O Bulliard-Sauret 
email: odin.bulliard-sauret@yncrea.fr
  
J Berindei 
  
S Ferrouillat 
  
L Vignal 
  
A Memponteil 
  
C Poncet 
  
J M Leveque 
  
N Gondrexon 
  
Heat transfer intensification by low or high frequency ultrasound: thermal and hydrodynamic phenomenological analysis
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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

Introduction

This study compares heat transfer enhancement induced by low and high frequency.ultrasound. A link is proposed between the observed intensification to the hydrodynamic behavior produced by ultrasound in flowing fluid. Low and high frequency ultrasound are at the origin of hydrodynamic phenomena of different nature. In addition, it is investigated to what extent heat transfer intensification by ultrasound can be linked to the nature of this induced effect. It is therefore expected to give recommendations on the choice of ultrasonic frequency in the design of future vibrating heat exchangers depending on parameters such as flow regime, Reynolds number and erosion issues.

State of the art

Ultrasound is a mechanical wave with frequencies above 18 -20 kHz. Acoustic cavitation and acoustic streaming are two hydrodynamic effects induced by the ultrasonic irradiation of a liquid [START_REF] Mason | Applied sonochemistry: Uses of power ultrasound in chemistry and processing[END_REF]. Their intrinsic characteristics are strongly dependent on the frequency of the irradiative waves. A schematic description of these both effects is shown in figure 1.

Fig. 1: Illustration of ultrasonic cavitation and acoustic streaming effects as presented in [START_REF] Legay | Enhancement of heat transfer by ultrasound: Review and recent advances[END_REF] Acoustic cavitation can be defined as a growing, oscillating and collapsing phenomenon of gas and vapor cavities induced by ultrasound propagation within a liquid. Potential uses of acoustic cavitation for industrial process intensification are wide [START_REF] Mason | Applied sonochemistry: Uses of power ultrasound in chemistry and processing[END_REF] (heat exchangers, chemical reactors, antifouling/defrosting system…). Nevertheless, strong technological development is still required in terms of reactors design and optimization [START_REF] Peshkovsky | Acoustic cavitation theory and equipment design principles for industrial applications of high-intensity ultrasound[END_REF]. Acoustic cavitation is able to disturb strongly fluid environment from a hydrodynamic point of view [START_REF] Nomura | Flow pattern in a channel during application of ultrasounic vibration[END_REF] thanks to three different mechanisms:

-At first, micro-streaming, induced by the oscillation of the cavitation bubble wall, produces fluid recirculation around it on a distance scale known as acoustic boundary layer. The thickness of this layer relies on both the kinematic viscosity of the medium and the pulsation of the acoustic wave [START_REF] Landau | Physique théorique -Mécanique des fluides[END_REF]. As an example, in water at 20 °C, acoustic boundary layer ranges from 8 microns with 2 MHz ultrasound to 90 microns with 20 kHz ultrasound [START_REF] Leighton | The acoustic bubble[END_REF].

-The second hydrodynamic phenomenon is the acoustic bubbles displacement. Indeed, these latter can be displaced across the fluid by radiation strength because of the absorption and scattering of incident acoustic waves. This is true for both progressive and stationary waves fields. In the second case, the time averaged radiation pressure is equal to zero only at nodes or anti-nodes, driving then bubbles to stable locations [START_REF] Leighton | The acoustic bubble[END_REF]. For strong acoustic intensity, void ratio of the liquid increases because of the growing number of bubbles producing an impedance wall which attenuates the acoustic intensity and then the acoustic driven bubbles phenomenon [START_REF] Leighton | The acoustic bubble[END_REF][START_REF] Mandroyan | Modification of the ultrasound induced activity by the presence of an electrode in a sonoreactor working at two low frequencies (20 an 40 kHz). Part I: Active zone visualisation by laser tomography[END_REF].

-The third phenomenon is linked to the collapse of the acoustic bubbles which produces strong shock waves within the fluid leading to liquid micro-jets when occurring near a solid wall [START_REF] Leighton | The acoustic bubble[END_REF]. In this latter case, collapse leads generally to surface erosion issues, advantageously used in cleaning processes [START_REF] Mazue | Influence of a Perpendicular Liquid Flow on a Cleaning Process using 20 kHz ultrasoundcharacterisation of the agitation at vicinity of the surface opposite to the transducer[END_REF][START_REF] Bru | System and method of ultrasonic cleaning of a soiled surface, comprising an ultrasonic wave generation device[END_REF].

Nevertheless, the erosion phenomenon is an issue to be solved in order to avoid material damage.

For all these reasons, it has been widely shown that acoustic cavitation is able to trigger or to increase turbulence rate within a liquid flow under laminar or transitional hydrodynamic conditions [START_REF] Nomura | Effects of Turbulence by Ultrasonic Vibration on Fluid Flow in a Rectangular Channel[END_REF][START_REF] Bulliard-Sauret | PhD thesis: Étude expérimentale de l'intensification des transferts thermiques par les ultrasons en convection forcée[END_REF][START_REF] Bulliard-Sauret | Experimental study of heat transfer enhancement using ultrasound on a flat plate in forced convection[END_REF].

