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Abstract

This paper reports an experimental study on nanofluid convective boiling heat transfer in parallel rectangular
minichannels of 800 μm hydraulic diameter. Experiments are conducted with pure water and silver nanoparticles
suspended in water base fluid. Two small volume fractions of silver nanoparticles suspended in water are tested:
0.000237% and 0.000475%. The experimental results show that the local heat transfer coefficient, local heat flux, and
local wall temperature are affected by silver nanoparticle concentration in water base fluid. In addition, different
correlations established for boiling flow heat transfer in minichannels or macrochannels are evaluated. It is found
that the correlation of Kandlikar and Balasubramanian is the closest to the water boiling heat transfer results. The
boiling local heat transfer enhancement by adding silver nanoparticles in base fluid is not uniform along the
channel flow. Better performances and highest effect of nanoparticle concentration on the heat transfer are
obtained at the minichannels entrance.
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Review
Introduction
The rapid improvement in the microelectronic devices is
accompanied by a high increase in the heat generation,
which would decrease its efficiency and lifetime. Nanofluid
flow boiling in microchannels and minichannels came
up to be a novel solution to withstand high heat fluxes
with low working mass flow rates and more uniform
temperature. Thus, the combination of nanofluid and small
channel’s dimensions in heat exchangers constitutes an in-
novating method providing effectiveness, compactness, low
thermal resistance, and, simultaneously, environmental
protection by the reduction of working fluid inventory.
Several studies were carried out to better understand

the boiling phenomena in microchannels with different
working fluids [1,2]. Bowers and Mudawar [3] conducted
experiments in circular minichannels and microchannels
heat sinks by using R-113 as a working fluid. They found
that minichannels and microchannels in heat exchangers are
capable of achieving heat fluxes in excess of 200 W/cm2.
Moreover, Qu and Mudawar [4] investigated convective
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boiling heat transfer, flow patterns, and pressure drop of
water in parallel microchannels. They showed that the
flow pattern was strongly affected by the heat flux and it
is difficult to withstand bubbly flow regimes using water
as working fluid due to its high surface tension and large
contact angle. Liu and Garimella [5] conducted experi-
ments on boiling heat transfer of deionized water in cop-
per microchannels. They found that Shah correlation [6]
predicts well the heat transfer coefficient in the subcooled
boiling regimes. Chen and Garimella [7] investigated phy-
sical characteristics of boiling FC-77 flow in parallel sili-
con minichannels. They studied bubbly and sluggish flow
pattern at low heat flux and thin annular and churn flows
at high heat flux using three different mass fluxes. Fang
et al. [8] conducted a comparative study of existing corre-
lations for flow boiling heat transfer in microchannels.
They collected 1158 data points of flow boiling heat
transfer of R134a in minichannels and reviewed 18 flow
boiling heat transfer correlations. They found that no cor-
relation has satisfactory accuracy and that more efforts
should be made to develop better correlations for boiling
in minichannels.
In addition, the recent development of nanotechnology

materiel led to intensify the heat transfer coefficient
in microscale devices by using suspended metallic
s an Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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nanoparticles in conventional working fluids. Most stud-
ies published in the literature on nanofluids heat transfer
have reported that using nanoparticles with average sizes
below than 100 nm in traditional working fluids in-
creases the thermal conductivity of fluids and enhances
heat transfer coefficient [9,10]. Mohammed et al. [11]
reported that there are few studies on convective heat
transfer compared to those on nanofluid properties be-
cause forced convective flows are affected by nanofluids
thermal properties in addition to the Reynolds and
Prandtl numbers. Consequently, there are many experi-
mental studies, which focused on nanofluids thermal
conductivities since it is the most important parameter
to enhance convective heat transfer. Among many ex-
perimental methods reported in the literature to meas-
ure the nanofluids thermal conductivity, the transient
hot wire method has been used extensively. Various cor-
relations and models were proposed for the calculation
of the thermal conductivity of nanofluids [12,13].
In contrast, nanofluids in microchannels have received

little attention. Few numerical and experimental studies
have been conducted on convection nanofluid heat trans-
fer in microchannels for single phase and boiling flows
[14,15]. Various sizes and types of nanoparticles have been
tested such as Al2O3, CuO, diamond, SiO2, Ag, and TiO2
s. These studies have revealed that the heat transfer per-
formance and pressure drop increase with increasing
nanoparticle volume concentration in base fluid and de-
crease with increasing nanoparticle size.
Regarding boiling heat transfer using nanofluids as

working fluids, it can be seen that there are several pub-
lished researches on pool boiling [16,17]. However, few
studies on convective boiling heat transfer of nanofluid in
microchannels or minichannels have been conducted in
the past 3 years [18-20]. Boudouh et al. [21] conducted ex-
periments on heat transfer of nanofluid with three differ-
ent volume fractions of nanoparticles in the base fluid
0.00056%, 0.0011%, and 0.0056%. They showed that the
local heat flux, local vapor quality, and local heat transfer
coefficient increase with copper nanoparticle volume frac-
tion. Henderson et al. [22] found that the heat transfer co-
efficients of the R134a/POE/CuO nanofluid could be
increased by 52% and 76% for volume fractions of 0.04%
and 0.08% respectively. Kim et al. [23] studied Al2O3-
water nanofluid at low volume concentration and ob-
served an enhancement of the boiling critical heat flux
up to 70% at nanoparticle concentrations lower than
0.01%. They attributed this enhancement to the nano-
particle deposition on the heat exchanger surface. On
the other hand, Lee and Mudawar [24] tested two vol-
ume fractions of Al2O3-water nanofluid (1% and 2%)
with diameter of 36 nm. They noted that the boiling of
nanofluid could fail since large clusters are formed near
the channel exit due to localized evaporation once
boiling was started. More recently, Xu and Xu [25] investi-
gated flow boiling heat transfer in a single microchannel
using 40 nm Al2O3 nanoparticles with low volume
fraction (0.2%). They showed that nanofluids stabilize
the boiling flow and inhibit the dry patch development
between the heater surface and vapor phase. They
also observed an enhancement of the heat transfer
using nanofluid without particle deposition on the
heater surface.
From this literature review, it is clear that there are

