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We study the pool boiling heat transfer on the microheater surface with and without nanoparticles by
pulse heating. Nanofluids are the mixture of de-ionized water and Al,05 particles with 0.1%, 0.2%, 0.5%
and 1.0% weight concentrations. The microheater is a platinum surface by 50 x 20 um. Three types of
bubble dynamics were identified. The first type of bubble dynamics is for the boiling in pure water, refer-
ring to a sharp microheater temperature increase once a new pulse cycle begins, followed by a continu-
ous temperature increase during the pulse duration stage. Large bubble is observed on the microheater
surface and it does not disappear during the pulse off stage. The second type of bubble dynamics is for the
nanofluids with 0.1% and 0.2% weight concentrations. The microheater surface temperature has a sharp
increase at the start of a new pulse cycle, followed by a slight decrease during the pulse duration stage.
Miniature bubble has oscillation movement along the microheater length direction, and it disappears

during the pulse off stage. The third type of bubble dynamics occurs at the nanofluid weight concentra-
tion of 0.5% and 1.0%. The bubble behavior is similar to that in pure water, but the microheater temper-
atures are much lower than that in pure water. A structural disjoining pressure causes the smaller contact
area between the dry vapor and the heater surface, decreasing the surface tension effect and resulting in
the easy departure of miniature bubbles for the 0.1% and 0.2% nanofluid weight concentrations. For the
0.5% weight concentration of nanofluids, coalescence of nanoparticles to form larger particles is respon-
sible for the large bubble formation on the heater surface. The microlayer evaporation heat transfer and
the heat transfer mechanisms during the bubble departure process account for the higher heat transfer
coefficients for the 0.1% and 0.2% nanofluid weight concentrations. The shortened dry area between
the bubble and the heater surface, and the additional thin nanofluid liquid film evaporation heat transfer,
account for the higher heat transfer coefficient for the 0.5% nanofluid weight concentration, compared

with the pure water runs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Nanofluid is envisioned to describe a fluid in which nanometer-
sized particles are suspended in conventional heat transfer basic
fluids [1]. The thermal conductivity of the particle materials,
metallic or nonmetallic such as Al,03, CuO, SiO,, and TiO,, are typ-
ically order-of-magnitude higher than that of the base fluids even
at low concentrations, resulting in significant increases in heat
transfer coefficients. Single-phase liquid forced convection, as well
as phase change heat transfer of nanofluids, have been widely
studied [2,3].

Contradictory conclusions were reached on the boiling heat
transfer of nanofluids in the literature. Bang and Chang [4] studied
the boiling heat transfer of Al,Os-water nanofluid on the copper
plate with the planar size of 4 x 100 mm? and the thickness of
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1.9 mm, and found that the effective nucleation site number is de-
creased due to the nanoparticles deposited on the copper surface,
decreasing the nucleate heat transfer coefficients, but the critical
heat flux (CHF) is increased. Golubovic et al. [5] investigated the
boiling heat transfer of Al,0s-water and BiO,-water nanofluid on
the NiCr wire surface with the diameter of 0.64 mm and length
of 50 mm. They found that the contact angle becomes smaller to
enhance the critical heat flux due to the nanocoating effect on
the wire surface. Kim et al. [6,7] systematically studied the effect
of the porous layer on the wettability and contact angle, in which
the porous layer is formed by the alumina, zirconia and silica nano-
particles on the heating surface. The critical heat flux is found to be
raised, but the boiling heat transfer coefficients are not changed
significantly. Dinh et al. [8] found the decreased bubble size, smal-
ler wall temperatures, and more uniform wall temperature distri-
bution, for the pool boiling heat transfer of Al,03-H,0 nanofluid
than that for the pure liquid. Wen et al. [9,10] identified the signif-
icantly increased pool boiling heat transfer coefficients of Al,03-
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Nomenclature

A heater area, m?

