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Experiments were performed to study the heat transfer characteristics of channel flows of deionized (DI)
water, methanol, 50 wt% DI water/50 wt% methanol mixture, and ethanol solution in asymmetrically
(one sided heating) heated rectangular microchannels with an aspect ratio (H/W) of 0.56 and the corre-
sponding hydraulic diameters (D) of 129 pum at 5 < Re < 240. Local heat transfer coefficients distribution

were recorded with both isothermal (273 K) and isoflux (12.6, 18.1, 32.3, 50.5 mW/mm?) heating. The
influences of test liquid mass flow rates, test fluids, heating condition (isothermal vs isoflux), and surface
condition (hydrophilic vs hydrophobic) on heat transfer behavior were examined. Thermal entrance
length were also found and correlated in terms of the relevant parameters.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Research in microfluidics has become particularly active for a
few years, and the literature is now full of novelty dealing with
particular applications of fundamental aspects [1-3]. One of the
earliest pioneering work in the area of microchannels was pro-
vided by Tuckerman and Peace [4] at Stanford University in the
early 1980s. From then on, a number of technical articles have
been published in this area of microchannels as they related to
applications, automotive, chemical, and aerospace industries.

Microchannel heat sinks are of special interest as high efficiency
cooling devices due to several advantages such as small cooling de-
mand and dimensions, which directly result in enhanced convec-
tive heat transfer. Consequently, much work has gone into the
development of microchannel technology recently. Up to now,
with regard to flows through microchannels, the knowledge is
more advanced for gaseous than for liquid flows [5]. However, in
some cases like advanced heat sink designs as applied to micropro-
cesser cooling with average chip heat fluxes in the range of
40-60 W/cm?, air cooling may not be appropriate. On the contrary,
single phase liquid flow through the microchannels would be ex-
pected and acceptable. In addition, the relatively few works avail-
able in the literature in the area of microscale thermal-hydraulics
reveal that there are still relevant disagreement among the results
[5,6]. In particular, most disagreements pertain to laminar flow and
laminar-to-turbulent flow transition and the corresponding fric-
tion factors as well [7,8]. Heat transfer tests reveal that microchan-
nels have a better performance than the conventional flow
channels [9]. However, Qu et al. [10] have studied heat transfer
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of water flow in trapezoidal silicon microchannels and found that
the Nusselt number (Nu) is much lower than the conventional
theory.

Furthermore, Celata et al. [11] have found the Nu is Reynolds
number dependent in both laminar and turbulent regime for R-
114 flowing through a stainless steel tube with a diameter of
130 pm. Herwig and Hausner [12] proposed a new concept to ex-
plain why experiments in micro-flow devices always show differ-
ences compared to the corresponding situations in micro-system.
They pointed out the micro effects can be considered as scaling ef-
fects for conventional large systems. The proposed concepts can
also explain the unusual Nu distribution in a laminar microchannel
flow reported in Tso and Mahulikar [13]. Since the bulk tempera-
ture of the flow was not measured inside the microchannel, their
judgment and conclusion are still in question. A review article
written by Morini [14] has reported that either Nusselt number in-
creases/or decreases with Reynolds number increase was found in
the laminar regime. In addition, the Reynolds analogy fails in
microchannels. Based on these results, it is concluded that there
is still a considerable scatter in the existing heat transfer data
[6]. In spite of this, some related correlation for thermally develop-
ing and fully developed condition about liquid microchannel heat
transfer data can still be listed in Table 1.

More recently, Hetsroni et al. [22] have reported that there
seems no significant discrepancy in Nu value with different cross
section (circular, triangular, rectangular, and trapezoidal) micro-
channels as compared to those of conventional channels, and they
concluded that the deviations are due to experimental errors. Mis-
han et al. [23] have firstly used infrared camera to visualize the de-
tailed temperature distribution in a water rectangular
microchannel of D, = 440 pm and, again, they found that there is
no noted difference from the conventional channels based on the
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Nomenclature
G specific heat, J/ugK P pressure, bar
D channel hydraulic diameter, pm Pr Prandtl number
H heat transfer coefficient defined in Eq. (6), W/m?K Q Volumetric flow rate, mm?/s
hm mean heat transfer coefficient defined in Eq. (10), q" heat flux, mW/mm?

