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ABSTRACT

The variety of new electronic packaging technologies has
grown significantly over the last 20 years as a result of market
demands for higher device performance at lower costs and in
less space. Those demands have pushed for heterogeneous
packaging, where computer chips with different stack heights are
closely packed, creating non-uniform multicore chip heat flux
and temperature and additional challenges for thermal
management. Without implementing an appropriate thermal
management strategy for heterogeneous packages, large
temperature gradients can be observed within the package,
which would increase the thermal stresses on the chip and raise
reliability issues. Therefore, removing excessive heat flux will
improve the reliability and efficiency of those electronic
components. The development of high-heat flux applications is
straining the capabilities of air-cooling systems, which are
nearing their limitations. Single-phase liquid cooling methods
have proven to be reliable, usable, and energy-efficient methods
for cooling high-heat flux devices. With the introduction of
packages with multiple-chip modules (MCMs), the cold plates of
future generations are expected to handle multiple hot spots at
the same time. To enable the effective removal of heat from the
chips, special cold plate designs for each type of package are
required. Many methods may be used to improve
thermohydraulic performance, including the use of improved fin
designs, flow restriction to breakdown the boundary layer, and
the integration of mixing mechanisms to improve the mixing
between the fluid and channel walls. To mimic this real-life
scenario of such packaging in high-heat flux applications, an
experimental setup was designed and built. The design of the new
experimental setup consists of four identical 1.2 cm x 1.2 cm

ceramic heaters, each of which is connected to a separate power
supply and can reach a heat flux of 140 W/cm?. Accordingly, this
mock package is capable of delivering different power levels to
mimic different multicore microprocessor conditions. To give the
heater the ability to move precisely in the x, y, and z directions
with high precision, each heater is mounted to an XYZ linear
stage. Deionized water (DI) was used as the working fluid, and
a commercially available pin-fin heat sink was used to run the
initial steady-state tests on the experimental rig. The tests
showed how different flow rates at a constant fluid temperature
and input power affect the temperatures of the heaters and the
thermohydraulic performance of the heat sink. In addition, a
three-dimensional numerical model has been developed and
validated with experimental data in terms of heat sink pressure
drop and temperatures of the heaters.

Keywords: Multi-chip module, Liquid cooling, Heat sink,
Data centers, Heat transfer.

1. INTRODUCTION

The world is being inundated with an overwhelming amount
of digital data from numerous sources, including social media,
blog posts, trading, artificial intelligence, quantum computing,
and the Internet of Things. To accommodate and manage this
overwhelming amount of data, data centers are required to
capture, route, store, evaluate, and retrieve this massive amount
of information, resulting in a rise in the energy they consume. An
estimated 1.31% of the world's yearly energy consumption is
utilized by data centers, with the cooling infrastructure
responsible for up to half of that [1]-[3]. Enhancing the energy
efficiency of power-hungry technologies in data centers is

Copyright © 2023 by ASME

¥20Z AInF 1| uo Jasn uojweybuig YIOA MaN JO Ausianun aiels Aq ypd-zsye | L-£20230edi-200B Y01 L 00N L0LE90.L/Z00YY0.LLOOA/9LS.L8/EC0ZHIV I8l /pd-sBulpaaooid/y Qv dieiul/Bio awse uonos|jodje}Bipawse//:djpy woly papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1115/IPACK2023-112452&domain=pdf&date_stamp=2023-11-27

therefore becoming more crucial. In addition, the development
of chips along with additional integrated components, together
with the expanding need for data processing, will increase the
power density of chips and heat dissipation. Air-cooling
solutions, which are the most popular cooling systems in data
centers, have several limitations, including poor heat transfer
coefficients, inefficient energy use, and high levels of noise [4]—-
[6]. Because of this, alternate cooling methods, including single-
phase liquid cooling and two-phase cooling, have become more
popular. According to research studies [7]-[10], the challenge of
cooling high-heat flux devices can be accomplished by adopting
single-phase on-chip liquid cooling systems, as they are efficient,
practical, and reliable.

