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Denmark ( corresponding author, e-mail: kuen@dtu.dk)

Abstract

Thermal management is fundamental to ensure that electronics components operate at their design temperatures for
improved performance and lifetime. As current electronic devices become more compact and more power dense, the
amount of heat to be dissipated per area also increases. Therefore, it is necessary to design heat sinks capable of
maintaining a low operating temperature and a small packaging envelope. Topology optimization, due to its geometric
freedom, can be a useful tool to develop passive heat sinks capable of rejecting as much heat as possible in a limited
space. This paper presents the design, modeling, and testing of topology optimized heat sinks for a commercial tablet.
Firstly, a numerical model of the tablet’s thermal behavior is developed. Secondly, the topology optimization problem is
formulated and implemented. Two topology optimization approaches are used: the non-robust approach and the robust
approach. COMSOL’s optimization module is used to conduct the optimization and the Globally Convergent version of
the Method of Moving Asymptotes is used as the optimization algorithm. Finally, three heat sinks were fabricated in
aluminum: the two resulting topology optimized designs (robust and non-robust), and one baseline L-shaped heat sink.
The latter heat sink is used to compare the performance of topology optimized and traditionally designed heat sinks. Both
the numerical and experimental analysis showed that the non-robust heat sink performs the best. The non-robust heat sink
is capable of reducing the average temperature of the tablet electronic components by approximately 3 °C with respect to
the baseline heat sink (48.5 °C).

Keywords: experimental testing; heat sinks; modeling; topology optimization.

Nomenclature

C, (J’kgK)  Specific heat capacity at constant pressure.

C (Ah) Battery capacity.

f Obijective function.

h (W/m’K)  Convective heat transfer coefficient.
I (mA) Average current supplied by the tablet battery.
k (W/mK)  Thermal conductivity.

p Penalization exponent.

P (W) Electric power.

q(W/m?)  Heat flux.

r Filter parameter.

res Residual of the governing equations.
QW) Thermal power.

Q. (W/m®  Volumetric heat generation rate.

t Position shift parameter.

T (°C) Temperature.

Vop (V) Operation voltage.

Vol (m®) Total volume of the design domain.

X General variable.



Greek symbols

B Projection function steepness factor.
n Projection function threshold factor.
p (kg/m®)  Density.

o (kg/m?)  Filtered density.

p (kg/m®)  Projected density field.

17 Volume fraction.

T Tablet operation period.
Q Domain.

Acronyms

CPU Central processing unit.
GPU Graphics processing unit.
IRC Infrared camera.

LCD Liquid-crystal display.
PDS Power distribution system.
RAM Random-access memory.
SoC System-on-a-chip.

1. Introduction

The trend in the electronics industry is to produce devices that are more compact while the performance and
power requirements of these devices tend to also increase. As a result, more heat per area is generated, making
it necessary to develop compact heat management solutions with high performance. Adequate thermal
management of electronic devices is important because their operation and life can be compromised when
they function at high temperatures or exhibit high-localized temperatures. For example, thermal stresses occur
due to the differences in thermal expansion coefficients of the materials in printed circuit boards [1]. Another
challenge of great importance for portable electronic devices is the temperature at the device surface. Current
designs aim to limit maximum temperatures to between 40 and 45 °C as well as to realize the highest possible
temperature uniformity [2]. Berhe [3] conducted a survey with about 60 people in order to assess people’s
reactions to thermal comfort when holding test devices with different surface temperatures. The results
showed that touch comfort depends on the enclosure material as well as the skin temperature of the device.
The marginally acceptable skin temperature limits were 41 °C and 45 °C for the devices with an aluminum
enclosure and a plastic enclosure, respectively.

Different technologies can be used to cool an electronic device. They can be passive (radiation and free
convection) or active (forced convection or active cooling). Current research and development of these
technologies are focused on: microchannels, heat pipes, heat pumps, spray cooling, phase change materials,
free cooling, and thermoelectric cooling [4]. Heat sinks are one of the most used and cost-effective solutions
for cooling electronic devices. They are found in many applications to transfer heat from a heat-generating
component to its surroundings (or vice versa) by free or forced convection.

Traditionally, heat sinks have been designed based on trial and error approaches, experimental and
numerical parametric studies, and the intuition of designers. In order to further enhance the performance of
heat sinks, optimization studies can be conducted. These studies rely on analytical models or computational
fluid dynamics models coupled with size and shape optimization approaches [5]-[7]. Such approaches are
relatively easy to apply and straightforward; nevertheless, they are limited in the sense that a priori
assumptions about the shape and configuration of the considered heat sink must be made, i.e. simple
geometries such as plate fins, strip fins, pin fins, regular ribs are assumed. Bejan, in 1997, proposed an
alternative approach for optimizing heat conduction point-to-volume problems based on constructal theory
[8]. This method allows designing optimized high thermal conductivity paths by sequentially assembling
blocks of a high conductivity material in order to minimize the maximum temperature of the domain. The
amount of high conductivity material available as well as the total heat generation rate are fixed. As a result,
tree-like configurations are obtained. Bornoff and Parry [9] proposed an additive design methodology based
on constructal theory but applied to the design of a forced convection cooled heat sink. Recent studies apply
constructal theory to other heat transfer problems such as convective heat transfer in nanofluid flow [10],
microchannel network heat sinks [11], semi-elliptical morphing fins [12], etc.