W/m?2K Re Reynolds number
h average heat transfer coefficient defined in Eq. (8), T fluid inlet temperature, K

W/m2K T, fluid outlet temperature, K
k thermal conductivity, W/mK Tw local wall temperature, K
I electric current, amp u average liquid velocity, mm/s
I PLIF image intensity, gray Umax the maximum flow velocity, mm/s
L channel length, pm voltage, V
14 length scale of the channel, pm X downstream distance, pm
Nu local Nusselt number defined in Eq. (4) u dynamic viscosity, Pas
Nu average Nusselt number defined in Egs. 8 and 11, and P density, pg/m>

also the fully developed Nusselt number ATy log mean temperature difference defined in
m mass flow rate, pg/s Eq. (9), K

Table 1

Some related laminar thermally fully developed and developing correlation of Nu = cRe™ Pr" and Nu = ¢(Gz~')™

Reference Parameters Correlation Condition and restrictions
W. Qu et al. [10] D=168.9 um Laminar and thermally fully developed flow Silicon trapezoidal microchannel (hydrophobic)
L=30mm Nu =1 ~ 2 (100 < Re < 400), Nu = 2 (400 < Re < 1500)

Incropera and DeWitt [15]
X.F. Peng et al. [16] D =133-367 pm
L=50 mm
D =133-343 pm
L=50 mm

X.F. Peng et al. [17]

Wu and Cheng [18] D=110 pm

L=34 mm
L. Zhuo et al. [19] D =102 pm
L=30.5mm
P. X. Jiang et al. [20] W=200 um
H =600 um
D =300 pum

L=20 mm
W =300 um
H =800 um
L=50 mm
W=180 um

S. Shen et al. [21]

Present study
H=100 um
D =129 um
L=20 mm

Pe =20~ 3300

Nu = 4.36 (constant heat flux)

Nu = 3.66 (constant wall temperature)
Laminar and thermally fully developed flow
Nu = Cyy;Re®5? Pro32, 50 < Re < 4000

Laminar and thermally fully developed flow
Nu = 0.117 (D/We)°81 (H/W) 07°Re052 pr033,
50 < Re < 4000

Laminar and thermally fully developed flow

Nu = 0.5 ~ 2.6 (hydrophilic), 50 < Re < 600
Nu = 0.5 ~ 2.3 (hydrophobic), 50 < Re < 600
Laminar and thermally fully developed flow
Nu = 0.8 ~ 2.35, 25 < Re < 450

Laminar and thermally developing flow
Without micro-porous: Nu = 0.52 (Gz~')%¢2,

Gz '<0.05

Nu=2.02 (Gz~1)7%3! Gz~!> 0.05 (thermally fully
developed)

With micro-porous: Nu =1.97 (Gz~')~%72, Gz~' < 0.05
Laminar and thermally developing flow

Nu =0.505 (Gz~')~%%2,0.0375 <Gz ! <0.14
Nu=2.18, Gz~' > 0.14 (thermally fully developed)
Laminar and thermally fully developed flow

Hydrophilic microchannel:constant heat flux: Nu = 2.62
Constant wall temperature: Nu = 2.49

Hydrophobic microchannel: constant heat flux:

Nu =2.42

Laminar and thermally developing flow

Nu=0.968 (Gz1)™°3%, Gz ! < 0.063

Nu =2.62, Gz~! > 0.063 (thermally fully developed)

Laminar and thermally fully developed (tube channel)
Gy, depended on aspect ratio 0.01 < Gy, < 0.058

W,: center-to-center distance of microchannels
Silicon trapezoidal microchannel with (hydrophilic)/
without (hydrophobic) SiO,

Silicon trapezoidal microchannel (hydrophobic)

Rectangular microchannel with/without micro-porous
(one-sided heating)

Rectangular microchannel (one-sided heating)

A rectangular microchannel array(hydrophilic and
hydrophobic)
Aspect ratio: 0.56

pressure drop, heat transfer, and

thermal

entry length

Table 2. Furthermore, the conventional thermal entrance length

measurements.

Based on the foregoing discussion, it is necessary to further
study the basic heat transfer phenomena and document the
important information in different working fluids of DI water,
methanol, 50 wt % DI water/50 wt% methanol mixture, and eth-
anol solution microchannel flow of two different surface proper-
ties of hydrophilic and hydrophobic microchannels with
isothermal (@273 K) and isoflux (@12.6, 18.1, 32.3, 50.5 mW/
mm?) via different measuring techniques such as pPIV and pLIF.
Detailed operating condition and related parameters are listed in

Leys, was also examined and discussed, which has seldom been
reported before. In this study, the objective was focused on the
convective heat transfer of the four different fluids flowing
through a 100 um x 180 pm (H x W) asymmetrically heated
microchannel with uniform heat flux and constant wall temper-
ature, respectively. The main features of the study will include
the thermal entrance length, downstream wall and bulk temper-
ature distribution as well as local Nu distribution. Moreover,
comparisons will be made with previous results of the similar
studies and those of conventional large channels to further
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Table 2
Experimental parameters and uncertainties of relevant parameters
Working fluids DI Methanol  Water Ethanol
water (99%) (50%) (99%)
+ Methanol
(50%)
Experimental parameters
Rhodamine B concentration 1.86x10° 12x10° 153x10° 10°
(M)
Tracing particle Concentration 2 x 10® particles mL™!
(mL™1)

