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Abstract:

This article presents a combined experimental amapcitational study to investigate the flow
and heat transfer in a Y-fractal microchannel. Expental apparatus was newly built to investigate
the effect of three different control factors, ,iuid flow rate, inlet temperature and heat flux,
the heat transfer characteristics of the microceam standard K turbulence computational fluid
dynamics (CFD) model was developed, validated amthér employed to simulate the flow and
heat transfer microchannel. A comparison betweemnlsited results and the obtained experimental
data was presented and discussed. Results shoatedoibd agreement was achieved between the
current simulated results and experimental datathEumore, an improved new design was
suggested to further increase the heat transféorpgance and create uniformity of temperature
distribution.

Keywords: Fluid flow, Heat Transfer, Microchannel, Heat Siclgmputational Fluid Dynamics

1. Introduction

Miniaturization of electronic devices has led tovadces in various engineering fields,
including space technology, defense systems, aatesppplications, manufacturing technology,
industrial processes and consumer electronicsHét dissipation in the electronic components,
however, is being a critical issue due to the fasterease in the components’ heat flux and
increasing demand for the miniature in featuresésiThe heat flux of the electronic chips may
exceed 400 Wi/cfrin order to meet the demand for high performareet®nic components. Since
overheating of the electronic components degradescomponents’ performance, reliability and
even cause failure of the components, high perfoo@acooling techniques are required to keep
device temperatures low for acceptable performandereliability [2-5].

The microchannel heat sink (MCHS) is a concept weited for many electronic applications
because of its ability to remove a large amounhext from a small area [6]. Over the past two
decades, a large number of experimental, theoretnmhnumerical simulation on the fluid flow and
heat transfer in microchannel have been reportegréwide useful data to comprehensively
understand the physical mechanisms under varioesatpg conditions and to optimisze their
design. A review of the fundamental investigatioakevant to the single-phase convective heat
transfer in microchannels can be traced back tarvip#]. It is recognized that extensive research
works has been devoted to flow and heat transigoqpeance in microchannel in most recent years,
thus, this review can not include every paper, ssebection is necessary.

Soleimanikutanaei et al. performed a three-dimeraioumerical study to investigate the heat
transfer performance through the use of transveriseochannles in a heat sink [8]. Their results
indicated that the temperature distribution and ltteation of hotspots were dependent on the
number and size of transverse microchannels atrdift Reynolds numbers. Li et al. numerically
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studied the flow structure and heat transfer peréorce of water-cooled microchannel heat sink
with dimple and pin-fin [9]. It was found that thgroposed designs could achieve heat transfer
augmentation with potential energy saving and lossistance. Yin et al. experimentally
investigated the pressure drop and heat transfésrpgence of the deionized water flow boiling in
open microchannels [10]. Their results showed tiratstratified flow regimes, a better heat
dissipation capability was achieved when the sizih® open microchannel is small but with great
number of channels. Prajapati numerically studnedfiuid flow and heat transfer behavior in seven
different rectangular parallel microchannel heatksiwith different fin height for the Reynolds
numbers varied from 100 to 400 and heat flux rarfgem 100 to 500 kW/m[11]. Their predicted
results showed that the heat sink with fin heighO® mm exhibited maximum heat transfer.
Kumar carried out a combined three-dimensional migakesimulation and experimental work to
investigate the fluid flow and heat transfer inpgaoidal microchannel heat sink for the Reynolds
number ranged from 96 to 720 [12]. They concludet trapezoidal shaped channels could have
prominent advantages over rectangular microchamwigis 12% enhancement in heat transfer. Liu
et al. proposed two novel annular microchannel bedt designs and analyzed the flow distribution
and substrate temperature uniformity [13]. Both ezkpental and numerical results showed that
temperature uniformity of the interleaved arrangeimss better than that of the sequential
arrangement. Chai et al. developed a three-dimeakanjugate heat transfer model to investigate
the local laminar fluid flow and heat transfer cmweristics in microchannel heat skinks with
tandem triangular ribs for the Reynolds number48 f14]. Their numerical results showed clearly
that the triangular ribs could significantly redude temperature rise of the heat sink base and
could also prevent the drop of the local heat fensoefficient efficiently along the flow directio
As a series of study, the same researchers combactensitivity study to analyze the average
laminar fluid flow and heat transfer characterstj@5]. They proposed new fluid flow and heat
transfer correlations for the microchannel heaksiwith triangular ribs on sidewalls and good
agreements was achieved compared with computaticsailts within their current operating
conditions. Dey et al. performed a three-dimendionanerical simulation and experimental study
on the fluid flow and heat transfer characterisb€sovel fish scale bioinspired structures at the
bottom surface of microchannel using deionized nasethe working fluid [16]. Their results found
that the bioinspired surface could enhance the extiwe heat transfer compared to the plain
microchannel, whereas the pressure drop was fassd Ma et al. experimentally studied the flow
and heat transfer characteristics in the silicoeroghannel heat sinks with periodic jetting or
throttling structures using deionized water aswbeking fluid with flow rates of 28-95 ml/min [17].
It was concluded that the heat transfer of thrajtimicrochannel heat sink is obviously enhanced
although the pressure is large. Bayrak et al. pexdd a comparative analysis to investigate the
thermal-hydraulic performances of several differamtrochannel heat skink designs for cooling
channels in a lithium-ion battery [18]. It was oh&al that local modifications in channels can
ensure suitable fluid mixing between core flow awcr wall regions which can enhance the heat
transfer performance considerably compared to tlmochannel design with no cavity and rib.
Wang et al. conducted a combined experimental amdenical study on the flow and heat transfer
characteristics of microchannel heat sink with figictional ribs [19]. It revealed that the higher
relative rib height of vertical rib and relativé nvidth of spanwise rib can enhance the heat teansf
but induce the pressure drop. Yang and Cao caaougdh three-dimensional numerical study to
investigate the flow and heat transfer charactesisif a novel hybrid microchannel heat sink with
manifold arrangement and secondary oblique charj@28ls They defined a region named design
optimization area where both the pressure droptlaadotal thermal resistance can be reduced due
to secondary channels. Shi et al. employed a robjgetive evolutionary algorithm to investigate
the flow and heat transfer characteristics of aroticannel heat sink with secondary flow channel
for optimal design [21]. It was stated that thefpenance of the microchannel heat sink with
secondary flow channel can be significantly impibiag optimization of the structure parameters.
Although many significant results in the flamd heat transfer characteristics of microchannel
have already been obtained, the comprehensioneofldiv and heat transfer mechanism of Y-