only limited studies on nanofluid boiling heat transfer in
microchannels with low volume concentration. Most of
the studies are focused on pool boiling and single-phase
heat transfer in microchannels. Additionally, the encour-
aging results of a few research works on boiling heat
transfer in microchannels at very low nanoparticle vol-
ume fractions show the possibility of employing boiling
nanofluid in micro heat sinks. Therefore, more efforts
must be made in this field to improve effectiveness in
engineering designs and applications.
The objective of this study is to investigate the boiling

thermal performance of water-based silver nanoparticles
in rectangular minichannels. Experiments were conducted
with pure water and nanofluids having low nanoparticle
concentrations. The results of local heat transfer coeffi-
cients for both water and nanofluids were compared
under steady state. Effects of the suspended silver
nanoparticles in water on the local surface temperature,
local heat flux, and local heat transfer coefficient are
also analyzed.

Experimental setup
Flow loop
Figure 1 shows a schematic diagram of the test setup
that has been built to conduct experiments for boiling
local heat transfer in the minichannels. The test setup
consists of fluid loop with working fluid reservoir
and a preheater, variable speed gear pump, test section,
heat exchanger, power regulator, thermocouples, com-
puter, and acquisition data devices. The working fluid
temperature at the vented reservoir is controlled at a
desired temperature by a preheater that consists of re-
sistance, temperature regulator, and a K-type sensor. In
addition, the reservoir volume is large enough to take
back all the fluid when the facility is shut down. The
magnetic MCP-Z standard drive gear pump circulates
the working fluid to the test section from the vented
reservoir. Water exiting the test section is cooled via a
heat exchanger before reaching the reservoir. The 75
μm K-type thermocouples are used to measure the
inner wall temperature of the minichannels. The whole
test rig is fully automated through a computer using
the National Instruments devices (National Instruments
Corp., Austin, TX, USA).
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Figure 1 A schematic diagram of the experimental apparatus.
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Test section
Figure 2 presents the top view of the test section
consisting of a 220 × 220 × 10 mm3 copper block. Fifty
parallel rectangular channels are machined on the
block's upper side. Each channel has a rectangular cross
section (2,000 μm width and 500 μm height) and a
length of 160 mm. The distance between the center lines
of the two adjacent channels is 4 mm. Figure 3 shows
the test model assembly. The flow channels are formed
by covering the top side of the copper plate with a
polycarbonate plate of 220 × 220 × 4 mm3 which is
also used as an insulator and a transparent cover in order
to visualize the boiling flow patterns. The parallel
minichannels are heated by a rectangular silicone heating
panel of 200 × 200 × 4 mm3 placed at the copper plate
bottom side. The heater system is coated with a second
copper plate 200 × 200 × 4 mm3. These two copper blocks
are screwed into place so that they made good contact
with the heater source. Precautions were taken to achieve
uniform distribution of heat flux at the upper surface of
the heat source. The heating panel was fed with a direct
current power supply that has 400 W total powers. The
input voltage and current are controlled by a power
supply device and measured with an accuracy of 1%. As
shown in Figure 3, thermal insulating layers (30-mm
thick) of PTFE with thermal conductivity 0.3 W/mK are
placed on all faces of the test section except the top side
in order to minimize the heat losses which are estimated
to be lower than 7%.

Instrumentation
To understand the physical phenomena, experimental setup
and local instrumentation have been developed and experi-
ments were conducted. The inner wall temperature of the
minichannels is measured using K-type microthermocouples
of 75 μm diameter. Microthermocouples are inserted
in drillings on the back side of the copper plate as
shown in Figure 4a. They were soldered using a high-
conductivity material along the walls of the first and
41th minichannels. The first minichannel is located at 2
mm from the edge of the test section, near the entry of
the working fluid. The channel 41 is located at 160 mm
far from the edge of the test section. At the first chan-
nel 7, microthermocouples were implemented at 0.5
mm below the wetted surface at 12, 30, 48, 66, 103,
121, and 139 mm from the channel inlet. In addition,



2 mm

Fluid entrance

Fluid exit

Figure 2 Top view of the test section with 50 minichannels.
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seven microthermocouples were implemented at 8 mm
below the wetted surface at 8, 26, 44, 63, 98, 116, and
134 mm from the channel inlet (as shown in Figure 4b).
Regarding channel 41, nine thermocouples were
implemented at 0.5 mm below the wetted surface at 10,
28, 46, 62, 83, 101, 119, 137, 154 mm from the channel
inlet. In addition, seven microthermocouples were
implemented at 8 mm below the wetted surface at 14,
50, 36, 68, 86, 104, 123, and 159 mm from the channel
inlet. A high-speed camera is installed in front of the
Insulating Block

Transparent 
Cover

Figure 3 Detailed test model assembly.
test section to visually record the flow evolution. Data
acquisition is entirely automated using the Labview
data acquisition system (National Instruments Corp.,
Austin, TX, USA).

