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Boiling enhancement has been strongly linked to surface modification techniques for many decades. However, improvements in this field are always emerging, making it necessary to catch up with recently applied methods of increasing the
critical heat flux and heat transfer coefficient. This review outlines the basic ideas of four surface modification techniques
(roughness, artificial cavities, pin-fins, and wettability) and their effect on heat transfer performance. For each of the
aforementioned surface modification techniques, cited works are classified and evaluated according to the type of boiling
(flow or pool), the kind of working fluid used (water or other refrigerant), and the magnitude of heat exchanged (high or
low heat flux). A respective enhancement factor, defined as the percentage of the performance of the corresponding plain
surface, is calculated for each experimental work in order to compare them on a common ground. Comprehensive plots
and tables are constructed herein using data from the cited works to allow direct comparison of the results. In addition,
an effort is made through the cited works to identify the role of surface topography on heat transfer mechanisms and
bubble dynamics. Finally, recommendations for future research are presented.
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1. INTRODUCTION
Flow and pool boiling are two cases of heat transfer that find application in cooling devices. Boiling is an efficient
way of heat transfer, especially when dealing with large heat loads, because it takes advantage of the liquid’s latent
heat of vaporization. Meanwhile, boiling is governed by the interaction between the heated surface and the liquid,
mainly by affecting bubble generation. This is why recent literature has focused on determining ways to modify the
heated surface in order to enhance heat transfer (Kreith et al., 2011).
Pool boiling occurs when heat is transferred by a heated surface to a pool of liquid without any mechanically
induced liquid circulation. Flow boiling occurs when a flow is imposed over the heated surface and the liquid has a
finite velocity relatively parallel to the heated surface. Depending on the size of the tube/channel/pipe in which flow
boiling takes place, systems are distinguished as being micro (10 µm < Dh < 200 µm), mini (200 µm < Dh <
3 mm), and macro (Dh > 3 mm). In order to describe such processes, the geometry of the system and the properties
of the working liquid are not enough. This is because during boiling the heated surface characteristics (wettability,
microstructure, and nanostructure); the surface tension of the liquid; the gas/liquid/solid interfacial properties; and the
pressure, density, and properties of the vapor phase are also involved (Kreith et al., 2011; Yarin et al., 2009).
Bubble generation and the important role of surface topography can be described as follows: as the temperature of
the heating surface is increased, a point is reached at which vapor bubbles are formed and escape from certain spots
on the heated surface, which are known as nucleation sites. These inclusions are too small to admit liquid because of
liquid surface tension, and the ensuing vapor pocket acts as a site for bubble growth and release (Kreith et al., 2011).
A common trend in research involves surface treatment techniques in an effort to enhance heat transfer performance simply by altering the surface characteristics [finish, roughness, contact angle (CA), and wettability] or by
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NOMENCLATURE
A
Cp
d
Dc
Dh
h
k
L
M
N /A
p
pr
Pr
q
Ra
s
T

surface area (m2 )
specific heat (J/kg−1 · K−1 )
diameter (m)
size of active nucleation site (m)
hydraulic diameter (m)
heat transfer coefficient (W/m−2 · K−1 )
thermal conductivity (W/m−1 · K−1 )
length (m)
molecular weight (g/mol−1 )
nucleation site density (m−2 )
pressure (Pa)
reduced pressure [P /Pcrit (−)]
Prandtl number [Cp (µk−1 )]
heat flux (W/m−2 )
surface roughness (µm)
distance between pin-fins (m)
temperature (K)

t

width (m)

Greek Symbols
∆T
wall superheat [Tw − Tsat (K)]
∆Tsub subcooled temperature (K)
δt
thermal boundary layer thickness (m)
λ
latent heat of vaporization (J/kg−1 )
ρ
density (kg/m−3 )
σ
surface tension (N/m−1 )
ϕ
contact angle (◦ )
Subscripts
f
fluid
l
liquid
sat
saturation
v
vapor
w
wall

increasing the heat exchange area (extended surfaces, tube inserts, and coiled tubes). Other enhancement methods
call for the insertion of additives in the working fluid (surfactants and nanofluids). All of the aforementioned techniques are under the umbrella of passive heat transfer enhancement techniques. They are applied both in single-phase
heat transfer and in boiling, and their aim is to decrease the thermal resistance of a heated surface by promoting bubble
nucleation with or without surface area increases (Léal et al., 2013; Manglik, 2003). The effectiveness of any of these
methods is strongly dependent on the mode of heat transfer (heat transfer mechanism: single-phase free or forced
convection, pool boiling, forced convection flow boiling, or condensation) and the type of process to which they are
applied.
Recent literature has revealed that applying the aforementioned passive techniques in boiling heat transfer is of
great significance because it offers energy and materials savings, sustainable development, thermal control, compactness, etc. According to the literature reviewed up to 2008 (Honda and Wei, 2004; Mackerle, 2005; Plawsky et al.,
2008; Poniewski and Thome, 2008) the benefits of modifying a heat transfer surface are remarkable because the surface topography affects the phase-change process and boiling regimes, and as a result the heat transfer mechanisms.
The effects that passive techniques have on a heated surface can help to categorize them accordingly (Bergles, 1998):
– Increase of the number of active nucleation sites (i.e. sandblasting, microcavities, and nanostructures);
– Increase of the heat exchange area (i.e., microfins, porous coatings, and metallic foams);
– Change in surface wettability (i.e., hydrophilic and hydrophobic coatings); and
– Increase in surface tension of liquids (i.e., water) by additives (i.e., nanofluids and surfactants).
Since 2008, considerable development has been made in the field of passive enhancement techniques in boiling,
with an emphasis on understanding the complexity of the underlying phenomena. These developments have been
reviewed separately in different directions, covering the investigation of flow and pool boiling heat transfer with
surfactants added to the working fluid (Cheng et al., 2007); nanofluids (Barber et al., 2011; Hussein et al., 2014;
Kim, 2011; Murshed et al., 2011) and nanoporous coatings of heated surfaces (Lu and Kandlikar, 2011; Patil and
Kandlikar, 2013); and twisted tape and helical inserts in heat exchangers (Liu and Sakr, 2013). The aforementioned
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review articles cover recent experimental results for heat transfer enhancement techniques, emphasizing different
methods each time (i.e., additives/nanofluids, nanoporous coatings, and inserts in heat exchange tubes), and do not
include surface modification techniques.
Only two recent review articles (Kim et al., 2015; Shojaeian and Koşar, 2015) include the effect of modified
(nonporous) surfaces in their approach. Kim et al. (2015) focused on the detailed description of fabrication techniques
available to achieve micro/nanostructured surfaces that promote boiling heat transfer enhancement. They suggested
that a well-established boiling heat transfer model and comprehensive understanding of the heat transfer enhancement
mechanisms are necessary when designing and fabricating an optimized surface for boiling heat transfer. On the other
hand, Shojaeian and Koşar (2015) reviewed the recent experimental investigations performed on pool and flow boiling
over nano/microengineered structures with an emphasis on the enhancement of thermal performance. They concluded
that there is much more room for improvement in boiling heat transfer with nano/microstructured surfaces; however,
a comprehensive evaluation of different surface modifications as a boiling enhancement method and a systematic
comparison of results from different works are still missing.
Surface roughness, artificial cavities, surface wettability, and extended surfaces have been shown to promote
boiling heat transfer because they increase the heat transfer coefficient between the heated surface and the working
fluid. In addition, recent literature has focused on two-phase heat transfer applications. Thus, it is interesting to
present a comprehensive survey of surface modification techniques as a means of heat transfer enhancement in boiling
applications for all the passive techniques except for additives and porous coatings, which have already been analyzed
as previously mentioned (Barber et al., 2011; Cheng et al., 2007; Hussein et al., 2014; Kim, 2011; Lu and Kandlikar,
2011; Murshed et al., 2011).
In this article, an overview of the effect of modified surfaces on heat transfer enhancement during boiling is provided as well as a review of the literature on boiling applications (Fig. 1). The use of many different techniques of
surface modification, their thermal/hydraulic performance (with lists of predictive correlations for the heat transfer coefficient and critical heat flux), guidelines concerning the best approaches, and methodologies for overall performance
evaluation of pool and flow boiling are outlined. First, clarification of the important terms necessary to understand
boiling heat transfer phenomena is provided. Then, surface modification techniques and enhancement mechanisms
are analyzed in accordance with recent experimental results in the literature and a comparative study between similar
works is accomplished in summary graphs. To investigate the role of the length scale on boiling performance, the
data in the graphs are sometimes plotted versus a characteristic length scale (i.e., surface roughness) instead of versus
a thermal parameter (heat flux and wall superheat), as was originally plotted in the cited works. Finally, conclusions

