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This work deals with the experimental study of the distribution of local mass transfer coefficients and 
local shear stresses over a circular disc bombarded by submerged mu.ltijets of electrolyte. The influence 
of the geometrical and hydrodynamical parameters is examined. From visualization of the impingement 
of free multijets, an interpretation of the distributions is attempted. 

1. Introduction 

The conclusion of Coeuret [1 ] suggested that the 
electrochemical method for the determination of 
mass transfer coefficients could be advantageously 
used when multijets impinge an electrode. This is 
reasonable owing to the possibility of multijets 
being used for mass transfer enhancement in elec- 
trochemical cells. An electrode impinged by multi- 
jets may accept high current densities. Moreover, 
the spatial distribution of the local mass transfer 
coefficients may be uniform, at least for a suf- 
ficiently high number of ordered jets. The overall 
mass transfer between multijets and planar elec- 
trodes was studied by Nanzer et al. [2] as a func- 
tion of most of the measurable parameters and a 
very satisfactory empirical correlation was pro- 
posed for a class of experimental conditions. It 
was shown that, from an overall point of  view, the 
electrodes are pseudo-uniformly accessible when 
their diameters are smaller than the diameter of 
the zone impacted by the jets. 

The overall heat or mass transfer between liquid 
submerged multijets and a wall has been studied 
by various authors [3-10], although the study by 
Nanzer et al. [2] seems to have been one of the 
first works using the electrochemical method. On 
the contrary, it seems that no paper has been con- 
cerned with the experimental distribution of local 
coefficients for impinging multijets. Concerning 
the impact of a single jet, the recent work of 
Kataoka et aL [11 ] deserves mention because it 
appears to be the first using the electrochemical 

method for the determination of the distribution 
of local mass transfer coefficients over the surface 
receiving the jet. At the same time, Kataoka et al. 
[ 11 ] present measurements of local wall velocity 
gradients. 

The aim of the present work is to continue pre- 
vious work [2] through the determination of local 
mass transfer coefficients and local wall shear 
stresses over a planar circular surface impinged by 
several classes of rows of jets. In spite of the com- 
plexity, interesting information could be obtained 
from such a local experimental study. 

2. Experimental 

The hydraulic circuit and the measuring cell are 
the same as those previously described in detail by 
Nanzer et al. [2]. The electrolyte is maintained at 
30 ~ C and flows in a closed circuit. This electrolyte 
is a solution_ of 0.5 M NaOH which acts as a con- 
ducting support for a mixture of potassium ferri- 
cyanide (5 x 10 -3 M) and of potassium ferro- 
cyanide (5 x 10 -2 M). For the experimental con- 
ditions the molecular diffusion coefficient of the 
ferricyanide ion is D = 8.8 x 10 -6 cm 2 s -1, the 
kinematic viscosity of the electrolyte is v = 
0.0094 cm ~ s -1 (the Schmidt number Sc = u/D is 
1070) and the specific gravity of the electrolyte is 
p -= 1.05 g cm -~. 

Fig. la is a schematic view of the part of the 
cell containing the electrodes and in which the jets 
of electrolyte are formed. The liquid flows from 
the upper part of the cell successively through the 
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Fig. 1. Schematic view of the 
cathode. 

anode (knit of nickel wire with a total surface area 
of about 2000 cm 2) and the distributor (thickness 
2 cm) having N holes of diameter d = 0.25 cm is 
arranged according to a square array of side X 
(Fig. lb). The following distributors, defined as 
previously by Nanzer et al. [2], have been used: 

Distributor N X (cm) 

P5 4 2.5 
P6 9 1.66 
P7 16 1.25 
P8 25 1.0 
P9 36 0.833 

The hole diameter d = 0.25 cm is common to all 
the distributors; this value of d corresponds to the 
empirical correlation established earlier [2]. The 
distance H between the nozzles and the transfer 
surface is chosen such that Hid is equal to 2, 4 or 
6; the maximum value of 6 is adopted according to 
the previous results which show that ]c (the mass 
transfer coefficient) is nearly independent of Hid 
whenH/d < 6-8 [1,2]. Thus, the maximum value 
of H is 1.50 cm which is sufficiently small com- 
pared with the distance (5.0 cm) between the elec- 
trode periphery and the wall of the cylindrical 
chamber containing the test section of Fig. la, for 
the influence of that wall to be negligible. The 
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R 1 and R 2 with respect to the  distributors.  

