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An exact theory is given of the voltage-step transient under limiting diffusion conditions fc
electrodiffusion friction probe of arbitrary convex shape. The actual transient courses are giv
the strip, circular, elliptic, triangular, and rectangular probes of any orientation with respect f
flow direction. A simple formula for any probe with a single working electrode of convex sha
suggested to facilitate the calibration of electrodiffusion probes based on the voltage-step trar
Key words: Unsteady diffusion layer; Limiting diffusion current; Wall shear rate.

The electrodiffusion (ED) technique, called sometimes the limiting diffusion cur
techniqué, is frequently used for various hydrodynamic studies, in particular for |
measurements of wall friction paramefefsrepresented either by the wall shear stre
or wall shear rate. In typical hydrodynamic or calibration ED experiments, the a
part of an electrodiffusion friction probe (EDFP) is the plane sufaéeg. 1) of a thin
metallic sheet, wire, or other profile, embedded in the insulating2w&liom the elec-
trochemical viewpoint, the EDFP is an electrolytic cell with a small working elect
1 which controls the overall rate of electrolysis, and a larger grounded auxiliary
trode 3 made of a stainless steel capillary. The versatile EDFP as a whole is mo
flush with the wall6 of a hydraulic set-up by means of a suitable fitBndhe primary
signal of an EDFP is the electric currént I(t).

For a given EDFP and a given electrolyte solution, this signal depends only ¢
velocity field in the diffusion layer of the working electrode, commonly represente
the surface field of the wall shear ratg,|,., = . The calculation ofj = q(t) from the
primary signall = I(t) can be based on either the complete theory of the proces:
cluding all the related parameters) or a suitable set of calibration data. In an onc
series of papers, we suggest a combination of calibration experiments enabling t
mary data of both the single and direction-sensitive ihulti-segment) EDFP to be
evaluated under unsteady-flow conditions, including transient (aperiodic) flows
fluctuating flows with large amplitudes.
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The actual purpose of the present paper is to generalize the existing two-dimer
exact theory of the potentiostatic transient for EDFP with a single working electro
convex shape.

THEORETICAL

Steady-State Calibration

Under steady-state flow conditions with constanthe steady local limiting diffusion
current density is given by the well-known formula which follo#édirectly from the

Faraday law of electrolysis for a couple of depolarizers, Ox e~ Red, and the
classical Lévéque theory of convective diffusion:

i =i (x) =a¥nFcPDPg Y3, al?= 9‘”3/F%§ : @

Here, x stands for the distance between a point on the suKaafethe working elec-
trode and its forward edge taken in the flow direction (Fig. 2). Other quantitie:
specified in Symbols and Definitions.

The measurable steady total currman be calculated by integrating Eq. (1) o&er
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Versatile multi-segment EDFP and the calibration set-up generating a steady viscometric flow
gap between fixed (outer) and rotating (inner) cylinders. EDA: Electrodiffusion interface for bi
potentiodynamic control and current/voltage converting, PRQBf&orking electrodes? insulating
resin, 3 stainless steel capillary (holder and auxiliary electrodejhree-channel connector with :
screening/grounding contad, versatile fitting with O-ring6 wall of a hydraulic set-up (the CALI-
BRATOR in this case)
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where the geometry and orientation of the electrode are represented by its area,

w
S , 3
a=],10) dy (32)
and equivalent transport length,
e (2B gl
Lg :jo| dy/_|'oldy. (3b)

The functionl = I(y), y O (OW) completely describes the relevant geometry of
oriented working electrode by giving the local transport lengths of infinitesimal s
parallel to the flow direction, as shown in Fig. 2. Note that, for any convex sufa
the functionl = I(y) displays only single local maximuin This maximum transport
length is related to the equivalent transport length by the geometrical simplex

W= (L)%= QZV(I/L)% af an) dyg . 39

Formula @) in the forml =k g'® with k,_taken from the theory, has frequently be
used for determining shear ragét) = (I(t)/k.)® from primary fluctuating data on the
electric currentl = I(t). Such an approach, which assumes the electrodiffusion t
nique to be an absolute and quick (no delay) measuring method, is based on !
assumptions:

1. No additional electrode reactfofreduction of dissolved oxygen or traces of r
ducible organic compounds, electrolysis of water) occurs at the working electrods
2. Various side effects, such as ohmic and charge-transfer resistaficasface
blockagé! or roughnes¥, migratior\'!3 longitudinal* and transversét diffusion,

anomalous velocity profifé, are negligible.