Another approach that allows optimizing the geometry of a given structure without prior assumptions about
the shape or configuration of the final design is topology optimization [13]. Topology optimization was
developed and matured in structural mechanics applications but has more recently been applied to a wide
range of physics such as photonics, fluid mechanics, and heat transfer [14]. It aims at distributing material in a
given volume, the design domain, in order to minimize an objective function subject to given design
constraints. In density-based topology optimization, which is used in this work, the material distribution is
represented by a design field which can take the value of 0 (void) or 1 (solid) in each point of the design
domain. In the specific heat sink design problem considered in this work, 0 (void) corresponds to air and 1
(solid) corresponds to the heat conducting heat sink material. This binary optimization problem is relaxed to
continuous values between 0 and 1 in order to allow for the use of efficient gradient-based optimization
methods.

Topology optimization applied to problems in the context of thermal engineering such as heat sink and heat
exchanger design is an active area of research [15]-[19]. First applications of topology optimization to heat
transfer problems relied on 2D models that solve a thermal diffusion (heat conduction) problem where the
heat transfer to the ambient fluid is represented by a heat transfer coefficient. Both models assuming a
constant heat transfer coefficient [20], [21] and models using a surrogate model for the heat transfer
coefficient [16, 22] are reported in the literature. More recent works apply complex 3D thermal diffusion
models to heat sink design [23], and other technical applications [17, 24]. Thermofluid or conjugate heat
transfer topology optimization models have been presented which explicitly capture the heat transfer in the
ambient fluid during the optimization [25, 26]. This is done to overcome the limiting assumption of a constant
heat transfer coefficient or a surrogate convection model. The design of forced convection heat sinks using
thermofluid topology optimization models is presented e.g. in [19, 27]-[30]. Natural convection problems
have only more recently been treated in the context of thermofluid topology optimization due to the strong
coupling between the temperature and the fluid field. Alexandersen et al. pioneered this area and treated
natural convection heat sink design problems using both 2D [31] and 3D [32] optimization models.
Thermofluid topology optimization models are more complex than thermal diffusion models with assumed
convection coefficient at the convective boundaries. Therefore, the former have significantly increased
computational demand and numerical stability problems at higher Reynolds numbers. This latter issue has so
far limited the vast majority of the works to laminar flow problems with low to moderate Reynolds numbers.

Even though there is a large body of literature on topology optimization applied to the design of thermal
systems [33], only a few works have thus far addressed the fabrication and experimental validation of
topology optimized designs for thermal applications. Koga et al. [28] experimentally validated a forced
convection water-cooled microchannel heat sink that is designed using a thermofluid Stokes flow topology
optimization. The additive manufacturing and experimental testing of an air-cooled heat sink designed using a
thermal diffusion optimization model are presented in [23]. Soprani et al. [24] use a thermal diffusion model
to optimize the thermal integration of a thermoelectric cooler into a robotic tool and subsequently fabricate
and test an optimized prototype. In the work by Subramaniam et al. [18], a 2D thermal diffusion model with
uniform heat generation and a prescribed temperature at one point of the boundary are used to generate
optimized heat sinks which are fabricated and experimentally tested. Lei et al. [34] present fabrication using
stereolithography-assisted investment casting and experimental validation of topology optimized natural
convection heat sinks.

The topology optimization works mentioned above include experimental validation of optimized structures.
All of them, except for [24], have in common that the heat sinks are designed in a more generic and academic
context, without implementing them into a specific technical application. The aim of this work is to apply
topology optimization to enhance the thermal management of a commercial tablet. In this device, the thermal
load is located in three main electronic components: the system-on-a-Chip (SOC), the RAM, and the power
distribution system (PDS). The heat generated by these electronic components is conducted to an aluminum
shield, and is rejected to the plastic back cover of the tablet. In this paper, a thermal diffusion topology
optimization model is used to design two heat sinks that minimize the average temperature of the aluminum
shield. Furthermore, the topology-optimized heat sinks were manufactured and their performance was
experimentally assessed by means of natural convection tests.
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Figure 1. (a) Photograph of the tablet with the back cover removed and (b) detail of the components under the aluminum shield.

2. Thermal modeling

2.1 Tablet components and operation

The device studied in this work is a mid-range tablet. It has a 10.1 in LCD screen on the front and a plastic
cover on the back. Figure 1a shows the tablet with the back cover removed. The main electronic components
of the tablet are located under the aluminum shield. These components are the RAM, the SoC (that by
definition includes the CPU, GPU and a memory controller), and the PDS (see Figure 1b).

In order to experimentally study the thermal behavior of the tablet, it is necessary to define a repeatable
operation procedure. This operation procedure was designed to maximize the energy consumption of the
processor, GPU and other major components as much as possible, and therefore, make it operate at its
maximum temperature. The actions below were followed for each operation test:

— The screen was kept on with maximum brightness setting.

—  The Bluetooth connection was turned on.

— The Wi-Fi connection was turned on.

— The GPS location was turned on and a navigation program was started.

— Several high power demand apps were run in the background to increase the stress on the RAM.

— The music player was turned on to use CPU power and increase the energy consumption of the
speakers and their drivers.

