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Experimental and modelling investigations of  the hydrodynamics of  the internal flow structure in the 
circulating particulate bed electrode (CPBE) are reported. The CPBE, a hybrid between an expanded 
packed bed and an entrained/fluidized bed, is particularly well suited for many electrochemical appli- 
cations such as metal recovery and pollution treatments for metal containing effluents. This study 
deals with the fundamental  hydrodynamics and particle dynamics of  the CPBE. A mathematical  
model of  the CPBE has been developed which successfully describes the motion of  the particles and 
the fluid in the bed. It is shown that many of  the flow characteristics of  the circulating bed can be pre- 
dicted using fundamental  data. The validity of  the proposed model was demonstrated by comparing 
predictions to experimental observations of several bed characteristics under various operating con- 
ditions. The conditions necessary for a stable circulating particulate bed are defined. 

List of symbols 

A cross-sectional area of the cell (m 2) 
dp mean particle diameter (m) 
C D experimentally determined constant calculated 

by Haider and Levenspiel [26] 
C proportional constant in Equation 15 
CR circulation rate of solids (m 3 S -1) 
D hydraulic diameter of the vessel (m) 
g gravitational constant (kg m s -2) 
G flow rate (kgs -1) 
HD height of the particles inside the descending 

layer (m) 
HR height of the particles inside the rising layer (m) 
L length (m) 
n Richardson and Zaki index ( - )  
Ap pressure drop (Nm -2) 
Q inlet liquid flow rate (m 3 s -1) 
R reaction force between the descending layer and 

the cell wall (kg m -2) 
T total bed thickness (m) 
tD descending layer thickness 
t R rising layer thickness 

tan q5 coefficient of friction ( - )  
U1 superficial liquid velocity (ms -1) 
Ui a function of terminal velocity (equation 3) 

(ms -1) 

1. Introduction 

Here we report research results of hydrodynamic 
characterization of a novel electrochemical reactor 
called the circulating particulate bed electrode reactor 
(CPBE). This resembles a combination of a spouted 
bed or entrained/fluidized bed and an expanded 
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Ut particle terminal velocity (m S -1) 
V interstitial velocity or actual velocity (m s -1) 
V1 slip velocity in the rising layer (m s -1) 
V 2 slip velocity in the descending layer (ms -1) 
W width of the bed (m) 

Greek symbols 
e bed voidage (the fraction of the total volume 

which is made up of the free space between the 
particles and is filled with fluid) ( - )  

el packed bed voidage before bed expansion ( - )  
0 tilt angle (radians or degrees) 
Ps solid density (kgm -3) 
Of fluid density (kgm -3) 
#f solution viscosity (kg m s -1) 
q5 s particle sphericity ( - )  

Subscripts 
D descending layer 
L(f) liquid (fluid) component 
R rising layer 
S solid component 
L liquid component 
T total depth of the bed 
P particles 
t terminal 

packed bed. In certain cases the CPBE is considered 
as a special case of what is known as slot spouted 
bed [1]. A quantitative understanding of the hydro- 
dynamics of the circulating particulate bed is needed 
for design and scale-up of an efficient device in order 
to optimize its performance. 

High specific surface area, good mass transfer rates 
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and other properties have led many workers to believe 
that three-dimensional electrodes possess many 
advantages over conventional parallel plate cell reac- 
tors in applications such as organic electrosynthesis 
[2], metal recovery and pollution treatments of water 
streams and effluents [3]. 

Coeuret [4] reviewed the use of fluidized beds to 
recover metals from solutions since the appearance 
of the particulate electrode in 1966. The concept of 
the circulating bed was first described in [5]. Later 
the CPBE cell was developed and patented as a 
part of an electrochemical reactor by James and 
coworkers [6, 7] with some modifications and 
improvements by others [8, 9]. There are a few 
references in the open literature regarding the CPBE 
[10-12]. In the case of copper recovery [!1], Good- 
ridge et al. showed that the electronic conductivity 
in the disperse d phase in the CPBE is much better 
than the fluidized bed. Goodridge and Vance [12] 
demonstrated several of the positive features of the 
CPBE cell as applied to electrowinning of zinc such 
as achieving high current efficiencies in acid electrolyte 
at high current densities. 

