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a b s t r a c t 

The influence of an impinging acoustic streaming jet on wall mass transfer is studied both experimentally 

and numerically. The idea is to show that acoustically-driven jets generated by ultrasounds can be used 

to enhance transfer phenomena at a distance, by creating localized friction zones. An experimental setup 

has been developed consisting in a cavity containing an electrolytic solution of [Fe(CN) 6 ] 
4 −/[Fe(CN) 6 ] 

3 −. 

A jet forced by an ultrasound beam impinges on the upper wall instrumented with electrodes, at which 

the mass transfer influenced by the streaming is measured by electrochemical technics. Numerical simu- 

lations of the flow and mass transfer in the same configuration are also performed. A significant enhance- 

ment of the mass transfer at the electrodes (represented by the Sherwood number Sh ) with the injected 

acoustic power (quantified by the acoustic Grashof number Gr ac ) is observed. An order of magnitude of 

the expected Sherwood number and friction coefficient is proposed on the basis of the Leveque law and 

momentum budget considerations. Scaling laws involving both experimental and numerical mass transfer 

at the electrodes ( Sh ), numerical wall shear stress and injected power ( Gr ac ) are finally derived. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

We report an experimental work on the enhancement of local 

ass transfer at a wall using an ultrasound beam. Numerous in- 

ustrial processes imply heat and mass transfer at a wall at dif- 

erent scales and could be concerned by this investigation. Let us 

lready mention the known influence of ultrasounds on electro- 

hemical processes such as electrodeposition [1] and on crystal 

rowth from a melt and solidification of metallic alloys [2–8] , but 

lso in vivo mass transfer enhancement in living [9] and human 

eings (improving the efficiency of an active substance with a lo- 

al target within the body) and miscellaneous medical applications 

10–12] . Of course, wall heat transfers can also be enhanced using 

ltrasounds [13] . 

The mentioned mechanism for mass transfer enhancement is 

sually acoustic streaming: progressive waves in the acoustic beam 

rive a quasi-steady flow in the direction of wave propagation; this 

ow consequently yields some convection which enhances mass 

ransfer. This streaming is due to non-linear effects in the momen- 

um equations for a compressible fluid; a model can be derived by 

veraging these equations over the acoustic period [14–16] to ac- 
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ount for the steady influence of the rapidly oscillating flow associ- 

ted to the acoustic wave. The equations thus obtained are simply 

he Navier-Stokes equations for an incompressible fluid, in which a 

pace dependent acoustic force term f ac = 

2 αI ac 

c 
is introduced ( α

 m 

−1 ) is the acoustic attenuation depending on the fluid and the 

coustic frequency, I ac (W.m 

−2 ) is the space dependent acoustic in- 

ensity, and c (m.s −1 ) is the sound speed in the working fluid). 

 ac , and then the force f ac , are obtained as the solution of the

coustic propagation problem. Note, however, that, when consid- 

ring heat and mass transfer, it has been formerly observed that 

 rapidly oscillating periodic flow can also drive additional time- 

veraged transfers [17–19] often considered as additional diffusion. 

uch additional transfers are often considered as negligible with- 

ut any justification in numerical studies [20–23] . 

Electrochemical techniques have already been used to study the 

nfluence of ultrasound on wall mass transfer [24,25] . These former 

xperimental investigations pointed out the importance of both the 

ydrodynamical and cavitation effects and showed that the use of 

n acoustic source of a few kHz operating at high power (up to 

00 W) can significantly impact the mass transfer. However, no 

nformation is given on the coherence of the ultrasound acous- 

ic beam used and on the characteristics of the flow thus gener- 

ted. Several effects can be expected when using relatively high 

ower ultrasounds, in particular thermal effects [20,21] and cavi- 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121090
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. (a) 2D schematic side view of the experimental setup with a 2 MHz acoustic source put in water and oriented with an angle of θ = 27 . 5 ◦ to shoot on the instrumented 

plate at the top of the investigated volume. The tank is filled with [Fe(CN) 6 ] 
4 −/[Fe(CN) 6 ] 

3 − electrolytic solution. The 3 mm diameter platinum working electrodes are 

connected one at a time to a potentiostat. The counter electrode at the bottom of the cavity and the reference electrode are used to close the circuit and control the electric 

potential. The solid red line departing from the transducer represents the acoustic beam axis. The super-imposed colormap is the computed velocity field for an acoustic 

power P ac = 1 . 099 W. Details are given in Section 5 . (b) Geometry of the instrumented top-plate supporting the electrodes. A colormap of the normalized acoustic force 

F ac /F ac , max has been superimposed on the sketch. The white circles represent the positions of the electrodes. 
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ation effects [26] when using High Intensity Focused Ultrasounds 

HIFU), or even atomization when considering a free surface. In the 

resent case featuring a plane (unfocused) transducer, thermal and 

avitation effects are expected to be negligible. This is all the more 

rue as the frequency is chosen too high for cavitation to occur, 

ut not high enough for thermal effects due to attenuation in the 

edium to be significant [16] . In the present work, we want to use

ltrasound at higher frequencies, while avoiding cavitation. The ob- 

ective is that the acoustic beam remains coherent over sizeable 

engths (decimeters to meters), in order to be able to act at great 

istances. Using higher frequencies makes it also possible to drive 

ignificant flows with very low powers, due to the increase of the 

ttenuation coefficient α as the square of the frequency. 

Our main concern is then to understand how mass transfer is 

nhanced by an acoustically-driven flow impinging on a wall. To 

ddress this question, we hereunder present our measurements of 

ass flux with electrochemical techniques under the influence of a 

ilted (non normal to the wall) ultrasonic beam. We derive an ob- 

ervational link between the mass flux at the wall and the acous- 

ic power in the acoustic beam. In addition, we present numerical 

imulations of the flow and mass transfer in the same configura- 

ion, allowing to show the correlation between mass flux and local 

hear stress, following Leveque formula. 

Details on the adaptations of the experimental setup are pre- 

ented in Section 2 . Then we focus on the calibration technique us- 

ng the short time response of the electrochemical cell in Section 3 . 

n Section 4 , we describe the wall mass transfer measurements, 

nhanced by the action of the acoustic streaming. The numeri- 

al simulations allowing to calculate the wall shear stress and the 

onvecto-diffusive mass transfer are presented in Section 5 . The 

ass transfer results obtained both experimentally and numeri- 

ally are analyzed in Section 6 and scaling laws of the mass trans- 

er dimensionless parameter (the Sherwood number) are finally 

erived. 

