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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.

T he high conductivity of copper makes
it an attractive material for thermal
management. However, 3D-printing

copper design in laser-based processes is
challenging. A custommicrochannel 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.

INTRODUCTION

A Central Processing Unit (CPU) is the primarycomponent of a computer, executing instructionsgiven by the computer program. The CPUexecutes fundamental mathematical, logical,controlling, and input/output (I/O) activities. Itconstitutes the main memory, a control unit andan arithmetic-logic unit.
As the CPU is responsible for executing severaltasks on the computer, any damage can resultin the entire system malfunctioning. Like otherelectronic components, CPUs produce significantheat while operating. When the temperaturebecomes too high, safety measures automatically
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activate, e.g., frequency is reduced, decreasingthe power consumption, and consequently, thetemperature. The frequency drop causes thesystem’s performance to decline. A computerperformance drop usually means the entire systemwill be affected by failures. Therefore, a propercooling mechanism is essential to maintain thefunctionality and efficiency of the CPU andguarantee its longer lifespan. Additionally, cooledCPUs consume less electricity.
Computer cooling systems are passive or active,intended to dissipate the heat generated by thecomponents. Heatsinks (Fig. 1) are widely used tokeep computer components at a low temperatureby expelling the local heat generated from thatpart. It passively dissipates the heat as the metalheatsink 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 areclassified as active cooling system since it requiresenergy to operate. Fans are usually combined withheatsinks for cooling and are mounted on top ofthem in CPUs (Fig. 2).
The third option for cooling is using liquids (Fig.3), which is one of the most effective ways to keepthe low temperature of the components. Distilledwater is the most frequent liquid employed in thisprocess, given its high specific heat capacity andthermal conductivity. The liquid runs to a heatsinkat the CPU first and travels to the radiator, where

Figure 2: CPU with a fan and heatsink. Source: [2].
it is cooled down. This technique is more effectivedue to the higher heat transfer coefficient at theCPU level and the generally bigger heat transferarea of the radiator component.

Figure 3: CPU liquid cooling system. Source: [3].
Yet, even liquid cooling systems can become thelimiting factor for high-performance CPUs or GPUs(Graphics Processing Unit). Luckily, combiningthermal and flow-based topology optimizationwith additive manufacturing of copper results inhighly performant cooling components, which canbe easily adopted for this application.
In this paper, at first, the generative designconcept is presented, explaining the stepsfor topology optimization analysis. Next, theadvantages of using copper to manufactureheatsinks for thermal management are discussed,followed by the challenges of the 3D printingprocess of this type of heatsink. A series of CPUcooler studies provide the means for comparisonof their performance. This part explores theassumptions made for the CPU cooler modelingand its analysis, finishing with the performance
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results. Lastly, the paper compares a commerciallyavailable high-end CPU cooler heatsink with agenerative design heatsink.
GENERATIVE DESIGN: THE KEY
TO AN OPTIMAL HEATSINK

In the conventional design cycle, engineers workdirectly in all the steps that lead from a designconcept to a solution. This process starts with theconception of a model envisioned by the creator.The person in charge verifies the performancethrough modeling, simulation, post-processing,and analysis of the chosen design. A new processiteration happens if the final design does notachieve a satisfactory level. This time-consumingprocedure is disrupted using generative designtechniques, requiring minimal user input andinteraction.
Generative design uses Artificial Intelligence(AI) technology to generate one or multipledesigns, given system requirements, such asdesign space, objectives, and constraints. Thealgorithm explores different outputs based on theset of inputs and uses the gathered information togenerate new and possibly better solutions. Thecycle repeats until viable designs that respect thegiven constraints are found [5, 6].
The optimization process becomes fullyautomated when numerical simulations evaluatethe generated designs in the design cycle. Sincethe user is not required to give an initial design,the human influence during the full cycle isreduced to the problem setup and the finaldesign evaluation. Removing human bias from thedesign process allows for a much more thoroughexploration of the design space, increasing thepossibility of finding a globally optimal design.

