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EDITORIAL

Victor A. Chiriac
Associate Technical Editor

Dear Readers,

On behalf of the editorial board, I am pleased to welcome you to the 2020 summer edition of the Electronics
Cooling. We are excited to share with you featured articles, Calculation/Statistics Corner, Tech Brief, and other
materials that we hope will be of interest to you and will provide a great learning experience.

So far, in the first few months of 2020 we have experienced challenging times with the worldwide COVID-19
pandemic outbreak. Yet, these challenges could turn into great creativity and multiple opportunities for technol-
ogy developments and breakthroughs in several areas of life. Our daily lives are changing at a fast pace, driven by
an increase in connectivity and mobile communication, and technology is at the forefront of the fight against the
spread of the virus.

Telecommunication is critical for businesses across many industries, including the medical field. The medical doctors started to use the digital plat-
forms to consult, prescribe medicines, and keep their patients updated with the latest medical advice. Telemedicine is thus assisting the diagnostic
and treatment process. Ventilators are essential equipment for providing critical treatment. Engineering firms are looking at using 3D printing to
manufacture the needed respirator components, with the goal of making them available to health care providers. Artificial intelligence (AI) could
become a powerful tool for predicting the COVID-19 disease’s future trend, and even looking for possible treatments. Biotech companies use Al
technology to analyze millions of immune cells in order to identify those cells that are able to produce antibodies to help the patients recover.
Thanks to Al 500 antibodies have been identified as possible candidates for use in future coronavirus therapies. Also, machine learning was used to
determine that the loss of smell and taste are among the most common indicators, a fact not widely known in the early days of the virus outbreak.

These are just a few examples of projects and initiatives that wouldn’t have been possible during previous pandemics or epidemics due to the lack
of infrastructure to collect and process data at this scale, and there was no social media to encourage people to get involved. But, there are also
technology advancements that are accelerated by the current pandemic needs, a race where the tech giants are either growing or fading away. This
is true, especially in the mobile/communication sector where the growth/decay cycles are so fast these days that any misstep could impact severely
the business and market share of competing companies.

Although we are living tough times, we have a mission to assist in the development of new cooling technologies and innovation that will make the
society recover, grow, and become stronger in the future. It is a call for reinvention happening across the industry that affects companies, society,
and, ultimately, our lives. Traditional industries are merging and evolving together: the automotive, the health care, the computing, and telecommu-
nication industries create a renewed environment for growing business success. The 5G technology will provide the infrastructure needed to carry
large amounts of data, allowing for a smarter and more connected world. Everything requires higher performance, more data, and faster processors,
and with thermal management and electronics cooling at the center of it all! The role of the thermal engineer will become more critical due to the
convergence of the above-mentioned industries requiring dedicated and customized innovative cooling solutions. As the world is changing and
evolving, it may be as well the time for the thermal engineers to take a lead and expand their contribution and industry impact beyond the tradi-
tional support role.

I encourage our Electronics Cooling readers to provide their feedback and share with us and the thermal community articles that provide an insight
into the novel and exciting work happening across all the industries, from large companies that build the future to small technology firms that
nibble at tech breakthroughs, and all together push the boundaries of our known thermal limits! We invite you to become active members of our
Electronics Cooling community, and we welcome your technical contributions and feedback for the improvement of our publication. Thank you for
your continued support.

Happy readership: stay healthy and creative!!!

- Victor A. Chiriac

|
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CALCULATION CORNER

Application of Transient Thermal Methods to
Moisture Diffusion Calculations, Part 2

Reprinted from the Electronics Cooling® 2013, Spring Issue

Bruce Guenin
Assoc. Technical Editor

INTRODUCTION

This two-part column was motivated by concerns regarding the
important role of organic materials in electronic systems and
their accompanying vulnerabilities due to moisture diffusion.
The methods described herein are intended to provide an efficient
means of predicting the rate of moisture diffusion under a variety
of conditions in order to better manage the associated risks.

Part 1 established the basic validity of the methodology and
demonstrated its use in modeling one-dimensional (1D) diffu-
sion flow geometries[1]. Part 2 continues the development of these
methods and applies them to a variety of situations of practical
importance.

CALCULATION METHOD FOR

2D DIFFUSION GEOMETRIES

As demonstrated in Part 1, the use of a multi-stage resistor-ca-
pacitor (RC) network, solved using a numerical method, can be
extended beyond its original scope involving thermal transient
modeling to the prediction of moisture diffusion. It can be adapt-
ed to various geometries by using the appropriate analytical for-
mulas for calculating the particular values of R and C. The exe-

cution of the numerical method is relatively independent of these
geometrical details.

Figure 1 depicts the geometry assumed in the calculation, that is
representative of the design of organic laminates used in package
substrates and printed circuit boards (PCBs). It represents a sin-
gle dielectric core region in a multi-layer package substrate. The
core material is the same as that in Part 1, namely, bismaleimide
triazine (BT). The BT is assumed to be 0.015 cm thick and is 1
cm square. It is assumed to be sandwiched between two contin-
uous copper planes. The presence of the copper is not explicitly
accounted for in the model. Their effect, as far as the model is con-
cerned, is to prevent any diffusion of moisture into the BT from its
top and bottom surfaces. Moisture can only diffuse into the core
by way of the exposed edge. Note that this is a rather constraining
condition. To the extent that the metal planes prevent the diffu-
sion of moisture from one core to another, it is only necessary to
model a single core to capture the physics of the diffusion process.

However, in the real world, life is not quite this simple. Typically,
in laminated organic package substrates and PCBs, there are per-
forations in the metal planes as required by the fabrication process

& T 7
TOP
= View < =) B
BT Core . /
Moisture
A 0 KS|  Diffusion
«— 1cm —» Flow in
BT Core\ Core Circularized Boundary of
=S X 74 Sample of Same Area
Solid 1 Core (Diameter = 1.128 cm)
Copper Side View Thickness =
Planes (Not to Scale) 0.015cm

Conc, Conc;, Conc, Internal node.
Vv VvV Y “~— Isolated from

Rlil:cl R, T, Rs T R Tc, environment
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Node _, 0 1
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external
surface of
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4-Stage RC Network

R Boundaries C Boundaries

R=— L ppffour
2nDt In
C=nt (réUT —r];)

Equations for R and C
assuming radial flow
D = Diffusivity

t = thickness of disk

Geometry of R and C regions
superimposed on circular sample.

Figure 1: a) Diagram of diffusion sample (left). b) Four-stage transient RC circuit representing the diffusion process. Diagram of boundaries for capacitor regions (solid lines)
and resistor regions (dotted lines). Equations shown, for calculating R and C values, representing 2D diffusion (right).
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or resulting from via or trace routing in the laminate. These per-
forations would serve to provide additional paths for moisture to
diffuse into the interior regions of the laminate. Hence, the time
for moisture diffusion in actual components would tend to be
less than that predicted here. However, the simple construction
assumed here will enable us to more efficiently explore the basic
physical effects involved with the exchange of moisture between
an organic substrate and the ambient air and simultaneous diffu-
sion within the component.

Before the numerical method can be applied, it is necessary to
subdivide the sample into several regions, each of which must be
represented by a separate value of R and C in the RC circuit. There
is no standard way to do this. However, the method used in Part
1 for a 1D flow in a slab-shaped component can be adapted to the
2D situation as follows:

o Circularize the square by transforming it into a disk having
an equal area. This has been shown to be a reasonable approx-
imation for radial heat flow in a square geometry|[2].

o To create the capacitor volumes, divide the disk into four an-
nular regions for which r r, =1, ./4 wherer_ andr

oUT "IN = DISK ouT IN

are the outer and inner radii of a given annulus and r is the
radius of the disk. This is depicted by the array of concentric
solid-line circles in Figure 1.

o The resistor geometries span two adjacent annuli and termi-
nate at the bisecting radius of each. [The bisecting radius di-
vides each capacitor annulus into two equal areas.] This is de-
picted by the array of concentric dotted-line circles in Figure 1.

o The Cand R values can be calculated using the particular val-
ues of r . and r, of the appropriate annuli and the appropri-
ate formula in Figure 1.

Table 1 lists the inner and outer radii for each C and R region,
and the resultant C and R values. The R calculations assume three
different diffusion coefficients, one for each of the three BT tem-
peratures assumed in the case studies to follow.

ADAPTING DIFFUSION CALCULATION METHOD

TO DIFFERENT ENVIRONMENTS

Visually, the most prominent feature of the four-stage RC circuit
is the ladder arrangement of the resistor and capacitor symbols.
From a physical perspective, the topology of this network and the
particular R and C values will determine how rapidly moisture will
be transported through the structure.

However, the value of Conc, the moisture concentration at the
outer skin of the BT, is important in providing the potential differ-
ence to drive the diffusive flow of moisture either into or out of the
BT. The value of Conc, is, in turn, determined entirely by the local
relative humidity (RH) at the exposed surface of the BT and by its
local temperature.

Hence, in order to accurately predict the instantaneous diffusion
rate within the BT, it is necessary to determine:

« The diffusion coeflicient—it is determined only by the choice
of organic material and its temperature.

« Local RH at the exposed surface of the organic material—de-
termined by the ambient temperature and RH and the local
temperature of the material.

+ Equilibrium value of Conc,—determined by the local tem-
perature and local RH and the choice of organic material.

The following sections provide procedures for calculating each of
these properties and the relevant environmental conditions:

Diffusion Coefficient

In Part 1, a method of calculating D for BT was described using
Equation 3 (in Part 1), and assuming an activation energy for
moisture diffusion of 0.48 eV. Table 2 provides calculated values
of D at temperatures of interest. Since D is an exponential func-
tion of temperature, its value changes significantly with changes
in temperature.

TABLE 1
Calculated Values of R and C
CIRCUIT INNER OUTER TEMPERA-
ELEMENT MAT'L RADIUS RADIUS THICKNESS TLJRE D R C
(cm) (cm) (cm) (" C) cm2/sec (sec/gm) cm3
R1 BT 0.499 0.564 0.015 60 1.29E-08 1.01E+08
R2 BT 0.360 0.499 0.015 60 1.29E-08 2.69E+08
R3 BT 0.223 0.360 0.015 60 1.29E-08 3.93E+08
R4 BT 0.100 0.223 0.015 60 1.29E-08 6.62E+08
R1 BT 0.499 0.564 0.015 85 3.03E-08 4.32E+07
R2 BT 0.360 0.499 0.015 85 3.03E-08 1.14E+08
R3 BT 0.223 0.360 0.015 85 3.03E-08 1.67E+08
R4 BT 0.100 0.223 0.015 85 3.03E-08 2.82E+08
R1 BT 0.499 0.564 0.015 105 9.44E-08 1.39E+07
R2 BT 0.360 0.499 0.015 105 9.44E-08 3.67E+07
R3 BT 0.223 0.360 0.015 105 9.44E-08 5.37E+07
R4 BT 0.100 0.223 0.015 105 9.44E-08 9.04E+07
C1 BT 0.423 0.564 0.015 0.0066
Cc2 BT 0.282 0.423 0.015 0.0047
C3 BT 0.141 0.282 0.015 0.0028
C4 BT 0.141 0.015 0.0009

Electronics-COOLING.com 5



TABLE 2

Calculated Coefficient for
Moisture Diffusion in BT
T D(T) D(T)/D(20)
(°0) (cm2/sec)

20 1.32E-09 1.0
30 2.47E-09 1.9
40 4.44E-09 3.4
50 7.69E-09 5.8
60 1.29E-08 9.8
70 2.10E-08 15.9
80 3.33E-08 25.2
90 5.14E-08 39.0
100 7.75E-08 58.8

Relative Humidity at Interface with the Sample

The value of RH at the interface with the polymer component
plays a significant role in the ultimate moisture concentration in
the sample. It is critically dependent on the ambient temperature.
In situations in which the substrate temperature differs from that
of the ambient, then this difference must be taken into account.
The following equation, which provides the relationship between
the partial pressure of water in the atmosphere, at saturation, as
a function of temperature, can be used as the basis of all the re-
quired relative humidity calculations.

(77.3450+0.0057-7235/T)

T8.2

PWater,Sal(T) . (1)

where P, is the partial pressure of water in units of Paand T
is the absolute temperature, in units of K [3]. At a given value of

RH, the partial pressure of water is simply equal to

(77.3450+0.0057-7235/T )

O

PWaler(T’RH) . RH * PWater,Sat (D - RH *

Equation 2 was used to generate the various curves of P, vs.
temperature at specified values of RH in Figure 2a. Equation 2 was
also used to create the curves in Figures 2b and c. Their behavior
results from the fact that, when a surface is maintained at a local
temperature different from the ambient, the RH value at that sur-
face is also different from the ambient RH. Figure 2b assumes an

ambient temperature of 20°C. When a given surface is heated the

partial pressure of the water in the air at its surface is unchanged.
However, since the hotter air at the interface has a higher Pler sav
the local RH is reduced compared with the ambient value. Con-
versely, when a surface is cooled, the RH increases and can lead
to condensation (i.e.: the local RH reaches 100%). The graph ac-
counts for that effect also. Figure 2c shows the same sort of curves,
but this time, assuming an ambient temperature of 40°C. The
higher value of P, . ata40°C ambient leads to higher values of
local RH at a given surface temperature than for 20°C.

Moisture Concentration at the Sample Surface

The relationship between the saturated moisture concentration
and ambient temperature and RH for BT samples in equilibrium
with the ambient has been quantified though weight measure-
ments on saturated samples [4].

