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A study is made of the kinetics of mass transfer between a bed of 
solid particles and a pulsating stream of liquid. It is shown that the 
mass ~ransfer process is intensified appreciably in these conditions. The 
authors establish the dependence of the degree of acceleration of the 
mass transfer process in the bed on the mechanical oscillation 
parameters. 

The study of methods of in tens i fy ing  m a s s  t r a n s f e r  
in a bed by c rea t ing  flow pulsa t ions  is  a m a t t e r  of 
g rea t  p rac t i ca l  i n t e r e s t ,  and one to which c o m p a r a -  
t ive ly  few pape r s  have been devote~l. Some authors  
have examined  m a s s  t r a n s f e r  between a bed of sol ids  
and a pulsa t ing  l iquid s t r e a m  in connec t ion  with d i s -  
solving [1] or  leaching [2]. In o thers ,  these  ques t ions  
have been  s tudied with r e f e r ence  to the sub l imat ion  
of a bed of sol ids  in a pulsa t ing  a i r  [3-5]  or  gas 
med ium [6]. It is c l e a r  f rom the r e f e r e n c e s  ci ted 
that  the use  of a pulsa t ing  s t r e a m  in tens i f i e s  m a s s  
t r a n s f e r  between a bed of sol ids  and a med ium (gas 
or  l iquid).  

The object  of the p r e s e n t  paper  is to study the 
k ine t i cs  of m a s s  t r a n s f e r  be tween a bed of sol id  
sphe re s  and o ther  pa r t i c l e  shapes and a pu lsa t ing  
s t r e a m  of l iquid,  and to e s t ab l i sh  the bas ic  k inet ic  
laws of the p r o c e s s .  

The inves t iga t ions  were  c a r r i e d  out in a ve r t i ca l  
g lass  column.  A bed of sol id  sphe r i ca l  pa r t i c l e s  of 
CaSO 4 * 2HxO gypsum of d i a m e t e r  0 .57-0 .5  cm, and 
a bed of pa r t i c l e s  obtained by c rush ing  and sc r een ing  
to a mean  d i ame te r  of 0 .4-0 .25  em,  were  subjec ted  
to d issolu t ion .  The depth of the bed was about 0.1 m 
in a l l  the tes t s .  The poros i ty  of the bed of sphe r i ca l  
pa r t i c l e s  was 42%. The pulsa t ion  f requency was 
va r i ed  f rom 36 to 32O cpm, the ampl i tude  being 0.12 
and 0.4 cm.  The Reynolds  n u m b e r ,  r e f e r r e d  to 
pa r t i c l e  d i a m e t e r  and d e t e r m i n e d  f rom the flow 
veloci ty ,  lay in the range  11.4 < Ref < 250 for the 
bed of spheres ,  and in the range  4.5 < Ref < 270 
for  the bed of c rushed  par t ic les~  Harmonic  osc i l l a -  
t ions were  impa r t ed  to the ascending  water  s t r e a m  
with the aid of a r ec ip roca t ing  piston.  

In the case  of a un i fo rm  l iquid s t r e a m  pass ing  
through a s t a t ionary  bed of sol id p a r t i c l e s ,  the m a s s  
t r a n s f e r  coeff ic ient ,  for  a f ic t i t ious  s t r e a m  veloci ty  
u,  and l iquid concen t ra t ion  c o = 0 u p s t r e a m  of the 
bed inlet ,  may be de t e rmined  f rom the equat ion 

~H . (1) 

The dependence of m a s s  t r a n s f e r  k ine t ics  in a 
un i fo rm  l iquid s t r e a m  pass ing  through a bed of 

s l ight ly  soluble  pa r t i c l e s  at a cons tant  value of P rand t l  
n u m b e r  (P r  = 600) was obtained by reduct ion  of the 
expe r imen ta l  data and may be r e p r e s e n t e d  as follows: 

o5 
Nu0 = 7.5 Ref' . (2) 

The dependence obtained Nu 0 = f (Ref )  is  in fully 
sa t i s fac to ry  a g r e e m e n t  with the e x p e r i m e n t a l  data,  
as may be seen  in Fig.  1, the mean  square  devia t ion 
being 9.3%. 

�9 For  compar i son ,  and to check the accu racy  of our  
r e s u l t s ,  we made use of the data of S t r e l ' t sov  and 
Komarovsk i i  [7] on the solut ion k ine t i cs  of a bed of 
c rushed  pa r t i c l e s  of NaC1, s ince  the condit ions in the 
s y s t e m  studied approx imate  to those of s l ight ly  soluble  
m a t e r i a l .  A n u m b e r  of t es t  values  spanning our  range  
of inves t iga t ion  were r eca l cu l a t ed  and compared  with 
the r e s u l t s  of [7], giving sa t i s f ac to ry  ag reemen t .  

