Nonuniformity of Reaction Through Flooded

Porous Electrodes

The theoretical description of the behavior of porous
electrode systems has received much study in the past few
years (1). In essence, all of the treatments consist of com-
bining kinetic and transport equations for postulated
models of behavior and geometry. The concepts and tech-
niques used are similar to kinetic and transfer studies in
porous catalysts, but with the added effect of voltage in
the electrochemical system. This paper is a more complete
study than previously available of the particular case of
flooded, plane, porous electrodes, with experimental proof
of some of the derived equations.

ASSUMPTIONS AND DESCRIPTIVE EQUATIONS

The basic equations for a plane, porous electrode have
been derived several times (2), and only a brief review
will be given here. It is assumed that the porous system
is so highly interlinked that the concentration of species
dissolved in the electrolyte flooding the pores of the elec-
trode is constant over plane x in the electrode (see Figure
1). Similarly, the electrode potential is constant over plane
x. It is further assumed that the transport gradients are
one-dimensional (along x), which is true when the thick-
ness (L) of the electrode is much greater than the pore
diameters. It is assumed that the electronic conductivity of
the electrode material is large compared to the ionic con-
ductivity of the electrolyte within the pores, so that the
potential of the electrode material is constant along x. The
electrolyte is assumed to be concentrated, so that the thick-
ness of the double layer is a few angstroms only and,
hence, the double layer covers the internal surface area
of the electrode and no diffuse double-layer effects are
present. All of these assumptions are reasonable for many
cases of practical interest.

Electrode potential V is defined as the potential of the
electrode solid ¥y minus the potential of the electrolyte ¢p,
that is, V = iy — ¢g. Current is supported by transport
of ions in the electrolyte and, hence, a potential gradient
dyp/dx exists in the electrolyte. Clearly, for constant Yy

dv/dx = d(yy — Yg)/dx = — djg/dx

It is convenient to work in terms of polarization 5, which
is variation of electrode potential from the reversible po-
tential of the electrode V,, that is, y = = (V, — V), With

Correspondence concerning this article should be addressed to Dr.
Eugene G, Gagnon, G. M. Laboratories, Warren, Michigan 48090.

AIChE Journal (Vol. 17, No. 5)

LEONARD G. AUSTIN and EUGENE G. GAGNON

Department of Materials Science

Pennsylvania State University, University Park, Pennsyivenio 16802

the use of the European sign convention that V = ¢u —
Y, net anodic current is produced when V is more posi-
tive than V,, that is, ganoaic = V — V&, and cathodic cur-
rent is produced by more negative V, neathodic = Vr — V.
Thus 7 is chosen positive for the current direction of in-
terest and identical equations are obtained for an anode
or a cathode. An illustration of the potential gradients of
an anode and cathode is given in Figure 2.

Considering a cathodic reaction, the electrode current
(flow of positive charge out of electrode solid) produced
by electrochemical reaction between 0 and x is supported
by the flow of the ions across plane x, and since electro-
lytes obey Ohm’s Law,

i(x) = (1/p)dde(x)/dx = — (1/p)dV(x)/dx
= (Vp)dnc(x)/dx

Similarly, for an anodic reaction, the positive charge flow-
ing into the electrode solid between 0 and x from the
external circuit is

i(x) = — (1/p)dye(x)/dx = (1/p)dna(x)/dx
The equations may be expressed as
i(x) = (1/p)dn(x)/dx (1)

where ¢ is anodic or cathodic, depending on whether 4 is
anodic or cathodic. It is convenient to express i as current
density per unit area of plane x, that is, per unit geometric
area of electrode. Then p is effective specific resistance of
the electrolyte contained within the porosity of the elec-
trode, per unit area of electrode and p = Apgree, Where
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Fig. 1. lllustration of a porous electrode with
one face exposed to the electrolyte.
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Fig. 2. Hlustration of the potential gradients in a porous anode and
cathode.

prree is the true specific resistance of the electrolyte and A
is a labyrinth factor dependent on porosity and tortuosity.

Not only must the electrochemical reaction be supported
by flow of ions, but appropriate mass transfer of the reac-
tants and products must occur. As a reasonable approxima-
tion (3) it can be assumed that the mass transfer of the
reactant in the electrolyte across plane x is described by
Fick’s law:

flux rate in direction x = — DdR(x)/dx (2)

where R(x) is the concentration of reactant at x. Again, D
is an effective diffusion coefficient D = Dyree/N. For a
cl"narged species, Dsree is near in value to the polarographic
diffusion coefficient, but the exact value is dependent on
the other ions present (3).

