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Battery cold plate design is becoming increasingly challenging. Luckily,

generative design has found its way into this expert domain. This paper

explains the fundaments of topology optimization for battery cold plates

and illustrates the added value of the method through multiple

examples and comparisons.

C onventional cold plate designs are
manufactured widely to provide cooling
for the batteries in electric cars. While

companies seek more efficient alternatives to
manage the battery cooling system, human
participation and trial-and-error scenarios are
still dominant in the engineering design process.
The current technologies can make this process
smoother using generative designwith topology
optimization.

INTRODUCTION

Electric vehicles (EVs) are a cleaner alternativeto fuel-based transportation. Notable for theirefficiency, they are becoming popular amongcustomers. EVs use the power of rechargeablebatteries but bring several challenges for theindustry.

A highly effective battery thermal managementis crucial to achieving its longer lifespan. For thisreason, the most common problems engineersface during the design of cold plates are reachinga low global temperature of the battery cellswhile keeping its uniformity and the pressure dropinside the cold plate within an acceptable range.Furthermore, engineers should be attentive tothe manufacturability of the product. This shouldalways align with the minimization of the weightof the product.
A new technique recently introduced withinthe generative design field can overcome thedescribed challenges. Combining topologyoptimization with fluid mechanics allowsintegrating the constraints with the designobjective in a simple and robust workflowresulting in highly performant cold plate designs.
The content of this paper follows the order:
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first, generative design is introduced, followedby an explanation of the steps for a topologyoptimization analysis. A series of battery coldplate studies provide the means for comparisonof their performance. This part explores theassumptions made for the cold plate modelingand its analysis, finishing with the performanceresults. The paper concludes with a discussioncomparing the cooling systems.

GENERATIVE DESIGN

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 [1, 2].
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 designstrategy uses topology optimization. For thistechnique, optimizing the material distribution inthe design space results in a new design [3, 4,5]. In broad terms, a part of the parent materialtransforms into a new material, which defines adesign.
Contrary to traditional design methods, suchas shape 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. 1. 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 1: Flowchart of the topology optimizationprocess.
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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 throughoutthe 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, theoptimization process ends, and the design isexported. 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 [6].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 cold plate. 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 at each cell.

MODELING THE COOLING
SYSTEM

A battery pack typically consists of one or multiplesolid parts and a liquid coolant. The simulationof the type of system is known as a ConjugateHeat Transfer (CHT) problem. In CHT problems,Navier-Stokes and energy equations describe fluidbehavior. On the other hand, the conductionequation describes the heat transfer in soliddomains. The solutions for the different domainsare further conjugated.
Fluid region modeling

The general equations solved in the fluid domainare the Navier-Stokes equations consisting of [7]:
• 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,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 filter
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on 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 [1]:
∂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 interfacebetween 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 domains

should 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.

COLD PLATES: COMPARATIVE
CASE STUDY

The case study section compares conventionalmarket designs with an optimized custom EVbattery cooling plate design.
The plate has the dimensions 447×220×10.5 mm,according to Fig. 2. The metal sheet is aluminum,which translates into a thermal conductivity of

κ = 237 W/mK.

Figure 2: Setup of the cooling system. The top sketchindicates the inlet and outlet of the fluid region.The bottom illustration displays the batteryassociated with the cold plate, representingthe system’s heat source.
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Fig. 2 also indicates the inlet, outlet, and fluidregion. The coolant for the system is producedwith 50% of water and 50% of glycol. Thetemperature at the inlet is Tinlet = 20 ◦C and theflow rate is 3 l/min. A heat source of 800 W is alsodisplayed (Fig. 2).
The cooling system achieves its bestperformance when some factors are satisfied.Uniform temperature distribution on the coldplate is crucial to a long battery lifespan. Thus,a variation of temperature of ∆T = 5 ◦C isconsidered optimal for the studied cold plates.Note that the value for ∆T is typically smaller;however, it was intentionally chosen as 5 ◦C toprotect proprietary information. This choice doesnot affect the validity of the presented method.
Another important factor is the pressure dropalong the cold plate channels. For this case, thetarget is a maximum pressure drop of 5.5 kPa.

