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Abstract

It is well known that the transfer of heat, mass andherdum to a wall by an impinging
jet is partially linked to the way in which jet generatiorgialized. The organization of the vortices
at the jet exit depends on the upstream conditions and oadheegry of the nozzle. Particle Image
Velocimetry (P1V) and electrodiffusion techniques weredugeinvestigate the characteristics of
different impinging jets and the resulting wall shear ratesraass transfer. Two Cross-Shaped
orifice jets, one produced by a plane orifice nozzée &.Cross-Shaped Orifice made on a flat Plate,
CO/P) and the second by a hemispherical orifice nozzlea(iGross-Shaped Orifice made on a
Hemisphere, CO/H), were compared to a referencedrmiiproduced by a convergent nozzle. The
distance between the jet exit and the target wall was egtvab toozzle equivalent diametei3ef,
based on the free orifice area. The Reynolds nuntlased orDe and on the exit bulk-velocity,
was 5620 for each flow. PIV measurements give an tweea of the flow characteristics in their
free and wall regions. The switching-over phenomenseided in the CO/P nozzle case, and
already described in the literature with similar nozzles, didogour in the jet from the CO/H
nozzle. Electrodiffusion measurements showed differemcethe shape and level of radial
distribution of the wall shear rates and mass transfex.ddthe most important observations is the
large difference in wall shear stress between the tletse for the same exit bulk-velocity, the
maximum wall shear rate in the CO/P and CO/H nozzle jassaimost two and three times higher,

respectively, than that of the reference convergeéntes higher wall shear rate is accompanied



by higher mass transfer rate. It is demonstrated thaCtbes-Shaped orifices enhance the mass

transfer not only locally but also globally.
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List of symbols
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concentration of depolarizer in bulk, mofm
diffusion coefficient of depolarizer,’s?
nozzle diameter for a round jet, m
equivalent diameter based on nozzle free area, m
width of the lobes, m

Faraday constant, 96 485 C rhol
frequency, Hz

nozzle-to-plate axial distance

coefficient of heat transfer, W#fC?

limiting diffusion current, A

density of limiting diffusion current, A #
current density at the stagnation point, A m

coefficient of mass transfer, m's-

Nusselt numbeiNu = hD/A

the number of electrons taking part in the electrochdmeeation
Prandtl numbeRr =v/a

volumetric flow, ml/mn

electrode radius, m

radial distance measured from stagnation point, m

Reynolds numbeWiDe /v

Strouhal numbefeo/W

time, s

radial velocity, m/s

streamwisevelocity, m/s

jet bulkvelocity, 4QfiDé¢?, m/s

system of coordinates attached to the nozzle, m

axis normal to target wall with origin on the targeall, Z* =H — Z, m
radial distance at the periphery of the potential core WwheXe.1) = 0.1Wo in the
major plane, m

radial distance at the periphery of the potential core eWW%.1) = 0.1Wp in the
minor plane, m

thermal diffusivity, m s?

wall shear rate,”s

wall shear stress= 4 y; N m?

thermal conductivity, W mh°C?

dynamic viscosity, Pa s

momentum thickness at the jet eXit 0.23e, mm

displacement thickness at the jet &it0.29e, mm



kinematic viscosity, fs?
vorticity component,$
Subscripts
Lévéque solution
jet value at the center of the nozzle and=a0.29.
jet centerline value
axis taking its origin on the target wall
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1. Introduction

In the field of fundamental and applied research on tunbykes, it was observed that the
characteristics of initial shear layers and of the subségaetices which are formed in the near
field of the jet are directly related to the inlet condisogoverned by an intentional and/or an
accidental excitation of the shear layer [1-6]. Activ®[br passive [10-13] alteration of the initial
conditions causes considerable modifications of the largle-vortices in both their shape and
convection velocities. These technigues are commonlytosetprove jet self-induction, which is
useful in mixing processes such as those occurring ifbgstion chambers [6]. The influence of
the initial conditions on jet dynamics is attributed to theeulythg structure of turbulent motions
that is carried from the jet inlet throughout the flowdieThorough experiments, beginning with
the contributions of Gardon et al. [14-16], were perfulmn heat/mass transfer using impinging
jets, and an early observation was made about the tamoer of jet turbulence in heat transfer
processes [15]. It was shown that some seemingly anomdleat-transfer phenomena can be
explained as effects of the turbulence occurring in jetdodlence is generated by the jet itself and
by possible external disturbances and varies significamtly the nozzle shape, the upstream
conditions and the position within the jet. One decade aftestibervation of Gardon and Akrifat
[15], Popiel and Boguslawski [17] claimed that nozzle eaitfiguration was the most important
factor affecting the stagnation point heat transfer. Desiptge first very significant indications,
there are only a few studies dedicated to heat/mass traméfancement using active [18-21] or
passive jet control [22-26].

Gao et al. [24] were the first authors to introduce passontrol of an impinging jet for heat
transfer enhancement using vortex generators (triantabs). Heat transfer measurements were
performed for impinging round pipe jets with a Reynaldsnber of 23 000 and nozzle-to plate
distances ranging fromDLto 1M where,D is the nozzle diameter for a round jet. The authors

found that the addition of triangular tabs at the pipe exiasignificant effect on the heat transfer
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produced by an impinging jet: the local heat transfer ezéraant was in excess of 25%. More
recently, Herrero and Buchlin [27] tried to improve heamhsfer using impinging lobed jets from
straight pipe lobed nozzles. For different nozzle to platemies, the authors compared the
performance of their three-lobe and four-lobe nozzlethéosquare and rectangular nozzles of
Gulati et al. [28] at a Reynolds number of 15 000. Ef#me stagnation point Nusselt number of
the three-lobe nozzle fét/De= 1 was 10% higher than that of the other nozzles, taettensfer
enhancement was essentially similar to that obtained udgtiCet al. using a rectangular jet.
According to Sang-Joon et al. [22], heat transfer entmaeckin an asymmetric jet correlates with
an increase in the entrainment rate. Lobed jets arerknowignificantly increase ambient fluid
entrainment [11, 29-31], except when the lobed nozzlesigagyht tube [30], as it was the case in

Herrero and Buchlin’s study [27].

As indicated above, a lot of studies have focused okitieenatic and the heat transfer behaviour
of the impinging jets, while the local mass transfer gede such flow have received less attention.
The available few studies on mass transfer in impingitsgh@ve mainly used the electrochemical
limiting diffusion current technique. Vallis et al. [32], Kakacet al. [33] and Chin and Tsang [34]
used this method for the local mass transfer measurenoentaf round impinging jet. Overall,
there is a general consensus that the mass transfarimcr@asing function of the Reynolds

numbers.

