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Abstract

The pool boiling characteristics of dilute dispersions of alumina, zirconia and silica nanoparticles in water were studied. Consistently
with other nanofluid studies, it was found that a significant enhancement in critical heat flux (CHF) can be achieved at modest nano-
particle concentrations (<0.1% by volume). Buildup of a porous layer of nanoparticles on the heater surface occurred during nucleate
boiling. This layer significantly improves the surface wettability, as shown by a reduction of the static contact angle on the nanofluid-
boiled surfaces compared with the pure-water-boiled surfaces. A review of the prevalent CHF theories has established the nexus between
CHF enhancement and surface wettability changes caused by nanoparticle deposition. This represents a first important step towards
identification of a plausible mechanism for boiling CHF enhancement in nanofluids.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many important industrial applications rely on nucleate
boiling, to remove high heat fluxes from a heated surface.
These include cooling of high-power electronics, nuclear
reactors, chemical reactors and refrigeration systems, to
mention a few. Nucleate boiling is a very effective heat
transfer mechanism, however it is well known that there
exists a critical value of the heat flux at which nucleate boil-
ing transitions to film boiling, a very poor heat transfer
mechanism. In most practical applications it is imperative
to maintain the operating heat flux below such critical
value, which is called the critical heat flux (CHF). Obvi-
ously, a high value of the CHF is desirable, because, every-
thing else being the same, the allowable power density that
can be handled by a cooling system based on nucleate boil-
ing is roughly proportional to the CHF. Therefore, an
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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increase of the CHF can result in more compact and effi-
cient cooling systems for electronic devices, nuclear and
chemical reactors, air conditioning, etc., with significant
economic benefits in all these applications.

Addition of solid nanoparticles to common fluids such
as water and refrigerants is an effective way to increase
the CHF. The resulting colloidal suspensions are known
in the literature as nanofluids [1]. Materials used for nano-
particles include chemically stable metals (e.g., gold, silver,
copper), metal oxides (e.g., alumina, zirconia, silica, tita-
nia) and carbon in various forms (e.g., diamond, graphite,
carbon nanotubes, fullerene). Nanoparticles are relatively
close in size to the molecules of the base fluid, and thus,
if properly prepared, can realize very stable suspensions
with little erosion and gravitational deposition over long
periods of time. As such, nanofluids lend themselves well
to ‘real world’ applications, contrary to the milli- and
microsize particle slurries explored in the past, which
quickly settle and often clog the flow channels. At MIT
we are conducting research to assess the feasibility of
water-based nanofluids for nuclear applications [2].
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Nomenclature

c specific heat, J/kg K
D diameter, m
f frequency, Hz
g acceleration of gravity, m/s2

h specific enthalpy, J/kg
I current, A
j superficial velocity, m/s
k thermal conductivity, W/m K
L wire length, m
n00 nucleation site density, m�2

N microcavity density, m�2

q00 heat flux, W/m2

r roughness factor
r radius, m
R radius of curvature, m
S thermal activity, J/(m K s1/2)
T temperature, �C
V voltage, V

Greek symbols

d thickness, m
_d growth rate, m/s
Ds time, s
c surface energy, N/m

u nanoparticle volumetric fraction
j constant
h contact angle, degree or rad
q density, kg/m3

r surface tension, N/m
s time, s

Subscripts

b bubble
c cavity
cr critical
d bubble departure
d macrolayer dryout
e equivalent
f liquid phase
fg liquid-to-vapor transition
g vapor phase
h hovering, heater
m microlayer
p nanoparticle
sat saturation
SL solid–liquid
SV solid–vapor
w wall, bubble wait
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As of today (7/06), over 10 studies of CHF and nucleate
boiling in nanofluids have been reported in the literature
[3–14]. The findings can be summarized as follows:

� Significant CHF enhancement (up to 200%) occurs with
various nanoparticle materials, including silicon, alumi-
num and titanium oxides.
� The CHF enhancement occurs at relatively low nano-

particle concentrations, typically less than 1% by
volume.
� During nucleate boiling some nanoparticles precipitate

on the surface and form a layer whose morphology
depends on the nanoparticle materials.
� Some studies report no change of heat transfer in the

nucleate boiling regime [3,5], some report heat transfer
deterioration [4,9] and others heat transfer enhancement
[6,11].

