Chapter 2
Planar Oblique Fin Microchannel Structure

Keywords Planar oblique fin microchannel * Boundary layer * Secondary flow *
Heat transfer ¢ Pressure drop * Hotspot mitigation

2.1 Oblique Fin Concept and Motivations

In order to generate secondary flow in the conventional-sized passage, the louvred
fin heat exchanger has the entire slit fins rotated 20°—45° relative to the airflow
direction. On the other hand, Steinke and Kandlikar [1] suggested placing the
smaller secondary channels at an angle between the main channels for microchan-
nel application. The graphic representation of both concepts is illustrated in Figs. 2.1
and 2.2, respectively.

Both fin layouts share the same characteristics, where the secondary flow paths
are rotated at an angle relative to the main flow paths, and these unique characteris-
tics are adopted into the current microchannel heat sink design. The current heat
sink design adopts sectional oblique fins to replace the conventional continuous fins
in microchannel heat sink application [3]. Figure 2.3 illustrates the plan view of the
proposed microchannel configuration along with the flow paths for the main flows
and secondary flows.

In this design, oblique cuts are made along the fins to create smaller, branching
secondary channels (named as oblique channel) with the intentions to (1) disrupt the
thermal boundary layer development and (2) generate secondary flows. The current
design would follow the recommendation by Suga and Aoki [4] that the ratio of fin
pitch in the spanwise direction to the fin length has to be 1.5 times the tangent of
oblique angle (F,/L,=1.5xtan 0 as shown in Fig. 2.1) to provide a good balance
between heat transfer and pressure drop. The oblique angle that denotes the angle
between the main channel and oblique channel is set as ~27°, which is within the
range of louvre angles (20°-45°) that are frequently evaluated in the literatures.
Instead of emulating the design by Steinke and Kandlikar [1], where the direction
of secondary channels is alternated in the streamwise direction, the direction
oblique channel remains consistent throughout the heat sink, following the louvred
fin design. The concept of turnaround louvre is, however, not incorporated.
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Fig. 2.1 Schematic of louvred fin arrays [2]
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Fig. 2.2 Proposal by Steinke and Kandlikar to generate secondary flows [1]
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Fig. 2.3 Plan view of microchannel heat sink with oblique fins (not drawn to scale) (3D view) [3]

The width ratio of main channel to oblique channel is kept as 2:1, with the intention
to reduce the amount of flow through secondary channel.

Although the current oblique fin design bears some resemblance to the louvred
fin heat exchangers in the layout, the flow pattern in the enhanced microchannel
with oblique fin array is designed to be different. Except at very low Reynolds
number, the main flow within louvred fin arrays is nearly parallel to the louvres [5]
and can be approximated as boundary layer flow, for which the Pohlhausen solution
as flow over flat plate is applicable [6]. On the other hand, for the oblique fin array,
the bulk of the flow remains in the main channel with only a small fraction of flow
branching into the oblique openings (channels) and subsequently injected into the
adjacent main channel, leading to generation of secondary flows which promote
fluid mixing. For the sake of convenience and clarity, the microchannel with oblique
fins in this chapter is addressed as enhanced microchannel.

2.2 Numerical Analysis: Simplified Model

The geometries for both the enhanced microchannel and conventional microchannel
used in the simulation study are tabulated in Table 2.1. In order to facilitate a fair
performance comparison, both heat sinks share the same channel aspect ratio, channel
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Table 2.1 Dimensional details for microchannel heat sinks for simulation [3]

Characteristic Conventional microchannel ‘ Enhanced microchannel
Material Copper

Footprint, width xlength (mm) 25%x25

Main channel width, w,, (pm) 500

Fin width, w,, (pm) 500

Channel depth, H (pm) 1,500

Aspect ratio, a 3

Number of fin row, n 22

Number of fin per row - 12
Oblique channel width, w,;, (pm) - 250
Fin pitch, p (pm) - 2,000
Fin length, [ (upm) - 1,450
Oblique angel, 6 (°) - 27
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Fig. 2.4 Plan view of oblique fins with dimensions [3]

width, fin width and overall footprint. Apart from these common characteristics, the
enhanced microchannel has openings that are obliquely cut at 27° from the main
channel, at the pitch of 2 mm, with an oblique channel width of 250 pm. The dimen-
sions for the enhanced microchannel are shown in Fig. 2.4.



2.2 Numerical Analysis: Simplified Model 9
2.2.1 CFD Simulation Approach

Both simulation domains for enhanced microchannel and conventional microchan-
nel are generated using GAMBIT v2.3. As evident from Fig. 2.4, the oblique fin
structure exhibits spanwise periodicity if the edge effect is neglected. Thus, periodic
boundary condition is assumed to reduce the computation domain to a channel-fin
pair consisting of full width oblique fins and associated oblique channels in the
middle and two half-width main channels at the sides. The flow at a periodic bound-
ary is treated as though the opposite periodic plane is a direct neighbour to the cells
adjacent to the first periodic boundary. Thus, when calculating the flow through the
periodic boundary adjacent to a fluid cell, the flow conditions at the fluid cell adja-
cent to the opposite periodic plane are used [7]. The enlarged view of the computa-
tional domain for enhanced microchannel is showed in Fig. 2.5.

The top surface of the fins and channels are first meshed with quad-pave scheme,
with a 25 pm spacing spanwise and 25 pm spacing streamwise. The volume mesh
for the main channel, oblique fins and oblique channels are then generated with hex/
wedge—cooper scheme with 25 pm spacing in longitudinal direction. The volume
for bottom substrate (heater) is subsequently created with hex/wedge—cooper
scheme with 25 pm spacing in longitudinal direction tracing the surface meshes
from main channel, oblique fins and oblique channels at the interface. A total of
2,398,560 hexahedral cells are generated for the computational domain.
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Fig. 2.5 Enlarged view of the computation domain for microchannel with oblique fins [3]
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On the other hand, symmetry boundary condition is adopted at the centre of fin
and channel for the conventional microchannel heat sink configuration, following
the commonly used simplified boundary condition in the literature [8—10]. The
symmetry boundary condition assumes that there is no fluid flow and heat transfer
across the boundary surface. This effectively reduces the simulation domain to a
half channel fin pair. The microchannel edges are then meshed by a 10 pm (span-
wise)x20 pm (longitudinal) x50 pm (streamwise) spacing (50x90x500 cells).
Both the fluid and solid regions are meshed with hex-map and hex-submap scheme,
respectively, and a total of 2,250,000 hexahedral cells are generated.

The simulations are executed with the general purpose commercial CFD
software, FLUENT v6.3, which solves the four governing equations numerically.
These governing equations consist of continuity equation, momentum equation,
energy equation for liquid and energy equation for solid listed as follows:

V-(pv)=0 2.1)
V-(pW)=-VP+V-(uVv) 2.2)
v-(pv“cpT):v-(kVT) (2.3)
V-(kVT)=0 (24)

Upon exporting the mesh files to FLUENT, the 3D double-precision pressure-based
solver is selected with standard SIMPLE algorithm as its pressure—velocity cou-
pling method. Standard discretization scheme is used for the pressure equation,
while second-order upwind discretization scheme is selected for both momentum
and energy equations. Water liquid (H,O <I>) is chosen as the working fluid, while
copper (Cu) with constant thermal conductivity, k., =387.6 W/mK, is selected as
fins and heat sink material. The density, specific heat capacity, thermal conductivity
and dynamic viscosity of water are evaluated at the mean fluid temperature (average
of the fluid inlet and outlet temperatures) using the following formulas [11]:
Density,

2 3 4 5
:a0+a1T+a2T +a,T° +a,T" +a,T

T (2.5)
p( ) 1+bT
where

a,=999.8396 a,=1.49756x 107

a;=18.22494 as=-3.93295x1071°

a,=-7.92221x1073 b=1.81597x 1072
a;=-5.54485x107° T has the unit of °C
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Specific heat capacity,
¢, (T) =8,958.9-40.5357 +0.112437* —1.0138x107*7° (2.6)
Thermal conductivity,

k(T)=-0.58166+6.3555x10"T —7.9643x10°T* 2.7

Dynamic viscosity,

(7)
u(T):2.414><10’5><10 10 (2.8)
For the calculation of specific heat capacity, thermal conductivity and dynamic
viscosity, the temperature, 7, should have unit of Kelvin (K). A residual of 107°is set
as the convergence criterion for the continuity equation, x-velocity, y-velocity and
z-velocity, while that for the energy equation is set as 10~°.

The global coordinate system is defined such that X is in the axial direction
(channel length), Y is in the longitudinal direction (channel depth) and Z is in the
transverse direction (channel width). The local heat flux and local temperature dis-
tributions can be obtained from numerical simulations. With these quantities, the
local convective coefficient, 4(X), can be calculated using the following equation:

h(x)= 2.9)

where A(X) and g(X) are the total local heat transfer area and total local heat input,
respectively, defined as follows:

A(X)=>dA(X,Y,Z) (2.10)
q(X)=>4q (X.Y,Z)dA(X,Y,Z) (2.11)

T,(X) and T(X) on the other hand are local wall temperature and local fluid bulk-
mean temperature given by

DT, (X,Y,Z)dA(X,Y,Z)
Y,z

T,(X)= SUAxT.7) 2.12)
T/‘(X):Tf,in"'; > 4 (X.Y,Z)dA(X,Y,Z) 2.13)

p XY.Z
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As for the enhanced microchannel heat sink, it is difficult to compute for the actual
local heat transfer coefficient due to the discontinuity between fins. Thus, the com-
putational domain is axially divided into small control volumes, and the heat trans-
fer coefficient is computed as a local average. Adopting the formulas mentioned
above, A(X), ¢(X) and T,(X) are the total heat transfer area, total heat input and
area-weighted average channel wall temperature of the control volume. Fluid bulk-
mean temperature of the control volume is calculated as

1
Ty (X)= E(Tf',in + Tf,om)

(2.14)
where Tj;, and Ty, are the bulk fluid temperature at the inlet and outlet of the
control volume. The average Nusselt number for the microchannels can then be
computed as the axially weighted average values of Nu(X) by

Ny - D Nu(X)dL
L

ave

(2.15)

For both cases considered, a fully developed velocity profile is assigned to the inlets
following the finding by Lee et al. [12] that flow in microchannels is mostly ther-
mally developing. An average velocity of 0.3 m/s is set at the entrance of the micro-
channel, which corresponds to 13.5 mL/min volumetric flow rate through one single
channel, while the total volumetric flow rate through the heat sink is 311 mL/min.
The resultant Reynolds number, Re, in the main channels (conventional and
enhanced microchannel) is at 273. Pressure outlet boundary condition is assigned to
the outlets, where the flow is assumed to reach atmospheric pressure at the outlet of
the microchannels. A uniform heat flux of 65 W/cm? is supplied from the bottom of
the substrates, while the top surface of the copper microchannel is assumed bonded
with adiabatic cover for sealing purposes.

The meshes used in both the simulation studies for conventional and enhanced
microchannel heat sinks are verified to result in grid-independent results. The resul-
tant average Nusselt numbers from different meshes used are in close proximity to
each other. For instance, average Nusselt numbers of 6.89, 6.88 and 6.88 were
obtained with the mesh counts of 34x60x333 cells, 50x90x500 cells and
66x120%x625 cells, respectively, for the case of conventional microchannel.
The average Nusselt number varies by 0.15 % from the first to the second mesh
and only by 0.08 % upon further refinement to the finest grid. Thus, the intermediate
grid (50x90x 500 cells) was selected. On the other hand, average Nusselt numbers
of 12.25, 11.93 and 11.84 were achieved with the mesh count of 25 x45 x 625 cells,
40x72x 1,000 cells and 50x90x 1,250 cells, respectively, for the case of enhanced
microchannel. The variations in average Nusselt numbers are 2.61 % from the
first to the second mesh and 0.75 % from second to the finest grid. Likewise, the
intermediate grid (40x72x 1,000 cells) was selected for enhanced microchannel.



2.2 Numerical Analysis: Simplified Model 13
2.2.2 Fluid Flow and Heat Transfer Characteristics

Simulations showed clear distinctions between the flow fields of conventional and
enhanced microchannel. Figure 2.6a illustrates the mid-depth plane (Y=0.00075 m,
Y'=0.5) velocity profile of water in the microchannels at X=0.0125 m (X' =0.5).
Conventional microchannel shows consistent velocity contour throughout the chan-
nel with high velocity gradient from the channel wall to the fluid core. The consis-
tent and parabolic velocity contour suggests that the hydrodynamic boundary layer
is fully developed and merged at the centre of the channel.

On the other hand, the breakage of the continuous fin into sectional oblique fins
disrupts the velocity profile and thus the hydrodynamic boundary layer develop-
ment at the trailing edge of each oblique fin section. The discontinuity with the
downstream fin causes the hydrodynamic boundary layer development to restart at
the leading edge of the next downstream fin. In addition, the oblique fin is much
shorter, which limits the development of boundary layer when compared to the long
continuous fin of the conventional microchannel. Thus, the velocity profile is
renewed each time the coolant flows passes an oblique fin. In addition, the introduc-
tion of oblique channels diverts a fraction of coolant from the main channel into it.
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Fig. 2.6 Velocity contour (in m/s) of flow inside (a) conventional microchannel; (b) enhanced
microchannel heat sinks at X’=0.5 and Y’ =0.5 [3]
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Fig. 2.7 Axial velocity profiles (in m/s) at the mid-depth plane of microchannel heat sinks at
X'=0.5and Y'=0.5 [3]

Owing to the axial flow momentum, the secondary flow created is brought closer to
fin surface O1, as evident from the contour plot in Fig. 2.6b. The axial velocity pro-
files in Fig. 2.7, which are taken at the same position as in Fig. 2.6, reconfirm the
thinning of boundary layer.

