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INTRODUCTION 

AN INCREASING attention has been devoted in the recent years 
to the study of wall turbulence mainly because the succession 
of events which lead to the fully developed turbulence takes 
place near the wall. Unfortunately, only few experimental 
methods can be successfully used in that region. Among 
them, the electrochemical method appears as the most appro- 
priate, enabling to measure the velocity gradient at the wall, 
over a distance from the wall not exceeding some 
micrometers [l-3]. 

The analysis of turbulent fluctuations can be done in 
the framework of a linear theory if the ergodicity and the 
stationarity of the time-dependent fluctuations can be 
assumed. 

In that case, it is known that the power spectral density 
(psd) I+‘, of the limiting diffusion current I, and the psd 
IV, of the wall velocity gradient a, are linked through the 
following relationship [4, 51: 

~,u-) = I-@YfN’~,u-) (1) 
where &(/) is the transfer function between I and a, depend- 
ing on the frequency $ 

A correct use of equation (I) needs two conditions : 

(i) The transfer function X’(f) must be accurately known 
in the whole frequency range. As a matter of fact, as attenu- 
ation takes place at moderate frequencies in a liquid, due to 
the high Schmidt number value (SC z IO’). the calculation 
of W, from the ratio IV,/]%‘(f)] is particularly sensitive to 
the precision on X(f) in high frequencies. 

(ii) Both the time-depending fluctuations and the average 
value must be uniform over the whole probe surface, a con- 
dition generally designated as homogeneity. As turbulence 
is characterized by a distribution of scales (in time or length), 
homogeneity is ensured only when the smallest length scale 
investigated is larger than the probe dimension. 

The calculation of.%‘(f) was performed in earlier works 
either analytically [6-81 or numerically [9-l I]. The former 
expressions corresponded to the local transfer function based 
on the local current density instead of the overall current 
integrated over the probe surface. An asymptotic behavior in 
je3” was then predicted [7,8]. The more recent calculations 
carried out for a real probe (i.e. of the overall current) give 
a f- ’ dependence [9-l I] which has been experimentally 
confirmed with two modulated flows: the rotating disk [I I] 
or the cone and plate device [ 121. 

In contrast, the limitation entailed by the homogeneity 
condition is not yet clearly understood and meets some exper- 
imental considerations. As a matter of fact, electrochemical 
probes are prepared so far in a rather tedious way by embed- 
ding a wire or a thin sheet of metal and sealing it with an 

epoxy resin in an insulating material. The surface is then 
polished so that only the cross-section of the metal acts as 
the electrode surface. 

Checking the homogeneity condition with this method of 
preparation raises some geometrical difficulties such as the 
contour definition of the probe or the crevice formation 
between the metal and the insulator. In addition, the probe 
size cannot be too small because those parasitic effects 
become larger. 

To overcome this problem, photolithography, which is a 
routine technique for preparing integrated circuits. was 
chosen as a new method for preparing microelectrodes. By 
this way, it is possible to obtain microelectrodes of various 
shapes with accurate dimensions. 

The primary aims of this work were : 

(1) Determination of the homogeneity domain, at least 
in the inertial range of turbulence, by an adequate choice of 
the probe geometry and dimensions. 

(2) Determination of the velocity gradient spectrum from 
the limiting diffusion current spectrum and its analysis under 
conditions fulfilling the theoretical requirements. 

The experiments were conducted on a rectangular channel 
approaching an ideal 2-D geometry : this allowed to verify 
some hypotheses related to the turbulent regime in the 
channel. 

PRINCIPLE OF THE ELECTROCHEMICAL 
METHOD 

The mass fluxes are measured by means of a redox reaction 
ox+ne- F? red, exchanging electrons with a metallic elec- 
trode flush with the wall (x, .z plane in Fig. I). When a high 
overvoltage (positive or negative) is applied to the electrode, 
one of the oxidized or reduced species is consumed at an 
infinitely fast rate at the metal/liquid interface, so that a 
perfect mass sink is obtained at the wall (C, = 0). On the 
remaining insulating area of the wall, one has dC/ay10 = 0. 