— Avideo game that had a high CPU and GPU demand was played manually.

The process described above was carried out until the system reached steady state operation based on
measured temperatures. This occurred after the tablet control system reduced the processor speed to prevent
overheating of the system (see Fig 2). This testing procedure is repeatable from the standpoint that all

experiments ran until the processor reached a critical temperature, with an estimated at an uncertainty of 1 °C.

2.2 Preliminary study of the tablet thermal behavior during operation

A preliminary evaluation of the thermal behavior of the tablet was carried out by measuring the
temperatures of the main electronic components and the aluminum shield. It is important to highlight that the



tablet was always kept in the same position, 25° with respect to a vertical plane, by means of a fixed holder
for all experimental studies. Type-K thermocouples made from 0.25 mm wires were attached to the
components and the aluminum shield. The thermocouples have an accuracy of + 2.2 °C and they were fixed
by means of insulating tape. In addition, an infrared camera (IRC) was used to evaluate the temperature
distribution during operation. The IRC is a Flir SC5000 IRC was used to study the temperature distribution in
the tablet components during operation. The most relevant parameters of the camera are: focal lens, 27 mm;
temperature range, 5 °C - 300 °C; uncertainty, +/- 1 °C up to 100 °C and +/- 1 % above 100 °C. The IRC
software, Altair, allows for post-processing of the recorded measurements in order to obtain time dependent
temperature profiles for a selected group of pixels. In addition to uncertainty in the instruments, there is also
uncertainty in the operation of the tablet. Since the system is controlled by proprietary software, the actual
energy dissipation and distribution of electrical power within the tablet is uncertain. This can cause both local
and temporal variations in temperature, increasing the overall uncertainty. Variations in the ambient
temperature and air flow conditions can also affect temperature measurements reported here.

The continuous lines in Figure 2 show the temperature trends of the RAM and the SoC for 12 min of
operation. It can be seen that the CPU has a temperature control system that prevents overheating of the unit:
after 7 min of operation, the CPU temperature rises and falls cyclically keeping the temperature between
approximately 82 °C and 98 °C. These on-off cycles of SoC have an impact on the tablet performance in
terms of slower, choppier operation. It can also be seen that the RAM temperature is lower than the SoC
temperature and it follows a similar trend during the first 6 min. Afterward, it stays nearly constant at 60 °C
during the on-off cycles of the SoC. The on-off cycles last approximately 1 min, which is much longer than
the response time of the IRC or thermocouples, so the system is able to resolve the time variation of the
system performance.

The dashed lines in Figure 2 show the temperature trends of the aluminum shield recorded during another
experiment. In this experiment, four thermocouples were attached to the aluminum shield as indicated in the
figure, with a spacing of 15 mm. The tablet operation procedure was carried out again, and the temperature
evolution was registered during 12 min of operation. The shield temperatures at different locations present a
similar behavior in terms of trend and magnitude. As expected, T, and T, are the highest because they are
located closest to the SoC, and all the temperatures remain below 60 °C. The air gap between the electronic
components and the aluminum shield provides enough insulation to keep the aluminum shield at a constant
temperature of approximately 55 °C on average. The current heat management strategy of this tablet allows
the surface temperature at the back cover to be much lower than the hot spot located on the SoC. On the other
hand, the heat generated by the electronic components is not dissipated effectively, which results in higher hot
spot temperatures, thus compromising the life of the electrical components and reducing the performance of
the tablet.
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Figure 2. Temperature trends of the RAM and the SoC during 12 min of operation.
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Figure 3. (a) Maximum and average temperature trends of the tablet main components recorded with the IRC and (b) thermal image of
the tablet main components at maximum temperature operation.

Figure 3a presents the maximum and average temperature trends for each component during 5 min of
operation. The temperature values were taken from the selected groups of pixels indicated in Figure 3b.
Clearly, the hottest spot occurs in a specific location of the SoC at a maximum temperature of around 110 °C.
This temperature is higher than that measured with the thermocouples (Figure 2). The IRC camera allows a
precise location of the maximum temperature in the SoC, which in this case is located in a very specific and
small area. The thermocouple was located at the center of the SoC occupying a zone affected by a temperature
gradient. The temperature field at a specific frame is shown in Figure 3b. It gives a clear picture of the
temperature distribution of the tablet electronic components.
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Figure 4. A CAD representation of the modeled tablet components.
Table 1. Dimensions of the tablet main electronic components
Component Dimensions (mm)
Length, x-direction Width, y-direction Thickness, z-direction

RAM 11.8 13.3 1.0
SoC 12.8 12.7 1.0
PDS 7.5 8.0 1.0
Transistors 2.0 2.0 0.8
Aluminum frame 54.0 26.0 15

