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The electrochemical and thermal performance of a new thermogalvanic undivided flow cell using two
aqueous electrolytes maintained at different temperatures between platinum electrodes is described.
Measurements on the Fe(CN);~ /Fe(CN);~ redox system in NaOH medium yield a thermoelectric
effect between — 1.1 and —1.4mV/degree depending on the composition of the electrolytes. The
influence of different parameters (temperature gradient, concentration of the electroactive species,
fluid velocities and channel thickness) on the power output are determined. The experimental results
show that electrical power is largely limited by charge and mass transfer overvoltages, but that it is
possible to maintain the temperature gradient between the electrodes, i.e. the thermal boundary layers
developing at the interface between the electrolytes do not reach the electrodes. A model based on the
generalized Butler-Volmer kinetic equation is found to be in very good agreement with the exper-
iments in terms of the current-voltage relationship and power output. This model is used for the
prediction of the maximum electrochemical performance. From a practical point of view the efficiency
of these devices remains very low due to the high thermal flux between the hot and cold electrolytes.

Nomenclature X parameter defined in Equation 14
y coordinate normal to electrode (m)
C, C,, Cy molar concentrations (molm ~*)
C, mass heat capacity Jkg™' K™ Greek symbols
D molecular diffusion coefficient (m?s™')
d, hydraulic diameter of the cell (m) 2 electrochemical transfer coefficient (—)
E equilibrium cell potential (V) A half channel thickness (m)
F Faraday’s constant = 96487 Cmol ™' AT temperature difference (7. — T;) (K)
I cell intensity (A) Ve number of electrons involved in the
i current density (Am™?) electrochemical reactions
i limiting current density (Am™?) 7 overpotential (V)
i* dimensionless current density (defined in =~ @ thermal flux at the interface between the
Equation 14) two flowing fluids (W)
Iy exchange current density (A m~?) ) specific thermal flux (Wm™?)
kg mass transfer coefficient (ms™!) A parameter defined in Equation 8 (s~'?)
L length of channel (m) y electrical conductivity (@' m™)
P electrical power (W)
P specific electrical power (W m™2) ,
O mass flowrate (kgs™") Subscripts
R external electrical resistance (Q) . .
R overall internal cell resistance (Q or Q m?) A relative Lo species A
R, membrane specific resistance (2 m?) a at th.e anode .
R ohmic internal resistance (Q or Qm?) B relative to species B
Re Reynolds number C relative to the hot electrode (anode)
Sh Sherwood number ¢ at the cathode
Se Schmidt number e at the electrode
/ time (s) f relgtive to the cold electrode {cathode)
T temperature (K) opt optimal
u mean fluid velocity (ms™") S in the bulk
U, cell voltage (V)
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1. Introduction

Galvanic thermopiles, or thermogalvanic cells, are
electrochemical systems permitting the direct conver-
sion of thermal energy into electrical energy [1] under
the effect of a temperature gradient between two elec-
trodes. In this system, the electrodes are brought to
different temperatures and are in contact with a liquid
or solid electrolyte. The thermoelectric effects at the
electrodes give rise to an electromotive force [2, 3]
which, since the electrodes are of the same nature,
depends to a first approximation on the temperature
gradient (T — T;) between the two electrodes and
on the thermoelectric power, or non-isothermal tem-
perature coefficient (d£/dT ), of the reaction [4, 5].
Thermopiles can be classed in three categories:

(a) Thermopiles with a molten salt electrolyte. In this
category, numerous examples were demonstrated
during the 1960°s [3, 5, 8]. In particular, Meissner [7]
analyzed the influence of pressure on cell potential in
the presence of different salts (LiBr, NaCl, AgCl) in
the temperature region between the fusion point and
1300° C, while other workers [3, 6] have studied the
theoretical available power.

(b) Thermopiles with a solid electrolyte. Reinhold
19, 10] was the first to address this type of galvanic cell
from a thermodynamic viewpoint, but other sources
describe further work in thisarea [11, 12]. The work of
Wagner [11] concerns the thermoelectric power of
solid electrolyte thermopiles, while Weininger [13]
experimentally measured the discharge characteristics
of the cells Ag|Agl|Ag and (P)I,jAgl|I,(Pt) for oper-
ating temperatures between 150 and 500° C. It follows
from these various studies that: (i) the temperature
coefficient is generally below 1.4mV K ™' in the best
case (for the system Cl,|Ag|Cl,), and (ii) the mass
transfer phenomena at the electrodes seem to be the
factors limiting the power of the thermopile.