FIG. 1: Heat transfer enhancement techniques for pool and flow boiling.
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are drawn concerning the type of boiling (pool and flow), the working fluid (water or refrigerant), and the magnitude
of heat flux rates.
2. IMPORTANT TERMS IN BOILING
2.1 Heat Transfer Coefficient
The heat transfer coefficient, h, is a quantitative characteristic of heat transfer between a fluid and a surface (wall) and
is defined as
q
(1)
h=
Tw − Tfluid
where q corresponds to the imposed heat flux to the system through the heated surface and Tfluid is the local bulk fluid
temperature at the prevailing pressure (Kreith et al., 2011).
2.2 Critical Heat Flux
Figure 2 shows a typical boiling curve for flow and pool boiling. At low-temperature differences, ∆T (until point
A), the wall temperature is not sufficiently hotter than Tsat when initiating bubble nucleation. The onset of nucleate
boiling (point A) occurs when the first bubbles appear on the surface. As the wall temperature increases, more bubbles
are formed and grow at the wall and eventually detach because of buoyancy (nucleate boiling). At a critical (high)
value of heat flux, there are so many simultaneous bubbles crowding the wall that suddenly they can merge and
form a continuous, but unstable, vapor film that covers parts of the hot surface as a gas blanket. These conditions
are termed critical heat flux (CHF), or burnout/boiling crisis. The CHF represents the maximum useful heat flux in
applications because after this point boiling is not easy to control. For even higher-temperature differences, the vapor
film gradually becomes more stable and covers a larger area of the hot surface. This transition from nucleate boiling
to film boiling is usually refer to as departure from nucleate boiling, or transition boiling (for pool conditions) and
convective boiling (for flow conditions), and is associated with a drastic reduction in the value of h. In Fig. 2, point D
represents the minimum film boiling point after which heat transfer increases (toward point E) due to the contribution
of radiation at such elevated temperature differences. The full curve in Fig. 2 is not easy to obtain experimentally,
and in a power-controlled experiment (i.e., constant heat flux) an increase in heat flux above the critical value leads
directly to point E without passing through point D (dashed line).
2.3 CHF Enhancement
CHF enhancement is calculated as the percentage of increase in the CHF of the treated surface compared to the CHF
of the plain surface
CHFmodif − CHFplain
CHF enhancement (%) =
· 100
(2)
CHFplain
This term is used in order to compare the efficiency between surface modification techniques. The plain surface is the
untreated surface, also referred to in the literature as the smooth or plane surface, and constitutes a reference surface
for comparison in each investigated problem.
3. HEAT TRANSFER ENHANCEMENT TECHNIQUES
Heat transfer enhancement techniques that are used in boiling applications include several surface modification methods: surface roughness, artificial cavities, pin-fins, and change in the wettability. These methods aim to effectively
convey higher heat loads at smaller temperature differences by the following means: increase the number of active
nucleation sites and/or increase the wetted surface area relative to the original plain surface (Poniewski and Thome,
2008).
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FIG. 2: Pool and flow boiling water curve (Nukiyama, 1984).
3.1 Surface Roughness
Surface roughness commonly refers to a scale of microns, and thus is not meant to create any measurable increase
in the heat transfer area at a macroscopic level. Since heat transfer during boiling is intimately associated with the
contact line and interface movements, the microscale surface modification that roughness brings to the heated surface
is expected to directly affect the heat transfer phenomena (Cooke and Kandlikar, 2011). In pool boiling, surface
roughness promotes the nucleation site density, which directly leads to a higher number of generated bubbles. In
turn, this high bubble density augments the agitation of liquid layers above the hot surface and causes high heat flux
removal. In flow boiling, surface roughness again promotes the two aforementioned parameters; however, in addition
it increases the occurrence and intensity of single-phase turbulence.
Images of rough surfaces are presented in Fig. 3. A parameter, Ra (µm), called the arithmetic average roughness
or the centerline average roughness, is used to characterize the surface microroughness and is defined as the average
height of peaks and valleys on the surface. This parameter is measured using either a profilometer or other more
advanced surface characterization techniques, e.g., interferometry. The geometric features of a rough surface, ranging
from random sandgrain roughness to discrete three-dimensional surface protuberances, define the characteristics of the
surface, i.e., the nucleation site density (N /A) and the active nucleation sites (ANS) present on the heated surface. It
must be stressed that a geometrical imperfection of a surface is not always an enhancement parameter of heat transfer
(Manglik, 2003). The topography and wettability of a boiling surface affect the boiling heat transfer characteristics
(heat transfer coefficient and critical heat flux), whereas the number and size distribution of cavities on a heated
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FIG. 3: Stainless steel 302 rough surfaces treated by #600 sandpaper (left) and diluted H2 SO4 (right) (×1000 magnification) (Ferjančič and Golobič, 2002).
surface affect the nucleation characteristics (bubble nucleation, departure diameter, and nucleation density) (Bergles,
2011). The experimental results from several research studies on water and other refrigerants are shown in Figs. 4 and
5, respectively, in which the effect of surface roughness on the enhancement of the pool boiling CHF was investigated.
These results indicate a general trend, i.e., when the surface roughness increases, the heat transfer also increases, as
manifested by the variation of a few parameters:

FIG. 4: Critical heat flux enhancement with increasing surface roughness for water.
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FIG. 5: Critical heat flux enhancement with increasing surface roughness for different refrigerants.
– Increase in the critical heat flux and heat transfer coefficient;
– Decrease of wall superheat for a given heat flux; and
– Increase of heat transferred at a given wall superheat.
A brief presentation of these studies follows in chronological order to show the evolution in gained knowledge,
beginning with pool boiling and followed by flow boiling.
3.1.1 Pool Boiling
Benjamin and Balakrishnan (1997) carried out pool boiling experiments using water, n-hexane, acetone, and carbon
tetrachloride over stainless steel and aluminum surfaces treated with different grades of emery paper. The range of the
Ra value was 0.02–1.17 µm, within which they developed the following correlation for the nucleation site density:
N
1
= 218.8 · Pr1.63 θ−0.4 ∆T 3
A
γ

(3a)

where γ is the surface/liquid interaction parameter
µ
γ=

kw ρw Cpw
kl ρl Cpl

¶1/2

and θ is a dimensionless surface roughness parameter
µ
¶
µ
¶2
Ra P
Ra P
θ = 14.5 − 4.5
+ 0.4
σ
σ

(3b)

(3c)