A local coordinate system is defined for the enhanced microchannel, originating
from the tip of the oblique fin with x, lying along the main channel and z, in the
transverse direction. Fin surfaces are also named specifically (M1, M2, O1 and O2).
Uniquely skewed and asymmetrical velocity profile emerges in the main channel
owing to the discontinuity between sectional fins and the asymmetry oblique chan-
nel arrangement. These axial velocity profiles of the enhanced microchannel skew
towards fin surface M1 at z;"=0 in the main channel compared to the fully devel-
oped velocity profile of conventional microchannel, which is symmetry at the centre
line (z,"=0.5). Consequently, the oblique fin surfaces M1 at z;"=0 plane will have
thinner boundary layer even though the average velocity in the main channel is
lower compared to conventional microchannel. On the other hand, the oblique fin
surfaces M2 on z;' =1 plane have thicker hydrodynamic boundary layer.

As liquid coolant flows downstream to x," =0.22, hydrodynamic boundary layer
grows thicker at z;"=0 plane (fin surface M1), where velocity profile shifts upward
towards the centre line, creating a more pointed profile. Between x;"=0.22 and
x;"=0.5, the main channel receives additional liquid coolant (secondary flow) which
is converging from the upstream oblique channel at z;"=1. Thus, the coolant veocity
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Fig. 2.8 Variation of velocity profiles (in m/s) in the longitudinal direction, y1’ [3]

in the main channel for x,"=0.5 increases, especially in the region between z,"=0.8
and z," =1, thinning the hydrodynamic boundary layer thickness at z,"=1 plane (fin
surface M2) significantly, while boundary layer continues to grow at z;"=0 (fine
surface M1). Subsequently, the coolant from oblique channel merges into the main
channel flow smoothly leading to a skewed parabolic velocity profile as liquid cool-
ant approaches x;'=0.72. A glance at the variation of velocity profile along the
longitudinal direction, y,’, in Fig. 2.8 shows that the velocity profiles are quite con-
sistent where velocity is highest at the centre of the channel and slows down as it
approaches the channel walls at z,"=0, z;'=1, y,’=0 and y,"=1.

Figure 2.9 continues to demonstrate the development of velocity profile along
the fin. Atx,”=0.72, coolant flow in the main channel encounters a diverging oblique
channel at z;"=0. The presence of the smaller oblique channel induces a small frac-
tion of the liquid in main channel into it and creates secondary flow. In this diagram,
z,">0 denotes main channel region and z," <0 represents region in oblique channel.
At x,"=0.88, coolant flows into the diffusive oblique channel at z,’ <0 and shifts the
velocity profile towards z;"<0. As a result of secondary flow generation, coolant
velocity in the main channel decreases while coolant velocity in the oblique channel
increases. In addition, liquid coolant in the diffusive oblique channel encounters
adverse pressure gradient due to the sharp increase in flow area. The flow near the
oblique fin surface O2 no longer has energy to move into the higher-pressure region
that is imposed by the decrease in velocity at the edge of the boundary layer [13],
causing slight boundary layer separation or flow reversal in oblique channel.
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Fig. 2.9 Development of velocity profiles (in m/s) along the oblique fin [3]

Further downstream at x;"=0.97, velocity profile assumes a relatively symmetry
parabolic curve at z,"=0.3 as coolant flows further into the oblique channel. Along
with the secondary flow generation process, fluid particles with higher momentum
are brought closer to fin surface M1 at z;"=0 in the main channel. Finally as coolant
reaches x;"=1 (or x,"=0 for downstream fin), shear stress halts the fluid particles
that are in contact with the tip of downstream oblique fin at z;"=0 (intersection of
fin surface M1 and O1). However, liquid particles in the adjacent layers continue to
flow with high velocity and create a skewed asymmetrical velocity profile with high
near-wall velocity gradient in both main channel and oblique channel for fin surfaces
M1 and Ol at z,"=0. It is observed that the velocity profile at x;"=1 (downstream of
oblique fin) matches the velocity profile at x;"=0 (upstream of oblique fin) very
well, and this indicates that the velocity profile and boundary layer development is
reinitiated as the coolant travels passed the oblique fins. Also, hydrodynamic bound-
ary layer thickness at fin surface M1 at z;"=0 is consistently thinner than that of the
conventional microchannel heat sink throughout the streamwise positions exam-
ined. Although fin surface M2 at z;’=1 displayed the opposite trend, its boundary
layer thickness is significantly thinned down when surface M2 at z;"=1 receives the
secondary flow injection from oblique channel at x,"=0.5. The effect from this
series of velocity profile and boundary layer development on the overall heat trans-
fer characteristic is discussed in the next section.

It is worth mentioning that the fluid flow characteristics of the current microchan-
nel heat sink design are found to bear some similarities to that of fractal-shaped
branching channel network. In the simulation results by Alharbi et al. [14], asym-
metrical velocity profiles were present due to the asymmetric bifurcating angle in their
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fractal-shaped microchannel. Besides, hydrodynamic boundary layer redevelopment
after a bifurcation and slight flow reversal in the bifurcations were also noticed by
Alharbi et al. [14] and Senn and Poulikakos [15].

The unique oblique fin design modulates the flow and creates a constantly
renewed and developing flow field that is highly desirable for heat transfer applica-
tions. Periodically reinitialized hydrodynamic boundary layers coupled with the
short section of fins would lead to thinner hydrodynamic boundary layers, where
similar development could be predicted for the thermal boundary layer. The renewed
thermal boundary layer at each oblique fin section is thinner than that of the
conventional continuous fin which thickens continuously from the inlet to the outlet.
Besides generating secondary flows, the oblique cuts (channels) that are laid along
the main channels increase the convective heat transfer surface area for the enhanced
microchannel heat sink. This supplementary heat transfer area at the base (unfinned
area) and fin area in the oblique channels provides an additional ~25 % heat transfer
area in comparison with the conventional microchannel. The secondary flows that
travel along the oblique channel would promote additional heat dissipation from the
oblique surfaces of the fins.

Figure 2.10a displays the significant water temperature difference from the fluid core
to the channel wall, ranging from 20 to 63 °C for the case of conventional microchannel.
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Fig. 2.10 Temperature contour (in °C) of flow inside (a) conventional microchannel; (b) enhanced
microchannel heat sinks at X’=0.5 and Y’ =0.5 [3]
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As convection occurs, heat that is conducted from the channel wall into fluid particles
at the wall propagates further into the fluid core through energy exchange with the
adjoining fluid layer, causing the temperature gradients to develop in the fluid and ther-
mal boundary layer to grow as coolant flows downstream. Continuous thickening of
thermal boundary layer could lead to the deterioration of convective heat transfer and a
further increase in wall temperature. In contrast, temperature contour of the coolant flow
in the enhanced microchannel in Fig. 2.10b shows more uniform fluid temperature dis-
tribution in between 21 and 43 °C, as a result of better fluid mixing.

The water temperature profiles for both microchannel heat sinks are then com-
pared in Fig. 2.11. Aligning with the skewed and asymmetrical velocity profile and
the temperature contour showed previously, the temperature profiles of enhanced
microchannel skew sharply to fin surface M1 at z;"=0 planes. Comparing with the
conventional microchannel, this fin surface M1 has much thinner thermal boundary
layer with larger near-wall fluid temperature gradient. Thus, the combination of the
entrance and secondary flow effects results in superior heat transfer performance,
leading to lower wall temperature. Unlike Chandratilleke et al. [16] who employed
high-frequency oscillating diaphragm that generates liquid jet to break up boundary
layers and creates a steep temperature gradient, the current heat sink design achieved
the similar feature through simple oblique fin design and does not require external
power source.
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Figure 2.11 also displays the development of temperature profiles along the fin.
While the thermal boundary layer grows thicker along the fin with the near-wall fluid
temperature gradients between water and channel walls are reducing, the injection of
secondary flow into the main channel at x,’=0.5 at z;"=1 plane results in an opposite
trend. The near-wall temperature gradient of fin surface M2 at z;’=1 is observed to
increase significantly as compared with the upstream position due to the coolant injec-
tion. Such thermal boundary layer thinning would improve the heat transfer perfor-
mance for the fin surface M2 at the z;"=1. As a result of secondary flow generation
that promotes better fluid mixing, the water temperature profile of the enhanced
microchannel is relatively flat compared with the parabolic curve of conventional
microchannel. More importantly, the maximum fluid temperature and the range of
fluid temperature in the enhanced microchannel are much smaller than those in the
conventional microchannel, although both would share the same mass-weighted aver-
age temperature. For instance, water temperature adjacent to the fin surface of conven-
tional microchannel can be as high as 63 °C while that of enhanced microchannel is
drastically reduced to 43 °C. This demonstrates the importance of having well-mixed
fluid, where the fin surface temperature can be lowered down substantially.

Figure 2.12 on the other hand shows the development in temperature profiles as
coolant starts to diverge into oblique channel. The prominent finding from Fig. 2.12
is the emergence of the highly skewed temperature profiles for both fin surfaces M1
and O1 at z;"=0 as coolant reaches the next fin tip, which is aligned with the obser-
vation in the velocity profiles. The renewal of temperature profiles at x;’ =1, recreating
the significantly high temperature gradients or thinner thermal boundary layers
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where they are closely resembling the one at x;’ =0. Such phenomenon demonstrates
the constantly renewal of thermal boundary layer at each oblique fin, keeping the
thermal boundary layer thin for better heat transfer in comparison with conventional
microchannel.

Variation of temperature profile with channel depth is then examined in Fig. 2.13.
Except the bottom (y,"=0) and top surface (y,"=1) of microchannel, the other planes
at various channel depth display a relatively consistent temperature profile among
each other.

The combination of the boundary layers redevelopment and secondary flow
effects results in superior heat transfer performance, leading to lower wall tempera-
ture compared to the conventional microchannel. Figure 2.14 shows that for the
enhanced microchannel configuration, the maximum wall temperature is
T, max=53.2 °C, while the temperature gradient is AT, =13.7 °C. The conventional
microchannel heat sink, on the other hand, has a maximum wall temperature of
75.3 °C and a temperature gradient of 27.9 °C. Thus, the introduction of oblique fins
resulted in the significant decrease of both the maximum wall temperature and tem-
perature gradient of 22.1 and 14.2 °C, respectively.

In addition to the improvement in overall heat transfer performance, the presence
of the oblique fins leads to significant local enhancement as illustrated in Fig. 2.15a.
It is noticed that the initial heat transfer coefficient for conventional microchannel
can be as high as ~15,000 W/m?K. However, it diminishes quickly as the boundary
layer thickens when the fluid travels downstream and attains a fairly constant value
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Fig. 2.14 Heater temperature profile for microchannel heat sinks [3]

at ~5,000 W/m?K, displaying a highly non-uniform heat transfer performance from
the inlet to the outlet of the heat sink. In contrast, the variation of local heat transfer
coefficients for the enhanced microchannel is smaller, with a higher averaged value
of ~10,000 W/m2K. The local heat transfer coefficient is observed to increase 100 %
almost everywhere. With the more effective heat transfer, 60 % more heat flux can
be dissipated with the enhanced microchannel if the same maximum wall tempera-
tures are maintained.

Moreover, it is observed that the level of heat transfer enhancement correlates
closely with the percentage of secondary flows that are diverged through the oblique
channel. Figure 2.15b illustrates the local heat transfer coefficient of the enhanced
microchannel with the corresponding secondary flow percentage at each oblique
channel branch. In this case, secondary flow rate percentage is defined as the pro-
portion of coolant mass flux into oblique channel over coolant mass flux across the
channel inlet. At the upstream of the microchannel heat sink, secondary flow rates
are low and there is not much disruption to the coolant flow. Thus, heat transfer
coefficient drops drastically from 15,000 to 8,000 W/m?K as thermal boundary
layer develops. Subsequently, secondary flow that is diverted to flows into adjacent
channel increases the transverse momentum of the coolant flow in the main channel
and causes the secondary flow rate (or momentum) to build up and maintain at
around 14 % for the downstream oblique channels. As a result, local heat transfer
coefficient increases and hovers at a higher value at ~10,000 W/m?K.
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Steinke and Kandlikar [1] first proposed alternating the secondary channel
direction in the streamwise direction with the intention to prevent flow migration.
However, based on current simulation finding, it is highly possible that their con-
figuration would not be able to generate sufficiently strong secondary flow as the
transverse momentum in the flow is negated by the secondary flow in the opposite
direction after each oblique channel branch. Sahnoun and Webb [17] developed the
equations to predict flow efficiency in the louvred fin heat exchanger. In the context
of louvred fin heat exchanger, flow efficiency is defined as the degree to which the
flow follows the louvres, which is comparable to the percentage of secondary flow
in the enhanced microchannel. Unfortunately, their equations cannot be adopted to
predict the percentage of secondary flow for enhanced microchannel. The predicted
secondary flow rate using the proposed equations by Sahnoun and Webb [17] is
~84 % compared to 14 % indicated in the simulation. The disparity is believed to be
caused by the difference in the fin geometry in which oblique fin is much thicker
than louvre fin. The thicker oblique fin reduces the oblique channel width signifi-
cantly and results in much lower secondary flow percentage.