(¢) Thermopiles with aqueous electrolyte. For the
case of cells with aqueous electrolyte, the experimen-
tal studies of thermopiles are the least numerous;
one of the reasons being the limited operating tem-
perature range available. The principal work on elec-
trode phenomena for these systems was published by
DeBethune ef al. [2, 14, 15], who introduced two
electrode coefficients: the first reflects the variation of
the redox potential referenced to the hydrogen elec-
trode with temperature (isothermal temperature
coefficient), while the second corresponds to the
contribution of the electrochemical reaction to the
thermoelectric power of the redox couple utilized
(nonisothermal temperature coefficient). Thermal
migration phenomena in the electrolyte of galvanic
cells was demonstrated by Agar [16] with the Ag*/Ag
couple. It appears that the value of the thermoelectric
power depends only slightly on the nature of the
cations in the liquid junction and remains relatively
low (less than 0.55mV K '). A thermodynamic treat-
ment of the liquid junction phenomena was performed
by Gaboriaud [17].

The utilization of thermogalvanic cells with aqueous
electrolyte as a means of generating electricity has
been the object of several articles and patents [18, 19],
notably that of Clampitt [19] who studied a system
functioning with the Cu’*/Cu couple in sulphuric acid
media. The performance obtained indicated a non-
isothermal temperature coefficient of 1mV K™™' and
a maximum power of 2.5Wm~2 Burrows [20, 21]
described thermopiles based on the Fe’"/Fe** couple
in sulphuric media [20] and the Fe(CN);™ /Fe(CN):~
couple in aqueous potassium sulphate [21]. The maxi-
mum power obtained with the latter couple, for which
(dE/T);, = —1.48mVK~! was of the order of
5W m~? for a temperature gradient in the neighbour-
hood of 50°C. Generally, the creation of a galvanic
thermopile with aqueous electrolyte must satisfy
two requirements which are a priori contradictory:
(i) minimization of the thermal short circuit between
the two cell compartments, and (ii) minimization of all
forms of overpotential at both electrodes in the cell
(minimization of electrochemical and diffusional acti-
vation resistances) and the ohmic resistance.

The reduction of the interelectrode distance and the
flow of electrolyte through the length of the electrode
(in order to reduce diffusional limitations) constitute
two favourable means for satisfying constraint (ii)
above.

The original idea of circulating the electrolyte
between two planar electrodes in order to limit the
thermal short circuit between the compartments can
be represented by the schematic diagram of Fig. 1.

This design is characterized by the existence of two
distinct hydraulic circuits (one hot and one cold)
circulating the length of each of the two electrodes
which face one another. If the hydrodynamic regime is
regular and well established, two thermal boundary
layers develop in the contact plane of the two fluids.
Under certain conditions, it is possible to maintain
the clectrodes at constant temperatures, T and T,
respectively, and the thermal flux takes place at the
interface of the two fluids. If the electrodes rest at
constant temperatures, the electromotive force of the
generator is thus a function of the temperature coef-
ficient of the oxidation-reduction couple chosen and
of the temperature gradient AT = T, — T..

E = (dE[dT)u(Tc — T) (1)

2. Apparatus, operating conditions and
measurement techniques

This work concerns an experimental and theoretical
analysis of the operation of a galvanic thermopile in
aqueous medium operating according to the scheme
in Fig. 1 and utilizing the redox couple Fe(CN);™ /
Fe(CN);~, for which the electrochemical kinetic
characteristics and the temperature coefficient seem to
be satisfactory. The specific interest of the study is the
influence of the principal parameters (circulation rate,
physicochemical properties of the fluids and cell thick-
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ness) on the electrical performance of the thermopile
and the thermal flux at the interface of the two fluids.