2.3 Thermal Modelling of the Main Electronic Components

Once the thermal behavior of the tablet has been evaluated, a numerical analysis was carried out using the
Finite Element Method through the commercial simulation software COMSOL Multiphysics [35]. Two 3D
steady-state models were developed: one model describes the thermal behavior of the main components
without the aluminum shield, and the other model takes into account the aluminum shield as well.. Heat
conduction and generation in the battery and the rest of the peripheral components was neglected because the
IRC showed that their temperatures remain very close to ambient temperature. The dimensions of all relevant
parts were measured by means of a digital caliber with a resolution of 1x10* m. Figure 4 presents a simplified
schematic of the components that were modeled. It was assumed that the relevant electronic components lay
on a rectangular structure that represents the tablet (see Figure 4). This rectangular structure has been modeled
as three different material layers: FR4 (to simulate the circuit board), air (to simulate all the contact
resistances and the existing air gaps between the electronic components), and glass (to simulate the screen).
These structural layers have a thickness equal to 1 mm (FR4), 2 mm (air) and 1mm (glass). On top of this
structure, the aluminum frame, SoC, RAM, PDS, and 10 transistors were modeled according to the
dimensions reported in Table 1. The aluminum shield sits on top of the aluminum frame and has dimensions
of 54 x 26 x 1.5 mm. The chips were modeled as a combination of two acrylic plastic external layers and an
internal silicon layer because, in most integrated chips, the semiconductor material is silicon and the mounting
package is a polymer. The volumetric power generation was assigned to the silicon. It can also be seen that the
SoC presents two subdomains: a small rectangle and a small circle. This has been done in order to reproduce
as close as possible the shape of the hotspots measured by the IRC. The same technique was applied to the
PDS.



Table 2. Material properties for the thermal model

Material Cp (J/kgK) p (kg/m?) k (W/mK)
FR4 1396 1900 0.3
Aluminum 900 2700 238
Acrylic Plastic/ Epoxy 1470 1190 0.52
Silicon 700 2329 130
Glass 703 2203 1.38

Table 2 reports the specific heat, c,, density, p, and thermal conductivity, k, of the materials used in the
modeling. The air properties were calculated as a function of temperature using COMSOL’s material library.
The steady-state heat transfer is modeled using the energy conservation equation assuming no mass transfer or
radiation:

pe, VT — V(KVT) = Q, — Aydo )

where Q, is the volumetric heat generation, A,, is the wetted convective surface area, and ¢, is the heat flux
from the surface to the air. The convective heat transfer between the surfaces (top of the electronic
components and top the shield) and the air is described by the following equation:

qo = h (T — Text) (2)

where h is the convective heat transfer coefficient and Ty is the ambient temperature. A constant value of h
was assumed for this work. Typical values of free convection of gases range from 2 to 25 W/m’K [36] and
values of 10 W/m?K are recommended as a rule-of-thumb in the design of natural convection heat sinks [37].
For this reason, h values of 4, 8, and 16 W/m?K were considered. A constant value of Te, of 293.15 K was
assumed.

A modeling study was carried out in order to estimate heat generated from the electronic components.
According to the tablet datasheet, the battery has a capacity, C, of 7 Ah and the tablet operates at a voltage,
Vop, Of 3.8 V. Assuming a 6 h operation period, z, to discharge completely the battery, the average current
coming out of the battery, I, can be estimated as:

I=C/t =7Ah/6h =117 A 3)

Therefore, the mean electric power supplied by the battery, P, is 4.45 W. It was assumed that the display
consumes 2.6 W. This assumption is based on some tests and comparison between 10-inch screen tablets [38].

The iterative process presented in the Appendix was used to determine the distribution of the energy
consumption in the rest of the components. It was also used to determine the location and shape of the SoC
and PDS subdomains that correspond to the hot spots.

The volumetric heat generation was treated as Joule heating in order to obtain the thermal power for the
tablet components. The final power distribution is summarized in Table 3, and it can be seen that a significant
part of the power was assigned to the aluminum frame surrounding the SoC, RAM, and PDS. The heat is
transferred from the three main components to the circuit board. Then, a certain amount of heat is transferred
from the circuit board to the screen, while the rest is transferred to the aluminum frame that is directly
installed on the circuit board, as shown in Figure 1b.

The mesh for all the domains consisted of tetrahedral elements whose size ranged between 1x10° m and
5x10°° m. Other sizing parameters were a maximum element growth rate of 1.4, curvature factor of 0.4, and
resolution of narrow regions of 0.7. The mesh is much finer in the interfaces between the different domains as
well as in the hot spot and is coarser in other domains.



Table 3. Power distribution in the tablet main components

Component Power consumption (W)
Screen 2.60
SoC 0.84
RAM 0.14
PDS 0.11
Transistors 0.12
Aluminum frame 0.64

Figure 5 presents a comparison of the simulated and experimental temperature fields. It can be seen that a
good agreement in terms of temperature distribution was achieved. To quantitatively assess the accuracy of
the developed model, a comparison in terms of maximum and average temperatures in different domains is
reported in Table 4. The average and maximum temperatures deviate below 3 K in all domains except for the
aluminum, where a deviation of 4.8 K in the maximum temperature and a deviation of 6.7 K in the average
temperature occur. The agreement between experiment and simulation was generally good. The largest
discrepancy between the two occurred in the aluminum frame. The disagreement may be because there may
be additional heat dissipated by the screen or related components mounted on the other side of the aluminum
frame or because the actual free convection coefficient was lower than assumed. The developed COMSOL

model was used as a baseline to generate the enhanced heat sinks using topology optimization.

Figure 5. (a) Temperature field obtained with the IRC and (b) temperature field obtained from the COMSOL simulation.