Generative design using topology
optimization

In generative design, different techniques exist togather and process information from subsequentdesign iterations. A popular generative design

strategy uses topology optimization. For thistechnique, optimizing the material distribution inthe design space results in a new design [7, 8, 9].In broad terms, the optimization chooses betweenparent and design material.
Contrary to traditional design methods, such asparametric optimization, topological optimizationdoes not require an initial design input. Thedesign space can be more exhaustively explored,thus reducing the risk of convergence to alocal optimum. The actual optimization processconsists of four steps, illustrated in Fig. 4. Thesteps repeat until achieving an optimal design:

Initial condition

Parametrization

Design evaluation:CFD simulation
→ flow solution

Evaluateperformance:cost function

Sensitivity analysis

Design update

Export to CADOK

NOK

Optimization

Figure 4: Flowchart of the topology optimizationprocess.
1. Design evaluation. The fluid flow and thetemperature distributions on a given designare evaluated by a CFD (Computational FluidDynamics) simulation. The result of thissimulation is a description of the velocity,pressure, and temperature field of the fluiddomain and the temperature field throughout
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the solid domains.2. Performance evaluation. The numericalsolution obtained in (1) is used to evaluatethe performance of the design regardingthe optimization targets. If the performancemeets the optimization target or the designdoes not change (i.e., design convergence),the optimization process ends, and the designis exported. Otherwise, the optimization loopcontinues.3. Sensitivity analysis. This step involvesdetermining how the design should change toimprove the performance. This is achievedby assessing the sensitivity of the designperformance for the material distribution. Theadjoint approach calculates the sensitivities,given a large degree of freedom in thedesign space. This mathematical frameworkallows performing sensitivity analysis in acomputationally efficient way. In this analysis,the adjoint is built following a continuousadjoint approach [10].4. Design update. The optimization algorithmproposes a new design based on the currentdesign and the sensitivity analysis. Thisdesign serves as the starting point for thenext optimization iteration.
In the case study analysis, topology optimizationis applied to the design of the cooling channelsof a CPU cooler. Topology optimization for fluidcooling problems aims to find the optimal materialdistribution. It seeks to minimize a cost objectivewhile subject to operating and manufacturingconstraints. In other words, an optimal soliddesign is generated within a fluid parent region byincreasing or reducing the solids in each cell.

COPPER: AN ATTRACTIVE
MATERIAL FOR HEATSINKS

Copper is known for its high thermalconductivity (398 W/(m ·K)), making it aninteresting material for 3D printing of thermalmanagement components. However, its highreflectivity for the conventionally employed

infrared lasers (λ = 1070 nm) limits the absorptionof the laser light for melting. Furthermore, thehigh thermal conductivity quickly dissipates theabsorbed energy from the laser, making it difficultto produce copper components with laser-based3D printing technologies.
Three strategies are primarily employed in theindustry to tackle the above-mentioned issues.The first one is using green or blue laser for whichcopper exhibits low laser reflectivity, i.e., highlaser absorption. This approach is promising;however, at the moment, the green and bluelasers are costly, and the quality of the laserbeam (measured by M2 factor) does not matchthe well-researched and commercially availableinfrared lasers.
The second strategy uses an infrared laserwith 1 kW output power. In this approach, thehigh-power laser generates keyhole mode melting,which helps improve laser absorption by multipleinternal reflections of laser light within the meltpool. This technique allows producing near-fullydense and highly conductive copper parts;however, this is an energy-intensive process, andthe larger/deeper melt pool dimensions reducethe printing resolution. Besides, the narrowprocessing window, the unstable nature of thekeyhole mode leading to keyhole porosities,and the higher powder bed temperature duringprocessing add a few more concerns to themanufacturing process.
Lastly, industries can make use oflaser-absorptive copper powders. This approachhas three benefits: (i) the material can be moltenin conduction mode with higher build rates, whilethe small/less deep melt pool dimensions result inan excellent print resolution, (ii) standard L-PBFequipment can be used, with high-reliabilityand high beam-quality lasers and (iii) thelaser absorptive powders present an excellentflowability and oxidation-resistant properties.These combined benefits allow the productionof copper components in a broad and stableprocessing environment. Moreover, since thepowder 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 coppercomponents for various industrial applications isused by Amnovis [4]. The approach ensuresthe manufacturing of high-conductivity andhigh-strength copper components in a reliableand economical way. Not only conductivitybut also the yield strength of the materialis important when designing complex-shapedthermal management components, which needsto be better comprehended.
The primary advantages of this approach are(i) the full density and a good combination ofconductivity and strength: the tensile strengthup to 637 MPa, the yield strength up to 509 MPa,the ductility up to 30 %, the electrical conductivityup to 90 %IACS, and the thermal conductivityup to 360 W/(m ·K) for CuCr1Zr material; (ii) theability to form thin-walled and complex-shapedstructures with thickness down to 200 µm; (iii)the broad processing window allows repeatableand reproducible build quality; (iv) the final partproperties can be tailored to the application inquestion; and (v) the approach works with a 400 Wlaser thus does not overheat the baseplate andpowder, which improves powder recyclability.