Experimental procedure, data reduction, and uncertainties
For all tests, the heat exchange surface was oriented
vertically. The liquid in the tank was first preheated to
the required temperature. The liquid flow rate was ad-
justed with a regulating valve at the desired value. All
Copper 
Plate

Heat Plate

Copper Plate Containing 
50 Minichannels
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Instrumentation of 
the channel 41

Micro-
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Figure 4 Bottom of the test section and location of thermocouples inside copper plate wall. (a) Bottom views of the test section showing
the implemented thermocouples and (b) location of thermocouples inside copper plate wall for the first channel.
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temperatures were recorded during time. The total
power supplied to the heater source was set at the
maximum value. When the boiling phenomenon had
occurred and the temperatures have reached almost a
steady state, the values of the liquid flow rate or the
heat flux of the power source were varied and the
same procedure was repeated. For each fixed experi-
mental condition, the test section was heated and the
temperatures were monitored continually. Experiments
were performed with deionized water and silver-water
nanofluids.
Experimental results presented in this paper were

treated only in the steady state when the wall tempera-
tures become approximately constant with time. The
temperatures fluctuation is about ±0.1°C. The local heat
transfer coefficient of each axial location along the chan-
nel length is given as follows:

hx ¼ qchannel; x

Ts;x � Tf
ð1Þ
where qchannel, x is the local heat flux estimated by tak-
ing into account the local heat loss, Ts,x is the local sur-
face temperature, Tf is the fluid bulk mean temperature,
and x is the axial coordinate parallel to the flow's
direction.
The local heat flux is calculated depending on

Fourier’s law:

qchannel; x ¼ λw
T1;x � T2;x

Δy
ð2Þ

where λw(=389 W/mK) is the thermal conductivity of
the copper wall, T1,x and T2,x are the temperatures
measured inside the copper plate, Δy is the space be-
tween thermocouples locations inside the wall (see
Figure 4b).
The vapor quality is defined as the ratio of the local

vapor mass flow rate to the total mass flow rate

χv;x ¼ _mv;x= _mv;x þ _ml;x
� �� �

. Applying the energy balance



Table 1 Uncertainties for different parameters involved in
the experimental tests

Parameter Uncertainty

Temperature, T (°C) ±0.1°C

Mass flow rate, _m (kg/s) ±1.3%

Mass flux, G (kg/m2s) ±1.35%

Position of thermocouples, y (m) ±0.1 mm

Power input, (W) 1%

Heat flux, q (W/m2) 8%

Heat transfer coefficient, h (W/m2k) ±12%
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equation between the inlet and the outlet of each subsec-
tion yields

χv;x ¼ χv;x�Δx þ
1
hfg

qchannel;x þ qchannel;x�Δx

2

h

�Δx Wchannel

_m
� Cpl Tsat � Tf Þ

� �
ð3Þ

where qchannel,x is the local heat flux along the flow direc-
tion, hfg is the heat of vaporization, Wchannel is the
channel width, Tsat is the working fluid saturation
temperature, Tf is the working fluid inlet temperature,
Cpl is the liquid working fluid specific heat capacity, and
_m is the single channel mass flow rate determined from
the assumption that the total mass flow rate is uniformly
distributed in the minichannels,

_m ¼ G
HchannelWchannel

Nchannel
ð4Þ

where G is the total mass flux measured during experi-
ments, Hchannel is the channel height, Wchannel is the
channel width, and Nchannel is the number of channels.
A Denver Instrument flow meter (Bohemia, NY, USA) is

used to measure the mass flow rate of the working fluid with
an uncertainty of 1.3%. Furthermore, microthermocouples
calibration is carried out by comparing the tempera-
tures measured by each microthermocouple to those
measured by a high-precision sensor probe (±0.03°C).
The uncertainties in heat flux, heat transfer coeffi-
cient, vapor quality, and mass flux (Equations 1, 2, 3,
and 4) were evaluated using the method of Kline and
McClintock [26]. For example, the uncertainty of the
heat flux was evaluated by the following:

Δq
q

¼ Δλ

λ

� �2

þ ΔT1

T2 � T1

� �2

þ ΔT2

T2 � T1

� �2

þ ΔΔy

Δy

� �2
" #1

2

ð5Þ
where q is the heat flux along the flow direction, λ the
thermal conductivity of the copper plate, T is the
temperature measured inside the copper plate for different
levels, Δy is the space between thermocouples locations
inside the copper plate. Table 1 shows the uncertainties
for different parameters involved in the measurements.

Results and discussion
Experiments are performed in parallel rectangular
minichannels using pure water and silver-water nanofluid
with two small volume fractions (0.000237% and
0.000475%) as working fluids in a compact heat exchanger.
A comparison between proposed correlations in the litera-
ture and experimental data is carried out initially to verify
the present measurements and then to evaluate correlations
defined for flow boiling heat transfer in minichannel or
macrochannel. Experiments are conducted with various
values of mass flux and heat flux.

