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Simple Models for Diaphragm-Type Chlorine/Caustic Cells

|. Dynamic Behavior

John Van Zee*

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208

R. E. White* and A. T. Watson
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843

ABSTRACT

A simple model of the dynamic behavior of a diaphragm-type chlorine/caustic cell is presented. The model is based
upon measurable diaphragm properties and the mass transfer of hydroxyl ion through the diaphragm. The anolyte is
modeled simply as a region in which the OH~ ion concentration is fixed, the diaphragm is modeled as a plug-flow reac-
tor with an electrochemical reaction occurring at the catholyte/diaphragm interface where the cathode is placed, and the
catholyte is modeled as a completely stirred flow reactor. Analytical integration of the governing equations for these
models yields two mathematical expressions: one for the concentration distribution of hydroxyl ion within the dia-
phragm and one for the effluent concentration. Both of these expressions are functions of time, independent operating
variables, diaphragm properties, and physical constants. They are used to show how the concentration distribution of
OH~ within the diaphragm and the cell effluent change when subjected to a step change in the current density. Also
presented is a numerical method of solution for the model equations to predict the required change of the cell head sub-

Jject to an arbitrary time-dependent change in the current density at a fixed cell effluent concentration.

Diaphragm-type cells are used extensively in the
United States to produce chlorine and caustic (1). The di-
aphragm is the key to efficient cell operation, because
the diaphragm properties affect the voltage loss, the yield,
and the effluent caustic concentration. Recently (2, 3, 4),
measurable diaphragm properties have been proposed
and used to predict the performance of these cells under
steady-state conditions. A simple model® of the cell is pre-
sented here to predict the effect of these diaphragm prop-
erties on the dynamic behavior of the caustic yield.

The time-dependent or dynamic behavior of dia-
phragm-type cells is of interest during start-up and in sit-
uations where a differential cost structure for electricity
provides an opportunity to reduce the cost of production
by operating the cells accordingly. This may mean a high
production rate during the night and a low production
rate during the day, for example. The model presented in
this paper can be used to predict the changes in the
operating conditions (e.g., current density and differential
head) which would be required to maintain a fixed caus-
tic effluent concentration or a fixed caustic yield.

In a diaphragm-type chlorine/caustic cell (see Fig. 1),
hydroxyl ions are produced at the cathode according to
the following electrochemical reaction

HO+e-—-OH-+12H, [1]

The buoyancy of the hydrogen gas causes stirring in the
catholyte and this compartment is consequently assumed
to be completely mixed. A similar statement could be
made concerning the anolyte and the chlorine gas gener-
ated at the anode. This is, however, not necessary here
since the anolyte is modeled simply as a region in which
the OH- ion concentration is fixed at a known value that
depends on the fixed anolyte pH. As shown in Fig. 1, a
differential head forces anolyte to percolate through the
diaphragm from the anolyte to the catholyte. This perco-
lation rate decreases the loss of OH- ions from the
catholyte to the anolyte due to diffusion and migration.
However, this percolation rate should not be too large be-
cause the catholyte OH~ concentration decreases as the
percolation rate increases which leads to a larger steam
requirement if the cell effluent is to be concentrated to 50
weight percent NaOH. Increasing the current density in-
creases the OH~ ion concentration in the catholyte but
also increases the voltage drop through the diaphragm
and hence increases the loss of OH~ ions due to migra-
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‘The phrase “simple model” is used here to mean a model
with a linear potential gradient through the diaphragm.
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tion. Also, the diaphragm characteristics affect the loss of
OH~- ions due to diffusion, migration, and percolation ve-
locity. The time-dependent behavior of the caustic yield
depends upon these losses of OH- ions from the catho-
lyte, the volume of the catholyte, and other operating var-
iables and parameters, as discussed below.