Temperature calibration (°C) T= —0.084l, +98.6
(Im: MLIF image)
Constant Heat flux ¢” (mW/ 12.6, 18.1, 32.3, 50.5
mm?)
Constant Wall temperature Tyy 273
(K)
Flow and temperature
measured position

x=0, 5,10, 15, 20 mm

Flow rate (sccm) 0.6 ~56.3
Reynolds number, Re 5~ 240
Peclet number, Pe 20 ~ 3300

Parameters of strip heater and power supply
Constant voltage (V) 5,6,8,10
Constant current (A) 0.23, 0.27, 0.36, 0.45
Ohm (Q) 22
r (effective coefficient 0.84
accounting for heat loss)

Total energy (W) 0.95, 1.37, 2.44, 3.82

Geometric and parameters System error (%) Random error (%)

Uncertainties of geometric dimensions and relevant parameters

L (um) +0.015 +0.08
H (um) +0.33 +0.92
W (um) +1.67 +0.46
D (um) +2.63 +1.72
u (mm/s) +0.02 $3.12
ULIF image intensity (Ir,) +1.38 +3.62
Calibration( uLIF) +2.36 +3.31
T (°C) from uLIF +3.16 +4.17
T (°C) from Thermocouple +0.43 +2.86
Power (W) +0.063 +0.36
Re +2.63 +3.56
h +3.59 +4.08
Nu +4.47 +4.45

examine the size effect for different working fluids and surface
property.

2. PDMS microchannel fabrication

The PDMS microchannels were fabricated in house at the Uni-
versity Microsystem laboratory by casting twenty straight open
channels (i.e., channel array) from PDMS methyl acrylate (Dow
Corning Co.) and sealed with the same material with specific grav-
ity of 1.08, viscosity of 3900 mPas, and thermal conductivity
0.18 W/mK at the temperature of 25 °C, respectively. The casting
mold was made by SU-8 deep UV lithography. Detailed SU-8 mold
design and PDMS channel fabrication through deep UV lithography
can be explained as follows. The fabrication starts with silicon wa-
fers insulated by thermal oxidation. The SU-8 photoresist is spin-
coated at 2000 rpm onto silicon wafers to create masters for 30 s
with 100 um in thickness. A mask is made out of high-solution
quartz glass printed to scale to put on the silicon wafers, and then
a UV beam (365 nm) is illuminated for a few minutes to make a
negative etched channel manifold. During the process, the excess
photoresist is peeled off from the silicon substrate that has a neg-
ative pattern of the master. Meanwhile, a 10 (PDMS):1 (curing
agent) mixture of PDMS prepolymer was poured onto the master
and cured for 1h at 70 °C. After curing the PDMS replica mold
was peeled from the master. Flat pieces of PDMS were formed by
casting prepolymer against a silicon wafer and curing. To form en-

closed channels, a PDMS replica and a 0.18 mm thickness cover
glass (Superior Marienfeld, refraction index n=1.518) were used
and bonded by hot pressing to enclose the microchannel. Then, it
was rinsed in acetone as well as in ethanol and dried with argon
stream. The present surface property can be switched from hydro-
phobicity to hydrophilicity by using one of energetic surface treat-
ments like UV radiation (UV/ozone) and plasma exposure for 30
minutes.

For these twenty channels, precise information of the channel’s
dimension is extremely important for an accurate evaluation on
convective heat transfer in microchannels. The depth, width, and
length were measured optically with an uncertainty of less than
+0.2%. To understand the present device surface condition, the
roughness of the channel was measured along its center with the
surface profilometer. The uncertainties for relevant geometric
parameters are also listed in Table 2. The resultant channels were
examined by an electron microscope. These twenty microchannels
have the same respective dimensions and characteristics.

In order to observe hydrophobic and hydrophilic surface effect
on fluid and heat transfer mechanism, both surface condition were
tested and associated data were measured. Further, to investigate
both flow and heat transfer characteristics of a liquid flowing
through microchannels, heating condition for the present micro-
channel/test section was shown in Fig. 1, for constant heat flux
and constant wall temperature, respectively.

3. Experimental
3.1. Test facility and loop

Deionized (DI) water with another three fluids were used as the
working fluid. The test liquid was circulated in a closed loop, as
shown in Fig. 1, which had provision for filtering, metering, heating
and cooling. The maximum operating pressure of the loop is
40 kPa, while the maximum specific flow rate 57 sccm. The test
system allows simultaneous power control, wall temperature mea-
surement, as well as optical imaging of the flow visualization.

