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In this study, regression analysis on the thermal properties of Al2O3/H2O nanoﬂuids was made ﬁrstly.
The growth and departure of a single bubble behavior in Al2O3/H2O nanoﬂuid and pure water ﬂow
boiling process were then numerically simulated by an improved Moving Particle Semi-implicit method
in different ﬂow boiling conditions. The results indicate that the bubble in Al2O3/H2O nanoﬂuids grows
faster and the bubble departure frequency of Al2O3/H2O nanoﬂuids is greater than that in pure water.
The ﬂow boiling heat ﬂux is also improved by dispersing nanoparticles of Al2O3/H2O in pure water. This
work initially reveals that nanoﬂuids can enhance ﬂow boiling heat transfer from the point of view of
bubble dynamics behavior. The effects of nanoparticle concentrations and diameters of Al2O3/H2O
nanoﬂuids on the bubble behavior were also investigated and compared under the same ﬂow conditions. It is found that the increasing of nanoparticle volume concentration may increase the bubble
departure frequency and departure diameter, while the increasing rates of departure frequency and
departure diameter are lessened with the increasing of nanoparticle volume concentration. It is suggested that the suitable nanoparticle volume concentration of nanoﬂuid for ﬂow boiling heat transfer
enhancement should not be too large, especially regarding the negative effect of ﬂow resistance increase
due to the increasing of nanoparticle volume concentration. The interesting ﬁnding is that in the same
nanoparticle volume concentration condition, the bubble departure frequency for the nanoﬂuid with
nanoparticle diameter of 29 nm shows a maximum value. The increasing of nanoparticle diameter leads
to the decreasing of bubble departure diameter. It is boldly to predict that an optimal nanoparticle
diameter range between 20 and 38 nm should be beneﬁcial to ﬂow boiling heat transfer enhancement of
Al2O3/H2O nanoﬂuids.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Compared with conventional heat transfer working ﬂuid,
nanoﬂuids dispersed with suitable nano-scale metallic or nonmetallic particles can bring signiﬁcant increasing of thermal conductivity. The potential applications of nanoﬂuids in many high heat
ﬂux thermal management systems have attracted numerous
research interests worldwide. The researches on nanoﬂuids
convective heat transfer, boiling heat transfer and critical heat ﬂux
are increasing exponentially every year. Nanoﬂuids as a novel
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strategy to improve heat transfer characteristics of ﬂuids by the
addition of solid particles with diameters below 100 nm were
proposed by Choi (1995) early in the 1990s. Very small amount of
guest nanoparticles were found to provide dramatic improvements
in thermal properties of base ﬂuids. A nonlinear relationship exists
between nanoﬂuid's thermal conductivity and its concentration
and temperature. Nanoﬂuids are thus being considered as innovative and potential working ﬂuids for heat transfer enhancement.
Since You et al. (2003) ﬁrst reported that the CHF of Al2O3/H2O
nanoﬂuids pool boiling with particle concentrations ranging from
0 g/l to 0.05 g/l was increased by approximately 200% compared
with that of pure water, nanoﬂuids have been expected to be ideally
suited for practical thermal systems where high heat ﬂux removal
is needed, such as in nuclear reactors. Thus, the characteristics of
nanoﬂuids boiling heat transfer, especially the characteristics of
critical boiling, have become a hot research topic worldwide. Das
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Nomenclature
A
cp
d
hfg
k
kB
M
N
Pr
Q
Re
T
Dt

Heat transfer area (m2)
speciﬁc heat at constant pressure (kJ/kg K)
diameter (m)
latent heat (J/kg)
thermal conductivity (W/m k)
Boltzmann constant
relative molecular weight
Avogadro constant
Prandtl number
heat (J)
Reynolds number
Temperature (K)
time step (s)

Greek symbols
density of nanoﬂuid (kg/m3)
dynamic viscosity (kg/m s)
surface tension (N/m)
curvature (1/m)
thermal diffusivity (m2/s)