Fic. 2
Side and front view on a working electrode with
surfaceA. v(2) velocity profile within the diffu-
sion layer of time-dependent thickness d(x,t) L
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3. All the calibration parametersng, c®, S,, D, I(y)} are known with acceptable
accuracy.

4. The changes of wall shear rate are so slow, or the sensor’s response is so f
the steady-state relatior2)(can be used under unsteady-flow conditions within
frame of a so-called quasi-steady approximation.

Since some of the aforementioned assumption may not be fulfilled, the electroc
cal system used for the ED measurements should be calibrated. There are three <
calibration experimentsupported by our ED software

1. Polarization (current—voltage) curi«l in steady state at a given wall shear ra
The main purpose of this experiment is to check the limiting diffusion plateau al
adjust a suitable constant overpotential for hydrodynamic measuréments

2. Steady calibration curvie—q under steady limiting diffusion regimee. at a suit-
able constant overpotential. The main purpose of this calibration is to check the b
for the theoretical Lévéque proportionalltyd g3 and to determine the proportionalit
constant. Anyway, the side effects — free convection and lateral diffusion at low
rates and ohmic or charge-transfer resistance at high shear rates — can be tak
account by an appropriate calibration fornifila

3. Voltage-step transient cur¥et under steady (non-zero) flow condition and a st
able constant overpotentiél. This transient experiment can easily be run withou
special potentiostat as it can be started by switching on the outer circuit to a pre
mined constant overvolta&’. Under ideal limiting-diffusion conditiond,e. with
negligible ohmic and charge-transfer resistance, this process is knownpatehgos-
tatic transient-2°.

The first two mentioned calibration procedures aim at a correct interpretation c
ED experiments under steady-state conditions. The potentiostatic transient pre
some information about dynamics of the EDFP.

Dynamic Calibration: Cottrell Asymptote and the Complete Transient

The response of the ED probe in the early stage of potentiostatic transient expel
t - 0 (under idealizing assumption of negligible ohmic and charge-transfer resist
smooth surface, and high enough overvoltage), is given b@dtteell asymptotz!©-20

I(t) =kotV2 . @)

The transient experiment under ideal conditions provides the Cottrell coeffic
ke = TrY2nF cPS,DY2. With lack of direct steady calibration data, it can serve for pat
calibratiort®, e.g.for a fairly accurate estimate bfat a giveng. If both the steady anc
transient calibration data are available, they provide sufficient information abou
namics of ED probe under flow fluctuatfofy?:22
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The chance to determine the Cottrell coefficient by direct measurements und
Cottrellian regime is strongly limited by several factors:

1. The assumptioit’’?= constant inevitably fails far — 0 because the initial curren
cannot be unlimited. When the diffusion resistance close to the working electrc
negligibly small, some other transport resistances in the electrolytic cell (oh
charge-transfergtc) will control the current at a given overvoltage.

2. There is an intrinsic uncertainty (of a few microseconds) about the “true ste
instant”t = 0 of the transient process? the impedance of the electrochemical systi
(including the capacitance of electric double layers), limited speed of spreadin
concentration signal, and additional ohmic and charge-transfer resistances are ne
in the oversimplified Cottrell theory, Ecd)(

3. There are some hardware limitations (delays of a few microseconds) of syr
nizing the starting voltage step with the data acquisition system.

4. Additional ohmic and charge-transfer resistances, negligible at common ste:
fluctuating flow measurements, can affect strongly (either suppress or ehtfanice
transient signal within the range of higher current densitiesfor the early stage of
transient experiments.