Figure 3 shows the result of applying a regression analysis to the
raw data from the reference and provides a means of estimating
values of moisture concentration at values of temperature and RH
other than those measured. Furthermore, a power law regression
(not shown on the graph) was generated for each trendline and
was used to estimate values for RH between 0 and 40%.
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Figure 3: Saturated moisture content of BT vs relative humidity and ambient tem-
perature. Regression fit to data in Ref [4].

MOISTURE DIFFUSION CALCULATIONS

FOR SIX CASE STUDIES

A total of six case studies were performed. They are listed in Ta-
ble 3. In all cases there was a soak process under 85°C/85%RH
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g // —100% | 2 ——20% 3 | —20%
5 3E+04 E E 6o%
3 // —s0% E ——a0% 3 ——40%
2
3 2E+04 v ——60% $ ———60% S a0% ———60%
g /// — 0% s —— 0% K — 0%
o 1E+04 2 & 20%
£ é — —m% 3 ———100% 3 ——100%
5 0400 ——10% k] = = -TAmb 5 ™% = = -TAmb
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Ambient Temperature (°C) Local Temperature (°C) Local Temperature (°C)
(a) (b) (c)

Figure 2: a) Graph of H,0 partial pressure vs. ambient temperature and relative humidity, b) & c) Local relative humidity at sample surface vs. local sample temperature

and ambient RH.
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conditions. For Case 1, the soak process lasted for 500 hours, and
was simulated explicitly. For all other cases, they were assumed to
proceed to saturation. They were not explicitly simulated. Their
effect was represented by assigning a constant value of concen-
tration (equal to 8.85 mg/cm?) to all of the capacitors as an initial

condition in the bakeout simulation.

Electronics COOLING | SUMMER 2020

represents that of the bisecting radius of each capacitor.

Cases 1 and 2 are similar to the one analyzed in Part 1. The simu-
lation results for these cases are shown in Figure 4. In this figure,
the top row of graphs plot the value of moisture concentration cal-
culated for each of the capacitors at various values of elapsed time.
For a given time, the radius value associated with each data point

TABLE 3
Environmental Conditions Assumed in Diffusion Case Studies
SOAK CONDITIONS BAKEOUT CONDITIONS
case # | Romave | 9% | Grar | AT | apgw | BT |RH@BTAr | QAR
. Time Tem Tem Interface
Humidity ! Interface P P ¢ Interface
(°C/% RH) (hrs) (mg_/cm3) (°C) (%) (°C) (%) (mg/cm3)
1 85/85 500 8.85 20 20% 105 0.4% 0.00
2 20 20% 105 0.4% 0.00
3 To 20 20% 60 2.4% 0.07
4 85/85 Satur- 8.85 20 60% 60 7.1% 0.33
5 ation 40 40% 60 14.8% 0.83
6 40 60% 60 22.2% 1.52
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Figure 4: Solution results for BT samples, 85°C/85%RH soak and 105°C bakeout exposure. a) 2D diffusion profile versus time. b) Concentration values at each capacitor

versus time. ¢) Mass gain curve versus time.
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The middle row of graphs plot the concentration calculated for
each capacitor versus time. Cl is associated with the outermost
annulus. As such, its concentration is the fastest to rise during
soaking and likewise to fall during bakeout.

The bottom row of graphs plots the total mass of absorbed mois-
ture vs time. It is calculated using Equation 3, below.

4
My, = EConci °C ©)

i=1

(Note that the equivalent equation in Part 1 (Equation 4) had a
prefactor equal to 2 to compensate for the half symmetry of the
1D model.)

The results for the soak process in Case 1 are worth noting. In
spite of the 500 hr duration, the moisture concentration at the
center of the sample reached only about half of its saturation val-
ue. This is simply due to the rather large radius on the modeled
sample, equal to 0.56 mm. By comparison, in Part 1, the diffu-
sion length between the mid-plane and the exterior surface of the
sample was 0.012 mm. Here, full saturation was achieved in only
about 4 hours.

The bakeout process for these two cases assumes the use of an
oven set to a temperature of 105°C. Since the oven is assumed to
be open to the atmosphere, in the vicinity of the BT, a very low
RH value of 0.4% is calculated. At this high temperature, the dif-
fusion coefficient is high enough that the bakeout is complete at
approximately 650 hrs. This was nearly independent of the initial
moisture content of the BT at the start of bakeout.

The bakeout process for Cases 3-6 is more representative of condi-
tions in application environments. In all four cases, the tempera-
ture of the BT was assumed to be 60°C, which was higher than the
ambient temperature in each case.

Cases 3 and 4 assume an ambient temperature of 20°C, at RH
values of 20% and 40%, respectively. These would be considered
rather mild application environments and would be representa-
tive of ASHRAE data center guidelines of today. These results are
displayed in Figure 5. The time required for the moisture content
to reach a steady minimum is nearly 5,000 hours.

As mentioned, this is probably a conservative estimate. However,
it is indicative of a much slower drying process than in a dedi-
cated bakeout oven. One notes, also, the beginning of a trend in
that the residual moisture level in the BT is greater than the near

Case 4 - Bakeout

Case 3 - Bakeout
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Figure 5: Solution results for BT samples, Cases 3-6, showing change in diffusion profile versus time due to hakeout process at varying ambient temperature and RH values
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zero value obtained in the bakeout oven. These residual moisture
concentration levels were calculated at 0.07 and 0.3 mg/cm?, re-
spectively.

There is a trend among data centers to push ambient tempera-
ture and RH values to higher levels in the interest of improving
data center cooling efficiency. ASHRAE has been supportive of
this trend by relaxing temperature and humidity guidelines and
allowing temperatures in the 40 to 45°C range, with appropriate
controls on humidity [5]. Cases 5 and 6 assume an ambient tem-
perature of 40°C and RH levels of 40 and 60%, respectively. The
results in Figure 5 indicate a similar time for the residual moisture
to reach a stable value. This should not be a surprise, since this is
largely the result of the BT temperature, since this determines the
diffusion coefficient. However, the residual concentration values
of 0.8 and 1.5 mg/cm? are significantly higher than those associat-
ed with the 20°C ambient.

CONCLUSIONS

Computationally efficient methods have been demonstrated that
are useful in calculating moisture diffusion rates for simple ge-
ometries over a wide range of ambient conditions of temperature
and humidity.

The use of ambient air with elevated temperature and humidity
levels for cooling electronic components containing organic mate-
rials has been shown to promote a higher concentration of residu-
al moisture in these materials. It behooves the industry to not only
quantify moisture levels in organic materials more effectively, but
also to better understand the impact of increased moisture levels
on the reliability and electrical performance of these materials.
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Figure 6: Additional plots of Cases 3 and 6: moisture concentration values at each capacitor versus time and mass gain curve versus time.
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Normal Distribution

Ross Wilcoxon
Assoc. Technical Editor

he previous column in this series [1] discussed statis-

tical probability and showed that the plot of the prob-

ability of a given value occurring within a population

can look like a hill in which there is a peak in the mid-
dle that tapers off to increasingly smaller slopes on each side.
The example in that column referred to the scores produced
by shaking a number of dice, and the ‘hilly’ plot was described
with the more common term of ‘bell-shaped curve’ The purpose
of establishing a probability distribution to describe a popula-
tion of data with uncertainty is that it provides a mathematical
framework for dealing with that uncertainty—if a reasonable
mathematical model of the distribution curve can be defined. As
we will see in subsequent columns, many different models for
probability distributions exist; the selection of the correct model
depends on characteristics of the population and what data are
available for analysis.

This column focuses on the probability model that is most widely
used and most recognized: the Gaussian, or normal, distribution.
The normal distribution, as written in terms of a probability den-
sity function is shown in Equation (1):

F) = o2l

=) (1)

Equation (1) allows one to estimate the probability of a given
value, X, occurring in a population that is defined with the two
parameters y and 0. While the normal distribution equation it-
self may not be familiar to everyone, the terms p and ¢ should
be recognizable to anyone who deals with data: 1 is the mean (or
average) value and o is the standard deviation. If the mean and
standard deviation of a population are known, the probability that
a randomly selected member of that population will have a value
of x can be calculated with Equation (1). Or, if you are like me and
rely on spreadsheets to do most of your calculations, you can use
the function: @norm.dist(x, y, o, false).!

The mean and standard deviations can be calculated for a set of N
samples, X, X,, ...X , by:

Zliv=1xi
= 2i=17% 2
Hs N )

(3)

Equations (2) and (3) include the subscript ‘s’ for the mean and
standard deviation as a reminder that the values determined from
a sample (the set of data drawn from a population) are not exactly
equal to those for the entire population (all possible elements).
Traditionally, the mean and statistical deviation of a sample are
written as x and s, respectively. A future column in this series will
discuss how to use the values of u_and o, also known as x and s,
to determine a range in which we can be confident that the pop-
ulation mean, p, actually lies. Note that the mean and standard
deviation of a data set can be calculated in a spreadsheet with the
functions @average(‘data’) and @stdev(‘data’), respectively, where
‘data’ refers to the cells that contain the data.

Our familiarity with the term ‘average’ can lead to its occasional
misuse, which can be avoided if we keep its relationship to the
normal distribution in mind. The version of the classic illustration
of a misuse of the term ‘average’ is the example of nine people, who
all have a net worth of $500,000, are sitting in a bar. In walks the
founder of a “multinational conglomerate technology company
that focuses on e-commerce, cloud computing, digital streaming,
and artificial intelligence” who has a net worth of $140B. Using
Equation (2), the average net worth of the individuals in the bar
suddenly increases to $14B, which may be mathematically correct
but not physically relevant. The primary basis for this discrepancy
is the fact that the population of the 10 individuals in the bar is
not representative of a normal distribution. In cases like this, the
median may be a more appropriate parameter for reporting a typ-
ical value. The median is the middle value in a ranked list of the

UThe ‘false’ in this equation specifies that the probability distribution (a bell-shaped curve that goes to zero as x goes to infinity) is
calculated. If ‘true’ is used instead, the function returns the cumulative distribution (an S-shaped curve that goes to 1 as x goes to

infinity)

2Equation (2) defines the arithmetic mean, which is the same as the arithmetic average. The more generic terms mean and average
are often used interchangeably, but can refer to different definitions.
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sample set such that an equal number of values are greater than
and less than it (the spreadsheet function for calculating median
is @median(‘data’). When the mean and median of a data set are
substantially different, such as in the aforementioned example of
the people in the bar, one should suspect that the sample set is not
normally distributed.

A fundamental strength and justification for utilizing the normal
distribution is the central limit theorem, which shows that when
multiple, independent random variables are added, the result tends
towards a normal distribution—even if the variables themselves
are not normally distributed (see for example Reference [2]). Refer-
ence [1] discussed the results of throwing dice, beginning with the
assumption that a single die is ‘fair’ such that the probability of it
showing any particular value is equal to the inverse of the number
of sides on the die (i.e., 1/6th for a six-sided die). The distribution
of scores that result from throwing that one die is certainly not nor-
mal; it would be a straight line with equal probability of 16.7% for
each of the six values. With two dice, the distribution had a trian-
gular shape and, as the number of dice increased, the distribution
looked more and more like a bell-shaped curve.

Figure 1 shows simulated results for throwing 6 six-sided dice
100 and 5,000 times. The larger number of throws leads to a more
well-behaved distribution of results (red bars appear to be more
‘bell shaped’). However, both data sets produce very similar nor-
mal distributions with mean values of ~21 and standard devia-
tions of 4.2. This illustrates the power of the normal distribution
and the results of the central limit theorem. Even when we have
results from a small data set that in of itself does not appear to be
normally distributed (have a ‘clean’ bell-shaped curve), if the data
were drawn from a normal distribution there is a good chance

Electronics COOLING | SUMMER 2020

that they can be used to accurately estimate the fundamental
characteristics of that population.

The normal distribution provides a straightforward method for
using measureable characteristics of a data set (the mean and
standard deviation of the sample) to estimate the probabilities of
future measurements falling within a prescribed range of values
(related to the properties of the entire population). This is incred-
ibly useful in that it allows us to perform tasks such as:

o Determining how many samples must be measured to have
confidence that a population has been adequately charac-
terized

o Comparing different data sets and decide with they are from
the same population or not (e.g. to determine if differences in
their mean values are ‘statistically significant’)

o Deciding whether a value that seems to be an outlier is likely
to be from the population that we are evaluating or if it is due
to a factor such as a measurement error,

o Defining how much confidence we should have in a curve fit
we generate from a data set

These types of practical tools are all topics that will be discussed in
future columns, now that these foundational topics of probability
and distributions have been covered.

1. Ross Wilcoxon, “Statistics Corner—Probability”, Electronics
Cooling Magazine, Spring 2020, pp. 16-18
http://sphweb.bumc.bu.edu/otlt/ MPH-Modules/BS/BS704_
Probability/BS704_Probability12.html
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Figure 1: Simulated results for throwing 6 six-sided dice.
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Effective Heat Spreading Angle

Reprinted from the Electronics Cooling® 2015, Fall Issue

Dirk Schweitzer
Infineon
dirk.schweitzer@infineon.com

INTRODUCTION

o accurately compute the thermal resistance of a layered

structure, such as the Junction-to-Case thermal resis-

tance of a power semiconductor, the heat spreading in-

side the structure has to be considered. The calculation
of the spreading resistance is not a trivial problem [1] and analyti-
cal solutions exist only for extremely simple geometries.

Using finite element analysis (FEA) the heat spreading and result-
ing temperature distribution can be accurately computed. But for a
quick and simple analysis of the spreading resistance, the thermal
engineer has to resort to rules of thumb such as the 45° spreading
angle [2, 3], or to approximation formulas which can be found in
literature [1, 4]. This article presents an alternative approach, name-
ly the concept of the effective heat spreading angle [5].