. Experimental setup developed for electrochemical 

easurements 

The experimental setup ( Fig. 1 ) is very similar to that in 

27] designed to investigate the water flow driven by an ultrasonic 

eam reflecting on a wall. It has been modified in order to conduct 
2 
lectrochemical measurements to estimate the mass flux at this 

all. Here, the 2 MHz acoustic beam, generated by a plane d s = 29

m diameter transducer (Imasonic TM ), is oriented with an angle 

f θ = 27 . 5 ◦ with the horizontal to impinge on the top glass-wall,

hich will be referred to as the instrumented wall. This is shown 

n Fig. 1 (a) where the acoustic beam axis (called acoustic axis in 

he following) is plotted as a red line. The glass tank (155 mm ×
60 mm × 182 mm corresponding to height × length × width) 

s filled with an aqueous solution of [Fe(CN) 6 ] 
4 −/[Fe(CN) 6 ] 

3 − at a 

ominal concentration C 0 = 0 . 01 mol.L −1 , with KCl as a support 

lectrolyte. The bottom side of the tank is a large counter electrode 

ade of carbon graphite, covering more than 60% of the bottom 

urface, maintained with a PVC frame. A saturated calomel refer- 

nce electrode (E ref ) is also introduced in the solution. Eight plat- 

num electrodes, numbered from 0 to 7 ( E 0 to E 7 ), are mounted 

n the top wall flush to its lower surface in order to probe wall 

ass transfer. They will be referred to as the working electrodes. 

heir nominal diameter is 3 mm; their locations are chosen to 

pan the wall, including sonicated and non-sonicated regions as 

an be seen in Fig. 1 (b). The isovalues of the normalized acous- 

ic force F ac /F ac , max at the wall, computed through a linear acoustic 

ropagation model, are also shown in the same figure. Electrodes 

 2 and E 3 are considered to stand within the core of the beam 

 F ac /F ac , max > 0 . 25 ), electrodes E 1 , E 5 and E 6 at the periphery of

he beam ( 0 . 045 < F ac /F ac , max < 0 . 25 ), and electrodes E 0 , E 4 and E 7 
utside the beam ( F ac /F ac , max < 0 . 045 ). 

The working electrode, the counter electrode and the reference 

lectrode are wired to a potentiostat (Gamry Instruments REF 600) 

easuring the current response of the electrochemical cell under 

 controlled imposed electric potential. In the case of electrochem- 

cal reactions at the surface of a non-reactive electrode (as plat- 

num), a huge overvoltage from the free potential (redox poten- 

ial of the solution) entails a diffusion limitation of the reaction. 

easuring the electric current is then a direct measure of the ions 

ass flux from the bulk to the wall, through the concentration 

oundary layer. At steady state, the limit current I lim 

and the wall 

ass flux φ are linked by the following relation: 

 lim 

= F φ, (1) 

ith F the Faraday constant, and φ can be expressed as 

= A D 

∂C | z= h , (2) 

∂z 
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Fig. 2. Typical current response of the electrochemical cell to a voltage step (log- 

log scale). A t −1 / 2 power law is found for the scaling of the transient regime, as 

proposed by the Cottrell relation ( Eq. (3) ). This experimental curve has been ob- 

tained without any acoustic forcing, which explains the longer time needed for the 

current to reach its plateau value ( t > 400 s). 
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here A is the surface area of the working electrode where the 

eaction occurs, D is the molecular diffusion coefficient [28] , and 

∂C 
∂z 

| z= h is the normal concentration gradient at the wall for the 

harged species consumed or generated by the reaction. 

The principle of the experiment is thus very simple: the inci- 

ent acoustic beam drives a steady jet impinging on the top wall 

nd flowing then along it by inertia, while the reflected acoustic 

eam drives a second jet going away from that wall. This so-called 

-shaped flow, formerly observed in [27] , while sweeping the top 

all, enhances the supply of reactive species near the working 

lectrodes and consequently improves the reaction rate. Measur- 

ng the limit current at each electrode gives us an insight into the 

ependence of the mass flux with the position in the flow where 

t is measured and with the applied acoustic power. 

We consider that the main difficulties, which are sources of un- 

ertainties, are the mastering of the electrodes surface that effec- 

ively reacts with the solution and the precise positioning of the 

nvisible acoustic axis inclined within the cavity, knowing that the 

istance from the acoustic transducer center to the instrumented 

all is large (of about 230 mm, 35 mm before the entrance in the 

easurement volume and L ac = 195 mm in this volume). Moreover, 

he available space is too small for our hydrophone to measure 

he position of the acoustic axis directly through acoustic pres- 

ure measurements. We thus characterize the acoustic field with 

he transducer in horizontal position, check that the acoustic axis 

s well aligned with the x coordinate and finally incline the acous- 

ic source. In that way, we consider that the position of the re- 

ection point, i.e. the intersection of the acoustic axis with the in- 

trumented plane, is known with an accuracy better than 10 mm. 

ore details on the experimental protocol can be found in [29] . 

In our experiment, the value of the molecular diffusion coeffi- 

ient D is mostly influenced by the temperature of the solution, 

hich in our case ranged from 25 to 28 ◦C, but without being 

recisely monitored. According to the literature [28] , D is found 

o vary between 6 . 67 10 −10 and 7 . 98 10 −10 m 

2 .s −1 . This variation

ill be taken, within other effects, as a discrepancy in our experi- 

ental results. As a consequence, the experimental Schmidt num- 

er Sc = 

ν
D , expressing the relative strength of viscous over diffu- 

ive effects, spans from 1050 to 1350. Note that the kinematic vis- 

osity, weakly dependent on the temperature, has been taken as 

= 8 . 91 10 −7 m 

2 .s −1 , value at 25 . 5 ◦C. 

. Reference case without acoustic forcing: Preliminary 

alibration using the short time response of the current 

The experimental method used in this electrochemical ap- 

roach is chronoamperometry. A voltage step is applied to the 

ell from the open circuit potential/free potential (corresponding 

o zero electrical current) to 1 V/SCE (with respect to the ref- 

rence electrode (E ref )) corresponding to the diffusion plateau to 

Fe(CN) 6 ] 
4 −/[Fe(CN) 6 ] 

3 − redox couple. The current is then moni- 

ored during at least 400 s; it has been checked that this time 

as sufficient to reach a plateau value when the acoustic forcing 

s applied, but that a longer time is needed in situations without 

orcing. As the electrochemical reaction takes place, the oxidant 

Fe(CN) 6 ] 
4 − is quickly consumed with the formation of a concen- 

ration boundary layer close to the working electrode. After this 

ransient regime, the reaction is limited by diffusion processes car- 

ying [Fe(CN) 6 ] 
4 − ions to the platinum working electrode. 

