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Abstract

The aim of this work is to quantitatively demonstrate the intensification of heat transfer in
forced convection by mean of ultrasonic irradiation at low (25 kHz) or high (2 MHz)
frequency. High frequency ultrasound induces convective acoustic streaming while low
frequency ultrasonic waves produce mainly cavitation effects. These hydrodynamic
phenomena are at the origin of strongly different observations in terms of flow pattern
modification and thereby in Nusselt number values. A link is tentatively established between
hydrodynamic behaviors at both ultrasonic frequencies and corresponding thermal results.
Hydrodynamic approach was performed with a 2D-2C PIV device while thermal one was
carried out under uniform heat flux conditions. It seems that thermal enhancement effect of
acoustic streaming (2 MHz) decreases as flow rate increases. This behavior is consistent with

the decrease of turbulent kinetic energy produced by acoustic streaming in the same
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Heat transfer enhancement; ultrasound; forced atiorg turbulénce
Highlights:

Hydrodynamic effects of low and high frequencyastvund within a flow are studied
Thermal enhancement effect produced by both lowhagid frequency ultrasound is studied
A link is established between thermal and hydrodyicdehaviours with respect to frequency

A phenomenological explanation is proposed fordifferent behaviors observed

1. Introduction

This study compares heat transfer enhancement édduby low and high
frequency.ultrasound. ATlink 'is " proposed betweer  tibserved intensification to the
hydrodynamic behavior produced by ultrasound invifg fiuid. Low and high frequency

ultrasound are at the origin of hydrodynamic pheeoanof different nature. In addition, it is
investigated to what extent heat transfer intecaifon by ultrasound can be linked to the

nature of this induced effect. It'is therefore etpd to give recommendations on the choice
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of ultrasonic frequency in the design of futureraiing heat exchangers depending on

parameters such as flow regime, Reynolds numbeegrgion issues.

1.1 State of the art

Ultrasound is a mechanical wave with frequenciesvahbl8 — 20 kHz. Acoustic cavitation
and acoustic streaming are two hydrodynamic effiectgced by the ultrasonic irradiation of
a liguid [1]. Their intrinsic characteristics argosigly dependent on the frequency of the

irradiative waves. A schematic description of thiesth effects is shown in figure 1.

Acoustic cavitation Acoustic streaming

O o O N
Formation, growth, Global fluid flow and
and collapse of possible formation of
vapor/gas bubbles convection cells

Fig. 1: lllustration of ultrasonic cavitation andoaistic streaming effects as presented in [19]

Acoustic cavitation can be defined as a growingiliasing and collapsing phenomenon of
gas and vapor cavities induced by ultrasound pragpag within a liquid. Potential uses of
acoustic cavitation for industrial process intenation are wide [1] (heat exchangers,
chemical reactors, antifouling/defrosting system..Nevertheless, strong technological

development is still required in terms of reactdesign and optimization [2]. Acoustic
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cavitation is able to disturb strongly fluid envairaent from a hydrodynamic point of view [3]

thanks to three different mechanisms:

At first, micro-streaming, induced by the osciltatiof the cavitation bubble wall,
produces fluid recirculation around it on a disg&rscale known as acoustic
boundary layer. The thickness of this layer rebasboth the kinematic viscosity
of the medium and the pulsation of the acousticendy. As an example, in water
at 20 °C, acoustic boundary layer ranges from aong with 2 MHz ultrasound to
90 microns with 20 kHz ultrasound [5].

The second hydrodynamic phenomenon is the acoubsiibles displacement.
Indeed, these latter can be displaced acrossulieldy radiation strength because
of the absorption and scattering of incident adoustives. This is true for both
progressive and stationary waves fields. In theorsgéccase, the time averaged
radiation pressure is equal to zero only at nodest-nodes, driving then bubbles
to stable locations [5]. For strong acoustic intignsvoid ratio of the liquid
increases because of the growing number of bulgstetucing an impedance wall
which attenuates the acoustic intensity and then dboustic driven bubbles
phenomenon [5-6].

The third phenomenon is linked to the collapse h& &coustic bubbles which
produces strong shock waves within the fluid legdio liquid micro-jets when
occurring near a solid wall [5]. In this latter eaxollapse leads generally to
surface erosion issues, advantageously used innieggaprocesses [7-8].
Nevertheless, the erosion phenomenon is an issbe swlved in order to avoid

material damage.
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For all these reasons, it has been widely shownatt@ustic cavitation is able to trigger or to

increase turbulence rate within a liquid flow undaminar or transitional hydrodynamic

conditions [9-11].

Acoustic streaming is a generic term defining aiticor a gas flow driven by acoustic waves.

There are two kinds of acoustic streaming dependimgonditions at which it is enabled.

Thanks to a null net mass flow characteristic, atoustreaming is able to produce

recirculating flows with strong global mixing prapes.

