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Abstract
The present paper addresses the detailed anafytsie physical processes involved in pool boilimgthe con-
text of micro-cooling applications. The resultsatlg show the vital effect of wettability and ofetlsurface to-
pography on the boiling morphology, and conseqyenii the heat transfer mechanisms. Hence, liquids w
low surface tension will completely wet all the faiges, delaying the triggering of nucleation. Harse wetting
conditions, increasing the latent heat of evapornatiill require larger superheat to start the ireip boiling.
Also, small increase of the surface tension anof¢he latent heat of evaporation leads to sigaifity different
bubble dynamics. An enhancement of the heat transfachieved with micro-textured surfaces, witlie
roughness scales used here, by controlling thelbuhymamics with the rough cavities. For partiallgtting lig-
uids, having larger surface tensiang. water) the relation between the roughness amglituaind the distance
between the cavitiesg has a strong effect in the coalescence of vapbbles, so that critical ratiosX¥ pro-
mote the entrapment of a vapor blanket, which astan insulator, leading to the decrease of thethaassfer
coefficient.

Introduction

Challenges arising from smaller chips, higher ofegarequency in the electronic industry and btégtop-
tical devices are leading to higher thermal loadsich cannot be addressed with conventional findaaling.
Thermal loads as high as 100 Wfdmave been reported for various electronic devide®][In order to meet
these thermal loads, boiling heat transfer is cmrsid as an attractive option. Both pool and flaitg are
very effective in achieving high heat fluxes fosmall temperature difference between the heatedcsiand
the cooling fluid. However, maximizing the boilifgat flux in order to develop an effective coolsygtem is
not a trivial task, given the high non-linearity the various transport processes involved, whiehimtricately
coupled. The boiling heat flux is affected by numer variables such as the bubble size and depdrageen-
cy, the nucleation site density, the wall superhtest wetting properties and the surface topographiough
the boiling phenomenon has been studied for mangdis, from the early work of Lord Rayleigh [3], ovthe-
rived the first expression for the inertially casited growth or collapse of vapor bubbles and l&tem Nuki-
yama [4], who identified different boiling regimagsearch work is still required to obtain an aateimodel of
nucleate pool boilingiesearch work is still required to obtain an acuraodel of nucleate pool boiling. More-
over, the effect of surface roughness is sparsatierstood and it has not been accurately quantiéeen if it
has been long known to have a significant impacthenboiling process. Jacob [5] noticed that thegtmess,
the level of corrosion and oxidation of the surfaicamatically influence the boiling curve. Duringet1950's,
one of the prevailing theories was that bubbleseweostly generated from cavities containing entealpyapor,
as illustrated by Westwater [6]. This mechanism fuather sustained by the experimental study oflCé al.
[7] and by the theoretical analysis of Bankoff [@o confirmed the vapor entrapment theory showlirag only
unwetted cavities can serve as nucleation sitede whly cavities with certain shapes can serveagmr traps.
The role of the rough cavities was further addrésseGriffith and Wallis [9], who showed that thawvity radi-
us determines the superheat required for bubbleatien in a uniformly superheated liquid, withdar cavities
requiring lower wall superheats. Hsu [10] extentig@d analysis to include the effects of the therb@lndary
layer and showed that only a certain range of gaiites can serve as active nucleation sites.