It is now possible to relate the variation of n with x to
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the variation of R with x. Since the current produced by
electrochemical reaction between 0 and x has to be sup-
ported by the flux of reactant through plane x toward the
interior, Equation (2) gives i(x) = nFDdR(x)/dx, where
nF is the coulombs per gram-mole of reactant. Combining
with Equation (1)

(l/p)d'q(x) = nFDdR(x) (3)

In general p will vary with x since it may vary with R.
Two limiting cases exist. For concentrated electrolytes,
strongly supported electrolytes, or where R is not a
charged species, the resistance of the electrolyte may re-
main almost constant as R varies. Then, integrating with
the boundary conditions of R = R(L), n = y(L), atx =
L, one gets

n(L) — 5(x) = pnFD [R(L) — R(x)] (4)
The other limit is an electrolyte where p « 1/R, and

R(x)/R(L) = exp { [2(L) — ﬂ(x)]}

(5)

Note that these relations are independent of the kinetics
of the electrochemical reaction.

It now remains to combine the above effects of potential
gradient due to Ohm’s law, and variation of R due to mass
transfer, with an electrochemical kinetic expression. The
kinetic expression chosen is the usual simple one of

i= io{ (R/Rs) exp (%ﬂ)

The element of electrode volume dx thick with unit cross-
sectional area contains a reactive area of Sdx, where § is
the specific reactive area (sq.cm./cu.cm.) of the electrode.
Thus the current produced by electrochemical reaction in
this element of volume di(x) is given by

ai) =is{ (S2) en()
- (B Y (Zz) |

Differentiating Equation (1) with respect to x and com-
bining with the above, one obtains

srorse s (52) e (3)

() e ()}

b

—1
nFDR(L)p(L)

This is the basic equation to be solved for various condi-
tions. In general it should also be combined with a heat
transfer equation, but it is assumed here that the system
is isothermal. The useful potential of the electrode cor-
responds to n(L), so it is necessary to express solutions in
terms of n(L).

SOLUTIONS FOR NEAR REVERSIBLE REACTION

Near reversible reaction is defined as reaction at low
values of 7, that is, electrode potentials close to the reversi-
ble potential. Equation (4) can be rearranged to
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R(x) _ R(L) =#(L) —=(x)
Ry - Ry pnFDRb

This equation is also obtained from Equation (5) as the
limit when % is small. Substituting for R(x)/Rs in Equa-
tion (7), for low values of #n (using exp x = 1 + x +
x2/2! + ..., neglecting the x? and higher terms), and
assuming negligible external mass transfer effects [that
is, R(L)/Ry = P(L)/Py = 1], one gets

dn(x) /ds® = i, Sp [(“‘:"’) n(x) —(fb—) n(r) |

¢ = apnFDR(L)/b (8)

In addition to the algebraic convenience of combining
terms into ¢, the value of the dimensionless group ¢ is an
important criterion for deciding whether ohmic or mass
transfer effects predominate in producing nonuniform re-
action in the electrode (4). Solution with the boundary
conditions dn(x)/dx = 0 atx = 0,9 = (L) atx = L

where

gives
Ay(zx) — B _ exp(x\/A) + exp(— x/A)
An(L) — B exp(L\/A) + exp(— L\/A)
where

A =i, Sp(a+ ¢)/¢b
B=i, SP""’)(L)/‘)"b

The relation between ionic current passing through the
plane at x (current produced by reaction from 0 to x) and
n(L) is readily obtained from i(x) = (1/p)dn(x)/dx:

i) = ( i Sn(L) ) ( exp(x\/A) — exp(—x\/A) )
WA exp(LV/A) + exp(—L\/A) )
(9
The working equations and limiting cases derived from
Equation (9) are shown in Table 1, where the total cur-

rent i(L) is denoted by i and the total polarization (L)
is denoted by 7.

SOLUTIONS FOR IRREVERSIBLE REACTION

When the true exchange current and the specific area is
relatively low, most of the reaction will occur under ir-
reversible conditions (5 large) and the limiting case is
when the second, reverse, term in Equation (7) can be
neglected at all penetrations in the electrode. Equation
(7) then goes to

dn?(x)/dx? = i, Sp[R(x)/Rs] exp [an(x)/b]

The variable term R(x)/R, is replaced in terms of (x),
n(L) using either of the cases represented by Equations
(4) and (5). The solution of the above equation with
Equation (5) has been given (5) and leads to

dy(x)/dx = (2A/p) [exp(py) — exp(pmo)1% (10)

where

7= 9(x); o =2(0); o = (L), and

A =i, Sp(RL/Ry) exp [ (% - P)m.]

