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Abstract In some aqueous-metal batteries or electro-
chemical parallel plate reactors, the spacing between the
electrodes is controlled by a porous net. This net affects
the limiting current distribution because it disrupts the
parabolic laminar flow velocity distribution. Here, com-
putational fluid dynamics (CFD) is used to solve the
Navier-Stokes equations surrounding the inert net and the
effect of the net geometry on the limiting current density is
studied. The location, spacing, and number of the longi-
tudinal and transverse ribs of the net are shown to affect the
local and average current density distributions on each of
the two electrodes. The effect of transverse ribs on the
current distribution was found to be much higher than the
longitudinal ribs. The results show that the longitudinal ribs
decrease the local current density at the electrode which is
not in contact and increase the current density the space
between two adjacent longitudinal ribs at the electrode in
contact. The transverse ribs on the other hand, increase the
local current density to very high values at the electrode
that is not in contact. The current density, however, falls
along the flow direction as it exits the transverse-ribs
region. These effects were observed to be mainly due to the
changes in flow field distribution. A deviation of —40%
was observed for a system of 4 longitudinal ribs and no
transverse ribs at the non-dimensional axial position 0.06.
For 2 transverse ribs, the deviation at the same axial
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position was approximately 250% of the local current
density. All the results are for a net with a spacing of
0.94 x 107 m.
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List of symbols

C Local concentration (kmol m73)

Cy Bulk concentration (kmol m> )

Cin Inlet concentration (kmol m73)

C, Wall or surface concentration (kmol m~%)

D Diffusion coefficient of OH™ ion (m? s~ )

h Local heat transfer coefficient (W m 2 K1)
h; Thickness of transverse rib in z direction (m)
h; Thickness of longitudinal rib in z direction (m)
i Local current density (A m?)

lavg Plate-average current density (A m72)

Llavg-noribs

Plate-average current density for no-ribs
case(A m72)

3

i Normalized local current density
(dimensionless)

[ local current density averaged over # direction
(Am™)

0" Normalized local current density averaged over
n direction (dimensionless)

k,, Mass transfer coefficient (m sfl)

L Electrode length in y direction (m)

l Equivalent diameter (m)

I Live cell spacing in x direction (m)

) Live cell spacing in y direction (m)

n; Number of longitudinal ribs

n, Number of transverse ribs

Nu Local Nusselt number (dimensionless)
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Nuy,, Plate-average Nusselt number (dimensionless) e —: _ n
Nu Local Nusselt number averaged over 5 @t , T |

direction “-E éﬂﬂi {--EH—Longitudinal rib N
Pr Prandtl number - r_'_'_‘; :r_'_'_“: :r_'_'_:: i} ]
Re Reynolds number based on the equivalent E ]

diameter B 10 L00] E00 5 Transverse rib 3
Se Schmidt number E T [
w Electrode width in x direction (m) = - ’ - -
w, Width of the longitudinal rib in x direction (m) BRI A Eﬁi?:fe || - Electrode
W) Width of the transverse rib in y direction (m) ' " J I ] Plate 2
v Average velocity (m s~ ') - r RS
Greek symbols ,"i W _»? ‘:z
A Deviation factor (dimensionless) ' '
A Deviation factor averaged over # direction

(dimensionless) (b)
n  Non-dimensional x coordinate
{  Non-dimensional y coordinate
i Molecular viscosity (Pa s) Sa -
® Dimensionless concentration (Eq. 9) g T ----------------
. - N
Subscripts E ¥ v
1 Electrode 1 = * )
2 Electrode 2 }—» X
avg Average " \ z
avg_noribs  Average for the no-ribs case -
' ' Transverse rib

Superscripts TR

* Dimensionless quantity obtained by dividing the
respective quantity by its average
A Dimensionless quantity averaged in x or # direction