Dg diameter of the dry zone, m
Dy bubble diameter, m

d particle diameter, m

F; buoyancy force, N

F inertia force, N

F;1, F5» surface tension force, N
pulse frequency, Hz

g acceleration of gravity, m/s?

h liquid film thickness, m

hyy, latent heat of evaporation, kj/kg

Ifiim electric current, A

L microheater length, m

nf nanofluid

p bulk osmotic pressure, Pa

D pressure of the liquid, Pa

Dv pressure of the vapor gas, Pa

pw pure water

Qfim heating power on the heater film, W
Jfilm heat flux on the heater surface, MW/m?
R precision resistance, Q

Rau1, Rauz gold film resistance, Q

Réiim platinum film resistance, Q

Teiim heater surface temperature, °C

t time, ms

Vi voltages on the microheater, V

Vs voltages in the precision resistance, V
Véim voltage on the platinum film, V

w microheater width, m

wt weight concentration, %

X horizontal coordinate, m

Greek symbols

1) decay parameter

Ap density difference between liquid and vapor, kg/m>
0 contact angle, °

K Debye length, m

Iy amplitude coefficient of disjoining pressure, Pa
11, amplitude coefficient of disjoining pressure, Pa
r(h) disjoining pressure of a film, Pa

Oy vapor density, kg/m>

g surface tension, N/m

T pulse duration time, ms

¢ volume concentration, %

07 phase of oscillations, °

w frequency of the oscillation, Hz

Subscripts

l liquid

v vapor

H,0 and TiO,-H,0 nanofluids. Liu et al. [11] studied the pool boil-
ing heat transfer of CuO-H,0 nanofluid on the fin heat transfer sur-
face under various pressure environments. The boiling heat
transfer coefficients and critical heat fluxes are found to be in-
creased by 25% and 50%, respectively, at the atmospheric pressure,
but they are increased by 150% and 200%, respectively, under re-
duced pressure, for the nanofluids than those for the pure liquid.
Kedzierskia and Gong [12] showed that the mixture of R134a liquid
and CuO nanoparticles could significantly increase the heat trans-
fer coefficient by 29.7%.

Several factors influence the boiling heat transfer in nanofluids.
First, adding the dispersant liquid in the base fluid changes the
physical properties of the base fluid. Besides, nanofluids with high-
er weight concentrations usually cause the particle coalescence
and particle deposition on the heating surface. For the later cases,
it is difficult to identify which mechanisms affect the boiling heat
transfer, the nanofluids or the deposited particles on the heater
surface.

In order to answer these questions, we use the nanofluids with
weight concentrations of 0.1%, 0.2%, and 0.5% to perform the
experiments. These concentrations cause no particle coalescence
and deposition without dispersant liquid added. However, higher
weight concentration of 1.0% was also used, which results in the
particle deposition on the heater surface. A platinum microheater
was used, which was driven by a pulse voltage generator. Three
types of bubble dynamics were identified. The bubble dynamics
is observed by a high speed camera bonded with a microscope.
Physical explanations are given for the three types of bubble
dynamics. It is well known that the periodic bubble behavior dri-
ven by pulse voltage generator has been widely used for various
microfluidic actuators. The key issue for such kind of actuators is
the high microheater temperatures during the heating stage. Mix-
ing nanoparticles with pure liquid is helpful to maintain low
microheater temperatures, preventing the microheater from dam-

age due to the high temperature. This study identifies that the
nanofluids with uniformly distributed nanoparticles enhance the
pool boiling heat transfer, corresponding to the low nanofluid
concentrations such as smaller than 0.5%. However, high nano-
fluid weight concentration such as larger than 1.0% has poorer
boiling heat transfer performance than the low weight concentra-
tions, due to the deposited particles on the heater surface, but is
still better than the pure water runs.

2. Description of the experiment
2.1. Preparation of nanofluids

The Al,05 nanoparticles have spherical shape with the average
diameter of 13 nm. These particles are dispersed in the de-ionized
water by the ultrasonic oscillation method. Four weight concen-
trations of 0.1%, 0.2%, 0.5% and 1.0% are used, without dispersant
fluid involved. The nanoparticles before the ultrasonic oscillation
treatment are coalesced together to form the floc shape, as shown
in Fig. 1a. On the contrary, the nanoparticles after the ultrasonic
oscillation treatment is uniformly distributed for the weight con-
centrations of 0.1%, 0.2%, and 0.5%. Fig. 1b shows that no coales-
cence phenomenon is observed for the 0.2% weight concentration.
However, for the weight concentrations of 1.0%, the particle coa-
lescence is observed without the dispersant fluid involved (see
Fig. 1c). In this study, because the nanoparticles have small size
in the order of 10 nm, they are not settled down on the heater
surface for the weight concentrations of 0.1%, 0.2%, and 0.5%. As
observed in Fig. 1d, the heater surface is clean after several days
of operation of experiments. However, nanoparticles indeed de-
posit on the heater surface and accumulate there after one day
operation of experiments for the 1.0% weight concentration, as
shown in Fig. 1e.
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(c) TEM images (1.0%)

Fig. 1. SEM and TEM images of nanoparticles.