The effect of surface topography on the boiling haeisms is strongly dependent on the wetting belavi
pool boiling of complete wetting liquids such aslR3, diethyl ether, and n-penthane was studiecCbyty and
Foust [11] who found that the surface roughnessonbt affected the superheat required for incipgebat also
the slope of the boiling curve. Rougher surfacesilted in lower superheats for a given heat flurjcly was
attributed to the presence of larger unwetted ®vitn the rougher surfaces. Similar conclusion®ewater re-
ported by Kurihara and Myers [12], Hsu and Schrfil@], Marto and Rohsenow [14] and Berenson [15]pwh
actually report an increment of the heat transfafficient in 600% by roughening the heating sugfathe in-
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creased understanding of the role of surface cionditas also led to the development of commercelilable
enhanced surfaces for improved boiling performaiany of these boiling enhancements are designecetie
re-entrant-type cavity structures which are moffécdit for the liquid to fully wet than simple céty shapes
and, based on the analysis of Griffith and Wallig pre believed to serve as more stable nucleaiies. Fol-
lowing this trend, much of the literature has conated on boiling from either smooth surfaceshmse with
geometrically idealized cavities such as v-shaped\es, conical pits, or reentrant cavities. I tontext, three
recent works worth to be referred. ¥ual.[16], studied the boiling performance and flow im&gisms on artifi-
cial cylindrical micro-cavity surfaces in siliconraces with different geometric parameters andctisracteris-
tics. Niteshet al. [17] analyzed the effect of nucleation site spgan the pool boiling of FC72 on a silicon sur-
face structured with pyramidal shaped re-entramities. The authors suggest that there is an optinmter-
cavity spacing for which most of the surface remaintive for a wide range of heat fluxes. FinaHytteret al.
[18] investigated the boiling of FC 72 on a siliadmp with artificial cylindrical cavities.

Apart from a few studies, such as Hutt¢rl [18], bubble nucleation characteristics have resrbthe sub-
ject of many detailed studies on rough surfacegjoudarly those with random roughness profilegezsally
where high nucleation site densities occur. In Ehial. [19] and Zhang and Shoji [20], only groups of ttgo
five interacting bubble sites, isolated from ots&es on the surface by design, were observednuulaied for
the sake of simplicity of the model.

Recently, Kotthoff and Gorenflo [21] studied théeets of surface roughness and tube diameter oleauc
tion site density and heat transfer coefficienthi@ pool boiling of various refrigerants and orgaliquids from
copper tubes. The authors confirmed that activedsnsities integrated over time are higher thasetapparent
over only a few ebullition periods, in agreementivthe previous observations reported by Goreeflal[22].
Based on the surface characterization performedukg[23], Kotthoff and Gorenflo [21] concluded thatrface
roughness descriptions solely based on roughnegbtade parameters (e.g. mean surface roughngssaRnot
be used to accurately predict the influence ofem@froughness so it is necessary to explore additguanti-
ties. Similar argument has been recently presdntédoita and Moreira [24].

Joneset al. [25] and McHale and Garimella [26] have perfornaed extensive study of the pool boiling
mechanisms onto rough surfaces, including the efiecoughness topography on bubble dynamics apdrte
that bubble diameter at the departure increasdd imitreasing wall superheat, but also suggeststhimtesult
depends on the effect of the roughness on bubbiardigs. These results could not be accurately giestiiby
any of the correlations considered from the liter@t highlighting the need of further investigatdn this field,
particularly to understand the relation betweensiimace topography and the bubble dynamics.

In line with this, the present work addresses ailiet description of the bubble dynamics and heatsfer
mechanisms occurring in pool boiling, within milketnic and micrometric scales. Different liquids ased to
account for the liquid properties, as well as tieiiron the additional effects of wettability in thbserved phe-
nomena. Particular emphasis is given to the inflteeof the surface topography, which will be mostlyesti-
gated using patterned surfaces. This analysispea&d to deepen the understanding of the pooflandboil-
ing phenomena occurring at the microscale, sinespite the dramatic evolution of the available daslic
techniques, the characterization of the phenomegcardng near the wall is still very limited. Comgently,
many questions remain to answer, regarding thedifekences existing between the phenomena ocauat
different scales.

Materials and M ethodologies

The experimental setup, which is schematicallyesented in Figure 1, mainly consists on a poweplgup
a heating block, a pool boiling test section, twnchronized high-speed cameras (a Kodak Motion €ofgha-
lyzer, Series SR 512x420pixels, Model PS-120, withaximum frame rate of 10kfps and a Phantom vém f
Vision Research Inc., with 512x512pixels@2100fpd anmaximum frame rate of 90kfps) and a temperature
acquisition system.

Different pool boiling sections were used to inberthe effect of their dimensions in the observednom-
ena. The largest section has an area of 18.75ntiife the smallest has an area of 3.6Z.chime height varies
between 15mm and 3mm. For the range considered dn@yesignificant influence was observed by chagdire
section area of the pool. The test pool sectioasvaade of glass (supported by an aluminum structarallow
optical access from various angles.