5. Surface roughness may strongly promote the currents by enhancing the eff
area of the thin penetrating concentration boundaryfaybich envelopes the actual micrc
scopic surface. This effect can, however, be strongly suppressed by using the ED prob
properly polished bulk platinuthor lithography-devised microelectrodés

6. At longer times, the transient currents deviate from the Cottrell asymptote be
of convection effects. Ultimately, the steady convective diffusion governs the €
process and the currents reach their steady, Lévéque asymptote accordin@2jo Ec

It would be preferable to record the overall transient process and to treat the
range primary transient data within the frame of a complete theory for accurate
mination of both the asymptotic parametigsl.. In particular, it is quite reasonable t
use the well-known theory of transient convective diffuéiof?in analysing the tran-
sient data within the region of lower current densities where the extent of seco
effects is comparable to those at the constant-voltage ED hydrodynamic measure

A suitable combination of the mentioned two quantities is the transienttjrtte
time coordinate of the cross-section of the Cottrell (penetration) and Lévéque (st
asymptotes, see also Fig. 3. From the definitionk.t;¥2, we obtain:

t = tolL) = Br(Ld = Frmy] T(L) - ©)

By using the concept of potentiostatic transient tigyghe existing two-dimensiona
exact theory of the potentiostatic transféwetin readily be extented for EDFP with
single convex working electrode of any shape as both the shape and orientati
completely characterized by the functiba I(y).
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Fundamental Transformation for Arbitrary Convex Surface

Let us assume that the surface distribution of the local current density during the |
tiostatic transient procesisE i(x,y,9, is known, and can be expressed in the form

ieyD/i () = N[B()] - (6)

The variablesN andd = 3(x) = rat/t(X) are normalized in such a way, that both t
Cottrell and Lévéque asymptotes can be expressed in the following simple way:

By using the obvious proportionalities(x)/i, (a) = (x/a)~X3, 9(x)/3(a) = (x/a)~?/3for
anyx, a the transient currert= I(t) can be calculated according to the scheme

1015= | NIOGTiL (9 e o] [ 1,09 ey =

W w
= [ N3 L)L) 2122 dylf 122 dy=MZB(L)] ®
0 0
whered(L)= mat/t(L), and
[ [ 1
Na[8] = [ N[(/1)29]x Y3 cbe/f x5 dx = N[8s™] ds . )
0 0 0
300 [~ 7
I, pA
200 i l
A
Cottrell asymptote “\
I= kofY2
1o | fEveaueasympte > oS 1

Fic. 3
Definition of the transient timé, for given asymptotic parameteks and |
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The new choice of normalized time variable for the electrode as a whole, accord
the definition b) of the potentiostatic transient tintg= ty(Ly),

0=0(L) =t/t(Le) =29 (Lo = 2yB(L) |, 10)

is reflected by the corresponding transformatig@)il = ME[(qu)‘le(Le)]. For an infinite
strip of the transport length, we havel(y)/L = 1, ¢ = 1 and, therefore,

1(®)/15= M[6] = Ny, [£ 6] = J'OlN [(6sds . 1)

By combining Eqs&)—(11), the transient characteristic for any surfécean be written
as:

1()/1s= M, [6] = IWM [(I/Lg)~230]123 dy/_|'WI2’3 dy (12
0 0

which expresses the effect of the directionally dependent shape of working electrc
its normalized transient characteristic.

Some algebraic symmetries of the functiodia[6] with respect to its argumeht= |(y)
are used in the following analysis. Neithfgmor M,[0] change under the two-parame
tric affine transformatiori(y) — al(by). The only chang®(x) — 6(ax) = a23(x)
reflects the size dependence of the transient time

Transient Characteristic for an Infinite Strip Surface

The transient mass transfer after a step change of the wall concentration from an
value c® to zero, within the approximation of concentration boundary layer (f
enoughgl?D), was originally studied for an infinite strip of a constant transpo
lengthl(y) = L. The corresponding parabolic boundary-value problem,

oc +qa,c=Do, L (139
c=c; for(z — »)or(t<0) or(x — 0) and(z> 0) (13b
c=0; for(x>0)and(z=0) , (139
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can be solved analyticaf§?*to provide the surface distribution of local current de
sities in the form of a slow convergent series:

N[O(X)] =1+ g3 F(%) Za,‘]l exp(—%ﬁﬁ) Ai (Bﬁ) (149
n=1
9,=a,0Y(am) 2 9(x) | (14

where a, < 0 stand for the zeroes of the Airy function, A= 0. This series was
integrated numerically according to the definitio®%, (11) and the result was ex
pressed with an accuracy to 8 valid decimal digits by the empirical formulas:

P2+ (1+k)B-gy(6); foro<?