2.1. The electrochemical reactor

The electrochemical reactor, represented in Fig. 2, is a
rectangular cell with two planar electrodes and a per-
pendicular configuration (the direction of electric cur-
rent flow is perpendicular to that of fluid flow). A
stainless steel separator, formed by two 0.5 mm thick
sheets mounted together, and containing a rectangular
opening (140mm x 150 mm) at the level of the elec-
trodes, constitutes the middle part of the reactor. The
edges of the opening perpendicular to the flow direc-
tion are bevelled to avoid introducing hydrodynamic
perturbations at the contact plane between the two
fluids. The reactor can eventually be equipped with a
membrane, placed between the two stainless steel
sheets, permitting the separation of the anodic and
cathodic compartments. On each side of the separ-
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Fig. 2. Schematic view of the undivided thermogalvanic flow cell
and associates equipment. 1, 2: cryothermostats; 3, 4: centrifugal
pumps; 5, 6: valves; 7, 8: rotameters; and 9, 10; electrodes.

Interface between
~— the electrolytes

Thermal boundary
layer

Fig. 1. Principle of the hydrodynamic sys-
tem using two flowing electrolytes at dif-
ferent temperatures.

ator, two Altuglass™ (methyl polymethylacrilate)
spacers, having the same thickness, allow careful con-
trol of the interelectrode distance. The two symmetrical
support plates A and B, which are also Altuglass™,
and in which the electrodes are implanted, are placed
against the electrodes and the entire assembly is held
together with bolts along its perimeter. O-rings
mounted within the cell assure a good seal. The cell
is thermally isolated with 4cm of ARMAFLEX™
insulating foam.

The platinized titanium (deposited by painting)
electrodes are of the same dimensions and are held in
place with screws, facing one another, in cell parts A
and B.

2.2. Fluid circulation

The hot and cold fluids are stored in cryothermostatic
baths and maintained at their assigned temperatures
Tc and T;. Circulation of the fluids is accomplished
with centrifugal pumps; careful control and measure-
ment of the flowrates are assured with valves and
rotameters. The fluids flow through the cell at the
same volumetric flowrate in each compartment, and
the velocity is uniformly distributed through the use of
calming zones in the base of the thermopile. In the
absence of a membrane, the two fluids, both flowing in
the laminar flow regime, and held respectively at T
and T}, come into contact at the level of the electrodes.
The fluids are then separated after passing the elec-
trodes and recycled to the two respective cryothermo-
static baths for thermal regeneration.

2.3. The solutions and their properties

The galvanic thermopile realized here featured the
Fe(CN);™ /[Fe(CN)i~ redox couple in I M NaOH basic
media. The solutions were prepared with Rhone
Poulenc RP Normapure salts: K,Fe(CN),, 3H,0 and
K;Fe(CN),, having a purity greater than 99%. The
electrolyte solutions, which were prepared with the
same concentration, were replaced regularly, to elim-
inate the effects of degradation by light [22] and con-
sumption of the products. The exact concentration
of potassium ferricyanide was determined with an
amperometric method using a platinum rotating
disc electrode in ammonia media containing a cobalt
sulphate solution [29].
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The physicochemical properties of the electrolytes
(viscosity, density, electrical conductivity and dif-
fusion coefficients) were determined experimentally;
while the heat capacity and the thermal conductivity
were estimated from literature values [23-28].

2.4. Measurement techniques

Prior 1o each experiment, the electrodes of the thermo-
pile were electrochemically activated in a solution of
1M NaOH. This activation consisted of several suc-
cessive anodic and cathodic operations, each of
several minutes duration, with hydrogen and oxygen
evolution respectively.

Under steady state conditions, the open circuit
potential of the cell, E, was experimentally determined
with a Schlumberger digital voltmeter. The thermopile
was then connected across a variable resistance, R.
The potential, U, of the cell was then determined
from the current, I, flowing in the circuit for various
values of R.

The temperatures of the two fluids were measured
with Chromel/Alumel thermocouples located at the
entrance and exit of each of the two compartments.
The knowledge of these two temperatures and the
mass flowrates of the fluids in each compartment gives
access to the heat flux exchanged at the interface, by
use of the following relations:

o = QmC CpCATC = mecpfATf (2)
3. Experimental resuits

3.1. Determination of the nonisothermal temperature
coefficients of the Fe(CN);™ [Fe(CN);~ couple in
NaOH media

The apparatus shown in Fig. 3, which consisted of two
perfectly mixed, doubly enveloped cells, each of
150cm® volume, was used. Two cryothermostats

Anode @ N ®

(Huber T300) were utilized to impose the temperature
of each cell. Ionic migration between the two compart-
ments was assured by a salt bridge of the same nature
as the solutions. The potential difference, E, was
measured between two platinum wires submerged in
the two solutions. Figure 4 shows the variation of
open circuit potential, E, with temperature difference
(Te — Ty) for various experimental conditions (con-
centrations of electrolyte and electroactive species).
The perfect linearity of the data shows that the coef-
ficient (dE/dT) is independent of the driving force
(T — T;)in the region studied. Moreover, it appears
that the increase in the ionic strength of the solution
1s the reason for the reduction in the absolute value of
the temperature coefficient, which remains practically
independent of the concentration of electroactive
species (Fe(CN);” /[Fe(CN)¢~) in the range con-
sidered. These results are in good agreement with
theoretical calculations based on the thermodynamic
principles of irreversible processes [30].

