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The present paper addresses the qualitative and quantitative analysis of the pool boiling heat transfer
over micro-structured surfaces. The surfaces are made from silicon chips, in the context of pool boiling
heat transfer enhancement of immersion liquid cooling schemes for electronic components. The first part
of the analysis deals with the effect of the liquid properties. Then the effect of surface micro-structuring is
discussed, covering different configurations, from cavities to pillars being the latter used to infer on the
potential profit of a fin-like configuration. The use of rough surfaces to enhance pool boiling mainly
stands on the arguments that the surface roughness will increase the liquid–solid contact area, thus
enhancing the convection heat transfer coefficient and will promote the generation of nucleation sites.
However, one should not disregard bubble dynamics. Indeed, the results show a strong effect of bubble
dynamics and particularly of the interaction mechanisms in the overall cooling performance of the pair
liquid–surface. The inaccurate control of these mechanisms leads to the formation of large bubbles and
strong vertical and horizontal coalescence effects promote the very fast formation of a vapor blanket,
which causes a steep decrease of the heat transfer coefficient. This effect can be strong enough to prevail
over the benefit of increasing the contact area by roughening the surface. For the micro-patterns used in
the present work, the results evidence that one can reasonably determine guiding pattern characteristics
to evaluate the intensity of the interaction mechanisms and take out the most of the patterning to
enhance pool boiling heat transfer, when using micro-cavities. Instead, it is far more difficult to control
the appearance of active nucleation sites and the optimization of the patterns allowing a reasonable con-
trol of the interaction mechanisms and in particular of horizontal coalescence, when dealing with the pat-
terns based on micro-pillars. Hence, providing an increase of the liquid contact area by an effective
increase of the roughness ratio is not enough to assure a good performance of the micro-structured sur-
face. Despite it was not possible to clearly evidence a pin–fin effect or of an additional cooling effect due
to liquid circulation between the pillars, the results show a significant increase of the heat transfer coef-
ficient of about 10 times for water and 8 times for the dielectric fluid, in comparison to the smooth sur-
face, when the micro-patterning based on pillars is used.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Novel cooling systems for high heat flux devices are required in
industries such as transportation, microelectronics, solid-state
lighting and manufacturing. Challenges arising from smaller chips,
high performance microprocessors, higher operating frequencies in
the electronic industry and brighter optical devices are leading to
thermal loads as high as 100 W/cm2, as reported for instance by
Mudawar (2006). This is a well-known problem, which concerns
the researchers for some years (e.g. Simons, 1987). However, con-
sistent solutions have not been found yet, although the Interna-
tional Technology Roadmap for Semiconductors – ITRS points out
the continuous trend of increasing power to be dissipated into very
small areas. Among the various strategies that have been explored
within the last decade to replace the conventional air natural,
forced, mixed convection systems, an increasingly popular solution
is directly immersing the components to cool in inert, dielectric
liquids. In line with this, pool boiling is a very attractive solution,
as it takes advantage of the latent heat of evaporation. Moreover,
having no mechanical pumps, pool boiling hardware is less com-
plex, easier to seal and free of pumped-induced fluid pulsation,
which are present in many alternative approaches. The main set
back is that dielectric liquids have lower values of thermal proper-
ties such as the specific heat and the latent heat of evaporation,
when compared with other more common and inexpensive liquids,
such as water. This is clearly shown in Table 1, which compares the
thermo-physical properties of several refrigerant and dielectric

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatfluidflow.2014.11.003&domain=pdf
http://dx.doi.org/10.1016/j.ijheatfluidflow.2014.11.003
mailto:anamoita@dem.ist.utl.pt
http://dx.doi.org/10.1016/j.ijheatfluidflow.2014.11.003
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


A.S. Moita et al. / International Journal of Heat and Fluid Flow 52 (2015) 50–63 51
liquids with those of water. Here q stands for the specific mass, l
for the dynamic viscosity and rlv for the surface tension. Tsat is the
saturation temperature, Cp is the specific heat, k is the thermal con-
ductivity and hfg is the latent heat of evaporation. The subscripts l
and v represent the liquid and the vapor phases, respectively.

On the other hand, the cooling system will be more effective if
the phase change of the liquid occurs closer to the working
temperature of the chips. The high saturation temperature of the
water (Tsat = 100 �C) does not satisfy this condition which can
easily be achieved by most of dielectrics liquids (e.g. for
HFE7000, Tsat = 34 �C and for HFE7100, Tsat = 61 �C). So, the cooling
performance of the systems using dielectric liquids must be consis-
tently enhanced, ensuring that the profits of a high efficiency of
these systems overcomes the disadvantages of using expensive
liquids with lower thermo-physical properties.

One of the most used arguments to enhance pool boiling is alter
surface topography to increase the liquid/solid contact area and
promote the appearance of active nucleation sites within the het-
erogeneous nucleation process, as reported in the earlier studies
of Corty and Foust (1955), Kurihara and Myers (1960), Hsu and
Schmidt (1961) and Marto and Rohsenow (1966). It is worth men-
tioning that many of these studies, even recently reported (e.g. Ahn
et al., 2010) make use of surfaces with stochastic roughness, some-
times associated to an ambiguous definition of the topographical
characteristics. This strongly contributes to a non-consensual con-
clusion among the studies reported in the literature. This problem
has been recently highlighted by Kotthoff and Gorenflo (2009),
Luke (2009), McHale and Garimella (2010) and Moita and
Moreira (2012), who showed that any functional correlation can
be derived to describe bubble dynamics (e.g. bubble departure
diameter), based on the averaged quantities such as the mean
roughness Ra, the average peak-to-valley roughness Rz, or the max-
imum roughness Rq, which must be used to characterize stochastic
roughness, since these quantities do not give enough representa-
tive information about the topography of the surface (e.g. the size
of the rough peaks or cavities, or on the distance between them).
Even before these questions have been raised, a number of studies
have already dealt with the enhancement of boiling heat transfer,
making use of regular surface micro-and-nanostructures, (e.g. Jo
et al., 2011; Zao et al., 2011; Betz et al., 2013). In some cases, these
micro-structures were manufactured directly on a silicon chip or
on a simulated chip (e.g. Klein and Westwater, 1971). Among these
studies, one may refer the work of Anderson and Mudawar (1989),
who showed that the surfaces with microgrooves and square
microstuds are highly effective in enhancing the nucleate boiling
heat transfer coefficient in FC-72 and increasing critical heat flux.
This enhancement is mainly due to an increase of the liquid–solid
contact area. However, these surfaces exacerbated an incipience
problem commonly encountered with low contact angle liquids:
these liquids have a tendency to penetrate deep inside surface
Table 1
Thermo-physical properties of different dielectric fluids and water. Source: Arik
(2001). Tsat – saturation temperature of the liquid; q – specific mass; l – dynamic
viscosity; Cp – specific heat; k – thermal conductivity; hfg – latent heat of evaporation;
rlv – surface tension of the liquid; Pcr – critical pressure. The subscripts l and v
represent the liquid and the vapor phases, respectively.