Literature

In a recently reported experiment (2), two measurable
quantities were used to characterize the diaphragm in a
metal-anode Cl/NaOH electrolyzer when the velocity was
specified (3, 4). These two properties are the MacMullin
number, Ny, and the diaphragm thickness, L. The Mac-
Mullin number is defined (2-6) in terms of readily mea-
surable quantities and can be thought of as the ratio of
the diaphragm tortuosity and porosity

p T
£ D 9
Ny=tr = [2]

Cl2 H2

L

NaCl ———=

NaOH

quCl

anode diaphragm | cathode

OH(bulk) [

Fig. 1. A schematic of a diaphragm-type chlorine/caustic cell

Downloaded 10 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



502 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

The ratio p /p, represents the resistivity of an electrolyte-
saturated porous medium to that of the pure electrolyte.
This ratioc denoted here as Ny, has been referred to by
others as the formation factor (7) and the labyrinth factor
(8). Other diaphragm properties have also been proposed
(9-15), but none of these is measurable directly, even
though they have been shown to be equivalent to the
product NyL (3, 4, 16).

Simple steady-state models of the diaphragm-type cell
for chlor-alkali cells have been presented and reviewed
recently (3, 4). More complete models have also been pre-
sented (5, 17). One of these models (5) was used to analyze
steady-state phenomena, including the assumption of a
reaction plane for dissolved chlorine species in the dia-
phragm; however, only the essence of the model was pre-
sented for proprietary reasons. The other model (17) used
numerical integration to analyze the distribution of Na*,
Cl-, and OH-, and a nonlinear potential gradient in the
diaphragm, but diaphragm properties were not included
in the model.

Time-dependent models of a diaphragm-type electroly-
zer have also been presented (17-22). Some of these mod-
els (18-20) are based on an empirical expression for the
caustic yield, whereas Filatov et al. (21) based their model
on the assumption that the anolyte and catholyte are com-
pletely stirred flow reactors (CSFR). They connected the
CSFR material balances for the anolyte and catholyte
with an analytical steady-state expression for the
diaphragm/catholyte concentration that does not include
diaphragm properties. Other models (22, 17) include
simultanecgusly the catholyte chamber and the diaphragm
but, again, neglect diaphragm properties. These investiga-
tors (22, 17) used numerical integration of the time-
dependent, dilute solution convective diffusion equations
for their models. Unfortunately, the results were limited
for one of the models (22) because the numerical integra-
tion did not converge for steep gradients in the concentra-
tion. In the other model, the concentrations of Na*, Cl-,
and OH- were included together with a nonlinear poten-
tial gradient through the diaphragm. However, again the
authors (17) did not include diaphragm properties in their
work but instead claim that the diaphragms used in their
comparison with data were very inhomogeneous.

Model

The model will be presented by first reviewing the
time-dependent material balance equation and the flux
equation for species i in a porous medium followed by
presenting the assumptions of the model and the develop-
ment of the equations.

A time-dependent material balance equation for a
charged species within a porous region has been formu-
lated in terms of average quantities (23-25). For the case of
no electrochemical or homogeneous reactions, the mate-
rial balance equation for species i can be written (24) as
follows

d(ecy) o,
ot V- [3]

where

N; Ve
—— = = (Dio + Do) V& — zuwFe,vP + —— [4]

In Eq. [4], v is the superficial velocity (i.e., the volumet-
ric flow rate entering the diaphragm divided by the pro-
jected diaphragm area, A,) and v /e is the velocity in the
pores. Also, according to Newman and Tiedemann (24),
the ionic diffusion coefficient, D;,, the axial dispersion
coefficient, D,, and the ionic mobility u; in Eq. [4] are all
corrected for the tortuosity of the pores, 7, but not for the
porosity, €.

The assumptions of the model presented here are: (i)
only the OH - ion is important, and it exists only in the di-
aphragm and catholyte; (ii) dilute solution theory (26)
applies, and the cell is isothermal; (iit) only the spatial co-
ordinate through the diaphragm in the direction of flow
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is important; (iv) the diaphragm porosity, MacMullin
number, permeability, and thickness are constant with
time; (v) the dispersion coefficient, D,, is negligible and
the effective diffusion coefficients in the porous dia-
phragm can be written in terms of the measurable prop-
erty Ny as follows

D, = €Dy, = Dy(s/e) = DyNy (5]

