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Abstract-Recently, attention has been drawn to a disregarded mass transfer mechanism active at gas 
evolving electrodes in an industrially applied current density range : liquid-phase free convection in the 
liquid is controlled by gradients of concentrations and of temperature. But reliable data of the over- 
temperature of electrodes are not available. Literature data are contradictory. An analysis on the basis of 
heat and mass transfer equations evidences that overtemperature of the electrode surface in the usual range 
of current density is smaller than 1 K. Thermal effects on the extent of liquid-phase free convection are 

negligible. Concentration gradients resulting from the electrode reactions are predominant. 

1. INTRODUCTION 

IN ELECTROCHEMICAL processes, the effect of free con- 
vection mass transfer has been recognized for a long 
time, but only for those cases where gases are not 
evolved at the electrode. A typical example of indus- 
trial relevance is the cathodic copper deposition from 
acidic solutions of copper sulfate, provided the current 
density is not too large [l]. A gas, in this case hydro- 
gen, would only be evolved at large values of the 
current density as the result of a competing side reac- 

tion [2]. 
Conditions are different if the solution is pure sul- 

furic acid. Hydrogen formation is then the only 
cathodic reaction in the whole operational range of 
the current density. From extraordinarily small values 
of below 0.1 A me2 [3] up to the critical current density 
(signalizing the transition from nucleate gas evolution 

to the formation of a gas film [4] and corresponding 
to the critical heat flux density in boiling) of about 
200 kA mm2 [5] gas bubbles are formed at the 
electrode. These are the conditions prevailing at many 
industrially important electrochemical processes, e.g. 
in chlorine production, in water decomposition, and 
in alumina electrolysis. 

It is known that the microconvective action of 
growing and detaching bubbles enhances mass trans- 
fer considerably [I, 61. This fact has given rise to 

considering this bubble-induced microconvection the 
only mass transfer mechanism, at least in the absence 
of forced flow. If the electrolyte liquid is pumped 
through the interelectrode gap or if the liquid-gas 
dispersion moves past the electrode owing to buoy- 
ancy forces in self-circulation systems, a second mass 
transfer mechanism superimposes and may be the 
controlling one [7, 81. In both mechanisms, the tem- 
perature within the boundary layer only affects the 
substance properties. Small variations exert little 

effect on mass transfer, and that is probably the reason 

why the question of the electrode temperature has not 
attracted much scientific interest. 

Recently, it has been shown that in the lower range 
of the current density a mechanism is effective which 
had hitherto been disregarded at gas evolving elec- 
trodes, i.e. free convection in the liquid phase [9]. As 
usual, this mechanism is controlled by gradients of 
temperature and of concentration in the liquid. It 

is the same liquid-phase free convection mentioned 
initially but now being active in a fluid system com- 
posed of a liquid-gas dispersion. The mechanism must 
not be confused with the two-phase free convection 

resulting from the buoyancy of the dispersion, a mech- 
anism which has been discussed earlier [lo]. 

In this context, the old open question of the over- 
temperature of electrodes deserves immediate interest. 

Usually, whenever values of the temperature of the 
electrode surface are required, they are simply 
assumed to be equal to the electrolyte bulk tempera- 
ture. In few cases where the question of the over- 
temperature of electrodes was raised, the answers are 
contradictory. Breiter and Guggenberger [l l] stated 
an overtemperature of the electrolyte in the vicinity 
of the electrode at elevated current densities, but quan- 
titative information was not given. Ibl and Venczel 
[ 121 found a considerable overtemperature of a hydro- 
gen evolving laboratory electrode at a current density 
near 20 kA mm2 and estimated a value of roughly 
2-4 K. Janssen and Hoogland [13] pointed out the 
possibility of a considerable heating of the diffusion 
layer at high current densities. In lack of reliable mass 
transfer coefficients Miiller [14] calculated the over- 
temperature of a coated titanium anode (at 10 kA 
m-‘) and obtained about 200 K. Thanos [15] cal- 
culated a temperature difference of 5 K (at 6 kA m-‘). 
An experimental investigation was carried out by 
Lewis et a/. [ 161. They concluded from results with a 

platinum wire electrode which was used as a resistance 

thermometer that up to current densities of 5 kA mm2 
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NOMENCLATURE 

electrode surface area [m’] 
concentration [mol mm ‘1 
bubble break-off diameter [m] 
diffusion coefficient [m’s ‘1 

Faraday constant. 96 487 A s mol ’ 
gas evolution efficiency [ -1 
accclerdtion of gravity [m s ‘1 

current [A] 
mass transfer coefficient [m s ‘1 
numerical constant, equation (2) 
migration factor [ -1 
characteristic length in free convection 

[ml 
molar mass [kg mol ‘1 
charge number [ -1 
flux [mol s ‘1 
pressure [kg m ’ s ?] 
Joule heat flux [W] 
universal gas constant. 
H3143kgm’s ‘mol ‘K ’ 
temperature [ C. K] 
electrode potential [VI. 