Despite the apparent simplicity of the protocol, special care is 

equired to ensure good measurements. The mounting of the elec- 

rodes is especially important, as the current within the cell de- 

ends on the area of the working electrode in contact with the 

lectrolytic solution. In our case, the 8 platinum electrodes of the 

etup have been manually fitted in the glass plate, so that the seal- 

ng at the level of the electrodes with varnish might not be perfect, 
3 
s well as the flushness of each electrode with the glass plate. A 

econd difficulty is that purely diffusive conditions, which should 

erve as a reference for any investigation of mass transfer enhance- 

ent and allow a calibration at each electrode, are never achieved 

n this large volume of solution due to convection. We overcome 

hese difficulties by considering the transient (short time) response 

o the applied potential-step. A typical response obtained in our 

etup is given in Fig. 2 . After an initial peak, a clear tendency is

bserved at intermediate times, typically between 6 ms and 30 s. 

his short time response, which occurs before any boundary layer 

an develop, is well described by the solution of a 1D transient 

iffusion problem in a semi-infinite medium with an initial step in 

oncentration at the electrode wall [30] . The concentration-step is 

ssumed to correspond to the concentration C 0 in [Fe(CN) 6 ] 
4 − (the 

educing component) initially present in the bulk of the solution. 

he equation giving the instantaneous current density is often re- 

erred to as the Cottrell relation and expressed as: 

I(t) 

A 

= 

F 
√ 

D C 0 √ 

πt 
. (3) 

Using Eq. (3) with D = 6 . 67 10 −10 m 

2 .s −1 and C 0 = 0 . 01

ol.L −1 , a least mean squares fit of the transient experimental 

ata gives the value of the effective area A eff for each electrode. 

he lower value of fluid temperature has been considered here, 

iven the experimental room conditions at the time of these ex- 

eriments. The reliability of the initial concentration value has 

lso been confirmed by spectroscopy measurements regularly per- 

ormed within the duration of the experiments. A similar approach 

as been used in [31] , but the authors considered the uncertainties 

n the whole term F A eff 

√ 

D C 0 , whereas we chose to uncorrelate 

he sources of discrepancies by adjusting only the value of A eff . 

The results are compiled in Table 1 . We see that the effective 

reas A eff are slightly different from the nominal area A phy of the 

latinum cylinders ( A phy = 7 . 07 10 −6 m 

2 ). Due to the difficulties

o seal the electrodes, there is a possibility that some varnish re- 

ains present at the border of the electrode active area in con- 

act with the electrolytic solution or, in contrast, that the solution 

as slightly infiltrated around the electrode. From this calibration, 

e deduce the value of the limit current, I lim , diff (also reported in 

able 1 ), which should be observed in purely diffusive conditions 
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Table 1 

Values of the effective area A eff obtained by fitting the short time response of the current with 

Eq. (3) . Values of the limit current: I lim , diff is the theoretical limit current for a diffusive regime 

calculated with Eq. (4) and I lim , 0 is the experimental limit current measured without acoustic 

forcing at each electrode. The data for the electrodes E 4 and E 6 are not given, because the 

current measurements at these electrodes present bad signal to noise ratios. 

Electrode E 0 E 1 E 2 E 3 E 4 E 5 E 6 E 7 

A eff (mm 

2 ) 6.94 10.88 8.03 9.27 × 6.68 × 6.16 

I lim , diff ( μA) ( Eq. (4) ) 3.78 4.74 4.07 4.38 × 3.71 × 3.57 

I lim , 0 ( μA) 10.78 16.02 10.80 12.34 × 17.14 × 10.93 
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32] : 

 lim , diff = 4 F D C 0 

√ 

A eff 

π
(4) 

ote that different values of the constant prefactor can be found in 

he literature for this equation and their dependence on the con- 

guration can be somewhat unclear [33] . We then used 3D finite 

lements simulations of the diffusion problem to check that the 

alue used in Eq. (4) is consistent with our geometry [29] . 

Table 1 also gives the experimental limit current I lim , 0 obtained 

t the different electrodes without acoustic forcing. This experi- 

ental limit current I lim , 0 is always significantly larger than the 

orresponding theoretical value I lim , diff obtained by the calibration 

by a factor between 2 and 5). As formerly underscored in numer- 

us experimental studies on mass transfer, it is extremely difficult 

o achieve purely diffusive conditions. Uncontrolled convection was 

ffectively present in our setup (even for smaller geometries ob- 

ained by lowering the top plate), thus enhancing the mass transfer 

ate as compared to diffusive conditions. Note that I lim , 0 also varies 

rom one electrode to the other as well as from one experiment 

o the other. We attribute this discrepancy to the presence of low 

requency fluctuations in the convection. In the following, we con- 

equently use the theoretical value of I lim , diff given by Eq. (4) and 

omputed from the fitted transient as the reference value to esti- 

ate the mass flux enhancement by the ultrasounds. 

. Long time response of the current as a function of the 

coustic forcing: A measurement of the mass flux 

We propose to characterize the acoustic streaming enhance- 

ent of the mass transfer by the Sherwood number defined as 

h = 

φ(P ac ) 

φdiff 

= 

I lim 

(P ac ) 

I lim , diff 

, (5) 

here I lim 

(P ac ) is the limit current measured under an acoustic 

ower P ac . This Sherwood number can be interpreted as the ratio 

f the measured convecto-diffusive mass flux at the working elec- 

rode to the mass flux that would theoretically ( Eq. (4) ) occur in

urely diffusive conditions at this electrode accounting for its ef- 

ective area. The acoustic forcing is characterized by the acoustic 

rashof number comparing the intensity of the acoustic streaming 

olumetric force to the viscous effects [34] : 

r ac = 

32 αP ac d s 

πρ c ν2 
, (6) 

here ρ is the mass density of the fluid. As already mentioned, α, 

 s , c, and ν are the acoustic attenuation coefficient, the diameter 

f the acoustic source, the sound speed, and the kinematic viscos- 

ty, respectively. 

A large range of acoustic Grashof number is experimentally in- 

estigated by varying the acoustic source electric power up to 8 W 

maximum value allowed without damaging the acoustic source). 

n fact, this maximum electric power corresponds to a P ac = 6 . 64

 acoustic power injected in the fluid, considering the 83% effi- 

iency of the acoustic source indicated by the manufacturer, and 
4 
hen to a maximum experimental value of the acoustic Grashof 

umber Gr ac = 1 . 645 10 5 . In absence of acoustic forcing, Sh must 

heoretically be equal to 1. However, as the influence of convec- 

ion cannot be avoided, the limit Sh = 1 is never observed, even for 

 ac = 0 , i.e. Gr ac = 0 . The presence of this residual flow has been

aken into account by a typical Grashof number, ε, which is ob- 

ained by power law fits of the experimental data at each electrode 

ith the variable ( Gr ac + ε) , assuming Sh = 1 (diffusive regime) at 

r ac + ε = 0 . The value of ε thus obtained is ε = 153 , i.e. a small

alue compared to the experimental values of Gr ac (typically 10 5 ). 

he experimental data expressed with the Sherwood number Sh 

re plotted as a function of the total Grashof number Gr = Gr ac + ε
n Fig. 3 . In this graph, Gr = 0 corresponds to the ideal case of the

iffusive regime and the first experimental data point at Gr = ε
orresponds to a zero acoustic power. For the other data points 

orresponding to acoustic forcing ( P ac � = 0 ), the offset ε due to the

nmastered convection gets negligible and Gr ≈ Gr ac . 