Advanced chips typically have several cores integrated into them
to improve performance, which can lead to temperature
nonuniformity. Without an efficient thermal management
system, the package can encounter large temperature gradients,
which impose more thermal stress on the chip. Bar-Cohen [11]
covered liquid and air-cooling techniques for the thermal
management of multichip modules (MCMs). The researcher
investigated different approaches for enhancing heat transfer and
lowering thermal resistance in MCMs, including the utilization
of thermally conductive adhesives and the design of innovative
heat sinks. Ansari [12] developed a hybrid heat sink with pin-fins
and microchannels to cool microprocessors with uneven power
dispersions. Compared with traditional heat sinks, the suggested
heat sink was more effective in improving thermal performance.
Song [13] investigated the use of case-embedded liquid cooling
methods via microchannels inserted into the substrate of the
electronic package for high-heat flux multi-chip arrangements.
Zhang [14] developed a novel integrated cooling method for
multi-chip modules by using a 3D-printed design with embedded
microchannels. By using this approach, it lowers the operating
temperature of high-power electronic devices and permits
cooling elements to be replaced and reconfigured, allowing them
to be customized for specific sources of heat and thermal
demands. Ramakrishnan [15] experimentally and numerically
studied using warm DI water to cool MCMs to test the
performance of two heat sink designs: one with parallel channels
and the other with concentrated channels. According to the
findings, the cold plate with a concentrated microchannel design
had superior thermohydraulic performance. Additionally, it was
discovered that designing cold plates specifically for a given
package is essential for achieving the best cooling results.
Manaserh [16] designed a 3D-printed liquid-cooled heat sink
with guiding vanes that target hotspots in high-heat flux chips
using a multi-objective optimization technique. According to the
study, which considers thermal and hydraulic performance
parameters, the enhanced heat sink design was able to reduce
hotspot temperatures by 32% when compared with the baseline
design. Wadsworth [17] used a small rectangular slot to guide a
two-dimensional jet of dielectric fluid into a channel that is
contained between the chip surface and nozzle plate to create a

correlation for the heat transfer coefficient that depends on jet
width, heater length, flow velocity, and fluid properties.

In this work, an MCM experimental setup was designed and built
to assess the state-of-the-art of a commercial cold plate that can
be used for applications involving uniform and nonuniform heat
fluxes. The experimental rig consists of four identical heaters
mounted to an XYZ linear stage to give it the ability to move in
three directions. A single heater test was performed as a
functionality test for the experimental setup. Another test was
carried out to investigate the effect of varying the coolant flow
rate on the heaters’ temperature and thermal resistance. A
numerical model was developed to validate the experimental
results, and this numerical model will be used to perform
parametric studies on the microchannel design of the heat sink in
future studies.

2. EXPERIMENTAL SETUP

An experimental rig was designed and built to replicate a
real-life scenario of heterogeneous packaging of multichip
modules (MCM) in high-heat flux applications, where chips and
other integrated components of various heights from different
manufacturers are placed closely together. This experimental rig,
as seen in Fig. 1 (a) and (b), consists of four ceramic heaters,
each of which has a surface area of 1.2 cm x 1.2 cm and a
thickness of 0.25 cm. Each heater has a built-in K-type
thermocouple near its surface to measure its temperature, and
each heater can deliver a total power of 200 W with a maximum
temperature limit of 400 °C. To provide precise movements in
the X, y, and z directions, each heater was mounted on an XYZ
linear stage. The size of the linear stage platform is 6 cm x 6 cm,
and it has three knobs to control the distance in each direction.
The stage is made from brass, which is a good thermal conductor.
To prevent any thermal interaction that would cause heat losses
between the heater and the linear stage, an insulator made from
Garolite G-11 that has a low thermal conductivity of 0.288
W/m.K was placed between them. Additionally, that insulator
will keep the linear stage at an appropriate temperature when the
heaters are turned on, ensuring that all the heat will be transferred
from the heaters to the heat sink attached to them. A commercial
pin-fin heat sink, as seen in Fig. 1 (¢), was used to cool the four
chips, and a thermal grease thermal interface material (TIM) was
applied in between.