Researchers have carefully reported the experimental
data, but they have made few attempts at and little progress
in explaining the CHF enhancement mechanism. The main
objective of this paper is to start developing an insight of the
CHF enhancement mechanism in nanofluids. The structure
of the paper is as follows. Preparation and characterization
of our nanofluids is reviewed in Section 2. New CHF and
surface wettability data are presented in Section 3. The data
are discussed in light of the CHF theories in Section 4. The
conclusions are provided in Section 5.
2. Preparation and characterization of nanofluids

We have selected three nanoparticle materials for this
study, i.e., alumina (Al2O3), zirconia (ZrO2) and silica
(SiO2). Water-based nanofluids of these three materials
were purchased from Sigma–Aldrich (alumina and zirco-
nia) and Applied Nanoworks (silica). The vendor-specified
concentration of the nanofluids was 10% by weight, which
we verified with thermo-gravitometric analyses. The as-
purchased nanofluids were then diluted with deionized
water to the low concentrations of interest for the CHF
experiments, i.e., 0.001%, 0.01% and 0.1% by volume.
The size (effective diameter) of the nanoparticles in the
dilute nanofluids was measured with the dynamic light
scattering technique and ranged from 110 to 210 nm for
alumina nanofluids, 110 to 250 nm for zirconia nanofluids,
and 20 to 40 nm for silica nanofluids. An important param-
eter for the colloidal stability of oxide nanoparticles is pH,
which determines the electrostatic charge on the particles
surface. To prevent the particles from agglomerating and
settling, the pH has to be far from the so-called iso-electric
point (IEP), i.e., the pH at which there exists an equal num-
ber of positively and negatively charged particles in the col-
loid. Values of the pH for our dilute alumina, zirconia and
silica nanofluids were measured to be 4–5, 3–5 and 7–10,
respectively, which are far from the IEP of alumina (�9),
zirconia (�8) and silica (�3). All nanofluids used in our
experiments were found to be colloidally stable (i.e., did
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Fig. 3. Kinematic viscosity of nanofluids at room temperature.

S.J. Kim et al. / International Journal of Heat and Mass Transfer 50 (2007) 4105–4116 4107
not sediment) at the reported nanoparticle concentrations
in the reported pH ranges, with no surfactant addition.

Various parameters relevant to two-phase heat transfer
were also measured or estimated. First, the boiling point
of the dilute nanofluids was measured with a thermocouple
and found to be within ±1 �C of pure water. The surface
tension, thermal conductivity and viscosity of the nanofl-
uids were measured by means of a Sigma 703 tensiometer,
a KD2 thermal conductivity probe and a capillary viscom-
eter, respectively. These properties were found to differ neg-
ligibly from those of pure water, as shown in Figs. 1–3. The
nanofluid density can be calculated as qpu + qf(1�u),
where u is the nanoparticle volumetric fraction, and qp

and qf are the density of the nanoparticle material and base
fluid, respectively. For example, for u � 0:1%v, qp � 4 g/
cm3 and qf � 1 g/cm3 the deviation from pure water is
expected to be only 0.3%. Assuming that the nanoparticles
are as volatile as the water molecules, the density of the
nanofluid vapor can be calculated as qg½qpuþ qfð1� uÞ�=
½qguþ qfð1� uÞ�, which gives deviations from the pure
water vapor density of the order of 0.4% at the conditions
of interest. In reality the deviation will be even smaller
because the nanoparticles are less volatile than the water
molecules. Finally, the low nanoparticle concentration
and the absence of chemical reactions between the nano-
particles and water suggest that the heat of vaporization
should not change either. In summary, the transport and
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Fig. 1. Surface tension of nanofluids at room temperature.

0.40

0.45

0.50

0.55
0.60

0.65

0.70

0.75

0.80

0.0001 0.001 0.01 0.1 1
Nanoparticle concentration (% v.)

Th
er

m
al

 c
on

du
ct

iv
ity

 (W
/m

*K
)

alumina
zirconia
silica
pure water

NIST value for 
water at 22º C

Fig. 2. Thermal conductivity of nanofluids at room temperature.
thermodynamic properties of our dilute nanofluids are very
similar to those of pure water.
3. Experimental

3.1. CHF experiments with wires

The CHF of deionized pure water and nanofluids was
measured in the apparatus shown in Fig. 4, which basically
consists of a wire heater horizontally submerged in the test
fluid at atmospheric pressure, surrounded by an isothermal
bath. The wire, made of stainless steel grade 316, has a
0.381-mm diameter and 12-cm length. The wire is soft sol-
dered with a silver–lead solder to the copper electrodes and
heated by resistance heating with a DC power supply of 20-
V and 120-A capacity. Voltage and current are measured
with a Keithley and Hewlett–Packard multimeters. The
wire temperature is estimated from measurement of the
electric resistance and using the known resistivity–temper-
ature curve for stainless steel. The fluid bulk temperature
is measured with a K-type thermocouple (nominal uncer-
tainty ±1.1 �C, as specified by the manufacturer). The
experimental procedure is as follows. First, the isothermal
bath and the test fluids are taken to the desired temperature
by the preheaters. The wire is heated up at low heat flux to
remove any incondensable gas bubbles sticking to the sur-
face. After the gas is removed, the power is increased in
small steps of �0.2 V until CHF occurs. CHF is detected
visually (i.e., the wire glows) and/or electrically (i.e., the
electric resistance suddenly increases), thus terminating
the experiment. Heat fluxes are calculated from the follow-
ing equation:

q00 ¼ IV
pLD

ð1Þ

The uncertainties on the current, voltage, heated length
and wire diameter values are less than 3%, 4%, 3% and
1%, respectively, resulting in an uncertainty of less than
6% on the heat flux.

Measured CHF values are shown in Fig. 5. Significant
CHF enhancement is observed for all nanofluids, up to



Fig. 4. Resistance heating wire pool boiling facility.

Fig. 5. CHF data for pure water and alumina, zirconia and silica nanofluids.
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52% with alumina nanofluids, up to 75% with zirconia
nanofluids and up to 80% for silica nanofluids. The CHF
dependence on nanoparticle concentration is a bit erratic,
but not unprecedented for nanofluids [9]. The boiling
regimes of pure water and a nanofluid are compared in
Fig. 6. At the low heat flux (Fig. 6a and b), both fluids
are in the nucleate boiling regime. At the high heat flux,
pure water has exceeded CHF and thus a stable vapor film
blankets the wire (film boiling), which is glowing red
(Fig. 6c). However, the nanofluid (Fig. 6d) is still well
within the nucleate boiling regime.

Typical boiling curves for pure water and two nanofl-
uids are shown in Fig. 7. Note that the nanofluids have
higher CHF, but lower nucleate boiling heat transfer coef-
ficient. The deterioration of nucleate boiling suggests that a
surface effect may be at work. Scanning electron micro-
scope (SEM) analysis of the wire surface reveals that the
surface is clean during pure water boiling (Fig. 8a), but a



Fig. 6. Pool boiling of pure water and 0.01%v alumina nanofluid at the
same heat flux on stainless steel wire.
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Fig. 7. Boiling curves for stainless steel wire. Uncertainties in the slope of
the resistivity–temperature curve for stainless steel and the non-negligible
temperature drop within the wire contribute to the unusually high values
of the superheat in this boiling curve.

Fig. 8. SEM images of steel wires taken after boiling pure water and
0.01%v alumina nanofluid.
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porous layer builds up during nanofluid boiling (Fig. 8b).
We believe this layer is due to nanoparticle precipitation
caused by nucleate boiling, as explained in Section 4.1
Fig. 9. (a) Flat heater, (
below. Energy dispersive spectrometer (EDS) analysis of
the layer confirms that it is made of nanoparticle material.
The presence of a porous layer on the surface undoubtedly
has an impact on boiling heat transfer through changes in
surface area, roughness and wettability, as explained in the
following sections.

3.2. Flat heater experiments

Use of a thin wire heater is convenient for CHF exper-
iments, but its high curvature makes it inconvenient for
surface analysis, such as required to study the porous
layer. For this purpose we switched to flat plates, 5 mm
wide, 45 mm long, 0.05 mm thick, made of stainless steel
grade 316 (Fig. 9). Using the apparatus of Fig. 4, several
flat heaters were boiled in nanofluids for a period of 5 min
and at a heat flux of 500 kW/m2. A new (clean) heater
was used for each experimental run. The SEM and EDS
analyses again revealed that some nanoparticles precipi-
tate on the heater surface and form irregular porous
structures, which do not appear during boiling of pure
water (Fig. 10).

The porous layer was analyzed more quantitatively with
a Tencor P-10 surface profilometer, which gave the images
shown in Fig. 11. The surface boiled in pure water is very
smooth, while the surface boiled in the nanofluid presents
irregular peak-and-valley structures, which are consistent
b) heater assembly.



Fig. 11. Profilometer images of the flat heater surface after boiling (a)
pure water and (b) 0.01%v alumina nanofluid. The rms roughness values
are �0.1 and �2 lm, respectively. Similar results were obtained with the
other nanofluids.

