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Abstract

The electrodiffusion technique and the time-resiienographic PIV were used in impinging
jet issued from a convergent conical nozzle atynBlels number of 2450 based on the nozzle
diameterd and the jet exit velocity. The relative distanca the nozzle to the impinging wall
was equal td/d=2. The experimentally gained velocity fields paes information on the
organization of coherent flow structures, whichypdarole in the wall shear rate and the mass
transfer phenomenon at the impinged wall.

Instantaneous wall shear rate and local mass &awsfre measured at an impinging wall using
platinum electrodes with a diameter of 0.5 mm flasbunted into a platinum disc electrode
with a diameter of 49.5 mm. The small electrodesewssed alternately for the measurement
of wall shear rate and mass transfer. The propeseckction factor on the inertia of the
concentration boundary layer, which is the ratiohef corrected fluctuations of wall shear rate
to their primary values, along with the analysistbé signals history, provide valuable
information on the state of the hydrodynamic boupdayer. The mean wall shear rate and
local mass transfer exhibit their maximum valuethatnormalised radial position&l = 0.6 —
0.7. There are the interactions of the primary Kehtelmholtz (K-H) vortices with smaller
structures issued from the breaking-down of thestoes, both rotating in the same direction.
Counter-rotating secondary vortices form betweentall and primary K—H vortices at a radial
distance about/d = 1.5. They are present in a wide regiod (J1.5 to 2.5); aroundd = 1.5
they are very close to the wall leading to a cfearodicity of wall shear rate, andradl = 2.5

they are farther above the wall since no perioglioftthe wall shear rate was observed. The



local mass transfer rates were integrated and cadpeith the global mass transfer measured

by a platinum disc electrode.

Keywords—Electrodiffusion, Time-resolved tomographic PImginging round jet, wall

shear rate, mass transfer

List of symbols

C bulk concentration of active ions, moffm

D diffusion coefficient of active ions, #s

aisc platinum disc diameter, m

F Faraday constant, 96 485 C/mol

f# lens aperture

f vortex shedding frequency, Hz

h nozzle-to-plate axial distance, m

I limiting diffusion current, A

[ instantaneous value

] flux of active ions, mol/s

k coefficient of mass transfée,= I/SeinFc, m/s

L effective probe length, m

Nu Nusselt number

n number of electrons involved in the electrochehieaction
N number of samples

Pr Prandtl numbeRr =v /a

R electrode radius, m

r radial distance measured from stagnation point,
Re Reynolds numbeRe = Wsidp/u

Sc Schmidt number$Sc =v/ID

S active surface of the electrode? m

Sh Sherwood numbeth = kd/D

Sk Strouhal numbeiSt = f@Uexit

x Vv, 2 system of coordinates attached to the nozzle, m
t time, s

Uexit jet exit mean velocity, m/s

U velocity inx direction (streamwise velocity), m/s
\% velocity iny direction (normal velocity), m/s
W velocity inz direction (spanwise velocity), m/s
a thermal diffusivity, m/s

y wall shear rate;s

Yeor corrected wall shear rate! s

A thermal conductivity, W/mK

Az vortex detection criterion;%s

p density, kg/m

7 dynamic viscosity, Pa s

v kinematic viscosity, fis

oy azimuthal vorticity component;'s

wr radial vorticity component,’s

o shear layer momentum thickness



Subscripts

G global (space average) value
S stagnation point
Superscripts

fluctuation value
time-averaged value

1. Introduction

The impinging jets are used in the applicationsiégg high heat and/or mass transfer
rates. Numerous papers were published on the Nums®aber Nu) distributions generated by
impinging jets [1, 2], but only a few studies haveen dedicated to the analysis of the
corresponding wall shear ratg (listributions [3-6].

Mass transfer and wall shear rate were deduced fhamvelocity field close to the
impinging wall, and such a field is usually subgettto great uncertainties [6]. To a few
exceptions belongs the study of Kataoka et alwjdp measured local mass transfer and wall
shear rate using the electrodiffusion (polarogrepimiethod and pressure fluctuations using a
piezoelectric transducer. However they used diffestectrodes for mass transfer (circular
electrodes) and for wall shear rate (rectangulecteddes) measurements. Hence these two
phenomena were not measured at the same placal Baghe same experimental apparatus
and electrodiffusion method, Kataoka and MizusHBlainvestigated the effect of the free-
stream turbulence on the wall shear rate and ttss tnansfer in an impinging round jet at large
Prandtl numberRr > 1G¢°). The jet Reynolds number varied within a rang@02- 32600] and
a nozzle-to-wall distancdgd was equal to 3.9, 5.9 and 8.2, whdres the nozzle diameter
which was a convergent conical type. The Nussetber was deduced using an analogy
between heat and mass transfer. The hot-wire anetnpitechnique was used for the free-
stream velocity measurements in the neighbourhdaldeotarget wall. The authors observed
that the wall shear rate is almost unaffected leyftbe-stream turbulence, whereas the rate of
mass transfer is greatly enhanced. The local emina@at of the mass transfer was attributed to
the penetration of non-uniform turbulence of frée&m across the laminar boundary layer and
to the subsequent transition from laminar to tughtiboundary layer.

Chin and Agarwal [7] used electrodiffusion methoaor fthe local mass transfer
measurement and classical pressure measuremegthadas in the impinging wall. Using the
electrodiffusion method, Alekseenko and Markovigh fineasured local wall shear stress of

impinging round jet. Chin and Tsang [9] used thaeasanethod for mass transfer measurements



from an impinging jet to the stagnation region oairaular disk electrode. They found that
there is a uniform accessibility to mass trandfee (hickness of concentration boundary layer
and mass transfer rate have constant values)angerofR/d (0.1; 1) for turbulent nozzle flow
andR/d (0.1; 0.5) for laminar flow, wherR is the electrode radius addhe nozzle diameter.
Beyond this uniform accessibility region the masssfer rate was found to be a decreasing
function of the lateral coordinate.

