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The flow boiling heat transfer in a single microchannel was investigated with pure water and nanofluid as
the working fluids. The microchannel had a size of 7500 x 100 x 250 pm, which was formed by two
pyrex glasses and a silicon wafer. A platinum film with a length of 3500 pm and a width of 80 pm was
deposited at the bottom channel surface, acting as the heater and temperature sensor. The nanofluid
had a low weight concentration of 0.2%, consisting of de-ionized water and 40 nm Al,O3; nanoparticles.
The nanoparticle deposition phenomenon was not observed. The boiling flow displays chaotic behavior

551?1,1 Vg?ﬁ due to the random bubble coalescence and breakup in the milliseconds timescale at moderate heat fluxes
Boiling for pure water. The flow instability with large oscillation amplitudes and long cycle periods was observed

with further increases in heat fluxes. The flow patterns are switched between the elongated bubbles and
isolated miniature bubbles in the timescale of 100 s. It is found that nanofluid significantly mitigate the
flow instability without nanoparticle deposition effect. The boiling flow is always stable or quasi-stable
with significantly reduced pressure drop and enhanced heat transfer. Miniature bubbles are the major
flow pattern in the microchannel. Elongated bubbles temporarily appear in the milliseconds timescale
but isolated miniature bubbles will occupy the channel shortly. The decreased surface tension force act-
ing on the bubble accounts for the smaller bubble size before the bubble departure. The inhibition of the
dry patch development by the structural disjoining pressure, and the enlarged percentage of liquid film
evaporation heat transfer region with nanoparticles, may account for the heat transfer enhancement

Heat transfer
Flow instability

compared to pure water.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Nanofluid is a base fluid containing nanoparticles, which has
been received great attention since the concept was proposed by
Choi [1]. Applications in heat transfer devices are due to its higher
thermal conductivities compared to pure liquid. Several investiga-
tors reported the thermal conductivity enhancement of nanofluid
with low volume concentration (1-5%) to be more than 20%
[2-4]. Eastman et al. [5] reported an outstanding increase in ther-
mal conductivity of 40% with only 0.3% volume concentration of
copper nanoparticles having an average size of less than 10 nm.

The flow boiling of nanofluid was studied by Kim et al. [6,7] in a
circular tube using electrical heating. The critical heat flux (CHF)
was significantly increased with nanofluid containing alumina,
diamond, and zinc oxide particles. They also found that at higher
nanofluid concentrations, the CHF enhancement was higher and
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the static contact angle on the fouled surface was lower.
Ahn et al. [8] performed flow boiling experiments of nanofluid.
They concluded that the CHF enhancement ratio (CHF,anofuid/
CHFpurewater) at a given flow velocity was related to the wettability
due to the nanoparticles deposition on the heater surface. Although
the CHF increased in the ad-hoc tests, the enhancement ratio
(CHFnanoparticlesfcoated/CHFpurewater) ata given flow VEIOCity was less
than that observed for nanofluid, supporting the conclusion that
the nanoparticles deposited on the wall surface has an effect on
the flow boiling.

The heat transfer coefficient can be decreased, unaffected, or in-
creased for nucleate boiling of nanofluid. Das et al. [9] conducted
boiling heat transfer studies of nanofluid, boiled Al,05; nanofluid
on a standard and a roughened cartridge heater. They identified
the heat transfer deterioration by the fouled heater surface. Kim
et al. [6,7] noted that the change of boiling heat transfer coefficient
and CHF could be attributed to the surface deposition effects of
nanoparticles. A thin deposition layer on the heater surface altered
the active nucleation sites and introduced an additional thermal
resistance. Kwark et al. [10] reported the nanoparticles-coated hea-
ter effects for pool boiling. The varied coating layer thickness and
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Nomenclature

A heater area, m?

D bubble diameter, m

Dy bubble depart diameter, m

F; buoyant force, N

F; surface tension force, N

g acceleration due to gravity, m/s?
h heat transfer coefficient, W/m?K
1 electric current, A

M mass flow rate, kg/s

p pressure, Pa

q effective heat flux, W/cm?

