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EDITORIAL

Ross Wilcoxon, PhD
Associate Technical Editor of Electronics Cooling Magazine
Senior Technical Fellow, Collins Aerospace

As a child from the 1960’s/70’s, who watched and read too much science fiction, it was obvious to me that we humans would even-
tually be ruled over by machines, aliens, or apes. I now feel that the risk of a simian takeover is small and, some days at least, am not
convinced that aliens wouldn’t be an improvement. I think that the likelihood of robot overlords is probably in the ‘maybe’ category,
primarily because it is a logical extrapolation of the human desire to find new ways to use technology to do our work.

Whether Artificial Intelligence (AI) will actually reach a Singularity, in which it realizes that it is smarter than us and then exponen-
tially grows in intelligence and replaces the less effective humans, remains to be seen. However, it is clear that AI will likely change
how we conduct research, design, analysis, manufacturing, communication, knowledge transfer, etc. A few examples of how Al will
increasingly impact readers of this magazine include driving next generation chip design and customization, transforming manufac-
turing efficiency, and accelerating the design of optimized cooling fin and flow geometries. However, the electronics cooling discipline
will not only be directly influenced by the application of Al to the discipline, but also indirectly affected by Al through the substantial
thermal management challenges resulting from the growing use of AI across myriad disciplines. The power dissipations projected for
current and next generation Al processors are about an order of magnitude larger than those of processors from only a few years ago.
Data center power consumptions have grown to such an extent that extreme infrastructure changes, such as restarting mothballed
nuclear power plants, are being discussed. This growing demand for power runs counter to the recognized need to reduce the burning
of fossil fuels. It also amplifies the criticality of effective thermal management; as the power consumption increases, the economic and
environmental benefits of more efficient cooling technologies likewise grow.

Academic, industrial, and government research efforts strive to identify ways to improve thermal management technologies. Com-
municating these improvements is certainly one of the fundamental goals of this magazine. One significant change that is already
underway, and which I expect will only grow, is actually not directly related to improving the cooling of electronics but instead to
develop electronics that can operate at higher temperatures. The trend, over recent decades of integrated circuits having lower max-
imum temperature, due in large part to smaller feature sizes, may need to reverse to meet future needs. The hotter a device can run,
the more efficiently it can be cooled, particularly when the dissipated power must eventually be rejected to a relatively high outside
air temperature. If the temperature limits of the electronics and supporting equipment can be increased, all temperatures within the
entire system, which for example may be a data center, could increase and thereby reduce the overall thermal management challenge.
Already, the weakest thermal components (lowest maximum temperature) in a data center are the human beings. Reducing their role,
and presence, in that environment, is the obvious approach for achieving the desired results. Other systems, such as cargo transport
vehicles, may also be able to operate more efficiently without any fragile human beings that require more comfortable surroundings.
So, Al could cause human beings to be replaced with machines, but the choice would be made by humans rather than AL

So, in the spirit of welcoming our future robot overlords, this issue of Electronics Cooling Magazine actually addresses a number of
factors that could impact this vision. We have one article that describes machine learning tools with an example applied to heat pipes.
Another article doubles up on related technologies with testing of a liquid cold plate, which is used to cool an autopilot function for
autonomous driving, that validates CFD results used to train an artificial neural network that can be used to optimize the cold plate
design. A third article describes a technology that benefits two-phase cooling to reduce the processor to ambient air thermal resistance
in data centers. Finally, we have the first of a two-part article that describes a process for estimating solder fatigue life, which is a factor
that must be considered when operating electronics at more extreme temperatures.

We hope that you enjoy this issue of ECM and welcome any feedback that you might have.

Ross
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TECH BRIEF

Environmental Effects on Thermocouples

Ross Wilcoxon
Associate Technical Editor for Electronics Cooling
Collins Aerospace

hen selecting a sensor, one should consider

whether the environment in which it is to be

used will cause a measurement error. As part

of this series on thermocouples, this article dis-
cusses a few environmental effects that can alter the structure
of the materials that make up a thermocouple and thereby affect
their accuracy. This degradation of thermocouple accuracy is
referred to as drift.

Effects of Temperature

High temperatures can lead to thermocouple drift in a couple
ways. High temperatures can cause metallurgical changes to the
thermocouple materials through grain growth and alterations of
the crystalline structure [1]. The effects of temperature-induced
changes to the material can be amplified at the surfaces of ther-
mocouple materials through oxidation or contamination with
the environment [1]. These material changes tend to accumulate
over time: the longer the exposure to the adverse environment, the
greater the impact. These effects can be highly non-linear; for ex-
ample, the drift effect in Chromel (used in Type K thermocouples)
increases with temperature up to ~350-400°C and then decreases
at higher temperatures [3].

Thermocouple drift can be significant with exposure to high tem-
peratures, particularly if the wires are bare and exposed to air that
can lead to oxidation. Since the properties of the two wires that
make up the thermocouple are affected differently by temperature,
drift isn’t generally linear with temperature. For example, one
study showed that sheathed Type N thermocouples exhibited the
largest drift (-10 to -13°C) when exposed to ~400°C, but the drift
went back to nearly 0°C when they were subjected to temperatures
around ~800°C. Exposure time also affected those results, which
included test durations ranging from 300-1200 hours [4]. Another
factor that affects drift is the type of sheath used on the thermo-
couples; for example, two Type K thermocouples with different
sheathing exhibited drifts of approximately -20°C and +5°C after
1000 hours at 1200°C [5].

The impact of temperature driven thermocouple drift varies
significantly with the thermocouple type. Thermocouples
that include nickel alloys (Types K and N) are particularly
susceptible, however studies have been conducted to charac-
terize the drift of almost all types. One exception appears to be

Type T thermocouples, presumably because their temperature
range (T, = 370°C) is low enough that they are unlikely to
be subjected to sufficiently high temperatures to produce the
metallurgical changes that cause substantial drift (typically in
the range of 500-1000°C).

Effects of Magnetic Fields

When thermocouples are used in an environment with magnetic
flux, users should be aware of how the magnetic fields can interact
with the materials that make up the thermocouple. The impact of
magnetic fields can include permanent changes to the material
properties of the wire as well as temporary effects, such as induction
heating of the thermocouple resulting from the magnetic field.
Unsurprisingly, thermocouples that include a ferrous material,
such as Type ] thermocouples that are comprised of iron and
constantan, tend to be more affected than thermocouple types that
don’t include iron [6]. Dynamic (oscillating) magnetic fields can
affect thermocouples, including non-ferrous types, presumably
due to voltage generated by the magnetic interactions with wires.
One study found that a high magnetic field induced up to ~7°C
measurement error on a Type T thermocouple. This error was
substantially reduced to less than 2°C when the test was repeated
with a twisted wire thermocouple [7].