MO=5 e > (19
ko=3 j:(N[a] -97Y292d9 = 0.0199693... 16a)
£o(0) = Eof exp [071 - 4/ 0,67 (16b)
K0, 4
£.(0) = exp(-E.0) Y £, 07 (160)
k0.4

with the parameters given in Table I. The exact coursd sfN[J] lies close (with
deviations below 4%) to the simple prediction based on the concept of travelling
sion wavé®>?5

_dY2: forg <1
NI = ford > 1 , (17

which provides an approximation k[8] by the simple form

-1/2 :
PY2+20; foro<?

M[®] =5 - foB >?°
0 ’ 4

(18)
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corresponding to Eqslp) with ky = 0, £4(8) = 0, &,(6) = 0. The maximum difference
between this “rough” approximation and the exact result for the strip is less than |

With the known transient functioM[6] for infinite strips,M,[6] can be calculated
for any convex surfacA from Eq. (2).

Circles and Ellipses

Both the general functional8d), (12) are ratios of integrals of= I(y) over the domain
y O (OW). It is obvious from the circular symmetriy(2R — y) = I(y), and from the
additivity of both the numerators and denominators in the functio8gls(L2) that the
integration over the subdomain(1 (O, WR) , whereW = L = 2R, will provide the same
result as for the entire domain, see also Fig:he shape characteristic for the circul
contour can be written a§)/L = (1 —b(y —a)?)?, whereb = R, a= R. The substitu-
tion I(y)/L = s*2, i.e.dy/W O (1 —s)"Y2ds, transforms the original integrals in Edc)
and (2) to quadratures:

TaBLE |
Coefficients of the empirical approximationk6f), (16¢) for the local transient functioN=N[3].

) 3.704842E-3 Ew 0.2249143
€0,0 0.9912E-2 €00,0 0.01778242
€0,1 1.483887E-2 €c0,1 1.313781
€0,2 —2.479827E-3 €c0,2 —9.53622
€0,3 2.20265E-4 €00,3 49.87767
€4 —7.42231E-6 €o0.4 —122.8633
VX I: I= I(y) >¥
> | m |
— _|i_
4 _
-y F T
—> | R
_— :
_—pe - T
e |
. :
—> |
Fic. 4 e :
The distribution functiorl = I(y) for a circle o T —
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Pe= a;sm(l -9 ™2 dsff (l)sﬂ2 (1-9) 712 dsg =1.1474442... 199

MJ[6] = j :)M [Wles13]s3 (1 - 9712 ds/J' (l)sﬂ3 (1-9)V2ds . (19b)

The accuracy of this quadrature with singularities on the boundaries was improv
using asymptotic formulas in the bounding regians, O:

€
| M [asV3)sY3 (1~ 5) Y2 ds= a V%632 (2 + L) (209

| i M [as3]s¥3 (1 - )2 ds= M [a] 2e¥2 . (20b)

Selected numerical data &#:[0] are given in Table II.

For an ellipse of any orientation of its main halfaxis with respect to flow direct
the distribution of local transport lengths can be expressed in the same form as-
circle, I(y)/L = (1 —b(y — @)?*?, with the parameters, b, awhich depend both on the
size and orientation of the ellipse. The transversal scaling factor has no effect
ratio of the two integrals along the same domain and, hence, the resulting tra
characteristic is the same as that for the circle. The transport lepfh an ellipse
contour of varying orientation is given by the formula

Le= W22l (1 + KA)Y2I(L + K2LIWR)V? | 2y

wherel,, Wy characterize the size agk = tan (p), the orientation of the given ellips
(Fig. 5).

Triangles

For a right-angled triangle of length and widthW, we havel(y)/L = y/W =Y and
hence, fo® = B(L,) = O(W¥2L),

1 1 ﬁ
Pr= éLoYm av/f Y dYE =3 (223
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TasLE Il

Exact data on transient characteristidg(6), obtained by numerical integration

Mw(6) Mg(6) Mc(6) M+(8)
63/2
Eq. (18 strips circles triangles

0.00 ) [ 00 )