Two different configurations were used to heatgbel film. The first consists on using a glass acef coat-
ed with a transparent film of Indium Oxide {O%), which is heated by Joule effect. Depositiontaf film is
made by radio frequency (rf) plasma enhanced reathiermal evaporation (rf-PERTE) at low substtataper-
ature (<100°C). This configuration is used to ab&multaneous visualization of both side and botptanes of
the pool, which allow performing a detailed desioip of the mechanisms of bubble formation and depe. In
the later configuration, a copper support, heateélbctric cartridge heaters, is used insteadchieae higher
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heat thermal power. Figures 2 and 3 show the éetaithematic of the copper block and a global éthe
test pool boiling section, respectively.
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Figure 1. Schematic layout of the experimental arrangement.
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Figure 2. Detailed schematic of the copper support.
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Type-K thermocouples are used to monitor and aecghie temperature along the copper block and at the
heating surfaces (for practical reasons, relatategalrawing interpretation, the location of alltbé thermocou-
ples is not shown here).

Figure 3. Global view of the test pool boiling section.

M ethodology
Qualitative and quantitative characterization af tharious pool boiling regimes is achieved by coninigj

high-speed visualization with temperature measunésnand heat transfer calculations. Different liguare
used, namely water, ethanol and methoxy-nonaflugeste GF,OCH; (HFE-7100) to infer on the effect of the
liquid properties and of the various wetting regimBeing a dielectric fluid, the nonafluorobutang-OCH;
(HFE-7100) is particularly interesting in the coritef cooling applications for electronic devic&sirthermore,
surfaces made of different materials, namely g{hsse and coated with an Indium Oxide film), aluimm,
copper and silicon wafers are prepared to havewariandom and patterned topographies, to dedtitbeffect
on the bubble boiling dynamic mechanisms and caresty on the heat flux. The Nukiyama curve is reco
structed for the various liquids and surfaces, thame the visualization of the boiling morphologydaon the
heat flux calculations. A detailed analysis of thw@ling mechanismse(g. bubble departure diameter and fre-
guency, nucleation site densities) is performeextgnsive image post-processing. The dynamic butdileng
mechanisms are then associated with the heat feRasarements, to infer on the liquid/surface topglgyyacon-
figuration which optimizes the heat flux, while lpéag the boiling mechanisms controlled as desired.

Characterization of the surfaces

The surfaces were characterized by the topograptiybg the wettability. The surfaces are made frdim s
con wafers and are micro-textured with regulargratt of square pillars. Topography is quantifiedhgyampli-
tude of the pillard, by the fundamental wavelenglh (the pitch, i.e. the distance between consecuyiNers)
and by the side of the cross section of the pdlarhese quantities are measured with a mechanicalith an
optical profilemeter. The customized patterns artheér checked by SEM/EDS analysis.

The wettability is quantified by the equilibriummact angles which are measured using the Sesgilp D
Method (at room temperatures, inside a thermostattabient chamber - Ramé-Hart Inc., USA, model QBO-
00). The contact angles, measured with water oh &zsted surface are depicted in Table 3. Thesenasn
values obtained from at least eight measures takeifferent regions of the surface. The time etioluof the
average contact angles is obtained by curve fitind the final values are determined by extrapmiatCom-
plete wetting @.+0°) is observed for all the surfaces when wettedhieyethanol droplets. The detailed proce-
dure can be found ire(g. Moita and Moreira [24]). Table 1 also depicts abgll overview of the materials and
micro-textures used in this study, as well as ihetact angles measured with water at room tempestd he
dimensionsa, h andAg are defined as shown in Figure 4.
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a)
Figure 4. Detail of a micro-textured surface showing theirdgbn of the dimensiona, h andAr characterizing its topogra-
phy.

