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Abstract — The effect of variable cross-sectional flow area owing to the change in protrusion height along the flow direction, on
the thermo-hydraulic performance was studied experimentally. A steady-state study that utilised single-phase water as the working
fluid was conducted for Reynolds number range between 1100 and 4400, with a constant heat input of 1000 W along the microchannel
length of 30 mm. Two microchannel configurations, namely (2) contracted cross-sectional flow area and (b) expanded cross-sectional
flow area, were investigated together with a plain microchannel to evaluate the thermo-hydraulic performance. The average hydraulic
diameters of the annular microchannels are kept constant at 600 pm for both configurations. The microchannel with an expanded
cross-sectional flow area yielded the highest Nusselt number of 49.6 at Reynolds number of 4377. The same microchannel achieved
the highest thermo-hydraulic performance index of 1.59 at Reynolds number of 1974, using the plain microchannel as the reference.
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1. Introduction

Decades of studies have verified microscale heat transfer as a promising heat removal technique. Conventional heat
transfer enhancement techniques have been proven to be effective in the microscale gap [1]. However, the small length
scale and complexity in the fabrication of microchannels restricted the application of conventional passive heat transfer
enhancements to flow disruptions, secondary flows, surface treatments and entrance effects. Among these techniques,
flow disruptions are frequently employed in microchannels as they can be easily achieved by implementing surface
modifiers, such as protrusions, fins, grooves, wavy and ribs. The downside of implementing these surface modifiers is
the pressure drop penalty across the microchannel.

While the increment of pressure drop is unavoidable with the heat transfer enhancement, geometrical parameters
and microchannel configurations can be optimised to mitigate the penalty of pressure drop. The size, length, height,
compactness and arrangement of fins and protrusions have been extensively investigated to achieve the optimal heat
transfer performance with minimal pressure drop penalty [2-7]. The aforementioned geometrical parameters have been
studied with good understanding on the underlying mechanisms.

The present study is an extension of the previous study by Cheng and Ooi [7]. They conducted a study on a series
of protrusions which yielded a uniform cross-sectional flow area along the flow direction, for three different protrusion
heights. Even though the highest protrusions attained the highest heat transfer enhancement, the heat transfer
enhancement was insufficient to account for the increment in pressure drop. Therefore, they concluded that there is no
single protrusion height that can perform optimally under all operating conditions.

To further explore the effect of protrusion height, this study progresses to investigate the effect of variable cross-
sectional flow area that results from a variable protrusion height along the flow direction, on the thermal and
hydrodynamic performance of the microchannels.

2. Research Methodology
2.1. Plain Microchannel

The methodology of implementing the microchannels is similar to the one adopted by [7-12]. A solid cylindrical
insert with an external diameter of 19.4 mm is superimposed concentrically within a hollow cylindrical pipe with an
internal diameter of 20 mm, yielding an annular gap of 300 um as shown in Fig. 1. The microchannel, configured with a
plain insert, is used as a reference for comparison.
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Fig. 1: Plain microchannel.

2.2. Enhanced Microchannels

Two cylindrical inserts are fabricated with V-shaped protrusions as shown in Fig. 2. The microchannels are
categorised into two zones of equal length along the flow direction. These zones consist of protrusions with different
heights, resulting in a change in the cross-sectional flow area along the flow direction. The heights are being increased
and reduced in the microchannel named V-CFA and V-EFA respectively. The former results in a contracted cross-
sectional flow area and vice versa in the latter, as illustrated in Fig. 3 and Fig. 4 respectively. The average gap size of the
microchannels is kept constant at 300 pum.

@ (®)
Fig. 2: (a) V-CFA insert and (b) V-EFA insert.
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Fig. 4: Cross-sectional view of V-EFA microchannel.
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3. Experimental System

The main components in the main test loop are the integrated chiller unit, tee-type filter, bypass valve, type-T
thermocouples, pressure transducers, heat supply system, test module, flow meter and needle valve. A schematic drawing
of the experimental setup is shown in Fig. 5.

Distilled water is stored in the reservoir of the integrated chiller unit. The integrated chiller unit cools the water to
the desired inlet temperature and pumps it into the flow loop. A 40 microns tee-type filter is used to remove the
contaminants before the water is channelled into the test module. A bypass valve and a needle valve are used to control
the flow rate that enters the test module. A Coriolis flowmeter is positioned downstream to measure the flow rate of the
distilled water. The flow is then being channelled back to the reservoir.

One type-T thermocouple and one pressure transducer are positioned at the inlet and outlet of the test module to
measure the local fluid temperature and pressure respectively. A Data Acquisition System (DAQ) with LabView software
is employed to process the signals collected from the flow meter, thermocouples and pressure transducers.
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Fig. 5: Experimental flow loop.

