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Abstract 

A scaling analysis and an experimental study of mass transfer rate in rotating shallow electrochemical cells are 
performed. The scaling analysis finds two convection regimes and shows that the parameters Ek and SC Ro, are important 
to determine the mass transfer rate. The parameter Sc Ro, determines the thickness ratio of the viscous layer to the 
solutal layer as well as the convection regimes. The experimental study on mass transfer rate in rotating cells is conducted 
by utilizing the limiting current measurements with a cupric sulfate-sulfuric acid system. The overall mass transfer rates 
measured in the experiment are shown to agree with the scaling analysis and existing heat transfer data. l$j 1998 Elsevier 
Science Ltd. All rights reserved. 

Nomenclature 
Ac ratio of centrifugal to gravitational acceleration, 
Q’R/g 
AV aspect ratio, H/R 
e. C dimensional and dimensionless Cu ’ i ion con- 
centrations 
C?, Cu + + ion bulk concentration 
D mass diffusion coefficient 
Ek Ekman number, v;RH’ 
F Faraday’s constant 
g gravitational acceleration 
L total mass transfer coefficient 
H thickness of test cell 
i current density 
n charge number 
jj, p dimensional and dimensionless pressures 
r’. I dimensional and dimensionless radial coordinates 
R radius of test cell 
RflO/i centrifugal Rayleigh number, tifiACR”ivD 
Ro, solutal Rossby number, /IA<‘ 
Sc Schmidt number v/D . I 

*Corresponding author. Tel. : 001 216 368 6455 ; fax : 001 216 
3686445. 

36, average Sherwood number based on thickness, 
&H/D 
ShR average Sherwood number based on radius, h,,R/D 
12. u dimensional and dimensionless r-component vel- 
ocities 
U radial reference velocity 
5. c dimensional and dimensionless Q-component vel- 
ocities 
I’ azimuthal reference velocity 
C’ r reference overpotential 
1~ dimensional z-component velocity 
z - -I - dimensional and dimensionless vertical coor- 
dinates 

Greek symbols 
11 volumetric expansion coefficient due to concentration 
change 
6 reference boundary layer thickness 
h, Ekman layer thickness 
‘Ts solutal layer thickness 
AC Cu’+ ion concentration difference between two 
electrodes 
iI. 0 dimensional and dimensionless azimuthal coor- 
dinates 
1% kinematic viscosity 
/I density 
R rotation speed. 
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1. Introduction 

The present research was motivated by the discovery 
of a rotating nickel-zinc (Ni/Zn) battery system [I]. The 
rotating Ni/Zn battery provides very high energy density, 
power density, long cycle-life and no-toxicity at a com- 
paratively low cost. The development and com- 
mercialization of a NiiZn battery system has been hin- 
dered for decades mainly due to the limited cycle-life of 
the Zn electrode during multiple recharging procedures 
[2]. The problem has been traced to: (i) formation and 
propagation of zinc dendrites which lead to cell shorting 
[3]. and (ii) redistribution of zinc active material on the 
electrode (shape change), which causes gradual capacity 
loss [4]. 

By rotating the battery, which consists of a stack of flat 
cylinder cells, at a few hundred rpm, the Ni/Zn battery 
performance and cycle-life can be improved dramatically 
[5. 61. The following effects have been noticed: (i) at 
rotations corresponding to 5Og (g is Earth’s gravitational 
acceleration) the dendrite growth is nearly eliminated, 
the zinc electrode material redistribution is stabilized 
resulting in prolonged battery life to 1000 cycles, (ii) the 
charging electrical current density (electrode efficiency, 
A m ‘) is increased five times over the current density of 
a non-rotating battery. The successful control of dendrite 
growth and shape change on the zinc electrode has been 
attributed to the well-behaved solutal convection in the 
rotating battery. I f  these mechanisms are well under- 
stood. the most efficient means of preventing shape 
change and dendrite growth could be developed. 

The single rotating cell in the Ni/Zn battery can be 
considered a rotating electrolyte solution (an excess KOH 
electrolyte solution containing zincate) inside a shallow 
cylinder subjected to an axial concentration difference. 
The mass transport process in the rotating fluid is 
complex. With superimposed rotating motion in the 
charging electrochemical cells. solutal buoyancy induces 
a swirling secondary flow through the coupling of cen- 
trifugal, Coriolis, gravitational acceleration and variation 
of density in the electrolyte solution. 