Property FC-72 HFE7000 HFE7100 Ethanol Water

Tsat (�C) 56 34 61 78.4 100
ql (kg m�3) 1623 1374.7 1500 736.4 957.8
qv (kg m�3) 12.7 4.01 9.6 1.647 0.596
ll (mN s/m2) 0.457 0.3437 0.61 0.448 0.279
Cpl (J/kg K) 1097.8 1352.5 1180 3185 4217
kl (W/m K) 0.052 0.07 0.07 0.165 0.68
hfg (kJ/kg) 84.97 142 125.6 849.9 2257
rlv (N/m) � 103 8.4 12.4 14 17 58
cavities, requiring unusually high levels of superheat to initiate
the boiling process. Honda et al. (2002), Wei and Honda (2003)
and Wei et al. (2005, 2007) performed a series of experimental
studies on pool boiling enhancement using micro-pin-fins (10–
50 lm in thickness and 60–200 lm in height) which were fabri-
cated by dry etching. From the boiling incipience to the critical
heat flux, the micro-pin-finned surfaces caused a sharp increase
in the heat flux with increasing wall superheat. The increase of crit-
ical heat flux could be higher than twice that of a smooth surface.
However, when dealing with regular patterns, other discrepancies
occur, which are related to the optimum size and critical spacing
between the cavities, the pillars or the fins. For instance, Klein
and Westwater (1971) recommend a horizontal spacing of
1.6 mm, while Mudawar and Anderson (1989) identified a non-
interference gap of 0.6 mm between pinfins. These values agree
with the recommendations by Hirono et al. (1985), mostly because
these authors recommend a wide range of ‘‘optimum’’ horizontal
spaces, ranging between 0.28 mm and 2.0 mm. Even so, there is
no agreement when one compares these recommendations with
those reported for instance by Bergles et al. (1995), which range
between 0.4 mm and 1.0 mm. Yeh (1997) and by Guglielmini
et al. (1999, 2001) sustain such discrepancies on the lack of full
knowledge of pool boiling fundamentals (an extensive literature
review on this subject is reported by Poniewski and Thome
(2008)). Besides this strong argument, one should also refer that
specific values for the optimization of pool boiling were deter-
mined experimentally for particular patterns and under specific
working conditions. Hence, a more systematic approach is needed
to relate the physics of the phenomena with the patterns, to deter-
mine a more general process to find the optimum patterns for heat
transfer enhancement in pool boiling. Also, attention must be given
to the way the surface topography is altered since in many situa-
tions both surface topography and wettability are varied, so that
it is difficult to distinguish between the role of each factor. Despite
the relation between surface topography, wettability and boiling
has been debated since Fritz (1935), only recently, few authors
have focused on systematic studies in which surface chemistry is
modified while keeping the surface smooth (e.g. Bourdon et al.,
2012, 2013).

A larger number of active nucleation sites are expected to be
obtained by ‘‘roughening’’ the surface, which should promote the
bulk convection induced by bubble detachment and contributes
to increase the heat that is removed by liquid vaporization. How-
ever, altering the topography of the surface also promotes several
interaction mechanisms between nucleation sites, which may
enhance or actually inhibit it, so that the negative effects of such
interaction may actually overcome the potential advantages. Pio-
neering work of Chekanov (1977), Judd and Lavdas (1980), Judd
(1988), Judd and Chopra (1993) and Zhang and Shoji (2003),
emphasized the importance of these mechanisms in the overall
efficiency of pool boiling heat transfer. More recently, Nimkar
et al. (2006) and Yu et al. (2006) suggested that these mechanisms
are the basic explanation for the different cooling performances of
pool boiling over micro-textured surfaces, although any consen-
sual conclusion was derived from different studies. This involves
a deeper study of such mechanisms and of their relation with sur-
face topography.
2. Relation between bubble dynamics and surface topography

Following the pioneering work of Nukiyama (1934) and Drew
and Mueller (1937), numerous studies have been devoted to
understand pool boiling heat transfer. Several systematic
approaches were followed to identify the most relevant system
variables which can affect the boiling process such as:
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� Surface micro-geometry (e.g, Corty and Foust, 1955; Berenson,
1962; Bier et al., 1979; McHale and Garimella, 2010).
� Wettability (e.g. Phan et al., 2009a,b).
� Thermo-physical properties of the heating surface (e.g. Golovin

et al., 1964; Grigor’ev et al., 1973; Tolunbinskiy et al., 1974).
� System pressure (e.g, Kim et al., 2007).
� Heater size (e.g. Lienhard et al., 1973; Park and Bergles, 1988;

Kwark et al., 2010).
� Liquid level (e.g. Kutepov et al., 1977; Tolubinskiy, 1980; Pioro,

1997).

A detailed review on this topic can be found, for instance in Dhir
(1998) and in Pioro et al. (2004).

Experimental work was closely followed by theoretical and
semi-analytical models to describe nucleation and bubble forma-
tion (e.g. Fritz, 1935; Bankoff, 1958; Cole, 1967; Lorenz et al.,
1974; Stefan, 1992; Wang and Dhir, 1993) volume (e.g.
Mizukami, 1977; Forest, 1982; Nishio, 1985), to predict the heat
flux transferred in the process (e.g. Rohsenhow) or even to predict
the critical heat flux – CHF (e.g. Zuber, 1959; Kandlikar, 2001; Chu
et al., 2012). Indeed it is known that for many industrial applica-
tions, including the cooling of microelectronic components, the
research interest is focused on the nucleate boiling regime, until
the critical heat flux. Since in most of those systems, the heat flux
q00 is the independent variable, as soon as the critical heat flux is
reached, the temperature of the system may exceed abruptly the
burnout values. Therefore, many researchers point to enhance
the heat transfer coefficient within the nucleate boiling region,
while trying to increase the critical heat flux and delay the onset
of the critical heat flux conditions, as much as possible (e.g. Arik,
2001). However, enhancing these quantities by altering the surface
topography has three main difficulties:

(i) the determination of the heat transferred in pool boiling
over modified surfaces is still strongly based on semi-empir-
ical approaches (e.g. Jabardo et al., 2004);

(ii) despite it is widely accepted that boiling incipience is related
to the formation of a bubble following a relation between
wall superheat and radius, Rc, of a nucleating cavity:
TW � Tsat ¼
2rlv

Rchfgqg
K ð1Þ

there is still no agreement on the accurate definition of the
condition for K, which is related to the angle of the cavity
and in turn, to the definition of the role of wettability. Such
role is not yet completely defined either when describing
bubble growth and departure.
(iii) As introduced above, altering the surface topography will
affect the interaction mechanisms in a way that must be
well established, (e.g. Teodori et al., 2013).

