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Abstract

The future technological horizons for engineering applications (Automotive, Energy, Biengineering)
will require the use of limited size heat exchangers with high heat exchange efficiency. In the present
work, the flow field in micro channels of different geometries is investigated experimentally using pPIV
(micro Particle Image Velocimetry) and thermal measurements. The Reynolds number in the channels
is changed as alsohie wall temperature, in order toinvestigate and improve the thermal exchange
efficiency at different flow rates, temperatures and geometrical configurationd’he main result of this
investigation is that the standard serpentine micro cell attains the highest heat exchange efficiency
regardless of flow regime, getting high Nusselt numbeisombined with low pressure losses, due to quite
high local velocities and few recirculation regions.

1 Introduction and Problem Statement

The use othigh efficiency heat exchangerss the basis ofseveraltechnological developments required
in different engineering applications, e.g. automotive, energy and bioengineerifigshaniet al. (2005)).
Since the heat transfer coefficient is inversely proportional to the characteristic dimension of the system
as shown byMassoud (2005), a valid solution to optimize the cooling process is to use a system of
multiple micro heat exchangers instead of a&ingle macro counterpart. Until now, the main features
usually investigatedto enhancethe heat transferefficiency of micro-devices are rehted to the materiak
of the microchannel, the channel geometry, the cting fluid and the flow regime (Kandlikar et al. (2012),
Kandlikar et al.(2013)). To this aim, he heat transfer performance of a smaltdevice are commonly
assessed by the ratio betweethe heat transfer rate, usually expressed in terms ofhe average Nusselt
number, based on the difference between inlet and outlet temperature of the working fluicand the
pressure losses induced by the geometrwhich can bedirectly measured or analyttally determined on
the base ofboundary conditions as described by AINeama et al(2017) (in section 3 exact definitions
are given).

From the 90s up to today, several studies have been carried out to optimitee channel geometry and
the flow regime (Asako et al. (1988)Gaiser et al(1989), Herman et al. (1991),Fehle et al. (1995). In
particular, heat exchanges with chamels having a serpentine shape have received considerable
attention given the high heat transfer properties and the compactnessequirement typical of such
micro-devices The first work introducing a periodical deflection of the flow in a meandering
arrangement d a straight channel is due toAsako et al(1988). The use of such ameanderingmicro-
channelleads to an increase of heat transfan comparisonto the straight channelof 77% for a Reynolds
number (Re) around 1000. This is related toenhancemens of local turbulence levelsin meanders,at
the cost of a large increase inngssure drop, i.e. around 95%From this first study, it was clear how
transition to turbulent regime increases the thermal diffusion from a molecular to a macroscopic level
As a consequenceather studies have increasingly focused on the research of new geomeaisolutions

to promote turbulence motions within straight channek. The main proposals concern corrugated walls
(Gaiser et al.(1989)), channel sidegrooving (Herman et al. (1991))and cyindrical ribs fixed in a
staggered or in line arrangemens (Fehle et al. (1995). However, all these solutions while promoting
large deflections and velocity changes in the fluid flow, were characterized by moderate increase in the
average Nusselt number compared with a large increase in pressure drop. Then, starting from 2000s,
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geometries have been desiged to obtain high increases ifNusselt numberby keepinglow pressure
losses.Despite the good thermal propertiesattainable by the Ushaped serpentine micrechannels, Al
Neama et al(2017) proposed an experimental and numerical workshowing how this configuration, as
alsomore complicated options, are affected by a high temperature gradient, between the inlet and the
outlet of the fluid flow, leadng to a consequent large inhomogeneity in the heat exchange process. Sui
et al. (2011), already in 2011, pointed out this problem and proposed a solution through an
experimental investigation of three sinusoidal micro-channels with rectangular cross sections and
different wavy amplitudes. More in detail, their experimental study revealed that under laminar flow
regime (300<Re<800), in a straight channel or section, as for example inthe standard serpentine
microchannel, the heat transfer performance deteriorate along the flow direction becausethe flow
becomes more regular and the boundary layers thicken,so that temperature gradients become
increasingly small.However, by inserting periodic curvilinear sections, thegenerated secondary flows
enhancefluid mixing, thus decreasinghe temperature gradient between inlet and outlet Based on these
preliminary results, great interest has been givero the study ofawavy-sinusoidal configuration andto
the evaluation of solutions to increasets heat exchange properties. In particular, Lin et a2017)
improved the heat transfer properties through the design of a wavy microchannel with changing
wavelength and amplitude along the flow direction. From the comparison between the new and the
standard wavy-sinusoidal configuration, it is possible to ntice aconsiderable increase irheat transfer
and a lower inhomogeneity in the thermal fielddue to the formation ofvortices of different size in the
channel cross sections. Howevegven with such aconsiderable improvement of the wavysinusoidal
configuration performances, i.e. efficiency around52% at Re = 800(Sui et al. (2011)) the efficieny is
not yet comparable with that of theserpentine configuration,around 71% at the same Reynolds number
(Al-Neama et al.(2017)). From the above mentioned literature, it is evident the importance of
experimental investigations on new geometrical solutions combining the simple geometry and low
pressure losseof the U-shapedserpentine with the heat transfer improvementsof the wavy-sinusoidal.

