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ABSTRACT

We expanded the continuum momentum and energy equations for laminar forced convection in two-
dimensional V-Shaped micro-channels and nano-channels under hydrodynamically and thermally fully
developed conditions with the first-order velocity slip and temperature jump boundary conditions at the
channel walls. Closed form solutions are obtained for the fluid friction and Nusselt numbers in the slip-flow
regime. DI water, Methanol, Nano are use as the working fluid and flow through micro-channels with different
hydraulic diameters ranging from 57-267 um in the experiments we examined the experimental results of flow
characteristics & check behavior of the laminar regime when Re = 50-850. The Reynolds number at transition
from laminar to turbulent flow is considered. Attention is paid to comparison between predictions of the
conventional theory and experimental data, obtained during the last decade, as well as to discussion of possible
sources of unexpected effects which were revealed by a number of previous investigations. Experimental
results in heat transfer indicted that forced convection in micro channel heat sink exhibited excellent cooling
performance, especially in the phase change regime. It will be applied as heat removal and temperature control
devices in high power electronic components. When the critical nucleate heat flux condition appeared, flow
mechanism changed into fully developed nucleate boiling and accompanied with wall temperature decreased
rapidly and pressure drop increased sharply. Experimental results also indicated that the critical bubble size of
methanol was between 54-85 um.

Keywords: Micro Channels, Fluid Mechanics, Heat Transfer Techniques, Hydraulic Diameters.

I. INTRODUCTION channels have been identified to be one of the
essential elements to transport fluid within a
In contrast to external flow, the internal flow is one  miniature area. In addition to connecting different

for which the fluid is confined by a surface. Hence chemical chambers, micro channels are also used for

the boundary layer develops and eventually fills the
channel. The internal flow configuration represents a
convenient geometry for heating and cooling fluids
used in chemical processing, environmental control,
and energy conversion technologies. In the last few
decades, owing to the rapid developments in micro-
electronics and biotechnologies, the applied research
in micro-coolers, micro-biochips, micro-reactors, and
micro-fuel cells have been expanding at a tremendous

pace. Among these micro-fluidic systems, micro
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reactant delivery, physical particle separation, fluidic
control, chemical mixing, and computer chips cooling.
The microchannel heat sink under the Micro-Electro-
Mechanical Systems (MEMS) has first been illustrated
in 1981 [1]. Their

experimental tests were conducted to investigate the

theoretical analyses and

characteristics of heat transfer in the microchannel
heat sink. Up to 790 W/cm2 of heat flux was

[ L
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implemented to Very Large Scale Integration (VLSI)
with high power density.

Zhimin and Kok-Fah [2] have also integrated the
optimum design considering the laminar and

turbulent flows in the channels to construct a thermal
resistance model for simulating the fluid dynamics
and heat transfer characteristics in the microchannel
heat sinks. Many researchers [3,4] indicated that the
prediction of heat transfer in the micro devices varied

from that in macro devices.

Pfahler et al. [5] and Choi et al. [6] proposed the
experimental results to show the different fluid and
heat characteristics in the micro and macro channels
as well as the tubes. Their works definitely provided
the valuable conception in the heat and fluid

properties of the single-phase flows.

Mohiuddin-Mala and Li [7]

investigated the fluid characteristics for the silica

experimentally

and stainless tubes of hydraulic diameters ranging
from 50 to 254 um. Qu Weilin et al. [8] have also
the

microchannels of a hydraulic diameter from 51 to 169

studied behaviors for trapezoid silicon
pum. Their results have contradicted the conventional

macochannels with much effective heat.

Many researchers [9-15] have focused on the heat
behavior during phase transformation. It has been
observed that no bubbles from nucleate boiling
occurred in microchannels even with the high heat
flux. The evidence that the channel size is a critical
parameter to the phase change is a major approach to

the future research of two-phase fluid.