Greek symbols 
a overall expansion coeficient [m’ mol ‘1 

3, expansion coefficient due to 
concentration, equation (12) 
[m’mol ‘1 

II thermal expansion coeficient, 

equation (3) [K ‘1 

the overtemperaturc raised by less than 3 K in acidic 
solutions and by 4 K in alkaline solutions. From care- 
ful experiments using thermoelements Krenz [ 171 

obtained overtemperatures of less than I K for current 
densities up to I2 kA m ‘. 

When comparing the mass transfer equation 
derived for liquid-phase fret convection [9] with 
experimental data it was assumed that at gas evolving 
electrodes temperature gradients are negligible com- 
pared to concentration gradients [ 181. Satisfactory 
agreement between theory and experiment could 
indeed be stated. It is the object of the present paper 
to verify the assumption by a quantitative inves- 
tigation of the problem in order to get reliable ideas 
not only of the surface ovcrtemperature but also of 
its effect on liquid-phase free convection. 

2. DESIGN EQUATION FOR LIQUID-PHASE 

FREE CONVECTION AT GAS EVOLVING 

ELECTRODES 

where L denotes a characteristic length. The dimcn- 
sionless groups are the Grashof number 

At electrodes. mass transfer of the reactant A to the 
electrode surface is superimposed by mass transfer of 

Gr s Ga & - /‘u (3) 
P i 

current efficiency [ -1 
effective shielding number [ -1 
apparent shielding number [ --] 
thermal conductivity [W m ’ K ‘1 

stoichiomctric number 
kinematic viscosity [m’s ‘1 

density [kg m ‘1. 

Dimensionless parameters 
(;[I Galilei number, equation (4) 
(;I. Grashof number. equation (3) 
Nil Nusselt number, equation (I 7) 
PI Prdndtl number 

R<Jc; Reynolds number of gas evolution. 
equation (8) 

si, Schmidt number, equation (5) 
Sh Sherwood number, equation (6). 

Subscripts 
A transferred ion (H ’ ) 
B dissolved gas (H,) 
c critical 

C electrolyte (H2S04) 
D solvent (water) 
i substance, i = A, B. C, D 

S single-phase 
sat saturation 
w electrode surface 
% liquid bulk. 

the product B from the surface. The flux densit! 
,Y:, //I of any of these substances i generated or con- 
sumed at the electrode is linked with the nominal 
electric current density I/.4 by Faraday’s law 

/V:, I, AC:, 

A 
= k,(c,,,, -l(‘, , ) = 

(n:l,,)F’ 
(1) 

where (M/P,) is given by the reaction equation: the 
current efficiency c, includes all possible losses of the 
substance i due to competing electrode reactions and 
chemical reactions with the electrode or the liquid, 
and any absorption by or diffusion through the elec- 
trode [ 19, 201. In many cases 8, = I is a useful approxi- 

mation. 
In a single-phase fluid, free convective mass transfer 

is usually described by equations of the type 
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with the Galilei number 

and the Schmidt number 

At gas evolving electrodes where the fluid phase is 
composed of a dispersion of liquid and .gas bubbles, 

equation (1) must be extended for several reasons [9]. 

k,L l-0, 
% = 0, = K(~~Se;)“‘(KJi 1 _2/3(fo), (6) 

where Ba takes account of the fact that the electrode 
surface is partly covered by adhering bubbles and only 
a fraction is available for the mass flux in the electrode 
boundary layer [21]. (fo); has been introduced [2, 211 
to account for the desorption of dissolved gas into 
adhering bubbles when transferred from the electrode 
surface to liquid bulk [22]. The migration factor (K,,,), 
considers the transport of electrically charged sub- 
stances in the electric field [23a]. 