(a)

(d) (e)

(d) clean surface; (e) particle deposited surface

(b)

Au pad

Pt (50 X 20pm)

Fig. 2. The microheater immersed in glass beaker (a) and the microheater size (b).

2.2. The microheater and experimental setup

Fig. 2a shows the microheater test section. A glass beaker
contains the nanofluid. The platinum microheater with the heating
size of 50 x 20 um? was fabricated on a 7740 Pyrex glass wafer.
Fig. 2b shows the microheater size and the connected gold pad.
The glass wafer was horizontally immersed in the nanofluid pool.
The vertical distance between the glass wafer plane and the top
fluid surface is about 1 cm.

The micro-fabrication technique is shortly described here. The
photoresist was spun on a 7740 Pyrex glass wafer. After patterning
with the technique of photolithography, a titanium layer of 200 A,
a platinum layer of 1500A and a gold layer of 3000 A were
sputtered successively on the wafer. After another process of
photolithography, the technique of chemical etching was used to
remove the gold to expose the platinum microheater, having the

length of 50 pm and width of 20 um. Even though the heat flux
on the microheater is high on the order of 100 MW/m?, the heating
power is small due to the small heating area. The pool nanofluid
temperature remains constant during the experiment.

Innnl o

high speed
camera

Y
data acquisition system

synchronization hub

S

pulse voltage generator - ‘microscope

R glass beaker
~] microheater

Fig. 3. The experimental setup.
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Fig. 3 shows the experimental setup. The optical measurement
system consists of a microscope bonded with a high speed camera,
which detects the bubble dynamics. A pulse power generator
drives the microheater for the pool boiling heat transfer. A high
speed data acquisition system measures the voltage applied on
the microheater and the electric resistance. A thermocouple mea-
sures the pool liquid temperature in the beaker. The optical mea-
surement system and the high speed data acquisition system
were synchronized by a synchronization hub, with the time resolu-
tion of 10 ns.

2.3. Data reduction and uncertainty analysis

Before the formal experiment, a calibration process was per-
formed in an oven with precisely controlled temperature with
the resolution of 1 °C. In order to ensure neglectable temperature
rise of the microheater, the voltage applied on the microheater is
on the magnitude of 10 mV, which is about two orders lower than
that during the pool boiling experiment. The temperature and the
microheater resistance have the following relationship as

Ttim = 61.48Rsm — 278.59 (1)

During the experiment, by measuring the voltages V; on the micro-
heater and V, on the precisely selective resistance, the platinum
microheater resistance (not including the resistances of the two
gold pads) is written as (see Fig. 2):

4
Riim = {7~ R~ Raut — Rauz 2)
2

where Ray; and Rpyo are the two gold pad resistances, respectively
(see Fig. 2). The current flowing through the microheater is

Isim = V2 /R (3)

where R is the precise resistance, equals to 5 Q. The voltage and
power on the microheater (not including the components on the
two gold pads) are

V
Viim = Vi = (Raur + Rauz) (4)
2 V2 2 Vl
Qfitm = I Reiim = R V_R — Raut — Rawz (5)
2
The heat flux on the microheater is
Gtiim = Qfiim /A = Qfijm/ (LW) (6)

where L and W are the length and width of the microheater, respec-
tively. Uncertainties of the voltage, heat flux and the resistance are
1 mV, 6.4% and 0.01%, respectively. The microheater temperature
was estimated to have the uncertainty of 8.9 °C.

3. Experimental procedure

1. Determine the curve of the microheater resistance versus tem-
peratures experimentally.

2. Inject de-ionized degassed water into the glass beaker, put the
microheater test section under the water surface by 1 cm.

3. Fix the pulse frequency, pulse duration ratio (defined as the
pulse duration time divided by the pulse cycle period), increase
the voltage amplitude gradually.

4. Visualize the bubble dynamics near the microheater area. The
voltage amplitude is fixed at which bubbles appeared on the
microheater surface. The high speed data acquisition system,
the optical system, and the pulse voltage generator are synchro-
nized to work together to record the related data and image
files.

5. Increase the voltage amplitude gradually. Repeat steps 3 and 4
to study the effect of the voltage amplitude on the bubble
dynamics on the microheater surface.