In fact, very little is known about these interaction mechanisms.
Chekanov (1977) and later Judd and Lavdas (1980), Judd (1988),
Judd and Chopra (1993), produced two artificial nucleation sites
differently spaced. These authors identified diverse regions of
interaction among nucleation sites, as a function of the dimension-
less cavity spacing S=Dd, where S is the distance between two cav-
ity centers (thus the distance among nucleation sites) and Dd is the
mean bubble departure diameter. However, once again, there is no
agreement between the conclusions reported within the different
studies, probably due to some differences in the experimental con-
ditions, but also due to the lack of consistency in the identification
of the various mechanisms which may occur. Later, Zhang and
Shoji (2003) attempted to solve this issue and proposed an alterna-
tive set of interaction regions, also as a function of S=Dd, trying to
associate the differences in the regions with the dominance of
one of three crucial effects, namely hydrodynamic interaction
between bubbles, thermal interaction between nucleation sites
and horizontal and declining bubble coalescence. Based on this cri-
terion, Zhang and Shoji (2003) distinguish four intensity regions:
(i) for (S=Dd > 3) none of the three interactions can be observed,
so the two artificial cavities are independent and behave like a sin-
gle cavity; (ii) for (2 < S=Dd < 3) hydrodynamic interaction
between bubbles is the predominant mechanism; (iii) for
(1:5 < S=Dd < 2) both hydrodynamic and thermal interaction
between the bubbles will affect their dynamic behavior; (iv) for
(S=Dd � 1:5) all the three effects have an influence on the behavior
of the process, overall contributing to an increased bubble depar-
ture frequency. The main limitation of these important contribu-
tions is probably the very restricted number of cavities which
turns difficult any extrapolation to the rough surfaces used in prac-
tical applications, which have numerous cavities. Afterwards,
recent research such as the work (cited above) of Nimkar et al.
(2006) and Yu et al. (2006) present much valuable experimental
quantifications on the effect of the spacing between arrays of cav-
ities with different shapes, and speculate the possible influence of
the interaction mechanisms, but do not propose further modifica-
tions to the categorization of Zhang and Shoji (2003), or try to
expand such categorization to the significantly larger number of
cavities that they used, when compared to Zhang and Shoji (2003).

This brief review highlights the great effort that has been put
within the last decade to improve the heat transfer coefficient for
pool boiling, altering the surface topography. The lack of under-
standing of the effect of the micro-patterns in the nucleation
mechanisms and in the bubble dynamics is one of the main obsta-
cles to achieve this goal. The tremendous variety of topographical
patterns adds complexity to the problem. So, a more systematic
approach must be taken, in which the role of boiling dynamics
and of the interaction mechanisms may be relevant.

In line with this, the present work addresses a detailed study on
the pool boiling over micro-patterned surfaces. The surfaces are
made of silicon wafers, in the context of the application to cooling
of microelectronic devices, as provided in Section 1. Different liq-
uids are used, namely the dielectric liquids HFE7000 and
HFE7100, ethanol and water, to account for the influence of the
liquid properties as well as to infer on the additional effects of wet-
tability in the observed phenomena. Heat flux measurements are
gathered with qualitative and quantitative information obtained
from high-speed visualization and image post-processing (e.g. boil-
ing morphology, bubble departure diameter, bubble departure fre-
quency and active nucleation site density) to describe the boiling
mechanisms.

The discussion of the results introduces first the effect of the
liquid properties on bubble dynamics. Then the effect of surface
micro-structuring is discussed, covering different configurations,
from cavities to pillars. The latter is used to infer on the potential
take profit of a fin-like configuration.
3. Experimental apparatus and methodologies

The experimental set-up is composed by a heating element
(copper block heated by cartridge heaters), the pool boiling test
section, a high-speed camera (Phantom v4.2 from Vision Research
Inc., with 512 � 512 pixels@2100 fps and a maximum frame rate of
90 kfps) and a DAQ acquisition system. Fig. 1 shows a global view
of the copper support. The whole heating block is insulated by
epoxy. This was the set-up used to accommodate the micro-tex-
tured surfaces made of silicon wafers, which have an area of
100 mm2 and a thickness of 380 lm. This configuration allowed
achieving heat fluxes up to 250 W/cm2.
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Fig. 1. Global view of the copper block heated by electrical cartridge heaters.
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Fig. 2. (a) Detail of a micro-textured surface showing the definition of the
dimensions a, hR, and kR characterizing its topography. (b) Sample 1-D roughness
profile of the surface.
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It is worth mentioning that despite the enlarged shape of the
copper block, the heat flux was only evaluated based on the mea-
surements of type K thermocouples located within the boiling area
(100 mm2). The remaining area was insulated and the thermocou-
ples positioned there served only to control how the heating was
occurring, so their readings are not used to compute the heat flux.
There is a thermocouple reading the temperature of the silicon
chip. The signals of the thermocouples are sampled with a National
Instruments DAQ board plus a BNC2120 and amplified with a gain
of 300 before processing. The acquisition frequency is 100 Hz and
the temperature is monitored for 20 s after reaching a stable con-
dition (constant temperature variation which does not exceed
±0.5 �C). The liquid is pre-heated and degassed in a pre-chamber.
The refilling and the entire measurement processes are automati-
cally controlled using a number of valves. The system responds
based on the information provided by a pressure transducer
(OMEGA DYNE Inc.). The control system reacts to pressure varia-
tions in the order of 5 mbar. Heaters disposed on the sides of the
pool boiling chamber are controlled by a PID controller to assure
that the liquid remains inside the chamber at saturation
temperature.

The heat losses evaluated for this configuration are in the order
of 18% (in extreme conditions and very high heat fluxes estimation
of the heat losses could reach up to 37% in the worst case. Hence
such conditions were not used).

Regardless of the non-negligible heat losses (18%), the obtained
boiling curves can be comparable to those reported in the litera-
ture, as it will be discussed in Section 3.2.1.