The study of mass transport in a shallow rotating cell 
has not been reported in literature. Ostrach [7]. however. 
showed that the mass convection and heat convection 
due to buoyancy flow in an enclosure can be analogous. 
Therefore, existing work on heat transfer in rotating shal- 
low cylinders heated from above is reviewed. Ostrach and 
Braun [8] studied the cooling of a rotating space vehicle 
re-entering the atmosphere. It was concluded that the 
convection is very small, and the Coriolis force suppresses 
centrifugal buoyancy, inhibiting the heat transfer rate. 
The theoretical studies of this probletn were continued 
by Barcilon and Pedlosky [9], and Homsy and Hudson 

[lo]. Furthermore, the heat transfer rate of this con- 
figuration was investigated by experiments [l I, 121 as 
well as numerical simulations [l3, 141. Those studies of 

heat transfer rate. however. did not cover the parametric 
ranges for rotating battery applications. 

In the present work, solutal convection in shallow ver- 
tical rotating electrochemical cells subjected to con- 
centration differences at two electrodes is studied. The 
main purpose of this study is to find the dependency of 
mass transfer rate on group parameters. The correlation 
of mass transfer rate will help to design rotating Ni/Zn 
battery optimally. The results from this study will be 
discussed in terms of dendrite formation and shape 
change on the electrode and how these processes can be 
prevented and controlled by the rotation of the battery. 

As scaling analysis for the boundary layer regime is 
perfortned to determine the flow and solutal boundary 
layer characteristics. The proper dimensionless par- 
ameters are derived. The analysis also provides physical 
insight into the nature of the interaction among centrifu- 
gal, Coriolis forces and mass transport process in rotating 
battery. The experiment studies the mass transfer rate 
in the rotating electrochemical systems by utilizing the 
limiting current method [ 151. 

2. Scaling analysis 

Consider a flow in a shallow rotating cell with imposed 
concentration differences, as sketched in Fig. I. In this 
analysis. the flow is assumed to be laminar. incom- 
pressible. axisymmetric, and steady. The analysis is lim- 
ited to the boundary layer regions along the horizontal 
surfaces of a flat rotating cylinder. The following non- 
dimensional parameters are introduced : 

(1) 

reaction at electrodes: 
cathode: Cu” + Ze- -+ Cu 

anode : Cu - Cu” + 2e- 

electrolyte solution: 
CuSO, - I+ SO, - H2 0 

Fig. I. Schematics of a rotatmg electrochemical cell. 



where b is either the velocity (6,) or the solutal (8,) 
boundary layer thickness. Then the dimensionless con- 
tinuity, momentum and mass transfer equations for the 
boundary-layer region in rotating (with angular speed R) 
cylindrical coordinates are (Weng [ 161) : 

(3) 

(4) 

where the dimensionless pressure p in equation (3) is the 
modified pressure defined as 

It should be noted that the centrifugal buoyancy force 
in equation (3) (the third term on the right) acts only 
within the solutal boundary layer and the viscous forces 
act within the velocity boundary layer. Therefore. two 
cases. in which the velocity boundary layer (ti,!) is either 
smaller or larger than the solutal boundary layer ((5,). are 
discussed. 

2.1. Cuse .4 : V&wily hountlor~~ luw~ thickev tkm 

.solutnl boundur~ lqer 
-7.1.1. Region I (Z < 6J. Within the solutal boundary 
layer. the centrifugal buoyancy force is balanced by the 
viscous force in the radial momentum equation, equation 
(3). In addition, the convection and diffusion terms are 
balanced in the concentration equation, equation (5). 
Those two balances give 

(6) 
By balancing the Coriolis [the first right-hand side term 
of equation (4)] and viscous terms in the 0 momentum 
equation and using equation (6) obtains 

The Sherwood number for the whole cylinder can be 
obtained as 

or 

2.1.2. Rqion II (6, < I < ci, ) 
Outside the solutal boundary layer, the above radial 

velocity i7 - QR(fiACiSc)’ ‘continues to exist within the 
velocity boundary layer. By balancing the Coriolis and 
viscous forces in the momentum equations in the I’ and II 
directions one obtains 

