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Proper cooling systems are becoming necessary to account for the

exponential increase in the computational power of our machines.

Generative design and 3D printing techniques have emerged as

powerful approaches to designing and manufacturing cooling devices.

This paper explains the functional challenges for CPU coolers through a

case study. It demonstrates the added value of the generative design

method, with an outstanding 55% lower thermal resistance compared to

a commercially available product, and the innovative copper 3D printing

approach.

it an attractive material for thermal

management. However, 3D-printing
copper design in laser-based processes is
challenging. A custom microchannel design that
meets 3D printing manufacturing requirements
requires a sophisticated solution. These
problems limit the freedom to manufacture
and design cooling/thermal management
devices. Generative design through topology
optimization, taking DfAM (Design for Additive
Manufacturing) rules into account, offers the
solution.

T he high conductivity of copper makes
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INTRODUCTION

A Central Processing Unit (CPU) is the primary
component of a computer, executing instructions
given by the computer program. The CPU
executes fundamental mathematical, logical,
controlling, and input/output (I/O) activities. It
constitutes the main memory, a control unit and
an arithmetic-logic unit.

As the CPU is responsible for executing several
tasks on the computer, any damage can result
in the entire system malfunctioning. Like other
electronic components, CPUs produce significant
heat while operating. When the temperature
becomes too high, safety measures automatically
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activate, e.g., frequency is reduced, decreasing
the power consumption, and consequently, the
temperature. The frequency drop causes the
system’s performance to decline. A computer
performance drop usually means the entire system
will be affected by failures. Therefore, a proper
cooling mechanism is essential to maintain the
functionality and efficiency of the CPU and
guarantee its longer lifespan. Additionally, cooled
CPUs consume less electricity.

Computer cooling systems are passive or active,
intended to dissipate the heat generated by the
components. Heatsinks (Fig. 1) are widely used to
keep computer components at a low temperature
by expelling the local heat generated from that
part. It passively dissipates the heat as the metal

heatsink is a better conductor than the CPU chip.

Figure 1: CPU passive heatsink. Source: [1].

Unlike heatsinks, fans provide air circulation,
pushing the heat out of the source. They are
classified as active cooling system since it requires
energy to operate. Fans are usually combined with
heatsinks for cooling and are mounted on top of
them in CPUs (Fig. 2).

The third option for cooling is using liquids (Fig.

3), which is one of the most effective ways to keep
the low temperature of the components. Distilled
water is the most frequent liquid employed in this
process, given its high specific heat capacity and
thermal conductivity. The liquid runs to a heatsink
at the CPU first and travels to the radiator, where
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Figure 2: CPU with a fan and heatsink. Source: [2].

it is cooled down. This technique is more effective
due to the higher heat transfer coefficient at the
CPU level and the generally bigger heat transfer
area of the radiator component.

Figure 3: CPU liquid cooling system. Source: [3].

Yet, even liquid cooling systems can become the
limiting factor for high-performance CPUs or GPUs
(Graphics Processing Unit). Luckily, combining
thermal and flow-based topology optimization
with additive manufacturing of copper results in
highly performant cooling components, which can
be easily adopted for this application.

In this paper, at first, the generative design
concept is presented, explaining the steps
for topology optimization analysis. Next, the
advantages of using copper to manufacture
heatsinks for thermal management are discussed,
followed by the challenges of the 3D printing
process of this type of heatsink. A series of CPU
cooler studies provide the means for comparison
of their performance. This part explores the
assumptions made for the CPU cooler modeling
and its analysis, finishing with the performance
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results. Lastly, the paper compares a commercially
available high-end CPU cooler heatsink with a
generative design heatsink.

GENERATIVE DESIGN: THE KEY
TO AN OPTIMAL HEATSINK

In the conventional design cycle, engineers work
directly in all the steps that lead from a design
concept to a solution. This process starts with the

conception of a model envisioned by the creator.

The person in charge verifies the performance
through modeling, simulation, post-processing,
and analysis of the chosen design. A new process
iteration happens if the final design does not
achieve a satisfactory level. This time-consuming
procedure is disrupted using generative design
techniques, requiring minimal user input and
interaction.

Generative design uses Artificial Intelligence
(Al) technology to generate one or multiple
designs, given system requirements, such as
design space, objectives, and constraints. The
algorithm explores different outputs based on the
set of inputs and uses the gathered information to
generate new and possibly better solutions. The
cycle repeats until viable designs that respect the
given constraints are found [5, 6].