6. Change the weight concentration of nanofluids at four values
0.1%, 0.2%, 0.5% and 1.0%. Repeat steps 3-5.

4. Results and discussion
4.1. The microheater temperatures

Fig. 4 shows the microheater temperatures versus time at dif-
ferent weight concentration of nanofluids. The pulse frequency is
f=100Hz and the pulse duration time is 7 = 0.75 ms. The average
heat flux on the microheater is g, = 93 + 80.5 MW/m?, neglecting
the mini change of the heat flux during the heating stage. The
microheater temperatures are significantly different for different
weight concentration of nanofluids. For the pool boiling heat trans-
fer in pure water, the temperatures are sharply increased to about
190 °C after a new pulse cycle begins. Then the temperatures are
gradually increased to 250 °C at the end of the pulse duration time.

For the pool boiling of nanofluids with the weight concentration
of 0.1%, the temperatures are sharply increased to about 160 °C,
followed by a slight decrease of temperatures. The temperature
oscillations with small amplitude are observed. The temperature
response for the weight concentration of nanofluids of 0.2% is
similar to that for the weight concentration of nanofluids of 0.1%,
expect that the oscillation amplitude is quite larger for the nano-
fluid weight concentration of 0.2%.

When the weight concentrations of nanofluids are increased to
0.5% and 1.0%, the temperature curves are similar to that without
nanoparticles. However, the temperatures are significantly lower
for the nanofluid weight concentration of 0.5% than those with
pure water, but are approaching the curve in pure water for the
1.0% weight concentration of nanofluids. The above temperature
responses of the microheater correspond to the three types of bub-
ble dynamics, which will be explained in the following subsections.

4.2. The first type of bubble dynamics for pool boiling of pure water

Fig. 5 shows the voltage, heat flux and temperatures of the
microheater versus time in pure water without nanoparticles. Cor-
respondingly, Fig. 6 shows the bubbles dynamics in a complete
cycle. Because the microheater temperatures are increased during
the whole pulse duration stage, the microheater resistance is

250 -

200 -

0.5%nf

§ 150 1 0.1%nf
l_é 0.2%nf

100

50 -

0 T T T .
0.0 0.2 0.4 0.6 0.8
t (ms)

Fig. 4. Microheater temperature response at various nanofluid weight concentra-
tions (f= 100 Hz, T = 0.75 ms, Ggim = 93 + 0.5 MW/m?).
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increased, resulting in a slight increase in the heat flux. Always
there is a bubble on the microheater, during both the pulse dura-
tion stage and the pulse off stage in a full cycle. In other words,
the bubble cannot be fully condensed when the pulse voltage is re-
ceded during the pulse off stage. Once a new pulse cycle starts, the
initially existed bubble is further growing. The bubble nucleation

site is not needed, thus the “V” shape curve of the temperatures
versus time reported in the literature [13,14] is not observed. It
is observed that the “pre-existed bubble” on the microheater be-
fore a new pulse arrives is almost the same on the same condition.
This is because the “pre-existed bubble” size is determined by the
evaporation during the pulse on stage and condensation during the

(a)

100 -

80 A

60

40 4

A, (MW/M?)

20 A

t (ms)

T T
| |
| | |
| | |
| | |
| | |
| | |
| | |
l l I
12.0 12.4 12.8 13.2

Fig. 5. Voltage, heat flux and temperature on the microheater surface in pure water (f= 100 Hz, t = 0.75 ms).

t (ms)

2.3ms 2.4ms 2.5ms 2.6ms 2.7ms
2.8ms 2.85ms 2.9ms 2.95ms 3.0ms
3.05ms 3.10ms 3.15ms 3.4ms 5.5ms

Fig. 6. Bubble dynamics in pure water for f= 100 Hz, t = 0.75 ms.
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pulse off stage. But the “pre-existed bubble” is changed for differ-
ent pulse heating parameters, quantified by the pulse cycle period,
pulse duration time, and the voltage amplitude. This is the first
type of bubble dynamics for the pool boiling heat transfer in pure
water. Fig. 5 gives the parameters versus time for two successively
cycles, showing the exactly repeated cyclic behavior.