Kristiawan et al. [10] and Meslem et al. [11] cd&tad mass transfer rate in the
impingement region from the measured wall shear irathe vicinity of the stagnation point
under the assumption of uniform thickness of hyginaanic and concentration boundary layer.

The literature reveals that for high Reynolds nurslzad low nozzle-to-wall distances
h/d, two peaks are present on the radial distributadigcal Nusselt number or local Sherwood
number §h, produced by circular impinging jets. The firgigl corresponds to the maximum
of heat/mass transfer rate and occurs approximatehe nozzle radius. In some investigations
[3, 12-14], the location of the first peak is ot fromr = 0.5d to r = 0.7dfor h< 4d. This
peak is attributed to the high turbulence intensitythe nozzle edge and to the direct
impingement of large toroidal Kelvin-Helmholtz (K}kortices originated in the mixing region
[3]. The secondary peak occurs at the radial digtdrom the stagnation point ranging from
1.2d to 2.5 [3, 12-15]. The origin of this secondary peak islely discussed in the recent
reviews of Carlomagno et al. [16] and Zuckerman land[17]. It is now recognized that this
results from the unsteady separation of the cotuotating secondary vortices which form near
the wall bellow primary K—H vortices [16-19]. Sordecades ago, when diagnostic techniques
of the flow dynamics were still limited, the secanglpeak was attributed to the transition from
laminar to turbulent boundary layer in the walljegion [3, 20].

With increasing Reynolds number, the location & secondary peak moves outwards
from the stagnation point and their imprint on fmaiss transfer increases [12].

The present paper is devoted to the characteristiosstantaneous wall shear rate and
local mass transfer in an impinging round jet isguirom a convergent conical nozzle at a
Reynolds number of 2450 and a nozzle-to-wall dstéd=2. The experiments are performed
using the electrodiffusion method [10, 11, 21]. HBuae first time, the wall shear rate and local
mass transfer are measured at the same placeluthgafions of the local Sherwood number

have never been studied before.



2. Theory

2.1 Electrodiffusion method

The electrodiffusion method (ED) is based on thasueement of the limiting diffusion
current () on a working electrode (probe). This currentug do the reaction of ions (active
species) which are transported by convection anécular diffusion to the working electrode.
Mass transfer coefficiemtcan be deduced from the limiting diffusion current

k= o
Sgc SynFc

: 1)

wherej is the flux of the active ion& is the active surface of the electrodes the bulk
concentration of the active ions;js the number of electrons involved in the eledieical
reaction andF is the Faraday constant.

The mass transfer coefficient calculated from Eg the mean value over the electrode
surface. The electrode can be arbitrary large heiktgives a surface averaged value. For
measurements of locklt is necessary to embedded small electrodesairga one. The limited
diffusion current can be also interpreted as wWadlas rate ). To fulfil necessary conditions,
the electrode foymeasurements must be sufficiently small and flaslinted in an inert wall
or counter-electrode.

The redox reaction of potassium ferri- and ferroogla is frequently used in ED
measurements. There is a reduction on the wokdegrode

Fe*(CN) +e - Fe*(CN)S” 2)
and oxidation on the auxiliary electrode. In ortleat the diffusion current is controlled only
by the phenomena on the working electrode, theliatkielectrode must be much larger than
the working electrode. The effect of the auxiliatgctrode can be also attenuated using higher
concentration of ferrocyanide than ferricyanide €liminate the transport of ions by migration
in electric field, the electric conduction is enbad by addition of a supporting electrolyte

which does not react on the electrodes.

2.2 Wall shear rate

Viscosimetric steady flow with parallel streamlin@sd uniform wall shear rate is the
condition for the interpretation of limiting diffimn current as wall shear rate. The formula

corresponding to Leveque’s equivalent formula feathtransfer, established by Reiss and



Hanratty [22] is valid for the case when the malac diffusion parallel with the surface can

be neglected

y =0.0999(nF¢)°D?R I3 (3)

whereD is the diffusivity of the active ions, amlis the radius of the electrode.

In the case of an impinging circular jet, the stnéaes in the wall vicinity close to the
stagnation point spread radially from this poimt.this region, the wall shear rate increases
linearly with the distance from the stagnation poifihere is the effect of the velocity
component normal to the wall on the probe readihichvattenuates with increasimgThe

limiting diffusion current at the stagnation poiata function ofj\é#. This current is finite

even if y(r=0) = 0. The error of using Eq.3 close to the satign point was treated by
Kristiawan et al. [10]. This error decreases witnd it makes 2.1 % at a dimensionless radial
distanca/R equal to 4.

Eq.3 was derived under the assumption that theciglis a linear function of the distance
from the wall with the slope equal to the wall sheste. The Schmidt number in aqueous
electrolyte is about 1410 and the concentratiomdaty layer is generally much thinner than
the hydrodynamic boundary layer, hence, the hysethef linear velocity profile is fulfilled.
However in unsteady flows the concentration boundyrer needs some time to develop. The
inertia of diffusion boundary layer on the workiatpctrode manifests itself as a filter which
diminishes amplitude and causes a phase shifeohttasured current. Menedez and Ramaprian
[23] solved the heat transfer to a flush mountesdseunder periodical variation of the velocity
parallel with the wall. Due to the thickness of thermal boundary layer, they took into account
the normal velocity component in the hydrodynanoardary layer. Their solution contains
three shape parameters which are function of timed@pend on flow geometry. Sobolik et al.
[24] supposed a viscometric flow with time deperdeariation of uniform wall shear rate.
Using integral mass balance of the mass transteat&u, they arrived to the relation between
the wall shear rate and instantaneous limitinguditin current:

Veor = V[“ O.45D‘1/3R2/3y"5/3%} @
where Jor is the corrected wall shear rate gntthe primary wall shear rate. The primary wall
shear rate is calculated using the instantaneoasumed limiting diffusion current using Eq.3
or similar equation obtained by the probe calilmratiThis correction contains only parameters

which can be evaluated by the probe calibratiod$ [Zhe expression in the brackets of Eq. 4



is the correction factor. The higher wall sheae ridte lower is this factor. Eqs 3 and 4 were
obtained under the assumption that the flow dioeciloes not change. However there is
unsteady azimuthal component in the wall jet rediB] which causes changes in the flow
direction. This will result in some small error whicannot be estimated as this problem has

not been solved until now.

