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Chemical engineering calculations are performed for a new type of monopolar electrolyser with power 
leads located on its sides, used for chlorate production. The calculation gives the value of the total cell 
voltage as well as of local current densities for given current load and given electrode dimensions, inter- 
electrode gap etc. On this basis the optimization of the system is possible. 

List of symbols 

GA 

aK 

bA 

b~z 

aA, aK 

t F 
bA, bK 

d 
De 
F 
Fo, F~ 

Pp 

FT 
FR 
g 
Io 
IT 
Ix 

Values used for 
calculation 

constant a for the calculation of anode potential, see Equation 2a 
(V) 1.412 8 
constant a for the calculation of cathode potential, see Equation 
2b (V) 1.238 1 
constant b for the calculation of anode potential, see Equation 
2a(V) 
constant b for the calculation of cathode potential, see Equation 
2b (V) 
constants in lineafized Equations 3a 
and 3b (V) 
constants in lineafized Equations 3a 
and 3b ($2 cm 2) 
electrode distance (cm) 
average diameter of bubbles at pressure Po (cm) 
Faraday's constant; 964 96 C 
effective cross-section of inter-electrode channel for the flow of gas 
and the electrolyte, respectively (cm 2) 
cross-section occupied by current leads placed in inter-electrode 
channel for one cell (cm 2) 
total cross-section of inter-electrode channel for one cell (cm~) 22-43 
cross-section for one copper rod outside the cell (cm ~) 
acceleration due to gravity; 981 cm s -2 
total current (A) 40 000 
current flowing through one cell = Io/nr (A) 2000 
current flowing through an electrode strip at a height x and a distance 
y from the origin (A) 

0.030 438 

0.059 704 
1.345 99 
1.107 05 
0.100 55 
0.197 22 
0-4 
0-05 
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/T,x 
/p,x 

ix, 3~ 

i 
K1 
g l , x  
K2 
K3 
K3,x 
K4 
K4,A 
K4,K 
K4,L 
Ks 
L 
LA, LK 
nA 

nc 
nK 

n r 
P 
eo 

R 

(m)G 
SA 
Sz 
sE 
$G 
SM 
T 
UA, Uz 
ULA, ULK 
U~ 
UT 
~AB, UCD 

VET- 
VG 
VGr 
vR 

current flowing through an electrode strip at a height x andy = 0 (A) 
current consumed by electrochemical reaction at a height x between 
y = 0 and y = y  (A) 
local current density (Acm -2) 
average current density at a height x (A cm -2) 
average current density = IT/WL (A crn -2) 
criterion cf. Equation 32 
criterion cf. Equation 25 
criterion cf. Equation 26 
criterion cf. Equation 22 
criterion cf. Equation 21 
criterion cf. Equation 33 
criterion cf. Equation 27 
criterion cf. Equation 28 
criterion cf. Equation 29 
criterion cf. Equation 38 
height of electrode (cm) 
length of copper rods outside the electrolyser (cm) 
number of equivalents per mole for anodic process yielding a 
gaseous phase 
number of cells in electrolyser 
number of equivalents per mole for cathodic process yielding a 
gaseous phase 
number of  copper rods outside the electrolyser 
local pressure (arm) 
pressure on top of electrolyser (atm) 
pressure of water vapour in equilibrium with electrolyte (atm) 
gas constant (cm a atm [mol ~ K]-I)  
Reynolds number for bubbles 
anode thickness (era) 
cathode thickness (cm) 
specific gravity of electrolyte (g cm -3) 
specific gravity of gas (g cm -3) 
specific gravity of gas-electrolyte mixture (g cm -3) 
absolute temperature (o K) 
ohmi'c voltage drops in anode and cathode, respectively (V) 
ohmic voltage drop in anode and cathode leads, respectively (V)  
ohmic voltage drop in the electrolyte in the z direction (V) 
cell voltage (V) 
ohmic voltage drop between copper rods and electrodes, see Fig. 5 
V) 

rate of electrolyte flow in inter-electrode channel (cm s -1) 
rate of electrolyte flow in inter-electrode channel at the top (cm s -x) 
rate of gas flow in inter-electrode channel (cm s -x) 
rate of gas flow in inter-electrode channel at the top (cm s -x) 
velocity of bubbles corresponding to buoyance (cm s -x) 
volume flow rate of electrolyte in inter-electrode channel (for one 

cell) (cm 3 s -x) 

