
ORIGINAL PAPER

Electrodiffusion diagnostics of laminar flows using the delay-time
method

S. Martemianov Æ Yu. K. Evdokimov Æ
X. Adolphe

Received: 7 March 2007 / Revised: 16 July 2007 / Accepted: 18 July 2007 / Published online: 14 September 2007

� Springer Science+Business Media B.V. 2007

Abstract Electrodiffusion diagnostics are widely used for

measurement of local wall shear stresses in liquid flows. At

present, this method requires special electrolytes, so the

applications are limited to laboratory conditions. Another

problem concerns the dependence of the limiting diffusion

current on the electrode surface state and on the bulk con-

centration of the electroactive species. In this paper, it is

shown that the delay time between generation of the elect-

roactive species and their detection on the downstream

electrode, is directly related to the local wall shear stress

value. Thus, the measurements of the delay-time open a new

way for the study of near-wall hydrodynamics. This new

method has been confirmed experimentally using an elec-

trolyte containing the conventional hexacyanoferrate(III/II)

redox couple, as well as with the chlorine (chloric(I))/

chloride couple in an electrolyte similar to seawater.

Keywords Electrodiffusion diagnostics � Mass transfer �
Flow measurements � Delay-time

Nomenclature

Symbols

c Electroactive species concentration, mol m–3

c0 Bulk concentration of electroactive species,

mol m–3

D molecular diffusion coefficient, m2 s–1

EG, E Electric potentials of electrode, V

I Electric current, A

S Microelectrode surface, m2

T Electrolyte temperature, �C

V Flow velocity in longitudinal (·) direction,

m s–1

x Flow direction, m

y Normal to the wall direction, m

t Time, s

d Electrode length in flow direction, m

h Electrode width in transversal (z) direction,

m

l Distance between generator and detector

electrodes, m

j0 Mass flux density on the surface of

generator electrode, mol m–2 s–1

yeff = (Dll/

sw)1/3

Effective diffusion length in normal to the

wall direction, m

Greek symbols

l Dynamic viscosity, kg m–1 s–1

m Kinematic viscosity, m2 s–1

q Electrolyte density, kg m–3

sd Delay time, s

sx Convective time, s

sy Diffusion time, s

s* = y2
eff/D Characteristic time, s

sw Wall shear stress, Pa

f = d/l Dimensionless geometrical parameter of the

electrode system

Superscript

w Wall or electrode surface
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1 Introduction

The electrochemical (electrodiffusion) diagnostics of flows

are widely used for the measurements of the wall velocity

gradient and the local wall shear stress sw in electrolyte

solutions [1–14]. This method is based on the measurement

of the limiting diffusion current I on small flush-mounted

electrodes. According to the Leveque analogy [15] with

heat transfer, the current I depends on the local wall shear

stress value sw on the electrode surface

I ¼ kSc0s
1=3
w ; ð1Þ

where c0 is the bulk concentration of the electroactive

species, S is the electrode surface area, and k is a constant,

which depends on the electrode geometry, molecular dif-

fusion coefficient and the solution viscosity.

Limiting diffusion current measurements are possible

only if the electrochemical reaction kinetics are diffusion

controlled. Fast redox couples, such as hexacyanofer-

rate(III/II), should be used to ensure this condition:

anode reaction: [Fe(CN)6]�4 � e! [Fe(CN)6]�3;

ð2aÞ

cathode reaction: [Fe(CN)6]�3 þ e! [Fe(CN)6]�4:

ð2bÞ

Electrochemical flow diagnostics based on limiting

diffusion current measurements and Eq. (1), can be called

the amplitude electrodiffusion method. The main

disadvantage of the amplitude method is a high sensitivity

of the limiting diffusion current I to the electrode surface

state and to the electrolyte purity. For example, non-

controlled changes of the microelectrode surface state

caused by the adsorption of surfactants or non-soluble

products of the auxiliary reactions can influence the limiting

diffusion current value significantly. In natural (water,

seawater) and industrial conditions, the amplitude method

has not been used hitherto, due to the lack of suitable fast

redox couples.

The electrodiffusion amplitude method has proved its

efficiency for measurements of the mean and the fluctuating

wall shear stress and flow velocity. Segmented electrodes

allow measurements of the vector characteristics of the flow

[3]. Another application of multi-electrode systems con-

cerns the measurements of the delay-time characteristics.

This approach has been developed for studies of fast elec-

trochemical reactions using rotating ring-disc electrodes

[16]. Delay-time measurements can also extend the exper-

imental performance of electrochemical methods regarding

near wall flow studies. In the present paper, we demonstrate

the performance of multi electrode systems and the delay-

time method for flow diagnostics, in particular, the possi-

bility to overcome the principal limitation of the amplitude

method related to the use of special electrolyte solutions.