2.3 Mass transfer

The mass transfer coefficient calculated from Ecs the mean value over the electrode
surface. The electrode can be arbitrary largel®k gives a mean value. For measurements of
localkit is necessary to embedded small electrodesarga one. The same voltage is imposed
on all working electrodes and the current throwaglyé electrode gives global coefficient while
the currents through small electrodes give locafffoaments of mass transfer. The Sherwood
number is defined by:

kd
Sh=— 5
5 ()

whered is the nozzle diameter amdthe diffusion coefficient of active ions.

Although mass transfer is considered on the immrgy®id wall, the chosen scaling length of
the Sherwood number is the nozzle diametefEg. 5). The jet core region, where the
characteristics of the jet are nozzle-geometry déeet, still exists in the nozzle-to-wall

distance/d = 2, which is our case. Hence, the transfer ph@&manoccurring on the target wall

ath/d = 2 are nozzle-geometry dependent and the reldgagth scale is the nozzle diameter
d.

3. Experimental setup
3.1 Wall shear rate and mass transfer measurements

Detailed description of the experimental device lpariound in the papers by Kristiawan
et al. [10], El Hassan et al. [21] or Meslem et[&l]. It consists of a Plexiglass reservoir, a
gear pump, a nozzle and a target with electrodigs 18). The nozzle has a convergent conical
form (Fig. 1b) with an exit diameterof 7.8 mm and an area contraction 4:1 on a leafftv
mm. The nozzle is screwed to a 200 mm length stsénéteel tube with the inner and outer

diameters of 15 and 20 mm, respectively. A honeygamanufactured of 7 mm thick disc by



drilling 17 holes with a diameter of 2 mm, wasdttin the tube inlet. The temperature of the
fluid was controlled by a cooling coil within +0°Z.

The target, see Fig.1c, was manufactured of a §leeidisc with a diameter of 100 mm
and thickness 17 mm by first drilling the holesirieert the electrodes. Platinum foil with a
diametemdgisc of 50 mm and thickness 50 pm (designated in thewWng as platinum disc) was
assembled centrally with Plexiglas disc using Neoprglue. Holes with a diameter 0.7 mm
were drilled through the platinum disc as a cordgtman of the holes in the Plexiglas disc. The
electrodes were fabricated of a 0.5 mm platinunewvhich was coated electrophoretically
with a deposit of a polymeric paint. After soldgyiconnecting cables, the electrodes were glued
with an epoxy resin into the Plexiglas disc, sd tha tops of the platinum wires just projected
above the platinum disc. The wires were then rubtbedn flush with the surface of the
platinum disc using progressively finer gradesrakey paper. The last emery paper had a grit
size 10 um. The whole surface was then polishamyusifine dental paste. Before each series
of test, the electrode surfaces were polished mséd with distilled water. Nickel sheets with
an area of 0.15 frand the stainless steel tube were used as thisayelectrode (anode). The
area of the nickel sheets and the stainless stieelwas 80 times superior to the platinum disc
area. To measure only the phenomena which happ#reaneasuring electrode (cathode), the
area of the auxiliary electrode (anode) should dgd enough. Measured currents in our
experiments did not change if the anode area wémgead which was the proof of the
sufficiency of anode area.

The nozzle assembly was located on a support wddiolved vertical movement for
accurate alignment of the nozzle axis with thetebeles. The reservoir with the fixed target
was placed on a sliding compound table which péechiborizontal displacement of the target
relative to the nozzle. The wall shear rate andllatass transfer were measured at 18 positions
separated by 1 mm. The first position of the stagngoint (see Fig. 1c) was in the point A
(6.2 mm left from the disc centre), and the lagtifpan in the point B (10.8 mm right from the
disc centre).

The test fluid was an aqueous solution of 5 mdfiotassium ferricyanide @gFe(CNY)),
25 mol/n? potassium ferrocyanide gEe(CN))) and 1.5% mass potassium sulphateS@®)
as supporting electrolyte. The solution had a dgw$il006 kg/m, kinematic viscosity 1.060
® m?/s and diffusivity 7.510° m?/s at 20°C. The resulting Schmidt number was 1410.

The Reynolds number (Eqg. 6) which is based on tizele diameted and the mean exit

velocity from the nozzleUWexi= 0.33 m/s) had a value of 2450.



U exit d p (6)
)7

The distance between the target and the nozzlepdait h/d was equal to 2. The main

Re=

parameters of the experiments are summarized ifeTab

The voltage on the working electrodes was adjusteed.8 V; 5000 data were recorded at a
frequency of 500 Hz at a radial position duringslfor wall shear rate measurement, then the
voltage was imposed also on the platinum disctaacdame amount of data were recorded at
the same frequency for the mass transfer study.