Four separate power supplies were used, and one was
connected to each heater. A liquid-to-air coolant distribution unit
with a cooling capacity of 2 kW was used to control the supply
fluid temperature. An external pump was used to pump DI
through the loop, and the coolant flow rate was varied and
controlled through an external power source connected to the
pump. An ultrasonic flow meter was used to measure the coolant
flow rate, and two KEYENCE GP-MOO1T were installed at the
inlet and outlet sides to measure the pressure drop across the
loop. Additionally, two T-type thermocouples were used to
measure the coolant temperature at the inlet and outlet. The
experimental data was gathered using a National Instruments
data acquisition system (DAQ) and recorded using LABVIEW.
Table 1 provides the experimental equipment's specifications.
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FIGURE 1: (A) THE EXPERIMENTAL RIG WITH ALL OF
ITS COMPONENTS. (B) A MOCK PACKAGE THAT
CONTAINS THE HEATERS, HEAT SINK, INSULATORS, AND
STAGES. (C) THE HEAT SINK USED IN THE EXPERIMENT.

TABLE 1: DETAILS OF THE TEST APPARATUS.

Apparatus Specification

CDhU ALH-2000 (cooling capacity 2 kW)
Flow sensor FD-X A1 clamp-on ultrasonic with
0.1 ml/min resolution.
KEYENCE GP-MO001T (-100 to 100
kPa) with a resolution of (0.1 kPa)
Shurflo 2088 with a maximum flow
of 14 LPM
Garolite G-11 rated for 170 °C
T-type (accuracy: £0.5 °C)
K-type (accuracy: 1.1 °C)
Sorensen DCS100-10E (1 kW output
power)
3xXVEVOR Variable Transformer (2
kW output power)

Pressure transducer
Diaphragm pump

Insulator spacer
Thermocouples

Power supplies

3. NUMERICAL MODEL

The heat sink tested in the present study, shown in Fig. 1 (¢),
is composed of two parts: a plastic manifold with a single inlet
and outlet and a copper base with an array of 729 square pin fins.

A Keyence VK-X1050 laser scanning microscope, a non-contact
3D surface profiler that employs laser scanning to produce high-
quality pictures at high magnifications up to 100x, was used to
measure the heat sink's exact geometrical dimensions. Fig. 2
depicts the microscopic images taken for the fins of the heat sink
as well as their heights. Table 2 provides the heat sink's
dimensions.

500um

©

FIGURE 2: A MICROSCOPIC IMAGES OF THE
SQUARE PIN FINS ALONG WITH A 3D GRAPHS FOR
THE FIN’S HEIGHT.
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TABLE 2: VALUES OF THE GEOMETRIC
PARAMETERS OF THE HEAT SINK
Symbol Parameter Value (mm)
Din Inlet manifold port diameter 7
Dout Outlet manifold port diameter 7
L Base length of the heat sink 50
W Base width of the heat sink 50
T Base thickness of the heat sink 3
he Fin height 1.5
Wg Fin width 0.5
Wep Channel width 0.56

3.1 GOVERNING EQUATIONS AND ASSUMPTIONS
6Sigma ET was used in each simulation run for this
investigation. On a staggered grid, the commercial software
program discretizes and solves the system of governing
equations, including the continuity, Navier-Stokes, and energy
equations, employing the finite volume method. This technique
is a good option for creating precise models of heat sinks for
electronics since it was created expressly for modeling electronic
cooling systems.
The following fundamental assumptions were used for solving
the numerical models in this study:
1- The flow is 3D, steady, laminar, and incompressible.
2- No heat transfer through the surroundings, and the chips
are insulated on all sides except the top, where heat
transfers to the heat sink.
3- Gravity and wall roughness are negligible.
4- The effects of viscous and radiative heat transfer are
insignificant.
After implementing all of the assumptions mentioned above, the
continuity, momentum, and energy equations used to solve the
numerical model for liquid flow and heat transfer in both fluid
and solid phases are represented below:

V - 4 = 0 (Continuity equation for fluid) 1)
Pr (ﬁ V)ﬁ =—VP+pus V24 (Momentum equation for fluid) ~ (2)
Pr Co (ﬁ V) Tr =K; |72Tf (Energy equation for fluid) 3)
ksV2Tg = 0 (Energy equation for Solid) “)

3.2 COMPUTATIONAL DOMAIN AND GRID STUDY

The computational domain used to conduct this
investigation, which consists of the copper plate, four chips,
TIM, and manifold, is depicted in Fig. 3. These components'
geometries were modeled using 6SigmaET. Establishing the
proper grid is essential for guaranteeing the CFD model's
correctness and dependability. In this investigation, the
computational domain was covered by a structured grid with
hexahedral cells since it is well-known that this type of grid
generation produces grids of excellent quality. The proper

boundary conditions were assigned, andthe grid was
concentrated more in areas with high gradients.

Manifold outlet Manifold inlet

Chip1,2,3,and 4

FIGURE 3: COMPUTATIONAL DOMAIN OF THE
NUMERICAL MODEL.

During the simulation, a number of boundary conditions
were used, including adiabatic and no-slip surrounding wall
surfaces as well as a constant inlet flow rate. The bottom surface
was an exception, as the four chips continuously produced heat.
Constant pressure was assigned at the outlet. The TIM used to
conduct the simulation has the same thermal characteristics as
the one used in the experiment, which is Kryonaut TIM.
DI water, at an inlet temperature of 32°C, served as the coolant.
Table 3 lists the thermo-physical characteristics of the liquid and

solid phases used in the simulation.

TABLE 3: THERMOPHYSICAL PROPERTIES OF FLUID
AND SOLIDS.

p (kg/m®) ¢p (J/kg. °C)  k (W/m. °C)
Water 995.7 4183 0.5948
Copper 8978 381 387.6
Aluminum 3260 780 160
Nitride
TIM 3700 - 6.5
Plastic 1050 1670 0.18
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A grid sensitivity analysis was carried out to find the
optimum number of grids to guarantee correctness and
consistency in the CFD model. According to the study, a grid
number greater than 21 million produced only minor differences
in the heat sink pressure drop and the maximum temperature for
the four heaters. Fig. 4 demonstrates that increasing the number
of grids from 21 to 31 x 10° causes a little variation in the heat
sink pressure drop and heater temperature of 0.1% and 0.4%,
respectively. Therefore, the number of grids chosen was 22
million, and the smallest cell sizes were 12, 7, and 6.2 x 10~ in
the x, y, and z directions. The flow was in the laminar region for
the targeted flow rates from 1 to 2 LPM where Reynolds number

ranges from 720 to 1230.
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FIGURE 4: RESULTS OF THE GRID STUDY BASED
ON THE HEATERS’ TEMPERATURES AND PRESSURE
DROP OF THE HEAT SINK.

4. PERFORMANCE METRICS

It is vital to take into account and evaluate certain response
metrics, including hydraulic and thermal performance, to
compare different heat sink designs. Performance can be
assessed using the total thermal resistance, as seen in the
schematic diagram in Fig. 5, which is calculated as the difference
between the maximum chip case temperature (T ,4,) and the
coolant supply temperature (Tepp1ane,in) divided by the total
power of the electronic chips (qwotai). This can be mathematically
stated as follows:

_ Ti,max_Tcoolant,in

R =
th,tot Zzl_l=1 qi

Heat sink

(&)

Teoolantin

Rep,tox

FIGURE 5: THERMAL RESISTANCE CIRCUIT
DIAGRAM.