If our  data a re  compared  with Gaffney 's  g raphica l  
r e l a t ion  [8], which gene ra l i zed  the r e su l t s  of his  own 
t e s t s  and those of o thers  on mass  t r a n s f e r  f rom the 
sur face  of a bed of sphe res ,  then at Re < 250 the 
exponent  of the Reynolds n u m b e r  is approx imate ly  
0.45, i . e . ,  ve ry  c lose  to that  obtained by us  in Eq. (2). 

Thus,  our  or ig ina l  t es t  data and the r e s u l t s  obtained 
on m a s s  t r a n s f e r  k ine t ics  for a s t a t iona ry  bed of 
sphe r i ca l  pa r t i c l e s  in a un i f o r m  l iquid s t r e a m  agree  
with the data of other  authors ,  and a re  quite t r u s t -  
worthy. 

In the p r e sence  of pu lsa t ions  of the ascending  
s t r e a m ,  if the solut ion concen t ra t ion  at the bed outlet  
in the given condi t ions  is  taken to be c K, the m a s s  
t r a n s f e r  coeff ic ient  may be de t e rmined  f rom the 
equat ion 

~ H  . (3) 

The degree  of in tens i f i ca t ion  of m a s s  t r a n s f e r  in 
the p r e s e n c e  of pu lsa t ions  of the l iquid s t r e a m  will  be 
d e t e r m i n e d  by the ra t io  of the coeff ic ients  kK/k0, 
which is equal  to 

G ln(l --cK/q) 
k--~ = In (1 - -  cdcs) (4) 

The p a r a m e t e r s  de t e r mi n i ng  the ra t io  kK/l%, or ,  
which is  the same ,  NUK/NU0, a re  as follows: flow 
veloci ty  u, pa r t i c l e  s ize  d, l iquid v i scos i ty  v, o sc i l -  
la t ion f requency a) and ampli tude A. There fo re  we 
may wri te  

NuJNu0-----f (u, d, ~, % A). (5) 
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Analysis of (5) by dimensional theory gives the 
dimensionless parametric equation 

Nu~/Nuo=[(03dA/v, 03A/u, d/A). (6) 

Our experimental investigations indicate that the 
influence of the group d/A is negligible, a conclusion 
also reached by other investigators [I]. 

Finally, the parametric equation (6) may be written 
in the form of a power relation 

NG/Nuo = a (03 A/u)m (o~ dA/v)'L (7) 

It is clear that (7) is suitable in the region which 
includes zero values of the parameters. 

The tests were conducted on the experimental rig 
illustrated in Fig. 2, and consisting of the following 
basic elements: circulating column, oscillating mech- 

anism, heating and supply system for distilled water, 
and control and measuring equipment. 

The glass circulating column 1 was rigidly fastened 
by means of the clamp 2 and the gland 3 to the sta- 

tionary plate 4, mounted on a support frame 5. Water 

was supplied to the column through the two pipes 6. 
In the central part of the column 1 there were grids 
7, with the bed of solid particles 8 between them, its 
position being fixed by the clamp 9. The solution 
flowed out of the column through the tubes 10 and pipe 
11. A measuring cylinder 12 was used to measure 
the flowrate of water and for sampling, and the tem- 

perature of the aqueous solution was measured with 
a thermometer 13. 

The oscillating mechanism consisted of an electric 

motor 14, belt drive 15, and eccentric control unit 
16, which, together with the connecting rod 17, com- 
municated a reciprocating motion in the vertical 

direction to the piston 18. Because of the guide 19, 

the piston, passing through the seal 20 into the lower 
part of the column, communicated the oscillatory 
motion to the liquid. There is a micrometer 21 to 
measure the amplitude of the piston motion. The 

distilled water is supplied from thermostat 22 into 
the header tanks 26 along pipes 25 by means of pump 

23 and electric motor 24. 
A constant level of water in the tanks 26 is main- 

tained with the aid of overflow tappings and tubes 27. 

The water reaches column 1 along the tubes 28 and 
pipes 6 from the header tanks 26, and its flowrate is 

controlled by the valves 29. 
The method of conducting the tests was as follows. 

