Technical Notes

Int. J. Heat Mass Transfer. Vol. 33, No. 6, pp. 1363-1366, 1990
Printed in Great Britain

1363

0017-9310/90 $3.00 +0.00
Pergamon Press plc

Electrodiffusional probe for measurement of the
wall shear rate vector

C. Destouts and O. GIL

LP 15 du C.N.R.S,, ‘Physiques des Liquides et Electrochimie’, Laboratoire de I'Université Pierre et
Marie Curie, tour 22, 4, Place Jussieu, 75252 Paris Cedex 05, France

and

V. SoBOLIK

Institute of Chemical Process Fundamentals, Czechoslovak Academy of Sciences, 16502 Praha, Suchdol,
Czechoslovakia

(Received 26 April 1989 and in final form 9 August 1989)

1. INTRODUCTION

THE MEASUREMENT of the wall shear rate magnitude by means
of the limiting electrodiffusional current is a well-known
technique [1-3}. In order to measure not only the magnitude
but also the direction of the wall shear rate vector, rect-
angular or circular probes, composed of two parts separated
by a thin insulation gap, have been used [4, 5]. From the sum
and the difference of the currents measured on each part of
these bi-electrodes it is possible to deduce the two com-
ponents of this vector parallel to the wall. However, with
this kind of bi-electrode, the determination of the direction
0 of the wall shear rate is obtained from sin 6, and so the
precision of the 6 value is good only for small enough 6.
This problem of precision disappears with the square probe,
composed of four small square electrodes, proposed by
Wichterle and Zak [6]. However, in this case, the signal
treatment is very difficult as the total current depends on the
flow direction. Recently, Wein and Sobolik [7] proposed a
circular probe, composed of three sectors, for this kind of
measurement. With this geometry, the precision is inde-
pendent of 6 values and the total current is independent of
the flow direction. Now, by means of a new technique {8] it is
possible to manufacture such a probe. Because of geometrical
imperfections, this probe needs some correction factors
which must be determined by experimental calibration.

The theory of the multiple-sector circular probes, and
practical indications for treatment of current data in order
to get the flow direction, are given in the first part of this
paper. In the second part, the results of the calibration of a
probe, manufactured by means of the new technique men-
tioned above, are presented and discussed. This calibration
has been made in the coaxial cylinders and in the cone-plate
devices.

2. THEORY OF MULTIPLE CIRCULAR-SECTOR
PROBES

If a probe is composed of sectors separated by a thin
insulation gap, then the electric current through each sector
depends on its position relative to the flow direction. The
current through the front sector is greater than the current
through the rear sector lying in the wake of the concentration
boundary layer. The current density on a probe flush
mounted in the wall depends on the distance from the front
edge of the probe

J=Kx"? m

where K = 0.5384nFc,D¥3y"3, This equation is obtained
from Lévéque’s solution and Faraday’s law.
The electric current through a sector or through the whole

probe can be calculated by integration of equation (1) over
the sector or the probe surface. For a circular probe this
equation becomes

i = 2.15695nFco D} RY 3113, Q)

The normalized current (F(B) = i,/i,) through any indi-
vidual sector can be easily derived [7). For a convex sector
(0 < B < n) orientated with one edge parallel to the flow
direction, the normalized current depends only on the posi-
tion of the other edge of the sector (see Fig. 1)

1
F(B) = 0.374SJ (W=Cn**dt for0< B <n/2 (3a)
[1]
or
t
F(B) = o.5—0.374sJ~ [@W)¥? — (W—C1)¥*)dt
0

forr/2<f<n (3b)

where S=sin g, C=cos fand W = (1-5%%)'2

For a convex sector which has an arbitrary orientation
with respect to the flow direction, the normalized current
can be obtained as an algebraic combination (sum and/or
difference) of the normalized currents over the whole probe
(F(B) = 1) and those over other sectors for which equations
(3a) and/or (3b) are valid. In general, four different
situations, according to #, and 8, values (see Fig. 2), can be
identified with the relevant values of the normalized currfents
listed in Table 1.