The lack of understanding the particle and hydro- 
dynamics of the particulate bed is one of the reasons 
this technology has not been introduced into commer- 
cial applications. Therefore, this work emphasizes 
developing a better understanding of the hydro- 
dynamic characteristics of the CPBE. 

Preliminary studies for the hydrodynamic model- 
ling of the circulating bed are given in [13]. In this 
paper we report a more coherent picture of the 
hydrodynamics of the CPBE as a function of cell tile 
angle, solution flow rate, particle size and density, 
and solution properties. A hydrodynamic model 
allows one to predict basic bed characteristics, such 
as descending bed particle flow rate, rising layer 
thickness and bed porosity. More importantly, the 
model can be used to predict particle movement and 
distribution as a function of average superficial flow 
rate, particle size and density, fluid properties, cell 
tilt angle and cell geometry. These characteristics 
will be important inputs to an electrochemical model 
for predicting performance of this electrochemical 
reactor. 

To describe the CPBE, consider a vessel inclined by 
an angle 0 from the vertical, filled with solid particles. 
Suppose fluid is injected at the base of the vessel 
through a distributor. At low flow rate, the liquid 
simply moves up without disturbing the particles, 
and the pressure drop rises with increasing flow rate. 
Upon reaching a certain flow rate, the particles begin 
to move. If the fluid flow rate is high enough, the 
liquid velocity causes a stream of particles to rise 
rapidly in a continuous sheet of particles near the 
upper wall of the vessel. When these particles reach 
the top the action of gravity causes them to spill 
down, moving downwards as an expanded packed 
bed. The combined particle motion results in a circu- 
lation of particles (Fig. 1). The overall circulating bed 
becomes a combination of a dilute phase of upward 
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Fig. 1. A schematic of the experimental particulate bed electrode cell 
used in this study. Only the cathode was studied here; the anode 
chamber and anolyte flow was not used in these studies. 

moving solids entrained with a co-current flow of 
fluid, and a dense phase of downward moving par- 
ticles with counter-current percolation of fluid. A sys- 
tematic cyclic pattern of solid particles circulation is 
thus established giving rise to a unique hydrodynamic 
system. The dilute phase is called the 'rising layer' 
while the dense phase is referred to as the 'descending 
layer' (Fig. 2(a)). The particles travel along the path, 
and so circulate through the rising and descending 
layers. Experimental observation revealed that par- 
ticles do not cross from lean to dense phase except 
at the ends of the bed. 

2. Model approach and description 

Hydrodynamic studies of moving particle systems in 
gas-solid systems have been proposed in literature. 
Generally, the models follow one of the two schools 
of thought; a dilute upward moving gas-solid sus- 
pension surrounded by a denser annulus of downward 
flowing solids (core-annulus models) [14-17] or 
packets of upward and downward moving solids 
occupying a dilute continuum of discrete particles 
(cluster models) [18-25]. The CPBE under investi- 
gation is composed of two distinct and easily iden- 
tifiable regions (Fig. 2(a)); a dilute upward moving 
(co-current) liquid-solid layer (rising layer) and a 
dense downward moving (counter-current) solid layer 
(descending layer) in a situation similar to the core- 
annular system in the spouted beds. The two layers 
can be treated as separate systems. The inlet region 
was not examined in the model because it involves 
unknown interactions, so the model may not apply 
to very short beds. 
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Fig. 2. (a) The CPBE contains two distinct and easily identifiable regions, the rising la?cer and the descending layer; (b) cross section in the 
CPBE showing forces on a volume element. 

