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This research investigated heat transfer performance and flow characteristics of
three polydimethylsiloxane microchannels full of deionised water as a working
fluid. A single micropillar, horizontal micropillars, and vertical micropillars
along the flow direction were prepared on the microchannels experimentally. Re-
sults show that the Nusselt number of microchannels with two horizontal mi-
cropillars is 19% higher than that with a single micropillar. The microchannel
with two vertical micropillars has the Nusselt number is 29% higher than that
with a single micropillar, which shows the best performance on the heat transfer
enhancement. Visualization experiments of the flow field were carried out to ex-
plore the enhanced mechanism of the heat transfer for microchannels with vari-
ous micropillar arrangements. When the flow rate is 7 mLpm, the maximum ve-
locities near the single cylinder and the horizontal micro-column are 0.5 m/s and
0.52 m/s. Fluid velocity in a region between two vertical micropillars reaches
0.72 m/s when the flow rate is 7 mLpm. The fluid in the high-speed region is fully
mixed around the micropillar, which reduces the stagnation region area down-
stream of the vertical micropillar and enhances heat transfer.

Key words: heat transfer enhancement, microchannel, micropillar,
particle image velocimetry, stagnation region

Introduction

For the safe operation of electronic devices, heat dissipation technologies using var-
ious microchannels have become an important branch of thermal science. The geometry struc-
ture of microchannel heat sinks (MCHS) is a vital factor affecting their heat exchange capa-
bility. Dadvand et al. [1] investigated the effects of rigid and flexible beams on the thermal
performance of a microchannel with a cylindrical obstacle. Results indicated that the flexible
beam showed an 18.46% increase in the total Nusselt number compared to the rigid beam. Li
et al. [2] arranged rectangular ribs on the sides of a smooth rectangular microchannel to im-
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prove its heat transfer performance. The microchannel with one-side rectangular ribs obtained
the highest thermal performance under a volume flow rate of 75 mLpm. Ringkai et al. [3]
pointed out that a slight increase in the radius of microchannels offered a significant increase
in the flow rate of a fluid. Vinoth and Senthil [4] investigated the effects of different inlet
cross-sections on the heat transfer performance of MCHS. Results showed that the trapezoidal
entrance section has better comprehensive performance than the square and the semicircle
sections.

Some studies have mainly focused on enhancing disturbance inside microchannels,
and it was recommended to change the geometry structure of microchannels or add ribs to the
microchannel wall. Li et al. [5] put forward novel MCHS with cavities and fins to increase
pressure drop and friction loss due to a disturbance to the boundary-layer. With enhancements
of convective heat transfer, the comprehensive performance of complex MCHS is improved
compared to that of traditional structures. Erp et al. [6] produced an integrated manifold mi-
crochannel offered above 1.7 kW/cm? heat flux by using a pumping power of 0.57 W/cm?. It
is observed that high rib height showed a large heat transfer in reference [7]. Rezaei et al. [8]
pointed out that the addition of ribs in microchannels significantly increased both heat transfer
and pressure drop.

Nanoparticles have emerged as a strong candidate to increase the thermal conductiv-
ity of base fluids. It was testified that the addition of copper nanoparticles enhanced convec-
tive boiling heat transfer in a microchannel at a low flow rate [9]. Wang and Li [10] analyzed
the effect of nanoparticles on droplet formation in a T-shaped microfluidic device, such as in-
terfacial tension caused by nanoparticles. Zheng et al. [11] found that for 1.0 wt.% Fe3O4-
water nanofluid, heat transfer coefficient in a plate heat exchanger increased by 30.8% at
8 Lpm compared to deionised-water. Anwar et al. [12] numerically investigated the effects of
fin spacings on the thermal performance of 1.5% CuO-water nanofluids in mini-channel heat
sinks and results indicated that 9.1% temperature reduction of base fluid was observed using
0.2 mm fin spacing compared to deionised-water. Siddiqui et al. [13] studied cooling rates of
water-based Al,O3 and Cu nanofluids with 0.251% and 0.11% volume concentrations. With
an increase in Reynolds number, Cu-water nanofluid showed better performance than
Al>,Osz-water nanofluid. 12.56% increase in overall heat transfer coefficient was obtained for
Cu nanofluid. Wang et al. [14] investigated the effects of nanoparticle volume fraction on the
overall performance factor and overall thermal resistance of an integrated MCHS. Zheng et al.
[15] investigated thermal performance and pressure drop in a plate heat exchanger filled with
ferrofluids under various magnetic fields. Results indicated that 0.1% of ferrofluids showed a
10.0% reduction of pressure drop when two vertical magnets were arranged side by side.
Zhou et al. [16] experimentally studied the heat transfer effect of microchannels with various
micropillars, and results showed that the droplet cylinder has the best heat transfer enhance-
ment with a Nusselt number ratio of 1.6. Lee etal. [17] experimentally studied boiling heat
transfer in a copper channel with a porous coating. When the heat flux is 51 kW/m?, the mi-
crochannel with the porous coating is 43% higher heat transfer performance than the basic
channel.

