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The hydrodynamic state in the f ree  volume of a granular  bed during fluid flow through it is 
investigated. A mathemat ica l  model  is proposed to descr ibe  mater ia l  t ranspor t .  Its 
pa r ame te r s  a re  determined exper imental ly .  

The process of material transport in the free volume of a granular bed is determined to a consider- 
able extent by the conditions for fluid flow in the space between granules. 

The widely known models - diffusion [1-3], cellular [4, 5], with stagnation zones [6-9], and others 
- are insufficiently justified hydrodynamically and experimentally and are most often selected intuitively. 

Selection and Justification of Model. To understand the phenomena occurring in the free volume of 
a bed and to facilitate the construction of a mathematical model, an experimental study of fluid flow in the 
space between granules was undertaken. The study was carried out in a flume with plane and three-di- 
mensional models of a bed. In the work with a flume and plane model, we studied the flow around various 
groups of cylinders which represented the most characteristic portions of a bed cut by two planes. The 
three-dimensional model consisted of randomly arranged spheres 25 mm in diameter in a column 150 
• 150 mm in c r o s s  section. The spheres  were made of thin glass  and were filled with water  to reduce 
optical dis tor t ion.  Some of the spheres  were  cut and fastened to the walls of the column. In all the ex-  
pe r iments ,  the t r a c e r  was an aqueous solution of the ethyl e s t e r  of d ie thylamino-o-carboxyphenylxanthyl  
chlor ide ,  the distr ibution of which in the spaces between the granules was cha rac t e r i zed  by a g reen i sh -  
yellow luminosi ty when the geometr ica l  model  was il luminated with ul t raviolet  light. In this way, the local  
hydrodynamic state around bed elements  was observed.  During an experiment ,  the flow rate  was var ied  
so that Re = 10-1000. It  was establ ished that the free volume of the bed was nonuniform over  the entire 
range of var ia t ion of the Reynolds number ;  there were  two regions ,  a flow zone (FZ) consis t ing of fluid 
s t r eams  in the space between the granules  and a stagnation zone (SZ) located in the neighborhood of the 
points of contact  between bed par t ic les .  The nature of ma te r i a l  t r anspor t  p r o c e s s e s  in the SZ and exchange 
with the FZ depend s t rongly on flow conditions in the external  flow and on the Reynolds number.  Quali ta-  
t ively,  one can distinguish three ve ry  typical  regions .  Thus,  when Re < 100, the diffusion mechanism for 
mater ia l  t r anspor t  predominates ,  there  is no marked  vor tex  formation in the SZ, and its lightening or  
darkening occu r s  gradually.  When Re ~ 100, vor t ices  a re  fo rmed in the outlet of the SZ and the zone is 
divided into two par ts  in this ease, a diffusion region and a vor tex  region. As Re inc reases ,  the volume 
of the vor tex  region grows and intense pulsations of the boundary and volume of the SZ begin. When Re 

800, a vor tex  occupies  prac t ica l ly  the ent ire  volume and predominates  over  the pure ly  convective m e c h -  
anism for mate r ia l  t r anspor t  with the exper imental ly  determined Strouhal number  ~0d/U being ~6.5-0.6 .  

The resul t s  make it possible  to a s s e r t  that nonsta t ionary mass  t r anspor t  in the f ree  volume o f  a bed 
can be descr ibed  by the following mathemat ica l  model:  

(1--cr 0C1 1 0"Cl OC~ _ ~ ( C l _ C ~ ) ,  (1) 
O~ Pe 10~ 2 O~ 
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Fig. 1. Stagnant zone fract ion in a granular  bed: 
spheres  with 1) d = 1.88 mm, 2) 5 ram, 3) 8 mm. 

Re 

ac~ ac~ I (2) a~ = ~ (C l - -C~)  - N .  ay ,y=1-~ ' 

de3 = N a~cs (3) 
a.~ ay ~ ' 

where Pc, = ~'1; N = Ud ; x = d '  

=e~; ==T;  p=_; ~ =-~; y =~" 
It  should be noted that for  gas motion through a fixed granular  bed even for Re ~ 20, the SZ is close 

to the volume for ideal mixing [10]; this difference in the nature of t r anspor t  p roces se s  in the SZ for gases 
and liquids at  identical values of the Reynolds laumber is explained by the differing degree  of turbulence in 
the incoming flow. Initial per turbat ions  having the same o rde r  of magnitude in the two cases  die out in a 
shor te r  length of bed with a liquid because of its lower  velocity.  Thus by sett ing up a plane geometr ic  
model of a turbulation at the entrance,  we managed to shift the region for the formation of pulsations in the 
SZ to Re ~ 10-20. 