Effects of Radiation

The accuracy of thermocouples used in nuclear reactors will
change over time due to neutrons causing atomic displacement
and transmutation of the materials that make up the thermocou-
ples. Reported errors in thermocouples can be up to ~15% of the
absolute temperature, particularly type W (tungsten/rhenium) and
platinum-based devices, while nickel-based thermocouples, such
as N type, are less affected by radiation [8].

Discussion

Clearly, thermocouples can drift when exposed to adverse envi-
ronments like extreme temperature, magnetic fields, or radiation.
The drift is due to changes to the thermocouple wires, not just the
junction where they meet. Therefore, one method for reducing
these effects is to minimize the amount of wire exposed to them.
If a thermocouple is to be used in a high temperature chamber,
as much of the thermocouple wire as possible should be routed
outside the chamber to reduce the length of wire that sees the
high temperatures.
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From an electronics cooling perspective, it would be rare for ther-  so it is best to at least be aware of whether a specific environment
mocouples to be exposed to temperatures high enough to cause could introduce measurement error. If thermocouples are used in
drift, simply because the electronics would fail before the thermo-  a potentially damaging environment, such as high temperatures, it
couple would exhibit substantial drift. Similarly, most electronics may be necessary to replace or recalibrate them on a regular basis
are not exposed to sufficiently high magnetic flux or irradiation to  to ensure that they are accurate.

create a significant issue. Unusual situations can happen though,
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Simulation of Solder Fatigue Effects on Typical
BGA Package due to Material and Temperature

Variations - Part 1

James Petroski

Principal Consultant, Design by Analysis Technical Consulting

Andy Carrasco
Flexetch

Abstract
he past two decades have seen many approaches to sol-
der fatigue and solder joint life published. This subject
has proved difficult as various failure mechanisms are
proposed and examined. While these theoretical bases
are discussed, it often leaves the end developer in a difficult situ-
ation as to how to apply an accurate simulation approach to fa-
tigue failure for a particular package. In this article, one approach
is examined and used to evaluate a “typical” metal lid flip chip
BGA (ball grid array) package under variation of a few key pa-
rameters via a 2-level DOE (Design of Experiment). The param-
eters examined in this article are the in-plane thermal expansion
coefficient of the printed circuit board (PCB), the lid material,
and the temperature range for the BGA environment. The DOE
showed that all three individual parameters are statistically sig-
nificant, as are interaction terms with packaging materials CTEs
(coefticients of thermal expansion) and temperature cycle range,

James Petroski

AT. Part 1 of this article describes the background information,
the simulation model, and the design of experiments. Part 2 will
present the results of the simulations and discuss conclusions.

Background

There have been numerous studies to understand and character-
ize solder used in electronic packaging. Unfortunately, solder’s
behavior in electronic systems is anything but simple and linear,
which has led to a plethora of research studies that have led to a
variety of solder characterization models that are not necessar-
ily in agreement. This provides challenges to standard product
development, especially when trying to decide which model(s)
should be used.

In addition to selecting a suitable model for solder in order to
predict package reliability, designers may have choices in package
geometries, materials, and assembly methods that can help re-

James Petroski is the owner of Design by Analysis Technical Consulting LLC. He has worked in the area of electronics packaging

for nearly 40 years and has a special focus on thermal and mechanical engineering of packages and electronic systems. His back-

ground includes equipment design for naval nuclear propulsion instrumentation and controls, NASA space flight experiments (with
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elor's in Engineering Science and Mechanics from Georgia Institute of Technology (Georgia Tech) and an MS degree in Engineering Mechanics from
Cleveland State University.
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duce solder fatigue from thermal cycling. For example, in a BGA,
a smaller die reduces the strain seen at the corner solder bump
locations. Reducing CTE mismatches between the lid, substrate,
or underlying PCB can also help. Similarly, some lid geometries
are more favorable under certain conditions. Applying an un-
derfill to the die or using an appropriate lid adhesive can also be
used to reduce solder fatigue. Each of these can improve package
reliability but may also be constrained by other environmental
conditions or manufacturing methods.

Clearly, many BGA packages are produced and used today. How-
ever, optimizing them for long lifetimes in extreme conditions is
a daunting task to examine with simulation.

Approach

Given the disparity of fatigue models and approaches to failure

prediction, the approach described in this article used a specific

model/method selected on the following criteria:

1.  The theoretical background of failure is sound and exam-
ined in the literature, preferably by a number of papers.

2. Test data are used to verify and/or tune the application of
the theory.

3. Solder material tests are used with proper environment
(temperature, strain rates) and geometry (tensile samples,
or actual part geometry such as solder balls) to create mate-
rial models.

4.  Effective and proven published FEA modeling approaches
are similar to the solder geometry of the actual problem.

Given this set of criteria, the BGA in this article was examined
using the approach enumerated by Syed, Sharon, and Darveaux
[8]. That paper fulfills the criteria of (1), (2), and (4). This paper is
significantly more expansive and comprehensive in its approach
than many other papers in the field by covering these three items
in an integrated manner. The solder material models (SAC 305
for solder balls, Sn-2.5Ag for solder bumps) were compiled from
published tests and conditions. This study, like Ref. [8] uses creep
as the damage criteria for fatigue prediction. Hence, elastic-plas-
tic models are used at a low strain rate along with a creep model
chosen for fatigue modeling and suited for the solder location
(Garofalo model for SAC 305, and Combined Time Hardening
for Sn-2.5Ag) [12]. The advantages and disadvantages of various
fatigue models are well summarized in Table I of Ref. [6] for the
interested reader.

Factors to Limit Solder Fatigue

Since a BGA package is a mechanical system composed of differ-
ent part geometries, materials, and material behavior, it is rea-
sonable that the assembly can be optimized for solder fatigue life.
Also, temperature variations of the assembly contribute to the
solder life outside of the mechanical specifications. However, not
every item or environment variable is under the control of the
designer: material and manufacturing limitations can restrict the
variables or range of variables while system-level thermal man-
agement capabilities will influence temperature variations.

Controlling the CTE mismatch within the package is the key to
maximizing the solder fatigue life. In a typical flip chip BGA,
stress in the solder bumps between the die and the substrate is in-
fluenced by the different CTEs of silicon and the substrate. Stress-
es in the solder balls, between the substrate and the underlying
PCB are affected by the different CTEs of those materials (espe-
cially the corner balls, examined in this work). The lid, which is
attached to the substrate via some adhesive or solder, affects both
the bumps and balls due to the additional warpage it imposes on
the package. Figure 2, from Ref. [9], shows a typical design of such
a package.