Water boiling heat transfer in minichannels:
measurement results and predictions
Transient state: temperature measurements and instability
For each operating conditions, wall temperatures are mea-
sured at different axial locations of the minichannels.
Figure 5a shows an example of four transient tempera-
tures profiles measured at 0.5 mm below the heat ex-
change surface along the flow direction. The experiment
is conducted for 60°C inlet water temperature, 266 kg/m2s
mass flux and 200 W supplied power to the heated plate.
The figure shows that the wall temperatures increase
regularly during transient state with some fluctuations
(Figure 5b) until a limit is reached then decrease at the
start of the nucleate boiling to reach steady values.
Figure 5b shows an example of the wall temperature fluc-
tuations in the steady state zone caused by the hydro-
dynamic instabilities of the bubbles and liquid flows. In a
previous work, it was revealed that various types of hydro-
dynamic instabilities may exist in boiling flow and boiling
flow has a destabilizing effect on the two-phase flow. In
this study, experimental data show that bubbles generated
on the heated surface move to the channel exit and co-
alesce with other bubbles to feed the high void fraction.
Flow oscillation in the minichannels may be attributed
to the difference between the vapor and the liquid
densities. Instability in boiling flow can reduce the crit-
ical heat flux due to the flow oscillation that tends to
increase the bubble velocity along the channel. Previ-
ously, Qu and Mudawar [4] showed that pressure drop
oscillation is undesirable for the performance of a two-
phase microchannel heat sink.

Steady state: temperature and heat transfer coefficient
measurements
Figure 6a,b shows an example of the wall temperature
measured at 0.5 and 8 mm below the heat exchange sur-
face for the channels 1 and 41 for 348 kg/m2s pure water
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example of wall temperature fluctuations.
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mass flux. The total power supplied to the heated plate
is 200 W. It is shown that for both channels, the wall
temperatures increase along the flow direction and at-
tain a horizontal asymptote at the downstream flow. For
the channel 41, all the measurement locations show a
very low wall temperature variation (approximately iso-
therm) along the channel, leading a uniform distribution
of the big bubbles along the channel. Wall temperature
distribution along the channel is related to the boiling
flow structure where it increases with the size of the
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bubbles in the channel. Moreover, three zones along the
flow direction are observed as shown in Figure 7. The
first zone (Figure 7a) is at the channel entrance where
the nucleate boiling begins and a small number of iso-
lated bubbles move just after their apparition along the
liquid flow. The first zone length may be reduced by de-
creasing the fluid mass flow rate or by increasing the
heat flux. Bubbles leaving the first zone combine with bub-
bles formed in the second zone (Figure 7b) to form bigger
bubbles occupying the middle part of the channel. The in-
crease of the bubble size decreases the contact of water with
the heat exchange surface and increases the wall
temperature. At the upstream flow, a third zone is observed
(Figure 7c), where the temperature and void fraction attain
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Figure 7 Boiling flow pattern at different locations along the flow direction. (a) x ≤ 80 mm, (b) 60 mm ≤ x ≤ 110 mm, and (c) 100 mm ≤ x
≤ 160 mm.
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their maximum values causing probably a partial dry re-
gions near the channels’ outlet. As a result, wall temperature
and local vapor quality increase along the flow direction.
The effect of the water mass flux on the wall temperature

evolution is presented in Figure 8a,b. The profiles of wall
temperatures measured at the first and 41th channel along
the flow direction using microthermocouples located at 0.5
mm below the heat exchange surface are shown. The pure
water mass fluxes for these profiles are 174, 261, 348, 435,
and 566 kg/m2s, where the total power supplied to the
heated plate is 200 W. Figure 8a shows a strong depend-
ence of the wall temperature on the liquid's mass flux. As
the liquid's mass flux increases, the wall temperature de-
creases and vice versa. Moreover, all the curves attain a
horizontal asymptote at the end of the channel length, i.e.,
at the maximum local vapor quality. In addition, it can be
noticed that the zone's length where the wall temperature
becomes asymptotic increases as liquid's mass flux de-
creases and vice versa. In fact, for the same heat flux, the
decrease of the mass flow rate increases both the local void
fraction and the local wall temperature. For channel 41, the
effect of the mass flux on the wall temperature is quite low
in comparison with the wall temperature obtained for the
first channel since the void fraction in this channel is higher
along the flow direction and that can be seen in Figure 8b.
Afterward, the heat transfer parameters can be calcu-

lated depending on the previous Equations 1, 2, and 3.
Figure 9a,b,c,d shows the local surface temperature, local
heat flux, local heat transfer coefficient, and the local
vapor quality, respectively, along the flow direction for
different pure water mass fluxes. Experimental data
show a strong dependence of the local heat transfer
coefficient and local heat flux on the liquid's mass flux
and on the x location. They possess almost the same
shapes with decreasing local heat transfer coefficient and
local heat flux, with the increase of x and decrease of
liquid's mass flux. For the same mass flux, the surface
temperature at the downstream flow is smaller and the
local heat transfer coefficient is greater than those at the
upstream flow. At the channel's inlet, the nucleate boil-
ing dominates causing a high heat transfer coefficient
and low surface temperature. But while moving toward
upstream flow, the vapor covers the major part of the
flow outlet and prevents the contact between liquid flow
and the channels' surface causing a partial dry out and
blockage mechanisms which, in turn, causes a decrease
in the local heat transfer coefficient and an increase in
the surface temperature. As shown in Figure 9d, the
local vapor quality increases along the channel’s length
and with smaller water mass fluxes.