The limiting diffusion current density i measured in these 
conditions is proportional to the mass transfer rate J as 
follows : 

i=nFJ 

where J is defined by the first Fick law 
(2) 

J=-0% 

ay o 

F is the Faraday number (F = 96 500 C/equiv.), and D the 
molecular diffusion coefficient. 

In this work, the benzoquinone/hydroquinone redox 
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FIG. 1. Developing concentration boundary layer b(x, z) 
over a microelectrode of arbitrary shape in the x, z plane, 
placed in a one-dimensional flow U along the x-direction. 

couple has been used 

0 

II 

0 +2H++2e- $6 (PW~I=~)~ (4) 

ii 
I 

OH 

MASS TRANSFER ANALYSIS 

Consider a probe of an indifferent shape, flush with an 
insulating (x, z) plane (see Fig. 1). For a fully developed 
turbulent flow having its mean velocity value 0 along the x- 
axis, the three time-dependent velocity components are given 
by: 

O+ll 

IJU with jj = fi = $ = 0 
w 

where the bars denote time average quantities. 
In a liquid, the Schmidt number SC (SC = v/D, v  kinematic 

viscosity) is so high that the local thickness 6(x, z) of the 
concentration boundary layer remains very thin and allows 
the velocity components to be represented by their first term 
in a Taylor expansion. Thus 

u = a(x,z, t)y 

0 = sy, v = B(x, z, r)y’ (5) 
w = Y(X, z, r)y 

with CZ = /? = 7 = 0. 
Those velocity fluctuations induce concentration 

fluctuations 

with 

c= c+c(x,y,z,f) 

F= 0. 

The mass balance equation relates the time-dependent con- 
centration field to those velocity components 

;+“*VC= D AC. 05) 

FIG. 2. Rectangular microelectrodes array, sensitive to the x 
velocity component. 

Considering the correlations existing between the fluc- 
tuating concentrations and velocities, that is, for example : 
Cv # 0, and removing from equation (6) the stationary solu- 
tion, one has 

ac 
ar +0-g +u*VC+V(cu-?it) = DAc (7) 

where II has three components (u, v, MJ). 
Since only the x velocity fluctuations are studied in this 

work, the electrode shape must be defined accordingly. 
By using a set of rectangular electrodes separated by a 

very thin insulating gap (see Fig. 2) the first and second 
concentration derivatives with respect to z are eliminated. 
This is not true for the two edge electrodes which play the 
role of guard electrodes. 

When the microelectrode width I is small enough (Fig. 2), 
the concentration profile cannot develop far from the wall 
since : b(x) a x “’ [I31 and the effect of the normal com- 
ponent u, varying as y’, is negligible on mass transport [l4], 
A drastic damping close to the wall is also observed for 
the quadratic terms which cause turbulent diffusion: the 
quadratic term cu can be represented as a turbulent flux 
D-,.* (aC/lc?y), and the models proposed to predict the 
expression of DT, the turbulent diffusion coefficient, are gen- 
erally written as 

WV a (Y’)” 
with 3 <n Q 4 and y+ = yVo/v, where V,, is the friction 
velocity. 

There is also a lower limit to I below which diffusion 
in the mean Row direction becomes significant: this limit, 
determined by Ling, is such that [15] : 

S/‘/D r 5000. 

When the homogeneity condition is assumed to be verified 
(i.e. for an electrode of small area), Sand a are independent 
of x and z. 

With all the above simplifications, including homogeneity, 
equation (7) can be written as 

ac ac a% aC 
z+Syz-Ddy~= -ayz. 

The time average solution was given earlier by Leveque 
P51 

C=&rexp(-$dn (9) 

where C, is the solute concentration in the bulk and 
J(x) = (D/Sx) ‘/I. The local value of the diffusion boundary 
layer is 3?(4/3)8(x). 
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FIG. 3. Normalized transfer function H(u’)/ff(O) between 
the mass transfer rate and the velocity gradient 

(u’ = o(I’/DS’)“‘) defined by equations (12) and (13). 