The literature reveals that for high Reynolds numifees G 000) and low nozzle-to-wall distances
(H/D < 4), two peaks are present on the radial distributidmcal Nusselt numbers produced by a
circular impinging jet. The first peak corresponds to th&imam heat transfer rates and appears
at the vicinity of the lateral edge of the nozzle. In somestigations the location of the first peak
for H/D < 4 was observed from= 0.5D to r = 0.7DJ[20, 23, 26, 35]This peak was attributed to
the high turbulence intensity at the nozzle edge and doeat impingement of large toroidal
Kelvin-Helmholtz (K-H) vortices originating in the mixing regiol'he secondary peak occurs at
the radial distance from the stagnation point, fronD1®2.5 [20, 23, 26, 36]. The second peak
was either attributed to the transition from a laminar talautant boundary layer in the wall jet

region [16] or to the unsteady separation of the indseedndary vortices that form near the wall



under primary K—H vortices [37]. With the increase ofyR&ds number, the location of the
secondary peak moves outwards from the stagnation @adhthe peak height increases [23].

The distribution of Nusselt numbey) generated by impinging jets has been characterized in
numerous studies, but only a few investigations weretdeMo the analysis of the corresponding
wall shear rate)) distribution [33, 35, 38, 39]. Available datat and y were compared and
revealed similarities in their distribution, on the number edlks and their radial location. For a
high Reynolds numbeRg= 41 600) and a nozzle-to-wall distancetbk 4D, two peaks were
found iny (or in wall shear stress= w .y) distribution [38]. As for thé&lu - distribution [20, 23,

26, 35], the first peak ir- distributionappeared at a distance from the stagnation point ranging
fromr = 0.5 tor = 0.74, while the second peak was located=atl.D [38, 40] . The fact that
peak-locations iry- distribution closely match with thoselgti- distribution suggests that the wall
shear stress and the local heat/mass transfer areydioked. This possibility is strengthened by
the striking similarity between the instantaneous Nusselbeum@nd the skin-friction coefficient
observed a little further from the stagnation point in tB& lsimulation of Hadziabdic and Hanjalic
[37].

The connection of the heat/mass transfer phenomenahsitarge-scale structures which develop
in the free jet region or with the subsequent flow dynamitise stagnation and the wall jet regions
is now recognized [26, 37, 41, 42]. Therefore, tetio| of large-scale structures in impinging jets
is a key element in the strategy of heat/mass transfaniaption and control. Passive control
based on nozzle geometry modification is particularly attracbecause it can easily be
implemented for industrial applications.

Our previous investigations of free lobed jet dynamicglaeid mixing performance [30, 43], along
with the correlation that is mentioned in the literature betwtae mixing and heat/mass transfer
phenomenon when the jet impinges a wall [24, 26], letbdecus our attention on the effect of
lobed nozzle geometry on the transfer phenomena at thegetpwall.

This paper presents the first results of an optimizationoagpr of injection geometry vis-a-vis
wall shear stress and mass transfer enhancement resudtimget impingement. Jet injection was
performed using a cross-shaped orifice perforategitver a flat or hemispherical surface.

It has already been shown in our previous investigatf@n impinging jet that a jet from a cross-

shaped orifice nozzle significantly increases the walhashate and stagnation mass transfer,
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compared to a reference jet from a convergent noz4le The hemispherical surface with a cross-
shaped orifice considered in the present study wasraebiQ increase the stretching of the shear-
layer at the jet exit in order to generate efficient jetadyics in terms of wall skin friction and
mass transfer. To ensure continuity with the previous tiga®n [44], we chose a similar jet
Reynolds number (5620), and we used the two nozzlesdglrgtudied (convergent and cross-
orifice cut on a flat plate), to which we added an inngeahozzle, i.e. the hemispherical cross-
orifice nozzle. Contrary to the previous investigation, whieeenozzle-to-wall distance was varied
in a range of Re-5De (De is the equivalent diameter based on the nozzle freg,dhés distance
was kept constant, i.el = 2De (with De = 7.8mm for each nozzle); it corresponds to approxat
the first half of the potential core length of a round fetd45]. The Kelvin-Helmholtz toroidal
vortices are well formed at this distance and are still well défat the target wall. In the free
lobed jets, the vortex mechanisms are very complex ofratedy after the nozzle exit [30, 31, 43,
46]. In this type of jet, the core length is reduced bstillsgreater than Re. Thus withH = 2De,

the wall is inside the potential core region for all the jetssiiered.

The present study aims to investigate the effects of thelen@xit configuration on the flow
features and on the resulting shear stress and mastetranthe target wall.

In all the studied cases, the volumetric flow rate wasexed, and this choice is related to the
aimed Heating, Ventilation and Air Conditioning (HVAC) applicati@amd specifically to the
Personalized Ventilation aspect [47]. For others applicatishere the energy conservation is

required, further investigations should be conductedeasdime power input.

The wall shear stress and the local mass transfer digtnswvere measured using electrodiffusion
technigue (ED), the same method we used before PHdares et al. [39] made a critical survey of
different techniques used for the measurement of wedlrs$tress and concluded that ED provided
the greatest accuracy of any indirect method. To our letdge, Kataoka et al. [35] were the first
to introduce this technique for the measurement of watdlfsktion generated by an impinging jet.
While this method provides information on the gradierthefvelocity in the vicinity of the wall,
Particle Image Velocimetry (PIV) is used to measure thelewelocity field. Both techniques are
complementary since PI1V fails in the vicinity of the waleda laser scattering by the solid surface.

In our previous study [44], only the stagnation masssfex has been provided and has been



deduced from the slope of the radial wall shear rate distrituttiothe present study, the radial

mass transfer distribution along with global mass trarsfermeasured directly using the ED
method. Furthermore, PIV measurements are performéteioonsidered flows, which was not

the case in our previous study [44]. Hence a deapalysis of mass transfer mechanisms in
impinging lobed jets as a function of their kinematic sposed.

The following was structured around two main sections.ecti®n 2 we outline the procedures

employed. Sub-section 2.1 describes the experimentapsatdinozzle geometries, Sub-section
2.2 details the parameters of the PIV measurements angeStion 2.3 describes the ED

measurement technique. Section 3 is dedicated to arsenafythe results. Sub-sections 3.1 and
3.2 discuss the features governing jet flow at the jet firddr(Sub-section 3.1) and downstream
(Sub-section 3.2), respectively, in the both the freevaaltljet regions. Finally, Sub-section 3.3

analyzes the wall-shear rates and the mass transfeh e linked to the jet features before
impingement.