@ 1
Py (1+ ';;)
From i(x) = (1/p)dn(x)/dx

i(x) =V (2A7pp*) [exp(pn) — exp(pno)1% (11)
Integration of Equation (10) gives

exp [p(n — m0)] = sec? [x\/(Ap/2) exp (pmo) }

These equations immediately give

i= (2A/pp?) [exp(pnr) — exp(pno) 1% (13)

exp [p(ne — m0) 1 = sec® [L\/(Ap/2)exp(pno)]
(14)
For specified parameters, .S, L, , b, D, p, and for RL/Ry
= 1 (or known as a function of i), ¢ and p can be calcu-
lated. Equation (14) is a relation between 5z, and 79 which

TaBLE 1. Limrting Casks ¥or NoNuNIFORM REACTION EQUATIONS

Current-polarization

Conditions relation

Limiting conditions
Near-reversible Ohmic and mass trans-
fer affected

i = Ianr/b,

L\/iSe(a + 9)/¢b <03
>2

1ay ohmic affected, ¢ > 5,
L\/ 1050/ b <03
>2
Mass transfer affected,
¢ < 0.05
L\/i,8/n DRy <03
<2

Irreversible
Low current i = I4 exp(amr/b),
Ia2

High current i=1I4 exp(anr/2b) Ohmic and mass trans-
e{:p( o) negli- 143 er
gible compared Ohmic affected, ¢ > 5
to exp(pn) Mass transfer affected,
¢ < 0.05
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Apparent exchange current density Fraction of reaction from O to x
1 A= k3 ( x )/ i =

(iSL) tanh[L\/ioSp(a + ¢5/¢5] sinh(x\/ioSpZa I ¢)/eb)
o

[LV/ieSala - 4)/¢b] sinh (L\/iSp(a + ¢)/b)
i,SL

x/L
VieSpla + ¢)/9b exp[ — (L — x)\/1Sp(a + ¢)/¢b]
L AV

sinh(x\/i,5p/b

lo

In/7.5p7b sinh( L\/3,5p7B

ioSL. x/L.
\V1eSb7p exp[—(L — x)\/io§p75]
. SL tanh[L\/icS/nF DR} sinh(x\/7,Sn DRp)
i e
° L\/iS/nFDRy sinh(L+/T;5n DRy)
ioSL x/L
\/i3nFDR, exp[ — (L — x)\/I;Sn DRy}
ioSL x/L

21'055( RiL/Rp)e

Figure 3,
pa(l + @) i(x)/i = function (x/L, #/ic)
14 = Io = \/2iSb/px

Ia = Iy = \/205nF DRy
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enables 1, to be calculated for any value of mo; then Equa-
tion (13) gives i for this value of n.. Unfortunately ‘the
equations are awkward and require trial-and-error solution.

Simpler limiting cases are obtained as approximations
to the full solutions, as shown in Table 1. One limit is

obtained for low currents for which L\/(Ap/2 S'explp-qo;
is small. This can be seen by combining Equations (13)
and (14) to give

i =/ (2A7pp*) exp(pno) tan [LV &/ exp(pmo) b

for low values of X, tan X = X and for low i (but still
irreversible), gL ~ no and

i = i, SL(RL/Ry)exp(an./b) (15)

This is the expected normal form of the Tafel equation;
when no external mass transfer is present, R./R, = 1 and
the slope is a/b and exchange current i, SL. This form is
only obtained when i, SL is smaller than I3 (see later
discussion). The other limit is the irreversible, high cur-
rent case (see Table 1). For R, = Ry, Io is the pure
ohmic-affected apparent exchange current (2), accurate
to within 109, when ¢ = 5, Note that the current-polari-
zation equation is a Tafel equation with double the normal
slope. Similarly, Ins is produced by mass transfer effects.
Note that although exp(pmo) is assumed negligible com-
pared to exp(pm.), m, — mp can be small when p is large,
which is the case for small ¢. Thus in this limit there is
little change in » through the electrode.