In order to investigate enhanced mechanisms of heat transfer in electronic devices,
flow characteristics of microfluidics in microchannels are necessary to be investigated using
micro-particle image velocimetry (micro-PIV) measurements [18]. It can accurately obtain the
velocity field of microfluidics and clearly display them through images, so the micro-PIV
technique has become a crucial means of microfluid research in microchannels and promoted
the research of microfluidics. Li et al. [19] explored the flow characteristics of deionised-water
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at the inlet section of microchannels using micro-PIV measurements. Xiong et al. [20] com-
bined micro-PIV measurements with numerical simulations to analyze the effects of physical
properties on fluid flow in microchannels. In this paper, three microchannels are fabricated
with different arrangements of micropillars, and heat transfer performance is investigated at
different flow rates. In order to explore the mechanism of heat transfer enhancement, a micro-
PIV system is set up to carry out visualization experiments of the flow field.

The machining of microchannels is a complex process, and testing data is time-con-
suming and highly costed. The existing findings on the heat transfer performance of micro-
channels were mainly conducted numerically. Few studies investigated the heat transfer char-
acteristics of microchannels both from thermal analysis and flow visualization. In this paper,
three microchannels are fabricated with different arrangements of micropillars, and heat trans-
fer performance is investigated at different flow rates. In order to explore the mechanism of
heat transfer enhancement, a micro-PIV system is set up to carry out visualization experi-
ments of the flow field.

Experimental procedure
This part introduces testing systems for thermal performance and flow distribution.

Experimental system for thermal performance analysis

Figure 1 shows the preparation process of the microchannel. The microchannel is
made of polydimethylsiloxane (PDMS). The base liquid and curing agent (Sylgard 184, Dow
Corning Corporation, America) are mixed with a ratio of 10:1, and the mixture is put into an
empty chamber to discharge bubbles. The mixture is poured into a silicon mould with a hy-
drophobic surface, which is placed into an incubator (DZF-6050A, Lichen Corporation, Chi-
na) at 80 °C for 30 minutes. After cooling, the PDMS is carefully removed from the silicon
mould. This process allows for the transfer of fine structures from the silicon mould to the
PDMS substrate. The PDMS substrate and cover plate are put into an oxygen ionizer (VP-R,
Sun June, China) for 1 minute, which is quickly pulled out. The two structures are bonded to-
gether. Finally, the inlet and outlet of microchannels are machined by a hole punch.

With a check on the tightness of the test section and data stability, the injection
pump (WO109-1B, Longer Pump Corporation, China) is turned on to drain bubbles in the flu-
id. The DC power supply (MP-3020D, Maisheng Electronics Ltd., China) is turned on for
heating the plate. The entire test section is wrapped with thermal insulation cotton to reduce
environmental impact. Temperature data is recorded when outlet temperature is stable. Every
test is repeated five times.

Base liquid and curing agent, 10:1

80 °C, 30 minutes

Mixing
De-gas
Silicon mold
E =y A
Microchannel PDMS cover plate PDMS basal

Figure 1. Preparation of PDMS microchannels
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Figure 2 shows an experimental system for thermal analysis of a microchannel. The
system mainly includes a microchannel test section, injection pump with high precision, heat-
ing sheet, DC power supply, data collector and computer. The injection pump allows precise
flow control. The T-type thermocouples (TT-30, Omega Engineering Inc., America) are ar-
ranged at the inlet, outlet, and bottom of a microchannel. The temperature signal is converted
into an electrical signal through a data collector (cDAQ-9181, National Instruments Corpora-
tion, America). The electric heating sheet is attached to the bottom of the microchannel. The
heating sheet is connected to the DC power to heat the fluid. Figure 2 also shows the test sec-
tion and three microchannels, i. e., single micropillar two micropillars with horizontal or ver-
tical arrangements (along the flow direction). The microchannel has a width, W, of 3 mm,
length, L, of 30 mm and height, H, of 0.1 mm. The micropillar diameter, R, is 0.4 mm, and
spacing, d, between two micropillars is 1 mm.

