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ABSTRACT

The increasing demand for a more powerful microchip has projected power
dissipation for high performance processor up to 300 Watts in 2018. With the
dimensions expected to remain at 310 mm’, the heat density approaches the limit
of conventional cooling methods. Microjet impingement cooling is a potential
solution for the thermal management of these high performance microchips. This
study looks into the numerical simulation of microjet arrays impinging with
nozzle diameter ranging from 40 um to 76 um. Simulation results show the ability
of a single-jet with 76 um diameter nozzle in cooling the microchip dissipating 4.3
Watts of heat flux over a 1 cm? area. For multiple jets array, simulation results
show that it is capable of achieving very low average surface temperature. It has
also identified the problem associated with the increased number of jets due to the
cross flow between the jets. It is found that multiple jets have better performance
than the single jet even though the flowrate per jet is much lower.
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1.0 INTRODUCTION

According to the International Technology Roadmap for Semiconductors (ITRS),
the increasing demand in recent years for a more powerful microchip has
projected an increase in power dissipation from 149 Watts in 2003 to 300 Watts in
2018. Figure 1 shows this projected power dissipation for high performance
processors [1].

Although the power dissipation is increasing, the dimensions of the processor
are predicted to remain at 310 mm? and the junction temperature at 85 °C [1]. As
more transistors are to be fitted into the microchip, the heat density will increase.
With extra heat generated at localized hotspots, the extraordinary high heat
dissipation at hotspots will cause a sharp increase of the local temperature, which
will damage the microchip. The finned and metallic heat sink can remove heat
from the hot surface uniformly, but the extra heat from the hotspots will not be
removed efficiently.
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Figure 1: Power trend for a high performance processor

In the last three decades, numerous studies on macro jet impingement cooling
have been done [2-5]. However, the studies were limited to macro scale impinging
jets on the application such as the cooling of aircraft engines, automobile engines,
and turbine blades. For these applications, the jet is impinging on the hot surface
with a high velocity with a large nozzle size and wide gap between the nozzle and
the surface to be cooled. As the velocity is high and the space between the nozzles
and the surface is large, it is not applicable to the cooling of microchip. The high
velocity of the jet directly impinging on the silicon chip surface will cause chip
corrosion. Besides, with the high flow rate associated with a high velocity and a
large nozzle size, a large pump will be required. The large size and noise
generated make it not suitable for most of the applications where microchip
cooling is required.

The study on microjet arrays has just begun in the recent years. The high heat
transfer coefficient made it excellent in removing excessive heat from the
microchip [6-9]. The light and small size of a microjet array enables it to be
directly attached on top of the microchip, and thus eliminates the thermal
resistance associated with finned and metallic heat sink. In situations where the
contact between coolants and microchip is not allowed, a silicon layer is added.

Unlike in macro fluid flow study, the flow pattern in micro scale is hard to be
investigated and examined through an experimental study. To examine the micro
scale fluid flow, precise imaging instrument such as the micro Particle Image
Velocimetry (PIV) imaging system is required. Even with complete
instrumentation, it is not possible to study the cross flow patterns and heat transfer
conditions at the impinging area. With the rapid increase in heat dissipation from
microchip, a faster design cycle is needed. Numerical simulation using
Computational Fluid Dynamics (CFD) code such as FLUENT, FEMLAB, CFD-
ACE, FIDAP, COSMOSFloWorks etc. has made it possible to study microchip
cooling by micro jet impingement.
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2.0 COMPUTATIONAL MODELING

In this study, a commercial package of Computational Fluid Dynamics (CFD),
FLUENT, is utilized to perform the numerical simulation of the heat transfer.
Figure 2 shows a schematic of the actual microjet model. The simulations are done
for a single jet, a 4-jet array, 9-jet array and a 13-jet array with the respective
configurations given in Table 1. Figures 3 and 4 show schematic views with
boundary conditions of the model. In the simulations, water is used as the medium
of heat transfer and the surface of the microchip is made of pure silicon. The
properties of liquid water and silicon are taken at 28.5 °C and 1 atm.
The mass conservation equation used is [10]:-

L +v-(pp)=0 (1)

where p is the density, ¢ the time, and 0 the velocity vector. The first and second
term on the left hand side are the change in density per unit time and the net
inflow per unit time respectively.
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Figure 2: Cross sectional view of a) physical and b) simplified model