The microchannel flow loop is mounted to a fixture with rele-
vant flow components. The main part was a strip of 200 um wide
and 200 pm thick strip type microheater made of aluminum with
a heated section of 10 mm x 20 mm (nominal) exposed to the test
fluid. The heat input has implemented on either side (top for iso-
flux and bottom for isothermal) of the active section which was
connected (via AWG 20 lead wire), in turn, to power leads. The test
section was thermally insulated by fiberglass to minimize heat
losses.

Temperature measurements were performed via fifty-two T
type thermocouple wires located on respective positions as also
shown in Fig. 1. These fifty-two thermocouples had been divided
into two groups. One group (only two thermocouples are needed)
is for channel upstream plenum and downstream plenum temper-
ature reading; the other group of the remainder fifty thermocou-
ples was broken into five sets for the wall temperature
measurements at five respective downstream locations. Namely,
each set/or location has ten thermocouples which gives the tem-
perature reading for the chosen channels (10 channels were cho-
sen) at a given location. Noting that both micro strip-heaters and
thermocouples were flush mounted to, and insulated from, the
channel walls. There is only one-side heating either isothermal/or
isoflux on the channel bottom or top floor. This thermal boundary
condition gives an asymmetrically heating; however, the surface
temperature of top and bottom floor were measured to examine
laterally heat conduction (conjugate effects). As stated previously,
the bulk fluid temperature was measured in the fluid just upstream
and downstream of the microchannel using two 80 um T type
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Case I: heated by strip heater
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Fig. 1. Schematic of the test microchannel.

thermocouples. Based on an energy balance, the heat losses can be
doubly examined. Two pressure transducers, placed at the inlet
and outlet of the section, respectively, were use to measure the
pressure drop over the entire channel. The inlet temperature mea-
sured for the test fluids is about 23 °C.

The voltage drop across the heater was measured directly. The
current was determined from the voltage drop across a calibrated
resistance shunt mounted in series with the circuit. The heat gen-
eration was determined as a product of the measured voltage and
current. The power input was adjusted with Q = 0.95 to 3.82 W. As
stated earlier, the average temperature of DI water was also mea-
sured at the inlet and exit of the test channel. Temperature read-
ings from thermocouples sensors located at the top and bottom
of the insulation layer underneath the microheaters showed the
power losses by conduction to be typically 5% of the heat input.
Radiation losses were estimated to be less than 1% of the generated
power. The conduction and radiation losses were incorporated into
data reduction analysis and subtracted from the heat generation in
each run. Thermodynamics properties of DI water, such as density,
viscosity, thermal conductivity were found from a conventional
water table. Data for thermally developing entry length and fully
developed heat transfer coefficient are presented and discussed.

3.2. Flow (uPIV)/temperature (uLIF) visualization
A schematic drawing of the experimental setup to implement

MPIV/micro laser-induced fluorescence (pLIF) measurement is
shown in Fig. 2. The study combines pPIV and pLIF to measure

velocities and temperature simultaneously. The use of the pPIV
technique is very attractive in microfluidics because it helps to
understand the detailed flow phenomena in microsystems. The
WPIV utilizes flow tracing particles to map the flow in the micro-
channels. In the study, red polystyrene fluorescent latex particles
(Duke Scientific Corp.) with 0.93 um diameter were used as seed-
ing. These particles had an excitation peak of 532 nm (green) and
an emission peak at 612 nm (red). These particles were surfac-
tant-free. These particles were introduced into the microchannel
and pressure driven by a range of pressure drop. Fluorescence
imaging of the rhodamine B (Sigma-Aldrich Co.) dye was per-
formed for temperature pLIF measurement. The values of the pres-
ent microchannel dimensions and geometric sizes as well as the
relevant parameters and associated properties were tabulated in
Table 2.

The system whose layout is reported in Fig. 2 is based on two
pulsed Nd: YAG lasers (New Wave Solo II, 30 m]/pulse, double cav-
ity) firing on the second harmonic (green 532 nm). The laser pro-
vides a thin sheet with measured thickness. The light sheet is
positioned to illuminate the entire inlet, outlet, and mid-section
of the channel. The laser pulse duration is 4-80 ms based on the
velocity magnitude. The test system is mounted on a movable xz
stage on an inverted epifluorecent microscope (DMILM Leica) with
10 x , numerical aperture NA = 0.25 panchromatic objective and a
field view of 800 x 600 um?. The measurement plane (i.e., object
plane) was precisely positioned relative to the test section by mov-
ing the objective lens vertically in the y direction and by moving
the table horizontally in the x and z directions. The concentration
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Fig. 2. Schematic of test channel and pPIV/uLIF system.

of fluorescent microspheres based on interrogation volume was
2 x 10® particles per milliliter.