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

There are two kinds of acoustic streaming depending on conditions at which it is enabled.

Thanks to a null net mass flow characteristic, acoustic streaming is able to produce recirculating flows with strong global mixing properties.

-The first one is named Eckart's streaming [START_REF] Eckart | Vortices and streams caused by sound waves[END_REF] and appears because of the spatial attenuation of acoustic wave intensity due to liquid absorption, diffraction of the wave leading to energy spreading, or because of the acoustic beam enlargement. In anyway, all these phenomena lead to energy attenuation in the direction of the acoustic wave propagation inducing pressure gradient and then fluid movement.

Eckart's streaming usually occurs under propagative wave conditions.

-The second type of acoustic streaming occurs under stationary wave conditions [START_REF] Wiklund | Acoustofluidics 14: Applications of acoustic streaming in micro fluidic devices[END_REF]. In this case, the streaming is governed by the dissipation phenomenon occurring within the acoustic boundary layer, i.e. near the oscillating wall of the transducer or near a solid wall exposed to an acoustic wave. Such as for oscillating acoustic bubbles, this leads to recirculating flows within the acoustic boundary layer giving rise to others recirculation modes into the bulk by propagating the movement from one cell to the next one. Near the walls, mixing effects combined with strong shearing strength, are able to lyse cells walls [START_REF] Wiliams | Ultrasonic dispersal of aggregates of Sarcina lutea[END_REF].

Both types of streaming are able to induce turbulent flows [START_REF] Atkas | Heat Transfer Enhancement by acoustic streaming in an enclosure[END_REF][START_REF] Moudjed | Oscillating acoustic streaming jet[END_REF]. Mixing properties of ultrasound were evidenced within sonochemical reactors by Residence Time Distribution (RTD) measurements [START_REF] Gondrexon | Experimental study of the hydrodynamic behaviour of a high frequency ultrasonic reactor[END_REF][START_REF] Monnier | Influence of ultrasound on mixing on the molecular scale for water and viscous liquids[END_REF]. According to the literature, acoustic streaming observed at observed with mechanically full-stirred reactors [START_REF] Gondrexon | Experimental study of the hydrodynamic behaviour of a high frequency ultrasonic reactor[END_REF].

The main effect limiting the convective heat transfer is the presence of a laminar boundary layer (also called viscous sub-layer) near the wall. This is usually defined as a flow region where the thermal diffusion is predominant, contrary to thermal convective effects that prevail in the bulk. A decrease of its thickness allows to reduce the thermal resistance of this interface and thereby to increase heat transfer rate. Stirring, mixing and turbulence properties of both acoustic cavitation and acoustic streaming render consequently ultrasound as an attractive and active method to enhance heat transfer. By this way, heat transfer intensification could also help to achieve two main objectives:

-thermal transfer increase between two fluids separated by a solid interface with fixed parameters (case of heat exchangers) -temperature difference decrease keeping the same heat flux when sensitive fluids are processed (case of liquid food pasteurization)

Studies on heat transfer enhancement by ultrasound began in the middle of the 20 th century. It can be noticed that most of these studies are focused on phase change, like boiling [START_REF] Boziuk | Enhanced Boiling Heat Transfer on Micromachined Surfaces using acoustic actuation[END_REF][START_REF] Zheng | Ultrasonic heat transfer enhancement on different structural tubes in LiBr solution[END_REF], or on natural convection [START_REF] Uhlenwinkel | Investigation of heat transfer from circular cylinders in high power 10 kHz and 20 kHz acoustic resonant fields[END_REF]. Some studies dealt also with heat transfer in forced convection or in the field of heat exchangers but in a less extend. Most of the recent studies have for main purpose fouling reduction [START_REF] Chen | Influence of ultrasound to convectional heat transfer with fouling of cooling water[END_REF]. However, some works since 2000 are devoted to heat transfer enhancement in forced convection by using ultrasound:

-Most of them use low frequency ultrasound (20 kHz to 100 kHz [START_REF] Legay | Enhancement of heat transfer by ultrasound: Review and recent advances[END_REF][START_REF] Gondrexon | Intensification of heat transfer process: Improvement of shell-and-tube heat exchanger performances by means of ultrasound[END_REF][START_REF] Tam | Experimental study of the ultrasonic effect on heat transfer inside a horizontal mini-tube in the laminar region[END_REF]).

Intensification of heat transfer up to 270 % has been reported using a 35 kHz vibrating shell and tube heat exchanger [START_REF] Tisseau | Conception et étude préliminaire d'un échangeur de chaleur tubes et calandre assisté par ultrasons, 18ème Congrès Français de Mécanique conference[END_REF].

-High frequency effect of ultrasound on heat transfer has also been highlighted through recent works showing how acoustically induced streaming can enhance convective heat transfer coefficients [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF].