Table 1. Summary of the main range of the topographicalattaristics (as defined in Figure 4) used in thetamized
micro-textured surfaces. The rough asperities guarg pillars with side of the cross section area

a [pm] h [pm] Ar [UmM]
LISO =0 ~0 ~0
(polished surface)
ARM1 85 1.2 230
ARM?2 282 7.6 342
ARM3 224 13.5 446
ARM4 127 12.8 177

Results

The first results presented here were obtainedyusiglass surface, coated by the Indium Oxide fdmthe
heated well. These paragraphs are aimed at prgvaliglobal characterization of the pool boiling imetisms
for liquids with small surface tension, which coetely wet the surface. In this context, Figure picks the
erTJ]Zkiyama curve of methoxy-nonafluorobutangF§OCH; (HFE-7100) in the test section with and area 5.25
cnr.

The curve is obtained from seven individual tetge collapse of all the experimental data confiemgood
reproducibility of the results. It is worth notitigat this plot only reconstructs part of the bajlicurve, which is
highlighted in Figure 6. The sequence of imagesatiegh in Figure 5 identifies the morphological fe&s ob-
served within the different boiling regimes, thilswing a “qualitative reconstruction” of the Nuldgna curve.

From the curve depicted in Figure 5 it is posstblédentify the slope variation which is associatedhe
transition from the free convective region to theleate boiling region.

This slope variation is caused by the higher braaisfer coefficient which characterizes the nueldmiling
region and can be attributed to the effect of amdgs convection in the liquid, coupled with thebble for-
mation itself. The qualitative characterizatiorttoé boiling process, presented in Figure 7, furtimetributes to
understand the bubbles dynamics. So, as the heainttreases, the isolated bubbles, which are wbdeat the
insipient boiling, experience a fast grow and dep#rthe surface, activating a nucleation sitejrwhich other
bubbles are continuously formed. Further increagiregheat flux, the number of active nucleatiorssilso in-
creases. The isolated bubbles start to merge Hgadithe formation of jets and columns.

The evaluation of the heat flux is performed byhbiotreasing and decreasing the heat flux. Theesuob-
tained, which are shown in Figure 8, have someuifices, namely because the incipient boiling asel don-
vection regions are less extensive for the curvined by decreasing the heat flux. These diffexsrare at-
tributed to hysteresis phenomena, also reportedddiyamed and Bostanci [27]. The visualization of ioding
mechanisms also reveals that increasing the hewatnflay favor the sudden transition in the boiliegimes,
from a very incipient boiling to an explosive baii, with the formation of jets and columns.

It is worth mentioning that sudden increase ofdlepe which characterizes the transition from tiee ton-
vection region to the nucleate boiling region istesmall, contrarily to the curves shown in matydges re-
ported in the literaturee(g. Mohamed and Bostanci [27]). This is attributedhi® complete wetting behaviour of
the liquid boiling over a very smooth surface (glasith a very low effusivity. Similar behaviouriisported for
instance in McHale and Garimella [26].
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Figure 5. Reconstruction of the Nukiyama curve for HFE7100.
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Figure 6. Overall view of the Nukiyama curve, representedahe Critical Heat Flux. Adapted from Mohamaiadd
Bostanci27].
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1.54 W/cm
Figure 7. Qualitative characterization of the pool boilingppess of HFE7100. The physical width of each
image is approximately 20 mm.
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Figure 8. Comparison between the curves obtained by sucogé@ttineasing or decreasing the heat flux.

Effect of theliguid properties

The results presented so far are obtained fordgwith small surface tension, which completely et
surface. Under these conditions large superheatjisred to initiate the nucleate boiling. Smatirease of the
surface tension and of the latent heat of evapwratompletely alters the boiling morphology. Thisclear by
comparing the boiling morphology of HFE7100, dégicin Figure 7 with that of ethanol, in Figurevéhich
has slightly larger surface tensioa,(HFE7100@20°C=13.6x1/m; 0,, ethanol@20°C=22x1IN/m) and
larger latent heat of evaporation{(HFE7100@20°C=122.6KJ/KgKm;slethanol@20°C=846KJ/KgK).

i %
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0.92 Wfem

Figure 9. Qualitative characterization of the pool boilingpess of ethanol. The physical width of each image
approximately 20 mm.