The heat losses were estimated for various imposed heat fluxes.
Here, the environmental losses are evaluated considering the cop-
per and the epoxy as a composed wall. Thermal properties were
gathered from the literature and the conductivity of the epoxy
(1.4 W/m K) was provided by the manufacturer. Heat losses are
evaluated for natural convection with air at Tair = 23 �C. Hence,
from the energy balance to the heating block, the term (qCVo-
lume)block @T=@t must equal the imposed heat transfer minus the
heat removed by natural convection, as explained, for instance in
Incropera and DeWitt (1995). Since the natural convective term
also depends on the surface temperature, the effective heat flux
is determined iteratively, obtaining convergence after 2 iterations.
The uncertainties of the imposed heat flux can be determined, as
further explained in Section 3.2.3. The power dissipated inside
the heating block can be estimated, as @T=@t can be determined
from measured values. Hence, the differences obtained between
the experimental estimation and the energy balance can be attrib-
uted to heat losses.
3.1. Characterization of the test surfaces

The surfaces used here are made from a silicon wafer, which are
micro-structured with regular patterns.

For a more systematic approach, a first set of tests is introduced
using patterns of square micro-cavities, with fixed size length
a = 52 lm and fixed depth hR = 20 lm. The distance between the
centers of the cavities, S ranges between 300 lm < S < 1200 lm.
Afterwards regular patterns composed by quadrangular pillars
were also tested to infer on the potential profit of a fin-like config-
uration. The pillars of side a and height hR, are apart within a dis-
tance b. The fundamental wavelength is kR, as defined in Fig. 2a.
The patterns are printed on the silicon wafer by lithography and
processed by plasma etching. To reach higher pillars/deeper cavi-
ties, the wafer surfaces were coated with aluminum, before the
lithography. So, besides plasma etching, wet chemical etching is
required for the aluminum coating.

The micro-patterns are controlled to have known, precise val-
ues, using a Dektak 3 profilometer (Veeco) with a vertical resolu-
tion of 200 Å. An example of a roughness profile is depicted in
Fig. 2b. Finally, the surfaces are checked by SEM/EDS analysis. Het-
erogeneity of the patterns was found to be lower than 3%.

The wettability of the surfaces was also characterized, based on
the static contact angle h, following the approach presented by
many authors (e.g. Phan et al., 2009a,b).

The contact angles are measured at room temperatures, inside a
thermostatted ambient chamber (Ramé-Hart Inc., USA, model 100-
07-00), using the Sessile Drop Method. Images of the deposited
droplet are recorded with a JVC Color T-1079 video camera



Table 3
Summary of the main range of the topographical characteristics (as defined in Fig. 10)
used in the customized surfaces micro-patterned with pillars. The table also depicts
the static contact angles measured at room temperatures with water. For ethanol and
HFE7000/7100 h � 0� for all the surfaces.

Material Reference a
(lm)

hR

(lm)
kR

(lm)
Ra

(lm)
Rz

(lm)
h (�)

Silicon
wafer

Smooth
surface

0 �0 �0 – – 86.0

S1 85 1.2 315 – – 68.2
S2 282 7.6 624 – – 84.9
S3 127 12.8 304 – – 83.5

70

80
 Test 1 W_C3
 Test 2 W_C3
 Test 3 W_C3
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mounted on a Wild M3Z microscope, with a magnification of 40
times. An average value is considered for each pair liquid–surface
which is determined from at least five measurements taken at dif-
ferent regions of the surface. The time evolution of the average
contact angles is obtained by curve fitting and the final values
are determined by extrapolation. The detailed measurement proce-
dure has been described in previous works (e.g. Moita and Moreira,
2012).

It is worth noting that this is the apparent wetting angle of
liquid droplets deposited over the surfaces and not the local angle
defined at the departure gas bubbles. For the surfaces roughened
with the micro-patterns, the value of this angle allows performing
an estimation of the wetting regime. According to the classical the-
ory, if the liquid completely penetrates within the pillars – the so-
called homogeneous regime, the contact angle h is theoretically
determined by Wenzel’s equation (1936). Alternatively, in the het-
erogeneous wetting, the liquid cannot completely penetrate within
the pillars creating air pockets, which may facilitate the triggering
of the heterogeneous boiling. Within this regime h is predicted by
Cassie and Baxter’s theory (1944). The heterogeneous wetting is
naturally more likely to occur with liquids like water, with larger
surface tension and therefore larger h, when compared with liquids
such as ethanol and HFE, which completely wet the surface
(h � 0�). In the present work, the apparent contact angle measure-
ments and a visual inspection of the droplet deposition using the
Wild M3Z microscope leads to the indication of the occurrence of
the homogeneous wetting regime, for all the pairs liquid–surface
used. However, very small deformations, of the order of 1–5 lm
seem to be generated at the base of the micro-pillars, as a result
of the structuring process. The vapor entrapment that may arise
from there is globally insignificant in terms of altering the bound-
ary conditions of the problem (concerning the contact area), but
can endorse the heterogeneous boiling process. This may be so
since, making use of Wang and Dhir (1993) relation to predict
the critical radius for the triggering of the bubble formation (Eq.
(1)) and using TW � Tsat based on the experimental measurements,
which are further presented in Section 4, the critical radius is of the
order of a few microns (between 1 and 5 lm, depending on the
fluid properties). So, knowing that the bases of the pillars are work-
ing as active nucleation sites, the patterns used to discuss the
results in Section 4 were selected from a wider range. These pat-
terns were chosen as they evidence the effect of each of the param-
eters identified in Fig. 2 on boiling dynamics.

The characteristics of the surfaces micro-patterned with cavi-
ties are summarized in Table 2, while the surfaces micro-patterned
with pillars are described in Table 3.

Ageing of the surfaces was periodically verified (in each mea-
suring round) by checking the surface topography with the profile-
meter and by measuring the surface contact angles. Similar
procedure was suggested by Bernardin and Mudawar (1996) and
followed for instance in Moita and Moreira (2007).
Table 2
Main range of the topographical characteristics of the surfaces micro-patterned with
cavities. h is the average static contact angle measured with water at room
temperature. h ffi 0� for all the surfaces in contact with ethanol and HFE7000/7100.

Material Reference a (lm) hR (lm) S (lm) h (�)

Silicon wafer Smooth �0 �0 �0 86.0
C1 52 20 304 90.0
C2 52 20 400 91.5
C3 52 20 464 71.5
C4 52 20 626 86.5
C5 52 20 700 95.0
C6 52 20 800 60.5
C7 52 20 1200 66.3
The contact angles were evaluated with water. Measurements
performed with the profilemeter did not show significant varia-
tions in the surface topography. Variations measured in the contact
angles were within the expected range due to hysteresis and any
significant wettability changes were detected. With the other liq-
uids, i.e. ethanol and HFE7000/7100, the contact angles are very
close to zero so any variations in the wettability were also mea-
sured. Based on this periodic characterization one can argue that
any significant ageing effects are present in the results obtained
here.