0.25 1.64619 1.64737 1.64956 1.65616
0.50 1.35325 1.35511 1.35849 1.36805
0.75 1.22294 1.22538 1.22967 1.24099
1.00 1.14815 1.15111 1.15609 1.16840
1.25 1.10023 1.10366 1.10912 1.12185
1.50 1.06771 1.07159 1.07731 1.09000
1.75 1.04497 1.04926 1.05502 1.06731
2.00 1.02887 1.03355 1.03911 1.05072
2.25 1.01752 1.02251 1.02766 1.03837
2.50 1.00970 1.01484 1.01941 1.02907
2.75 1.00456 1.00960 1.01349 1.02202
3.00 1.00152 1.00609 1.00928 1.01665
3.25 1.00016 1.00378 1.00631 1.01255
3.50 1.00015 1.00229 1.00424 1.00943
3.75 1.00000 1.00136 1.00282 1.00706
4.00 1.00000 1.00079 1.00185 1.00526
4.25 1.00000 1.00045 1.00120 1.00389
4.50 1.00000 1.00025 1.00077 1.00287
4.75 1.00000 1.00014 1.00050 1.00211
5.00 1.00000 1.00007 1.00032 1.00153
5.25 1.00000 1.00004 1.00020 1.00111
5.50 1.00000 1.00002 1.00013 1.00080
5.75 1.00000 1.00001 1.00009 1.00057
6.00 1.00000 1.00000 1.00006 1.00041
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1 1 1
M [6] = [ M [WreY-29 Y22 dv/ OY% dy=| M [Y716s29] ds . (22b)

The characteristick, Y do not depend on the triangle width It is obvious from Fig. 6
thatl = I(y) for a general triangl& is the same as for the pdif of two right-angled

triangles with common value d&f and of widthsw,, w,. Hence, the transient charax
teristic M+[0] is the same for any triangl8elected numerical data dM[6] are given

in Table 1.

Rectangles

A probe of a rectangular shape characterized by its lengtlhg = w, and the inclina-
tion angleg, is shown in Fig. 7. By transformingto the trapezoid\' with the same
I = 1(y) characteristic and using the additivity of the individual surface integraB ir
and (L2), it is easy to obtain the following final expressions by applying the result:
the strip and triangle:

\\ Fe. 5
N\ Transport parameters for an ellips
aslant to the flow direction

Wo

|
§
|
|
|

Fic. 6
The distribution function = I(y) for a
triangle
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Yr= HHVS + EWTHHVS + WTHHZ (233

1
Mg [6] = [IWM [WR] + gwrf M [WR'0S29] ds{ivs + owa] (23D

wheref = 6(L,), and

L=minfLy/ cos(@) ; wy/ sin(@): (249)
wr=miniosin(@); W, cos(9): (24b)
W= [Lo Sin (@) - Wy cos(@)] (249
Lo=WRL . (249

The resulting transient characteristics for a revolving rectangle change within the
Ma(B) = M(B) for a two-dimensional strip

p=0,L=Lg, wy=0,wg=wy or =172, L=w,, wy=0, wg=Lg ,

|

<

EERRRRRRRR

Fic. 7
Transport parameters for a rectangle
aslant to the flow direction
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andM,(B) =M(0) for a pair of identical triangles

1p=arctan(wy/Lg) , Ws=0, L =(LZ+wW)¥2, wy = (Lg% +wgd) 2 .

RESULTS AND DISCUSSION

Representation of Theoretical Results

A selected choice of exact data about the transient characteristics is given in T:
and Fig. 8. The data (generated by numerical integratiof &ranging from 0 to 8 at
steps of 0.025) were further treated to obtain simple empirical representations

can easily be implemented into computer progfdfies automated control and treatin
of the electrodiffusion calibration experiments. The choice of the empirical forr
with four adjustable parametels, b,, bs, 8,

[DY2 (1 + b,0%2 + b,082 + b,092) ; ford <8,

Mf [e] = : @or eo

(29

is motivated by the analytical result8) for the travelling-wave approximatié?®
which was already used in ED experiméht€ The parameters of this formula give
in Table Il were adjusted by minimizing the maximum of the relative devidli(see
also Fig. 9):

A=NO) =M, [B]/M;[6] = 1, A= maxJA@)]] - 26)