Comparison of experimental data with the existing
correlations for flow boiling heat transfer
In order to validate the experimental procedure, experi-
mental results obtained in the present work for boiling
water in minichannels are compared to predictions of
various correlations from literature. These existing cor-
relations are proposed for convective boiling heat trans-
fer in microchannels and macrochannels (Table 2). Of
these predictive correlations, those for boiling flow in
the rectangular minichannels defined by Warrier et al.
[27], Kandlikar and Balasubramanian [28], Sun and Mi-
shima [29] and Bertsch et al. [30] are employed. On the
other hand, Fang et al. [8] compared experimental data
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for convective boiling of R113 in minichannels with the
predictions from 18 correlations defined for flow boiling
heat transfer. They found that the best predictions of the
average boiling heat transfer coefficient are found with a
mean absolute relative deviation of 36% by the correla-
tions of Lazarek and Black [31] and Gungor and
Winterton [32], which are developed for convective boil-
ing in macrochannels. Predictions from these two corre-
lations are also compared to the experimental data. The
correlation of Kew and Cornewell [33] established for
boiling heat transfer in macrotubes is also evaluated in
this paper. Yan and Lin [34] investigated experiments on
evaporation heat transfer in multi-port circular tube with
an inner diameter of 2 mm. They proposed an equation
for heat transfer similar to the Kandlikar [2] correlation,
including three non-dimensional numbers: the boiling
number, the liquid Froude number, and the convection
number (Table 3). Cooper’s correlation [35] that is devel-
oped and widely used for nucleate pool boiling heat trans-
fer is recommended by Harirchian et al. [1] to predict flow
boiling heat transfer in microchannels. However,
Harirchian et al. [1] found that the Cooper’s correlation
predicts their experimental results with 27% as mean ab-
solute percentage error. Liu and Witerton [36] used
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Cooper’s correlation and introduced an enhancement fac-
tor due to the forced convective heat transfer mechanism
caused by bubbles generated in the flow. Bertsch et al.
[30] developed a generalized correlation for flow boiling
heat transfer in channels with hydraulic diameters ranging
from 0.16 to 2.92 mm. The proposed correlation by
Bertsch et al. [30] predicts these measurements with a
mean absolute error less than 30%.
Comparisons between the present experimental results

to the predictions from these correlations are illustrated in
Figure 10. Kandlikar and Balasubramanian [28] correlation
best predicts the heat transfer coefficients measured in the
present work. Predictions of heat transfer from the corre-
lations of Lazarek and Black [31] and Yan and Lin [34] are
very satisfactory for all the tested mass fluxes. The max-
imum deviation is about 29% for mass flux ranging from
260 to 650 kg/m2s. However, Sun and Mashima [29] cor-
relation gives the best predictions for high mass flux
(>450 kg/m2s) with an average deviation about 13% from
the measurements and over predicts measurements for
low mass fluxes. Also, correlation of Bertsch et al. [30]
highly over predicts the experimental results for all the
range of mass flux tested in this study and the correlations
of Liu and Witerton [36] and Warrier et al. [27] under
predict them. Correlations of Gungore and Winterton
[32] and Kew and Cornewell [33] have the same trend to
over predict the heat transfer coefficient at low mass flux
and to under predict them at high mass flux. Table 4 pre-
sents the percentage dispersion of the proposed correla-
tions relative to the experimental average heat transfer
coefficient measured at different water mass fluxes.

Nanofluids boiling heat transfer in minichannels
Nanofluid is prepared and used as a working fluid for the
boiling apparatus. Silver nanoparticles with 35 nm diam-
eter are dispersed in the deionized water base solution.



Table 2 Correlations for boiling flow heat transfer coefficient

Reference Fluid composition Description Correlation

Geometry Comment Parameter range

Warrier et al. [27] FC-84 Small rectangular
parallel channels of
Dh = 0.75mm

Single-phase forced
convection and subcooled
and saturated nucleate
boiling

3 < x <55% htp ¼ hsp 1þ 6Bo
1
16 � 5:3 1� 855Boð Þχ0:65v;x

� �
6ð Þ

hsp ¼ 0:023Re0:8l Pr0:4l λl=Dh 7ð Þ

Kandlikar and
Balasubramanian
[28]

Water, refrigerants, and
cryogenic fluids

Minichannels and
microchannels

Flow boiling x <0.7 ~ 0.8 Co < 0:65; htp ¼ hsp 1:136Co�0:9 25Frloð Þc þ 667:2Bo0:7lo

	 �
8ð Þ

Co > 0:65; htp ¼ hsp 0:6683Co�0:2 25Frloð Þc þ 1058Bo0:7lo

	 �
9ð Þ

hsp is calculated Equation 7

Sun and Mishima
[29]

Water, refrigerants (R11, R12,
R123, R134a, R141b, R22,
R404a, R407c, R410a) and
CO2

Minichannel
diameters from 0.21
to 6.05 mm

Flow boiling laminar flow
region

ReL < 2,000 and ReG < 2,000 htp ¼ 6Re1:05lo Bo0:54λl

We0:191l ρl=ρgð Þ0:142Dh

10ð Þ

Bertsch et al. [30] Hydraulic diameters ranging
from 0.16 to 2.92 mm

Minichannels Flow boiling and vapor
quality

0 to 1 htp ¼ 1� χv;x
� �

hnb þ 1þ 80 χ2v;x � χ6v;x
� �

e�0:6Cof
h i

hsp 11ð Þ
hnb is calculated by Cooper [35]:

hnb ¼ 55P0:12�0:087 lnξ
R �0:4343 lnPRð Þ�0:55M�0:5q0:67 12ð Þ

hsp = χv,xhsp,go + (1 − χv,x)hsp,lo (13)

hsp;ko ¼ 3:66þ 0:0668RekoPrkDh=L

1þ0:04 RekoPrkDh=Lð Þ2=3
h i

λ
Dh

14ð Þ

Cof ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ
g ρl�ρgð ÞD2

h

q
15ð Þ

Temperature −194°C to 97°C

Heat flux 4–1,150 kW/m2

Mass flux 20–3,000 kg/m2s

Lazarek and
Black [31]