The important and useful concept of the crossover cur-
rent can now be introduced. This is defined as the current
at which the normal Tafel line [Equation (15)] crosses
the Tafel line with doubled slope:

ic = I49 exp (emLc/b) = Lsg exp (anrc/2b)
Then
fe = I243/1a2

= (fp};)(li¢) =plz,p

Note that the kinetic parameter i,S does not occur in this
expression, so i can be estimated from physical param-
eters. This means that a design decision can be made to
select an operating value of i less than i, and this will
ensure that the electrode is only slightly affected by non-
uniformity of reaction in the electrode. This decision can
be made without knowledge of i.S, providing the electrode
has an irreversible, current-polarization law (see below).
For ¢ large, ic = 2b/aLp; for ¢ small, i. = 2nFDR./L.

Finally, the fraction of reaction occurring between 0 and
x can be readily estimated, as follows. Equations (11) and
(12) can be combined to give

i(x) = V/(247pp®)exp(pno) tan [x\/(Ap/2)exp(pno) ]
Using i = 2/pLp

(16)

i/i, = X tan X
where
X = L\/(Ap72)exp(puo)
Also

i(x)/i:tan(%X) / tan X 17
Thus for some value of X, i/i. is calculated; for the same
value of X, i(x)/i is calculated as a function of x/L. The
result is given in Figure 3, which enables i(x) /i to be ob-
tained for any i/i., by interpolation. As expected, for i/i,
< 0.01, i(x)/i is a straight line of slope I, showing uni-
form reaction through the electrode. As i/i. becomes large,
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Fig. 3. Computed values of fraction of total current supported by
reaction between 0 and x/L, i(x)/i, versus x/L, as a function of i/ic.

the reaction is concentrated in the region near the outer
face. Again, no knowledge of i.S is required.

However, at low values of i the system may tend to the
reversible form which does contain the kinetic parameter
i,S, and whichever result from Figure 3 or the reversible
form (see Table 1) gives the most departure of i(x)/i
from x/L is the result which will apply. In fact, in order
for a region of uniform reaction to exist in the electrode
at all, it is obviously necessary that the near-reversible
stipulation for uniform reaction be satisfied in addition to
i < .. Using this stipulation it is possible to obtain a ratio
of I42/145 below which the near-reversible stipulation is
automatically met, as follows. The reaction is virtually uni-
form through the electrode for the reversible form when

L\/i.Sp(a + $)/¢b < 0.3.

Iys/ic = LV/i,Sap(1 + ¢)/2b9,

But

thus

(1a3/ie) V2(a + ¢)/a(1 + ¢) < 0.3.

Then, since i, = I243/i,SL, uniform reaction can be ob-
tained when

Lag/la3 < 0.3 Va(l + ¢)/2(a + ¢) (18)

For « ~ 1%, ¢ large, 145/145 should be less than about 0.15
for uniform reaction; for ¢ small, I4/I,; should be less
than about 0.1. Hence if I45/I45 < 0.1, then Figure 3 can
be used even at low values of i/i.. If not, the near-reversi-
ble forms should be used at low currents because the cross-
over current analysis only applies when the crossover oc-
curs at positive values of 9y, that is, Ins << I4s. If this is
not true, the near-reversible form of current-polarization
equation runs directly into the doubled-Tafel slope region,
with no region of single-Tafel slope.

WORKING EQUATIONS

The complete current-polarization equations given
above were reduced to a simpler form for the special case
of ¢ large, that is, where mass transfer effects are small
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compared to ohmic gradient effects in the pores. This case
corresponds to the conditions of the experiments discussed
below. When ¢ is large compared to unity

a 1
p=- (1+-;) ~a/b

It can then be readily shown that Equations (11) and
(12) become

i(x) = \/2i,Sb/pa [exp(om/b) ~ exp(ane/b) 1%

exp [(a/h) (n — 70)] = sec? [xv/ (Spa72bYexp (an/b) ]
As before

i/i. = X tan X
where (19)
X = L~/(i:Sap/2b)exp{ano/b)
and
(a/b)qr — (a/b)ne = 2 In (sec X) (20)
From Equation (19)
ano/b = 2In X — 2 In [L\/7,Sap/2b] (21)

Equations (19) to (21) enable the polarization versus
current curve for this particular case to be plotted in a
general dimensionless form, as follows. Equation (21) is

o = ano/b — 2 In [1/L/i.8ap735] = 2In X (21a)

where 7 is dimensionless polarization measured from a
starting point of 2 In [1/L~/i.Sap/ 2b]. For irreversible re-

actions, L\/1,8ap/2b will be small. Equation (19) shows
that for positive values of current, X lies between 0 and
1i/2. By choosing a series of X values in this range, 7 is
calculated. From Equation (20)

(20a)

Since for any value of X, 7 is determined, 7. is deter-
mined; from Equation (19), i/i. is determined. Figure 4
shows this generalized plot. As expected from previous dis-
cussions, the result consists of two Tafel lines—one of nor-
mal slope, the other of doubled slope—joined by a transi-
tion retiion. In using the simple forms of intersecting Tafel
lines, the shape and extent of the transition zone between
them can be estimated from Figure 4.