The first one is named Eckart’s streaming [12] apdears because of the spatial
attenuation of acoustic wave intensity due to ligabsorption, diffraction of the
wave leading to energy spreading, or because adbestic beam enlargement. In
anyway, all these phenomena lead to energy attenuat the direction of the
acoustic wave propagation inducing pressure gradied then fluid movement.
Eckart’s streaming usually occurs under propagatiaree conditions.

The second type of acoustic streaming occurs ustionary wave conditions
[13]. In this case, the streaming is governed by thssipation phenomenon
occurring within the acoustic boundary layer, near the oscillating wall of the
transducer or near a solid wall exposed to an dicowave. Such as for oscillating
acoustic bubbles, this leads to recirculating flomighin the acoustic boundary
layer giving rise to others recirculation modeitiie bulk by propagating the
movement from one cell to the next one. Near thiksyaixing effects combined

with strong shearing strength, are able to lysks eghlls [14].

Both types of streaming are able to induce turliuflaws [15-16]. Mixing properties of

ultrasound were evidenced within sonochemical oeacby Residence Time Distribution

(RTD) measurements [17-18]. According to the liter@, acoustic streaming observed at
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500 kHz ultrasound results in strong stirring effeteading to RTD results classically

observed with mechanically full-stirred reactorg][1

The main effect limiting the convective heat tramsk the presence of a laminar boundary
layer (also called viscous sub-layer) near the wiis is usually defined as a flow region
where the thermal diffusion is predominant, conttarthermal convective effects that prevalil
in the bulk. A decrease of its thickness allowsaiuce the thermal resistance of this interface
and thereby to increase heat transfer rate. Sjirnmxing and turbulence properties of both
acoustic cavitation and acoustic streaming rendesequently ultrasound as an attractive and
active method to enhance heat transfer. By this, Wwagt transfer intensification could also

help to achieve two main objectives:

- thermal transfer increase between two fluids sepdrhy a solid interface with
fixed parameters (case of heat exchangers)
- temperature difference decrease keeping the saatefltie when sensitive fluids

are processed (case of liquid food pasteurization)

Studies on heat transfer enhancement by ultrasbegan in the middle of the Y@entury. It
can be noticed that most of these studies are éolcos phase change, like boiling [20-21], or
on natural convection [22]. Some studies dealt @alglo heat transfer in forced convection or
in the field of heat exchangers but in a less ektdfost of the recent studies have for main
purpose fouling reduction [23]. However, some wakge 2000 are devoted to heat transfer

enhancement in forced convection by using ultradoun

- Most of them use low frequency ultrasound (20 kbBiZLOO kHz [19, 24-25]).
Intensification of heat transfer up to 270 % hasrbeeported using a 35 kHz

vibrating shell and tube heat exchanger [26].
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High frequency effect of ultrasound on heat transfas also been highlighted
through recent works showing how acoustically iretlstreaming can enhance
convective heat transfer coefficients [27].

Studies on cooling process have also been suctiggsfuformed [28-30] leading

to a 27% heat transfer enhancement.

One might here consider that a positive effect eat transfer has always been reported in all

studies involving ultrasound. A comprehensive oiawcan be found in two publications

[24, 31]. However, it appears that most of the gsidieal with heat transfer enhancement by

using ultrasound in a very general way. Only a f®whem have been carried out in a

phenomenological way especially with the impactlfasound on the boundary layer or on

the turbulence rate within the liquid flow [3,7,9,32].

According to the literature, it is reasonable tentlfy four main parameters that clearly

influence heat transfer enhancement by ultrasoMitiereas two of them do concern

geometry configuration and fluid properties, theotwthers relate to ultrasonic wave

characteristics:

Geometry of the system: the distance between tlohagje surface and the
ultrasonic transducer is an important parametdretbaken into account as it acts
directly on acoustic intensity especially in theeggnce of cavitation [33-34]
Moreover, the angle of radiation has a significempact on thermal results for
natural convection in the presence of acoustictatwn [35].

Fluid used may have different physicochemical proge affecting ultrasonic
effects previously described. For example, bubkeleabior is driven by saturation
pressure and surface tension [5]. Viscous fluidsless sensitive to cavitation [5].

On the other hand, increasing the fluid viscosiylk and dynamic) leads to an
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increase of the acoustic absorption coefficientaA€xample, this coefficient is of
prime importance into acoustic forces induced byplane acoustic wave
responsible for acoustic streaming phenomenon [36].

- Ultrasound frequency appears to be a very impogardameter that determines the
nature of induced-hydrodynamic phenomena and tlertble heat transfer
intensification trend [10]. Indeed, hydrodynamickiepomena produced by
ultrasound (cavitation or streaming) are diffenerth respect to frequency leading
to different thermal behaviors.

- Ultrasonic power: thermal transfer enhancementezhby ultrasound seems to be
interrelated with delivered ultrasonic powers [183 an example, Nusselt number
is directly linked to the supplied ultrasonic powarthe case of heat transfer

intensification due to the presence of acoustiastring at high frequency [27].