AT temperature difference, °C

Vs voltages in the precision resistance, V
Y vertical coordinate, m

G specific heat, J/(kgK)

Dg diameter of the dry zone, m

F, drag force, N

F, inertial force, N

G mass flux, kg/m?s

H liquid film thickness, m

hyy latent heat of evaporation, kJ/kg
k thermal conductivity, W/mK

AP pressure drop, Pa

Q heating power, W

R precision resistance, Q

Vi voltages in the microheater, V
X horizontal coordinate, m
Greek symbols

Ap density difference between liquid and vapor, kg/m>
I1(h) disjoining pressure of a film, Pa
g interfacial tension, N/m

u viscosity, Pa - s

0 contact angle, °

o density, kg/m>

D volume concentration, %
Subscripts

ave average value

film Pt film

l liquid

np nanoparticle

pw pure water

v vapour

f working fluid

in inlet

nf nanofluid

out outlet

sat saturation temperature

structures were created by changing the nanofluid boiling param-
eters, including the heat flux, boiling duration and nanoparticles
concentration. They focused on the pool boiling heat transfer of
nanofluid. The forced convection boiling heat transfer of nanofluid
should be different from the pool boiling heat transfer of nanofluid.
Ahn et al. [11] studied water boiling on a nanoparticles-coated
heater at flow velocities ranging from 0 to 0.4 m/s, and assessed
the boiling heat transfer performance. Different wetting zones on
bare and nanoparticles coated heaters were observed.

Lee and Mudawar [12] noted that boiling of nanofluid could
cause failure by forming large clusters near the channel exit due
to localized evaporation once boiling was commenced. This and
other practical disadvantages bring into question of the overall
merit of using nanofluid in microchannel heat sinks. Peng et al.
[13] investigated the flow boiling heat transfer of refrigerant-based
nanofluid, the flow boiling in a smooth tube at different nanopar-
ticle concentrations, mass fluxes, heat fluxes and inlet vapor qual-
ities. An increase of the boiling heat transfer coefficient by a
maximum of 29.7% was identified, caused by the boundary layer
height reduction from the nanoparticle disturbances and a molec-
ular adsorption layer formation on the tube surface. The coating
layer of nanoparticles was not observed in their studies. Henderson
et al. [14] dispersed the nanoparticles in refrigerants and quanti-
fied the effects of nanoparticles on the heat transfer of R134a
and R13a/POE mixtures. A decrease in the boiling heat transfer
was found with increases in particle concentrations over the tested
parameter ranges. There was a little change of the heat transfer
coefficients when the R134a/POE/CuO nanofluid with a volume
fraction of 0.02% was used. However, the heat transfer coefficients
of the R134a/POE/CuO nanofluid could be increased by 52% and
76% for volume fractions of 0.04% and 0.08%.

The motivation of this work is to study effect of nanofluid on the
boiling heat transfer in a single microchannel. The test section was
fabricated by microelectromechanicalsystem (MEMS) technique,
ensuring precise geometry parameters. A thin platinum film of
500 nm was deposited at the channel bottom surface, acting as
the heater and temperature sensor. Such hardware ensured direct

heat transfer between heater surface and fluid. Comparisons were
made with and without nanoparticles, case by case. It was found
that nanofluid could not only significantly enhance heat transfer,
but also decrease pressure drops across the microchannel. Besides,
the boiling heat transfer of nanofluid became stable or quasi-sta-
ble. Physical explanation of the observed phenomena was given.
Some of the experimental findings reported here were not reported
previously.

2. Description of the experiment
2.1. The nanofluids and physical properties

The v-Al,0; nanoparticles had quasi-spheric shape with an
average diameter of 40 nm. The nanoparticles were dispersed in
de-ionized water by ultrasonic oscillation method. The weight con-
centration was 0.2%, corresponding to the volume fraction of
0.052%, which was lower than those used in the literature [9,12].
The dispersant fluid was not used due to the low particle concen-
tration. Fig. 1 shows the nanoparticles photo. Table 1 gave the
physical properties of pure water and nanofluid of 0.2% weight
concentration at atmospheric pressure and 25 °C.

Physical properties of the nanofluid are computed based on the
following equations [2-4].

pnf:¢pnp+(17¢)ppw (1)
Cons = ¢Comp + (1 — &) Cppw 2)
oy = (1+2.50)1,, 3)

k knp + 2kpw - Zd)(kpw — k”P)
T Kow—kn
2+ (b(i”kpw ”)

Because physical properties of nanofluid are important for heat
transfer analysis, we also measured the density, specific heat, vis-
cosity and thermal conductivity with high accuracy instruments.
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(b) SEM images of nanoparticles

(c)TEM images of nanofluids

Fig. 1. The prepared nanofluid and the enlarged nanoparticles.