Hence, inthe present work, the thermo-hydrodynamic behaviours of two square crosssection (1 x 1
mm2) serpentine micro-channels are investigated, i.e.a conventional serpentine and a new wawvy
sinusoidal serpentine Results are evaluated in terms of efficiency dhe cell and compared with a
classical straight parallelchannelmicro cell, to be considered areference. In addition, to testthe heat
transfer properties andthe detailed fluid flow behaviour, this research was extended from typical range
of Reynoldsnumber in the laminar regime,from 50 to 1500, up to Reynolds humber 04000, i.e.in the
turbulent regime. The aim of the present work is to explore and comparé¢he thermal performances of
conventional andnovel wavy serpentine micrechannels. The heat exchange efficiencies are evaluated
by means ofthe NusseltReynoldsdiagram, whereas weak points are given in terms gfressure losses
Heat transfer properties arealsosupported by detailed velocity fields measuredwithin the channels by
using micro Particle Image Velocimetry(nPIV). Moreover, the innovative choice t@assemblethe micro-
channels in an adiabatic materialis developed in view of an easy implementation of micro heat
exchangers on existing applications.

2 Materials and methods

The experimental setup consists of a micro cell heated kahot plate and fed by a syringe pump. The
setup, sketched irFigurel, is designed to carry out temperature measurements and micro Particle Image
6 Al T AEI A Ormedsurgnemstosirestigate the thermal aspectsand the fluid dynamics of the
different micro cell geometries tested in this workThe syringe Pump Landgraff LAB00 is provided with

a 140 ml syringe and can be set at different flow rates in the rangeom 113 pl/hr to 12060 mli/hr .
Distilled Water is used as the working fluidThe hot plate Stuart US150 is used to maintain the system
under a constant heat lix, while K-type thermocouplesare used to measure the outlet water and the
micro cell surface emperatures, as sketched irFigure 1 The micro cell is placed under a higispeed
camera to acquire high resolution images of the region of interesBoth camera images and
thermocouplesdata were collectedand transferred to a PQvith a frequency of one data per second for
a total number of 1400valuesfor the thermocouples and 14000magesfor the camera setting aframe
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rate of 10000 fps.To carry outf O )m@asurements the water is seededby hollow glass spherical tracers
with mean size equal to 15um and characterized by a Stokesime scaleequal top & ¥ p 11 O High

resolution images are acquired with the highspeed camera Photron Mini AX100 starting from 4000
frames/s at full resolution of 1024x1024 pixels, up to 10000 frames/s at 768x528 pixels. Two
consecutive frames are analyzed in order to determine the flow tracer dispt&ments using cross

correlation algorithms with window offset and deformation (final sub-window size equal to 16*16

pixel). The flow field is investigated at velocities of 0.5 m/s (bw rate of 30 ml/min and Re =500) and