As aforesaid, very few articles deal with enhanaetnod heat transfer in forced convection
using ultrasound. Main experimental set-ups usé ahd tube heat exchanger geometry and
low ultrasound frequency (20 kHz to 100 kHz). Farthore, most of them were limited to
cavitation effect on heat transfer intensificataord reported the influence of liquid flow rate

on enhancement values [24, 30, 37].

Modeling of thermo-hydraulic effects generated biyasound is of prime importance for the
integration of this technology to optimize many usttial processes using heat exchangers.
Some mathematical [38] and numerical [39-41] modelsling with hydrodynamic effects of
ultrasound have been released. These models havedesigned for low [39-41] and high
[38] frequency range and specific conditions of akaltrasound. It is therefore necessary to
investigate, identify and qualify parameters inea\on thermo-hydraulic effects induced by

ultrasound in a larger way in order to feed thesedaels. Over all, it is still
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phenomenologically unclear how ultrasonically ineldic phenomena (cavitation and

streaming) can modify a flow.
1.2 Objectives

The objectives of this work are thus to carry oothibhydrodynamic and thermal approaches
in the presence of intense acoustic cavitationk{2s) or strong acoustic streaming (2 MHz)
in order to propose a relevant phenomenologicallaggbion of the frequency effect.
Motivation for using high frequency ultrasound ca@nieom strong erosion issues that could
occur in heat exchangers by using low frequenawsittund even if antifouling action at this
frequency has been proved [42]. In the aim of desg) future optimized vibrating heat
exchangers, it is highly desired to compare thepeailormances in relation with phenomena
implied at low and high frequency ultrasound. Bésednd drawbacks for both frequencies
with respect to specific requirements and operatomgditions of these future heat exchangers

will then be analyzed.

2. Experimental apparatus and data reduction

2.1 General presentation of thetest section

An experimental setup was designed and built (E)gin order to investigate heat transfer
intensification in forced convection by ultrasourh overall description of the bench test
used for this study has been detailed in a prewaotisle in which preliminary results of heat

transfer enhancement using 2 MHz ultrasound wepesed [27].
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Fig. 2: Side view of the test section ALTO usedtfos study.

The fluid enters into the test sectionlrand follows blue arrows oRig. 2 It passes then

through a porous medin order to ensure a flat velocity profile. Thaiél flows throtughout

by

a pipe in4. The canal is made of a block composed of an atisig material that encompass
five heating plate blocks (respectivébyand 6) and by the ultrasonic transducéi).(The
heating plate®) is made of five stacked heating elements, thdynradulated from each other
and individually power supplied [27]. Each elemenequipped with temperature sensors in
order to determine local convective heat transéafficients. The thickness of the canal (x-
axis) can be changed by using the dev&eln this present study, the canal size is
30 * 100 mm (x-z plan) and the total heat pl&gIéngth is 100 mm (y axis). Finally, two
perpendicular visualization window8 &nd10) allow measuring velocity and turbulent fields
in the x-y plan thanks to a 2D-2C Particle Imagéodienetry (PIV) method.

Local heat transfer coefficients in front of eadating element can be determined following

the procedure described in [27]. It is thereby fmdego calculate Nusselt number as follows:
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Nu=—— (1)

with . [W/m?/K] the local convective heat transfer coefficiéntfront of the ' heating
element. [m] the hydraulic diameter antd[W/m/K] the thermal conductivity of the fluid.

Heat Transfer Enhancement FacHTEF) can then be defined as:

HTEF = s (2

where Nu,, and Nug.,: [-] are the Nusselt numbers with and without sitrand

respectively.

2.2 Characterization of ultrasound transducers

In this work, two different ultrasonic frequencie®re used. in order to compare specific
effects of acoustic streaming and of acoustic efieit on convective heat transfer in forced
convection. To ensure comparison, the ultrasoniwepodelivered to the liquid flowing

throughout the canal was estimated by means ofssichl calorimetric method and kept
identical for both transducers. The 25 kHz transdweas specifically designed by Sinaptec

with an active surface size identical to that o& tB MHz Sonosys transducef. Both

transducers were purposely characterized in omlewaluate the presence or not of acoustic
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According to these results, it was assumed thatawefrequency transducer (25 kHz) only

produces acoustic cavitation with strong mechare€i@cts whereas the high frequency one

(2 MHz) only induces acoustic streaming. The gréference in"the nafure of ‘the
ultrasonically-induced ~ effects depends exclusivaly frequency. Therefore, a clear
comparison of the action of cavitation and acoustieaming on heat transfer is possible. In

Fig. 3: Erosion pit clustering (black part) of taeminum foil covering the entiré"sheating
element facing the 25 kHz transducer. Total ultnasower = 110 W, distance from the

transducer = 30 mm, exposure time = 60 seconds.

2.3 Particle Image Velocimetry (P1V) set-up

Hydrodynamic modifications in the flow induced bitrasound were investigated by PIV
technique using the set-up described in [27]. Tdsed is a Nd-Yag (Litron provided by
Dantec Dynamics) with two cavities generat@@ mJof maximum energy for 8-ns pulse
time. The camera is an ImagerProX2 M (provided lyision) with a 1600 * 1200 pixels
spatial resolution. Each of the pixels of the camaeasures 7.4 * 7dm°. Average fields are

obtained from 2000 instantaneous fields.