The electrodes were calibrated before and afteryeseries of measurements using a voltage
step transient [25]. The result of this calibratiare. the Cottrell coefficient which is
proportional to ¢ Si DY?), varied about +4%. The estimated errors were a8%h+4% for the

wall shear rate and the Sherwood number, respégctive

Table 1: The main parameters of the experiments

d (mm) | h (mm) | Uit (m/s) | & (mm)| 7 (Hz) | v (m¥s) | D (m2/s) | Re | sty | Sc
78 | 156 | 033 | 017 | 26 | 106106 | 7.510% | 2450 | 0.013 | 1410




(@)

I 6 platinum insulated
| electrodes 0.5

Platinum electrode ¢49.5

d »
< |

Fig. 1. (a) Diagram of apparatus: 1 target distwlectrodes, 2 tube with nozzle and
honeycomb, 3 pump, 4 reservoir, 5 compound tabimzzle holder, 7 cooling coil;

(b) The system coordinates associated to the nazzl®latinum disc with six electrodes. A,
B extreme positions of stagnation point displacemen



3.2 Flow field measurements

The three-dimensional behavior of flow transitiomswinvestigated by the time-resolved
tomographic particle image velocimetry. The emphasas done on the organization of
coherent flow structures, which affect the wallahete and mass transfer phenomenon at the
impinged wall.

The PIV system consisted of high-repetition ratetaand three high-speed CMOS cameras
(phantom V09, 1600x1200 pixel?, 12 bit) equippedhwNikon objectives of 105mm focal
length. The sketch of the experimental setup isvshio Fig. 2.

Two cameras were arranged in backscatter orientatith an angle approximately 20° relative
to the normal of the viewing face of the light vala. The third camera was oriented normal to
the viewing face of the light volume. The scheimpgfladapters were used to align the mid-
plane of the illuminated area with the focal plama the lens apertures were fixed te=16.
The test fluid was seeded with titandioxide polydenparticles of 2@um mean diameter. The
illumination was provided by a pulsed, dual-caWnlg:YLF laser with a power of 2x10mJ. A
beam expander (volume optics of LaVision), composédwo cylindrical lenses and a
rectangular slit, was used to generate a rectanigkd volume. A mirror was inserted at the
bottom of the reservoir to reflect the laser beatkito the measurement volume. The effective
measurement volume washbdx5d with an average resolution of 29.75 pixels/mm. The
particle image density was approximatively 0.04tipks/pixel. The imaging system was
calibrated by the two-level spatial target (Typ&aiget in the LaVision Software). In each of
the two calibration planes, a third order polyndrfitavas used to determine the transformation
matrix which match the viewing planes of the theameras with an accuracy of approximately
0.15 pixels.

In order to increase the illumination energy, 10@@ges were recorded at a frequency of 1000
Hz in single frame mode with laser time interdaf Ous. The maximum particle displacement
is 14 pixels. The images were reorganized in dodtdenes reducing the measurement
frequency to 500 Hz.



Fig. 2 Schematic of the experimental setup of tarapigic PIV: 1 laser head, 2 mirror, 3 beam
expander with rectangular slit, 4 target disc, Betwith nozzle, 6 nozzle holder, 7 phantom
V09 cameras, 8 laser beam

Prior to the particle volume reconstruction, thegioial images were preprocessed to improve
the reconstruction process. The main images pcepsing stepwere described by Hain et al.
[26]. A sliding minimum was subtracted from the mea to reduce the background noise. A
constant background due to laser reflecting oryditexiglas was removed through an
algorithmic mask, thus increasing the number ob zeyxels. The particle image intensities
were normalized by local image intensity, leadiagsimilar particle intensity magnitude for
the three cameras. Gaussian smoothing by 3x3 kemawehllso applied. A geometric mask was
used to define the boundaries of the calculatermneg

The 3D particle positions within the volume wereamstructed using seven iterations of the
Multiplicative Algebraic Reconstruction Techniqu&ART) algorithm provided by the
LaVision software Davis 8.2.1. The volume was ditized with 520x1544x1188 voxels and
a pixel to voxel ratio of 1. The volume self-calibion [27] showed an initial particle based
calibration error of up to 2-3 pixels. After seHlilibration correction the errors are reduced to
below 0.15 pixels. At the present particle imagensity and number of cameras, the
reconstruction qualityQ is recognized to be above 0.75 [28, 29]. In thamdition, the
reconstruction should be assumed to be sufficieatburate [29].

The vector fields were obtained by performing mp#ss direct cross-correlation using a final
interrogation volume of 64x64x64 voxels (00&8.281x0.2&]) and 75% overlap between
adjacent interrogation boxes. The resulting vesfiacing in each 3D velocity distribution is

12



0.07. The spatio-temporal noisy fluctuations were redligy using a second order polynomial
filter over a kernel size of 5 grid nodes in spand 5 steps in time [13]. The spatial resolution
of the filtered data remained equal to @ 28hereas the temporal resolution was reduced to
8ms. The corresponding frequency of 125 Hz wascpratively five times greater than the
vortex shedding frequency (26 Hz) of the studie¢digav.

The local mass conservation principle was usedimerous studies [13, 30, 31] to estimate the
random velocity error in tomographic PIV measureteern fact, when the flow is
incompressible, the divergence of the 3D veloaydt should be zero. However, this is not
the case when there are measurement errors andrinaim&guncation in the spatial
discretization. When a second order central diffeeescheme is used to calculate the velocity
gradients, assuming uniform vector spadfygnd uniform random error in all directions, the
velocity gradient error is given by:

3

oz 0 (7)

5(%) -

where J(gi) is the RMS fluctuation divergence an®(u) the random error.
X.

In this study the mean random error was found toalmund 0.48 pixel, corresponding
approximatively to 4.4% of the streamwise veloditythe free jet region. Note that a random
error varying between 0.60 and 0.42 pixel wepored by Atkinson et al. [30] and Buchner

et al. [31] in turbulent boundary layer.