EFFECTIVE HEAT SPREADING PROFILE

To explain this concept we consider a silicon chip on a copper
(Cu) leadframe as shown in Figure 1. A power of P, = 10 W is dis-
sipated homogeneously on an active area of 1.0x1.0 mm? on the
3.0x3.0 mm? chip whereas the bottom temperature of the lead-
frame is kept constant (ideal cooling).

Monitoring the local heat flux density p(x) from the center of the
die surface to the center of the bottom surface (x being the dis-
tance from the heat source), Figure 2, we notice that the heat flux
density drops continuously from initially 10 W/mm? to about 1
W/mm? at the bottom. Obviously the heat spreading is the rea-
son for the decreasing heat flux density. If the cross sectional area
of the heat flow path was constant the heat flux density would
also remain constant throughout the structure. Since the varia-
tion of the heat flux density is closely related to the amount of
heat spreading, the obvious idea was to derive a measure for the
spreading angle from the derivative dp/dx of the heat flux density.

For simplification we shall assume that the heat flux is homoge-
nously distributed over each cross section A(x) of the heat flow
path (which is not the case in reality). At each position x, the
product of cross-sectional area A(x) and heat flux density p(x)
equals the total power dissipation P,

A(x)p(x) (1)

Furthermore, we shall assume that the shape of the heat flow cross
section does not change as the heat propagates (which is not true
either); i.e.: in this case it remains a square area independent of
the distance x from the chip surface. For the half side length y(x)
of this square we obtain:

y(x)=§\/A<x> =15 @)

2\ p(x)

Plotting y(x) vs. distance x we obtain the effective heat spreading
profile (Figure 3). We call this the effective heat spreading profile as
opposed to the real spreading profile because it has been derived
for above non-true assumptions. This approach is justified by the
fact that we can use the effective heat spreading profile to calcu-
late the spreading resistance within any desired accuracy. Figure 4
shows a discretization of the effective spreading cone. In this ex-
ample chip and leadframe are each subdivided into four slices and
the die attach is represented by one more slice. The temperature
drop AT, across each slice can be calculated from the density p, of
the heat flux passing through it, its thickness d,, and its thermal
conductivity A :

_ b
AT==td,

i

3)

Active area
1.0 x 1.0 mm?

é 0.38 mm
3.0 mm 3.0 mm T

8.0 mm

1.27 mm

8.0 mm

Fixed case temperature

Figure 1: Silicon chip on Cu leadframe (solder die attach).
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Figure 2: Heat flux density along heat flow path.

Because the cross sectional area A, of each slice has been con-
structed such that A = P, /p, we have:

P, _ d
—d =P,6 th 6 =—- 4
A,l, i HYi w1 i Alﬂ, ( )

(3

AT, =

where 0, represents the thermal resistance of the i-th slice such
that if we multiply it by the total heat flux P, we obtain the correct
temperature difference across that slice. Therefore, the sum over
all slices:

n n d
6=26=Y )
2972743

approximates (and for n - oo exactly returns) the thermal resis-
tance of the structure. In practice even a rather coarse discretiza-
tion of the effective heat spreading profile as in Figure 4 results in
a quite good approximation of the actual thermal resistance (<1%
error in this case). Application of the popular 45° heat spreading
assumption on the other hand would overestimate the size of the
spreading cone and thus result in a too low value for the thermal
resistance (Figure 3).

y(x) [mm]

N

[wuw] x
T S

ST
—/ //I

/’45} /

Cross section A(x)

Figure 3: Effective heat spreading profile.

EFFECTIVE HEAT SPREADING ANGLE
Based on the effective heat spreading profile y(x) the correspond-

ing effective spreading angle can be easily computed (Figure 5):

d
tang,, == (©)

Using Equation (2) we obtain for the heat spreading cone with
square cross section:

1| P 1 d
tan ¢eff = —_—— _H __p (7)
4\ p(x) p(x) dx
y(x) [mm]
[ W 4 X ]
| 4 X |
) A S
i-th slice AV_ = i le d,
[ H i1*
Figure 4: Discretization of the effective heat spreading cone.
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Figure 5: Effective heat spreading angle.

BENEFITS OF THE EFFECTIVE

HEAT SPREADING CONCEPT

The attentive reader will now object: That is all well and good, but
how do I know the heat flux density p(x) along the heat flow path
which is required to calculate the effective spreading profile?

Which is a valid objection, since p(x) can only be obtained by fi-
nite element (FE) simulation. There would be little motivation to
perform a FE simulation to calculate the heat flux density since we
could as well use the FE simulation to directly compute the tem-
perature difference and thermal resistance between junction and
case.

In the author’s view, the effective heat spreading concept serves
two purposes. On the one hand it provides a clear definition of
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heat spreading cone and spreading angle which so far is often
based on a somewhat vague idea of how the heat is spread inside a
structure. Heat spreading cone and angle can be visualized which
helps us to gain insight into spreading mechanism and influenc-
ing factors. Looking at Figure 3, we see e.g. that the popular as-
sumption of a 45° spreading angle is overly optimistic in that case.
This is the educational aspect.

On the other hand, the effective heat spreading concept also
serves a practical purpose. As shown in [5], we can often find
generally applicable rules for the effective spreading angle which
are valid not only for one particular case/device but provide a
good approximation for a whole sub-class of cases (e.g. all power
semiconductors with solder die attach). Based on these rules and
Equation (5) we can implement more accurate spreadsheet calcu-
lators for the thermal resistance of this sub-class of devices.

FINAL REMARK

We could also try to define the spreading cone by a surface that
intersects all isothermals at 90° angle thus ensuring zero heat flux
across that border. But contrary to the approach presented above

the resulting heat spreading cone would be useless when it comes
to computing the associated thermal resistance since the heat flow
density over parallel cross sections of the spreading cone is not
constant.
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INTRODUCTION

he world is becoming more digitalized than ever before.

The workload of data centers has tripled since 2015 [1].

Despite huge progress in thermal management, tradi-

tional air-based cooling technology still represents a
critical factor which significantly impacts data center operating
costs and the environment. Depending on the size and operating
conditions of a data center, a significant portion of the total ener-
gy consumption (up to 55%) is used to cool the servers. Therefore,
the implementation of greener cooling technologies that can re-
use the heat generated by the servers for other purposes (i.e. room
heating, power generation, etc.) is becoming more and more
attractive. The novel passive two-phase cooling technology, pre-
sented in this article, offers not only a very efficient way to manage
the heat load of the servers, with a substantially higher heat flux
limit versus traditional technology, but also offers a feasible and
economically viable way to re-use that energy.

THERMAL AND FLUIDIC PHENOMENA IN THE
OPERATION OF A SINGLE LOOP THERMOSYPHON

A single loop thermosyphon is composed of four elements:

1. 'The evaporator: where the absorbed latent heat chang-
es the working fluid’s phase from liquid to a liquid-vapor
mixture

2. 'The condenser: where the latent heat rejection changes
the vapor back to the liquid phase

3. The riser: which transports the liquid-vapor mixture up-
ward from the evaporator to the condenser

4. The downcomer: which carries the liquid downward
from the condenser to the evaporator

A schematic of a single loop thermosyphon is reported in Figure 1.
The condenser must be placed above the evaporator to favor buoy-
antly driven passive flow circulation, and due, to the small channel
sizes, slug and annular flows are the main flow patterns occurring
during the operation of a thermosyphon [2, 3].

As general design guidelines for electronics cooling applications,
it is important to ensure a subcooled liquid at the evaporator in-
let and a sufficiently low vapor quality at the evaporator outlet
to avoid four phenomena related to the two-phase flow in mi-
cro-channels and thermosyphons in particular:

o Dry-out: the vapor phase, with its poor heat transfer char-
acteristics, may blanket the wall when the vapor quality ap-
proaches 1. Therefore, it is imperative to have a fully wetting
flow at the evaporator outlet. Generally, the thermosyphon
can safely operate with vapor quality in the range of between
0.1 and 0.5. Note: vapor quality is defined as the ratio be-
tween the mass of vapor flow divided by the total mass flow
rate (liquid and vapor).

« Instabilities: a subcooled liquid at the evaporator inlet elim-
inates pressure-related instabilities in micro-channels and
Ledinegg’s instability in a thermosyphon loop [4].

o Backflow: at high heat loads, the rapid growth of vapor may
push the flow backward, triggering flow instabilities and
decreasing thermal performance. The subcooled liquid pre-
vents this from occurring, but it must be coupled with care-
ful design of the inlet manifold and flow distribution in the
evaporator.

o Gravity-driven flow: a single loop thermosyphon has two
working regimes. The gravity-dominant regime occurs when
the buoyancy in the riser is the primary force, up to when the
heat duty creates sufficient vapor quality to change to fric-
tion-dominant flow. A thermosyphon should be designed to
operate in a gravity-dominant regime as the mass flow rate
increases with the heat load, and the subcooled liquid at the
evaporator inlet serves this purpose [5].
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Figure 1: Schematic of a single loop thermosyphon indicating the main components
and flow direction.

Subcooling at the inlet and the latent heat transfer both affect the
thermal performance. They are related to the heat load through
the energy balance on the working fluid:

Q = m(cp ’ AT;ub + Ahlv ’ ‘xout )

where Q (W) is the total heat load (comprised of subcooled and
saturated heat loads), m (kg/s) is the coolant mass flow rate, <,
(J/kg/K) is the specific heat at constant pressure, AT , (K) is the
subcooling at the evaporator inlet, Ah, (J/kg) is the latent heat of
vaporization, and x_ (-) is the outlet vapor quality. To minimize
the total thermal resistance, the subcooled heat load needs to be
minimized, while the saturated heat load needs to be maximized.
Therefore, it is paramount to find the right trade-off together with
the design guidelines reported above.
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TEST RESULTS WITH A SINGLE LOOP
THERMOSYPHON PROTOTYPE

Figure 2: Experimental setup built at Nokia Bell Labs to characterize thermal per-
formance of the thermosyphon operating with R1234ze. The heat was dissipated to
a secondary side water cooling loop.

A newly designed thermosyphon prototype suitable for server-lev-
el cooling is depicted in Figure 2; Figure 3 illustrates a schematic
diagram including the main components and measurements. The
main components of the test setup are the following:

o A low-height water-cooled thermosyphon designed for cool-
ing 2-U servers. The evaporator was directly attached to the
heat source via a highly conductive thermal grease (Thermal
Grizzly Kryonaut: thermal resistance of 0.0032 K/W and
thermal conductivity of 12.5 W/m/K)

« A pseudo-chip with a footprint area of 4 x 4 cm? designed
with four cartridge heaters in parallel, that were located in a
copper block. Four calibrated K-type thermocouples (accu-
racy of + 0.25 °C were used to measure the mean heater tem-
perature. The junction (evaporator base) temperature was
evaluated from the mean heater temperature and a 1D heat
conduction calculation accounted for the thermal resistance
through the copper and thermal interface material. Another
K-type thermocouple was attached on the adiabatic section
of the riser to measure the saturation temperature

o A thermal bath circulated cold water at a given temperature
and flow rate on the secondary side of the thermosyphon. Its
flow rate was indirectly determined from an energy balance
using the water’s temperature rise, with K-type thermocou-
ples attached on the inlet and outlet tubes, and imposed heat
load, assuming negligible heat loss to the ambient

o A customized charging station (not shown here) was de-
signed and fabricated to fill the thermosyphon with R1234ze
up to the desired charge

o An electrical circuit (a power supply, four cartridge heaters
and a shunt resistor) were used to power the pseudo-chip
and to accurately measure the heat delivered to the refriger-

ant flow (maximum value of 333 W, but thermosyphon tests
were executed up to about 200 W)

o A data acquisition system was coupled to LabView to control
the operating conditions, monitor the thermal performance
over time, and record the measured parameters (i.e. tempera-
tures, power, etc.), which were post-processed separately
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Figure 3: Schematic diagram of the thermosyphon: (a) front view, where the red
arrow indicate the refrigerant flow direction; (b) top view showing the condenser
secondary side and water flow direction.

Table 1 reports the external dimensions of the thermosyphon (the
internal features are confidential).

1: Dimensions of the thermosyphon

Parameter Value
Evaporator length, width and depth 60 x 60 x 9.50 (mm)
Riser height 42 (mm)
Riser external diameter 10 (mm)
Condenser length, width and depth 60 x 60 x 18.50 (mm)
Downcomer height 42 (mm)
Downcomer external diameter 8 (mm)
Total thermosyphon height 70 (mm)

The cooling capabilities of the server-level thermosyphon were eval-
uated under transient and steady-state conditions. In particular, the

18  Electronics COOLING | SUMMER 2020



Electronics COOLING | SUMMER 2020

results presented in this section refer to a secondary side water mass
flow rate in the condenser of 364 kg/h and water inlet temperature
of 15°C and a maximum heat load of 200 W (corresponding to a
footprint heat flux of 16.3 W/cm?) using the refrigerant R1234ze as
the working fluid. This is a very promising refrigerant for electron-
ics cooling applications due to its negligible environmental impact
(i.e. Global Warming Potential is less than 1) [6].

60 T T
R1234ze
m_=364kgh, T . =15°C
w win
50
%)
40
g
B
£
£ 30
2]
201
10 . . L L . . L
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [s]
(0)
. T
R1234ze
m_=364kgh, T _=15°C
w win
6
=
q
=)
£ 5
£
Ry
4
3 . : . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000
Time s

Figure 4: Proof-of-concept experiment over two hours with step changes in heat load
from 50 W to 200 W: (a) mean heater temperature of four temperature measure-
ments inside the copper block (one per heater); (b) thermosyphon internal pressure
over fime calculated from the saturation temperature.

