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Résumé :

Ce papier présente nos études sur le transferniiggre en ébullition convective dans les microcardaxt
I'objectif est de développer des systémes de thésBment compacts qui peuvent s’adapter aux canpos
de puissance miniaturisés. Les nano- et micro-atrations de surface ont été utilisées comme des
techniques innovantes permettant d’ameéliorer lafgrenance de transfert thermique et de retarder le
phénomene d’asséchement intermittent. It a étérabspie les surfaces contenant des microstructongs

de meilleurs coefficients de transfert thermiquernpaport aux surfaces lisses (jusqu’a 85% d’ametimn).

En particulier, en rendant cette surface structur@lus mouillante, I'asséchement intermittent a
significativement retardé.

Abstract :

This work investigates the flow boiling heat tramsh microchannels with the aim of developing caatp
cooling systems which can be adapted to miniatdripewer components. Nano and micro-surface
treatments were used as innovative techniques poowve the heat transfer performance as well aseiayd
the intermittent dryout. It was observed that theraistructured surfaces show significant enhanaase
(up to 85%) in heat transfer compared to the smaaitffiaces. Especially, using the highly-wettedciteed
surface, the intermittent dryout is improved.

Keywords: contact angle, convective boiling, micrdtannel, micro-patterning,
surface wettability, nanocoating

1 Introduction

Power systems, such as electronic components brélls, are dissipating more and more heat due to
progressively increasing power densities associafiéitl continuous advances in their miniaturizatiom.
order to prevent damages to their components,gierated heat must be efficiently removed. Various
cooling modes can be applied, such as air convectidiquid and boiling flows. Air convection isahmost
widely-used method because of its easy implememtatiowever, this mode exhibits a poor heat transfe
performance and its operational limits have beeeadly reached. As a consequence, cooling systems by
liquid and boiling flows have been increasingly eleyped. Flow boiling is the most efficient modeitas
provides better heat transfer efficiencies. Indéedthis cooling mode, a part of heat is trangfdrmto the
latent heat during liquid-vapour phase change ditaxh to convective effects.

In the present study, flow boiling was generatesidi@ the systems called mini- and microchannels,
which are channels of small size with hydraulicagers of less than 3 mm. Over the last decade; amd
microchannels have attracted the attention of rekess in the field of heat and mass transfer, lmseéhey
enable the development of compact cooling systerhichwcan be adapted to miniaturized power
components. In order to distinguish between maarb raicroscale flow boiling, the threshold to coefin
bubble flow is one of the most widely used critagoFollowing the classification by Kew and Cornivj#],
channels are classified as microchanne®oif 0.5, whereCois the confinement number defined as:
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Co=— (1)

whereinL. is the capillary length anid;, is the hydrodynamic diameter. Kandlikar and Grafajlesuggested
another classification based on the hydrodynamiamdier: conventional channel®,(> 3 mm),
minichannels (20@m <D, < 3 mm) and micro-channelB{ < 200um).

For microscale flow boiling, the heat transfer ¢o&nt can significantly decrease at low values of
vapour quality due to intermittent dryout, whiclfiers to an unstable breakdown of the liquid filncontact
with the wall [3-5]. Intensification of the heaatrsfer coefficient and delay of the intermittentadrt are the
main objectives of research in recent years [6].tli@microscale level, capillary effects becomeangnt
and may play a significant role in the heat transfiechanism. For instance, Phetnal. [7] showed that
surface wettability affects the pool boiling heednisfer significantly. Modifying the surface wetins
thereby a reasonable solution to achieve the abbjextives. Today, significant advances have beadem
in techniques of surface structuring at micro andmscales, which enable significant modificatiérihe
surface wettability.

