in t e m p e r a t u r e  begins  p r e c i s e l y  in the v ic in i ty  of this 
point  (Fig .  l a ,  point  K2). In e i ther  case ,  the t e m -  
p e r a t u r e  r e a c he s  i ts  m a x i m u m  at the end of the dry ing  
p r o c e s s ,  and this  is p a r t i c u l a r l y  evident  in the curves  
showing the va r i a t i on  in the local  t e m p e r a t u r e  of the 
m a t e r i a l  as a funct ion of the change in the mean  m o i s -  
t u r e  contents  of the s i l i c a  gel and the felt  (Fig .  2). 

The r i s e  in t e m p e r a t u r e  cont inues  unt i l  the re  is 
dynamic  e qu i l i b r i um between the quant i ty  of absorbed  
acous t ic  energy  and the heat  lost  to the ambien t  m e -  
d ium.  In our case ,  the r i s e  in t e m p e r a t u r e  in the 
s i l i ca  gel amounted  to 33 ~ C and in  the felt  to 76 ~ C. 

Both in the f i r s t  and in the second dry ing  per iod  
the re  is a t e m p e r a t u r e  g rad ien t  d i r ec t ed  toward the 
bot tom su r face  and this  g rad ien t  i n c r e a s e s  with r e -  
duct ion in the m o i s t u r e  content ,  a t ta in ing  a m a x i m u m  
at the conc lus ion  of the d ry ing  p r o c e s s .  Under  the 
condi t ions  of the e x p e r i m e n t  the m o i s t u r e - c o n t e n t  
g rad ien t  in the second dry ing  per iod  was also d i rec ted  
towards  the lower sur face ,  as a r e s u l t  of which the 
diffusion and the t h e r m a l  m o i s t u r e  conductivi ty were  
iden t i ca l ly  d i rec ted  and complemen ted  each other .  

The e x p e r i m e n t s  that  we c a r r i e d  out make it pos -  
s ib le  to draw the fol lowing impor t an t  conc lus ion  as 
to the m e c h a n i s m  in tens i fy ing  the effect of sound 
du r ing  the second stage of the dry ing  p r o c e s s  for the 
m a t e r i a l s  in ques t ion.  It d i f fers  m a r k e d l y  f rom the 
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Fig. I. Drying and local temperature curves for silica gel 

(a) and felt (b) (f = 500 eps and L = 158 dB): i) drying curve 

2) sample temperature at a depth of 5 mm; 3) sample tem- 

perature at a depth of 13 ram; 4) sample temperature at a 
depth  of 18 ram.  
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Fig. 2. Local temperature dependence on mean moisture 
eontent of silica gel (a) and felt (b) (I and If, first and 

seeond stages, respectively): I) temperature at a depth of 

5 ram; 2) temperature at a depth of 13 ram; 3) temperature 

at a depth of 18 ram, 
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m e c h a n i s m  of the f i r s t  s t a g e  of the  a c o u s t i c  d r y i n g  
p r o c e s s  in which,  as  d e m o n s t r a t e d  by the r e s e a r c h  
of the  A c o u s t i c s  Ins t i t u t e  [1], the  o s c i l l a t o r y  and c i r -  
c u l a t o r y  mot ion  of the  s o u n d - t r e a t e d  m e d i u m  a long  
the m a t e r i a l  s u r f a c e s  open to the  sound p l ay  the  d o m i -  
nant  r o l e .  

Bouche r  [2] and G r e g u s s  [3] a s s u m e d  that  the i n -  
c r e a s e  in the i n t ens i ty  of m o i s t u r e  d i f fus ion  in the  
m a t e r i a l  is  enhanced  in the second  s t a g e  of the  d r y i n g  
p r o c e s s  as  a r e s u l t  of the  r e d u c t i o n  in the  v i s c o s i t y  
of the  s o u n d - t r e a t e d  l iquid,  the  p u l s a t i o n s  in the  a i r  
bubb les  found in the  p o r e s  and c a p i l l a r i e s ,  and the 
r a d i a t i o n  p r e s s u r e  of the sound; however ,  no e x p e r i -  
men ta l  suppor t  for  th i s  h y p o t h e s i s  has  been  ob ta ined  
to the p r e s e n t  t i m e .  