Figures 4(a) and 4(b) depict the server-level thermosyphon ther-
mal performance with a maximum heater temperature of 46°C at
the maximum power of 200 W, while the corresponding system
pressure was measured to be only 5.8 bar. No temperature over-
shoots or pressure fluctuations were observed, meaning that the
thermosyphon offered stable cooling over a wide range of chang-
ing heat loads. Also, rapid thermal responses and smooth tran-
sients were observed during the start-up operations at the times
of 300 s (0-100 W) and 6,300 s (0-70 W). This is due to the fact
that passive two-phase flow instabilities were minimized by en-
suring the right level of liquid in the downcomer in order to pre-
vent condenser flooding and to balance the total pressure drop in

the loop (the latter was important to avoid intermittent flow in the
evaporator which may induce partial dry-out). The temperature
and pressure measurements followed similar trends and they both
increased with the heat load, due to the higher vapor formation
rate in the closed system.

Figure 5 shows the total thermal resistance as a function of the heat
load. Conduction thermal resistance played a negligible role in the
heat transfer as the gravity-driven two-phase flow circulation was
triggered at very low heat loads (3-5 W). Overall, the total thermal
resistance decreased with increasing heat load due to the enhance-
ment of the boiling process due to the higher refrigerant mass flow
rate, vapor quality and heat flux. The change in the thermal resis-
tance slope at about 30 W coincided with the enhanced heat trans-
fer performance when changing from slug-plug flow to annular
flow in the evaporator. The minimum value of thermal resistance
was about 0.113 K/W when the heat load was 120 W.
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Figure 5: Total (thermosyphon) thermal resistance as a function of the heat load.
This was evaluated as the ratio between the temperature difference between the
junction to water-inlet divided by the imposed heat load.

CALCULATION OF WORKING FLUID’S
MASS FLOW RATE

The thermosyphon’s working fluid mass flow rate could not be
directly obtained through single-phase pressure drop measure-
ments [7] or energy balance calculations [8] due to the small
form factor of the system. A commercial code [9, 10] was then
used to estimate the thermosyphon mass flow rates. Specifically,
the inputs needed to solve for the mass flow rates were the full
geometry, fluids (R1234ze and water), operating conditions, and
measured thermal resistance curve (see Figure 5). This in-house
simulator has already been shown to be accurate in validations
against many independent thermosyphon databases [8, 11-14].

Figure 6 depicts the simulated thermosyphon mass flow rates as
a function of the heat load. As expected, the mass flow rate in-
creased with the heat load due to the larger system driving force
(buoyancy in the riser), which was able to overcome the total
pressure drop in the thermosyphon (evaporator, riser, downcom-
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er, and condenser). The server-level thermosyphon was seen to be
operating in the desired gravity-dominant regime [5].
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Figure 6: Predicted thermosyphon mass flow rate as a function of the heat load.

Figure 7 presents the corresponding outlet vapor quality as a func-
tion of the heat load, calculated through an energy balance across
the evaporator under the assumption of negligible heat loss to
ambient (reasonable as the thermosyphon is fully insulated). The
highest exit vapor quality was 29%, which was well below the crit-
ical value of 55% at the onset of dry-out (based on the simulated
threshold value from the code).
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Figure 7: Evaporator outlet vapor quality as a function of the heat load.

TWO-PHASE COOLING IMPLEMENTATION

The envisioned cooling technology applied to an entire server
rack is presented in Figure 8. In particular, this cooling technology
operates with numerous server-level thermosyphons in order to
dissipate the heat produced by the large heat sources (i.e. micro-
processors, memories, etc.) into the two-phase micro-evaporators
and out through the two-phase micro-condensers [8]. Then, the
heat is transferred to rack-level thermosyphons designed with a
common overhead compact condenser, which dissipates the to-
tal heat from the server rack (20-100 kW or more) into the data
center's water cooling loop [15]. The low power components (i.e.
motherboards, lighting, etc.) can be air-cooled and the warm air
is rejected into the room.
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Figure 8: Concept of the proposed cooling technology for high power server racks
[15]. The experimental results and thermal and fluidic phenomena in the operation
of multiple thermosyphons in parallel (instabilities, flow regulation, etc.) are not
addressed here as they represent the next step of this study.

This technology provides high thermal performance due to two-
phase heat removal from server-to-rack-level, coupled with a
significant energy savings (fewer server-level fans, air movers/
blowers, and CRAC/CRAH units). In addition, thanks to the low
overall thermal resistance, the secondary side water cooling loop
can operate at relatively high temperatures, which makes this
technology suitable for waste heat recovery (i.e. distribute to a
district heating network or use to enhance the energy efficiency
of a power plant [16]).

CONCLUSIONS

The present paper describes and presents test results for an inno-
vative passive two-phase cooling technology for next-generation
high-performance computers, which provides higher energy effi-
ciency compared to air- and liquid-cooling technologies deployed
today. The experimental study presented in this article was mainly
focused on the thermal performance characterization of a low-
height thermosyphon to be used in 2-U servers. Experimental re-
sults demonstrated very good heat transfer performance and sta-
ble cooling capabilities over a wide range of heat loads. The pres-
ent cooling technology enables high heat transfer performance,
low noise level, scalability towards higher heat dissipations and
improved reliability while using an environmentally friendly re-
frigerant (R1234ze) as the working fluid.
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INTRODUCTION

his article is intended to offer design guidance when

using heat pipes for the most prevalent types of elec-

tronics applications: mobile to embedded computing

and server type applications with power dissipation
ranging from 15 W to 150 W using processor die sizes between 10
mm and 30 mm square. Discussion is constrained to those condi-
tions as guidelines provided may not necessarily apply for power
electronics applications. In addition, discussion is focused on the
most ubiquitous type of heat pipe, i.e. copper tube with sintered
copper wick using water as the working fluid. The article is also
not intended to provide detailed analysis on the proper design
of heat pipes and heat sinks, but rather to offer guidance on the
number and size of heat pipes used as well as to provide guidance
for estimating heat sink size and determining attachment meth-
ods of the heat sink to the printed circuit board (PCB). As this ar-
ticle does not review the fundamentals of heat pipe operation, for
those readers not familiar with this technology good overviews
can be found in [1-4].

As assistance, Figure 1 serves to provide an overview of heat pipe
construction and its principle of operation. A wick structure (sin-
tered powder) is applied to the inside walls of the pipe. Liquid (usu-
ally water) is added to the device and vacuum sealed at which point
the wick distributes the liquid throughout the device. As heat is
applied to the evaporator area, liquid turns to vapor and moves to
an area of lower pressure where it cools and returns to liquid form.
Capillary action then redistributes it back to the evaporator section.

Evaporator Condenser

Cooled Vapor Turns Back to
Liquid and Returns to the
Evaporator (Heat Source)

Heat Turns Liquid to Vapor
that Travels Toward the
Condenser (Fin Stack)

Figure 1: Heat pipe construction and principle of operation [1].

The application of heat pipes should be considered when the ther-
mal design is either conduction limited or when non-thermal
goals such as weight cannot be achieved with other materials such
as solid aluminum and/or copper. The following factors need to

be considered when designing heat pipes into a thermal solution:

o Effective thermal conductivity
Internal structure

o Physical characteristics

o Heat sink

and are discussed in the following sections.

1.0 EFFECTIVE THERMAL CONDUCTIVITY

Regularly published data for heat pipe thermal conductivity typi-
cally ranges from 10,000 to 100,000 W/m.K [4]. That is 250 to 500
times the thermal conductivity of solid copper and aluminum,
respectively. However don’t rely on those figures for typical elec-
tronics applications. Unlike solid metal, the effective thermal con-
ductivity of copper heat pipes varies tremendously with heat pipe
length, and to a lesser degree with other factors such as the size
of the evaporator and condenser as well as the amount of power
being transported.

Figure 2 illustrates the effect of length on heat pipe effective ther-
mal conductivity. In this example, three heat pipes are used to
transport heat from a 75 W power source. While thermal con-
ductivity of 10,000 W/m.K is achieved at just under 100 mm heat
pipe length, a 200 mm length has less than one-third the typically
published maximum thermal conductivity of 100,000 W/m.K. As
observed in the calculation for effective thermal conductivity in
Equation (1), the heat pipe effective length is a function of adia-
batic, evaporator and condenser lengths:

Heat Pipe | Effective Thermal
Conductivity
(W/m.K)

Length
(mm)

Remote

Condenser 75 6,600
100 11,000
feartees 150 19,900
o ¢ 00 | 28700
Plate(s) Note: heat load = 25 W per 6 mm

diameter heat pipe.

~

Figure 2: Measured heat pipe effective thermal conductivity as function of length.
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2.0 INTERNAL STRUCTURE

Vendor specified heat pipe performance data are usually adequate
for standard applications, but can be limited for specialized usage.
Even when limiting the current discussion to copper/water/sin-
tered wick versions, heat pipe customization can markedly affect
operational and performance characteristics.

Changes to the internal structure of the heat pipe, most notably
wick porosity and thickness, allow heat pipes to be tuned to meet
specific operating parameters and performance characteristics. For
instance, when a given diameter heat pipe is required to operate at
higher power loads or against gravity, the capillary pressure in the
wick needs to increase. For higher power handing capacities (Q_ ),
this means a larger pore radius. For effectively working against
gravity (condenser below evaporator), this means a smaller pore
radius and/or increased wick thickness. Additionally, it is possible
to vary both wick thickness and porosity along the length of a single
tube. Suppliers who specialize in heat pipe customization will reg-
ularly use custom formulated copper powders and/or unique man-
drels to ensure the final product meets applications requirements.

3.0 PHYSICAL CHARACTERISTICS

With heat pipes, size generally matters most. However, changes to
outward design will degrade performance for any given heat pipe,
i.e. flattening and bending, in addition to the influence of gravity.

3.1 Flattening

Table 1 shows the Q__for the most common heat pipe sizes as a
function of diameter. As noted earlier, Qmax may vary amongst
vendors for standard heat pipes. Therefore, in order to provide
like-by-like comparison between the data presented in Table I it is
taken from a project in which the author was involved.

Typically, sintered copper heat pipes can be flattened to a maximum
of between 30% to 60% of their original diameter. Some may argue
that it is the lower figure that is more realistic, before the centerline
starts to collapse, but it’s really a function of technique. For example,
one-piece vapor chambers which begin life as a very large heat pipe
can be flattened down to 90%. In this regard, the author would like
to provide a rule of thumb for how much performance will degrade
for every 10% decrease in thickness, but it would be irresponsible.
Why? The answer comes down to how much excess vapor space is
available before the heat pipe is flattened.

Maximum power handing
capacity (Qmax ) [Watts]
Typical flattening

15.0 220 30.0 38.0 63

20 20 20 20 25

height [mm]
Resulting width [mm] 3.57 514 6.71 8.28 11.14
Flutened maximum 05 | 180 | 255 | 330 | 520

power” [Watts]

Table 1: Heat pipe maximum power handing capacities as function of diameter.
Note: *Horizontal Operation, **A thicker wick is used compared to the 3 mm to 6
mm heat pipes.

Simply put, there are two performance limits important for terrestri-
al heat pipe applications: the wick limit and the vapor limit. The wick
limit is the ability of the wick to transport water from the condenser
back to the evaporator. As mentioned, the porosity and thickness of
the wick can be tuned to specific applications, allowing for changes
to Q. and/or ability to work against gravity. The vapor limit for a
particular application is driven by how much space is available for
the vapor to move from the evaporator to the condenser.

140 o
= yapor limit
z 120 e yick limit /
: vapor limit (flat pipe) “
E 100 /
o
< 80
H
a 60
£
E 40 |
5
= 20 f
0 L
3 4 5 6 8
Diameter {mm)

Figure 3: Measured heat pipe performance limits as a function of geometry, wick
and vapor limits.
Note: Unless otherwise indicated heat pipe diameter is circular.

The wick (red) and vapor (blue) lines in Figure 3 plot the respec-
tive limits for the various heat pipe sizes shown in Table 1. It’s
the lesser of these two limits that determine Q__and as shown
the vapor limit is above the wick limit, albeit only slightly for the
3 mm heat pipe. As heat pipes are flattened, the cross sectional
area available for vapor to move is gradually reduced, effectively
moving the vapor limit down. So long as the vapor limit is above
the wick limit, Q _ remains unchanged. In this example, we've
chosen to flatten the heat pipes to the specifications in Table 1.
As seen by the green line (vapor limit - flat pipe) in Figure 3, the
vapor limit is below the wick limit, reducing the Q,_ . Flattening
the 3 mm by only 33% causes the vapor limit to become the de-
termining factor whereas the 8 mm pipe needed to be flattened by
over 60% for this to happen.

3.2 Bending

Bending the heat pipe will also affect the maximum power han-
dling capacity, for which the following rules of thumb should be
kept in mind. First, minimum bend radius is three times the di-
ameter of the heat pipe. Second, every 45 degree bend will reduce
Q,,, by about 2.5%. From Table 1, an 8 mm heat pipe, when flat-
tened to 2.5mm, hasa Q__of 52 W. Bending it 90 degrees would
result in a further 5% reduction. The new Qmax would be 52 -
2.55 = 49.45 W. Further information on the influence of bending
on heat pipe performance is given in [5].