(vi) the current density through the diaphragm is simply
related to the potential gradient through the diaphragm
by an effective average specific conductivity (3) as fol-
lows

. -k do

¢ Ny dx (6}
(vii) the percolation velocity through the diaphragm is
related to the differential head, h, according to Darcy’s
law, with an average viscosity for the solution within the
diaphragm and a pressure drop through the diaphragm
given by pgh where p is the density of the anolyte as fol-
lows (16)

V=—— [m

(viii) water vapor loss from the anolyte and catholyte is
negligible, so that the velocity of the feed to the cell and
the velocity of the effluent are equal; (ix) the gas genera-
tion provides sufficient mixing so that the catholyte is a
completely mixed flow reactor; (x) hydroxyl ions do not
participate in any homogeneous reactions.

With these assumptions, the unsteady-state material
balance for the hydroxyl ion (¢ = 1) in the diaphragm (Eq.
[3] for one spatial coordinate can be written

ae, aN,

it ox 18]
The flux expression for Eq. [8] can be obtained from Eq.
[4] by using the Nernst-Einstein expression for the ionic
mobility (26), so that Eq. [4] becomes

N, ac, z,FD, ¢, 0 + e,

R, — - - 9
€ Dy + D, x RT dx € (o]
which, with assumptions @)-(vit), becomes
D, dc, (ZIFDli Ppgh)
B R 10
Ne=-§, % RTx o

Thus, the governing partial differential equation for the
hydroxyl ion concentration within the diaphragm can be
written as

ac, D, d¢ (leDli

+ Ppgh) dc,
at Nye ox? RTke

11
nlLe dx (]
An appropriate set of initial and boundary conditions is

att=10 c\(x, 1) = cx, 0) = ¢,*(x) [12]

fort>0atx =0 c(x,t) =¢c(0,t)=E [13]

fort>0atx =1L N(L,t) =

Ppgh i
L CI(L7 t) - i"

[14]

where E is equal to the square root of the inverse of the
equilibrium constant for the reaction between H* and
OH-, which is assumed to occur at the anolyte face of the
diaphragm and where N (L, t) is given by Eg. [10], evalu-
ated at x = L.

Equations [11]-[14] can be simplified by defining the
following dimensionless variables
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x
£ = — 115) where
—-Fi*NyL  pgh*PNy
d * = 26
an A, RTx + oD, [26]
0, 1) = Cl(:» t) [16] subject to the boundary conditions
F at¢& =0 ¢*(0) = E [27]
where cp is the concentration of NaCl in the brine feed to
the cell. Substitution of Eq. [15] and [16] into Eq. [11] and
yields . .
de* | —-Fi*N,L 1*NyL
atg=1 ! = e L) + 28
80, _ 90, _ , 3 7] d¢ | o R W D,JF [28]
ot ee oo Integration of Eq. [25] with Eq. [27] and [28] yields an
where expression for ¢,* and the dimensionless OH- concentra-
tion ¢,(¢)att =0
NyL? ;
- = [18] _E )
1 ) = —+ G, [exp (A,%¢) — 1] [29]
F
and
where
—-FiN,L h P
A, = ZEL | poh PNy [19] . |
RT«x wD, *NyL  Fi*NyLE
Also, substitution of Eq. [15] and [16] into Eq. [12}[14] - DFcp  RTkcy [30]
vields the following dimensionless initial and boundary pgh*PN,; n Fi*N,L
conditions WD, SXP AN - =g
e*x) The governing partial differential equation for 0,(, t),

att =00, 1) =6, 0) = — = ¥:(&) [20]  Eq. [17], can be integrated analytically subject to Eq.
F [20]{22] by using the transformation suggested by Bastian
and Lapidus (27, 28) as shown in the Appendix. The re-

fort>0até=0 Oyt =06,0,1) = ——E— = EP sulting expression for the dimensionless concentration of
CF OH- ion in the diaphragm can be written as follows
[21]
36 O,¢, 1) = EP
fort>0at¢é=1 —X =-H[6,,1t - B] [22] ,
8¢ | =y A At
+ Glexp (A,8) — 1]+ exp | —~ ~——
where 2 4y
g = FILL [23] {3 Ranogen (2} By
RT« 3=o Y
and where
RT«
B=—— [24] HB — HEP
F*Dycp G, = [32]
pghPNy
As shown in Eq. [20], ¢,*(x) or ¢(¢) corresponds to a ———ND—GXD 4)-H
1

steady-state solution of the simple steady-state model,
which is a result of a previously set current density (i*) and