3.2. Electrical performance of the galvanic thermopile
in the absence of a separating membrane

Figures 5 to 10 show the essential experimental results
obtained in the form of potential-current (U against
I) and available electric power-resistance (P against
R) relations. The theoretical curves corresponding to
each experiment were obtained by use of the treatment
in section 4.3, which is based on kinetics.

3.2.1. Influence of the electrolyte circulation rate. For
an interelectrode distance of 6 mm, an equal concen-
tration of the oxidation-reduction couple of 0.2 M and
a temperature difference (T — T;) of 20°C, Figs 5
and 6 show the influence of flowrate u of each fluid on
the electrical performance of the thermopile.

The figures show that:

(i) the extrapolation of the U against I curves to zero
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X S
T
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( Magnetic ) 4 Magnetic )
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Fig. 3. Schematic view of the device used for the determination of the thermoelectric power (dE/dT),,.
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Fig. 4. Experimental variations of the electromotive force £ with
the temperature difference AT = 7, — T, under different con-
ditions: (03) 0.1, (@) 0.2, (B) 0.3M, (+) NaOH = 2N and (@)
NaOH = 3N for [Fe(CN){~] = [Fe(CN);~] = 0.1 M.

current gives a value of open circuit electromotive
force, E, which is practically independent of the flow-
rate, and in perfect agreement with the value of the
temperature coefficient of —1.1mVdegC™' deter-
mined independently (¢f. Fig. 4). This result proves
that, for these experimental conditions, the thermal
gradient is effectively maintained between the two elec-
trodes along their entire length.

(ii) the relationships U = f(I) are linear and the
global internal resistance, R; (containing the contri-
butions of activation overpotentials, diffusional limi-
tations and ohmic resistance), can be considered as
independent of the operating current. The value of R;
decreases as the flowrate u increases, probably due to
a minimization of the concentration polarization
phenomena at the level of the electrodes.

(iii) the power curves represent a maximum for a given
value of the resistance of the external circuit, Ry,
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Fig. 5. Experimental variations of the cell voltage U, with the
current density. Influence of the electrolyte velocities, u: (+) 2.56 x
1072; (@) 3.156 x 107%; (0) 3.78 x 1072; (O) 5.05 x 107%;
(A) 6.31 x 107>ms~'. (—) Theoretical curve. Electrolyte con-
centration: [Fe(CN);~] = [Fe(CN)i~] = 02M.2A = 6 x 10~ m.

which strongly depends on the flowrate u. In the case
where the internal resistance, R,, of the generator can
be considered independent of the operating current /
(cf. Fig. 5), the available electrical power P is given by

EZ
= ——— 3
R(1 + R/RY @)
P is at its maximum value for R, = R; and
P, = E’/4R, )

The experimental results of Fig. 6 are in perfect
agreement with the theoretical expression in Equation
2, the values of R, being determined from the slope in
Fig. 5.

Table 1 shows other experimental results obtained
for larger temperature gradients (7. — T¢), up to
40° C. The optimal power is an increasing function of
this gradient, which is in accord with Equation 4. This
increase can be attributed to: (a) an increase in the
open circuit potential, £, which is proportional to
(T¢e — T;), and (b) a reduction in the global resist-
ance, R,, resulting from more rapid kinetics at the
electrodes and a lower ohmic resistance under the
effect of an increase in temperature T, with respect to
T;. Further, the contribution of the electrolyte ohmic

Table 1.

Concentration AT =T, — T i x 10 E (experimental ) E (theory) R x 1(° R x I¢¢ Py X 10

M) 0 (ms™') (mV) (mV') Qnm) Q@nt*) (Wm™?)