L=30 mm

Fluid %

Data procesor B=bArm
Temperature collector @

W=3mm

Injection pump | 5 H =100 um

. ———
1284567889
| '

LN DC power supply,

Figure 2. The schematic on thermal performance measurement system of microchannels

Experimental system for flow field testing

Figure 3 shows a micro-PIV testing system, mainly including a flow control system,
image acquisition system and image processing system. The flow system consists of a PDMS
test sheet, testing fluid, tracer particle and injection pump. Image acquisition system mainly
includes double-pulse laser, synchronizer, high-speed charge coupled device camera and
high-precision microscope. The image processing system is an image processing computer
with the installed software. The transient velocity distribution of the flow field is indirectly
calculated by measuring the displacement of the tracer particles in a known time interval. The
flow region with tracer particles is illuminated by a laser, and then positions of particles in
secondary exposure are recorded by photography or video record. The displacement of each
particle is obtained by image analysis technology. Flow velocity at each position is calculated
based on particle displacement and exposure time interval. The tracer particles with 2 microns
diameter are produced by Duke Scientific Corporation Company, USA. The tracer particles
are mixed with deionised water in a ratio of 1:50. Tracer particles emit light with a wave-
length of 532 nm under laser illumination. Synchronizer provides a guarantee for accurate im-
age capture as a switch of laser generator and high-speed camera. The test section is placed on
a microscope platform. By adjusting the focus of the microscope, the particles are clearly ob-
served in the microchannel. Original and actual dimensions in images are calibrated in soft-
ware. Micro-PIV measurement principle was introduced in detail [21].
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For an analysis of experimental uncertainty, the measurement accuracy of the T-tape
thermocouples is £0.1 K. The flow error of the injection pump is below 1%. The error of the
DC power supply is 2%. Based on a calculation, the error of the Nusselt number is below 5%.

The error of the micro-PIV measurement system is below 6%.
High speed camera ” Laser generator |
7

I Computer H Microscope l

o == }_i/‘ 1 _ ¥l . . : i H
| Iy iy S —" ; RS it ‘ Injection pump | | Test section |

Light arm / High speed camera

Test section
Computer

Microscope —=—-

Synchronizer

Laser generator

Figure 3. Micro-P1V test system

Results and discussion

A temperature difference of fluid between an inlet and at an outlet is discussed under
different flow rates. Visualization flow fields are presented to explain the contribution of flow
behavior to heat transfer enhancement.

Heat transfer performance of microchannels

Figure 4 shows temperature differences, AT, between the inlet and at the outlet, and
fluid temperature at the inlet is set to 293 K. These temperature differences decrease with the
increase in the flow rate of the fluid. When the flow rate is above 6 mLpm, the temperature
difference decreases slowly at a high flow rate
due to a short time to absorb heat. It is found

. ; : > 30 —— Single cylinder, P=8 W
that the microchannel with vertical micropil- *7, —— Two horizontal cylinders, P =8 W
lars has the largest temperature differences at . =+ Twavastieal ovlindors, P =8 W
various flow rates. The microchannel with a Single cylinder
single micropillar shows the smallest tempera- R .

. . . Horizontal
ture difference of the microchannel. This re- 6 cylinders
sult indicates that the flow of fluid in the mi- 5
crochannel with vertical micropillars carries al >

. . Vertical
more heat fluxes than that in the microchan- al cylinders
nels with horizontal micropillars and single o [~v Single cylinder, P = 6 ~
micropillar. Under the flow rate above 5 ol ng{izcoa';tg)'llgggfsef;- i
mLpm, the temperature difference of fluid in J 2 3 5 >
the microchannel with vertical micropillars at q [mLpm]

6 W heating power is larger than that with @  rigure 4. Temperature differences of fluid
single micropillar at a heating power of 8 W. petween inlet and outlet under various flow rates
When the flow is more than 6 mLpm, the tem-

perature difference of fluid in the microchan-

nel with horizontal micropillars at a heating power of 6 W is larger than that with single mi-
cropillar at a heating power of 8 W. These results indicates that the increase in the micropillar
(from 1 to 2 micropillars) shows more enhanced heat transfer under low heating power (6 W)
than the single micropillar at high heating power (8 W). The temperature difference of the mi-
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crochannel decreases with the increase in the flow rate. When the heating power is 6 W, the
temperature differences of a microchannel with vertical micropillars at a flowrate of 7 mLpm
are close to that with horizontal micropillars. It is concluded that little temperature difference
at a high flow rate is observed by changing micropillar number and arrangement on the mi-
crochannel at low heating power.