Table 4. Experimental and simulated maximum and average temperatures in the tablet components

Maximum temperature

Average temperature

Domain Exp (°C) Sim (°C) Exp (°C) Sim (°C)
SoC 108.8 110.0 85.8 83.0
RAM 75.0 76.0 65.0 64.3
PDS 72.0 735 65.6 65.8

Aluminum 74.8 70.0 60.7 54.0
Transistors 67.5 68.0 65.2 65.5




3. Topology optimization design

3.1 Non-robust Formulation

In this paper, the focus is set on the user experience from the standpoint of temperature of the tablet surfaces
rather than component lifetime. The average temperature was deemed more suitable than, for example, the
maximum temperature because hot spots in the design domain can be diffused across the back cover of the
tablet. The overall temperature of the table was deemed more important than localized hot spots. Therefore,
the optimization problem becomes:

, 1
Min f(T: pdesign) = Zf Tdo 4)
subject to
0 < Pdesign <1 (5)
1
m-f pdesignd-(2 < Pmax (6)
TES(T, pdesign) =0 (7)

where T and pgeign are the density and temperature of the material that is distributed within the domain
volume, respectively, A is the surface area of the entire tablet, and ¢n. is the maximum volume fraction
imposed as a volume inequality constraint. ¢na IS the ratio of the volume of the material of higher
conductivity to the total volume, Vol, and res is the residual of the governing equations within the discretized
system. paesign 1S @ continuous variable field that can take values between 0 and 1, where 0 corresponds to an
insulating material (air) and 1 corresponds to the high conductivity material (aluminum). Values between 0
and 1 do not have any physical meaning in the considered application and are thus avoided in the optimized
designs.

Density filtering is used in order to obtain topology optimized designs with smooth boundaries between
heat sink material and air domains. A density filter based on the solution of the Helmholz partial differential
equation is used in this work because it produces mesh independent results and it is computationally efficient.
Considering that the heat sink material is isotropic, the density filter can be defined as [39]:

_rzvzﬁ +p= Pdesign (8)

where p was the filtered density, and r is the filter parameter. In this work, r is set to 1.5 times the maximum
mesh element size in the design domain. Density filtering inherently introduces a band of intermediate density
values at the interface between heat sink material and air. To reduce the width of this intermediate density
band at the interfaces, a smoothed heaviside projection was used. An expression based on the tanh function
provides a computationally fast way to obtain the projection [40]

_ tanh(Bn) + tanh(B(p — 1))
tanh(Bn) + tanh(,B(l — 77))

9)

sl

where p is the projected density field, 7 is the projection threshold, usually 0.5, and £ defines the steepness of
the projection. The solid isotropic material with penalization (SIMP) method was used to obtain the effective
thermal conductivity of the material in the regions when the design density is different from 0 or 1, where ke
is defined as:



keff = kair + (ka— kair)ﬁp (10)

where p is the penalization exponent. A value of p greater than 1 penalizes intermediate design densities and
can be used in connection with a volume constraint for achieving 0/1 designs without large areas of
intermediate densities.

3.2 Robust formulation

The filtering-projecting approach does not ensure a precise control over the minimum length scale. One of
the most typical problems is the so-called “critical one node connection”: only a single mesh node connects
two different entities. The main idea behind the robust approach is to obtain three different density profiles,
namely eroded (e), intermediate (i), and dilated (d), and then optimize the problem for the worst case. These
density profiles can be obtained by projecting to the original filtered equation in three different ways [40]:

. _ tanh(Bn) + tanh(B(p — 1))

L= tanh(Bn) + tanh(B(1 — ) (11)
_ tanh(B(1—1)) +tanh (ﬁ(ﬁ -(1- t)))
Pe = tanh(B(1 —t)) + tanh (ﬁ(l -(1- t))) (12)
. _ tanh(Bn) + tanh(B(p — 1)) 13)

Pa = tanh(Bn) + tanh(,B(l — t))

Eqg. (11) is the same as in the non-robust approach but in this case, it is referred to as intermediate. In Eq.
(12-13) the parameter t (threshold) is taken into account, which shifts the position of the ramp in the
projection process. This approach combined with the filtering implies that for high values of 4, the density of
the central element is set to 1 if there is at least one element in the neighborhood which has a density greater
than 0. The opposite happens to the eroded density. Therefore, the core problem can be written as:

Given

F(Tuesign) = [ 720 (14)

minimize
max [(F(T. Peesign) ) » (f (T, Poaesign) ) (f (T Padesign) )] (15)

subject to
0 < pgesign <1 (16)
(T, pgesign) = 0 (17)
oot [ Fadt < O (18)

Note that in this version of the algorithm the dilated density is used for the volume constraint (Eq. 18).
Moreover, note that due to the physics of the specific problem that is treated, it is known a priori that the
eroded design will lead to the highest heat sink temperature because this heat sink has less surface area than
the heat sinks of the dilated and intermediate design. This knowledge can be used to avoid the minimax
formulation (Eq. 15) for which the state problem would need to be solved three times. Instead, it is sufficient
to only solve the state problem once using the eroded density for the thermal conductivity calculation:

keff = kqir + (kAl - kair)ﬁg (19)



3.3 Computational set-up

The topology optimization design has been treated as a 2D problem because the heat sink should lie directly
over the electronic components and there is very limited space between those and the tablet back cover. The
concept is to directly install the optimized design on the aluminum shield in order to keep good contact
between the two parts and to avoid air gaps that increase the thermal resistance. An L-shape domain was
chosen to avoid any heat flux toward the battery and to guarantee a good escape path for the heat (see Figure
6). The green region represents the domain reserved for the material distribution, i.e. the design domain, while
the yellow region corresponds to the aluminum shield. The area occupied by the heat sink is determined by the
volume constraint.