The evolution of the Sherwood number depends on the loca- 

ion of the considered probe with respect to the flow. As expected, 

he higher mass transfer enhancement is observed for electrodes 

 2 and E 3 which are located in the middle vertical plane, in the 

ore of the acoustic beam, and thus undergo maximum flow im- 

act. The mass flux is here up to 15 times the expected flux in 

he purely diffusive regime. A factor 10 is still observed for elec- 

rode E 5 at the periphery of the beam. For the electrode E 1 , with

imilar acoustic force intensity ( Fig. 1 (b)), the Sherwood number 

s, however, clearly higher. An explanation could be that this elec- 

rode is in the zone influenced by the jet flow impinging on the 

op wall ( Fig. 1 (a)). Finally, for electrodes E 0 and E 7 which are out-

ide the beam and in weaker flow regions, the increase of the Sher- 

ood number is initially less steep and globally weaker than for 

he other electrodes. The bars associated with electrodes E 1 and 

 7 are representative of the uncertainties on the Sherwood num- 

er, which come from the temperature variations (diffusion coeffi- 

ient D known within 17 . 9% ) and the calibration procedure (effec- 

ive surface A eff with relative error between 9 and 25% ), and are 

stimated through error propagation calculations using classic for- 

ula. 

. Numerical insight into the convecto diffusive mass transfer 

t the wall 

The influence of the acoustic streaming flow on the wall mass 

ransfer has been numerically investigated using the StarCCM+ CFD 

oftware. The numerical modeling approach is the one used in [27] . 

et us recall that this former work consisted in an experimental 

ersus numerical comparison of the velocity field in the middle 

lane containing the acoustic axis for a similar configuration. The 

elocity fields obtained by PIV and simulations were found to be 

n very good agreement. Considering this previous validation, no 

xtra experimental characterization of the velocity field has been 

erformed in the present configuration, though the inclination an- 

le value has been changed from 34 to 27 . 5 ◦. 
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Fig. 3. Sherwood number Sh as a function of the total Grashof number Gr = Gr ac + ε for six working electrodes. The offset ε introduced to take into account the residual 

convection flow observed at zero acoustic forcing is obtained by power law fits. The origin of the x -axis corresponds to the purely diffusive regime, never observed in the 

experiment due to the unavoidable convection. The first data points at Gr = ε = 153 correspond to a zero acoustic forcing (effect of the convection). The other data points 

are obtained in presence of acoustic forcing. The vertical bars associated with the data for electrodes E 1 and E 7 denote typical uncertainties in the measurements. 
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As, at high Schmidt number ( Sc ∼ 10 0 0 ), wall mass transfer fea-

ures very fine concentration boundary layers, we have, however, 

dopted a slightly different mesh strategy than in [27] . Relying on 

he symmetry of the geometry and boundary conditions, the com- 

utational fluid domain was restricted to half of the cavity. No- 

lip conditions were applied at the walls and a symmetry condi- 

ion was applied to the flow at the y = 0 vertical plane containing

he acoustic axis. The concentration field was modeled as a pas- 

ive scalar, with a zero-flux condition applied at every non active 

oundaries and a uniform normalized concentration imposed at 

he active electrodes (0 on the working electrodes and 1 on the 

ounter electrode). More than one million polyhedral cells were 

sed, with a refinement in the acoustic beam region. The wall re- 

ions were also meshed with very fine prism layers undergoing a 

eometric progression with the distance to the wall, in order to 

ave more than ten cells within the concentration boundary layer. 

he mechanical properties were set to 997.561 kg.m 

−3 for the den- 

ity and 8 . 8871 10 −4 Pa.s for the dynamic viscosity, which gives a

chmidt number of 1200 if the diffusion coefficient D is taken at 

he mid-temperature of the experimental runs. 

To compute our different cases, we used the steady segregated 

olver implemented in StarCCM+ for the lower values of the acous- 

ic power, but the 1st order unsteady segregated solver was pre- 

erred for acoustic power greater than 2.198 W where unsteadi- 

ess of the velocity field occurs. The time step was typically of 

.5 s with at least 5 inner iterations by time steps, which has been

ound to insure good convergence. Note that a convergence issue 

as to insure passive-scalar mass conservation. The mass fluxes at 

he working and at the counter electrodes were thus monitored 

nd compared during the convergence. In the steady-state calcula- 

ions, it has been observed that the under-relaxation proposed for 

tability purpose has to be suppressed to achieve a good balance of 

hese mass fluxes (better than 0.02 % ) within a reasonable compu- 

ational time. The same choice has also been done in the unsteady 

imulations. 

The observed flow exhibits the expected y-shaped pattern al- 

eady described in [27] . It is illustrated in Fig. 1 (a) with a typical
5 
olor-map of the velocity magnitude in the middle-plane. Let us 

ecall that the incident acoustic beam generates a first jet which 

mpinges on the instrumented wall and flows further along it in 

he region of the working electrodes; the reflected acoustic beam 

reates a second jet going away from the instrumented wall and 

mpinging on the right-hand side wall. 

The near wall structure of the flow can be observed in Fig. 4 (a),

hich shows a typical color-map of the wall shear stress magni- 

ude on the instrumented wall ( P ac = 1 . 099 W). Two high-shear

ones are observed. The more intense zone corresponds to the 

riction region of the main jet, which flows around the symme- 

ry plane in the x direction (rightward on the plot). The isocontour 

orresponding to one tenth of the maximum shear stress ( τmax 
w 

/ 10 ) 

ives an idea of this friction region. Other isocontours at τmax 
w 

/ 1 . 5 ,
max 
w 

/ 2 . 5 , and τmax 
w 

/ 5 comprise successively the electrodes E 2 and

 3 , then the electrodes E 5 and E 6 , and finally the electrodes E 1 ,

 4 and E 7 . The clearly less intense second zone corresponds to the 

ow forced by the presence of the lateral wall, moving along this 

all away from the symmetry plane (upward on the plot). Finally, 

n the left of the stagnation point (see Fig. 4 (b)), zone where the 

 0 electrode is located, the fluid flows in the −x direction (left- 

ard on the plot). It has to be noted that the shear stress contours 

n the impact area resembles the isovalues of the acoustic force 

 Fig. 1 (b)), but with a less symmetric shape. 