3.2. Methodology

Qualitative and quantitative characterization of the various pool
boiling regimes is achieved by combining high-speed visualization
with temperature measurements and heat transfer calculations.
Different liquids are used, namely water, ethanol and two dielec-
tric fluids, HFE7000 and HFE7100. The thermo-physical properties
of the liquids used in the present study were already introduced in
Table 1.

The boiling curve is reconstructed for the various liquids and
surfaces, based on the visualization of the boiling morphology
and on the heat flux calculations. A detailed analysis of the boiling
mechanisms (e.g. bubble departure diameter and frequency, nucle-
ation site densities) is performed by extensive image post-process-
ing. The dynamic bubble boiling mechanisms are then associated
with the heat flux measurements, to infer on the liquid/patterned
surface configuration which optimizes the heat flux, while keeping
the boiling mechanisms under beneficial activity.

3.2.1. Pool boiling curves
Each boiling curve presented for every liquid and every heating

surface used here are averaged from four experiments, as illus-
trated in Fig. 3. Hysteresis effects were also inferred by increasing
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Fig. 3. Example of the 4 boiling curves taken in each experiment. In this case these
curves correspond for pool boiling of water over surface C3 (S = 464 lm).
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and decreasing the heat flux, as pointed for instance by El-Genk
and Bostanci (2002). The temperature measurements are taken
for each heat flux step when the system is considered to attain
equilibrium, i.e. when the temperature oscillation is ±0.5 �C. It is
worth mentioning that the entire curve is not represented here,
but only the part which is relevant for our results.
3.2.1.1. ‘‘Validation’’ of the curves. To validate the experimental
curves, the obtained results were compared as far as possible with
measurements reported in the literature. One could not find mea-
sures for the exact conditions tested here (similar pairs liquid–sur-
face), so measures performed with water over smooth silicon chip
surfaces are gathered and compared with those obtained by Zao
et al. (2011) (see Fig. 4).

Considering that, as argued by Jabardo et al. (2004), this kind of
measurements is naturally affected by particular conditions of the
experimental set-up and therefore, comparison between results of
various authors must be done with care, the measures obtained
here are overall in good agreement with those reported in the lit-
erature. It is worth mentioning that the relatively low slopes and
heat fluxes obtained with the silicon surfaces are associated to
the fact that silicon chips are extremely smooth and their atomic
structure is very homogeneous, so it is difficult to trigger the boil-
ing and overall the heat fluxes achieved are not as high as with
other materials such as aluminum. Also the thermal properties of
these materials are different. A similar issue was reported, for
instance by Honda et al. (2002).
3.2.2. Bubble dynamics
Bubble dynamics is characterized by quantifying the bubble

departure diameter, the bubble departure frequency and the nucle-
ation sites density. This characterization is based on high-speed
visualization and image post-processing. The images are recorded
with a frame rate of 2200 fps. For the optical configuration used
here, the spatial resolution is ±9.346 lm/pixel.
3.2.2.1. Bubble departure diameter. The bubble departure diameter
is measured, for each test condition, using between 300 and
1060 frames. For each image, a mean value is averaged from 5 to
16 measurements for every nucleation site identified in the frame.

At higher heat fluxes, the various interaction mechanisms,
which will be discussed in the following section, may alter signif-
icantly the value of the departure diameter. Therefore, in those
cases, the measured diameters are a mean value taken from the
averaged diameters evaluated before and after the occurrence of
such events.

The error associated to the measurements of the bubble depar-
ture diameter is of ±1 pixel, corresponding to ±9.346 lm.

3.2.2.2. Bubble departure frequency. The bubble departure fre-
quency can usually be estimated by two methods: (i) determining
the temporal difference between the beginning of two successive
bubble formation events at the same nucleation site or (ii) deter-
mining the time elapsed between apparent departure events. The
second method was used in the present work. So, the bubble
departure events are counted for a defined time interval.
Then, the bubble departure frequency is calculated as the ratio
between the number of events and the time elapsed between the
first and the last departure events. The departure frequency is
assessed, for each test condition, for at least five nucleation sites.
The final value of the bubble departure frequency is the average
between the frequencies of each nucleation site.

For each test condition, the bubble departure frequency is eval-
uated based on extensive image post-processing of 300–1060
frames.

3.2.2.3. Nucleation site density. The evaluation of the nucleation site
density requires a huge effort, since any software/code are avail-
able to identify the number of nucleation sites on the surfaces, so
it has to be done by visual inspection of the frames, (following pre-
vious work such as McHale and Garimella, 2010) which introduces
an uncertainty associated to the subjective criterion of the obser-
ver. In order to lessen this uncertainty, at least ten frames are cho-
sen in different times during every single experiment. The final
nucleation site density is then an average of the ten evaluated
values.

3.2.3. Measurement uncertainties
The main uncertainties of the quantities related to the heat

transfer measurements are summarized in Table 4. The uncertainty
in the temperature measurements is assessed according to
Abernethy et al. (1985). The maximum combined uncertainty is
the maximum value of uncertainty obtained for all the pairs
liquid/surface tested. Table 5 summarizes the uncertainties of the
main quantities related to the bubble parameters.

The thermal resistance at the contact of the surface, thermocou-
ple and thermal paste was estimated theoretically, considering a
1D conduction heat flux and overestimating the thickness of
the thermal paste to be up to 500 lm. Then, for different
imposed fluxes, the temperature difference between upper and
lower parts were determined by high-speed infrared thermo-
graphy, using a Onca-MWIR-InSb thermographic camera, with a
temporal resolution of 2 ms, at resolution of 320 � 256 pixles
(maximum frame rate of 7600 fps at 32 � 32 pixels) and a sensitiv-
ity of 17 m K. The maximum thermal resistance was of the order
of 0.02 cm2 K/W.
4. Results

4.1. Effect of the properties of the liquids for boiling on surfaces with
micro-cavities

This section introduces the effect of the liquid properties on the
boiling curves and bubble dynamics, focusing on the role bubble
dynamics and of the interaction mechanisms. The results obtained
with surfaces micro-structured with cavities are already intro-
duced here, given that these surfaces can be used to better control
the appearance of the nucleation sites, thus it is easier to under-
stand the evolution of nucleation sites density as a function of



Table 4
Main uncertainties of the quantities related to the heat transfer measurements.