The velocity boundary layer is called the Ekman layer. 
Since the analysis is valid when the Ekman layer eslsts 
inside the cell, the condition of H:6, - Ek ” > 1 must 
be satisfied in this case. Also. the ratio of two boundary 
layer thicknesses is &:cT, - (& Ros) I”, so the initial 
assumption of d,. >> ci, is satisfied only bvhen 
(5 Ro,)’ ’ >> I. Within the Ekman layer the ratio of iner- 
tia to viscous forces (L:& hR) is given by (/~AC’:Sc~)’ ‘. 
which is much less than unity. so the inertia forces do not 
appear in the above analysis. 

The above scaling laws are tabulated in Table I. The 
flow field near the bottom wall for this case is sketched 
in Fig. 2. In the present experimental configuration, the 
velocity component II is radially outward along the bot- 
tom wall and radially inward along the top wall. Then. 
the azimuthal velocity component 1. which is induced by 
the Coriolis force. is against the cylinder rotation direc- 
tion (negative sign) near the houom wall and in rhe 
direction of rotation (positive) near the top wall. The 
magnitude of azimuthal velocity decreases outside the 
boundary layer (0,) as the Corlolis force diminishes. and 
changes its sign at a certain location. The Coriolis force 
induced by f  in equation (3) is negative (positive) when 
u is positive (negative), which means that the radial flow 
tends to be retarded by the Coriolis force. Since the cen- 
trifugal buoyancy force acts mainly in the region &. the 
radial velocity has a peak near the edge of 6, and its 
magnitude decreases away from that location due both to 
viscous retardation and to the Coriolis force mentioned 
above. Along the bottom wall the total mass flux in the 
velocity boundary layer increases in the flow direction 
as the radial velocity increases with increasing radius. 
Consequently, an axial fluid motion is induced toward 
the wall by entrainment. The opposite is true along the 
top wall. so the axial flow is from the top to bottom walls. 

2.2. Case B : V&c it), bou~uim:)~ Iujw thinner t/ml 
.solutal houndur~~ IN,N~I~ 

2.2.1. Rqqion I (t < (5, ). Within the velocity boundary 
layer, the centrifugal buoyancy is balanced by the viscous 
force in the radial momentum equation. The Coriolis and 
viscous forces are balanced in the momentum equations 
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Table I 
Scaling laws in boundary layer regions along horizontal surfaces of a flat rotating cylinder 

Case A 
6, >> 6, (SC Ro, >> 1) 

Case B 
bv << cSs (SC Ro5 << 1) 

Solutal boundary layer thickness, S, 
Ekman boundary layer thickness. 6, 
Velocity U Region I 

Region II 
Velocity P Region I 

Region II 
Sherwood number: H/6,. or R/d, 
Ratio of two boundary layer, ii,/& 

(vX2)’ 2(Sc Ro,) ’ ’ 
( v,m) ’ ‘2 
QR(Ros:Sc)’ 2 
RR(Ro,:Sc)’ ’ 
ClR!S( 
QR(Ro,/Sc)’ ’ 
Ek “‘(Sr Ro,)’ 4 or (Ru,,)“~ 
(SC Ros) I4 >> I 

(v/Q)“~(SC Ro,) ’ 
(lm,’ z 
RR Ro, 
RR Sc’( Ro,)’ 
RR Ro, 
RR Ro, 
Ek ’ 2 (SC Ro,) 
(SC Ro,)‘<< I 

Centrifugal buoyancy driven convection 

Coriolis , 
- viscous , 

. ’ 
I  

region I 
corlolis 

Fig. 2. Boundary layer structure for Case A (6, << ij,). 

in the Y and 0 directions (the inertia forces are relatively 
small as in Case A). Under those conditions, one obtains 

U - V - OR/3AC and 6, -(v/Q)’ ‘, (10) 
For later use, the axial entrainment flow velocity toward 
6, can be estimated as U&/R - (Qv)““fiAC. 