The density difference in equation (3) can be set 
proportional to the concentration difference of an 
arbitrarily selected transferred species, preferably the 
dissolved gas B, 

where c( represents an overall expansion coefficient 
which takes account of the combined effect of tem- 
perature and concentration gradients of reactant(s) 

and product(s) and which will be discussed below. 
Applying equations (1) and (6) to the substance B 

with the introduction of a Reynolds number of gas 
evolution [21] 

(8) 

allows us to eliminate the concentration difference in 

equation (7) and to obtain a Grashof number 

(9) 

Combining equations (6) and (9) and introducing the 
equation of state of the ideal gases yields an equation 
for liquid-phase free convection mass transfer of a 
substance i at gas evolving electrodes [9] : 

x sc,‘+~sc;-~ 
[I -2/3(fGh1 m'(l+m), 

KS 1 c1oj 

Particular attention is due to the expansion coefficient 
a. 

3. OVERALL EXPANSION COEFFICIENT 

The density difference in equation (7) is affected by 

the temperature difference between liquid bulk and 
the electrode-electrolyte interface in addition to the 
corresponding concentration differences of all sub- 
stances i. 

Pm -Pw 
-= -~ai(c;,-C,)-/?(T,-Tw) 

Pa 

(11) 

where C(~ represents the isothermal (and isobaric) 
expansion coefficient of the liquid at varying con- 

centration of the solutes i 

aw) a;=p __ ( > act T,p 
(12) 

and /I the thermal expansion coefficient at constant 
concentration (and pressure) 

(13) 

As a typical example, the cathodic formation of 
hydrogen from sulfuric acid may be considered. The 
depletion of hydrogen ions (substance A) at the elec- 

trode-electrolyte interface caused by the reaction at 

the electrode corresponds to the enrichment of dis- 
solved hydrogen (substance B). Owing to electro- 

neutrality, the sulfuric acid (C) is diluted at the inter- 
face. The overall expansion coefficient comprises the 
concentration differences of B and C in addition to 
the temperature difference across the boundary layer. 
Equation (11) is written explicitly 

Pm -Pw _ 
___ - %(cBw 

P7j 
-cBm)+~C(cCw-CCco) 

+B(T,-7-a). (14) 

From comparison with equation (7) follows an 
expression of the overall expansion coefficient tl 

k(Ccw -cc,> 
~B(%v-cscc) 

1+ B(Tw-Tm) 
Q(Ccw - ccco) )I 

(1% 

Three problems arise from equation (15) for prac- 
tical application. The effect of the temperature con- 
tained in the last term has to be investigated. It must 
further be elucidated in which way the concentration 
differences are interrelated. Finally, reliable values of 
the expansion coefficients tlg and clc have to be given. 

3.1. Thermal efect on u 
The thermal effect on heat and mass transfer is 

mainly represented by the last term of equation (1.5). 
Whereas the expansion coefficients c(~, LQ, and fl are 
substance properties, the differences of temperature 
and of concentration depend on the operating con- 
ditions and are interrelated. The mass transfer equa- 
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tion (6) in application to the ionic reactant A with 

(.fL), = 0 is 

Sh, _ A(C~~~ _C, I~ j n, 

= K,(GrS~,~)“‘(K,,,).(l -O,>). (16) 

With the corresponding heat transfer equation 

Nu = ,,el’; or: = K,-(GrPr)“‘(l-0,)) (17) 
u I / 

results 

Tw - Tx. 
(‘cu -Cc, 

where the ratio of the concentration differences 

(‘h\\-CAr , 
(1% 

cc., - (‘(. , 

follows from the dissociation reaction 

HSO, + 2H+ +SO; (20) 

provided the fraction of dissociated acid does not vary 
noticeably across the boundary layer. Faraday’s law 
allows us to introduce the current density I/A 

N:, (I/Ah 
A W,)F 

(2’) 

where (n/rA) = - 1 as seen from the charge transfer 

reaction 

2H’ +2c + HZ. (22) 

Combining equations (18) and (21) under con- 
sideration of equation (19) results in 

(2.1) 

The boundary layer in free convection at gas evolving 
electrodes turned out to be laminar [93. Hence, the 
exponent is m = 0.25, and the numerical values K,, 

and KT may be calculated from [24] 

K, = [5(1+Sc, “i$-0.5Sc,~‘)] “” (24) 

with i = A and 

KT = [S(l+Pr -“‘+0.5Pr ‘)I “2i. (25) 

Furthermore, supposing that heat is predominantly 
evolved at the electrode-electrolyte interface as a 
consequence of the overpotential AU (including 
amounts dissipated at or near the interface), i.e. 