Fig. 10. SEM images of flat heater surface boiled in (a) pure water, (b)
0.01%v alumina nanofluid, (c) 0.01%v zirconia nanofluid, (d) 0.01%v silica
nanofluid.
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with the SEM images of Figs. 8 and 10. The roughness and
total area of the surface boiled in nanofluid are about
twenty times and five times higher than those of the surface
boiled in pure water, respectively.
Another important effect caused by the porous layer is
the increase in surface wettability. The static contact angle,
h, was measured for sessile droplets of pure water and
nanofluids at 22 �C in air on the clean and nanoparticle-
fouled surfaces boiled in nanofluids. The uncertainty on
such measurements is estimated to be ±10�. Low values
of the contact angle correspond to high surface wettability.
A few representative cases are shown in Fig. 12. The com-
plete contact angle database is reported in Table 1. A
rather dramatic decrease of the contact angle on the fouled
surfaces is evident. Such decrease occurs with pure water as
well as nanofluid droplets, thus suggesting that wettability
is enhanced by the porous layer on the surface, not the
nanoparticles in the fluid. In another research, Wasan
and Nikolov [15] found that ordering of nanoparticles near
the liquid/solid contact line can improve the spreading of
nanofluids.
4. Data interpretation

The experiments presented in Section 3 have shown that
nanofluids exhibit enhanced CHF at low nanoparticle con-
centrations, that during nanofluid boiling the heater sur-
face becomes coated with a porous layer of nanoparticles,
and that such layer significantly increases surface wettabil-
ity. In this section we address some key questions related to
the above observations. Why do nanoparticles deposit on
the surface during nucleate boiling? Why does the nanopar-
ticle layer enhance wettability? What effect does the nano-
particle layer have on nucleate boiling and CHF?
4.1. Why the nanoparticles deposit on the surface during

nucleate boiling?

We have observed no significant deposition of nanopar-
ticles while handling nanofluids or measuring their proper-
ties or even in single-phase convective heat transfer
experiments, which are being run in our lab. Thus, we con-
cluded that development of the nanoparticle layer shown in
Figs. 8, 10 and 11 is a direct consequence of boiling, but
what is the mechanism of nanoparticle deposition on the
surface during nucleate boiling? It is well known that a thin
liquid microlayer develops underneath a vapor bubble
growing at a solid surface [16]. Microlayer evaporation
with subsequent settlement of the nanoparticles initially
contained in it could be the reason for the formation of
the porous layer. To verify the plausibility of this hypoth-
esis, we make use of the following simple model. The vol-
ume of nanoparticles contained in the liquid microlayer is
dm

p
4

D2
bu, where dm is the thickness of the microlayer and

Db is the bubble departure diameter. The number of bub-
bles generated per unit time and surface area is n00fb, where
n00 is the active nucleation site density and fb is the bubble
departure frequency. Then the rate of growth of the nano-
particle layer on the surface, _d, is



Fig. 12. Static contact angles of 5-lL sessile droplets on stainless steel surfaces, measured with a Krüss goniometer equipped with a camera monitor. (a)
Pure water droplet on surface boiled in pure water, (b) 0.01%v alumina nanofluid droplet on surface boiled in pure water, (c) pure water droplet on surface
boiled in 0.01%v alumina nanofluid, (d) 0.01%v alumina nanofluid droplet on surface boiled in 0.01%v alumina nanofluid.

Table 1
Static contact angles for water and nanofluids on clean and fouled surfaces

Fluid Pure water Al2O3 nanofluid ZrO2 nanofluid SiO2 nanofluid

Nanoparticle concentration (%v) 0 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
Clean surface 79� 80� 73� 71� 80� 80� 79� 71� 80� 75�
Nanofluid boiled surface 8–36�a 14� 23� 40� 43� 26� 30� 11� 15� 21�

a 22–30� on surfaces boiled in alumina nanofluids, 16–36� on surfaces boiled in zirconia nanofluids, 8–18� on surfaces boiled in silica nanofluids.
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_d � dm

p
4

D2
bun00fb ð2Þ

The active nucleation site density can be estimated from the
energy balance at the surface as n00 � q00= p

6
D3

bqghfgfb

� �
,

where q00 is the heat flux (500 kW/m2 in our case). Substi-
tuting this expression into Eq. (2), we get

_d � 3

2

dmuq00

Dbqghfg

ð3Þ

The bubble departure diameter for water at atmospheric
pressure can be estimated from the Cole and Rosenhow’s
correlation [17], which gives Db � 2:4 mm. Assuming also
dm � 1 lm, as recommended by Collier and Thome [16]
for water at atmospheric pressure, we find _d � 0:02 lm/s
for u ¼ 10�4. The duration of the experiments with the flat
heaters is approximately 5 min, resulting in a thickness of
the nanoparticle layer of about 6 lm, which is the same or-
der of magnitude of the structures observed with the SEM
and profilometer. Given the uncertainties in the model
parameters (especially the values of Db and dm), the agree-
ment is deemed acceptable.