R113 Macrochannels 3.15
mm inner diameter
tube

Saturated flow boiling -

Nux ¼ 30Re0:857lo Bo0:714 16ð Þ
Gungor and
Winterton [32]

Water and refrigerants (R-11,
R-12, R-22, R-113, and R-114)

Horizontal and
vertical flows in tubes
and annuli D = 3 to
32 mm

Saturated and subcooled
boiling flow

0.008 < psat < 203 bar; 12 <
G < 61.518 kg/m2s; 0 < x <
173%; 1 < q < 91.534 kW/m2

htp = (SS2 + FF2)hsp (17)hsp is calculated Equation 6

S = 1 + 3, 000Bo0.86 (18)F ¼ 1:12
χv;x

1�χv;x

� �0:75 ρl
ρg

� �0:41
19ð Þ

S2 ¼ Fr
0:1�2Frloð Þlo if horizontal with Frlo<0:051 otherwise

lo 20ð Þ
n

F2 ¼ Fr 0:5ð Þ
lo if horizontal with Frlo < 0:05

1 otherwise
21ð Þ

�

C
hehade

et
al.N

anoscale
Research

Letters
2013,8:130

Page
12

of
20

http://w
w
w
.nanoscalereslett.com

/content/8/1/130



Table 2 Correlations for boiling flow heat transfer coefficient (Continued)

Liu and Witerton
[36]

Water, refrigerants and
ethylene glycol

Vertical and horizontal
tubes, and annuli

Subcooled and saturated
flow boiling

-
htp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fhloð Þ2 þ Shnbð Þ2

q
22ð Þ

hnb is calculated by Cooper [35] (Equation 11)

F ¼ 0:35 1þ χv;x
μl Cp;l
λl

ρl
ρv
� 1

� �h i
23ð Þ

S ¼ 1þ 0:055F0:5Re0:16lo

	 �
24ð Þ

Kew and
Cornwell [33]

R141b Single tubes of 1.39–
3.69 mm inner
diameter

Nucleate boiling, confined
bubble boiling, convective
boiling, partial dry out

- htp ¼ 30Re0:857lo Bo0:714 λl
Dh

1
1�χv;x

� �0:143
25ð Þ

Yan and Lin [34] R134a 28 parallel tubes 2
mm

Convective boiling G = 50 to 200 kg/m2s;
q = 0.5 to 2 W/cm2

htp ¼ C1CoC2 þ C3BoC4Frlo
� �

1� χv;m
� �0:8

hl 26ð Þ

hl = 4.364λl/Dh (27)

Cm ¼ Cm;1Re
Cm;2

lo TCm;3

R 28ð Þ
The best fitting values for the constants Cm,1, Cm,2, and Cm,3 are
listed in Table 3
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Table 3 Values of the constants in Yan and Lin [34] correlation

Average Co > 0.5 0.15<Co ≤ 0.5 Co ≤ 0.15

Cm,1 Cm,2 Cm,3 Cm,1 Cm,2 Cm,3 Cm,1 Cm,2 Cm,3

1 933.6 0.07575 26.19 47.3 0.3784 14.67 356600 −0.6043 18.59

2 −0.2 0 0 2612.8 0 37.27 1409.1 −0.5506 16.303

3 21700 0.5731 34.98 100150 0 24.371 12.651 0.3257 10.118

4 14.84 −0.0224 13.22 3.99 −0.1937 4.794 0.15 0 0
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Figure 11 shows the silver nanoparticles photo used in this
work. An ultrasonic vibrator is used for about one day to
insure the best dispersion of the silver nanoparticles in the
deionized water. Moreover, nanofluid is directly tested after
preparation since the nanoparticles would coagulate to-
gether to form big particles. Experiments are conducted to
measure nanofluid boiling heat transfer with two nanopar-
ticle concentrations of 50 mg/L and 25 mg/L correspond-
ing to 0.000475% and 0.000237% nanoparticle volume
fractions, respectively, which are quite low compared to
those used for boiling in minichannels by previous research
works. No dispersant fluid is added during the nanofluid
preparation. For each concentration, nanofluid mass flux is
varied at the inlet of the minichannels, and the test section
is cleaned after each experiment using deionized water.

Effect of silver nanoparticles on the local heat transfer
Among the various equations defined in the literature
to compute the physical properties of nanofluid, the
most used correlations have been retained in this work
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Figure 10 Comparison between the predicted and the measured ave
to estimate nanofluid properties. The following equa-
tions are used to calculate the nanofluid thermal con-
ductivity, dynamic viscosity, density, and specific heat
respectively [24,37]:

λeff ¼
λp þ n� 1ð Þλbf � φ n� 1ð Þ λbf � λp

� �
λp þ n� 1ð Þλbf þ φ λbf � λp

� �
" #

λbf ;

ð29Þ
where n = 3 for spherical nanoparticle,

μnf
μbf

¼ 1þ 2:5φ; ð30Þ

ρnf ¼ φρp 1� φð Þρbf ; ð31Þ

Cp;nf ¼ φCp;p 1� φð ÞCp;bf ; ð32Þ
where λ is the thermal conductivity, φ is the nanoparti-
cle volume fraction, μb is the viscosity of the base fluid,
ρ is the density, and Cp is the specific heat capacity.
400 500 600 700
x [kg/m²s]

8]

rage heat transfer coefficients for different mass fluxes.