Fic. 8
Exact transient curvebl, for variousA, see
also Table II.S infinite strip (a rectangle with
neglected transversal edge effecfB)triangle
of any orientationC circle (and ellipse of any
‘ ‘ orientation),W travelling wave approximation,
1 2 9 3 Eq. (18)
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The common task of the data treatment is the extrapolation of the experimenta
sient data obtained for a finite time interval to the asymptotic rediond) (Cottrell
asymptote] = ko719, andt - o (Lévéque asymptotd,= 1. It is obvious from the
present theory that the transient current approaches rapidly the steadyl \vaahae
hence it can be directly measured. On the other hand, the Cottrell coefficient ¢
obtained only by applying a suitable extrapolation procedure. The most suitable v
the data treatment aiming at the determinatiok.a$ to fit the data by a cubic polyno
mial in the coordinateg’?l(t) vs #2. This choice follows from the Eg2%), which can
also be written in the form

TasLE Il
Polynomial approximations tM,(0) for strips, triangles and circles

Stri Trianal Circles
Parameter rps rangies
new fit new fit
new fit old fit?’ Eq. (18)
by 0.152770 0.173610 0.1518270 0.153465 0.148148
b2 —0.000181 —0.005989 —0.000655 0 0
b3 —0.000267 —0.000042 —0.000497 —0.000416 0
6o 2.48 3.22 2.73 2.58 2.25
Xo 3.90 5.80 45 4.15 3.28
M+ 6q] 1.0020 0.9999 1.0016 1.0001 1.0000
Doy, % 0.11 0.07 0.09 0.42 0.98
0.002 T T T
A
-0.002
—0.006 |_
Fic. 9
Relative deviations of the polynomial approxi-
mations toM,(6), see also Table 1110 the old
fit for circle taken fron’, the other labels, .,

have the same meaning as in Fig. 8 0 1 2 3 g 4
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L+ b X +bX2+byX3; forX <X, )
_%1/3 ot X, | (27)

where
Y= GWMA =2 [(t)/ke, X= 032 = (t/t0)3’2 = (IE,/kC)3t3’2 , (28a,bh

and the coordinates’], X;] of the cutting point (the beginning of the ultimate stea
line | = I within the accuracy of the approximation used) were given in Table IlI
various values ofA, (Fig. 10). For a working electrode of a given shape,with
known parameterb, , X,in Eq. €7), the transient data treatment reduces to a nor
near least-squares fitting with only two free parameteyd,, ort,= (ko/1J)2.

An Example of Transient Data Treatment with Extrapolations

A set of transient data for several shear ratesbtained in a calibration set-tfs
shown in Fig. 11. The EDFP used is equipped with a single circular electroc
diameter 0.5 mm. The EDFP operated under cathodic reginre—0.8 V) in an equi-
molar K,Fe(CN)/K;Fe(CN) aqueous solutiorg® = 25 mol m?®, containing 2% KSO,
as a supporting electrolyte. The transient currents were measured with a 6-cl
EDA electrodiffusion interface (Fig. 1), which operated in the range up to 1A00

1.8

. T
-
1/2
87 °My /
. C

93/2 6

Fic. 10
Polynomial representation29) of the transient curves, see also Table Ill. Labels have the s
meaning as in Fig. 8, the dashed curve corresponds to the steady-state asyiptote,
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The normalized voltage output signali V was sampled at a frequency of 2 kHz a
digitized by using a 12-bit AD transducer.

The resulting transient data, serving origin&lp confirm a good electrode qualit:
in the region of higher current densities, are shown in Figs 11 and 12. A few first
in all the runs, fot < 10 ms, are distinguished in both the graphs by empty circles.
obvious from Fig. 12 that these data display a systematic deviation from the Ci
asymptote and should not be used for determikingVith the 1 O0QUA current range
and the 12-bit AD transducer, the digitized current signal was recorded with an er
1000/22= 0.2 A, low enough to obtain fairly accurate transient currents>as0 pA,
but inappropriate for measurements of steady currents in the region of 18126
cause of the data dispersion, obvious in Fig. 12. In spite of this noise, the stat
smoothing of the data by using E@7) for the circle contour of the ED sensor provid
very accurate estimates of the Cottrell coefficientgiven in Table IV.