Values used for 
calculation 

0-302 73 

143 

2 
20 

1 
0"148 

0-2; 0"3; 0"4 
0"7 

333 
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Values used for 
calculation 

~ T  

w 

WA 

WK 

WAE 

WKE 

X, y ,  Z 

0t, O~ T 

eA, eK 
r/A 
r/K 
p 

PA 
P K  

PE 

PM 

~A 

volume rate of gas flow in inter-electrode channel (for one cell) 
(cm 3 s -1) 

volume rate of gas flow in inter.electrode channel at the top 
(cm 3 s -1) 
width of the active surface of an electrode (cm) 46.2 
width of the inactive part of an anode (cm) 10-0 
width of the inactive part of cathode (cm) 10.0 
width of the inactive part of an anode embedded in electrolyte (cm) 5.0 
width of the inactive part of a cathode embedded in electrolyte (cm) 5.00 
length in the direction of co-ordinates 
volume fraction of bubbles at a height x and at the top 
anodic and cathodic potentials 
anodic current efficiency for gas evolution 0 
cathodic current efficiency for gas evolution 1 
kinematic viscosity of electrolyte (cm 2 s -1) 0-009 508 8 
specific resistance of an anode (~2 cm) 5-76 x 10 -s 
specific resistance of a cathode (~2 cm) 1"21 • 10 -s 
specific resistance of electrolyte (~2 cm) 3.04 
specific resistance of a gas-electrolyte mixture between electrodes 
(~ cm) 
ratio of active anode surface to the product wL 1.0 
ratio of active cathode surface to the product wL 1 "0 

200,400,500 
600,700 

Note. The values ofaA, bA, ag, bK and of kinematic viscosity (u) were measured at 60~ in an electrolyte 
containing 100 g NaC1, 480 g NaC103 and 10 g Na2 Cr04 dm -3. The cathodes were made from mild steel, 
the anodes from titanium sheet activated with RuO2/TiO2. Specific resistivities PA and PK were found in 
[9]. 

1. Introduction 

The present paper is a continuation of a series 
devoted to electrolysers for chlorate production 
[1-4].  An electrolyser of this type has been used 
by Jak~i~ [5]. 

For constant temperature and constant compo- 
sition of the electrolyte, the calculation of local 
current densities in an electrochemical reactor is 
based on a simultaneous solution of three Laplace 
equations: for the anode and cathode bodies and 
for the inter-electrode gap. The boundary condi- 
tions depend on the nature of the electrode pro- 
cesses. In the case when the electrode processes 
are independent of the transport of electroactive 
species to the electrode surface, we can assume 
that they are only activation controlled. Then the 
solution leads to the so-called secondary current 
distribution. Also, for electrode reactions with 

complex mechanisms, where the activation- 
controlled electrode reaction is only a part of the 
whole reaction path (e.g. hydrogen evolution, 
chlorine evolution), the secondary current distribu- 
tion is obtained. 

Simultaneous solution of three Laplace equa- 
tions is a rather difficult task (even using very fast 
computers), and this is why we have made a 
number of additional assumptions: 

(a) The Laplace equation for the electrode body 
can be replaced by Ohm's law. 

(b) Instead of solving the Laplace equation for 
the inter-electrode gap, we assume that the current 
lines are perpendicular to the electrode surface. 

(c) The boundary condition, e.g. the relation- 
ship between electrode potential and local current 
density, can be expressed in a linear form. 

Using (a) it is necessary to solve two ordinary 
differential equations simultaneously with one 
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t �9 

Fig. 1. One cell of the sandwich type electrolyser. The 
abbreviations are explained in the list Of symbols and 
P(0,0,0) = origin of co-ordinates x~v, z. 

eliptic partial differential equation. Using (a) and 
(b) we would obtain one ordinary differential 
equation of the second order, which must usually 
be solved by trial and error. Using(a-c)  allows 
one to solve the problem analytically. 

The relationship between electrode potential, 
or overvoltage, and current density (c.d.) is usu- 
ally expressed by a TafeI equation. The assumption 
(c) involves a reduction of the differences be- 
tween the highest and the lowest local current 
densities existing in the system. It means that the 
calculated local current densities are spread more 
uniformly around the average c.d. in comparison 
with those calculated using only the first two 
assumptions. 