Table I. C‘alculation data for evolution of hydrogen from 
0.5 M sulfuric acid at 75 C 

25 <‘ 
500 mol 111 
0.72 rnol tn ’ 
103Okgm 
I .O x IO ’ kg 11, ’ \ 
0.50 I!’ m ’ K ’ 
I .8 * IO ‘) m‘ > 
3.7x IO ” Ill2 \ ’ 
540 
260 
9.7 
+ I_? x IO ” 111’ tnol ’ 
- 67 x IO ‘~ III’ mol ’ 
0.35~ IO ’ K ’ 

( L 1 \ 1.5 

the last term in equation (15) results in 

Assuming an overpotential AC: = 0.4 V typical ot 
platinum electrodes at a current density I, A = 1000 A 

rn~-? [23b] and inserting the data compiled in Table I 
yields 

It is seen that the ratio is much smaller than unity. 
The result may be generalized since the physical prop- 
erties in equation (27) do not vary considerably. at 
least in aqueous electrolyte solutions. The example 
shows typically that thermal effects on the overall 
expansion coefficient s( are negligibly small even in 
cases of considerably larger values of the ovcr- 
potential. Of course, this finding cannot be valid for 
electrodes operated as heating or cooling surfaces as 
used industrially where equation (26) does not hold. 
In ail other cases, the expression of the overall expan- 
sion coefficient LY, equation (I 5). may be simplified 

without noticeable loss of accuracy : 

3.2. Eliminution ofthe c.oncpntrutiotz,fVom x 
The concentration differences of the substances B 

and C in equation (29) are interrelated, as already 
pointed out earlier [25]. For the mass transfer of the 
dissolved gas B follows from equation (6) with 
(K,,,)B = 0 but under consideration of the desorption 
in the electrode bubble layer adjacent to the electrode. 

( f;;), > 0. 



Free convection at gas evolving electrodes 4119 

With the ratio of the concentration differences of both 
transferred species from equation (1) 

cAw - CAm XL&e =-- 
CEW - CBCC Nkvk, (31) 

follows with equations (16) and (30) 

ccw - Ccm (cc, - cc,WL -------= 
CEW - CB, (CAw - dGv 

1 KS 

(~),]l -2/3mB1 K,’ (32) 

With large Schmidt numbers as typical of electrolyte 
solutions, equation (24) gives KB/KA = 1, resulting in 
an overall expansion coefficient 

u = a,+q (cc, - cc,U’JL 
(CAM - CB&‘%~ 

I-m 1 

(~~)*]l -2/3cmB1. (33) 

The ratio of the fluxes of the reactant and the product 
follows from the reaction equation, in the present 
example from equation (22) 

XT. 
1y Aw 

z= -2. (34) 

The ratio of the concentration differences is given 
by equation (19) and for laminar free convection, 
m = 0.25, the expansion coefficient results with equa- 
tions (19) and (34) in 

1 

(~,),]l -2/3mB1 
(35) 

It is seen that CI consists of constant values except for 
the gas evolution efficiency, (f&, which depends on 
the current density and may be estimated from [27] 

(f& = l-(l-e,)*.5 (36) 

where 0, denotes the fraction of the electrode surface 
shielded by adhering bubbles in orthogonal projection 
[26] and can approximately be associated with e6. For 
mean current densities 0, is calculated from [27] 

(Z/A) 0z5 es = o.8 (IiA>c [ 1 (37) 

where (1/,4)c denotes the critical current density 
characteristic of the onset of a bubble film [4], 
(Z/A)c sz 200 kA m-* [5]. Values of (&& increases as 
the current density is increased ; in the lower current 
density range where free convection prevails, CI 
behaves approximately as a constant value. 

3.3. Individual expansion coejkien ts 
For the sulfuric acid (C) the expansion coefficient c(c 

due to varying concentration can easily be calculated 
from available density data [28]. A problem arises for 
the product B, a gas dissolved in aqueous electrolyte 

solutions. Data of tlg cannot be found in comprehen- 
sive data compilations, such as Landolt-Bdmstein 
[28]. However, recently a prediction method has 
been derived permitting a satisfactorily reliable esti- 
mate of the required o+, data for all gases in water 
and electrolyte solutions [29]. The method only 
requires the molar masses of the solute B (dis- 
solved gas) and of the components of the electrolyte 
solution, C (H2S04) and D (water), in addition to the 
critical data of the pure dissolved gas and of pure 
water : 

-&[I-2(1-E)]}. (38) 

The prediction equation (38) has been found to cor- 
relate experimentally obtained data with satisfactory 
accuracy [29]. 