Ethanol presents a violent incipient boiling in i compared to the HFE7100, generating largerlessl
distributed bubbles. Furthermore, the ethanol regua higher superheat to reach the incipientrigpiiegion, as
depicted in Figure 10. Although both fluids areidedfl as well wetting liquids, the slightly higheslue ofa,
for ethanol is enough to delay the boiling procass to cause the non-uniformity of the nucleatibessdistri-
bution, when compared to HFE7100. However, ongésovercome, an “explosive boiling” occurs. Thisino
uniform boiling behaviour seems to deterioratedfiriency of the pool boiling heat transfer fohanol.
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Figure 10. Comparison between HFE7100 and ethanol boilingesurin both cases, the vertical dot lines high-
light the transition from the free convention ragio the nucleate boiling region

A more detailed characterization of the boilingqass of the two liquids can be provided by analyzire
boiling morphology and bubble dynamics, as disaligsehe following paragraphs. This analysis isdabsn the
evaluation of some of the most characteristic patars that describe the bubble nucleation chaistitsrin
pool boiling, namely the departure diametgrtbe departure frequendy the product*Dd and the cumulative
active nucleation site density N/A. The bubble depa diameter, the active nucleation sites derssity the de-
parture frequency are compared in Figure 11 for HEIP and ethanol.

The bubble departure diameter for HFE 7100 wasrebdeo increase with the Jacob number and thexefor
with the heat flux. The results are in agreemeri Wiose reported by McHale and Garimella [26]tipalarly
at low heat fluxes, comparable to those considaretis part of the study. They are also in faglyod agree-
ment with the correlations of Mohamed and Bost§2€] and of Cole [28], also for low heat fluxes.iF trend
can be explained as in Zuber [29]: for very low lvglperheat the bubble departure is solely a fanotf the
buoyancy and of the surface tension. As the surfangerature increases, the surface tension desr¢fs
most fluids), which should result in the decreafksthe departure diameter. However, as the superhedases,
dynamic forces (i.e. inertial forces) start domimgtthe bubble growth process and hence the bulibleeter
increases with the surface temperature. A diffebemtd is however observed in ethanol which presargharp
increase of the bubble departure diameter at loat fiexes, but starts to decrease at higher heaedl. This
trend shows a discrete match with the results tegddry McHale and Garimella [26].

8



ILASS - Europe 2011, 24th Annual Conference onid.igtomization and Spray Systems, Estoril, Portu§aptember 2011

25T T "~ T & T "] 60000 T~ T ", T "~ T ™ 1
. 2.0["* HFE7100 -. B 50000 [~ ¢ HFE7100 -]
E 1.5 ™ Ethanol ol T NE 40000 [~ ® Ethanol ¢ ¢ -
= 10k . - < 30000 [ . * -

- 1 = 20000 [~ n -
05 o 002" 1 ° [ -
I 08 | L 10000 [~ e ]
0 : s - - . o LI %! mm M |,
0 10 20 30 40 50 0O 10 20 30 40 50
Ja Ja
a) b)
250 T 1 o] ]
200—* HFE7100 =
< 150" Ethanoly ¢ = —
U) _ g
= o
100~ e® = 7]
50 - o l. -
oL Lo | . | .= . ]
0O 10 20 30 40 50
Ja
c)

Figure 11. Comparison of the bubble morphology for HFE7100 etiéinol. a) departure diameter, b) active
nucleation sites density and c) departure frequency

The departure frequency for HFE 7100 presents icpkar behavior, showing a sharp increase for lowe
heat flux. However, at higher heat fluxes, anddfae larger bubble departure diameters, the fregguehould
decrease, but instead, seems to oscillate aroumserage value of 117.75 Hz. The more distributeitiny of
HFE 7100 can explain this behaviour. Hence, give the departure diameters presented here arageeesiz-
es, when the heat flux increases, larger bubblegarduced, but yet, small bubbles still deparfarea large
number of active nucleation sites. Consequently atveraged departure size of the bubbles can dper]dyut the
corresponding averaged departure frequency maijt ieghis oscillatory behaviour. A similar trensl ieported
by Ramaswamyet al[29], at low and similar values of heat fluxes, wditributed this behaviour to the small
dimensions of the pool size. In the present wdrg, dffect of the size of the pool was investigatad any sig-
nificant differences were observed in the boilingves. However, there may be indeed some influefidbe
dimensions of the pool in the observed bubble dyosm

A completely different trend is again observed dtitanol. In fact, in this case the departure fraquehas
been found to decrease monotonically within thér@ménge of heat fluxes evaluated. This is dudhéo“explo-
sive boiling” of the ethanol at the very early stagf nucleation. Afterwards, the process stalslizading to
the formation of bigger bubbles, with consequentdodeparture frequency.