For all examined liquids these authors observed that for a given heat flux as the roughness increased the nucleation
site density decreased first and increased afterward. This was different from the general literature trend, which has
indicated that increasing roughness also increases heat transfer. This divergence from other studies was attributed
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to the dependence of the temperature driving force (∆T ) on the properties of the liquid (thermal conductivity and
surface tension) and on the nucleation site size (Ra ). This temperature difference is the necessary condition for
boiling nucleation on a surface and is given by Webb (1994) as follows:
∆T = Tw − Tsat =

qRa
2σ
+
kl
mRa

(4)

where m is the slope of the vapor pressure curve. Equation (6) gives the necessary wall superheat as a combination
of two terms; (1) a thermal energy term and (2) a capillarity (bubble) term. In many cases, the thermal energy term is
very large compared to the capillarity term, thus by increasing the value of Ra up to several microns the wall superheat
as well as the overall performance increase monotonously (Figs. 4 and 5). However, for moderate q values and for
Ra values less than a micron it is possible that an increase in the Ra value will lead to a reduction of wall superheat
because the capillarity term drops drastically whereas the thermal term is not equally affected as much. In that case,
increasing the value of Ra at the submicron scale decreases the wall superheat, and only after a critical value will
the wall superheat start to increase (Fig. 4). It is noteworthy that the initial CHF decrease is only about 12% of the
CHFplain with the experimental uncertainty being not better than ±10%, thus it is practically within experimental
uncertainty. Furthermore, the reported three values of roughness (the three individual points in the plot) cannot be
considered sufficient to allow conclusions about the effect of roughness.
Kang (2000) examined the surface roughness effect on saturated pool boiling heat transfer in water over stainless
steel tubes (oriented horizontally 0◦ , inclined 45◦ , and vertically 90◦ ) that were treated with sandpaper (Ra = 0.151
and 0.609 µm). He noticed that increased surface roughness gives better heat transfer results than the smooth surface
at a given wall superheat due to the presence of more active nucleation sites. In addition, he showed that the pool
boiling heat transfer coefficient (h) depended on the nucleation site density and increased up to 15% with increasing
roughness. However, according to Kang (2000), in order to identify the net effect of surface roughness on pool boiling
heat transfer, other effects should also be considered, i.e., the increase in the active site density and the intensity of
liquid agitation increased heat transfer. Meanwhile, the change in tube orientation gave smaller bubble coalescence
and faster bubble detachment, which contributed to a decrease in bubble agglomeration (gas blanketing) on the surface
and the formation of a rapid flow of liquid along the heated surface, thus increasing the h value.
Ferjančič and Golobič (2002) investigated the influence of a heater surface made of steel 1010 and stainless steel
302 on the pool boiling CHF in FC-72 and water. Their heaters were immersed into a glass tank containing the
working fluid at atmospheric pressure. They were either treated with different grades of sandpaper (Ra = 0.1–1.5
µm) or etched with immersion at 50% diluted H2 SO4 for 4 min (Ra = 0.08–0.25 µm). The tested surfaces also
included an untreated surface (Ra = 0.06 µm) and a polished surface (Ra = 0.02 µm). Different critical heat fluxes
were obtained for the same value of surface roughness created by different treatments, showing that a single statistical
parameter, i.e., Ra , is not adequate to describe the behavior of a treated surface during pool boiling. For both liquids
tested, increasing roughness caused an increase in the CHF, as illustrated in Figs. 4 and 5. The best performance was
obtained for the etched surfaces, with 65% enhancement of CHF for water and 35% for FC-72. Ferjančič and Golobič
(2002) also succeeded in correlating roughness with CHF using the beta function in the case of water:
qCHF = 1038a−0.43 b−0.036

(5)

where a and b are parameters depending on the surface material and method of treatment. For the treatment with
sandpaper, a varies between 5.7 and 9 and b varies from 5.5 to 8.4, while for the acid etching treatment a takes values
of 2.5–4.6 and b takes values of 2.3–4.5.
Jones et al. (2009) conducted pool boiling experiments with water and FC-77 (at values between 1.08 and 10.0 µm)
over aluminum surfaces roughened by electrical discharge machining. Also, polishing of the plain surfaces was
achieved by fine grids of sandpaper (Ra = 0.027 and 0.038 µm). For FC-77, the critical heat flux increased logarithmically with increasing roughness up to 210% compared to the plain surface. On the other hand, they did not observe
similar behavior for water. Although increasing roughness from 0.038 µm (plain) to 1.08 µm enhanced the value of
h by 60%, further increase in roughness did not change the heat transfer performance; only when reaching 10 µm
roughness did they observed a 100% increase in the value of h. Another difference between the working fluids was
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bubble nucleation; For water it was random across the test surface, whereas for FC-77 the nucleation sites tended to
appear in the neighborhood of the initial bubble-generating site as the heat flux was increased. Jones et al. (2009)
attributed the differences in the observed trends between water and FC-77 to the differences in the wetting behavior
of the two fluids and the cavity size distribution of the treated surfaces. They also found that for small cavity sizes,
the bubble departure diameter was mainly determined by a balance between buoyancy and dynamic inertial forces.
As the cavity size increased, inertial forces decreased, and thus the bubble departure diameter decreased. For large
cavities, a balance between buoyancy and surface tension forces determines the departure size.
Jabardo (2010) and Jabardo et al. (2009) investigated the effect of roughness of copper and brass surfaces on
pool boiling heat transfer with R-134a and R-123. Their surfaces were treated by several processes in order to
obtain different degrees of roughness from 0.07 to 10.5 µm (polishing, sandpaper, shot peening with glass beads, and
sandblasting). These authors verified what other researchers had already observed in the distant past when examining
roughness values greater than 1 µm (Berenson, 1962; Kozitskii, 1972; Luke, 1997; Nishikawa et al., 1982); that h
increased with surface roughness up to a certain value [for Jabardo et al. (2009) this was 3.0 µm] and then started
to decrease with further increase in roughness. This was attributed again to the density of the active cavities. The
number of cavities available for nucleation increases with the increment of surface roughness, which in turn allows
enhancement of heat transfer. However, as suggested by Pioro et al. (2004), very rough surfaces might have large
cavities filled with liquid, and as a result would not act as active bubble centers unless they are very poorly wetted or
have steep walls.
Hosseini et al. (2011) computed the value of h during R-113 pool boiling on copper surfaces treated with different
grit sizes of sandpaper (Ra = 0.09–0.901 µm). Their results showed significant improvement in the value of h
(38.5%) as the surface roughness increased from 0.09 to 0.901 µm. In addition, all of the experimental results, except
those for the smallest roughness, fell within 20% of the Cooper (1984) correlation for the value of h. According to
this correlation, h is a function of the reduced pressure (pr = p/Pcrit ), molecular weight of the working fluid (M ),
heat flux (q), and maximum peak height of the profile of the rough surface (Rp ):
−0.55

ln Rp
h = 55p0.12−0.4343
(−0.4343 ln pr )
r

M −0.5 q 0.67

(6)

for reduced pressures 0.001 < pr < 0.9 and molecular weights 2 < M < 200.
Guan et al. (2011, 2012) worked with brass surfaces randomly roughened with values varying from 0.15 to 5
µm and employed pentane, hexane, and FC-72 as the working fluids. During pool boiling experiments they observed
that the CHF increased with increasing surface roughness (Fig. 5), and they attributed it to the wicking liquid flow
to the heating surface. They also developed an equation for predicting CHF enhancement (shown in Fig. 6) by
characterizing these wicking velocities and modifying the pool boiling CHF lift-off model for smooth surfaces that
had been previously developed by other researchers (Kandlikar, 2001; Zuber, 1959):
– Zuber (1959):
·
qCHFZuber = 0.1331ρv hf g

σ (ρl − ρv ) g
ρ2v

¸0.25 µ

ρv
1+
ρl

¶0.25
(7a)

– Guan et al. (2011):
qCHF
qCHFZuber

µ
¶0.25 µ ¶0.1
ρv
ρv
= 1.837 1 +
ρl
ρl

(7b)