1 Introduction

Parallel plate electrochemical reactors (PPERs) are used in
chlor-alkali production, metal extraction and refining as
well as in batteries and fuel cells and their design often
requires predicting quantities such as current density dis-
tribution, energy efficiency, conversion per pass of a
reactant or product, and selectivity of a desired product.
Two-dimensional models have been discussed [1-7]. Most
of these models feature infinitely wide electrodes where
edge effects are absent, velocity profiles obtained from
analytical solutions to the Navier-Stokes equations, and
numerical solution of the model equations was based on the
finite-difference technique developed by Newman [8] or
one of its modifications (e.g. see Ref [9]). Here we consider
an extension of these channel and PPER models for the case
when a porous net separates the electrodes (see Fig. 1).
The need for this net arises in semi-fuel cells (SFCs) or
metal-aqueous batteries [10-14] where it is desirable to
maintain the minimum gap or pitch between the electrodes.
The net is inert and limiting current analyses based on
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Longitudinal rib

Fig. 1 a Schematic of two parallel plate electrodes with an inert net
between them. The flow is fully developed and laminar with the
electrochemical reactions occurring at the electrodes under limiting
current conditions. The dotted lines in (a) show the net with the
transverse and longitudinal ribs, in between the electrode plates.
b Structure of the inert net employed in this study Refer to Table 1 for
the values of the various dimensions used

existing models for obstacles in the flow field for both
laminar and turbulent flow, reported in the literature
[15-21], provide some perspective albeit not one that is
readily applicable to our case. As a first step toward
understanding of these net-based PPERs, we consider the
limiting current density analysis based on the solution to
the closely associated heat-transfer problem [22, 23].

2 Mathematical model

Figure 1 shows a schematic of two parallel-plate electrodes
with an inert net in between. The electrolyte enters through
a diffuser (not shown) at a constant velocity 0.01 m s,
and the free stream velocity is well established prior to
contacting the inert net. Dilute species within the fluid are
reacted electrochemically without gas evolution at the

electrodes and the bulk electrolyte exits the net section of
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the PPER at a length, L, and flows into an exit diffuser so i
that the velocity at L is not disturbed. In an actual SFC, an nEl kn(Cp = Cs) (1)

active metal anode (Al, Mg or Li) [13], alkaline electrolyte
(NaOH + H,0,) and a noble metal cathode (Ag, Ni, Pt or
Pd) [24] are used. The electrodes may dissolve [25] during
the operation but to prevent loosening of the configuration
during the dissolution, a constant pressure is applied on the
back of the electrodes. No shape changes associated with
this dissolution are considered.

The net is made of an impervious plastic and has a
layered structure (see Fig. 1b). The net is not interwoven,
but consists of two layers of plastic ribs—transverse and
longitudinal—pressed on each other. In Fig. 1 h; and hy
are the heights of the ribs; /; and [, are the live cell
spacing in the two layers; w; and w; are the widths of the
two layers. Table 1 provides all the dimensions. Note that
we label the region where the fluid is present as a “live
cell”.

The current approach could be used for a mesh corre-
sponding to an interwoven geometry but the computational
grid would be very different from that presented in Figs. 1,
2 and needs to be constructed separately. The results will
be different because from one perspective the interwoven
grid will decrease the flow area by a factor of 2 in a tri-
angular geometry. In addition, the symmetry will be
elongated over two ribs (adjacently placed). This applies
both to the longitudinal and transverse ribs. Also, the
effects of local curvature and non-rectangular cross sec-
tions may have to be included in the computations.

We use the previously computed distribution of the
Nusselt number [23] and the analogy between heat and
mass transfer [26]. In an aluminum anode the surface
reaction results in a layer of alumina [10, 25], which drives
the anode to be mass-transfer controlled by the transport of
OH™ ions. At the cathode, the reduction of H,O, takes
place, which is limited by the transport of HO; ions [24].
Thus at high current densities, the SFC may operate under
mass transfer limitations and the current density is related
to the flux of the ion as follows [8]:

Table 1 Dimensions

Dimensions Value (m)

L 72 x 1073
w 37 x 1073
hy 027 x 1073
hy 0.27 x 1073
I 1.54 x 1073
L 1.54 x 1073
wy 0.94 x 1073
W) 0.94 x 1073

where the local mass transfer coefficient %, is :

-D [oC
k= —— [ — 2
Cp,—Cy (E)z)z_zy ( )

where s denotes surface. The Nusselt number Nu is given
by:

kil
D

Nu (3)
At limiting current conditions, the surface concentration C;
goes to zero and the distribution of the current density is
given by:

li| = nFC, (?) Nu 4)

The average current density is given by:

Jiavg| = % / i.dA| = (@) % / (CpNu)dA (5)
A A

where A is the area of the electrode.