3.3 Working against gravity

Figure 4 illustrates how the relative position of evaporator to
condenser can affect both Q_ and heat pipe selection. In each
case, Q_is reduced by approximately 95% from one orientation
extreme to the next. In situations where the condenser must be

Electronics-COOLING.com 23



place below the evaporator, a sintered material is used to allow
for smaller pore radius and/or increase the wick thickness. For
instance, if an 8 mm heat pipe is optimized for use against gravity
(-90°), its Q _ can be increased from 6 W to 25 W.

140 = 3mm
—4mm
120 | Smm
= — MM
%100 [ = 8mm
& 8mm (-90 Deg. Optimized)
o 80
Z
a, 60
g
E 40 f
=
= 20
0 L L L 1 L L 1
90 70 50 30 10 -10 -30 -50 -70 -90
Orientation (°)

Figure 4: Measured effect of circular heat pipe performance as function of orienta-
tion and diameter.
Note: Evaporator above condenser =-90°

4. Heat Pipe Selection

The following example, summarized in Table 2, is presented to
illustrate how heat pipes might be used to solve a thermal chal-
lenge for 70 W heat source with dimensions 20 mm x 20 mm and
a single 90 degree heat pipe bend required to transport heat from
evaporator to condenser. Furthermore, the heat pipes will operate
in a horizontal position.

o To be at their most effective, heat pipes need to fully cov-
er the heat source, which in this case is 20 mm wide. From
Table 1, it appears that there are two choices: three round 6
mm pipes or two flattened 8 mm pipes. Remember the three
6 mm configuration will be placed in a mounting block with
1 to 2 mm between the heat pipes.

o Heat pipes can be used in conjunction to share the heat load.
The 6 mm configuration has a Q__ of 114 W (3 x 38 W),
while the flattened 8 mm configuration hasa Q__of 104 W
(2x52W).

o It’s just good design practice to build in a safety margin, and
it is suggested to typically use 75% of rated Q__. Therefore
select 85.5 W for the 6 mm (75% x 104 W) and 78 W for the
8 mm (75% x 104 W).

o Finally the influence of bending needs to be accounted for. A 90
degree bend will reduce Q__ of each configuration by another
5%. The resulting Q__for the 6 mm configuration is therefore
justover 81 W and for the 8 mm configuration it is 74 W, both of
which are higher than the 70 W heat source that is to be cooled.

As can be seen from this analysis, both heat pipe configurations
are adequate to transport heat from the evaporator to the con-
denser. So why choose one over the other? From a mechanical
perspective it may simply come down to heat sink stack height
at the evaporator, i.e. the 8 mm configuration has a lower profile
than does the 6mm configuration. Conversely, condenser efficien-
cy may be improved by having heat input in three locations versus

two locations, necessitating the use of the 6 mm configuration.

Parameter | Configuration
—— — . —
Heat pipe geometry — l—/_
6 mm circular 8 mm flat
Required heat pipe bend One 90° One 90°
Number of heat pipes Three round 6 mm Two 8 mm flattened to 2.5mm
Heat pipe width as 20mm = lf} mm+2x1 223 mm=2x 1114 mm
configured mm gap in baseplate
Qunox per heat pipe as 3BW W
configured
Q,,, as configured 114w 104W
25% Q,,,, safety margin 855w 78W
Less 5% Q. for bend g1 w ‘W

Table 2: Heat pipe configuration options for a 20 mm x 20 mm heat source dissi-
pating 70 W.

4.0 HEAT SINKS

There are numerous choices from zipper pack fins to extruded
fin stacks, each with their own cost and performance characteris-
tics. While heat sink choice can markedly affect heat dissipation
performance, the biggest performance boost for any type of heat
exchanger comes with forced convection. Table 3 compares the
benefits and pitfalls for range of heat sinks, some of which are
illustrated in Figure 5.

Typical Benefits | Potential Pitfalls

« Readily available
« Easy to manufacture to

Heat Sink | (ost|

« Dimensions are limited
«Fin height limited ~20x fin width

Extruded | S custom specifications
bagrag ' « Base and fins are same
lhn‘:(lll:(:)lil;%sgrooves for material, usually aluminum
« Net shape « Lower thermal conductivity
DieCast | S |« Lowweight « Potential for porosity

« Easily customizable Not generally used with heat pipes

« Large heat sink sizes
Bonded | SS | < Base and fins can be of
different materials

If fins are epoxied in place, added
thermal resistance

« Fin and base from solid

piece of metal, usually « Base may be thicker than needed,

. copper - .
Siived 1551 bigh doniyfns posle | ths higher weigh
« More design flexibility than ge eastly
extrusion
« Low-high fin density
Fin Pack « Low weight
and Zipper| $S | « High design opfions, : ﬁﬁ?lfm"y’ for fins less than Tmm
Fins including center mounted
heat pipes
Forged | SSS | ° Fin design in many shapes | » Usually reserved for higher volume
g in, square, oval, efc. roducts as tooling is expensive
pin, sq p 0 1S exp:
) ... |« None, other can cost.
Machined |$$$S| © High thermal conductivty | | Not good for high volume due fo

« Complicated designs OK oroduction fime

Table 3: Heat pipe selection considerations for a condenser heat sink.
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Figure 5: Heat sink designs whose characteristics are summarized in Table 3.

As a starting point for determining heat sink selection, Equation
(2) can be used to estimate the required heat sink volume for a
given application:

V=QR/AT (2)
where: V= heat sink volume [cm?], Q = heat to be dissipated [W],
R, = volumetric thermal resistance [cm’-°C/W], AT = maximum

allowable temperature difference [°C].

Table 4 provides guidance on the range of heat sink volumetric
thermal resistances as a function of air flow conditions.

Air Flow (m/s) ‘ Volumetric Thermal Resistance (cm®-°C/W)

Natural Convection 500-800
1 m/s (gentle air flow) 150250
2.5 m/s (moderate air flow) 80-150
5m/s (high air flow) 50-80

Table 4: Typical heat sink volumetric thermal resistance range as function of air
flow conditions [6].

Whether dealing with a heat exchanger that is local or remote
to the heat source, the options for mating heat pipes to them are
identical and include grooved base, grooved mounting block, and
direct contact methods as illustrated in Figure 6.

Base Block

N

A
%i\\i\\\\\\\
\

(c) Direct Contact
Heat Pipes

Figure 6: Heat pipe condenser mating.

It should go without saying that simply soldering a round pipe to a
flat surface is far from optimal. Circular or semi-circular grooves
should be extruded or machined into the heat sink. It’s advisable
to size the grooves about 0.1 mm larger than the diameter of the
heat pipe in order to allow enough room for the solder.

The heat sink shown in Figure 6(a) uses both a local and remote
heat sink. The extruded heat exchanger is designed to accommo-
date slightly flattened heat pipes, helping to maximize the contact
between the copper mounting plate and the heat source. A remote
stamped fin pack is used to further increase thermal performance.
These types of heat exchanger are particularly useful because the
pipes can run directly through the center of the stack, decreasing
conduction loss across the fin length. Because no base plate is re-
quired with this fin type, weight and cost can be reduced. Again
the holes through which the heat pipes are mounted should be 0.1
mm larger than the pipe diameter. Had the pipe been completely
round at the heat source, a thicker grooved mounting plate would
have been required as seen in Figure 6(b).

If conduction losses due to the base plate and extra TIM layer
are still unacceptable, further flatting and machining of the heat
pipes allows direct contact with the heat source as seen in Figure
6(c). Performance gains from this configuration usually lead to
between a 2-8°C reduction in temperature rise. In cases where di-
rect contact of the heat source to the heat pipes is required a vapor
chamber, which can also be mounted directly, should be consid-
ered due to its improved heat spreading capacity.
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(a) Stamped
Mounting Plate

(b) Spring Loaded
Push Pins

(c) Spring Loaded
Metal Screws

Figure 7. Heat pipe attachment methods for small (low mass) heat sinks.

The primary reason for considering a heat pipe solution is im-
proved performance. As such, the use of thermal tape or epoxy
as the primary means of attaching the heat sink to the die is not
suitable. Instead three types of mechanical attachments are often
used with heat pipes; all of which can meet MIL-810 and NEBS
Level 3 shock and vibration requirements.

Finally, typical heat pipe attachment methods for small (low
mass) heat sinks are shown in Figure 7. In Figure 7(a) a stamped

mounting plate is shown. Although it requires two PCB holes,
this method offers better shock and vibration protection relative
to thermal tape or epoxy, and some TIM compressions—-with up
to 35 Pa compression required. Figure 7(b) shows spring loaded
plastic or steel push pins further increase TIM compression up to
around 70 Pa. Installation is fast and simple but removal requires
access to the back of the PCB. Push pins should not be considered
for anything more than light duty shock and vibe requirements.
Spring loaded metal screws, Figure 7(c), offer the highest degree of
shock and vibration protection as they are the most secure meth-
od of attaching a heat sink to the die and PCB. They offer the
highest TIM preload at approximately (520 Pa).

SUMMARY

Design guidance was provided on the use copper tube heat pipes
with sintered copper wick using water as the working fluid. As
outlined, heat pipe selection needs to consider a range of factors
including effective thermal conductivity, internal structure and
physical characteristics, in addition to the heat sink characteristics.
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Headset Comfort Assessment Through
Thermal Analysis and IR Imaging
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q heat loss (W) conv convective

h heat transfer coefficient (W/(m?K)) s surface

A area (m?) i region identifier

T temperature (°C) amb ambient

Rja junction-to-ambient resistance (K/W)

k thermal conductivity (W/(m-K)) INTRODUCTION

L characteristic length earable technology is a growing market, projected to

" dynamic viscosity (kg/(m-s)) Wreach $2.78 billion in revenue by 2024 [1], and comfort
5 ) is a major factor driving sales for these devices. Ergo-

d gravity m/%') nomics and ease of use were cited as major factors in the decision to

v kinematic viscosity (m’/s) purchase a virtual reality (VR) headset in a recent consumer survey

B volume of expansion coefficient (1/K) [2]. While weight and form factor are certainly ergonomic factors to
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be considered, this study focuses on perspiration mitigation during
prolonged use of a commercially available VR headset. The junc-
tion-to-ambient resistance, Rja, of a commercially available headset
was found to be 29.1 K/W at steady-state. However, a first-law anal-
ysis showed that 28.6% of the heat generated was being directed to
the user’s forehead. Thermocouples placed around the periphery of
the headset showed an immediate temperature spike of 2.8°C when
the headset was removed from the user after 2 hours of use. A max-
imum local temperature increase of 5.6°C was seen at the top of the
headset directly above the device’s microcontroller unit (MCU) [3].
From this data, the team hypothesized that more effective spread-
ing of the heat away from the MCU would increase the available
convective surface area, redirect heat away from the user’s forehead
to periphery areas around the headset, and improve user comfort
during prolonged operation. The integration of a copper sheet bent
to match the contour of the headset, shown as FN 2 in Figure 1, was
shown to increase the effective surface area for convection by 61%
and decrease the temperature directly above the MCU by 6.5°C [3].

Find Number (FN) Description
1 Headset Face Plate
Folded Copper Plate

Display

Internal Mounting Structure

Eye Cups

Primary Circuit Board

~N|lojlun|EE|lw]N

Headset Cover

Figure 1: Exploded view of headset assembly with individual components identified
as find numbers.

EXPERIMENTAL FACILITY, PROCEDURES,
AND ANALYTICAL APPROACH
Six thermocouples were placed around the periphery of the head-

set as shown on Figure 2. These thermocouples were used to mea-
sure the surface temperature of the headset for subsequent con-
vective heat loss analysis. It was assumed that each thermocouple
temperature was reflective of the entire surface region upon which
it was placed. For example, the measurement at thermocouple 5
on Figure 2 was assumed to be the temperature of the entire face-
plate, highlighted as yellow. The governing Nusselt number equa-
tions (Equations 1-3) corresponding to each region are shown in
Table 1. Utilizing Equation 4, the corresponding heat transfer coef-
ficient was used in Newtons Law of Cooling, Equation 5, to deter-
mine the convective heat loss from each region. The characteristic
length, Lc, of each surface was found by dividing the surface area
of each area of interest by its perimeter. The ambient temperature
was measured with a thermocouple calibrated to a NIST-traceable
thermistor accurate to within +0.2°C. All of the thermocouples
used around the periphery of the headset were calibrated to the
same thermistor.

In order to determine the heat loss from the headset, a first-law
analysis was conducted, the individual losses calculated from
Equation 5 for each region were summed together. All relevant
thermophysical properties used during calculations are shown
in Table 2. The transient input power data was acquired from a
USB-compatible measurement device [5]. The resulting pow-
er draw waveform can be described by a sinusoidal curve with a
central tendency, or average power draw, of 3.52 W at a sampling
frequency of 5 kHz with a standard deviation of 97 mW. The heat
loss directed to the user is the difference between the convective
heat transfer losses over Region 4, 5, and 6 (Figure 2), and the input
power data. The OTS configuration had the heat leaving the MCU
by natural convection only. When the spreader was added to the
MCU a thin layer of thermal interface material epoxy (k = 0.8 ~
1.4 W/mK) was used to bond the spreader to the 400 micron thick
copper spreader. From the spreader it was then allowed to natural-
ly convect to the shell of the headset.