0.2 19.6 2.56 21.3 21.56 2.121 2.409 533
19.7 3.156 214 21.67 2.058 2.409 5.56
20.0 3.78 21.8 22.00 2.016 2.409 5.89
20.1 5.05 22.0 22.11 1.806 2.409 6.69
20.4 6.31 22.4 22.44 1.701 2.409 7.37

0.2 39.0 378 42.8 42.90 1.785 2.154 25.65
39.1 5.05 43.1 43.01 1.68 2.154 27.64
39.6 6.31 43.6 43.56 1.5855 2.154 29.97
39.7 7.57 43.6 43.67 1.5015 2.154 31.65
399 8.83 44.0 43.89 1.428 2.154 33.89
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Fig. 6. Power output as a function of the output resistance, R.
Influence of the electrolyte velocities (details as in Fig. 5).

resistance, R/, to the global resistance, R, is relatively
small (of order 8 to 15%). This result illustrated the
relative significance of overpotential resistances at the
electrodes (diffusional and activation) with respect to
ohmic effects.

3.2.2. Influence of molar concentration of the eleciro-
active species. Figures 7 and 8 show the influence of
the equal concentration in Fe(CN);~ and Fe(CN);~
jons on the electrical performance of the cell (for
To — T; = 20°C, u = 5.05cms™ ' and an interelec-
trode distance of 2A = 6 mm). Qualitatively, the same
conclusions can be drawn as above, particularly with
respect to the linearity of the Uc against I results,
the value of the open circuit electromotive force, E,
and the good agreement of the power results with
Equation 2. From a quantitative viewpoint, the global
internal resistance, R,, is strongly dependent on the
molar concentration of the electroactive species, C
(also see the second part of Table 1), and noticeably
decreases as C increases. This reduction may be attri-
buted to activation and concentration overpotentials
(see section 4) at the electrodes.

3.2.3. Influence of the interelectrode distance, 2A. The
influence of this parameter, which varies between

vt
30

20\%\

i[A,m'L
I(A)

0 ai

Fig. 7. Experimental variations of the cell voltage U, with the
current. Influence of the concentrations: [Fe(CN); ] = [Fe(CN);™[:
(©) 0.1, () 0.2 and (®) 0.3 M. (—) Theoretical curve.
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Fig. 8. Power output as a function of the output resistance, R.
Influence of the concentrations of Fe(CN);~ and Fe(CN);~ (as in
Fig. 7).

6 and 14mm, is shown in Figs 9 and 10, as well
as in the last part of Table 1. The increase in 2A
leads to a marked increase in R; and thus to a decrease
in the available electrical power, in agreement with
Equation 3. This slight increase in R, can be explained
by the small contribution of the ohmic resistance R/ to
the total resistance R;. The results in Fig. 11 quanti-
tatively confirm this interpretation, the difference
(R, — R{) attributable to activation and concentration
overpotential resistances being independent of the
channel thickness, all other things being equal.

3.3. Thermal performance of the galvanic thermopile
in the absence of a separating membrane

Figure 12 presents the experimental variation in the
thermal flux at the interface between the two fluids
with flowrate, u, for different temperature gradients
and electroactive species concentration. The increase
in the flowrate results in an increase in the thermal
flux, ®, due to the concommitant effects of hydro-
dynamic perturbation at the interface. With regard to
the influence of the other major parameters, the results
obtained show that: (i) @ increases with the difference
(Te — Tp); (i) @ decreases as the equiconcentration
of species, C, increases; a result of the increase in

Uc 3 (mVv)
3¢t
—
20 r\ '%,:L?\
Sy
\i\\a.\
\‘, u.\\
10
1 5 !
¢ ot I(A)

Fig. 9. Experimental variations of the cell voltage U, with the
current density. Influence of the channel thickness 2A: (®) 6,
(©) 10 and (©) 14mm. Electrolyte concentration: [Fe(CN);~] =
[Fe(CN).~] = 0.3M. Electrolyte speed, u = 5.05cms™". (—)
Theoretical curve.
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Fig. 10. Power output as a function of the output resistance, R.
Influence of the channel thickness 2A. Details as in Fig. 9.

the dynamic viscosity of the fluids which favours a
mintmization of the interfacial hydrodynamic pertur-
batjons; and (31i) ® increases with the channel thick-
ness 2A for a given liquid flowrate.

A model based on the existence of an interfacial
mixing zone (the depth of which depends on the
Reynolds number) and the development of two ther-
mal boundary layers at either side of this zone repre-
sents the experimental heat transfer results very well
(30]. The values of flux @ are relatively large with
respect to the limited electrical performance obtained
experimentally.