The images were recorded using a Dantec 80C77 Hisense PIV
1344 x 1024 x 12 bit interline transfer camera. A total of five
images per second were taken for each flow field with a spatial res-
olution of 32 x 32 pixels, and the interrogation cell overlap was
50%. Ensemble averaging of 20 images consecutively captured for
4 s was used to obtain the velocity measurements. The calculated
measurement depth of the present pPIV is 27 um. The present
measurements were performed in a clean room of the University
Microsystem Laboratory where the ambient temperature was con-
trolled at 298.2 K. Each measurement was repeated at least three
times at a specified condition. The present measurements were
conducted at the first quarter, the middle region, the three quarter,
and at inlet as well as exit regions of the microchannel, and the
flow was found to be reached thermally fully developed before
the exit region of the microchannel.

3.3. Temperature visualization experiments

The visualization of the local fluid temperature was achieved
with the same apparatus as used for flow visualization and mea-
surements; namely, Fig. 2. Instead of using a fluorescent particle,
however, the channel was filled with a solution of rhodamine B,
which is a fluorescent dye showing a temperature-sensitive quan-
tum yield in the range of 0-100 °C. Calibration was done by means
of a simple conduction problem in the pure water that can be
solved analytically. With this, the temperature scale can be read
through the related equation listed in Table 2. Uncertainty due to
ULIF measurement was found to be less than +0.09 °C. Experiments

were conducted with a fluorescence microscope equipped with a
long-working distance 10x objective. The images were recorded
using the same equipments with those used for pPIV measure-
ments. From the captured images, the detailed temperature distri-
bution can be extracted. The intensity values of the captured
images then were converted to temperature using the intensity
vs temperature calibration.

4. Data reduction and uncertainty

The experiments were carried out under steady state condi-
tions. For each different set of experimental runs, the data includ-
ing flow rates, liquid temperatures, inlet and outlet pressures, the
test section top/bottom wall temperatures, and the input voltage
and current were continuously measured and recorded using a dig-
ital acquisition system based on an IBM PC. The parameters used in
the data reduction and analysis are summarized below:

Hydraulic diameter

4A 2WH
P=F =W 2
Reynolds number
puD
Re =1— 3
m 3)

where u stands for the average channel velocity and the local Nus-
selt number, Nu was defined as

D

Nu== )
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Properties of the working fluid were evaluated at the film temper-
atures, 0.5 (T, + T;). The experimental data were finally reduced in
terms of local heat transfer coefficient, and the associated Nusselt
number with different Reynolds numbers.

As stated previously, the heat flux of the microchannel structure
was defined as

//_Q
Q= (5)

where Q is a net heat input (=VI-heat losses) and A is the surface
area of the channel. Therefore, the heat transfer coefficient can be
calculated by

q//

=" 6
Tu®) ~ T) ©

where T,,(x) is secured through exterior surface temperature mea-

surements with 1-D heat conduction correction for interior surface

temperature (i.e. T,y(x)), and the local bulk mean temperature of T(x)
is obtained by an energy balance giving

T(x) =T+ (m(clpL)" (7)

Therefore, the local bulk mean temperature from the experiments
can be doubly checked by using energy balance as flow proceeds
downstream. It was found the maximum deviation less than 3.2%
for the worst case. There are two heat transfer coefficients; a local
as stated previously and an averaged were determined. The local
heat transfer coefficient was found in Eq. (6) and the corresponding
average Nusselt number is defined as

— hD

Nu = * (8)

= . o Sy,

and h is defined as h = ~i-—. Egs. (6)-(8) were used to calculate
the relevant heat transfer parameters for constant heat flux. While,
for constant wall temperature, the “mean heat transfer coefficient
(hm)” and its corresponding Nusselt number can be applied using
the log mean temperature difference

(Twi = Ti) = (Two = To)

ATy, = ' 9)
Twi-Ti
In (Tw,rro>
_ mCy(T, — Tj)
and hy, = AT (10
Nu = hwmD (11)

k

where Tyy; and Ty, denote the wall temperature at the fluid enter-
ing and exiting the channel. Finally, the above-calculated local Nu
are presented as a function of the downstream distance and Rey-
nolds number, and the average Nu was plotted against the Pe
number.

The uncertainty in measured local heat transfer coefficients was
estimated to be less than +5%. The largest contribution to the
uncertainty comes from the temperature measurements (+0.5 °C).
Uncertainty in Reynolds numbers was found to be within £3%.