Examining this geometry, it is clear that the assembly works
against itself to simultaneously optimize the fatigue life of both
the solder bumps and balls. Given that silicon has a CTE of ap-
proximately 2.6 ppm/K, a low CTE substrate is desirable for the
solder bumps. However, the solder balls are affected by the CTE
mismatch between the substrate and the PCB, so a higher CTE
PCB would help the solder balls. The lid CTE and the lid adhesive
likewise can be tailored to reduce stresses in either the bumps or
balls, but not both at the same time.

-
Package Supstre e |

Underfill

Sub

Solder Balls Solder Bumps

Figure 1: Typical lidded fcBGA cross section [9]

Since the CTE mismatches tend to produce a shearing load in
the solder bumps and balls, another mitigation is to make them
as tall as possible so the shear angle is smaller. Another factor is
the size of the chip; if it is large, the amount of thermal expan-
sion/contraction creates more shearing load than a smaller die on
the solder bumps and possibly the balls. Finally, since all of the
thermal loads are driven by the temperature excursion range to
which the BGA is subjected, a lower AT reduces thermal strains
and increases fatigue life.

This article addresses a limited set of factors that are less con-
strained by manufacturing options for a typical BGA. Specifically,
it considers a low/high CTE lid, a low/high CTE PCB, and a low/
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high temperature AT on the system.

Substrate Construction Constraints

A number of interconnected package design drivers influence

package warpage that influences solder fatigue. Some of the most

common drivers include:

1.  Signal propagation at high speeds typically requires use
of low loss materials, which generally have relatively high
CTE.

2. High-speed signals must be shielded and grounded to avoid
crosstalk. This requires vias and alternating ground and sig-
nal layers that can consume substantial substrate real estate
as well as additional layers For example, two high speed
routing layers would require a 4-2-4 or 5-2-5 stackup, while
three routing layers would require a 6-2-6 or 7-2-7 stackup.

3. Common fabrication methods call for significant copper
coverage in each substrate layer, often 60-80%, which drives
up the substrate’s effective CTE.

4.  Increasing device bandwidth leads to more high-speed sig-
nal lanes, which increases the sizes of both the silicon and
package substrate. The larger substrate size, as well as the
size of the bump field, exacerbates package warpage.

5.  Larger devices with more high-speed signals/lanes tend to
consume more power, leading to higher temperatures and
increased thermal expansion.

6.  Challenging operational environments and cooling solu-
tions can increase warpage and solder fatigue, if not opti-
mized properly.

The aforementioned drivers can limit options on how the pack-
age is constructed, including material choices, thicknesses, and
geometry. As these considerations can not necessarily be ignored
or considered independently, the package designer must identify
the best balance for each package substrate. It is crucial that the
packaging engineer be involved in the upstream development of
the chip architecture or floorplan to ensure that early decisions
do not adversely affect the assembly process. Similarly, the pack-
age engineer must also consider the downstream assembly pro-
cesses to identify warpage-related requirements and methods to
compensate for warpage. A good example of this is thermal/CTE
compensation, in which the substrate bump field is pre-shrunk so
that the bumps align, mate, and lock with the silicon when at the
assembly temperature. The successful package engineer consid-
ers multiple disciplines and teams (physical design, mechanical,
SI/PI, manufacturing partners/vendors) to drive the substrate to
successful fabrication and assembly.

Sample BGA Model and Problem

A simple JEDEC standard BGA was modeled for this analysis.
This is a one quarter model where symmetric boundary condi-
tions are applied to the center surfaces. The model uses a stan-
dard JEDEC substrate board size (33x33 mm), 0.8 mm pitch sol-
der balls, and 100 pm solder bumps between the substrate and the
single 20x20 mm die. The corner bump under the die is removed,
which is often done for large die manufacturing. For these simu-

lations, only some of the individual solder bumps and balls were
discretely modeled. To reduce mesh size, the majority of solder
bumps/balls were modeled as layers with orthotropic smeared
material properties. The bump smear was a solder/underfill com-
posite while the ball smear was a composite of solder and air. Fig-
ures 2-4 show the solid quarter model geometry.

Figure 2: Quarter BGA model

Figure 3: Solder bumps & bumps/underfill smear

// ----------------------
// /@5’& Ty
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Figure 4: Solder balls & smear (bumps shown for reference)

The geometric shapes of the modeled solder bumps and balls were
accurate. However, these volumes were sliced so that the damage
in the most critical areas, namely the tops and the bottoms of the
bump/ball, could be calculated. The stress that initiates fatigue
cracks occurs in these critical regions. The average damage in
these portions of the solder correlates much better to the cycles
to failure than the average damage over the entire bump/ball vol-
ume. Critical regions in the model were defined by 5 um slices on
the top and bottom of each bump while solder balls included 25
um slices. Each bump/ball was attached to a copper pad at the top
and bottom, which induces the CTE mismatch. The intermetallic
layer (IMC) was not modeled, as it has shown in other studies
to not significantly affect reliability predictions. Figures 7 and 8
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show the detailed geometry of the bumps and balls used in this
study.

Design of Experiments

Since the simulations examined three variables (lid CTE, PCB CTE,
and the system AT) over a high/low range, a simple 2-level 3-fac-
tor DOE was used to create the simulation matrix. This required 8
simulations runs (2°) along with an additional finer mesh simula-
tion to validate mesh resolution. A full DOE identifies statistically
significant variables and interactions, as well as the relative impor-
tance of variables. The test matrix produced outputs for the cycles
to failure for both the solder bumps and solder balls. Those results
are evaluated independently, so the identified significant variables
and interactions may not be the same.

Table 1 shows the values of the parameters used in the DOE ma-
trix. Values represent typical BGA manufacturing operating con-
ditions, but with different material choices or operating environ-
ments, they easily could be larger/farther apart. Larger variable
ranges would be better covered with a 3-level DOE.

The environmental cycle condition of 20°C or 50°C was applied to
the entire BGA assembly. The die is not heated in this case (although

it can be for actual problems). One thermal cycle was defined as a
two-hour period with 15-minute dwell times at each extreme, and 45
minutes to traverse from one temperature to the other.

Run # PCB CTE, ppm/K  Lid CTE, ppm/K AT, °C
1 13 17 50
2 13 10 20
3 9.5 10 20
4 13 17 20
5 9.5 17 20
6 9.5 10 20
7 13 10 50
8 9.5 17 50

Table 1: DOE factors and runs

Conclusion

This article is part of a two-part series of articles based on Ref. 11.
Part 2 of the series will describe the simulation software used, the
mathematical model used for the solder, the analysis details, the
statistical analysis of the DOE results, and conclusions drawn from
the study, along with other details used in Part 1 of this article.
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The Need for Two-Phase Cooling in Data Centers
ower usage in data centers account for 1.8% of the
overall electricity expenditure in the United States [1]
and the cooling infrastructures make up 50% of the to-
tal energy consumption of the data centers [2]. Power
consumption translates to high operational costs and carbon
footprint which can be potentially reduced by implementing
higher efficiency thermal management systems. Moreover, the

growing power densities in data centers, needed to address the
demand for high-performance computing, are beginning to
push the thermal limits of conventional air-cooled systems.