Peng and Wang [16-18] have then analyzed the

boiling characteristics and heat phenomenon,
especially the formulation and growth of the bubbles,
to obtain the effects of the channel. Their

results showed that it is almost impossible to have

nucleate boiling in the microchannels. However,
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Linan Jiang et al. [19] have conducted the in-situ
measurement to explore the two-phase behaviours of
nitrogen in silicon micro channels of hydraulic
diameter from 40 to 80 pm. It was shown that no
plateau but steeply rising of the wall temperature in
boiling curve when reaching the critical heat flux.
[4]Naphon P. Heat transfer characteristics and
pressure drop in channel with V corrugated upper
and lower plates. Energy Convers Manag2007;48:
1516-24.

[8] Naphon P,Kornkumjayrit K.Numerical analysis on
thefluid flow and heat transfer in the channel withV-
shaped wavy lower plate. Intl Commun Heat Mass
Transf2008;35:839-43.

This paper not only proposes the micro channels with
anisotropic etching on the (100) silicon wafer, but
also examine the process of fluid flow and heat
the
nucleation. Through the fluid behaviours and the

transfer, especially mechanism of bubble
thermal phenomenon discussed in this study, the
demand for future heat removal among the electronic
components is concretely solvable.

Definition The range of channel dimension

Conventional channels Dc.»3 mm
Mini-channels 3mm 2 De > 200
Micro-channels 200 m Z D > 10 ym
Transitional Micro-channels 10ymZDe >»1m
Transitional Nano-channels 1ym 2 De »0.1 pm
Nano-channels De20.1 pm

II. METHODOLOGY AND EXPERIMENTAL
MEASUREMENT

As the field of micro-fluidic systems continues to
grow, it is becoming increasingly important to
the

differences involved in micro-scale fluid flow. To

understand mechanisms and fundamental
study the thermal and hydrodynamic characteristics
of fluid flow in micro-channels, this work used

experimental measure and numerical to investigate
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the behavior of flow and temperature fields in micro
channels. To carry out the experiments of the flow in
micro channels, first and foremost, a fluid flowing
and measurement system, together with micro
channel structures has been properly designed and

built up as shown in figure 2 & 3.
N SR
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Puyex glass
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et
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Figure 1. a) Fabrication of silicon micro channels (b)

V-shaped Micro channel

2.1 Test Section

The experimental system was divided into three parts
— the test section, the Fluid and Heat driving system,
and the Dynamic data Acquisition section. The
experimental system heating resistance a thermal
source in electronics device and methanol, DI water
(de-ionized water) is used as a working fluid to
evaluate heat transfer in V-shape and  other

geometrical micro channel. .
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Experiment equipment
turned on
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I ‘ Fy

Steady state readings
checked

Experimental data

recorded

Experiment
completed

Figure 2. Experimental Steps

Table 1. Specification fo the sink

Number
Chip |Width | Depth Hydraulic|, of
name | (um) | (pm) | diameter |channel
Wc Hc (pum)
Chip1| 350 | 220 175 10
Chip2| 250 | 100 160 11
Chip 3| 200 150 124 18
Chip4| 170 | 140 98 20
Chip5| 150 95 83 25

The detailed experimental drawing, including liquid
tank, liquid pump, 5 um filter, flow meter, heat

exchanger, is shown as Figure 3.
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Table 2

Experimental Uncertainties

Parameter

Uncertainty (%)

Flow rate 4.0
Pressure drop 3.0
Temperatures 15
Reynolds number 6.4
Friction factor 12.0

The experimentally-measured data were composed of
the

temperatures of DI water and substrate, and the mass

pressure drop  through micro-channel,
flow rate For the manufacture of microchannels,
photolithographic processes are particularly utilized
for silicon wafers, and these processes initiated in the
electronic field are well developed. When a
photolithography-based process is employed, the
microchannels having a cross-section fixed by the
orientation of the silicon crystal planes can be
fabricated; for example, the micro channels etched in
<57> or in <267> silicon by using a Methanol, DI

water ,Nano solution.