Figure 1 demonstrates the main principle of the delay-

time method. Let us consider a flow with the velocity profile

Vx(y). At the moment t = 0, a source situated at the origin

x = 0 begins to generate some species in the flow. The

observer, located downstream of the source at the distance l,

will detect the species arrival with some delay sd. This delay-

time depends on the hydrodynamic regime of the flow. At

high values of Schmidt number, the mass transfer is located

in the near wall zone, where the flow is determined by the

wall velocity gradient. In Newtonian flows, the wall velocity

gradient is proportional to the wall shear stress sw; hence, the

delay-time depends on the wall shear stress. Thus, by mea-

suring the delay-time sd, it is possible to determine the wall

shear stress sw. Theoretical and experimental determination

of the functional dependence sd = f(sw) has significant

practical interest and is the main goal of this paper. For

simplification of some points, the present paper is limited to

the case of the laminar flows. Nevertheless, the proposed

method can also be applied to studies of turbulent flows.

2 Diffusion of species injected in the flow from the wall

Mass transfer in liquids is characterized by high values of

Schmidt number Sc � 1 and the diffusion layer is located

in the near vicinity of the wall, where the linear approxi-

mation for the velocity profile can be used: VðyÞ ¼ sw

l y,

where l is the dynamic viscosity and y is the distance

measured from the wall. The mass transport of the species

injected from the wall can be described by the non-steady

equation of convective diffusion, which, within the frame

of the boundary layer approximation, takes the form:

oc

ot
þ sw

l
y
oc

ox
¼ D

o2c

oy2
; ð3Þ

where c(x, y, t) is the species concentration in the flow; D is

the molecular diffusion coefficient of the species.

Boundary conditions at the wall y = 0 depend on the

geometry and on the type of the source that generates the

species. Suppose that the electroactive species are

Vx(y)= wy /µ y

x
yeff l0

Observer

Fig. 1 Diffusion of species in near-wall flow

1322 J Appl Electrochem (2007) 37:1321–1328

123



generated by a step polarization of the flush-mounted

rectangular electrode with the length d in the flow direction

(x). The width h of the electrode in the transverse direction

(z) is assumed sufficiently large (h � d), in order to avoid

border effects in the transverse direction. The species are

detected downstream by an electrode of the same dimen-

sions. The polarization of this electrode assumes the

limiting diffusion current regime with respect to the gen-

erated species. The distance between the generator and the

detector electrodes is equal to l. In this section, we consider

the case when the electroactive species assuming the lim-

iting diffusion current regime on the detector electrode are

absent originally in the solution. It is accepted also that

after polarization, the current density is uniformly distrib-

uted along the surface of the generator electrode. So, we

can specify the boundary conditions for Eq. (3):

t ¼ 0: c ðx; y; 0Þ ¼ 0;

t [ 0; x 2 ð0; dÞ; y ¼ 0;
oc

oy
¼ j0

D

x 2 ðd; d þ lÞ; y ¼ 0;
oc

oy
¼ 0

x 2 ðd þ l; lþ 2dÞ; y ¼ 0; c ¼ 0

x ¼ 0; cð0; y; tÞ ¼ 0;

y!1; cðx; y; tÞ ¼ 0:

ð4Þ

Here j0 is the mass flux density on the surface of the

generator electrode. Using dimensionless variables

C ¼ c

ceff

; X ¼ x

l
; Y ¼ y

yeff

; T ¼ t

s�
; ceff ¼

j0yeff

D
;

yeff ¼
Dll
sw

� �1=3

; s� ¼
y2

eff

D
;

ð5Þ

it is possible to transform Eqs. (3) and (4) to the following

dimensionless forms:

oC

oT
þ Y

oC

oX
¼ o2C

oY2
ð6Þ

T ¼ 0 : CðX; Y; 0Þ ¼ 0;

T [ 0; X 2 ð0; fÞ; Y ¼ 0;
oC

oY
¼ 1

X 2 ðf; fþ 1Þ; Y ¼ 0;
oC

oY
¼ 0

X 2 ðfþ 1; 2fþ 1Þ; Y ¼ 0; C ¼ 0

X ¼ 0; Cð0; Y ; TÞ ¼ 0;

Y !1; CðX; Y ; TÞ ¼ 0:

ð7Þ

Equations (6) and (7) depend only on the geometrical

parameter f = d/l. This means that the time scale of the

non-stationary diffusion problem considered is equal to s*.