4. Resultsand discussion
4.1 Initial conditions

Fig.3 compares mean velocity profiles (Fig. 3 & RMS velocity (Fig. 3 b) close to the nozzle

exit (x/d = 0.1), measured using the 2D PIV [21] and the@Dographic PIV.

While rather good agreement between mean velocifilgs was observed in the jet core

region, discrepancies appeared in the shear lagsom. Discrepancies were also observed in
the RMS velocity profiles (Fig. 3 b).

The observed discrepancies could be attributechéodifference of the spatial resolution

between the two measurement technics. Indeed,DHel? measurements [21] were obtained

with a spatial resolution of 0.#80.131x0.13d (the third direction corresponds to the 1mm
thickness of the laser) while the spatial resotutibthe 3D PIV was 0.280.281x0.281, which

is ten times greater than that in 2D PIV measurésnen

13



Anyway, comparisons are satisfactory which givesfidence in the tomographic PIV used in

the present study.
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Fig. 3 Mean streamwise velocity (a) and normalisegitudinal root-mean-square (b)
distributions at 0.d from the exit- 2D PIV [21] (straight line), 3D tomographic PIV (cie)

4.2 Jet flow characteristics

As outlined previously, the tomographic PIV measwats were done with the objective to
capture the organization of coherent flow structuveéhich play a role in the wall shear rate and

the mass transfer phenomena at the impinged wall.

The three-dimensional flow organization of the igtgiven in Fig. 4. This figure gives a
temporal sequence of iso-surfaces of azimuthalioityt w,d/U,,, =33, radial vorticity
wd/U

=+1.1and axial velocityU/U_, =10. The time interval between the displayed

exit exit

snapshots i&\tU.,,/d = 0.63.

Vortex structures are often identified from expegital velocity fields using the vorticity.
However, the vorticity is not always convenient tbis purpose as it cannot distinguish
between pure shearing motion and swirling motidme Tost convenient method for vortex
identification is theA, -criterion based on the local pressure minimum.[3Bjs method was
applied to the velocity fields of the Fig. 4 ane tlesults are given in Fig. 5.

The jet exhibited azimuthally coherent ring voriaehich were shed betwegfd = 1 and 1.5.
These vortices resulted from the growth of Kelviahidholtz (K-H) waves which rolled up into
vortex rings that were carried downstream. The tspgEig. 6) of the streamwise velocity

componentU and transverse velocity compon&hin the free jet region at the positiafd =

14



1.2 andr/d = 0.6, exhibit a fundamental frequency of vortegdding phenomenon equal to 26
Hz. This frequency leads to a Strouhal number bagdtie initial momentum thicknegsand

the jet exit mean velocitWexit, St;= 0.013 (see Table 1). This value is in a good egent

with values reported in the literature for freecaiar natural jets. For example, Gutmark and
Ho [33] reported Strouhal number in the range 0.@13.023 for the Reynolds number in the
range 10to 10.

In a free round jet [34], the K-H vortices beconmeee-dimensional after one or multiple
pairing, and eventually break down at the end efjét potential core which extends to &-6
[35]. In the present study, the target plate wasgd at a distande=2d, where the structures
were still well organized and no pairing took place

As shown in Fig. 5(b), the K-H vortices were vehlyse to the wall in the wall jet regiond =
1.5) and beginning withid = 2 they draw far apart the wall.

Fig. 4 Time sequence of stream traces and instaateniso-surfaces of azimuthal vorticity
w,d /U, = 3.3(cyan), radial vorticityw,d/U.,, = -1.1(purple) andl.1 (green) and axial
velocity U/U,, =10 (red). The time interval between the displayedshats isAtU ./d =
0.63

exit

In order to visualise the imprint of the K-H voegg on the target, the y-z presentation of the

iso-linesA,d? /U2, =-15 atx/d =1.8 (i.e., at 1.6 mm from the target) is giverFig. 7, along

exit
with iso-colors of axial velocityJ /U, and projection of velocity vectors on the plane. y-
When the K-H vortices approached the wall, thegtstred and their diameter increased, see
Figs 4, 5 and 7. The same observation was don@pPRand Trass [19] using the smoke-wire
flow visualization technique. These authors haveshthat at nozzle-to-plate separatiéd =
1.2, the toroidal vortices of the circular jet read the plate at a radius 0.7 —0.9, which is

consistent with the present results (Fig. 7).
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(b)

yid

Fig. 5 (a) Time sequence of stream traces andritsstaous iso-surfaces afd?/U2, =-15

(cyan). The viewing angle, the time instants ardkpare the same as in Fig. 4
(b) View in the vertical plane of the second insi@2) —velocity field, iso-colors of the

transverse velocity and iso-lines ®§d?/U2, = -15

12 1

PSD ¢
10

10 100

f, Hz
Fig. 6 Spectra o) (the dark line, blue online) and(the light line, red online) normalized by
their respective RMS values,rétl = 0.6 and/d = 1.2
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Fig. 7 Time sequence of instantaneous iso-coloexiafl velocityU /U, with iso-lines of

A,d? /U 2. =—15 (black lines) and projection of velocity vector piz plane at axial location
xd=18
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4.3 Mass transfer and wall shear rate

The wall shear rate and mass transfer measuremenés carried out alternately. The
stagnation point was adjusted at a selected rdditdncer (see Fig. 1) and wall shear rates
were measured by the platinum wires working asomhKeeping the same position of the
stagnation point, local mass transfer was meashbyethe platinum wires and global mass
transfer by the platinum disc (both working as od#). The nickel sheets were used in the both
cases as anode.