Figure 5: Indication of the spacing and thickness for acopper 3D printed model.

The secondary advantages are (i) alaser-absorptive powder with excellent flowabilityand (ii) an oxidation-resistant powder thatreduces powder aging and improves reusabilityand shelf life. The oxidation-resistant powder alsoensures negligible oxygen in the final part, whichcould harm the part’s strength after the post-heattreatment.
This technology is capable of achieving wallstructures as thin as 200 µm and gaps betweenfine features as small as 250 µm (Fig. 5).

MODELING THE CPU COOLING
SYSTEM

A liquid CPU cooler typically consists of oneor multiple solid parts and a liquid coolant. Thesimulation of this type of system is known as aConjugate Heat Transfer (CHT) problem. In CHTproblems, Navier-Stokes and energy equationsdescribe fluid behavior. On the other hand, theconduction equation describes the heat transferin solid domains. The solutions for the differentdomains are further conjugated.
Fluid region modeling

The general equations solved in the fluid domainare the Navier-Stokes equations consisting of [11]:
• Conservation of mass

∇ · ρυ = 0 (1)
• Conservation of momentum

∂ρυ

∂t
+∇ρυυ = −∇p+∇ · µt∇υ + f (2)

• Conservation of energy
∂ρh

∂t
+∇ρυh−∇ · κ

cp
∇h = Q (3)

where ρ is the density of the fluid, υ is its velocity,
p is its pressure, µt is its turbulent viscosity, f is ageneral momentum force term (e.g. gravity), h isthe enthalpy of the fluid, κ its thermal conductivity,
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and cp is the specific heat capacity.
Closure of the momentum equation is providedby applying turbulence models to compute theturbulent viscosity µt. Various turbulence modelsexist, and the choice depends on the physics ofeach application.
The two main turbulence model techniques areRANS (Reynolds-Averaged Navier-Stokes) andLES (Large Eddy Simulation). RANS is obtainedby applying a time-averaging and Reynoldsdecomposition technique on the Navier-Stokesequations. LES results from applying a spatial filteron the Navier-Stokes equations. For wall-boundedflows, RANS is the most commonly used approach.Thus, it is the turbulent model for the case studyanalysis.

Solid region modeling

For the solid region, only conservation of energyapplies [5]:
∂ρh

∂t
−∇ · κ

cp
∇h = Q (4)

where ρ, cp, κ and h are the material density,specific heat capacity, thermal conductivity, andenthalpy, while Q refers to the heat source. Byapplying the definition dh = cpdT , the equationcan be rewritten in terms of temperature:
ρcp

∂T

∂t
−∇ · κ∇T = Q (5)

Fluid-solid coupling

The heat exchange between the solid and thefluid depends only on the temperature differencebetween the respective cells adjacent to thewall. At this wall, interface equilibrium conditions(Eq. 6) are imposed, requiring that the heatflux over the interface is continuous. From thefluid side, the flux is only dependent on theeffective thermal conductivity, which accountsfor the thermal conductivity of the fluid and theturbulent diffusivity. Note that the interface

between solid bodies can include an additionalcontact resistance.
κsolid∇Tsolid = κfluid∇Tfluid (6)

where κsolid and κfluid are the thermal conductivityof the solid and the fluid domain, respectively;and the ∇Tsolid and ∇Tfluid are the gradient of thetemperature of the solid and the fluid domain,respectively.
Furthermore, the temperature on each side ofthe interface between the fluid and solid domainsshould match:

Tsolid = Tfluid (7)
While computationally expensive, this approachprovides a detailed insight into the physics of theproblem. It provides the optimizer with a morerealistic performance of each design. A morerealistic interpretation is fundamental to correctlyexplore the design space and eventually find anoptimal design.