5. Results and discussion

Before a set of formal tests, PLIF temperature measurements
should be tested and calibrated properly and accurately. One of
typical calibrated distribution was performed at Pe = 40 for deion-
ized water (not shown). It is seen that the color evolution in tem-
perature was in good agreement in the sense of temperature
development with those of conventional large tubes, which indi-
cates an adequate initial condition as well as boundary condition
that the present test apparatuses had. In addition, the correspond-
ing flow/velocity field is also secured. The maximum axial conduc-

tion number (M) and viscous heating factor (x) reported in Celata
et al. [24] were found to be small (M < 0.018 and x < 4.46%) for
the present cases under study, which give both the axial conduc-
tion effect and the viscous heating can be considered negligible.

5.1. Flow/velocity field

Velocity calibration was performed and compared with those of
analytical solutions within deviation less than +4%. The present
WPIV velocity vector plot (one out of ten microchannels was
shown) in fully developed flow regime was obtained by averaging
velocity data over twenty consecutive images for the case of
Pe =39.6 of the DI water along the downstream distance on the
hydrophilic and hydrophobic surface of the channel, respectively.
Enlarged views are shown that, at x = 10.2 mm, there is slip on
hydrophobic wall. Basically, these two velocity profiles seem no
significant difference in the core region of the channel, where the
flow exhibits a laminar parabolic-like profile except near the wall.
The slip effect can clearly be noted (not shown). In fact, one may
find the local velocity at wall is about 4 mmy/s at Pe = 39.6.

5.2. Slip velocity vs hydrophobic surface

Although the best wall velocity measurement can be only
reached at z=( 90+ 9.3/2) um, the slip velocity at wall can still
be obtained by extraplation of the present measured velocity pro-
file. Taking a closeup examination of the present hydrophobic and
hydrophilic property of the working fluid interaction with the
channel surface, it is found that, after the channel surface being
treated by UV/ozone for a thirty minutes, the resultant channels
with different working fluids such as water, methanol, water
(50%) + methanol (50%) and ethanol have been proven to be hydro-
philic. Fig. 3(a) shows one of the results for water. In fact, in addi-
tion, even with no surface treatment, methanol channels, in
Fig. 3(b), are still hydrophilic with a contact angle less than 90°,
which had been measured after the images of wetting characteris-
tic were taken from a high resolution camera. One of typical local
wall velocity vector does show a zero velocity near the wall. On the
other hand, for the untreated channels with water and water
(50%) + methanol (50%), the results shown in Fig. 3(c) exhibit
hydrophobic characteristic whose contact angle is bigger than
90° with a nonzero velocity near the wall for water. Such slip ratio
(defined as ug/u) also illustrated in Fig. 3(c), respectively was found
to be 10% for water, which is in good agreement with those re-
ported from Tretheway and Meinhart [25] and about 4% for water
and methanol mixture (not shown). Here u; is the slip velocity at
wall and u is the average velocity at that particular downstream
location. Furthermore, based on the pressure drop measurements
for different test fluids, the friction factor (f) can be extracted and
found to be f = 61.5/Re for non-slip condition and f = 59.7/Re for slip
condition; while, the conventional channel is f=61.2/Re with the
same aspect ratio of 0.56. This f is almost the same as the former
for non-slip condition and a little bit bigger than the latter as
one would expect.

5.3. uLIF/temperature visualization

Generally, a detailed temperature distribution at the channel
entrance region (<100 pm) for all the test fluids can be drawn
through uLIF measurements (only for isoflux cases). Fig. 4 shows
a particular case of the working fluid of water at a particular loca-
tion of x = 0 (inlet), 0.5(1/4 region), 1(middle), 1.5 (3/4 region) and
2 (outlet) mm along downstream for entire channel of the corre-
sponding Pe of 39.6 at a volumetric flow rate (Q) of 17.5 mm?/s
with a mild temperature range of 23-50 °C. The color evolution fol-
lowing the order of appearance, from decent red, blue, light blue,



266 S.-S. Hsieh, C.-Y. Lin/International Journal of Heat and Mass Transfer 52 (2009) 260-270

Hydrophilic microchannel Hydrophobic microchannel (untreated by
(treated by UV/ozone
UV/ozone)

about 30 mins)
Wetting (Hydrophilic) with No-Slip velocity in the Slip velocity in the
Hydrophilic wall hydrophobic wall hydrophobic wall
(a)Water (b)Methanol (c)Water
Unit: mm — 5 mm/s
F— > F—s | —> F——|F —2
08— [F— 008 — fr— 008 —2F—=
F— — F— F— F—> | —
=2 E= = E=S B |
0082F— [F— 0082f = = o= =
- — - — - — - —> F—> | —
[ — F— [ - | — — =
- — - — L — - — - —— |F
0084 F— = -0.084 F— = 0.084F— |F—
L - — L —a - — - — F—
- — - — - — - — F — F—
= [E= [ E= g =
0086 F= = 0086 F= S omss = =
008> S 00881~ b= oossb= |F=
-0.09 fry ol 0.09f )1l -0.09 [l ol
10.165 10.165 10.165
Re=8.3, u=46.3 mm/s Re=10.5, u=46.3 mm/s Re=8.3, u=46.3 mm/s
u,=0 mm/s u,=0 mm/s u=4.7 mm/s, u/u=10%
No-slip No-slip slip