The momentum conservation equation used is:-

0/, . - = _
5(pv)+V (pvv): -Vp+V(z')+pg 2)
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with p being the static pressure, 7 is the stress tensor, and g the gravitational

force. The first and second term on the left hand side is the momentum per unit
time passing through fluid element and rate of change of momentum respectively.
The first and second term on the right hand side are the rate of change of static
pressure and rate of change of the stress tensor. pg is the gravitational body

force.
Table 1: Summary of the physical parameters
Nozzle Jet Diameter | Jet Reservoir Chip Size
Length (mm) (um) No. Depth (mm) (mm) Space
0.3 76 1 0.2 11.284 Axisymmetric
0.5 76 1 0.2 11.284 Axisymmetric
0.7 76 1 0.2 11.284 Axisymmetric
0.3 65 1 0.2 11.284 Axisymmetric
0.3 60 1 0.2 11.284 Axisymmetric
0.3 50 1 0.2 11.284 Axisymmetric
0.3 40 1 0.2 11.284 Axisymmetric
0.3 76 1 0.2 10 (edge) 3D
0.3 76 4 0.2 10 (edge) 3D
0.3 76 9 0.2 10 (edge) 3D
0.3 76 13 0.2 10 (edge) 3D
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Figure 3: Simplified model of a single-jet. Inset: cross-sectional view
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Figure 4: Simplified model of a %4 model for a 13-jet microjet array.
Inset: cross-sectional view

The Energy conservation equation used is:-
a = - = .
E(pE)+V -@W(pE+ p))=V -[kqﬁVT - Z hJ, + (reff v)] 3)
7

where is E the energy, T is temperature, k.; the conductivity, s; directional heat
transfer coefficient, and J the specie vector. The first term on the left hand side
describes the rate of change of energy stored within the control volume, the
second and third term are the pressure work and kinetic energy term respectively.
The three terms on the right hand side describe the energy transfer due to
conduction, energy transfer due to species diffusion, and energy transfer due to
viscous dissipation respectively.

The fluid is incompressible Newtonian fluid at steady-state condition with
constant thermophysical properties. Assuming only convection heat transfer
occurring within the adiabatic system, the edge is assumed large enough that back
flow effect is negligible and thermal resistance between the chip and silicon
surface has been neglected. The physical domain of the cooling space is then
discretized into control volumes (meshes) with specified inlet velocity, outlet
pressure, adiabatic wall, and constant heat flux. The momentum equations are first
solved, followed by the continuity and the energy equations.
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3.0 RESULTS AND DISCUSSION

The wall temperature is normalized to the impinging zone temperature [11]. The
profiles for a microchip subjected to 4.3 W and 6.7 W power dissipation for both
simulation and experimental results are shown in Figure 5. The experimental
results by Wang et al. [7] were obtained through temperature measurements on a
microchip surface away from the fluid.
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Figure 5: Normalized local surface temperature for both simulation

and experimental results at power dissipation of 4.3 W
and 6.7 W

In general, the simulation results show a similar trend with the experimental
results. Both yield the lowest temperature at the impinging zone and the increasing
temperatures towards the edge. The measured temperature dropped near the edge
due to the heat loss. The measured temperature profile is not symmetrical with the
temperature on the left hand side being lower than that on the right hand side. This
is because the outlet of the experimental rig by Wang et al. is located at one side
of the model. The presence of wall at the other sides confined the fluid flow in the
lateral direction, therefore causing the unequal flow pattern and heat removal rate.

At the power dissipation of 4.3 W, the experimental result shows 8 °C of
temperature drop at the impinging zone compared to the edge located 5 mm away.
The temperature drop was 12.2 °C for the simulation results. The difference
between the simulation and experimental results is 8.8 % based on the actual
impinging zone temperature of 47.8 °C. For the power dissipation of 6.7 W, the
temperature drops for experimental and simulation results are 12.5 °C and 25.6 °C
respectively. Based on the actual impinging zone temperature of 64 °C, the
difference is 20 %.

Figure 6 shows the velocity contour of a confined submerged jet with inlet
velocity at 7.35 m/s. Upon entering the confined area, the jet diameter continually
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decreases due to the interaction with the fluid inside the confined area. The jet
then impinges on the microchip surface. At the impinging zone, a large pressure
gradient occurred due to the presence of the impinging wall, it causes the fluid
flow to divert. The largest pressure gradient occurred at the stagnation point,
where the fluid velocity is zero.

When leaving the impinging zone, the fluid spread in a radial direction. Due to
the interaction with the fluid in the confined area, the velocity of the fluid
decreases as it propagates. Figure 7 shows the vector plot of the fluid jet.

Figure 6: Velocity contour of a confined submerged jet with inlet velocity
7.35 m/s inset: front view of full scale simulation model

The effects of different parameters towards the performance of a microjet array,
the volumetric flow rate-per-jet, number of jets, total volumetric flowrate, nozzle
length, and nozzle diameter are investigated. The standard model used in the
parametric studies is based on the model used by Wang et al. [7]. The parameters
of the model are summarized in Table 2.