Table 1
Major physical properties of pure water and nanofluid of 0.2% weight concentration at
atmospheric pressure and 25 °C.

Fluid Pp G 1p (Pa-s) kp
(kg/m®)  (J/keK) (W/mK)
Pure water (pw) 1027 4194 9.11 x 1074 0.607
Nanofluid (nf, computed) 1031 4189 9.14 x 104 0.609
Nanofluid (nf, measured) 1030 4192 9.18 x 1074 0.608

Table 1 shows these parameters, with the difference between the
computed and measured values smaller than 0.5%, which are accu-
rate enough to perform the heat transfer analysis.

2.2. Microchannel test section and experimental setup

Fig. 2 shows the microchannel test section, consisting of three
pieces bonded together. The top and bottom pieces were the two
7740 Pyrex glasses, each having a thickness of 400 pm. The central
part was a silicon wafer having a thickness of 250 um. A channel
with a length of 7500 pm and a width of 100 um was etched in
the silicon substrate. The single channel was between the inlet
and outlet ports (see Fig. 2b). A thin platinum film of 500 nm thick-
ness was deposited at the top surface of the bottom Pyrex glass by
the sputtering process. The film thickness variance of less than
10 nm was detected by an electrical probe. The film had a size
of 3500 x 80 um for the heater and temperature sensor (see
Fig. 2c). Two gold pads were connected with the heater as the elec-
trodes. The design shown in Fig. 2 ensured a direct heat transfer
between the thin film heater and the fluid in the microchannel.
The thermal response was fast due to the ultra-small mass of the
film heater. The thermal efficiency was defined as the heat received
by the fluid divided by the heating power. Because the Pyrex glass
had significantly low thermal conductivity, the system thermal
efficiency was in the range of 0.92-0.95. Besides, the thin film hea-
ter had excellent linear relationship between the resistance and
temperature (see Fig. 3). Thus it was also regarded as the

temperature sensor to measure temperatures during heat transfer
in the microchannel.

An open forced convection loop was built to perform the exper-
iment (see Fig. 4). The flow rate of pure water or nanofluid was
provided by a syringe pump. Before the nanofluid entered the test
section, a constant temperature bath adjusted the fluid to a target
temperature. A 2 pum filter prevented large solid particles entering
the test section. Because the pore size of the filter was 50 times lar-
ger than the nanoparticle size, the filter had no effect on the nano-
fluid concentration in the microchannel. A pressure drop sensor
was arranged across the test section. Two thermocouples were ar-
ranged at the inlet and outlet of the test section to measure the
fluid temperatures. The fluid at the microchannel outlet was con-
densed in a capillary tube and finally collected in a glass beaker.
The film heater at the microchannel bottom surface was driven
by a DC power supply circuit, in which a precise resistance R was
included. As shown in Fig. 4, the transient voltage V; was applied
on the film heater, and V, was applied on the resistance R.

An optical system includes a microscope and a high speed cam-
era (HG-100 K, Redlake Inc., USA) with high speed recording rate of
20,000 fps, measuring the transient bubble behavior in the micro-
channel. A high speed data acquisition system (DL750, Yokogawa
Inc., Japan) measured the signals of V; and V5. The optical measure-
ment system and the high speed data acquisition system were syn-
chronized by a synchronization hub, with the time resolution of
10 ns. The present study used the data sampling rate in the range
of 100-1000 samples per second, corresponding to the time interval
of data sampling in the range of 1-10 ms. All the parameters were
measured with the synchronization time of 10 ns, which was signif-
icantly shorter than the time interval of the data sampling.

2.3. Data reduction and uncertainty analysis

By measuring the two voltages of V; and V; (see Fig. 4), the hea-
ter resistance during flow and heat transfer process is calculated as

|4
Rim = v~ R~ Ran — Rz (5)
2
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Fig. 2. The microchannel test section, (a) the three pieces of the elements, (b) the top view of the center silicon microchannel, (c) the deposited platinum film on the bottom

pyrex glass surface.
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Fig. 3. The calibrated heater resistance versus temperature.

where R is the known resistance which is selected from a precise
resistance box and Ra,; and Ry, are the two gold pad resistances,
respectively. Using the linear curve fit shown in Fig. 3, the film hea-
ter temperature can be easily computed.