Mechanisms of nanoparticle diffusion to the surface
(such as Brownian motion or thermophoresis) were
neglected in the previous discussion. This is a good
assumption, as nanoparticle transport is dominated by
the vigorous mixing caused by bubble nucleation, growth
and departure. In other words, the nanoparticles are trans-
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ported by the fluid over distances of millimeters every 10–
30 ms (i.e., the typical bubble cycle time), while over the
same period of time diffusion mechanisms can transport
them at most a few microns.

4.2. Why the nanoparticle layer enhances surface wettability

To understand the enhancement of wettability, we
consider Young’s equation

cos h ¼ cSV � cSL

r
ð4Þ

which relates the static contact angle to the surface tension,
r, and the so-called adhesion tension, cSV � cSL. The adhe-
sion tension of water on clean steel is �10 mN/m and its
surface tension is �72 mN/m, so Young’s equation yields
a contact angle of about 82�, which is in good agreement
with the measured angle (Fig. 12a). If the surface is not
smooth, the effective solid–liquid contact area differs from
the smooth contact area. Wenzel [18] defines a roughness
factor, r, as the ratio of the effective contact area to the
smooth contact area. The free energy of the solid–liquid
interface on a rough surface is then r times the free energy
of a perfectly smooth surface with the same apparent con-
tact area. Therefore, Young’s equation needs to be modi-
fied as follows [18]:

cos h ¼ cSV � cSL

r
r ð5Þ

Eq. (5) suggests that the contact angle on a rough surface
depends on three parameters, i.e., the surface tension, the
adhesion tension and the roughness factor. The surface ten-
sion of our nanofluids was found to minimally differ from
that of pure water (Fig. 1). On the other hand the adhesion
tension of water increases significantly in going from a
clean metal to an oxide, e.g., from �10 mN/m (stainless
steel) to �60 mN/m (alumina). Such change in adhesion
tension alone reduces the contact angle to �34�, as calcu-
lated from Eq. (5) assuming r ¼ 1. This is consistent with
other studies showing that surface oxidation decreases
the contact angle [19]. The porous layer also increases the
effective contact area. Thus the roughness factor, r, is great-
er than unity, which also contributes to the contact angle
reduction in our case. To evaluate r, we can use the infor-
mation obtained with the profilometer. For the situation of
Fig. 11 the estimated surface areas are about 84,000 lm2

(clean surface) and 470,000 lm2 (nanoparticle-fouled sur-
face), resulting in r � 5:6. For r � 5:6 the contact angle
decreases to �39�, as calculated from Eq. (5) with nominal
adhesion tension (�10 mN/m) and surface tension
(�72 mN/m). In summary, a simple analysis of the modi-
fied Young’s equation suggests that the enhancement in
wettability (decrease in contact angle) is caused by a com-
bination of two effects, i.e., an increase of adhesion tension
and an increase of surface roughness. Both effects are at
work and large enough to cause a pronounced reduction
of the contact angle.
4.3. Effect of nanoparticles on nucleate boiling

The most remarkable characteristic of nucleate boiling
in our nanofluid experiments was the reduction of the heat
transfer coefficient, as revealed by the boiling curve shift to
the right (Fig. 7). A possible reason for this shift is the
buildup of the nanoparticle layer, which creates a resis-
tance to heat transfer from the heater (metal) surface to
the fluid. The estimated temperature drop can be up to
10 �C for oxide layers of 1–10 lm, assuming an arbitrary
layer porosity of 50% and a heat flux of the order of
1 MW/m2. Incidentally, we note that the effect of the nano-
particle layer on the heater electric resistance is negligible
because alumina, zirconia and silica have electrical conduc-
tivities many orders of magnitude lower than steel.

Another reason for the boiling curve shift could be the
reduction of nucleation site density caused by the decrease
in contact angle. Wang and Dhir [19] correlated their
experimental data to find the following expression for the
nucleation site density:

n00 / N cð1� cos hÞðT w � T satÞ6 ð6Þ

where Nc is the number of microcavities per unit surface
area and Tw � Tsat is the wall superheat. According to
Eq. (6) a decrease of the contact angle would tend to de-
crease the active nucleation site density and thus the heat
transfer coefficient. However, this effect could be countered
by the higher number of microcavities (Nc), which the por-
ous layer likely creates. Lacking direct measurement of the
nucleation site density, the link between boiling curve shift
and nanoparticle layer cannot be conclusively elucidated. It
is interesting to note that heat transfer deterioration in the
nucleate boiling regime was also observed by Das et al. [4]
and Bang and Chang [9]. On the other hand, heat transfer
enhancement was reported by Dinh et al. 6] and Wen and
Ding [11], while You et al. [3] and Vassallo et al. [5]
reported no change of heat transfer in the nucleate boiling
regime at all. Wen and Ding [11] proposed that these
conflicting trends could be due to poorly characterized/
reported factors such as initial surface roughness, presence
of surfactants, agglomeration of particles, surface contam-
ination, etc. However, this is an area that clearly warrants
additional study.
4.4. Effect of nanoparticles on CHF