A constant heat flux of 309 W/m? entering from the bottom was assumed because the optimized design will
be directly installed on the aluminum shield and in order to simplify the topology optimization problem. This
value is derived from the preliminary thermal modeling (section 2.3) and it corresponds to the specific heat
flux on the surface of the aluminum shield calculated by the steady-state COMSOL model. The heat source
was applied to the yellow domain in Figure 6. A constant convection heat transfer coefficient was applied to
the material distribution domain. Table 5 presents the parameter values used to solve both the non-robust and
the robust topology optimization problems. It can be seen that a range of volume constraint values was used.

It was necessary to introduce an extra Dirichlet boundary condition in which the density of the battery zone
boundaries is set to zero. This was done in order to avoid distributing conducting material close to the battery,
i.e. to enforce a small air gap between the heat sink and the battery.

COMSOL’s optimization module is used to conduct the optimization and the Globally Convergent version
of the Method of Moving Asymptotes (GCMMA) [41] is used as the optimization method. A continuation
approach [42], [43] is applied to the projection steepness parameter, £, in order to have a more regularized and
convex optimization problem in the beginning of the optimization and to subsequently gradually increase the
projection steepness to decrease the width of the intermediate density band between the air and heat sink
material. The following values are used: = {1, 3,5, 7, 9, 11}.
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Figure 6. Depiction of the 2D tablet topology optimization model. Green corresponds to the design domain where heat sink material
can be placed during the optimization (£2), yellow corresponds to the non-optimizable aluminum shield below which the heat
generation occurs(€;), and grey indicates the further non-optimizable area (mainly the volume occupied by the battery) ().

Table 5. Parameter values for the topology optimization problems

# of mesh elements 39962
Min/Max mesh element size (m) 3.10°10°
Max number of iterations 100

3
Starting value for pgesign 0.5
n 0.5
Prmax 0.1-0.2-0.3
t 0.1

Tolerance le-6




4. Results

4.1 Topology optimization designs

Figure 7 shows the solution of the topology optimization problem for the non-robust case for a maximum
aluminum volume fraction in the design domain, @ma, 0f 10%, 20%, and 30% when h is set to 8 W/m?K. The
red zone corresponds to the region where the material, aluminum, is distributed. In this zone, pgesign = 1.The
blue zone corresponds to the region without material. In this zone, pgesign = 0. It can be seen that the topology
optimized heat sinks are not very sharp; there is a noticeable zone with intermediate densities between the red
and the blue zones. The shape of the three different topology optimized heat sinks is very similar.
Nevertheless, as expected, the greater pma, the larger the heat sink overall size (the number of branches
increase) and the lower the average temperature.

Figure 8 presents the dilated, eroded and intermediate final solution of the topology optimization problem
for the robust case with a maximum aluminum volume fraction in the design domain of 30%. It is worth
noting the nearly complete absence of zones with intermediate densities in the intermediate formulation.
These heat sinks should be easier to manufacture than the non-robust heat sinks because of the more defined
shape.
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Figure 7. Topology optimization results for the non-robust case (a) gmax = 0.1 (b) ¢max = 0.2 (C) pmax = 0.3. Red corresponds to heat
sink material (aluminum) and blue to void (air).

Figure 8. Topology optimization results for the robust case with ¢, = 0.3 (a) dilated (b) eroded (c). Red corresponds to heat sink
material (aluminum) and blue to void (air).



The influence of h on the topology optimization results can be seen in Figure 9, where the resulting designs
for values of 4, 8, and 16 W/m?K are presented. The basic shape and geometry of all the heat sink designs are
similar: two main horizontal aluminum sections branch from the left side of the aluminum shield, one main
vertical branch forms on the right side of the aluminum shield, and there are numerous secondary branches.
The lower the value of h, the longer and thinner the branches become as the optimization scheme starts to
favor increased convection surface to improved conduction cross section.

Figure 10 shows the effect of the mesh resolution and filter parameter on the topology optimization results,
i.e. mesh size in the design domain and filter parameter are similarly decreased such that their ratio is kept
constant. It can be seen that the final value of the average domain temperature is nearly the same for all cases.
With decreasing element size and decreasing filter parameter, finer structures with more sub-branches are
obtained even though the main shape remains similar. However, these very fine features would be more
difficult to manufacture. Finally, the thickness of the intermediate density zone reduces with a finer mesh.
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Figure 9. Effect of h on the topology optimization results for the non-robust case with gms = 0.2 (a) h = 4 W/m?K (b) h = 8 W/m*K
(€) h =16 W/mK.
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Figure 10. Effect of mesh resolution on the topology optimization results for the non-robust case with ¢ = 0.2 () 13109 elements
(b) 39962 elements (c) 142891 elements (d) 814625 elements.