The increasing CHF trend with increasing pressure during boiling on rough surfaces is fairly well described by the
lift-off model, and its difference from the Zuber (1959) model is that it predicts a slightly larger CHF with increasing
pressure.
McHale and Garimella (2013a,b) investigated pool boiling of FC-72 on a borosilicate heated surface with controlled roughness between 0.263 and 7.51 µm. Rough surfaces were fabricated by abrading them with a diamond
compound having particles of known size and then annealing them in order to control the small-scale roughness features. Optical observations revealed that the active nucleation site densities were higher for the rough surfaces, and
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FIG. 6: Comparison of predicted CHF using the lift-off model with hexane data (Guan et al., 2011).
the vapor in contact with the rough surface did not spread as freely as it did on the smooth surface. In addition, the
boiling curves for the roughened surfaces were characterized by smaller wall superheat than those for the smoother
surfaces. As presented in Fig. 4, increasing the surface roughness up to 5 µm resulted in an increase in the CHF up to
100%; however, above that value further increase of surface roughness deteriorated the CHF enhancement. Therefore,
their work with roughness values over a wide range indicates that there may be an optimum value of roughness for
maximizing heat transfer performance.
3.1.2 Flow Boiling
Kandlikar and Spiesman (1998) investigated the effect of the number of cavities and the cavity size distribution
produced by specific values of roughness on the CHF at a given wall superheat during flow boiling in a macrochannel
(Dh = 5.5 mm). Experiments were performed with water on aluminum surfaces that were treated with different
grit wet/dry silicon carbide grinding papers (Ra = 0.363–3.064 µm). All surfaces had similar cavity distribution and
similar performance regarding the CHF. An important conclusion of that study was that the parameter chiefly affecting
the heat flux carried away from the treated surface is the number of active cavities on the roughened surface acting as
nucleation sites.
Alam et al. (2013) examined the effect of the surface finish of a silicon substrate on flow boiling of water in
minichannels at Dh = 0.4, 0.6, and 1 mm. The modified surfaces were roughened with 180 and 100 grit sandpaper
(Ra = 1 and 1.6 µm). Their results revealed that surface roughness had a significant effect on boiling incipience and
increase of bubble nucleation site density compared to the plain surface. However, the comparison of the two rough
surfaces confirmed the Kandlikar and Spiesman (1998) conclusion that rough surfaces have similar performance
in CHF enhancement. What was new for this work is that they conducted high-speed flow visualizations of the
minichannel geometry simultaneously with experiments for each test, which allowed them to cross-correlate heat
transfer performance with flow boiling patterns.
Roughness has been broadly implemented as an enhancement method in pool boiling rather than in flow boiling.
From the studies covered in the present review, only two (Alam et al., 2013; Kandlikar and Spiesman, 1998) employed
roughened surfaces to enhance flow boiling heat transfer. Simple sandblasting with roughness values between 0.1 and
1 µm worked efficiently in all cases tested according to the cited literature. One research group (Benjamin and
Balakrishnan, 1997) pointed out that there is a minimum critical value of roughness above which only roughness has
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a positive effect on CHF enhancement (i.e., Ra = 0.5 µm). This appears to have a physical explanation (Webb, 1994);
[Eq. (4)]. Another group (Jabardo et al., 2009) identified a maximum critical value (i.e., Ra = 3.0 µm) above which
CHF starts to decrease for any further increase in roughness. This was attributed to the large size of cavities, which
can be filled with liquid instead of gas. However, another group (Ferjančič and Golobič, 2002) reported different
CHF values for the same value of surface roughness, which was created by a different treatment. Only one group
(McHale and Garimella, 2013a,b) recently achieved a surface treatment that causes CHF enhancement up to 100%.
This percentage is remarkably high compared to other researchers, whose enhancement methods fall below 50%
(Fig. 4). Thus, it was argued that a single statistical parameter such as the Ra value may not be sufficient in describing
the behavior of a treated surface during pool boiling. However, excessive bubble dynamics analysis is required to
correlate heat transfer performance with bubble dynamics and to draw more global conclusions about heat transfer
mechanisms.
In conclusion, the effect of surface roughness on boiling heat transfer is very complex because heat transfer seems
to depend not only on the average roughness but also on the number of cavities, the nucleation site density generated
by different means of roughening (sandpaper, acid, etc.), and the surface geometry (flat or curved). In order to enhance
heat transfer by increasing surface roughness, the characteristics of the surface microstructure must be such that they
allow bubble nucleation (Pioro et al., 2004). This is accomplished when the heated surface includes numerous large
cavities that are activated at lower wall superheat, compared to the small cavities present at smooth surfaces (Ra <
0.05 µm) that require higher wall superheat. In order to evaluate the pure effect of roughness on two-phase heat
transfer, a rigorous understanding of the microscale hydrodynamics, bubble dynamics, and complex dynamic wetting
conditions present during boiling is necessary. Roughness is a promising surface modification technique both for pool
and flow boiling because its effectiveness is based on promoting bubble nucleation at lower heat fluxes by decreasing
the necessary wall superheat for boiling initiation. Surface roughness is simple and cheap to fabricate and yields
surfaces that can be further modified if needed.
3.2 Artificial Cavities
Cavities are holes with a size of a few micrometers usually the diameter is 5–30 µm, but sometimes is up to 100 µm).
Their cross section can have different shapes or end in a larger hole inside the metallic surface (re-entrant cavities)
[Fig. 7(d)]. Cavities as a means of enhancement have been practiced both in pool and flow boiling. When present
on the heated surface, they promote bubble nucleation because they act as active nucleation sites. They also tend to
improve stable nucleation (constant and continuous nucleation at specific points), reduce the required wall superheat,
and allow subcooled liquid boiling to occur (Lee et al., 2011). In order to isolate and investigate the effect of an
active nucleation site on boiling heat transfer, researchers have examined all of the related parameters using heated
surfaces with one or more active cavities. Certain works are illustrated in Figs. 7(a)–7(f) and their results are given
chronologically, first for pool boiling and then for flow boiling.
3.2.1 Pool Boiling
Zhang and Shoji (2003) and Chatpun et al. (2004) carried out pool boiling experiments over a thin silicon surface
with artificial cavities (d = 10 µm, h = 80 µm) with different distances between them (S = 1–8 mm) [Fig. 7(a)] to
examine the nucleation site interaction effect. They concluded that there are three crucial factors: (1) hydrodynamic
interaction between bubbles (i.e., flows); (2) thermal interaction between nucleation sites; and (3) bubble coalescence.
The intensity, competition, and dominance of these factors determine the bubble departure frequency, which decreases
with increasing distance between cavities. However, these phenomena are also related to the thermal properties and
thickness of the heated wall, liquid properties, subcooling level, and system pressure, resulting in different tendencies
of the bubble dynamics for different experimental conditions.
Teodori et al. (2013) used seven silicon surfaces (1 cm2 area) and square cavities (52 × 52 µm, 20 µm deep) with
a distance of 304 µm < S < 1200 µm between them [Fig. 7(b)] and conducted pool boiling experiments with ethanol
and water. Their goal was to balance the positive effect of the micropatterns in promoting the activation of nucleation
sites with the negative effect of an excessive interaction between them. The optimal pattern, which also allowed a
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FIG. 7: Cavity size, geometry, and configuration of a heated surface, following (a) Zhang and Shoji (2003), (b)
Teodori et al. (2013), (c) Kandlikar et al. (2006), (d) Kuo and Peles (2007), (e) Lu and Pan (2011), and (f) Piasecka
(2012b).