-Studies on cooling process have also been successfully performed [START_REF] Kurbanov | Use of ultrasound for intensification of heat transfer process in heat exchangers[END_REF][START_REF] Duan | Experimental study on the influence of ultrasonic vibration on heat transfer and pressure drop in heat exchanger tubes[END_REF][START_REF] Yao | Experimental Study on Heat Transfer Enhancement of Waterwater Shell-and-Tube Heat Exchanger Assisted by Power Ultrasonic[END_REF] leading to a 27% heat transfer enhancement.

One might here consider that a positive effect on heat transfer has always been reported in all studies involving ultrasound. A comprehensive overview can be found in two publications [START_REF] Gondrexon | Intensification of heat transfer process: Improvement of shell-and-tube heat exchanger performances by means of ultrasound[END_REF][START_REF] Yao | Research and applications of ultrasound in HVAC field: A review[END_REF]. However, it appears that most of the studies deal with heat transfer enhancement by using ultrasound in a very general way. Only a few of them have been carried out in a phenomenological way especially with the impact of ultrasound on the boundary layer or on the turbulence rate within the liquid flow [START_REF] Nomura | Flow pattern in a channel during application of ultrasounic vibration[END_REF][START_REF] Mazue | Influence of a Perpendicular Liquid Flow on a Cleaning Process using 20 kHz ultrasoundcharacterisation of the agitation at vicinity of the surface opposite to the transducer[END_REF][START_REF] Nomura | Effects of Turbulence by Ultrasonic Vibration on Fluid Flow in a Rectangular Channel[END_REF][START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF][START_REF] Barthès | Characterization of the activity of ultrasound emitted in a perpendicular liquid flow using Particle Image Velocimetry (PIV) and electrochemical mass tranfer measurements[END_REF].

According to the literature, it is reasonable to identify four main parameters that clearly influence heat transfer enhancement by ultrasound. Whereas two of them do concern geometry configuration and fluid properties, the two others relate to ultrasonic wave characteristics:

-Geometry of the system: the distance between the exchange surface and the ultrasonic transducer is an important parameter to be taken into account as it acts directly on acoustic intensity especially in the presence of cavitation [START_REF] Nomura | Streaming induced by ultrasonic vibration in a water vessel[END_REF][START_REF] Lee | Smart cooling technology utilizing acoustic streaming[END_REF].

Moreover, the angle of radiation has a significant impact on thermal results for natural convection in the presence of acoustic cavitation [START_REF] Yukawa | Effect of ultrasonic vibration on free convection heat transfer from an inclinate plate in water[END_REF].

-Fluid used may have different physicochemical properties affecting ultrasonic effects previously described. For example, bubble behavior is driven by saturation pressure and surface tension [START_REF] Leighton | The acoustic bubble[END_REF]. Viscous fluids are less sensitive to cavitation [START_REF] Leighton | The acoustic bubble[END_REF].

On the other hand, increasing the fluid viscosity (bulk and dynamic) leads to an increase of the acoustic absorption coefficient. As an example, this coefficient is of prime importance into acoustic forces induced by a plane acoustic wave responsible for acoustic streaming phenomenon [START_REF] Moudjed | Near-field acoustic streaming jet[END_REF].

-Ultrasound frequency appears to be a very important parameter that determines the nature of induced-hydrodynamic phenomena and thereby the heat transfer intensification trend [START_REF] Bulliard-Sauret | PhD thesis: Étude expérimentale de l'intensification des transferts thermiques par les ultrasons en convection forcée[END_REF]. Indeed, hydrodynamics phenomena produced by ultrasound (cavitation or streaming) are different with respect to frequency leading to different thermal behaviors.

-Ultrasonic power: thermal transfer enhancement caused by ultrasound seems to be interrelated with delivered ultrasonic powers [START_REF] Legay | Enhancement of heat transfer by ultrasound: Review and recent advances[END_REF]. As an example, Nusselt number is directly linked to the supplied ultrasonic power in the case of heat transfer intensification due to the presence of acoustic streaming at high frequency [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF].

As aforesaid, very few articles deal with enhancement of heat transfer in forced convection using ultrasound. Main experimental set-ups use shell and tube heat exchanger geometry and low ultrasound frequency (20 kHz to 100 kHz). Furthermore, most of them were limited to cavitation effect on heat transfer intensification and reported the influence of liquid flow rate on enhancement values [START_REF] Gondrexon | Intensification of heat transfer process: Improvement of shell-and-tube heat exchanger performances by means of ultrasound[END_REF][START_REF] Yao | Experimental Study on Heat Transfer Enhancement of Waterwater Shell-and-Tube Heat Exchanger Assisted by Power Ultrasonic[END_REF][START_REF] Legay | Improvement of heat transfer by means of ultrasound: Application to a double tube heat exchanger[END_REF].