CPU COOLER: COMPARATIVE
CASE STUDY

The case study section compares a traditionalskived fin heatsink available on the market withan optimized custom CPU cooler design.
The plate has the dimensions 60.00× 59.90 mm,according to Fig. 6. The material of the cold plateand the microchannels is copper used for L-PBF.The density of this copper is ρ = 8910 kg/m3, thespecific heat capacity is cp = 370 J/(K · kg) andthe thermal conductivity is κ = 300 W/m ·K.
The coolant is a mixture of water and glycol at aratio of 40/60. The properties of the coolant are asfollows: the density is ρ = 1050 kg/m3, the dynamicviscosity is µ = 0.00178 Pa · s, the specific heatcapacity is cp = 3220 J/(K · kg) and the thermalconductivity is 0.376 W/(m ·K). At the inlet, the
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Figure 6: CPU cooler dimensions and an indication ofthe 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 inletand 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 heatinputs specified directly during the case setup.This quantity of heat (Q) is spread out evenly overthe entity on which it is defined, meaning that if

Q is specified on a surface patch, the local heatmap (q in [W/m2]) is uniform:
q =

Q

A
(8)

where A is the area of the surface patch.Therefore, the boundary condition chosen here isthe heated wall as a direct source on a surfacepatch. The heat source of an Intel 1700 is Q =

250 W, which is distributed uniformly over theentire area of this surface patch.
The material of the housing is a thermosetepoxy, with the following properties: ρ =

1150 kg/m3, cp = 1100 J/(K · kg) and κ =

0.17 W/(m ·K).
Traditional design

The traditional design is the skived heatsink of theCorsair ICUE H100i Elite Capellix liquid CPU cooler,shown in Fig. 7.

Figure 7: Corsair ICUE H100i Elite Capellix liquid CPUcooler open with the copper heatsink.
In order to have a comparison, the setup and thematerials are the same for both models. A siliconerubber is present only in the traditional model (Fig.8). The silicone-based polymer has the followingproperties: ρ = 1240 kg/m3 and cp = 768 J/(K · kg),

κ = 1.59 W/(m ·K).
The temperature simulation results of thecopper plate are displayed in Fig. 9a for the frontpart of the skived fin and Fig. 10a for the back partwhere the CPU is attached. The temperature fieldof the heated wall shows a maximum temperatureof 349.3 K (76.1 ◦C) and that the system can coolit down to 316.2 K (43.0 ◦C). The temperaturevariance of the heated wall is 124.6 K2.
The pressure drop is 10.7 kPa.

Figure 8: Indication of the silicone rubber on thetraditional 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 designcopper cold plate.

Figure 10: Temperature field (back view) in K of a) the skived fin copper plate simulation and b) the generativedesign copper cold plate.
Generative design

The generative design sets targets and constraintsto obtain an optimized model. The inlet is under apressure loss constraint. The static pressure dropin the flow through the design will be equal to orsmaller than the prescribed value. This meansthat a maximal pressure is set for a boundaryconcerning environmental pressure. For example,a pressure loss constraint on the inlet wouldassume that the outlet is at ambient pressure.This will usually result in a streamlined design,meaning limited flow recirculation, smooth flowdirection changes and low turbulence generation.

Themathematical formulation for the pressure lossconstraint is:
C :

∫
A

pdA− pamb ≤ pmax (9)
where C is the value of the constraint in Pa, p isthe actual pressure set in Pa, pmax is the constraintvalue in Pa and pamb is the ambient pressure in Pa.For the current case, the constraint is set to theoriginal pressure drop pmax = 10.7 kPa.
The target for the CPU component istemperature minimization. This goal functionreduces the temperature across an element
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by focusing on the highest temperatures. Themathematical formulation for this boundary is:
J :

∫
S

TdS (10)
where J is the value of the objective in K, T is thetemperature distribution on a boundary in K and Sis the boundary where the objective is calculated
m2.
Fig. 11 shows the final generative design for theCPU cooler setup.

Figure 11: Generative design of the CPU cooler.
The temperature simulation results of thegenerative design plate are shown in Fig. 9b forthe 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 3Dprinting is the smallest printable feature size. Thesmaller this size, the smaller features can beintroduced in the design and the higher the heattransfer potential. This study reduced the featuresize to 0.28 mm. To capture this size adequately,the design region was modeled with 17M designvariables. The full optimization loop and the CFDanalyses were run in parallel on 256 CPUs. Thedesign was created using ColdStream by Diabatix

[12] and 3D-printed by Amnovis [4].