The Joule heating power on the thin film heater was calculated
as

Vo\? (v
Q = I} Reitm = (ﬁz) <V—;R —Raw — RAu2> (6)

The heat flux on the film heater surface is
Qum = Q/A (7)

where A is the film heater area by 3500 x 80 pm.

Considering the heat loss of the heat transfer system to the
environment, the effective heat received by the fluid in the micro-
channel is

q= qﬁlm = Qjoss (8)

It is noted that q is the transient heat flux on the heater surface,
which is different from qgy. (the time averaged heat flux on the hea-
ter surface), q,,. = [, qdt/z, where 7 is the measurement time in-
volved in the integration.

An initial test was performed to estimate the heat dissipated to
the environment when the heater was powered on and the micro-
channel was empty. An applied heating power corresponds to a
specific heater temperature. A linear relationship can be obtained
as

Gloss = a X Tﬂlm +b (9)

Physically, Eq. (9) reflects the natural convection heat transfer of the
test chip to the air environment, with the parameter a indicating
the combined effect of the natural convection heat transfer coeffi-
cient and the chip surface area exposed in the air environment, b
indicating the combined effect of the natural convection heat trans-
fer coefficient and the environment temperature. Under the labora-
tory test condition with neglectable air convection effect and the
environment temperature variation of 1°C, the experimentally
determined parameters were a=2.97 and b = —93.50, yielding the
uncertainty of qy,ss of 3.9%.
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Fig. 4. The forced convection loop and measurement system.

Table 2
The parameter uncertainties or relative error.

Parameter  Explanation Uncertainty or relative error
G Mass flux, kg/m?s 0.5%

h Heat transfer coefficient, W/m?K 4.6%

Py and P,y Inlet/outlet pressure, Pa 0.1%

q Heat flux, W/cm? 4.3%

R Precision resistance, Q 0.01Q

Tin and Toye  Inlet and outlet Temperature, °C 0.3 °C

Tfiim Heating film Temperature, °C 1.7°C

Tsar Saturation temperature, °C 0.2°C

V; and V, Voltage, V 0.1 mV

The present work acquires the average heat transfer coefficient
over the whole heater surface, noting that the heat transfer coeffi-
cient can be varied versus time:

have = q/AT (]O)

where AT is the temperature difference between the film heater
and the fluid, i.e., AT = Tg, — Ty, where T; is the fluid temperature,
which is the average of the inlet and outlet of fluid temperatures,
Tr=(Tin + Tour)/2. For the present experiment, T;, was at the room
temperature (about 20-27 °C), and T,,, was the saturation temper-
ature at the atmospheric pressure (about 100 °C). Thus the temper-
ature difference between inlet and out was about 73-80 °C.

We estimated the uncertainties of various parameters involved
in this experiment. According to Holman [15], If R is a given func-
tion of the independent variables of xq,X5,X3,...,Xn, R=R(X1,X2,
X3,...,Xn), and Axq,Ax,, AXs,...,Ax, are the uncertainties in these
independent variables, the uncertainty of R can be evaluated by:

R, \* (OR, oR 1\’
s [(Boae) s (Bo) oo (Ban)

Table 2 shows the parameter uncertainties or relative errors.

3. Results and discussion

3.1. Description of the flow and heat transfer with and without
nanoparticles

The present work covers the following data ranges: effective
heat fluxes on the film heater (q) of 0-1000 W/cm?, mass fluxes
(G) of 171, 285 and 401 kg/m?s. Due to the small heater surface
used, the heat fluxes are significantly large than those reported

in the literature [16-18]. Besides, the present heating method en-
sures temperature recordings with the accuracy of 1.7 °C and the
response time of 1 ms. Figs. 5 and 6 show pressure drops and
surface superheats versus heat fluxes. In order to consider the
nanofluid effect on the heat transfer, three typical cases are dem-
onstrated, with almost identical mass fluxes for pure water and
nanofluid in each comparative case.

Fig. 5a shows pressure drops versus heat fluxes, in which the
pressure drop was averaged over time. Three groups of curves were
compared with each other for pure water and nanofluid. Pressure
drops of pure water have a transition point, beyond which the
pressure drops are increased sharply, i.e., pressure drops are much
larger once boiling is triggered than those for the single-phase li-
quid flow. This phenomenon is observed in many other studies.
This is not true for nanofluid. Instead, pressure drops show a slight
parabola shape with continuous increases in heat fluxes. Curves of
AD ~ (qve are crossed over for the two working fluids, i.e., pressure
drops are slightly larger in the single-phase liquid flow region, but
they are significantly smaller in the boiling flow region, for nano-
fluid compared to pure water.