The nanofluid literature is generally deficient in explain-
ing the CHF enhancement mechanism in nanofluids. In all
honesty this is no easy task. Despite several decades of
intense study a consensus explanation of the physical
mechanism causing CHF, or departure from nucleate boil-
ing (DNB), is yet to be found, even for the simple situation
of a pure fluid, let alone nanofluids. A plethora of hypoth-
eses has been formulated, most of which generally fall into
one of the following four categories:
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� Hydrodynamic instability theory
� Macrolayer dryout theory
� Hot/dry spot theory
� Bubble interaction theory

We shall now interrogate these DNB theories with
respect to their ability to explain the CHF gains obtained
with nanofluids. The main objective of the following dis-
cussion is not to recommend a correlation to calculate
nanofluid CHF, but to determine if the DNB theories sup-
port the link between an increase in surface wettability and
CHF enhancement.
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4.4.1. Hydrodynamic instability theory

The hydrodynamic instability theory assumes that the
occurrence of DNB is dominated by the hydrodynamics
of the countercurrent flow of vapor and liquid far above
the heated surface [20,21]. Specifically, it is postulated that
at DNB the downflow of fresh liquid to the heated surface
is prevented by the rising vapor.

The superficial vapor velocity, jg, leading to the onset of
instability above a flat upward-facing heated surface is
given by the following equation [21]:

jg ¼ 0:13
rðqf � qgÞg

q2
g

" #1=4

ð7Þ

Thus the CHF (for saturated boiling) can be calculated
simply as

q00cr ¼ qgjghfg ð8Þ

For thin cylindrical heaters of diameter D, Eq. (8) has to be
modified as follows [16]:

q00cr ¼ 1:12
qgjghfg

D
ffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf�qgÞ

q�� �1=4
ð9Þ

Eq. (9) suggests that, for a given heater, CHF depends only
on the fluid properties. However, the nanofluid properties
are very close to those of pure water, as explained in Sec-
tion 2, so Eq. (9) would predict no CHF enhancement in
nanofluids. Because of its inability to account for surface
effects (i.e., roughness, wettability), the hydrodynamic
instability theory must be discarded as an interpretative
tool for nanofluid CHF. In fact in recent years the hydro-
dynamic theory has been openly questioned also for pure
fluids [6].
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Fig. 13. (a) Sadasivan et al.’s [23] macrolayer concept. (b) Macrolayer
thickness vs contact angle.
4.4.2. Macrolayer dryout theory

In this approach it is assumed that large mushroom-
shaped bubbles (fed by many individual nucleation events)
hover above the heated surface for a relatively long time
before departing. These bubbles are separated from the
surface by a liquid macrolayer, the word ‘‘macro” marking
the distinction from the microlayer forming underneath an
individual bubble as it grows out of a nucleation site (see
Section 4.1 above). The assumption is that DNB occurs if
the macrolayer dries out during a hovering cycle [22,23].

To estimate the impact of the observed contact angle
change on the macrolayer, we can use Sadasivan et al.’s
model [23]. This model postulates that bubbles growing
at neighboring active cavities can coalesce laterally at a cer-
tain stage during the growth phase, before they depart
from the surface. According to the model the macrolayer
is the volume of liquid trapped between the vapor bubbles
below the plane of coalescence (Fig. 13a). The bubbles are
assumed to have uniform size with radius rb, and be uni-
formly distributed over the heater surface. Therefore, for
a 2rb � 2rb unit cell the volume of liquid trapped below
the plane of coalescence is 4r3

b cos h� 1
3
pr3

bð3 cos h�
�

cos3 hÞ�. The equivalent thickness of the macrolayer, de, is
then calculated assuming uniform spreading of the trapped
liquid over the surface

de ¼ rb cos h� p
12
ð3 cos h� cos3 hÞ

h i
ð10Þ

For given rb, the macrolayer thickness increases with
decreasing contact angle (Fig. 13b). The time to dry out
the macrolayer, sd, can be estimated from the energy
balance at the surface