1.5 m/s (flow rate of 90 ml/min and Re = 1500) with an error in flow rate measurement about +0.05
ml/min.
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Figure 1: Sketch of the experimental setup

=)
=~
o
3
3
3 mm

19 mm
|

21 mm

]Details A

—

EQ’Q o |14,5 mm|
67,5 mm
19 mm

- R

5,5 mm

Det.B L

Ri=0.25 mm % Re=1,25 mm “Details B 14,5 mm o

3mm

1mm
21 mm
&

<

Figure 2: Technical scheme (left column) and picture (right column) of the top view of the microells.
A) straight parallel channels, B) standard serpentine, C) wavy serpentine
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The thermal measurements have been performed in a range of velocities between 0.1 r{flsw rate of

6 ml/min) to 4 m/s (flow rate of 240 ml/min), thus resulting in a minimum Reynolds number around
100 and a maximum Reynolds number around 4000, and setting up two constant temperature values of
the hot source equal to 50 and 70 °The hot saurce is in direct contact with the micro cell bottom side
(seeFigure ). Temperature data of the water at the outlet of the micro cell and the cooled surface are
acquired by fourthermocouples (K-type). One of the thermocouples is dived in the outlet water flow,
while the other three are positioned inside the bottom side, in the middle of the heat exchange area and
at a depth of 0.5 mm. The #ype thermocouples have a resolution 00.1°C and an accuracy of +1 °The
micro devices with different geometries are composed of an aluminum bottom side and a plexiglas top
side. The micro channel isnilled on the adiabatic part of the micro cell to help cooling by micro heat
exchangers application on existing industrial devicesEach Uelement of the geometry has two
horizontal sections with a length of 19 mm and a vertical section with a length offBm. The Serpentine

B is a wavy serpentine channel with an heat exchange area of 354 égamd an equivalent length equal

to 354 mm. Each wavy element has an inner radius of 0.25 mm and an external radius of 1.25 mm. This
configuration is also characterized kg U-elements with two horizontal sections with a length of 19 mm
and a vertical section with a length of 5.6 mm. Both the configurations present a test section of 19 mm x
21 mm and an inlet channel length of 67 mm to allow a complete development of the theal and
velocity fields.

3 Background and definitions

The diffusion of momentum in a fluid, associated with the development of the hydrodynamic boundary
layer, and the diffusion of heat, associated with the development of the thermal boundary layer, are
related phenomeng described by thePrandtl number (Massoud (2005):
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where and A are the cinematic and dynamic viscosity, respectiely, A is the specific heat,| is the

thermal diffusivity and Eis thefluid thermal conductivity. The simultaneous development of both layers
greatly influences the temperature profile and thughe heat transfer by convection
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where Eis the convedive heat transfer coefficient,4 is the flow temperature, 4 is the average inner
wall temperature and — denotes the temperaturegradient alongy axis. The mean Nusselt number

accounts for the relative importance otonvectiveto conductive heat transferat the surface. In a heated
micro channel under a constint heat flux condition it is generallyobtained from the experimental data
as(Lee et al(2004), Massoud (2005) Morini et al. (2013)):
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where | isthe mass flowrate,# EQO OEA KOEA @bARE AAE A AK@E ATAEAOI Al
AAlT AO1 AOA Aavéae dlk mprédEed defined as the mean value between the bulk fluid
temperature at the inlet and the outlet of the channel$ denotes thehydraulic diameter and! is the

heated micro channel surface areaThe main featurs of each geometry arereported in Tablel. In

addition, the dynamic effects due to the fluidflow are retained in the Reynolds numberand in heat
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transfer devices, the interactions among flow and thermal fields are usually reported in terms of Nusselt
number as a function of Regolds number, for a given Prandtl numbe(Massoud (2005) and Morini et

al. (2013)). Following previous works, such asvlahmud et al.(2001) and Romano et al. (2014) another
indicator of the local contribution to mixing and heat exchangés given by thelocal rate of entropy
production, assuming convective motions without internal heat generation. Since any naquilibrium
process is an irreversible process, due to the second law of thermodynamics, it is possible to define the
entropy production, S,as afunction of temperature and velocity gradients
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where 4 is the reference temperature of the system.