Flow
o
X Liquid Pump
Control Valve
Heat
Exchanger
Liquid
Flow Meter
Tank
Filter
in Tin
* o]
Microchannel
Te —
y — Heat Sink
[Flow =
ﬁ) Tou

Figure 3. Experimental Layout

The working fluid remains at a constant temperature
by the liquid tank and heat exchanger, and then

pumped through the filter that prevents the

International Journal of Scientific Research in Science, Engineering and Technology (www.ijsrset.com)

extraneous particles and air to the flow meter and
micochannels. The thermo-couples and the pressure
sensors are settled into both the inlet and outlet of the
microchannel heat sink to the temperature as well as
the pressure drop. The thermo-couples are also
attached to the back of the micro channel heat sink
for the measurement of the wall temperature. Under
steady state, all data in each experiment can be
obtained through the data acquisition system, and

then transferred to the computer for computation.

2.2 Fluid and Heat Driving System
The theoretical and the experimental friction factor

are expressed as:

fny: 64/Re ...l Q)
fexplzgcAPDh/Lpf sz .......... (II)
APloss = K pf sz/zgc ......... (III)

length of microchannels L = 15000 um

The friction factor of micro channels is computed by
theoretically and experimentally with the help of Eq.
(I) and Eq. (II) respectively. The experimental friction
factor is build from the experimental measurement by,
and then compared to the theoretical. On the
measurement of pressure drop, the pressure cannot be
in-situ measured by the sensor because of the micro
scale of the channels. Therefore, the pressure
measured should subtract the pressure loss (APloss)
shown in Eq. (III), where K is the pressure loss
coefficient. Thus, K = 1.0 for the inlet and K = 0.5 for
the outlet [8] are also suggested in this study.

The heat flux is commonly stated as
qQ"=rlV/LW............... (Iv)

Here, V and I denote the voltage and current
delivered from the power supply, respectively. and, L
and W present the overall channel length and
channel width, respectively. The mended factor, r, in
Eq. (IV) is applied to describe the sensible heat held

in between the inlet and outlet.
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2.3 Dynamic Data Acquisition Section

Friction factor

Re

Figure 4. Relation between fraction and Renold’s

numbers

Figure 5. fexp/ finyand the Renold number

Table 4

fexp/ finy | Chipl | Chip2 | Chip3 | Chip4
150 1.11 0.95 1.25 0.4
250 1.09 0.94 1.31 0.43
350 1.06 0.91 1.22 0.5
450 1.05 0.85 1.34 0.61
550 0.99 0.89 1.32 0.65
650 0.94 0.92 1.34 0.75
750 1.02 0.93 1.23 0.78
850 1.04 0.91 1.33 0.79
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Pressure Drop (bar)

~—Chipl
--Chip2
~Chip3
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Figure 6. The pressure drop and channel wall

Heat flux [wix?)

Figure 7. The heat flux and channel wall Temperature.

temperature.

3 o] 35 65 5 85 %

Channel Wall Temperature [*c)

Table 5
pressure | Chipl | Chip2 | Chip3
Drop
25 0.3 24 3.1
35 0.29 1.1 2.1
45 0.24 1.12 2.12
55 0.2 1.13 2.13
65 0.18 1.17 2.14
75 0.15 2.1 2.6
85 0.19 21 2.4
95 0.15 2.8 3
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Table 6
Temp Chipl Chip2 Chip3
25 30000 29000 28000
35 60000 59000 58000
45 90000 89000 88000
55( 120000/ 110000| 100000
65 150000/ 149000| 148000
75 180000| 179000| 178000
85| 210000/ 200000{ 190000
95| 240000/ 230000{ 220000

V-shape Micro channel

For incompressible, fully-developed laminar flow, the
friction factor can be expressed in terms of the two
experimentally obtained parameters — pressure drop

and mass flow rate.