sd ¼
deqfhfg

q00
ð11Þ

Sadasivan et al.’s hypothesize that DNB occurs if sd < sh,
where sh is the hovering time of the mushroom bubble.
Since sh depends mostly on hydrodynamics and only
weakly on the heat flux [24], the increase in sd has a direct
effect on CHF, i.e., the value of the heat flux at which DNB
occurs is roughly proportional to sd. Eq. (10) suggests that
a contact angle reduction from, say, 70� to 20� would
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increase the liquid layer thickness about 4-fold, which re-
sults in a 4-fold increase of the dryout time, and thus in
roughly a 4-fold increase of the CHF. Recognizing that
the CHF enhancement measured in our experiments was
not quite so large, we can however conclude that the
macrolayer dryout theory points to a strong correlation
between CHF enhancement and increase in surface wetta-
bility caused by nanoparticle deposition.
4.4.3. Hot/dry spot theory
If the heat flux is high, hot/dry spots develop within the

bases of the bubbles growing at certain nucleation sites.
The hot/dry spots can be reversible or irreversible. They
are reversible if rewetting occurs upon bubble departure.
They are irreversible if rewetting does not occur, which
causes a runaway excursion of the surface temperature
and eventually burnout [25]. In principle the presence of
the nanoparticle layer on the surface can help delay DNB
in two ways. First, the layer may assist in dissipating the
hot spot by enhancing radial conduction on the surface.
Second, its increased wettability promotes rewetting upon
bubble departure.

The first effect is small. Heat conduction within the hea-
ter, radially from a hot/dry spot to the surrounding cooler
areas, can promote dissipation of the hot/dry spot. The
effect of conduction in the heater is typically described by
the so-called ‘thermal activity’, S:

S ¼ D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qhchkh

p
ð12Þ

which is the product of the heater characteristic dimension
(D) and the heater material effusivity

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qhchkh

p� �
. The effu-

sivity of the materials of interest to this study is reported in
Table 2. The higher the thermal activity, the more effec-
tively conduction can dissipate the hot/dry spot. According
to Arik and Bar-Cohen [26] the effect ‘saturates’ for
S > 8 J/(m K s1/2). The value of the thermal activity for
our stainless steel wire is about 1.8 J/(m K s1/2), suggesting
that rewetting may be conduction limited. Precipitation of
a high-effusivity nanoparticle layer on the surface of the
wire increases the heater thermal activity and thus can de-
lay DNB. However, the thickness of the nanoparticle layer
is of the order of a few microns, thus adding a meager
<0.1 J/(m K s1/2) to the thermal activity.

To assess the importance of the wettability effect, we can
avail ourselves of the model proposed by Theofanous and
Dinh [27], who considered the microhydrodynamics of the
solid–liquid–vapor line at the boundary of a hot/dry spot.
Table 2
Thermo-physical properties of the heater and nanoparticle materials of
interest to this study

qh (g/cm3) ch (J/kg K) kh (W/m K)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qhchkh

p
ðJ=ðm K s1=2ÞÞ

Steel 8.2 470 13.4 �7200
Al2O3 4.0 760 �40 �11,100
ZrO2 6.0 420 �2 �2200
SiO2 2.6 745 �8 �3900
They postulate that DNB occurs when the evaporation
recoil force, which drives the liquid meniscus to recede,
becomes larger than the surface tension force, which drives
the meniscus to advance and rewet the hot/dry spot. On
this basis, they derived the following expression for the
CHF:

q00cr ¼ j�1=2qghfg

rðqf � qgÞg
q2

g

" #1=4

ð13Þ

Note that Eqs. (13) and (8) are essentially the same, except
for the parameter j, which is the coefficient of proportion-
ality between the radius of curvature of the liquid menis-
cus, R, and the capillary length:

R ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf � qgÞ

r
ð14Þ

Theofanous and Dinh [27] state that j is a surface-depen-
dent parameter that ‘‘for a well-wetting surface is smaller
than for a poorly wetting surface”, however they do not
provide an analytical expression for it. Using elementary
geometry and Lord Rayleigh’s formula for the volume of
a static liquid meniscus [28], the average radius of curva-
ture of the meniscus can be estimated as

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðqf�qgÞ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin h