In comparison with enhanced microchannel, conventional microchannel
experiences severe axial conduction or heat flux redistribution as a result of the
non-uniform convective heat transfer performance as evident from Fig. 2.16.
It is observed that channel walls at the inlet section dissipate 80 % more heat flux
than the rest of the convective surfaces. Enhanced microchannel, on the other hand,
dissipates 30 % more heat flux at the inlet region than the rest of heat transfer surfaces.
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Fig. 2.16 Effective heat flux along microchannel heat sinks [3]
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Such phenomenon leads to significantly higher temperature at the inlet region
(as seen in Fig. 2.14) even though conventional microchannel exhibits comparable
heat transfer coefficient as enhanced microchannel at the inlet. Owing to the larger
heat transfer area, the average effective heat flux of enhanced microchannel is found
lower than the one of convention microchannel.

Owing to the unique hydrodynamic and thermal boundary layer profiles in the
enhanced microchannel heat sink, the amount of heat removed through each fin
surface and the un-finned surface differs significantly, as shown in Fig. 2.17a.
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Fig. 2.17 (a) Percentage of heat dissipated from each surface; (b) effective heat flux dissipated
from each surface [3]
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Fin surfaces M1 and O1 record the highest percentage of heat removal with 43 and
23 % of total heat dissipated from each surface, respectively. Interestingly, surface
M2, which is located alongside with surface M1 in the main channel (with equiva-
lent heat transfer area and coolant mass flux), does not perform as good as surface
MI. The fin surface M1 dissipates ~60 % more heat flux than surface M2. Moreover,
surface O1 which has smaller heat transfer area and coolant mass flux (located in
oblique channel) also removes heat more effectively compared with surface M2
(heat transfer area, M2: 25 %, O1: 18 %; average coolant mass flux, M2: 87 %, O1:
13 %). This phenomenon is mainly contributed by the skewed hydrodynamic and
thermal boundary layer profiles as observed in Figs. 2.9 and 2.12. Surfaces M1 and
O1 have much thinner boundary layer thickness compared with the rest of the fin
surface and un-finned surface, thus managing to achieve highly augmented heat
transfer. Figure 2.17b on the other hand displays the effective heat flux that is trans-
ferred through each surface, where surfaces M1 and O1 remove 250 and 190 kW/
m?, respectively, while the rest of the surfaces dissipate less than 100 kW/m?
This proves that surface M1 and O1, which are associated with thinner boundary
layers than the rest of the surfaces, are the key surfaces in this passive heat transfer
enhancement technique.

This novel idea for enhancing the heat transfer performance of microchannel
heat sinks is attractive as the pressure drop penalty is small. As shown in Fig. 2.18,
the pressure drop for the enhanced microchannel heat sink with oblique fins is only
~10 % higher than that of a conventional microchannel heat sink. For the case of
conventional microchannel, the pressure profile decreases linearly as the flow is
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Fig. 2.18 Pressure drop profile for microchannel heat sinks [3]
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fully developed hydrodynamically. On the other hand, the pressure profile for
enhanced microchannel is characterized by local drops and recoveries.

Exploring further into the local pressure drop profile along the fin in Fig. 2.19
shows that pressure drop occurs for x;’ <0.72 while pressure rise occurs for x;">0.72.
It is also noticed that the local pressure drop for the enhanced microchannel heat
sink is steeper than that for the conventional microchannel. This could be due to the
periodic redevelopment of hydrodynamic boundary layers which results in the thin-
ning of the boundary layers. The local pressure drop is immediately followed by
local pressure recovery when the flow from the main channel branches into the
oblique channel.

This local pressure recovery was also observed by Alharbi et al. [14] in their
numerical study on fluid flow through microscale fractal-like branching channel
networks. They argued that the observed pressure recovery at each bifurcation may
be due to the tapered increase in cross-sectional area similar to a “diffuser” follow-
ing each bifurcation. The pressure recoveries compensate for the increased pressure
drops, resulting in only a small overall pressure drop penalty. Similarly, Xu et al.
[18, 19] observed the pressure recovery effect as coolant expands into the re-entrant
chamber. The proposed oblique fin layout is different from the conventional passive
heat transfer enhancement techniques, where there is a hefty trade-off in terms of
pressure drop penalty that is always associated with the improved heat transfer.
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For instance, pin-fin heat sinks achieved improved thermal performance over
plate-fin heat sinks by hindering the development of the thermal boundary layer in
a unidirectional flow at the expense of a significant pressure drop penalty [20].

2.3 Numerical Analysis: Full Domain Simulation

Numerical analysis employing full domain heat sink model is conducted to investi-
gate the flow migration phenomenon and its effect on the overall fluid flow and heat
transfer characteristics in the enhanced microchannel heat sink. A unique coolant
distribution exists in the main channels and oblique channels as a result of continu-
ous secondary flow generation and coolant migration. Simulation findings are in
close proximity to that of the simplified numerical model for low flow rate case
where both models display comparable fluid flow (velocity profiles) and heat trans-
fer characteristics. However, it is also found that the simplified model, which
assumes infinite span of oblique fins, over-predicts the heat transfer performance
when the Reynolds number is higher.

2.3.1 Simulation Model

This full domain microchannel heat sink is modelled based on the actual silicon-
based test vehicle used in experimental investigation [21] and incorporates inlet and
outlet manifolds. Detailed geometries and the mesh intervals for the model are tabu-
lated in Table 2.2, while Fig. 2.20 displays the sketch of oblique fin microchannel
heat sink using oblique fins, where O1, O2, M1 and M2 are the different surfaces of
oblique fin [22].

Table 2.2 Dimensional Oblique fin
dgtails of oblique ﬁr? Characteristic microchannel
microchannel heat sink model Material Silicon
Heat sink footprint, width x length (mm) 12.7x12.7
Number of fin row, N 61
Main channel width, w, (pm) 113
Fin width, w,, (pm) 87
Channel depth, H (pm) 379
Aspect ratio, 3.35
Oblique channel width, w,, (um) 49
Fin pitch, p (pm) 405
Fin length, / (pm) 292
Oblique angel, € (°) 26.3

Mesh interval x, y, z (simplified model) 1,270 x 65 x40
Mesh interval x, y, z (full domain model) 1,393x33x%x 1,059
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Fig. 2.20 Sketch of oblique fin microchannel heat sink

Emulating the silicon thermal test chips used in the experimental studies, the
12.7%12.7 mm? microchannel heat sink model is divided into a cluster of 25 ther-
mal test chips in a 5x 5 grid array. Each thermal test chip is 2.54 x2.54 mm? with a
heater measured at 2x2 mm? located at the centre of silicon chip active surface.
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Transient solver is adopted for full domain simulation as a result of the consider-
ation of flow instability. The nature of flow in the oblique fin microchannel heat sink
could be unsteady or periodic due to secondary flow generation and flow migration.
The four governing equations solved in FLUENT v6.3 under transient solver consist
of continuity equation, momentum equation, energy equation for liquid and energy
equation for solid listed as follows:

aa—/t)+V~(p\7):O (2.16)
%(pﬁ)+v~(p\7\7):—VP+V-(uV\7) 2.17)
%(pf}cpT)+V-(p\7cpT):V-(kVT) (2.18)

%(pcpT)+V-(kVT):O (2.19)

As for the solver configurations, the 3D double-precision pressure-based solver is
selected with first-order implicit as its unsteady formulation. SIMPLE algorithm is
set as the pressure—velocity coupling method. Standard discretization scheme is
used for the pressure equation, while second-order upwind discretization scheme is
selected for both momentum and energy equations. Water liquid (H,O <I>) with its
physical properties evaluated at mean temperature is chosen as the working fluid,
while silicon (Si) with constant thermal conductivity, k,;= 148 W/mK, is selected as
fins and heat sink material. A residual of 107 is set as the convergence criteria for
the continuity equation, x-velocity, y-velocity and z-velocity, while that for the
energy equation is set as 10~.

Different flow rates are set for the full domain model as compared with the data
from experimental studies [21], while the analysis and comparison mainly focus on
low flow rate setting, Re=250, and high flow rate setting, Re=660. For all cases
considered, a uniform inlet pressure is assigned to the inlet. Inlet pressure is adjusted
to achieve the targeted mass flow rate or Reynolds number. Furthermore, pressure
outlet boundary condition is assigned to the outlet, where the flow is assumed to
reach atmospheric pressure at the outlet of the heat sink. Each of the 25 heaters is
supplied with heat flux at 274 W/cm? while the top surface of the silicon-based
microchannel is assumed bonded with adiabatic cover for sealing purposes. Courant
numbers for the low flow rate and high flow rate cases are 16.7 and 5.2, respectively.
As the full domain simulation model adopts implicit unsteady formulation, a larger
Courant number can be used to achieve fast convergence.

The current mesh count for full domain model of 1,393 x33x 1,059 results in a
total of 42,915,914 cells. The mesh interval for the full domain model is replicated
into the simplified model to study the grid sensitivity [3]. The resultant mesh count in
the simplified model is 1,058 x33x 17, and the computed average Nusselt number is
18.48 when Re=660. The variations in average Nusselt numbers are 3.5 % from the
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mesh density for full domain model to the mesh interval selected for the simplified
model. Although the mesh density is reduced to accommodate for the large full
domain model simulation, the selected mesh interval still provides reasonable accu-
racy in prediction. In addition, the simulation results for the full domain model would
be verified against the experimental findings for its validity.

2.3.2 Validation of Numerical Simulation

Figure 2.21 shows the total pressure drop and average Nusselt numbers compari-
sons with different Reynolds numbers for the oblique fin microchannel heat sink
between results from full domain simulation model and experimental data [22]. It is
found that the maximum deviation of total pressure drop between numerical and
experimental results is less than 7 % under all Reynolds numbers. Unfortunately,
the computed average Nusselt numbers for oblique fin microchannel after tempera-
ture correction are about 20 % lower than the predictions by full domain simulation
model. This could be caused by the lack of information in the measurability of
thermal sensors leading to an inaccurate temperature correction. A trial using
—2.7 °C as the correction factor in computation results in Nusselt numbers that are
closely imitating the simulation results. This indicates that the numerical simulation
studies are validated by the experimental measurement.

2.3.3 Fluid Flow and Heat Transfer Characteristic

The main objective of the full domain simulation model is to scrutinize the coolant
mass distribution and flow instability for oblique fin microchannel heat sink and its
effect to fluid flow and heat transfer. In this section, the simulation results for the
full domain model are discussed when Re is 250 and 660.

Figure 2.22 shows the flow distribution of coolant in every main channel along
the streamwise direction when Re=250. At the upstream (X' =0.01) of the oblique
fin microchannel heat sink, significant variation is observed for the mass flow rate
in the main channel along the dimensionless heat sink width, Z'. Apart from the
region between 0.4 <Z’ <0.8, which has acomparable mass flow rate at 4.1 x 10~ kg/s,
the mass flow rate is significantly higher in the main channels at Z’' <0.4 and lower
in the main channels at Z'>0.8. The highest mass flow rate occurs in the first main
channel in the spanwise direction (Z' =0.02) at 5.9 x 107 kg/s, which is almost 44 %
higher than the nominal mass flow rate of the main channels. On the other hand, the
lowest mass flow rate occurs in the last main channel in the spanwise direction
(Z'=0.98) at 2.9x 1075 kg/s, a 29 % off from the nominal main channel mass flow
rate. This indicates that the coolant mass distribution is skewed towards Z’'<0.5 in
the heat sink for this upstream position. This phenomenon occurs due to the fact that
the coolant mass is forced to redistribute in the inlet manifold in order to maintain a



2.3 Numerical Analysis: Full Domain Simulation 31

a 60
===simulation - full domain model
+ experiment i{

50 #
©
o
x 40
o
°
a
o 30
©
g
2
@ 20
<
o

10

0
100 200 300 400 500 600 700
Reynolds number, Re
b 18
——simulation - full domain model
16 + enhanced microchannel

14

: mﬁ%w h

Average Nusselt number, Nu,,,
[a+]
——
£
.

100 200 300 400 500 600 700
Reynolds number, Re

Fig. 2.21 (a) Total pressure drop comparisons and (b) average Nusselt number comparisons
between numerical results and experimental data for the oblique fin microchannel heat sink

uniform pressure between the inlet and outlet as flow migration takes place within
the heat sink. It is also noticed that except for Z’'>0.8, the mass flow rate in the main
channel at X'=0.01 is at least 10 % higher than that of the downstream locations.
Low secondary flow rates in the oblique channels at X’=0.01 is identified as the
contributing factor and this will be elaborated further in the later section.
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As coolant travels downstream, secondary flow generation and flow migration
occur continuously. Mass flow rate in the main channels for Z' <0.3 keeps reducing,
while mass flow rate in the main channels for Z'>0.7 rises consistently as it is
illustrated in Fig. 2.22. This trend clearly demonstrates the coolant migration phe-
nomenon. Coolant mass is observed to migrate from Z’ <0.5 half of the heat sink to
Z'>0.5 half of the heat sink as coolant flows downstream. Thus, small regions at
Z'>0.8 and X' <0.2 with low coolant mass exist as a result of the coolant migration
in the diagonal direction following the direction of secondary flow. Despite all the
flow migration, the main channels located between Z'=0.25 and Z'=0.75 maintain
a relatively consistent mass flow rate at all streamwise locations examined. This
area constitutes 50 % of the heat sink and is influenced by the flow migration.