So, the delay time between the beginning of the generation

of the electroactive species and their detection on the

downstream electrode is proportional to:

sd ¼ a ðfÞs�; ð8Þ

where the function a depends on the geometry of the

electrode system (f) and on the choice of the sensitivity

level for the registration of the electroactive species on the

detector electrode.

It follows from Eq. (8) that the delay-time sd is pro-

portional to sw
–2/3. If other parameters in Eq. (8) are known,

it is possible to determine the wall shear stress sw by

measuring the delay-time sd. Modern electronic devices

allow these measurements to be made with high accuracy.

At constant temperature, the parameters D and l are

constant, so the transformation characteristic ‘‘wall shear

stress/delay-time’’ has a simple form:

sd ¼ As�2=3
w ; ð9Þ

where the coefficient A can be obtained using calibration.

In the general case, in order to take into account the

influence of temperature, additional measurements of the

temperature dependence F = f(T) should be made.

Equation (8) can also be obtained using simple physical

arguments [6]. Indeed, the mass transfer of the injected

species is governed by two mechanisms: molecular diffu-

sion in the normal direction and convection along the flow

with the velocity VðyÞ ¼ sw

l y.

The time of the molecular diffusion across the flow can

be estimated from the following relation:

sy� y2/ D: ð10Þ

The convection time sx is estimated as:

sx� l/VðyÞ ¼ l l/ðsw yÞ: ð11Þ

The diffusion time sy and the convection time sx are

both of the same order of magnitude as the delay-time sd:

sx� sy� sd � s�: ð12Þ

Combining Eqs. (10)–(12) enables the ‘‘effective’’

diffusion length in the direction normal to the wall to be

estimated. This distance yeff coincides with that given by

Eq. (5); substitution of this result for yeff into Eq. (10) or

(11), confirms Eq. (8).

3 Experimental investigation of the near wall mass

transfer

For experimental verification of the relations presented

above, a system was used consisting of four Pt
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microelectrodes E1–E4 and one large counter electrode.

All electrodes were flush mounted with the wall as shown

in Fig. 2a. The electrical regime of the electrode E1 was

governed by the impulse source of voltage EG, the elec-

trodes E2–E4 were polarized using a constant source of

voltage E0. This multi-electrode system was flush mounted

in a rectangular channel with a cross section of

120 · 12 mm2 at a distance 2000 mm from the entrance, in

order to ensure stabilized hydrodynamic flow conditions.

The electrolyte temperature during the experiments was

constant at T = 21.0 ± 0.3 �C. The topology of the elec-

trode system and its geometric parameters are given on

Fig. 2 and in Table 1.

Two types of electrolyte solutions were used:

• 25 mol m–3 aqueous solution of K3Fe(CN)6 and

K4Fe(CN)6 with 300 mol m–3 concentration of K2SO4

as supporting electrolyte;

• 3% aqueous solution of NaCl at pH ca. 8; this chemical

composition simulates that of seawater.

Initially, a positive voltage step EG was applied to the

generator electrode E1. A potential step polarization of this

electrode resulted in a step injection of the species into the

near wall flow. A negative electrical potential E0 (with

respect to the counter electrode) was applied continuously

to three downstream electrodes E2, E3, and E4 in order to

provide the limiting diffusion current regime. These

downstream electrodes were used as the detectors of the

concentration signal, which was carried by the flow.

When heaxcyanoferrate(III/II) electrolyte solution is

used, the oxidation reaction, Eq. (2a), takes place on the

generator electrode and the reduction reactions, Eq. 2b,

takes place on the detector electrodes E2–E4. In the

aqueous solution of NaCl, molecular chlorine is generated

on the electrode E1:

2Cl� � 2e� ! Cl2; ð13aÞ

is hydrolysed at 3 \ pH \ 7.5:

Cl2 þ H2O! HOClþ Cl� þ Hþ ð13bÞ

forms chloric(I) ions at pH [ 7.5 at 298 K:

HOCl�OCl� þ Hþ ð13cÞ

and the reduction reaction takes place on the detector

electrodes E2–E4:

OCl� þ H2Oþ 2e� ! Cl� þ 2OH�: ð13dÞ

The arrival of the concentration signal generated by the

electrode E1 changes the limiting diffusion currents of the

electrodes E2–E4, enabling detection of the arrival of the

concentration signal. An 8-channel potentiostat Solartron

Sl 1480A MultiStat was used as the measuring device.