r
y
s
k
a

et al., 2003a, 2003b conducted research on Al2O3/H2O nanoﬂuids
pool boiling at atmospheric pressure and found that within a given
heat ﬂux density, the wall superheat had been increased with the
increasing of nanoparticle volume concentration. The result indicated that nanoparticles deteriorated the pool boiling heat transfer.
And they suggested that the trapped nanoparticles changed the
heating surface characteristics during boiling. Park et al. (2009)
experimental results showed that the pool boiling heat transfer
coefﬁcients of the aqueous solutions with CNTs were lower than
those of pure water in the entire nucleate boiling regime. While
Taylor and Phelan (2009) reported some new but limited experimental data for Al2O3/H2O nanoﬂuids that indicated that nucleate
boiling incipience occurred 2e3  C earlier, and nucleate boiling
heat transfer was enhanced by 25e40%, but sub-cooled boiling was
deteriorated, compared with the pure-water baseline. In contrast,
other literature reported pool boiling heat transfer enhancements
by nanoﬂuids. The boiling curves for nanoﬂuids were found in
Truong (2007) experimental results to shift to the left of that for
water, corresponding to higher nucleate boiling heat transfer coefﬁcients in the two phase regime. Heris (2011) experimentally
investigated the boiling heat transfer of the CuO/ethylene glycolwater (60/40) nanoﬂuid. The results indicated that a considerable
boiling heat transfer enhancement has been achieved, speciﬁcally
that the enhancement had increased with increasing nanoparticles
concentration and reached 55% at a nanoparticles loading of 0.5 vol.
%. It is found that the current literature shows mixed or discrepant
experimental results about the characteristics of nanoﬂuids pool
boiling heat transfer. This indicates, so far, that we have not yet
understood the underlying mechanisms inﬂuencing boiling heat
transfer of nanoﬂuids. For most potential applications of nanoﬂuids, ﬂow boiling should still be an important research topic. Kim
et al. (2008) carried out vertical tube ﬂow boiling experiments of
nanoﬂuids at atmospheric pressure, low subcooling, and relatively
high mass ﬂux to investigate the CHF characteristics. A signiﬁcant
CHF enhancement (up to 30%) has been achieved by alumina
nanoparticles as little as 0.01 Vol. %. Kim et al. (2010) conducted
experiments to evaluate the possibility of enhancing CHF in ﬂow
boiling using Al2O3/H2O nanoﬂuids as working ﬂuids vertically
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heat conductivity thickness (m)
slant angle ( )
angle ( )

Superscripts
0
standard temperature of 293.15 K
Bi
bubble interior
f
base ﬂuid
f0
standard state of atmospheric pressure and 273.15 K in
temperature
fr
standard of freezing point
g
gas phase
i
particle number
l
liquid phase
nf
nanoﬂuids
p
particle
w
heating surface
Abbreviations
MPS
Moving Particle Simi-implicit
MAFL
Meshless Advection using Flow-directional Local-grid
CHF
critical heat ﬂux

ﬂowing upward in the tube under atmospheric pressure. It was
veriﬁed that the dispersion stability of Al2O3/H2O nanoﬂuids during
the CHF experiment was sufﬁcient when the concentration of the
nanoﬂuids was in a range 0.001e0.5 vol. %. The CHFs of Al2O3/H2O
nanoﬂuids were enhanced up to about 70%, in ﬂow boiling for all
experiment conditions. It was suggested that nanoparticles deposition on the heating surface contributed to CHF enhancement. Ahn
et al. (2010) performed an experimental study on CHF enhancements of forced convective boiling of 0.01 vol. % Al2O3/H2O nanoﬂuids in a horizontal rectangular channel. The experimental results
showed that, compared to that in pure water, the nanoﬂuid ﬂow
boiling CHF was enhanced 24% and 40% with velocity of 1 m/s and
4 m/s, respectively. The heating surface was characterized before
and after boiling tests, and nanoparticles deposition was observed
during boiling. Kim et al. (2011) and Ahn and Kim (2012) concluded
that the ﬂow boiling CHF enhancement was caused by nanoparticles deposition on the channel inner surface.
Vafaei and Wen (2011) were the ﬁrst to discuss the dual effects
of nanoparticles in boiling heat transfer: (i) modiﬁcation of the
heating surface through nanoparticle deposition and (ii) modiﬁcation of bubble dynamics by varying contact angles, departure
bubble volume, and frequency. The second role may open a
promising window for future nanoﬂuid applications in microchannel heat transfer, avoiding the high increasing in pressure
drop arising from nanoparticle deposition. Xu and Xu (2012)
investigated the ﬂow boiling heat transfer with and without
Al2O3 nanoparticles in a single micro-channel with a platinum ﬁlm
for bottom surface heating. The ﬂow boiling of pure water displayed chaotic behavior due to random bubble coalescence and
breakup over millisecond timescales at moderate heat ﬂuxes.
Nevertheless, the nanoﬂuid (weight concentration of 0.2%, consisting of de-ionized water and 40 nm Al2O3 nanoparticles) was
found to mitigate signiﬁcantly the ﬂow instability and nanoparticle deposition on the heating surface was not observed. Flow
boiling of the nanoﬂuids was always stable or quasi-stable with
signiﬁcantly reduced pressure drop and enhanced heat transfer.
This is an interesting ﬁnding that deserves to be studied more
deeply.
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Actually, the ﬂow boiling heat transfer is very complex. The ﬂow
boiling heat transfer of nanoﬂuids is governed by the thermoproperties of ﬂuids, the surface characteristics of the heating surface and the ﬂow regime. The boiling process includes the bubble
generation, growth, and departure from the wall, motion and
amalgamation within the ﬂuid. The ﬂow pattern will change during
ﬂow boiling process due to the bubble fusion and the changing of
the void fraction in ﬂowing ﬂuid. Any changing above can lead to
the change of ﬂow boiling heat transfer condition. The ﬂow boiling
heat transfer in nanoﬂuids is more complex than that in the water.
The nanoparticle in the boiling nanoﬂuids will produce effects on
bubble generation, growth and departure from the wall, as well as
motion and amalgamation within the ﬂuid. Surface characteristics
of the wall are just one of many aspects affecting bubble generation,
growth, and departure. The collective effect of nanoparticles suspended in base liquid not only inﬂuences bubble generation,
growth and departure, but also inﬂuences bubbles’ motion and
amalgamation in the ﬂowing ﬂuid. Shear stresses and temperature
gradients in the ﬂuid may result in a non-uniform distribution of
nanoparticles, which will in turn inﬂuence the vapor distribution
and ﬂow pattern. Therefore, the nanoﬂuids ﬂow boiling heat
transfer coefﬁcient and CHF may be very different from that of base
ﬂuids because of the collective effect of suspended nanoparticles.
So far, the research of nanoﬂuids boiling heat transfer is less and
limited. No research about the nanoﬂuids boiling heat transfer
characteristics from the viewpoint of bubble behavior is reported.
Taking these into consideration, the present authors numerically simulated single bubble growth and departure during ﬂow
boiling of Al2O3/H2O nanoﬂuids and pure water at atmospheric
pressure using moving particle semi-implicit (MPS) method in
different ﬂow boiling conditions. The effects of nanoparticle concentrations and diameters of Al2O3/H2O nanoﬂuid on the bubble
behavior were investigated and compared under the same
conditions.
2. Thermo-physical properties of Al2O3/H2O nanoﬂuids
Regarding the multi-phase ﬂow and heat transfer performance
of thermal systems, the key thermo-physical properties of ﬂuids
include density, speciﬁc heat capacity, thermal conductivity, viscosity and surface tension. Thus, changes in the thermo-physical
properties of nanoﬂuids compared with base ﬂuids need to be
estimated ﬁrst before bubble behavior is simulated in this paper.
The density and speciﬁc heat capacity of nanoﬂuids can be estimated according to the mixture model, which is applicable to
conventional ﬂuid-solid mixtures, shown in Eqs. (1) and (2).
However, the changes in thermal conductivity, viscosity, and surface tension of nanoﬂuids are complicated but most interestingly
unprecedented.