Examining Fig. 2.23 provides some insights to the coolant distribution in the
oblique channels within the heat sink. Generally, the coolant flow rate in the oblique
channels is an order of magnitude lower than that of the main channels. These
oblique channels are sized such that they generate sufficiently strong secondary
flows or momentums to disrupt the boundary layer development and promote fluid
mixing, while avoiding unnecessary disturbance to the flow. The mass flow rate
through the oblique channels at the upstream of the heat sink (X'=0.01) is signifi-
cantly lower compared with other downstream locations. When the coolant first
enters the oblique fin microchannel heat sink, it flows primarily in the streamwise
direction and has a very limited transverse velocity component or momentum.
Oblique channels on the other hand branch off from the main channels with their
flow path swayed away from the streamwise direction. Thus, the fraction of coolant
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Fig. 2.23 Coolant mass flow rate distribution in the oblique channels of oblique fin microchannel
heat sink when Re=250

in the main channels that diverges into the oblique channels is limited at this upstream
position. However, as the coolant flows downstream, the transverse velocity compo-
nent and momentum build up as flow continues to divert into oblique channels,
before being injected to the adjacent main channels. Consequently, secondary flow
rates through the oblique channels elevate to a higher value (about 10 % of total
coolant mass flow rate except in edge regions) and remain consistent throughout the
heat sink from X’ =0.20 onwards. There is fluctuation in the secondary flows at dif-
ferent downstream locations, but the magnitude of the variation is not significant.

An “n” shape parabolic curve also indicates that secondary flow rates in the
oblique channels located closer to the heat sink edge (Z' <0.2 and Z' >0.8) are lower
than that of the oblique channels at the centre of the heat sink. Similar phenomenon
is also observed by Dejong and Jacobi [2] in their flow visualization study on lou-
vred fin heat exchanger. They concluded that wall effect existed on several fin rows
next to the walls, where flow is characterized by lower flow efficiency (low second-
ary flow rate) and lower heat transfer. Low secondary flow rates in the oblique chan-
nels at the edge of the heat sink are also believed to result in lesser heat transfer
enhancement compared with those at the centre of the heat sink in the context of
enhanced microchannel. However, there is still at least 60 % of the total heat sink
width having consistent secondary flow rates, and it will be explored further in the
later sections whether this affects the heat transfer performance of the heat sink
globally and locally.

Besides scrutinizing the macroscopic effect of the flow migration to the overall
flow distribution, the full domain simulation highlights the development of local
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coolant velocity and temperature profiles at different spanwise and streamwise
positions. Figure 2.24a displays the coolant velocity profiles at the mid-depth plane
in multiple main channels at X'=0.01 (x;"=0). Generally, developing velocity pro-
files emerge in the main channels at this upstream position of the heat sink just as
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coolant enters the heat sink. Velocity magnitudes are observed to reduce as Z'
increases, aligning well with the observation from Fig. 2.3, where coolant mass is
concentrated towards Z' <0.5 half of the heat sink. As a result, velocity profiles skew
slightly towards z;"=1 in the main channels. However, the velocity profiles are
almost symmetrical at the centre of the channels, as coolant flows primarily in the
axial direction. The resultant coolant temperature profiles at the mid-depth plane are
showed in Fig. 2.24b. Similarly, developing temperature profiles are displayed as
most of fluid temperature remains at the inlet temperature. Coolant temperature in
the main channel at Z' =0.98 is significantly higher compared to the rest of the chan-
nels as this channel receives the least coolant mass among others.

As coolant travels downstream to X' =0.20, velocity profiles continue to develop
and become significantly different from that of X’=0.01. Figure 2.25a displays the
velocity profiles in the main channels where most of them skew towards z,"=0 due
to the divergence of fluid into oblique channels, which brings the fluid particles
from the centre of the channel closer to fin surface M1 (z,"=0). As a result, plane
z,"=0 (fin surface M1) has the thinner boundary layer thickness compared to plane
z1'=1 (fin surface M2). Details and discussions about the boundary layer develop-
ment along the sectional oblique fin have been studied by present authors in [22].
Coolant in the main channels between 0.18 <Z’ <0.81 maintains a consistent veloc-
ity profile while the others display varying velocity profiles under the influent of
flow migration and non-uniform secondary flow rate. On the other hand, the main
channel at Z'=0.02 continues to show the highest axial velocity than the rest.
Besides, the main channel at Z’'=0.02 together with those main channels at Z'>0.9
display a velocity profile that is more symmetry than those between 0.18 <Z’ <0.81
as secondary flow rates are lesser in these regions. Consequently, coolant tempera-
ture profiles at the mid-depth plane are very different from each other as demon-
strated in Fig. 2.25b. Generally, skewed coolant temperature profiles emerge in the
main channels between 0.18<Z’<0.81 owing to the skewed velocity profiles that
present in the channels. Water temperatures in this region are more uniform, and
wall temperatures (temperature at z;"=0 and z;,"=1) are also found to be lower than
in the channels outside this region. This indicates that the fluid mixing and heat
transfer from the channel surfaces between 0.18 <Z’ <0.81 is more efficient than the
rest. The effect of the skewed coolant water temperature profiles to the heat transfer
was discussed in detail in the previous publication [22]. Wall temperature is the
highest on surface z,"=1 and z,"=0 for main channels at Z'=0.02 and Z' =0.98,
respectively, as these two channels are located at the edge of the heat sink, where the
heat dissipation is concentrated onto these surfaces.

Moving forward to X’ =0.62 in Fig. 2.26a, similar velocity profiles are observed
for main channels within Z’=0.18 and Z'=0.81 with minimum change compared
with those at the axial distance of X’ =0.20. However, the axial velocity in the main
channel at Z'=0.02 declines, while the axial velocity in the main channels at
0.96<Z<0.98 rises as coolant continues to migrate towards Z'=1.

It has been demonstrated that the characteristic of secondary flow in oblique
channels has great impact on the local, as well as global, heat transfer enhancement
of the heat sink. Thus, it is important to examine the local coolant behaviour in the
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Fig. 2.25 Coolant (a) axial velocity and (b) temperature profiles in the main channels at X’ =0.20,
Y'=0.5, when Re=250

oblique channels within the full domain heat sink. Figure 2.27a displays the coolant
axial velocity profiles (mid-depth plane) in the oblique channels at different
spanwise positions at the dimensionless axial distance of X' =0.01. At this upstream
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Fig. 2.26 Coolant (a) axial velocity and (b) temperature profiles in the main channels at X' =0.62,
Y'=0.5, when Re=250

position of the heat sink, there is a very limited amount of coolant mass diversion
into the oblique channels. Axial velocity in most of the oblique channels is as
slow as 0.1 m/s and displays a symmetrical profile at the centre of the channel.
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Despite the symmetry in velocity profiles in the oblique channels, water tempera-
ture profiles in Fig. 2.27b display highly asymmetric curves with the higher water
temperatures occur for coolant at z,’ <0.5 and higher wall temperatures for fin sur-
faces z,’ =0 than those at z,"=1. This is possible because these two fin surfaces at
2,'=0 and z,’=1 belong to different oblique fins. Fin surface z,’=0 is part of the
downstream oblique fin that is located closer to the discrete heat source. Thus, more
heat is expected to conduct into this fin and surface z,"=0 in comparison with sur-
face z,’ =1, which is one of the fin surfaces for the upstream fin.
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As discussed earlier, significant changes occur to the velocity and temperature
profiles in the main channels when coolant travels from X' =0.01 to X" =0.20. Thus,
similar developments are expected for the profiles in the oblique channels. Except
the two oblique channels that are located next to the heat sink edge (Z'=0.03 and
Z'=0.97), the axial velocity in the oblique channels in Fig. 2.28a marks an appre-
ciable rise. The magnitude of axial velocity increases with the distance from the
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heat sink edge, agreeing to the finding from Fig. 2.23. Therefore, coolant in the
oblique channels between 0.18<Z’<0.81 has significantly lower water and wall
temperatures than those receiving less coolant as demonstrated in Fig. 2.28b. It is
also noticed in Fig. 2.28 that these velocity profiles skew towards z,"=0 (fin surface
01), which subsequently produce a thinner boundary layer thickness for fin surface
01 at z,'=0. Owing to the asymmetry of velocity profiles, temperature profile in the
oblique channels displays the similar trend to that of the main channels, where the
temperature profiles skew towards the fin surfaces with thinner hydrodynamics
boundary layer. The thinner thermal boundary layer thickness on these fin surfaces
results in superior heat transfer performance and also lower wall temperatures than
the other fin surfaces. Detailed discussion on the heat transfer mechanism is present
in the previous publication [22].

Comparable velocity and temperature profiles emerge further downstream in the
oblique channels at X'=0.62 as both the velocity and temperature profiles are
noticed to stabilize as coolant flows past X'=0.20. Again, the simulation findings
show that flow migration affects the global secondary flow distribution within the
heat sink but has little influence to the local velocity and temperature profiles. Apart
from the channels that are located close to the heat sink edge, which is highly
affected by flow migration and edge effect, channels within 0.18 <Z’ <0.81 demon-
strate consistent local velocity and temperature profiles for all axial distances exam-
ined (Figure 2.29).

Unlike the simulation findings in the previous analysis, where oblique fin micro-
channel heat sink achieves steady state condition at Re=250, the simulation result
shows signs of unsteadiness when Reynolds number is increased to Re=660.
Fluctuations are observed in velocity profiles and also in the temperature profiles in
the heat sink. Figure 2.30a, b displays the local velocity and temperature profiles of
liquid coolant at the mid-depth plane of a channel located at X=7.81 mm,
Z=8.28 mm (X'=0.61, Y'=0.5, Z'=0.65) when Re=250. Based on the plots, it is
observed that both the velocity and temperature profiles at different time steps over-
lap each other, indicating that the flow regime is steady. On the contrary, when
examining the local velocity and temperature profiles of liquid coolant at the mid-
depth plane of a channel at X=7.81 mm, Z=4.19 mm (X' =0.61, Y'=0.5, Z'=0.33)
when Re=660 in Fig. 2.30c, d the fluctuation appear.

2.3.4 Heat Transfer Performance

In order to further explore flow migration phenomenon, local and global heat trans-
fer performance was investigated based on the full domain simulation for oblique
fin microchannel heat sink when Re=250 and 660.

Figure 2.31 illustrates the temperature contour of heat sink (bottom wall) for the
case Re=250, where the wall temperature increases with the flow length due to
the sensible heat gain by coolant and the variation of heat sink cooling performance.
As this silicon-based microchannel heat sink has multiple discrete heat sources, the



2.3 Numerical Analysis: Full Domain Simulation 41

a

—2Z'=0.03
—Z'=0.18

\\ —27'=034

Z'=050
—27'=066
—27-081

N\ i
\\ \ X’ = 0.62

3
b

P

D
N P
I

P
$

Dimensionless channel width, z,’
D
[4}]

4 2
o3 8 IE L]
\ ~N -/ 3
62 Flow
/ V4 direction i
5 X 1
-0.1 0 0.1 0.2 0.3 0.4 0.5
Axial velocity, U, (m/s)
b
1
—2Z'=0.03
09 / / —2Z'=0.18
: /// / / —27=034
o 08 Z'=0.50
N // // / / —27-066
£ 7
£ o7 Z'=0.81
3 // / / / / —7-097
g 0 / / / / X = 0.62
< 1
& o5 ;
; Y/ |
a :
N/ o=
c a— ! -
) @ ! 2
- e f
g 02 Flow |
-g : \\\\ \ \ Z direction i
0.1
\ O
0 - : -
35 40 45 50 55

Water temperature, T, (°C)
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highest temperature occurs within the heat source itself, and the wall temperature of
non-heated area is obviously lower. It is also noticed that the maximum wall tem-
perature of each individual heater is located slightly downstream from the centre of
the heat source due to the combined effect of sensible heat gain by coolant, heat
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Fig. 2.30 (continued)

spreading and variation of heat transfer performance along the heat sink. Heaters on
both edges of the heat sink (Z'=0.1 and Z'=0.9) also display higher wall tempera-
tures than those at the centre of the heat sink. Similar trend is observed from
Fig. 2.32, which plots the area-weighted average temperature of 25 heaters based on
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Fig. 2.32 Average heater wall temperature profiles in the oblique fin microchannel heat sink
when Re=250

the dimensionless heat sink width and axial distance. Wall temperatures are the
highest for heaters at Z'=0.9, followed by Z'=0.1, while the lowest wall tempera-
tures are recorded for heaters between 0.3<Z'<0.7 and they almost overlap each
other. Several contributing factors to such heater temperature profile are identified
as non-uniform secondary flow distribution, flow migration, edge effect and heat
spreading effect.



2.3 Numerical Analysis: Full Domain Simulation 45
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Figure 2.33 plots the local averaged heat transfer coefficients of the oblique fin
microchannel heat sink in the streamwise direction for various spanwise positions
when Re=250. The centre zone of the heat sink, Z'=0.5, shows the highest heat
transfer coefficients, followed by Z'=0.7 and Z'=0.3. The heat transfer coefficients
at both edges of the heat sink, Z'=0.1 and Z'=0.9, are significantly lower than the
centre zones. The magnitude of secondary flow rate has a prominent effect to the
heat transfer performance of the oblique fin microchannel heat sink and subse-
quently its temperature contour or profile.

Due to the fact that coolant mass flow rate in the main channels varies in both
spanwise and streamwise direction, sensible heat gain by coolant results in differ-
ent local coolant temperature rise as shown in Fig. 2.34. The highest coolant flow
rate results in the lowest coolant temperature in Z'=0.1, while the opposite is also
true for Z'=0.9. This might explain that the heat sink at zone Z’'=0.9 having higher
wall temperature than zone Z’'=0.1 although both having comparable secondary
flow rates, heat transfer coefficient and heat transfer area. Besides, the total heat
transfer area of these two zones is ~5 % lower than the others due to the edge effect
(thicker fin width at both edges), which might have also contributed to the elevated
edge temperatures.