4. THE RANGE OF SINGLE-PHASE FREE 

CONVECTION 

With the aid of equations (33) and (37) the mass 
transfer coefficient for single-phase free convection 
can be calculated from equation (10). It must be noted 
that the characteristic length L is not given by the 
overall dimensions of the electrode but by the mean 
distance between the adhering bubbles protruding 
from the concentration boundary layer. From a geo- 
metrical consideration it follows 

L 0.7 
2 = e0.s -0.5 

s 

valid for electrodes the dimensions of which are larger 
than L, i.e. practically all electrodes, because the mean 
bubble break-off diameter d is much smaller at elec- 
trodes than in nucleate boiling. It has been found to 
depend on the shielding number 0, [30] and may be 
estimated from 

d= [50’+ (~~~‘prn. (40) 

Results are shown in Fig. 1 using data compiled in 
Table 1 for hydrogen evolution from sulfuric acid at 
a platinum electrode. These are the conditions applied 
by Shibata [3 l] in experiment, the results of which are 
also shown in Fig. 1. 

Two ranges are clearly discernible characterizing 
different mass transfer mechanisms. It is seen that up 
to a current density of about 1000 A m-‘, the agree- 
ment between the measured data points and the cal- 
culated line is satisfactory. Under the present con- 
ditions this is the upper limit of liquid-phase free 
convection. With larger values of the current density, 
bubble-induced microconvection prevails. In this 
upper range the experimental data were shown to be 
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10-6 
10 100 lo= 109 

CURRENT DENSITY I/A in A m-2 

FIG. I. Experimental data of the mass transfer coefficient in comparison with mass transfer equations. 
Hydrogen evolution from sulfuric acid at 25’C at a platinum cathode. O-Shibata [31], corrected for 
interfacial dilution of sulfuric acid [33]. a-Liquid-phase free convection, equation (10): b-bubble- 

induced microconvection, equation (41). 

satisfactorily correlated by the mass transfer equation 

19, 321 

(41) 

The agreement additionally supports the above find- 
ing that temperature effects in single-phase free con- 
vection are negligible confirming an assumption made 

earlier [IS]. 

5. ESTIMATE OF THE OVERTEMPERATURE 

An estimate of the overtemperature of the electrode 
surface is easily possible by combination of equations 

(17) and (30) resulting in 

(42) 

Consideration of equations (I) and (26) gives 

Inserting a supersaturation cBW - cBr = 59 mol m ’ 
at a current density of 1000 A mm ’ as obtained exper- 
imentally by Shibata [31] and corrected by Vogt [33], 

together again with AU = 0.4 V and K,JK,- = 1.07 
and with the properties of Table 1 yields an over- 
temperature 

T,-T, =().I Ii. 

This value, although amazingly small, reflects the cor- 
rect order of magnitude. From experiment, Krenz [ 171 
obtained an overtemperature of 0.15 K at a platinated 
platinum electrode in a different electrolyte liquid but 
at the same temperature and current density. One 
must conclude that much larger values of the ovcr- 
temperature as reported in the older literature and 
based on rough estimates are not compatible with 
reality. The agreement with the experimental value 
obtained by Krenz also supports the finding of the 
superiority of the concentration gradients on thermal 

effects. 

6. CONCLUSIONS 

1. In absence of forced flow, mass and heat transfer 
at gas evolving electrodes up to mean current densities 
of about 1000 A mm2 are controlled by liquid-phase 
free convection, although gas evolution is active in the 
whole range of current densities. It is not compatible 
with reality to use equations representative of bubble- 
induced heat and mass transfer in the total current 
density range as has usually been done. 

2. In free convective mass transfer at gas evolving 
electrodes, temperature gradients are of a subor- 
dinate, probably always negligible effect compared 
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to the effect of concentration differences caused by 

reactants as well as by the produced dissolved gas. 

3. A heat transfer calculation evidences that over- 

temperatures of electrode surfaces are much smaller 
than assumed in the older literature. 
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