In the range 0-05-1.2 A cm -~, Tafel equations 
give an adequate description of the chlorate pro- 
cess for both electrodes. For the purpose of calcu- 
lating the local c.d. values the side reactions, e.g., 
Foerster's reaction at the anode and C10- reduc- 
tion at the cathode, are included in the values of 
r/A and ~ representing the anodic and the catho- 
dic current efficiency for gas evolution, respect- 
ively. Chlorine dissolution in the electrolyte is a 
very fast reaction and therefore the value ~TA 
should represent only the oxygen originating by 
Foerster's reaction; for industrial conditions ~?A = 
0.02--0"04. The hydrogen gas evolution is low- 
ered by C10- reduction to the value rtK = 0"94-- 
0"96. No other effects of the side reactions are 

i~ (O;OiO) 

Fig. 2. The sandwich type electrolyser (top view). The 
abbreviations are explained in the list of symbols and 
d = the distance between boundaries for one cell. 

significant enough to warrant their consideration 
in our calculations. 

2. The model system 

In a monopolar, sandwich-type electrolyser the 
electrolyte is introduced at the bottom; a mixture 
of bubbles and electrolyte leaves the cell at the 
top and enters the bubble separation section lo- 
cated above the cell. The current leads are located 
at the sides of the electrodes (Figs. 1 and 2). The 
whole assembly can be divided into ~c identical 
cells (neglecting the fact that in the first and last 
cell one electrode is located on the wall of  the 
electrolyser). In this case the total voltage for 
one cell (UT) equals the total voltage for the whole 
electrolyser. In this paper the calculation proced- 
ures are shown which yield the desired value of 
UT as well as the c.d. distribution over the surface 
of the electrodes. 

3. Mathematical description for one  cell 

Suppose that the cell is isothermal and that pro- 
cesses on both electrodes are controlled by the 
rate of the electrode reaction. When the electrodes 
are large, the distance between them is small, and 
bA and bK in the Tafel equations are large. It can 
be assumed that the lines of force in the electro- 
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lyte are perpendicular to the electrode surface. 
Then the local current densities at a height and a 
distancey from the origin are the same for both 
the electrodes. The vo.tage distribution in the cell 
is given by: 

uT = eA--eK + UA + UK + UM + U~A + ULK. 

O) 

The anode and the cathode relationship be- 
tween current density and potential are described 
by the Equations: 

eA = aA + bA in ix,~ (2a) 

- - e  K = aK + b K  In ix, v (2b) 

Equations 2a and b must be linearized to permit 
an analytic solution of Equation 1. For small 
deviations of ix,r from the mean current density 
twe have: 

t t 
eA = aA + bA ix,~, (3a) 

' ' " ( 3 b )  - - e A  = aK + bK tx, y 
where t 

aA = aA- -bA  + bA lnT', 

ak  = aK -- bK +bKlnT;  

bk fi'; ' /L = bA bK = bE 

Usually the anode and cathode plates are perfor- 
ated by holes of small diameter. Introducing the 
ratio ~A or ~K which equals active anode (or cath- 
ode) surface to the product wL, then 

a~ = aA-- bA + bA in (i/~A) 
and 

P 
aK = aK -- bK + bK in (7/~r:). 

The mean current density Tis given by i- = 
1T/WL. 

Assuming now that the current proceeds only 
in the y-direction, it is possible to calculate the 
current density distribution in the direction of the 
y-axis for a section (strip) of the electrode at the 
height x. The height of the electrode section (strip) 
is denoted Ax, the power load for this section is 
IT,x, and the mean current density at the height x 
is given by 

ix = IT,x (4) 
A x w  

IT,x/AX can also be denoted as a part of the total 
current IT which enters the electrode at height x 
in the direction of the y-axis. 

The dependence of UA and UK on y can be 

derived in the following manner. The current 1T,x 
enters the end of the electrode strip. At a distance 
y from the origin P a certain part of the current 
(Ip,x) is consumed in the electrochemical reaction 
and the remainder (lx) continues to flow through 
the electrode. Thus 

Ip, x = A x  f :ix, v dy 

Ix = IT,x --Ip,x = IT,x -- A x  ix, v dy. 
( s )  

The voltage drop in the electrode is given by 
Ohm's law in the differential form, 

dUa = Ix 2 PA dy/SA Ax~a (6) 

where SAAX~A/2 represents the mean cross-section 
of anode material, due to the perforation of the 
plates. Combining Equations 4 and 5 with 6 and 
integrating we obtain the voltage drop in the 
anode (starting at y = 0). 