For the case Re=660, despite the unsteadiness in coolant flow, the bottom wall
temperature of the heat sink is relatively consistent. Computed as an average tem-
perature from 11 successive time steps, the maximum standard deviation of the
heater temperatures is found at 0.15 °C. Figure 2.35 plots the area-weighted average
heater temperature with the corresponding location on the heat sink. Compared with
the average heater wall temperature profiles for low Reynolds number case shown
in Fig. 2.36 where lowest coolant temperature occurs in Z'=0.1, heaters at both
edges of the heat sink show higher wall temperature in the high Reynolds number
case, which could be attributed to the severer flow migration. Subsequent heat
transfer characteristics are also computed as an average of multiple time steps.
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Fig. 2.35 Temperature contour (in °C) at the bottom wall of silicon-based oblique fin microchannel
heat sink at Re=660

Local heat transfer coefficient is then computed, as shown in Fig. 2.37. Employing
the oblique fin microchannel heat sink helps to keep a very uniform heat transfer
coefficient throughout the heat sink, in contrast to the conventional microchannel,
where convective heat transfer performance deteriorates in the streamwise direction
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Fig. 2.37 Local heat transfer coefficients of oblique fin microchannel heat sink

due to boundary layer development [22]. Heat transfer coefficients for the oblique
fin microchannel are kept within a narrow range for the high Reynolds number case,
mostly between 50,000 and 60,000 W/m?K, which can be comparable to two-phase
boiling process. Similar to the low Reynolds number case, heat sink edges Z’'=0.1
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still show lower heat transfer performance in comparison with the remaining part of
the heat sink mainly due to significantly lower secondary flow generation. However,
the local heat transfer performance in Z'=0.9 is greatly enhanced due to the
increased percentage of secondary flow rate.

The increment in Reynolds number elevates the secondary flow rate in oblique
channels, affecting velocity profiles and subsequently heat transfer performance of
each fin surface. Figure 2.38 compares the heat dissipation of each fin surface two
cases considered in the study. Increment in secondary flow rate reduces the flow rate
in the main channel. Thus, the effectiveness of fin surface M1 in dissipating heat is
reduced. Higher secondary flow rate in the oblique channel improves the heat trans-
fer performance in the oblique channel, as reflected by the increment in heat dissi-
pation through surface O1 and O2. Subsequently, when secondary flow is injected
to the adjacent main channel, higher fluid momentum thins the boundary layer at
surface M2 further and improve the heat transfer of this fin surface.

2.4 Experimental Investigation: Average Performance

Simulation studies in the previous sections present a clear picture of the fluid flow
characteristics and the heat transfer mechanism in the enhanced microchannel heat
sink and the projected heat transfer augmentation. The focus of this section is shifted
towards experimental investigation of the proposed heat transfer augmentation tech-
nique, using copper-based microchannel heat sinks. Both enhanced microchannel
heat sinks of different materials and length scales demonstrate significant heat
transfer improvement with negligible pressure drop up to a reasonably high
Reynolds number (Re=400-500). The experiment also results in good agreement
with the simulation predictions, validating the simulation model [23].
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2.4.1 Experimental Set-Up and Procedure

A schematic of the experimental flow loop is shown in Fig. 2.39. Deionized water
from a reservoir tank is driven through the flow loop using a micro-annular gear
pump. This pump forces the coolant through a 15 pm filter and a flow meter before
entering the microchannel test section. A heat exchanger (connected to water bath)
is used to regulate the water temperature before coolant enters the test section.
Pressure transmitters are attached to the manifolds immediately before and after the
test piece to measure the pressure drop across the test section. The water tempera-
tures immediately before, T};,, and after, T},,, the microchannel heat sink in the
manifolds are also measured with two T-type thermocouples (copper—constantan).
Heated water that exits the test section is cooled by passing it through a liquid-to-air
heat exchanger before it returns to the reservoir tank.

After the test section is assembled and properly sealed, the gear pump is switched
on and the desired flow rate through the flow loop is controlled with the digital con-
trol on the gear pump. As the flow rate is stabilized, the power supply to the heaters
is switched on, and steady state is usually reached in 30-45 min. The power input to
the heaters in the test piece is controlled by a DC power supply unit. The voltage
across the heaters is measured directly, while the high current through the heaters is
calculated from Ohm’s law based on the voltage measured across a shunt resistor that
is connected in series with the heater. Input power to the heaters is calculated as the
product of measured voltage and calculated current. Steady-state readings from the
thermocouples, differential pressure transmitter and others are recorded by data log-
ger and stored in a computer throughout the duration of the experiment. Each steady
state value was calculated based on the average of 100 readings sampled at 0.1 Hz.
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Two sets of copper-based microchannel heat sinks with nominal main channel
width of 300 and 500 pm are included in the experimental studies. The measured
geometrical dimensions for both sets of microchannel heat sinks are provided in
Tables 2.3 and 2.4. In order to facilitate a fair performance comparison, both heat
sinks are fabricated to a comparable channel aspect ratio, channel width, fin width
and overall footprint. Measurement is performed with a 3-axis measurement micro-
scope with 200x magnification at nine different points (3x3 grid) on the micro-
channel heat sink.

Details of the microchannel test section are shown in Fig. 2.40. The test section
consists of a copper block, a Teflon manifold and a polycarbonate lid. The heat sink
is machined from a square copper block of dimensions 25 mmx25 mmx70 mm.
Microchannels are cut into the top surface by wire cutting, and the average surface
roughness (Ra) measured using a white light interferometer surface profiler at the
bottom wall of the channel is 1.81 pm. Holes are drilled into the bottom of the copper

Table 2.3 Dimensional details for microchannel heat sinks (300 pm nominal channel width)

Characteristic Conventional microchannel Enhanced microchannel
Material Copper

Footprint, width xlength (mm) 25%25

Number of fin row, n 39

Main channel width, w, (upm) 355.2 360.2
Fin width, w,, (pm) 245.8 245.2
Channel depth, H (pm) 1,153.1 1,174.0
Aspect ratio, a 3.25 3.26
Number of fin per row - 20
Oblique channel width, w,;, (pm) - 210.2
Fin pitch, p (pm) - 1,164.5
Fin length, / (um) - 725.1
Oblique angel, 0 (°) - 26.6

Table 2.4 Dimensional details for microchannel heat sinks (500 pm nominal channel width)

Characteristic Conventional microchannel Enhanced microchannel
Material Copper

Footprint, width xlength (mm) 25%25

Number of fin row, n 22

Main channel width, w, (upm) 547.0 539.3
Fin width, w,, (pm) 458.5 465.2
Channel depth, H (um) 1,482.2 1,487.1
Aspect ratio, a 2.71 2.76
Number of fin per row - 12
Oblique channel width, w,;, (um) - 298.0
Fin pitch, p (pm) - 1,995.2
Fin length, / (pm) - 1,331.2

Oblique angel, 0 (°) - 26.4
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Fig. 2.40 Detailed drawings of the test section [23]. (a) Cross-section view of the test section. (b)
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block to accommodate four cartridge heaters that can provide a combined maximum
power input of 1 kW. Three T-type (copper—constantan) thermocouple probes are
positioned in the streamwise direction at a distance of 10 mm from the top surface of
the copper block. The temperature readings from these thermocouple probes are
extrapolated to provide an average bottom channel wall temperature of the heat sink.

This copper block is then mounted onto Teflon housing, where water tight seal
(rubber O ring) is placed between the mating surfaces. The top surface of the copper
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block and Teflon manifold is then sealed with the polycarbonate cover. A thin layer
of silicone rubber (250 um) is laid between the microchannel heat sink and polycar-
bonate cover to ensure proper sealing.

The sensible heat gained by the coolant is determined from an energy balance:

q= pCpQ(Tf',out - Tf',in ) (2.20)

It is found that more than 95 % of the heat input is transferred to the coolant across
all the experimental runs, where the heat loss is deemed minimum or negligible. The
heat flux into the test vehicles is calculated as the sensible heat gain into coolant
over the area of copper block. An average heat flux at 100 W/cm? is maintained
throughout the experiments for the copper-based microchannel heat sinks with
300 pm nominal channel width, while lower heat flux level at 65 W/cm? is supplied
into heat sink with 500 pm nominal channel width in order to have the flow condi-
tion maintained in single phase flow throughout the experiment.

The average heat transfer coefficient can be then determined using the
correlation:

/S B 2.21)

A, (T, =T

where A, is total area of convective heat transfer surfaces. For conventional micro-
channel heat sink, total heat transfer area is evaluated as

A, :(NJrl)L(wCh +2nH) (2.22)

On the other hand, total area of heat transfer for oblique finned microchannel heat
sink is calculated as

A, =4, +n4;, (2.23)

where A, is the unfinned surface area at the bottom of the channels and Ag, is fin
area.
A,=(Heat sink base area) — (Base area occupied by oblique fins)

A, =WL—-Nw,l (2.24)
Ay, = NHP (2.25)

For microchannel configuration, fin efficiency is used to account for the drop in
temperature along the fin. An adiabatic fin tip condition is assumed due to the insula-
tive material of the manifold cover, and the corresponding fin efficiency is given as

- tan/ (mH ) (2.26)
mH '

where m =
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As direct wall temperature measurement at the bottom of channel is not available,
extrapolation from the temperatures measured by the thermocouples in the copper
heat sink is performed by assuming 1-D heat conduction:

T =1 -3 (2.27)

w HS —
k
HS

HS denotes heat sink. On the other hand, T}, is the average fluid temperature.

D,

The corresponding Nusselt number is then calculated as Nu = , where D, is
!
the hydraulic diameter of the channel and k;is the thermal conductivity of water.

Total thermal resistance of the heat sink is defined as
R, =—=—1= (2.28)

where T, is the maximum measured temperature of the heat sink, 7} is the inlet
coolant temperature and ¢ is the heat supplied into the heat sink.

As for material properties, copper is assumed to have constant thermal conduc-
tivity, k., =387.6 W/mK. The density, specific heat capacity, thermal conductivity
and dynamic viscosity of water are evaluated at the mean fluid temperature (average
of the fluid inlet and outlet temperatures) based on the formulas stated in the previ-
ous section.

As the pressure transmitters are located at the manifolds, the pressure drop mea-
surement represents the combined losses due to the frictional loss in microchannels
and minor losses due to abrupt contraction and expansion at the inlet and outlet [24],
which can be written as follows:

AP=AP +AP,+AP, + AP, +AP, (2.29)
The pressure drop across microchannel can then be calculated as
AF, :AP_(APcl +AF, +AF, +APel)

where AP, and AP,, are the contraction pressure losses from the deep plenum to
the shallow plenum and from the shallow plenum to the microchannel. These minor
losses can be expressed as [25]

1 K,
AP, = 5 Py (M;Z,in _”;m ) + 21 Pf”fgz,in (2.30)

K
Apﬂ:%pf(ui )+ 231

T Yp2in
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where p1 and p2 denote the deep plenum and shallow plenum, respectively and K,
and K, are the loss coefficients for the abrupt contractions. On the other hand, AP,,
and AP, express the pressure losses from the microchannel to the shallow plenum
and from the shallow plenum to the deep plenum, which can be written as follows:

1 K
APeZ = E p/’ (uiz,out _ufut ) + 262 p/'ujut (232)
1 K,
APel = E pf (ufal,out - u;Z,out ) + 7‘1 pfu;Z,out (233)

where K,; and K, represent the loss coefficients due to the abrupt expansion. For the
present heat sink test section geometry, the value of K|, K., K,; and K,; is close to
unity.

The associated friction factor is given by

_ APchDh
2pu,’L

(2.34)

The experimental investigation on heat sinks with 500 pm channel width is con-
ducted over the flow rates ranging from 375 to 950 mL/min, which correspond
to Reynolds numbers of 325-780. Similar coolant flow rate was applied for heat
sinks with 300 pm channel width resulting Reynolds numbers from 260 to 640.
Using L/ReD;, >0.05 and L/ReD,Pr >0.05 as the criteria for fully developed flow, all
the data points fall into the thermally developing regime.

2.4.2 Microchannel Heat Sinks with 500 um Nominal
Channel Width

Figure 2.41 plots the average Nusselt number to Reynolds number for both conven-
tional and enhanced microchannel heat sinks. Generally, the average Nusselt num-
ber for both configurations increases with Reynolds number as the thermal boundary
layer thickness decreases with the increased fluid velocity. However, the heat trans-
fer for the enhanced microchannel with oblique fins is significantly higher com-
pared with conventional microchannel heat sink. At the lowest Reynolds number of
325, the average Nusselt number is increased by 57 %, from 9.1 to 14.3. This appre-
ciable enhancement in heat transfer is due to the combined effects of thermal bound-
ary layer redevelopment at the leading edge of each oblique fin and the secondary
flows generated by flow diversion through the oblique channels. The current experi-
mental results are in accordance with the findings from the simulation presented in
the previous chapters.
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Fig. 2.41 Comparison of average Nusselt number for microchannel heat sinks (500 pm nominal
channel width) [23]

The percentage of heat transfer augmentation is observed to increase with
Reynolds number. A heat transfer enhancement of 103 % is achieved at the highest
Reynolds number of 780, when the average Nusselt number increases from 11.3
to 22.9. As flow rate is increased, the water coolant would flow with a higher
velocity through the channels. Coupled with higher percentage of flow diversion
from the main channel into the oblique channel, the resultant secondary flows
would carry the higher momentum and further disrupt the thermal boundary layer
development and better mix the fluid leading to higher heat transfer enhancement
at larger Reynolds number. Besides experimental data, simulation results of both
conventional and enhanced microchannel are plotted in Fig. 2.41 for comparison
purpose. These simulations adopt the simplified model proposed in Sect. 2.2.
Only a pair of fin-channel is simulated for both enhanced microchannel and con-
ventional microchannel configurations, where the spanwise repeating channels/
fins are represented by either periodic or symmetry boundary condition. In fact,
the simulation predictions are in good agreement with the experimental results,
for both conventional and enhanced microchannel. It is noticed that all the experi-
mental data falls within £10 % of the predicted value, thus demonstrating the abil-
ity of the numerical models to predict the heat transfer performance especially for
the enhanced microchannel heat sink, which adopted the simplified periodic
boundary condition.
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For predicting the heat transfer performance for louvred fin heat exchanger under
constant heat flux condition, Aoki et al. [6] proposed an empirical correlation
as below.