Numbered locations illustrate approximate thermocouple location
IR camera mounted to
personal device

Convective Surface Area Legend

‘. Top |:| Front - Forehead - Bottom

Figure 2: Data legend showing the area boundaries for convection heat transfer analy-
ses and thermocouple placement for the results in this study
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The test procedure was developed to simulate prolonged use at
steady-state conditions. Eight participants were asked to play a
game on the VR headset for 100 minutes. The system was removed
and then powered off for a 20-minute cool down period. This test
was conducted for two headset configurations: off-the-shelf (OTS)
versus spreader integrated configuration. Tests were conducted in
the same laboratory environment where the ambient temperature
fluctuated by +0.3 °C. All users played the same game in an effort
to control activity across participants to moderate levels. Users were
then given a survey to ascertain the degree of perspiration, if any,
was affected by the integration of the heat spreading thermal man-
agement approach. With this spreader in place, users reported a
25% reduction in perspiration during prolonged use [3].

OTS With Spreader

(b)

Figure 3 (a-h): Steady-state IR imaging of the headset in the 0TS configuration (left:
a) and with the internal heat spreader implemented (right: b). Central hot spot has
been eliminated, maximum AT reduced by 9°C, and average surface temperature
reduced by 6°C.

Tuble 1: Governing equations for convective heat loss analysis.[4]

F'g”fe 2 Nusselt Relation Used iy Description
Region Number
. — Upward facing heated surface
_ 1/4
Region 4 N =0 0 under laminar free convection
1/4
. Nu, = 0.68 + N6A08e; Vertically oriented heated surface
Region 5 2 (2) . A
M+ (%)“]4/9 under laminar free convection
Region 6 N, = 052 Raz"s 3) Downwurd.fuung heated st{rfuce
under laminar free convection
Al Nuk Relation to get heat transfer
Recions hy =—= (4) coefficient from each regions
9 L Nusselt number
qcunv,i: hiAs,i(T;,i_T;mb) (5)

Testing showed that the assumption of temperature uniformity on
the top face, shown as Region 4 in Figure 2, needed to be corrected
[3]. IR imaging was implemented using a cellular phone compatible
camera oriented normal to the top face as shown in Figure 2 [6].

Figure 3a is an IR image of the headset with no internal heat spread-
ing, while Figure 3b implements the copper spreader (FN 2, Figure
1). Figure 3a shows each headset at steady state with the VR on its
home screen without attachment to a user. A central hot spot, which
is approximately where the top thermocouple was placed (shown as
thermocouple 4 on Figure 2), is visible on the OTS configuration
IR image (Figure 3a). Implementation of the internal heat spreader
shows a drastic reduction in surface temperature across the entire
surface, as illustrated in Figure 3b. With the increased spatial res-
olution of the IR measurement approach, down to 70 microns for
the field of view (FOV) used, these temperatures were used in an
improved convective heat transfer analysis of losses through the top
surface. The losses through the front and bottom faces were found
to be relatively small [3]. Therefore, the improved IR temperature
measurement method was only applied to the top surface where the
largest in-plane temperature gradients were observed. The first law
analysis used the average of all the temperatures measured in the
FOV of the IR Imager as the top surface temperature. The thermo-
couple measurements at locations 5 and 6, illustrated on Figure 2,
were used as the surface temperature for the faceplate and bottom
surface, respectively. The transient power measurement device was
still used for the total input power to the control volume.

Table 2: Properties and Constants used during calculations

Property Value Units
p 1.85E-05 kg/(m-s)
k 0.026 W/(m-K)
g 9.81 m/s?
v 1.65E-05 m’/s
B 3.18E-03 1/K
RESULTS AND DISCUSSION

Transient temperature data and convective heat losses for the top
surface are shown in Figure 4 and Figure 5, respectively.

45

40

35

Temperature (°C)

30

===Thermocouple Error Bound
——OTS Average (Thermocouple)
@ OTS (IR)

== Thermocouple Error Bound
~——Modified Average (Thermocouple)
© Modifed (IR)

0 1000

2000 3000 4000

Time (seconds)

5000 6000 7000

Figure 4: Transient temperature data for the OTS and modified head set configura-
tions taken with a top surface thermocouple located centrally above the MCU and

as an average of IR measurements spanning the entire top surface. Average Power
3.52 Watts.
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Convective Heat Loss (W)

===Thermocouple Error Bound
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Figure 5: Transient convective heat loss data from the top surface for both headset
configurations analyzed with thermocouple data and IR imaging. Average Power
3.52 Watts.

The solid lines of Figure 4 and Figure 5 are measurements and cal-
culations made with the thermocouple placed on the top surface
as shown in Figure 2.The dashed lines above and below the solid
lines represent the range of values from measurement error, ac-
counting for inherent instrument error and random error from
the transient data of all eight participants. The solid dots of Figure
4 and Figure 5 are the results of measurements and calculations
made with the IR camera positioned above the top face as shown
in Figure 2. The color indicates the OTS versus integrated spreader
headset, blue and orange respectively. Once steady state is reached,
there is an approximate 6.5°C difference in the average top surface
temperature recorded with the thermocouples between the OTS
and modified configurations. Using IR measurements, this differ-
ence drops to approximately 3.3°C as the colder regions of the OTS
headset are more accurately accounted for with this measurement
technique.

In both instances, however, the top surface temperature drops
dramatically with the integration of the internal heat spread-
er, a conclusion corroborated qualitatively with the difference in
steady-state IR images provided in Figure 3. With the heat spreader
integrated, the IR measurements fall within the error band for the
thermocouple-based temperature measurements, while they do
not for the OTS configuration. The accuracy of the thermocou-
ple-based measurement for the integrated heat spreader solution
is an artifact of the temperature being distributed more uniformly,
which presents more isothermal conditions than the OTS config-
uration. The need for more spatially resolved IR measurements for
the assessment of wearable technology is more evident in the con-
vective heat loss data shown in Figure 5.

The measurement with the IR camera falls well outside the error
band for the OTS configuration when assessed with locally placed
thermocouples. To further corroborate the two measurement
techniques, the temperatures measured with IR at the location of
the top surface thermocouple were compared. The temperatures

recorded at the thermocouple location were within 0.05°C and
0.70°C when compared with the IR imaging for the modified and
OTS configurations, respectively. Natural logarithmic analysis of
the transient data leading up to steady state was used to determine
the effective thermal time constant for both configurations. Intro-
duction of the internal heat spreader increases the time constant
by one order of magnitude from the OTS configuration value of
320 seconds.

The transient IR images shown in Figure 6 for both the OTS
and modified configurations illustrate how the heat spreads dif-
ferently between the two designs. For the OTS configuration,
there is a bottleneck to heat transfer located centrally around the
MCU. However, the heat spreader serves to distribute the heat
more uniformly, relieving much of the temperature rise above
the MCU. This bottleneck creates an average four degree in-
crease in the overall AT across the surface. Heat clearly reaches
the top surface more effectively with the internal heat spreader
integrated.
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Without a more accurate representation of the temperature distri-
bution around these side and bottom faces, it is currently impos-
sible to accurately quantify the amount of heat loss being directed
at the user’s forehead. There are innovative solutions to measuring
the amount of perspiration, motivated primarily by the exercise
science/kinesiology community, which may be used to validate
the analytical assessment of the heat transfer deficit being inflict-
ed on the user during prolonged play [7].

After 20 mins of
resting on home
screen, t =0

t= 900 seconds t= 1800 seconds = 3000 seconds

oTs

With
Spreader

Figure 6: Progression of transient IR images taken during headset operation. Max-
imum temperature of the surface indicated by the arrow and average surface tem-
perature reported on fop of each image.

CONCLUSION

IR imaging showed that heat generated from the headset MCU
can be more effectively spread throughout the headset with rel-
atively simple modifications, resulting in an overall more com-
fortable user experience. Though in moderate use, approximated

as 20 minutes or less by the data collected, a user may not feel an
uncomfortable amount of perspiration/fatigue. However, for pro-
longed use in VR training for plant operators, military personnel,
and athletic training, the addition of such a spreader would result
in more comfortable training sessions for the user, enabling this
technology to make inroads in low-risk virtual training/activity
environments.
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ABSTRACT

raphite foils with ultra-high spreading capacity and
Ginsulation sheets with ultra-low thermal conductivi-

ty were combined in a thermally stressed Google Pixel
3XL (Pixel) to significantly increase steady-state system perfor-
mance, while maintaining safe device touch (skin) temperatures
(T,), as compared to the out-of-the-box device configuration.
Four unique thermal solutions of comparable thickness (~350
um) were fabricated and subjected to thermal stress testing in
the Pixel via 3DMark—Sling Shot Extreme. Steady-state touch
temperatures were reduced by up to 3.2°C with <1°C increase in
max junction temperature (T)) as compared to single-component
thermal solutions of graphite, insulation, and air. The composite
yielding the greatest T reduction was utilized to demonstrate an
increase in steady-state system performance, while maintaining
a surface temperature suitable for user safety. The steady-state
3DMark—Sling Shot Extreme benchmark score increased from
3,401 to 3,823 resulting in a 12.4% increase in steady-state sys-
tem performance.

The enhanced device performance was linked with material prop-
erties by means of steady-state heat flow and thickness testing for
through-plane thermal conductivity of insulation, and thermal dif-
fusivity testing for in-plane thermal conductivity of graphite.

KEYWORDS

Graphite, ultra-high spreading capacity, insulation, ultra-low ther-
mal conductivity, composite, heat spreader, thermal conductivity,
thickness, surface touch (skin) temperature, hot spot, junc-
tion temperature, ambient temperature, steady-state, Google Pixel
3XL (Pixel), system on chip (SoC), 3DMark—Sling Shot Extreme,
benchmark score, system performance, user safety.

NOMENCLATURE

k thermal conductivity (W/m-K)

t thickness (mm, pm)

TS surface touch (skin) temperature (K, °C)
TJ device junction temperature (K, °C)

AT change in temperature (K, °C)

q heat flux (W/m?)

R’ thermal resistance (K-m2/W)

t-AT  intrinsic heat spreading capacity (um-K)

INTRODUCTION

Thermal spreaders (graphite) and insulators (air, polymers) have
been widely and commonly used to address heat challenges in the
mobile electronics industry. As the trends for higher power pro-
cessing and thinner form devices become standard requirements,
mobile electronics continue to face a more pressing issue of user
safety by means of the surface touch (skin) temperature (T).

The Underwriters Laboratories (UL) guidance for T is based on
direct skin contact for specific temperatures and durations, [1]
and is accepted across the mobile electronics industry. Where
passive thermal solutions have previously been able to reduce the
TS below specification, many of the commonplace materials such
as air and synthetic graphite are facing technical limitations [2].
In the absence of a thermal solution that maintains system per-
formance, one widely practiced solution is power throttling of the
processor, which may reduce system power by up to 50% [3].

In thin mobile electronics with relatively low temperatures
(<100°C) and no active cooling, conduction is the primary mode
of heat transfer inside the device [4]; internal convection and ra-
diation are considered negligible in comparison and not discussed
further in this work.
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Fourier’s Law of One-Dimensional Conduction Heat Transfer,
shown in Equation (1), states that the theoretical change in tem-
perature (AT) is directly proportional to the thermal resistance
(R") of the heat transfer medium.

AT (W
-7 (@) W

Assuming heat flux (q") in a given system is constant, AT is driv-
en by R", which is defined as the ratio of thickness (t) to conduc-

tivity (k).
., _t (K-m?
R = ( w ) @

Combining and rearranging Equations (1) and (2), TS can be
viewed as a function of the junction temperature (T)), t, k, and
q, which is shown in Equation (3) and the accompanying one-di-
mensional resistance network (Figure 1). In a constrained system
with constant q" and t, T can be reduced by lowering k.

"'t
P i

- &0 ®)

R ”

Figure 1: 1D thermal resistance network. Heat flows from T, to T, through R"

When a system is expanded into three dimensions of heat transfer
(Figure 2), planar heat spreading can be an integral contributor to

the resulting TS. Both in-plane and through-plane conductivities
deliver significant contributions to the resultant spreading of heat
in a material of given thickness and area. Combining ultra-low
(through-plane) conductivity insulation with ultra-high spreading
capacity graphite yields a thermal composite solution with excep-
tional heat spreading performance compared to existing materials
used for thermal management in thin mobile electronics.

£ g

Figure 2: 3D thermal resistance network. Heat moves from T, (center of device) in
multiple directions including toward the surface of interest, T..

MATERIAL SELECTION

GORE?® thermal insulation (W. L. Gore & Associates, Inc.) is an
insulating material (“the insulation”) exhibiting ultra-low thermal
conductivity, below that of air, in thin sheet form (100 um and 250
pm). NeoNxGen™ thermal management solutions (NeoGraf Solu-
tions, LLC) includes a thick foil graphite (70 um to 270 pum) dis-
playing ultra-high intrinsic heat spreading capacity (“high-per-
formance thick graphite”).

Individual layers of insulation and graphite may separately provide
a reduction in TS when placed between a heat source and the sur-
face of interest. Insulation alone is an optimal solution when the ra-
tio of available area to area of the surface hot spot is approximately
one-to-one. While insulation is relatively isotropic, graphite exhib-
its highly anisotropic behavior, favoring thermal conduction in the
plane of the material. This utility becomes impactful for TS reduc-
tion when the ratio of available area to area of the surface hot spot
approaches two-to-one or greater; in these system architectures,

WEV//////A Area Ratio 1:1

mgm Area Ratio 2:1

%Em Area Ratio 4:1

Bounding surfaces
of existing air gap

Surface hot spot

KEY

Available space for
thermal solution

ninn

QOccupied space

Radius

Figure 3: Schematic showing a cross section view of the ratio of available area to area of the surface hot spot. Area is proportional to radius squared.
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insulation can be combined with graphite to enhance its effective
heat spreading capacity. A schematic of the ratio of available area to
area of the surface hot spot is illustrated in Figure 3.