2.1. Rising layer 

The rising layer is a continuous sheet of rising solid 
particles and liquid. The thickness can vary from a 
few millimetres to over 5 mm (total bed thickness is 
on order of 25mm) which occupy about 5-20% of 
the total bed (the thickness depends on the tilt angle, 
solution viscosity and particle size). As the fluid passes 
upward through the bed, a pressure gradient is estab- 
lished through the length of the bed while the indi- 
vidual particles separate from each other. The total 
pressure drop along the bed can therefore be obtained 
by integrating the longitudinal pressure gradient pro- 
file from bottom to top. 

Comparing various solid-liquid hydrodynamic 
systems, an entrained fluidized bed hydrodynamic 
behaviour is a system most appropriate for the 
description of the rising-layer velocity inside the 
CPBE bed. The pressure gradient in the rising layer 
is given by the following equation [26]: 

APR = --(Ps -- pf)(1 -- e R ) g H R c o S O  (1) 

In general, liquid fluidized systems are character- 
ized by regular bed expansion, that is, the velocity 
increases from the minimum fluidization velocity to 
the terminal falling velocity of the particles, or 

U 1 / O i = ~ (2) 

where U1 is the superficial liquid velocity, Ui is a func- 
tion of the terminal velocity [26] as shown in Equation 

3, n is the Richardson and Zaki index [27, 28] and cn is 
the fluidized bed porosity. 

The velocity Ui is related to the terminal velocity 
by 

log U i = log Ut - dp/D (3) 

Here, dp is the mean diameter of bed particles and 
D is the mean hydraulic diameter of the rising 
layer. 

Equation 2 applies to fluidized beds (no net motion 
of solids exists). To describe the motion occurring in 
the rising layer in the circulating bed, the equation 
requires modifications as follows: 

g 1 = U I / ~  R (4) 

where V 1 is the relative interstitial velocity in the rising 
layer. 

Having obtained the value of V1, it is possible to 
relate the liquid and solid velocities in the rising layer. 
The basis of the Wallis drift-flux [29] model which 
focuses on the relative motion rather than the motion 
of individual phases, can be used to relate the veloci- 
ties. The drift flux model relates the interstitial phase 
velocities between the solid and the liquid in the rising 
layer (the liquid rising layer velocity and the solid 
rising layer velocity are in the same direction). This 
is shown by the following equation: 

V I ~- VLR-- VSR (5) 
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Also, the phase velocities are related to the superficial 
phase velocities as follows 

VLR-  ULR (6) 
CR 

UsR (7) 
VSR -- 1 -- e R 

The terminal velocity can be estimated as [26] 

(4dp(ps-  pf)g~ ½ (8) 

Combining Equations 2 to 8, leads to 

ULR(1 -- eR) -- USReR 

/4dp(Ps - Pf)g'~ ½~-dp/D g, 
-- ~ ~-pfCD -J ~ tR \X-  eR) (9) 

Equation 9 is useful since it is possible to use physi- 
cal data such as solid and liquid densities and rising 
layer voidage together with the particle size to 
describe the relationship between liquid and solid 
velocities in the rising layer. 

2.2. Descending layer 

The descending layer is a slightly expanded packed 
bed. This part of the bed occupies the majority of 
the cell (70-90%). The Ergun equation is a satisfac- 
tory generalized relation for relating pressure drop 
to flow rate through fixed beds. The Ergun equation 
can be corrected for the particles shape by introducing 
a sphericity parameter. The particles employed in this 
study were spherical and within a narrow diameter 
range (dp= 420-550 #m). For a wide range of particle 
diameters, the Ergun equation can be still employed 
by using the mean average particle diameters. The 
Ergun equation can be used to predict the pressure 
drop as long as no gas evolution takes place. A recent 
study by Wragg et al. [30] suggests a correction for the 
coefficient in the first term as a result of gas evolution. 
The correction is a function of current density (i.e., 
gas evolution rate). 