If  Re < 100, q~ = 0 and the mathemat ica l  model (1)-(3) becomes s imi la r  to the Turner  model [7]. I ts  
basic  pa r ame te r s  a re :  SZ fract ion in the free volume of the bed (a); the pa r ame te r  N, which determi.nes 
mass  t r anspor t  in the stagnant zones;  the quantity Pe  I , which cha rac t e r i ze s  longitudinal mixing in the FZ. 

Experimental  Determinat ion of the SZ Fract ion.  The stagnant zone f ract ion was determined by the 
, t r a c e r  n method [10] on an experimental  device s imi lar  to that descr ibed in [11]. The studies were  made 
with glass  spheres  having d = 2, 5, 8 mm .  The velocity of the ascending water  flow was var ied  so that 
Re = 1-300. A KC1 solution served  as a t r a c e r  in all exper iments .  Measurement  of the t r a ce r  penetrat ion 
t ime was accomplished with platinum conductivity sensors  se t  up in different sections of the bed and con-  

nected to ~.MP electronic  br idges .  

Results  of the experimental  determinat ion of ~ are  shown in Fig. 1. As indicated by the figure,  there 
a re  two regions  in the dependence of the SZ fract ion on Reynolds number .  Thus ~ increases  when Re < 70 
and is pract ica l ly  constant  for Re = 70-250. In the analysis  of the resu l t s  for the purpose of  obtaining c r i -  

ter ia l  re la t ionships ,  the following forms were  chosen: 

for R e < 7 0  ~ = A R e  c, ( 4 )  

for 70 < Re < 250 r = B. (5) 

Analysis  of the experimental  data was done on a "Minsk-2" computer  using least  squares .  I t  turned 
out that A = 0.135, C = 0.16, and B = 0.27. The confidence intervals  for the var ia t ion  of these coefficients 

for a confidence factor  P = 0.9 were AA = 0.015, AC = 0.02, and AB = 0.008. 

Investigation of Mass Exchange between Zones and Longitudinal Mixing in the Flow Zone. The p a r -  
a me te r s  N and Pe a were determined on the same experimental  apparatus and under the same conditions as  
was the s z  fraction.  The following analysis  was pe r fo rmed  to choose the locat ion of the sensor s  in the bed. 
The equatio~ sys tem (1}-(3} was solved in the form of a Laplace t rans form including the boundary conditions 
given in [11]. Then, by var ia t ion of experimental  conditions on the "Minsk-2" computer ,  those sensor  co -  
ordinates  were  selected where the effect of t ranspor t  p rocesses  in the inlet and outlet of the device on the 
solution was negligibly small  (no more  than 1-2%}. It  turned out that for a bed length L = 1.5 m and a 
velocity U = 0.3 m / s e e  it was advisable to set  up the f i r s t  sensor  at a distance l t = 0.3 m f rom the en -  
t rance  and the second at l~ = 1.2 m. The resul t s  were  then checked exper imental ly  by vary ing  the distance 
between the sensors .  Thus the boundary conditions [11] can be simplified and presented  in the form 
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Fig .  2. a) P e  a a s  a funct ion  of  R e ,  s p h e r e s  with 1) d = 1.88 m m ,  
2) d = 8 m m ,  3) d = 5 m m ;  the c u r v e  is  the  a p p r o x i m a t i o n  g iven  by  
Eq .  (15). b) N a s  a funct ion  of  R e ,  s p h e r e s  wi th  1) d = 1.88 m m ,  
2) d = 5 m m ,  3) d = 8 m m ;  c u r v e  is  the  a p p r o x i m a t i o n  g iven  by 
E q s .  (16) and (17). 

for ~ = 0 C l (~) = co (t); 

oc, I for ~--* oo - -  ~ 0 ,  
O~ t 

' (6) 
I 

for y =0 0C3 =0; y= I--~ Ca=C~. I 

T h e  so lu t ion  of (1)-(3) wi th  (6) t aken  into aceo tmt  h a s  the f o r m  

W (S)= exp 1--1: / I -T  -P~el ] / '  

(7) 

cpS-,-~-~- ~ SNthv//- (1--~o) ' 

a s  a L a p l a c e  t r a n s f o r m  w h e r e  S is  the L a p l a c e  v a r i a b l e .  

One can  ob ta in  f r o m  Eq.  (7), the  a m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  

W (if2) = A (f~) exp [--  iqo (Q)], (8) 

w h e r e  A(~2) and ~o(f~) a r e  the a m p l i t u d e -  and  p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c s  (AFC and P F C ) .  F o r  Re  
< 100, 

A(gO=exp{Pe~@[ I - ] / V  R=-FJ=2 - t - R ] }  ' (9) 

(a)  ~p 
2 1 /  2 2' 

R = 1 -t-4~Na (tha tga)+tga.tha(tha+tga); (11) 
Pe~ 1 + (th a.  tg ap  

J = (1 e) f~ -F ~Na (th a+tga)--tga.tha(tha--tga). 
1 + (th a . tg  a) 2 ' (12) 