A A
o+ [(4 - ) b saconn] xp (2~ 4]

4, 2 2

" (@hy — sin 20y

Fy 3
(a2 5) +ne

A A,
(G, — Gy) YAy — | —=—sin Ay + Ay cOS Ay | exp (— —_—

N 2 2
Az )
- T
A[ . Al
G Ay + —2—sm Ay — Ay cOS Ay| exp 5
- 3 [33]
A,
+ A
and head (h%). Thus, c,*(x) is a known quantity that and where the eigenvalues, Ay, are the roots of
depends only on position within the diaphragm and not Y
on time. This concentration distribution results from the Aycotdy +{ H + v 0 [34]
solution of the steady-state material balance equation (3, 4) . .
- . Next, consider the unsteady-state material balance for
d’c, A% de, =0 [25] the OH- ions in the catholyte, which, with assumptions
dg? boode iii)-(x), can be written as follows
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dey e VA4 VA,

T T c(L, t) V. Cyeff [35]
where v is given by Eq. [7] and V, is the volume of the
catholyte. Recall that, according to assumption (ix), the
catholyte is a completely mixed flow reactor, which
means that the effluent concentration c, .4 is the same as
the catholyte concentration, and the inlet concentration
to the catholyte compartment, ¢,(L, t), is typically differ-
ent from c,.; during transients. An appropriate initial
condition for the catholyte concentration is its value at
steady state before a transient

att=0 Crerr = € ¥(L) [36]

Equation [35] can be integrated analytically by using Eq.
[31] to obtain an expression for ¢,(L, t) (i.e., ¢y O(1, t)). That
is

VA4t
Creit | EXP v

DA DALt
- Vcd f cp 0.1, 1) exp< V: ) dt + Gy [37]

where G,, is an integration constant. Evaluation of G,, by
using Eq. [36] yields

Ciert = Cp ) EP

+ Gg[exp (A) - IH [1 - exp( ﬂ;/Adt)}

A Azt = . =AMt
+ cp exp [—21— - —Zl'y_] { szo G, Fy sin (Ay) exp (——yi—)}

A Aqt z .
~ cp exp [—él— - 2 H Y Gy Fysin kn}
c N=0
—vAgt
+ ¢ (L) exp (-—UV-G—> [38]
where
VA4
V.
G, = - - [391

Equation [38] can be used to obtain an expression for
the time-dependent caustic yield, n(t), (often referred to
as the caustic current efficiency) by using the following
definition

- PphgFc, o«

7n(t) )

(40]

Discussion

The model presented above can be used to investigate
the dynamic behavior of a diaphragm cell in terms of step
changes in either the current density or the differential
head (not discussed here). The model also allows consid-
eration of two distinct initial conditions; that is, the be-

. havior of the cell can be analyzed during start-up, where
the initial concentration is a constant for all ¢, or during a
change from one steady state to another, where the initial
concentration is a function of £. Figures 2-4 show the pre-
dictions of the model for the two different initial condi-
tions when the parameters of Table I are used. Figure 2
shows the concentration profiles in the diaphragm dur-
ing start-up for an initial concentration of OH~- of 10-'M
(corresponding to no current) and a step change in cur-
rent density from 0 to 0.1543 A/em? at t = 0. Figure 3 pre-
sents the concentration profiles in the diaphragm for a
step change in current density from 0.054 to 0.1543 A/em?
at t = 0. In both Fig. 2 and 3, the final steady state is
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o

Fig. 2. Concentration profiles during start-up (i.e., a step in the cur-
rent density from i* = 0 to i = 0.1543 A/em?).

achieved approximately after 56 min. This rather quick
response illustrates that the response time of the dia-
phragm is not on the order of y (i.e., 8h for Table I values),
as would be expected in a system governed solely by dif-
fusion, but instead is faster because of the convection-like

term
( ! a‘)
f

in Eq. [17]. On the other hand, Fig. 4 shows that the
time-dependent responses of the cell effluent concentra-
tion for the cases shown in Fig. 2 and 3 are on the order of
10h (i.e., = 63% of the final steady-state value), as would
be expected from Eq. [35], since V/(vA,) is on the order of
9h.