4.2 Numerical comparison

The performance of the optimized design was studied by means of 3D simulations. A baseline L-shaped
heat sink is also studied in order to compare the topology optimized heat sinks with a traditional heat sink. For
each volume constraint, the area of the baseline heat sink is nearly the same as the area of the robust topology
optimized heat sink. The area of the non-robust heat sink is slightly larger than the robust case for the same
volume constraint values due to the resulting gray-zones.

Three heat sink options (baseline, robust, and non-robust) were compared by simulating their thermal
behavior in conjunction with the rest of the tablet components. Two modeling approaches were used. In the
first approach (constant h) a convective heat transfer coefficient of 8 W/m?K was set on all surfaces, including
the heat sinks. In the second approach (airbox) all the domains are surrounded by an air volume that allows
the model to explicitly capture the natural convection effects around the tablet when it is oriented at 25°. For
the experimental tests, the heat sinks were mounted on top of the aluminum shield using thermal paste. For
this reason, the influence of the thermal paste was also included in the 3D numerical model by introducing a
0.1 mm layer (k = 5 W/m-K) between the shield and the heat sinks. Table 6 summarizes the results in terms of
average and maximum temperatures in the regions of the heat sinks that are in direct contact with the
aluminum shield. In all cases, the baseline heat sink exhibits the worst performance, as it results in the highest
temperatures. As ¢ increases, the resulting temperatures in all cases decrease because there is more material,
and therefore, a greater surface area available to transfer the heat. However, this effect is much more
noticeable when ¢ varies from 0.1 to 0.2, than when ¢ varies from 0.2 to 0.3. In other words, the heat sink
performance exhibits asymptotic performance as ¢ increases.

The influence of the tablet position was also studied by means using the “airbox’ 3D model. Table 7 reports
the average and maximum temperatures of the heat sinks with a volume constraint of 0.2 at an orientation of
25°, 45°, and 65°. As the angle with respect to the vertical increases, the temperature of the heat sinks also
increases due to reduced natural convection. In this case, the benefit of the topology optimized heat sinks
becomes more evident. When the angle is 65° the temperature difference between the non-robust heat sink and
the baseline heat sink is approximately 8.3 °C.

Table 6. Heat sinks simulation results: comparison of the average and maximum temperatures of the heat sink area corresponding to
the projection of the aluminum shield.

Constant h Airbox
Baseline Robust Non-robust Baseline Robust Non-robust

“ Ta;’e’a"e 38.39 38.17 37.62 42.89 39.70 38.31
= (°0)

I

=S 2;”(‘?)‘ 39.60 39.95 39.49 44,13 41,51 40.20
N Ta;’e’age 43.28 42.46 41.26 47.66 43,51 41.32
= (0

[

= 2;“(“:&; 44.77 44.19 43.10 49.17 45.27 43.20
— Tag’e’a"e 49.98 48.93 47.40 54.78 49.83 46.85
s (°C)

I

S 2;“8‘ 51.40 50.59 49.14 56.22 51.53 49.14

Table 7. Heat sinks numerical comparison in terms of the average and maximum temperatures for different spatial orientations.

Position
25° 45° 65°
T °C 49.5 50.6 53.0
Baseline B (°C)
Tmax (°C) 51.1 52.2 54.6
Robust Taverage (°C) 45.1 46.0 47.7
Tmax (°C) 46.8 47.7 49.5
T °C 42.7 434 44,7
Non-robust s (°C)

Tmax (°C) 44.6 452 46.6




The experimental tests described in the next section were carried out without the back plastic cover because
it was not possible to install it after placing the heat sinks. This does not correspond to real-life conditions.
Therefore, the “airbox’ 3D model was expanded in an additional simulation study by adding a 0.1 mm thermal
paste domain on top of the heat sinks, and then by adding the back cover domain (considering a thickness of 1
mm and the properties of the acrylic plastic/epoxy showed in Table 2) in contact with the thermal paste
domain. The maximum temperatures on the back cover with an orientation of 25° were 47.2 °C, 38.3 °C, and
37.6 °C for the baseline, robust, and non-robust heat sink, respectively. The large surface of the back cover
helps to dissipate the heat transferred from heat sinks to the ambient. The more effective and better-distributed
heat conduction of the topology optimized heat sinks, given their tree-like aluminum structures, allows
reducing the hot spot in the back cover by approximately 9 °C with respect to the baseline heat sink.