f _ Dh ( P"-‘*P
exp [

where KL is the friction factor for the minor loss. For
the comparison of values of f vs. Re as shown in Fig. 8,
the differences between the results obtained from
numerical simulation and those from traditional
correlation are within 2.5% of each other, within 6%

the the

experimental data, and with the f vs. Re values

between numerical simulations and
obtained from the experimental data and those
obtained from the numerical simulations approaching
a fixed value which is slightly lower than the value of

53.3 predicted by the traditional

f VsRe

Figure 8. Comparison between fand.Re for
theoretical values, predicted values, and experimental
data
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Table 7
f Re
5 25
10
15
20
25
30
35
40

W W W | | ]|

Wu and Cheng [22] proposed a correlation for the V-
shaped microchannels (Wb/Wt = 0) for

fluid at low Reynolds numbers as follows.
Ni=67Re P 12|

where Wb and Wt are the bottom and the top width
of microchannel, respectively. And ¢ is

the surface roughness.

Referring Wu and Cheng [23], Chu [3] proposed an

empirical correlation, based on experimentally

obtained data from four sets of triangular
microchannel test specimens (with different channel
widths) under low Reynolds number conditions (Re <

50).

Nu=67RA%p88| . b W) e |

" w) (H)
Generally speaking, the trends of the predicted results
obtained from the correlation specified by Eq. (VII)
are in agreement, as shown in Fig. 9, while the widths
of the micro channels have an obvious impact on the
behavior of the development of the Nusselt numbers
for the micro channels under study. It is noted that
the magnitude of the Nusselt number increases at a
slower rate as the Reynolds number becomes larger

than 20.
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Nu Vs Re

—

5

30
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=—==SAMPLE4

Figure 9. Comparison between Nu and. Re among

empirical correlation and experimental data.

Table 9
Nu | SAMPLE1 | SAMPLE2 | SAMPLE3 | SAMPLE4
1 2 3

10 0.2 0.4 0.3 0.45
20 (0.4 0.6 0.8 0.9
30 | 0.6 1 1.3 1.4
40 (0.8 1.4 1.5 1.6
50 |1 1.5 1.6 1.8
60 |1.2 1.6 1.7 1.9
70 | 1.4 1.7 1.8 2.2
80 | 1.6 1.8 1.9 2.4

It is also noted that high temperature gradients at the
inlet and exit were observed from the temperature
distributions of micro channels for all sets of the test
specimens. In addition, the Nusselt numbers increase
as the Reynolds number increases, as shown in Fig.9.
For the range of the Reynolds number being tested
(Re > 50), the average discrepancy of the values
calculated from the correlation of Nu obtained in [3]
and those obtained from the experimental data is
within 19%; the difference is judged to be in fair

agreement.

III. RESULTS AND DISCUSSION

The experiments are conducted for various channel
geometries under different flows specially V-shape
microchannel. Additionally, the flow visualization is
used to describe the experimental results. Further, the

uncertainties involved in the measurements were
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analyzed and evaluated [19] and [21] which are given
in Table 2.

To analyze the friction factor, the specifications of the
sink are listed in Table 1. Chip 1-4 are prepared for
fluid flow experiment. Figure 4 shows the relations
between the friction factor and the Reynolds number.
This denotes to be the laminar flow and the friction
factor is decreasing with the power of Reynolds
number. The computed value of fexp/fthy ranged
from 0.8 to 1.4 is shown in Figure5, which matches
the range of 1.0-1.6 by Mohiuddin-Mala [7].

Tablel  shows the different microchannel
geometriesare selected for the heat transfer
experiment.

The results are shown in Figure 6 and 7. In Figure 6,
it is observed that the phenomenon of decreasing wall
temperature during phase change is the same as Peng
and Wang [12].

Figure 7, shows the relation between the inlet/outlet

pressure drop and the wall temperature.

It is observed to have two sections, the single phase

section and the phase transformation section.

