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Abstract. The micro-pin-fin heat sink with checkerboard nozzles has shown its
ultra-high flux heat transfer capability, which has the potential to solve the criti-
cal problem for VLSI technology. In this paper, a numerical simulation analysis
is carried out on the morphologic design, geometric parameters, and operating
conditions. The calculation models on the cylinder, cone, round table, and bullet
micro-pin-fins are established. The heat transfer performance of each morphologic
structure is analyzed. The calculation results show that the pressure drop of the
morphologic structure of the cylinder is small, but the eddy current also limits the
heat transfer effect. It has obvious advantages when the truncated cone morphol-
ogy is applied to the heat exchange unit. The pressure drop is only 5011.26 Pa,
while the thermal resistance can be as low as 1.39 x 10 Km?2/W.
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1 Introduction

With the continuous development of electronic chips, the production of chips with higher
precision and higher integration has become the focus of global development. With the
continuous improvement of transistor integration, the thermal density of high-speed
electronic devices has reached 5 ~ 10 MW/m? [1], and heat dissipation has become the
main problem to be solved in its development. It has become an inevitable trend for
microchannel heat exchangers to replace traditional heat exchange devices. Common
cooling techniques include heat pipe cooling [2], phase change cooling [3], single-phase
air cooling and liquid cooling [4], nozzle jets [5], and microchannels [6]. Among them,
micro-channel heat dissipation is more suitable for micro-scale chips, which comple-
ments its advantages of energy saving, excellent heat transfer performance, and broad
research potential.
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However, the thermal boundary layer will gradually thicken after the fluid flows too
long along the microchannels [7], significantly affecting heat transfer. With the devel-
opment of the research on the heat sink structure, the micro-pin-fin with checkerboard
nozzles has been verified as a potential heat transfer structure. Ju et al. [8] adopted
a checkerboard nozzle-jet/manifold/micro-pin-fin composite heat sink. Shi et al. [9]
proved that the square topology with a cylindrical pin-fin structure has better heat transfer
performance by changing the nozzle distribution in the heat sink structure.

However, there is still a problem if the morphologic design of micro-pin-fins influ-
ences the heat sink performance. Although the morphologic design is discussed in many
papers concerning micro-pin-fin heat sinks, it is totally different when the micro-pin-fins
are under the array of impinging jets. Based on the micro-pin-fin structure with square
cross-sections, the heat transfer unit of the cylindrical, conical, truncated, and bullet
micro-pin-fins are simulated. The geometric and operating parameters are analyzed to
achieve better thermal and hydrodynamic performance.

2 Geometric and Numerical Models

2.1 Geometric Model

Four different morphologies are proposed based on the different micro-pin-fin shapes in
the vertical direction, as shown in Fig. 1. Among them, each micro-pin-fin is of the same
height and volume. Different models were established by changing the shape of micro-
pin-fins on the longitudinal section. Thus the thermal and hydrodynamic performances
are explored as follows.

Casel: cylindrical pin-fin structure

Case2: conical pin-fin structure

Case3: circular truncated pin-fin structure

Case4: the bullet-shaped pin-fin structure is a rotating body of the power function y =

aX2.

In order to facilitate the comparative analysis of heat exchange structures with similar
morphologies, the same element model is used for division. The unit model height H;,,
of the basic example is 750 pm, which is composed of the base layer H},, the micro-pin-
fin layer Hpy, the cover layer Hc and the nozzle layer H,. The following formula can
obtain:

Hip = Hp + pr +H, + H, (L

Table 1 shows the geometric parameters and operating conditions of the basic model.
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Table 1. Basic geometric parameters and operating conditions of four different models.

Geometric parameters Symbol |Case A |CaseB |CaseC Case D
Heat sink width (cm) Wehip 2 2 2 2
Substrate height (jum) Hy 100 100 100 100
Cover height (nwm) H¢ 100 100 100 100
Micro-pin-fin shape Q Cylinder | Conical | Truncated | Bullet
Micro-pin-fin bottom diameter (um) | Dpf 86.6 150 122.48 122.48
Micro-pin-fin height (jum) Hpt 250 250 250 250
Micro-pin-fin volume (jum?) Vot 1472535 | 1472622 | 1472604 | 1472754
Nozzle diameter (jum) Dy 50 50 50 50
Inlet velocity (m/s) Vin 0.75 0.75 0.75 0.75
Inlet temperature (K) Tin 293.15 293.15 293.15 293.15

2.2 Numerical Models
2.2.1 Unit Model

The morphology design of the heat exchange unit is repeatable on the two-dimensional
plane, and this paper is applied to the heat sink of 2 cm*2 cm to dissipate heat. Rect-
angular columnar units are used, and each unit is a rectangular columnar model of

110 pm*110 wm*750 pwm.

Velocity Inlet (5)

Pressure

J Outlet

Inlet e Outl
Nozzle utlet
Nozzle

(b)

Inflow
of
Coolant

Micro-
channel

Micro

N
«—  Pin-Fin

Constant Heat Flow q = 100W/cm?