Modeling of thermo-hydraulic effects generated by ultrasound is of prime importance for the integration of this technology to optimize many industrial processes using heat exchangers. Some mathematical [START_REF] Moudjed | Scaling and dimensional analysis of acoustic streaming jet[END_REF] and numerical [START_REF] Louisnard | A viable method to predict acoustic streaming in presence of cavitation[END_REF][START_REF] Talebi | Numerical investigation of natural convection heat transfer in a cylindrical enclosure due to ultrasonic vibrations[END_REF][START_REF] Kiani | Experimental analysis and modeling of ultrasound assisted freezing of potato spheres[END_REF] models dealing with hydrodynamic effects of ultrasound have been released. These models have been designed for low [START_REF] Louisnard | A viable method to predict acoustic streaming in presence of cavitation[END_REF][START_REF] Talebi | Numerical investigation of natural convection heat transfer in a cylindrical enclosure due to ultrasonic vibrations[END_REF][START_REF] Kiani | Experimental analysis and modeling of ultrasound assisted freezing of potato spheres[END_REF] and high [START_REF] Moudjed | Scaling and dimensional analysis of acoustic streaming jet[END_REF] frequency range and specific conditions of use of ultrasound. It is therefore necessary to investigate, identify and qualify parameters involved on thermo-hydraulic effects induced by ultrasound in a larger way in order to feed these models. Over all, it is still phenomenologically unclear how ultrasonically induced phenomena (cavitation and streaming) can modify a flow.

Objectives

The objectives of this work are thus to carry out both hydrodynamic and thermal approaches in the presence of intense acoustic cavitation (25 kHz) or strong acoustic streaming (2 MHz) in order to propose a relevant phenomenological explanation of the frequency effect.

Motivation for using high frequency ultrasound comes from strong erosion issues that could occur in heat exchangers by using low frequency ultrasound even if antifouling action at this frequency has been proved [START_REF] Legay | Experimental investigations of fouling reduction in an ultrasonically-assisted heat exchanger[END_REF]. In the aim of designing future optimized vibrating heat exchangers, it is highly desired to compare thermal performances in relation with phenomena implied at low and high frequency ultrasound. Benefits and drawbacks for both frequencies with respect to specific requirements and operating conditions of these future heat exchangers will then be analyzed.

Experimental apparatus and data reduction 2.1 General presentation of the test section

An experimental setup was designed and built (Fig. 2) in order to investigate heat transfer intensification in forced convection by ultrasound. An overall description of the bench test used for this study has been detailed in a previous article in which preliminary results of heat transfer enhancement using 2 MHz ultrasound were exposed [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF]. The canal is made of a block composed of an insulating material that encompass five heating plate blocks (respectively 5 and 6) and by the ultrasonic transducer [START_REF] Mazue | Influence of a Perpendicular Liquid Flow on a Cleaning Process using 20 kHz ultrasoundcharacterisation of the agitation at vicinity of the surface opposite to the transducer[END_REF]. The heating plate ( 6) is made of five stacked heating elements, thermally insulated from each other and individually power supplied [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF]. Each element is equipped with temperature sensors in order to determine local convective heat transfer coefficients. The thickness of the canal (xaxis) can be changed by using the device 8. In this present study, the canal size is 30 * 100 mm (x-z plan) and the total heat plate (6) length is 100 mm (y axis). Finally, two perpendicular visualization windows (9 and 10) allow measuring velocity and turbulent fields in the x-y plan thanks to a 2D-2C Particle Image Velocimetry (PIV) method.

Local heat transfer coefficients in front of each heating element can be determined following the procedure described in [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF]. It is thereby possible to calculate Nusselt number as follows:

= ℎ (1) 
with ℎ [W/m 2 /K] the local convective heat transfer coefficient in front of the i th heating element,

[m] the hydraulic diameter and [W/m/K] the thermal conductivity of the fluid.

Heat Transfer Enhancement Factor ( ) can then be defined as:

= - (2) 
where and [-] are the Nusselt numbers with and without ultrasound respectively.

Characterization of ultrasound transducers

In this work, two different ultrasonic frequencies were used. in order to compare specific effects of acoustic streaming and of acoustic cavitation on convective heat transfer in forced convection. To ensure comparison, the ultrasonic power delivered to the liquid flowing throughout the canal was estimated by means of a classical calorimetric method and kept identical for both transducers. The 25 kHz transducer was specifically designed by Sinaptec with an active surface size identical to that of the 2 MHz Sonosys transducer. Both transducers were purposely characterized in order to evaluate the presence or not of acoustic cavitation and of acoustic streaming using 25 kHz or 2 MHz. It was confirmed that 2 MHz ultrasound irradiation mainly results in strong acoustic streaming. Acoustic cavitation was not revealed by chemical (iodide oxidation) and aluminum foil tests for this frequency (2 MHz).

On the other hand, none significant chemical activity was observed using iodide oxidation test at 25 kHz. Nevertheless, strong mechanical effects due to intense cavitation were clearly illustrated by the aluminum foil erosion test [START_REF] Yukawa | Effect of ultrasonic vibration on free convection heat transfer from an inclinate plate in water[END_REF] as it can be observed in Fig. 3.

According to these results, it was assumed that the low-frequency transducer (25 kHz) only produces acoustic cavitation with strong mechanical effects whereas the high frequency one 

Particle Image Velocimetry (PIV) set-up

Hydrodynamic modifications in the flow induced by ultrasound were investigated by PIV technique using the set-up described in [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF]. instantaneous velocity fields can then be calculated thanks to the following equation:

= 3 4 (3) 
with [m/s] the root mean square velocity as calculated by the following equation:

where V [m/s] is the value of the modulus of the instantaneous velocity of the i th image on a total of 2000 images and V [m/s] is the modulus of the average velocity. It is assumed that the velocity component V , which is not measured because of the x-y plan orientation of the laser sheet, contains a similar contribution as the one contained within the values of V and V ! [START_REF] Lavision | Product Manual DaVis 8.3 Software[END_REF].