Liquid-cooled solutions were shown to significantly reduce the
overall power consumption relative to air-cooling [3] and can
handle increased power densities due to liquid’s higher thermal
conductivity and heat capacity. Single-phase liquid-cooling with
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water-based coolants can achieve good thermal performance due
to water’s favorable thermal characteristics. However, a minor leak
in a water-cooled system can cause a catastrophic electrical failure,
due to water’s unfavorable electrical characteristics. Two-phase
liquid-cooling with refrigerants circumvents this problem where
high heat transfer performance is achieved through liquid-to-va-
por phase change of the dielectric fluid. Heat fluxes on the order of
1 kW/cm? have been dissipated using two-phase cooling [4].

Flow Maldistribution in Two-Phase Cooling

Pumped two-phase cooling has been studied extensively in the
literature [5]. However, implementation and testing of two-phase
cooling in data center applications are limited. The highly paral-
lel architecture of liquid-cooling loops in server racks can suffer
from coolant flow maldistribution between heat generating com-
ponents. This problem is more prominent in two-phase flows be-
cause the difference of pressure drop between liquid and vapor
flows can lead to instability. High heat loads on cold plates result
in increased vapor generation, leading to a rise in pressure drop.
This, in turn, diverts the coolant through the cold plates with low-
er heat loads, potentially causing device overheating.

Flow restrictors can be adopted upstream of boiling [6] to suppress
maldistribution by increasing the liquid line pressure drop relative
to the vapor line. However, careful design of restrictors is crucial
to effectively mitigate maldistribution without inducing excessive
pressure drops that reduce the overall flow rate of the system.

Rack-Level Two-Phase Cooling System

Sled #34
—Sled #33

Sled #1
T

: ¥

Figure 1: Flow diagram of the investigated server-rack level two-phase flow loop for data
center cooling
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Pumped two-phase flow loop for a data center rack consisting
of 34 server sleds with heat generating components was inves-
tigated. A flow diagram of the loop is shown in Figure 1. The
heat dissipation from each sled is between 0-2 kW and can vary
among sleds. Refrigerant R-1233zd(E) was used as the two-phase
coolant in the main loop. Pumped coolant entered the sleds as
a liquid, absorbed the generated heat, and left as a liquid/vapor
mixture with thermodynamic qualities of 0-85%. The sleds were
connected to the loop via a liquid manifold upstream and a vapor

manifold downstream. The liquid and vapor manifolds are large
pipes (1” and 2” inner diameter respectively) connected to the
sleds with additional tubing.

Hydrodynamic Maldistribution Model

A numerical model of the liquid manifold, vapor manifold, and
the server sleds was developed. In this model, two-phase flow is
simplified using the homogenous flow assumption, wherein the
vapor bubbles and the surrounding liquid move at the same ve-
locity. The liquid and vapor manifolds are discretized along the
length, and the conservation equations for mass, momentum,
and energy are applied. The frictional losses in the manifolds are
estimated using friction factor correlations for fully developed
laminar [7] and turbulent flows [8] in circular channels alongside
with a mixture viscosity correlation [9].

Pressure drop between the liquid and vapor manifolds (AP auifoi)
at a discretized position j along the length depends on the pres-
sure drop of the sled components in between (APy,,), which in-
clude hoses, tubes, fittings, cold plates, etc. and the pressure drop
across the flow restrictors (AP,syicor) placed upstream of the cold
plates as shown in equation 1.

AP, manifold = APgoq + AP, ostriceor (1)

Sled Pressure Drop and Thermal Resistance

Two-phase pressure drop of an individual sled was experimen-
tally measured to derive an empirical correlation. A flow diagram
of the experimental flow loop is shown in Figure 2. The investi-
gated server sled consists of two heat generating components that
were emulated using two thermal test vehicles (TTV) with heat
spreaders and cold plates. Pressure drop and temperature data
were collected over ranges of flow rates (5-26 g/s) and total heat
inputs (0.2-2 kW), resulting in thermodynamic qualities between
0 and 100%*. A total of 104 data points are collected.

Test Sled
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Figure 2: Flow diagram of the experimental flow loop for testing pressure drop across a
server-sled

! Since the thermodynamic quality is difference between fluid and saturated liquid enthalpies divided by the heat of vaporization: x = (h - hy)/hg,

with superheating, x can be >100%.
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A multi-variable, second-order polynomial fit was used to gen-
erate an empirical correlation for the pressure drop data. The re-
sulting correlation for sled pressure drop (APg.,) matches quite
well with the measured data, with most of the predictions having
less than 25% error. Figure 3 shows thermal resistance (normal-
ized by the lowest measured resistance) at exit thermodynamic
qualities between 0-100% for all flow rates. The thermal resistance
is lowest at 54% thermodynamic quality and sharply increases
near 0% and 100%, as expected. Thermal performance improves
from single-phase liquid cooling, with near zero thermodynamic
qualities, to higher thermodynamic qualities as flow boiling en-
hances convection. However, thermal resistance increases near
Xgea = 100% because the generated vapor starts interfering with
heat transfer. The two-phase loop shown in Figure I was designed
to operate at an exit thermodynamic quality of 70% to provide
a margin of safety for reliability. However, individual sleds are
expected to have higher qualities due to flow maldistribution. An
upper limit of X, = 85% was chosen to ensure acceptable cool-
ing performance in the sleds.
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Figure 3: Experimental thermal resistance vs. exit thermodynamic quality for all flow
rates tested

Restrictor Pressure Drop

Two restrictors were placed in each sled, positioned upstream
of the cold plates. Equation 2 was used to model the normalized
pressure drop across restrictors (AP, With respect to the
normalized mass flow rate (m).

AP, restrictor — am” (2)

Term « is the flow resistance factor and f is the flow scaling ex-
ponent. Pressure drop and mass flow rate are normalized so that
the flow resistance factor («) is the ratio of restrictor pressure
drop to sled pressure drop under maximum heat load (2 kW).
Values of o and f are dictated by the geometry of the restrictor
and coolant properties:

o  Linear scaling (8 = 1) occurs in a long tube with a small di-
ameter where viscous shear dominates the pressure drop.

o  For orifice restrictors, pressure drop scales quadratically
with mass flow rate ( = 2) due to a momentum dominated
flow, and the value of a depends on the orifice size.

o Higher order scaling can be achieved through moving or
flexible parts in the restrictors. For example, commercial
flow regulators incorporate flexible polymers that constrict
the flow area with increasing pressure differential.