2. Experimental apparatus and methods

2.1 Jet flow generation

The experiments were conducted in a liquid sugeajet impinging orthogonally onto a flat
plate. A schematic diagram of jet generation in a reseilshiown in Fig.1 a. A gear pump (from
Ismatec with a GJ-N23 head) draws the liquid from arwesr and delivers it to a nozzle. The
liquid jet from the nozzle impinges a circular target dégeipped with six electrodes (Fig.1 b)
which serve as probes for electrodiffusion (ED) meamants (see Sub-section 2.3 below). The
temperature of the liquid is controlled by a cooling coil withid.2°C. The nozzle is screwed to a
200 mm long stainless steel tube with inner and outer diesneftd5 and 20 mm, respectively. A
honeycomb was manufactured by drilling 17 holes with a demneé 2 mm into a 7 mm thick PVC
disc which was then fitted into the tube inlet. The nozzle dslyewas fixed to a holder that
allowed vertical movement for accurate alignment of tbezle axis with the centre of the
electrodes. The reservoir was placed on a sliding congptainte (Proxxon KT 150) which allowed

movement in the axial and transverse directions relative toodde, with a precision of 0.05 mm.



The target (Fig.1 b) was manufactured of a Plesgiglssc with a diameter of 100 mm and a
thickness of 17 mm by first drilling holes to ins#re electrodes. A platinum foil with a diameter
of 50 mm and a thickness of 50 um was then assenaeletrally with the disc using Neoprene
glue. Holes with a 0.7 mm diameter were drilledtigh the platinum foil as a continuation of the
holes in the disc. The electrodes were manufactimed a platinum wire, with a diameter of
0.5mm, which was coated electrophoretically usiagasit of a polymeric paint. After soldering
the connection cables, the electrodes were gludd avi epoxy resin onto the disc such that the
tops of the platinum wires just projected aboveptlaginum foil. The wires were then rubbed down
flush with the surface of the platinum foil usingpgressively finer grades of emery paper. The last
emery paper had a grit size of 10 um. The wholésarwas then polished using a fine dental
paste. The resulting surface roughness was abtlit|On, which is much less than the Nernst
diffusion layer thickness estimated at 10 pm. Niskeets with an area of 0.15 emd the stainless
steel tube were used as the auxiliary electroded@n The area of the nickel sheets and the
stainless steel tube was 80 times superior tolgtmpm disc area. To measure only the phenomena
which happen on the measuring electrode (cathdke)area of the auxiliary electrode (anode)
should be large enough. Measured currents in quer@rents did not change if the anode area was

slightly varied which was the proof of the sufficty of anode area.
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Fig. 1 a): Diagram of apparatus: 1 target disc wldttrodes, 2 tube with nozzle and honeycomb,
3 pump, 4 reservoir, 5 compound table, 6 nozzlddrol7 cooling coil, 8 laser source with laser
sheet in the mild plane of the nozzle, 9 FlowSdfBecamera b): Target disc with electrodes row:
1-6 electrodeg 0.5mm. A and B are the limits of stagnation point displacement.



The test fluid was an aqueous solution of 5 mdlpatassium ferricyanide @gFe(CN))), 25 mol/ni
potassium ferrocyanide ¢e(CN})) and 1.5% mass potassium sulphatsS@) as supporting electrolyte.
The solution had a density of 1006 kd/kinematic viscosity 1.060° m%s and diffusivity 7.5.0%° m%s
at 20°C.The resulting Schmidt numbe8d was 1.420x19 The numberr() of electrons involved

in the electrochemical reaction was 1.

In this study, two Cross-Shaped orifice jets wewnpared to a reference convergent jet
(designated by CONV). The convergent nozzle haéxindiameter of 7.8 mm with a 4:1 area
contraction on a length of 17 mm. Its sketch arfebist details of the experimental setup can be
found in Kristiawan et al. [44] and Meslem et dB]. Schematics of the two Cross-Shaped nozzles
are shown in Figure 2. They are given by the ptajacof a plane Cross-Shaped orifiegy. 2b
onto a plane surfagg€ross-Shaped Orifice made on a flat Plate, CO/@ Fsg. 24 andonto a
spherical surfacéCross-Shape@rifice made on a Hemisphere, CO/H, see Fig. 2aan@he two
nozzles had the same equivalent diamBteof 7.8 mm. The Reynolds number based on this
equivalent diameter and the jet bulk-velodit4 wasRe= 5620. The distancd between the jet
exit and the target wall was the same for all mesaments, i.e.H = 2D.. The coordinate system
(r,Y,2) attached to the nozzle is shown in Fig. 3. Asdied in this figure, the flow field may be
divided into several regions. In the neighbourhobthe stagnation point S, the flow spreads in
radial directions parallel to the wallhe development of the flow field near the waltyipically
divided in two regionsthe stagnation region/De < 1) associated with the turning of the mean
flow, where the thickness of the boundary layeelatively independent from the radial position,
and the radial wall jet regiom/De > 1).

2.2 PIV measurements

We investigated the flow field by 2D2C PIV (two lane velocity components in a plane field).
The experiments were carried out with a QuanteSRyg200 mJ double-pulsed Nd:Yag laser and
a FlowSense EO (CCD) camera with a resolution dB22048 pixels and a pixel size of 7.4x7.4
um?. The light sheet optics produced a laser shektssfthan 1 mm in thickness. The maximum
acquisition frequency of the PIV system is 15 Hae Total field of view is aboutlZx6De with a
spatial resolution of 27 pum per pixel. The seegtiadicles are glass hollow spheres of 9 tud8

in diameter and 1.1g/chin density.
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Fig. 2 Sketch of nozzles: (a) 1 — longitudinal Ee@l view of the cross orifice on a plane (COP),
tube; (b) — front view of CO/P; (c) 1 — longitudirsctional view of the cross orifice on a hemisphe
(CO/H), 2 —tube; (d) 3D view of CO/H

For each experiment, 500 couples of images wergitach] The recordings were analyzed through
two different windows using Dynamics Studio Dargeétware. Firstly, velocity distribution in the
total field of view (Dex6De) was calculated using an adaptive multi-grid datren algorithm
[49], handling the window distortion and the sulkgbiwindow displacement (128x128, 64x64,
and 32x32 pixels) and an overlap factor of 50%08dly, to get a better spatial resolution of the
velocity vectors in the radial wall jet region (FR), the same algorithm was used with a final grid
composed of 8x64 pixels interrogation windows andweerlap factor of 50%. The prediction-

correction validation method of the multi-grid atigom identified, on average, less than 1%
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erroneous velocity vectors, which were replacedaisi bilinear interpolation scheme. For all the
experiments, the uncertainty of the measurementaltie displacement error was estimated using
the theoretical analysis of Westerweel [50]. Wheldiag the global bias errors, the total
uncertainty is estimated to be in the range of 3.58% outside the boundary layer. Uncertainty
rises near the impinging plate due to laser seageeflexion, so that the boundary layer is not
accessible using PIV technique. This difficultyoigoassed using another measurement technique,
electrodiffusion, which is described in the nexttsm.