The Ergun equation is written as [31] 

dp _ 150(1 - eD)2#fV2 -~- 1.75(1 - CD)PfV 2 (10) 
dx 2 3 dpe3 dpeD 

where V 2 represents the slip velocity in the descending 
layer. Having obtained the value of V2 it is possible to 
relate the liquid and solid phase velocities in the des- 
cending layer: 

V 2 = V L D -  VSD (11) 

The pressure drop in the packed bed can be related 
to the force balance around a small element inside the 
bed. In this region, there are several forces in action 
which lead to a stable system. These forces are present 
due to the weight of the bed, to the relative motion of 
the liquid and solid particles, and to friction forces 
between the bed back plate and friction between 
descending-rising layers. A section of circulating 
bed is shown in Fig. 2(b) with the forces depicted. 

The force balance in the x-direction can be written 
in terms of the 'pressure drop', 'frictional force' and 
'weight' as follows: 

[-APADI + [tan ORWHD] 

-[(Ps - pf)(1 - eD)(g2xX(AD)COS0] = 0.0 (12a) 

The force balance in the y-direction can be written in 
terms of the 'reaction' and 'weight' forces as follows: 

(RWHD) - I(Ps - pf)(1 - eD)(gAxa D sin0)] = 0.0 

(12b) 
Combining force balance (Equation 12(a) and (b)) in 
x- and y-directions gives: 

dP 
d~ = (Ps - pf)(1 - eD)g(tan q~sin0 -- cos0) (12c) 

V P  = (Ps - pf)(1 - eD)g(tan 0 sin 0 -- cos 0)HD 

(12d) 

This equation can be used to find the pressure drop 
in the descending layer in the CPBE as a function of 
several parameters. 

The pressure drop calculated from the Ergun equa- 
tion should be equal to the pressure drop calculated 
from the force balance, thus Equation 10 and Equa- 
tion 12(c) are equated to give 

-(Ps - pf)(1 - eD)g(tan 0 sin 0 -- cos0) 

1.75(1 -- eD)pfV 2 = 150(1 - eD)2#fV2 + (13) 

dpeo  

Solving with respect to V 2 gives 

42.86#f(1- e D ) [  (42-86#p(1 -- ~D)) 2 
V 2 = -  dppf q- k ~p~f 

2 3 j l / 2  
dpeD(Ps -- Of)(tan 0 sin 0 -- cos 0 (14) 

Having obtained this value of V2 which represents 
the slip velocity in the descending layer, it is possible 
to relate the liquid and solid phase velocities in the 
descending layer (Equation 11). 

The slip velocity reflects the interaction between 
liquid and solids and is an essential parameter for 
the process modelling. Equation 5 and 14 represent 
the slip velocity in the rising and descending layer, 
respectively. Slip velocity is a main factor influencing 
mass transfer, momentum transfer and electrochemi- 
cal reaction. So the prediction and/or measurement 
of the slip velocity is important to obtaining an in- 
depth understanding of liquid-solid two phase flow. 

2.3. Particle motion at interface 

In the rising layer, the liquid velocity is greater than 
the solid particle velocity because the solid particles 
settle with respect to the liquid (under the effect of 
the gravity). As a result, gravity will force particles 
to move towards the descending layer as is shown in 
Fig. 3. Thus, the solid particles in the rising layer 
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Fig. 3. Particles motion at the interface and velocity vectors. 

collide with the descending layer and bounce off the 
descending layer and proceed up the rising layer in a 
series of bouncing steps. The collision velocity 
depends on the solid velocity in the rising layer, while 
the velocity at which the solid particles will return 
back to the rising layer is proportional to the differ- 
ence between the solid velocity in the descending layer 
and in the rising layer. 

By assuming the solid velocity in the descending 
layer is negligible with respect to the solid velocity in 
the rising layer, equating these two velocities at the 
interface by inserting the proportionality constant C 
gives the following equation 

C 
VLR -- VSR -- tan0 x Vsp ̀ (15) 

where C is the proportionality constant (different 
values for C were tried, C = 0.01 was found to be 
the most appropriate value to fit the data). This is tan- 
tamount to saying the difference between the VLR and 
Vsp, is small as was observed experimentally. Also, the 
proportionality to VSR becomes smaller as the angle 0 
increases. 