Typically, we are interested in calculating the average
current density of the individual electrodes and identifying
the regions of the reactor where the current density is above
or below average to understand the reaction distribution so
that the system can be designed with optimum amount of
material, minimum costs and maximum energy efficiency.
By normalizing the local current density i against the
respective electrode average current density i,,, we elim-
inate the dependence on number of electrons n transferred
at a given electrode, diffusivity of the limiting ion D and
also the model shape factor /, (i.e. the number of ribs for a
given geometry) The cathodic currents are negative and

li

anodic currents are positive [8]. Hence is the same as

L]
i which is the normalized current density denoted by i*. i}
and i; can be used as measures to understand the perfor-
mance of electrodes 1 and 2 respectively.

In a PPER with no obstacles in the flow path the
entire surface area of the electrode is in contact with the
electrolyte solution and calculating average current den-
sity for a single reaction is straightforward. In SFCs, part
of the electrode is hidden from the electrolyte by the ribs
of the net (see Fig. 1) and such areas are unavailable for
electrochemical reaction. Hence, there is a choice
between the geometrical plate area A,,.»s and the area
available for mass transfer A for calculating average
current density. Also, depending on the electrode, only
one kind of rib (transverse or longitudinal) presses
against an electrode. Hence there are two different
electrode areas Ajand A,, available for normalizing the
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Fig. 2 Schematic of a typical
computational mesh (exploded
view in the encircled figure)
used in this work showing
no-ribs in the center and 5
longitudinal ribs on either side.
Note that a maximum of equally
spaced 14 longitudinal and 29
transverse ribs were used in the
study

individual electrode current densities iy and i,. A| and A,
are linearly related to the geometric plate area A, ips
through simple algebraic expressions involving the
number of longitudinal and transverse ribs n; and n,
respectively.

Al - Anoribs — Ny (WZ W) (6)
Az = Aporins — mi(wiL) (7)

We refer to both as A in the ensuing discussions. The
geometric plate area is labeled A,,ps. All calculations for
iavg have been based on A and A,. The current density may
be adjusted to A,,ripsby using Eq. 6 and 7. We present the
normalized current (i.e. Eq. 5) regardless of the number of
ribs and discuss in Part II the enhancement of the average
current density based on Ajps-

@ Springer

Outlet

Two cases occur during the evaluation of the integral in
Eq. 5: (1) Cp is a constant along the flow direction which is
applicable for situations where conversion is low (<3%) (2)
where C, is not constant. Case 1 corresponds to the
Lévéque solution of the Graetz problem [27] and case 2
corresponds to the complete Graetz solution. For the
problem under consideration, the PPER is long enough and
the conversion was approximately 30%. i in Eq. 4 is cal-
culated based on C,, and C,, is obtained by averaging C in
the z direction from one electrode plate to the other [26] :

Sty (x,y,2) - Clx, y, 2)dz

Jo " v(x, y, 2)dz

Cb(x7y) = (8)

We further simplify the definition of i* by defining a
dimensionless concentration ®[8]:
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- i — doribs

®= c Cs (9) A= : noribs (]4)
Cin - CS lavg_noribs

so that at limiting current conditions when C; = 0,
C, = Cy0, (10)
Substituting, we get:

_—_ (@;,Nu)

= I, (@yNu)dA ()

In this work, the reference taken is the no-ribs case with
fully-developed, laminar flow of a Newtonian liquid with
constant properties, between the two flat electrode plates,
with no obstacles present in the flow-field path. The
correlation and discussion for this can be obtained from our
previous work [23]. We wuse the afore-mentioned
correlation along with Eq. 11 to establish the no-ribs case
in Fig. 3. We introduce a new quantity ; which denotes the
current density averaged across the plate, in a direction 7
perpendicular to the primary flow direction (. Thus,

w

P /T lildn (12)
0

and when i is normalized against i,,, it is related to Nu as :

R { (@bN u)