1E+3 T T

I, pA

1E+2}
Fe. 11

Set of the potentiostatic transient curves
for a circular ED prob¥ in primary coor-
dinates. The data fdr< 10 ms are distin-
guished by empty circles, labels give the
shear rates (in"Y in the experimental
runs, see also Table IV e 1o 1é_1t S‘ 1E+0

10 T T

2

1/2 3 [ [
It le I ¢ 4 §5
uA s

Fic. 12

Set of the potentiostatic transient curves
for a circular ED prob¥ in modified coor-
dinates. The data fdr< 10 ms are distin-
guished by empty circles, labels identify
the experimental runs in Table 1V, dashed
lines show selected curvés= const in the
region of low currents
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The accurate knowledge of the complete theory can serve for extrapolation
early transient data, << t;, towards the steady asymptote. According to the thec
reflected by the approximate relatid?7), the linear term of the expansion

ItY2 = ke + B;t¥2 + B,t%2 + B3t9?2 9

whereB; = b/t3/?, can be used to predily

K aieed K
3= = o =—8,, 30
S bl dt3/2 E{ﬁo bl 1 ( )

whereB; is obtained by data fitting, and the shape-dependent coeffiziéngiven in
Table Ill. The extrapolation estimates kf(Table IV) agree very well with the ex
perimentally determined values.

Equivalent Transport Lengtheland Form Parametey

The equivalent transport lengthwas chosen in such a way that working electrode:
the same area under the same transport conditions (solution, flow speed) manif
same steady currehfand, hence, the same potentiostatic transient tjimehe auxi-
liary form parameterp = (L/Ly)%® > 1 facilitates calculation of, from primary infor-
mation,| = I(y), about geometry of the oriented electrode (Fig. 2).

In particular, we havé, = 1.62R for a circular electrode of radil® in agreement
with the estimate by Hanratty and Riess, nategl in>?2. The same estimate work

TasLE IV
Estimate oflsfrom an early period of the transient datas< t,. |, extrapolation according to EGBQ);
Is actdirect experimental values

Run No. q st ke JASY2 By, pA st ty S ls fivy KA ls act MA

1 470 7.015 208.1 0.0297 40.7 40.7
2 371 7.017 87.6 0.0529 30.5 30.8
3 291 7.018 63.0 0.0659 27.3 28.1
4 203 7.016 47.4 0.0796 24.9 24.7
5 127 7.045 29.3 0.110 21.2 21.5
6 63 7.071 14.8 0.174 16.9 16.6
7 14.3 7.071 7.36 0.277 13.4
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Dynamics of Electrodiffusion Friction Probes 415

well even for the flows with apparent wall slip effeéétd.e. for non-linear velocity
profiles within the diffusion layer. The variationslojL, with the flow directiong are
shown for a rectangular probe in Fig. 13.

The normalized courses of transient characteristics in Figs 8 and 10 show ju
shape-dependent differences between two electrodes of the same transport |€ogtt
transient timety). In most cases (except for the triangular electrode), these differe
are negligible.

Note that when the potentiostatic transient tigend steady-state curreipire taken
as the primary quantities from dynamic calibration experiments, the question of a
acteristic electrode length become irrelevant.

Accuracy of Various Representations of the Transient Characteristics

The exact theory of the potentiostatic transient (neither in terms of local current
sitieg®24nor for the infinite strip sens®) was used in rational treatment of the e
perimental data. The approximate formulas for the circular sefisased in the ED
softwaré’, deviate from the exact theory more than by 0.5% (see Table Il and F
old fit for the circle) and, hence, they are not suitable for accurate extrapolation {
dures. On the other hand, the simplest approximation formula, based on the con
travelling diffusion wavé>?% does not deviate from the exact results for any con
electrode by more than 1.5%. The newly adjusted approximate formulas2(Bg&0)

and Table IIl), make it possible to determine the asymptotic paranmietets | by

10

LelLy

¢ deg

Fic. 13
Dependence of the effective transport length on the apdte rectangles aslant to the flow direc
tion, see Fig. 7. The numerical labels of individual curves give the valueg/lgf, solid points in-
dicate the critical anglep = arctan /L)
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extrapolating the experimental data from the finite interval of timés(t,,2t,), and
currents] < 1.5 The validity regions of the asymptotes are indicated in Figs 8 an
by dashed lines.

Experimental Conditions for an Accurate Dynamic Calibration

Both the range and sampling frequency of the measuring line (current follower —
age amplifier — AD transducer — computer) for accurate transient measurements .
be adjusted to cover the above-mentioned criteria. Unnecessarily high samplin
guencies or current ranges cannot provide accurate estimd¢gdpibecause of low
resolution of the digitized signal. The optimum range of the current follower shouls
exceed the levell2 At the same time, the current follower circuit itself must not
strict the currents range in the early stage of the transient experiment.