2.2.2. Region II (6, < z < 6,J 
Outside the velocity boundary layer, but within the 

solutal layer, the viscous effect is less important. There- 
fore, in the v-momentum equation the Coriolis force is 
balanced by the centrifugal buoyancy, which gives 

V - QRpAC. (11) 
In the &momentum equation, the Coriolis term can 

be balanced only by the viscous term, from which one 
obtains, 

u v ---, 
v ns; (12) 

But since the effect of viscosity is weak in this region, the 
ratio U/V must be much less than unity. 

The diffusion growth of solutal boundary layer is 
counteracted by the convection toward the wall. Then, 
by balancing the axial convection and diffusion terms in 
equation (5) with the axial velocity given by the afore- 
mentioned entrainment velocity, one obtains 

(j,- ” 
i) 

I,? 
R (ScpAc)-’ = (13) 

Then, the Sherwood number is given as 

Sh,, - H/6, - Ek- “‘(Sc Ro,). (14) 

Since the initial assumption is that the solutal bound- 
ary layer exists, namely, H/S, > 1, therefore, SC RoS > 
Ek”’ for this analysis to be valid. Also, if the initial 
assumption of 6, >> 6, is to be satisfied, it is required 
that &.I& - SC Ro, << 1. Then, from equation (12) one 
obtains V/V - (SC Rns)‘, which is much less than unity. 

The above results are tabulated in Table 1 and the flow 
field near the bottom wall is illustrated in Fig. 3. The 
radial velocity outside 6, is suppressed by the Coriolis 
force. Therefore. in both Cases A and B (Figs. 2 and 3) 
the radial velocity is relatively small outside the velocity 
boundary layer. As a result, the azimuthal velocity domi- 
nates in the core region, namely the region between the 
top and bottom boundary layers. 

One important difference between Cases A and B is 
that in Case A the solutal boundary layer development, 
and thus the mass transfer rate, is controlled by the cen- 
trifugal buoyancy, while in Case B it is controlled by the 
Ekman layer flow and the associated axial flow. In that 
sense, the convection in Case A is analogous to natural 
convection in a rectangular container without rotation. 
so it may be useful to compare those two cases. Table 2 
shows comparisons of scaling laws between centrifugal 
convection and natural convection. The velocity scale, 
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region II 
coliolis 6, 
- liscous 

&on I 
corlolk 

Ekman suction driven convection 

_.a’ region II 

’ centrifugal buoy. 
- Corlolis 

Fig. 3. Boundary layer structure for Case B (6, << 6,) 

solutal layer thickness, and mass transfer rate are the 
same as long as RanR is used for the centrifugal convec- 
tion. The viscous layer thickness is different between these 
two cases : the viscous layer thickness in the centrifugal 
convection (Ekman layer) is uniform in the radial direc- 
tion and is of the order (~/a)‘/~, which is independent of 
AC and SC. In contrast, the natural convection viscous 
layer is of the order (LRu,“~ SC”‘) for SC >> 1, which 
depends on AC, SC and length scale. The ratio 6,/6, scales 
with (SC Ro,) Ii4 in the centrifugal convection and with 
SC”’ in the natural convection. Then, for a given fluid 
and ratio 6,/& is constant in the natural convection but 
it depends on Ro, or flAC in the centrifugal convection. 
As discussed above, the radial flow in the core region 
tends to be suppressed by the Coriolis force in the cen- 
trifugal convection. As a result. the fluid in the core tends 

to be stably stratified (increasing density toward the outer 
edge). 

The above scaling analysis shows that the mass transfer 
rate in the rotating cells is governed by Ek-‘j2 and SC Ro, 
or (SC Ro,)‘~“, depending on the convection regime. Also, 
the SC Ro, number is the most important parameter to 
determine the two convection regimes. In battery apph- 
cations, we generally have Ek << 1 and SC Ros >> 1 so that 
the rotating electrochemical cell has a large inviscid core, 
and the mass transfer rate is primarily controlled by cen- 
trifugal buoyancy. Also, the results of scaling analysis 
can be applied to the early heat transfer studies in rotating 
cylinders. The theoretical studies of this problem include 
Ostrach and Braun [8], Barcilon and Pedlosky [o], and 
Homsy and Hudson [IO]. Air is considered as the rotating 
fluid in those analyses, so that Pr is order one and Pr PA T 
is much smaller than unity. Moreover, those analytical 
studies are limited to parametric ranges of 
Pr LSAT G Ek”2. Therefore, unlike in the present problem, 
no thermal boundary layer exists in those analyses. The 
experiment data in [ 1 I, 121 show two convection regimes 
in rotating cylinders. In those studies, Grk4 (or 
Ek-“‘(flA7’)‘!4) and Ek-“‘Pr BATareused as thecharac- 
teristic parameters to correlate the two convection 
regimes. which is in good agreement with the present 
scaling law. In one convection regime, the parametric 
ranges are Ek Q 0( 1) and Pr DA7 >> 1 to minimize the 
Coriolis force in the whole cylinder, so that centrifugal 
buoyancy dominates in the whole test section. The other 
flow regime has parametric ranges of Ek << 1 and 
Pr BAT << 1 to maximize the Coriolis force effect. 