The optimization process becomes fully
automated when numerical simulations evaluate
the generated designs in the design cycle. Since
the user is not required to give an initial design,
the human influence during the full cycle is
reduced to the problem setup and the final
design evaluation. Removing human bias from the
design process allows for a much more thorough
exploration of the design space, increasing the
possibility of finding a globally optimal design.

Generative
optimization

design using topology

In generative design, different techniques exist to
gather and process information from subsequent
design iterations. A popular generative design
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strategy uses topology optimization. For this
technique, optimizing the material distribution in
the design space results in a new design [/, 8, 9].
In broad terms, the optimization chooses between
parent and design material.

Contrary to traditional design methods, such as
parametric optimization, topological optimization
does not require an initial design input. The
design space can be more exhaustively explored,
thus reducing the risk of convergence to a
local optimum. The actual optimization process
consists of four steps, illustrated in Fig. 4. The
steps repeat until achieving an optimal design:
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Figure 4: Flowchart of the topology optimization
process.

1. Design evaluation. The fluid flow and the
temperature distributions on a given design
are evaluated by a CFD (Computational Fluid
Dynamics) simulation. The result of this
simulation is a description of the velocity,
pressure, and temperature field of the fluid
domain and the temperature field throughout
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the solid domains.

2. Performance evaluation. The numerical
solution obtained in (1) is used to evaluate
the performance of the design regarding
the optimization targets. If the performance
meets the optimization target or the design
does not change (i.e., design convergence),
the optimization process ends, and the design
is exported. Otherwise, the optimization loop
continues.

3. Sensitivity analysis. This step involves
determining how the design should change to
improve the performance. This is achieved
by assessing the sensitivity of the design
performance for the material distribution. The
adjoint approach calculates the sensitivities,
given a large degree of freedom in the
design space. This mathematical framework
allows performing sensitivity analysis in a
computationally efficient way. In this analysis,
the adjoint is built following a continuous
adjoint approach [10].

4. Design update. The optimization algorithm
proposes a new design based on the current
design and the sensitivity analysis. This
design serves as the starting point for the
next optimization iteration.

In the case study analysis, topology optimization
is applied to the design of the cooling channels
of a CPU cooler. Topology optimization for fluid
cooling problems aims to find the optimal material
distribution. It seeks to minimize a cost objective
while subject to operating and manufacturing
constraints. In other words, an optimal solid
design is generated within a fluid parent region by
increasing or reducing the solids in each cell.

COPPER: AN ATTRACTIVE
MATERIAL FOR HEATSINKS

Copper is known for its high thermal
conductivity (398 W/(m-K)), making it an
interesting material for 3D printing of thermal
management components. However, its high
reflectivity for the conventionally employed
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infrared lasers (A = 1070 nm) limits the absorption
of the laser light for melting. Furthermore, the
high thermal conductivity quickly dissipates the
absorbed energy from the laser, making it difficult
to produce copper components with laser-based
3D printing technologies.

Three strategies are primarily employed in the
industry to tackle the above-mentioned issues.
The first one is using green or blue laser for which
copper exhibits low laser reflectivity, i.e., high
laser absorption. This approach is promising;
however, at the moment, the green and blue
lasers are costly, and the quality of the laser
beam (measured by M? factor) does not match
the well-researched and commercially available
infrared lasers.

The second strategy uses an infrared laser
with 1 kW output power. In this approach, the
high-power laser generates keyhole mode melting,
which helps improve laser absorption by multiple
internal reflections of laser light within the melt
pool. This technique allows producing near-fully
dense and highly conductive copper parts;
however, this is an energy-intensive process, and
the larger/deeper melt pool dimensions reduce
the printing resolution. Besides, the narrow
processing window, the unstable nature of the
keyhole mode leading to keyhole porosities,
and the higher powder bed temperature during
processing add a few more concerns to the
manufacturing process.

Lastly, industries can make use of
laser-absorptive copper powders. This approach
has three benefits: (i) the material can be molten
in conduction mode with higher build rates, while
the small/less deep melt pool dimensions result in
an excellent print resolution, (ii) standard L-PBF
equipment can be used, with high-reliability
and high beam-quality lasers and (iii) the
laser absorptive powders present an excellent
flowability and oxidation-resistant properties.
These combined benefits allow the production
of copper components in a broad and stable
processing environment. Moreover, since the
powder does not age over time, the processing
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conditions remain stable over a long period.

LASER-ABSORPTIVE COPPER
POWDERS: THE CHOICE FOR
3D-PRINTED HEATSINKS

Weighing the merits of each methodology,
the third methodology to manufacture copper
components for various industrial applications is
used by Amnovis [4]. The approach ensures
the manufacturing of high-conductivity and
high-strength copper components in a reliable
and economical way. Not only conductivity
but also the yield strength of the material
is important when designing complex-shaped
thermal management components, which needs
to be better comprehended.