2.4. Mass balance 

Since no solids leave the bed, the solid flow rate in the 
rising layer has to equal the solid flow in the descend- 
ing layer as follows: 

GSD = --GsR (16) 

Thus, 

VsD(1 - q))psAD = -- VsR(1 -- eR)ARps (17) 

Solving for velocity in the rising layer gives 

VSD(1 -- eD)A D 
VSR = -- (1 -- eR)AR (18) 

Having obtained the solid velocity and the rising layer 
thickness inside the bed, it is possible to calculate the 
solid circulation rate (CR) inside the bed as follows: 

CR = VsR(I - ep.)Wtp. (19) 

where tR represents the rising layer thickness. 

The total inlet liquid flow will pass through both the 
rising and the descending layers. If  the inlet mass flow 
rate is Qpf, then 

Qpf = GLI) + GLR (20) 

Q = VLDeDA D q- VLReRAR (21) 

This equation relates the inlet volumetric flow rate 
with the liquid descending layer velocity, liquid velo- 
city in the rising layer, and to the rising and descend- 
ing layer thickness through A R and AI), respectively. 
The total thickness of the bed is represented as the 
summation of the descending and the rising layer 
thickness as (T = tR + tD). By solving Equation 21, 
it is possible to predict the rising layer thickness for 
different design and operating parameters. 

2.5. Particle number balance 

The total number of particles inside the bed is con- 
stant, assuming no particles leave the bed: 

(1 - eD)tDH D -k (1 -- eR)IRHR = (1 -- q( t  R + tD)H 0 

(22) 

where eD, eR and e I are descending layer, rising layer, 
and initial bed voidages, respectively, and/4o is the 
initial collapsed height. Upon knowing the rising layer 
thickness and rising layer voidage, Equation 22 can be 
used to calculate the descending layer voidage. 

2.6. Voidage distributions 

One of the most important characteristics of any par- 
ticulate bed is its voidage, which is defined as the frac- 
tion of the total volume which is made up of the free 
space between the particles, and filled with fluid. 
The solid phase in the descending layer is assumed 
to be similar to the annulus in the case of the spouted 
bed which is essentially a loose packed bed [32, 33]. 
The voidage in this region is substantially constant 
and equal to that in a fixed bed of loosely packed 
particles. Indeed, slight differences of voidage in dif- 
ferent parts of the descending layer can frequently 
be observed. The fraction voidage (q)) in a packed 
bed is related to the particle sphericity [26]. Voidage 
of a randomly packed bed of uniformly sized particles 
increases as particles become less spherical. 

The rising layer is similar to a riser through which 
the particles are being transported in a dilute phase. 
The rising layer voidage is higher just above the distri- 
butor than along the height of the bed. For a stable 
system in equilibrium, the pressure drop along the 
bed should be uniform across the descending and 
rising layers. Thus, by setting equality between 
Equation 1 and Equation 12(d), this yields 

- (Ps - p f) (1 - eR)gH R cos 0 

= (Ps - pf)(1 - eD)g(tan qSsin0 - cos 0)HD (23) 

Rearranging the above equation gives 

ep, = 1 + [(1 - q))(tanqStan0 - 1)] x HD (24) 
Ha 
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Fig. 4. Effect of cell tilt angle on the rising layer voidage. 

The rising layer voidage depends on the descending 
layer voidage, the cell tilt angle and the friction coeffi- 
cient. As the cell tilt angle increases the rising voidage 
increases. Fig. 4 shows this effect clearly. 

3. Results 

3.1. Independent variables and calculation algorithm 

The input variables or independent parameters to the 
model include properties of  the cell, the liquid and the 
particles which all can be evaluated independently. 
The input variables are summarized in Table 1. Table 
2 is a summary of the algorithm to solve the mathema-  
tical relationships which describe the fluid and particle 
behaviour in a CPBE. 