It s e e m s  to us  tha t  the p r i m a r y  m e c h a n i s m  for  the  
effect  of a c o u s t i c  e n e r g y  on the  d r y i n g  p r o c e s s  d u r i n g  
the second  p e r i o d  is  the  e a r l i e r  noted loca l  hea t ing  of 
the m o i s t  a i r  in the  p o r e s  and c a p i l l a r i e s  as  a r e s u l t  
of t h e i r  a b s o r p t i o n  of sound, which  i s  n e c e s s a r i l y  
a c c o m p a n i e d  by a r i s e  in the  t e m p e r a t u r e  of the  m a -  
t e r i a l  and an i n c r e a s e  in the  i n t ens i ty  of d i f fus ion  and 
t h e r m a l  m o i s t u r e  conduc t iv i ty .  A c e o r d i n g t o l i t e r a t u r e  
da ta  [4], for  c a p i l l a r y - p o r o u s  m a t e r i a l s  ( s i l i c a  gel ,  
qua r t z  sand,  e t c . ) ,  the  coef f i c ien t  a m of m o i s t u r e  
d i f fus ion  i n c r e a s e s  wi th  a r i s e  in the  abso lu t e  t e m -  
p e r a t u r e  of the m a t e r i a l  f r o m  5 to 18 d e g r e e s .  F o r  
gypsum at  50 ~ C, a m is  twice  i t s  va lue  at 20 o C. 

The coe f f i c i en t  a T for  t h e r m a l  m o i s t u r e  co nduc -  
t iv i ty  a l so  i n c r e a s e s  with a r i s e  in the  t e m p e r a t u r e  
of the m a t e r i a l  [5]. 

It i s  i m p o r t a n t  to note  tha t  du r ing  the second  s t a g e  
of the d ry ing  p r o c e s s  only a c e r t a i n  p o r t i o n  of the  
a c o u s t i c  energy  is  usefu l ,  n a m e l y ,  that  po r t i on  which 
p e n e t r a t e s  into the p o r e s  and c a p i l l a r i e s  of the  p o r o u s  
m a t e r i a l  be ing  d r i ed ,  and which is  a b s o r b e d  t h e r e  as  
a r e s u l t  of f r i c t i o n  at  the  wa l l s ,  thus be ing  c o n v e r t e d  
into heat .  The quant i ty  of sonic  ene rgy  p e n e t r a t i n g  
th rough  the po rous  s u r f a c e  into the m a t e r i a l  i n c r e a s e s  
with a r i s e  in p o r o s i t y  and with a r e d u c t i o n  in the  
quant i ty  of m o i s t u r e  f i l l i ng  the  p o r e s  and c a p i l l a r i e s .  
Thus when qua r t z  sand is  s o u n d - t r e a t e d  [6] a p r o -  
nounced r i s e  in the a b s o r p t i o n  of sound was  r e c o r d e d  
on t r a n s i t i o n  f r o m  a m o i s t u r e  content  of W = 6-7% 
to a m o i s t u r e  content  of W = 2-3%.  This  fac t  ind i -  
ca t e s  tha t  the  u se  of a c o u s t i c  ene rgy  in the  second  
s t age  of the d r y i n g  p r o c e s s  is  m o r e  c o m p l e t e  than 
dur ing  the f i r s t .  

A c c o r d i n g  to Ki rchhoff  [7], the coef f ic ien t  of sound 
a b s o r p t i o n  in round  tubes  is  def ined  by the f o r m u l a  

= 1. ] VT-/cg t~. 