Fig. 3. Flow vector with/without slip velocity at the wall of hydrophilic and hydrophobic microchannel.

increases with a quick color change (not shown). Both the temper-
ature variation (AT ~ 27 °C) and the variation through color transi-

and, finally, green shown in temperature distribution along down-
tion can clearly be noted. Among all the cases studied herein, the

stream clearly indicated that the convective seems significant as
compared to the diffusion. This situation becomes stronger as Pe

Water (at hydrophilic microchannel), Pe=39.6, L;,=322 um
Outlet  Unit: um

Quarter region

Middle region o Three-Quarter N

;.
| I_I |
i rib

rib

Inlet region

10400 19370 20000

10000 10400 14600 15000
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Hydrophilic wall rib

0 60 120 180 240 300 360 420 480 540 600 660 X (Hm)

Fig. 4. Temperature distribution at x =0, 0.5, 1, 1.5, 2 mm of water in hydrophilic microchannel at Q = 17.5 mm®/s.
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maximum temperature difference between channel inlet and out-
let is found to be about 45 °C. At this stage, the color transition cov-
ers a larger spectrum as compared to that of Fig. 4 following the
order of appearance, from purple, blue, light blue, green, yellow,
and, finally, to orange.

5.4. Local heat transfer coefficient distribution and thermal entry
length

After the temperature distribution along the downstream dis-
tance extracted from pLIF visualization, the local wall temperature
as well as the channel fluid bulk mean temperature can thus be cal-
culated, and so is the local Nusselt number (Nu). The local Nusselt
number (Nu) can be plotted as a function of x/(DPe), an inverse of
the Graetz number (Gz), as presented in Fig. 5, for all the cases un-
der study. The distribution can also be correlated in the form of

Nu = 0.968(Gz ") "**°0 < Gz ™' < 0.063

with the experimental data within +5%. The power dependence
(0.36) on Gz~ ! is very similar to that of the traditional cases (~1/
3)as 0 < Gz~! € 0.01. The value of this exponent seems to be in be-
tween those of Jiang et al. [20] and Shen et al. [21]. This value is per-
haps quite sensitive to the physical geometry of the channel and
thermal boundary conditions.

Following Fig. 5, the thermal entry length can be obtained. In
fact, the value can be read out in Fig. 5 as the Nu distribution is
independent of downstream distance, and it is found to be
0.063 which is a little bit higher than those of the conventional
tubes (0.05), which indicates that the present microchannels have
a longer thermal entrance length. The power low correlation can
be developed in Fig. 6 as Ley, was plotted against Pe for different
surface condition. Further examination of the thermal entry
length, it is found that the hydrophobic channel has a longer
length than that of hydrophilic as expected. This can be seen from
the coefficient of the power law correlation (0.069 vs 0.063). Both
results are in good agreement with that [26] where the thermal
entry length was reported to be Ley, ~ 0.0625 Pey, for an infinite
parallel plate. In addition, in a microsystem, the Nusselt number
(=h¢/k) can be found in the form of a function of Pey, only via
dimensional analysis. Also included in Fig. 6 are the hydrody-
namic entry length for hydrophobic and hydrophilic channels,
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respectively. Again, the former seems to have a little bit longer
length (0.064 vs 0.061).

5.5. Nu vs Pe and compared with those of previous studies

Fig. 7 presents the fully developed Nusselt number as a function
of Pe number only as stated previously. For both constant heat flux
(¢” =18.1 mW/mm?) and constant temperature (To =273 K) with
four different working fluids, a flat profile (i.e. Nu ~ const) was
noted for DI water for both hydrophilic and hydrophobic micro-
channels with a much higher Nu of hydrophilic walls. This situa-
tion prevails for another working fluids like mixture of water and
methanol, methanol, and ethanol. Generally, Nu of isoflux is bigger
than that of isothermal case. For both heating condition, DI water
has the highest Nu followed by the mixture of water and methanol,
methanol and ethanol. In fact, the Nu of methanol and ethanol
seems the same. Further, the present results were compared with
those of previous studies [18,19] with the same working fluid (DI
water). The agreement seems good as Pe > 2000. Unlike Wu and
Cheng [18] and Zhuo et al. [19], the present results do show a
nearly constant Nu as Pe < 2000. The reasons for this difference
are perhaps due to the existence of the axial conduction in those
reported results from [22]. Similar behavior happens in Fig. 8 for
Nu vs Pe distribution with different heat flux.