Discussion

The results presented in the two previous sectionsattest to the performance of the generativedesign CPU cooler. The thermal improvement iscalculated based on the thermal resistances ofeach one of the models:
Rth =

Tmax − Tin

Q
(11)

where Tmax is the maximum temperature on theheat source and Tinlet is the temperature on theinlet.
For the traditional model, the thermal resistanceis:

Rth,traditional =
349.29− 313.15

250
= 0.14

K

W
(12)

And for the generative design model,

Rth,optimized =
329.58− 313.15

250
= 0.07

K

W
(13)

The temperature improvement can becomputed:
Imp =

Rth,optimized −Rth,traditional

Rth,traditional

=
0.07− 0.14

0.14
= −54.5%

(14)
Therefore, the generative design heatsinkshows a 55% lower thermal resistance.
The temperature variance of the heated wallis also performance indicative. Considering thatthe temperature range is about 33 K for thetraditional model and 6 K for the optimizeddesign, the variance is expected to be lowerin the latter case. It is important to keep the
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uniformity of temperature to ensure that thethermal degradation will occur simultaneouslyover the chip. Thus, the generative design model,which has a temperature variance of 2.3 K2 onthe heated wall, provides an improved thermaldeterioration than the skived heatsink, with avariance of 124.6 K2.
The difference in temperature variances on theheated source (CPU) is clearly displayed in Fig.10. The better temperature uniformity in thegenerative design model (Fig. 10b) is explained bythe distribution of the cooling channels along thetotal area of the heated source, as Fig. 9b shows.The skived fin heatsink (Fig. 9a) occupies a smallerarea when compared to the heated source. Thischoice keeps the pressure drop of the fluid low;however, it comes with the expense of coolingthe CPU component less uniformly, increasing thetemperature variance.
The more efficient distribution of the coolingchannels in the generative design heatsinkreduces the maximum temperature andtemperature variation, holding the same pressuredrop of the traditional skived fin heatsink.

Manufacturability

Figure 12: 3D printed generative CPU cooler designmodel by Amnovis [4]
Additive Manufacturing (AM) allows for verycomplex shapes to be produced compared totraditional manufacturing techniques. However,the complexity of these shapes is also limited,

exemplified by the long bridges that cannot beprinted or features that are nearly flat. To still beable to print these features, additional supportstructures are needed. In the current generativeCPU design, they also act as pins to help with heattransfer.
The manufacturability of the process is treatedas a design problem constraint established whensetting up the design region. The chosenmanufacturing technique is 3D printing and thefinal model is displayed in Fig. 12.

Company summaries

ColdStream is the cloud-based proprietaryplatform of Diabatix. All thermal analysis, heatsinkselection and generative design are included inthe thermal engineering software. Check thewebsite or contact Diabatix for more information.
All analyses were simulated with ColdStream[12]. In Fig. 13, two more examples of generativedesigns generated by ColdStream are shown.
Amnovis is an additive manufacturingproduction and engineering company focused onhigh-tech and medical applications. Check thewebsite or contact Amnovis for more information.
The generative design copper CPU coolerwas manufactured by Amnovis [4] using theirproprietary powders and patented productionmethod for copper 3D printing. In Fig. 14, afew more examples of 3D printed manufacturedmodels by Amnovis are shown.

CONCLUSION

The added value of the generative thermal designprocess is illustrated through the design of aCPU cooler. The methodology autonomouslysuggests cooling system geometries in naturalfreeform shapes reaching an optimized design.The performance is compared with a traditionalcopper skives fin design available on the market.The thermal resistance is improved by 55% for
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the chip in the generative design CPU coolercompared to the skived fin one. The generativedesign heatsink also enhanced the temperaturevariance on the heat source.
Regarding the manufacturing settings,the generative design model was generatedrespecting the 3D printing requirements. With aprinting minimal resolution of 0.28 mm and thechallenges related to copper printing, Amnovis’[4] patented production method was able to printthe optimized CPU cooling successfully.

(a) Power electronics inverter

(b) Cooling jacket
Figure 13: Other examples of generative designs withColdStream.

(a) Titanium 3D printing of medical implants

(b) Copper 3D printing of cool plate design
Figure 14: Other examples of 3D-printed models byAmnovis.
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