3.1. Test Module

The test module is shown in Fig. 6. The components are covered by the insulation cover and insulation foam (not
shown in the figure) to prevent heat loss to the surrounding. The heater embedded in the copper pipe generates heat that
is being absorbed by the water through the microchannel. Ten type-J thermocouples (not shown in the figure) are spaced
evenly in the copper pipe to measure the localised temperature of the heat transfer surface.

Front Insert Holder Rear Insert Holder

Rear PEEK Pipe

Front PEEK Pipe

Fig. 6: Test module.
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3.3. Experimental Conditions

The study is conducted at a volumetric flow rate from 2.0 L/min to 8.0 L/min, with an interval of 0.5 L/min, which
corresponds to the Reynolds number from 1100 to 4400. The heat supply to the copper pipe is kept constant at 1000 W
with a constant heat transfer surface area of 18.85 cm? as the protrusions are introduced on the non-heated surface.
Steady-state experimental measurements are recorded for the V-CFA microchannel, V-EFA microchannel and plain
microchannel.

3.4. Data Acquisition and Reduction

A total of 600 steady-state measurements are recorded at a frequency of 1 Hz for each experimental run and the
average of the steady-state measurements are used for data reduction. The properties of the fluid are extracted from a
REFPROP software [13] at the average fluid temperature.

3.4.1. Heat Transfer Considerations
The heat energy gained by the fluid per unit time is calculated as shown in Eq. (1).

Q=pcV(T,-T) L)

The average fluid temperature is determined by the average of the inlet and outlet temperature using Eg. (2).

Tf‘ —__0 i (2)

The wall temperature is the average of ten thermocouple readings as shown in Eq. (4) after considering the
conductive resistance of the copper pipe using Eq. (3), as these devices are positioned at a distance of 2.5 mm from the
copper wall.

In(D, /D,)
Tui =Tz 5mmi _QTLkC (3)
T =Y
=2 10 (4)
Newton’s law of cooling is applied to calculate the average heat transfer coefficient as shown in Eq. (5).

_ Q
h= A(Tw,m _Tf,m) (5)

The average Nusselt number is determined using Eq. (6).

hD
Nu=—™"
K, (6)

3.4.2. Hydrodynamic Considerations
The fluid pressure drop is obtained from the difference between the fluid inlet and outlet pressure as shown in Eq.

(@)

AP=P-P )

o
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The average Darcy friction factor and Reynolds number for the annular microchannel are calculated from Eq. (8)
and Eq. (9) respectively.

(AP D, _AP 2D} p @)
A/2pu’ L Re L u°

4pV

e:”:u(Do-l_Di) (9)

3.4.3. Thermo-Hydraulic Performance
The thermo-hydraulic performance index, suggested by Webb [14], is computed as shown in Eqn. (10). The
performance index has been widely used to evaluate the relative thermo-hydraulic performance [15-16].

1
Nu f e
[ NuPlain j/( fPIain ]
3.5. Uncertainty Analysis

The maximum uncertainty of the key parameters is presented in Table 1.

Table 1: Maximum experimental uncertainties.

Parameter Maximum uncertainty (%)
Re 0.7
Nu 11.6
2.0
n 19.5

4. Results and Discussion
4.1. Repeatability Test

Repeatability test is performed on each microchannel to evaluate the discrepancies in the recorded measurements
under the same operating conditions. The repeated measurement is carried out once for each microchannel at a randomly
chosen flow rate. The Nusselt number and friction factor are used as the key parameters to monitor the repeatability. The
results of the repeatability test are tabulated in Table 2. The discrepancies in Nusselt number and friction factor are way
below the experimental uncertainties. Therefore, the repeatability test verifies that the measurements are repeatable.

Table 2: Repeatability test.

Microchannel Flow Rate Discrepancy in Nusselt !Z)i§crepancy in
(L/min) Number (%) Friction Factor (%)
V-CFA 5.5 0.54 0.25
V-EFA 6.0 1.41 0.16

4.2. Heat Transfer Consideration
Fig. 7 shows the Nusselt number against Reynolds number of plain microchannel, V-CFA microchannel and V-EFA
microchannel. The Nusselt number increases proportionally with the increase in Reynolds number for all the
microchannels, with the V-EFA microchannel attaining the highest Nusselt number of 49.6 at Reynolds number of 4377.
For the plain microchannel, a change in gradient of the trend line is observed between the Reynold number range
from 3000 to 3500. The sharp increase in gradient beyond Reynolds number of 3500 indicates a transition in flow regime,
from laminar to turbulent or transitional flow.
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Unlike the plain microchannel, both VV-CFA microchannel and V-EFA microchannel exhibit similar trend behaviour
with no indication of laminar-to-turbulent transition. It is likely that the flow in both microchannels transits from laminar
flow at Reynolds number as low as 1170.