Table I. Parameters for calculations shown in Fig. 2-5

Physical Constants

cp = 5.00 x 10—* molem?
D, = 3.50 X 10-% cm?s
E = 1.00 x 10~"° mol/em?
K = 0.50 Q- em™!
I = 1.10 x 102 g/cm-s
p = 1.17 g/em?
Cell Geometry
AV, =020 cm™!
Diaphragm Properties
Ny = 2.00
P = 5.80 x 10" cm?
L = 1.00 ecm
€ = 0.50
Operating Variables
h* = 25.0 cm, except Fig. 5
h = 25.0 cm, except Fig. 5
i* = see figure captions and text
i = see figure captions and text
T =358.15K
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Fig. 3. Concentration profiles for a step change in current density
from i* = 0.0540 A/cm? to i = 0.1543 A/em”.

Instead of determining the response of the cell to a step
change in (i), it may be more desirable to maintain the
effluent concentration at a previous steady-state value?
and simply increase or decrease the production rate by
adjusting the head and current densities simultaneously.
This change in the production rate might be desirable if,
for example, a differential cost structure for electricity
provided an incentive for a high production rate at night
and a low production rate during the day. In such a case,
a constant effluent concentration may simplify the opera-
tion of evaporators that are connected in series to the
electrolyzers.

Unfortunately, the analytical solution presented above
cannot be used to predict the time-dependent head re-
quired to maintain a constant effluent concentration be-
cause A, is a function of time in this case. However, Eq.
{17] can be integrated numerically. To do this, implicit
stepping accurate to 0(At) was used with a finite differ-
ence technique accurate to 0((A£)?) (29-31) in a manner
similar to that in Ref. (32, 33) and then with a finite differ-
ence technique accurate to 0((A¢)*) (34) to first verify the
profiles of Fig. 2 and 3 and then to produce (16) Fig. 5.
Curve A in Fig. 5 shows how to change the head with
time so that ¢, . remains constant at 3.54 x 10-% mol/cm?
when the current density is increased linearly from 0.054
to 0.1543 A/cm? in 15 min. Similarly, curve B shows how
to decrease the head as the current density is decreased
linearly from 0.1543 to 0.054 A/cm? so that c,.; remains
constant at 3.54 X 10— mol/cm?3. For the results shown in

2The criterion for an effluent concentration that is constant
with respect to time is that the concentration at the diaphragm/

catholyte interface be constant with respect to time (see Eq. [35]
and [36]).

3Figure 5 was prepared by inputing the current density at a
particular time and then iterating h (using reguli-falsi) until ¢,
(1, t) = 3.54 x 10-3 moVem? according to the numerical integra-
tion of Eq. [11].

0 4 8 12 18 20 24 28 32 36 40 *
Time, t, hours
Fig. 4. Effluent concentration and caustic yield profiles correspond-
ing to Fig. 2 and 3.
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Time, min

Fig. 5. Relationship between cutrent density and head required to
maintain a constant caustic effluent concentration of 3.541 x 103
mol/emd, ’

Fig. 5, the caustic yield, 7(t), changes from about 0.96 to
0.99 for curve A and then from 0.99 to 0.96 for curve B
while the molar production rate of NaOH (ve, .z with v
given by Eq. [7)) is increased and then decreased by a fac-
tor of three in curves A and B, respectively; that is, h
changes from 25 cm at t = 0 to 75 em at t = = for curve A
and from 75 cm at t = 0 to 25 cm at t = « for curve B.