UA = (PA2/AxSA~A)(IT,xY -- AX 

• ( Y  f Y  ix ,r@ dy) (7a) 
J 0  d O  

uA = (2pAw2/&~A)L 

(7b) 

An analogous expression holds for the voltage 
drop in the cathode 

uK = (2pKw~/S~K)Tx 

f, f,,w x J,/wJo (ixl,/rx) (dy/w) (dy/w) (aa) 

This can be rearranged to read 

uK = ( 2p~w~ /SK ~K)Tx 

x Jo (ix, v/ix) (dy/w)  (dy/w)  

UwUw ] 
- ~o Jo (ix. , f ix) (dy/w) (dy/w) . (8b) 

The value of UL (= UT.A + UT.K) is alSO calcu- 
lated, yielding 

UL = [(PAWA/SA) + (~WK/SK)]  2W L (9a) 

ULA = 2pAWAWL/& (9b) 



432 I. ROUSAR, V. CEZNER, J. NEJEPSOVA, M. M. JAKSIC, M. SPASOJEVIC, B. Z. NIKOLIC 

ULK = 2PKWKWTx/S K. (9C) 

As can be seen from Equations 9b and c the inac- 
tive part of the anode and cathode plates are not 
perforated. 

The voltage drop in the elctrolyte is given by 
the Equation 

V M = ix,yPMd (10) 

in which PM is the specific resistance of the elec- 
trolyte containing bubbles. The latter parameter 
can be calculated using the Maxwell [6] (or Brugge- 
man [7], Meredith [8]) equation. 

For a flowing system the modified Maxwell 
equation assumes the form 

PM = PE(1 + 1"5 FG/FE). (11) 

We assume, that the ratio FG/F E depends only on 
x and not only ony ,  i.e. that it may be substituted 
for the average value of F~/FE pertaining to a given 
height x. 

This value can be expressed as a function of the 
volume rates of flow of the liquid, VE, and of the 
gas, VG, and of the respective linear velocities, VE 
and VG, related to the cross-sections FE and F G. 
Thus 

F G = Vo/v G ( l l a )  

F E = VE/V E ( l i b )  

F T = Fa + F E (12) 

Here FT is the channel cross.section for one cell: 

FT = d(WAE + WKE + W) 

+ 0"5(SKWAE + SAWKE ) --Fp (13) 

where Fp denotes the part of the flow cross sec- 
tion occupied by power leads (see Fig. 5). 

The volume rate of gas flow, VG, at a given 
height in the cell can be calculated using Faraday's 
law and the equation of state of an ideal gas, yield- 
ing 

vG = V ~ F ~  [ x / L  _ _ ~o (ix~i) dx/L (14) 
where 

VGT = [RT/(Po --Pw)] (IT/F) 

X [0]A/nA) + @K/nK)] (15) 
and 

F, = (Po--Pw) / (P- -Pw) .  (16) 

Here F1 is a correction factor representing the 
dependence of the pressure on the x-co-ordinate. 

The quantity P in Equation 16 denotes the 
actual pressure in the bubbles. In calculating this 
quantity it is necessary to consider the hydrostatic 

pressure at the given depth in the electrolyser; the 
increase of pressure due to friction of liquid and 
to surface tension can be neglected. Hence, 

P = Po + 0.9869 x 1 0 - 6 g l ; s  M dx 

= 'Po + (0.9869 x lO-6gLSE)(1 - - x /L )  

x (1 -- 0"5a,r -- 0.500 

O~ma x ---- (XT. 

If the height of the electrolyser is small it is 
possible to use P0 instead of P and then F1 = 1. 

The volume rate of flow of the electrolyte in 
a cell is obtained by dividing the total volume flow 
rate by the number of cells. The average linear 
flow velocity of the gas, VG, is equal to the vector- 
ial sum of the velocity, va (due to the buoyancy 
force and corrected for the volume contents of 
the bubbles), at which the bubbles move against 
a stationary liquid, and of the linear flow velocity 
of the liquid, rE. As both v R and v E are of the 
same directions in the given system, it follows 
that 

VG = v~ +VR (1 - -~ )  3"5 (17) 
where 

a = FG/FT (lSa) 

1 -- a = FE/F T. (185) 

Assuming that the average bubble diameter D G is 
known and that sz >> s~, the magnitude of v R can 
be calculated as 
for v R = gD~/18v 

(Re)G = '(DGVR/V) <~ 1"9 
or as 

vR = (4/3)s/7 (gD~/18"5)s/7 (DG/V) 3/7 
for 

(Re)a e <1"9; 505). 