Area | Channel length Dn | Length ratio | Diameter ratio
Channel Type 5
(mm?) L (mm) (mm) Lo/l Dna/Dn
Straight Parallel ChannelgA) 947 101 2 1 1
Standard Serpentine (B) 297 297 1 0.34 2
Wavy Serpentine (C) 354 354 1 0.29 2

Table 1: Geometrical parametersof the three tested micro-cells

4 Thermal results

In this section, the heat exchange capability of the standard serpentine and the wavy serpentine micro
100<Re<4000, with a constanttemperature value of the hot sourcesetto 70 °C. To obtainthe Nusselt
number in each condition, the equilibrium temperature reached by the outlet water and the suréa after
thermal transients has been estimated. In both cases, the equilibrium temperature is analytically
determined for each flow rae, on the baseof a physical model applied simultaneously to all
experimental data at different flow rates by iterative least squae interpolations. An example of the
acquired trends towards the equilibium temperature is presented in Figure Jor the straight parallel
channels configuration. All the experimental measurements are taken with a temperature gradient
between inlet water and heated wall of abut 50 °C, i.e4 ¢ p JI#all measurementsinitial ly the
temperature decrease rapidly from values close to the hot source temperaturéaround 65°C for water)

to aplateau after a thermal transientwhose durationis a function of the flow rate, i.e. of the Reynolds
number. The increase of the flow rate also modifies the final temperatures reached by water and cooled
surface. The results show that, as the flow rate increases, the amount of heat transferred to thatev
between the inlet and outlet is reduced, due to a lower travel time of the cooling fluid inside the device.
Figure 4shows the Nusselt number as a function of Re for the three miceells, with error bars and
together with the classical correlations poposed bySieder & Tate (1936) andGnielinski (1995). In the
inset the Nusseltvalues for 1000<Re<5000 are highlighted to better show the trend of the curves the
turbulent regime. Looking at Figure 4 it is immediately noticeablethat both cells with serpentines
(standard and wavy) show larger Nusselt numbers than those of the parallel channel configuration, for
a given Reynolds numberMoreover, Nusseltnumber increases with Reynolds number with a power
law with exponent around 0.5 for all geometries, in agreement with theoretical predictions and Sieder
Tate empirical law (Sieder & Tate (1936). Being Nusselt number a measure of heat flux due to
convection, the impact of geometry and flow regime on convective motions is clearly shown in this plot.
The serpentine with wavy channel attains the highest values of Nusselt number, suggesting that this
geometry allows the most efficient heat transfer, only slighy lower values being obtained for the
standard serpentine. On the other hand, the results for the patal channel configuration showless
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efficiency, the reasons for all these behaviors must be still detailed. Considering also the different flow
regimes,it is possible to observe only a small change in slope when moving from laminar to turbulent
regimes, not in agreement with Gnielinski suggestiongGnielinski (1995)). Presumably, this is a
consequence of using non-classical channel shape, whereas thargirical laws are tuned for strictly
linear circular section micro-channels.Therefore, it seems that the largest differences among the tested
geometries are attained in laminar conditions, whereas they are less pronounced in the turbulent
regime. This cald be given to the fact that the serpentine configurations in comparison to parallel
channels could promote flow accelerationand recirculation already in laminar conditions, and that
these differences would be attenuated in fully established turbulence.
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Figure 3: Water equilibrium temperatures as a function otime [s] and flow rate [ml/min] for the
straight parallel channelsmicro cell at 70°C
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Figure 4. Comparison of the Averag@usselt numbers as a function of the Reynolds number obtained

for the three testedmicro-cells with the correlations proposed bySieder & Tate (1936) and Gnielinski
(1995)
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5 WPIV Results