Reynolds number R e  = u .  d/v ,  where u is the 
mean exit velocity of the jet, is also varied. 

The cathode (Fig. la) receives the jets and acts 
as the transfer surface, the mass transfer coeffi- 
cients being measured by means of the electro- 
chemical reduction of ferricyanide ions. It consists 
of a circular disc of copper (diameter 9 cm, thick- 
ness 0.5 cm) which is successively gold and plati- 
num plated. As for the electrodes used earlier [2], 
this cathodic disc is supported by a piece of plexi- 
glass the axis of which is the cell axis. 

This cathode contains 15 microelectrodes dis- 
posed along two radii R 1 and R ~ at 135~ (see 
Fig. lb) and are respectively numbered from 1 to 
8 (Electrode 8 occupies the centre of the disc) and 
then from A to G. As shown in the detail of 
Fig. lb, each microelectrode consists of a 0.4 mm 
diameter platinum wire held in a hole of diameter 
0.6 mm through the thickness of the disc; the plati- 
num wire is isolated from the disc by an araldite 
film. The centres of the two successive microelec- 
trodes are separated by a distance of 0.5 cm; 
microelectrodes 1 and G are situated at a distance 
of 1.0 cm from the periphery of the disc. After the 
installation of the microelectrodes, the copper disc 
is gold plated (hard Au-Co deposit) and then 
platinum plated. Fig. 2 shows the five distributors 
P5 to P9 and specifies the position of the radii R~ 
and R2 (along which the microelectrodes are 

situated) with respect to the jet nozzles. The elec- 
trical circuit is a classical 3-electrode polarographic 
circuit using a PRT 20-2X TACUSSEL potentio- 
stat. 

As in previous works [ 12, 13 ], such microelec- 
trodes allow two types of measurements: (a) 'in 
reactive wall' measurements and (b) 'in inert wall' 
measurements. 

2.1. 'in reactive wall '  measurements  

The circular disc and a given microelectrode are 
electrically connected and maintained at a 
cathodic potential corresponding to the diffusional 
limitation of the ferricyanide ions. The limiting dif- 
fusion current I a which corresponds to the reac- 
tion on the microelectrode is measured; it leads to 
the local value k of the mass transfer coefficient, 
i.e.: 

Id 
k = (1) 

z . F ' S . C  s 

where z is the number of electrons in the electrode 
reaction (z = 1), F is the Faraday number, S the 
microelectrode surface area and C s the ferricyanide 
concentration in the bulk of the solution (C s is 
known by amperometric titration with cobalt 
sulphate). Such a determination of k is made for 
each microelectrode. The overall current I corre- 
sponds to the overall mass transfer coefficient k at 
the whole electrode (the fractional surface area 
occupied by all the microelectrodes is negligible 
when compared to the surface of the cathodic 
disc). 

2.2. 'in inert wall '  measurements  

The circular cathodic disc is not electrically con- 
nected to the measuring circuit. Only the micro- 
electrodes are successively used as cathodes in the 
polarographic circuit, thus allowing the measure- 
ment of diffusional local currents I~ which lead, 
through a relation similar to Equation 1, to the 
corresponding local coefficients k', such as: 

D2/a. 81/3 
k' = 0.807" dl/------g-- (2 )  

Expression 2 results from the solution of the 
diffusion-convective equation for mass transfer 
towards a circular microelectrode of diameter d 
embedded in an inert wall [14]. In Equation 2 s is 
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the wall velocity gradient (Ou/ay)r=o (y is the 
normal to the wall and u the velocity component 
parallel to the surface; for a newtonian fluid, s is 
related through r =/a" s to the local wall shear 
stress r and to the dynamic viscosity/x). 