The primary advantages of this approach are
(i) the full density and a good combination of
conductivity and strength: the tensile strength
up to 637 MPa, the yield strength up to 509 MPa,
the ductility up to 30 %, the electrical conductivity
up to 90 %IACS, and the thermal conductivity
up to 360 W/(m - K) for CuCr1Zr material; (ii) the
ability to form thin-walled and complex-shaped
structures with thickness down to 200 um; (iii)
the broad processing window allows repeatable
and reproducible build quality; (iv) the final part
properties can be tailored to the application in
question; and (v) the approach works with a 400 W
laser thus does not overheat the baseplate and
powder, which improves powder recyclability.

_| 250pm

. 250um

Figure 5: Indication of the spacing and thickness for a
copper 3D printed model.
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The secondary advantages are (i) a
laser-absorptive powder with excellent flowability
and (ii) an oxidation-resistant powder that
reduces powder aging and improves reusability
and shelf life. The oxidation-resistant powder also
ensures negligible oxygen in the final part, which
could harm the part’s strength after the post-heat
treatment.

This technology is capable of achieving wall
structures as thin as 200 um and gaps between
fine features as small as 250 um (Fig. 5).

MODELING THE CPU COOLING
SYSTEM

A liquid CPU cooler typically consists of one
or multiple solid parts and a liquid coolant. The
simulation of this type of system is known as a
Conjugate Heat Transfer (CHT) problem. In CHT
problems, Navier-Stokes and energy equations
describe fluid behavior. On the other hand, the
conduction equation describes the heat transfer
in solid domains. The solutions for the different
domains are further conjugated.

Fluid region modeling

The general equations solved in the fluid domain
are the Navier-Stokes equations consisting of [11]:

¢ Conservation of mass

V-pv=0 (M

¢ Conservation of momentum

0
aLZJ—FVpUU:—Vp—‘rV'MtV'U"'.f (2)

« Conservation of energy

dph

DN G-V -Evh=Q  (3)
ot Cp

where p is the density of the fluid, v is its velocity,
pis its pressure, u is its turbulent viscosity, f is a
general momentum force term (e.g. gravity), h is

the enthalpy of the fluid, & its thermal conductivity,
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and ¢, is the specific heat capacity.

Closure of the momentum equation is provided
by applying turbulence models to compute the
turbulent viscosity u. Various turbulence models
exist, and the choice depends on the physics of
each application.

The two main turbulence model techniques are
RANS (Reynolds-Averaged Navier-Stokes) and
LES (Large Eddy Simulation). RANS is obtained
by applying a time-averaging and Reynolds
decomposition technique on the Navier-Stokes
equations. LES results from applying a spatial filter
on the Navier-Stokes equations. For wall-bounded

flows, RANS is the most commonly used approach.

Thus, it is the turbulent model for the case study
analysis.

Solid region modeling

For the solid region, only conservation of energy
applies [5]:

dph K B
W—V~;Vh—Q (4)

where p, ¢, £ and h are the material density,
specific heat capacity, thermal conductivity, and
enthalpy, while Q refers to the heat source. By
applying the definition dh = ¢,dT, the equation
can be rewritten in terms of temperature:

oT
pcpa—Vu%VT:Q (5)

Fluid-solid coupling

The heat exchange between the solid and the
fluid depends only on the temperature difference
between the respective cells adjacent to the
wall. At this wall, interface equilibrium conditions
(Eq. 6) are imposed, requiring that the heat
flux over the interface is continuous. From the
fluid side, the flux is only dependent on the
effective thermal conductivity, which accounts
for the thermal conductivity of the fluid and the
turbulent diffusivity. Note that the interface
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between solid bodies can include an additional
contact resistance.

Ksolid VI solid = Kfiuid VT fuid (6)

where kgo15q and kguiq are the thermal conductivity
of the solid and the fluid domain, respectively;
and the VT,.iq and VTy,q are the gradient of the
temperature of the solid and the fluid domain,
respectively.

Furthermore, the temperature on each side of
the interface between the fluid and solid domains
should match:

Tsotia = Thuid (7)

While computationally expensive, this approach
provides a detailed insight into the physics of the
problem. It provides the optimizer with a more
realistic performance of each design. A more
realistic interpretation is fundamental to correctly
explore the design space and eventually find an
optimal design.

CPU COOLER: COMPARATIVE
CASE STUDY

The case study section compares a traditional
skived fin heatsink available on the market with
an optimized custom CPU cooler design.