==t 13
lavg %fA (@hNM)dA ( )

where O, and Nu have meanings similar to i. We denote A

as the deviation of current density from the numerically

calculated no-ribs case, at any point in the plates, and

define it as follows:

| ——- numerical solution r4

% difference between numerical and Lévéque

Lnoribs

Fig. 3 Predicted variation of normalized local average limiting
current density f:on-bx along the flow direction {, based on the mass
transfer correlation for the unobstructed channel with laminar flow,
for a Newtonian liquid with constant properties. No longitudinal or
transverse ribs are present in this case. Also shown is the % difference

between the numerical solution and the theoretical Lévéque solution

This simplifies as:

iavg . .
A= ( )l* _ljwribs (15)
Lavg_noribs
where A is a function of # and {. The effects of transverse
and longitudinal cases are quantified as deviation from the
no-ribs case using A. i*and iy ., are given by Eq. 11 and to
evaluate l'—éh) we use the definition of the average
current densities for ribbed and non-ribbed cases (see
Eq. 5):
1

iavg o (lnoribs>
: - 1
lavg_noribs l Aporibs f A <®bn”,,-;,x Ni Unoribs ) dA

(16)

3 Numerical procedure

A commercially available CFD solver (STAR-CD v3.15)
was used to calculate the Nu distribution for the geometry
given in Figs. 1, 2. The control-volume technique based on
the SIMPLE [28] algorithm was employed. The equations
were solved using an algebraic multigrid solver [29, 30]. A
double precision solver with a convergence criterion of
1075 (relative tolerance) for all the field variables was
used. The accuracy of the predictions was verified against
the no-ribs case and the error was found to be less than 5%
except at the entrance regions and transverse ribs (8%)
where the current density is theoretically infinite. Simula-
tions were also conducted to ensure that the results
obtained were grid independent. Further details are pro-
vided elsewhere [22].

4 Results and discussion

The calculations correspond to a generic system without
regard to which electrode is at limiting current. That is, we
are interested in pure mass transfer effects. We allow the
current density to be different on the two electrodes by
letting them function independently and consider these
results to be more general than if we had imposed charge
conservation constraints. The application of these results to
a net-PPER will require consideration as to which electrode
would be limiting since limiting current conditions at both
cathode and anode would not occur typically. In addition,
since we calculate the local limiting current based on a
centerline concentration (i.e., bulk concentration C}) that is
free to change in the axial or y-direction and on a velocity
profile that depends on the geometry, the dimensionless
results are independent of the reactions occurring at either
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electrode. Thus, the results are applicable to either elec-
trode and they allow comparison of limiting currents for
different geometric configurations or placements of the
electrode which may be limiting.

Figure 3 shows the predicted variation of the normalized
local i, .. along the flow direction {, based on the mass
transfer correlation for the unobstructed channel with
laminar flow, for a Newtonian liquid with constant prop-
erties [26]. The mass-transfer rate is infinite at the upstream
edge of the electrode ({ = 0) where the fresh electrolyte is
brought in contact with the electrode, consistent with the
Lévéque solution. The current density fzoribsdecreases with
increasing { since ®, decreases. Also shown on Fig. 3 is
the percent difference between the numerical results and
the Lévéque [8] solution. This error is acceptable, reflects
the numerical limitations for the geometry under consid-
eration and shows the limitation of the grid independence
tests.

All the longitudinal ribs are taken to be of the same size.
The transverse ribs also are the same size, but they differ
from the dimensions of the longitudinal ribs (see Table 1).

4.1 Effect of longitudinal ribs

Consider the case where four equally spaced longitudinal
ribs (there can be a maximum of 14 longitudinal ribs) are
placed adjacent to electrode 2 and electrode 1 is suspended
at a thickness of h; above the ribs. The total gap between
the electrodes remains at h; + h,. Figure 4 shows the
variation of the normalized local current density i~ over the
two individual electrodes. The white areas on the electrode
2 indicate the presence of longitudinal ribs, where the
current density is zero. The current density decreases along
the { direction since the driving force for mass transfer

Fig. 4 Distribution of the
normalized local current
densityi* for the case of 4
longitudinal ribs (max 14). No
transverse ribs are featured. The
circles indicate regions where
edge/rib effects are observed

Electrode 1

@ Springer

decreases along y. The effect of the longitudinal ribs can be
viewed approximately as dividing the reactor into many
smaller reactors of width equal to the spacing between
adjacent longitudinal ribs (i.e., [; in Fig. 1b), The variation
of the current density in the 5 direction on electrode 2 is
minimal except in those regions which are under the
influence of the ribs and those near the edges (i.e. # =0
and n = %) since there is no flow along # for this velocity
and geometry. Electrode 1 on the other hand, shows a
different behavior due to the gap h; since the area of the
region over the longitudinal ribs allows for a velocity
distribution approaching a parabola which is influenced by
the ribs within the space h,. Thus there is a finite i* in the 5
direction. Note that on electrode 1 there is “parabolic-like”
profile between successive longitudinal ribs with a larger
current density in the center of the spacing. There is some
dispersion of this profile as one moves from electrode 2 to
electrode 1 in the z direction. The limiting current density
follows this change in the local velocity.