This assumption implies isotropy of the turbulence even if it is questionable near the heating plate. Nevertheless, the correction of 3 / 4 instead of ½, classically used for turbulence calculated from planar velocity fields, does not change the observed phenomenology. It only affects the absolute values. Since this study is mainly phenomenological and aims at

= # ∑ %V -V & ' () %N -1& (4) 
comparing the effects at two different ultrasonic frequencies, the bias will therefore be identical for all measurements without being detrimental to the analysis.

Operating parameters and experimental protocol

Operating hydrodynamic parameters used in this study are displayed in Tab. Canal thickness (x-axis) was kept constant at 30 mm in this study whereas canal width (zaxis) and canal height (y-axis) were both set at 100 mm. Thermal measurements reported in this paper were done in front of the fifth heating block, i.e. the upper block of the heating plate, which is 20 mm height (see Fig. 1). This choice was made because of the fully developed hydrodynamic and thermal conditions in front of the fifth block as previously

shown [START_REF] Bulliard-Sauret | Heat transfert enhancement using 2 MHz ultrasound[END_REF]. The hydraulic diameter is equal to 0.046 m for this series of measurements. To ensure a fair comparison, the ultrasonic power was kept constant to 110 W for both 25 kHz and 2 MHz with the assumption of uniform distribution of 22 W per heating element.

Moreover, the total heating power being equal to 450 W, each heating element is assumed to deliver uniformly 90 W. Nusselt increases as Reynolds increases. This can be fully explained by the decrease of the laminar boundary layer thickness near the heating wall leading thereby to the decrease of the corresponding thermal resistance [START_REF] Kakaç | Handbook of convective heat transfer[END_REF]. However, it is important to note that the laminar/turbulent transition classically observed for Reynolds numbers between 2000 and 3000 in internal forced convection is not experimentally observed here. This can be explained by the presence of a 90° turn at the fluid inlet. This unusual configuration seems to generate hydrodynamic disturbances, causing a gradual enhancement of heat transfer for Reynolds numbers lower than 2000. This behavior is contrary to theory, which predicts constant Nusselt in laminar regime. As stated before, the presence of an ultrasonic field enhances heat transfer but more interestingly, these results highlight its dependency towards the ultrasonic frequency. Indeed, at high frequency (2 MHz), an increase of the flow velocity leads to a slow decrease of the observed heat transfer intensification. The reverse occurs at 25 kHz where an increase of flow velocity leads to an increase of the Nusselt number reaching a plateau for the highest tried flow velocities and Reynolds numbers. Surprisingly, at the lowest investigated flow velocity in this study, the intensification of heat transfer is stronger at 2 MHz than at 25 kHz; whereas beyond flow velocities of 0.033 m/s (i.e. Re = 1500) heat transfer enhancement is higher using low frequency ultrasound. In order to understand and to propose relevant explanations for the difference highlighted by thermal results despite the same supplied ultrasonic and thermal power, a hydrodynamic study using PIV was then performed.

Results and discussions

Hydrodynamic study results under 25 kHz and 2 MHz sonication

Preliminary observations without ultrasound

The average velocity field observed without ultrasound is given in Fig. 5 As mentioned in the state of the art, the relationship between acoustic streaming and induced turbulences within a liquid or a flow has been already established [START_REF] Moudjed | Oscillating acoustic streaming jet[END_REF]. The hydrodynamic behavior analysis of the average velocity fields presented in Fig. 6 can thus explain those presented in Fig. 7 wherein turbulent kinetic energy fields are reported. Turbulent kinetic energy (TKE) field with a mean flow velocity of 0.020 m.s -1 (Re = 900) reveals that positions of TKE highest values (12.5 mm < y < 20 mm) do correspond to the ones where the average velocity field is the most disturbed. Attenuation of velocity field modification by 2 MHz ultrasound, with respect to the mean flow velocity increase (and corresponding Reynolds number) illustrated in Fig. 6, can be directly correlated to the decrease of the TKE values in the same experimental conditions as reported in Fig. 7. Similarly, the decrease of Turbulent Kinetic Energy produced by 2 MHz ultrasound with respect to the mean flow velocity increase can be linked to the decrease of Nusselt number as detailed in Fig. 4 under the same conditions.

The present study is not able to determine real causes of this extinguishing phenomenon of the streaming strength when liquid flowrate is increased. Nevertheless, two hypotheses can be drawn at this point. At first, the flow observed within the canal for 2 MHz sonication may be produced by the combination of the pumping pressure due to the mean flow on the y-axis direction and radiation pressure due to the secondary flow on the x-axis direction (acoustic streaming). Consequently, the higher the pumping pressure in comparison with the radiation pressure (which is constant because of ultrasound power kept constant in this study), the lesser the influence of acoustic streaming is. The second hypothesis could be that the pressure field within the canal is disturbed when the flow becomes more turbulent because of pressure fluctuations induced by turbulences leading possibly to a masking effect, thus hindering acoustic wave propagation and then acoustic streaming production. A future Reynolds similarity study could be helpful to answer to this question. 