In the single-phase section, the pressure drop
between the inlet and outlet is obviously reduced
with the wall temperature rises as the hydraulic
diameter gets smaller. This is because of the viscosity
coefficient of working fluid decreases with the
temperature. When the channel wall temperature
reaches the critical point for phase change, the fluid
rapidly absorbs the accumulated energy on the
channel for the violent nucleate boiling. Therefore,
the tiny bubbles are formulated to sharply increase
the pressure drop. After the severe nucleate boiling,
the wall temperature greatly decreases and boiling
phenomenon decelerates and the inlet/outlet pressure
drop diminishes. Finally, the wall temperature grows
again and much severe nucleate boiling follows to

continuously boost the pressure drop.
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It is also observed with flow visualization that there
exists the nucleate boiling at the channel inlet. This
retards the fluid flow and the pressure drop is thus
suddenly enlarged. From Figure 6, it is noted that the
result for Chip 3 is different from others. The channel
temperature hardly decreased from the phase change,
the heat transfer coefficient barely reduced from the
high channel wall temperature, and the inlet/outlet
pressure drop did not rapidly diminish from the

severe nucleate boiling.

Therefore, it is found that the nucleate boiling occurs
between Chipl and Chip3. With this viewpoint, the
critical bubble size of methanol is recognized to be in

between 56-85 pm.

IV. CONCLUSIONS AND FUTURE WORK

Experimental tests and theoretical analyses are
conduct to investigate the characteristics of fluid flow
and heat transfer in micro-channel heat sink in this
work. Methanol are use as the working fluid and flow
through micro-channels with different hydraulic
the

experiments we examined the experimental results of

diameters ranging from 57-267 pum in
flow characteristics & check behavior of the laminar
regime when Re = 50-850, the phenomena of

transition exist or not.

This the the

characteristics on both fluid flow and heat transfer of

work is experimentally studies
methanol in the (100) silicon micro-channel heat
sink. This study would surely contribute a valuable
approach to the micro cooling technology for solving
the heat dissipation of precision and compact
electronic components. The potential of developing
combined V- shaped wavy lower plate with methanol
as cooling using various particle volume fractions and
base fluids in enhancing the heat transfer, the

following finding scan be drawn:

1. Micro channel heat sinks dissipate large
amounts of heat with relatively little surface

temperature rise.
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2. As Reynolds number increases; the heat transfer
coefficient, pressure drop and pumping power
increases while thermal resistance and friction
factor decreases.

3. To enhance the heat transfer in micro channel
heat sink, it is necessary to study simultaneous
effects of various parameters like size of
channel, shape of channel, fluid properties,
Reynolds number, friction factor, pressure drop,
pumping power etc.

4. In the micro channel, the local heat flux q”
varies with the channel size, cross section of
channel, shape of channel, fluid properties and
the fluid flow arrangement.

5. It is found that the experimentally determined
Nusselt number in micro channels is lower than
that predicted by the theoretical analysis.

6. This

approach to the micro cooling technology for

study surely contributes a valuable
solving the heat dissipation of precision and
electronic Future
the

measurement in the micro channels to elaborate

compact Components.

researches with in-situ  temperature

the results of this study are fully encouraged.
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NOMENCLATURE

L: overall channel length (m)

W: channel width (m)

Dh: hydraulic diameter of the microchannel (m)
AP: pressure drop between inlet and outlet (pa)
pf: density of working fluid (kg/m3)

VTf: velocity of working fluid (m/s)

APloss: pressure loss between inlet and outlet (pa)

1281



Arun Prakash Singh et al Int ]S Res Sci. Engg. Tech. 2018 Mar-Apr;4(4) : 1274-1283

fthy: theoretical friction factor

fexp: experimental friction factor

I: current delivered from the power supply (Amp)

V: voltage delivered from the power supply (volt)

gc: unit change factor (1.0 kg m/N s2)

K: pressure loss coefficient
q": heat flux (W/m2)

y: mended factor

Nu: Nusselt number

Re: Reynolds number

Pr : Prandtl number

Wb : Bottom width of trapezoidal microchannels

Wt :Top width of trapezoidal microchannels

H : Microchannel height, m

¢ Surface roughness, m

Ki: Friction factor for minor loss

p: Density, kg m-3
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