Nu,, =0.87Re)’ Pr'” (2.35)

This correlation yields an average Nusselt number that is merely 4 % lower than the
Pohlhausen solution for laminar flow over a flat plate with constant heat flux. When
this correlation is used on oblique finned microchannel heat sink, it over-predicts the
heat transfer coefficient by averagely 44 %. Drastically different flow field between
louvred fin heat exchanger and oblique finned microchannel heat sink is believed to be
the source of discrepancy. As discussed in the previous sections, heat transfer effi-
ciency through each oblique fin surface is significantly different from each other due
to the asymmetrical coolant velocity and temperature profiles. In addition, the applica-
bility of Pohlhausen solution in louvred fin heat exchanger shows that boundary layers
are totally renewed at each louvre. The large distance between louvres promotes the
thermal wake dissipation in the louvred fin heat exchanger [26], while oblique fins are
closely packed and the wake dissipation is incomplete over the short wake length.
The experimental pressure drop data across microchannel heat sinks is presented
in Fig. 2.42, alongside the simulation results, again showing very good agreement.
It is interesting to note that the pressure drop across the enhanced microchannel is
comparable to conventional microchannel for a Reynolds number below 400.
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Fig. 2.42 Comparison of pressure drop across microchannel heat sinks (500 pm nominal channel
width) [23]
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This suggests that the enhanced heat transfer can be achieved without incurring
excessive pressure drop penalty. This phenomenon is possible due to the competing
effects of the increased pressure drops (due to thinning of boundary layers and
boundary layer separation) and pressure recoveries (due to flow bifurcations) [14].
However, as the Reynolds number increases beyond 400, a greater amount of the
flow will be diverted into the oblique channels. This creates secondary flows with
stronger momentum, which further augment the heat transfer but incur some pres-
sure drop penalty. The pressure drop penalty, however, is small compared to the heat
transfer enhancement factor.

Heat transfer enhancement factor (Ey,) and pressure drop penalty (Ey) are defined
as the average Nusselt number and friction factor of the present enhanced micro-
channels divided by that of conventional straight channels, respectively [27]. Similar
performance factor was adopted by Sui et al. [28]. From Fig. 2.43, the advantage of
oblique finned microchannel is clearly revealed where the heat transfer enhance-
ment factor outweighs the pressure drop penalty. When pressure drop penalty is
close to 1 (no additional pressure drop incurred), the heat transfer performance (in
terms of Nusselt number) of the oblique finned microchannels is 50-60 % more
than that of conventional microchannels. As the Reynolds number increases, the
heat transfer enhancement factor may exceed 2 (100 % improvement) while incur-
ring a smaller pressure drop penalty of 40-60 %. However, it should be noted that
the magnitude of pressure drop penalty is less than 1 kPa, which is relatively low
and should be manageable with the same pump.
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0.5 # heat transfer enhancement factor
O pressure drop penalty

0 T T T T
300 400 500 600 700 800
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Fig. 2.43 Comparison of heat transfer enhancement factor and pressure drop penalty (500 pm
nominal channel width) [23]
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2.4.3 Microchannel Heat Sink with 300 pm Nominal
Channel Width

Experiment investigation into heat sinks with smaller nominal channel and fin width
at 300 pm also indicates significant heat transfer augmentation. This shows the
applicability of the proposed heat transfer enhancement technique on heat sinks
with different fin-channel size, both larger and smaller fin-channel size. A 77 %
improvement is realized at Reynolds number as low as 260, where the average
Nusselt number is elevated from 6.6 of the conventional microchannel to 11.7. The
heat transfer performance of the enhanced microchannel by 111 % over the conven-
tional configuration when the Reynolds number is raised to 650. Figures 2.44 and
2.45 show the comparison for Nusselt number and pressure drop between the con-
ventional microchannel and enhanced microchannel, respectively.

Unfortunately, the results are confounded by the occurrence of bent/burr at the
edge of oblique fins that points towards the main channel as displayed in Fig. 2.46.
According to Joshi and Webb [29] in their study on offset strip-fin heat exchanger,
the “burred edge” of fins could lead to 10-20 % increment in friction factor and also
adversely affect the heat transfer. For future research, better fabrication technique
has to be identified for microchannel heat sink with fin width less than 500 pm to
reduce burr at the fin edge that could affect the performance of heat sink.
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Fig. 2.44 Comparison of average Nusselt number for microchannel heat sinks (300 pm nominal
channel width) [23]
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Fig. 2.45 Comparison of pressure drop across microchannel heat sinks (300 pm nominal channel
width) [23]

Fig. 2.46 Microscopic image of (a) enhanced microchannel heat sink with 500 pm nominal chan-
nel width (b) enhanced microchannel heat sink with 300 pm nominal channel width [23]

2.5 [Experimental Investigation: Local Performance

The experimental investigation of copper-based oblique fin heat sink shows promis-
ing results. However in a recent review, Kandlikar et al. [30] observed that the heat
transfer coefficients of these oblique finned copper microchannels were relatively
low due to large hydraulic diameters and it will be interesting to see performance at
smaller level [21].
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2.5.1 Experimental Set-Up and Procedure

A similar set-up as used for the copper microchannel is used for the silicon-based
microchannel heat sink. Here, silicon-based microchannel heat sinks are created on
flip chip packages for experimental investigation. Channels are cut on the backside
of the silicon thermal test chips using wafer dicing saw blades of different width.
Measurement is performed with a 3-axis measurement microscope with 200x mag-
nification at nine different points (3 x3 grid) on the microchannel heat sink. The
average surface roughness (Ra) measured at the bottom wall of the channel is
178 nm. Figure 2.47a displays the test section of microchannel heat sinks in this
experiment. It consists of a polycarbonate manifold that is mounted onto a flip chip
package, where the microchannels are laid. Each thermal test die is 0.1” x0.1”
(2.54 mmx2.54 mm) in size and when diced in 5x5 grid array, this results in an
overall footprint of 0.5” x0.5” (12.7 mm x 12.7 mm) with 0.65 mm thickness for the
current test vehicles. Each thermal test die has a heater (doped silicon well) at the
bottom wall of the chip at 2 mm x2 mm and a series of thermal sensors (five diodes
connected in series), which enable independent heater control and local temperature
measurement, providing greater insight into local heat transfer behaviour and the
overall temperature mapping. The resistive heating of the silicon thermal test dies is
accomplished by driving the current through the doped silicon well, where the input
power is controlled by a DC power supply unit. Figure 2.47b, on the other hand,
shows the test piece and the enlarged view of the 5 x5 arrays of thermal test dies. A
coordinate numbering scheme (X, Z) for thermal test dies identification is also indi-
cated in the figure.

Temperatures on the thermal test chip are indicated as voltage drop across the
thermal diode sensors. Prior to the experiment, the voltage-temperature response of
these thermal diode sensors are established through calibration. The calibration is
performed in a convection oven from 30 to 90 °C, in steps of 10 °C. Temperatures
and voltage drop are then recorded when both temperatures of oven and thermal
sensors reach steady state, typically in an hour time.

a b

Electrical connection for | \ 1 Mounting hole
heaters and sensors

Electrical connection points

Thermocouple
Probe (outlet)

Pressure transmitter

(outlet)
1

3 Temperature
Flip chip package L

Bottom view of silicon chip

Fig. 2.47 (a) Microchannel test section; (b) test piece with 5x5 array of thermal test dies
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2.5.2 Silicon-Based Microchannel Heat Sink with 100 um
Nominal Channel Width

The experiments are conducted over the flow rates ranging from 100 to 500 mL/
min, which correspond to Reynolds numbers of 180-680. By employing silicon
thermal test chip in these experiments, the local behaviour (local temperature and
local heat transfer coefficient profiles) of the enhanced heat sink can be investigated.
In this case, the performance of the enhanced microchannel heat sink with 100 pm
nominal width under the experimental conditions of 160 mL/min (Re=252) total
coolant flow rate and total 273 W heater power of is presented.

The enhanced microchannel shows significant reduction in total thermal resis-
tance compared to the conventional microchannel. The total thermal resistance
comprises of conductive, spreading, convective and caloric thermal resistances.
Generally, the conductive thermal resistance remains constant while spreading, con-
vective and caloric thermal resistances reduce with the increasing Reynolds num-
ber, resulting in lower total thermal resistance. The improved heat transfer
performance of the enhanced microchannel is demonstrated in Fig. 2.48, where the
total thermal resistance of the enhanced microchannel heat sink is consistently
lower than the conventional configuration in the range of Reynolds numbers stud-
ied. At low Reynolds number ~180, the total thermal resistance of the enhanced
microchannel is 3 % (R,=0.234 °C/W) lower than that of the conventional micro-
channel (R=0.242 °C/W). As Reynolds number rises, the effectiveness of
enhanced microchannel increases, and the percentage of reduction in total thermal
resistance quickly increases. The maximum total thermal resistance reduction
achieved at Reynolds number ~690 is as much as 25 % (R £, =0.089 °C/W versus
R c1r=0.119 °C/W). In the context of current experiment, the highest percentage of
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Fig. 2.48 Comparison of
total thermal resistance
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heat sinks
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total thermal resistance reduction translates to an 8.1 °C lower in maximum chip
temperature for the enhanced microchannel heat sink (T.zr=50.5 °C versus
Tmax,CM: 586 OC)-

As discussed, the introduction of oblique fins and channels leads to a much uni-
form heat removal capability across the microchannel heat sink. Figure 2.49a, b
illustrates the comparison of local heat transfer performance of microchannel heat
sinks for two of the experimental runs at Re ~250 and Re ~680. The markers denote
the location of thermal diode sensors on the silicon test chip in the streamwise direc-
tion, where the temperature measurement is made. It is noticed that both conven-
tional and enhanced microchannel heat sinks display a relatively close Nusselt
number at the upstream of the heat sink, X’=0.1 when the boundary layers are thin.
The distinguishing point for these two heat sinks is the development of the flow
regime and boundary layers as coolant travels downstream. As boundary layers con-
tinue to thicken with the flow distance, heat transfer performance of the conventional
microchannel deteriorates rapidly, as showed in the figures for both Reynolds num-
ber cases. A maximum 48 % drop in Nusselt number is observed between X' =0.1
and X' =0.9, resulting in a highly non-uniform heat transfer performance within the
heat sink. Instead of declining, the enhanced microchannel keeps the Nusselt number
at a much elevated level and consistent across the enhanced microchannel heat sink.
The profile of the streamwise local Nusselt number is very uniform, confined to a
narrow range of 7.0-8.2 and 12.4-14.4 for both Reynolds number cases, respec-
tively, from the inlet of the microchannel to its outlet. This phenomenon is highly
due to the frequent re-initialization of thermal boundary layers and generation of
secondary flows. This combination ensures that the flow is in a constant state of
development thus having a sustainable performance close to that of the flow upstream.

The average heat transfer performance of the microchannel heat sinks is plotted
in Fig. 2.50. Generally, the average Nusselt number, Nu,,., increases with Reynolds



2.5 Experimental Investigation: Local Performance 63
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number as the thermal boundary layer thickness decreases with the increased fluid
velocity. However, the heat transfer for the enhanced microchannel with oblique fins
is highly augmented in comparison with conventional microchannel heat sink. At
Reynolds number ~180, the average Nusselt number of the enhanced microchannel is
15 % higher than that of conventional microchannel. As Reynolds number rises, the
Nusselt number increases by almost 47 %, from 9.0 to 13.2. The appreciable enhance-
ment in heat transfer is due to the combined effects of thermal boundary layer redevel-
opment at the leading edge of each oblique fin and the secondary flows generated by
flow diversion through the oblique channels. As the flow rate induced through the heat
sink is increased, more fluid is diverted from the main channel into the oblique chan-
nel. This secondary flow thus carries higher momentum and further disrupts the
boundary layers development and augments the heat transfer.

Nevertheless, the most interesting feature of the enhanced microchannel heat
sink is that the significant heat transfer augmentation is achieved with small pressure
drop penalty. The enhanced microchannel heat sink, which employs secondary flow
to enhance its heat transfer, still managed a comparable pressure drop with the con-
ventional microchannel heat sink for Reynolds number lower than 500, as displayed
in Fig. 2.51. This distinguishes the proposed scheme from the conventional heat
transfer enhancement scheme, where trade-off in terms of pressure drop penalty is
inevitable. As the Reynolds number increases, a higher percentage of coolant will be
diverted into oblique channels. This creates a secondary flow with stronger momen-
tum, which further augments the heat transfer but incurs additional pressure drop
penalty. Therefore, the pressure drop for enhanced microchannel starts to deviate
and increases more than the conventional configuration. However, the magnitude of
increment of pressure drop is considered manageable for the same micropump.