Experimental results in the presence of 25 kHz ultrasound

Average velocity fields for 25 kHz sonication are displayed in disturb the flow velocity within a disturbance area, which is of bigger size than the cluster bubble itself (black doted arrow on image (c) of Fig. 10). Two hypotheses can be drawn to explain this phenomenon. In the one hand, the violent bubble wall move induces fluid entrainment away from it. This may be supported by the fact that interrogation windows all around the cluster area display also higher velocity values than 0.020 m/s, which is the mean flow velocity. The second hypothesis is a bias of the velocity calculation. Indeed, the velocity is calculated on a 16 * 16 pixel interrogation window whose each pixel measures 16.5 * 16.5 μm 2 . Consequently, PIV measurements are not able to clearly distinguish phenomena inducing effects within an area smaller than 264 *264 μm 2 . In this study, the used interrogation window size gives the most accurate measurement technically possible. As already aforementioned, some previous studies have established a clear relationship not only between acoustic cavitation and turbulences increase [START_REF] Nomura | Flow pattern in a channel during application of ultrasounic vibration[END_REF][START_REF] Bulliard-Sauret | PhD thesis: Étude expérimentale de l'intensification des transferts thermiques par les ultrasons en convection forcée[END_REF] but also between bubble collapse and recirculation flows around bubbles walls [START_REF] Leighton | The acoustic bubble[END_REF]. Consequently, it seems reasonable to link the increase of turbulent kinetic energy in the presence of 25 kHz ultrasound (Fig. 11)

to the collapses and oscillations of bubbles and bubble clusters (Fig. 10). Whatever the set mean flow velocity in the presence of 25 kHz ultrasound, turbulent kinetic energy increases as compared to silent regime. Nevertheless, highest values are measured close to the heating wall and for the highest flow velocity where the turbulent kinetic energy can reach locally up to 0.15 m 2 /s 2 (Fig. 11). Turbulent kinetic energy mean values within the bulk are overall similar for all experimental flow conditions and are equal to 0.014 m 2 /s 2 (see Fig. 11). This means that acoustic cavitation can induce strongest turbulence rates near the heating wall. This observation is consistent with the fact that acoustic cavitation bubble collapse is known to be more violent when occurring near a solid wall [START_REF] Leighton | The acoustic bubble[END_REF]. Bubbles behavior is driven by the ultrasonic frequency and power, liquid properties such as viscosity, surface tension and vapor pressure and by the presence or not of solid wall. Any change in these parameters leads to the modification of bubbles size and collapsing diameter, oscillating frequency and strength of the collapse. Consequently, turbulent kinetic energy within the bulk remains constant whatever mean flow velocity. This observation is consistent with the unchanged operating parameters influencing bubbles behaviors. is dependent on several aforesaid parameters but not on the flow regime in contrary to the boundary layer thickness (. in Fig. 12) which decreases as mean flow velocity and Reynolds number increase. The velocity spots size (-) distribution is ranging from 250 micrometers to 500 micrometers, i.e. one or two PIV interrogation windows (squares in Fig. 12). This size distribution was observed for all mean flow velocities tested in this study. The flow velocity within the canal does not influence the velocity spots size nor their spatial distribution. Because the boundary layer thickness decreases as flow velocity and associated

Reynolds increase, the ratio -. / increases for the same conditions. Consequently, the disturbance effect within the boundary layer due to bubbles collapse increases as mean flow velocity and Reynolds number increase. Indeed, violent collapse of bubbles literally disrupts the boundary layer, laminar flow being turned into a very turbulent one over a thickness defined by -. This value is driven by the collapse strength of the bubble and by viscous effects whose attenuate disturbance propagation. The smaller the thickness of the boundary layer is (i.e. the higher flow velocity and Reynolds number are), the easier bubbles are able to disrupt it over all its thickness It seems relevant to say that this phenomenon leads to the increase of the heat transfer enhancement with respect to flow rate increase. 

Thermo-hydraulic study between 25 kHz and 2 MHz sonication

As already shown in this paper, thermal and hydrodynamic behaviors at 25 kHz and 2 MHz sonication are different. Moreover, in Fig. 13, average turbulent kinetic energy values are plotted for both frequencies with mean flow velocities equal to 0.020 and 0.122 m/s (Re = 900 and 5500 respectively) as a function of canal position. These calculated values give the mean value for each interrogation window column (y-axis) for a fixed row (x-axis) in order to obtain an average turbulent kinetic energy profile with respect to canal thickness (x-axis).

This leads to quantitative values required to compare hydrodynamic effects for each ultrasound frequency.