Nonuniform Heating

The sleds might be under different loads during operation.
Therefore, the two-phase flow was evaluated using the hypothet-
ical heating profile of equation 3.

Qun =2 kW - (%)2 ©

In this equation, y is the distance from the bottom sled and H is
the total height between 34 sleds, which are stacked on top of each
other. The sled at the bottom receives no heat while the sled at the
top receives 2 kW.

Flow Maldistribution Without Restrictors

The two-phase flow loop was analyzed without flow restrictors to
serve as a benchmark. The inlet flow rate to the liquid manifold
was selected such that each sled should have an exit quality of
70% in the absence of maldistribution. Figure 4 shows the result-
ing exit thermodynamic qualities for each sled, with higher exit
thermodynamic quality in the sleds near the top. In addition to
the gravitational effects, the flow maldistribution is exacerbated
by the nonuniform heating. Since pressure drop increases with
vapor generation, the sleds with higher heat input near the top re-
ceive less flow. The maximum predicted thermodynamic quality
is 176%, which indicates that the cold plate is under dry-out that
leads to a high thermal resistance that is unacceptable for data
center cooling.
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Figure 4: Predicted exit thermodynamic quality distribution under nonuniform heating
(Equation 3) without flow restrictors

Flow Maldistribution with Orifice Restrictors: An orifice restric-
tor (8 = 2) was first investigated to suppress maldistribution. An
insufficiently low o value cannot suppress the maldistribution
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while an unnecessarily high value will induce a high pressure
drop penalty. Figure 5 shows the thermodynamic quality distri-
bution for & = 2.0. The maximum thermodynamic quality is 85%
under nonuniform heating. Therefore, all the sleds operate un-
der the maximum thermodynamic quality limit. Flow resistance
factor («) is the ratio of restrictor to sled pressure drop. For the
orifice restrictor, the pressure drop across the orifice needs to be
roughly twice as much as the pressure drop across the server sled
components.
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Figure 5: Predicted exit thermodynamic quality distribution under nonuniform heating
(Equation 3) with orifice restrictors

Advantage of Higher Order Restrictors

The two-phase flow loop was analyzed for a range of f values.
For each case, the value of « required to achieve a maximum 85%
thermodynamic quality under nonuniform heating was found.
Resulting « and f3 pairs are shown in Figure 6. The value of a, and
hence the restrictor pressure drop, decreases with increasing f.
The increasingly concave pressure drop-mass flow rate response
severely punishes maldistribution, pressure drop is reduced at
and below the desired flow rate. The value of a converges to 0 as
B — oo. An ideal flow regulator can suppress the maldistribution
without inducing additional pressure drop to the system at the
desired flow rate and maximum heat input.
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Figure 6: Flow resistance factors to obtain a maximum vapor exit quality of 85% at
various flow scaling exponent values

Conclusions

Lower pressure drop restrictors in a pumped two-phase loop can
enable a higher flow rate across the system to dissipate more heat.
Therefore, restrictors with higher scaling exponents (), such
as flow regulators, are preferable. However, there are practical
challenges that make their implementation difficult. First, com-
mercially available flow regulators are significantly more costly
compared to off-the-shelf orifice restrictors. Second, commonly
adopted orifice restrictors suppress two-phase backflow by induc-
ing high pressure drop upstream, which is not addressed by flow
regulators Third, flow regulators need to be highly tailored for the
system, which requires a good understanding of the entire pres-
sure drop response of the flow loop under different conditions. If
the available flow rate is underestimated, a flow regulator would
completely block the additional flow, thereby compromising the
added cooling capacity. If the available flow is overestimated, a
flow regulator would not effectively suppress maldistribution. An
orifice restrictor is more robust to uncertainty, providing reliable
suppression to maldistribution when the system characteristics
are not fully characterized.
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he traditional pathway for development of thermal

management technologies for electronics has been

to analyze using heat transfer theory augmented by

computational tools such as finite difference or finite
element methods, CFD tools, or thermal management system
simulation tools, sometimes in tandem with prototype system
fabrication and testing. Combining recently available high speed
computing processors, faster memory, and machine learning strategies
now offers ways to enhance these traditional tools for thermal control
component and system development. These trends are producing an
evolution of thermal management technology development towards
use of physics-inspired machine learning approaches that combine
machine-learning with heat transfer theory.

To illustrate this point, the development of a heat pipe system for a
server machine is considered. The example system of interest, shown
schematically in Figure I, has two evaporators and a single condenser.

This is a simplified example of a real heat pipe system that could have
multiple evaporators with a single condenser heat rejection heat
exchanger. Note that in this example heat pipe system, operating
conditions correspond to the specified values of condenser inlet
water temperature T,; and flow rate 71, and the heat rejection rates
in the evaporators ¢, and g, If we combine the governing heat
transfer relations and conservation equations indicated in Figure I,

Van P. Carey
Professor Carey is widely recognized for his research on near-interface micro- and nanoscale thermophysics and transport in
liquid-vapor systems, and computational modeling and simulation of energy conversion and transport processes. His research

the performance parameters, the temperatures of computer chips a
and b (Tup. and Teypyp) can be computed if the conductances (UA
eas UA eb> UA c) are knOWn.

Modeling performance of this system can be accomplished with
physical modeling alone if the conductances can be predicted with
submodels, or determined from experiments. These conductances
are typically the result of combined conduction and convection
effects, and the geometry of the components may require
multidimensional analysis. Multiphysics modeling tools (ANSYS,
COMSOL, etc.) could be used to determine the conductances, or
separate experiments on the device components could be used
to determine conductance values. These approaches are well
known and extensively used in traditional thermal control system
development.

The availability of machine learning approaches opens the door to
at least two other approaches: (1) using physical modeling with a
genetic algorithm and (2) modeling using a neural network data-
based model. The features and pros and cons of each of these are
discussed below.

A Physics Inspired Model and Genetic Algorithm
In this model it is presumed that there is a data set in which each
point is a list of variables that includes the operating conditions

has frequently included modeling at multiple scales, ranging from the molecular level (molecular dynamics simulation of ther-

mophysics) to the device and system level (multidevice system models). His research is also exploring the use of machine

learning strategies to enhance performance of energy conversion and transport in applications, and create energy technologies
that can autonomously adapt to maximize their performance and reduce their environmental impact.
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Figure 1: Heat pipe example system model

== Performance = f(operating conditions, {'UA)E 3

(A, (UA) )

variables X; and the resulting performance parameter values Y; for
those conditions: [X;, X5, X5, ... X, Y1, Yo, Y5, ... Yo,

Here the recommended practice of normalizing the data would
be applied, with each variable being normalized with the median
value for that parameter in the data set before it is input to the
model, and the model is trained to predict the normalized chips
temperatures, which equal the respective actual chip temperature
divided by their median value in the data set. Once the model
is trained in this way, to predict performance, the operating
conditions are normalized with the corresponding median
value used in training, and the model predicts the normalized
chip temperatures. The physical chip temperatures are then
determined by multiply each by their corresponding median
temperature used in training.