Measured parameter Maximum combined uncertainty Evaluation method

Heat flux q00 (W/cm2) ±22.5% (fully developed nucleate boiling of HFE7000) Dq00

q00 ¼ DL
L

� �2 þ DT
T

� �2
h i1=2

L is the thickness of the

heating surface for which the heat flux is evaluated
Temperature T (�C) ±22.5% uncT = [B2 + t95r2]1/2 B is the bias limit, t95 is the

confidence level and r is the standard deviation
Heat transfer coefficient h (W/cm2 K) ±22.5% (fully developed nucleate boiling of HFE7000)

Dh
h ¼

Dq00

q00

� �2
þ DT

T

� �2
� �1=2

Table 5
Main uncertainties of the quantities related to the measurements of the bubble parameters.

Measured parameter Maximum combined uncertainty Evaluation method

Bubble departure diameter Db (mm) ±9.3% (HFE7000) DDb
Db
¼ 
2px�ðmm=pxÞ

Db

Bubble departure frequency (Hz) ±19.7% (Ethanol) Df b
f b
¼ fnevents=ðnfrasmesþ2Þ�fpsg

f b

Nucleation sites density NSD (m�2) ±34.8% (Ethanol) DNSD
NSD ¼

ðNSD
rÞ
NSD
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the heat flux. However, the analysis will mainly emphasize the
effect of the liquid properties. Then the use of surfaces micro-pat-
terned with pillars is discussed in Section 4.2.

Following Moita et al. (2012), Fig. 5 relates the heat flux with
bubble dynamics, namely bubble departure diameter, nucleation
sites density and bubble departure frequency, for the pool boiling
of water, ethanol and HFE over micro-patterned surfaces with dif-
ferent spacing between the cavities, S.

The figure shows that nucleation sites density naturally
increases with the number of cavities (i.e. for surfaces with smaller
S). For relatively low heat fluxes (5–10 W/cm2 for ethanol and for
HFE and between 10 and 20 W/cm2 for water), the increase of
the heat flux naturally activates the cavities, leading to a sudden
increase of the number of active nucleation sites and of the bubble
departure frequency. The large value of the latent heat of evapora-
tion of the water delays the beginning of the boiling process, so
water boiling has the lowest nucleation sites density, which
increases very gradually with the heat flux and with the number
of cavities (for surfaces with smaller S). On the other hand, the low-
est value of hfg of HFE allows the fast activation of a large number
of nucleation sites, even at low heat fluxes. Naturally, the higher
degree of metainstability that is required to trigger boiling incipi-
ence for water also leads to higher degrees of superheating and
contributes to the aforementioned ‘‘delay’’ in the boiling of water
when compared to the other fluids (e.g. Fujita and Kandlikar,
1999). Although less noticeable, the degree of metainstability is
also higher for ethanol when compared to HFE. In addition, the
gradual increasing of the ratio between liquid and vapor densities
for HFE, ethanol and water (150, 440 and 1600, respectively) also
contributes to the differences in the boiling incipience and in the
differences in homogeneity of the boiling of these three liquids,
as it is related to the equilibrium conditions established for bubble
formation (Fujita and Kandlikar, 1999). As the heat flux further
increases, the nucleation sites density then stabilizes, as the max-
imum number of active nucleation sites is achieved. However, this
is not the main reason for improved performance of certain micro-
patterned surfaces. In fact, as the heat flux attains values usually
above 30 W/cm2 the departure frequency tends to lessen, particu-
larly for water. This is related to the fact that above this value, the
interaction mechanisms between neighbor bubbles become more
active and eventually dominant, if the distance between the cavi-
ties is low enough. This effect is possibly easier to see in Fig. 6,
which represents the so called coalescence factor, as introduced
by Moita et al. (2012), D⁄ = Db/Dnc� 1.0, where Db is the averaged
bubble diameter and Dnc is the diameter as the bubble exits the
cavity, i.e. with no coalescence.

Hence, strong coalescence effects are observed for water pool
boiling (Db/D� 1), which are, in turn much affected by S. On the
other hand, coalescence effects are not so strong either in ethanol
or in HFE (Db/D is close to 1) and, despite Db/D is slightly higher for
surfaces with smaller S (more cavities), such as C1 (S = 304 lm),
there is not a significantly effect of S in the coalescence for these
liquids.

Regarding bubble departure diameter, looking at a simple
mechanistic point of view, for which this quantity depends on
the balance between surface tension forces (	rlvDb) and the buoy-
ancy forces (	g(ql � qv)D3

b), the largest bubbles are naturally
observed in water boiling, (Fig. 5). This also contributes to the more
intense coalescence effects depicted in Fig. 6 because the formed
bubbles also keep undetached from the surface for a long time. It
is worth noticing that while for surfaces C2 (S = 400 lm), C5
(S = 700 lm) and C7 (S = 1200 lm), the frequency values obtained
for water are quite similar to those of ethanol and HFE, for surface
C1 (S = 304 lm), the frequency is clearly reduced for water. So,
while surface C1 (S = 304 lm) allows the best bubble dynamics
performance for ethanol and HFE, it is actually underperforming
in water, when compared to surface C2 (S = 400 lm), since the dis-
tance between cavities is too small, so it is promoting an excessive
coalescence.

In summary, the vital role of the coalescence on the bubble
dynamics, for the liquids with large rlv and hfg, is proven. For these
liquids, the coalescence is strongly affected by the surface micro-
patterning, namely by the distance between cavities (S). However,
for liquids with small rlv and hfg, the effect of the micro-patterns
cannot be strictly related to coalescence phenomena. The boiling
curves obtained for these surfaces were presented and discussed
in detail in Moita et al. (2012). Such curves highlight the best per-
formance of water pool boiling for all the surfaces studied, which is
justified by the undeniable higher values of the thermal properties
of this liquid, despite the aforementioned issues related to the acti-
vation of the nucleation sites. Although ethanol and HFE presented
a more homogenous and vigorous boiling with limited interaction
mechanisms (and particularly coalescence), this was not enough
for these fluids to reach the high heat transfer coefficients of water.
Nevertheless, it is worth noticing that the strong horizontal coales-
cence phenomena characterizing water boiling on surface C1
(S = 304 lm), lead to a steep deterioration of the heat transfer coef-
ficient, so that the heat transfer of water and ethanol are quite
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Fig. 5. Nucleation characteristics of water, ethanol and HFE on the silicon wafer surfaces patterned with micro-cavities: (a) bubble departure diameter, (b) nucleation sites
density, and (c) bubble departure frequency.
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Fig. 6. Coalescence factor versus heat flux for pool boiling over the silicon wafer surfaces patterned with micro-cavities for: (a) water, (b) ethanol, and (c) HFE7000.
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similar for the aforementioned surface. Thus, structuring the sur-
face can actually allow improving the pool boiling heat transfer,
as long as one can optimize the patterns to act on the coalescence,
when using liquids with high hfg and rlv. In this case, S is directly
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Fig. 7. Water boiling morphology on the silicon wafer surfaces patterned with micro-pillars: (a) smooth surface, Ja = 55.01, (b) S1 (rf = 1.005), Ja = 49.09, (c) S2 (rf = 1.02),
Ja = 48.79, and (d) S3 (rf = 1.07), Ja = 46.03. The physical width of each image is approximately 8 mm.
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acting on the coalescence mechanisms which occur close to the
surface and so should be related to the force balance describing
the bubble detachment, as proposed by Fritz (1935) and followed
by many other researchers to scale bubble departure diameters:
Lc = (rlv/(g � (ql � qv)))1/2. A representation of the ratio between
the average heat transfer coefficient for the surfaces structured
with cavities with the heat transfer coefficient for the smooth sur-
face, as a function of the distance S, made dimensionless with Lc