All electrochemical experiments involved well-con-

trolled hydrodynamic conditions with a known value of the

wall shear stress sw. Using the potentiostat, a voltage step

EG(t) was applied to the generator electrode E1 and the

time evolution of the currents I2(t), I3(t), I4(t) of the elec-

trodes E2–E4 was measured. The delay time sd was

determined using the starting front of these currents and the

preliminary normalization:

DIiðtÞ ¼
IiðtÞ � I0i

Ii max � I0i
; ð14Þ

where Ii(t) is the current of the i-electrode; I0i is the steady

state (before generation) current of the i-electrode; Iimax is

the maximal current of the i-electrode.

Figures 3 and 4 illustrate the experimental procedure

used for determination of the delay-time. The wall shear

stress in these experiments is equal to: sw = 9.4 · 10–3 Pa.

The voltage-step EG(t) of the generator electrode E1 and

the time evolution of the currents I2(t), I3(t), and I4(t) are

shown in Fig. 3a,b. The initial current value I0 is subtracted

from the total current on Fig. 3b. The beginning of the

voltage step corresponds to the time origin. The beginning

and the end of the voltage step EG(t) on all figures are

marked by vertical dotted lines. Figure 3c shows the nor-

malized currents DI2(t), DI3(t), and DI4(t) of the electrodes

E2, E3, and E4.

d

h
Flow

l14

l13

l12

E1 E2 E3 E4

a

b

IG(t) I4(t)I3(t)I2(t)

E0

E4E3E2E1

IG

+-

Vx= w y/µ 
y

x
yeff 

0

Macroelectrode

Fig. 2 Electrical scheme of delay-time measurements (a) and

topology of multi electrode system (b)

Table 1 Geometrical parameters of multi electrode system

l12 l13 l14 d h

0.8 mm 1.6 mm 2.4 mm 0.5 mm 2.5 mm
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Figure 4 shows the starting fronts of the normalized

currents obtained in hexacyanoferrate(III/II) electrolyte

solution. The delay time sdi corresponding to the i-elec-

trode was determined from these charts, using the change

in the normalized currents DIi(t) up to the value 0.5 as the

sensitivity level. It should be noted that the starting fronts

of the currents were sharp and rose after a well-defined

delay time sd.

One of the main advantages of the delay time method

with respect to the traditional amplitude method was the

possibility to work in seawater. In order to confirm this

fact, the multi-electrode system was tested in NaCl solution

with NaCl concentration similar to seawater. In this elec-

trolyte, the step injection of the chlorine generates a

concentration signal. Figure 5 shows the time evolution of

the currents of the electrodes E2–E4 obtained in NaCl

Fig. 3 Potential step on the

electrode E1 (a) and

corresponding current responses

of the electrodes E2, E3, E4 (b)

and their normalizing values (c).

The initial current value I0

(before step polarization of

electrode E1) is subtracted from

the total current on (b)
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solution. These charts are similar to those presented in

Fig. 4. This result confirms that the electrodiffusion delay-

time method can be used in seawater conditions and for

industrial applications related to use of the electrolyte

solution with Cl– ions.

Figure 6 with double logarithmic scale presents the

dependence sd = f(sw) for the electrodes E2, E3, and E4.

This dependence confirms Eq. (9) and justifies the theo-

retical background of the delay-time method.

4 Accuracy and limitations of the delay-time method

Calibration of the delay-time sensors and the accuracy of

this method is a delicate problem. This method has both

advantages and disadvantages in comparison with the tra-

ditional amplitude method. It means that it is necessary to

look for the specific applications where advantages of this

new method dominate the possible disadvantages.

The coefficient A in Eq. (9) can be obtained using the

experimental data presented on Fig. 6. It should be noted

that the coefficient A depends on the geometry of the

electrode system (distance between the electrodes and their

length), so preliminary calibration is necessary for each

delay-time sensor. It is not a principal restriction of this

method as usually all types of sensors are calibrated in the

known experimental conditions.

We have limited this paper to the case of laminar flows,

but it seems, that the delay-time method can be used in

turbulent flows as well. Indeed, if the distance between

generator and detector electrodes is sufficiently small, we

can expect that the effective diffusion length yeff is very

small in comparison with the viscous sub-layer thickness

and the turbulent pulsations will not affect mass transfer. In

principle, the flow velocity vector can also be detected by

this method. In this case, a second detector electrode

should be used with different orientation with respect to the

generator. These points need further study.

It should be noted that the electrode area and the bulk

concentration of the electroactive species do not appear in

Eq. (8) for the delay-time. Thus, the number of parameters

which describe the transformation characteristic sd = f(sw)

in the delay-time method decreases in comparison with the

amplitude method, which is based on Eq. (1). This fact

should increase the accuracy of the measurements. More-

over, the delay-time method is not very sensitive to

uncontrolled changes in the state of the electrode surface or

concentration of electroactive species. This is very

important for practical applications.