Table 4 Standard deviation of the various correlations with respect to experimental results

G value
(kg/m2)

Measurement
results

Warrier
et al.

[27] (%)

Kandlikar and
Balasubramanian

[28] (%)

Sun and
Mishima
[29] (%)

Bertsch
et al. [30] (%)

Lazarek
and Black
[31] (%)

Gungor and
Winterton
[32] (%)

Liu and
Witerton
[36] (%)

Kew and
Cornwell
[33] (%)

Yan and
Lin [34] (%)

130.59 0.92 −27.89 41.6 133.99 166.33 65.87 188.31 −32.68 16.22 −19.64

174.12 1.24 −31.37 30.34 97.03 130.45 60.27 93.15 −60.02 33.67 −8.55

217.65 1.63 −34.92 20.25 80.65 100.28 45.09 67.84 −43.69 −1.22 −6.23

261.18 2.12 −38.41 10.32 48.89 44.37 25.75 16.35 −58.02 −18.09 −26.22

304.71 2.37 −36.85 10.14 50.32 53.31 29.29 8.49 −56.62 −20.13 −22.64

348.24 2.96 −40.13 0.84 25.01 30.2 11.31 −10.39 −59.7 −25.52 −25.17

391.77 3.2 −38.46 1.54 28.33 60.69 14.79 2.17 −47.7 −17.36 −5.16

435.3 3.39 −33.23 6.6 26.66 69.24 27.36 4.72 −42.28 −14.41 11.49

478.83 3.95 −35.52 −0.32 13.33 60.17 3.62 −3.11 −43.35 −20.11 14.45

522.36 4.2 −31.93 2.24 6.52 38.53 17.09 −19.72 −52.51 −26.04 4.7

565.89 4.48 −29.01 2.21 3.02 47.22 −0.97 −16.04 −47.65 −25.47 22.78

609.42 5.06 −29.69 −0.56 −5.43 41.32 5.61 −19.94 −48.04 −29.81 25.42

652.95 5.55 −29.21 −7.08 −10.67 53.45 12.48 5.53 −36.92 −28.05 29.41
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Table 5 shows the physical properties of water base
fluid and silver-water nanofluids with different nanopar-
ticle volume fractions.
Figure 12a,b,c presents distributions of the local heat

transfer coefficient, local surface temperature, and local
vapor quality respectively along the minichannel length.
Each figure compares the experimental data obtained for
boiling flow of pure water to those of nanofluids with 25
and 50 mg/L silver concentrations. The inlet working
View field= 3.113 µm

Figure 11 Silver nanoparticles with an average diameter of 35 nm.
fluid mass flux is 348 kg/m2s with an input heat power
of 200 W. Figure 12a reveals that the local heat transfer
coefficient increases with silver nanoparticles suspended
in deionized water. It could be noticed that the enhance-
ment in the local heat transfer coefficient is very appre-
ciable near the channel entrance. Figure 12b demonstrates
that the surface temperature decreases by increasing silver
nanoparticle concentration in the water base fluid due to
the increase in the heat transfer and the cooling of the
View field= 15.66 µm



Table 5 Pure water and nanofluid properties at 100 kPa and 60°C

Water Silver nanoparticles Silver nanofluid (C = 25 mg/L) Silver nanofluid (C = 50 mg/L)

Effective thermal conductivity λ (mw/mK) 603 429 603.427 603.856

Density ρ (kg/m3) 996 10490 998.25 1000.51

Dynamic viscosity μ (kg/ms) 7.977 × 10−4 - 0.000798 0.0008

Specific heat, Cp (J/kgK) 4,182 233 4181.064 4180.124
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heat exchange surface. This is confirmed by Figure 12c
showing that nanofluids give higher vapor quality than
pure water. Therefore, the increase of the silver nanoparti-
cle concentration increases the local heat transfer coeffi-
cient and the vapor quantity in the boiling flow, and
reduces the surface temperature.

Effect of silver nanoparticles on the average heat transfer
Two experimental conditions are conducted for each sil-
ver nanoparticle concentration in water base fluid and
pure water. In the first one, the input power is settled at
200 W and the mass flux is varied from 87 to 653 kg/
m2s. In the second, the mass flux is settled at 174 kg/
m2s and the input power is varied from 120 to 240 W.
Figure 13 compares the average heat transfer coefficients
of pure water, 25 mg/L and 50 mg/L silver concentration
nanofluid under the first experiment conditions. For the
same mass flux, the average heat transfer coefficient is
larger for nanofluids than that of pure water and it is in-
creased with nanoparticle suspension. The maximum
enhancement of the average heat transfer coefficient is
about 132% for 25 mg/L and 162% for 50 mg/L.
Figure 14 illustrates experimental data obtained under
the second experiment conditions. It can be seen that
the average heat transfer coefficient for pure water and
silver-water nanofluids increases by decreasing the input
power. For the whole input power range, the heat trans-
fer coefficients have almost the same trends for boiling
silver-water nanofluids and water. For each fixed power
input value, increasing the silver nanoparticle concentra-
tion will increase the average heat transfer coefficient.
Accordingly, for an input power ranging from 120 to
240 W, the enhancement of the average heat transfer co-
efficient for nanofluids relative to pure water is about
30% to 38% for 25 mg/L and 56% to 77% for 50 mg/L
silver concentrations, respectively.
In general, heat transfer enhancement using nanofluid