3.2. Model  validation and simulation results 

To determine the validity of  the proposed model, 
comparisons are made between the simulated and 
experimental observation to illustrate the ability of  
the model to predict the effect on dependent para- 
meters, such as pressure drop and layer thickness of  
operating parameters  such as the superficial liquid 
velocity, particle diameter and density. The fluid in 
all experiments was water. (Details of  the experiments 
can be found in [34].) Figures 5 and 6 show the rising 
layer thickness predicted from the model as compared 

Table 1. Values used for independent parameters of model for CPBE 
system 

Independent parameter Symbol Values used 

Particle diameter dp 420-550 gm 
Solution viscosity #f 0.01 poise 
Solution density p f 103 kg m -3  

Particle density Ps 8.6-11.4 x 103 kg m-3 
Solution flow rate Q 30-130 × 10 -6 m 3 s -1 
Width of the bed W 14 x 10 2m 
Bed thickness T 2.54 x 10 2 m 
Cell tilt angle 0 0-25 ° 

(degree from vertical) 
Rising bed height/descending HR/H D 1.2 

bed height 
Initial height of the bed H 0 20 X 10 .2 m 

14 

c 

IZ 

10 15 20 2 5  

Tilt angle / d e g r e e  

Fig. 5. Comparison between the experimental and the predicted ris- 
ing layer thickness for copper particles. Flow rate 100cm 3 s -t. 
Model prediction: (a) 250/zm and (b) 500/~m. (*) Experimental find- 
ings. Equivalent diam. 500 #m. 

with the experimental measurements made with 
copper and titanium particles respectively. Examina- 
tion of Figs 5 and 6 indicates a reasonably good agree- 
ment between the simulated and experimental measured 
values. There are some differences which may be due to 
the model assumption that all particles are of  uniform 
diameter, while the actual experiments were done with 
particles with a distribution of particle diameters. 

To measure the descending layer particle velocity, 
approximately 50 of the copper particles were marked 
by paint. These particles, along with the unmarked 
particles were placed in the cell. Descending layer 
velocity was measured by recording the time needed 
for the tagged particle to travel a certain distance 
(15cm distance between two marked lines along the 
bed). The velocity for a number  of  particles were 
measured at various positions across the bed, the 
average of all particle velocities are reported in 
Fig. 7 along with error bars depicting the standard 
deviation of  measured velocity. 

A comparison of the calculated and measured des- 
cending layer velocities are given in Fig. 7. This figure 
shows that  the predicted velocities f rom the model 
agree reasonably well to experimentally measured 
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Fig. 6. Comparison between the experimental and the predicted ris- 
ing layer thickness for titanium particles (experimental error 5- 
8%). Flow rate 10-4m3s -~. Model prediction: (a) dp = 750/~m, 
(b) d v = 1400#m, (c) dp= 500#m. (0) Experimental findings 
chopped wire, dp = 1400/~m. 
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Table 2. Algorithm of the mathematical relationships and methods of solution to describe the fluid and partiele behaviour in the CPBE 

Calculation of the slip velocity in the descending layer 
assume descending layer voidage, eD, is constant 

V2 42.86#f(1- eD) ((42.86#f(1_-en).) 2 
4- dpm \ \  d~m .) 

d g ~ 3 ( p ,  c p~(tan + siu 0 - cos 0_) ' /~ 

1.75(1 - eD)pf  J 

Calculation of the voidage in the rising layer 

tR = 1 + ((1 -- eD)(tan~btan0-- 1)) x ~ 

Calculation of the terminal velocity Ut 

U t = \ 3pfCD J 

Calculation of Ui 

log Ui = log Ut - dp/D 
assume rismg layer thickness (where D, hydraulic 

radius, is a function of rising layer thickness 

Calculation of the slip velocity in the rising layer 

~ = ~; 

V1 = ~  

Calculation of the particles velocity in the rising layer 

[ 1 
g l  = V L R -  VSR / 

[ (VLR - VsR) tan 0 = C VsR J 

Calculation of the liquid velocity in the 
rising layer 

Calculation of the thickness of the rising layer. 