PIV measurements were performed in the longitudohahe of each jet (Fig. 1). For the cross-
shaped orifice jets, the measurements were caotieth two longitudinal planes, i.e., the major
plane which intercept two nozzle lobes and the mpiane which intercept two nozzle troughs
(Fig. 2). First, the laser sheet is adjusted theominor plane mP. The symmetry of the measured
velocity profile is checked. This assure us thatghsition of the first measurement plane relative
to the laser sheet is correct. Then, the positidheemP is reported on the nozzle holder (see Fig.
1) by drawing two marks on it. These marks allow #ujustment of the major plane MP of the
nozzle on the laser sheet, obtained by 45° rotatfdhe tube supporting the nozzle relative to its
initial position. Finally, the symmetry of the velty profile in the MP is an indicator of the
accuracy of the procedure. A supplementary indicetdhe well-matched mean axial velocity

curves, extracted from the two measurement plarfesiMi mP, respectively.

Nozzle shape S Y 4

Freejet region

Radial wall
jet region

Umax

v S v

Impingement region

Fig. 3: Schematic description of the impinginggata flat plate and associated system
coordinates
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2.3 Electrodiffusion measurements

Wall shear rate

The electrodiffusion (ED) method for wall shearesaind/or stress measurement is based on the
measurement of the limiting diffusion current pagdihrough a working electrode flush mounted
on a wall. This technique has been extensivelgriged in Kristiawan et al. [44], El Hassan et al.
[41], and Meslem et al. [48], so only a brief sumynwill be given here. The technique was
developed to measure the average rate of masséaramsl their fluctuations on a wall. It is based
on the electrochemical redox reaction whose rdimited by mass transfer on a working electrode.
For the total current passing through a circulacibde in a viscosimetric flow with a uniform

wall-shear rat§, the formula corresponding to Leveque’s equiviabguation for heat transfer

was established by Reiss et al. [51] and is given b

0884n

“wras O R W

L
whereC is the bulk concentratiom)c the diffusion coefficient for active specidsthe Faraday

constantn the number of electrons involved in the electrocival reactionR the radius of the

electrode and the gamma function.
It should be remembered that the basic assumpsied to derive the Leveque relationship (Eq.1)

is that the probe is in a flow with parallel stréism@s and a uniform wall-shear rateln the case

of an impinging jet, the streamlines in the vigmaf a wall spread radially from the stagnation
point and the wall-shear rate increases witkristiawan et al. [44] determined the drawbacks o
applying this equation to the stagnation regiondorelectrode witlR= 0.25 mm. At a radial
distancer= 1mm from the stagnation point, the authors founeraar of 2.1% in wall shear rate.
Taking into account the other parameters whichatgect it, Meslem et al. [48] concluded that the

error in wall shear rate using Eqg.1 was less tRarfdi r/R> 4.

Mass transfer

The limiting diffusion current is controlled by theansfer of active species to the working
electrode. Under the assumption that the transf#stance on the auxiliary electrode is negligible
in comparison with that on the working electrodhe, toefficient of mass transfer can be calculated
using the following relation:

12



k=—— 2
where S, is the active surface of the working electrode.
The Sherwood number is then defined by:
K De
sh=<D (3)

C

3. Results and discussion

3.1 Initial conditions

In order to characterize the imprint of nozzle getm on jet outlet conditions, the radial
distributions of mean streamwise velocity togethéth streamwise and spanwise turbulence
intensity based on PIV measurements are givengn4forZ = 0.25De. Due to the laser light
scattering on the nozzle surface, velocity measantsnusing PIV upstream the axial posittba
0.2 could be subjected to large uncertainties. Thathg the inlet velocity Wwas defined at
this position (see Table 1).

Owing to the flow symmetry in each plane, only khaibfiles were plotted. The shapes of these
profiles depend on the geometry of the nozzle &kie mean streamwise profile of the convergent
nozzle is flat (Fig.4 a) while for the Cross-Shapedzles, a two-step distribution characterized
the major plane (Fig.4 a). The same behaviour \sasabserved by Nastase et al. [52] in a free jet
from a cross-shaped orifice and by Hu et al. [B34isix-lobed nozzle jet. This is because in the
lobed jets, the major plane has two shear laykesinner shear layer between the jet central core
and the lobes, and the outer shear layer betwegettlow and its ambience. The junction region
between the central core flow and the lobe floweapp as a velocity deficit zone. In the minor
plane (mP), the mean velocity profile was simitathtat of a convergent nozzle but with a smaller
diameter (Fig.4 a). The corresponding streamwideutance intensity profiles were also similar
(Fig.4 b) with a very low value (2%) at the jet tamand a sharp peak toward the shear layer. In
the major plane (MP), due to the presence of tweaskayers (inner and outer), there were two

peaks in the corresponding turbulence profiles.idewegion of intensive mixing characterized by
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high turbulence intensity (around 30%\) could be observed with jets from the CO/P andHCO/
nozzles. Nearly identical turbulence profiles wereasured by Hu et al. [53] in their six-lobed jet.
Spanwise turbulence intensity distribution for te@vergent nozzle was uniformly low across the
jet, as expected (Fig.4 c). Similarly, low valuesrevalso obtained with the CO/P nozzle jet, except
in the shear layer of the minor plane. In the C@f4zle jet, the curvature of the orifice led to a
relatively high spanwise turbulence intensity ia thajor plane whereas in the minor plane, it was
as low as in the reference convergent jet. Theigodat distribution of spanwise turbulence
intensity at the exit of each lobed jet was undedlytlinked to the development of their respective
streamwise vortices. As was emphasized by Nasteale [84], the major difference between the
plate and the hemispherical lobed orifice flows lia the different positions of the secondary
streamwise structures. In the jet issued from aglabed orifice, streamwise vortices develop in
the lobe troughs and this leads to axis-switchingnomena, i.e. a 45°-like rotation of the initial
transverse lobed field. The rotation angle is 45theé lobed jet is cross-shaped [55, 56]. In a
hemispherical lobed orifice, the curvature of theface completely changes the behaviour of the
jet flow that is generated. No axis-switching oa;ure. the jet conserves the shape imposed
initially by the nozzle, with the major and the miraxes oriented in the same direction as those of

the nozzle, with streamwise secondary vorticeslitoad on the top of each lobe [54].