Figure 5 presents variations of Nusselt number for different microchannels, and the
Nusselt number and convective heat transfer coefficient are calculated as given in [22]:

Nu =h&
k €
h= AAQT
m 2

1 1
ATm =3 (Tl +T2 +T3) -5 (Tinlet +Tout|et)
3 2 ©)

where Dy is the hydraulic diameter of the microchannel, k — the thermal conductivity of the
fluid, Q — the heat flux at the microchannel bottom, and A — an area of the microchannel bot-
tom.

The microchannel with vertical micropil-

25 +~ Two horizontal ylinders, P =6 W lars shows the largest Nusselt number at var!-
Nu T e P o ous flow rates. The Nusselt number of the mi-
20 ~* Two horizontal cylinders, P =8 W crochannel with horizontal micropillars is larger

—— Two vertical cylinders, P=8 W
—=— Single cylinder, P=8 W

than that of microchannels with a single mi-
cropillar. When the flow rate is 3 mLpm and
heating power is 8 W, the Nusselt number for
the microchannel with vertical micropillars is

e “|  13% higher than that for a single micropillar.

15H ) )
Single cylinder

Horizontal
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_— The horizontal micropillars have a 4% higher

— _§¢— B \crtical Nusselt number than the single micropillar.

. . . . ovlinders| - \When the flow rate is 7mLpm and heating

% 4 5 6 7 power is 8 W, the Nusselt number for the verti-
aimteml cal micropillars is 15% higher than that for the

Figure 5. Nusselt number variations in the single micropillar, and the Nusselt humber for
microchannels with vertical micropillars the horizontal micropillars is 7.4% higher than

that for the single micropillar. Under the flow
rate of 3 mLpm and heating power of 6 W, the Nusselt number for the vertical micropillars is
18% higher than that for the single micropillar, whereas the Nusselt number of horizontal mi-
cropillars is 7.1% higher than that for the single micropillar. Under the flow rate of 7 mLpm
and heating power of 6 W, the Nusselt number for the vertical micropillars is 29% higher than
that for a single micropillar, whereas the Nusselt number for the horizontal micropillars is
19% higher than that for the single micropillar. Due to enhanced fluid disturbance, the Nusselt
number increases by increasing the number of micropillars.
It is concluded that the microchannel with vertical micropillars has better heat trans-
fer performance than that with horizontal micropillars.
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Flow characteristics of the fluid Table 1. Inlet velocity of fluid at
in microchannels different flow rates

Figure 6 shows a physical picture of a mi- Flow rates [mLpm] Inlet velocity [ms™]
crochannel with a single micropillar and veloci- 3 0.17

ty contour under flow rates of 3 mLpm, 5
mLpm, and 7 mLpm. Table 1 shows inlet ve-

4 0.22
locities of fluid at different flow rates. Fluid 5 0.28

6

7

passes over a micropillar, which forms a high- 0.33
speed zone around the lateral sides of the mi-

cropillar. The micropillar intensifies the flow 0.39
turbulence of fluid. A stagnant zone is formed
downstream of the micropillar. The stagnant zone extends with the increase in the flow rate.
The fluid is divided into two parts by the micropillar, and fluid mixing is enhanced in the
downstream region. Under flowrates of 3 mLpm, 5 mLpm, and 7 mLpm, the maximum veloc-
ities on both lateral sides of the micropillar are 0.35 m/s, 0.45 m/s, and 0.5 m/s.

In the stagnation zone downstream of the micropillar, the fluid velocity is close to
zero. The area of the stagnation zone decreases because the convective heat transfer is weak-
ened. Although the single micropillar shows a certain disturbance to the flow distribution, the
fluid downstream, the micropillar, is not fully mixed. The area of the stagnation zone down-
stream of the single micropillar increases significantly with the increase in the flow rate.
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Figure 6. Velocity distributions in the microchannel with single micropillar; (a) microchannel with a
single cylinder, (b) g =3 mLpm, (¢) g =5 mLpm, and (d) g = 7 mLpm