By combining Equations 1 la,b; 18a,b and 17 we 
obtain 

F G = FTa = V G / V  G 

FE : VE/VE : F T ( I  - -  a) 

o~ = VG/[VG + V~ + FTVR (1 --a)4"s].(19) 

When Equation 19 is employed in conjunction 
with Equations 18 and 1 la, then values of VE are 
obtained which depend on VG and thus on 7x. 

Nevertheless, if VG ~ gS the value of rE, which 
is calculated for the top of the cell where VG = 
VGT, may be employed in all calculations (VE = 
VET).  

Using the aforementioned assumptions we 
obtain 

Plvl = pE(1 + 1.5 K3,x) (20) 
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where 

and 

~ Z ~ 

Ka,x = K3 (ix~i) dx/L (21) 

K~ = (VET/VGT)(VE) -1 [Rr/(eo -- ew)] 

• (IF/F)[@A/hA) + (r/K/nK)] (22a) 

using aT we obtain 

K3 = a T / ( 1  - -  a T ) .  (22b) 

Upon substituting the expressions 3a, b, 7b, 8b, 
9, 10 and 20 into 1, an equation is obtained which 
describea the potential distribution in the electrode 
-electrolyte system in the following integral form: 

ur  = ak + a~ + (bk + bk)ix, y + (2pAw2/SA 

- rY lwr  y lw  
x ~A) ix t (v /w) - jo  Jo (i~,y/Tx)(dy/w).(dy/w)] 

2 _ 1 y /w  
+(2PKW /SK~K)ix[(s 2 (ix, y/rx)(dy/w) 

X (dy/w) Jo Jo (ix, yfix) (dy/w) (dy/w)] 

+ [ ( P A w A / S A )  + ( P K W K / S K ) ]  2WZx + ix, yPEd 

r x / L  _ _ 
• [1 + I 'SKa Jo ( iJ i ) (dx/L)] .  (23) 

In order to obtain an analytical solution of 
Equation 23 it is necessary to introduce the as- 
sumption (in calculating the voltage drop in the 
electrodes) that the current distribution over the 
surface is practically uniform, i.e. that ix, y/Tx .'~ 1; 
then 

YlW e y lw  
Jo (ix, y/ix) (dy/w) (dy/w) ,~ 1/2 (v/w) 2 

and 
i f y l w  
oJo (ix, y/Tx)(dy/w)(dy/w) "~ 1/2. 

Using the above equations and rearranging Equa- 
tion 23 we obtain 

K,,x = (ix, y/Tx)(K2 + 1 + 1"5 K3,x) +K4,A 

x [(v/w) - l l 2 ( v l w )  ~ ] + K,,K 

x [(1/2)--(1/2)(y/w) ~] +K4,L (24) 
where 

Kl,x = [UT -- (ajk + aK)]/xdpE (25) 

= t d K2 (b'a + bK)/ PE (26) 

K 4 , A  = 2PAW2/SAdPE~A (27) 

K 4 , K  = 2 P K W 2 / S K d P E ~ K  (28) 

K4,L = EOAwA/SA) + (pKw~dSx)](2W/pEd). (29) 

The current density distribution at the given 
height x is described by Equation 24. In order to 
evaluate the unknown value Kl, x it is necessary 
to use the equation 

~ (/x, y/tx) dy/w (30) 1. 

Upon combining Equations 24 and 30 and integrat- 
ing we obtain 

Kl,x = l + l . 5 K 3 , x + K 2  

+ [(K4,A +K4,K)/31 +K4,L. (31) 

Now the criteria K1 and K4 can be introduced: 
I t "7" 

K1 = [UT -- (ak + aK)]/t  dPE (32) 

K4 = [(K4,A + K4,K)/3] + K4,L (33) 

and Equation 31 can be rearranged to 

K1 = (7J7)[1 +K2-FK4-F 1-5Ka 

x f : /L  (7x/7) dx/L]. (34) 

Equation 34 describes the distribution of ix 
over the height of the electrode in an integral from. 
Furthermore we know that 

~ (7x/7) ~ / L  = 1. (3s) 

The solution of Equation 34, together with 35, 
results in the following expressions: 

Lt7 = (Ks-O.5)l[(Ks - 1) 2 + (2Ks -- 1)x/L] 1/2 

and (36) 
K1 = 1 + K2 + 0.75/(3 + K4 (37) 

where 

Ks = (1 +/s +K4 + 1.5 K3)/1"5 K3. (38) 

Using Equation 36 we obtain for K3,x 

K3,x = K~{1 --Ks + [(Ks - 1) 2 

+ (2K5 -- 1)x/L] an}. 