In this section, Particle ImageVelocimetry is employed tocharacterizedthe velocity field of the three
micro-cells, in order to make a link with results highlighted by the thermal measurements. Specifically,
the attention will be focused on local fluid recirculation and acceleration as related to the specific
geometry and to the different flow rates.In Figure 5the velocity vectors mapof the three micro-cells
are compared at a flow rate of 30 ml/min, for the parallel channel configuration being represented both
inner and outer sections.For the serpentine confgurations, images were acquired far from the inlet
channel in order to have a completely developed flow field (the acquisition areas are delimited in blue
in Figure 2). The results reported for the parallel channel configurationfigure 5a, show a very uiform
inlet and outlet flow, with only a few relevant modifications. These are located at the inlet of each
channel, giving rise to local accelerations without any relevant separation, and in the form of separated
recirculating regions at the outlet crossings of different chanrle. On the other hand, for the standard
serpentine cell,Figure b, at each 90° bend, a strong separation is observed, with both local acceleration
and three-dimensional motion (as stown alsoin Liou et al. (2018)). This could highly increase the local
heat transfer, especially as a consequence tife local accelerations and of the relatively large residual
channel size. A similar condition is observed also for the wavy serpentine cefligure 5c, showing
periodic large flow recirculation and reduced channksize, even if with large local accelerations. Again,
this contributes to a local increag of heat transfer but also to a simultaneous decrease due to the
reduced available channel size. These results are in agreement with thermal measmnents, showing
that the main reason for the icreasing Nusselt number forserpentine cells is dependent on local high
intensity accelerations. This situation takes place eveatt relatively small Reynolds numbers, when fully
turbulence effects are still far to be establisbd.In order to better appreciate the differences in the fluid
flows of the three cells color maps of the average normalized velocity magnitude, vorticity fields and
entropy, as defined in section 3, for a flow rate of 30 ml/min are reported ifigure 6, Figure 7and Figure

8, respectively.

Rt tns
=

—>ree
—Soe
R
>

X

Figure 5: Mean velocity vectors felds at 30 ml/min. (a) straight parallel channels, (b) standard
serpentine, (c) wavy serpentine
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The yellow regions inFigure 6 represent quite high local velocities attained in the two serpentine
geometries (note the change in scale range), with related low velocity regions (accordingly to Liou et al.
(2018)). Indeed, in these high velocity sections, where the magnitude of themoalized velocity is larger
than one, the averag velocity is highly exceededin Figure 6a, for the parallel channel geometry, it is
also shown how the total flow rate is subdivided noruniformly into the single channels. Actually, the
large part of the fow, i.e. more than 60% of the total flow arte, crosses the central five channels (only
one half of the flow field is shown)In Figure 7we can observe a growth in the level of vorticity from
geometry (a), where it is limited to boundary layers, tageometry (b), where the vorticity is given by
boundary layers in the straight sections and by recirculation regions in the bending sections and to
geometry (c), which shows vorticity of opposite sign. Thereforeiesults in Figure 6 and Figure 7 show
that the local fluid mechanics motivation for improved global heat transfer performances in serpentine
rather than linear configurations possibly derives from the simultaneous presence of recirculation and
acceleration regions.As reported in section3 of this paper and in Hashiehbaf & Romano (2014}he
local entropy production rate gives a measure of mixing and heat transfer capability, so far being here
used to quantify the previous statement. To this aim, mean entropy production rate is shown Higure

8 for all configurations, made nondimensional by dividing it by bulk velocity, channel diameter and hot
source temperature taken as reference temperaturéAt a first sight, it is clear that such a production
basically vanishes all over the field for the parallel channel configuration, except foundary layers
and the outlet crossing of the channels.On the other hand, thehighest entropy is achieved inthe
standard serpentine cell, beingrelated to the local flow acceleration and not to the recirculation, as
confirmed by the comparison withFigure 5and Figure 6. This is established alséor the wavy serpentine
configuration, where thehighest entropyvalues, slightly lower than the previous case, are related the
local increment of velocity. Therefore, the recirculation regions do not contribute to mixing and heat
transfer increment, rather only to pressure loss increments.
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Figure 7: Mean vorticity color maps at 30 ml/min. (a) straight parallel channels, (b) standar@derpentine,
(c) wavy serpentine
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