The color-map of the normalized concentration is plotted in 

ig. 4 (b) together with some friction lines (streamlines of the wall 

hear stress, colored in grey) for the same case at P ac = 1 . 099 W.

he electrodes, which appear as small blue disks, have been acti- 

ated all at once, i.e. with a normalized concentration set to zero 

n their surface, to obtain this figure. We see that most of the fric- 

ion lines originate at the stagnation point of the jet driven by 

he incident acoustic beam (located in the symmetry plane be- 

ween E 0 and E 1 ) and terminate at another characteristic point, 

hich appears as a stagnation point, away from the symmetry 

lane. Even for this relatively low forcing, the concentration plume 

t each electrode appears to be clearly driven by the convection 

nd strongly correlated with the friction lines. This illustrates the 
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Fig. 4. Wall shear stress and concentration on the instrumented wall obtained numerically at an acoustic power of 1.099 W with the CFD software StarCCM+. (a) Typical 

color-map of the wall shear stress magnitude. The electrodes are plotted as white disks. The black lines denote typical isocontours. The isocontour corresponding to one 

tenth of the maximum shear stress ( τ max 
w / 10 ) gives an idea of the zone impacted by the jet flow. (b) Typical color-map of the normalized concentration field obtained in the 

case where the electrodes (which appear as small blue disks) have been activated all at once, i.e. with a normalized concentration set to zero on their surface. Some friction 

lines are also plotted to illustrate the consistency between the shear stress at the wall and the mass transfer at the wall. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) Longitudinal profiles of the x -component of the wall shear stress τw,x along the symmetry axis containing electrodes E 0 , E 1 , E 2 , and E 3 for many different values of 

the acoustic power P ac . τw,x is expressed as a function of x − X reflection , where X reflection is the abcissa of the intersection point between the acoustic axis and the instrumented 

plane. The maximum value of τw,x increases with P ac and is close to x = X reflection . (b) Fluctuations of the wall shear stress τ E i 
w (solid lines, left-hand side axis) and mass flux 

φE i (dashed lines, right-hand side axis) over 500 s at electrodes E 1 , E 2 , E 4 , and E 5 for an acoustic power P ac = 5 . 495 W. The time-averaged values have been subtracted for 

the sake of clarity. The mass flux appears to follow the fluctuations of the flow without phase shift. 
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onsistency between mass transport and near wall hydrodynam- 

cs. Note that the E 3 and E 6 electrodes are in the wake of two of

heir counterparts, the E 2 and E 5 electrodes, respectively, so that 

he mass transfer at these electrodes has to be computed after hav- 

ng deactivated all the other electrodes, in order to mimic the ex- 

erimental conditions in which each electrode is used alone. 

In order to see how the wall shear stress evolves with the 

coustic power P ac , Fig. 5 (a) shows the instantaneous longitudi- 

al component of the wall shear stress, τw,x , along the symme- 

ry axis, for several acoustic powers. We see that the maximum 

hear increases with the acoustic power, which induces the devel- 

pment of steep gradients on both sides of this maximum value. 

ote that the maximum shear location does not depend on the 

pplied acoustic power and is very close to x = X reflection , i.e. to the

oint where the acoustic axis crosses the instrumented plane. In 

ontrast, the position of the stagnation point where the wall shear 

tress goes to zero, upstream of the reflection point, varies with 

he acoustic power. The negative values of τw,x downstream of the 

eflection point, next to x − X reflection = 0 . 08 m, correspond to the

ecirculation cell due to the nearby end wall. The position of the 

lectrodes along the symmetry axis is indicated as thin black lines 

n the figure. As expected, the electrode E 0 is outside the forcing 

rea and is submitted to low and negative values of shear stress. 

lectrodes E 1 and E 3 are located on both sides of the maximum 

hear stress and electrode E 2 is very close to this maximum shear 
tress. 
(

6 
For acoustic powers greater than 2.198 W, the flow obtained 

n the numerical simulations appears to be unsteady. No purely 

eriodic regime has been observed with the considered values of 

he parameters; the flow variations appear rather as low frequency 

andom variations. This type of dynamics has already been ob- 

erved in some of our former works [16,35,36] . In [36] in par- 

icular, we have shown the very rich and sensitive dynamics in 

uch acoustically driven flows, with a flow regime which could 

hange from periodic to quasiperiodic and chaotic within a 15% 

ide acoustic power range. 

In the following, in order to be able to compare with the ex- 

erimental data which are obtained by measurements at the elec- 

rodes, we will compute values averaged over the electrodes sur- 

aces. These values will be denoted with a superscript E i to refer 

o the corresponding electrode, e.g. τ
E 1 
w 

and φE 1 for the wall shear 

tress and the mass flux at the electrode E 1 , respectively. 

The unsteady behavior observed in the simulations for the 

arger values of the acoustic power is illustrated in Fig. 5 (b) by the

lot of the time fluctuations of the wall shear stress (solid lines, 

cale on the left-hand side axis) and of the wall mass flux (dashed 

ines, scale on the right-hand side axis) at some representative 

lectrodes. To obtain these data, the time averaged values of wall 

hear stress 〈 τ E i 
w 

〉 and mass flux 〈 φE i 〉 at the electrodes have been

ubtracted to the instantaneous values τ
E i 
w 

and φE i , respectively. 

he figure first shows clearly that simulations on very long times 

 t 
 500 s) would be necessary to converge statistical quantities 
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Table 2 

Characteristic exponents of scaling laws concerning the shear stress τ E i 
w or the mass transfer 

(represented by the Sherwood number Sh ) at the electrodes as a function of the acoustic 

Grashof number Gr ac . βi is the scaling found numerically for the shear stress ( Eq. (9) ). βi / 3 is 

also the scaling for the mass transfer if we assume the validity of the Leveque formula (10) . 

Finally, γ num 
i 

/ 3 and γ exp 
i 

/ 3 are the scalings for the mass transfer obtained directly from the 

numerical and experimental data, respectively. Note that an exponent 1 / 3 is obtained for the 

mass transfer in the ideal case of the Leveque law validity and a shear stress proportional 

to the acoustic power, so that βi , γ
num 

i 
, and γ exp 

i 
have to be compared with 1. 

Electrode E i E 0 E 1 E 2 E 3 E 4 E 5 E 6 E 7 

βi 0.814 0.752 0.843 0.858 0.852 0.898 0.910 0.971 

γ num 
i 

0.669 0.774 0.839 0.839 0.863 0.877 0.875 0.945 

γ exp 
i 

0.54 0.93 1.17 1.14 × 1.20 × 0.90 
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n such acoustic streaming configuration. The plot of both shear 

tress and mass flux together on the same graph allows to see that 

hese two quantities are very well correlated for all the electrodes, 

ith almost no phase shift, indicating that for large Schmidt num- 

ers ( Sc ∼ 10 0 0 ), the concentration field at the electrodes is con- 

rolled by the wall shear stress. At electrodes E 2 and E 5 , which are

ligned at the same x coordinate on the instrumented plate, down- 

tream of the reflection point, fluctuations with similar variations 

amplitude and phase) are observed. The fluctuations on electrodes 

 1 and E 4 , aligned at the same x coordinate, but upstream of the 

eflection point, are also in phase, but anti-correlated with those 

bserved at the downstream electrodes E 2 and E 5 . Their amplitude 

s rather larger, particularly at electrode E 1 . This is consistent with 

hat was observed in [36] in a multi-reflection situation, where 

he fluctuations principally occur in the corners between the jets 

nd the corresponding impacted wall, upstream of the reflection 

oint. 