The model framework discussed above dictates that once a set of
conductances are specified, the model can predict the performance
parameters for a given set of input parameters. This perspective is
the basis for using a genetic algorithm model. In such a strategy, we
want to find the set of set of (UA ,,, UA .,, UA ) that best fit the
data set. The genetic algorithm accomplishes this in the fmanner
describe below.

Genetic Algorithm Structure

An initial population (ensemble) of solutions (sets of (UA ,,, UA
ov» UA ) combinations here) is established. Each individual is a
candidate solution to the problem (a set of (UA ,,, UA ,;,, UA )
values) analogous to a biological organism in a population of a
specie, which is characterized by a set of parameters (variables)
known as genes. Genes are joined into a string to form a
chromosome (solution). Once the population is established, the
following steps are iteratively executed:

(i) Fitness function determination

To begin each iteration, the algorithm computes a fitness score
for each individual. Here that will be done by randomly pairing
the solution with one point of the database, computing output Y;
variables for that point’s input variables, and computing the RMS
fractional error between the solution predicted Y; values and the
values in that data point. The probability that an individual will be
selected for reproduction is based on its fitness score — the lower
the RMS fractional error, the higher the survival probability.

(ii) Selection of fittest to survive each generation
Individuals with a fitness score below a threshold are eliminated
from the population and replaced with offspring.
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(iii) Survivor offspring production with gene choice from
surviving parents and mutation

In new offspring formed, some of their genes can be subjected to
a random mutation with a low random probability.

Steps (i)-(iii) are repeated for successive generations until the
RMS fractional error (fitness function) for population reaches a
sufficiently low value.

The details of how the above steps are handled may vary somewhat
in genetic algorithm applications, but the elements of the genetic
algorithm generally conform to the features described above. In
the example calculation summarized here, as described above, a
data set of normalized performance data points were used, each
having the form: [X,, X, Xs, ... X, Y1, Y, Y3, ... Y, ], where X;
are the operating conditions variables and Y; are the resulting
performance parameter values.
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Figure 2

A genetic algorithm with the features described above was used
to determine the set of conductances (UA .,, UA .;,, UA .) that
minimized the mean RMS error between predictions of the model
and randomly selected data points in the population of gene sets
(UA .., UA ;, UA ). Figure 2a shows computational convergence
of the mean gene values as successive generations are analyzed.

The resulting best fit constants were used in the model equations
to predict the two chip temperatures, and comparison of the
predictions with data chip temperatures for the same operating
conditions is shown in Figure 2b. The resulting model with the
fitted constants agrees with the data to a mean absolute fractional
error of about 0.075.

The results in Figure 2b are for the following genetic algorithm
model determined mean (generationaveraged) values providing
a best fit: (UA).. = 65.32 W/K, (UA)., = 13.44 W/K, (UA). = 8.66
W/K. These values resulted in a fit with a mean fractional error
of 0.075 (~ 7.5%).

Performance Prediction with a Conventional Neural Network
Data Based Model

A conventional neural network can be trained to predict the
trends in output performance parameters for prescribed input
parameters using performance data like that described in the
genetic algorithm model described above. In the simple example
system of interest here, the input parameters are the operating
conditions corresponding to the specified values of condenser
inlet water temperature T ; and the heat rejection rates in the
evaporators ¢, and ¢,,. The output performance parameters are the
chip operating temperatures: T, and Typp. The neural network
model is shown schematically in Figure 3.

16 neuron
dense layer

8 neurons
dense layer

input

Figure 3

Note that the neural network has three inputs, one output
layer, and two layers between. The presence of these “hidden”
layers is sufficient to categorize this as a deep learning model.
Each neuron in the model multiplies each input it receives by
an adjustable constant, sums them, and adds a biasing constant
which is adjustable. The result is handed to a specified activation
function. Here that is chosen to be a rectilinear exponential linear
unit (RELU) function [1]. Although the network structure for this
example is simple, this model has 210 adjustable parameters, which
allows it to model fairly complex, non-linear, multivariate behavior
in the data set. The code to set up the model and train it was set up
using keras [2] and other standard python tools. This model was
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trained with the same data used in the genetic algorithm model
described above. The trained model was used to predict the two
chip temperatures, and comparison of the resulting predictions
with data chip temperatures for the same operating conditions
is shown in Figure 4. The neural network model fits the data to a
mean absolute fractional error of 0.018 (~1.8%).

data Tr'rp.aa"d Tn"v.b ra
-

. * Tipa

’ - T

chipb

0! 2x10t axiot awiot 6x 10t 1w

predicted T, and Ty, (°C) for best-fit neural netwark

Figure 4

Once the model is trained, its learned knowledge of the parametric
performance trends in the data is stored in its 210 neuron parameter
values. It can then be used to predict performance for an arbitrarily
chose set of operating conditions. This is illustrated in Figure 5.
For a heat pipe condenser coolant temperature of 10°C, this figure
shows the model predicted variations of the two chip temperatures
as functions of the heat power generation in each of the two chips A
and B. Note that for each pair of heat dissipation rates experienced

by the system, the corresponding points on these surfaces predict
the operating temperature of each of the chips.

Closure: Pros and Cons

The results of the example models presented here demonstrate
that either of the two machine learning methodologies described
here could be a useful methodology for predicting performance
of the heat pipe system shown in Figure 1. Both of these are
data-based models, so they both would require fabrication and
testing of a prototype heat pipe system to create the database to
train the model. Here are some other pro’s and con’s of each:

Physics-Inspired Genetic Algorithm

Once trained, the genetic algorithm physics-inspired model
is embodied in a set of mathematical equations with known
coefficients that can be used to predict the heat pipe system
performance. This model has the further advantage that it
back-infers parameters in the model that might be difficult
to predict from theory, difficult to measure separately, and/
or involve physical properties that are not accurately known.
Knowledge of the inferred conductances may be very valuable in
that they may indicate that one or more conductances are much
different than expected from heat transfer theory, implying that
a change in the design, material, or manufacturing process is
needed to achieve the desired level of performance. Also, if
operating conditions and performance are monitored during
field operation, this heat pipe model can be retrained to reflect
shifts in performance due to condenser water side fouling or
shifts in contact resistance at the chip-evaporator interface. This
can facilitate model-based control of the condenser cooling
water flow rate and inlet temperature for appropriate chip
cooling. A drawback of this type of model is that it assumes
that the conductance parameters are fixed constants for all of

Tenipa (°C)

(a) Predicted chip a temperature

Tenipp (°C)

(b) Predicted chip B temperature

Figure 5: Predicted variations of chip temperatures with chip heat dissipation for a condenser coolant temperature of 10°C
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the operating conditions of interest, which may not be fully
accurate. Adjustments the model to account for parameter
variation wit operating conditions could be made.