It fo l lows f r o m  th is  f o r m u l a  that  in the  m i c r o c a p i l l a r -  
ies  the sound is  a b s o r b e d  m o r e  s t r o n g l y  than in the  
m a c r o c a p i l l a r t e s ,  t h e r e f o r e  the  t e m p e r a t u r e  in the 
m i c r o c a p i l l a r i e s  m u s t  be  h i g h e r ,  whi le  the  t e m p e r a -  
t u r e  g r a d i e n t  m u s t  be d i r e c t e d  f r o m  the m a c r o -  to 
the m i c r o c a p i l l a r i e s .  As p roof  we can c i te  r e f e r e n c e  
[8] in which i t  was  noted  that  when a c lump of copper  
w i r e  is  s o u n d - t r e a t e d ,  the t e m p e r a t u r e  in the  p o r e s  
be tween the w i r e s  i n c r e a s e s  by 150 ~ C with a r e d u c -  

t ion in the  w i r e  d i a m e t e r  (and thus ,  with r e d u c t i o n  in 
the d i m e n s i o n s  of the p o r e s )  f r o m  1 to 0.1 mm.  This  
is  a l s o  i nd i ca t ed  by our  c u r v e s  shown in F ig .  2, f r o m  
which we see  tha t  t h e r e  i s  a p ronounced  r i s e  in the  
loca l  t e m p e r a t u r e  of the m a t e r i a l  at  the  end of the  
s econd  d r y i n g  s t age  when the ma in  m a s s  of the  m i c r o -  
c a p i l l a r i e s  is  f r e e d  of m o i s t u r e .  As a r e s u l t  of the  
m a r k e d  hea t ing  of the l iquid  in the  m i c r o c a p i l l a r i e s  
t h e r e  is  a d rop  in the s u r f a c e  t ens ion  of the  p o l y -  
m o l e c u l a r  m o i s t u r e  f i l m s ,  and at  the s a m e  t i m e  the 
f o r c e s  bonding the m o i s t u r e  to the  w a l l s  of the  m i c r o -  
c a p i l l a r i e s  weaken .  This  l eads  to an i n e r e a s e  in m o i s -  
turem di f fus ion  a m and t h e r m a l  m o i s t u r e  conduc t iv i ty  
am.  The in t ens i ty  of the t h e r m a l  m o i s t u r e  conduc t iv i ty  
i s  a l so  i n c r e a s e d  as  a r e s u l t  of a r i s e  in the  p r e s s u r e  
of the  " t r a p p e d  a i r"  in the  m i c r o c a p i l l a r i e s  as  the a i r  
is  hea t ed ,  thus r e s u l t i n g  in an i n c r e a s e  i n t h e  p r e s s u r e  
g r a d i e n t  in the  d i r e c t i o n  of the f i ne r  p o r e s  and t oward  
the h ighe r  t e m p e r a t u r e s .  

C o n t e m p o r a r y  t e m p e r a t u r e  m e a s u r e m e n t  techniques  
( m i c r o t h e r m i s t o r s ,  m i c r o t h e r m o c o u p l e s ,  e t c . ) d o  
not p r o v i d e  for  the m e a s u r e m e n t  of the  t e m p e r a t u r e  
of the  m o i s t u r e  in m i c r o c a p i l l a r i e s  whose r a d i i  in 
s i l i c a  gel ,  for  e x a m p l e ,  r e a c h  magn i tudes  of R ~ 10 -8 
cm,  as  a r e s u l t  of which i t  has  been  i m p o s s i b l e  up to 
the  p r e s e n t  t i m e  to t r a c e  the  above fac t  d i r e c t l y .  

As we poin ted  out e a r l i e r  [2, 3], the d ry ing  in 
the  second  p e r i o d  is  a c c e l e r a t e d  in the acous t i c  f ie ld  
p r i m a r i l y  a s  a r e s u l t  of a r educ t i on  in the v i s c o s i t y  
of the  c a p i l l a r y  m o i s t u r e  as  a r e s u l t  of the o s c i l l a t i o n  
of the a i r .  We cannot  a g r e e  with th is  content ion for  
the fo l lowing r e a s o n .  We know [9] that  the t h i c k n e s s  
of the d e c e l e r a t e d  a c o u s t i c  l a y e r  of a i r  nea r  the w a i l s  
is  equal  to 

This  t h i c k n e s s  is  independent  of the sound in tens i ty  
and at f r e q u e n c i e s  of 0 . 5 - 1 0  kc is  equal  to 100-20  #. 
Thus the c a p i l l a r i e s  with r a d i i  l e s s  than 10 -2 cm 
ac tua l ly  r e p r e s e n t  the  s t agna t ion  zone; t h e r e  a r e  
v i r t u a l l y  no o s c i l l a t i o n s  within t h e s e  c a p i l l a r i e s  and 
the v i s c o s i t y  of the  m o i s t u r e  cannot  v a r y  s ign i f i can t ly  
as  a r e s u l t  of o sc i l l a t i on .  