3. Experimental method 

A schematic diagram of the experimental facility and 
the test section are illustrated in Fig. 4. The rotating 
system consists of two major units, a rotary and a station- 

Table 2 
Comparisons of scaling laws between centrifugal buoyancy convection and natural convection 

-_~ __.-__ 
Centrifugal buoyancy Natural convection in 
convection in rotating rectangular 
cylinder enclosure 

Case of 
Solutal boundary layer thickness, d, 
Viscous layer thickness, (5,, 
Velocity L: Region I 

Region II 
Velocity I/ Region I 

Region II 

6, >> 6, (SC Ro, >> 1) ii,>>ci,(SC>>l) 
(v:R)“‘(Sc~Ros) ” LRo,” 
(#cl) 2 L Req. ’ ’ SC’ ’ 
ftR(Ros;Sc)“* 
QR(Ro,i’Sc)’ ’ (D/L)Ra;,’ 
SLR’Sc, 
RR(Ro,!‘Sc)“’ 

Sherwood number H/6,. or R/6, Ek “‘(SC Ros)“” or R&j 
Ratio of two boundary layers, 6,:6, (SC Ro,)’ ’ >> 1 

Ra: ’ 
SC”‘>> 1 
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drive shaft 

electric - 

- potentiostat 

- current, 
overpotential 

test section 
reference electrolyte 

frame 

mm 

R=76mm ’ 

Fig. 4. Schematics of experimental apparatus and test section. 

ary frame. The rotary frame is made of two square, par- 
allel plates and is held together by tight vertical bars. The 
frame is connected to the upper unit by a drive shaft and 
an aluminum flange. A milling machine is used to rotate 
the frame. The weight of the milling machine provides 
the stability of the experimental facility. The assembled 
test section is attached to the bottom of a rotary frame 
and is connected to the accessory wires. The stationary 
frame consists of a supporting lower platform. two radial 
thrust bearings. and an electric slip-ring assembly. In 
order to supply electric power to the electrodes and rec- 
ord the output currents and voltages. the slip-ring 
assembly connects the test section with a potentiostat 
power supply and a digital multimeter. 

The test section is designed and constructed to simulate 
the mass transport in a rotating shallow. cylindrical elec- 
trochemical cell by utilizing the cupric sulfate--sulfuric 
acid system. The test section consists of two horizontal 
electrode disks. which serve as the cathode and anode, 
and a vertical annular spacer which separates the two 
electrodes and acts as an insulating boundary for the 
mass transfer. The electrodes are constructed of 6.6 mm 
thick copper plate with 179 mm width and 75 mm side 
length. Two lead wires are attached to the electrodes to 
provide the potential difference between the electrodes. 

An insulated copper wire (0.84 mm diameter) serves as 
the reference electrode to keep the constant potential 
reference to the working electrode. It is positioned at the 
center of the top electrode. An opening on the side of 
the test section is used to fill the system with electrolyte 
solution. This opening also allows air bubbles to escape 
from the test section during filling. The rubber spacer is 
2.5 mm thick and 76 mm inside radius. The outside shape 
is hexagonal: same as that of the electrode. The test 
section is then attached to two high strength aluminum 
square plates by four sets of long screws located at 
corners. This design of the test section allows its safe 
operation during high speed rotation. The Model 173 
PotentiostatGalvanostat, manufactured by Princeton 
Applied Research Co.. offers complete flexibility in 
potential or current control for electrochemical exper- 
iments. A Model 17X Electrometer Probe is connected to 
the reference electrode. 