Table 1: Initial experimental conditions of thed@rflows studied

W, =
. H =
N Symbol W(Z=025D,) | W,/W, | 8,/D.| 8,/D,
35/8,
(m/s)
CONV @ 0.817 1.06 | 0.059 | 0.022 | 2.68
(MP) CGE 1.20 156 | 0.068 | 0.025| 2.73
CO/P
(mP) % 1.20 156 | 0.061 | 0.022 | 2.77
(MP) Cuﬂ> 1.45 1.89 | 0.153 | 0.055 | 2.79
CO/H
(mP) % 1.45 1.89 | 0.043| 0.016 | 2.69

N: Nozzle; CONV: Convergent; CO/P

. Cross-shaped Orifice on a plane; CO/H: Cross-shaped Orifice on a hemisphere
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Details on the initial momentum thickness and dutkdocity are summarized in Table 1. The
momentum thickness for the jet flowing from the COBNd CO/P nozzles in non-dimensional

form 6,/D _ranged from 0.022 to 0.026. These values fall witthie range reported in the
literature [29]. A typical value was obtained for /D _ in the minor plane for the jet from the

CO/H nozzle, whereas a high value (0.055), whick watside the usual range, was observed in

the major plane due to flow stretching. Flow acalen at the jet exit is another initial parameter
which has a major influence on the mechanismsa#l Ibeat/mass transfer at the target wall. The
ratio of maximumcentreline velocityWo and jet bulk velocityWs highlights the level of flow

acceleration as a function of the nozzle geométmg.flow with greatest acceleration was achieved

with the CO/H nozzle, followed by the CO/P nozzhel ghen the CONV nozzle.

3.2 Flow characteristics

In this section the general features of the twos€#®haped orifice impinging jets are examined
and compared to the reference convergent jet. Mhb/sis focuses on both the free and wall jet
regions defined in Fig. 3. For wall jet region aisad, the axig* taking its origin on the target wall
(Z* =H-Z) has been introduced.

In Figs 5 and 6, the spatial developments of the @ross-Shaped orifice jets in their respective
major and minor planes are compared to the refereanvergent jet in its longitudinal plane. To
highlight the recirculation regions, if there wengy, streamlines (in blue) are superimposed on the
mean vector field in Fig. 5. Atypical behaviour wseen in the minor plane (mP) of the CO/H
nozzle jet: a large recirculation zone was visihléhe deflection region on either side of the jet-
axis. In addition, the wall jet in the mP was spreauch more widely than in the major plane (MP)
of the same jet. Fig. 6 gives the profiles of te&ogity vector in the free jet region and in theiah
wall jet region, respectively. In order to achievbetter visualization of the wall flow region and
to confirm the previous observation, these profilese superimposed on the contour (colormap)
of the radial velocity component. The thicknesshefwall jet flow in the mP of CO/H was nearly
five times the thickness in the other planes the.MP in CO/H, the mP and MP in CO/P and in
CONV). Another feature of the jet from the CO/H nlezwas the conservation of the double shear
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layer in its MP as far as the stagnation regioms fihppened because a high radial outward velocity
component was present in the outer shear laydreofree jet region. The curvature of the lobes
generated outward movement and hence a large agpaofsthe jet in the MP. In this plane, jet
spreading in the stagnation region was almost tasckarge as at the jet exit. Large spreading was
also seen in the CO/P nozzle jet, although ndtenMP, as was the case for the CO/H nozzle, but
in the mP due to the axis-switching phenomenonhS&uphenomena has been observed in our
previous studies of free planar lobed orifice [®8, 55] and is reported in the recent numerical
study on a low aspect ratio rectangular impingetgf Gorman et al. [57]. It should be noted that
the axis-switching phenomenon is not more repdrtetie literature in the case of the impinging
jets. During the deformation process, the inneasltayer of the MP disappeared progressively as
it moved downstream along the jet axis. It showddhbted that the axis-switching process in the
present study could not be completed due to theepe of the target wall Bt = 2De from the
nozzle. Indeed, it was observed that the axis-gwitcprocess ended abgfrom the exit in the
free air-air Cross-Shaped jet from same orifics §5]. Around 2De from the nozzle exit, the free
CO/P nozzle jet [55] and the impinging CO/P nozetdpresent study, see Fig. 6b), had the same
thickness in the minor and major planes. A comparisf the jet fields in the cases of the CO/P
and CO/H nozzles (Fig. 6 b and c) led us to affiat introducing a curvature of the surface
containing a lobed orifice completely changes tiledviour of the jet flow generated. Specifically,
the curvature of the lobes in the CO/H nozzle coresethe asymmetry of the flow.
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As already observed by Nastase et al. [54] whedysig a free jet from a six lobed (daisy)
hemispherical nozzle, the axis switching phenometh@@s not occur in a hemispherical lobed
nozzle jet. They showed that the daisy hemisphlemiazzle jet entrains almost six times as much
surrounding fluid as its counterpart daisy planafice nozzle jet, and this entrainment occurs
mainly in nozzle trough regions (i.e. in the miptanes of the nozzle). In the context of the presen
study, the target wall confined the strong selfdictibn of the lobed hemispherical nozzle jet. As a
result, permanent large recirculation vortices wierened in the mP in the region delimited by
Z/De =+ 1.4 andr/De = £ 0.6. Theses vortices generated a strong fluidiejeavhich fed the mP
radial wall region of the jet. This explains in pdhe thickness observed in the minor plane of the

radial wall region with the jet from the CO/H nogZFig. 6 c).

Flow spreading and mean velocity decay in thefegeon of jets from the CO/P and CO/H nozzles
are shown in Figs 7 and 8 a. The data for the eafsy convergent nozzle jet (CONV) are shown

for comparison. The jet widths in the major plae and in the minor plang.. were defined as
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the distance from the centreline to the point whitee mean axial velocity reached 10% of its

centreline value.
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Fig.6 Vector proﬁles(vwve_’Z +%Er’] at different axial and radial position&/Deandr/De), and
0

0

U
radial veIocityW contours (colormap): convergent nozzle (a), cetssped orifice on a plane
0

(b), cross-shaped orifice on a hemisphere (c).rétde¢icks indicate the positions of maximum wall
shear rate/,

The tendency towards axis-switching in the CO/Pzleoget and the absence of axis-switching in
the CO/H nozzle jet are well described by the clearig their respective jet width® 1 andS 1
(Fig. 7 a and b). In the case of COX3. was approximately constant in the MP, whereasién t
mP S.1 increased rapidly. The resulting cross over wastad by flow deflection due to the
impinging plate. For CO/H, jet width increased witbthe mP and the MP. Howev&;,: in the
mP decreased somewhat near the impinging platéadfiew contraction by large recirculation

zones evidenced in Fig. 5 c.
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Fig.7 Growth of the outer edge of the shear lag@rComparison between convergent nozzle and
Cross-Shaped orifice on a plane; (b) Comparisowdsst convergent nozzle and Cross-Shaped

orifice on a hemisphere

Normalized axial mean velocity and turbulence istgndistributions along the jet centerline are
given in Fig. 8 a and b. The subfigures compareround convergent jet data to those of Baydar
and Ozmen [58] obtained with a round pipe impingétat a high Reynolds number of 3%1Bor

the mean axial velocity, the close agreement betvke two curves is not surprising. Indeed,
though there may be differences between the clarstots of the two round jets due to differences
in the shape of the corresponding nozzles [1] @& tua different Reynolds number [59], the
differences are imperceptible on the axis in tiggore of the first two diameters from the nozzle
exit. Defining the jet potential core length as fieeamwise distance from the jet exit where the
axial velocity decreases to 95% of its initial vgla length of 1.22. was found for our impinging
convergent jet, which is equal to that of the ingomg pipe jet of Baydar and Ozmen [58].