rnf ¼ rp f þ rf ð1  fÞ
cp;nf

rp cp;p f þ rf cp;f ð1  fÞ
¼
rp f þ rf ð1  fÞ

thermal conductivity, dynamic viscosity coefﬁcient and nanoparticle size, temperature is still very inconsistent (Christianson
et al., 2011). Some models and/or empirical correlations have been
proposed to predict the thermal conductivity and viscosity of
nanoﬂuids with limited application ranges. In past years surface
tension of nanoﬂuids received much less attention even if it is a very
important parameter in ﬂuid boiling as well as other two-phase
heat transfer phenomena. Thus, we should carefully select the
suitable and reliable models of thermo-physical properties of Al2O3/
H2O nanoﬂuids before we carry out the present simulation work.
2.1. Thermal conductivity
Koo and Kleinstreuer (2004) proposed a theoretical model
(referred to KK) of nanoﬂuids thermal conductivity in the form of
Eq. (3). This model took into account the effect of Brownian motion,
temperature, mean diameter, volume fraction of nanoparticles,
thermal conductivities of the base ﬂuid and nanoparticles on
nanoﬂuid thermal conductivity at temperatures in the range of
300e325 K.



sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
knf kp þ 2kf  2f kf  kp
bfrf cpf
kB T
 þ 5  104

f ðT; fÞ
¼
r
kf
k
p dp
f
kp þ 2kf þ f kf  kp

(3)

Where kB is Boltzmann constant, and its value is
1.38066  1023 J K1. For Al2O3/H2O nanoﬂuid, b and f(T, f) are
calculated by Eqs. (4) and (5).

b¼

8:4407

(4)

ð100fÞ1:07304


 T 
f ðT; fÞ ¼ 2:8217  102 f þ 3:917  103
T0


2
þ  3:0669  10 f  3:91123  103

(5)

Vajjha and Das (2009) developed new correlations of b and f(T,f)
of three nanoﬂuids based on their experiment data as follows:

b¼

0:0017

(6)

ð100fÞ0:0841

f ðT; fÞ ¼ ð  6:04f þ 0:4705ÞT þ ð1722:3f  134:63Þ

(7)

(1)

Recently, Corcione (2011) proposed an empirical correlation to
predict the effective thermal conductivity of different nanoﬂuids
(with nanoparticle of Al2O3, CuO, TiO2 and Cu dispersed in water or
EG) as Eq. (8) for both numerical simulation purposes and thermal
design tasks, based on a high number of experimental data available in the literature.