The measurement field size is equal to the sizéh@fcanal in front of thé"iheating block

(30 mm thick by 20 mm high on x-y plan). The camleras is a Nikon 150 mm, leading to
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PIV field pixels equals to 16.5 * 16\8n° Interrogation windows are 16 * 16 pixels leading

to a square of 0.264 * 0.264 rMifiConsequUenty; PV meastirement provides meastifemen
fields of the entire canal thickness (x-axis) oe #ntire ' heating block height (y-axis).
These PIV measurements allow us to link thermahpheenon to hydrodynamic ones that

PIV device gives instantaneous velocity fields framich it is possible to calculate average
velocity fields from 2000 instantaneous velocitgldis. RMS velocity [m/s] fields and
turbulent kinetic energyTKE) [m?%s’] on the two dimensions x-y plan for the 2000

instantaneous velocity fields can then be calcdl#tanks to the following equation:
— 3 2

with Vx5 [M/S] the root mean square velocity as calculatethb following equation:

’ (Vi —=V)?
Vems = % 4)

wherel] [m/s] is the value of the modulus of the instartaurs velocity of the"iimage on a
total of 2000 images and[m/s] isthe modulus of the average velocity. It is assuthatithe
velocity componer., which is not measured because of the x-y plaantation of the laser
sheet, contains a similar contribution as the @ eained within the values ¥ andi) [43].
This assumption implies isotropy of the turbuleegen if it is questionable near the heating
plate. Nevertheless, the correction ¥f instead of %, classically used for turbulence
calculated from planar velocity fields, does noampe the observed phenomenology. It only

affects the absolute values. Since this study isnlpngphenomenological and aims at
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comparing the effects at two different ultrasonieqliencies, the bias will therefore be

identical for all measurements without being deémtal to the analysis.

2.4 Operating parameter s and experimental protocol

Operating hydrodynamic parameters used in thisysare displayed in Tah. Flowrates
range from 215 up to 1315 L/h with respect to tecddrabilities of the test bench resulting in
Reynolds numbers from 900 (laminar) to 5500 (tri@mrsal/turbulent). Properties of the water

are those at the inlet temperature (20°C).

Flowrate [L/h] 215 358 600 835 1074 1315
Reynolds number 900 1500 2500 3500 4500 550
Flow Velocity [m/s] 0.020 0.033 0.056 0.077 0.099| .122

Tab. 1 : Operating parameters

Canal thickness (x-axis) was kept constant at 30imihis study whereas canal width (z-
axis) and canal height (y-axis) were both set & rhén. Thermal measurements reported in
this paper were done in front of the fifth heatislgck, i.e. the upper block of the heating
plate, which is 20 mm height (séeg. 1). This choice was made because of the fully
developed hydrodynamic and thermal conditions ontfrof the fifth block as previously
shown [27]. The hydraulic diameter is equal to 6.64 for this series of measurements. To
ensure a fair comparison, the ultrasonic power kegt constant to 110 W for both 25 kHz
and 2 MHz with the assumption of uniform distrilomti of 22 W per heating element.
Moreover, the total heating power being equal t0 W each heating element is assumed to

deliver uniformly 90 W.

3. Reaults and discussions
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3.1 Thermal resultsfor 25 kHz and 2 MHz sonication

Thermal results obtained in silent conditions amdidoth ultrasound configurations (25 kHz
and 2 MHz) are plotted on Fig. 4. Nusselt numbeesgaven with respect to the fluid flow
velocity and corresponding Reynolds number (constanal thickness). Experimentakults
clearly demonstrate the thermal enhancement indbgedltrasound when Nusselt numbers
are compared to those of silent regime, whateweirtbident irradiative frequency. On silent
mode, the evolution of the Nusselt number is caestswith the fact that the heat transfer
coefficient increases when the liquid flow ratereases and thereby corresponding flow
velocity. These results confirm classical resuftsfarced convection for silent regime, i.e.
Nusselt increases as Reynolds increases. This edullp explained by the decrease of the
laminar boundary layer thickness near the heatiall lvading thereby to the decrease of the
corresponding thermal resistance [44]. However,isit important to note that the
laminar/turbulent transition classically observed Reynolds numbers between 2000 and

3000 in internal forced convection is not experitaiyp observed here. This can be explained

by the presence of a 90° turn at the fluid inldtiSTunusual configuration seems to generate
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Fig. 4: Nusselt number vs mean flow velocity and/iéds number for silent conditions,

25 kHz and 2 MHz ultrasound. Heating element n&altultrasound power 110 W, total
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As stated before, the presence of an ultrasonid f@nhances heat transfer but more

interestingly, these results highlight its depemyetowards the ultrasonic frequengy. Indeed,

flow velocities and Reynolds numbers. Surprisinglythe lowest investigated flow velocity

in this study, the intensification of heat trangfestronger at 2 MHz than at 25 kHz; whereas
beyond flow velocities of 0.033 m/s (i.e. Re = 1p®@at transfer enhancement is higher
using low frequency ultrasound. In order to underdtand to propose relevant explanations

for the difference highlighted by thermal resulesspite the same supplied ultrasonic and

thermal power, a hydrodynamic study using PIV westperformed.