As shown in Fig. 8 a, a drop in velocity in the E/ozzle jet was delayed compared to the CO/P
nozzle jet when approaching the wall. This behavicould be related to the imprint of the
permanent recirculation vortices in the CO/H nozetg(Fig. 5 c) that pinch the flow and hence
delaying the decrease in the axial velocity whenjé¢h approaches the wall.

The change in the axial turbulence intensity althregjet centerline in Fig. 8 b could be linked to
the mean axial velocity decay in Fig. 8 a. Eactveun the subfigure has one sharp peak in the
vicinity of the wall and then decreases. Coope#s.¢60] associated the aforementioned behaviour
to the damping effects exerted by the wall. Thelanity between our results and those of Baydar

and Ozmen on the circular jet, strongly suggests dlur PIV measurements are reliable. The
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limitation of the PIV technique in the vicinity ¢he wall reflects the fact that the turbulence
intensity didn’t reach zero.

Taking into consideration all the three jets usethe present investigation, the axial turbulence
intensity at their nozzle exit was low, with a valaround 2% of the maximum outlet veloditg
(Fig. 8 b). As the impingement plate was approat¢hedurbulence intensity increased, in contrast
to mean axial velocity (Fig. 8 a). However, the €&haped orifice jets exhibited a marked
difference compared with the convergent jet. In@@/P nozzle jet, two peaks were identified on
the axial fluctuation. Whereas the second peaklig\ed to be related to the wall damping effect
[60], the occurrence of the first peak is not fullyderstood. From the study of Zaman et al. [13]
on a free rectangular lobed jet, the appearanaesbérp peak on the axial turbulence intensity near
the jet exit could be related to the merging ofghear layers shed from an individual lobe. In,fact
the authors observed that the distance of thed@ak from the jet exit, scales on the width of the
lobes &1), with 4<Z/a;< 6. In our case, the first peak in the CO/P nojgtleccurred af/a; =5.2,
which falls within the reported range [13].

No peak was visible on the axial fluctuation in @@/H nozzle jet (Fig. 8 b). Turbulence increased
monotonically fromZ = 0.4D. towards the wall at a level that was twice as h@haverage, as
that of the CO/P nozzle jet. The high level ofgentreline fluctuations in the CO/H nozzle jet is
probably related to flow agitation by the numeraostices generated in this jet that penetrate
deeply into the jet core (see Fig.8 c). This paféic behaviour is undoubtedly related to the
hemispherical geometry which introduces supplenmgnshear to that originating from the
corrugated nozzle lip.

To characterize quantitatively the wall jet regiorean radial velocity profiles at=1De andr =2De
were plotted, as shown in Fig.9. In the main figuthe mean radial velocity was normalized
with the streamwise exit velocit and plotted again&@*/De (theZ* axis takes its origin on the
target wall, see Fig. 3). In order to make a comsparwith the theoretical solution of Glauert [60],
the mean radial velocity was normalized with the corresponding maximumaiagklocity Umax

and plotted againgt*/Z*o5, as shown in the subfigures of Fig.Z*osis the Z*position in the
wall jet where the radial velocity takes the value OUnax

As shown in Fig. 9 a, at the radial position1De all the profiles for Cross-Shaped nozzles were,
to a lesser extent, far from the reference convergezzle profile. The largest deviation from the

convergent nozzle profile was found in the CO/Hz@3zet. The maximum normalized velocity
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U/Wpb at this radial position was 0.2 and 0.4 for the & mP, respectively, in comparison to 0.8

for the reference nozzle jet CONV.

(b)

~- Baydar and Ozmen (2006), Re =
30000, H/D = 2, pipe nozzle
-o-CONV, present study, Re = 5200

|3

Fig.8 Normalized axial mean velocity (a) and tudnde intensity (b) distributions along the jet
centerline in the three cases studied — the coemeijgt (CONV) is compared to the literature

[56]. (c) Contours of Instantaneous Azimuthal Vatyi &, = (Z—g _aa_Ver
The two-step distribution observed in the freeMJ& region of the CO/H nozzle jet (Fig. 6 c) was
preserved and the trace of that two-step distaouivas also visible in the wall jet region. In the
MP of the CO/H nozzle jet, thre=1De positionfell in the deficit zone of the wall jet region, igh

is the trace of the junction in the free jet regmmtween the central core flow and the lobe flow. A
greater expansion of the wall jet region was obs@im the mP of the CO/H nozzle jet than in the
MP (Fig. 6 ¢ and Fig. 9).

It is well known that a rectangular impinging jet a flat plate will expand only on transversal
direction [61]. Due to the fact that the cross gthprifice is basically composed of two rectangular
orifices, when there is no switching-over phenonmemothe cross-shaped jet, as it is the case in
CO/H nozzle jet, the expansion in the mP is a ticensequence of the flow through the two
rectangular orifices composing it. In fact, thewflon each MP of the CO/H nozzle jet acts as a
plane impinging jet due to the absence of switclungr phenomenon and the conservation of the

double shear layer until the wall target.
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In our opinion the large expansion of the boundaygr in the mP of CO/H impinging nozzle jet
(Fig. 6¢) is due to two cumulative effects: (i) tbtect described earlier of the impinging CO/H
nozzle jet through the two rectangular orifices i@ composing the cross-shaped orifice, and (ii)
the intense entrainment of ambient fluid in the WP CO/H jet which characterizes the
hemispherical lobed jets [54]. This intense entrant fed the corresponding boundary layer in

the mP of the CO/H nozzle jet.
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Fig.9 Normalized radial mean velocity distributsoin the wall jet region at=1De (a) andr=2De
(b). Comparison to the predicted curve of Glaug®d{ with o =1.3 in the subfigures
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At the second =2De position (see the Subfigures of Fig. 9 b) all gnefiles matched with the
Glauert [62] solution in their outer region. Thé/Rheasurements made in their inner region are
questionable due to laser scattering by the wathsa. Nevertheless, the profiles for CO/P were
similar in the mP and MP planes and were closéeaeference profile of the convergent nozzle
(Fig.9, left). The profiles in the mP and MP for BD(Fig.9, right) were different from the
reference profile and also from each other.