3. Experimental results 

3.1. Radial distributions of local mass transfer 
coefficients 

Fig. 3 gives the distributions of k along both radii 
R 1 and R~ for distributor P5, Re = 3260 and 
three values of HID. One sees that these distri- 
butions are highly nonuniform, the deviation from 
uniformity depending on the position of the 
microelectrodes with respect to the axis of the 
jets. [See detail of Fig. 3 this position for distri- 
butor P5]. In the case of Fig. 3, the point of 

impact of a jet is along the radius R1 between 
microelectrodes 4 and 5; in the distribution of k 
such an impact corresponds to an accentuated 
maximum. 

Along the radius R~ which is equidistant from 
the four jets, the distribution of k is more uniform, 
with a less prominent maximum lying between 
microelectrodes A and D. In Fig. 3, the influence 
of Hid on k seems to be small, but the conclusions 
are different with other distributors for which a 
decrease of k is noticeable when Hid > 4 [ 15 ]. 

Fig. 4 compares the distributions of k obtained 
for Hid = 6 and three values of Re for distributor 
P5. When Re increases and the regime is changing 
from laminar to turbulent, the position of the 
main maximum is unchanged but its amplitude is 
increased. Regarding the second maximum, situ- 
ated along R2, one notes that its amplitude 
increases withRe, but such an increase is smaller 
than for the first maximum. 
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The distributions obtained using various distri- 
butors are compared in Figs. 5 and 6; due to the 
change in the distance X between the holes, the 
maxima move on passing from one distributor to 
another. The forms of the distributions are similar 
to those obtained with distributor P5, except that 
the number of maxima along R 1 depends on the 
distributor. For distributor P5, there is a maxi- 
mum between microelectrodes 4 and 5; for distri- 
butor P7, there exist two maxima (around micro- 
electrodes 3 and 6) which correspond to the 
impact of two jets; for distributor P9 there are 
three maxima corresponding to the impact of 
three jets around microelectrodes 2, 4 and 7. 
Regarding the distribution of k along R 1, one sees 
that, for Hid = constant and Re ,~ constant, as a 
consequence of the decrease of the distance X 

between the jets there is an increase of the mass 
transfer coefficient. If  the distributions established 
with P5 (4 jets) and with pc) (36 jets) are com- 
pared, it is seen that the sinusoidal form of the dis- 
tribution presents oscillations between peaks and 
valleys which are smaller for P9 than for P5. 

Concerning the distribution along R 2 
(electrodes no. 8, and A to G), this has only one 
flat maximum for any distributor among P5, P7 
and I)9. Indeed, the microelectrodes along R 2 are 
situated between two lines of  identical jets (see 
Fig. 2). It is observed that the higher the number 
of jets in a row, the more marked is the increase of 
the amplitude of the flat maximum with the 
Reynolds number Re; on the contrary, when Re is 
constant, this amplitude is nearly independent of 
Hid. This observation may be imputed to the fact 
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that ,  as N increases X decreases; the consequence 
is the reduction of  the inter-jet space width, the 
axis of which is radius R2, and thus the improve- 
ment of the mean electrolyte flow velocity in that- 
space. 

Distributions deduced for P6 and P8 may be 
particular owing to the fact that bo th  radii R 1 and 
R2 are directly bombarded by  the jets;  for P6, 3 

maxima (near microelectrodes no. 5, 8 and E) are 
expected and for P8 the distributions would present 
5 maxima (near microelectrodes no. 2, 5, 8, B and 
D). Fig. 5 shows that  for P8 this was not demon- 
strated, but  microelectrodes no. 5, 8, C and D were 

not  available because they were short-circuited 

with the circular disc; only the maximum corre- 
sponding to microelectrode no. 2 is clearly shown. 
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3.2. Mass transfer and momentum transfer 

The determinations of k and k' at the same place 
on the transfer surface for various experimental 
conditions allow a comparison of the correspond- 
ing spatial distributions of k and k'. Many graph- 
ical comparisons have been made previously [15] 
but here only Fig. 7 is given in order to illustrate 
the results obtained. One observes that the distri- 
butions of both k and k' are similar according to 
the analogy between mass transfer and momentum 
transfer. 