311 3.2 Hydrodynamic study resultsunder 25 kHz and 2 MHz sonication

312 3.2.1Preiminary observationswithout ultrasound

313 The average velocity field observed without ulttas®b is given in Fig. 5 for mean flow
314 velocities of 0.020 m/s (a) and 0.122 m/s (b) aponding to Reynolds numbers of 900 (a)
315 and 5500 (b). As expected, the found pattern faies a fluid flowing classically within a
316 rectangular canal from bottom to top along y-axiedation. As clearly shown, there is none
317 velocity component along x-axis. Although theseulisswere expected, it was useful to
318 validate them experimentally before comparison Wlatv patterns recorded under ultrasound

319 at 25 kHz or 2 MHz.
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Fig. 5: Average velocity fields observed underrdgileonditions, heating block n°5, canal
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thickness 30 mm, hydraulic diameter = 0.046 m. Mdaw velocity = 0.020 (a) and
0.122 (b) m/s corresponding to Reynolds numberG=(8) and 5500 (b), Vectors give flow

direction and color scale gives velocity values.

3.2.2 Experimental resultsin the presence of 2 MHz ultrasound

For a mean flow velocity equal to 0.020 rfi/s. Reynolds = 900), the flow pattern is strongly
disturbed by sonication at 2 MHz, resulting in loealocity value increase and flow direction
modifications as clearly shown in Fig. 6.a. Theatdiled with water induces a resonating
cavity for 2 MHz ultrasound waves equal to 40 wawgths. This number is verified
experimentally and corresponds to the number ajesdvisible on Fig 6.a. Higher velocity
values (around 0.240 m/s) can be also spottedrothe vicinity of the heating wall. The
Schlichting streaming, classically occurring arowiarating walls or solid walls submitted to
stationary waves, is probably at the origin of ghiienomenon. Velocity value increases also
into the bulk to reach 0.160 m/s. For a higher miaww velocity (0.122 m/s, Reynolds =
5500), changes in the flow pattern are not so ntadseshown in Fig. 6 b. Some weak flow
direction modifications are still visible, but tBeVIHz velocity field (Fig 6.b) is very close to
the one measured in silent conditions (Fig 5.b)drdgynamic effects due to the secondary
flow produced by 2 MHz ultrasound on the x-axigdtron are strongly affected by the mean
flow velocity. It is demonstrated here that modifions of flow pattern, due to the presence
of high frequency ultrasound, sharply depends enviiue of the mean flow velocity in this

experimental configuration.
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and color scale gives velocity values.

337 As mentioned in the state of the art, the relatgqmbetween acoustic streaming and induced
338 turbulences within a liquid or a flow has been adie established [16]. The hydrodynamic
339 behavior analysis of the average velocity fieldsspnted in Fig. 6 can thus explain those
340 presented in Fig. 7 wherein turbulent kinetic egefiglds are reported. Turbulent kinetic

341 energy (TKE) field with a mean flow velocity of @0 m.s' (Re = 900) reveals that positions
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of TKE highest values (12.5 mm <y <20 mm) do espond to the ones where the average
velocity field is the most disturbed. Attenuatioh \elocity field modification by 2 MHz
ultrasound, with respect to the mean flow velocrigrease (and corresponding Reynolds
number) illustrated in Fig.6, can be directly ctated to the decrease of the TKE values in
the same experimental conditions as reported it/ Figimilarly, the decrease of Turbulent
Kinetic Energy produced by 2 MHz ultrasound wittspect to the mean flow velocity
increase can be linked to the decrease of Nusgeibar as detailed in Fig. 4 under the same

conditions.

The present study is not able to determine readesaof this extinguishing phenomenon of the
streaming strength when liquid flowrate is increasdevertheless, two hypotheses can be
drawn at this point. At first, the flow observedtwn the canal for 2 MHz sonication may be
produced by the combination of the pumping pressiue to the mean flow on the y-axis
direction and radiation pressure due to the seggnittav on the x-axis direction (acoustic
streaming). Consequently, the higher the pumpimrgsure in comparison with the radiation
pressure (which is constant because of ultrasowwepkept constant in this study), the
lesser the influence of acoustic streaming is. §dmnd hypothesis could be that the pressure
field within the canal is disturbed when the floacbmes more turbulent because of pressure
fluctuations induced by turbulences leading pogsibl a masking effect, thus hindering
acoustic wave propagation and then acoustic streprproduction. A future Reynolds

similarity study could be helpful to answer to thigestion.
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362 3.2.3 Experimental resultsin the presence of 25 kHz ultrasound

363 Average velocity fields for 25 kHz sonication arepllayed inFig. 8. Their comparison with

364 those of the Fig. 5 (silent regime) highlights taection and values of the velocity are quite