Conclusions

The development of a simple time-dependent model for
OH- ion in the diaphragm and the catholyte in terms of
measurable diaphragm properties and cell geometry pro-
vides a design equation that could be used for future
comparison of experimental data and theoretical predic-
tions. A numerical solution of the model equations pro-
vides a method that could be used in a control scheme to
maintain a constant hydroxyl ion concentration in the
effluent, subject to an arbitrary change of the current
density.
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APPENDIX
The governing partial differential equation for OH- in
the diaphragm is
39, 30, A 39,

" e M (A1)

and the initial and boundary conditions are
att =0 6,/ 0 =49 [A-2)
fort>0at¢é=0 0,0,t) = EP [A-3]
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30,
¥ | ey
where H and B are given respectively by Eq. [23] and
[24] in the text.

The solution to these equations can be obtained by as-
suming a solution of the form

0,¢& 0 =Y )+ 1 [A-5]

Substitution of Eq. [A-5] into Eq. [A-1] gives an expres-
sion that can be divided arbitrarily into two equations

&, dr,

fort>0até=1 = —~H[6,(1, t) — B] [A-4]

A —=0 A-
& A, & [A-6]
2Y Y
a_Yl = a_l - A, kALY [A-T]
at ag? E

Similarly, the initial conditions and boundary conditions
are separable and can be written

att =0 Y (&0 =9 - T [A8]
fort>0até=0 Y,0,t)=0 [A-9]
I'(0) = EP [A-10]
Y,
fort>0até=1 _ = -HY((,t) [A-11]
=1

dar
Ll -~ _HTW-B A12
el (1) - B] {A-12]

Integration of Eq. [A-6] twice yields

I =V, +V,exp (A [A-13]

where V, and V, are constants of integration that can be
obtained from application of Eq. [A-10] and [A-12] to Eq.
[A-13], which yields

I(¢) = EP + Gilexp (4,9) — 1]
where G, is defined by Eq. [32] in the text.

[A-14]

Equation [A-7] can be integrated by using the transfor--

mation suggested by Bastain and Lapidus (27, 28); that is,
let

A Azt
Yi(¢, 1) = wi(§, 1) exp [~—'§— - _!_,] [A-15]
2 4y
so that Eq. {A-7] becomes
dw, w,
at  ag [A-16]
and the initial and boundary conditions become
)Alf
att =20 w(£, 0) = [Y(&) — [ (§)] exp ( 3 [A-17]
fort>0até=0 w,(0,t) =0 [A-18]

oW,

fort>0até=1 —
or I3 e

= —(H+%) w,(1, t)
[A-19])

Equation [A-16] can be integrated with the method of
separation of variables by assuming that

w(£, 1) = U Z() [A-20]
Substitution of Eq. [A-20] into Eq. [A-16] yields
y 4z _ 14U\, [A-21]
Z dt U d¢&
and the boundary conditions become
fort>0atf& =0 U =0 for all Z(t) [A-22]

fort>03t§=1?% =—(H+—“;—'>U(I) for all Z(t)

[A-23]

&=1

March 1986
Thus Z(t) and U(¢) have the general forms
Z(t) = G, exp (__’;_“3) [A-24)
and
U@ = G, sin (&) + Gy cos (M) [A-25]

where G,, G,, and G, are integration constants.
Application of the boundary condition [A-22] to Eq.
[A-25] yields

Gs=0 [A-26]

and application of Eq. [A-23] to Eq. [A-25] yields the ei-
genvalues, which are roots of the following equation

A
Ay COt Ay + (H + T‘) =0 {A-27]
Thus the complete general solution for w,(¢, t) is
- . _)\Nzt
wi¢, ) = > Fysin (Wé) exp [A-28]
N=0

The constants Fy in Eq. [A-28] can be evaluated using
the initial condition and the principle of orthogonality.
Thatis,att =0

S, Fysin (0 = 0 - Tl exp (—52%)  [429]
N=0 i

Multiplying both sides of Eq. [A-29] by sin (A\y¢) and
integrating yields

@

> Fy f sin (\yé) sin (\f)d¢ = f [¢:() — T4(&)]
0 0

N=0

_A‘f) sin (\&)dé  [A-30]

exp (
The left-hand side of Eq. [A-30] is zero for N # M; thus

4hy

FN =
(2Ay — sin 2\y)

[ we -

exp ( ,§> sin (\y)d¢ [A-31]

which after integration yields the expression given by
Eq. [33] in the text.