. Analysis of the results at the electrodes 

.1. Wall shear stress at the electrodes 

To quantify the wall shear stress computed at the electrodes, it 

s interesting to determine a reference characteristic value. An or- 

er of magnitude of the shear stress at the upper wall in the im- 

ingement area can be estimated by the momentum accumulated 

ll along the path of the fluid particles in the incident jet. The mo- 

entum versus wall friction balance projected on the x direction 

tangent to the instrumented wall) can be written as: 

OM 

w 

≈ 2 α P ac L ac cos θ sin θ
πd 2 s 

4 
c 

(7) 

here L ac = 195 mm is the length of the acoustic path from the 

ntrance wall to the instrumented wall (see Fig. 1 (a)) and the fac- 

ors cos θ and sin θ come from the projections on the x direction of 

he incident jet momentum and of the estimated jet cross section 

πd 2 s 

4 
, respectively. This order of magnitude expression τOM 

w 

can be 

djusted with a multiplicative factor to fit the initial variation with 

 ac of the shear stress computed at electrode E 2 , which is the most

nfluenced by the flow. We observe that a factor 1 / 4 gives a rea-

onable fit and then define the reference shear stress τ 0 
w 

as: 

0 
w 

= 

1 

4 

τ OM 

w 

= 

0 . 5 α P ac L ac cos θ sin θ
πd 2 s 

4 
c 

(8) 

 striking feature of this estimate is its increase with increasing 

coustic path L ac . Of course, this cannot be extrapolated to very 

ong distances and is expected to hold as long as the acoustic path 

tays smaller than the acoustic attenuation length, i.e. α L ac � 1 

here α L ac ≈ 2 10 −2 ). 

Fig. 6 (a) displays the numerically computed values of the shear 

tress at the electrodes, τ
E i , as a function of the acoustic power 
w 

7 
 ac : the colored zones correspond to the values explored by the 

nsteady solutions over at least 200 s; the stars correspond to 

he steady values or to the instantaneous values obtained at the 

nd time of the unsteady simulations, values which are also used 

n the following plots. The reference value of the shear stress τ 0 
w 

s plotted as a solid red line. As expected, at low values of the 

coustic power P ac , this line fits fairly well the values observed 

t the E 2 electrode, the nearest to the maximum shear location. 

hen, depending on its location in the high shear region, each elec- 

rode exhibits a more or less steep increase in shear stress with 

he acoustic power. The dotted red line corresponds to τ 0 
w 

/ 10 ; we 

ee that most of the electrodes are located in an area where the 

hear stress is in the range [ τ 0 
w 

/ 10 , τ 0 
w 

] . It is thus worth defining

he jet friction zone as the zone where the wall shear stress value 

s within this range. The values at electrode E 0 are below this ar- 

itrary limit; actually the shear stress at this electrode is rather 

n the order of τ 0 
w 

/ 100 , as illustrated by the black line in the fig-

re. This is not surprising since E 0 is effectively not in the same 

ow area as the other electrodes, as already seen in Fig. 4 . Note

lso that the increase in wall shear stress for a given electrode is 

ot linear: the observed slope clearly decreases at higher acoustic 

ower. The shear stress rather follows a power law which can be 

ritten as: 

E i 
w 

= a τi P 
βi 
ac , (9) 

ith the exponent βi and the coefficient a τ
i 

depending on the elec- 

rode (subscript i ). To better illustrate the non linear behavior of 

he shear stress at the electrodes, a least-square fit has been real- 

zed to get the coefficient a τ
i 

and the exponent βi for each elec- 

rode. The τw 

/a τ
i 

curves are shown as a function of P ac in Fig. 6 (b).

e see that below an acoustic power of 2 W, all electrodes data, 

xcept for E 0 , collapse on the same curve with a close to linear

ehavior (solid red line). The values of the exponent βi for each 

lectrode are given in Table 2 . As expected from Fig. 6 (b), all the

alues are below 1. However, there is not any clear tendency for 

he variation of βi with the electrodes. On the symmetry axis, the 

trongest exponents βi are obtained for the electrodes E 2 and E 3 
hich are the closest to the reflection point. Strongest values of 

i , however, are obtained for electrodes that are away from this 

xis. 

.2. Mass flux at the electrodes 

In this section, we will analyze the enhancement of the wall 

ass transfer at the electrodes and, for that, will compare the nu- 

erical and experimental results and study their connections with 

he numerically obtained shear stress. Note first that the experi- 

ental approach presented in Section 4 was directly used to mea- 

ure wall mass transfer, but it was inspired by the polarometry 

echnique where the current measurement is used as an indirect 

easurement of the wall shear rate [37–39] . Indeed, in this tech- 

ique, the wall shear rate τw 

/μ is deduced from the measured cur- 
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Fig. 6. (a) Numerical data of the shear stress at the electrodes, τ E i 
w , as a function of the acoustic power. The colored regions correspond to the values of τ E i 

w explored in 

the unsteady cases. The stars indicate steady or instantaneous values. The solid red line is a linear approximation of the shear stress, τ 0 
w ( Eq. (8) ), coming from an order 

of magnitude approximation ( Eq. (7) ). The dashed red line and the solid black line are lines of equation τw = τ 0 
w / 10 and τw = τ 0 

w / 100 , respectively. All data, except for the 

electrode E 0 , are in the range between τ 0 
w and τ 0 

w / 10 . (b) The same data after normalization of τ E i 
w by the coefficient a τ

i 
obtained by a least squares fit of the data at each 

electrode with a power law behavior τ E i 
w = a τ

i 
P 

βi 
ac . Except for E 0 , all data collapse well on a close to linear behavior (solid red line) for small acoustic forcing, whereas for 

higher forcing, they exhibit different variations with smaller slopes. The exponents βi are given in Table 2 . The code of the colors used for the different electrodes is given 

as inset in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ent I lim 

using the well known Leveque equation 

 lim 

= k Lev 

(
τw 

μ

)1 / 3 

(10) 

here the constant k Lev and even the exact value of the exponent 

re generally obtained after a proper in situ calibration. Neverthe- 

ess, a theoretical expression of the Leveque coefficient has been 

erived for circular electrodes [39] : 

 Lev = 0 . 686 A 

5 / 6 F C 0 D 

2 / 3 π1 / 6 , (11) 

xpression we will use in the following. It can be noted that 

q. (10) is only valid in the large Schmidt number limit (i.e. when 

he thickness of the concentration boundary layer is much smaller 

han the thickness of the hydrodynamics boundary layer) and for 

ufficiently high convective flow: indeed, it predicts a zero limit 

urrent at zero shear rate, whereas the limit current is known to 

end towards a non zero value, I lim , diff , corresponding to purely dif- 

usive conditions. 

From the Leveque formula (10) , we can express the Sherwood 

umber Sh = I lim 

/I lim , diff as a function of the wall friction coeffi- 

ient defined as C f = τw 

/τ 0 
w 

and of the acoustic Grashof number 

r ac . We obtain a dimensionless form of the Leveque formula: 

h = a Sc 
1 
3 C 

1 
3 

f 
Gr 

1 
3 
ac , (12) 

ith a = 

0 . 686 π2 / 3 

4 5 / 3 

(A phy L ac ) 
1 / 3 

d s 
( cos θ sin θ ) 1 / 3 , which will be 

onfronted with our data. 