64 2 Planar Oblique Fin Microchannel Structure
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2.5.3 Parametric Study

There are a few key design parameters that greatly influence the heat transfer and
pressure drop performance in oblique finned microchannels. As these parameters
vary, the overall fin layout will change. This change has an enormous effect on the
flow field and consequently it affects the performance of the heat sink. Therefore, a
parametric study is essential to explore the outcome of varying these parameters.
The two critical design parameters identified for the parametric study are oblique
angle and oblique fin pitch. A total of seven configurations with three oblique angles
(15°, 27° and 45°) coupling with three fin pitches (400, 800 and 1,500 pm) are fab-
ricated on silicon-based microchannel heat sink for the performance evaluation. The
benchmarking is based on two conventional microchannel configurations, which
have 100 and 200 pm nominal channel width, respectively. Detailed dimensions of
various microchannel heat sinks are tabulated in Tables 2.5 and 2.6. Microchannel
heat sinks with a similar channel width, fin pitch but different oblique angles are
grouped together to compare the effect of oblique angle variation, and it is vice
versa when evaluating the effect of fin pitch variation.

While the combination of a different oblique angle and pitch can result in a
wholly new enhanced microchannel heat sink layout, it also redistributes the fin and
un-finned surface areas available for convective heat transfer. Table 2.7 compares
the fin, un-finned and total surface areas available for convective heat transfer of
different microchannel configurations. From Table 2.7, it is clear that the introduc-
tion of oblique fins and channels in microchannel heat sink increases the total heat
transfer area by 5-30 % with smaller fin pitch and oblique angle leading to larger
surface areas.
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Table 2.5 Dimensional details of microchannel heat sinks with 100 pm channel width

Conventional Enhanced Enhanced
microchannel #1 microchannel #1 microchannel

Characteristic (Con-100) (27°—NP") #2 (45°—NP)

Material Silicon

Footprint, width x length (mm?) 12.7x12.7

Number of fin row, n 61

Main channel width, w, (upm) 115 113 110

Fin width, w,, (pm) 85 87 91

Channel depth, H (pm) 387 379 351

Aspect ratio, a 3.37 3.35 3.19

Oblique channel width, w,;, (pm) - 49 48

Fin pitch, p (pm) - 405 400

Fin length, / (pm) - 292 332

Oblique angel, 6 (°) - 26.3 45.0

—NP'’ denotes nominal pitch (~400 pm) for enhanced microchannel heat sink with 100 pm
channel width

2.5.3.1 The Effect of Oblique Angle Variation

The effect of a change in oblique angle to heat transfer, and pressure drop perfor-
mance, is diagnosed with three groups of microchannel heat sinks. The first group
is three microchannel heat sinks with 100 pm nominal channel width, which con-
sists of a conventional straight channel heat sink (Con-100) as benchmark and two
enhanced heat sinks (~400 pm nominal fin pitch) with 27° and 45° oblique angles,
respectively (27°—NP’ and 45°—NP’). The experimental results of both heat trans-
fer and pressure drop are presented in Fig. 2.52. Figure 2.52a compares the average
Nusselt number of three microchannel heat sinks. It is observed that the average
Nusselt numbers of Con-100 and 45°—NP’ almost overlap each other, while that of
27°—NP’ is significantly higher. This suggests that 45°—NP”’ is not as effective as
27°—NP’ in augmenting heat transfer performance. In contrast, the heat transfer
augmentation for 27°—NP’ rises with Reynolds number. On the other hand, the
pressure drop across Con-100 and 45°—NP’ overlaps each other as they did in the
Nusselt number plot, as shown in Fig. 2.52b. The 27°—NP’ also displays a pressure
drop that is comparable to the other two for Reynolds numbers lower than 500,
signalling that the heat transfer enhancement can be achieved with negligible
pressure drop penalty.

The second group of microchannel heat sinks for comparison has the same fea-
tures as the first group, with exception that they are 200 pm in nominal channel
width. In this group, conventional microchannel (Con-200) is adopted as the base-
line for comparison with two enhanced microchannel heat sinks (~800 pm nominal
fin pitch) with 27° and 45° oblique angles, respectively (27°—NP and 45°—NP).
A similar trend is observed from the heat transfer and pressure drop performance of
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Table 2.7 Comparison of convective heat transfer areas for microchannel heat sinks

Total heat
Oblique | Fin pitch | Oblique fin Finarea |Un-finned | transfer
Configuration | angle (°) | (um) perimeter (pm) | (mm?) area (mm?) | area (mm?)
Con-100 - - - 609.5 90.6 700.1
27°—NP’ 26.3 405 976.6 718.7 107.5 826.2
45°—NP’ 45.0 400 919.8 635.6 98.1 733.7
Con-200 - - - 354.0 80.8 434.8
27°—NP 27.1 783 1,956.9 409.1 102.8 511.9
45°—NP 45.0 800 1,864.8 406.4 93.6 500.0
15°—LP 14.9 1,502 3,718.2 441.6 100.5 542.1
27°—LP 26.3 1,536 3,476.4 359.1 92.4 451.5
45°—SP 45.0 400 1,059.3 464.5 107.8 572.3
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Fig. 2.52 Comparison of (a) average Nusselt number, (b) pressure drop for microchannel heat
sinks with different oblique angles (100 pm nominal channel width and 400 pm nominal fin pitch)

this group, as displayed in Fig. 2.53 in comparison to the first group, which has
100 pm nominal channel width. Both Con-200 and 45°—NP result in comparable
average Nusselt numbers and pressure drop for Reynolds number up to 1,000, while
that of 27°—NP is consistently higher. This again indicates that smaller oblique
angle is better for heat transfer enhancement. The gradient for 45°—NP in the aver-
age Nusselt number increases beyond Re 1,000, suggesting that this configuration
can be more effective in heat transfer for higher Reynolds number.

From the assessment employing multiple microchannel groups, it is consistently
demonstrated that a smaller oblique angle contributes to higher heat transfer perfor-
mance, with a generally higher pressure drop. The smaller oblique angle results in
lesser flow resistance than the larger oblique angle. Similar to liquid flow through a
bend, loss coefficient increases for sharper bend as area of flow separation becomes
extensive [23]. Thus, a smaller oblique angle helps to translate the diffusive oblique
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Fig. 2.53 Comparison of (a) average Nusselt number, (b) pressure drop for microchannel heat
sinks with different oblique angles (200 pm nominal channel width and 800 pm nominal fin pitch)

channel into a smoother and smaller flow area expansion from the main channel.
This can help to reduce the boundary layer separation that occurs in the oblique
channel and increase the secondary flow generation. However, one should be aware
that for a smaller oblique angle with similar fin pitch, oblique fins will become thin-
ner, and this might compromise the structural integrity. In fact, the author has strug-
gled to fabricate the enhanced microchannel heat sinks with 15° oblique angle
through mechanical wafer cutting.

2.5.3.2 The Effect of Oblique Fin Pitch Variation

The impact of oblique fin pitch variation to the enhanced microchannel performance
is evaluated in two groups of microchannel heat sinks, with 200 pm nominal chan-
nel width, by varying the oblique fin pitch while other parameters including oblique
angle are fixed. The first group of microchannel heat sinks includes a conventional
microchannel (Con-200) and two enhanced microchannel heat sinks (both have 27°
oblique angle) with 800 and 1,500 pm fin pitches, respectively (27°—NP and 27°—LP).
The second group of microchannel heat sinks for comparison comprises of conven-
tional microchannel (Con-200) and two enhanced microchannel heat sink (both
have 45° oblique angle), with 400 and 800 pm fin pitch (45°—SP and 45°—NP).
The experimental heat transfer and pressure drop findings of the first group is pre-
sented in Fig. 2.54. The average Nusselt number is the highest for 27°—NP fol-
lowed by 27°—LP while that of Con-200 is the lowest. It also suggests that the
maximum temperature is lower than conventional microchannel. On the other hand,
the pressure drop for 27°—NP is the highest while both 27°—LP and Con-200 dis-
play comparable pressure drop. This indicates that shorter fin pitch is beneficial for
the heat transfer but incurs some pressure drop penalty.
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Fig. 2.54 Comparison of (a) average Nusselt number, (b) pressure drop for microchannel heat
sinks (200 pm nominal channel width and 27° oblique angle) with different fin pitches

2.5.3.3 Overall Performance Comparison

Besides evaluating the heat transfer of microchannel heat sinks to the Reynolds
number, the total thermal resistance of the individual heat sink is always compared
between each other under the constant pressure drop and, also, pump power con-
straint, in the selection process to determine the best performing heat sink that meets
the operating constraints. Figure 2.55 demonstrates the comparison of total thermal
resistances of various microchannel heat sinks under the constraint of pressure drop.
Among all the heat sinks tested, the enhanced microchannel with 100 pm channel
width and 27° oblique channel (27°—NP’) achieves the lowest total thermal resis-
tance at the lowest pressure drop. This observation demonstrates the effectiveness
of the enhanced microchannel through the integration of smaller channel size
(hydraulic diameter) that has large surface area-to-volume ratio with short sectional
oblique fins. For instance, the pressure drop that is required to achieve 0.119 °C/W
employing conventional microchannel (Con-100) can be reduced by ~55 % (from
45 to 25 kPa) by adopting the enhanced microchannel (27°—NP”).

A similar trend is observed for microchannel heat sinks with 200 pm nominal
channel width. 45°—SP and 15°—LP are the two microchannel configurations that
record the lowest total thermal resistance, in comparison to other microchannel heat
sinks with 200 pm nominal channel width. This finding also points out the effective-
ness of a smaller fin pitch and a smaller oblique angle in enhancing heat transfer
performance. More importantly, these configurations perform better than conven-
tional microchannel heat sink with 100 pm nominal channel width at the similar
pressure drop. By incorporating sectional oblique fins, both channel width and fin
width of a microchannel heat sink can be relaxed, allowing a much simpler, and
economical, fabrication process.

On the other hand, Fig. 2.56 compares the total thermal resistances to the pump
power requirement. In this context, pump power is computed as the product of volu-
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metric flow rate and pressure drop across the microchannel heat sink. Through this
comparison, it is clear that enhanced microchannel heat sinks with 100 pm nominal
channel width dominate those with 200 pum nominal channel width as the latter
require much higher volumetric flow rate to achieve a comparable heat transfer
performance. However, it is found that some enhanced microchannel heat sinks
with 200 pum nominal channel width, for instance, 45°—SP and 15°—LP, can per-
form as well as conventional microchannel heat sink with 100 pm nominal channel
width. This parametric study provides alternatives for the further performance
improvement of larger size channel, should the fabrication present a constraint on
the minimum channel size. In summary, the heat transfer of microchannel heat sinks
can be ranked as follows under constant pressure drop or pump power constraint:

27°—NP’>45°—NP’' >Con-100, 45°—SP and 15°—LP>27°—NP>27°—
LP>45°—NP>Con-200

2.6 Hotspot Mitigation with Oblique Fin
Microchannel Heat Sink

It has been demonstrated in the previous sections that enhanced microchannel with
oblique fins can be employed to improve the heat transfer performance of micro-
channel heat sink under uniform heating conditions. However, it is desirable to pro-
pose a thermal management technique that can cater for highly non-uniform heat
flux dissipation, which has become the trend of advanced electronics. This section
examines the effect of selectively varying the oblique fin pitch in the microchannel
heat sink. Numerical simulation shows that denser oblique fin cluster promotes
higher occurrence of boundary layer redevelopment and secondary flow generation,
resulting in local heat transfer enhancement, without the penalty of increased pres-
sure drop. Subsequently, experimental investigation with two hotspot conditions is
conducted to demonstrate and validate the feasibility of this concept.

2.6.1 Hotspot Mitigation Concept with Oblique Fins

There is an urgent requirement to introduce a new thermal management technique
to cope with the hotspots on electronic devices, as the conventional cooling schemes,
which are designed for uniform heat flux dissipation, are not effective in cooling
hotspots [31]. Thus, this section explores the feasibility of adapting enhanced
microchannel heat sink, with oblique fin, for electronic hotspot mitigation [32].
It would be interesting to examine the effect of selectively varying the oblique fin
pitch based on the local heat flux level to control the occurrence of boundary layer
redevelopment and secondary flow generation, which in turn tailor the required
local heat transfer performance. This idea is inspired by Sui et al. [28], who pro-
posed to vary the waviness of wavy channel based on local heat flux level to tailor
the chaotic advection in the wavy channel.
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Shorter fin pitch leads to closely packed oblique fins and channels, where
thermal boundary layer redevelopment and secondary flow generation would occur
at higher frequency. Consequently, local heat transfer performance can be greatly
enhanced. In contrast, longer fin pitch reduces the number of oblique fin, as well as
the associated heat transfer enhancement. The combination of these features turns
out to be ideal for hotspot thermal management, where denser oblique fin cluster
provides effective heat removal for the extreme high heat flux, while sparser oblique
fin cluster dissipates the background heat flux without overcooling the chip.
A potential embodiment of variable pitch oblique finned microchannel heat sink is
shown in Fig. 2.57. In addition, variable pitch oblique finned microchannel heat
sink is expected to be effective especially for multiple hotspot configuration, where
the denser fin clusters can be positioned directly on top of the hotspots without
affecting the oblique fin characteristics in the neighbouring cluster.

2.6.2 Experimental Set-Up and Procedure

Two hotspot scenarios are considered in this experimental investigation; the first has
a single hotspot at the centre of the thermal test chip, while the second has multiple
hotspots over the entire chip. Three different heat sink designs, namely, conven-
tional, constant pitch oblique finned and variable pitch oblique finned microchannel
heat sink, are evaluated for their heat dissipating performance.