The plate has the dimensions 60.00 x 59.90 mm,
according to Fig. 6. The material of the cold plate
and the microchannels is copper used for L-PBF.
The density of this copper is p = 8910 kg/m?, the
specific heat capacity is ¢, = 370 J/(K - kg) and
the thermal conductivity is k = 300 W/m - K.

The coolant is a mixture of water and glycol at a
ratio of 40/60. The properties of the coolant are as
follows: the density is p = 1050 kg/m?, the dynamic
viscosity is p = 0.00178 Pa-s, the specific heat
capacity is ¢, = 3220 J/(K -kg) and the thermal
conductivity is 0.376 W/(m - K). At the inlet, the
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Inlet
- Outlet

Figure 6: CPU cooler dimensions and an indication of
the inlet and outlet.

flow rate is fixed to 0.82 L/min and temperature
T = 313.15 K (40 °C). Fig. 6 also shows the inlet
and outlet of the coolant.

The heat source is where heat enters the model.
In this study, the source is the CPU Intel 1700,
modeled as a direct heat source, which are heat
inputs specified directly during the case setup.
This quantity of heat (Q) is spread out evenly over
the entity on which it is defined, meaning that if
Q is specified on a surface patch, the local heat
map (g in [W/m?]) is uniform:

q= (8)

O

where A is the area of the surface patch.
Therefore, the boundary condition chosen here is
the heated wall as a direct source on a surface
patch. The heat source of an Intel 1700 is Q =
250 W, which is distributed uniformly over the
entire area of this surface patch.

The material of the housing is a thermoset
epoxy, with the following properties: p =
1150 kg/m®, ¢, = 1100 J/(K-kg) and x =
0.17 W/(m - K).

Traditional design
The traditional design is the skived heatsink of the
Corsair ICUE H100i Elite Capellix liquid CPU cooler,

shown in Fig. 7.
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- ..
* €— Skived copper
heatsink

Figure 7: Corsair ICUE H100i Elite Capellix liquid CPU
cooler open with the copper heatsink.

In order to have a comparison, the setup and the
materials are the same for both models. A silicone
rubber is present only in the traditional model (Fig.
8). The silicone-based polymer has the following
properties: p = 1240 kg/m? and ¢, = 768 J/(K - kg),
k=159 W/(m-K).

The temperature simulation results of the
copper plate are displayed in Fig. 9a for the front
part of the skived fin and Fig. 10a for the back part
where the CPU is attached. The temperature field
of the heated wall shows a maximum temperature
of 349.3 K (76.1 °C) and that the system can cool
it down to 316.2 K (43.0 °C). The temperature
variance of the heated wall is 124.6 K2.

The pressure drop is 10.7 kPa.

Figure 8: Indication of the silicone rubber on the
traditional model.
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Figure 9: Temperature field (front view) in K of a) the skived fin copper plate simulation and b) the generative design
copper cold plate.

(a)

Heated walls

340
335
33 -
325

I 320
a3,

(b)

Figure 10: Temperature field (back view) in K of a) the skived fin copper plate simulation and b) the generative

design copper cold plate.

Generative design

The generative design sets targets and constraints
to obtain an optimized model. The inlet is under a
pressure loss constraint. The static pressure drop
in the flow through the design will be equal to or
smaller than the prescribed value. This means
that a maximal pressure is set for a boundary
concerning environmental pressure. For example,
a pressure loss constraint on the inlet would
assume that the outlet is at ambient pressure.
This will usually result in a streamlined design,
meaning limited flow recirculation, smooth flow
direction changes and low turbulence generation.
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The mathematical formulation for the pressure loss
constraint is:

C: / pdA — Pamb < Pmax (9)
A

where C is the value of the constraint in Pa, p is
the actual pressure set in Pa, p.x i the constraint
value in Pa and p.,p is the ambient pressure in Pa.
For the current case, the constraint is set to the
original pressure drop pmax = 10.7 kPa.

The target for the CPU component is
temperature minimization. This goal function
reduces the temperature across an element
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by focusing on the highest temperatures. The
mathematical formulation for this boundary is:

7 /S Tds (10)

where J is the value of the objective in K, T is the
temperature distribution on a boundary in K and S
is the boundary where the objective is calculated
mz‘

Fig. 11 shows the final generative design for the
CPU cooler setup.

Inlet

/ Outlet
-]

Figure 11: Generative design of the CPU cooler.

The temperature simulation results of the
generative design plate are shown in Fig. 9b for

the front part and in Fig. 10b for the back part.

The temperature on the heated wall (Intel 1700)
ranges from 323.4 K (50.3 °C) to 329.6 K (56.4 °C)
and its variance is 2.4 K2.