(2)

knf
T
¼ 1 þ 4:4Re0:4 Pr0:66
Tfr
kf

So far, there are many publications to present the enhanced
thermal conductivity as well as increased viscosity of different
nanoﬂuids in different conditions compared with base ﬂuid. The
trends of the relationship between the thermal conductivity or
viscosity of nanoﬂuid and their inﬂuence factors (temperature, size
and volume concentration of nanoparticles) have been widely
studied experimentally and/or theoretically. However, the experimental data of nanoﬂuids’ thermal properties are insufﬁcient and
scattered; especially the description of the relationship between the

!10

kp
kf

!0:03
f0:66

(8)

Where, Tfr is the freezing point of the base liquid, and Re is deﬁned
as:

Re ¼

rf kB T
ph2f dp

(9)

In order to select a more suitable model or correlation of the
thermal conductivity of Al2O3/H2O nanoﬂuid for the present
simulation, the predicted thermal conductivities of Al2O3/H2O
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nanoﬂuid and the experimental data from Das et al. (2003a, b)
(nominal particle size is 38.4 nm) are compared, as shown in
Fig. 1. It is found that Corcione's empirical correlation can predict
the thermal conductivity of Al2O3/H2O with the maximum deviation less than 3.87%. Thus, Corcione's empirical correlation is used
in the present simulation.
2.2. Dynamic viscosity
The most classical formula to calculate the dynamic viscosity of
solideliquid suspension is Einstein equation (Einstein, 1956), but it
only applies to the suspension which is composed of millimeter and
micrometer scale solid particles and based ﬂuid. Nguyen et al.
(2007) measured the dynamic viscosity of Al2O3/H2O nanoﬂuid,
and developed Eq. (10) by the regression analysis based on their
experimental data for nanoparticle diameter of 36 nm. Williams
et al. (2008) and Corcione (2011) also presented correlations of
nanoﬂuids dynamic viscosity as Eqs. (11) and (12).



hnf ¼ hf ðTÞ 1 þ 0:025f þ 0:015f2

hnf


¼ hf ðTÞexp

4:91f
0:2092  f

(10)

2.3. Surface tension




 . 0:3
hnf ¼ hf ðTÞ
1  34:87 dp df
f1:03

(11)

(12)

In Eq. (12), df is calculated by Eq. (13). The inﬂuence of temperature to the dynamic viscosity of nanoﬂuids is considered in the
dynamic viscosity of base ﬂuid. The correlation between dynamic
viscosity of pure water and temperature is expressed as Eq. (14).

6M
df ¼ 0:1
Nprf 0

!1=3



1:12646  0:039638T
 1:005  107
hf ðTÞ ¼ exp
1  0:00729769T

Fig. 2. Comparison of dynamic viscosity of Al2O3/H2O nanoﬂuid between the predicted
values using different correlations and experimental results.

(13)

(14)

To obtain the suitable model of dynamic viscosity of Al2O3/H2O,
comparison is made between the results predicted by the three
models and the data of the experiment (Das et al., 2003a, 2003b),
shown in Fig. 2. It is found that the predicted result of Corcione
model is most consistent with the experiment data with deviation
less than 1.03%. Thus, Corcione's correlation is chosen to calculate
dynamic viscosity of Al2O3/H2O nanoﬂuid in present simulation.

Fig. 1. Comparison of thermal conductivity of Al2O3/H2O nanoﬂuid between the predicted values using different models and experimental results.

It is scarce that the data of nanoﬂuids surface tension in the
published papers. Zhu et al. (2010) experimental results showed
that the surface tension of Al2O3/water nanoﬂuids were decreased
with increasing of temperature, just like that of pure water. A
maximum enhancement for the surface tension of only about 5%
was obtained at a concentration of 1 g/L, as the nanoparticle concentration studied in their work was very low. Sysyzkowski equation of Eq. (15) (Gu et al., 2004) reﬂects the relationship between
the temperature and the surface tension of nanoﬂuids and pure
water. The experiment results from Zhu et al. (2010) are used to ﬁt
the factors of a and b as: a ¼ 7.673  107, b ¼ 7.773  103. Fig. 3
compares the surface tension of Al2O3/H2O nanoﬂuid between the
experiment results (Das et al., 2003a, 2003b) and predicted values
by Eq. (15) with ﬁtted a and b. The deviation between the predicted
values by Eq. (15) at 1.0 vol% and experiment result is less than
4.35%. Thus, Sysyzkowski equation (15) is supposed to be appropriate for predicting the surface tension of Al2O3/H2O nanoﬂuid.