Also observed in Fig. 4 are the edge effects (highlighted
by the dotted circles) for this velocity. That is, there is
some “rounding” of the contours at # = 0 and y = % since
the geometry has a finite width and the CFD calculations
capture the no-slip conditions. Similar rounding occurs at
the interface between the first and last longitudinal ribs on
electrode 2 as highlighted by the circle in Fig. 4.

Figure 5 shows a typical velocity profile when only the
4 longitudinal ribs featured in Fig. 4 are present. Two
regions marked A and B, are of interest. Region A is the
center of the flow region directly under the longitudinal
ribs. Hence, region A is bounded by electrode 1 on the
bottom and a longitudinal rib on the top. As expected, a
parabolic-like profile in the y—z plane with the velocity
being the maximum at the centre is observed. However, in

Electrode 2

of
o
3
o)

Ysg
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the z—x plane the velocity profile shows a different pattern.
The velocity at the centre of region A is observed to be the
lowest. As we move from region A along the x-direction
the velocity increases and attains a maximum at region B.
Thereafter, it decreases and attains a minimum in the next
region A. This pattern repeats along the x-direction. Region
B, is bounded by the electrodes and shows a parabolic-like
profile in both the planes namely y—z and z—x but with a
much higher average velocity. Thus in region A, the rate of
mass transfer would be much lower than that in region B.
Since the average velocity in the y-direction of region A 4
is also much lower than that of the no-ribs case (i.e.,
Vuorivs = 1 x 1072 m sfl), the mass transfer in the region
A, would be much lower than the no-ribs case. On the other
hand, in region B, average velocity in the y-direction vg, is
much higher than v,,.»; and the mass transfer would be
higher than the no-ribs case. In other words, region A
would show a negative deviation from the Lévéque solu-
tion while region B is expected would show a positive
deviation.

Figure 6 shows the variation of A; and A, along n over
electrodes 1 and 2, at two different values of { (0.06 and
0.21). A family of such curves provides an idea of the
variation of A over the two electrodes in both { and 7
directions. Fig. 6a and b, both show four regions which are
considerably different in behavior. Near the edges, A
monotonically goes to zero due to no slip conditions and
there can be no mass transfer in both the no-ribs and the
ribbed cases. Hence, the respective values of the current
density go to zero and any difference between them, A, also
goes to zero. However, in the regions far away from the

Velocity (m s-1)

Electrode 1

Y.

N

Fig. 5 Flow field distribution when only longitudinal ribs are present
(refer Fig. 4). Regions A and B are the centers of ribbed and non-
ribbed regions respectively

(a) 40

A(%)

-50 4
2
&
-100 4 —— {=0.06
40 === {=021
] Igigigl
\\Af r's
-200 . . . .
0.0 0.1 0.2 0.3 0.4 0.5
n

Fig. 6 Variation of the A; and A, along 7, at two locations of { (0.06
and 0.21) for the case of 4 longitudinal ribs shown in Figs. 4, 5. Note
that the regions marked A and B in Fig. 5 have been featured in this
graph for convenience. All the positive peak regions correspond to
region B and all the negative peak regions correspond to region A

ribs and edges, A is a constant for a given number of
longitudinal ribs n; since, the velocity profile and the mass
transfer conditions are invariant in those regions. The value
of A falls off only near the edges and ribs. Similar to the
edges, the regions immediately surrounding the longitudi-
nal ribs are places where the insulating ribs meet the
solution. In the regions directly under the ribs (region A),
the value of A is negative showing that the values of cur-
rent density are significantly different from the values of
the no-ribs case. However, the regions between any two
successive longitudinal ribs (region B) are available for
mass transfer and hence A is non-zero in that region. In
addition, it is observed that A is high in these regions
(region B), indicating that the results are consistent with
the flow field in Fig. 5.