The pressure drop is 11.4 kPa.

A major constraint when designing for 3D
printing is the smallest printable feature size. The
smaller this size, the smaller features can be
introduced in the design and the higher the heat
transfer potential. This study reduced the feature
size to 0.28 mm. To capture this size adequately,
the design region was modeled with 17M design
variables. The full optimization loop and the CFD
analyses were run in parallel on 256 CPUs. The
design was created using ColdStream by Diabatix
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[12] and 3D-printed by Amnovis [4].

Discussion

The results presented in the two previous sections
attest to the performance of the generative
design CPU cooler. The thermal improvement is
calculated based on the thermal resistances of
each one of the models:

Tmax - ﬂn
Rth - 7@ (11)

where T},.x is the maximum temperature on the
heat source and T}, is the temperature on the
inlet.

For the traditional model, the thermal resistance
is:

349.29 — 313.15 K
— =0.14 — 12
250 0 W (12)

Rth,traditional =

And for the generative design model,

329.58 — 313.15

K
250 =0.07 W (13)

Rth,optimized =

The temperature improvement can be

computed:
I o Rth,optimized - Rth,traditional
mp =
Rth,traditional (14)
0.07—-0.14
= ——=-545
0.14 ¢

Therefore, the generative design heatsink
shows a 55% lower thermal resistance.

The temperature variance of the heated wall
is also performance indicative. Considering that
the temperature range is about 33 K for the
traditional model and 6 K for the optimized
design, the variance is expected to be lower
in the latter case. It is important to keep the
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uniformity of temperature to ensure that the
thermal degradation will occur simultaneously
over the chip. Thus, the generative design model,
which has a temperature variance of 2.3 K2 on
the heated wall, provides an improved thermal
deterioration than the skived heatsink, with a
variance of 124.6 K2.

The difference in temperature variances on the

heated source (CPU) is clearly displayed in Fig.

10. The better temperature uniformity in the
generative design model (Fig. 10b) is explained by
the distribution of the cooling channels along the

total area of the heated source, as Fig. 9b shows.

The skived fin heatsink (Fig. 9a) occupies a smaller
area when compared to the heated source. This
choice keeps the pressure drop of the fluid low;
however, it comes with the expense of cooling
the CPU component less uniformly, increasing the
temperature variance.

The more efficient distribution of the cooling
channels in the generative design heatsink
reduces the maximum temperature and
temperature variation, holding the same pressure
drop of the traditional skived fin heatsink.

Manufacturability

Figure 12: 3D printed generative CPU cooler design
model by Amnovis [4]

Additive Manufacturing (AM) allows for very
complex shapes to be produced compared to
traditional manufacturing techniques. However,
the complexity of these shapes is also limited,
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exemplified by the long bridges that cannot be
printed or features that are nearly flat. To still be
able to print these features, additional support
structures are needed. In the current generative
CPU design, they also act as pins to help with heat
transfer.

The manufacturability of the process is treated
as a design problem constraint established when
setting up the design region. The chosen
manufacturing technique is 3D printing and the
final model is displayed in Fig. 12.

Company summaries

ColdStream is the cloud-based proprietary
platform of Diabatix. All thermal analysis, heatsink
selection and generative design are included in
the thermal engineering software. Check the
website or contact Diabatix for more information.

All analyses were simulated with ColdStream
[12]. In Fig. 13, two more examples of generative
designs generated by ColdStream are shown.

Amnovis is an additive manufacturing
production and engineering company focused on
high-tech and medical applications. Check the
website or contact Amnovis for more information.

The generative design copper CPU cooler
was manufactured by Amnovis [4] using their
proprietary powders and patented production
method for copper 3D printing. In Fig. 14, a
few more examples of 3D printed manufactured
models by Amnovis are shown.

CONCLUSION

The added value of the generative thermal design
process is illustrated through the design of a
CPU cooler. The methodology autonomously
suggests cooling system geometries in natural
freeform shapes reaching an optimized design.
The performance is compared with a traditional
copper skives fin design available on the market.
The thermal resistance is improved by 55% for

10
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the chip in the generative design CPU cooler
compared to the skived fin one. The generative
design heatsink also enhanced the temperature
variance on the heat source.

Regarding the manufacturing settings,
the generative design model was generated
respecting the 3D printing requirements. With a
printing minimal resolution of 0.28 mm and the
challenges related to copper printing, Amnovis’
[4] patented production method was able to print (a) Titanium 3D printing of medical implants
the optimized CPU cooling successfully.

(b) Copper 3D printing of cool plate design

Figure 14: Other examples of 3D-printed models by
Amnovis.
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