Figure 8 shows the comparison of the normalized average surface heat transfer
coefficient between a single-jet and multiple-jet at different total volumetric
flowrate. For the single-jet, the flowrate-per-jet is increased from 2 ml/min to 26
ml/min, whereas for the multiple-jet, flowrate-per-jet is maintained at 2 ml/min,
but the number of jet is increased to increase the total flowrate. The average
surface heat transfer coefficient is normalized based on the average surface heat
transfer coefficient of a single-jet.
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Figure 7: Velocity Vectors of a confined submerged jet with inlet
velocity 7.35 m/s

Table 2: Parameters of the standard model

Parameters Description

Jet Diameter 76 pm
Number of Jets 1
Nozzle Length 0.3 mm
Volumetric Flowrate 2 ml/min
Power Dissipation 43 W
Surface Area 1 cm?
Reservoir Depth 0.2 mm

The increase in volumetric flowrate from 2 ml/min to 26 ml/min for a single-jet
will increase the average surface heat transfer almost linearly. While the nozzle
diameter remains unchanged, when the volumetric flowrate is increased, the jet
velocity will increase and therefore, increase the heat transfer coefficient. For a
multiple-jet array, the volumetric flow rate of each jet is maintained at 2 ml/min
and the number of jets is increased from a single-jet to 4-jet, 9-jet and 13-jet. The
average heat transfer coefficient increases almost logarithmically with the increase
of jet number. When the jet number increases from a single-jet to 4-jet, the
increment of average heat transfer coefficient is large. However, when the jet
number is increased from 9-jet to 13-jet, the increment is less. It shows that the
presence of multiple-jet in the microjet array will increase the average heat
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transfer coefficient, but will reduce the jet-efficiency for every jet probably due to
cross flow effect.

Dimensionless Heat Transfer Coeff.

—o- Single Jet (2 Dimensional Axisymmetric Model)
-#- Multiple Jets (3 Dimensional Model)

0 5 10 15 20 25 30
Total Volumetric Flowrate, ml/min

Figure 8: Comparison of the normalized average surface heat transfer
coefficient of single-jet and multiple-jet

Comparing the average surface heat transfer coefficient between the single-jet
and multiple-jet array, the average surface heat transfer coefficient for a multiple-
jet is higher than a single-jet at equal total flowrate. Even though increasing the
flowrate-per-jet will yield a higher inlet velocity and produce a better heat transfer
coefficient, the area covered is still relatively small. When a multiple-jet is utilized,
even though with a relatively lower heat transfer coefficient for every jet, more
area is covered and therefore results in a higher heat transfer coefficient on
average. An increase of almost 50 % was observed.

The effect on average surface heat transfer coefficient by the increment of
nozzle length and diameter is shown in Figure 9. When the nozzle length is
increased from 0.3 to 0.5 mm, the average surface heat transfer coefficient
increases but decreases thereafter. It may be due to the increasing frictional force
which reduces the kinetic energy of the fluid and impinging velocity in general.
Therefore, it reduces the average surface heat transfer coefficient. The optimum
nozzle length is found to be 0.55 mm, which yields the average heat transfer
coefficient of 7200 W/m2-K.

The size of the impinging area relies largely on impinging velocity and jet
diameter. When the nozzle diameter is increased from 40 pum to 50 % larger, the
impinging area becomes larger due to the increased jet diameter. However,
continually decreasing the jet diameter from the standard case is not possible to
increase the jet velocity indefinitely. When the nozzle diameter becomes too small,
the impinging area will decrease, causing the average heat transfer coefficient to
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decrease. The optimum nozzle diameter is found to be 62 um, yielding the average
surface heat transfer coefficient 5800 W/m?2-K.
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Figure 9: Effect on average surface heat transfer coefficient by increasing
nozzle length and diameter

4.0 CONCLUSIONS

Simulation results show close agreement with experimental results obtained by
Wang et al. [7] at the region close to the jet centre. The differences are due to
difference between the rig set-up and the model. For a single-jet, when the
volumetric flowrate is increased, the average surface heat transfer coefficient is
increased. It is due to the increased impinging velocity, which yields a higher heat
transfer coefficient on average. At equal flowrate, a multiple-jet array shows better
performance than a single-jet in removing heat. When more jets are present, even
though the jet efficiency is reduced, with the increase in the impinging area, the
average heat transfer coefficient is increased. The optimum nozzle length and
nozzle diameter for a 1 cm? microchip are 0.55 mm and 62 pm respectively.
Microjet cooling array shows a good potential in removing excessive heat
dissipated from the microchip. However, microjet array using liquid as coolant is
still relatively new to the industry. More research has to be done before it can be
commercialized. As hotspots are present in almost all microchips, the microjet
cooling system for microchip with hotspots should be studied both numerically
and experimentally to make the thermal management more efficient.
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