While both the electrodes show the above behavior,
there are some important differences between them. Fig-
ure 6a shows that at { = 0.06 in electrode 1, A; shows a
minimum of —42% whereas the corresponding value of A,
shown in Fig. 6b at electrode 2 is —166%. Both these
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values correspond to region A of Fig. 5. This huge dif-
ference between A; and A, is explained by recalling the
definition of A in Eq. 14. The value of current density at
the ribs itself is zero. Hence at those places, A, would
simply be the ratio of the local current density s, and
the average current density for the no-ribs case iz norips-
This value of A, in the region A shown in Fig. 6b is
consistent with the Lévéque solution which shows a value
of 1.66 for the ratio at { = 0.06.

On the other hand, at electrode 1, the local current
density i has a non-zero value and A, retains the original
physical meaning of being the deviation from the no-ribs
case. Interestingly, the maximum value of A, attained in
the rib-free region is equal to the maximum value of A in
between successive longitudinal ribs. The smooth profiles
also indicate that the width of the live cell spacing between
any two ribs is not affected by the grid size. In Fig. 6b, A,
also shows the same behavior in the region B, although the

(a) 60

40 4

20

A(%)
o

-20 1

240 4

-60 T T T .
0.0 0.1 0.2 0.3 0.4 0.5

(b) 40

-20

=

A(%)
o

S
S
S
S
S
1

-40 | y
—— 4ribs
A ..... 8 ribs
60 ‘ ‘ ‘ R— 14 ribs
0.0 0.1 0.2 0.3 0.4 0.5
n

Fig. 7 Variation of A, along #n for the case of 4, 8, and 14
longitudinal ribs and no transverse ribs at two different locations of
(0.06 and 0.21) for the simulation presented in Figs. 4, 5. Note that
the regions marked A and B in Fig. 5 have been featured in this graph
for convenience All the positive peak regions correspond to region B
and all the negative peak regions correspond to region A
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maxima of A, are somewhat lower (X~ 5%) than the cor-
responding maxima of A;. This effect is due to the
parabolic-like velocity profile. Figure 6a and b also show
that, for a given electrode the extremes shift to lower
values along { since the conversion in the reactor increases
along { and the driving force for mass transfer decreases.
Hence the current density for both the no-ribs and the
ribbed cases decreases. As the current density approaches
zero along the axial direction, the difference between the
no-ribs and the ribbed cases gets smaller and the graphs of
A vs. n shift progressively to lower values.

Figure 7 shows the effect of r; on the variation of A along
n for two different locations of { (0.06 and 0.21). Two distinct
effects can be observed: (1) at a given {, as n; increases, the
maximums (and minimums) of A; shift in a positive direction
(2) along {, as n; increases, the difference between the max-
imums (and minimums) of decreases. That is, the quantities
(AT™(14) — AT™(8)) and (AT™(14) —AT™(8)) decrease
where the numbers in the braces denote the number of lon-
gitudinal ribs. The first effect is observed because, as n;
increases, the number of constricted regions through which
the fluid flows also increases. In these constricted regions
which correspond to region A in Fig. 5, the average velocity
V4 1s much less than v,,,,2;;. However, the values of maximum
axial velocity which occurs at the center of the region A, are
344 x 107°,3.88 x 1077, and4.33 x 10 ms™' for4, 8,
and 14 longitudinal ribs respectively indicate that v4 increa-
ses as n; increases. This is expected since as n; increases, the
cross section area of the flow decreases and the average
velocity v, increases. Hence, the local current density in
region A, increases with increasing n; and consequently A;
decreases. In region B also, a similar effect is observed, but
vgis much higher than v,,,4;. The values of maximum axial
velocity which occurs at the centre of the region B, are
1.6 x 1072, 1.73 x 1072, and 2.0 x 10 > ms™" for 4, 8,
and 14 longitudinal ribs respectively indicating that the vg
also increases as n; increases. Thus, A; becomes more posi-
tive as n; increases. The rate of decrease of A, along (
increases with n,;. For example, the highest rate of decrease is
observed for the case of 14 longitudinal ribs (from 48 to 28%
in the maxima and from —20 to —40% in the minima), and
the lowest rate of decrease occurs for 4 longitudinal ribs (from
17 to 7% in maxima and from —40 to —43% in the minima).
Both the regions A and B of Fig. 5 show an increase in the
average velocity which leads to higher conversion and a
lower value of A;. The second effect is due mainly to the
decrease in conversion since the velocity profile is invariant
along ( for the case featuring longitudinal ribs only. As the
conversion decreases, the extremes of A; start shifting in the
negative direction. Hence, in region B the difference between
the no-ribs and the ribbed cases starts decreasing. However,
in region A, the low value of v4 leads to considerably larger
negative value of A;.
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4.2 Effect of transverse ribs