was proposed in Teodori et al. (2013) and clearly shows that for
theses surfaces, for liquids with lower values of hfg and rlv,
micro-patterning leads to and improvement of the pool boiling
heat transfer, while for water, this improvement is relative and is
strongly dependent on interaction mechanisms and particularly
on coalescence.

4.2. Effect of micro-patterns composed by pillars

For this part of the work, surfaces micro-patterned with pillars
are tested, to infer on additional cooling benefits of fin-like pat-
terns. Contrarily to what occurs at the surfaces with cavities, in this
case it is much more difficult to detect the nucleation sites. From
extensive observation, it was detected that the nucleation sites
are always observed at the base of the surface, in the corner of
the pillars. The use of rough surfaces to enhance pool boiling
mainly stands on the arguments that the surface roughness will
increase the liquid–solid contact area, thus enhancing the convec-
tion heat transfer coefficient and will promote the generation of
nucleation sites. Regarding the first premise, an increase of the
ratio between the true and wetted area should enhance the heat
transfer. However, following the discussion in the previous section
one should not disregard the bubble dynamics and particularly the
interaction mechanisms, which could easily lead to ‘‘dangerous’’
situations where the vapor formation near the surface would rap-
idly deteriorate the heat transfer efficacy. The use of different pat-
terns is discussed here to infer on the effect of the various
characteristic parameters (a, hR and b) on the in-balance between
the relative importance of bubble dynamic modifications, pro-
moted by altering the surface topography, with the effective
increase of the true to the wetted area also obtained by structuring
the surface, in the overall heat transfer efficacy, namely in the boil-
ing curve and in the heat transfer coefficients. Since the surfaces
used in this work have well defined patterns, it is possible to spec-
ify a roughness factor, which gives the ratio of the true to the wet-
ted area, rf = 1 + [4 hR � a/(b + a)2], thus providing an indication of
the actual increase of the liquid solid contact area. rf = 1.005 for
surface S1, rf = 1.02 for surface S2 and rf = 1.07 for surface S3. An
increase of rf and therefore of the wetted area is usually associated
to higher heat transfer coefficients and higher CHF, as reported for
instance by Chu et al. (2012), although these authors only show
significant improvement of the heat transfer for much higher val-
ues of rf, between 3 and 6. Naturally that this improvement may
also be related to capillary pumping and to additional liquid circu-
lation. In the present paper, the values of rf are much lower than
those reported by Chu et al. (2012), however, there is still a signif-
icant increase of the roughness factor from surface S1 to the other
two surfaces. Then, a milder increase of this factor occurs between
surfaces S2 and S3, so bubble dynamics should play the determi-
nant role. Following the previous analysis and considering a homo-
geneous wetting behavior for all the pairs liquid–surface, the larger
contrast expected is between the well distributed boiling of HFE
and the boiling of water, which is the liquid with the highest sur-
face tension, for which the interaction mechanisms are more rele-
vant. Fig. 7 depicts the boiling morphology of water over the
various surfaces and evidences already the strong coalescence,
leading to a violent boiling, when compared to that of HFE (Fig. 8).

The figures also show that the surface micro-patterns clearly
alter the boiling morphology for water. The micro-pattern in S2 is
the one promoting a more distributed boiling all over the surface,
with less interaction among nucleation sites. This partial control of
the bubble dynamics allows delaying the degradation of the heat
transfer coefficient to occur only for higher values of the heat flux,
which is worth reminding to be caused by strong coalescence that
lead to the formation of vapor blankets.

The evaluation of the bubble dynamic characteristics confirms
these qualitative observations. Fig. 9a, which depicts the
bubble departure diameter as a function of the Jakob number,
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Fig. 8. HFE boiling morphology on the silicon wafer surfaces patterned with micro-pillars: (a) S2 (rf = 1.02) Ja = 9.62, (b) S3 (rf = 1.07), Ja = 11.45, (c) S2 (rf = 1.02) Ja = 47.37, and
(d) S3 (rf = 1.07), Ja = 42.51. The physical width of each image is approximately 8 mm.
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Fig. 9. Bubble dynamic characteristics of water boiling over the silicon wafer surfaces patterned with micro-pillars. (a) Bubble departure diameter, and (b) nucleation sites
density.

Fig. 10. Interaction among adjacent nucleation sites due to the spacing among
pillars: (a) largest and more distant pillars avoiding coalescence, and (b) thinner
and nearer pillars promoting coalescence.
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Ja = qlCp(Tw � Tsat)/(qvhfg), shows that the boiling over surface S2,
despite having almost the same nucleation sites as surface S3

(Fig. 9b), is characterized by less interaction among nucleation
sites and less coalescence, generates the smallest bubble departure
diameters (which are of the order of the spacing between the pil-
lars, up to quite large heat fluxes) when compared with all the
other surfaces. This may be so since, as aforementioned, the
bubbles usually form at the base of the pillars, thus the distance
among them and their dimensions will influence the nucleation
sites interaction. A direct comparison with the study of Chekanov
(1977), Judd and Lavdas (1980), Judd (1988), Judd and Chopra
(1993)or Zhang and Shoji (2003) is not possible because the
geometry of the current micro-patterns does not allow to deter-
mine accurately the ratio S=Dd. A close estimative would get that
all the surfaces allow the interaction between nucleation sites
(which is correct looking at the relative size of the pillars, when
compared to the bubbles departure diameter), but for surface S2

the horizontal coalescence is less intense, due to the larger spacing
between the pillars.