Fig. 5b-d identifies pressure drops versus heat fluxes, but pres-
sure drops are not plotted by the time averaged values. The OFI
(Onset of Flow Instability) can be identified as the minimum point
in the Ap ~ G curve with a given heat flux, which is very close to
the boiling incipience point for microchannel flow [17,18]. Alterna-
tively, the OFI point takes place within a short distance down-
stream of the transition point of the Ap ~ qu. curve, beyond
which the flow displays the flow instability. The top and bottom
margins of the error bars in Fig. 5 are the maximum and minimum
pressure drop values during the oscillation. The range of the error
bars is the oscillation amplitude for the unsteady flow. The unsta-
ble boiling flow in microchannels was also observed by many other
investigators [16-18]. It is found that nanofluid mitigates the boil-
ing flow instability, which will be explained later.

Fig. 6 shows the heater surface superheats against heat fluxes.
The heater surface superheats are smaller, indicating the heat
transfer enhancement in both liquid flow and boiling flow regions
for nanofluid than those for pure water. Very large oscillation
amplitudes of surface superheats are observed for pure water,
which attain more than 100 °C in Fig. 6b-d, but neglectable oscil-
lation amplitude is identified for nanofluid. The smaller heater sur-
face temperature for nanofluid is due to the enhanced heat transfer
coefficient compared to pure water. The reason will be discussed in
Section 3.5. Due to the flow pattern transition between elongated
bubbles and miniature bubbles, the heater temperatures are varied
due to the variation of the heat transfer coefficients caused by the
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Fig. 5. Pressure drops versus heat fluxes on the film heater surface at the three groups of mass fluxes (T;, = 27 °C).

flow pattern transition for pure water. However, the boiling flow is
stable without apparent flow pattern transition for nanofluid, thus
the heater temperatures do not change versus time. In Figs. 5b and
6b, we select three specific points of A, B and C. The point A refers
to the single-phase liquid flow for both nanofluid and pure water.
The point B is just after the OFI point for pure water, but the OFI
point is not reached for nanofluid. The bubble size is larger once
boiling is triggered, causing larger flow disturbance for pure water.
Thus the OFI point takes place earlier for pure water than that for
nanofluid. The point C has large oscillation amplitude for pure
water, but has neglectable oscillation amplitude for nanofluid.

3.2. Single-phase liquid flow and heat transfer with and without
nanoparticles

Based on Figs. 5 and 6, the running parameters are almost iden-
tical for pure water and nanofluid at point A. The heat flux and
mass flux are 166 W/cm? and 171.2 kg/m?s for pure water, they
are 168 W/cm? and 171.9 kg/m?s for nanofluid. The heat flux

difference for the two working fluids is 2%. Fig. 7 gave various
parameters versus time. It is seen that these parameters are quite
stable. However, the pressure drop for nanofluid is about 10% high-
er than that for pure water. The heater surface temperature for
nanofluid is about 10% lower than that for pure water. The heat
transfer coefficient for nanofluid is about 17% higher than that
for pure water, indicating the heat transfer enhancement for sin-
gle-phase forced convection heat transfer with nanofluid, which
is consistent with available studies [2-4].

3.3. Unstable boiling for pure water and quasi-stable boiling for
nanofluid at the point B

The point B in Figs. 5 and 6 has the mass flux of 171 kg/m?s and
heat fluxes of 370-385 W/cm? for pure water and nanofluid. The
difference of heat fluxes for the two working fluids is about 3%.
Fig. 8 shows various parameters versus time, showing chaotic
behavior for pure water and quasi-stable for nanofluid. The pres-
sure drop is about 1.8 kPa for nanofluid, significantly lower than
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Fig. 6. The film heater surface temperatures versus its heat fluxes at the three groups of mass fluxes (T;, = 27 °C).

5.2 kPa for pure water. There is no apparent change of pressure
drops for the initial experiment and that after three days operation.
The difference is very small and almost covers in the transducer er-
ror range. The objective of choosing 3 days gap is to demonstrate
no particle deposition on the heater surface. The nanofluid for
use after three days operation was prepared three days ago.