Artificial Neural Network Model

Once trained, the neural network model can be used to predict
performance for the heat pipe system, but to do so, the neural
network model code must be used with the best-fit values of
neuron weights and biases determined in the training. This model
can fit trends in the data with a higher degree of adaptability
than the specific model relations used in the genetic algorithm
model. However, this type of model does not provide an explicit

mathematical relation for the performance as a function of
operating condition. Consequently, to define the parametric trends
for the system, the model must be used to generate predictions over
the parameter space of interest and the results must be analyzed
to assess the trends.

While only two types of machine learning tools have been explored
here, the example results and observations reflect the potential
usefulness and advantages of using tools of this type to enhance
development of better-performing systems, and/or facilitating
adaptive control of heat pipe based thermal control systems for
electronics applications.
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Hydraulic and Thermal Characteristics of a
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Tesla Tear Down, CFD Validation, and Machine Learning to
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his study investigates the hydraulic and thermal char-
acteristics of the TESLA AUTOPILOT HW2.5 MOD-
EL 3 Y, which features a double-sided cold plate with
PCBs attached on both sides. We present a step-by-step
teardown process of the unit, measuring internal dimensions, fin

model for the Tesla AUTOPILOT HW2.5 unit, which was used to
analyze the hydraulic and thermal performance of the cold plate.

We conducted experiments to measure hydraulic head loss
through the cold plate and evaluate thermal performance at var-

locations, inlet/exhaust ports, pedestals, and cold-plate channels.
These measurements enabled the creation of a 3D numerical

ious coolant flow rates and power loads. These results were used
to validate the CFD model. Thermal loads and the fluid flow rate
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in the CFD model mimicked the experimental test cases that were
evaluated. The model results for the hydraulic pressure loss and
temperatures at specific locations were found to correlate well
with the experimental data that was collected. The validated CFD
model was then used to examine the thermal characteristics of
the cold plate across a range of operating conditions. The model
was also used to identify opportunities to improve the design of
the cold plate.

Additionally, an Artificial Neural Network (ANN) model of the
cold plate assembly was developed to analyze system performance
across a wide range of operating parameters. It was demonstrated
that the developed neural network model could be used to deter-
mine the performance limit of the cold plate.

Keywords: Cold plate, Autonomous driving, CFD, Tear down,
Thermal performance, Hydraulic performance, Artificial Neural
Network, Machine Learning.

Introduction

Part 1 of this paper [1] detailed the construction and simulation
results of the CFD model of the cold plate assembly, providing
insights into its performance through velocity and temperature
profiles. Part 2 outlines the teardown process and experimental
setup used to validate the simulation model.

Artificial intelligence (AI) and machine learning (ML) have
gained prominence in both scientific and public discourse over
the past decade. ML algorithms utilize data subsets to generate
predictive rules for system outcomes based on input variables.
The ANN, a subset of ML, learns from example data to form
probability-weighted associations between inputs and results that
are stored within its structure.

In this paper, an ANN of the cold plate assembly is presented to
study the performance of the system using multiple combinations
of the operating parameters.

Tesla Autopilot Assembly Tear Down

The autopilot unit, shown in Figure 1, is enclosed in an alumi-
num housing and with a cold plate transition assembly attached
to the front side of the housing.

First, the autopilot cold plate transition assembly, which includes
the coolant hoses shown in Figure 2, was detached from the hous-
ing of the autopilot assembly. The hoses are essential components
of the cooling loop, allowing coolant to flow into and out of the
cold plate. Additionally, Figure 2 illustrates the attachment points
for the hoses on the transition assembly, providing a clear view of
the pathways for coolant circulation within the system.

Then, the top and bottom sections of the autopilot aluminum
housing were removed. As shown in Figure 3, the cold plate
serves as the central structure within the assembly, with printed
circuit boards (PCBs) securely mounted on both sides.

Front

Buck

Figure 1: The autopilot assembly before teardown

As shown in Figure 4, these PCBs house critical components, in-
cluding four high-power GPUs or processors, which are strategi-
cally positioned for optimized thermal management. Additional-
ly, various support electronics and connectors are visible on the
PCBs, designed to facilitate signal processing and power manage-
ment for the autopilot system.

The cold plate, after the thermal putty was removed, is shown in
Figure 5. Finned channels are integrated into the cold plate design
to improve the heat transfer. There are four lapped, or polished,
pedestals with the four main chips attached to them. These pedes-
tals are labeled A, B, C, and D to provide reference points for the
discussion in this document.

The cold plate was dismantled so that the dimensions of the inter-
nal geometry could be measured. The measurements were used
to generate a CAD model of the unit.
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Figure 3: The autopilot consists of two P(Bs attached to hoth sides of a cold plate

Nvidia Parker 3.75 x 3.75 mm Intel Atom A3950 Processor

Nvidia Pascal
3 x 3mm GPUs

Figure 4: Removal of the PBs from the Cold Plate
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Figure 6: The CAD Model Representing the Double-sided Cold Plate

Experimental Setup

A set of experiments were conducted to measure the hydraulic head
loss through the cold plate and assess its thermal performance un-
der varying coolant flow rates and power loads. To facilitate these
tests, a second autopilot unit was disassembled, and thermocouples
and heaters representing the four main chips were attached to the
cold plate. The coolant used in these experiments was a 50/50 gly-
col-water mixture, consistent with the specifications provided by
the original design. This coolant choice aligns with the intended
operating conditions, ensuring that test results accurately reflect
the cold plate’s performance in real-world applications.

Temperatures of the pedestal below each heater module pressure
head loss through the cold plate, and the liquid temperatures were

all measured. Uniform power was applied to the four heaters.

The heaters mounted to the cold plate were driven by a variable

power supply so that a specified power dissipation could be ap-
plied to the cold plate. The four heaters were placed in the lo-
cations where the GPUs and processors contact the cold plate.
Figure 7 shows locations where thermocouples and heaters were
attached to the front side of the cold plate.

Arctic Silver compound was placed on the interfaces between
the heaters and the cold plate pedestals. A 2 mm x 1 mm groove
was milled from the side to the center of each pedestal. The
thermocouple beads were then secured in the groove with Arc-
tic Alumina epoxy. After curing, the grooves were filled with ad-
ditional Arctic Alumina epoxy, and a wood insulator was placed
over each heater to improve thermal control. The entire assem-
bly was then thermally insulated; however, while insulating the
heaters themselves enhanced measurement accuracy, insulating
the full assembly had a negligible effect on accuracy within the
range studied.
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Figure 7: Instrumenting the cold plate; to provide better visualization, just one heater
assembly is shown

Thermal interface material
(TIM) to fill the air pockets

Ceramic heater

Insulater layer

Insulator layer

Figure 8: Heater module assembly

The schematic of the cooling loop is illustrated in Figure 9. All the
sensors were calibrated prior to use.