A cupric sulfate sulfuric acid solution (CuSo,-H$O,- 
H,O) is chosen to simulate zincate-alkaline solution used 
in Ni,Zn batteries. The advantages of cupric sulfate- 
sulfuric acid solution include slow roughness growth. 
well-known electrochemical reaction, and similar fluid 
properties to zincate -alkaline solution (Liu et al. [17]). 

To minimize the error of initial surface condition, the 
surface of the electrode must be carefully polished. The 
polishing process starts with an emery paper no. 200. and 
progressing sequentially down to no. 600. The working 
surface of the electrode is then washed with tap water 
followed by distilled water. Technical grade methanol is 
applied in a final step to dry the surface and to increase 
the wetting action of the electrolyte solution. 

The mass transfer rate is determined based on the 
measurement of limiting current in the present exper- 
iments. The limiting current method for measuring the 
mass transfer rate in electrochemical systems has been 
addressed in detail by Sehnan and Tobias [ 151. To deter- 
mine the limiting current the potential difference between 
the working electrode and reference probe is increased 
stepwise. starting from zero. and the current is monitored. 
At each potential setting. the current quickly approaches 
a quasi-steady state (2.-3 min). The experiment is ter- 
minated immediately following establishment of the lim- 
iting current plateau to avoid excessive hydrogen evol- 
ution. The mass transfer coefficient can be defined in the 
usual manner, /I,,, = i,jzFAC‘. After the data are recorded, 
the test section is opened to examine the deposition 
pattern. 

The dimensions of test section in this experiment are : 
radius R = 76 mm and height H = 2.5 mm. The physical 
properties of the electrolyte solution are : mass diffusion 
coefficient D = 4.86 x IO-” m2 s ’ at 25~C, kinematic 
viscosity v  = 1.16 x IO ’ m’ s- ’ at 2S’C, volumetric 
expansion coefficient b = 0.112/M, concentration differ- 
ence between electrodes AC = 0.02 M ,-- 0.16 M, rotation 
speed of test section R = 150-400 rpm (15.7-41.9 rad’s). 



The corresponding ranges of dimensionless parameters 
are : Ek =4.3x IO-‘-1.15~ IO-‘. Ro, = 2.2 x IO l- 
I.8 x IO -‘, AC = 1.97L13.6. Ar = 0.033. SC = 7380 and 
Ru,, = 3.3 x IO”‘--9.4 x IO”. The average Sherwood 
number is defined as S/I,, = &H/D or S/I, = lz,,,R:D. The 
estimated errors for the dimensionless parameters are : 
SC Ro, is within lo’%,, Ek 4”ib. AC 2%. Rn,,, I I ‘NJ, /I,,, 5%. 
and S/I,,, ShR are within approximately 12 and I I ‘!41. 
respectively. 

4. Experimental results and discussion 

Figure 5 shows the relations between current density 
and overpotential at rotating speeds between I50 and 400 
rpm for a 0.08 M concentration difference. As seen in the 
figure. the current is independent of the rotation rate 
when the overpotential is below 200 mV. This is because 
the current is controlled by the electrochemical reaction 
and overpotential, since the convection is still very weak 

and the fluid is nearly in solid body rotation. The figure 
also shows that the limiting current density is increased 
with increasing rotation rate. This is due to the fact that 
larger centrifugal body forcrs increase the convection and 
enhance the mass transfer rate. As seen in I;‘ig. 5. the 
overpotential to obtain the limiting current also increases 
with increasing rotation rate for the following reason. As 
will be discussed later. the ~msx transfer becomes more 
non-uniform oker the electrode surface in higher rotation 
speed. Therefore. not all the local electrode surface 
reaches the limiting current at the same overpotential, so 
that the overpotential to obtain the limiting current over 
the entire electrode surface becomes larger than the value 
we would obtain it‘ the mass transfer is uniform. Eventu- 
ally the overpotential becomes sufficiently large that 
hydrogen generation occurs near the limiting current con- 
dition. As a result. there is a certain degree of ambiguity 