As illustrated in Fig. 13, for 2 MHz ultrasound the lower the mean flow velocity is, the higher the average turbulent kinetic energy is. This observation is in agreement with the Nusselt number behavior, which experiences a decrease when flow velocity and thereby Reynolds number increase (Fig. 4). This naturally leads to a decrease of the Heat Transfer Enhancement Factor (HTEF) as plotted in Fig. 14.

With 25 kHz sonication, average turbulent kinetic energy values of Fig. 13 are also in good agreement with TKE fields presented in Fig. 11. The highest values are obtained close to the heating wall whatever the mean flow velocity. The higher the mean flow velocity is, the higher the turbulent kinetic energy near the wall is. Nevertheless, whatever the considered flow velocity, the turbulent kinetic energy profile remains unchanged. Indeed, when going far from the heating wall, i.e. at a distance higher than 4 mm (x-axis), a nearly constant value of the average TKE is measured within the bulk. Consequently, 25 kHz ultrasound modifies bulk turbulences whatever the mean flow velocity value, allowing a constant mixing effect within the bulk of the liquid. This could be of great interest for processes that require constant mixing effects of the fluid within the bulk on large flow velocity range.

However, the thermal enhancement increase, with respect to the mean flow velocity increase observed for 25 kHz sonication (Fig. 14), is also consistent with the -. / ratio increase with same operating conditions. Indeed, the increase of the mean flow velocity and associated

Reynolds number induces a decrease of the boundary layer thickness. This phenomenon increases the disruption effect due to cavitation bubbles on the laminar boundary layer. By consequence, heat transfer from the heating wall to the bulk increases leading to a Nusselt number increase. Therefore, it can be expected that when the ratio -. / tends towards one, Nusselt number would not increase anymore with respect to the mean flow velocity. This could explain the asymptotical behavior for experimental curves observed for both Nusselt number (see Fig. 4) and HTEF profiles (see Fig. 14). As a conclusion, it is of great importance to highlight that using 25 kHz ultrasound will be preferable to enable optimum intensification of the transfer process under transitory-turbulent flows for processes involving parietal transfer such as heat exchangers or membrane processes.

One can remark that the laminar boundary layer thickness is also decreasing with respect to Reynolds number increase for 2 MHz sonication. So why is this behavior different from the one observed with 25 kHz sonication at high flow velocity? It is probable that increasing the pressure fluctuations or the flow velocity can affect the wave propagation and then the streaming production at 2 MHz. Thus, the acoustic streaming is weaker for high Reynolds numbers. This induces less intense convective effects and turbulence kinetic energy values for both bulk and laminar boundary layer. When average turbulent kinetic energy curves are compared with respect to frequency for fixed hydrodynamic conditions, it appears that 2 MHz ultrasound produces a higher level of turbulence at low mean flow velocities near the heating wall (Fig. 13). The contrary occurs at high flow velocities. This observation is consistent with thermal results both expressed in terms of Nusselt numbers (Fig. 4) or in terms of Heat Transfer Enhancement Factor (Fig. 14). It is therefore reasonable to make the hypothesis that for a fixed ultrasonic power, acoustic streaming is more efficient to enhance parietal transfer under laminar flow regimes while acoustic cavitation is more relevant under transitory-turbulent flows. 

Conclusions

The aim of this work, which belongs to a heat exchangers optimization project, was to study mechanisms involved and responsible of the intensification of heat transfer with two different ultrasound frequencies. One of the objectives was to establish a link between observed acoustically induced heat transfer enhancements and related induced hydrodynamic phenomena depending on the experimental conditions. This work focused on a comparison between the differences highlighted using low (25 kHz) or high (2 MHz) frequency from both thermal and hydrodynamic points of view.

Thermal enhancement by ultrasound, i.e. Nusselt number increase compared to silent condition, is observed for both frequencies. On the one hand, 2 MHz ultrasound frequency produces strong convective effect usually named acoustic streaming that induces turbulence enhancement and global mixing effect. On the second hand, acoustic cavitation produced by 25 kHz ultrasound leads to an increase of turbulences both in the bulk and within the boundary layer. Highest values on turbulent kinetic energy are obtained near the heating wall (i.e. within the boundary layer) which is consistent with the fact that acoustic bubble collapse is more violent near a solid wall. The higher the mean flow velocity is, the higher the thermal enhancement is. This stronger action of 25 kHz ultrasound at high flow velocity could be explained by the enhancement of the effect of cavitation bubbles collapse on the boundary layer. Indeed, as mean flow velocity increases, laminar boundary layer thickness decreases.

This leads to an easier and a more efficient disruption of the boundary layer by bubble collapse and a reduction of the thermal resistance. In order to quantify this influence, a ratio defined as the size of the fluid disturbance area -[m] on the laminar boundary layer thickness .

[m] can be estimated. When this ratio -. / is equal to 1, it means that the length of disturbance area produced by bubbles collapse is equal to boundary layer thickness. This allows to directly transfer physical quantities (heat, concentration…) from the wall to the bulk flow. It is then expected that when the ratio -.

/ is equal or superior to 1, Nusselt number may stop to increase with respect to mean flow velocity for 25 kHz ultrasound regime.