Vertical coalescence still occurs because the area of the pillars is
of the order of the size of the radius of the bubbles which depart at
each side of the pillars, but the spacing between them precludes
horizontal coalescence and delays the formation of the vapor
blanket, while allowing some liquid to flow between the pillars.
The schematic representation reported in Fig. 10 helps to under-
stand this mechanism.
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Fig. 11. Boiling curves for water on the silicon wafer surfaces patterned with micro-pillars: (a) heat flux versus wall superheat, and (b) heat transfer coefficient versus heat
flux.
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Fig. 12. Bubble dynamic characteristics of HFE7100 boiling over the silicon wafer surfaces patterned with micro-pillars. (a) Bubble departure diameter, and (b) nucleation
sites density.
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Fig. 13. Boiling curves for HFE on the silicon wafer surfaces patterned with micro-pillars: (a) heat flux versus wall superheat, and (b) heat transfer coefficient versus heat flux.
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As expected, the smallest number of active nucleation sites is
observed in the boiling over the smooth surface.

The partial control of the interaction mechanisms promoted by
surface S2 results in the highest heat fluxes and heat transfer coef-
ficients, despite this is not the surface providing the largest rf

(Fig. 11a). It clearly lessens the degradation of the heat transfer
coefficient, characterized by the decrease of h, which is noticeably
observed at higher heat fluxes, for all the other surfaces, in Fig. 11b.

In summary, unless the micro-structure assures a significant
increase of the liquid–solid contact area, the interaction mecha-
nisms can indeed be overcome by the deterioration of the heat
transfer coefficient resulting from uncontrolled interaction mecha-
nisms. Therefore, the design of an optimum micro-pattern must
account for the accurate parameters allowing the control of these
mechanisms. In the present work, the best control was obtained
with surface S2. Although this is the surface with the largest pillars
and the highest spacing among them, this trend cannot be extrap-
olated as an optimum pattern, since that was out of scope of the
present paper and requires further research.

The interaction among nucleation sites and coalescence effects
are much smaller for HFE (Fig. 8), so in this case it is quite clear that
the number of active nucleation sites is larger for surface S2, which
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Fig. 14. Comparison of water and HFE7100 boiling curves on surface S2 (rf = 1.02): (a) heat flux versus wall superheat, and (b) heat transfer coefficient versus heat flux.
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Fig. 15. Comparison of water–HFE7100 boiling curves on surface S3 (rf = 1.07): (a) heat flux versus wall superheat, and (b) heat transfer coefficient versus heat flux.
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further contributes to its good performance. However, the interac-
tion mechanisms are still not negligible, particularly at high fluxes
and, also in this case, S2 is the best performing surface. So, for low
values of heat fluxes, qualitative analysis suggests that both S2 and
S3 still provide a very uniform boiling. However, increasing the
heat flux, a much stronger coalescence is observed for the surface
S3, for which the smaller spacing between the pillars is promoting
coalescence.

This trend is confirmed by quantitative analysis, depicted in
Fig. 12a and b, which show the bubble departure diameter and
the nucleation site density for HFE, for increasing Ja.

Given that the effect of the interaction mechanisms is not so
significant for liquids with smaller rlv, when compared to an
increase of the contact area, the slightly larger value of rf of surface
S3 still allows to obtain high heat fluxes and heat transfer coeffi-
cients when compared to S2 (Fig. 13a), for lower superheating.
However, as the heat flux increases, the stronger coalescence
effects in surface S3 becomes more evident, both in the boiling
curves and in the heat transfer coefficient, as depicted in
Fig. 13b. So, one may argue that S2 is, once again the surface allow-
ing the best performance.

The use of HFE is mainly related to its dielectric properties,
which enable it to be used as coolant in microelectronic devices.
Despite its lower thermo-physical properties, the balance between
a reasonable control of the interaction mechanisms with the
increase of the liquid–solid contact area provided by the use of
the structured surfaces, S2 allows a substantial increase of the heat
transfer coefficient of nearly 8 times, when compared to that
obtained with the smooth surface. Better results can be expected
for a more careful and optimized design of the micro-patterns.
The overall improvement in the pool boiling heat transfer of HFE
achieved with surface S2 actually allowed it to overcome the per-
formance of water for high heat fluxes, since the control of the
interaction mechanisms for water is still not enough to prevent
the steep degradation of the heat transfer coefficient, as depicted
in Fig. 14a and b.

The worst performance of surface S3 in controlling the interac-
tion mechanisms is highlighted in Fig. 15a and b. In this case, the
uncontrollable interaction mechanisms actually lead to such a
steep degradation of the heat transfer coefficients for water boiling
that they drop below those of HFE.

The measurements performed here do not evidence a substan-
tial advantage of using pillar structures concerning an additional
capillary pumping. To achieve this, specific optimization of the sur-
face patterning should be required, for which the measurement
techniques used so far must be also complemented with diagnostic
techniques to characterize the flow around the pillars, following
the work started in Teodori et al. (2013). However, it is clear that
the control of the nucleation sites and of the interaction mecha-
nisms is vital in any patterning optimization, as these mechanisms
may easily become dominant and overcome any beneficial effect of
surface patterning.
5. Final remarks

The present work considers the detailed analysis of the heat
transfer and bubble dynamics in pool boiling of liquids over
smooth and micro-structured surfaces, in the context of an appli-
cation to the cooling of microelectronic components. In this kind
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of application, the use of dielectric fluids is mandatory, although
their thermal–physical properties such as the specific heat, ther-
mal conductibility or latent heat of evaporation are quite low. A
strategy to overcome this issue and improve the heat transfer coef-
ficient is to alter the surface topography. Hence, the effect of sur-
face micro-structuring is discussed here, covering different
configurations, from cavities to pillars, being the latter used to infer
on the potential profit of a fin-like configuration.

The results evidence a strong effect of bubble dynamics and
particularly of the interaction mechanisms in the overall cooling
performance of the pair liquid–surface, which is particularly rele-
vant for liquids with large values of surface tension. The inaccurate
control of these mechanisms may easily become dominant causing
a steep decrease of the heat transfer coefficient. This effect can be
strong enough to prevail over the benefit of increasing the contact
area by roughening the surface. For the patterns used here, one can
reasonably determine guiding geometric characteristics of the pat-
tern to evaluate the intensity of the interaction mechanisms and
take out the most of the patterning to enhance pool boiling heat
transfer, when using micro-cavities, while it is far more difficult
to control the appearance of active nucleation sites and of the
interaction mechanisms when dealing with the patterns based on
micro-pillars.

Despite it was not possible to clearly evidence of a pin-fin effect
or of an additional cooling effect due to liquid circulation between
the pillars, the results show a significant increase of the heat trans-
fer coefficient of about 10 times for water and 8 times for the
dielectric fluid, in comparison to the smooth surface, when the
micro-patterning based on pillars is used.
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