A similar experimental set-up that was employed in the study for enhanced micro-
channel heat sink with silicon thermal test chips in Sect. 2.4.1 is adopted for the inves-
tigation of electronic hotspot mitigation. An additional DC power supply and the
associate current (power) measuring components (shunt resistor, voltage meter, etc.)
are required to enable different level of heat supply into thermal test chip, to emulate
the hotspot scenario. In these experiments, thermal test chips are supplied with two
different heat fluxes: a background heat flux at the lower magnitude for most of the chip
area and a significantly higher hotspot heat flux for small area of the chip area.
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Two hotspot scenarios are considered in this experimental investigation; the first
has a single hotspot at the centre of the thermal test chip, and the second has mul-
tiple hotspots over the entire chip. The same conventional microchannel and
enhanced microchannel, with uniform fin pitch, are used for both experimental
conditions. Separate enhanced microchannels with variable fin pitch are fabricated
to tackle different hotspot conditions with local heat transfer performance tailoring.
A cluster of oblique fins, with finer fin pitch, are placed on top of each hotspot with
the intention of increasing both heat transfer area and cooling capability. The design
for enhanced microchannel heat sinks with variable fin pitch is illustrated in
Fig. 2.58a, b, where the red patches represent the location of the hotspot on the
thermal test chip and the corresponding fin structure. Figure 2.59a, b shows the
actual test vehicles of enhanced microchannel heat sinks with variable fin pitch.

Fig. 2.58 Heat sink design for enhanced microchannel with variable fin pitch for (a) single
hotspot condition and (b) multiple hotspot condition [32]

fin cluster for
hot spot region

Finer oblique

fin cluster for

hot spot region = i
baic h Finer oblique

Fig. 2.59 Actual test vehicle for enhanced microchannel heat sink with variable fin pitch for (a)
single hotspot and (b) multiple hotspots [32]
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All the heat sinks are fabricated using laser machining, as the conventional fab-
rication methods such as wire cut and saw dicing are not able to produce oblique
channel/fin at different pitch within a heat sink. Some important process parameters
or settings for the laser machining are documented in Table 2.8.

The critical geometries are then measured with 3D profiler, and the data are tabu-
lated in Table 2.9. Each characteristic is computed as an average value of 6 measure-
ments across the heat sink. Furthermore, the fin channel profile in Fig. 2.60 shows
that the channels are tapered at the bottom, as a result of the naturally pointed profile
of a laser beam. Triangular channels are thus created instead of the rectangular
channels achieved for the previous test vehicles. For a fair comparison, main chan-
nel width, fin width, oblique channel width, oblique channel angle and aspect ratio
of different heat sinks are kept at a comparable range. The average roughness of the
machined surfaces is measured at 0.91 pm.

Table 2.8 Process Characteristic

paIarr}eFers fqr laser Laser type Nd: YAG

machining microchannel

heat sinks Laser power 150 pJ
Laser frequency 40 kHz
Wavelength 355 nm
Scanning lens F-Theta
Travel speed 300 mm/s

Number of pass 40

Table 2.9 Dimensional details of test pieces used in the experiment [32]

Enhanced Enhanced
Enhanced microchannel | microchannel
microchannel | (variable fin | (variable fin
Conventional | (uniform fin | pitch—single | pitch—multiple

Characteristic microchannel | pitch) hotspot) hotspots)
Material Silicon

Footprint, width xlength (mm?) | 12.7x12.7

Number of fin row, N 61

Main channel width, w, (pm) 102 100 105 94
Fin width, w,, (pm) 97 96 101 101
Channel depth, H (pm) 306 300 312 328
Aspect ratio, a 3.0 3.0 2.97 3.49
Oblique channel width, w,;, (nm) | — 65 63 59
Fin pitch, p; (pm) - 799 782 762
Fin length, /; (pm) - 636 650 642
Fin pitch, p; (pm) - - 388 386
Fin length, /; (pm) - - 252 271

26.7 26.8 27.4

Oblique angel, 6 (°)
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Fig. 2.60 Fin channel profile captured with 3D profiler [32]

A similar experimental procedure, as stated in Sect. 2.4.1, is adopted in this
study. Total coolant flow rate across the heat sink is fixed at 200 mL/min for all the
experimental runs, which corresponds to the Reynolds number of ~600. The back-
ground heat flux of the thermal test chip is set as 85 W/cm?2. On the other hand,
hotspot heat flux for the single hotspot scenario is tuned to 400 W/cm?, while that of
the multiple hotspot scenario is at 300 W/cm?.

The significant difference in the heat flux level between hotspots and remaining
chip area would result in severe heat flux redistribution. 3D conduction occurs for
the discrete heat fluxes applied at the bottom of chip towards the channel wall of the
liquid passages. Unfortunately, local heat flux distribution at the channel wall is not
measurable in the current experiment. Without this critical information, computa-
tion of local Nusselt number would be baseless. Due to this limitation, the discus-
sion of the results is restricted to overall temperature contour, maximum temperature,
temperature gradient and pressure drop across the heat sinks. Pressure drop across
the microchannel heat sinks is reduced according to the method stated in Sect. 2.2.1.

2.6.3 Hotspot Scenarios

In this section, the experimental results of heat sink performance under single
hotspot scenario are first discussed, followed by the findings of heat sink under
multiple hotspot condition.

2.6.3.1 Single Hotspot Scenario

Comparisons between the maximum temperatures for the three heat sinks in
Fig. 2.61 show that both enhanced microchannel heat sinks reduce the maximum
chip temperature significantly. The maximum temperature of thermal test chip with
conventional microchannel heat sink is at 77.6 °C, while that of the enhanced
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Fig. 2.61 Comparison of maximum chip temperature and temperature gradient for microchannel
heat sinks [32]

microchannel with uniform fin pitch and variable fin pitch is reduced to 68.9 °C
(8.7 °C reduction) and 64.0 °C (13.6 °C reduction), respectively. This shows that
effective hotspot suppression can be achieved by employing sectional oblique fins.
In the uniform oblique fin pitch configuration, the combined effect of thermal
boundary layer redevelopment and secondary flow generation results in greater con-
vective heat transfer performance, which lowers the chip temperature. On the other
hand, variable oblique fin pitch configuration provides the opportunity to further
improve the heat transfer performance locally on the hotspot. In addition to increas-
ing the heat transfer area, clustering oblique fins with finer fin pitch leads to higher
occurrence of thermal boundary layer redevelopment and secondary flow genera-
tion, which further elevates the heat transfer performance of the region. As a result,
the maximum temperature of the hotspot is further lowered.

A similar trend is observed for the temperature gradient of thermal test chips.
This is defined as the difference between local maximum and minimum temperature
of the test chip, chip temperature gradient employing conventional microchannel
heat sink, enhanced microchannel heat sink with uniform fin pitch and enhanced
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microchannel heat sink with variable fin pitch, 44.5, 37.6 and 32.6 °C, respectively.
The reduction in temperature gradient occurs as a result of significantly lower maxi-
mum chip temperature for the enhanced microchannel heat sinks. By achieving the
lowest maximum chip temperature and temperature gradient among three cooling
techniques, the enhanced microchannel heat sink with variable fin pitch demon-
strates its capability as an effective solution in electronic hotspot mitigation by flex-
ibly adapting to the heating condition.

Figure 2.62a—c illustrates the detailed chip temperature distribution for each sili-
con chip based on the temperature measured from all 25 temperature sensors (in
5x5 grid array) within the thermal test chip. Generally, hotspots with maximum
temperatures occur at the centre of the thermal test chip, where the hotspot heat flux
(400 W/cm?) is significantly higher than the background heat flux (85 W/cm?). As
discussed, conventional microchannel heat sink results in the highest hotspot tem-
perature followed by enhanced microchannel with uniform fin pitch and enhanced
microchannel with variable fin pitch. Beyond the hotspot, chip temperature is
reduced but the region located downstream to the hotspot tends to have higher tem-
perature compared to its surrounding at the same axial distance due to the larger
sensible heat gain as coolant travels past the hotspot. In addition, it is noticed that
the temperature contour is rather “squarish” in shape, possibly due to the limited 25
data points available in square grid array.

At a similar background heat flux at 85 W/cm?, the enhanced microchannel
heat sink with uniform fin pitch lowers the temperature of the entire chip by at
least 5 °C compared with conventional microchannels. The heat transfer augmen-
tation, brought forth by the oblique fins/channels, is uniform across the test chip.
A temperature spike at the hotspot is also milder for enhanced microchannel,
where the temperature difference between the hotspot and the surroundings is
reduced. As for the enhanced microchannel with variable fin pitch, chip tempera-
ture for regions under the background heat flux is maintained at an almost identi-
cal value of the enhanced microchannel with uniform fin pitch, while the maximum
temperature at the hotspot is further reduced leading to a much more uniform
temperature contour. Such design not only suppresses electronic hotspot but also
avoids the overcooling of remaining chip area, which is the critical criterion of a
hotspot mitigation scheme [31]. If oblique fins with finer fin pitch are laid across
the entire heat sink, it is highly possible that maximum hotspot temperature would
remain the same while both temperature gradient and pressure drop across the
heat sink will be increased.

Examining pressure drop across the microchannel heat sinks shows that pressure
drop for conventional microchannel is the lowest among the threes. Although the
pressure drop for both enhanced microchannel is higher, the difference is not sig-
nificant. From Fig. 2.63, the pressure drop for both enhanced microchannel heat
sinks is about 10-20 % higher than that of the conventional microchannel. This
shows that by adopting an effective thermal management scheme, heat transfer per-
formance can be augmented significantly, with affordable pressure drop penalty.
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Fig. 2.62 Temperature distribution for single hotspot scenario for (a) conventional microchannel,
(b) enhanced microchannel with uniform fin pitch, and (c¢) enhanced microchannel with variable
fin pitch [32]



2.6 Hotspot Mitigation with Oblique Fin Microchannel Heat Sink 79

160

140

120

100

0]
o

Pressure drop (kPa)
]

N
o

20
0
conventional Enhanced Enhanced
microchannel microchannel with  microchannel with
uniform fin pitch variable fin pitch

Fig. 2.63 Comparison of pressure drop across microchannel heat sinks [32]

2.6.3.2 Multiple Hotspot Scenario

A total of five hotspots, each dissipating 300 W/cm? heat flux, are emulated on the
thermal test chip, with a background heat flux of 85 W/cm?. The hotspots are posi-
tioned on the chip as illustrated in Fig. 2.59b, with two of hotspots placed adjacent
to each other. As a result, the temperature contour of the thermal test chip becomes
more complex compared to the single hotspot scenario. Figure 2.64a illustrates the
temperature distribution of the chip with conventional microchannel heat sink under
the multiple hotspot scenario. The occurrence of multiple hotspots in the chip
changes the chip temperature contour completely. Despite showing a general trend
of progressive temperature increment in the axial direction, temperature spike at
each hotspot is clearly observed. The maximum hotspot temperature can be as high
as 75 °C, and the temperature spike at the hotspots is generally 20-25 °C hotter than
the surrounding area that is just a few millimetres away. Such a high temperature
gradient within a short distance in electronic chip is highly undesirable as it exerts
additional thermal stress to the chip. This situation seems unavoidable as multiple
functional modules with different level of power consumption being packed within
a small chip as the industry move towards “more-than-Moore” technologies [33].
Nevertheless, this condition can be improved by adopting the better thermal
management scheme. Figure 2.64b illustrates the temperature distribution of the
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thermal test chip employing the obliquely finned microchannel heat sink with uni-
form fin pitch. Significant drop in temperature is observed across the entire chip,
especially the hotspot region. A comparison between the temperature distributions
for both heat sinks also shows that the enhanced microchannel heat sink is more
effective in relieving the hotspot situation at the downstream of the heat sink. The
magnitude of temperature reduction for hotspots at the upstream of the heat sink is
~5 °C, while that for the downstream of the heat sink can be larger than 10 °C. This
can be attributed to the unique feature of the enhanced microchannel heat sink in
maintaining a uniform heat transfer performance in the axial direction. While heat
transfer performance deteriorates in the axial performance for a conventional micro-
channel, the enhanced microchannel exhibits the higher, yet uniform, heat transfer
coefficient owing to the thermal boundary layer redevelopment and secondary flow
generation that occur throughout the heat sink. This combined effect creates a con-
stantly renewed flow field that is beneficial, especially for easing off the hotspots
downstream of the heat sink.

Figure 2.64c, on the other hand, displays the temperature contour of a chip
employing the enhanced microchannel heat sink with variable pitch. The tempera-
tures are generally similar to that of the enhanced microchannel with uniform fin
pitch except the hotspots, where the temperatures are further lowered. By adopting
finer fin pitch for hotspots and coarser fin pitch for other regions with lower back-
ground heat flux, the heat sink performance can be tailored based on the heat flux
level. Thus, the region with the higher heat flux dissipation will always have the
higher heat removal capability and lower hotspot temperature, regardless of its loca-
tion on the chip. As a result, a much more uniform temperature distribution can be
created across the entire chip with this performance tailoring technique, rendering it
as an effective thermal management scheme for electronics with hotspots.

For a hotspot mitigation scheme to be successful, the hotspot suppressing feature
must be placed close to the hotspot. Thus, it is most effective if variable pitch
oblique finned microchannel heat sink is integrated onto the silicon chip. A separate
heat sink on a device with hotspots will see its advantage of local heat transfer per-
formance tailoring be neutralized by the spreading and contact resistances.

The comparison for the maximum temperature and temperature gradient of the
chips with different heat sinks is shown in Figure 2.65, which clearly demonstrates
the reduction in maximum temperature and temperature gradient of the chip from
conventional microchannel to enhanced microchannel with uniform fin pitch and
variable fin pitch.

Figure 2.66 displays the pressure drop across the microchannel heat sinks for the
multiple hotspot scenario where similar trend is observed compared with the single
hotspot experimental condition. Conventional microchannel heat sink records the
lowest pressure drop among the three, while that of the enhanced microchannel heat
sinks are 10-20 % higher.
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Fig. 2.65 Comparison of maximum chip temperature and temperature gradient for microchannel
heat sinks [32]
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