102 fractal microchannel is still quite limited. Theegent work aims to investigate the flow and heat
103  transfer in a Y-fractal microchannel both experitaip and numerically. In order to elucidate the

104  pertinent physical phenomena involved in the stiaigher calculation based on the validated CFD
105  model on a new type of microchannel is numericddynonstrated.

106 2. Experimental and computational details
107  2.1. Experimental apparatus and method

108 In the current study, a new experimental test rigsvwonstructed. Figure 1 presented the
109 schematic diagram of the overall layout of the expental system, which is mainly composed of
110  the water cooling circulation subsystem, heatirgjeay, test section and data acquisition system.
111
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112 S
113
114 Figure 1. The schematic diagram of the experimesytstem.
115
116 The main components of the water cooling circufatsmbsystem include a pump, mass flow

117  meter, thermostatic water tank. In the water captimculation system, the water inlet temperature
118 is controlled by a recirculating digital water bg8WB23-2, USA) with an accuracy af0.2 °C.
119  Water circulation in the loop is maintained by aigaltic pump (Watson Marlow Model). A
120  versatile acrylic flowmeter (Cole Palmer) is chosermprovide accurate flow measurement with an
121  accuracy of=5% FS.
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Figure 2 shows a picture of the designed microcéhtivat is manufactured using the computer
numerical control (CNC) machine. The copper is deld as the test section material with
dimension of 10 cm (W) x 10 cm (H) x 6 mm (D), &®wn in Figure 2(a). And the diameter of the
microchannel is 1.5 mm. The polyimide film heatiglgment of dimensions 80 mm x 80 mm and
1.52 mm thickness (see Figure 2(b)) that attacbedd bottom of the microchannel is connected to
a DC power supply (EA-PS 2042-20B) with maximum powutput of 300 W to deliver the
heating power to the copper. A Rosemount 3051Sspregransmitter (Emerson) with an accuracy
of 20.025% FS is chosen to measure the pressure diagdre the inlet and outlet of the test
section. In the current study, water is selecteith@svorking fluid.