sf  snf
f
þ1
¼ b ln
a
sf

(15)

Fig. 3. Comparison of the surface tension of Al2O3/H2O nanoﬂuid between the ﬁtted
curves and experimental results.
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3. Numerical simulation of bubble growth and departure
during Al2O3/H2O nanoﬂuids ﬂow boiling
3.1. Numerical method
The conventional mesh method is unqualiﬁed to simulate the
interface with severe deformation. Nevertheless, Koshizuka and
Oka (1996) proposed a new meshless method named the Moving
Particle Semi-implicit method (MPS) which is based on Lagrangian
coordinate system can catch this change accurately. However, for
the ﬂow condition with outlet and inlet, it is a large number of the
particles which need to trace in Lagrangian coordinate system so
that the computer capacity is much high-demanding. Thus, Yoon
et al. (2001) presented an improved MPS method by introducing
the method of Meshless Advection using Flow-directional Localgrid (MPS-MAFL), which is a combination of particle and meshless
methods, to analyze the complex moving interface problem with
inlet and outlet ﬂow. Compared with MPS, MPS-MAFL has two
more steps, one is the relocation of the particles and the other is
Eulerian calculation, this makes the number of particles traced
much smaller and improves the calculation efﬁciency. In this
method，Each deferential operator appeared in the governing
equation is replaced by the particle interaction model, and the
weight function and models can be found in Yoon's paper. In
addition, for the present work, some auxiliary models are required
to be considered as follow.
3.1.1. Interface force balance model
In the ﬁeld of bubble dynamic behavior, the gas pressure interior
of the bubble, surface tension of the interface and the liquid pressure out of the bubble have formed a force balance system. For the
condition of 3-dimension, it can be described as Eq. (16) and Fig. 4.
As dqis the equivalent inﬁnitesimal of d4, Eq. (16) can be simpliﬁed
as Eq. (17). For the condition of 2-dimension, Eq. (16) is changed as
Eq. (18), and the diagram is just like Fig. 5, as d4 is the inﬁnitesimal
of higher order of dq, Eq. (18) can be simpliﬁed as Eq. (19).
2

2

Pg r dqd4  PL r d4dq ¼ srdqsindq þ srd4sind4

Fig. 5. 2D interface force balance model.

Pg  PL ¼

s
r

3.1.2. Interface heat and mass transfer model
In the present work, the steam in the bubble is assumed to be
saturated, so that the interface heat and mass transfer model is just
shown in Fig. 6. The total phase-change heat Q is composed by Ql
(the heat from the superheat liquid, calculated by Eq. (20)) and Qg
(the heat from heating surface and transferred through the steam,
calculated by Eq. (21)), and the volume changed variation in ever
time layer is calculated by Eq. (23).

Ql ¼ rf cp;f dr 2

Qg ¼



TitþDt  Tit



(16)

Ag kg ðTw  TBi ÞDt
dg

(17)

Q ¼ Ql þ Qg

Pg rdq  PL rdq ¼ ssindq

(18)

DV ¼

Fig. 4. 3D interface force balance model.

X

(20)

i¼interface

2s
r

Pg  PL ¼

(19)

(21)

(22)

Q
hfg rg

(23)

Fig. 6. Interface heat and mass transfer model.
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3.2. Numerical result and discussion
3.2.1. The effect of ﬂow boiling conditions on bubble evolution
during Al2O3/H2O nanoﬂuid and pure water ﬂow boiling
For the ﬁrst step, the single bubble growth and departure is
simulated in two-dimensional coordinates. The physical properties
of Al2O3/H2O nanoﬂuid with volume concentration of 1.0% and
nanoparticle diameter of 38 nm in 0.1 MPa pressure are shown in
Table 1. In this simulation, the selected models of thermal conductivity, dynamic viscosity and surface tension of Al2O3/H2O
nanoﬂuid described in section 2 are integrated into the governing
equations to reﬂect the effects of nanoparticles volume concentration and diameter on the bubble growth and departure during
ﬂow boiling.
Just like pure ﬂuid, except the ﬂuid thermo-physical properties,
the factors inﬂuencing the bubble growth and departure of ﬂow
boiling process include the contact angle between the bubble and
the wall, the velocity of the ﬂuid, the wall superheat and ﬂuid
subcooling. The ﬂow boiling conditions are listed in Table 2 in
which ﬁve cases are included. The bubble diameter at the moment
of departure, the bubble departure frequency (reciprocal of the sum
of departure time plus waiting time) and the heat ﬂux of the
heating surface of Al2O3/H2O nanoﬂuid ﬂow boiling were investigated and compared with those of pure water under the same
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conditions. For the sake of convenience of comparison, the temperature rise of all particles and the phase-change heat transfer are
counted to calculate the heat ﬂux on the heating surface in every
runtime layer. The initial size of the bubble for every case is 0.4 mm.
Fig. 7 shows the initial shape of the bubble and the layout of the
particles. It should be noted that the star of “+” on the curves in the
following ﬁgures represents the critical moment when the bubble
departs from the heating surface. This moment also includes the
information of the departure diameter and time (or departure
frequency) of bubble. Theoretically, larger bubble departure
diameter and less departure time (higher departure frequency) are
beneﬁt to boiling heat transfer.
Fig. 8 shows the changing of the bubble diameter during the
ﬂow boiling process of pure water and nanoﬂuids under the conditions of different contact angles (case 1 and case 2), and Fig. 9
shows the bubble diameter increasing rate during the heating
process. The numerical simulation results of evolution of diameter
and bubble shapes in pure water for case 1 are quite clear to the
experimental results of evolution of diameter and bubble shapes in
pure water for case 1 (Maity, 2000), this illustrates that the results
of MPS-MAFL are reliable. As shown in these two ﬁgures, the
bubble grows faster and departs from the heating surface earlier as
the contact angle decreasing for Al2O3/H2O nanoﬂuid as well as for
pure water. Compared with pure water, the bubble departure