The local time averaged Sherwood numb@a)(measured with the six electrodes are
shown in Fig.8 as a function of radial positroNote that the radial distribution was constructed
using 18 data series corresponding to 18 positibtize stagnation point between the points A

and B of the platinum disc (Fig. 1). Hence18= 108 currents were used for the construction

of such radial distribution oSh. The scatter of measured values is less than #E0ffve to
the polynomial fit.
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Fig.

Sherwood number and wall shear rate 45
a function of normalised radial positionsooo }
r/d ; (b) Fluctuations of local Sherwood
number and wall shear rate; (c) Relative
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The local SherwoodumberSh slightly increases in the stagnation region (0<5 mm)
and the maximum occurs at= 0.5, a distance little greater than the nozzle radilee
concentration boundary layer has not a constacknkss as was also observed by Kataoka et

al. [4] in the jet core region of convergent impimgjet. Due to the increasing fluctuations of

¥ the Shincreases. The mass transfer is very sensitivieet@elocity turbulence which is still

low on the jet axis in the potential core region amcreases near the nozzle edge. Vallis et al.

[36] observed a maximum &h atthe stagnation point using nozzle to plate distandde
range 5 to 20 nozzle diameters. The jet core regialready consumed ad,5a position from
which the turbulence rises on the jet axis. In nigue studies of heat transfer (see for example

Lee and Lee [12] or Colucci and Viskanta [37]) Haene behavior was observed for the local

time-averaged Nusselt number distribution: the manxn of Nuin the jet core region is shifted

from the stagnation point when the jet core reggists, whereas in the jet transition region
and downstream the maximum biu appears at the stagnation point. Whéhfalls in the jet

core region, the position of maximum 8h or Nu depends on the transverse area of the core
which decreases whdwd increases. The growth of the K-H vortices dowrastrdrom the jet
exit is accompanied biye shrinking of the jet potential core. Thus, Kzl rings increase in

diameter and occupies the space freed by the mpaitente and increase the turbulence in that

space. This is the reason why the pealgmspreads towards the stagnation point whih

increases. At the end of the jet core region, tineulence reaches the jet axis and the peak of

Shmoves into the stagnation point.

There is a secondary peak§hdistribution (Fig. 8 and 10a). This secondary pefk

§happears approximately dtl = 2.5. This is consistent with the results of tker&ture which
reports that the secondary peak in Nusselt or Stmwumber distribution occurs at the radial
distance from the stagnation point ranging frond1o22.5 [3, 12-15]. Kataoka and Mizushina
[3] observed the second peak/at= 2.2.

The time averaged local Sherwood nunBlemwas fitted by a polynomial of six degree.

The global Sherwood numb&hs was obtained by integration &h using this polynomial:

_ 2
Shs(r) :r—szthdp (8)
0
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Fig 11. History of primary (the dark line, blue md) and corrected values (the light line, red
online) of wall shear rate: a)d = 0.05; b) 0.45; ¢) 0.70; d) 1.47; e) 2.50; f)13-0the radial
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The global Sherwood numb&ts atr = 24.75 mm was compared to the global Sherwood
number obtained directly from the limiting diffusiocurrent through the platinum disc
(dsis=49.5 mm) when the stagnation point was centredhendisc. The valueSh; =305
obtained by integration of th8h was about 8.5% higher than the value of 281 obthiny
direct measurement technique. This difference eadue to the insulating annular gap around
the electrodes where partial renewal of the actpecies can take place, especially when
fluctuating velocity component normal to the wallresent. There can be also edge effects of
electrodes which enhance the mass transfer [9jh&umore, Eqg. 8 assumes an axial symmetry
of the jet flow on the target, which is not perfedtue, particularly in the present study where
the Reynolds number is low (see Fig. 9). Indeesl]dtv-Reynolds jet flows are sensitive to the

slightest experimental disturbance or the slighdesect.

All the measured quantities are compared in FigThe time averaged valugof wall shear

rate and time averaged valush of Sherwood number are shown in Fig. 10a. The stadar
rate is theoretically zero at the stagnation pdihis value cannot be measured because (i) there

is still a current even if thgis zero and (ii) the stagnation point can os@lkabout the jet axis.
The time averaged valugof wall shear rate increases almost linearly instagnation region
(see Fig. 10a). Using the procedure described Istikwan et al. [10] and Meslem et al. [11],

the slope of a tangent fgin the stagnation region which passes throughrG=ad has a value

of 6.3510° ms? which corresponds to the Sherwood number at tignstion pointShs of

573. This value compares quite well to the valdeShin the stagnation region (B<5mm)
which varies from 550 to 650 (Fig. 10a). Extrapolgthe relation (Eq. 9) published by Chin
and Tsang [9] for a nozzle with constant circulaiss section (tube) and laminar flGe<2000

to our conditions, th&Shs equals to 820. Evidently the differenceSs is due to the different

flow conditions.

Sh = 150R€e"2S¢3(H /d)~ %% 9)

As shown in Fig. 10a, the maximum of wall sheae yais atr/d = 0.69. Alekseenko and
Markovich [8] found the maximum of wall shear rate/d = 0.7 for a wide range éte(6300;
55000), which is consistent with our results. Nibtat the maximum ofSh is closer to the
stagnation pointr(d =0.57) than the maximum ¢f. According to Kataoka and Mizushina [3],

the heat/mass transfer in the impinging region iscimmore sensitive to the amplified
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turbulence at the free-stream than the wall shatar The vortex dynamics in the impinging
region forRe= 2450 captured using PIV (Figs 4-7) can explghnand} maxima and their

respective positions. The K-H vortices, which depeh the jet shear layer (the centre of the
K-H structure is around/d= 0.5), approached the target wall normal to it are deflected
radially in the regiom/d= 0.5-0.7 before impinging the wall arourid = 0.7 (Fig. 7). The peak

in the wall shear ratgr corresponds to the region where the K-H vorticeginge the wall,
whereas the maximum @&h appears in the deflection region of the K-H vasicAs already

suggested in [3], the turbulence in the free-streaaused by the K-H when they are deflected

at the vicinity of the wall, penetrate the lamibaundary layer and produce a local maxima in
heat/mass transfer. That is why the maximun%fappears slightly closer to the stagnation

point than the maximum of .