The Nu values of all the test fluids studied herein for one-sided
heating as shown in Fig. 8 was found to be nearly a constant
(=~2.63) for the entire Pe under study. This value seems little bit
lower than the conventional rectangular channels with the same
aspect ratio [27]. This is perhaps partly because they two have
the different thermal boundary condition on the bottom floor
(our case is diabatic) and partly because the present local bulk
mean temperature was obtained over z direction and not from
the conventional y direction. In spite of this, it is still a little bit
higher than those of the traditional fully developed Nu for the same
aspect ratio rectangular channel (4.03) with one sided heating. But,
it seems in good agreement with those of Shen et al. [21] for rect-
angular micro channels with one-sided heating listed in Table 1
where a value of 2.18 was found, and it is a constant regardless
of what the test fluid is. Moreover, the effect of heat flux variations
on Nu was also examined as shown in Fig. 8 for DI water. Surface
properties effect is again clearly noted in Fig. 8 from

10
H Hydrophilic microchannel
9 m Water ® Methanol V¥ Ethanol
S Water(50%)+Methanol(50%)
8 - Hydropohbic microchannel
r Water
r <« Water(50%)+Methanol(50%)
H Nu =0.968(Gz ") *%
6
Nu &7 (for 0<Gz'<0.063)
5L
| % Nu=2.62,Gz' =0.063
4
3
2
P S N R S NN N P RN S S
0.00 0.01 0.02 003 004 005 0.06 007 0.08 0.09 o0.10
Gz

Fig. 5. The correlation of the entrance length for hydrophilic and hydrophobic microchannel at constant heat flux q” = 18.1 mW/mm?2.
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Fig. 6. The correlation of LET‘“ (%) vs Pe (Re) for hydrophilic and hydrophobic microchannel at constant heat flux q' = 18.1 mW/mm?.
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Fig. 7. The relationship of Pe and Nu with different working mediums in hydrophilic and hydrophobic microchannel at constant heat flux q” = 18.1 mW/mm? and constant

wall temperature T,, =273 K.

0 < Pe < 1600; while, the heat ﬂuxihas no influence on the fully
developed heat transfer coefficient h and Nu. Notice that the max-
imum surface roughness of the channel is about 3.2 nm and can be

considered negligible («D). Consequently, the surface roughness
of the present microchannels appears no influence on the surface
condition.
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Fig. 8. Nu vs Pe for hydrophilic and hydrophobic microchannel at four different constant heat flux (¢” = 12.6, 18.1, 32.3 and 50.5 mW/mm?).

6. Conclusion

Liquid microchannel fluid flow and heat transfer with one-sided
heating (both isothermal and isoflux) was studied for four different
test fluids at 5 < Re < 240 and the corresponding 20 < Pe < 2300
with hydrophobic and hydrophilic surface property through pPIV
for velocity and pLIF for temperature measurements. The salient
feature can be drawn below:

1. Slip velocity can be found near the wall for hydrophobic micro-
channel from 4% to 10% associated with the working fluid of
water and methanol mixture and pure water.

2. Hydrophilic microchannel consistently shows a high local/aver-
age heat transfer coefficient than that of hydrophobic micro-
channel for four test fluids under study although this increase
is only about 8%.

3. The present constant wall temperature and constant wall
heat flux fully developed heat transfer coefficient was found
to be constant and independent of Pe regardless of what
types of the test fluids are. The latter is consistently higher
than that of the former as the convectional large systems
do.

4. The thermal entry length was found to be a function of Pe and
can also be correlated into a definite form of
Leq, = 0.063(0.069)Pe in a hydrophilic (hydrophibic), micro-
channel. The coefficient of the form seems a little bit higher
than the conventional one (~ 0.05 to 0.06).

5. The local Nusselt number (Nu) in the thermal entry region again
has the following form of Nu=0.968 (Gz71)7%3® of 0< Gz ! <
0.063 in both hydrophilic and hydrophobic microchannels.

6. Similarly, within the thermal entry region, working fluid effect
on the local heat transfer coefficient has also been found as
compared to those of conventional tubes.

7. Following the above remark, surface property influence on heat
transfer coefficient is further confirmed with a higher Nu and a
little bit short hydrodyamic as well as thermal entry length for
hydrophilic surface as compared to those of hydrophobic
surface.

8. Heat flux has no influence on fully developed heat transfer coef-
ficient Nu when the heat flux within the range of 12.6 mW/
mm? < q” < 50.5 mW/mm?.
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