4.3. The second type of bubble dynamics for pool boiling heat transfer
of nanofluids

The microheater temperature response for the low weight con-
centration of 0.1% is given in Fig. 4 and is repeated in Fig. 7c for two
successive cycles. The temperature is only slightly changed during
the whole pulse duration stage, causing a small change of the
microheater resistance. Thus the voltage and heat flux on the
microheater are nearly not changed (see Fig. 7a and b). It is also ob-
served that the bubble dynamics is roughly repeated for the two
cycles. As shown in Fig. 8, the bubble dynamics is significantly dif-
ferent from that in pure water run shown in Fig. 6. The bubble
dynamics displays the following characteristics: (1) The bubble
disappears during the pulse off stage. (2) Much smaller bubble is
observed during a whole pulse cycle. (3) The bubble has oscillation
movement in the microheater length direction, against the micro-
heater center.

As shown in Fig. 8, a tiny bubble appears at t=0.3 ms but is
moving toward the microheater center from left to right. The bub-
ble is changing its movement direction frequently. It is growing up
during the bubble oscillation movement. This is the second type of

bubble dynamics for the pool boiling heat transfer for low weight
concentration of nanofluids.

A Small difference is identified for the pool boiling heat trans-
fer between the weight concentrations of 0.1% and 0.2%. Figs. 9
and 10 illustrate the microheater temperatures and the bubble
dynamics for the weight concentration of 0.2%. The temperature
curves are roughly repeated with a small difference for two suc-
cessive pulse cycles. As shown in Fig. 10, small bubbles are ob-
served, similar to those found for the weight concentration of
0.1%. However, the vapor cloud caused by the vapor explosion
is detected, such as shown at t=1.75ms in Fig. 10. The vapor
cloud temporarily covers the area which is much larger than
the microheater area.

4.4. The third type of bubble dynamics for pool boiling heat transfer of
nanofluids

The third type of bubble dynamics for pool boiling heat transfer
of nanofluids takes place for the weight concentrations of 0.5% and
1.0%. This type of bubble dynamics is similar to that of pure water
without nanoparticles. Fig. 11 shows the voltage, heat flux, and
temperatures of the microheater for the weight concentration of
0.5%. The temperatures are sharply increased to about 140 °C once
a new pulse cycle starts, followed by a slight increase, until the
maximum temperature of 170 °C is reached at the end of the pulse
duration stage (see Fig. 11c). Even though the temperature curve
for this type is similar to that of pure water, the temperatures
are much lower than those of pure water without nanoparticles.

Viim (V)

Qg (MW/mM?)

Tfilm (OC)

Fig. 7. Voltage, heat flux and temperature on the microheater surface with 0.1% nanofluid weight concentration (f= 100 Hz, T = 0.75 ms).
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0.225ms 0.3ms 0.375ms 0.45ms 0.525ms
0.6ms 0.675ms 0.75ms 0.825ms 0.9ms
0.975ms 1.05ms 1.125ms 1.2ms 1.5ms

Fig. 8. Bubble images with 0.1% weight concentration of nanofluids (f= 100 Hz, 7 = 0.75 ms).
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Fig. 9. Voltage, heat flux and temperature on the microheater surface with 0.2% nanofluid weight concentration (f= 100 Hz, 7 = 0.75 ms).

Due to the small change of the microheater temperatures, very
slight changes of the voltage and heat flux versus time are ob-
served during the whole pulse duration stage (see Fig. 11a and
b). Fig. 12 shows the bubble images at different time. The bubble

on the microheater did not disappear during the pulse off stage,
thus always there is a bubble on the microheater. The bubble is
growing up once a new pulse cycle begins. The “pre-existed bub-
ble” before a new pulse arrives has almost the same size for a



3316 L. Xu et al./ International Journal of Heat and Mass Transfer 54 (2011) 3309-3322

given set of pulse heating parameters (pulse frequency, pulse The above runs (wt = 0%, 0.1%, 0.2%, and 0.5%) involve no parti-
duration time, and voltage amplitude), but it is changed when cle deposition on the heater surface due to the low weight concen-
the heating parameters are changed. trations of nanofluids used. The microheater surface is clean after

1.55ms 1.6ms 1.65ms 1.7ms 1.75ms

1.8ms 1.85ms 1.9ms 1.95ms 2.0ms

2.05ms 2.2ms 2.25ms 2.3ms 2.5ms

Fig. 10. Bubble images with 0.2% nanofluid weight concentration (f= 100 Hz, 7 = 0.75 ms).
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:
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Fig. 11. Voltage, heat flux and temperature on the microheater surface with 0.5% nanofluid weight concentration (f = 100 Hz, 7 = 0.75 ms).
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6.20ms 6.30ms 6.40ms 6.50ms 6.60ms
6.70ms J 6.80ms 6.90ms 6.95ms 7.00ms
7.05ms 7.10ms 7.30ms 9ms 10ms

Fig. 12. Bubble images with 0.5% weight concentration of nanofluid (f= 100 Hz, 7 = 0.75 ms).