Q = ( v  2 + VSD)eDAD + I/'LR~RAR [ 
] An is a function of rising layer thickness 

Calculation of the particles velocity in the 
descending iayer 

VsR = VsD(1 - CD)AD 
(1 - eR)AR 

Calculation of the liquid velocity in the 
descending layer 

[ VLD = V2 + VsD I 

+ 

Particles number balance, calculate the 
]escending layer voidage, if e(calculated) ~ e(assumed 

is ok 
otherwise correct for the descending layer 

voidage 

values. We also observed that  particles movement  in 
the rising layer are at velocities significantly greater 
than particles movements  in the descending layer 
(perhaps by one to two orders o f  magnitude).  This is 
in agreement  with our  calculation results. 

In  general, the model  predictions qualitatively com- 
pare favourably  to experimental observations during 
bed operation.  These include rising layer and descend- 
ing layer bed voidages, liquid flow distribution, and 
solid velocities. To more  fully appreciate the impact  
o f  the independent  parameters  on bed characteristics, 
and ultimately electrochemical performance,  model  
calculation studies were performed.  Some o f  these 
are described in the following Section. 

'~ 20 

o 1.5 
>. 

1.0 

i 0.5 

z3 
0.0 

i .  I I I t I 
2O 4O 60 ~? IO0 120 

Flow rate 106/m3sec -1 

Fig. 7. Comparison between the experimental and predicted 
descending layer particle velocity inside the CPBE at different cell 
tilt angles (experimental error 5-8%). Model prediction for copper 
particles, dp= 550#m. Tilt angle: (a) 15 °, (b) 20 ° and (c) 25 °. 
Experimental findings: (O) 20 ° and (E) 25 °. 

3.3. Calculated behaviour o f  the model 

As a starting point  typical values o f  the input para-  
meters are inserted into the model. Table 3 summarize 
the effect o f  an increase of  each independent  variable 
on the characteristics (dependent variables) o f  the 
bed. A positive nota t ion means that  there is a ten- 
dency for the value o f  the proper ty  to increase. In 
the case o f  the descent rate o f  particles, VSD, a positive 
sign denotes that  the particles tend to descend faster. 

Table 4 shows the necessary change in each o f  the 
independent  variables which is required to effect an 
increase in the particle descent rate and the particle 
circulation rate, i.e. for a more  stable bed operation. 
Since the rising layer is nearest the counter  electrode, 

5 
E 
o 4 

=2 

~ 1 i 

°i 

l e a d ~  

I t I , I , I i I i I i r i I i I 

g]0 413 ~ 830 E0 1230 ~0  E0 1E0 
Particles size /,urn 

Fig. 8. Calculated rising layer thickness as a function of particle 
diameter for different particle densities (glass, titanium, copper 
and lead). Flow r a t e  10 -4  m 3 s -1. CPBE angle = 20 °. 
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Table 3. Effect of increasing each input independent variable on the dependent characteristics 

Independent Dependent characteristics 
parameters 
,L Rising layer Rising layer Solid velocity Liquid velocity Solid velocity Liquid velocity Circulation Pressure 

voidage thickness in descending in descending in rising in rising rate drop 
layer layer layer layer 

Tilt angle Positive Negative Negative Positive Positive Positive Negative Negative 
Bed thickness No effect Negative Negative Positive Negative Negative Negative No effect 
Friction coefficient No effect Negative Negative Positive Positive Positive Negative Negative 
Solid density No effect Negative Negative Positive Positive Positive Negative Positive 
Particle diameter No effect Negative Negative Positive Positive Positive Negative No effect 
Solution density No effect Positive Positive Negative Negative Negative Positive Positive 
Solution viscosity No effect Positive Positive Negative Positive Negative Positive No effect 
Solution flow rate No effect Positive Positive Negative Positive Positive Positive Positive 

Positive: Increasing the input variable increases the parameter value. 
Negative: Increasing the input variable decreases the parameter value. 
No effect: The input variable has no effect on the parameter. 

this zone is particularly important for electrochemical 
cell performance. Therefore, it may be worthwhile to 
examine this region more carefully. 