Specimens in the form of spherical particles or 

particles of other shapes were prepared from homo- 
geneous natural gypsum and loaded into the circulating 

column 1 in the space between the two grids 7. The 
particle bed was compressed during the entire test 

with the aid of the pressure clamp 9, which excluded 

the possibility of relative movement of particles in- 

side the bed. 
Then pump 23 was turned on and valve 29 was 

opened, to establish the required water flowrate, as 

measured by a volume method. When conditions be- 
came settled, the oscillatory mechanism was turned 

on to a preset frequency and amplitude. Samples 
were taken from tubes 10 both in uniform flow over 
the bed and in the presence of pulsations, at definite 
time intervals. 

The flowrate would then be altered, and the tests 
repeated in the same order. 

Solution of the gypsum particle bed was carried 
out with distilled water temperature of 298 ~ K. The 
concentration of gypsum in the solution was deter- 
mined by the average figure for titration of samples 
with Trilon B. 

The amplitude of oscillation of the liquid above the 
bed was measured with an optical setup, and was 
controlled in accordance with the measured piston 

amplitude. The saturation concentration of gypsum 
was assumed to be c s = 2.05 kg/m 3. 

For the spherical particles the tests were carried 
out at flow velocities of 0.16-7.25 cm/sec, liquid 
oscillation amplitude 0.12 cm, and frequency 5.3 and 

3.2 cps; and at amplitude 0.35 cm and frequency 0.6, 
1.6, 3.17, and 5.33 cps. The intensity of the oscil- 

lation was c0A = 1 .87-0 .21  c m / s e c .  
For  the bed of pa r t i c l e s  obtained by c rush ing  and 

s c r een ing ,  the t e s t s  were  c a r r i e d  out in the s ame  
range  of s t r e a m  veloci ty ,  and at osc i l l a t ion  ampl i tude  
0 .35-0 .4  cm, and f r equenc ie s  of 0.6, 3.1, 5.0, and 
6.5 eps.  The in tens i ty  of osc i l l a t ion  was then c0A = 
= 2 .6-0 .21  e m / s e e .  The flow veloci ty  of the l iquid 
s t r e a m  was ca lcula ted  accord ing  to the fo rmula  u = 
= Q /F .  The ra t io  of m a s s  t r a n s f e r  coeff ic ient  in the 
p r e s e n c e  of the osc i l l a to ry  mot ion to its value in s teady 
flow was de t e rmined  f rom (4). 

F igure  3 shows the dependence of solut ion con-  
een t r a t i on  on veloci ty  at va r ious  va lues  of c0A. Curves  
1 and 2 c o r r e s p o n d  to coA = 0, i . e . ,  to the case  of 
s imple  flow over  the pa r t i c l e  bed, and agree  fully 
with the data of other  authors  [8, 9]. Curves  3 - 8  
indicate  i n c r e a s e  of concen t ra t ion  with i n c r e a s e  of 
osc i l l a t ion  in tens i ty  at va r ious  l iquid s t r e a m  ve loc i t i es .  

F igure  4 shows the dependence of NUK/NU 0, the 
degree  of in tens i f i ca t ion  of the p r o c e s s  dur ing  pu l sa -  
t ion on the ra t io  coA/u. It may be seen  f rom the 
dependence obtained that the g r e a t e s t  i n c r e a s e  in the 
degree  of in tens i f i ca t ion  of the p r oc e s s  occur s  at 
va lues  of coA/u < 2.5. 

Obviously,  this  region  is of most  p r ac t i ca l  i n t e r e s t ,  
and the re fo re  it  is for this reg ion  only that  the ex-  
p e r i m e n t a l  data have been  ge ne r a l i z e d  with the help 
of the p a r a m e t r i c  equat ion (7). 

For  a bed of spheres  this  equat ion acqu i r e s  the 
following form:  

Nu~/Nu 0 = 1.15 (03A/u)~ ~ (8) 

The a g r e e m e n t  of the ca lcula ted  data obtained f rom 
the reduced equat ion (8) with the e x p e r i m e n t a l  data is 
i l l u s t r a t ed  in Fig.  5. 

For the bed of particles obtained by crushing and 

screening, the dependence in this region is similar 

in nature and is described by the equation 

Nu~/Nuo= 1.22 (03 A/u) ~ (03 dA/@ 18. (9) 
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F ig.  1. Solut ion k ine t ies  fo r  a bed of 
spherical gypsum particles in a uni- 

form stream of water. 