Finally, the nucleation sites density is obsenathtrease with the surface superheat for both HBEANd
ethanol, as expected. These values are smallettiibaa reported in the literature, which is attrflolito the use
of very well wetting liquids on a very smooth heatiwall, with low effusivity, as previously expla&d.

Main differences between these two liquids canumamarized as follows: ethanol requires a higheesup
heat (higher Jacob) to reach the incipient boiliagion which is related to the more violent bublftasnation
with average bigger departure diameters. The surtiagsion has a vital role in the phenomena de=tribove
so that the slightly larger surface tension of ethés partially responsible for the reported disitar behaviour,
namely for the sparser active nucleation sites gloBally larger departure bubble diameter. The danm,
should promote the nucleate boiling regime to odoulower wall superheat. However in the presease; the
use of an extremely smooth surface will lessennigshanism since “rough cavities” are almost irtexisand
the liquid used wets the surface completely. Thessfthe increase of the surface tension may dgtialacting
in the opposite way, further delaying the transitiom the free convection region to the nucleatdinmg region
for higher wall superheat. Additionally, the falsat the latent heat of evaporation of ethanol @ialeven times
larger than that of HFE7100 further contributesniorease the wall superheat required to triggerinbigpient
boiling
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Effect of surface topography

In this sub-section, the influence of surface tappby on the pool boiling process is experimentailes-
tigated over a wide range of roughness valuesegadhin three representative micro-textured susfadéater,
ethanol and HFE 7100 are used to consider thefisignily different surface tension values whichhaiffect the
wetting behaviour. The analysis considers the effésurface topography on the heat transfer avd ihds re-
lated to the boiling morphology. For this part bétwork, the textured surfaces are accommodateal copper
block heated by electrical cartridge heaters, uiegexperimental apparatus schematically repredantFigure
2 and 3.

The boiling curves and the heat transfer coefficfenwater pool boiling are represented in Figlige The
Figure shows that the lowest superheat requirddgger the incipient nucleate boiling is achieweith the sur-
face having the higher pillars, while the lowespestneat at a given heat flux is obtained for theamest sur-
face. Consistently, the surface with the largelansicavities shows approximately a 166% improvenie the
heat transfer coefficient compared to the smoott@shsidering the ratio between the high of thiapland the
distance between themMa/as suggested in Moita and Moreira [24], the hestsfer coefficient is smaller for
decreasing values ofXy.
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Figure 11. Effect of the micro-textures in a) heat flux wall superheat, b) heat transfer coefficientdool
boiling of water.

A similar trend is observed for HFE7100 and ethanol

These results are in disagreement with many studigsrted in the literaturee (g. Grigoriev [30]), which
report that once a surface is sufficiently roudtere is no benefit to additional roughening. Howeteey are
consistent with recent investigations presenteddmneset al. [25] who show that an improvement in the heat
transfer coefficient can be achieved when increptie scale of the cavities ten times (from 1 tpr) as long
as these scales interfere with bubble dynamids.\torth noting that both the depth of the cavitesl the dis-
tance between affect these mechanisms. In thi®kbohe may observe a significant decrease in ¢la¢ thans-
fer coefficient for very high heat fluxes of watmgiling, which is not so evident for HFE7100. Thegelated to
the higher surface tension of the water which, @ity to HFE7100 will not completely enter intoetlough
cavities. Consequently, the visualization of wdieiling on these surfaces, as illustrated inn Fégl2, shows
bubble spreading over the surface and coalescitighubble formed at other sites, which results larger area
of the surface to entrap a vapor blanket, which agt as an insulator, thus leading to the decreéske heat
transfer coefficient.