It will be remembered that for this case, the apparent
exchange current for the normal Tafel slope region at low
currents (but still irreversible) is Iao = 4,SL, and for the
other region, Iy = Io = \/2i,5b/pa. Also, i. = 2b/aLp,
and i(x) /i is related to i/i; by Figure 3.

L — 70 = 2In (sec X)
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CHANGE OF POLARIZATION, IN
MULTIPLES OF TAFEL COEFFICIENT
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N\,

L

-2.0 i )
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OIMENSIONLESS CURRENT DENSITY: /i,

Fig. 4. Plot of dimensionless polarization 1 (1p at x = 0 and nr, at
x — L) versus i/ic.
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TEST PROCEDURES

The experimental arrangement used in this study has been
described in detail in an earlier paper (6). The electrode used
was the Harry Diamond Laboratory electrode, which consists of
fine particles of silver (~1u) sintered onto expanded-metal
{Exmet) screen and electroformed to approximately 50:50
wt% of Ag and Ag:0, with an electrode thickness of 10 mil
(0.25 mm.) and porosity of about 70%. The electrodes were
mounted in a Teflon holder with one face of about 1/3 sq. cm.
exposed to the electrolyte. A current collector was press-fitted
against the sealed back of the electrode. They were tested in 31
wt% (eutectic) KOH using conventional half-cell techniques.
A Hg-HgO/KOH reference electrode with a Luggin capillary
was used and the tip of the capillary was positioned very close
to the surface of the test electrode. The test cell was contained
in a Tenney (model TJR) constant-temperature cabinet and
measurements were performed from room temperature to
—62°C. (—80°F.). The low temperatures enabled a wide
range of exchange currents to be investigated.

The electrodes were cathodically discharged using a galva-
nostatic technique that made use of a rapid switc%ling, Hg-
wetted relay. Ohmic resistance was measured at various stages
in discharge by interrupting the current; ir polarization was
recorded as a blanked-out portion on an oscilloscopic trace
recording potential between test and reference. The shape of
the discharge curve was found to be quite complex, consisting
of a number of distinct regions, one o? which was a plateau of
fairly constant potential over an extended period of discharge
time. This was quantitatively investigated in terms of Tafgel
type kinetics. An estimate of polarization observed in this
region was corrected for ir and plotted versus log current
density. Effects of temperature, electrode thickness, and cur-
rent density on polarization in the plateau region were studied.

To investigate the distribution of reaction through porous
electrodes, test electrodes were made by tightly stacking sev-
eral of the above thin electrodes into the holder with a light
dusting of silver powder between them to ensure good elec-
tronic contact. The test electrode was partially discharged at a
set current density, removed from the cell, split into its com-
ponent slices, and discharge completed separately on each
component. Since the average coulombic capacity of AgeO
initially present in each slice is known (4.9 *+ 5%), and the
coulombs remaining after partial discharge could be calculated
from the completion of the discharge, the coulombs discharged
in each section during the stacked test could then be readily
calculated.

RESULTS

Galvanostatic discharge of the Ag-Ag,O electrodes at
low temperature and high current density showed that
polarization passes initially through a pronounced peak
and then reaches a plateau. After about 80% of the dis-
charge has been completed, polarization increases very
rapidly until the electrode is completely discharged. Some
of these results have already been discussed (6). Only the
results that pertain to the plateau region will be discussed
in this paper. Values of polarization, corrected for ir, were
obtained from the plateau region and were plotted versus
log current density for electrodes of different thicknesses.
Figure 5 shows experimental and predicted results for
single and double thickness electrodes at —52°F.
(—47°C.). The solid lines refer to the values predicted
from the working equations using i,S values estimated
from the low current portion of the curve (normal Tafel
region) and the circles are the actual experimental points.
Similar results obtained at —35° and —80°F. and for
electrodes of different thickness are also reported in Table
2. The electrodes are small discs cut from an inhomoge-
neous sheet, with a fresh electrode for each test; partly for
this reason, the experimental data were not closely repro-
ducible for duplicates. However, sufficient tests were per-
formed to show the general pattern of results.
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As discussed above, the prediction of the fraction of the
total current supported by the reaction between 0 and x
turns out to be dependent only on the ratio of the total
applied current to i, (Figure 3). Reaction in stacks of
five electrodes is shown in Figure 6, where the fraction of
reaction between 0 and x versus position in the electrode
x/L is plotted for different i/i. values. The solid lines
represent the predicted values and the points are the
actual data points. Table 3 gives the predicted versus
experimental values of the percentage of reaction in each
section of a stack of two electrodes as a function of i/i..
The values of i, were estimated as discussed in the next
section.