Finally, the complete solution for 0,(¢, t) can be written
by using Eq. [A-5], [A-14], [A-15], and [A-28]

0, t) = EP + G, [exp (A¢) — 1]

Ag Aft]

+ —_—
w505

[A-32]

{ S Fysin () exp ( _:ﬁ’% )}

=0

LIST OF SYMBOLS

Ay area of the diaphragm, cm?

A, A* dimensionless driving force at t > 0 and t = 0,
respectively, see Eq. [19] and [26]

B see Eq. [24], dimensionless

¢ concentration of species i, mol/em?

¢,, ¢{x, t) concentration of OH~ ion at t > 0, mol/cm?®

¢,*, ¢,%(x) concentration of OH- ion at t = 0, mol/cm®

Cleff effluent NaOH concentration, mol/cm?

Cp NaCl feed concentration, a constant reterence
quantity, mol/em?

D, free-stream diffusion coefficient of species i,
cm?/s

D, free-stream diffusion coefficient of OH~- ion,
cm?/s
axial dispersion coefficient in porous region,
cm?/s

Downloaded 10 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



Vol. 133,No. 3 CHLORINE/CAUSTIC CELLS 507

D, effective diffusion coefficient of species i, 2, C. Jackson, Editor, pp. 21-33, Ellis Horwood Lim-
© em?/s P ited, Chichester, West Sussex, England (1983).
Dy, free-stream diffusion coefficient divided by 3. R. E. White, J. S. Beckerdite, and J. Van Zee, in “Elec-
tortuosity, cm¥s trochemical Cell Design,” R. E. White, Editor, pp.
E equilibrium concentration of OH- ion at 25-60, %” lenuné Press, New York (1984).
anolyte/diaphragm interface (e.g., 10~ mol/em? 4. J. (Yan) ee and R. E. White, This Journal, 132, 818
at 298 K) .
EP dimensionless equilibrium concentration, see 3. D\%’Jhlgealﬁlwe}glelcir?c hi(r)n‘iscgl %r?cezsgs ggg ?,?SIEDE
Eq. [21] ot . .
F Faraday’s constant, '96,487 C/mol of electrons %(%E:’orsR.pC'Z fgl lerﬁ’e Tﬁfé&?&%&éﬁgl Ié 0]21‘ egaréfg_’
Fy see Eq. [33], dimensionless bound Proceedmgs Series, Penmngton NJ (1983).
G, see Eq. [30], dimensionless 6. R. B. MacMullin and G. A. Muccini, J. AIChE, 2, 393
G, see Eq. [32], dimensionless (1956).
G,, G, G, integration constants, dimensionless 7. F. Hine, M. Yasuda, and K. Fujita, This Journal, 128,
10 integration constant, mol/cm? 2314 (1981).
(e see Eq. [39], dimensionless 8. L. G. Austin, “Handbook of Fuel Cell Technology,”
g acceleration due to gravity, cm/s? p. 160, Prentice-Hall Inc., Englewood Cliffs, NJ
H dimensionless potential gradient, see Eq. [23] (1963)
h, h* differential head at t > 0 and t = 0, respectively, 9. V. V., Stender, O. S. Ksenzhek, and V. N. Lazarev, Zh.
cm Prik. K}TXLIC%L% §293 (1967). S - o8
P i 1 t>0 t = tively, 10. W-H. Koh, ympostum Series, 7, 213 (1981).
e gurrent density at t > 0 and £ = 0, respectively, 11" 1 "Mukaibo, J. Electrochem. Soc. Jpn., 20, 482 (1952).
L diaphrag_m thickness, em 12. F. 2{-2111‘1&%91\(/119}7(71i)suda and T. Tanka, ELectTochzm Acta,
MN  summationindexes = . . oo 13. F. Hine, Soda to enso, 219-233, June 1980.
Ny MacMullin number, see Eqg. [2], dimensionless 14. R. R. Chandran, D. T. Chin, and K. Viswanathan, J.