Although the uncertainties on velocity measuremeotsd be high near the target wall, we decided
to examine the radial changes of the maximum vslacithe radial wall jet region. Fig. 10 shows
the variation of the normalized maximum velodilyax/Wo of the velocity profile in the radial wall
jet region (Fig. 3) as a function of the normalizadial distance from the stagnation point. Overall
these curves confirm the previous observations fleigy 9. The CO/P and CONV nozzles
produced similar changes despite differences innmade (Fig. 10 a). Two regions can be
identified: the first is where the radial velociticreased and it ends at the1De position, where
the maximum radial velocity reached its highestugallin the second region, beyorelDe,
maximum velocity decreased. The highest value ofimiam radial velocity in the round jet was
almost equal to the jet exit velocyb. This is consistent with the results of Tummerale{63]
and Xu and Hangan [64]. In the CO/P nozzle jet,nfaximum value in the region aroune1De
was about 16% lower than that of the reference e@@nt nozzle jet. This is probably due to the
fact that the lobed CO/P nozzle generates morectiaiuthan the round nozzle [52, 55]. In the
second region of the CO/P nozzle jet, the maximadmat velocity in mP was higher than that in
MP. This behaviour is probably due to the contidiutof the streamwise structures which are
developed in the troughs of the CO/P nozzle [52, 55

The CO/H nozzle jet was significantly differentrimadhe two others in terms of radial maximum
velocity distribution (Fig. 10 b). The magnitude Bha/Wo was about 50% lower than in the
convergent nozzle jet. The profile in the minomaavas almost flat, whereas in the major plane
two small peaks were present as an imprint oftleestep velocity distribution in the free jet regio
(Fig. 6 c).
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3.3 Wall shear rate and mass transfer

Local and instantaneous wall shear rate and massféar coefficient at the target wall were
acquired separately using the electrodiffusion (E€ghnique described above in paragraph 2.3.
During the local wall shear rate measurementsptaBnum wires worked as cathode and the
platinum disc (Fig.1 b) with the nickel sheets asde. During the local and global mass transfer
coefficient measurements the platinum wires andptaénum disc worked as cathode and the
nickel sheets as anode. In this case, the platoiamwas maintained at the same potential as for
the working electrodes; whereas the platinum dias wsed to measure the global mass transfer
coefficient, the platinum wires were used to meashe local mass transfer coefficient.

Refined radial distributions of the wall shear rgtand the Sherwood numi@hwere obtained by
moving the stagnation point horizontally in thegarimited by the points fand B, on the target
shown in Fig.1 b. Several values for the wall shiate and the mass transfer coefficient measured
by different electrodes at similar radial distanfresn the stagnation point were obtained. Given
the complexity of lobed jets, thirty-one displacenseof the stagnation point at 0.5 mm steps were
performed to efficiently capture the details of thall shear rate and Sherwood number profiles,
except for the convergent nozzle jet and for theamplane of the CO/H nozzle jet, for which
sixteen 1 mm step displacements were sufficient.
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The radial distribution of the mean wall shear @&tthe Cross-Shaped nozzle jets are compared to
that of the convergent nozzle jet in Fig.11. Infbtte CO/P and CONV nozzles, the wall shear
rate was almost zero at the stagnation point, vaseitevas relatively high in CO/H. It should be
remembered that at the vicinity of the stagnatiomfpin the CO/H nozzle jet, the centreline
streamwise turbulence intensity did not start torelase, as occurred in the CO/P and CONV jets
cases (Fig.8 b). The strong stretching of the tigvthe curved surface of the CO/H nozzle and the
resulting deep penetration of the vortices towdhdsjet axis (Fig.8 c) were responsible for the
high turbulence (Fig. 8 b) and the high wall shede (Fig. 11 b) in the corresponding stagnation

region.
(a) (b)
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Fig.11 Mean wall-shear rate as a function of radisfance from the stagnation point: (a) CONV
and CO/P nozzles; (b) CONV and CO/H nozzles - tilel dines are the best fit curves for the

experimental data

In each jet, the wall shear rate increased moncddigiwith radial distance, reached a maximum
and then decreased. In the convergent jet, thermamiymax 0ccurred around/De = 0.68, which
falls in the range OBe - 0.74Dcreported in the literature [33, 38, 39] for the ecas a round
impinging jet with a nozzle-to-wall distanéé< 4 De. As for the lobed jets, the maximum value
was observed in the CO/P nozzle jet/BX = 0.58 and/De = 0.53 in the MP and mP, respectively,
and atr/De = 0.19 in both the MP and mP in the CO/H nozZe je

In the MP of the CO/H nozzle jet (Fig. 11 b), amwtary peak appeared arouide = 1.64 due to

the impingement of the outer sub-layer as evidemrediously in Fig. 6. Note that in Fig. 6 all
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peak locations are indicated by red ticks. The maxn valueymaxof the wall shear rate was around
9 850 &', 18 000 & and 28 000 for the CONV, CO/P and CO/H nozzle jets, respetyiyFig.

11). For the same exit bulk-velocity,, the maximum wall shear rates in the CO/P and CO/H
nozzle jets were almost two and three times higlespectively, than that of the reference CONV
nozzle jet. As the transfer mechanisms betweerethend the target wall are closely linked to the
level of local skin-friction [38], the CO/H nozzjet would appear to be an excellent candidate for
passive strategies to enhance local heat and naasddr in industrial applications.

Below, a linkage is proposed between wall shear dagtribution and the features of the free jet
region. Fig. 12 displays the profile of the mearabxelocity in the vicinity of the target wall (at
Z= 1.De or Z*= 0.1D¢) and the subsequent wall-shear rate distributtogether with the

corresponding fluctuations.
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As expected, the wall shear rate distributions tedfree jet configuration before impingement
were linked. For all three jets, the first pealtlod wall shear rate was shifted slightly relative t
the inflection point of the mean axial velocity. &'mflection point of the mean axial velocity in
the potential core of the jet corresponds to tlation of the development of Kelvin Helmholtz
(K-H) structures. The observed offset between itifiection point and themax- position can be
explained by the increase in growth and stretclinthe K-H vortices when they impinged the
target wall. The secondanypeaks in the cases where they were present, waedlito similar
peaks in the mean axial velocity profile before imgement. This is clearly visible in the major
plane of the CO/H nozzle jet.

In an analogous manner to the similarity of the mealues, the rms values of the wall shear rate
increased with increasing rms of axial mean vejodihe two distributions exhibit local maximum
around the locations of the mean wall shear radésgeA similar observation was made by Roux
et al. when they compared the radial distributibthe Nusseltlu) number at the impinged wall
and the turbulence intensity of the axial veloaityhe vicinity of the wall [20].

Hence, the peaks ip- distribution or inNu — distribution matched with the high turbulenceéhat
end of the free jet region. It is reported in tiverature that the first peak ip- distribution or in

Nu — distribution is related to the impingement af -H vortices on the wall [23, 35], whereas
the secondary peak is due to secondary counteragtaortices and to the associated turbulence
produced [37, 41], or to a transition from a lamit@a turbulent boundary layer [20, 36]. In the
context of the present study, the first and seqaks ofy- distribution in the major plane of the
CO/H nozzle jet are related to the persistent dosbkar layer in this plane (Fig. 6 ¢) and the
subsequent development of the vortices [54] irstiear layers.