CONCLUSIONS

An exact theory of the potentiostatic transiard. the voltage-step transient under tt
limiting-diffusion conditions) was presented for electrodiffusion friction probes v
working electrode of any convex shape. In suitably normalized variddlaad®, the
shape dependence is very small and is displayed by the difference between the
for strip and triangular electrodes.

From the theoretical viewpoint, geometry of the electrode in flow of a given di
tion is specified by its area and the equivalent transport ldngtRor practical pur-
poses — in flow measurements with a dynamically calibrated EDFP - the
meaningful calibration parameters are the steady limiting diffusion curyand the
Cottrell coefficientkc or the corresponding potentiostatic transient tigie (ko/19)2.
Note that this approach was originally suggested and applied by Pokryvaylo i
Ph.D. Thesis in 1967 (see ff.

For calibration experiments, the transient characteristics for strip, circle, ellj)
triangles and rectangles with arbitrary orientation to the flow direction were re
sented by simple but accurate polynomial formulas.

Statistical treatment of the voltage-step transient data with large dispersion, t
of computer-controlled experiments with a low-resolution AD board, can remark
improve the accuracy of resulting calibration paraméitgrs,, andt, when based on
the presented correct theory of the (complete) transient process.

SYMBOLS AND DEFINITIONS

A surface of working electrode

b, B coefficients of semiempirical represetantions, Exf,((30), Table IlI
cP bulk concentration of depolarizer, mot#n

D diffusivity of depolarizer, hs®
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F
h
i
i

L= 1(1)
Is

ke

ke
I=1(y)
L

Lo

Le

M[6]
Ma[6]

M 6]

N

N[B ()]
Ni[$(L)]

-

n
q
R
Ro
S

= 96484.56 C mot, Faraday constant

width of gap between cylinders, m

local current density, A m

local current density according to Lévéque theory, Eg.A m™2
transient current under potentiostatic conditions, A

steady current according to Lévéque theory, Bg.A

= TY2nFcPS\DY?, Cottrell coefficient in Eq.4), A s¥2

= (%(}()1’2 nFc® D?R S LaY3, Lévéque coefficient in Eq2), A s/3
distribution of the local transport lengths, Fig. 2, m
maximum transport length, Fig. 2, m

width of a rectangle, Fig. 7, m

equivalent transport length, E@bj, m

= Md#], transient characteristic for a strip electrode, Bq) (
shape-dependent transient characteristic for suaéa. (L2)

approximate representation to transient characteristic,255a0d Table Il

normalized local current density, E®) (

local transient characteristic, E@) (

transient characteristic for strip, EQ) (

number of electrons involved in electrode reaction

= QRy/h, wall shear rate in calibrator;ls

radius of circular ED probe, m

radius of rotating cylinder, m

area of A,

time, s

= (ko/ls)?, potentiostatic transient time, Edp),(s
overvoltage between working and auxiliary electrode, V
velocity profile within diffusion layer of working electrode, m s
length of rectangle, Fig. 7, m

partial widths of striplike and triangular parts of rectangle, Fig. 7, m

partial widths of triangle, Fig. 6, m

transport width of probe, Fig. 2, m

distance to forward edge, Fig. 2, m

modified coordinate for plotting transient currents, B8
transversal coordinate, Fig. 2, m

modified coordinate for plotting transient currents, Eaf
distance to surface, Fig. 2, m

= 9‘2’3/F2(g), constant of Lévéque theory, Ed3 and Q)

= (%1'[0()‘1 = 0.48810398..., constant in definition of transient time, BEQ. (

relative error of approximation to transient characteristic, ). (
maximum toA

deviations from travelling wave approximation, E48)(

= 0(Le), normalized time for whole electrode, Eg0Y

= J(x) = ut/t(x), locally normalized time

= tan (p), directional parameter for elliptical ED probe

= 03(X)/D = x¥3q?D~13 modified local transient time, s

angle of inclination, Figs 5 and 7

form parameter of oriented electrode, E2f)(

angular speed of rotating cylinder, rad s
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s4uwxmo>

Subscripts
any convex surface shape of ED probe
circles and ellipses of any orientation
rectangles of any orientation
infinite strip of any orientation
triangles of any orientation
travelling wave approximation
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