4 - n(rpm) = 150 200 300 400 
l + 

‘i 
2 3 

limiting current density * * 

: H+@++ s .*** 

,z _‘A&++ 
5 2- 

* 
5 J 

5 AC= 0.08 M 
z- radius of electrode= 76 mm .- 

gap distance= 2 5 mm 

Ve (overpotential. mV) 
ioo 200 300 400 500 

R ( rotating speed, rpm ) 

Fig. 5. Current density 1s. overpotentlal m rotating cells for Fig. b. Limiting current density I,>. rotating speed for AC = 0.01. 
!2 = IS0 400 rpm and A(’ = 0.08 M. 0.04 and 0.0X M. 

as to determining the limiting current value for high 
rotation rates. Generally. the slope and curvature of the 
current-overpotential curve decrease with increasing 
potential up to a certain current and then starts to 
increase due to gas generation. In the present work the 
limiting current is considered to lie in the region where the 
curvature of the current-overpotential curve is reduced to 
:I relatively small value but below the current at which 
the slope starts to increase due to hydrogen generation. 
For example. Fig. 5 indicates the limiting current value 
so determined for the 400 rpm cur\:c. together with a 
range ofuncertainty. The uncertainty is about + 10% for 
that case. The uncertainty is smaller in other tests. 

The values of limitins current density, which is pro- 
portional to the total mabs transfer rate. measured under 
various conditions are presented in Fig. 6. For a given AC 
the mass transfer rate increases generally with increasing 
rotation speed for the reason discussed above. The figure 
also shows that as AC increases. the mass transfer rate 
increases and its dependence on the rotation rate becomes 
stronger. 

The measured mass transfer rates are correlated 
according to the scaling laws obtained earlier. Figure 
7 shows the average Sherwood number vs. the Ekman 
number for three different values of .% Rn,. Earlier. the 
scaling analysis shows that when Eh cc I and SC Ro, >> I, 
the viscous Ekman layer is thin along the horizontal 
surface, which implies that the test section has a large 
inviscid core area. Also. the average solutal layer is thin- 
ner than the Ekman layer. hence the convection in the 
boundary layer is dominated by centrifugal buoyancy. 
The scaling analysis shoed that the mass transfer rate 
scales as Sk - i?li I’. This expression is generally con- 

cistent with the present results as seen in Fig. 7. However, 
near SC Ro, = 21 and I:‘k = 0.0043 (largest SC Ko, and 
smallest E/C in the present experiment) the trend of S/I,, 
appears to deviate from the scaling la\~. The reason for 
the deviation is explained below 
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20 

15 ScRo, = - 5.3 10 21 

+ ,a 

I . Iah. L I 
0.005 0.007 0.009 0.012 0.015 

Ek 

Fig. 7. Sherwood number vs. Ekman number for Ar = 0.033. 

A different phenomenon from other cases is observed 
when Ek = 0.0043 (0 = 400 rpm) and ScRo, = 21 
(AC = 0.08 M) in the present experiment. The limiting 
current does not become steady and it fluctuates within 
about 5-10% of the average value. This situation is 
different from other cases where the current can reach a 
steady state and their variation is less than 2%. Also, 
these results are repeatable within the experimental error. 
The fact that the current becomes fluctuating beyond 
certain conditions suggests that there is a critical par- 
ameter to describe the onset of unsteady or turbulent 
condition in a rotating electrochemical cell. The unsteady 
or turbulence effect can enhance the mass transfer rate. 
The unsteady or turbulence mechanism in a rotating sys- 
tem is more complex than in the natural convection 
counterpart because both Ekman layers and Coriolis 
force are present in the centrifugal buoyancy convection. 
The unsteady state may be induced by the centrifugal 
convection or may come from the interaction between 
the Ekman layer and the inviscid core. A detailed exper- 
imental study is needed to clarify this. The present study 
focuses mainly on the laminar convection regime. 