INSULATION THERMAL CONDUCTIVITY
CHARACTERIZATION

The insulation is characterized by its distinctively low thermal
conductivity, <0.020 W/m-K, due to a conduction heat transfer
phenomenon known as the Knudsen Effect. The Knudsen Effect
explains that when the pore diameter in a medium is smaller than
the mean free path of air (approximately 70 nm), the path of heat
transfer through this medium is disrupted, relative to the path of
heat transfer through air in free space [5]. This principle is of-
ten applied through the use of aerogels due to their morpholo-
gy of high porosity with small pore diameters. The uniqueness
of this insulation appears in the form of a homogeneous aerogel
structure with ultra-low (and consistent) thermal conductivity
and precise thickness resulting in a reliably high thermal resis-
tance. Comparatively, the thermal conductivity of free air at room
temperature is 0.026 W/m-K and it increases non-linearly with
temperature (0.028 W/m-K at 50 °C), [6] which can result in vari-
able and insufficient thermal resistance at elevated temperatures
(>50°C) in mobile electronics.

The through-plane thermal conductivity of this insulation is deter-
mined by measuring thermal resistance using a heat flow method
(TA-Fox 50) and material thickness method (Instron-5565), fol-
lowing guidance from ASTM C518-17 [7] and ASTM F36-15 [8, 9].

GRAPHITE THERMAL CONDUCTIVITY
CHARACTERIZATION

Graphite is used for spreading heat due to its inherently high con-
ductivity in the planar direction and relatively low conductivity in
the through-plane direction. Synthetic graphite thickness rang-
es from less than 25 pm (~1,500 W/m-K) up to 100 um (~600
W/m-K), with in-plane thermal conductivity trending inversely
to thickness. Layering thin sheets of high conductivity graphite
is a potential way to improve heat spreading capacity at higher
thicknesses, though this often leads to inconsistencies in thermal
performance as well as challenges in manufacturing. High-perfor-
mance thick graphite foils prove to have the thermal conductivity
benefits of thin synthetic graphite, up to 1,100 W/m-K in-plane,
at single-layer thicknesses similar to that of natural graphite. The
through-plane conductivity is comparably ~3.5 W/m-K for each
grade of graphite.

The in-plane thermal conductivity of this graphite is determined
by measuring thermal diffusivity using one of two methods: an
Angstrom instrument [10] or a Thermowave Analyzer (Bethel
TA-33) [11].

EXPERIMENTAL METHOD:

GOOGLE PIXEL 3XL—3DMARK STRESS TEST

An oft-the-shelf Google Pixel 3XL (“Pixel”) was purchased and
modified to allow for constant power stressing without thermal
throttling. ULs 3DMark—Sling Shot Extreme was chosen for test-

ing as it is a widely-accepted benchmark used to score the phys-
ics (CPU) and graphics (GPU) of high-end smartphones [12]. In
order to achieve steady-state test results, the professional version
of 3DMark was purchased and installed on the Pixel to enable
infinite looping of the 90-second Sling Shot Extreme benchmark
test. All testing was conducted in a still air environment with
tightly controlled ambient temperature and humidity. Parameters
available for measuring include: surface point temperatures via
thermocouples, images via IR camera (Fluke, Model Ti55), inter-
nal component temperatures (CPU, GPU, etc.) via built-in therm-
istors, CPU and GPU clock frequencies, and system performance
via Sling Shot Extreme benchmark score. An initial stress test was
run in the out-of-box condition with IR imaging (Figure 4). Hot
spot locations were identified and chosen for placement of ther-
mocouples via TIMs (Figure 5).

The Pixel back cover was removed by means of heating and break-
ing adhesive. A conformable polymer was placed inside the back
cover at seven different locations near the SoC (Figure 6) to deter-
mine the space available for a thermal solution; the back cover was
then replaced to compress the polymer into the existing air gap at
each location. The back cover was removed again and thickness
at all locations was measured via snap gauge on the compressed
polymer. This process was repeated twice more and all thickness
measurements per location averaged. Thickness means are de-
tailed in Table 1.

Table 1: Air gap measurements near SoC in closed Pixel device

Location Mean Gap Measurement (mm)
1 0.900
2 0.625
3 0.520
4 0.520
5
6
7

0.440
0.450
0.640

Back Cover

Screen

IA

Increasing
Temp.

Figure 4: IR images of screen (left) and back cover (right) on the Google Pixel 3XL. A
numberless temperature scale is shown to indicate directional trends between color
and temperature. Surface hot spots are represented by the white areas.
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Screen Back Cover

Insulation (110 pm)

Graphite (110 pm)

Acrylic Double-Sided Tape (5pm)

Example Configurations:

Figure 5: Screen (left) and back cover (right) with thermocouples attached via TIMs
on the Google Pixel 3XL. Thermocouples were placed precisely to measure tempera-
tures at the surface hot spot locations.

Figure 6: Google Pixel 3XL with back cover removed. Existing air gap thickness
measured by conformable polymer at seven locations shown.

In order to avoid mechanical compression in Locations 5 and 6, a
nominal thickness of 350 pm was chosen for all thermal solutions.
Physical materials for testing include 110 um insulation sheets,
110 pm graphite foils, and 5 um acrylic double-sided tape. Mate-
rials and example configurations are illustrated in Figure 7.

The part geometry, shown in Figure 8, was chosen to maximize
area with no or minimal disruption to internal components. For
simplicity, only configurations with uniform thickness and layers
with identical shape and area were considered. Further optimiza-
tion in layer thicknesses and sizes are possible to achieve form, fit,
or functional goals. A cross section schematic through the thick-
ness of the phone is depicted in Figure 9.

Figure 7: Depiction of physical materials for testing and example configurations of
materials layered with adhesive.

Figure 8 (g, b): 8a (left) shows placement of the part inside the back cover. 8b
(right) shows a composite sample cut to fit the designated geometry. Part area
measured to be 1825 mm2.

PCB components

55 Cover
T —— Graphite rol
. (
e / |
/ PCB
- . Memory SoC
(CPU + GPU)
Metal Shield Thermal Grease ™\ Copper Foll
7 (100 pm)

Metal Frame

I
I
I
1

b

Screen + LCD.

Section A-A

Figure 9 (a, b): 9a (left) denotes the location of cross section A-A in the Pixel. 9b
(right) shows a schematic of section A-A through the thickness of the device.
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Tuble 2: Pixel Device Results: Back Cover Touch Temperature Study

" 4 " " Sling Shot Extreme
. Cover Hot Shop Temp. (C°) Screen Hot Shop Temp. (C°) (PU Max Temp (C°) GPU Max Temp. (C) Benchmark Score
Configuration
Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
A (control) 46.7 0.21 49.7 0.25 84.8 0.17 91.9 0.35 4374.3 115
B (344 pm) 45.4 0.12 505 0.10 86.1 0.51 93.0 0.51 4377.7 115
€ (339 pm) 446 0.06 501 010 85.4 0.65 926 0.0 43757 153
D (347 pm) 435 0.15 499 0.26 85.6 0.17 92.5 0.35 4372.3 2.08
E (357 pm) 44.0 0.15 499 0.26 85.6 0.51 92.5 0.67 4375.0 1.00
EXPERIMENTAL RESULTS
A (control) B C D E 44.0
Back Cover Touch Temperature Study - > 430
Device test configurations are titled A, B, C, D, and E with A as Q a 0& n. w20
the control scenario. The CPU and GPU frequencies were set at :;Z
2,169.6 MHz and 675 MHz, respectively. Frequencies were re- 20
corded and verified at the end of each test run. Benchmark scores 380

were recorded to show performance consistency across all test
runs. Ambient temperatures in the still-air environment were
held between 21.6°C and 21.8°C for all testing. All configurations
were tested three times to steady-state (>90 minutes) in a ran-
domized experiment.

Pixel Device: Back Cover Touch Temperature Study
Steady-State Cover Hot Spot and GPU
Max Temperatures vs. Test Configuration

G a7
< 2
g
e >
8 45
& o
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Q o3 ° ‘,
z —
£ — . ° )
£ |
x 92 I
©
=
=
o
O 91

A (control) B C D E

Configuration

Figure 10: Steady-state graph (means and standard deviations) of back cover hot
spot temperature (top) and GPU max temperature (bottom) for all configurations
tested in Pixel device, n=3 per configuration.

After each test run, the Pixel was cooled down to idle operating
temperature and opened up to setup the next test run. The steady-
state back cover hot spot touch temperatures and GPU max tem-
peratures are shown in Figure 10. IR images of the back cover are
shown in Figure 11. Depictions, thicknesses, and measured out-
puts (means and standard deviations) for all tested configurations
are detailed in Table 2.

Figure 11: Zoomed in IR images over back cover hot spot for all configurations tested
in Pixel device.

All test configurations produced unique back cover touch tem-
peratures with high precision, and all were distinctly lower than
the control (Configuration A). Configuration D presented the
greatest back cover touch temperature reduction at 3.2°C below
the control. Configurations E, C, and B reduced the back cover
touch temperature by 2.7°C, 2.1°C, and 1.3°C, respectively. Screen
temperatures increased from the control by <1°C for all configu-
rations tested and <0.5°C for composite configurations. CPU and
GPU temperatures increased from the control by <1.5°C for all
configurations tested and <1°C for composite configurations.

System Performance and Safe Touch Temperature Study

A continuation study was created to determine the allowable sys-
tem performance increase when enabled by insulation-graphite
composites; Configuration D was selected for this study. Out-
of-box throttling conditions were restored to the Pixel and all
thermal solutions were removed, leaving air only. The back cov-
er touch temperature was measured during steady-state power
throttling and recorded for three test runs. Configuration D was
installed and frequencies were set to match the steady-state cov-
er temperature from the throttled control runs. The appropriate
frequencies for testing were determined to be 1,996.8 MHz and
596 MHz for the CPU and GPU, respectively. Frequencies, cover
hot spot temperature, benchmark score, and frames per second
were measured and compared between the two test scenarios. A
smoothed plot of benchmark score, CPU frequency, and GPU
frequency vs. run time for all six test runs is displayed in Figure
12. Mean steady-state cover temperature, benchmark score, and
frames per second are shown in Figure 13. Details are summarized
in Table 3.
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Table 3: Pixel Device Results: System Performance and Safe Touch Temperature Study

Cover Hot Shop Temp. (C°) Sling Shot Extreme Benchmark Score Frames per Second
Test Scenerio
Mean St. Dev. Mean St. Dev. Mean St. Dev.
Air
(out-ofbox throttling) 387 0.15 3401.0 819 19.5 0.06
(Ff;e';ﬁ?r‘;;‘z':::igs) 387 015 3822.7 3.06 213 0.00

Pixel Device: System Performance and Safe Touch Temperature Study
Benchmark Score and CPU, GPU Frequencies vs. Run Time (by Test Scenario)

Test Scenario

Air (out-of-box throttling) Configuration D (fixed frequencies)

CP
| Y
(MHz)
NN
o N
o o
o o

£ 1800

_ GPUY
" (MHz)

S B OO
[= N =]
[N -]

0 10 20 30 40 50 60 70 80 90 O 10 20 30 40 50 60 70 80 90
Run Time (min)

Figure 12: Transient graph (smoothed) of benchmark score (top), CPU frequency
(middle), and GPU frequency (bottom) for air only, out-of-box throttling (left) and
Configuration D, fixed frequencies (right) in Pixel device, n = 3 per test.

Pixel Device: System Performance and Safe Touch Temperature Study
Steady-State Cover Hot Spot Temperature, Benchmark Score, and
Frames per Second vs. Test Scenario

Cover Hot Spot
Temperature (°C)
w
©

Benchmark
Score

w w w

B (=23 1=

o o o

S © o

i

Frames
Per Second
N
=]

o

Air (out-of-box throttling) Configuration D (fixed frequencies)

Test Scenario

Figure 13: Steady-state graph (means and standard deviations) of back cover hot
spot temperature (top), Sling Shot Extreme benchmark score (middle), and Frames
per Second (bottom) for air only, out-of-hox throttling and Configuration D, fixed
frequencies in Pixel device, n=3 per configuration.

The mean steady-state cover touch temperature achieved during
out-of-box throttling is 38.7°C in the controlled test environ-
ment at 21.7°C; this temperature is related to UL 62368-1 mo-
bile electronics touch (skin) temperatures at prolonged dura-
tions. In this scenario, the mean steady-state benchmark score
and fFrames per sSecond are 3,401 and 19.5, respectively. When
Configuration D is placed inside the back cover, the benchmark
score is increased to 3,823 and frames per second increased to
21.3, marking a ~12% increase in system performance, while
maintaining the safe surface temperature limit set for the out-
of-box throttling condition.

SUMMARY/CONCLUSION

Graphite foils with ultra-high spreading capacity and insula-
tion sheets with ultra-low thermal conductivity were combined
in a modified Google Pixel 3XL to reduce surface touch (skin)
temperatures, while minimally impacting the device junction
temperature, compared to solutions of air, insulation alone, and
graphite alone. One insulation-graphite composite configura-
tion was further tested in comparison to an out-of-box condi-
tion, and was found to improve system performance in a UL
benchmark test by ~12% while maintaining the out-of-box cov-
er surface temperature limits.

The results demonstrated by insulation-graphite composites in
Pixel device testing can be explained by the exceptional thermal
properties exhibited by these two materials. Through-plane ther-
mal conductivity for the insulation was measured and calculat-
ed using a heat flow method on a TA-FOX 50, and a thickness
method on an Instron-5565. In-plane thermal conductivity for
high-performance thick graphite was measured and calculated
using a thermal diffusivity method on a Bethel TA-33.