At present, it is difficult to estimate the accuracy of the

delay-time method. We can note only that this accuracy is

determined by the accuracy of the measurements of the

time characteristics, which can be detected with high pre-

cision. In the present work, the delay-time has been

measured using the sensitivity level 0.5 with respect to the

normalized current. There are different electro-technical

Fig. 4 Normalizing currents of the electrodes E2, E3, E4 (response

on the voltage step) in solution containing hexacyanoferrate(III/II)

0,0

0,5

1,0

6 11 12 13 14 15

i

Time, t/s

10987

I

Fig. 5 Normalizing currents of the electrodes E2, E3, E4 (response

on the voltage step) in aqueous NaCl solution

Fig. 6 Delay-time as a function of wall shear stress for different

distances between generator and detector electrodes: l12—(h), l13—

(�), l14—(+). Experiments carried out with hexacyanoferrate(III/II)

and with aqueous NaCl solutions
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methods for registration of the time characteristics, which

can probably improve the accuracy of the delay-time

measurements, but we have not examined this question in

the present study. Another parameter which may influence

the accuracy of the delay-time method is the geometry of

the electrode system, in particular the geometrical factor

f = d/l in Eq. (8). As the accuracy of the delay-time

method also depends on the type of electrochemical system

used; obviously the measurements with natural or indus-

trial electrolytes are more difficult than with those in a

laboratory. Lastly, the accuracy of the delay-time method is

related to the thermal dependence of the physico-chemical

properties of the electrolyte solution, but it is a general

problem for electrochemical flow diagnostics.

The space resolution of the delay-time method is

determined by the scale of the electrode system. Using

modern microfilm technologies [8, 13], it is possible to

fabricate sensors with extremely small working electrodes.

Hence, it is interesting to estimate the minimum distance

lmin between the generator and the detector electrodes that

is admissible for the delay-time method.

The limiting factor for miniaturisation of the electrode

system is longitudinal molecular diffusion. With decreas-

ing values of l, the characteristic time of the longitudinal

molecular diffusion diminishes as

td�
l2

D
: ð15Þ

For small values of l, this time becomes smaller than the

delay-time sd. In this case, the propagation of the

concentration signal in the longitudinal direction is

governed by molecular diffusion and the sensor is not

sensitive to flow velocity. Thus, the criterion for the

minimum length between the electrodes lmin can be

obtained from the relation:

sd � sd ð16Þ

Using Eqs. (8), (15), and (16), we obtain the criterion for

the minimum distance lmin

lmin � l0; l0 ¼
alD

sw min

� �1=2

; ð17Þ

where sw min is the minimum range of the wall shear stress

for the given measuring device and a is the numerical

constant in Eq. (8) that should be obtained in practical

applications from calibration experiments. For example,

for minimum wall shear stress values equal to sw min = 10–

2; 10–1; 1 Pa, we estimate a critical length l0 of 16; 5;

1.5 lm, respectively. It was assumed that in aqueous

solutions l & 10–3 kg m–1 s–1; D & 10–9 m2 s–1 and the

constant a & 1. This estimation of the minimum length

lmin confirms that even for very slow flows, as in micro-

fluidics devices, it is possible to fabricate really

miniaturized electrode systems, suitable for wall shear

stress measurements with high spatial resolution.

5 Conclusions

The electrodiffusion delay-time method allows wall shear

stress sw measurements by means of registration of the

delay sd between the injection of the electroactive species

in the flow and their detection at the downstream electrode.

With modern electronic devices, it is possible to measure

the delay-time with high accuracy. This opens new possi-

bilities for electrochemical flow diagnostics. Indeed, the

delay-time method is not very sensitive to the state of the

electrode surface and to the bulk concentration of the

electroactive species; hence, the accuracy of the delay-time

method should be higher in comparison to the amplitude

method. This advantage of the delay-time method can be

applied for periodical calibration of the amplitude elec-

trodiffusion probes. In this case, two working electrodes

separated by an insulator should be used.

It has been derived theoretically and confirmed experi-

mentally that in laminar flow the transfer characteristic

‘‘delay-time/wall shear stress’’ satisfies the power law:

sd = Asw
–2/3, where the constant A can be obtained by

calibration.

It should be noted that the delay-time method can be

used in different electrolytes that are important for practical

applications. In particular, in the present paper we have

demonstrated that the method is applicable to wall shear

stress measurements in NaCl solutions of concentration

similar to Mediterranean Seawater.
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