The below equation was used to calculate the amount of heat
captured by the coolant, which indicates the amount of heat
losses when compared to the power supplied by the power

source.
Qremoval = mliqcpliq (TLiq, out — TLiq, in) (6)

Where q,emovar 1S the amount of heat picked up by the coolant,
My, is the liquid mass flow rate, and Cp”q is the liquid specific

heat.

5. RESULTS AND DISCUSSION
5.1 VALIDATION

The key objective is to verify the CFD modeling's accuracy
so that it can be wused confidently for next-level
investigations and that the outcomes will be reliable for future
studies. One of the experiments was used to validate the
numerical model in terms of the heaters’ temperature and the heat
sink’s pressure drop. The experiment was conducted at these
boundary conditions: input power of 136 W/heater, fluid inlet
temperature of 32 °C, fluid flow rate of 1 LPM, and the distance
between each heater was 1 mm, and they were all at the same
height. Fig. 6 compares the experimental and numerical data.
The maximum discrepancy in the heaters’ temperature and heat
sink pressure drop between the experimental and numerical
results was less than 1.4% (less than 1 °C) and 4.2%,

respectively.
75 T T 2
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74+ <> Tnumerical 1.9
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67 - ! ‘ ! ' 412

1 2 3 4
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FIGURE 6: COMPARISON BETWEEN NUMERICAL
AND EXPERIMENTAL RESULTS IN TERMS OF THE

HEATERS’ TEMPERATURE AND PRESSURE DROP.

5.2 FUNCTIONALITY TEST OF THE HEATERS

Before running any high-power tests, some preliminary tests
were conducted to test the functionality of the experimental setup
apparatus. The heaters’ thermocouples were tested at room
temperature, and the readings were found to be consistent, as
seen in Fig. 7 (a). Next, another experiment was conducted by
turning on one heater at the specified boundary conditions: the
total input power was 163 W, the coolant flow rate was 1 LPM,
and the coolant inlet temperature was 28 °C. At steady state, the
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heater temperature was approximately 46.7 °C, as seen in Fig. 7
(b), and using Eq. 6, the calculated heat removal by the coolant
was 160 W, which indicates the amount of heat lost in the system,
which was less than 2% compared to the input power from the
power supply.

27

Heater 1
26+ Heater 2
Heater 3
25 Heater 4
24
o 23
L
o 221
=
3
w21
=
2
£ 20
C\l
=19
18
17
16 |
15 . . . . . . .
0 5 10 15 20 25 30 35 40
Time (min)
(A)
50 T T T T 180
4sr A 1160
ar 1140
35
8 1120 _
- 30 =
2 1100 =
£ 25 H
g Heater 1 30 2
=8 — T @
g20 in o
a
= — 9removal | 60
15
10k 140
5 120
0 . . . . 0
0 20 40 60 80 100
Time (min)
(B)

FIGURE 7: (A) THERMOCOUPLE READINGS AT ROOM
TEMPERATURE. (B) SINGLE HEATER TEST RESULTS.

5.3 FOUR HEATERS TEST

The novelty of this experimental setup is to test different heat
sink designs for MCM by varying multiple parameters like
coolant flow rate, supply coolant temperature, uniform and
nonuniform heat fluxes, and different spacings and heights
between the heaters. However, only one experiment was carried
out; it was performed by placing the heaters 1 mm apart, and they
were all at the same height. Uniform heat flux for all the heaters,
the total input power was 544.3 W (~94.5 W/cm? per heater). The
supply fluid temperature was 32 °C, and the coolant flow rate
varied from 1 to 2 LPM in steps of 0.25 LPM. Fig. 8 shows the
heaters’ case temperatures after reaching a steady state as the
coolant flow rate varied. Increasing the flow rate has a big effect
on the case temperatures because of the increase in the
convective heat transfer coefficient. However, at a higher flow