Additionally, the increment in the Nusselt number of V-EFA microchannel, with respect to V-CFA microchannel,
indicates the effect of variable cross-sectional flow area in microchannels. With reference to Cheng and Ooi [7], Nusselt
number increases as the cross-sectional flow area decreases. The difference in Nusselt number between both enhanced
microchannels implies that the axial position of the protrusions in microchannel has significant impacts on the Nusselt
number, even though the average gap size is kept constant.
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Fig. 7: Nusselt number against Reynolds number of plain microchannel, V-CFA microchannel and V-EFA microchannel.

4.3. Hydrodynamic Consideration

Fig. 8 shows the friction factor against Reynolds number of all the microchannels. At Reynolds number of 1170,
plain microchannel yielded a friction factor of 0.105 while V-EFA microchannel achieved the highest friction factor of
0.282. Both enhanced microchannels have a constant increment of approximately three times as compared to the plain
microchannel. The considerable difference in friction factor is expected as the protrusions in V-CFA microchannel and
V-EFA microchannel induce additional flow resistance. Furthermore, small fluid flow gap between the copper wall and
the protrusions causes a higher velocity gradient than the plain microchannel. The high-velocity gradient incurs additional
shear stress which contributes to the increment in friction factor.

Interestingly, though the configuration of cross-sectional flow area is reversed for V-CFA microchannel and V-EFA-
microchannel, both microchannels have a comparable friction factor. This could indicate that the cross-sectional flow
area, particularly the gap formed between the copper wall and the protrusions, has greater significance on the friction
factor than the axial position of the protrusions.
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Fig. 8: Friction factor against Reynolds number of plain microchannel, V-CFA microchannel and VV-EFA microchannel.

4.4. Thermo-Hydraulic Performance

From Fig. 9, it can be concluded that V-EFA microchannel exhibited better thermo-hydraulic performance as
compared to V-CFA microchannel for the range of Reynolds number from 1100 to 4400, with the V-EFA microchannel
achieving the highest heat transfer performance index of 1.59 at the Reynolds number of 1974.
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Fig. 9: Thermo-hydraulic Performance Index against Reynolds Number of V-CFA Microchannel and V-EFA Microchannel.

5. Conclusion

Two enhanced microchannels with different configurations of cross-sectional flow area were fabricated to
investigate the thermo-hydraulic effect of variable cross-sectional flow area. The experiment was conducted under single-
phase steady-state condition for Reynolds number from 1100 to 4400. Significant findings from the study include:

@ The enhanced microchannels achieved a higher Nusselt number than the plain microchannel for all the
experimented Reynolds numbers. Furthermore, for all the experimented Reynolds number, the V-EFA microchannel
attained a higher Nusselt number than the V-CFA microchannel, with the V-EFA microchannel achieving the highest
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Nusselt number of 49.6 at Reynolds number of 4377. This indicates that the axial position of the protrusions in
microchannel affects the overall Nusselt number.

2 The enhanced microchannels yielded a higher friction factor than the plain microchannel for all the
experimented Reynolds numbers, with V-EFA microchannel yielding the highest friction factor of 0.282 at the Reynolds
number of 1170. The friction factors of V-CFA microchannel and V-EFA microchannel are comparable at the same
Reynold number. It might be due to the fact that the minimum flow area formed between the protrusions and the copper
wall has greater significance on the friction factor than the axial position of the protrusions.

3) The V-EFA microchannel achieved the highest thermo-hydraulic performance index of 1.59 at Reynolds
number of 1974. Although the friction factor of V-CFA microchannel and V-EFA microchannel are comparable, the
difference in Nusselt number results in the higher thermo-hydraulic performance index of VV-EFA microchannel than V-
CFA microchannel.
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Nomenclature

A Heat transfer area (m?) Greek symbols

c Specific heat capacity (J kg™ K™ p Density (kg m™)

D Diameter (m) U Dynamic viscosity (Pa-s)
f Friction factor (-) n Performance index (-)
h Average heat transfer coefficient (W m? K™?)

k Thermal conductivity (W m™ K?) Subscripts

L Channel length (m) c Copper
Nu Nusselt number (-) f Fluid

P Pressure (Pa) h Hydraulic

Q Rate of heat transferred (W) i Inlet

Re Reynolds number (-) m Mean

T Temperature (K) 0 Outlet

u Velocity (ms™) r Radial
\Y, Volumetric flow rate (m®s™) w Wall
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