The mass transfer data are plotted as S/t,, Ek’ ’ vs. 
Sc Ro, in Fig. 8. In the present experiment the value of 
SC. Ro, is larger than unity so that the situation is closer 
to Case A than Case B. However, since the value of 
(SC Ro,)‘,~ ranges from 1.5-2.6, which is near unity, the 
centrifugal convection regime is not expected to be very 
well established. The data for SL. Ro, = 21. Ek = 0.0043 
tend to scatter for the reason discussed above. Excluding 
those data with large current fluctuations, the data in 
Fig. 8 show the slope of the sh,, Ek’ ‘-. SC Ro, curve is 
closed to l/4 for large values of (Sc Ro,)’ a? as predicted 
by the scaling analysis. The data for Sc Ro, = 5.3 deviate 
from the power law because the value of (SC RcI,)“~ is 
near unity (1.5). The results also indicate that the Coriolis 

> experimental data 
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Fig. 8. Sh, Ek’ ’ vs. SC Ros numher for Ar = 0.033. 

force has a minor effect for inhibiting the mass transfer 
rate in the rotating electrochemical cells. 

Figure 9 shows the Sherwood number vs. Ranx tog- 
ether with available experimental data taken in heat 
transfer experiments. Hudson et al. [I I] published the 
heat transfer rate data in the figure for Ra,, between 10’ 
and 10”. The present tests are in the range 
3 x 10” < Ra,, < 1 x IO”. Both data, together covering 
a wide range of Raa,, are correlated by the 1 !4-power 
law reasonably well. 

Finally, some important implications of the present 
results to rotating battery applications are discussed. In 
the battery applications, since the range of Ek is small, 
there exists a large inviscid core. Coriolis force dominates 
the inviscid core. but this force has a minor effect on the 
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Ek = 0.0029 - 0.0115 
Ar = 0.033 

Silcone oil ( Hudson et al., [li]) 
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Ek = 0.083 - 0.69 
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- scaling law, STh, - RarR 

(centrifugally driven convection) 

Fig. 9. Sherwood number vs. centrifugal Rayleigh number for 
present and published data. 



mass transfer rate. The solutal layer is smaller than the 
Ekman layer, and the solutal layer, controlled by cen- 
trifugal buoyancy, determines the mass transfer rate in 
the rotating cells. The induced convection in the rotating 
NijZn battery can inhibit the dendrite growth and sta- 
bilize the zinc material redistribution. Generally, the den- 
drites appear when the charging current is close to the 
limiting current [3]. When the battery rotates at high 
speed, the limiting current is increased several times o\,er 
that of a stationary battery. Therefore. one can charge 
the battery efficiently at a charging current that is below 
the current for dendrite formation. This is the principal 
factor due to which the dendrites disappear in the rota- 
ting, charging Ni/Zn battery. Moreover, the convection 
may be used to control the shape change phenomenon. 
Although the mechanism of shape change is still unclear. 
the basic shape change phenomenon is that the zinc 
material depletes from the edge area to the center during 
the multiple recharge procedure [3]. This process 
degrades the battery capacity. In the present experiment 
the deposited surfaces of copper electrodes are observed 
for each experimental run. The rough-red deposition is 
seen near the edge of electrode and the smooth-pink 
deposition near the center area [lh]. Such deposition 
pattern is caused by the fact that the high centrifugal field 
in the rotating cells causes more mass transfer in the edge 
area than near the center area. Therefore. the centrifugal 
convection may provide efficient means of compensating 
the mass transfer rate near the edge area of the zinc 
electrode thereby prolonging the battery cycle-life. 

5. Conclusions 

The mass transfer rate for rotating shallow elec- 
trochemical systems is studied in the present work. In 
addition to a scaling analysis. the overall mass transfer 
rates are measured experimentally by the limiting current 
method. In the scaling analysis. two convection mech- 
anisms are delineated for the boundary layer regime of 
the flow in a rotating cell : one is centrifugal dominated 
convection and the other is called Ekman suction con- 
vection. The criterion for determining the type of con- 
vection is the thickness ratio of viscous layer to solutal 
layer, or the parameter SC Ro,. The mass transfer rates 
of both convection mechanisms are dependent on Ek and 
SC, Ro,. The measured mass transfer rates are found to be 
in good agreement with the scaling analysis as well as the 
published data. Based on the experimental results the 
con\,ection phenomena in rotating electrochemical sys- 
tems are beneficial in controlling the dendrite formation 
and shape change. The mass transfer rate information 
obtained herein could be used to optimize the design of 
a high performance and long life rotating NijZn battery. 
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