more stable vertical bubble velocity (thus removing vapor from the surface), was the one with the 400 µm spacing
between cavities, which resulted in an 88.4% increase in the heat transfer coefficient. However, the departure velocity
of bubbles for this surface was quite low (small bubbles), when compared to those with larger spacing, and hence less
cavities (large bubbles).
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3.2.2 Flow Boiling
Kandlikar et al. (2006) investigated water flow boiling in copper microchannel geometry (Dh = 332 µm) and implemented artificial nucleation sites (d = 5–30 µm) on the heated surface using a laser engraving process at a regular
interval of 762 µm [Fig. 7(c)]. Their results indicated that the addition of nucleation sites caused a significant increase
in the flow instability, backflow phenomenon, and pressure drop fluctuations because of the rapid bubble growth. On
the other hand, they observed improvement in heat transfer and reduction of wall superheat, and they suggested different sizes and distributions of nucleating cavities to be examined.
Following this direction, Kuo and Peles (2007) conducted flow boiling experiments in microchannels (Dh = 223
µm) with structured re-entrant cavities (d = 7.5 µm, h = 27.8 µm) and a 100 µm distance on a silicon wafer, as shown
in Fig. 7(d), to promote bubble nucleation. According to their results, the re-entrant cavities were very effective in
triggering boiling at much lower superheated surface temperatures than plain channels (up to 15◦ C), which increased
the effective heat flux by 70% compared to the plain-wall channel, the CHF by 45%, and the local heat transfer
coefficient by 30%. Their results appear to be consistent with the theoretical prediction of the effective nucleation
size developed by Hsu (1962). According to this model (Fig. 8) there is an effective range of diameters for the active
nucleation sites in reducing the surface superheat required for the onset of nucleate boiling, which is given by the
following equation:
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where C1 = 1 + cos ϕ and C2 = sin ϕ. This analysis by Hsu (1962) provides the necessary nucleation criterion: as a
bubble covers the mouth of a cavity, the local temperature field in the surrounding liquid dictates whether the bubble
will nucleate. Further growth of this bubble depends on whether the coldest liquid temperature encountered anywhere
at the interface is above the saturation temperature corresponding to the vapor pressure inside the bubble.

FIG. 8: Range of active cavity size as a function of wall superheat for the microchannel used by Kuo and Peles (2012)
based on Hsu’s criteria.
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Lu and Pan (2011) investigated the effect of different distributions of artificial nucleation sites on the enhancement
of flow boiling heat transfer in microchannels (Dh = 120 µm) with a silicon surface. The artificial nucleation sites
had a diameter of 20–22 µm and were drilled on the heated surface at 1 mm longitudinal intervals. Two cases were
examined; one with half of the heated length covered with cavities (type 2: 13 ANS over 13 mm length out of 26 mm
total channel’s length) and one with the whole heated length covered with cavities (type 3). Figure 7(e) illustrates the
second case with 25 ANS on the surface. Their results showed that a type 2 surface improved thermal performance by
15–18% for low mass flux (100–200 kg/m2 · s), but deteriorated thermal performance for 300 kg/m2 · s (CHF decrease
of 5%). On the other hand, for a type 3 surface, the CHF was unchanged for the lowest flow rate (100 kg/m2 · s), but
increased 45–45% for the higher values (200 and 300 kg/m2 · s). However, the three single values of mass flow rate
that were examined cannot explain the intriguing behavior when the flow rate changes.
Piasecka (2012a,b) and Piasecka and Maciejewska (2012a,b) examined the effect of cavities (d = 10 µm, h = 3
µm), which were evenly distributed every 100 µm on a 40 × 40 mm heated substrate, on flow boiling of FC-72 in a
minichannel (Dh = 1.8 mm). Their setup is presented in Fig. 7(f). Perhaps their most important observation was that
bubble nucleation was initiated at a lower heat flux for the treated surface compared to the plain surface. The microand minicavities provided a large number of nucleation sites, which led to intensification of the heat flux.
The main outcome from the aforementioned studies is that heat transfer enhancement capabilities strongly depend on the thermal (wall superheat) and hydrodynamic (bubble nucleation, bubble growth, and bubble departure)
conditions as well as the type of structured surface. Unfortunately, it is not possible to combine data from the aforementioned works into one plot because there is no compatible information regarding heat transfer results. Also, it
is noticeable that there is no recent work using artificial cavities as an enhancement technique for macrochannels.
This can be related to the length scale of the cavity and the size of the boiling system. Artificial cavities offer the
advantage of creating artificial nucleation sites at prescribed positions. In microscale, and even miniscale, systems
these cavities create bubbles that are of comparable size with the channel size; hence, heat transfer performance is
highly governed by bubble dynamics, e.g., agitation of liquid layers across the entire cross section of the channel.
However, this is not the case in larger systems where the created bubbles occupy only a small fraction of the channel’s
cross section. To apply such a technique to large surfaces in macrochannels (Dh > 3 mm) or in pool boiling would
require the creation of many cavities per surface unit (bubble cloud), and this would be much more expensive and
time consuming to make. This is the reason why cavities are broadly used in applications for small-scale systems,
e.g., micro- and minichannels. However, in microchannels the cavities may also bring negative effects. For instance,
there is the drawback of increased pressure drop and flow instabilities that has been encountered during flow boiling
in these systems due to increased vapor presence (Ruspini et al., 2014).
Although the use of internal structures in contact with the liquid phase, such as artificial cavities, helps to initiate
bubble nucleation, isolation of the sources that affect bubble growth behavior has been found to be difficult due
to phase-change phenomena and the complexity of bubble interaction. Increasing the number of nucleation sites
on a specific heat transfer area enhances heat transfer and increases the CHF, but most importantly it reduces wall
superheat for the initiation of boiling both at pool and flow conditions. Compared to random roughened surfaces,
artificial cavities offer a patterned and uniformly distributed modification with increased roughness in micro- and
minichannels because of the increased importance of the surface tension effect. This is an advantage in flow boiling
in small channels (mini and micro) since in these applications it is necessary to generate bubbles at specific spots in
order to avoid interaction between nucleation sites and bridging of the channel, which both act to deteriorate heat
transfer.
3.3 Pin-Finned Surfaces
Creating pin-fins (of a few micrometers or millimeters) on a heated surface is a method to enhance the heat transfer
coefficient mainly by increasing the heat exchange area, and also by increasing the number of nucleation sites due
to the corners and edges that are implemented in the boiling system. Pin-finned surfaces belong to the category of
extended surfaces that are commonly used in heat exchange devices and evaporators. They have been found to increase
the boiling heat transfer coefficient 2–5 times more compared to plain heat transfer surfaces. A variety of different
geometries and lengths of (micro-) fins can exist in different applications (finned tubes for shell-and-tube exchanges,
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plate fins for compact heat exchangers, and finned heat sinks for electronic cooling). Pin-fins are efficiently applied in
pool and flow boiling at large channels/tubes (macroscale, D > 3 mm) (Poniewski and Thome, 2008). Two examples
of pin-finned surfaces are illustrated in Fig. 9. The parameters that characterize pin-fins are their length (L), the
distance between them (s), and the width of the edge of a pin (t) or surface area of the pin (A). For comparison
reasons, from these parameters a common parameter can be defined: the total surface area with the fins over the total
plain surface area (Af /A).
The advantage in the case of a finned surface is seen to be not only the high nucleate boiling heat transfer coefficients, but also that boiling can take place at very low-temperature differences (Webb, 1994). These configurations
allow liquid to enter the recesses between fins and nucleate there. Then, the formed bubbles are ejected by buoyancy
(in pool boiling) and/or flow forces (in flow boiling), while at the exposed surface free convection (in pool boiling)
and/or forced convection (in flow boiling) complements the heat transport. However, it has been observed that the
fin geometry in some cases increases the resistance to the re-wetting of the surface, causing temporal dry-out near
the base of the fins, which is an undesired effect (Bergles, 2003). In an effort to maximize the value of h, the subsequently discussed research studies investigated how the dimensions and arrangements of fins enhance heat transfer
during boiling. The experimental results of these studies are presented in Fig. 10, which are cited chronologically in
the following sections.
3.3.1 Pool Boiling
In order to examine the effect of the pin length on the heat transfer performance of a flat hot surface, Rainey et al.
(2003) conducted pool boiling experiments with FC-72. They used a square pin-finned array machined from solid
copper that consisted of 1 × 1 mm fins at a distance of 1 mm and with fin lengths of 2, 4, and 8 mm (Fig. 9, left). The
heated surface was 10 × 10 mm2 and was placed horizontally and vertically in order to examine possible orientation
effects. Rainey et al. (2003) observed that the horizontal orientation of the surface performed slightly better than the
vertical orientation (18% increase in the CHF for 10◦ C wall superheat). As for the fin length, boiling performance
increased with increasing L values up to five times for the longest fin arrangement (8 mm). However, in a previous
study by Rainey and You (2000), it was noted that the CHF increased proportionally with the surface area up to fin
lengths of 4 mm, but it decreased for higher fin lengths. This was attributed to the temperature drop at the edge of the
fin when its length increases (non-boiling fin-tip conditions). To further increase the percentage of the enhancement
of the heat transfer, they combined the pin-fins with a microporous coating and achieved a 500% increase in the CHF.
Wei and Honda (2003) investigated the effects of length (60, 120, 200, and 270 µm) and size (30 and 50 µm) of
square micro-pin-fins on pool boiling heat transfer from silicon chips with FC-72. They found that increasing the fin