The fluctuations of wall shear rate and Sherwooghiber are shown in Fig. 10b. They

were calculated as standard deviation:

B 3 (7P CRR ) 31 Tt &
\/E= = N_1 V' = (10a, b)

N-1

where the indek stands for instantaneous value &hid the number of samples. The corrected
values ofywere calculated using Eqs 3 and 4 and the Sherwonitber using Eqs 1 and 5. It

should be noted that the correction on the ineftthe concentration boundary layer affects the
instantaneous values gfand its standard deviatiov(? , but the effect of the corrections on

the values ofy are less than 2%. The fluctuations of wall shase mcrease with increasing
distance from the stagnation point and achieve thakimum at/d = 0.9, i.e. farther from the
stagnation point than the maximum ¢f The position of the maximum of the standard

deviation of wall shear rate was found to be a fiomcof Re[8], i.e. atr/d = 1 and 1.9 foRe=
6300 and 55000, respectively. Fluctuations of ther&ood numb SH? are low and almost
constant untik/d =1.47 where they start to increase. The maximu 8 and also local

maximum of\/F are placed at/d =2.5 where a second peak of the mean Sherwood erumb

was observed (Fig. 8 and Fig. 10a). The second toagimum in heat/mass transfer is related
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to the appearance of the unsteady separation ofdlueed secondary vortices that form near

the wall under primary K—H vortices [12-15, 38].
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Fig. 12 Spectra ofor (the dark line, blue online) arghnumber (the light line, orange
online). The conditions correspond to Fig. 11r/d)= 0.05; b) 0.45; c) 0.70; d) 1.47; e) 2.50;
f) 3.01- the radial positions are indicated in Rigd
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Fig. 13 The secondary vortex (V2) generated unaeptimary structure (V1) in a circular

impinging jet (adapted from [38]).

The relative fluctuations ofandSh i.e. the fluctuations divided by the correspogdin

mean values are shown in Fig. 10c. While the cahape of the relative fluctuations®iidoes

not differ much from that of SH? , the relative fluctuations gfexhibit another course. There
is a local maximum at the stagnation point which ba attributed to the displacement of the
stagnation point due to the jet flapping. The sdclmtal maximum is at/d =1.2 where the
time averaged values gfand Sh (Fig. 10a) change their slope. The maximum of ibth
relative fluctuations is atd=2.5 (Fig. 10c).

The correction of the instantaneous valug@h the inertia of the concentration boundary
layer allowed us to define a new criterion. Thdoradf the fluctuations calculated of the

corrected valuegor (EQ. 4) to the fluctuations of the primary valueshown in Fig. 10d. We

shall call the ratiQ/E/,/? correction factor in the following. The maximum ajrrection

factor is 3 atr/d=1.47. The effect of different flow regimes on tt@rection factor will be
discussed later. The correction factor dependshereffective probe lengthL) in the flow
direction (= 1.64*R for a circular electrode of radil® [39]). The concentration boundary
layer on small probes is thin and the probe rethetgaster the smaller is its length. Hence the
small probes used by Alekseenka=0.03 mm) and Kataokd.€0.2 mm) would give smaller

values of the correction factor, but their depemeern radius will be similar.

The histories of corrected and primary wall sheaes are shown in Fig. 11 at different
radial positions (the chosen radial positions adicated in Fig. 10d), and the corresponding
power spectral density calculated of correctedeshre given in Fig.12. The correcjepasses

through the local minima and maxima of the primgrccording to Eq. 4, the corrected value
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is equal to a primary value if the derivative of primary vakiedro. Close to the stagnation
pointr/d = 0.05 (Fig. 11a) the values of wall shear rate and its fluongare rather low. The
fluctuations are due to the displacement of the stagnation pamawteak periodicity of 26.1
and 44.3 Hz (see Fig. 12a). At a radial positioi=0.45 (Fig. 11b), which is near the region
where the periodic K-H vortices strike the target (Fig. 7), the osoiis of the wall shear rate
are sinusoidal with a single frequency of 26.1 Hz (see Fig. 12b). Thiefregis equal to the
vortex shedding frequency captured using tomographic PIV (Fig. 8)Jd#Q.45 the correction
factor is about 2. It should be noted that the frequency 26.1 xpissed by the gear pump
which is very close to the own frequency of the jet. Indeed,esiomed earlier, the obtained

Strouhal numbest,= 0.013, falls in the range [0.013-0.023], which characterize the shear lay

mode of the circular natural free jet [33].

The history of wall shear rates close to the maximury afr/d=0.70, is shown in Fig.
11c. The course is regular and periodical but the increagesahore rapid than its decrease
(the slope of increasing phase is steeper than in the decreasinghich correspond to “sharp
peaks” and “large valleys” of corrected (true) wall shate (see Fig. 11c). It is the reason why
a second frequency of 2 52.2 Hz appeared in Fig.12c. This course of wall shear rateawit
slower decrease than increase, and the presence of thHeafimsbnic at this position can be
explained by the interaction of the primary K-H structures witialler structures issued from
the breaking-down of the primary K-H structures (see Figs 4 amdhigh rotate in the same
direction. At this position, the correction factor has a locaimim equal to 1.75. Due to high