The model demonstrates that the rising layer thick- 
ness is a function of all independent parameters, in 
particular particle size, flow rate, particle density 
and the cell tilt angle. Rising layer thickness was cal- 
culated for different particle materials (i.e., different 
particle densities) including, lead, titanium, glass and 
copper (Fig. 8), as a function of particle size. The 
smaller the particle diameter, the larger the rising 
layer thickness. An increase of the particle density 
leads to a decrease of the rising layer thickness. The 
angle has a significant effect on the rising layer thick- 
ness; a cell tilt angle increase causes the rising layer 
thickness to decrease. Figure 9 shows the effect of par- 
ticle size on the thickness of the rising layer for differ- 
ent cell tilt angles. Increasing solution flow rate and 
solution viscosity increases the rising layer thickness 
as shown in Figs 10 and 11. 

The calculated liquid velocity in the rising layer is at 
least one order of  magnitude more than the liquid 
velocity in the descending layer (Fig. 12). To experi- 
mentally examine the flow distribution, a dye tracer 
study was performed. In this experiment, a small 
volume (10 cm 3) of red ink was injected (to simulate 
a pulse input) at the cell inlet. The dye tracer indicated 
that fluid travelled upward in both descending and 
rising layers. Although it was difficult to measure or 
estimate the liquid velocity in the two layers, it was 
clear that the velocity in the rising layer was substan- 
tially greater than the upward liquid velocity in the 
descending layer. 

Table 4. Objectives for  stable bed circulation rate in the CPBE 

Must  decrease Must  increase 

Tilt angle Fluid viscosity 
Angle of friction Fluid density 
Particle density Flow rate 
Particle size 
Thickness of bed 

4. Summary and conclusions 

The particle and fluid dynamics of a circulation parti- 
culate bed electrode cell (CPBE) were the subjects of  
this research. Experiments demonstrated that the fluid 
and particle dynamics of the liquid-solid particle bed 
are a function of  several parameters such as particle 
size, particle density, solution flow rate and cell tilt 
angle. Observation showed that as the fluid flow rate 

10 

E 8 

oo~ 6 ~;angle= 

xz 

"2 4 

n-  

O 

T I = I f I I I i I I I I 

0 250 500 7~ ICOO ~ ~ 1750 2CCO 

ParLicles size / pm 

Fig. 9. Calculated rising layer thickness for copper particles as a 
function of particles diameter at three different tilt angles. Flow 
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Fig. 12. Calculated comparison between liquid velocity in the des- 
cending layer and the rising layer as a function of copper particle 
diameter (tilt angle = 20°). Particle diam., dp = 500 #m. 

increases, the bed expands and begins to divide per- 
pendicular to the flow direction into two distinct 
dynamic regions. The first region is the rising layer, 
which is characterized by a narrow zone of particles 
moving upward with the fluid flow. The volume frac- 
tion of the particles in this zone is dilute (10-30%). As 
the particles reach the top of the bed, the action of the 
gravity causes them to spill to the downward moving 
packed bed region of the cell thus forming the second 
region, the descending layer. This region is a slightly 
expanded packed bed and it occupies the majority of 
the bed (particle volume (70-90%)). When the parti- 
cles reach the bottom of the cell they re-enter the rising 
layer. 

The pressure drop has been used to define the rela- 
tive interstitial velocity in the descending layer. The 
rising layer is assumed to behave as an entrained 
bed, while the descending bed is assumed to be an 
expanded packed bed. Force balances, particle num- 
ber and mass balances were used to complete the 
mathematical description. 

The validity of the proposed model was demon- 
strated qualitatively by comparing the prediction of 
the rising layer thickness and downward particle velo- 
city with data obtained for an experimental CPBE 
unit. Generally, the simulated results compared 
favourably with the experimental results. These model 
and experimental studies will serve as a basis for the 

prediction of the electrochemical performance (i.e., 
rising layer thickness as an indication of the active 
layer in the bed) of the CPBE cell. The model is also 
in qualitative agreement with a number of observa- 
tions made during cell operation such as distribution 
of particles and solution flow rate. 
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