Fig. 1. Schematic representation of the model structure of the heat exchange unit with four micro-
pin-fin arrangements. (a) Case A: Cylindrical pin-fins; (b) Case B: Conical pin-fins; (c) Case C:
Truncated pin-fins; (d) Case D: Bullet-shaped pin-fins
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2.2.2 Governing Equations
According to Ref. [10], when Re < 1000,1000 < Re < 3000, and Re > 3000, the fluid is
in laminar, semi-turbulent, and fully turbulent flow for impinging jets, correspondingly.
The Reynolds number Re is defined by

Re = £ 2

v

As the Re in the initial design is 41.806, the flow is in laminar flow. The presence
of turbulence creates vortices in the flow region, which in turn enhances the convective
heat transfer.

The computational model in this paper is a steady-state adiabatic model without
external heat exchange. The coolant is incompressible laminar flow. The fluid-solid-
liquid coupling equations are solved by the governing equations, which are the continuity
equation, the momentum equation, and the energy equation, as Ref. [4]. The boundary
conditions are:

Heating Boundaries:

—,\(%) — 100W /cm? 3)
Adiabatic Boundary:
—is(3) =0 @)
Solid-liquid coupling surface
—,\(%) = hy(Tf = To) — ¢ (%) (5)

Among them, A, indicates the thermal conductivity of the solid; Ty and T Indicate
the temperatures in the solid and liquid regions, correspondingly.

The above governing equations are solved iteratively using the SIMPLE algorithm.
The residuals of each governing equation are 107, 10~ and 1078,

According to the mesh independence requirement, we tested three mesh structures.
The deviation of pressure drop from Mesh 1 to Mesh 2 is 2.69%. The deviation of
pressure drop from Mesh 2 to Mesh 3 is 1.1%. The temperature deviations are all below
0.08%. Thus, Mesh 2 is used for calculation.

3 Results and Discussions

In this section, the effects of constant and variable flow rates in a heat exchange unit com-
posed of four different micro-pin-fin are investigated by numerical simulation methods
and the corresponding optimization results.
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3.1 Heat Transfer and Fluid Flow

This section analyzes the flow and heat transfer characteristics of four basic examples of
heat transfer elements with different micro-pin-fin structures. In this case, the diameter
of the nozzle and the micro-pin-fins are at fixed values, and the volumes of micro-pin
fins are all created equal. The structural differences of the heat exchange units are mainly
reflected in the flow line, flow velocity, temperature, and pressure. Figure 2 shows the
velocity distribution and streamline diagrams with four different micro-pin-fin structures.
The streamlines of the four models are mainly divided into two directions. One is the
flow in the vertical direction of the entrance and exit. Another is the horizontal flow
within the microchannel. The streamline of Case A is concentrated in the lower half.

Figure 3 shows the temperature distributions for the four structures. The high-speed
jet impacts the thermal boundary layer on the bottom surface, which makes the local
thermal boundary layer thinner, increases the temperature gradient, and facilitates heat
transfer. The thickness of the thermal boundary layer gradually increases along the
direction of cooling liquid flow. The thickest thermal boundary layer is at the hysteresis
point below the exit nozzle. Case A and C have sufficient temperature differences and
heat exchange areas in the microchannel, and the heat exchange effect is good. Because
the bottom boundary layer is too thick and the heat exchange area is small, the base
temperature of Case B and Case D is relatively high, and the heat exchange effect is
poor. When the flow rate was 0.045 L/min, the maximum temperatures of the substrates
of Case A and Case C were 307.14 K and 307.05 K, which were 3.07 K and 2.1 K lower
than that of Case B and Case D, respectively.

@

s, (@) ] (®) |

Fig. 2. Distribution of streamlines along the flow direction. (a) Case A: Cylindrical pin-fins; (b)
Case B: Conical pin-fins; (c) Case C: Truncated pin-fins; (d) Case D: Bullet-shaped pin-fins
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Fig. 3. Temperature profiles along the flow direction. (a) Case A: Cylindrical pin-fins; (b) Case
B: Conical pin-fins; (c) Case C: Truncated pin-fins; (d) Case D: Bullet-shaped pin-fins
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Figure 4 shows the pressure changes of the heat exchange units with four different
structures in the above calculation example. The pressure drop is mainly generated in
the nozzle section, while the pressure drop in the microchannel section is lower. From
Fig. 4, we see that Case A has a small pressure drop in the microchannel. The remaining
three have higher pressure drops within the microchannel. The resulting pressure drop
is proportional to the pump work consumed by the system. When the flow rate is 0.045
L/min, the pressure drops of Case A to D are 4824.57 Pa, 5013.23 Pa, 4829.62 Pa, and
4857.31 Pa, respectively, that is, the external power consumed by the conical micro-pin-
fin structure for heat exchange most.