High-performance insulation-graphite composites may have vast
utility in the high-powered, thin architectures of mobile electron-
ics. It is important to note that each mobile electronic system may
exhibit unique thermal challenges given system power, available
space, and/ or other constraints. For this reason, the optimal de-
sign configuration (area, thickness, orientation) should be deter-
mined by virtue of device-specific simulation and testing. The
case study presented in this paper demonstrates the enhancement
of thermal management in mobile electronics; two leading-edge
materials, when combined, yield a thermal solution with perfor-
mance greater than the sum of its parts.
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s power-component technology advances and small-
Aer packaging is required, thermal-management issues

threaten to limit the performance of devices. As power
dissipation rises, the inability to cool them may force designers to
de-rate the devices’ performance by reducing current or switch-
ing speed and/or employing higher-voltage devices that are less
efficient and more expensive. These compromises in design may
increase the size, weight, or cost of the application.

A proven approach is to transfer higher heat fluxes to ambient by
improving the performance of the heat sink and reducing or elim-

inating soft thermal interfaces. One technology capable of accom-
plishing these goals employs a class of materials known as metal
foams. One specific type of high-performance metal foam is Duo-
cel’, a solid ligament, open celled metal foam manufactured by
ERG Aerospace. The material was developed more than 50 years
ago for structural applications, and is being applied effectively to
thermal-management problems in electronic systems.

Unlike conventional finned heatsinks, Duocel®-based heatsinks
consist of blocks that are either brazed or soldered to a substrate
material. When compared with finned heat sinks, these heatsinks
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offer improved thermal performance, smaller size, lighter weight,
lower cost versus performance among other advantages.

Duocel® is a proven, cost-effective and ultra-high-performance
thermal management material that can be integrated with elec-
tronic devices and modules. It is also compatible with traditional
coolants used in heat exchanger for electronic devices, making it
an ideal candidate for cold plates and liquid cooled applications.

STRUCTURE OF DUOCEL"®

There are several types of metal foams. This paper focuses on solid
ligament, open celled metal foams, known as Duocel® manufac-
tured by ERG Aerospace. Solid ligament, open cell metal foams
offer significant structural and thermal properties compared to
3D printed or sintered foam structures, which often have weak or
hollow ligaments. In the as-fabricated state, the isotropic struc-
ture consists of randomly oriented polygon shaped cells that
can be approximated as dodecahedron, Figure 1 [2,3,4]. Notice
that the cross sections of roughly 2 mm long solid ligaments are
mostly triangular. The geometry of the cell structure and the high
purity and ductility of its solid ligament metal produce the most
desirable characteristics for heat exchanger (HX) applications.
The physical dimensions of its structure, as shown below, does
not allow boundary layers to grow and introduce enhanced mix-
ing through eddies and turbulence. These features result in a high
local film coefficient.

Open cell, solid ligament metal foams are commonly produced in
aluminum and copper, and have controllable pore size (5, 10, 20
and 40 pores per inch (PPI)) and customizable relative density of
4-13% (a.k.a. volume fraction). Due to the solid ligament’s high
ductility, they can be compressed to 50% relative density through
mechanical compression, further enhancing the thermal perfor-
mance per unit volume. The important parameters of Duocel® are
thermal conductivity, heat transfer surface area, high mechanical
ductility and compliance.

Figure 1: 40 pores per inch (PPI) 6101 Al based metal foam consisting of nodes
and ligaments forming a space filling network of dodecahedrons with 12 pentagon
shaped facets.

THERMAL CONDUCTIVITY

The foam manufacturing process preserves the high purity of
the material in the structure. The thermal conductivity of 6101
Al and C10100 Cu, most common base materials, are about 215
W/m-K and 390 W/m-K, respectively. The effective bulk ther-

mal conductivity, however, depends on the porosity of the foam
RMFs effective bulk conductivity (k) and may be estimated by
Equation (1) [2].

k=N, ™

Where:

\, the proportionality constant X = 0.346

k,, the thermal conductivity of the base material

P, the relative density (metal volume fraction) of as-foamed
structure

The effective bulk conductivity of an 8% relative density 6101
Al Duocel” is about 6 W/m-K. Due to their high ductility, it can
undergo significant inelastic and elastic buckling deformations
without failure of the solid ligaments, resulting in an increase in
the relative density of the foam structure up to 50%. Since the
thermal conductivity is a vector quantity, its value will be a func-
tion of not just the amount of compression (as it is for the effec-
tive surface area), but also of the direction of compression. The
effective thermal conductivity of 6101 Al based foams biaxially
increases to ~ 40 W/m-K, when unidirectionally compressed in
X direction to 50% relative density in the (YZ) plane where liga-
ments are aligned in Y and Z directions. The amount and direc-
tion of compression, as well as the initial pore size and relative
density, are the variables that allow the properties of Duocel® to
be tailored to a given application, creating a heat sink with per-
formance optimized for the application.

SURFACE AREA DENSITY

One of the most important features of the metal foams is their
extremely high and scalable surface area density (p,) compare to
those of brazed or extruded fins and fin pins. p_is directly related
to the extended surface area for improved convective heat trans-
fer. The p_of Duocel® was characterized using experimental mea-
surements, by multipoint Brunauer, Emmett, and Teller (BET)
method by adsorption of krypton gas at 77.4 K, and the modelling
studies by authors.

The results of these studies showed that p_of 40 PPI metal foam
at as fabricated 6% and compressed 50% state are about 15.5 cm?/
cm’ (40 in?/in®) and 138 cm?/cm’ (350 in?/in’), respectively [2,3].

CONVECTIVE FILM COEFFICIENTS

The mostly triangular cross section and only a couple of millime-
ter long ligament geometry of Duocel® offers significant advantag-
es in convective cooling. It scales down the thickness of boundary
layers, generates vortices, and induces turbulence. In two-phase
flow applications, it also delays or eliminates the transition from
nucleate boiling to film boiling. The net outcome is enhanced heat
transfer due to high local film coefficients.

THERMAL INTERFACES

A metal foam based compact HX can be integrated to the sources
of heat generation via solder bonding. Integration eliminates the
highly resistive thermal interfaces of soft materials such as ther-
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mal pads, pastes, or thermal epoxies commonly used to couple
discrete devices, hybrid multi-chip modules (HMCM) of photon-
ic and electronic devices. Duocel® may be brazed to low expansion
skin layers and function as a constraining double-sided core heat
exchanger (HX) for printed wiring boards (PWBs).

The metal foam structure has a very high effective compliance, [2]
that allows metallurgical bonding to the foam by soldering or braz-
ing to low CTE materials (metalized ceramic plates, low expansion
composites, Mo, and CuMoCu, among others). Since the CTE mis-
match related thermal stresses and deformations are limited, the
reliability of the integral heat exchanger and the thermal base is not
compromised, as verified by several hundreds of thermal cycles [5].

FABRICATION OF METAL FOAM HEAT EXCHANGERS

Method of manufacturing of Duocel® based heat exchangers de-
pends on the material and the design. Aluminum RMF based HXs
can be fabricated with vacuum or dip brazing. Fully enclosed HX/
cold plate (CP) configurations require vacuum brazing using solid
braze preforms. HXs with exposed metal foam can be fabricated
by either dip brazing or vacuum brazing. The open cell structure
of RMF allows cleaning of any residual salt left over from the dip
brazing bath. The advantage of vacuum brazing however becomes

apparent for manufacturing in larger quantities. Use of a vacuum
furnace may accommodate hundreds of units in a single batch
operation at a lower cost per unit.

The fabrication of Cu foam-based heat exchangers where Cu foam
is bonded to a Cu plate of enclosed housing are fabricated with
inert-atmosphere, high-temperature brazing or vacuum brazing
furnaces with suitable Cu-Ag solid braze preforms. Solder pastes
may be used to fabricate CPs in inert-atmosphere furnaces where
the structure is exposed. Figure 2 shows a variety of 6101 alumi-
num foam-based articles made by vacuum brazing [6].

Duocel® Metal Foam
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ANALYTICAL STUDY OF THERMAL PERFORMANCE

The major factors scaling the thermal performance of Duocel®
HX are:
o Thermal conductivity of the base material (Al, Cu, Ag, or oth-
ers).
o Pore size measured as PP], the linear density of pores per inch
(5-40 ppi).
o Relative density (5% to ~50%)
o Physical thickness (impacts fin efficiency similar to fin length)
o Thermo-physical properties of the coolant

Improved heat transfer performance due to RMF can be analyzed
in a similar fashion to conventional HX and can be quantified in
terms of an equivalent flat plate effective heat transfer coefficient
(Heft) based on the footprint area of the cooling unit. Figure 3 [2]
illustrates the trends and magnitudes of Heft for forced convection
using distilled water as the coolant with an estimated local film
coeflicient of 1 W/cm?-°C (determined empirically). Effective film
coefficient is a strong function of relative density, while asymptot-
ically approaching a saturation value with increased thickness in
a manner analogous to fin efficiency. This parametric analysis as-
sumed idealized 1D conduction, but more complex scenarios can
readily be tackled using conjugate heat transfer CFD modeling
and appropriately defined porous media properties.

220 30 40

Heft (Winz-oG)

0

015
Y2 uy g o :
0

Tty

Figure 3: Effective Heat Transfer Coefficient of 40 PPI 6061 Al (left) and Cu (right)
Duocel® HXs with DI water as the coolant with an estimated local film coefficient of
1 W/em2°C (determined empirically). The thickness range for both the Al and Cu
foams is 0-38 mm.

EXPERIMENTAL STUDY OF THERMAL PERFORMANCE

To demonstrate the cooling capability of Duocel®, a test module
was fabricated by inert atmosphere brazing a 1.00” x 1.00” x 0.250”
block of Duocel® copper foam to the center of a 2.00” x 2.00” x
0.125” thick Cu plate. A Plexiglas housing of the same cavity depth
was fabricated out of a 0.25” thick Plexiglas sheet and screwed to
the Cu plate with cork gasket. A 1.00” x 1.00” resistor was eutectic
Sn/Pb soldered on the center of the Cu plate in inert gas environ-
ment. The cold plate test unit is depicted in Figures 4 and 5.

The flow rate and the inlet temperature of the inlet DI water were
kept constant using a recirculating chiller. The heater power, vol-
ume flow rate, inlet, and exit temperature of the coolant were
monitored via multimeter current and voltage measurements,
flow meter, and thermocouples, respectively. The surface tem-

perature of the cold plate was estimated by the temperature mea-
surements with thermocouples on the resistor. This experimental
setup is shown in Figure 6.

Figure 4: Double and single sided see through functional cold plates (left), top view
of the single sided test unit (right).

3

Cu foam
2.54cmx2.54 cmx
0.635cm

Figure 5: Cu Duocel® Cold Plate fest unit

Figure 6: Unit under flow and thermal resistance tests

The results are presented in Figure (7) in terms of thermal resis-
tance, which is commonly defined by Equation (2):

Rin="% @
AT = Tygx — [Tin + %Q/(mcp) (3)
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where

Q: Power dissipated by the heater/device (W)

AT: Temperature difference between the maximum surface
temperature of the CP and the average temperature of
the coolant, as calculated by Equation (3)

C,: Heat capacity of coolant (J/kg-°C)

(m:) Mass flow rate of coolant (kg/sec)

The experimental results in Figure (7) show excellent agreement
with the CFD analysis, validating the modeling approach. The
subsequent case study will give more context for the measured
and predicted performance numbers.

30 ppi, 30%
0.18 .

80

Thermal Resistance (°C/W)
o
Flow Resistance (kPa)

40

T 20

Flow Rate (cm?/sec)

Figure 7: Flow and the thermal resistances of Cu foam based Cold plates [6].

CASE STUDY ON HIGH POWER ELECTRONICS DEVICE
COLD PLATE

In the early stages of design, the feasibility of a given cold plate
technology for a high-power electronics device may be assessed
by its thermal resistance (R, ). Consider the application of cool-
inga 17 x 1” device that dissipates 1 kW of heat. Assume the max
allowable temperature of T, =60°C, and the available cooling
flow is DI water (p,=1,000 kg/m’, CP=4,184 ]J/kg-°C) at a vol-
ume flow rate of V=1.0 GPM (6.3*10° m?®/sec) and T =21°C.
Using Equations (2) and (3), the required thermal resistance is
0.037 °C/W.

High performance micro channel type Cu cold plates are only
able to deliver 0.05°C/W under these conditions, which would
be insufficient for the present application. Meanwhile a Duocel®
based cold plate can be tailored to achieve the goal with a healthy
margin using a 40 PPI, 45% dense copper foam cold plate, as
demonstrated by the CFD results in Figure 8.

SUMMARY AND DISCUSSIONS

Studies show that open cell, solid ligament Duocel® based CP and
HXs offer high thermal performance due to their extremely high
specific surface area, local film coefficients, and thermal conduc-
tivity particularly for lower volume and weight applications. The
structure can be customized to meet a wide range of thermal re-
quirements making them a versatile solution.

Metal foams demonstrate compatibility with a wide range of lig-
uids and gaseous coolants, which makes the technology advan-
tageously suitable for a wide range of commercial and military
applications. The structural and thermal characteristics of RMF
foams also offers similar advantages in passive phase change and
two-phase flow applications.

Results of CFD Analyses for 30 ppi, 45% Cu Foam 18

Ry, (°C/W)

Figure 8: CFD results for 30 PPl and 45% Cu foam at 1 GPM flow rate, showing the
surface temperature of the cold plate (top) and corresponding thermal and flow
resistances (bottom)
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