values of wall shear rate the inertia of the concentration boundary layer isahivare.
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Fig. 14 History of Sherwood number in time scales 1 s (left) and 10 s (right):=ap.05; b)
0.45; ¢) 0.70; d) 1.47; e) 2.50; f) 3.01- the radial positions are indicated in Fig. 10d
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The wall shear rates at a maximum of correction factor (2.98)=l.47, are shown in
Fig. 11d. The inertia of the concentration boundary layer has a high aathis position. The
course ofy is periodic with a slower increase than decrease. The inugepBase shows
irregularities which are amplified ior. The corrected wall shear rate has minima close to zero
and it is distorted at maxima. In consequence, there are three peaks (26.1, 52.2 andat8.3 Hz)
the corresponding spectra (see Fig. 12d). During the impact oratheheg rotating coherent
structures create the wall shear rate with the same sitpe avall shear rate of the main stream.
Passing of these structures along the probe manifests in makinzdl shear rate. Secondary
counter-rotating vortices are formed at the place where theseegodetach from the wall.
These secondary vortices are at the origin of the secondaky ipelaeat/mass transfer
distribution occurring at the radial distance ranging frond 1022.51 [12-15, 38].
It should be noted that the spatial resolution (@<B8281x0.281) of the tomographic PIV
technic used in the present study do not allow to capture this secatdantyre, captured
previously by the 2D PIV technic in [38] (see Fig. 13).

The values oj¢tor close to zero can be explained by these secondary vorticd9[18he
effects of the drifting velocity and rotation of secondary vediare opposite and results in a
wall shear rate close to zero [4®rom the behaviour of primary wall shear rates we can make
conclusion that there is no reversing flow. Reversing flow would restnifself by a local
maximum in the region of minimum wall shear rate. It should be kept in mind that thedim
diffusion current is always positive no matter what the flow direction is.

Farther from the stagnation pointrdd = 2.50 andr/d = 3.01, the effect of vortices
attenuates (see Fig. 11e and f). The coherent structures atmfar the wall (see Fig. 5) and

cause only sparse peaks on wall shear rate. There is no dofreqaency on the power spectra

in Fig. 12e and f. Let us remember that the second local raa&fﬁyl\?,\/? and Sh
distributions at/d = 2.5 were explained by the presence of counter-rotating secomtaces.
From the analysis made above and based on the Fig. 13 extracted frohe [@&sence of the
counter-rotating secondary vortices are expected to be presemtide aegion (/d [J 1.5 to
2.5). They are very close to the wall/t = 1.5 with a clear effect on the time evolution of wall
shear ratg/(t) (see Figs 11d and 12d), and they are far above the walEa?.5 wherey (t) is
not more periodic. Even if these vortices are rather far fromwide they induce a local

maximum of the mean local Sherwood number and its fluctuations (Fig. 10a and b).
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The histories of local mass transfer are shown in Fig. 14a aattilthe corresponding
power spectral density are given in Fig.12. The thick concemtr&tbundary layer on the
platinum disc acts as a filter which attenuates high freque(feigs12). The second peak of
Jor at 52.2 Hz is negligible on the spectraSf(Fig. 12c and d) and the impact of coherent
structures results in the peak 26.1 Hz on the power spectth<afl.5. The fluctuations ddh
are caused by the normal velocity component. The largest fluctuations @e25 (see Figs
10b and 14) due to large eddies. These eddies are random at a freahmrtcy Hz estimated
from Fig. 14b.

Conclusions

The instantaneous values of local mass transfer and wall steeat ean impinging wall were
measured at the same points for the first time.

Numerous phenomena indicated by the measured quantities wergednalyomographic PIV
measurements provided information on the organization of coherent flotustsjavhich play
a role in the wall shear rate and the mass transfer phenomenon at the impinged wall.

The maximum of mean local Sherwood number was closer to the tsbagoaint ¢/d = 0.57)
than the maximum wall shear ratéd(= 0.69). This difference was due to the dynamics of the
Kelvin-Helmholtz (K-H) vortices approaching and impinging thelwihe turbulence created
by the deflection of K-H vortices by the wall penetrated #maihar boundary layer and
terminated the region of quasi-uniform accessibility to the nmaassfer. As the mass transfer
was increasing in this region, its termination corresponded taxamam. The local maximum

of the mean wall shear rate distribution corresponded to the wbiite the K-H vortices

impinged the wall.

The peaks in the mean value and fluctuations of the local Sherwoodmdistbbutions which
appeared approximately atd = 2.5 were related to the turbulence enhancement by the
secondary counter-rotating vortices formed at the place whekeltheortices detached from

the wall.

The course of wall shear rate and local mass transfer dabeit maximar/d [0.7) was
regular and periodical with sharp peaks and width valleys. This phenomesa@xplained by

the interaction of the primary K-H structures with smaller strustisgued from the breaking-
down of the primary K-H structures which rotate in the samectilire At this position, the
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correction factor taking into account the inertia of the concentrattandary layer had a local

minimum equal to 1.75.

The correction factor had its maximum (2.95)/dt1.47 where the course of instantaneous
wall shear rate was periodic with large deformed peaks and shleys. This phenomenon
was related to the counter-rotating secondary vortices. They weenpre a wide regiorn/g
[01.5 to 2.5); aroundd= 1.5 their occurrence close to the wall resulted in a cleadieity

of the wall shear rate, whereas farthen/dt 2.5, the vortices moved apart the wall and the
wall shear rate was not more periodic. The related freesstturbulence affected the boundary
layer at this position and generated local maxima in the meahre and fluctuations of

Sherwood number.

The global Sherwood number obtained by integration of the local Sbéraumbers, under
the hypothesis of axial symmetry, was 8.5% higher than the vhlagthed from the limiting
diffusion current through the whole surface of the platinum disc. ThewSbdrnumber
calculated from the slope of the tangent to the radial distribatiomall shear rate in the

stagnation region corresponded quite well to the global Sh in this region.
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