has being investigated by many researchers, and several
mechanisms leading to this enhancement are presented,
such as nanoparticle interactions with bubbles [38],
nanoparticle porous deposition on the surface [20], re-
duction of the thermal boundary layer thickness due to
nonuniform distribution of the thermal conductivity and
viscosity [39], increase in the viscosity and decrease in
the thermal capacity [40], chaotic movement, and
dispersion and fluctuation of nanoparticles [41]. Also, as
explained by Wen and Ding [37], nanofluid improves
the convection heat transfer coefficient because of nano-
particle rotation and the associated microconvection.
However, Xu and Xu [25] attributed enhancement of
nanofluid heat transfer to the increase of the thin liquid
film evaporation. It has been found by several re-
searchers [42,43] that bubble diameters increase using
nanofluids boiling, but the nucleation site density de-
creases. In the boiling field, further studies on bubble
dynamics and on the heat transfer of nanofluid
microlayer evaporation will provide valuable information
about the physical mechanisms controlling heat transfer
enhancement when adding nanoparticles to the base
fluid.

Conclusions
This article presents experimental results of convective
boiling local heat transfer in rectangular minichannels
using nanofluids as the working fluids. It shows that
both local heat transfer coefficient and local heat flux are
affected equally by the concentration of nanoparticles
suspended in water base fluid and the structure of the
boiling flow in minichannels. The main concluding
points of the investigated experiments in this study are
the following:

1. Among all correlations employed in the present work,
only Kandlikar and Balasubramanian [28] corre-
lation best predicts the heat transfer coefficients
for convective boiling in minichannels. Those
of Lazarek and Black [31] and Yan and Lin [34]
established for macrochannels give satisfactory
estimation of boiling heat transfer coefficient with
the standard deviation of 29%. However, Sun
and Mashima [29] correlation gives the best
predictions with standard deviation of 13% for high
mass flux only, but it over predicts measurements
for low mass fluxes.

2. Adding silver nanoparticles in the water base fluid
enhances the boiling local heat transfer coefficient,
local heat flux, and local vapor quality, and reduces
the surface temperature compared to pure water.

3. The boiling local heat transfer enhancement with
silver-water nanofluid is highest in the minichannel
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entrance region where the vapor quality is low, and it
decreases along the flow direction. The enhancement
of the local heat transfer coefficient can reach
86% and 200% for 25 mg/L and 50 mg/L silver
concentrations in water-based fluid, respectively.

4. At high vapor quality, the presence of silver nano-
particles in water base fluid has no effect on the
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Figure 14 Variation of the average heat transfer coefficient with heater
boiling local heat transfer coefficient, which dec-
reases dramatically.

5. Suspension of silver metallic nanoparticles in water
base fluid at very low concentration can significantly
increase the heat transfer performance of the miniature
systems. The maximum enhancement of the average
heat transfer coefficient is about 132% and 162% for
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watt]
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25 mg/L and 50 mg/L silver concentrations nanofluid
respectively. Using nanofluids, at low nanoparticle
concentrations, in minichannels or microchannels can
be considered as the potential revolution in heat
transfer enhancement processes for many industries'
applications.

Abbreviations
Bo: boiling number, qchannel,x / (Ghfg); Co: convection number, (1/χv,x − 1)0.8

(ρg / ρl)0.5; C: concentration; Cp: specific heat capacity (J/kgK); Dh: hydraulic
diameter (m) 2HchannelWchannel / (Hchannel +Wchannel); e: channel thickness (m);
F: forced convection enhancement factor; Fr: Froude number, G2/(ρ2gDh);
g: gravity (m/s2); G: mass flux (kg/m2s); h: heat transfer coefficient (W/m2K);
hfg: latent heat of vaporization (J/kg); Hchannel: channel height (m); L: channel
length (m); m•: mass flow rate (kg/s); M: molar mass (kg/kmol);
Nchannel: number of channels; Nu: Nusselt number; PR: reduced pressure, P/
Pcrit; Pr: Prandtl number; q: heat flux (W/m2); Re: Reynolds number, GDh/μ;
S: nucleate boiling suppression factor; T: temperature (K); TR: reduced
temperature, T/Tcrit; Wchannel: channel width (m); We: Weber number, G2Dh/
(σρl); χ: vapor quality; x: axial coordinate (m); y: axial coordinate (m). Greek
letters: Δ, increment, standard deviation; λ: thermal conductivity (W/m K);
ξ: channel surface roughness (μm); μ: dynamic viscosity (kg/ms); ρ: density
(kg/m3); σ: surface tension (N/m); ϕ: volume fraction. Subscripted letters: bf,
base fluid; crit: critical point; eff: effective; g: gas; go: gas only; f: fluid; k: index,
gas or liquid: l, liquid; lo: liquid only; m: average; nb: nucleate boiling;
nf: nanofluid; p: solid nanoparticles; s: surface; sat: saturation; sp: single phase;
tp: two phase; v: vapor; w: wall; x: local value.
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