In the present study, experiments were performedetermine the effects of surface wettability oa th
flow boiling heat transfer. The test channel igaagular with hydraulic diameter of 0.96 mm andglénof
180 mm. The confinement number is equal to 2.6,lerte the test channel is considered as microehann
according to Kew and Cornwell theory [1], but asicihannel according to Kandlikar and Grande [2]
classification. The local wall temperature and Haat are directly measured. The channel geomeiag w
precisely determined in order to reduce measuremecertainties. The sample surfaces are produced by
well-controlled processes by physical and chemieglour depositions. For the first time, a comphatteof
experimental data is provided to explore the effeaft micro-patterning and surface wettability oowl
boiling heat transfer in a microchannel.

2 Experimental setup

2.1 Sample surfaces

In order to determine the effects of micro-surfaoesatment, two sample surfaces were fabricated
following the steps shown in FIG. 1. The first séns called “p-Ti”. To produce this surface, afium
layer was firstly deposited with a thickness of g+#. Afterwards, micro-holes were made by lasehniate
through a patterning mask which contains holes veaithius of 20 pum.

The second sample is called “p-SiOx”, which is eucured surface of hydrophilic Polydimethyl-
siloxane (SiOx). At first, depositions of titaniufmi, thickness of 3-4 um) and diamond-like carb®h.C,
thickness of 1 um) were made. Then, the micro-hwky® created by laser etching of the DLC layenulgh
the same patterning mask used for the “u-Ti” serfdédnally, a deposition of SiOx layer is made ba t
surface of interest with a thickness of about 50 nm

The contact angles of water on the smooth andtatedt samples were measured using the sessile drop
technique with KRUSS EasyDrop systems in a cleanrddG. 2 illustrates images of water droplets on
these surfaces. The obtained contact angles ararD%5° for the u-SiOx surface and the pu-Ti safac
respectively. Compared to the smooth sampleg)i88x is more wetted and the pu-Ti is less wetted.

2.2 Experimental apparatus

The channel is defined by putting a glass lid diiersample surface. This lid has a rectangularvgr&o
mm wide, 0.5 mm deep and is bonded to the Pyrermnmf vacuum aspiration (¢fIG. 3). To prevent fluid
leakage, silicone compound is placed around thereak contact between the glass cap and the Pyaéetw
The sample surface is heated by Joule effects wldirect current crossing through the titanium fajide
test channel is thermally insulated with foam. \dissation of the fluid flow can be made from the tf the
glass lid. The experimental setup is showFIi@. 4. It consists of a test section, a condenser witbaing
bath, a liquid pump (ISMATEC MCP_Z), a mass flowargtMicro Motion Elite MVD) and a pre-heater. A
reservoir is used to store the fluid and to corttielworking pressure at atmospheric pressure.
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FIG. 1. Side view of fabrication procedure of stuwed surfaces: a) u-Ti surface and b) u-SiOx setfa

20° 26°
H-SiOx surface SiOx surface Ti surface u-Ti surface

FIG. 2. Water droplets on the smooth and structgeadples at the ambient temperature.

The experimental facility is instrumented with adpsalute pressure transducer (1 bar) to measure the
pressure at the inlet of the test section, andffardntial pressure transducer (100 mbar) to meathe
pressure drop across the test section. The abgumiessures at the outlet of the condenser andeanlidt of
the pre-heater are also measured. K-type therméepape inserted at different locations to meashee
bulk fluid temperature.

Ao~ Visualisation
Glass lid

Pyrex wafer

FIG. 3. Assembly of the test section.

2.3 Experimental procedure

Before each test point, degassing of water is nigdieoiling at saturated temperature (100 °C) foo tw
hours. Then, the desired flow rate is establishedl the electrical power is raised in steps lasanfgw
minutes each until a new steady state is achieVhd. flow rate, current, voltages, pressures, and bu
temperatures are monitored and recorded at eachrpsiep. The mass flux was set at 100 kg/m? s laad t
base heat flux was varied from 30 to 80 kW/m?. tallts are performed under steady-state conditims.
experimental data are recorded with a data loggitgnt 34970A) connected to a computer.
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FIG. 4 Schematic view of the experimental apparatus.

Thermodynamic properties of water are calculatett Wie computer code REFPROP 7.0, developed by
NIST (2002). Experimental parameters and operatogditions are summarized in Table 1. The
measurement uncertainties are estimated usingribrepgopagation law.