Two thermocouples were placed inside the liquid loop to mea-
sure the coolant temperature upstream and downstream of the
cold plate. To ensure accurate coolant outflow temperature read-
ings, a custom-designed, 3D-printed static mixer was placed up-
stream of the thermocouples. Energy balance was achieved by
calculating the heat generated by the heaters and comparing it
to the energy extracted by the coolant in steady-state mode, re-
sulting in a difference of less than 1% of the total heater energy.
The orientation of the cold plate during testing did not impact
hydraulic or thermal performance. Figure 10 provides a snapshot
of the experimental setup.

lowmete 4 Gallon
¥ 3 Punip Reservoir
Power Supply
r
g
= Al
g X
Ceramic & 3 Fam
DAG
Figure 9: Simplified cooling loop schematic
Pump
g 4 Gallon
Power supply unit Reservoir
Liquid to air
" heat exchanger

DAQ -«

Cold plate assembly

Figure 10: Overall experimental set-up

Validation of the CFD model

To validate the numerical simulations, test results for the hydrau-
lic pressure drop across the cold plate are compared to simula-
tions in Figure 11. The CFD model for hydraulic pressure loss
correlated with the experimental data over a wide range of oper-
ating conditions. The minimum and maximum pressure loss of
the unit were measured to be 0.4 kPa and 10 kPa at 0.4 and 6.4
LPM, respectively.
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Figure 11: The pressure drop across the cold plate
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Casel Case2
Coolant flow rate: 5.2 LPM Coolant flow rate: 4 LPM
Simulation z:ti: Terp-T cxperiment Simulation g:f: Z:;:::
Chip A 453 46 -0.7 46 48 -2
Chip B 479 48 -0.1 48.9 50 -1.1
Chip C 473 48 -0.7 48.6 50 -1.4
Chip D 49.7 51 -1.3 51.1 54 -2.9

Table 1: Simulations vs. experiment results for coolant with an inlet temperature of 30°C, heat dissipation rate of 125.5 W per chip

The pedestal temperature test results of the four chips are com-
pared to the simulation results in Table 1. This shows that the
modeling results for the temperature map were consistent with
the experimental data with a maximum temperature difference
of less than 3°C.

The higher the flow rate, the lower the temperature of the chips.
However, a more powerful pump is required to provide the cool-
ant at higher flow rates. There is a tradeoff between the perfor-
mance of the cold plate, the pump size, and the energy required
to push the coolant through the cold plate. The liquid flow rate
should be optimized to maintain a relatively low temperature rise
from inlet to exhaust while also minimizing the impact on system
pressure drop and pumping requirements.

Artificial Neural Network Model

The Artificial Neural network was organized in layers. The lay-
ers were made up of many interconnected nodes that contained
activation functions. The number of the nodes in an input layer
was set to 6 to include coolant inflow temperature, flow rate
and thermal loads of four IC components. The input layer con-
tained the values of the explanatory attributes for each observa-
tion. The hidden layers apply given transformations to the input
values inside the network. For the cold plate assembly, two hid-
den layers were defined. The first and second layers included 12
and 6 hidden nodes, respectively. The response variables in the
output layer included hydraulic pressure loss and the junction
temperature for the four IC components. In this analysis, the
temperatures of the pedestals beneath each heater module were
used to represent the junction temperatures. This approach al-
lowed for consistent temperature measurement relevant to the
thermal management of the ICs.

The learning set was obtained by performing a set of paramet-

ric CFD simulations in which the coolant viscosity varied with
temperature. Design of Experiments (DOE) was conducted, ap-
plying Latin Hypercube Sampling method in the design space.
The coolant flow rate and temperature varied between 2 LPM to
7 LPM and 6°C to 44°C, respectively. The thermal load of each IC
was set between 0 to 200 W. In total, the DOE included 140 sim-
ulation points, with 120 of them randomly selected as the learn-
ing set, to avoid overfitting, and the remaining 20 points were
used to validate the generated ANN model. The predicted results
for the hydraulic pressure loss across the cold plate and the four
junction temperatures were compared to those from sample set.
The correlation coefficient (R*) for both the pressure loss and the
junction temperatures was calculated to be over 0.98. The ANN
results were found to correlate well with the validated CFD re-
sults. The ANN model can be used to calculate the hydraulic and
thermal performance of the cold plate at any operating condi-
tions within seconds without compromising accuracy.

To show case the capabilities of the generated ANN model, it was
applied to estimate the thermal capacity of the cold plate, assum-
ing an upper junction temperature limit of 90°C and a coolant
inlet temperature of 40°C. As shown in Figure 12, the current cold
plate can remove a maximum of 155 W and 179 W from Chip A
at a coolant flow rate of 2 LPM and 7 LPM, respectively.

The power dissipation rate of Chip A increases the junction tem-
perature of chip B, C, and D by a maximum of 7°C, 4.6°C and
6.6°C at 2 LPM and 1.6°C, 0.4°C and 1.6°C at 7 LPM, respective-
ly. Assuming the maximum heat dissipation rate for Chip A, the
cold plate can remove a maximum of 125 W and 156 W from
Chip C at 2 LPM and 7 LPM, respectively.

The cold plate has the capacity to remove a maximum of 110 W
and 156 W from Chip B at 2 LPM and 7 LPM, respectively, as-
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Figure 12: Maximum heat dissipation for Chips A and C at various coolant flow rates, along with the junction temperature increases for Chips B, C, and D due to Chip A's dissipation,
based on an upper junction temperature limit of 90°C and a coolant inlet temperature of 40°C.

suming the maximum heat load from chip A and C. The maxi-
mum heat loads of Chip D were found to be similar to Chip B,
113 W and 155 W at 2 LPM and 7 LPM, respectively. The total
thermal capacities of the cold plate were 503 W and 646 W at 2
LPM and 7 LPM.

Conclusion

It was shown that the developed artificial neural network mod-
el can represent the thermal and hydraulic characteristics of the
cold plate. The results for pressure head loss and junction tem-

peratures align closely with validated CFD results across a range
of conditions. The model facilitates temperature estimation for
critical components and evaluates cold plate performance under
various coolant inflow conditions and power load distributions.
The generated ANN model was used to identify performance
limits of the cold plate. The developed model can accelerate cold
plate design and development by expediting an evaluation of de-
sign feasibility and to conduct in-depth root cause analyses for
various inputs and operating conditions.
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