Viim (V)

i
'—— First ! ‘ |
:— 1 ‘Hay Iater: ‘ :
| | | | |
| | [ | |
| | | | |
| | | | |
| | | | |
0.4 0.0 0.4 0.8 9.6 10.0 10.4 10.8
t (ms)

Fig. 13. Voltage, heat flux and temperature on the microheater surface with 1% nanofluid weight concentration (f= 100 Hz, 7 = 0.75 ms).

several days operation of experiments (see Fig. 1d). Generally, for
each given set of pulse heating parameters, the experiments are
performed for three times in different days. The experiments are
well repeated. Even though the particle coalescence begins to form
for the weight concentration of 0.5%, but the particle deposition on
the heater surface is not observed. The situation is changed for the
weight concentration of 1.0%, in which the particle deposition phe-

nomenon is identified in Fig. 1e. Figs. 13 and 14 show the dynamic
curves of voltages, heat fluxes, temperatures and bubble images
versus time. Two sets of experimental data are given in Fig. 13.
One set of data is obtained for the first day, the other for one day
later. The voltage and heat fluxes are almost the same for the
two days operation. The temperatures of the microheater are chan-
ged. It is seen from Fig. 13 that the temperatures are increased by
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0.1ms 0.2ms 0.3ms 0.4ms 0.5ms
0.6ms 0.7ms 0.8ms 0.9ms 1.0ms
1.Ims 1.2ms 1.3ms 1.4ms Sms

Fig. 14. Bubble images with 1% weight concentration of nanofluid (f= 100 Hz, 7 = 0.75 ms).

about 20 °C at the end of pulse duration stage for the second day
operation. This is due to the increased contact thermal resistance
between the heater surface and the nanofluids. There is a thin
coated particle layer between the heater surface and the nanofl-
uids. The bubble dynamics shown in Figs. 13 and 14 belong to
the third type of bubble dynamics.

Fig. 15 shows the microheater temperatures versus time in pure
water (wt =0), and nanofluids with the weight concentrations of
0.1%, 0.2%, and 0.5%, respectively. The heat fluxes are in the range
of 86-117 MW/m? in each subfigures. The temperature curves
have similar shape at different heat fluxes for a specific weight
concentration of nanofluids. Fig. 15a belongs to the first type of
bubble dynamics in pure water, in which the temperatures are in-
creased with increases in the heat fluxes. Fig. 15b and c illustrate
the second type of bubble dynamics for the nanofluid weight con-
centration of 0.1% and 0.2%. The higher the heat fluxes, the larger
the microheater temperatures are. But the microheater tempera-
ture curves are overlapped for different heat fluxes (see Fig. 15c).
Generally the sensitivity of the heat fluxes on the microheater tem-
peratures becomes smaller with nanoparticles than that without
nanoparticles. Fig. 15d shows the third type of bubble dynamics
for the weight concentration of 0.5%, in which the curve shape is
similar to that in pure water. But the temperatures are lower in
nanofluids than those in pure water without nanofluids.

4.5. Physical explanation of the pool boiling heat transfer in pure water
and nanofluids

4.5.1. Explanation for the bubble size with and without nanoparticles
Fig. 16a shows a bubble on the heating surface without nano-
particles. The force balance under a uniform heat flux boundary
condition can be written as [15]
q%lm

2 2
o h/dX) . Apgh 4 im_ (7)

Pi=Py=— e
: 1+ (dh/dx)*)/ 2p,hi,

where p is the pressure, | and v are the liquid and vapor phases,
respectively, h is the film thickness, qgm is the heat flux. The first
term of the right hand side is the capillary contribution to the pres-
sure difference, the second term is the gravitational contribution,
and the third term is due to the heating effect. Fig. 16b is a bubble
when the nanofluid is involved. In terms of the study by Wasan and
Hikolov [15], the forces applied on the interface film near the solid-

liquid-vapor contact line are changed with nanoparticles. A struc-
tural disjoining pressure should be considered to modify Eq. (7)
[16]:

2 2 2
—%—H(h) + Apgh +-Jim_ 8)
(1+ (dh/dx)7] 2p,hy,
where II(h) is the structural disjoining pressure. The structural dis-
joining pressure pushes the solid-liquid-vapor contact line toward
the vapor side, decreasing the contact area between the heating sur-
face and the dry vapor.