The radial distribution of the local Sherwood numbighe Cross-Shaped nozzle jets are compared
in Fig. 13 to that of the convergent nozzle jetbbith the CO/P and CONV nozzles, the local
Sherwood number begins to increase from the stagnpbint toward a local first peak located
near the nozzle edge. This peak appears in thersmioe where the wall shear rate is at maximum.
As was mentioned above, this region correspondthéodevelopment region of the Kelvin
Helmholtz vortices. After this point, the local $Wweod number attains a plateau or a slight second
peak before decreasing gradually into the wallggion. The local Sherwood number along the
major and minor planes of the CO/H nozzle jet shal¥ierent trend. The maximum local
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Sherwood number occurs around the stagnation poidtdecreases monotonically. The mass
transfer is at maximum at the stagnation pointbpbty because of higher turbulence intensity and
higher wall shear rate at this point (Fig. 8 b dddb). As fory - distribution (Fig. 11 b)Sh-
distribution (Fig. 13 b) exhibits an important sed@eak in the major plane of CO/H nozzle jet,
related to the presence of an outer sub-layensmpiane (Fig. 6 c, left). Hence, the wall sheae ra
and the local mass transfer are both nozzle gegrdependent. The maximum mass transfer for
the CO/P and CO/H nozzles is up to 34% and 1308peaively higher than that of the CONV
nozzle. The present result emphasizes that thefuseross-shaped orifice not only increases wall
shear rate, but also improves local mass transfad, the hemispherical shape of the nozzle

significantly improves the outcome.

By looking at the stagnation point, an improvemehimass transfer can be also identified as
function of the nozzle exit geometry. The stagmatterwood number is equal to 900, 1245 and
2400 for the CONV, RO/H and RO/P nozzle jet, refipely. As described in Kristiawan et al.
[44] and Meslem et al. [48], the stagnation Shemwvoomber can be also obtained from wall shear
rate distribution using the hydrodynamic param&t€eq. 4). In this equation, the wall shear rate
v is a linear function of the radial distance When the wall shear rate was fitted with a linear
dependence law in the stagnation region, the stdgbe resulting curve is the hydrodynamic
parameteA. The values of the stagnation Sherwood numbeulzdéd from the hydrodynamic
parameteA using Eq. 5 is equal to 897 and 1210 for the CGINY CO/P nozzle jet, respectively.
The agreement between these values and the diessured values is very satisfactory. The
stagnation Sherwood number based on the hydrodgnpanameteA is not calculated for the

CO/H nozzle jet due to the limited spatial res@ntof measurements around the stagnation point.

y=0ulod,_ = Axr (4)
1/3
sh=KPeo 1 [ A} (5)
D. 3"°T (4/3)( D,

Chin and Tsang [34] proposed a correlation (Eqo@pproach the stagnation Sherwood number
in a round impinging jet having a Reynolds numizerging from 4000 to 16000 and a nozzle to
plate distancél/D ranging from 0.2 to 6.
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Sh= 112Re"? S¢*g(S9(H / D,) ™" (6)

Using this correlation in our experiment conditidRe=5620,Sc=1420, g(S9=0.992 H/De=2)

we obtain a stagnation Sherwood number of 898 wilichxtremely close to the value (900)
obtained by direct measurement in the case ofefeeance round jet. Such a comparison provides

confidence in the quality of our measurements.
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Fig.13 Sherwood number as a function of radiakdisé from the stagnation point: (a) CONV and
CO/P nozzles; (b) CONV and CO/H nozzles - the sbhds are the best fit curves for the

experimental data.

For the three nozzles, the global Sherwood nunsbatained from the measured limiting diffusion

current through the platinum disc of Bcentred on the stagnation point (Figure 1 b).

The obtained values are 495, 620 and 605 for the\G@O/P and CO/H nozzle jet, respectively.

Thus CO/P nozzle jet and CO/H nozzle jet lead tbal mass transfer improvement by 25% and
22% respectively, relative to the reference CONY¥Yz® jet. As can be seen on Figure 13, global
mass transfer improvement is mainly related toctir@ribution of the impingement region of the

jet where impinged fluid has a higher speed. Coytta what one can be expected, the CO/H
nozzle jet has globally the same efficiency as@@P nozzle jet for the considered Reynolds
number, nozzle to plate distance and integratiea.dn our opinion, the obtained result on global

mass transfer is closely dependent on the integratiea limited herein to a platinum disc ofC®.2
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A larger platinum disc of 1Pe will be manufactured for new global mass transfeasurements.
Anyway, in the considered conditions the cross-etapifice enhances the mass transfer not only
locally but also globally. If a higher local or gular point mass transfer is required, the CO/H

nozzle seems to be more interesting for this aim.

Conclusions

The present study confirmed the relation betweezleageometry and mass transfer phenomenon
induced by a submerged jet impinged orthogonallya diat plate. To generate the jet flow, three
different nozzles were examined. Two Cross-Shapédtte jets from a planar orifice nozzle
(CO/P) and from a hemispherical orifice nozzle (BDAere compared to a reference convergent
jet. The nozzle-to-wall distance was equal to 2iexjant nozzle diameters and the Reynolds
number, based on free nozzle area and on exitualticity, was 5620 in each flow. Hence in all
the cases, the volumetric flow rate was conserand,this choice is related to the aimed HVAC
application. For others applications where the @neconservation is required, further
investigations should be conducted at the same pioyet.

By combining Particle Image Velocimetry (P1V) anécatrodiffusion technique (ED), mean and
turbulent velocity along with wall shear rates anass transfer were analyzed.

The switching-over phenomenon observed in thergehfthe CO/P nozzle did not occur in the jet
from the CO/H nozzle. In other words, introducinguavature to the surface containing a lobed
orifice completely changed the behaviour of theflgty generated. The curvature of the lobes in
the CO/H nozzle resulted in the conservation ofjgh@symmetry. In the free jet region, a two-
step distribution was conserved in the mean piilethe major plane of the CO/H nozzle jet,
leading to a double-peak in wall shear rate andv@ed number distributions. The CO/H nozzle
jet was characterized by high axial turbulencensity. In this jet, the maximum wall shear rate
was almost two and three times higher than in i@&RCand CONV nozzle jets, respectively.

It was shown that for the same volumetric flow r#ite use of lobed nozzle not only improves wall
shear rate, but also increases local and globas tnassfer, which suggests a close relationship
between the two quantities. The maximum local Sbedwnumber is 34% and 130% higher for
CO/P and CO/H nozzles compare to the CONV noz#te. dverage Sherwood number obtained

over a disc of 3R¢in diameter reveals an improvement up to 25% and ## CO/P and CO/H
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nozzles, respectively, relatively to CONV nozzlesnide, the CO/H nozzle jet appears to be an

excellent candidate for passive strategies to esehbath local and global mass transfer.
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