The spatial distributions of k and k' are of a 
sinusoidal type; effectively, the ratio k/k'  is also 
distributed in a sinusoidal manner (Fig. 8). One 

may attempt to use the local experimental data k 
and s to test the Chilton-Colburn analogy which 
expresses, for high Schmidt numbers, the analogy 
between mass and momentum transfer [16]. This 
analogy is written as follows: 

k .  Sc2/3 ~ " s - (3) 
V ~.p-V 2 

where V represents a characteristic velocity of the 
flow, generally the mean flow velocity. The local 
hydrodynamic state (see later in Fig. 11 which 
shows visualizations) is so different from one 
location to another over the transfer surface that it 
is not possible to choose a velocity characterizing 
all the flow. 
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The relation between k and k' is investigated in 
Fig. 9 for distributor P5; all the functioning micro- 
electrodes in various experimental conditions are 
included. The correlation coefficient of the 
empirical correlations which could be plotted for 
each Re varies between 0.92 and 0.98; this signi- 
fies that the deviation of the linearity between k 
and k' is small, in spite of the fact that all the 
microelectrodes are supposed to have the same 
reactive surface area, equal to the cross sectional 
area of the 0.4 mm diameter platinum wire. How- 
ever, this approximately linear relation between k 
and k' is not general [15]. 

3.2. Mean mass transfer coefficients 

The mean mass transfer coefficient is obtained in 
two ways: 

(a) on the one hand, kexp which is obtained 
through Equation 1 from the experimental inten- 
sity I of the limiting diffusional current at the 
total surface area of the circular disc (diameter 

9 cm). I is measured during the experiments with a 
'reactive wall' (Fig. 1). 

(b) on the other hand, k ~ c  wbXch is the mean 
value of k along R 1 and R~. 

Fig. 10 compares both coefficients kex p and k ~ c  
for various experimental conditions (distributors 
P5 and PS; three values of H/d).  An approximately 
linear relation exists between kexp and k ~  but 
the ratio kea~e/k~,:p is higher than 1. This ratio is 
synonymous with the ratio Aeff/Aex p of electrode 
surface areas. [Aex~ = true area (63.6 cm 2) of the 
circular disc; A ~  = surface area of the circle 
which would contribute practically to all the dif- 
fusional mass transfer (the difference Aex p -- Ae~ 
has a negligible contribution).] 

The slope of the least-square straight line 
plotted in Fig. 10 is i .94 so that Ae• corresponds 
to a circle of diameter 6.5 cm. The system behaves 
as if nearly all the diffusional mass transfer takes 
place in this circle, in agreement with the con- 
clusion of Nanzer et al. [2] concerning the exper- 
imental variation of the overall mass transfer 
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coefficient k with the diameter of  the circular 
electrode (depending on the distributor used, k 
falls rapidly when the diameter is higher than 6.3 
to 6.9 cm). The distributions of  k (Figs. 3 -7)  also 
show that beyond microelectrodes 1 and F, which 
are situated at a distance to the centre of  the disc 
of  3.5 and 3.0 cm respectively, the value of  k fails 
rapidly to zero. 

4. Discussion 

From overall mass transfer results it was concluded 
earlier [2] that the distribution o f  local mass trans- 
fer coefficients could be pseudo-uniform on the 
fraction of  surface receiving the jets. Here, the exist- 

ence of  this well-defined fraction of  surface area 
below the jets is confirmed. However, from local 
mass transfer determinations, which lead to the 
tertiary current distribution on the electrode bom- 
barded by the jets, very important deviations from 
spatial uniformity are observed. The more 
numerous and adjacent are the jets (as in the case 
of  distributor P9), the more uniform is the distri- 
bution. 