365 similar in both ultrasonic and silent modgs. Fewtors deviations are visible only nearby the
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Fig. 9 compares instantaneous velocity fields utaén silent (a) and 25 kHz (b) regimes for

a Reynolds number equal to 900 Ulifasonic'cavitals a temporal Stochastic but spafially

370 homogeneous distributed phenomenon as shown on9Kig) for the lowest mean flow

368

369



371 velocity (0.020 m/s and Reynolds = 900). Fig. %bws high velocity spots, reaching up to
372 OVEr0:36mis.
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Fig. 9: Instantaneous velocity fields observed wrglent regime (a) and under 25 kHz

sonication (b). Mean flow velocity = 0.020 m/s @sponding Reynolds = 900, hydraulic

diameter = 0.046 m. Vectors give instantaneousciutglalirections and color scale gives

velocity values.

373 Both acoustic bubble oscillations and collapsedaindy induce jointly these high velocity
374  spots within the fluid as illustrated in Fig. 1thig figure shows one of the 2000 PIV doublet

375 image zoomed on a collapsing cluster bubble (habrdevel pixels on images (a) and (b))
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recorded by the camera for a mean flow velocity0d#i20 m/s. The collapse induces a
reduction of the area occupied by bubbles as shwitim added double doted arrows on

images (a) and (b) of Fig. 10. This PIV doubletsaduently gives the instantaneous velocity
field (image (c)). The maximum velocity induced i cluster collapse reach 0.100 m/s. Its
position corresponds to one of the collapsing elusreas. Consequently, bubbles strongly

disturb the flow velocity within a disturbance ar@aich is of bigger size than the cluster

bubble itself (black doted arrow on image (c) of.Fi0). Two hypotheses can be drawn to
explain this phenomenon. In the one hand, the nioteubble wall move induces fluid
entrainment away from it. This may be supportedteyfact that interrogation windows all
around the cluster area display also higher vejoaitues than 0.020 m/s, which is the mean
flow velocity. The second hypothesis is a biashef velocity calculation. Indeed, the velocity

is calculated on a 16 * 16 pixel interrogation womd whose each pixel measures
16.5 * 16.5um?. Consequently, PIV measurements are not able éarlyl distinguish
phenomena inducing effects within an area smaiken 264 *264:m?. In this study, the used

interrogation window size gives the most accuragasarement technically possible.
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Fig. 10: PIV doublet recording a bubble clustedagmde and resulting instantaneous velocity
field within the canal. Reynolds = 900, flow veltyck 0.020 m/s, time between two images
of a doublet = 80 microseconds. Pixel size on detubhages = 16.5* 16m’ and

interrogation window size on velocity field = 26264 um?.

As already aforementioned, some previous studigs leatablished a clear relationship not

only between acoustic cavitation and turbulencesease [3, 10] but also between bubble

collapse and recirculation flows around bubbleds\&]. Consequently, it Seems reasonable

mean flow velocity in the presence of 25 kHz ulnasd, turbulent kinetic energy increases as

compared to silent regime. Nevertheless, highdstegaare measured close to the heating wall
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and for the highest flow velocity where the turlmtl&inetic energy can reach locally up to
0.15 nf/s? (Fig. 11). Turbulent kinetic energy mean valuethimi the bulk are overall similar
for all experimental flow conditions and are eqt@l0.014 M/s’ (see Fig. 11)FThiS Means
that acoustic cavitation can induce strongest lertme rates near the heating wall. This
observation is consistent with the fact that adoustvitation bubble collapse is known to be
more violent when occurring near a solid wall [Hubbles behavior is driven by the
ultrasonic frequency and power, liquid propertieshsas viscosity, surface tension and vapor
pressure and by the presence or not of solid val. change in these parameters leads to the
modification of bubbles size and collapsing diametscillating frequency and strength of the
collapse. Consequently, turbulent kinetic energthivithe bulk remains constant whatever
mean flow velocity. This observation is consistesth the unchanged operating parameters

influencing bubbles behaviors.

Fig. 11 also shows the increase of the turbulemttic energy values close to the heating wall
as the flow velocity increases under 25 kHz ultnesdield. This substantial increase can be
explained by taking into account the laminar boupdayer thickness and the size of fluid
area disturbed by cavitation bubbles. The disturtheid area size (linked to the one of
collapsing bubbles and clusters as shown in Fig.id@stimated as an example kyin
Fig. 12 y is dependent on several aforesaid parametersobatmnthe flow regime in contrary
to the boundary layer thicknes8 (n Fig. 12 which decreases as mean flow velocity and
Reynolds number increase. The velocity spots sped(stribution is ranging from 250
micrometers to 500 micrometers, i.e. one or two Piérrogation windows (squares Hig.
12). This size distribution was observed for all mélaw velocities tested in this study. The
flow velocity within the canal does not influendeetvelocity spots size nor their spatial

distribution. Because the boundary layer thickrssreases as flow velocity and associated