4.3 Experimental comparison of heat sinks

Three heat sink designs corresponding to a volume constraint of 0.2 were manufactured (baseline, robust
and non-robust) by laser cutting (Figure 11) aluminum plate. The heat sinks had nominally equal areas in
order to give a meaningful comparison: 0.0044 m? for the baseline heat sink, 0.0047 m® for the robust heat
sink, and 0.0054 m? for the non-robust heat sink. It should be emphasized that the area used in the model for
each heat sink is the same. The increase in area for the robust heat sink was relatively small, 6.8%, but there
was a larger increase during the production phase for the non-robust heat sink. We optimized for exactly the
same surface area and the differences between topology optimized heat sinks and the baseline come from
post-processing of the optimized designs into programs used to manufacture each heat sink. The material used
was an aluminum 6061 sheet with a 0.5 mm thickness. The tests were performed with the heat sinks fixed to
the aluminum shield by means of nylon screws. In addition, the heat sinks were covered with graphite paint
for IRC measurements. Since the aluminum shield is not completely flat, thermal paste with thermal
conductivity of 5 W/m-K was used to mount the heat sinks on the shield. This ensures a low thermal
resistance at the contact surface because the thermal paste fills any gap between the two surfaces. The tablet
position and operation procedure for these tests were the same as in the preliminary thermal analysis. For each
test, the temperature images were registered for 5 min at a sampling rate of 25 Hz. The zone used to estimate
the maximum and average temperatures from the IRC imaging does not correspond to the complete projection
of the aluminum shield surface. The areas occupied by the nylon screws were excluded because the average
temperature would be much lower if the complete projection were used. A reduced region that excludes the
screws is, therefore, a better representation of the zone of interest, and the same area is used for the three heat
sinks. Several tests were carried out for each heat sink in order to evaluate their performance. Figure 12 shows
the temperature distribution of the three heat sinks after around 5 min of testing, which was the time required
to reach steady-state. The reduced region used for the analyses corresponds to the area within the dashed
rectangle. The baseline heat sink presents the least uniform temperature distribution. In contrast, the topology
optimized heat sinks achieve more uniform distribution, avoiding the occurrence of a hot spot and indicating
better thermal performance. The experimental results confirm the model findings. However, it should be noted
that the area of the non-robust heat sink was higher due to manufacturing processing.
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Figure 11. Manufactured heat sinks (a) non-robust (b) robust (c) baseline.
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Figure 12. Temperature distribution after 5 min of testing (a) baseline heat sink, (b) robust heat sink, and (c) non-robust heat sink.

Table 8. Heat sinks experimental and numerical comparison in terms of average temperature
Average temperature (°C)

Experimental Numerical
Baseline 48.5 495
Robust 46.8 45.1
Non-robust 45.6 42.7

Table 8 reports the experimental average temperature of the heat sinks at an orientation of 25° after 5 min. It also
includes the numerical results using the ‘airbox’ 3D model in COMSOL for the same orientation. The experimental



results are in agreement with the numerical comparison. Again, the best performing design is the non-robust followed by
the robust design. Although the difference in performance between all the designs is not large, the non-robust heat sink is
capable of reducing the average temperature by approximately 3 °C with respect to the baseline heat sink.

5. Conclusion

This paper presented the design and testing of topology optimized heat sinks to enhance the thermal management of a
commercial tablet. Firstly, the tablet thermal behavior during its operation was analyzed in order to build a thermal model
of the tablet and estimate the values of the parameters and boundary conditions used for topology optimization. Modeling
was also used to determine the location of the hot spots in the main components of the tablet. Topology optimization
was performed in 2D due to the limited space between the aluminum shield and the tablet back cover. Two
topology optimization approaches were used: the non-robust approach and the robust approach. In the robust
approach, the topology optimized design has sharper with more defined edges since the resulting shape
contained almost no zones with intermediate densities. This makes it more suitable for manufacturing. Several
topology optimizations were carried out with three different values of the maximum heat sink material volume
fraction in the design domain (0.1, 0.2 and 0.3). The optimized designs with a volume constraint of 0.2 were
selected for fabrication and experimental testing because numerical studies indicated a good tradeoff between
performance and the amount of material used for this volume constraint value.

Three heat sinks were fabricated in aluminum 6061: two topology optimized heat sinks (robust and non-
robust) and the baseline L-shaped heat sink, in order to compare the performance of topology optimized to a
baseline heat sink. The heat sinks were compared numerically and experimentally, and both methods showed
that the non-robust heat sink performs the best, with the lowest average temperature in the region
corresponding to the aluminum shield projection. This reduction should improve the user experience of the
tablet. The lowest performance (highest average temperature) heat sink was the baseline L-shaped.
Furthermore, the thermal images obtained with the IRC showed that the temperature distribution is more
uniform in the topology-optimized heat sinks. Finally, 3D simulations show that the hot spot in the back cover
is approximately 9 °C lower when using the topology optimized heat sinks compared to the baseline heat sink.
The lower and more uniform temperature is expected to improve the overall user experience and component
lifetime of the tablet.



Appendix

A flow diagram of the iterative to obtain the power distribution among the tablet electronic components is

shown in Figure A.

(Guess initial
power distribution

Fun the

F 3

simulation

Compare the
experimental and
stmulated T, and
T, oo forall
components. Are thos
similar?

Compara the
experimental and
simulated locations of
the most relevant hot
spots. Ars thoss
similar?

Compars the
experimental and
simulated tempemtiore
fields around the frame
andin the serzen Are
those similar?

Ars the overall
simulated and
experimental results

similar? [s the owverall

power consumphion
445W7

Guass new spacific
volumetnc power
generation for the

components.

1

2plit the correct volumetne

power gensrationofa component ||
into different geometncal parts to
reproduce the comacthot spot.

Try tocombine diffacant

o materials withinthese

subparts to reproducs the
correct hot spots.

Change the thickness and the matenal
of different parts surrounding the
chips or add/delete contact
fasistances.

'y

Figure A. Procedure to obtain the power distribution in the tablet electronic components.
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