/ - ~ - .  od  

"=1/  -s ' a - = -  u 
The  c o r r e s p o n d i n g  v a l u e s  of  the A F C  and P F C  f r o m  the e x p e r i m e n t a l  c u r v e s  w e r e  d e t e r m i n e d  f r o m  

~ l  ~C2(x)c~ ~-l- [C~ (z) sin (f~) dz]~ 

AAfO = o , (13) 

V /  [ f Cx (.x) cos (f~) d~ ]~ + [Cx (x) sin (fa,) dx] ~ 

/*C 2 (x) sin (f~x) d~ ~*Cx (x) sin ( ~ )  d~ 
r = arctg o - - a r c tg  o , (14) 

~C~ (~) cos (m)  d r  .~G (~) cos (nt):d~ 
o 0 

837 



where Cl(v ) and C~(T) a re  functions of the change in t r a ce r  concentrat ion in the c r o s s  sect ions at I 1 and lso 
They were  determined on the experimental  device by conductivity sensors  instal led in the two sect ions of 
the bed when a pulse of t r a c e r  (KC1, ZnSO 4, or  K2SO4) was fed into the inlet. 

The pa rame te r s  Pe  a and N were  selected on the "Minsk-2" computer  by compar i son  of the theoret ical  
values for the ampl i tude-frequency cha rac t e r i s t i c s  with the corresponding experimental  values.  To a c -  
complish this,  a grid of Pea and N values was given and that set  determined which provided a minimum 
squared deviation no more  than 2%. I t  should be noted that over  the entire range Pe  I = 0.5-10 and N = 0.001- 
1.0 there was only a single set  of pa r ame te r s  which best  descr ibed  the experimental  data. 

Results  of the study of the longitudinal mixing coefficients (for Sc = 500 and KC1 t race r )  a re  shown in 
Fig. 2a; resu l t s  for  the pa r ame te r  N a re  shown in Fig. 2b. To investigate the effect of the Schmidt number  
on m a s s  t ranspor t ,  Z~qO 4 (Sc = 1180) and KsSO 4 (Sc = 650) were  used as t r a c e r s  in addition to KC1. We 
found that N ~ Sc - l '~ and Pea ~ Sc ~176 

Through analysis  of the experimental  data for longitudinal t ranspor t ,  the re la t ion 

Pe, = B 1 + A1 Re C, Sc ~176 , (15) 

was selected.  The quantity B i can be obtained from the following physical  considera t ions :  for Re < 1, the 
intensit ies of the t ranspor t  p roces se s  in the longitudinal and t r ansve r se  direct ions  of the bed become c o m -  
mensurable .  This leads to the fact that  the free volume of the bed can be descr ibed  by a diffusion model 
with Pea equal to 0.5 [1, 2]. Thus B i = 0.5. A i and Ci, which a re  determined analogously to A and B, have 
the values A t = 0.042, C 1 = 0.67. The confidence intervals  for P = 0.9 for their  var ia t ions  a re  &A t = 0.01 

and AC i = 0.07. 

Since N = (D/Ud)(d/5)  2, we obtain NReSc = (d/5) ~ by multiplying both sides by ReSc. As follows f rom 

the mathemat ica l  model assumed,  d / 6  ~ ~-I and for Re < 70 

N :=- B 2 + A~ t(e-l-32 Sc -I'~ (16) 

As a l ready noted in the f i r s t  section,  when Re > 100 a vor tex  is formed in the outlet of the SZ which inten- 
sifies m a s s  exchange with the FZ.  Then, considering D as some effective quantity proport ional  to l inear  
velocity and granule d iameter  and assuming that d / 6  = const  (see Fig.  1), we obtain 

N --B 3. (17) 

The coefficients B z, A s , and B 3 determined by the method descr ibed above prove to be B s = 0.04, A s = 3500, 
and B 3 = 0.065. The confidence intervals  for their  var ia t ion a re  AB 2 = 0.005,  AA z = 600, and ABa = 0.005. 
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fluid veloci ty in free volume of bed; m / s e c ;  
sphere  d iameter ,  m;  
coefficient of longitudinal mixing in flow-through region,  m 2 / s e c ;  
molecular  diffusivity, m 2 / s e c ;  
depth of stagnation zone, m; 
t ime,  sec ;  
f ract ion of Row-through zones in a bed; 
f ract ion of vor tex  zone; 
bed poros i ty ;  
longitudinal coordinate,  m;  

is the m a s s  t r ans fe r  between zones,  m / s e c ;  
a re  the t r a c e r  concentra t ions  in f low-through, vor tex ,  and diffusional regions ,  respec t ive ly ,  

f ract ions;  
is the frequency of vor tex  fluctuations in flow zone, sec- i ;  
is the coordinate along depth of stagnation zone, m; 
is the distance between probes ;  
is the kinematic v iscos i ty ,  m 2 / s e c ;  
is the Reynolds number ;  
is the Schmidt number .  
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