(b)

Figure 2. Microchannel test section (a) and heatiegent (b).
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The test section is instrumented with thinteégpe K thermocouples which are spot welded
directly to the outer surface of the copper walliniyi each test run. The thermocouples are located

at number 1, 2, ...13, as illustrated in Figure 2Each thermocouple with an accuracy-00€.5°C

is calibrated prior to testing in order to checkd aorrect for induced temperature bias error that
caused by the voltage across the test sectiohelexperiments, the whole test section was covered
by a heat insulation material (glass wool) withrthal conductivity of less than 0.012 W/(m K) to
reduce heat loss.

2.2. Data acquisition

The main components of the data acquisition systeiude temperature sensors, a data
acquisition unit (Agilent 34970A) and a computeheTexperimental data will be recorded every
second by using Agilent 34970A and collected indbeputer.

2.3. Experimental procedure

In the current study, three typical runs are cotetliauring the experiment. In the first
experiment, keeping the heat flux and water irdeigerature constant, the inlet velocity is changed
from 0.6 to 1.0 L/min at an interval of 0.1 L/mifhe second experiment is carried out while
keeping the inlet flow rate and inlet temperaturastant, but increasing the heat flux from 1.0x104
to 2.5x104 W/ In the third set of experiments, both flow ratel deat flux are kept constant but
the inlet flow temperature is changed. The expemaleconditions are summarized in Table 1.

Table 1. Experimental conditions

Parameter Unit Range

Flow rate L/min 0.6-1.0

Heat flux W/nt 1x104 — 2.5x104
Inlet temperature | K 323.15 — 348.15

2.4. Computational model

For the purpose of comparison and further calautatthe CFD study chooses the same
geometry of the experimental work outlined abovéhascomputational domain, as shown in Figure
3(a) and Figure 3(b).

(@)
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(b)

Figure 3: (a) Geometry and (b) computational domain

In the current work, a grid independence studyedgommed by using different grids and a
compromise between computation accuracy and conguoapability led to the use of 1.3 million
cells. In the current study, a standd&d turbulence model is employed. To comply with the
experiments, the boundary conditions are set dawlg: 293 K for the water temperature at inlet
of the test section, the flow rate is set to bel1rfin, the heat flux at the bottom surface of thst
section is 2.5x1DW/m?, and the other walls are set to be thermally atsd. The outlet is set
constant pressure at 1 atm. The simulation is padd using commercial CFD Fluent solver.

3. Results and discussion

In the following sections, the effects of sevesglital control parameters, such as flow rate
and heat flux, on the temperature difference actiossest section are discussed experimentally.
Afterwards, the developed numerical model will bistly evaluated through the comparison of the
temperature drops between the numerical results thadexperimental data. Then the flow
characteristics and the temperature distributiolh lvéd examined as a case study. Finally, a CFD
simulation on a new designed MCHS will be discudsaskd on the developed CFD model.

3.1. Sengitivity analysis

Figure 4(a) shows the effect of the variation of flow rate on the temperature difference
under steady state operating conditions. In thidystexperiments are conducted for five different
flow rates: 0.6, 0.7, 0.8, 0.9 and 1.0 L/min, ahd tvater temperature and heat flux are kept
constant, which are 293 K and 1.0%M/m?, respectively. Under the operating conditions istid
as is expected, the effect of flow rate is apparrdan be seen clearly from Figure 4(a) that the
temperature difference decreases with the increbige flow rate of the working fluid. It can be
noted that the temperature difference is reducenh 8.2 to 2.1 °C when the flow rate increased
from 0.6 to 1.0 L/min. Figure 4(b) presents thesptee drop across the test section at five difteren
flow rates, i.e. 0.6, 0.7, 0.8, 0.9 and 1.0 L/nmiinis observed in Figure 4(b) that the pressurgdro
increases monotonously with the increase of floie.rk should be noted that the higher flow rate
have a significant effect on the pressure dropsTdan be demonstrated that the pressure drop
increased from 20.1 KPa at flow rate of 0.9 L/nonl6 KPa at 1.0 L/min, whereas the pressure
drop increased from 9.5 KPa at 0.6 L/min to 12.3%&kat 0.7 L/min. Figure 4(c) demonstrates the
variation of the temperature difference for heak fapplied from 1.0x10to 2.5x160 W/m? in an
increment of 5x1DW/n? at a fixed flow rate of 1.0 L/min. From Figure Yi(it can be seen clearly
that the linear nature of relation between chamgéemperature and heat flux. As the heat flux
applied to the heat sink increases, the flowingew#irough it is able to take more heat away by

6
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convection. Note also that the temperature diffeeas reduced from 2.1 to 5 °C when the heat flux
is increased from 1 to 2.5 W/mThe effects of water inlet temperature on the perature

difference across the test section are depictdéigare 4(d). It can be observed from Figure 4(d)
that as the temperature of coolant at inlet in@gathe rate at which heat is carried out of the
system decreases. This indicates that too muclehigltet temperature does not have a significant

effect on the cooling.