The normalized current through a sector, characterized by
the angle 2« and orientated by the angle ¢ between its bisec-
tor and the flow direction (see Fig. 2), can be expressed by a
Fourier series [7]

I(a,d) = i,fi, = ajn+ i C, sin(ma)cos(mg). (4)
m= ]

The C,, values are given in Table 2.
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@0<B<gn2;(b)n2<p<

LT

AR
\F




1364 Technical Notes
NOMENCLATURE
a, Fourier coefficients in equation (5) n number of electrons per ion reaction
by Fourier coefficients in equation (5) R probe radius [cm]
Co bulk concentration of species {mol cm™?] x distance measured from the front of the probe
C. Fourier coefficients of ideal three-sector probe [cm].
D diffusion coefficients of species [cm?s~!]
.F Faraday’s constant, 96 487 C equiv~' Greek symbols
F(f) normalized current through a sector o half angle of a sector (see Fig. 2) {rad]
orientated with one edge parallel to the flow B, B\, B, angles defined in Figs. | and 2 {rad}
direction g angle between the ith bisector and the
I, normalized current as a function of « and ¢ reference direction
I; normalized current through the ith sector 0 flow direction measured with respect to the
iy current through the circular probe [A] reference direction
iy current through a sector [A] &; angle between ith bisector and the flow
J current density [A cm~?] direction.
- B2
- € h
- By
c) d}

Fi1G. 2. Sector orientation for normalized current calculation as function of g, and §,. For (a), (b), (c) and
(d), see Table 1.

For practical measurements, it is necessary to define, with
a mark on the body of the probe, an arbitrary reference
direction (6 = 0) from which the flow direction angle 8 is
measured. In the general case, where the clectrode is divided
into " sectors, this angle @ is related to the angle ¢ by the
expression

0 = ¢, —¢

where i stands for any sector (1 € i € n) and ¢, is the angle
between the bisector of the ith sector and the reference mark.
Therefore, expressing ¢ as & function of 8 in equation (4)
leads to a Fourier series involving cos (j6) and sin (jO) as
well. In this series each sine term stands for the angle shift ¢
of the ith sector. Thus, the normalized current through the

Table 1. Normalized current of an arbitrary orientated sector
as a function of #, and B, (see Fig. 2)

Case Angle values Normalized current
@ ~n<p,<0<f,<x  FB)+F(-p)
(b) 0<B<B<n F(B)—F(B)

) O<fy<n<fy<2r 1-F2z—B,)—F(B)
(d) n<Bi<B,<2n —FQr—B)+F2r—-B))

ith sector as a function of 6 can be expressed by

10) = Lo, 8) = a/n+ 3 a,sin (j6)
j=1

+ i b,;cos(jO). (5)
FLE

The dependence of the normalized currents of the sectors
on the flow direction (directional characteristics) for an ideal
circular probe, which consists of three identical sectors,
a, = /3 (1 €i < 3),is shownin Fig. 3. For practical reasons
itis almost impossible to manufacture a geometrically perfect
circular probe with three identical sectors. Therefore, the
directional characteristics of a real probe (see micrograph in
Fig. 4) differ from those of an ideal one and must be estimated
experimentally. There are two ways to get the flow direction
8 with respect to the reference direction.

The first one, which is the most quantitative, requires
experimental measurement of normalized currents for some
0 values and hence deduction of the Fourier coefficients a;,
a, and b;; relevant to a specific sectored probe. 8 values may
then be obtained from the values of normalized currents
by solving equation (5) for at least two sectors to get an
unambiguous determination.

The second way makes use of the fact that the directional
characteristics between two successive cross-points can be
fairly well approximated by six straight lines (see Fig. 3). The

Table 2. Fourier coefficients of an ideal multiple sectors probe

m 1 2 3

4 5 6

Cn 0.12614 0.00702

—0.00303

—0.00064 0.00051 0.00015
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F1G. 3. Directional characteristics of an ideal three-sector
circular probe.

theoretical values of the normalized current at any cross-
points are equal either to 0.384 or to 0.276. In this way, the
calibration results in six linear equations corresponding to
six different domains, obtained by permutation of the relative
values of the normalized currents (/,, /,, ;). By comparison
of these relative values (e.g. I, < I, < I, in Fig. 3), the per-
tinent normalized current (e.g. I,) and the corresponding
linear equation can be found, and then solved for 8. This
numerical procedure is very fast.
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3. EXPERIMENTAL

A three-sector probe was manufactured by means of a new
technique [8]. The originally circular cross-section of three
0.5 mm diameter platinum wires was transformed into a
sector cross-section [8]. The wires were then glued together
with epoxy resin poured in a stainless steel tube which served
as the counter electrode. A micrograph of the probe is shown
in Fig. 4.