FIG. 9: (Left) Pin-finned heater assembly (Rainey et al., 2003); (right) herringbone microfin tube (Wellsandt and
Vamling, 2005a).
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FIG. 10: Critical heat flux enhancement for several pin-finned surfaces.
length enhanced heat transfer up to 160% in both cases of fin size. They also commented that for the same Af /A
ratio and different geometries, heat removal is higher for a surface with longer fins. They also examined the effect of
the orientation of the surface (horizontal/vertical) and observed similar results, indicating that boiling phenomena are
little affected by the direction of gravity relative to the chip surface. Meanwhile, the study of silicon square micropin-finned surfaces that are used on electronic chips in microgravity conditions has also attracted interest (Wei et al.,
2011; Xue et al., 2013; Zhang et al., 2014). Although the results are only qualitative, these authors have suggested that
the performance of micro-pin-finned surfaces is independent of gravity because heat transfer phenomena are chiefly
related to capillary forces.
Yu and Lu (2007) conducted pool boiling experiments with FC-72 over square pin-finned arrays of oxygen-free
copper with dimensions of 1 × 1 mm and fin lengths of 0.5, 1, 2, and 4 mm. They also examined the effect of the
distance between the fins (s = 0.5, 1, and 2 mm) by observing the boiling regimes with increasing heat flux (q =
20–950 kW/m2 ). The decrease in fin spacing (increase in numbers of fins) and the increase in fin length increased
the wetting area, and hence the number of active nucleation sites. As a result, the boiling incipience wall superheat
decreased with increasing fin length and decreasing fin spacing. However, greater fin lengths yield lower overall heat
transfer coefficients in moderate and high heat flux regions, and an overall increase in the heat dissipation from 280%
up to 440% for the longest fins (L = 4 mm) with the smallest spacing (s = 0.5 mm) was observed, compared with
heat transfer results for the plain surface without fins.
3.3.2 Flow Boiling
Passos et al. (2003) carried out flow boiling experiments in a copper tube with an inside diameter of a 7 mm using
R-407c as the working fluid. In order to enhance the value of h, they increased the heat transfer area 1.46 times by
creating pin-fins with a length of 0.15 mm. The results showed a 100% increase in the heat transfer coefficient for the
microfin tube compared to the plain tube, although the surface area was not doubled. This augmentation was attributed
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to the combination of the effect of the area increase with the increase in the number of active nucleation sites present
due to the pin-fins.
Wellsandt and Vamling (2005a,b,c) investigated the effect of a 4-m-long herringbone microfin (Fig. 9, right) tube
on flow boiling heat transfer using several refrigerants (R-134a, R-407c, and R-410a). The area ratio of the treated
surface over the smooth surface was 1.84 and the dimensions of the fins were d = 0.096 mm and L = 0.212 mm.
The results showed that these grooved patterns inside the tube improved nucleate boiling heat transfer performance
compared to plain surfaces up to 105% for R-134. They also observed that with increasing heat flux the maximum
value of h (i.e., the onset of film boiling at the critical vapor quality) moved toward lower values of vapor quality. This
is important because decreasing critical vapor quality indicates more intense bubble generation and confinement, and
consequently higher heat transfer rates (Bontemps et al., 2005).
Ma et al. (2009) used micro-pin-fins manufactured by dry etching on a silicon surface to enhance heat transfer
during flow boiling of FC-72. The channel had dimensions w × h: 30 × 5 mm and the chip surface was 10 × 10 mm.
The fins were 30 × 30 µm and their lengths were L = 60 and 120 µm. Compared to the smooth surface, all of the
micro-pin-finned surfaces showed considerable heat transfer enhancement and the critical heat flux increased 28% for
the 60 µm fins and 70% for the 120 µm fins.
Huang and San (2013) investigated flow boiling heat transfer of R-22 in a tube (D = 13.8 mm, L = 1180 mm)
with two different internal surface morphologies; a microcarved helical surface and an aluminum pin-finned surface.
The basic outcome of this research was that the finned surface yielded a 76.2% increase in the heat transfer coefficient
compared to the plain surface. They noticed that for the plain surface increasing the flow rate of the refrigerant
improved heat transfer performance linearly up to 80% for the maximum flow rate value. However, for the treated
surfaces as the mass flux increased the effect on heat transfer was smaller. For instance, the h value increased 2.2 times
at 20 kg/m2 · s, whereas the h value increased only 1.6 times at 57.6 kg/m2 · s. This is because at high mass fluxes
the value of h is already high. Consequently, the mass flow rate effect on treated surfaces yields smaller performance
improvement due to the high heat transfer enhancement that modified surfaces cause.
There are some experimental results in the literature that describe application of pin-fins in pool (Rocha et al.,
2013) and flow (Chang et al., 2010; Mc Neil et al., 2014) boiling. These report better heat transfer performance and
an increase in the heat transfer coefficient. These researchers also try to apply or generate correlations to simulate
their experimental data. However, they do not provide arithmetic results compared to relative plain surfaces, making
it impossible to calculate percentages of enhancement.
Applying pin-fins as a heat transfer enhancement technique is efficient for both pool and flow boiling. However,
the percentages of CHF enhancement reach much higher values (>400%) in the case of pool boiling compared to flow
boiling (∼100%). This might be partly due to the larger Af /A employed in pool boiling applications, but it is chiefly
because of the already high CHF at flow conditions, which is not enhanced as much by the presence of pins. Most
researchers have pointed out that CHF increases with increasing fin length and decreasing spacing between them,
up to a certain point, while further changes in these variables diminish the enhancement. All the aforementioned
results are displayed collectively in the diagram presented in Fig. 11, which shows how CHF enhancement (as a
percentage of the CHFplain ) changes with increasing fin length. It seems that only one value of Huang and San (2013)
for the 6 mm fin lengths deviates from the others, while they all follow a trend line that initially increases linearly.
However, it is not clear what happens for fins longer than 4 mm because there are not enough experimental data in
this region.
3.4 Wettability
The reason why a change of wettability is interesting in two-phase heat transfer is because it alters the vapor/liquid/solid interaction. During boiling, wetting forces lead to an equilibrium condition between the working fluid, the formed
bubbles, and the heated surface, defined by the wettability of the liquid and described by its CA with the solid
surface. How well wetted or un-wetted a heated surface is causes a different effect on heat transfer performance. For
hydrophilic surfaces, greater surface wettability decreases the vapor bubble departure radius and increases the bubble
emission frequency. For hydrophobic surfaces, lower superheat is required for boiling initiation; however, the bubbles
in contact with the surface cannot detach easily and even form a vapor blanket at high heat fluxes (Yarin et al., 2009).
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FIG. 11: Critical heat flux enhancement with increasing fin length.
Researchers have applied several techniques to modify surfaces in order to increase or decrease wettability in
boiling applications. They have used silicon nanowires, TiO2 coatings, aluminum coatings, and mirror-like copper
and stainless steel surfaces to decrease the contact CA or silane, Teflon, and hydrophobic coatings with alumina
sponge-like nanoporous structures (ASNPSs) to increase the CA (Betz et al., 2011; Choi et al., 2011; Liu et al., 2011;
Phan et al., 2009b; Tashiro et al., 2012; Zhang et al., 2012). Wettability of a surface by a liquid is quantified by the
CA, which is the angle measured through the liquid, where a liquid/vapor interface meets a solid surface. The CA
varies between static and dynamic (flow/spreading) conditions. It should be noted that it is difficult to have accurate
measurements of the CA because the techniques used to measure it (i.e., sessile drop, Wilhelmy, capillary rise, etc.)
offer only a finite degree of accuracy between ±0.5◦ and 6◦ , whereas measurements refer to different operating
conditions (static, advancing flow, receding flow, flow in the porous matrix, etc.) (Lander et al., 1993). Table 1 shows
all the experimental cases analyzed subsequently, and each case of modification is compared to the untreated case.
Phan et al. (2009a,b, 2010) investigated the influence of surface wettability on pool boiling heat transfer using
water as the working fluid. Nanocoating techniques (SiOx , TiOx , Pt, Fe2 O3 , SiOC, and Teflon deposition) were used
to vary the water CAs from 20◦ to 110◦ by modifying the nanoscale surface topography and chemistry, as shown in
Fig. 12. The basic outcomes were that for hydrophilic surfaces the heat transfer coefficient diminished with decreasing
CA for 45◦ < θ < 90◦ ; however, for very wetted surfaces (θ < 45◦ ) it was improved. In hydrophobic surfaces bubbles
form faster but they cannot detach from the surface and coalesce to larger ones, which causes local deterioration of
the heat transfer coefficient. Phan et al. (2011a,b) also examined the wettability effect on flow boiling experiments in
a minichannel (cross section = 0.5 × 5 mm) with water by using a titanium (49◦ ) and a diamond-like carbon (DLC)
surface (63◦ ). The DLC surface, having lower wettability than titanium, showed a 10% lower heat transfer coefficient.
Choi et al. (2011) chemically treated hydrophilic bare photosensitive glass (25◦ ) to obtain a hydrophobic surface
(105◦ ) for flow boiling experiments in a 5 × 5 mm rectangular minichannel. Unlike the other experimental results,
they found that the boiling heat transfer coefficient in the hydrophobic surface was 1.6 times higher than that in the
hydrophilic surface, which was highly related to the nucleation site density and liquid film motion.
The ASNPS (50◦ ) was another surface treatment used to increase surface wettability, which was applied by Zhang
et al. (2012). They manufactured ASNPS surfaces with a structural uniqueness leading to an enlarged surface area,
increasing the potential number of the active nucleation site densities, and decreasing the wall superheat for the
nucleate pool boiling initiation of water. Also, the thickness of the ASNPS appeared to be the critical parameter
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TABLE 1: Experimental results of the wettability effect on the flow and pool boiling heat transfer coefficients
compared to the original surface
Original surface (CA)