3.4. Electrical and thermal performance of the
generator equipped with a separating membrane

In order to minimize @, a water-permeable cellophane
membrane was placed between the two compartments
of the cell. The electrical performance of the divided
cell is shown in Figs 13 and 14, which indicate that the

L

R 1\(9 m?)

20

{mm)

e

0 R 0
Fig. 11. Variations of the calculated ohmic resistance R/ and the
difference (R, — R{) with the channel thickness 2A. Conditions:

u=505x%x 10"ems™"; T, — T; = 20°C; both electrolyte con-
centrations = 0.3M.

global internal resistance, R,, is little affected by the
presence of the separator. This is equally true for the
electrical power delivered (decreased by 8%).

A comparison of the values of R, with and without
the separator, but otherwise under identical operating
conditions permits an estimation of the membrane
specific resistance, R,,, which was found to be approxi-
mately 1.4 x 10 *Qm’. The value of the heat flux, ®
is considerably reduced in the presence of the mem-
brane, as shown in Fig. 12. Thus, the global yield,
defined as the amount of electrical energy produced
in comparison to the amount of thermal energy
exchanged between the two fluids in contact, was
found to have changed considerably.

The use of a separating membrane thus constitutes
an cfficient means of augmenting the global yield of
the thermopile,

Cb Iy $xi0”
(W) TW m2)
2000
S
1600 o
/+ Without membrane
 J
F1 —____././ /With 3 membrane
A 2 A e X U .
0 2 i 6 8

Fig. 12. Influence of the electrolyte velocities on the thermal flux at the interface between the two electrotytes. Conditions: 2A = 6 mm;
[NaOH] = I'N. Both electrolyte concentrations: (@) 0.2M at AT = 20°C, {+) 0.2M at AT ~ 39.5°C, (0) 0.1 M at AT ~ 39.5°C, and

(x)0.2M at AT = 20°C.
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Fig. 13. Influence of the presence of a membrane on the current-
voltage curves. Both concentrations: 0.2M; AT = 20°C. Electrolyte
speeds: (O) 5.05 (without membrane), (M) 5.05 (with membrane),
(a) 6.31 (without membrane), and (a) 6.31 cms™' (with membrane).

4. Theoretical analysis of the electrical behaviour of
the generator

The interpretation of the electrochemical performance
of the generator was carried out on the basis of the
following hypotheses: (i) the operating conditions are
such that the thermal boundary layers do not reach
the electrodes, which are therefore maintained at 7
and T;, respectively; (ii) the reaction kinetics at the
anode and cathode can be represented by generalized
Butler-Volmer relations, taking into account concen-
tration polarization phenomena; (iii) diffusional limi-
tations are evaluated with a Nernst film model; and
(iv) the physicochemical properties of the fluids are
calculated at the average temperature of each of the
two electrolytes.

Under these conditions, the Butler-Volmer equation
applied to the anode (hot electrode) is

i = ioa{(CBe/CBS) CXp [OC('))eF/RT)T]d]
- (CAE/CAS) exXp [—(1 - a)(’))eF/RT)nd]}
()

and the concentrations at the electrode (subscript e) or
in the bulk solution (subscript S) are related by the

=
“ \\\s

© G Q)

Fig. 14. Influence of the presence of a membrane on the power
output. Details as in Fig. 13.

global mass transfer coefficient, k,,, by

i
Cho = —
Ae CAS + Vedea
i D ©)
- _ ZA
CBe B CBS Vedea DB

where k;, = D, /0.
Combination of Equations 5 and 6 gives the global
kinetic equation:

i = iu{exp [o(y.F/RT)n,]
— €Xp [_(1 - a)(?eF/RT)na]}

- DA eXp [“(')’eF/RT)m]
x {1+ i, ==
[ { Dy Ve Fkg Cps

exp [— (1 — &) FIRT)n] |
* Y F kda Cas }:l (7)

An identical expression can be written for the cathode
(cold electrode), which relates the cathodic overpoten-
tial, #¢, to the operating current density, i.