In terms of the classical bubble dynamics theory, the balance
between the buoyancy force, surface tension force and inertia force
determines the bubble growth and departure process, in which the
buoyancy force causes the bubble departing from the heating sur-
face, the surface tension force and inertia force adhere the bubble
on the heating surface. The balance among the three forces are
written as

Di—Dy=

F, +F =F, 9)

During the bubble growing process, the buoyancy force is being in-
creased due to the bubble volume increase. At the same time, the
contact area between the heating surface and the vapor phase is
also increased. From the expression F,; = ¢Dg sin 6, the surface ten-
sion force is increased. Considering the bubble dynamics with nano-
particles involved (see Fig. 16b), the structural disjoining pressure
decreases the diameter Dj of the contact area between the heating
surface and the dry vapor, causing the decreased surface tension
force. This effect decreases the bubble size before the bubble de-
parts from the heating surface with nanofluids. In other words,
the nanofluids cause the easy bubble departure from the heating
surface. This is the reason why we always observe miniature bub-
bles on the microheater and the bubble thoroughly disappears dur-
ing the pulse off stage. This is true for the pool boiling of nanofluids
with the weight concentrations of 0.1% and 0.2% in this study.

Now we give the reason why larger bubble is also observed for
the weight concentration of 0.5%. Based on Trokhymchuk et al.
[17], the structural disjoining pressure can be written in the fol-
lowing form in terms of the Ornstein-Zernike equation.

I1(h) = Iy cos(wh + ¢,)e ™" + e "D h>d (10a)

mhy=-P, 0<h<d (10b)
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Fig. 15. Effect of heat flux on the microheater temperatures at various weight concentrations.

where h is the thin film thickness near the solid-liquid-vapor con-
tact line, d is the particle diameter. The other parameters in Eq.
(10a) are related to the volume fraction of the nanoparticles, and
K, 0, d, ¢2, IIg and II; are the Debye length, frequency of the oscil-
lation, short-range decay parameter, phase of oscillations, ampli-
tude coefficients, respectively. Based on the analysis by Nikolov
et al. [18], increasing the nanoparticle concentration, or decreasing
the particle size, could increase the structural disjoining pressure,
leading to the further decreased contact area between the heating
surface and the dry vapor. Fig. 17a shows the decreased Dg by
increasing the nanoparticle concentrations, and Fig. 17b shows
the decreased Dp by decreasing the particle size. This analysis is
in conflict with the observations for the weight concentration of
0.5% in this study. A possible explanation is made here that high

weight concentration of nanofluids such as 0.5% leads to the easy
coalescence due to the Brownian movement of particles, ensuring
the mixing of several particles to form a large particle. As shown
in Fig. 17b, large particle size will enlarge the contact area between
the heating surface and the bubble, increasing the surface tension
force effect, adhering the bubble on the heating surface. This is
the reason why large bubble is observed on the microheater surface
even during the pulse off stage for the weight concentration of 0.5%.

4.5.2. Explanation for the heat transfer behavior with and without
nanoparticles

It is well known that there are three heat transfer mechanisms
for the boiling heat transfer: (1) the thin liquid film evaporation
heat transfer; (2) the heat transfer due to the interchange of the
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Fig. 16. Force balance acting on the growing bubbles (a) the pure water run and (b) the nanofluid run.
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Fig. 17. Effect of particle volume fraction and size on the bubble meniscus.

hot and cold liquids during the bubble departure process; (3) the
micro-convection heat transfer due to the disturbance of the
boundary layer during the bubble departure process. It is noted
that the above three heat transfer mechanisms exist for the boiling
heat transfer in pure water. When the low concentration nanofl-
uids (for example, wt=0.1% and 0.2%) are involved, the contact
area between the heater surface and the dry vapor phase is de-
creased, causing the smaller bubble size departing from the heater
surface. The bubble departure frequency is also increased. These
factors cause the enhanced thin liquid film evaporation heat trans-
fer due to the enlarged thin liquid film area, the enhanced heat
transfer due to the interchange of the hot and cold liquids during
the bubble departure process because miniature bubbles are more
frequently released from the heater surface, and the enhanced mi-
cro-convection heat transfer due to the enhanced disturbance of
the boundary layer during the bubble departure process. Therefore,
enhanced boiling heat transfer is identified for the weight concen-
trations of 0.1% and 0.2%, compared to the pure water runs. This
analysis is suitable for the no particle coalescence and deposition
on the heater surface.