In the Nernst approximation, the limiting current is given 
by 

I = 0.807nFD"'C 3"'I"'L. L (10) 
The right-hand side term in equation (8) represents the 

velocity perturbation which can be : 

(i) either imposed externally as a sinusoidal modulation 
of the laminar Row at frequency w/271 ; 

(ii) or induced internally by turbulence. 
In both situations, the Fourier transform of equation (8) 

leads to 

The tilded quantities denote Fourier transforms. 
The solution of this equation in case (i) can be expressed 

in terms of a transfer function H(w) between the mass trans- 
fer rate j(w) and c(w). 

H was calculated in [I I] vs a dimensionless frequency 
u’ = w(/2/Ds’) “’ : 

. in low frequency (a’ d 6) : 

IH( - = (I+0.056d'f0.00126u'4)-"' 
IH( 

(12) 

arg H = - arctan [0.276u’( I +O.O2u” -O.O0026u“‘)] 

. in high frequency (u’ > 6) : 

Wd 3.715 3.99 -= --- 
H(0) jd (ju') II? (13) 

The variation of H(u') is given in Fig. 3. 
Now, if the transfer function .zP(uI) defined by equation 

(I) is considered 

T(o) = .T(o)oi(o) (14) 
ficu) being directly proportional to &J) (equation (2)). the 
transfer function X(w) is also proportional to H(w) and 
Wo)/WO) = H(~)IW). 

Z(O) is equal to (1/3)(flS), the derivation offwith respect 
to S (equation (10)). Then equation (14) becomes 

Consider now the second situation. One can write also 
equation (14) where now a(o) is a random function induced 
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(b) 
FIG. 4. (a) psd of the limiting current fluctuations for a 
microelectrode with a length L = 200 pm. Reynolds number 
Rc = I5 800 ; SC = I 130. (b) psd of the wall velocity gradient 
fluctuations deduced from the data of Fig. 4(a) by applying 

equation (I). 

by turbulence and X(o) is the same transfer function as 
above (equation (16)). Therefore 

~&o)~2 = Ix(w)l**loi(w)l’. (17) 
As I&o)]’ and (oi(w)]’ are proportional to the psd W,and 

IV,, one finds again equation (I). W, is measured exper- 
imentally with a Fourier analyzer, X’(o) is theoretically 
known from equations (12). (I 3) and (16) ; thus I+‘, can be 
deduced. 

PREPARATION OF MICROELECTRODES: 
PHOTOLITHOGRAPHY 

The microelectrode designs are drawn at scale 100. A first 
reduction of IO is taken on a high grade film on which the 
electrical contacts are added, and after a second reduction 
of IO, the photographic mask at scale I is obtained. 

On a GaAs substrate doped with chromium (resistivity : 
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FIG. 5. psd of the wall velocity gradient fluctuations deduced from equation (I) for different Reynolds 
numbers and different electrode lengths. L = 100 pm (I) ; 390 pm (2) ; 1000 pm (3) : and 2485 pm (4). 

(a) Re = I 1250; (b) Re = 15 800; (c) Re = 24490. 

IO’ R cm), a photosensitive resin layer is spread with a 
constant thickness of 0.8 pm. The photographic mask, which 
is an emulsion on a flexible material, is placed against the 
GaAs wafer with the resin. The resin is then sunbathed with 
a U.V. mercury lamp and finally developed, leaving bare the 
&tAs portions corresponding to the electrode area and the 
electrical contacts. Before the chemical deposition of gold 
[l6], the bare surface of GaAs is activated with a solution of 
palladium chloride in acidic medium. The gold layer thick- 
ness is 1500 A. The sunbath technique with U.V. is used for 
a second level of masking in order to cover with insulated 
resin the electrical contacts and to leave only the active part 
of the microelectrodes in contact with solution. 