Fig. 2. Schematic of the experimental equipment. 
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Fig. 3. Solution k ine t ics  of solid spher ica l  gypsum 
par t i c l e s  in a bed in uni form and pulsa t ing  l iquid 
s t r e a m s  (c in kg/m3; u in m / s e c ) :  1, 2) for coA = 
= 0; 3, 4, 5, 6, 7, 8 ) f o r  wA = 0.21, 0.384, 0.56, 

0.64, 1.11, and 1.87, respec t ive ly .  

Nu.~ 
NU~ ( 

.r.--r 

2 

5 

# 

2.0 #.0 

Fig. 4. Var ia t ion  of mass  t r a n s f e r  in tens i ty  
Nuk/Nu 0 in the bed in the p r e sence  of p u l s a -  
t ions as a function of wA/u: 1, 2, 3, 4, 5, 6) 
for tea = 0.21, 0.384, 0.56, 0.64, 1.11, and 

1.87, respect ive ly .  
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Fig, 5. Mass transfer kinetics 

in a bed of spher ica l  pa r t i c l e s  
with a pulsa t ing  l iquid s t r e a m  
(general ized cor re la t ion) .  B -~ 

_ (coA/u)0.41 (wA/~)0.21. 
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Equat ions  (8) and (9) show that the degree  of in-  
t ens i f i ca t ion  of mass  t r a n s f e r  in the bed, other  con-  
di t ions being equal,  is somewhat  less  for the c rushed  
pa r t i c l e s  than for the bed of spher ica l  pa r t i c l e s .  

Thus,  appl icat ion of an osc i l l a to ry  p roce s s  dur ing  
mass  t r a n s f e r  in a bed of sol id pa r t i c l e s  leads  t ~  
cons ide rab le  acce l e r a t i on  of the m a s s  t r a n s f e r ,  ~ up  
to a fac tor  of 4.5 in our  t e s t s ,  as may be seen  f rom 
Fig. 5. 

As inves t iga t ion  in the range  wA/u < 2.5 has shown, 
the degree  of enhancemen t  of m a s s  t r a n s f e r  for a bed 
of pa r t i c l e s  of the shape ment ioned  obeys a s ingle  
re la t ion .  

Acce l e ra t i on  of m a s s  t r a n s f e r  in the bed in the 
p r e s e n c e  of pu l sa t ions  of the med ium is evident ly  due 
to the following causes .  In s imple  flow over  the bed, 
at reg ions  close to the points of contact  of the pa r t i c l e s ,  
there  are  s tagnant  zones,  where  the veloci ty  of l iquid 
motion is ins ign i f ican t ,  and the mot ion is  l a m i n a r .  
When the mechan ica l  osc i l l a t ions  a re  s u p e r i m p o s e d  
on the s t r e a m  of l iquid,  the veloci ty of flow over  the 
pa r t i c l e s  is i n c r e a s e d  apprec iab ly ,  making  the bound-  
a ry  l aye r  t u rbu l en t  at the sur face  of the p a r t i c l e s .  
There fo re ,  as a r e s u l t  of the pulsa t ing  mot ion  of the 
liquid and of its pulsating displacement, conditions 
are created which remove the stagnant zones close 
to the points of contact of the particles. It is to be 
expected that the effect caused by breakdown of the 
stagnant zones will be the greater, the larger the 

stagnant zones themselves. 

In the case of cylindrical particles, the regions in 
which motion of the liquid is limited will exceed the 

analogous regions for spherical particles, which touch 

one another only at points. Therefore, the degree of 

enhancement of mass transfer in the case of cylindri- 
cal particles should be greater than in the spherical 
particle case. This rule is actually observed in prac- 

tice, and is confirmed by the results of our investi- 
gations and those of others [i]. 

Thus, the creation of pulsations in the liquid flow 

may be used to enhance mass transfer in a bed of 

pa r t i c l e s  of va r ious  shapes,  and the re l a t ions  obtained 
here  may be usefu l  for ca lcu la t ion  of t echn ica l  p r o c e s -  
ses  and equipment  in which pulsa t ing  motion of the 
l iquid med ium is employed.  

NOTATION 

k0-mass transfer coefficient in simple flow over a bed of solid 
particles; c0--1iquid concentration upstream of bed inlet; u--flow 
velocity of stream, m/sec; o--specific area of bed of solid particles; 
H-depth of bed; c2-1iquid concentration at bed outlet; Cs-saturation 
concentration of gypsum; kK--mass transfer coefficient for pulsating 
Iiquid stream; CK--liquid concentration at bed outlet for pulsating 
stream; w--oscillation frequency; d-diameter of solid particle; A-- 
oscillation amplitude; v--kinematic viscosity of liquid; Q-liquid 
flow rate; F--cross-sectional area of column. 
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