DISCUSSION OF RESULTS

The discharge of the Ag,O/Ag electrode proceeds via
the overall reaction

Ags0(s) + Hy0 + 2~ — 2Ag(s) + 20H-

where water is the reactant which must be transported
from the bulk of the electrolyte through the pores of the
electrode to the interior. Using the Austin ¢ criterion
[Equation (8)], the value of ¢ for the test conditions
described in this paper was estimated, assuming a value
for the diffusion coefficient of water at room temperature
of 2 X 1075 sq.cm./sec., and assuming this diffusion co-
efficient to decrease with temperature in approximately
the same ratio as the specific conductance of the electro-
lyte decreases. The values of specific conductance of the
electrolyte as a function of temperature are known (7).
This calculation gave a value of ¢ of approximately 4 at
—52°F. and somewhat higher at room temperature. Be-
cause of the approximate nature of this calculation, and
bearing in mind the experimental variability evident in
the data, it was assumed that the results could be analyzed
assuming ¢ to be sufficiently large that ohmic effects pre-
dominate over mass transfer effects. (If the particular
value of ¢ = 4 was included in the calculations of i, and
apparent exchange currents, results were not sufficiently
different to alter the conclusions). Also, since water is
present in high concentration, there is negligible effect of
external mass transfer and R,/R, = 1.

For low values of %, but still large enough for irreversi-
ble reaction, the above theory of porous electrodes pre-
dicts that the total current density is approximated by
i = I, exp (an/b) where I, = i,SL. Thus a normal Tafel
plot is obtained. The experimental results at low tempera-

400 T T T
-47°C
>
€ 300} ]
°
s
Z 200 i
[}
5 f”(’r 2
N s 1c=T3mo/cm
& = 7
< 7
o 100f s
a 7/ ic=36.5ma/em?
Ve
fe) - il Vd 1 L
(o] 1.0 100 100.0

CURRENT DENSITY, ma/cm2
Fig. 5. Comgarison of theoretical polarization with experimental
points. (O, 0.025 cm. thick; @, 0.050 ¢m. thick.
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TABLE 2. PREDICTED AND EXPERIMENTAL RESULTS OF
POLARIZATION IN PLATEAU REGION As A FUNCTION oF
TEMPERATURE, ELECTRODE THICKNESS, AND CURRENT DENSITY

Current Polarization in
Electrode density, ic, plateau region, mv.
thickness, Temp., mamp./ mamp./ Experi-
cm, °F. s5q.cm. sq.cm. Predicted mental
0.05 —35 5 66.8 32 40
10 66.8 60 45
20 66.8 90 105
30 66.8 105 115
100 66.8 168 165
150 66.8 200 195
0.025 —80 3 17.5 170 170
0.025 30 17.5 285 255/315¢
0.025 80 175 340 320
0.125 150 35 385 360/390°

® Duplicates.

TABLE 3. PREDICTED VERSUS EXPERIMENTAL VALUES OF
PERCENTAGE OF REACTION IN EACH ELECTRODE SECTION

Percentage of reaction in

Current electrode section
density, Electrode Back section Front section
Temp., mamp./ thickness, Pre- Pre-

°F sq.om.  com, i/ic  dicted Exptl. dicted Exptl.
—35 150 0.050 2.25 29 24 71 76
—35 100 0050 150 35 36 65 64
—35 30 0.050 0.45 42 40 58 60
—35 10 0.050 0.15 49 49 51 51
—52 50 0.050 1.35 35 43 65 57