The oscillation amplitude of the heater surface temperatures at-
tains more than 15 °C for pure water. Because the temperature dif-
ference between the heater surface temperature and fluid is small,
the heat transfer coefficient is sensitive to the temperature differ-
ence. The oscillation amplitude of the heat transfer coefficient at-
tains more than 100 kW/m?K for pure water, with the maximum
value reaching 200 kW/m?K. The heater surface temperature is
lower and the heat transfer coefficient is larger for nanofluid than
those for pure water.

Fig. 9 shows the flow pattern in the microchannel for pure
water. There are four bubbles in the microchannel at time t. Be-
cause the channel has a width of 100 um and a depth of 250 pum,
the bubbles are confined in the channel width direction, noting
that the heater surface is hydrophilic. The moving speeds of these

bubbles are different due to their uneven expansion. The distance
between two neighboring bubbles is short at t+2.8 ms and
t+3.0 ms. The two central bubbles are merged to form an elon-
gated bubble at t+ 3.4 ms, thus there are three bubbles at such
time. Further coalescence of bubbles forms two elongated bubbles
at t +42.2 ms. However, breakup of the elongated bubble can take
place. The strong evaporation at the heater surface causes the va-
por expansion locally, separating an elongated bubble into two
bubbles. Thus the number of bubbles turns to be four again at
t+66.2ms and t+67.0ms. Due to the process complexity, the
bubble coalescence and breakup display chaotic behavior. This is
due to the chaotic bubble dynamics for the phase change heat
transfer, which has been studied extensively previously [16-18].
In fact, the formed elongated bubbles block the channel to increase
the pressure drop and reduce the flow rate. Fig. 10 shows the flow
patterns for nanofluid. Miniature bubbles are observed, but these
bubbles are never merged with each other. Miniature bubbles
maintain low pressure drops across the microchannel and good
heat transfer performance. The present study identified the non-
particles-deposition on the used heater surface. This can be verified
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by measuring the contact angles on the fresh non-used heater sur-
face and used heater surface. It is found the contact angle of 36.5°
on the used heater surface, which is almost identical to the value of
37.0° on the new clean heater surface.

3.4. Strong unstable boiling for pure water and stable boiling for
nanofluids at the point C

Further increase in heat fluxes with the running parameters at
the point C (see Figs. 5 and 6) leads to the transient heat transfer
shown in Fig. 11. Pressure drops, heater surface temperatures, heat
fluxes and heat transfer coefficients display quasi-periodic change
versus time for pure water. The unstable boiling flow has large
oscillation amplitudes and long cycle periods. For instance, the
heater surface temperatures varied in the range of 110-180 °C
with the oscillation amplitude of 70 °C. Heat transfer coefficients
varied in the range of 50-450 kW/m?K with the oscillation ampli-
tude of 400 kW/m?K. The cycle period is about 200 s. The oscilla-
tion with large amplitudes is caused by the flow pattern
transition between elongated bubbles and miniature bubbles.

The formation of elongated bubble will block the channel, causing
the flow rate decrease and pressure drop increase. Thus the heater
surface temperatures are increased. Once the formed elongated
bubble is expelled out of the channel, fresh liquid comes into the
channel and miniature bubbles are generated. Thus the heater sur-
face temperatures are decreased. Fig. 12 shows the transient flow
patterns for pure water. The pressure drop decrease stage corre-
sponds to the transition from elongated bubble flow to bubble flow
(see images from t to t + 107.367 s in Fig. 12). The pressure drop in-
crease stage corresponds to the transition from bubble flow to
elongated bubble flow. The timescale for the flow pattern transi-
tion is on the order of 100 s.

For boiling flow with nanofluid, miniature bubbles are main-
tained to sustain lower and stable heater temperatures compared
to pure water. Fig. 13 shows the flow patterns for nanofluid with
the running parameters identical to Fig. 11. Due to the high heat
flux at the heater surface, elongated bubbles are temporarily ob-
served (see the images at t+6.4ms, t+6.6ms and t+ 6.8 ms),
but they are quickly flushed out of the microchannel. Generally
the time during which the microchannel is occupied by elongated
bubbles is very short and on the order of milliseconds.
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3.5. Explanation of the observed flow patterns with and without
nanoparticles

Fig. 14a illustrates a bubble growing on the heating surface for
pure water. The situation is changed to Fig. 14b for nanofluid.
Assuming a uniform heat flux over the heater surface neglecting
the slight change of the heat flux versus time, the force balance
is written as [19]:

_ o(d®H/dx)
(1 + (dH/dx)*"?

qZ
2p,ht,

P =Py = +ApgH + (12)

where p is the pressure, | and v represent the liquid and vapor
phases, respectively, H is the film thickness, q is the heat flux. The
first term of the right hand side is the capillary contribution to
the pressure difference, the second term is the gravitational contri-
bution, and the third term is caused by the heating effect. Three
heat transfer regions are involved (see Fig. 14a): (1) region I is the
area between the heater surface and the dry vapor, (2) region II is
the thin liquid film evaporation heat transfer region, and (3) region
Il is the bulk liquid heat transfer region. It is a common knowledge
that there is a thin liquid film beneath the vapor phase for the evap-
oration heat transfer, that has been described in many references
[19-21].

When the system contains nanofluid (see Fig. 14b), the forces
applied on the film interface near the solid-liquid-vapor contact
line should be modified [22,23]. A structural disjoining pressure
should be considered to modify Eq. (12) [19]:

o(d*H/dx*)

b—Py,= *4[1 " (dH/dx)2]3/2 -

2
TTH) + ApgH +2‘17hz (13)

vy

where [](H) is the structural disjoining pressure, pushing the solid-
liquid-vapor contact line towards the vapor side to decrease the
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contact area between the heating surface and the dry vapor. Phys-  F + F, = F, + F; (14)

ically, the structural disjoining pressure reflects the molecular
forces between nanoparticles and water. It will not occur for pure
water because there are no nanoparticles are involved. Fig. 14b
shows the four heat transfer regions for nanofluid: (1) region I is
the area between the heater surface and the dry vapor, (2) region
Il is the thin liquid film heat transfer region without nanoparticles
involved, (3) region III is the bulk nanofluid region, and (4) region
IV is the thin liquid film evaporation heat transfer region with nano-
particles involved. Comparing Fig. 14a and b, nanofluid decreases
region I and increases the percentage of the thin liquid film region
with nanoparticles involved to the whole bubble shadow area on
the heater surface, improving the heat transfer performance for
nanofluid.

Based on the classical bubble dynamics theory, the balance
among the buoyancy force, surface tension force, drag force and
inertia force controls the bubble growth and departure, in which
the buoyancy force and drag force cause the bubble departing from
the heating surface, but the surface tension force and inertia force
prevents the bubble departing from the heating surface. The bal-
ance among the four forces are written as (see Fig. 15)

During the bubble growing process for pure water, the buoyancy
force is increased due to the bubble volume increase. The contact
area between the heater surface and the vapor phase is also in-
creased. From the expression F; = gDgnsing, the surface tension
force is increased. Now we consider the nanofluid bubble dynam-
ics. The measured interfacial tension (o) was 0.072 N/m at the
room temperature for nanofluid, which is almost identical to pure
water. However, the structural disjoining pressure decreases the
diameter Dp for the contact area between the heater surface and
the dry vapor (see Fig. 15b), causing the decreased surface tension
force on the bubble (F,). This effect decreases the bubble size be-
fore the bubble departs, accounting for the miniature bubbles for
nanofluid.

Fig. 16 shows the bubble coalescence for pure water. Bubbles
shall have larger size before their departure compared to nano-
fluid. Due to the small channel size considered here, the bubble
shall be confined in the channel width direction to form elongated
bubble (see Fig. 16a). When the tips of two neighboring bubbles
contact with each other, coalescence of the two bubbles begins
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(see Fig. 16b). Further growth of the merged bubble decreases the
liquids in the two corners (see Fig. 16¢). Finally a complete elon-
gated bubble forms, as shown in Fig. 16d. The bubble coalescence
and elongated bubble formation process can last 10-100 s for pure
water. The bubble coalescence can also take place for nanofluid
with short period in the millisecond time scale. The merged bubble
will be quickly broken up by the newly formed bubble underneath
the long bubble. Thus the flow turns to the miniature bubbles in
the channel again.

Fig. 17 shows the idealized picture. The surface tension force
(F;) effect on the bubble is decreased, causing the decreased bub-
ble size before its departure. The departure bubble size is smaller
than the channel size. This effect leads to the suspended bubbles
in the channel. Under the drag force from the flowing stream, the
suspended bubbles are flowing along the channel downstream. It
is noted that bubble coalescence may also take place for nanofluid
at high heat fluxes, but the time at which elongated bubbles exist is

short, which is on the order of milliseconds (see Fig. 13). The bub-
ble coalescence for nanofluid in such short timescale does not
cause the pressure drop increase, which is different from that for
pure water. In summary, elongated bubbles are the main flow
pattern for pure water, but miniature bubbles are the main flow
pattern for nanofluid.