2
� p=2�h

2 cos h

q ð15Þ

Comparing Eqs. (14) and (15), we can get an expression for
j:

j ¼ 1� sin h
2
� p=2� h

2 cos h

	 
�1=2

ð16Þ

The values of j for h � 70� (clean surface) and h � 20�

(nanoparticle-fouled surface) are about 7.10 and 2.36,
respectively, thus Eq. (13) suggests that the CHF would
increase by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7:10=2:36

p
� 1:73, or 73%. This esti-

mate is remarkably close to the CHF enhancement ob-
served in our experiments. In summary, the hot/dry spot
theory also seems to corroborate the link between
increased surface wettability and CHF enhancement in
nanofluids.
4.4.4. Bubble interaction theory
The simplest version of this theory postulates that DNB

occurs when at high superheat the bubble number and
departure frequency become so high that the bubbles coa-
lesce radially, thus preventing liquid access to the surface
[29]. More sophisticated theories include the effect of the
shear force generated by the mutual interaction of the
growing and departing bubbles [30]. Such shear force cuts
the bubble growth cycle prematurely, resulting in a signif-
icantly lower bubble departure diameter, and thus in lower
latent heat removal upon departure. This effect can become
dominant to the point where a further increase of the wall
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superheat actually causes a decrease of the heat flux. This
slope reversal marks the DNB point on the boiling curve.

Here we use Kolev’s model for nucleate boiling [30],
which accounts for the effect of shear on bubble growth.
The model establishes the following relationship between
the heat flux in the nucleate boiling region, q00, and the wall
superheat, Tw � Tsat:

q00 / n001=4ðT w � T satÞ2

1þ 0:3 Dsw

Dsd

� �1=2
ð17Þ

where Dsw and Dsd are the bubble wait time and departure
time at the heated surface, respectively. In Eq. (17) we have
omitted the dependence on the thermophysical properties
of the fluid in light of the discussion in Section 2. The
nucleation site density is given by the Wang and Dhir
[19] correlation, Eq. (6). As far as Dsw and Dsd are con-
cerned, the procedure for their calculation is described in
detail by Kolev [30], and will not be repeated here. For
our purposes it will be sufficient to keep in mind that Dsd

is a strong function of n00 (and thus of the wall superheat,
Tw � Tsat, via Eq. (6)), in such a way that the ratio
Dsw=Dsd is small at low superheat (in the so-called isolated
bubble regime), but rapidly grows and becomes signifi-
cantly larger than unity as the superheat increases. This
behavior is caused by the rapid increase of the nucleation
events at the heated surface; such events produce a signifi-
cant shear force that causes the bubbles to depart at an ear-
lier stage of their growth, i.e., the shear force reduces Dsd.
Because the Dsw=Dsd ratio is at the denominator of Eq.
(17), its large increase at very high superheat causes the
slope of the boiling curve to reverse, and it is such reversal
that identifies the DNB point (Fig. 14). Therefore, a unique
feature of Eq. (17) is its ability to predict the DNB point as
a natural evolution of nucleate boiling, without the need
for a separate CHF model/correlation.

According to Kolev’s model a change of the contact
angle h can have a major effect on CHF, as shown in
Fig. 14. Effect of contact angle on the boiling curve.
Fig. 14. In this figure the reference case is h ¼ p/2, to which
all other cases have been normalized. CHF increases as the
contact angle decreases, and the magnitude of the increase
is in the same range of our experimental observations.
Therefore, we conclude that the bubble interaction theory
also supports the notion of surface wettability improve-
ment as a plausible cause of the CHF enhancement in
nanofluids. Interestingly, the bubble interaction theory pre-
dicts that CHF enhancement corresponds to deterioration
of nucleate boiling heat transfer, which is consistent with
our experiments (see Fig. 7).
5. Conclusions

The main findings of this study are as follows:

� Dilute dispersions of alumina, zirconia and silica nano-
particles in water exhibit significant CHF enhancement
in boiling experiments with wire heaters.
� During nucleate boiling some nanoparticles deposit on

the heater surface to form a porous layer.
� This layer improves the wettability of the surface consid-

erably, as measured by a marked reduction of the static
contact angle.
� A review of the prevalent CHF theories demonstrates

that the higher wettability can produce CHF enhance-
ment which is consistent in magnitude with the experi-
mental observations.

The first two findings are in agreement with other results
previously reported in the nanofluid literature. However,
we believe this paper makes the first substantial break-
through in understanding the mechanism of CHF enhance-
ment in nanofluids, by establishing the nexus between CHF
and surface wettability changes caused by nanoparticle
deposition. To elucidate such mechanism more definitively,
additional work is surely needed, including a thorough
characterization of the layer growth during boiling and
direct measurement of the time-dependent temperature dis-
tribution on the heater surface, which will shed light upon
the effect of the porous layer on the nucleation site density
and dynamics. Furthermore, if our conclusion about the
effect of wettability is accurate, a lower CHF enhancement
or even a CHF reduction could occur upon nanoparticle
precipitation on heaters made of materials of high initial
wettability. This will also have to be tested in the future.
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