Ne i the r  can the g r a d i e n t  of the sound p r e s s u r e  
a c c e l e r a t e  the  d r y i n g  in the  second  pe r iod ,  as  is  m a i n -  
t a ined  in [10]. In view of the  p ronounced  a bso rp t i on  
of sound ene rgy  th rough  the height  of the m a t e r i a l  
be ing  d r i ed ,  th i s  g r a d i e n t  is  d i r e c t e d  t oward  the s u r -  
f a ce  of the m a t e r i a l  l a y e r  and s u p p r e s s e s  the  di f fus ion 
of the  m o i s t u r e .  The effect  of the m e c h a n i c a l  d i s -  
p l a c e m e n t  of m o i s t u r e  noted in [10] in the d ry ing  of 
p o l y u r e t h a n e  foam through  the ac t ion  of sound p r e s s u r e  
can a c c e l e r a t e  the  r e m o v a l  of the f r ee  wet t ing m o i s t u r e  
(the f i r s t  d ry ing  pe r iod)  in m a t e r i a l s  with a spongy 
soft  ske le ton ,  but  can have no effect  on the  d ry ing  of 
po rous  m a t e r i a l s  with a r i g i d  ske le ton  dur ing  the 
second  d r y i n g  p e r i o d .  

This  s tudy p e r m i t s  us  to d raw c e r t a i n  p r a c t i c a l  
conc lus ions .  

1. In a c o u s t i c  d ry ing  of t h e r m a l l y  uns tab le  p roduc t s  
i t  is  n e c e s s a r y  to m e t e r  the  acous t i c  ene rgy  to avoid  
the t h e r m a l  d e s t r u c t i o n  of t h e s e  i t e m s .  
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2. In sound- t rea t ing  the upper l aye r s  we find that 
the lower f requencies  a re  more  efficient.  This follows 
f rom the theory of sound [11] which indicates  that the 
depth H of acous t i c - ene rgy  penet ra t ion  with a drop to 
half the intensi ty is inverse ly  p ropor t iona l  to the 
sound absorpt ion  coefficient  ~ in the m a t e r i a l  

0.693 j r ~ _ _  _ _  

2a 

The sound absorpt ion  coefficient  (~ for  f inite o s c i l -  
lation ampli tudes is  p ropor t iona l  to the sound frequency.  
Here we must  bea r  in mind the fact  that the sound 
absorpt ion  coeff icient  for the ma jo r i ty  of porous m a t e -  
r i a l s  exhibits a c l ea r ly  defined resonant  nature  [12], 
in connection with which, for  more  uniform drying,  
the height of the l aye r  must  be matched to the f r e -  
quency of the sound. 

3. The appl icat ion of acoust ic  drying is feas ib le  only 
for  the final drying opera t ion  of m a t e r i a l s  that a re  
difficult  to dry,  i . e . ,  dur ing the second drying stage 
when the quantity of acoust ic  energy absorbed  in the 
layer  is r a the r  g rea t  and when the coefficient  of 
effective acous t i c - ene rgy  ut i l iza t ion is high. 

NOTATION 

a m is the moi s tu re  diffusivi ty coefficient;  a T is 
the coefficient  of t h e r m o m o i s t u r e  conductivity;  a is  
the sound absorpt ion  coefficient;  f is  the osc i l la t ion  
frequency;  L is the level  of sound intensi ty;  Cg is the 
speed of sound; R is the radius  of the cap i l l a ry  or 
pipe; Sac is the th ickness  of the acoust ic  boundary layer ;  

is the kinemat ic  v i scos i ty  of the medium; w is the 
c i r c u l a r  frequency;  H is the depth of sound penet ra t ion  
when intensi ty is reduced  by half. 
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