EXPERIMENTAL SET-UP 

The experiments were conducted on a fully turbulent flow 
in a two-dimensional rectangular channel. This channel (2.85 
m long, 12 cm wide and 1.2 cm high) was placed between 

two tanks (= 200 I). The flow through the channel was 
achieved by imposing a pressure in one tank, the other one 
being open to the atmospheric pressure. The electrochemical 
section was located at 2 m downstream of one tank so as to 
ensure fully developed flow conditions. The measurement 
was therefore performed in one direction, the fluid being 
recirculated toward the upstream tank after each pass. The 
pressure was controlled by a pneumatic feedback device in 
order to stabilize the flow rate value within +0.5%. The 
controlled voltage of the microelectrode sets to zero the 
concentration value of the reacting species at the wall. The 
diffusion current in the electrolysis cell was measured by 
means of a current follower. 

In order to compare the size effect of different micro- 
electrodes, the signals corresponding to all the micro- 
electrodes have been recorded simultaneously for ensuring 
the same flow conditions. 

The spectrum analyzer used (Hewlett Packard 545lC) 
allows the signal to be analyzed in a wide frequency range 
( 10W4-5 x IO4 Hz). In these experiments, the useful range was 
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FIG. 6. Apparent turbulent intensity at the wall deduced 
from Fig. 5, as function of the electrode length L. Gold 
electrodes obtained by photolithography (L = 23 pm) : 
Re= 11250 (+); 15800 (0); 24490 (x). Platinum elec- 
trodes obtained from a sheet of I = 50 pm : Re = IO 330 (A) ; 

I3 830 (A.) ; 22240 (0) ; and 24 325 (V). 

limited to IO-‘-IO’ Hz: the higher limit was imposed by the 
instrumentation background noise and the lower limit by the 
tank volume imposing the acquisition time for a given flow 
rate. 

TIME CORRELATIONS: ANALYSIS OF THE 
POWER SPECTRAL DENSITY (PSD) 

As mentioned above, the one-dimensional spectrum IV, of 
the longitudinal wall velocity gradient is obtained from the 
spectrum W,of the limiting diffusion current fluctuations by 
applying equation (I) with X’ defined from equations (12), 
(13) and (16). As an example, a psd of the limiting diffusion 
current fluctuations and the deduced psd of the wall velocity 
gradient fluctuations are shown respectively in Figs. 4(a) and 
(b). In the following, the IV, psd will be directly given. 

Five rectangular microelectrodes, of same width 25 pm 
and diRerent lengths between 100 and 1000 pm, have been 
prepared by the photolithography technique. The responses 

for other lengths can also be obtained by summing the re- 
corded signals of different contiguous microelectrodes, the 
effect of the insulating gap (Z 5 pm) being negligible. So, 
from the five currents recorded simultaneously, it is possible 
to deduce the currents for I5 lengths. 

The IV, psd corresponding to L = 100 or 390 pm are 
identical for Re = I I 250 (Fig. 5(a)) or I5 800 (Fie. S(b)) 
and slightly separated for &z = 24490 (Fig. 5(c)): ” . ” 

When the electrode length increases, the psd decreases 
especially in the low frequency domain. As there is only a 
small decrease in the high frequency domain, the slope of the 
spectrum increases with L. 

The relative turbulence intensity (S’)“‘/S is given in Fig. 
6 as function of the microelectrode length. For the low L 
values. the turbulence intensity is in good agreement with 
the experimental value 0.3 obtained by other techniques (hot 
wire anemometry. laser Doppler anemometry) at some dis- 
tance from the wall and then extrapolated [l7]. In particular, 
for L = 100 pm, this intensity is equal to &30+0.%2. 

In Fie. 7. (a’) “‘/S is also given vs a dimensionless leneth 
L+ = L?‘,/v.‘The relative intensity of turbulence is constant 
and equal to 0.3 below L’ E 20. This value of 20 must 
correspond approximately to the transverse turbulent length 
scale. 