Table 1
Properties of water-based alumina nanoﬂuids.
Property

Correlation

Value

rnf ¼ rp f þ rf ð1  fÞ

Density
Speciﬁc heat at constant pressure

cp;nf ¼

Thermal conductivity

knf
kf

ð1fÞrf cpf þfrp cpp
ð1fÞrf þfrp

¼ 1 þ 4:4Re0:4 Pr0:66

Unit

9.885  10
4.212  103

kg m3
J kg1 K1

7.841  101

W m1 K1

2

 10  0:03
T
Tfr

kp
kf

f0:66

Dynamic viscosity
Surface tension

hnf ¼ hf ðTÞ=½1  34:87ðdp =df Þ0:3 f1:03 


sf 0 snf
¼ b ln fa  1
sf 0

2.972  104
6.319  102

Pa s
N m1

Thermal diffusivity
Prandtl number

anf ¼ knf =ðrnf cpnf Þ
Prnf ¼ hnf =ðrnf anf Þ

1.884  107
1.478  100

m2 s1
1

Table 2
Computational conditions.
Case

Case
Case
Case
Case
Case

Computational condition

1
2
3
4
5

(standard)
(contact angle)
(wall superheat)
(ﬂuid subcooling)
(ﬂuid velocity)

Contact angle (rad)

Wall superheat (K)

Fluid subcooling (K)

Fluid velocity (m/s)

p/4
p/6
p/4
p/4
p/4

5.3
5.3
10.6
5.3
5.3

0.2
0.2
0.2
1.2
0.2

0.076
0.076
0.076
0.076
0.115

Fig. 7. The initial shape of the bubble and layout of the particles.
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Fig. 8. Evolution of bubbles diameters of nanoﬂuids and pure water in heating process
at different contact angles.

frequency and diameter in Al2O3/H2O nanoﬂuid are increased. This
implies that the bubble takes away more heat per unit time from
heating surface during ﬂow boiling process by adding nanoparticles
in pure water. For nanoﬂuids pool boiling, Kwark et al. (2010)
indicated that as vapor bubbles grow, the evaporating liquid
leaves behind nanoparticles which then concentrate near the base
of the bubble. A microlayer with more nanoparticles may form near
the heating surface. This microlayer may beneﬁt to decrease the
contact angle between the bubble and the heating surface in
nanoﬂuids and enhance pool boiling heat transfer. This provides us
an interesting clue on how to decrease the contact angle between
the bubble and the heating surface, but not just improve the
wettability of heating surface to enhance pool boiling heat transfer.
Fig. 10 shows the evolution of the bubble shape with time for case 1
and case 2. We also ﬁnd that the bubble in the nanoﬂuid grows
faster and detaches from the heating surface with larger diameter.
Fig. 11 shows the changing of the bubble diameter during the
ﬂow boiling process of pure water and Al2O3/H2O nanoﬂuid in
different wall superheat conditions (case 1 and case 3). Naturally,
the bubble grows faster and departs earlier in Al2O3/H2O nanoﬂuid
with the increasing of the wall superheat, which is the same as that
in pure water. Compared with pure water, the bubble departure

Fig. 9. Bubble diameter increasing rate during the heating process.
Fig. 11. Evolution of bubbles diameters of nanoﬂuids and pure water in heating process at different degrees of wall superheat and ﬂuid subcooling.

Fig. 10. Evolution of bubbles shapes of nanoﬂuids and pure water in heating process at different contact angles.