Equation 36 describes the distribution of 7x 
over the height of the electrode and Equation 37 
permits us to calculate UT (using criteria K2,K3 
and KD: 
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Fig. 3. The dependence of relative local current density 
on y/w. Ki = 3.066 72; K2 = 0.247 82; K 3 = 1.630 14; 
/(4= 0.596 30; K4A = 1.023 20; K4K = 0.061 41 and 
K4L = 0.234 76. Curve 1: x/L = 0;Kar = 0; Klx = 
1.8441; curve 2: 0.5; 0-9715; 3.3014; and curve 3: 
1-0; 1-6301; 4-2893 respectively. 

Fig. 4. The dependence of relative mean current density 
in given height on x/L. K 2 = 0-247 82 and K4 = 0.596 30 
curve 1: K 3 = 1.630 1;K t = 3-066 72; curve 2:0.785 46; 
2.433 21; and curve 3:0.511 94; 2.228 07 respectively. 

4. Discussion of Equations 24 and 36 

p F 
UT = aA + ai~ + "[pzd (1 + K2 + 0-75 K3 + K4) 

o r ,  going back to the inlet variables (39a) 

UT = (a'A + a'K) + ToEd (1 + 0"75 K3) 

+ 7 {(2/3) [COAW2/SA~A) + (PKW2/SK~K)] 

+ 2w [(PAWA/SA) + (PKWidSK)] }. (39b) 

Table 1. Dependence of local values of potentials and voltage 
and y values (position of the electrode) 

The relative local c.d. (ix, v/Tx) distribution over 

the relative width (y/w) of the electrode at a given 

height (x) is given by Equation 24. This relation- 

ship is considerably influenced by the values of 

K4,A and K4,A. If these values are equal to each 
other, then a minimum of local current densities 
exists near the centre (y = 0.5w) of the electrode 

losses in anode, cathode and electrolyte on the x 

X/I, Y/W ix i ~  eA -- eK UA UZ Una UIZ~ UM 
(Acm -2) (Acm -2) (V) (V) (V) (V) (V) (V) (V) 

0.000 0.000 0-503 0.637 
0.000 0.500 0.503 0.485 
0.000 1.000 0.503 0.443 
0.200 0.000 0.367 0.430 
0.200 0.500 0.367 0.358 
0.200 1.000 0-367 0.339 
0.400 0-000 0.303 0-343 
0-400 0 . 5 0 0 0 - 3 0 3  0.297 
0-400 1.000 0-303 0.284 
0.600 0.000 0.264 0.294 
0.600 0.500 0.264 0.260 
0.600 1.000 0.264 0.250 
0.800 0.000 0-237 0.260 
0.800 0.500 0.237 0.233 
0.800 1.000 0.237 0.226 
1.000 0-000 0-216 0.236 
1.000 0-500 0.216 0-214 
1.000 1 - 0 0 0  0-216 0-208 

1.410 
1.395 
1.390 
1.389 
1.382 
1.380 
1.380 
1-376 
1.375 
1-376 
1.372 
1-371 
1.372 
1-370 
1.369 
1.370 
1-368 
1"367 

1.233 0-000 0.019 0.134 0-008 0.765 
1.203 0-232 0.014 0.134 0-008 0.538 
1.194 0.310 0.000 0.134 0.008 0.532 
1-192 0.000 0.014 0.098 0.006 0-871 
1.178 0.169 0.010 0.098 0.006 0.726 
1.174 0.226 0.000 0-098 0.006 0.686 
1.175 0.000 0.011 0.081 0.005 0-917 
1.166 0.140 0.008 0 - 0 8 1  0.005 0-794 
1.163 0.186 0.000 0.081 0.005 0-759 
1-165 0.000 0.010 0.070 0.004 0.944 
1.158 0.122 0.007 0.070 0-004 0.835 
1-156 0.162 0.000 0-070 0.004 0.805 
1.158 0.000 0-009 0.063 0.004 0-923 
1-153 0.109 0.007 0.063 0.004 0.864 
1.152 0.145 0-000 0.063 0-004 0.836 