A quantitative analysis was developed by Uberoi and 
Kovasznay [I81 who proposed a correction factor to treat the 
behavior of a hot wire anemometer with a length larger than 
the size of the smallest eddies. A ratio between the measured 
turbulence intensity and the actual one was obtained under 
the following form : 

(18) 

This analysis was based on the hypothesis of an homo- 
geneous and isotropic turbulence but these conditions are, a 
priori, not fulfilled with this flow geometry and close to a 
wall. In addition, the three integral correlation lengths, A;,, 
ATV or A:, must be very different. Whereas AIV had been 
previously measured around 480 [ 191, As cannot be clearly 
defined by the integral relation : 

A; = 
s 

om /(z+) dz+ 

because the longitudinal correlation function f(z’) becomes 
negative for large z+ values [20]. Following the data obtained 
by Campbell and Hanratty [2l], it is possible to estimate an 
upper limit of A: of 35 by writing 

s :: A; = o j(z+)dz+ 

:: corresponding to the value where .f becomes negative. 

1, 
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FIG. 7. Same data as in Fig. 6 reported vs the dimensionless electrode length L+ = LV,/v where V. is the 
friction velocity. Curve in full line represents the equation of Uberoi and Kovasznay 1181, equation (18). 
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FIG. 8. psd of the wall velocity gradient fluctuations as 
function of the wave number. L = 200 pm, SC = I 130. 

RF = II 250 (0); 15800 (0); 24490 (A). 

This AL value introduced in equation (18) gives a very good 
fit to the experimental data (Fig. 7). 

In fact, no correction is necessary if the dimensionless 
length of the electrochemical probe is smaller than 20. When 
L+ is larger than 20, the general equation (IS) must be 
applied. The data presented further obey the condition 
L+ s 20. 

Coming back to the psd of Fig. 5, the f.+ va!ue of 20 
determined above which ensures homogeneity, is consistent 
with the indiscernibility of the spectra at all frequencies for 
small length values. In fact, L+ around 20, considering an 
order of magnitude of IO cm s-’ for V,, yields L 2 200 
pm. Therefore, the velocity gradient spectrum of Fig. 4(b) 
correctly describes the aspect of the inertial range, which 
appears as a linear portion in the high frequency range with 
a slope - 1.65fO.l. 

This value is in good agreement with the second hypothesis 
of Kolmogorov’s theory of isotropic turbulence, revealing 
the existence of an inertial subrange near the wall for which 
a concept of local isotropy is thus likely to be applicable. 

In the experimental velocity gradient spectra, a substantial 
part of the inertial subrange is observed but the dissipation 
range (Taylor scale) at higher frequencies, where the spec- 
trum should fall off more rapidly, was not observed because 
of a limitation due to background noise of instrumentation. 

Considering the large structures associated to the low fre- 
quency plateau, the Taylor hypothesis can be used, assuming 
that the disturbances are transported with the flow rate V 
without distortion. Their wave number k is thus related to 
frequency by 

k = 2nf/ V. 

The velocity gradient spectra are shown as a function of 
the wave number for different Reynolds numbers in Fig. 8. 
It is concluded that, in this regime, the cut-off wave number 
k, is independent of the Reynolds number and equal to : 

k, = 1.9f0.3cm-‘. 

This value corresponds to a wavelength of 3.3 cm which 
is about 5.5 times larger than the half-height of the channel 
(0.6 cm). As this dimension is a limit to the size of the largest 
vortices, this accounts for a vortex stretching in the mean 
flow direction as already assumed in ref. [22]. 

CONCLUSION 

In conclusion, it has been shown that the polarographic 
technique applied to photolithography devised micro- 
electrodes becomes a really powerful tool for quantitative 
analysis of flows in the wall vicinity. As specific advantages. 
it has been pointed out that prescribed geometry and precise 
dimensions can be obtained so that a close agreement with 
theoretical requirements is ensured. 

The homogeneity domain for longitudinal velocity 
fluctuations was found to be consistent with a transverse 
turbulent length scale around 20. In the inertial range, a 
Kolmogorov type law f- “’ was found. 

The transverse turbulent length scale being smaller than 
the longitudinal turbulent length scale, the 20 value can be 
used in order to determine the diameter of circular or bi- 
circular electrode. One can now expect to obtain, with a much 
better accuracy than before, the one-dimensional spectrum of 
the velocity lluctuations in the transverse direction and 
the space correlations in the longitudinal and transverse 
directions. 
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