Y. Wang, J.M. Wu / Progress in Nuclear Energy 85 (2015) 130e139

frequency and diameter are increased by using Al2O3/H2O nanoﬂuid. Meanwhile, Fig. 11 also compares that the changing of the
bubble diameter during the ﬂow boiling process of pure water and
nanoﬂuids in different ﬂuid subcooling conditions (case 1 and
case4). As shown in Fig. 11, the bubble grows more slowly and
departs later in Al2O3/H2O nanoﬂuid with the increasing of the ﬂuid
subcooling, which is the same as that in pure water. Again, the
bubble departure frequency and diameter in Al2O3/H2O nanoﬂuid
are increased comparing with those in pure water at the same ﬂuid
subcooling. Fig. 12 shows the effect of ﬂow velocity (case 1 and case
5) on the bubble evolution in Al2O3/H2O nanoﬂuid and pure water
boiling process. One can ﬁnd that bubble departs from heating
surface earlier with the increasing of ﬂow velocity in Al2O3/H2O
nanoﬂuid as well as in pure water even if not so signiﬁcant because
of the little change in ﬂow velocity. Again, it conﬁrms that nanoparticles accelerate the bubble evolution in nanoﬂuid ﬂow boiling
compared with that in base ﬂuid ﬂow boiling.
From Fig. 8 to Fig. 12, it can be found that the detaching bubble
in Al2O3/H2O nanoﬂuid can bring away more heat per unit time
from the hating surface than that in pure water. It is due to two
reasons: 1) detaching bubble in Al2O3/H2O nanoﬂuid has larger
diameter; 2) bubble in Al2O3/H2O nanoﬂuid grows faster and departs earlier. To account for it, Fig. 13 shows the heat ﬂuxes on the
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heating surface in Al2O3/H2O nanoﬂuid and pure water under
different boiling conditions (case 1, case 3 and case 5). It is found
that under the same ﬂow boiling condition, heat ﬂux on the heating
surface in Al2O3/H2O nanoﬂuid exceeds 18e34% than that in pure
water.
3.2.2. The effect of nanoparticle concentration and diameter on
bubble evolution during Al2O3/H2O nanoﬂuids ﬂow boiling
In the consideration of the effects of nanoparticle volume concentration and diameter on the bubble evolution in nanoﬂuids ﬂow
boiling process, the bubble behaviors in Al2O3/H2O nanoﬂuids with
volume concentration of 1.0, 2.0, 3.0 and 4.0 Vol. %, and with
nanoparticle diameter of 20 nm, 29 nm, 38 nm, 47 nm and 56 nm
are simulated and compared in the following.
Fig. 14 shows the effects of nanoparticle volume concentration
on the bubble departure time which refers to the time cost from the
beginning of bubble growth to the critical moment when the
bubble departs from the heating surface. The reciprocal of departure time can be taken as the bubble, the higher the departure
frequency, and the more active the boiling process. It is found that
the departure time decreases with the increasing of nanoparticle
volume concentration of nanoﬂuids. This means the increasing of
nanoparticle volume concentration may enhance the intensity of
nanoﬂuids boiling heat transfer. It is also found that the decreasing
rate of departure time is decreased with the increasing the nanoparticle volume concentration. This means the beneﬁt of nanoﬂuids
ﬂow boiling heat transfer enhancement by the increasing of
nanoparticle volume concentration is limited. Besides, the
increasing of nanoparticle volume concentration may lead to a
rapid increasing of ﬂow resistance. Fig. 15 shows the effects of
nanoparticle diameter on the bubble departure time. It is interesting to ﬁnd that the departure time are decreased ﬁrstly and then
increased with the increasing of the nanoparticle diameter. In the
same nanoparticle volume concentration condition, the bubble
departure time for the nanoﬂuid with nanoparticle diameter of
29 nm shows a minimum value. This is due to the complicated
relationship between the thermo-physical properties and nanoparticle diameter of nanoﬂuid.
Fig. 16 shows the effects of nanoparticle volume concentration
and diameter on the bubble departure diameter. Fig. 17 shows the
bubble diameter changing rate at departure point for different
nanoparticle volume concentration and diameter. It is found that

Fig. 12. Evolution of bubbles diameters of nanoﬂuids and pure water in heating process at different ﬂow velocities.

Fig. 13. Comparison of heat ﬂuxes of pure water and nanoﬂuids in different conditions.

Fig. 14. Effects of nanoparticle volume concentration of nanoﬂuid on the bubble departure time.
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Fig. 15. Effects of nanoparticle diameter of nanoﬂuid on the bubble departure time.

Fig. 16. Effects of nanoparticle diameter and volume concentration of nanoﬂuid on the
bubble departure diameter.