1 . 1 5 4  0.000 0-008 0-058 0-003 0.976 
1.149 0.100 0.006 0.058 0.003 0.885 
1.148 0.133 0.000 0.058 0.003 0.860 

U T = 3-5685 V; S A = 0.2 em; VE = 200 cm 3 s -1 ;K3 = 1.630 14; "/= 0-302 Acm -~ 
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Table 2. Dependence of  the total voltage and voltage 
losses in the electrolyte on the anode thickness and 
electrolyte flow 

sa v~ K3 UT UM,~x t~, mi~ 
(cm) (em3s -1) (V) (V) (V) 

0-2 200 1.63014 3.5685 0.9762 0.5318 
0.2 400 0.785 46 3-3381 0.7249 0.4219 
0.2 500 0.62010 3.2930 0.6732 0.4004 
0.2 600 0-51194 3.2635 0.6386 0.3864 
0.2 700 0.43611 3.2428 0-6139 0.3765 
0.3 200 1.629 74 3-5002 0.9313 0.5837 
0-3 400 0.784 91 3-2698 0.6837 0.4552 
0.3 500 0-619 56 3.2246 0.6331 0.4301 
0.3 600 0.51144 3.1951 0-5994 0.4136 
0-3 700 0.435 66 3.1745 0.5754 0.4021 
0-4 200 1-629 35 3.4660 0-9085 0.6128 

"0:4 400 0.784 36 3-2355 0.6628 0.4734 
0.4" 500 0.619 03 3.1904 0-6128 0.4461 
0.4 -600 0-510 94 3-1609 0.5795 0.4282 
0.4 700 0-435 20 3.1402 0.5559 0.4157 

width. IfK4,K ~Ka,A, this minimum is shifted to 
the end of the anode (y = w). As can be seen from 
Equations 27 and 38, this condition is fulfilled for 
PK/SK ~ PAISA; this condition can be interpreted 
as a small resistance of cathode material in com- 
parison to the resistance of anode material. For 
this case the curves are shown in Fig. 3 for differ- 
ent values ofK3,x. 

Equation 36 is used in calculating the distri- 
bution of c.d. over the height of the electrode. 
Here the c.d. is maximum at the bottom of the 
electrode as the electrolyte adjacent to the bottom 
is free of bubbles. On the contrary, the c.d. is 
minimum on the top of the electrode, owing to 
the maximum content of bubbles in the adjacent 
electrolyte, see Fig. 4 and Table 1. The depen- 
dence of the total voltage UT on the electrolyte 
flow rate and the anode thickness is shown in the 
Table 2. The two columns on the right of Table 2 
represent the maximum and minimum values of 
ohmic drops in the electrolyte-gas emulsion for 
the given system. These data indicate that the 
deviations of local current densities from the 
average value will be kept small as long as thick 
anodes and a high electrolyte flow rate are used. 
For such a system the total voltage is very low too. 
Nevertheless, the investment costs of electrodes 
increase with electrode thickness and the operation 
costs increase with increasing pumping rate. The 
best economy of the process may be calculated 
using any common optimization technique. 

Fig. 5. The view of the assembly of four cells. The abbre- 
viations are explained in the list of symbols. 

Appendix 

In practical cases the electrodes are mutually con- 
nected by means of copper rods (located outside 
the electrolyser). Thus the equivalent length WA, 
WE can be calculated as follows: first the resist- 
ance of the whole system (outside the electrolyser) 
and the current flowing through this resistance are 
calculated; subsequently the values of WA and 
WK are calculated using the Equations A.1 and A.2. 
Here the calculation of WA and WK is shown for an 
actual case depicted in Fig. 5. For two cells there 
is only one row of copper rods outside the cell. 
Thus 

(PA WA/SA)(2W-{) = (2PAWAE/SA)IW "[" /JAB 

+ [(#cuLAWL72)/nRFR] (A.1) 

(t~:wK/SK)2W7 = (2pKWK~/SK~W + UCD 

+ [(PcuLKwL72)/nRFR)] (A.2) 
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