The relationship between the electromotive force,
Uc, of the generator and i can be deduced from the
following:

Ue = E — n,() — (D — Ri ®)

where the overpotentials 4, and #, are calculated at
temperatures T and T, respectively with Equation 7,
and the specific ohmic resistance, R/, of each compart-
ment at its average temperature. In the case where the
generator is equipped with a separating membrane, a
supplementary term - R i representing the contri-
bution of the membrane should be added to the right
hand side of Equation 8.

4.1. Experimental determination of electrochemical
kinetic parameters of the Fe(CN ), [Fe(CN )¢~
couple

The principle of Vetter’s method [31] is based on the
transient current response of an electrode, in static
media, which is subjected to a step overpotential #
from thermodynamic equilibrium. For a reaction of
the type 4 + v.e” — B which follows the generalized
Butler-Volmer Equation 5, the resolution of the dif-
fusion equation in static medium yields the following
transient expression [31]:

i(f) = i(0)exp (A1) erfe (A/(1)) )
with
L= (io/y.F){(Cpsy/Dp) " exp [2(y.F|RT )]
+ (Cas/Da) ™" exp [— (1 — a)(yF/RT )]}
Fort = O:
i0) = i {exp laly. F/RT)n)

— exp [— (1 — ) F/RT)yl}  (10)
and for A/t < 1, Equation 9 is reduced to:
i = i1 — @/n'?)ar?} (amn



A THERMOGALVANIC UNDIVIDED FLOW CELL

it

A
io
(Am™)
3004
~4,
\A\A\A\
ZOOT. \+\*\+\ A\A\
.
\+\
~o
\O\O\Q\
o2
—~
~ .
100 \ . KD
3 35 4 715103

Fig. 15. Experimental results for electrochemical kinetic parameters
determined by a transient technique. Both electrolyte concentrations:
(0) 0.1, (+) 0.2 and (a) 0.3M.

The two Relations 10 and 11, were used to deter-
mine the values of the exchange current density, i,
and the symmetry factor, o, under various experimen-
tal conditions of temperature and concentration of the
clectroactive species. The results of the experimental
analysis, obtained with a thermostated three electrode
cell [30] are in perfect accord with the theoretical
prediction of Relation 1, except for concentrated
solutions where basic diffusion equations of the type
dCJot = D(8° C|éy*) are no longer applicable.

Figure 15 furnishes several examples of results con-
cerning i,, the average value of « obtained was 0.49, in
good agreement with the literature.

4.2. Experimental determination of physical kinetic
parameters of the Fe(CN);™ [Fe(CN )i~ couple

The mass transfer coefficients k4, and &, were deter-
mined experimentally based on the measurement of
the limiting current for the reduction of Fe(CN);~
obtained under polarographic conditions, with elec-
trolytes at the same temperature being fed to both
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Fig. 16. Comparison of the experimental mass transfer coefficients
ky with the predicted values deduced from the Norris and Streid
correlation: Sh = 1.85 (ReScd, [LY'F. Temperature: (O) 10, (a) 20,
(0) 30, (+) 40, (x) 50 and (Y) 60°C.

compartments. The results obtained (Fig. 16) agree
well with the classical correlation of Norris and Streid
[32], valid for a rectangular channel with laminar flow
for Reynolds numbers less than 1300. For Reynolds
numbers more than 1300 (circled points Fig. 16), there
is deviation from the correlation of Norris and Streid
[32].

It should be noted that this correlation holds, even
though the geometric and hydrodynamic structure of
the cell does not strictly correspond to that of a simple
rectangular channel, given the existence of two fluids
entering into contact in the measurement zone.

It follows that: (i) a stable hydrodynamic regime
is established within a very short distance following
initial contact of the two fluids, and (ii) the hydro-
dynamic perturbations brought about by the edge of
the opening in the stainless steel separator remain
small and do not affect the flow near the electrodes.

4.3. Comparison of experimental and theoretical
electrochemical performance

Equation 8, in association with global kinetic equations
of the form in Equation 7, where kinetic parameters
are independently determined by the procedures
described in sections 4.1 and 4.2 above, constitute the
basis of this comparison, shown in Figs 5 to 10. It
appears that the agreement is satisfactory for the
range of operating conditions investigated, which con-
firms the validity of the hypotheses made, particularly
with respect to the effective maintenance of the ther-
mal gradient between the two electrodes.