We will first use our numerical and experimental data to test 

he connection between the mass transfer at the wall and the 

all shear stress, as proposed by the Leveque formula. Refering to 

q. (12) , we then express Sh as a function of C f Gr ac for all our data

n Fig. 7 (a). A log-log scale is chosen to better see the characteristic 

xponents of these variations. 

The numerical data corresponding to all the electrodes and all 

he forcing values are plotted as stars, with colors depending on 

he considered electrode (the code of the colors is given as inset in 

ig. 7 (b)). We see that all the numerical data collapse on a master 

urve over the major part of the parameters range and this master 

urve nearly corresponds to the solid black line given by the di- 

ensionless Leveque formula (12) without any adjustable parame- 

er. Leveque formula then remarkably holds within our forcing pa- 

ameters range, though it should be more suitable for turbulent 

ows. Note that the slope is globally slightly smaller than the 1 / 3 
8 
xponent given by Eq. (12) at the moderate and large values of 

 f Gr ac and that, for C f Gr ac < 2 10 2 , the numerical data seem to 

eave the characteristic law with a far smaller slope, observation 

hich could be attributed to a too small convective transport for 

he Leveque formula to remain valid. 

The experimental data are also plotted in Fig. 7 (a) where they 

ppear as squares, with the same code of colors to distinguish 

he electrodes. As no direct measurement of the shear stress is 

vailable, we use the values obtained numerically for the consid- 

red acoustic power to calculate the abscissa for each experimen- 

al data point. Typical error bars are also plotted, but only for two 

elected electrodes E 1 and E 7 for the sake of clarity. Although the 

verall figure exhibits a certain consistency, the experimental data 

ppear to be significantly lower than the expected dimensionless 

eveque law. They also do not collapse on any single master curve 

nd their variations with C f Gr ac seem to correspond to exponents 

arger than the value 1 / 3 expected from (12) . 

Note that there is an uncertainty on the position of the re- 

ection point on the instrumented plane, which has not been ac- 

ounted for in this plot. A deeper analysis concerning E 0 , E 1 , E 2 ,

nd E 3 , the electrodes on the symmetry axis, i.e. at y = 0 , shows

hat assuming a 5 to 6 mm shift of the reflection point in the −x

irection would lead to fairly aligned data points on a single curve. 

ndeed, in this case, E 1 would undergo higher shear, while E 2 and 

 3 would undergo lower shear (see Fig. 5 (a)). This is illustrated in 

he inset of Fig. 7 (a), where the corrected experimental data points 

or the three electrodes E 1 to E 3 in the friction zone gather on a 

ingle curve. This curve, however, remains below the theoretical 

eveque law and with a slightly higher exponent. 

The fact that the experimental data points are systematically 

elow the Leveque curve is more difficult to explain from un- 

ertainty considerations. One likely explanation is that the acous- 

ic power transmitted to the fluid in the experiment was smaller 

han in our estimation. Let us recall that we estimated it from 

he input electric power measured with an inline wattmeter and 

 global 83% efficiency provided by the supplier at the delivery of 

he acoustic source. In fact, the source was not new and we cannot 

xclude that its efficiency was significantly smaller than its initial 

alue. 

In Fig. 7 (a), the plots have mixed the mass transfer experimen- 

al data with the numerical shear stress. In order to have plots in 

hich the representation of the experimental data points does not 

epend on the numerical simulations, we can rather express the 
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Fig. 7. (a) Dimensionless mass transfer given by the Sherwood number Sh as a function of the wall shear stress expressed by the dimensionless product C f Gr ac . Stars are 

used for the numerical data and squares for the experimental data. The solid black line gives the Leveque formula in its dimensionless form (see Eq. (12) ). (b) For the 

same data, Sherwood number Sh now expressed as a function of the acoustic power through the acoustic Grashof number Gr ac . Some characteristic lines are plotted using 

Eq. (12) with a shear stress based on the estimated reference shear stress τ 0 
w ( Eq. (8) ): the solid red line Sh = Sh 

0 
for τw = τ 0 

w ( C f = 1 ), the dashed red line Sh = 0 . 1 1 / 3 Sh 
0 

for 

τw = τ 0 
w / 10 ( C f = 0 . 1 ) and the solid black line Sh = 0 . 01 1 / 3 Sh 

0 
for τw = τ 0 

w / 100 ( C f = 0 . 01 ). The code of the colors used for the different electrodes is given as inset in (b). 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ass transfer as a function of the acoustic power, i.e. the Sherwood 

umber Sh as a function of the acoustic Grashof number Gr ac . Such 

lots of Sh versus Gr ac are shown in Fig. 7 (b) for both the experi- 

ental and numerical data. Some characteristic lines are also plot- 

ed in the figure. They are obtained from the dimensionless Lev- 

que law (12) expressed for specific constant values of the fric- 

ion coefficient C f , i.e. for shear stress proportional to the reference 

hear stress τ 0 
w 

. Knowing from the numerical data that the shear 

tress in the jet friction zone is in the range [ τ 0 
w 

/ 10 , τ 0 
w 

] ( Fig. 6 (a)),

 f will be in the [0.1,1] range. Substituting C f = 1 in Eq. (12) yields

he following reference value for the Sherwood number: 

h 

0 = a Sc 
1 
3 Gr 

1 
3 
ac , (13) 

nd the Sherwood number Sh in the jet friction zone is then ex- 

ected to be in the range [0 . 1 1 / 3 Sh 0 , Sh 0 ] . This is illustrated in

ig. 7 (b) where all the numerical data (except those for the elec- 

rode E 0 ) fall within this range, i.e. between the solid and dotted 

ed lines. Note that 0 . 1 1 / 3 = 0 . 464 ≈ 1 / 2 : this indicates that, ac-

ording to the numerical data, the mass transfer in the whole jet 

riction zone is within about a factor 1 / 2 with respect to its max-

mum value at the reflection point. Concerning the experimental 

ata, they are still below the numerical data, and the Sherwood 

umber in the friction zone is rather above the solid black line 

orresponding to 0 . 01 1 / 3 Sh 0 ≈ Sh 0 / 5 . 

We can now consider the change of the Sherwood number with 

he acoustic Grashof number for the different electrodes. Note first 

hat the characteristic lines Sh ∝ Sh 0 give a 1 / 3 exponent, which is 

ased on the Leveque law (10) and on the fact that they assume 

hat τw 

∝ τ 0 
w 

, i.e. the shear stress is proportional to the acoustic 

ower ( Eq. (8) ). As the numerical results have shown that such 

roperty of the shear stress is only valid for low acoustic forcing 

see Fig. 6 (b)), it explains why, for the numerical data, the expo- 

ent is only close to 1 / 3 in this limit and decreases for larger forc-

ngs. The fact that the exponent systematically appears as slightly 

maller than 1 / 3 , even at low forcings, can be attributed to the

bserved slope in Fig. 7 (a) slightly smaller than 1 / 3 , i.e. to a slight

eparture from the Leveque law. In contrast, the exponent for the 

xperimental data appear to be larger than 1 / 3 . More precise char- 

cteristic exponents expressed as γi / 3 can be obtained by least 

quares fits of the form Sh ∝ Gr 
γi / 3 
ac for the numerical data and 

h − 1 ∝ ( Gr ac + ε) γi / 3 for the experimental data, and the values of 

i thus obtained will be denoted as γ num 

i 
and γ exp 

i 
, respectively. 
9 
nother scaling of the Sherwood number can be obtained from 

he numerical data if we assume the validity of the Leveque for- 

ula (10) : in that case, we get an exponent βi / 3 , where βi is the

caling found previously for the shear stress ( Eq. (9) ). 