Fig. 18. Effects of nanoparticle diameter and volume concentration on the average heat
ﬂux during the heating process.

the increasing of nanoparticle volume concentration brings about
the increasing of bubble departure diameter. While the increasing
rate of departure diameter is decreased with the increasing of
nanoparticle volume concentration. The collective effects of nanoparticle volume concentration on the bubble departure time,
diameter and ﬂow resistance indicate that the suitable nanoparticle
volume concentration of nanoﬂuid for ﬂow boiling heat transfer
enhancement should not be too high. In addition, it is found that
the increasing of nanoparticle diameter leads to the decreasing of
bubble departure diameter, and the decreasing rate of bubble departure diameter is reduced with the increasing of nanoparticle
diameter. Combining this result with the minimum value of departure time in nanoparticle diameter of 29 nm, it is boldly predicted that an optimal nanoparticle diameter range between 20 nm
and 38 nm should be beneﬁcial to ﬂow boiling heat transfer
enhancement of Al2O3/H2O nanoﬂuid.
Fig. 18 shows the effects of nanoparticle volume concentration
and diameter of Al2O3/H2O nanoﬂuids on the averaged heat ﬂuxes
on the heating surface which are counted from the beginning of
bubble growth to the critical moment when the bubble departs
from the heating surface. The average heat ﬂux is decreased with
increasing the nanoparticle diameter, increased with increasing the
nanoparticle volume concentration. This is coincident with the
result about the variation of bubble departure diameter vs. nanoparticle volume concentration and diameter of Al2O3/H2O
nanoﬂuids.

4. Conclusion
In the present study, regression analysis on Al2O3/H2O nanoﬂuid's thermo-physical properties was made ﬁrstly. A single bubble's dynamics behavior of Al2O3/H2O nanoﬂuid ﬂow boiling is then
simulated by MPS-MAFL method. The key remarks of the present
work are as follows:

Fig. 17. Bubble diameter changing rate at departure point for different nanoparticle
volume concentration and diameter.

(1) Very small amount of solid guest nanoparticles were found
to provide dramatic improvements in thermal properties of
nanoﬂuids compared with those of base ﬂuids. Nanoﬂuids
are thus being considered as innovative and potential
working ﬂuids for heat management systems with high heat
ﬂux. Nanoﬂuids ﬂow boiling heat transfer characteristics is
one of hot research topic in heat transfer enhancement
research ﬁeld.
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(2) In the same ﬂow conditions, addition of Al2O3 nanoparticles
may increase the bubble departure frequency and diameter
in Al2O3/H2O nanoﬂuid ﬂow boiling compared those in pure
water ﬂow boiling. The bubble in Al2O3/H2O nanoﬂuid may
take away more heat per unit time from heating surface
during ﬂow boiling process. The present work initially reveals that nanoﬂuids can enhance ﬂow boiling heat transfer
from the point of view of bubble dynamics behavior.
(3) Just like pure water, the bubble growth and departure frequency in nanoﬂuid ﬂow boiling are relevant to the contact
angle between the bubble and the wall, wall superheat, ﬂuid
subcooling and the ﬂow velocity of the ﬂuid. The bubble
departure diameter, departure frequency and the heat ﬂux of
the heating surface is increased with the decreasing of the
contact angle and ﬂuid subcooling, with the increasing of the
wall superheat and ﬂow velocity.
(4) The diameter and the volume concentration of nanoparticle
are two important factors inﬂuencing the thermo-physical
properties of nanoﬂuids, Thus bubble behavior in nanoﬂuid
ﬂow boiling should be affected by the diameter and the
volume concentration of nanoparticle. The following ﬁndings are reached. (I) The increasing of nanoparticle volume
concentration may increase the bubble departure frequency
and departure diameter. (II) The increasing rates of departure
frequency and departure diameter are lessened with the
increasing of nanoparticle volume concentration. It is suggested that the suitable nanoparticle volume concentration
of nanoﬂuid for ﬂow boiling heat transfer enhancement
should not be too large, especially regarding the negative
effect of ﬂow resistance increase by the increasing of nanoparticle volume concentration. (III) It is interesting to ﬁnd
that in the same nanoparticle volume concentration condition, the bubble departure time for the nanoﬂuid with
nanoparticle diameter of 29 nm shows a minimum value. The
increasing of nanoparticle diameter leads to the decreasing
of bubble departure diameter. It is boldly to predict that an
optimal nanoparticle diameter range between 20 and 38 nm
should be beneﬁcial to ﬂow boiling heat transfer enhancement of Al2O3/H2O nanoﬂuids.

Future work
Single bubble simulation is just the ﬁrst step to study the
nanoﬂuids ﬂow boiling characteristics. For better predict the
boiling heat transfer and critical heat ﬂux of nanoﬂuids, the future
work will focus on the other phenomena in nanoﬂuids ﬂow boiling
process such as multi-bubbles interaction and coalescence, bubble
shriveling and breakup, etc.
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