tures clearly indicate this Tafel line, with a transfer coeffi-
cient of approximately one-half. When reaction is con-
centrated toward the electrolyte face, a doubled Tafel
slope is predicted, where the doubled slope intersects the
normal Tafel line at i, where i, ~ 2b/apL. Figure 5
shows a comparison of experimental and predicted results
for a single (0.025 cm.) and double thickness electrode
at —52°F. (—47°C.). Line a is drawn with a slope of
85 mv./current decade. The value of p can be estimated
from p = pereeh; for an electrode of 70% porosity, the
labyrinth factor \ is about 2 and at —52°F., piree is 40
ohm-cm. From the Tafel slope of 85 mv., b/a = 0.085/
2.3 = 0,037 v. Thus i, ~ (2) (0.037)/(0.0254) (40) =
73 mamp./sq.cm.. Line b is drawn with a slope of 170
mv./current decade to cross line a at i; = 73 mamp./
sq.cm.. In addition, use of an electrode of twice the thick-
ness should give results corresponding to line ¢, going
into line b at a current of 73/2 = 36.5 mamp./sq.cm. The
figure shows that the experimental points, both for the
single and double thick electrodes, agree reasonably well
with the predicted values. Since the experimental ex-
change current density of the normal Tafel region for a
single thickness electrode is 0.3 mamp./sq.cm. (see Figure
5), 408 is 12 mamp./sq.cm. Hence the apparent exchange
current density of the doubled-Tafel slope region is In ~

\V/2i,Sb/pa = 4.7 mamp./sq.cm., in good accordance with
the value expected from Figure 5. It should be remem-
bered that as the thickness of the electrode is increased,
#,SL increases, until the situation is reached where ,SL
approaches 4.7 mamp./sq.cm. Then a normal Tafel region
would not be observed, and the near-reversible current
versus polarization curve would change directly into the
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Fig. 6. A plot of predicted (solid lines) and experimental (p?ints)
values of i(x)/i versus x/L tor different i/ic values. [1 = i/ic =

10; O, ific = 20; A, ilic = 82.

doubled-Tafel slope region as current density was in-
creased.

Table 2 shows that the agreement between predicted
and experimental results of polarization in the plateau re-
gion at other temperatures and for different electrode
thickness is also quite good. To obtain the predicted val-
ues, the variation of exchange current density and specific
resistance of the electrolyte with temperature must be
known. At —52°F. the apparent exchange current density
was I4 = 0.3 mamp./sq.cm. The exchange current density
(I14) at any other temperature was calculated using

(Ia)r
AH=* T — 226
= 0.3 exp [ ( R ) ( ) ] mamp./sq.cm.

226T

where T is the absolute temperature (°K.); AH+* is the
apparent activation energy for the reaction, which was
found (6, 8) to be equal to 14.5 kcal./g-mole; R is the
gas constant. The specific resistance of the electrolyte
varies from 1.5 to 80 ohm-cm. from 80° to —80°F. (8).

Figure 6 shows that the agreement between the pre-
dicted versus experimental values of i(x)/i for stacks of
five electrodes as a function of i/i. is reasonably good. As
expected, as the i/ic ratio becomes smaller, the reaction
becomes more uniformly distributed and approaches the
limiting case where a plot of i(x) /i versus x/L has a slope
of 1. For an i/i; value of about 42, the experimental results
show that reaction is concentrated much more toward the
electrolyte side of the electrode. Similar results obtained
for double thickness electrodes are also shown in Table 2.
Agreement between predicted and experimentally ob-
tained results for electrodes of different thickness is good
considering that the electrode does not actually operate at
the steady state assumed in the theoretical equations. By
the very nature of this type of electrode, the electrode
changes during the reaction. In particular, of course, a
high i/i; value will force the exterior of the electrode to
become completely discharged even when only a small
fraction of the total coulombic capacity of the electrode has
been used. Thus a discharged layer exists on the surface,
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which moves into the electrode as current continues to
flow. This has the effect of reducing the active thickness
of the electrode as far as distributed reaction is concerned.

CONCLUSIONS

The agreement between experimental and predicted re-
sults indicates that the concepts on which the theoretical
treatments are based are sufficienly valid to be useful in
practice. In particular, when external limiting current fac-
tors are not present, it is convenient to treat the current-
polarization in three regions: near-reversible, normal Tafel
slope, and doubled-Tafel slope. Such a treatment should
normally be sufficiently accurate for design purposes. For
example, for operation at low temperatures where the
reaction is irreversible at useful currents, it is relatively
easy to estimate the value of i, for a given thickness and
porosity of electrode. The thickness of the electrode should
be chosen so that the maximum current density demand
is less than i, since distributed reaction effects are not
very pronounced for /i, < 1.

It is possible to insert the effect of external mass transfer
if the mass transfer factors are known, by retaining the
term R(L)/R,; in the equations and replacing it as a func-
tion of ¢ and the mass transfer factors.