Treatment/material

CA (◦ )

Effect on

Reference

h (%)
Hydrophilic
◦

Copper (65 )

Titanium dioxide

0

–10%

Tashiro et al. (2012)

◦

Titanium dioxide

31

–29%

Phan et al. (2011b)

◦

Silicon

22

+20%

Phan et al. (2011b)

Aluminum (80 )

Aluminum nanoporous (ASNPS)

50

+50%

Zhang et al. (2012)

Titanium dioxide (46◦ )

DLC

63

–18%

Phan et al. (2011a)

◦

Platinum

67

–43%

Phan et al. (2011b)

◦

Iron

80

–17%

Phan et al. (2011b)

Silane

104

–100%

Phan et al. (2011b)

Silane

105

+60%

Choi et al. (2011)

Stainless steel (85 )

Teflon

112

–100%

Phan et al. (2011b)

Copper (65◦ )

Teflon

127

+12%

Tashiro et al. (2012)

Silicon (30◦ )

Fluoropolymer

120

–100%

Betz et al. (2011)

Self-assembled monolayer coating

150

+200%

Zhang et al. (2012)

Hydrophylic/hydrophobic

0/127

+45%

Tashiro et al. (2012)

Silicon (30 )

Hydrophylic/hydrophobic

30/120

+300%

Betz et al. (2011)

Silicon (30◦ )

Super-hydrophylic/hydrophobic

0/165

+800%

Betz et al. (2011)

Stainless steel (85 )
Stainless steel (85 )
◦

Stainless steel (85 )
Stainless steel (85 )

Hydrophobic
◦

Stainless steel (85 )
◦

Photosensitive glass (25 )
◦

◦

Aluminum (80 )

Biphilic
◦

Copper (65 )
◦

Note: +, positive effect (increase of h); −, negative effect (decrease of h).

FIG. 12: Treated surfaces (following Phan et al., 2009b).
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in heat transfer performance because it increased the thermal resistance and bubble departure resistance. A further
change of surface wettability was achieved by a hydrophobic self-assembled monolayer coating (150◦ ). This improved
the number of active nucleation site densities and caused, at low heat flux levels, an approximately 200% enhancement
on the heat transfer coefficient.
Tashiro et al. (2012) and Suroto et al. (2013) used hydrophilic TiO2 coating (0◦ ) and hydrophobic Teflon (127◦ )
to investigate the wettability effect on pool boiling heat transfer of water. Photographs of the tested surfaces and their
corresponding CAs are illustrated in Fig. 13. At heat fluxes ∼100 kW/m2 the patterned surface with TiO2 and Teflon
had the best heat transfer performance, followed by bare Teflon. However, for higher values of heat flux, the heat
transfer coefficient for the plain and the TiO2 surfaces became almost five times higher, verifying that hydrophilic
surfaces enhance more the heat transfer coefficient.
Along the same lines, Betz et al. (2010, 2011) also examined the effect of surface wettability with hydrophobic
and hydrophobic regions (biphilic) and super-hydrophilic and super-hydrophobic regions (superbiphilic). The latter
showed the greatest enhancement of the pool boiling heat transfer coefficient because, due to the biphilicity of the
surfaces, the hydrophobic regions increase the availability of nucleation sites while the surrounding hydrophilic regions constrain the contact diameter of the growing bubbles, preventing the surface from being saturated with bubbles.
Figure 14 shows the bubble generation on the hydrophilic region between the spots and the fast bubble growth and
detachment over the hydrophobic areas.
Apart from the aforementioned research, there are studies that do not mention any values of CHF or h, making it
difficult to include them in Table 1. However, they evaluate qualitatively the effect of hydrophilic and/or hydrophobic
surfaces on boiling performance, and thus it is worth mentioning them. One is the study by Jo et al. (2011), who

FIG. 13: Treated surfaces (following Tashiro et al., 2012).