Local values of  k have been measured along 
radii R 1 and R2 only: R 1 is along the diagonal of  
the square arrangement of  the jets while R2 is 
either below a line of  jets, or in the middle 
between two rows of jets. Although possible, 
measurements along other radii would have been 
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superfluous owing to the complexity of the hydro- 
dynamics of the systems used. 

Visualization of the structures originated by the 
impact of multijets has been observed using free 
multijets with relative distances Hid sufficiently 
high in order to avoid deformation of the struc- 
tures. Fig, 1 la (reproduced from a photo) rep- 
resents the flow structure when the transfer sur- 
face is bombarded by free jets issued from distri- 
butor P5. This structure is characterized by the 
existence of a central elevated part with a dome- 
like form, the height of which is a function of the 
exit velocity of the jets, and by four arms normal 

to the sides of the square. These arms allow the 
liquid proceeding from the dome to be evacuated. 
The dome is produced by the colliding wall jets. 

In our mass transfer experiments these flow 
structures are probably highly deformed, especially 
for very small Hid values; however, the structure 
of Fig. 1 la may explain the form of the distri- 
butions of local mass transfer coefficients. For 
Figs. 3 and 4, for example, the radiusR1 crosses 
the jet impingement region and the neighbouring 
a~ea where there is a wall jet flow. The smaller 
maximum would correspond to the boundary 
between the evacuation arm along R2 and the 
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dome, the vertical of the top of which corre- 
sponds to a minimum of k. 

The visualization carried out with distributor 
P6 (9 jets) is represented in Fig. 1 lb. In the middle 
of each square defined by the jets, a dome similar 
to that observed with distributor P5 (Fig. 1 la) is 
present. Furthermore, between each row of jets a 
structure for the evacuation of the liquid exists. 
Fig. 1 lb allows the interpretation of the distri- 
bution of local coefficients k given in Fig. 5 for 
Hid = 6. Qualitatively, Fig. 11 can be compared 
with the results obtained by Gardon and Cobonpue 
[17] during the visualization of the distribution of 
heat transfer coefficients on a surface bombarded 
by multijets of air. More recently, the work of 
Goldstein and Timmers [18] used heat-sensible 
liquid crystals for the visualization of iso-heat 
transfer coefficient curves; the experiments used 
multijets of air impinging a planar surface in which 
liquid crystals were incorporated. As in these two 
works [17, 18], a maximum for the transfer coef- 
ficient is observed around the impingement point 
of the jets together with a depression or valley 

surface 
Fig. 11. Visualizations with free jets: 
(a) case of 4 jets; (b) case of 9 jets. 

where the mass transfer is minimum; this last zone 
corresponds to the dome previously mentioned. 

In this study it has not been possible to exam- 
ine the influence of the fractional perforated area 
of the distributor since there is not always coinci- 
dence between a microelectrode and the axis of a 
jet. For this latter reason the values of the local 
mass transfer coefficients obtained with various 
distributors are not always quantitatively com- 
parable and erroneous or contradictory inter- 
pretations could result from a comparison. 

From an electrochemical engineering stand- 
point, the important variations between the local 
coefficients over a given electrode are worthy of 
note. As a conclusion of the 36 cases experimen- 
tally examined [15] it can be said that the local 
mass transfer coefficient is maximal around the 
impingement jet region and then falls rapidly. As 
the number N of jets is increased (or X is 
decreased), the uniformity is improved without 
being perfect. The existence of different but well- 
defined structures between the impingement zones 
of the multijets is responsible for the form of the 
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distributions. An increase of  the uniformity of  the 
distribution results from an increase of  N and/or 
from a decrease of  X. Finally, mass transfer 
between a row of  jets and a surface depends, not 
on ly  on the impact of  the jets themselves, but also 
on the evacuation of  the liquid from the transfer 
surface. 

5. Conclusions 

The distribution of  the local mass transfer coeffi- 
cients over an electrode bombarded by rows of  
submerged multijets depends strongly on the organ- 
ization of  the rows. In order to improve the 
accessibility of the electrode, the jets have to be 
narrow and closely spaced. 
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