Ny N flux of species i, mol/cm?-s Appl. Electrochem., 14, 511 (1984).
P Darcy’s law permeability, cm? 15. V.E%éclg'%ggzgy, }75 ]?"77%0(1‘1%%3?’ and L. I. Yurkov, Sov.
R gas constant, 8.3143 J/mol-K 16. J. W. Van Zee’, Ph.D. Dissertation, Texas A&M Uni-
? ‘;t_emper ature of the cell, K versity, College Station, TX (1984).
ume,s L, 17. M. Schleiff, G. Lefeld, and H. Matschiner, Chem.
U ionic mobility of species i, cm?-mol/J-s Tech., (Leipzig), 35, 193 (1983).
Ve volume of catholyte, cm? 18. V. P. Filatov and V. N. Golubetskii, J. App. Chem.
v superficial velocity vector, ecm/s USSR, 52, 2160 (1979).
v superficial velocity through the diaphragm, 19. V. P. Filatov and G. V. Tsibizov, ibid., 52, 2157 (1979).
cm/s ) . ) 20. V. P. Filatov and G. V. Tsibizov, ibid., 52, 2153 (1979).
x diaphragm dimensional coordinate, cm 21. V. P. Filatov, A. L. Rotinyan, and G. V. Tsibizov, ibid.,
z ionic charge of species i, z, = —1, dimensionless 49, 1571 (1976).
22. F. M. Kummerle and P. R. Roberge, Abstract 409,
Greek p. 672, The Electrochemical Society Extended Ab-
‘ stricts, \2/'01. 82-1, Montreal, Quebec, Canada (May
. . 9-14, 1982),
v divergence vector, cm 23. J. S. Dunning, Ph.D. Dissertation, University of Cali-
€ porosity, dimensionless . fornia, Los Angeles (1971).
n(®)  caustic yield or caustic current efficiency, see 24. J. Newman and W. Tiedemann, AICRE J., 21, 25
Eq. [40], dimensionless (1975) :
v diaphragm time constant, see Eq. [18], s~ 95. J. A. Trainham, Ph.D. Dissertation, University of Cali-
K average solution conductivity, @~* em~' " " fornia, Berkeley (1979). !
Ay eigenvalues see Eq. [34], dimensionless 26. J. S. Newman, “Electrochemical Systems,” Prentice-
K average solution viscosity, g/cm-s Hall. Inc., Englewood Cliffs, NJ (1973),
d, AD g}m%n51onal ‘;zoltage, voltage drop through the 27 W. C. Bastain and L. Lapidus, J. Phys. Chem., 60, 816
laphragm, . 1956
U(é) dimensionless concentration at ¢ = 0 see Eq. [29] 28. J. (H S()emfeld and L. Lapidus, “Mathematical Meth-
p anolyte solution density, g/cm? ods in Chemical Engineering; Volume 3, Process
px resistivity of diaphragm filled with electrolyte, Modeling, Estimation and dentlﬁcatlon ” p. 129,
Q-cm Prentice-Hall, Inc., Englewood Cliffs, NJ (1974)
p0 resistivity of the electrolyte, Q-cm 29. J. S. Newman, “Electrochemical Systems Appendix
tortuosity of diaphragm, dimensionless C, Prentice-Hall, Inc., Englewood Chffs, NJ (1973).
Gl, 0,(¢, t) dimensionless concentration of OH~ ion at po- g(l) % Sﬁ} I\é&?ﬁga%f&ldﬁ"y?@cg%%fundam" 7,514 (1968).
sition £ and time ¢ 1 32. W. H. Tiedemann and J. Newman, in “Battery Design
£ dimensionless coordinate, see Eq. [15] and Optimization,” S. Gross, Edltor p. 25, The Elec-
’gochemlca%\LSTomety Softbound Proceedmgs Series,
rinceton (1979).
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