The local convective heat transfer coefficients of the heat exchange unit models along
the microchannel direction (Y direction) for the four structures are presented in Fig. 5.
The local convection heat transfer coefficient is defined as:

77— Twy=Try
Y= T awy (6)

Among them, g y is the average heat flow density, 7w  is the average temperature of
the solid region on the solid-liquid coupling surface, and T , corresponds to the average
temperature of the fluid region. The variation of the convective heat transfer coefficient
can be roughly divided into three stages: the inlet nozzle part, the microchannel pin-fin
part,, and the outlet nozzle part. The high-speed jet improves the heat transfer at the
nozzle inlet, resulting in the highest point of convective heat transfer coefficient and
the hysteresis point. In the wall-jet region, the coolant flows into the microchannel,
and the impingement of the jet decreases. Thus, the convective heat transfer coefficient
decreases. The heat transfer of the nozzle exit section is mainly influenced by the micro-
pin-fins. This leads to a second hysteresis point in the nozzle exit section. The addition
of the micro-pin-fin allows the coolant to maintain a high level of heat transfer over a
wide range during flow.

Figure 6 shows the variation of heat transfer coefficient along the vertical Z direction.
Thanks to the high-speed wall-jet, the coolant maintains a large convective heat transfer
coefficient while flowing through the bottom. As the coolant flows to the outlet nozzle,
the influence of the high-speed jet is continuously weakened. Referring to Fig. 2, it can
be concluded that the convective heat transfer coefficient remains consistently low level
because the coolant flows through Case A with less eddy intensity. Compared to Case
A, the bottom flow space of Case B to D is smaller, while the top flow space is larger.
Consequently, the convective heat transfer coefficients along the Z-axis in Case B to
D increase sharply and are used to compensate for the lower heat exchange due to the
lower convective heat transfer coefficient at the bottom.

Figure 7 shows the variation of temperature non-uniformity of heat exchange units
with four different structures. To quantify the temperature uniformity, the temperature
uniformity index Ur is defined as:

LT Tagldn

Ur T TovedA )

Among them, T and T, represent the local temperature and the averaged tem-
perature of the underlying surface. Therefore, the uniformity index is lower when the
temperature distribution of the heating surface is more uniform. From Fig. 7, we can see
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Fig. 4. Pressure contours in microchannels. (a) Case A: Cylindrical pin-fins; (b) Case B: Conical
pin-fins; (c) Case C: Truncated pin-fins; (d) Case D: Bullet-shaped pin-fins
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Fig. 7. The effect of temperature unevenness on heat transfer.

that as the flow rate increases, the temperature uniformity index increases, which means
that the temperature uniformity increases as well. Case B has the smallest temperature
non-uniformity. With the same volume, the bottom surface area of Case B is large and
the coolant circulation space is small, thus the thermal conductivity of the bottom sur-
face is better. However, the convective heat transfer effect on the micro-pin-fin surface is
poor, and the heat transfer capability of the high-speed jet on the increased heat transfer
capacity is restricted to be fully exploited.



Optimization and Numerical Investigation of Micro-pin-Fin Structure 153

3.2 Optimization and Comparison of Variable Flow

Figures 8 show the variation of the thermal resistance as well as the pressure drop with
the volume flow rate. The pressure drop increases as the volume flow rate increases
from 0.01 L/min to 0.06 L/min. The total thermal resistance is calculated according to
the following formula, which is:

Ry = T/nax(; Tin (8)

Tnax indicates the maximum temperature of the bottom surface, T, represents the
average surface temperature of the inlet nozzles, and g represents the average heat flow
density. It can be easily seen from the figure that the total thermal resistance shows a
continuous decline as the flow rate increases. However, the increase in pressure drop
reduces the benefit of reducing the total thermal resistance.
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Fig. 8. Trend of total thermal resistance and  Fig. 9. Plot of total thermal resistance versus
pressure drop with increasing volume flow. pressure drop.

To investigate the correlation between flow rate and heat transfer performance, Fig. 9
depicts the relationship between the total thermal resistance and the change in pressure
drop. When the pressure drop is lower than 3000 Pa, Case A has the lowest total thermal
resistance when consuming the same amount of pump work. When the power consump-
tion is 2697.98 Pa, the total thermal resistance is reduced to a minimum of 1.97 x 107>
Km?/W. When the pressure drop is higher than 3000 Pa, Case C has the smallest thermal
resistance under the condition of consuming the same amount of pump work. When the
power consumption is 5016.17 Pa, the total thermal resistance is reduced to a minimum
of 1.39 x 107> Km?/W.

4 Conclusion

This article presents the pros and cons of the morphologic design of the checkerboard
heat sink, including various arrangements of the cylinder, cone, truncated cone, and bullet
micro-pin-fins. By changing the structure of the micro-pin-fin and its operating flow rate,
this paper assesses its flow and heat transfer performance using thermal resistance and
pressure drop, combined with an analysis of the local convective heat transfer coefficient
to assist in optimisation. The specific conclusions are as follows.



154

H.Lv et al.

The cylindrical and circular truncated arrangement has superior heat exchange per-
formance and flow properties at the same volume flow rate and the same micro-pin-fin
volume.

From the point of view of internal flow, the existence of eddy currents is beneficial
to convective heat transfer. Therefore, developing eddy current controllability can
be used to enhance heat transfer.
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