Even though large bubbles are observed on the microheater sur-
face in both pure water and nanofluids of 0.5% weight concentra-
tion, the heat transfer mechanisms are different under the two
conditions. Fig. 18 helps to identify the difference between the
pure water run and the nanofluids run of 0.5% weight concentra-
tion. When a bubble is growing on the heater surface without
nanoparticles, there are three heat transfer zones (see Fig. 18a):
(1) zone I represents the heater surface directly exposed in the va-
por phase (called dry zone); (2) zone Il is the thin liquid film evap-
oration zone; and (3) zone III is the liquid zone with the heater
surface exposed in the bulk liquid region. Fig. 18c shows the heat
transfer coefficient distribution for the three heat transfer zones,
in which zone I has very small heat transfer coefficient due to
the heater surface exposed in the vapor phase, while zone II has
significant contribution to the overall heat transfer.

On the other hand, when a bubble is growing on the heater sur-
face with nanoparticles involved, Fig. 18a should be modified to
form Fig. 18b, showing the heat transfer image. There are four
zones in Fig. 18b: (1) zone I is the dry zone; (2) zone II is the thin
liquid film evaporation zone in which no nanoparticles are in-
volved; (3) zone IIl is the zone with the heater surface exposed
in the bulk nanofluid region; and (4) zone 1V is the thin liquid film
evaporation zone in which nanofluids are involved.

The larger heat transfer coefficients for the weight concentra-
tion of 0.5% is due to the following reasons: (1) zone I behaves very
small heat transfer coefficient and it is significantly shortened for
the nanofluid weight concentration of 0.5%; (2) zone IV, which

has higher heat transfer coefficient, does not exist for pure water
run but exists for nanofluids run.

For the weight concentration of 1.0%, particle deposition on the
heater surface causes an additional particle layer between the hea-
ter surface and the nanofluids, resulting in an increased contact
thermal resistance underneath the nanofluids. Thus the boiling
heat transfer performance is poorer for the 1.0% weight concentra-
tion than that for the 0.5% weight concentration, but it is better
than that of pure water.

5. Conclusions

The pool boiling heat transfer on the microheater surface with
and without nanoparticles by pulse heating was studied. The
nanofluids had the weight concentrations of 0.1%, 0.2%, 0.5%, and
1.0%. The Al,O3 particles are mixed with de-ionized water to form
the nanofluid. Three types of bubble dynamics were identified:

e For the first type of bubble dynamics for the boiling in pure
water, large bubble is observed on the microheater surface
and it is still on the microheater surface during the pulse off
stage. The microheater temperatures are sharply increased once
a new pulse cycle begins, they are increased continuously dur-
ing the pulse duration stage.

e The second type of bubble dynamics is found for the 0.1% and
0.2% nanofluid weight concentrations. The microheater temper-
ature has a sharp increase at the start of a new pulse cycle, fol-
lowed by a slight decrease during the pulse duration stage.
Miniature bubble has oscillation movement along the micro-
heater length direction, and it disappears during the pulse off

stage.
e The third type of bubble dynamics for the 0.5% and 1.0% nano-

fluid weight concentration behaves the similar bubble behavior
for the pure water runs. But the microheater temperatures are
lower than that in pure water.
e A structural disjoining pressure causes the smaller contact area
between the dry vapor and the heater surface, decreasing the
surface tension force effect and resulting in the easy departure
of miniature bubbles for the 0.1% and 0.2% nanofluid weight
concentrations.
For the 0.1% and 0.2% nanofluid weight concentrations, the heat
transfer mechanisms during the bubble on the heater surface
and the bubble departure process are responsible for the higher
heat transfer coefficients.
For the 0.5% nanofluid weight concentration, coalescence of
nanoparticles to form larger particles is responsible for the large
bubble formation on the heater surface.
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Fig. 18. Heat transfer region and heat transfer coefficient distribution with and without nanoparticles (the figure is re-plotted based on Ref. [15]).

e The shortened dry area between the bubble and the heater sur-
face, and the thin nanofluid liquid film evaporation heat trans-
fer account for the higher heat transfer coefficient for the 0.5%
nanofluid weight concentration, compared with the pure water
runs.
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