Figure 8 shows the distribution of normalized local current
density i* for two transverse ribs placed at two different
locations of { when the spacing between the two ribs is
maintained at [,. In arrangement 1 the first rib is placed at
{=%=0.0214 and in arrangement 2 the first rib placed
at{ = 0.23. By first rib, we denote the transverse rib which
is closer to the entrance of the reactor. Unlike the longi-
tudinal ribs, the transverse ribs constrain and expand the
flow path (see Fig. 9) thus altering the local rates of mass
transfer drastically. In Fig. 8 the contours along the 7
direction change only in the edge regions marked by the
dotted circles as expected. At a given {, the mass transfer in
the edge regions is lower than that in the other regions. The
values of i* in these encircled regions can be as low as 33%
below the local average i* for the given reactor. However,
the fraction of the total area influenced by the edges is less
than 4% since the edge effects are 0.7% of the local
average i* for this case. Hence, the deviation from the no-
ribs case can be understood by plotting A, a value of A

Fig. 8 Distribution of the
Electrode 1
i* for two different positioning
(non-dimensional) of 2
transverse ribs,

(a) positioning 1—{ = ’z° =
0.0214—arrangement 1

(b) positioning 2—

= % — 0.23—
arrangement 2. The non-
dimensional spacing between
the two ribs in the arrangements
is lzz No longitudinal ribs are
featured. The circles indicate
the regions where edge effects
are observed

Fig. 9 Flow field distribution when only 2 transverse ribs are present
as shown in arrangements 1 and 2 given in Fig. 8. Regions D and C
are the centers of the ribbed and the non-ribbed regions respectively.
Note that no longitudinal ribs are featured

Electrode 2
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averaged in the # direction, as a function of { as shown in
Fig. 10.

Figure 10 shows the variation of A along { on the two
electrodes, for the arrangements 1 and 2 in Fig. 8.
Figure 10a and b, both show very high deviations from
the no-ribs case, in the regions where transverse ribs are
encountered. However, these deviations must be inter-
preted with caution. Figure 3 shows that the numerical
solution deviates from the Lévéque solution as { decreases.
In other words, the uncertainty in predicting the values of
current density is highest at the entrance where the rate of
mass transfer is theoretically infinite. A similar situation is
encountered at when fluid meets a transverse rib. For
example, in the entrance region of the reactor, for { = 0.01
the difference between the numerical and the theoretical
Lévéque solutions can be as high as 8%. In Fig. 4. For
{ ~ 0.025 the difference is close to 7%. The transverse ribs
induce an “entrance effect” when the fluid flows from
region D to C by blocking some mass-transfer area (see