Inlet-Outlet pressure

w

N
ol

N

Temperature difference (K)
o1

[

©
o

0.7 0.8 0.9 1
Flow rate (L/min)
(a) Effect of flow rate on temperature difference.

31
25
26
- 20.1
5 21 1604~
o 16 12.3;@/,/
= 0.5
-
= 6
=
1
0.5 0.7 0.9 1.1
Inlet Flowrate (L/min)
(b) Pressure drop vs flow rate.
6
<
©5
(]
C
Ly
2
T3
g
)}
*§ 2
)
o
£1
<
O |
1 1.5 2 25

Heat flux (W/cm?)
(c) Effect of heat flux on temperature difference.



249
250

251
252
253
254
255
256
257
258

259
260

261
262
263
264
265
266
267
268
269
270

el
(o]

9.537

o
=

3.509
2.881
~2.634 7" 2423 200

—

Inlet-Outlet temperature
difference (K)

L T — TR (R ~VE— S - -

18.15323.15328.15333.15338.15343.15 348.15353.15
Temperature of coolant at inlet (K)

(d) Effect of water inlet temperature on temperatifference.
Figure 4: Sensitivity analysis.

3.2. Modédl validation

Prior to conducting the aimed computations, indheent study, it is necessary to validate the
computational model. Figure 5 shows the comparidaine temperature difference across the test
section between the numerical results and expetahdata at five different flow rates of 0.6, 0.7,
0.8, 0.9 and 1.0 L/min while the water inlet tengtere and heat flux are fixed.

3.5
g t
‘Jg-’, o
5__5 25 o °
© A
L A
= A
©
5 1.5
oY
=
2

0.5

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Flow rate (L/min)
® Experimental Data A CFD Data

Figure 5: Comparison of computed and measured tetye difference between the inlet and
outlet of the test section.

From Figure 5, it can be seen clearly that in ganitrere is a good agreement between the
currently predicted results and the experimenttd dath an accuracy of less than 1%.

3.3. Flow and heat transfer analysis

It is believed that the fluid flow alters the temgteire on the copper plate when a constant heat
flux is applied at the bottom. Based on the CFDusation results, Figure 6 exhibits the profiles of
contour temperature, pressure and velocity of theravhannel at steady state when a constant
water inlet temperature (293 K), flow rare (1.0 iffjrand heat flux (2.5xT0N/m?) is applied.
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As shown in Figure 6(a), the plate’s surface temafuee is down close to the channels as the
water is dissipating the heat away but some haissp® observed as the red regions in the Figure.
The temperature in plate near the outlet is vewy fince the presence of comparatively more
channels in the region. It is easy to understaadh fFigure 6(b) that a high pressure is achieved at
the inlet of the test section. As water goes furtliee pressure decreases till the atmospheric
pressure is achieved. Figure 6(c) indicates thrattntour of the velocity inside the microchannel.
It is clearly seen that the velocity is dominatgdliie shape of the microchannel.

4. Conclusions

For the purpose of elucidating the detailedcesses pertinent to microchannel cooling
technology, in the present study, a Y-fractal nob@annel based heat sink was designed,
manufactured and tested to investigate the effeictbree different control parameters, i.e. fluid
flow rate, heat flux and inlet temperature, on fltv and heat transfer characteristics. The
comparison between the calculated results and exeetal data was carried out. Results show that
close agreement is achieved between the computatis@nd experimental data. The results of this
study could substantially contribute to the stdt&rmmwledge regarding flow and heat transfer in
microchannel. The research provides an enhancedrstadding of thermal performance and the
potential for improvements. Future work will inviggtte the flow and heat transfer characteristics
using nanofluid as the working fluid. Machine leéagh would be a promising approach in
prediction for microchannel if big data are avaiab
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