The flow instability for pure water is strongly related to the flow
pattern in the microchannel. Once elongated bubbles appear, they
can block the channel, causing the increased pressure drop to re-
duce the flow rate through the channel. Once the pressure at the
microchannel upstream is large enough to push all the elongated
bubbles out of the microchannel, the channel is clear and may be
occupied by isolated bubble flow. The above process is repeated cy-
cle by cycle, causing the flow instability with large oscillation
amplitudes and long cycle periods. On the other hand, the minia-
ture bubbles for nanofluid can not block the channel significantly,
maintaining the stable flow and heat transfer.
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3.6. Explanation of the heat transfer behavior with and without
nanoparticles

We consider the isolated bubble growth on the heater surface
first. There are three heat transfer mechanisms for the boiling heat
transfer [24]: (1) the thin liquid film evaporation heat transfer; (2)
the heat transfer due to the interchange of the 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. We re-take a look at Fig. 14 for the bub-
ble growth on the heater surface for pure water and nanofluid. The
following factors account for the heat transfer enhancement by
nanofluid: (1) the bubble size before the bubble departure is smal-
ler for nanofluid than that for pure water. This effect causes fre-
quent miniature bubble departure, causing the enhanced heat
transfer for the mechanisms due to the interchange of hot and cold
liquids, and the micro convection heat transfer by the disturbance
of the boundary layer during the bubble departure process, for
nanofluid. (2) The dry area for region I is shortened by nanofluid,
improving the heat transfer. (3) The percentage of the thin liquid
film with nanoparticles to the whole bubble shadow area is in-
creased (region 1V, see Fig. 14), enhancing the heat transfer.

As the main flow pattern for pure water, elongated bubbles may
block the channel and result in the pressure drop increase. The thin
liquid film may be dried out during the channel occupied by elon-
gated bubbles, accounting for the higher heater surface tempera-
tures at this stage. The heat transfer performance is improved
once the elongated bubble flow is switched to the isolated bubble
flow. For nanofluid, the channel has less possibility to be occupied
by elongated bubbles. Isolated miniature bubble majorly contrib-
utes to the heat transfer enhancement. For the single-phase liquid
flow, the pressure drops are almost identical for both fluids due to
the very low nanofluid concentration in this paper (see Fig. 5c-d).
Also due to the low nanofluid concentration, the particle deposi-
tion on the heater surface was not observed after three weeks
operation (see Fig. 18).

It is noted that nanofluid boiling is a very complicated phenom-
enon. The theory on this topic is not well established at this stage.
The structural disjoining pressure can well explain the observed
phenomenon here. Alternatively, Das et al. [25] discussed a

“surface pressure” regarding nanoparticles as impurities. The sur-
face pressure results from differences of the chemical potential be-
tween the impurity and water to reduce the bubble size. Further
studies on the nanofluid boiling heat transfer are needed.

4. Conclusions

The boiling heat transfer in a single microchannel with and
without nanoparticles was investigated. Compared with other
studies, very low nanoparticle concentration of 0.2% was used.
Thus particle deposition on the heater surface was not observed.
For boiling flow with pure water, boiling heat transfer displays
chaotic behavior, caused by the random bubble coalescence and
breakup (or separation) in the millisecond timescale. At high heat
fluxes, boiling heat transfer behaves oscillations with large ampli-
tudes and long cycle periods. The flow patterns are swicthed be-
tween elongated bubbles and miniature bubbles in the timescale
of 100 s. The transition from elongated bubble flow to the minia-
ture bubble flow corresponds to the pressure drop decrease stage,
and the transition from miniature bubble flow to elongated bubble
flow corresponds to the pressure drop increase stage. Nanofluid
stabilizes the boiling flow. Miniature bubbles are continuously sus-
tained in the microchannel. Besides, nanofluid inhibits the dry
patch development between the heater surface and the vapor
phase. The increased percentage of the thin liquid film evaporation
heat transfer accounts for the heat transfer enhancement with
nanofluid. The present work identifies a possibility that nanofluid
with low concentrations can be used in forced convective boiling
heat transfer with microchannel test sections.
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