(a) 400 CK
Tg, —— Electrode 1
2040 e Electrode 2
~_~ 0 7
2
g
-200 \
—»D
-400
-600 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
¢
(b) 400
300 +
—— Electrode 1
~~~~~ Electrode 2
200 -
£ 100 -
<
0+
-100
-200 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

¢

Fig. 10 Variation of A along ( for electrodes 1 and 2 for two
transverse ribs featured in (a) arrangement 1 and (b) arrangement 2 of
Figs. 8, 9. Note that no longitudinal ribs are featured. Regions marked
C and D in Fig. 9 have been featured in this graph for convenience.
All the positive peak regions correspond to region C and all the
negative peak regions correspond to region D shown in Fig. 9

@ Springer

Fig. 9). The non-dimensional width of a transverse rib *2 is
0.013 and the non-dimensional live-cell spacing between
the two transverse ribs, % is 0.026. These values are com-
parable to the values of { at the entrance region, where a
considerable uncertainty exists in predicting the values of
i*, as shown in Fig. 3. Computations performed over such
small regions near the transverse rib regions, also suffer
from the same uncertainty in predicting the values in these
regions. The accuracy may be improved by using a highly
refined grid in these regions which however is limited by
the computational resources. The current model employs
more than 800,000 computational cells, which is relatively
large. Hence, the high values of A observed in Fig. 10 must
be used keeping in mind the margin of error introduced due
to grid limitations.

At electrode 1, in the regions where transverse ribs are
present, the value of A reduces to i* (refer to Eq. 14) since
the local current density is zero. However, at electrode 2,
the area for mass transfer is still available and A retains the
original physical meaning of being the measure of devia-
tion from the no-ribs case. Figure 9 shows that the average
velocity of region D is significantly higher than that of
region C. Hence, electrode 2 must show a higher current
density in region D compared to region C. This is illus-
trated by the dotted lines in Fig. 10 which decrease in
region C, although maintaining a positive value. Fig-
ure 10b shows the “entrance effect” that the transverse ribs
induce, much more clearly. As the fluid enters the reactor,
the influence of the transverse ribs is not immediately felt
and the flow field is similar to the case with no-ribs. Hence
A= 0, in this region. However, when a transverse rib is
encountered, the flow field changes drastically (see Fig. 9)
and the rate of mass transfer is altered highly at both the
electrodes. The electrode 1, shows a A value corresponding
to the local i* and electrode 2 shows a very highly positive
value for A since the average velocity has increased.
Beyond the rib region, the flow field starts developing and
after some distance along {, becomes identical to the fully
developed flow field at the entrance of the reactor. Hence,
the graph of A vs. { falls of asymptotically towards zero
since 7* and i*,,.,  both go to zero along {.

Figure 11 shows arrangements 3 and 4 of two transverse
ribs, with different spacing between them. Together with
the arrangement 2, presented in Fig. 8b, they help under-
stand the effect of the spacing between the transverse ribs
on the current density distribution over electrodes 1 and 2.
As the spacing is increased, the rate of change of contours
along { decreases. This effect is due to the influence of the
downstream rib on the upstream velocity profile in between
the ribs. The larger the spacing between the ribs, the lower
the influence of the downstream rib and the higher the
similarity to the no-ribs case. This effect is made clearer
by the asymptotic behavior in Fig. 12. The regions marked
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(a) Electrode 1

[ ¢ o5
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| 2.29

Electrode 2
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1.16
0.87
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3.72
3.44
3.15
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0.57
0.29
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n

Fig. 11 Distribution of the normalized local current densityi* for different spacing of 2 transverse ribs: (a) arrangement-3-spacing =
w = 0.12 (b) arrangement-4 spacing = w = 0.3. The first rib is placed at { = % = 0.23 in both the arrangements. Note

that no longitudinal ribs are featured

1-6 in Fig. 11 are marked in Fig. 12 also. The profile of A
along { in the regions 1 and 4 are clearly identical. Region
2 shows a much greater rate of decrease of A along { than
region 5. Once again, since the geometry of regions 3 and 6
are similar to the no-ribs case, A asymptotically approaches
zero. Thus, a transverse rib can be perceived as a local
disturbance in the primary flow direction which fades along
{ unless enhanced by another transverse rib in the path of
the fluid. Part II discusses the combined effects and the
enhancement obtained in various cases.

5 Conclusions
The effect of the net-geometry on limiting current density

distribution in a parallel plate channel was presented. The
net affects the velocity profiles significantly, resulting in

zones of high, low, and zero mass transfer. The individual
effects of the longitudinal and the transverse ribs on the
current density distribution were presented. The depen-
dence of current density on the type, positioning, spacing
and number of ribs was documented. The longitudinal ribs
decrease the local current density at the electrode that is not
in contact. However, in the space between two adjacent
longitudinal ribs, the local current density increases,
although the current density is zero on the top of the ribs
themselves. A deviation of —40% was observed for a
system of 4 longitudinal ribs and no transverse ribs at the
non-dimensional axial position 0.06. Transverse ribs affect
the current distribution far more significantly than the
longitudinal ribs. They increase the local current density to
very high values at the electrode that is not in contact e.g.
the deviation at the non-dimensional axial position 0.06
was approximately 250%. The current density, however,
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