Table 2 gives the values of βi and γi at the different electrodes, 

o be compared with the corresponding value 1 obtained in the 

eference case Sh ∝ Sh 0 . As shown in the previous subsection, the 

i values obtained from the fit of the numerical shear stress are 

maller than 1, in the range [0 . 75 , 0 . 97] . The values of γ num 

i 
, di-

ectly obtained from the fit of the numerical mass transfer, are 

ery close to the values of βi , except for the electrode E 0 which is

utside the jet friction zone. This still indicates that the departure 

rom the Leveque law remains small for the numerical data. From 

hese numerical results, a typical global exponent for the Sh versus 

r ac scaling law in the jet friction zone is γ num / 3 ∼ 0 . 85 / 3 . In con-

rast, the values of γ exp 
i 

obtained from the fit of the mass transfer 

xperimental data are quite different, higher than the numerical 

alues and, for some electrodes, even higher than 1. This is, how- 

ver, consistent with what was observed previously in Fig. 7 (a). 

. Conclusion 

The present study is based on an electrochemical approach to 

stimate wall mass transfer enhancement by acoustic streaming. 

he hydrodynamic configuration is very similar to that presented 

n a former paper focused on the hydrodynamics effects [27] : a 

 MHz ultrasound beam is directed towards a wall with an angle 

 27 . 5 ◦ here) so as to create an impinging acoustic streaming jet 

fter a nearly 200 mm acoustic path; the reflection of the beam 

n the wall creates a second jet providing a so-called y-shape to 

his jet flow. The current measured at the working electrodes, im- 

lemented in the friction zone of the jet, allows to show that the 

all mass flux is enhanced by a factor greater than ten over the 

everal cm 

2 of the investigated area, with acoustic powers of a few 

atts only (see Fig. 3 ). This contrasts with former electrochemistry 

orks using ultrasounds in the kHz range, with powers of hun- 

reds of watts delivered at small distances from the target [24,25] . 

ur analysis partly relies on a calibration procedure based on the 

hort time response of the current, following Cottrell analysis [30] . 

his calibration enables us to get rid of an experimental bias asso- 

iated with a difficultly mastered convection and therefore to com- 

ute the flux in the ideal case of a diffusive regime. Though signifi- 
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[  
ant at low forcing, this convection is shown to be negligible com- 

ared with acoustic streaming flows for most of the investigated 

orcings. 

An order of magnitude model is proposed to link the wall mass 

ransfer to the input acoustic power. It is based on a momentum 

udget to determine a characteristic wall shear stress, τ 0 
w 

, propor- 

ional to the acoustic power, from which the wall mass transfer is 

educed using the well-known Leveque formula. The model thus 

ields a typical Sherwood number characterizing the wall mass 

ransfer, Sh 0 , as a function of the acoustic Grashof number Gr ac 

haracterizing the acoustic forcing and the Schmidt number char- 

cterizing the transport properties of the considered solution, both 

nvolved with a 1 / 3 power. Note that the characteristic wall shear 

tress τ 0 
w 

is also found to increase proportionally to the length L ac 

ver which the acoustic beam forces the jet before it impinges on 

he wall. In the considered parameters range, for which L ac is far 

maller than the typical acoustic attenuation length 1 /α, the ac- 

ion on the wall mass transfer is thus expected to be all the more 

fficient as the source is far from the wall. 

A numerical model of the experiment is also implemented 

sing the commercial CFD software StarCCM+®, coupled with a 

omemade linear acoustic model solved under Matlab® giving the 

riving acoustic force. The numerical model gives access to the 

ear wall hydrodynamics (in particular the wall shear stress) to- 

ether with the wall mass flux obtained through a passive scalar 

pproach. An important output of this modeling is the very good 

greement of the results with the Leveque formula. Concerning hy- 

rodynamics, the maximum wall shear stress location is observed 

o be independent of the applied acoustic power and to coincide 

ith the reflection point of the acoustic beam axis. This maximum 

alue can be approximated at moderate forcing by the character- 

stic wall shear stress τ 0 
w 

, while it evolves more slowly than τ 0 
w 

t higher forcings. A friction zone area is then formally defined 

round this point as the zone over which the same order of mag- 

itude holds, that is to say the zone with a wall shear stress larger

han one tenth of τ 0 
w 

. The order of magnitude approach predicts 

hat the Sherwood number in this region should evolve with the 

coustic Grashof number with a 1 / 3 power, with values between 

pproximately Sh 0 and Sh 0 / 2 , depending on the considered loca- 

ion more or less close to the reflection point. The numerically ob- 

ained Sherwood number is in very fair agreement with this pre- 

iction, though its increase with Gr ac is less steep than expected, 

eaturing typically a power 0 . 85 / 3 instead of 1 / 3 . 

The experimentally measured wall mass flux values appear to 

e systematically smaller than those obtained from the numeri- 

al approach, and this could be the consequence of less acoustic 

nergy injected due to uncontrolled power losses at the level of 

he transducer. The proposed order of magnitude is still interesting 

ince the data from the electrodes located in the friction zone give 

 Sherwood number greater than about Sh 0 / 5 . Moreover, despite 

ome experimental dispersion, the increase of the Sherwood num- 

er with the acoustic Grashof number exhibits a consistent global 

ehavior (see Figs. 7 (a) and (b)). 

To investigate the influence of the Schmidt number, it can be 

seful to take advantage of the analogy between transport of con- 

entration and transport of temperature. As the Prandtl number 

 r = 

ν
κ can easily take values around 1 for aqueous solutions, an 

nalogous study based on heat transfer could give information 

n the solute transfer in solutions with smaller Schmidt numbers 

 Sc ≈ 1 ). 

Finally, it must be noted that the investigated experimental 

onditions, namely acoustic powers from 0 to 6.64 W delivered 

y a transducer at 2 MHz, correspond to steady laminar to low 

requency chaotic flow regimes. Increasing the forcing intensity 

hould induce a turbulent regime and different scaling laws could 

hen be observed. In the future, the electrochemical technique im- 
10 
lemented in the present paper could be used to assess segrega- 

ion improvement in real crystal growth configurations through an 

xperimental modeling in ambient temperature experiments. The 

nvestigation of unsteady regimes of acoustic streaming flows in 

iquids could also benefit from the use of this technique. 
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