Table 1. Operating parameters and uncertainties

Parameter Range Uncertainty
Dy, (mm) 0.96 +0.02 mm

G (kg/mz2 s) 100 +2%

Pin (mbar) 1000 +0.1%

Pin - Pout (Mbar) 0-100 +0.3%

Ts (°C) 100 +0.2 °C

Tw (°C) 100-120 +0.2 °C

q (W) 0-500 +2%

h (kW/m2 K) 3-30 +4-7%

X -0.1-0.2 +2%

3 Heat transfer measurements

FIG. 5 shows comparison of the heat transfer pardoices of u-SiOx and pu-Ti surfaces to those of SiOx
and Ti surfaces, respectively at a mass flux 10thkg. It was observed that the structured surfagbbit
significant enhancements in heat transfer coefftail®mpared to the smooth surfaces.

In comparison to SiOx surface, the average enhamgein heat transfer coefficient given by SiOx
surface is about 73%. Improvements are obtainel alitoperating heat fluxes between 40 kW/mz2 and 80
kW/mz. It is interesting to notice that on u-SiQxface, the evolution trend of the heat transfeffoment
with the vapour quality differs from the one on 8i€urface, but is similar to those on Ti surfaceother
words, the heat transfer highly increases and deeneases when the vapour quality increases.

At a given heat flux, the critical vapour quality defined as the vapour quality at which the maximu
heat transfer coefficient is reached. FIG. 5 shthasthe critical vapour qualities of u-SiOx sudare from
0.02 to 0.03 with an average value of 0.025. Theys@nificantly higher than the critical vapouratjties of
the other surfaces varying between 0.005 and OTHérefore, using p-SiOx surface, the intermittinybut
is delayed.

In comparison to Ti surface, u-Ti surface showsaagrage enhancement in heat transfer coefficient of
about 85% at 100 kgfs. Among all the sample surfaces, u-Ti surfaceibitshthe best heat transfer
performance. Especially, its heat transfer coedfitican reach to 50000 Wsrat heat flux of 68 kW/fm

4
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4 Discussions

For flow boiling in mircochannels, the main effe¢tmicro-patterning is identified as the reductadrthe
superheat for onset of nucleation (ONB). This rénmshighlighted by comparisons of the boiling aesvor
the smooth and structured surfaces, as shown in@=1G

In comparison with the smooth surfaces, the stradtwsurfaces exhibit lower superheats for ONB.
Especially, between SiOx and p-SiOx surfaces, tiperhieat for ONB is reduced from about 6 °C to abou
2.5 °C, which is close to the superheat for ONHiohnd DLC surfaces. Because [-SiOx surface ishhigh
wetted, the liquid rewetting rate on this surfagsignificantly higher than those of Ti and p-Tifages. As
a result, the intermittent dryout occurs on p-Skdxface at a higher critical vapour quality. Amoalt
wetted surfaces, U-Ti surface generates the losvgstrheat for ONB. This would be a reason for th&t b
heat transfer performance obtained with this serfac
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FIG. 5. Comparison of evolutions of the heat transbefficient with the vapour quality for the sniovand
structured surfaces at 100 kg/m? s.
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FIG. 6. Boiling curves of the smooth and structusathple surfaces at 100 kg/m? s.

5 Conclusions

Experiments were performed to study the flow bgilireat transfer in a microchannel on smooth andanic
structured surfaces. The micro-structured surfatesved significant enhancements (up to 85%) in heat
transfer compared to the smooth surfaces. Alsoguie highly-wetted structured surface, the inteemt
dryout is improved, i.e. the critical vapour quakit which this phenomenon occurs increases.

Nomenclature
Co Confinement number, -

Dy hydraulic diameter, m

G mass flux, kg/m2 s

h heat transfer coefficient, W/m2 K
L. capillary length, m

P pressure, Pa

q heat flux, W/m?2

Ts saturation temperature, K

Tw wall temperature, K

X vapour quality, -
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