The probe was calibrated in both a cone-plate device and
a coaxial cylinders device. The cone, of 26 mm diameter, was
made of organic glass. The probe was flush mounted in a
stainless steel disk of 40 mm diameter, which served as the
plate. The angle between the cone and the plate was 2°. The
other apparatus consisted of two coaxial cylinders of 293
and 303 mm diameters, respectively. The probe was flush
mounted in the wall of the outer cylinder. In both devices it
was possible to turn the probe around its axis and so adjust
the relative flow direction.

The test fluid was a 0.025 mol 1~' equimolar potassium
ferro/ferricyanide solution with 80% by weight of glycerol
and 10 g 1= of K,SO,. The viscosity of the solution was
6.25 x 10~°m? s~ ' at 20°C. The potential applied on all three
segments was —0.7 V, corresponding to the diffusion limiting
current of the potassium ferricyanide reduction.

4. RESULTS AND DISCUSSION

The dependence of the total current on the wall shear rate,
shown in Fig. S, is a straight line in log-log coordinates with

FiG. 4. Micrograph of the probe. Sectors are denoted by numbers. The light area at the top is a part of
the counter electrode made of stainless steel and the dark area is the epoxy resin insulation.
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F1G. 5. Total current as a function of the wall shear rate.
(Q) Coaxial cylinders. (@) Cone-plate.

a slope very close to the theoretical value of 1/3 (see equation
(2)). The standard deviation of the total currents measured
at a constant shear rate but for different flow directions is
only 0.7%.

For the directional characteristics of the probe, shown in
Fig. 6, there is good agreement between the measurements
made with different devices: cone-plate and coaxial cylin-
ders. The small deviations, which are probably caused by
geometrical imperfections of these devices, are random.
Thus, it is possible to conclude that the theoretical result
concerning the independence of directional characteristics
on the total current and in particular on the magnitude of
shear rate vector (see equation (4)) is proved experimentally.
The solid lines (Fig. 6) stand for the Fourier series (5) cal-
culated from measured data and including the j8 terms up
toj = 2. The normalized current of the second sector has the
greatest standard deviation from the solid line (0.009). If the
terms up to j =4 are included in the Fourier series, this
standard deviation reduces to 0.0016.
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FIG. 6. Directional characteristics of the real three-sector
circular probe determined by experimental calibration. Solid
lines stand for Fourier series including j0 terms up to j = 2.
Dashed lines represent the six straight lines for calculation
of the flow direction by linear approximation. These lines
are delimited by the cross-points of Fourier series with j@
terms up to j = 4. (O) Cone-plate, y = 30 s~'. (@) Coaxial
cylinders, y = 185s~".
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By means of this Fourier series, the cross-points denoted
by cross-symbols were found. These are the boundary points
of the straight lines which can be used for the determination
of the flow direction @ in the linear approximation method
defined above. The standard deviation of the angles esti-
mated by this procedure is 5°. There are two unexpected
secondary maxima on the measured normalized currents:
one for I, and the other for I, corresponding respectively to
0 of about 60° and 300°. These deviations are caused by the
wide gaps between sectors: for these two flow directions,
new concentration boundary layers start on the rear sector
because there is no mass transfer on the insulation gap
between the two front sectors.

5. CONCLUSION

The three-sector circular electrode has the most convenient
geometry for measuring the wall shear rate vector: mag-
nitude and direction. Contrary to the two-sector circular
electrode, it gives good and constant precision for all flow
directions. Compared to the square four-segment probe, the
numerical determination of the flow direction is very fast.

Due to geometrical imperfections of the three circular
sectors, inherent in its manufacture, directional charac-
teristics are a property of each probe and must be obtained
experimentally. However, the calibration curve for a probe
can be used for all electrochemical reactions and fluid flows,
because the directional characteristics depend neither on the
total current nor (in particular) on the magnitude of the
shear rate vector.
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