rate, the heaters’ temperatures were almost the same and more
uniform because the flow became more uniform in the heat sink
channels, and a higher fluid velocity was observed in the
channels with more fluid penetration in the heat sink
microchannels, as can be seen from the streamlines and
temperature contours for the four heaters in Fig. 9 (a) and (b). In
Fig. 9 (b) it can be seen that there is a nonuniformity in the
heaters’ temperatures at | LPM, and when the flow rate increased

to 2 LPM the temperatures are more uniform.
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FIGURE 9: (A) VELOCITY STREAMLINES AT A
COOLANT FLOW RATE OF 2 LPM. (B) TEMPERATURE
CONTOURS FOR THE HEATERS AT 1 AND 2 LPM.

The total thermal resistance was calculated for both experiment
and numerical data at different flow rates by using Eq. 5 and
plotted in Fig. 10. The thermal resistance decreased by 29%
because of the decrease in the liquid caloric resistance and the
increase in the heat transfer coefficient. Going beyond a flow rate
of 2 LPM will result in a minimal effect on thermal resistance,
and any further enhancement in thermal performance becomes

less noticeable.
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FIGURE 10: THERMAL RESISTANCE COMPARISON
AT DIFFERENT FLOW RATES.

5.4 HYDRAULIC PERFORMANCE

The pressure drop across the system was measured by measuring
the pressure at the inlet and outlet using KEYENCE GP-MO00O1T
pressure sensors capable of measuring in the range of -100 to 100
kPa. Before attaching the heat sink to the loop and connecting
the inlet and outlet to it, the pressure drop of the system was
obtained at different flow rates by looping the inlet and outlet
sides together. After that, the heat sink was connected to the inlet
and outlet ports, and pressure readings were taken during the
experiments. By subtracting the pressure drop measurements

with the heat sink attached from the pressure drop of the looping
system, only the pressure drop of the heat sink was computed.

10

ol ¢
8
7 ¢
— 6
a
£ 5 ¢
o
<] 4 &
sl o | $  Ap looped system
2l
1t
0 | | | | |
0.75 1 1.25 1.5 175 2 225
Flow rate (LPM)
(A)
16 T
14 o
12
¢
E 10r {  Apsystem
=
a ¢
< 8
ol 13
¢
alb
2 | | | | |
0.75 1 1.25 1.5 1.75 2 225
Flow rate (LPM)
(B)
5 T
[
46
42 o
38 -
— 345 ¢
Ly
o
£ 3 1
3{ ¢  Ap Heat sink
eat sin
26 p
22 ¢
1.8 -
¢
1.4 -
1 | | | | |
0.75 1 1.25 1.5 1.75 2 225
Flow rate (LPM)
©

FIGURE 11: (A) PRESSURE DROP OF THE SYSTEM
WHEN IT WAS LOOPED TOGETHER. (B) PRESSURE
DROP OF THE SYSTEM INCLUDING THE HEAT SINK.
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6. CONCLUSION

The development of MCM packaging will allow cold plates of
the next generation to manage several hot spots together. Special
cold plate configurations are needed for each type of packaging
in order to effectively remove heat from the chips. In this work,
a novel experimental setup was built to simulate a real-life
scenario of MCM by using four ceramic heaters of the same size.
The experimental setup was used to characterize a commercially
available heat sink and observe the heaters’ case temperature at
constant heat flux and different flow rates. Furthermore, a
numerical model was created to support the findings of the
experiment. The flow rate has a big impact on thermal
performance; increasing the flow rate decreased the total thermal
resistance by 29% at a flow rate of 2 LPM and a pressure drop
of 4.9 kPa, and at higher flow rates, the temperatures of the
heaters are almost uniform and equal. However, increasing the
flow rate will increase the pressure drop, which will cause an
increase in the required pumping power.
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