Reynolds increase, the rat?6/5 increases for the same conditions. Consequerttly, t
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disturbance effect within the boundary layer duddbbles collapse increases as mean flow
velocity and Reynolds number increase. Indeedgemiotollapse of bubbles literally disrupts
the boundary layer, laminar flow being turned iatovery turbulent one over a thickness
defined byy. This value is driven by the collapse strengthtled bubble and by viscous
effects whose attenuate disturbance propagatioa.shialler the thickness of the boundary
layer is (i.e. the higher flow velocity and Reym®ldumber are), the easier bubbles are able to
disrupt it over all its thickness It seems relevantsay that this phenomenon leads to the

increase of the heat transfer enhancement witlece$p flow rate increase.
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Fig. 11: Details of Turbulent Kinetic Energy (TKEgld near the 8 heating block from 0 to
10 mm from the heating wall to the bulk and on tingt five millimeters in height under
25 kHz ultrasound sonication and silent regimenfi@an flow velocity = 0.020 and 0.122 m/s

corresponding to Reynolds = 900 and 5500.
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Fig. 12: lllustration of the influence area of dation bubbles on the laminar boundary layer.
The theoretical viscous boundary lagdior silent regime is calculated from [45] (f = RBz,
e =30 mm, Q= 1075 L/h, Mean flow velocity = 0.099 m/s, Re 500,06 = 1.76 mm, & =

110 W).

431 3.3 Thermo-hydraulic study between 25 kHz and 2 MHz sonication

432 As already shown in this paper, thermal and hydnadyic behaviors at 25 kHz and 2 MHz
433 sonication are different. Moreover, in Fig. 13, mge turbulent kinetic energy values are
434 plotted for both frequencies with mean flow vel@stequal to 0.020 and 0.122 m/s (Re = 900
435 and 5500 respectively) as a function of canal positThese calculated values give the mean
436 value for each interrogation window column (y-axisj a fixed row (x-axis) in order to
437 obtain an average turbulent kinetic energy profiieh respect to canal thickness (x-axis).
438 This leads to quantitative values required to camphydrodynamic effects for each

439 ultrasound frequency.
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As illustrated in Fig. 13, for 2 MHz ultrasound tlogver the mean flow velocity is, the higher
the average turbulent kinetic energy is. This okséyn is in agreement with the Nusselt
number behavior, which experiences a decrease Wbenvelocity and thereby Reynolds
number increase (Fig. 4). This naturally leads tieerease of the Heat Transfer Enhancement

Factor (HTEF) as plotted in Fig. 14.

With 25 kHz sonication, average turbulent kinethergy values of Fig. 13 are also in good
agreement with TKE fields presented in Fig. 11. filghest values are obtained close to the
heating wall whatever the mean flow velocity. Thghler the mean flow velocity is, the
higher the turbulent kinetic energy near the wallNevertheless, whatever the considered
flow velocity, the turbulent kinetic energy profitemains unchanged. Indeed, when going far
from the heating wall, i.e. at a distance highantd mm (x-axis), a nearly constant value of
the average TKE is measured within the bulk. Consetly, 25 kHz ultrasound modifies bulk
turbulences whatever the mean flow velocity vahllwing a constant mixing effect within
the bulk of the liquid. This could be of great m#st for processes that require constant

mixing effects of the fluid within the bulk on ladlow velocity range.
However, the thermal enhancement increase, witbestso the mean flow velocity increase

observed for 25 kHz sonication (Fig. 14), is alsasistent with th(x/5 ratio increase with

same operating conditions. Indeed, the increasthefmean flow velocity and associated
Reynolds number induces a decrease of the bourdgey thickness. This phenomenon
increases the disruption effect due to cavitatiabldbes on the laminar boundary layer. By

consequence, heat transfer from the heating watheobulk increases leading to a Nusselt
number increase. Therefore, it can be expectedwhan the ratio?(/(g tends towards one,

Nusselt number would not increase anymore withaesfp the mean flow velocity. This
could explain the asymptotical behavior for expermal curves observed for both Nusselt

number (seig. 4 and HTEF profiles (selig. 14). As a conclusion, it is of great importance
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to highlight that using 25 kHz ultrasound will beeferable to enable optimum intensification
of the transfer process under transitory-turbuloivs for processes involving parietal

transfer such as heat exchangers or membrane pesces

One can remark that the laminar boundary layekii@ss is also decreasing with respect to
Reynolds number increase for 2 MHz sonication. g 8 this behavior different from the
one observed with 25 kHz sonication at high flologgy? It is probable that increasing the

pressure fluctuations or the flow velocity can effé¢he wave propagation and then the

streaming production at 2 MHZIThUS, theacousiieamingis weaker for high Reyo!ds
numbers. This induces less intense convectivetsfted turbulence kinetic energy values for
both bulk and laminar boundary layer.
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Fig. 13: Average turbulent kinetic energy profils anal position on the first 10
millimeters from the B heating block to the bulk (x-axis) under 25 kHzdah MHz

sonication for mean flow velocity = 0.020 and 0.18% corresponding to Re = 900 and

5500.
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When average turbulent kinetic energy curves arapesed with respect to frequency for
fixed hydrodynamic conditions, it appears that 2 Midtrasound produces a higher level of
turbulence at low mean flow velocities near thetingawall (Fig. 13). The contrary occurs at
high flow velocities. This observation is consigtevith thermal results both expressed in
terms of Nusselt numbers (Fig. 4) or in terms o&dHEransfer Enhancement Factor (Fig. 14).
Indeed, the highest Nusselt Number and HTEF vahtethe lowest liquid flow rate are

obtained with 2 MHz ultrasound while the contrasybserved at highest flow velocity under

25 kHz sonication.