Given this particular behaviour of the water, a endetailed boiling morphology is presented in thiéofv-
ing paragraphs. Then, for reasons related to thiéaliions in the length of the paper, only a sunireal compar-
ison is briefly discussed between the water, HFE7dfid ethanol. Water boiling is characterized syrang co-
alescence, for almost all the test surfaces andlykee interaction between adjacent bubbles isvatent that
lead to a difficult evaluation of the real dimensiaf the diameter of the bubble at the departucednhe value
of active nucleation sites. Although the heatdfanseems to be enhanced for the surfaces witbuitiace hav-
ing the higher amplitudes, it should be mentiorted the ratid/Ag increases for these surfaces at the expense of
playing with the distance between the peaks. Thesdboking at Figure 13, it is not so obvious timatreasing
h or increasindi/Ag will lead to larger departure diameters or highetivate nucleation site densities. In fact, the
value of Oy appears to be globally higher for the “less rougldesurface” while for the other two test surfaces,
Dy gradually increases with
S
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b)
Figure 12. Particular observation of the coalescence amonuplba for boiling water. The physical width of
each image is approximately 8 mm. a) q= 51.75 \W/sanface h=12,8m, Ag=177um, AT=22.98; b) q=28.20

W/cn?, surface h=1.21m, Ag =23Qum, AT=22.57°C.
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Figure 13. Effect of surface topography on bubble morpholofjwater. a) departure diameter, b) active
nucleation sites density.

Additionally, there is no significant difference tihe trend of the active nucleation sites withia tharious
surfaces. Therefore, it is worth to perform a mieailed analysis for gradually larger heat flufgsd therefore
larger values of the Jakob number, Ja)
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8<Ja<10
Within this range of heat flux, it was only possiltb compare the surface with lowerr and the surface
wit intermediate value. The visualization of bubbierphology is illustrated in Figure 14.

a) h=12.8im, A\g=177um, Ja = 9.82  b) h=7.61m, Ag=342um, Ja = 7.9

Figure 14. Comparison between boiling morphology for water .8&Ja<9.82 over different micro-textured
surfaces. The physical width of each image is apprately 8 mm.

The surface with smalldr also has the smalléi and the pillars have the smallest lengtiThe roughness
amplitude h is high enough to promote nucleationtben, the cavities are also close enough to adivanger
coalescence.

24.73<Ja<28

In this range of Ja, as observed in Figure 15ptw boiling of the water is similar for the threerfaces, re-
sultingg in an almost equal value of active nudteasites. Also here, the difference betwéefor the various
surfaces is not high enough to promote signifigadtfferent boiling behaviour, so again coalesceiscstill
promoted to smallekg and therefore larger vapor bubbles appear withénsturface with largdr (and smaller
Ar) and with the surface with smaller(and smalhg).

-

a) h=12.8im, Ag=177um, Ja = 27.70 b) h=7.6um, A\g=342um, Ja = 24.73

¢) h=1.23um, Ag =23Qum, Ja = 28.00
Figure 15. Comparison between boiling morphology for wate243<Ja<28.00 over different micro-
textured surfaces. The physical width of each imag@proximately 8 mm.

46.03<Ja<49.09

Reaching the highest heat fluxes (Figure 16), tghdr amplitude of the rough peaks is still enhagdor-
mation of active nucleation sites, but therseems now to play an important role. In fact, inithis range of Ja,
the surface with higher pillars generates slighityher value of active nucleation sites, although tlearly not
enough to evidence a dominant effect of the higthefrough pillars, when compared to the spacirtg/den
them.

12
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0) h=1.21um, Ag =23Qum, Ja = 49.19

Figure 16. Comparison between boiling morphology for wate4@&03<Ja<49.19 over different micro-
textured surfaces. The physical width of each imagg@proximately 8 mm.

Ja=65.66

For this value of Jackob only the surface h=u8Az=177um has been studied. The figure shows an ex-
ample of the vapor entrapment: small vapor bubbteformed and keep entrapped within the roughrngillThe
heat flux in this case is now high enough to geledeage bubbles which will coalescence formingugehvapor
bubble that does not depart from the surface, @etinan insulator vapor blanket. This mechanishigislighted
in Figure 17.