Further studies will prospect the boundary layer disruption explanation proposed here with experiments performed for higher flow velocities and Reynolds numbers. At least, results reported in this paper provide a better understanding of thermal intensification by using low (25 kHz) or high (2 MHz) frequency ultrasound according to main hydrodynamic phenomena induced by acoustic cavitation and acoustic streaming. It is hoped that this work will be helpful to the way to the design of future vibrating heat exchangers.

Fig. 2 :

 2 Fig. 2: Side view of the test section ALTO used for this study.
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 23 Fig. 3: Erosion pit clustering (black part) of the aluminum foil covering the entire 5 th heating
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 1 Thermal results for 25 kHz and 2 MHz sonicationThermal results obtained in silent conditions and for both ultrasound configurations (25 kHz and 2 MHz) are plotted on Fig.4. Nusselt numbers are given with respect to the fluid flow velocity and corresponding Reynolds number (constant canal thickness). Experimental results clearly demonstrate the thermal enhancement induced by ultrasound when Nusselt numbers are compared to those of silent regime, whatever the incident irradiative frequency. On silent mode, the evolution of the Nusselt number is consistent with the fact that the heat transfer coefficient increases when the liquid flow rate increases and thereby corresponding flow velocity. These results confirm classical results in forced convection for silent regime, i.e.
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 4 Fig. 4: Nusselt number vs mean flow velocity and Reynolds number for silent conditions,
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 5322 Fig. 5: Average velocity fields observed under silent conditions, heating block n°5, canal
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 6 Fig. 6: Average velocity field observed with 2 MHz irradiation, heating block n°5, canal
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 7 Fig. 7: Turbulent kinetic energy fields estimated in front of the 5 th heating block for 6 mean
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 8899 Fig. 8: Average velocity fields observed with 25 kHz ultrasound sonication, mean flow
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 10 Fig. 10: PIV doublet recording a bubble cluster collapse and resulting instantaneous velocity
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 11 Fig. 11 also shows the increase of the turbulent kinetic energy values close to the heating wall
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 11 Fig. 11: Details of Turbulent Kinetic Energy (TKE) field near the 5 th heating block from 0 to

Fig. 12 :

 12 Fig. 12: Illustration of the influence area of cavitation bubbles on the laminar boundary layer. The theoretical viscous boundary layer δ for silent regime is calculated from [45] (f = 25 kHz, e = 30 mm, Q v = 1075 L/h, Mean flow velocity = 0.099 m/s, Re = 4500, δ = 1.76 mm, P us =
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 13 Fig. 13: Average turbulent kinetic energy profile vs canal position on the first 10 millimeters from the 5 th heating block to the bulk (x-axis) under 25 kHz and 2 MHz

  Indeed, the highest Nusselt Number and HTEF values at the lowest liquid flow rate are obtained with 2 MHz ultrasound while the contrary is observed at highest flow velocity under 25 kHz sonication.
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 14 Fig. 14: Heat Transfer Enhancement Factor vs Reynolds number and mean flow velocity

Fig. 15 is

 15 Fig. 15 is finally suggested as a qualitative illustration of the relationship between

Fig. 15 :

 15 Fig. 15 : Illustration of the phenomenon involved in heat transfer enhancement by ultrasound

  Additional work will aim at determining causes of the turbulence attenuation with respect to flow velocity and Reynolds number increase in presence of 2 MHz ultrasound observed in this study. The objective would be to determine if this phenomenon is reliable to the increase of the Reynolds number, i.e. to the natural turbulence in the flow in silent regime, or to the increase of the mean flow velocity. A Reynolds similarity study, including canal thickness modification for fixed Reynolds values, and then different flow velocities should help to answer to this question. Finally, a study dealing with global energy balance of thermal enhancement by ultrasound should be done. A comparison between energy efficiency of such a device and passive methods could be of great interest. Nevertheless, this kind of study needs an optimization of the ultrasound technology in accordance with thermal enhancement goals.

  The laser is a Nd-Yag (Litron provided by equals to 16.5 * 16.5 µm 2 . Interrogation windows are 16 * 16 pixels leading to a square of 0.264 * 0.264 mm 2 . Consequently, PIV measurement provides measurement fields of the entire canal thickness (x-axis) on the entire i th heating block height (y-axis).

	These PIV measurements allow us to link thermal phenomenon to hydrodynamic ones that
	take place in front of this i th heating block.
	PIV device gives instantaneous velocity fields from which it is possible to calculate average
	velocity fields from 2000 instantaneous velocity fields. RMS velocity [m/s] fields and
	turbulent kinetic energy (	) [m 2 /s 2 ] on the two dimensions x-y plan for the 2000
	Dantec Dynamics) with two cavities generating 200 mJ of maximum energy for 6-9 ns pulse
	time. The camera is an ImagerProX2 M (provided by LaVision) with a 1600 * 1200 pixels
	spatial resolution. Each of the pixels of the camera measures 7.4 * 7.4 µm 2 . Average fields are
	obtained from 2000 instantaneous fields.

The measurement field size is equal to the size of the canal in front of the i th heating block (30 mm thick by 20 mm high on x-y plan). The camera lens is a Nikon 150 mm, leading to PIV field pixels