Reynolds number
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Fig. 14: Heat Transfer Enhancement Factor vs Regnoumber and mean flow velocity
for 25 kHz and 2 MHz ultrasound. Total ultrasourmdvpr is equal to 110 W, total heating

power is equal to 450 W.

Fig. 15 is finally suggested as a qualitative illustratiafi the relationship between
hydrodynamic and thermal behavior for each frequémeestigated in this studys For 2 MHz
sonication, an increase of mean flow velocity letmis decrease of the turbulent kinetic
energy produced by 2 MHz ultrasound. This phenomeisaillustrated clearly by Nusselt
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number decrease with respect to the same condiffan25 kHz sonication, a decrease of the
boundary layer thickness, with respect to the nfeam velocity, induces an increase of the

disruption effect of the boundary layer producedabgustic bubbles collapse. This leads to a
decrease of the thermal resistance and therefae increasing thermal enhancement as flow

velocity increases.

It is therefore reasonable to make the hypothdsis for a fixed ultrasonic power, acoustic
streaming is more efficient to enhance parietahdfer under laminar flow regimes while

acoustic cavitation is more relevant under tramgitarbulent flows.
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Fig. 15 : lllustration of the phenomenon involvedeat transfer enhancement by ultrasound

in presence of acoustic streaming (2 MHz) and aoooavitation (25 kHz).

4. Conclusions

The aim of this work, which belongs to a heat exgjesis optimization project, was to study
mechanisms involved and responsible of the inteagibn of heat transfer with two different
ultrasound frequencies. One of the objectives wagdtablish a link between observed
acoustically induced heat transfer enhancements mat@ted induced hydrodynamic

phenomena depending on the experimental conditibms. work focused on a comparison
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between the differences highlighted using low (B&kor high (2 MHz) frequency from both

thermal and hydrodynamic points of view.

Thermal enhancement by ultrasound, i.e. Nusselt beunincrease compared to silent
condition, is observed for both frequencies. Ondhe hand, 2 MHz ultrasound frequency
produces strong convective effect usually namedistco streaming that induces turbulence
enhancement and global mixing effect. On the sed¢mmd, acoustic cavitation produced by
25 kHz ultrasound leads to an increase of turbélengoth in the bulk and within the
boundary layer. Highest values on turbulent kinehergy are obtained near the heating wall
(i.e. within the boundary layer) which is consigtesith the fact that acoustic bubble collapse
is more violent near a solid wall. The higher theam flow velocity is, the higher the thermal
enhancement is. This stronger action of 25 kHzastiund at high flow velocity could be
explained by the enhancement of the effect of ateit bubbles collapse on the boundary
layer. Indeed, as mean flow velocity increases,idamboundary layer thickness decreases.
This leads to an easier and a more efficient disyapof the boundary layer by bubble
collapse and a reduction of the thermal resistalmcerder to quantify this influence, a ratio

defined as the size of the fluid disturbance aré@m] on the laminar boundary layer thickness
6 [m] can be estimated. When this rax/8 is equal to 1, it means that the length of

disturbance area produced by bubbles collapse ualdq boundary layer thickness. This

allows to directly transfer physical quantitiesgheconcentration...) from the wall to the bulk
flow. It is then expected that when the rdﬁ% is equal or superior to 1, Nusselt number may

stop to increase with respect to mean flow velomty25 kHz ultrasound regime.

Further studies will prospect the boundary layeruption explanation proposed here with
experiments performed for higher flow velocitiesdddReynolds numbers. Additional work

will aim at determining causes of the turbulenderatation with respect to flow velocity and
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Reynolds number increase in presence of 2 MHz adtrad observed in this study. The
objective would be to determine if this phenomersoreliable to the increase of the Reynolds
number, i.e. to the natural turbulence in the fiowsilent regime, or to the increase of the
mean flow velocity. A Reynolds similarity study,clading canal thickness modification for

fixed Reynolds values, and then different flow w#ies should help to answer to this

question. Finally, a study dealing with global eyebalance of thermal enhancement by

At least, results reported in this paper provideter understanding of thermal intensification
by using low (25 kHz) or high (2 MHz) frequency rakound according to main
hydrodynamic phenomena induced by acoustic casrtagnd acoustic streaming. It is hoped

that this work will be helpful to the way to thesilgn of future vibrating heat exchangers.
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