FIG. 14: Behavior of boiling bubbles from a biphilic surface (Tashiro et al., 2012).
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examined the effect of hydrophilic (54◦ ), hydrophobic (123◦ ), and heterogeneous surfaces made of hydrophobic
circular spots placed on a hydrophilic surface. Their findings were similar with those of Tashiro et al. (2012).
Liu et al. (2011) conducted flow boiling experiments in a microchannel (cross section = 105 × 1000 µm) with
water as the working fluid. They used hydrophobic (silane, 103◦ ), hydrophilic (silicon, 36◦ ), and super-hydrophilic
(silicon nanowire, 0◦ ) surfaces to investigate the effect of wettability on flow boiling regimes. They concluded that the
hydrophobic surface was not suitable for bubble nucleation because it required severe superheat of the liquid, which
also caused a sudden growth of bubbles. On the contrary, the hydrophilic and the super-hydrophilic surfaces caused
the generation of a large number of bubbles and higher exit vapor quality.
Thus, according to the aforementioned results, the effect that wettability has on heat transfer performance during
boiling also depends on the material of the heated surface. For example, it can be seen that silane or Teflon in some
cases increase the value of h and in other cases deteriorate the value of h, when compared to the plain surface using
different experimental devices (Table 1). High values for the heat transfer coefficient were obtained when using a
hydrophobic coating [i.e., the ASNPS by Zhang et al. (2012)] or heterogeneous surfaces consisting of hydrophobic
spots over hydrophilic areas (such as Jo et al., 2011). The main drawback of hydrophobic surfaces is the difficulty
they present in bubble detachment, which deteriorates the heat transfer performance, especially at high heat fluxes
(>100 kW/m2 ).
4. CONCLUDING REMARKS
4.1 General Remarks
Modified surfaces serve primarily to achieve one or more of the following characteristics in order to enhance boiling
heat transfer:
– Increase the contact area between the working fluid and the underlying hot solid;
– Increase the number of nucleation sites; and/or
– Accelerate bubble departure from the heated surface.
The aforementioned characteristics are combined with individual experimental conditions every time in order to
determine the dominant heat transfer mechanism. Hence, every problem has its own optimum surface characteristics
for the most effective heat transfer performance.
However, all these arguments should be supported by experiments over a broader range of conditions (solid substrates, test liquids, heat fluxes, wall superheats, roughness treatments, etc.) before conclusive statements can be made.
Moreover, most known investigations did not attempt a systematic cross-examination of bubble dynamics (growth,
displacement, and detachment) with heat transfer analysis. Bubble dynamics may provide valuable information regarding the liquid layers right above the hot surface, and this will help in identifying the role of surface modification
in boiling enhancement. Also, of great importance in evaluating the efficiency of the different enhancement methods
is the uncertainty of the experimental results, which unfortunately is not always stated by the researchers.
4.2 Type of Boiling
Table 2 summarizes the applications of the different surface modification techniques examined in the present boiling
review and shows the fields of boiling where modification techniques have (or have not) been practiced. It can be used
as a guide for future directions.
The change of surface roughness is the only technique that was frequently applied to pool boiling but was almost
not applied under flow conditions (only two studies). Artificial cavities, pin-fins, and hydrophobic/hydrophilic surfaces were efficiently applied to both boiling types yielding high enhancement levels (100–200%). There was one
research group (Phan et al., 2009a,b, 2010) that applied the exact same surface treatment for pool and flow boiling
(DLC coating), and from their results it can be concluded that the pool boiling heat transfer coefficient is enhanced
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TABLE 2: Application of different surface modification techniques for heat transfer enhancement in pool boiling and flow boiling
Surface modification technique

Pool

Flow
Micro

Mini

Macro

Roughness
Sandblasting

c

n

n

n

Acid etching

c

n

n

n

Grid paper

c

n

n

o

Machining

o

n

n

n

Metallic surface

c

c

o

n

Silicon surface

o

o

n

n

Pin-fins

c

n

n

c

(Super)-hydrophobic

c

o

c

n

(Super)-hydrophilic

c

o

c

n

Mixed/patterned

c

n

n

n

Artificial cavities

Wettability

Note: Flow conditions are separated according to the size of the channel or tube; c, commonly practiced;
o, occasionally practiced; n, not practiced.

more than the flow boiling heat transfer coefficient for the flow rates they tested. However, one should be cautious
regarding what might be the trend at higher flow rates.
Pool boiling is favored by all methods of surface modifications that have been applied thus far and most of them
have been commonly practiced (roughness, wettability, pin-fins, and metallic surfaces with cavities). The most effective, with 300–400% enhancement of CHF, are the pin-finned surfaces. On the other hand, flow boiling enhancement
depends on the scale systems.
Flow boiling at small-scale dimensions (e.g., micro- and minichannels) offers high heat transfer coefficients, which
are further increased with the appropriate surface modification. The most common modifications in these systems are
artificial cavities and change of wettability, leading to a 70% increase in CHF. During flow boiling in macrochannels
(Dh > 3 mm), the most common surface treatment in the recent literature is pin-fins, with a maximum of 100%
enhancement in CHF. In this category, the mass flow rate is also an important factor of heat transfer performance,
which should be taken into account when designing a device. Generally, increasing the mass flow rate increases
the heat transfer coefficient, although optimization is required in every case (Kandlikar and Howell, 1996). Another
important parameter of flow boiling that should be taken into account is the orientation of the channel. The recent
literature appears to focus on the horizontal orientation since only two studies have been found dealing with the vertical
orientation. All surface treatment techniques were investigated for horizontal surfaces but for vertical surfaces only
artificial cavities were tested. To the best of our knowledge, there are no studies dealing with modified surfaces for
boiling enhancement at intermediate orientations between horizontal and vertical orientations.
4.3 Working Fluid
The effectiveness of the aforementioned surface modification techniques on boiling applications lies on two effects:
bubble nucleation and the heat transfer mechanism. A critical factor in these effects is the working fluid. Using water
as the working fluid is associated with an order of magnitude higher heat fluxes than when using other refrigerants
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(FC-72, R-134a, R-407C, R-410A, R-22, R-245fa, R-125, and HFE-7000). This is because water has a much higher
boiling point than other refrigerants and also higher latent heat of vaporization. Consequently, it is capable of removing
higher heat fluxes from hot surfaces.
The heat transfer enhancement techniques that have been extensively applied with water as the coolant are: artificial cavities, grinding/sandpapers, and change of hydrophilicity/hydrophobicity. All these surface modifications
aim to change the surface wettability and also improve the nucleate boiling heat transfer characteristics. According
to the recent literature, when another refrigerant is used as the working fluid, pin-fins appear to be an attractive way
to enhance heat transfer. Finned surfaces of different sizes and arrangements have been proven to increase the heat
transfer coefficient because they initiate boiling at very low-temperature differences. However, it can be argued that
they may also cause temporal dry-out near the base of the fins (Bergles, 2003).
4.4 Future
According to the recent literature, the following have not yet been clarified:
– The exact relationship between surface roughness and critical heat flux enhancement. This should be further
examined over a broad range of Ra values. Specifically, more experimental results should be obtained regarding
the existence of a critical roughness value above which increasing roughness has a negative effect on boiling
heat transfer. In addition, surface roughness needs to be tested as an alternative low-cost enhancement technique
in flow boiling applications (i.e., large/small-scale heat exchangers).
– Artificial cavities are applied mainly in small-scale flow boiling systems (mini- and microchannels) or pool
boiling systems (outside a tube or over a plate). There are no studies using them in medium and large channels.
Perhaps there is potential to employ artificial cavities not directly as a surface modification technique—which
is impractical for large surface areas—but as an engineered coating layer with prescribed cavity patterns.
– The relationship between fin length (for L > 4 mm) and CHF enhancement. There are no reported experimental
results about an apparent trend of CHF enhancement in relation to the size of pin-fins (length and/or distance
between the fins). In this review, a linear relationship is identified up to a fin length of 4 mm, as noted by some
researchers; however, further investigation is necessary.
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