Velocity distributions of a microchannel with horizontal micropillars are presented
in fig. 7. The maximum velocities around the micropillar are 0.35 m/s, 0.45 m/s, and 0.5 m/s
under flow rates of 3 mLpm, 5 mLpm, and 7 mLpm. Similar results are observed for other
those of the microchannel with single micropillar. The back micropillar (the second micropil-
lar) along the flow direction has a slightly lower velocity distribution than the front micropil-
lar. The fluid regions in high velocity are connected and well mixed between two micropil-
lars. The coverage area of high-speed flow in the microchannel with horizontal micropillars is
significantly larger than that in the microchannel with a single micropillar. It shows that the
convective heat transfer coefficient is improved by the presence of micropillars in the micro-
channel. Based on the results from figs. 4-6, it is found that the stagnation zone after the back
micropillar shows little influence on heat transfer enhancement.

Figure 8 shows velocity distributions in the microchannel with vertical micropillars.
High velocities on the lateral sides of the micropillar is 0.5 m/s, 0.6 m/s, and 0.72 m/s at flow
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(a)

Figure 7. Velocity distributions in the microchannel with horizontal micropillars; (a) microchannel
with two horizontal cylinders, (b) g = 3 mLpm, (¢) g =5 mL mLpm, and (d) ¢ = 7 mLpm

rates of 3 mLpm, 5 mLpm, and 7 mLpm. The maximum velocity in the microchannel with
vertical micropillars is larger than those with single micropillar and horizontal micropillars.
Two vertical micropillars reduce the cross-section area of the microchannel, which results in
higher velocity distribution of fluid than other arrangements. Fluid distribution around two
vertical micropillars is divided into three parts. One region in high flow velocity is located be-
tween two micropillars, which is mainly affected by the interaction between the two micropil-
lars. The convective heat transfer coefficient in the microchannel with vertical micropillars
increases significantly because the fluid in the high-speed region is fully mixed. The stagna-
tion zone downstream vertical micropillars are narrowed compared to those single down-
stream micropillar and horizontal micropillars due to the reduction of the flow cross-section
area. It is considered that the vertical arrangement of micropillars shows a significant influ-
ence on flow characteristics and heat transfer performance inside microchannels compared to
arrangements of single micropillars and horizontal micropillars.

01 02 03 04 05
Velocity [ms"] I | T
s & '

(a)

Figure 8. Velocity distributions in the microchannel with vertical micropillars; (a) microchannel with
two vertical cylinders, (b) g = 3 mLpm, (¢) g =5 mLpm, and (d) g = 7 mLpm

Conclusions

The effects of micropillars on fluid flow and heat transfer were experimentally in-
vestigated in this paper. Thermal performance of microchannels with single micropillars, hor-
izontal micropillars and vertical micropillars was analysed at a flow range of 3-7 mLpm. Re-
sults show that the heat transfer performance of microchannels with vertical micropillars is
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the highest. Results show that the Nusselt number of the microchannel with vertical micropil-
lars is 29% higher than that with a single micropillar under a flow rate of 7 mLpm and heating
power of 6 W. The Nusselt number of the microchannel with horizontal micropillars is 19%
higher than that of single micropillar.

Velocity distributions at various flow rates were obtained by using microcosmic
PIV. A stagnant zone downstream of the micropillar is extended with the increase in the flow
rate. The area of decreases because the weakened convective heat transfer results in the reduc-
tion of the stagnation zone. For the vertical arrangement of micropillars, the reduction of the
flow cross-section area results in the narrowed stagnation zone downstream vertical micropil-
lars compared to the microchannels with single micropillar and horizontal micropillars.

With the development of micromachining, complex and miniaturized structures
were designed and fabricated. We are interested in nanoscale machining methods. The follow-
ing research will investigate nanoscale effects on flow characteristics and heat transfer en-
hancement.
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Nomenclature

A —area of microchannel bottom, [m?] Ts — the third temperature measurement point on
Dn — hydraulic diameter of microchannel, [m] the microchannel bottom, [K]

h  —height of microchannel, [mm] Tinet ~ — inlet temperature of fluid, [K]

k —thermal conductivity of fluid, [Wm1K] Toutlet — outlet temperature of fluid, [K]

Nu — Nusselt number (= hDw/k), [-]

g - flow rate, [mLpm] Acronyms
T1 —the first temperature measurement pointon the PIV ~ — particle image velocimetry
microchannel bottom, [K] PDMS - polydimethylsiloxane

T2 —the second temperature measurement point on
the microchannel bottom, [K]
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