5. Prediction of the maximum performance of
the thermopile

From the viewpoint of available electrical power, the
performance of the generator depends simultaneously
(cf. Equation 8) on two types of overpotential (con-
centration and activation) at the electrodes, and on
the ohmic resistance, which has been shown to repre-
sent only a small fraction of R;. In order to predict the
maximum performance of the hydrodynamic system
considered here, a simulation of the process was
carried out for the case of infinitely rapid kinetics
(i, » o©) and where concentration polarization
phenomena constitute the principal limitation to elec-
trical performance.

As iy — oo and if the electrode exhibits Nernstian
behaviour, the overpotential, #, is given by:

R

L < Cac %) (12)
Y F Cas Cpe
and for the cathodic and anodic processes, respectively,
using the Nernst film model:

ne = RT; n{ b — iy Pk Cps) ™! }
‘ yeF ] + i(ql)edecCBS)w‘(DAC/DBC)

h = ey {

U+ iy Fhy, Cas) ™! } (13)
1 - i(ychdaCBS)il(DAa/DBa,
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Fig. 17. Predicted values of the specific
power output for i, — oo. Conditions:
E =004V, AT = 40°C, 2A = 6mm,

both electrolyte concentrations = 0.2 M.
(—) Simulation; () experimental value.

The cell potential, Ug, is therefore given by the relation:

A A,
Ue = E*’?a—|’1c!—i<y—+j'> (14)

where A, and A, describe the thickness of the anodic
and cathodic compartments, respectively, and y, and y,
are the corresponding average electrical conductivities.

The specific electrical power, p, can be calculated
from the expression: p = Ui, which can be expressed
in the form (since A, = A, = A and C,5 = Cgs):

P RT. | — xi*
Lm0
i o E! n{1+xi*}
RT, ., (1 —i . o1
8ok _ A Lo —
T F! H{H-i*} e A(*/c+“/a

(15)

with i* = if(y,Fks Cas) = current density, expressed
with respect to the cathodic limiting current density,
and x = (kg /kg) = (D./D,)" (from the correlation
of Norris and Streid).

Equation 15 shows that for fixed x, T and T, the
specific power, p, depends only on i* and i;. The
theoretical results of this simulation were used to
predict the maximum electrochemical performance
(when i, ) of the thermopile. Figure 17 shows the
variation of p with the resistance R of the external
circuit for (T — 77) = 40°C, A = 3mm, concen-
tration of the electroactive species 0.2M, and for
different values of the cathodic limiting current den-
sity. The curve i, — oo corresponds to the absence of
mass transfer limitations; only ohmic overpotentials
are taken into consideration. The results show that,
for the temperature gradient considered, the maximum
power does not exceed 2.25 W m ™’ (in the absence of
all limitations). The experimental point reported in the
figure corresponding to u = 9 x 107> ms™* (with
i, = 80 Am~?)is found to be in good agreement with
the model prediction. For a larger temperature gradient
(corresponding to Ty = 10°C and T = 90°C), the
maximal power can attain 12Wm™?, the thermal
flux exchanged at the interface being considerably
increased.

y R (D —o0,(2i =20Am2 (3)i =
ol () 100Am=2, (4)j, = 80Am™2,

6. Conclusions

An original hydrodynamic system featuring a galvanic
thermopile operating with aqueous electrolyte and
utilizing two laminar flow fluid streams has been
described. The experimental results concerning the
influence of the principal parameters on the electrical
and thermal performance of the generator show that
it is possible to effectively maintain the temperature
gradient between the two electrodes of the cell. The
thermal short circuit at the interface between the two
fluids is relatively large and, in any case, is superior to
that which would be obtained under the sole effect of
molecular diffusion of heat. The existence of an inter-
facial mixing zone resulting from the hydrodynamic
perturbations arising from the contact of the two
fluids explains this result.

Concerning the available electric power, the elec-
trolyte resistance only represents a small fraction of
the global resistance, which is essentially determined
by the activation and concentration overpotentials
at each electrode. A model based on the use of the
generalized Butler-Volmer equation is found to be
in excellent agreement with the experimental results
(current-potential and electrical power curves) and
permits the prediction of maximum performance of
the thermopile under conditions of infinitely fast elec-
trochemical kinetics. Under these optimal conditions,
the specific electrical power barely exceeds 10 W m™*
(for a temperature gradient of 80° C) while the thermal
short circuit can attain 8000 W m 2 even in the pres-
ence of a membrane separating the two compart-
ments. The practical utilization of such generators is
therefore not foreseen, given the limited performance
obtained.
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