Figure 17. Between boiling morphology for water on the struetusurface h=1218n, Ag=177um,
Ja=65.66 over different micro-textured surfacese physical width of each image is approximatelyr@.m

Combined effect of wettability and surface topography

The discussion presented up to now leads to thquivecal argument that the overall cooling perfonace
of pool boiling depends on the wettability and ba surface topography, not only the roughness amlglibut
also the distance between the rough peaks, whieltahe boiling morphology and the bubble dynambesr
illustration purposes, Figure 18 depicts the bgilourve and the heat transfer coefficient of watéinanol and
HFE7100 on the rough surfabe12.8um, Ag=177um.

Water resulted in the lowest superheat at a giveat flux, while HFE 7100 was associated to the éégh
superheat. Additionally, water was associated ¢ohijhest value of heat transfer coefficient whileE 7100 to
the lowest. However it should be noticed that wldlewater and ethanol the slope of the curve eksing at
higher heat fluxes, thus resulting in a decremétih® heat transfer coefficient, for HFE 7100 iastethe value
of the heat transfer coefficient has been foundaiatinuously increase. This is attributed to thesighilar wet-
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ting effects of the liquids. So, while for the watbe high surface tension promotes the vapor leaektrap-
ment, such phenomenon is not likely to occur wifE100, so that for higher heat fluxes HFE 7100 acty-
ally provide a better cooling performance. Theicaitvalue ofh/Ag should be therefore related to the ratio be-
tween the departure diameteg &nd the spacingdi (the ratio I/ Ar is suggested bMiteshet al [17], who how-
ever do not account for the effect of the roughrasplitude, that seems to be non-negligible in mstugies
reported in the literature and also in the presenk) as well as to the size of the bubbles resglfiom coales-
cence inside each rough cavity.

gg __' [T 1T W [ ' T '__ 11 Y L L LI LI LI L L L L L L
" a5f 3 30 [ s 200 .
G 40F 5 K ”WM
2 30 719 - |
> 30 1 ° 20 [~ =)
x oF 1 HFE7100 ] & 15[ e T
= I5F W X Water - 810 § HFE7100_]
8 10 4 = E r X Water .
T e Ethanol + =< 5 -
S Lol L Ll o= Tt Ethanol |
0 - L L ! 1 1 L L T X 0 PN [N R NN T N T N T T N s AT N DY N Y
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Tw Tsar [°Cl Heat flux q [W/cm 2]
a) b)

Figure 18. Boiling curves of water, ethanol and HFE7100 onghdace h=128m, A\g=177um. a) heat flux
versus wall superheat, b) heat transfer coeffiolensus heat flux.

Final remarks

The present work considers the detailed analysthefphysical processes involved in pool boilimgthe
context of micro-cooling applications. The resualisarly show the strong effect of wettability arfdtte surface
topography on the boiling morphology, and consetjyam the heat transfer mechanisms. Hence, liquiiis
low surface tension will completely wet all the fewwes, delaying the triggering of nucleation. Hase wetting
conditions, increasing the latent heat of evapornatiill require larger superheat to enter into ithapient boil-
ing region, regardless the surface topography. , Aswll increase of the surface tension and/ohefatent heat
of evaporation leads to significantly different Ibld dynamics. An enhancement of the heat transfachieved
with micro-textured surfaces, within the roughnsssles used here, by controlling the bubble dynsamith the
rough cavities. For partially wetting liquids, hagilarger surface tensioe.§.water) the relation between the
roughness amplitude and the distance between the caviligshas a strong effect in the coalescence of vapor
bubbles, so that critical ratiosNa/promote the entrapment of a vapor blanket, whath as an insulator, leading
to the decrease of the heat transfer coefficiehis & extremely important in the design of smatéifaces for
spray cooling and particularly in micro-channels; ¥hich the uncontrolled formation of vapor pocketay
quickly lead to clogging problems. Also, the heanhsfer coefficient associated to these vapor letenis known
to lead to burnout scenarios of the systems cosigdmicrochannels.
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