Of course, the design of a complete cell or battery re-
quires the optimization of a number of factors, which may
be incompatible with the simple requirements given above
for a single electrode. In addition, many electrode reactions
of interest will be more complex than the straightforward
case treated here. Work remains to be done especially on
the transient equivalents to the steady state cases treated
here.

NOTATION

b = RT/F in volts, R being gas constant, T absolute
temperature

D = effective diffusion coefficient (including migration)

F = Faraday’s constant

AH* = apparent activation energy

i = current density at position x

i, = crossover current {see Equation (16)]

i, = exchange current density

I, = apparent overall exchange current density

L = electrode thickness

n = electrons transferred per molecule of reactant

=+(1+7)

P = concentration of product dissolved in electrolyte

R = concentration of reactant dissolved in electrolyte

Ry, P, = concentration of reactant and product, respec-
tively, in undisturbed condition

S = specific reactive area, area per unit volume

V= conventional electrode potential

V. = reversible electrode potential

x = position in the electrode

Greek Letters

= electrokinetic transfer coeflicient

= polarization (departure from ideal reversible po-
tential }

= dimensionless polarization

defined by Equation (8)

labyrinth factor

potential of electrolyte
potential of electrode solid

&8 R

-« S > 3

g™

i

September, 1971 Page 1063



p = effective specific resistance of electrolyte in elec-
trode pores
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Relative Velocities and Pressure Drops in
Clouds of Drops, Bubbles, or Solid Particles

Relative velocities of assemblages of drops or bubbles
with respect to the continuous phase depend on many
parameters. Generally, these include the densities and vis-
cosities of both phases, the local acceleration, the size and
shape of the particles, wall effects, concentration of parti-
cles and concentration of the practically ever-present sur-
factant impurities. The effect of the last two parameters on
viscous flow in assemblages consisting of many spherical
drops or bubbles (moving in an overall uniform velocity
field) has been analyzed recently by Gal-Or and Waslo
(2). Employing a free-surface cell model, they expressed
their results in terms of the “ensemble” (ens.) relative
velocity

3 Y
Uens.‘:"é"Us (‘bl/a‘“'ﬁ) (1)
where
W=3(1+'§-B)+2¢5/3(1-—ﬂ) (2)
2
Y=2(1+,8)+3¢5/3(1——3—ﬁ) (3)
K »e
B= = (4)
Wity ,Ld—%K(aa/ar)
and
K= 2Toa (5)

2D¢ + o Dy*a?/[Dy* + a® 8(3/8C) (]

Here @ is the volumetric fraction occupied by the particles
and y an interfacial viscosity due to surfactant impurities.

More recently, a zero-vorticity cell model has been em-
ployed by Gal-Or (3) to express ensemble relative velocity
as

3
Uens = — = U, (W’<1> —-Y + —:—qM ) (8)

C?nn ;pond con this article should be addressed to Prof.
Benjamin Gal-Or who has also a joint appointment at the Chemical En-

gineering Department, University of Pittsburgh, Pittsburgh, Pa. 15213,
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Heife, lsroel
where
/A 1 2 — —
w ._—3—_;3;9— [—5-45(1 8) 1] (7)
and
, 1
Y-——__3+2B (®+ 28+ 2) (8)

The aim of this paper is to evaluate an alternative defi-
nition of relative velocity and then to check which one
may better characterize experimental data on viscous flow
at low Reynolds numbers in dispersed systems. Employing
the aforementioned models, we derive new formulations
for the average relative velocity and pressure drop which
may be widely applicable in characterizing viscous flows
of drops or bubbles.

AVERAGE RELATIVE VELOCITY

The capability of Equations (1) and (6) to predict en-
semble velocities is shown in Figure 1. Curves 1 to 4 are
based on Equations (6), (1), (15), and (12), respec-
tively; curves 6 and 7, on semitheoretical relations of
Oliver (12) and Hawksley (7), respectively; curves 5 and
9 on experimental data of Adler and Happel (1) and Hap-
pel and Epstein (5), respectively; and curve 8 on ex-
perimental data of Hanratty and Bandukualka (4), Le
Clair (8), and Lewis et al. (10). The theoretical predic-
tions are, in general, lower than the experimental data.

Actual experimental data of this type are generally re-
ported in terms of average relative velocity between the
two phases involved (sometimes called the “slip” veloc-
ity). Comparison between experimental data and theoreti-
cal relations should, therefore, be carried out on this basis,
rather than on the basis of Uens. The average relative
velocity for a spherical cell model is defined by

27 P-1/3
[V lo=u/2 a® ndndé

=0 V=90

Urel. =

wa2 (@23 — 1)
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