Manufacturability

When it comes to the manufacturing process,several options are available. Many factors areessential in the decision, such as the cost and thequality of the final product.
The manufacturability process is treated hereas a design problem constraint established whensetting up the design region. The chosenmanufacturing technique is sheet metal forming.
Fig. 3 shows a sheet metal forming plate sketch.The red line represents the bottom place, whereasthe blue line is the deformable top plate.

Figure 3: Sheet metal parameters.
The sheet metal forming technique requiresdefining the following manufacturabilityparameters: Rf is the channel width, bRo,iis the bending radius, t is the thickness, deltais the height of the fluid region, and angle

is the chamfer angle of the channels. Theparameters depend on the company’s supplierand are highly conditional on the productionequipment. Selecting this technique guaranteesthe manufacturability of the final product.
Conventional designs

Three conventional cold plate designs, anS-shaped design, an open dimpled design, anda fine dimpled design, are simulated to evaluatetheir performance. These designs are optimized tomatch at least one of the objectives or constraintsof the problem statement. Different configurationswill result in different performances.

(a) S-shaped design

(b) Open dimpled design

(c) Fine dimpled design
Figure 4: Sketch of the conventional cold plate designs
The S-shaped design contains 11 channels of

49 mm, according to Fig 4a. The second plateconsists of an open dimpled design with 220dimples, with an individual dimension of 5× 2 mmand an inter distance of 8 mm (Fig. 4b). Increasingthe number of the dimples to 874, maintaining thesame size, and decreasing the distance betweenthem to 5 mm, the fine dimpled design model isdefined (Fig. 4c).
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(a) S-shaped design

(b) Open dimpled design

(c) Fine dimpled design
Figure 5: Conventional cold plate designs results: thetop picture is displaying the temperature onthe battery and the bottom one refers tothe velocity of the coolant inside the platechannels.
The visual simulation results consist of thetemperature of the battery (heat source) and thevelocity of the coolant inside the fluid channels.The results for the S-shaped design (Fig. 5a)show a non-uniform temperature distribution onthe battery cell with a gradual increase towardthe outlet of the plate. Furthermore, it can beobserved the liquid heats up through each channel,

while a high flow velocity inside the plate channelis identified.
The simulation of the open dimpled design(Fig. 5b) displays an increase in the batterytemperature along the way toward the outlet.This uneven temperature distribution causes coldregions and a thermal hotspot, which is harmful tothe battery in the long term. A low flow velocity isacknowledged for this model.
For the third conventional design, the samediagonal temperature stream is displayed with alower peak temperature (Fig. 5c). The modelconverges to a uniform flow velocity along theplate channels.

Generative design

The generative design sets targets and constraintsto obtain an optimized model. The pressuredrop and temperature constraints are adjustedfor 5.5 kPa and ∆T = 5 ◦C, respectively, whilethe manufacturing constraint is the sheet metalforming. The peak temperature optimization isthe thermal design target. Fig. 6 shows the finalgenerative design.

Figure 7: Generative design results: the top picture isdisplaying the temperature on the battery andthe bottom one refers to the velocity of thecoolant inside the plate channels.
The simulation results of the generative designplate are displayed in Fig. 7. Note that this designreveals a uniform temperature distribution on the
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Figure 6: Sketch of the channels of the generative cold plate design.
battery, with fewer cold regions. A non-uniformflow velocity is also identified.
DISCUSSION

The temperature distribution of the battery is animportant variable in deciding on a cold platedesign. The chart presented in Fig. 8 shows thedifference in temperature between the battery andthe inlet, ∆T = Tbattery − Tinlet.

Figure 8: Variation of the temperature maximum,averaged and minimum with respect to theinlet temperature.
Peak temperature rise, 12.26 ◦C, is slightly higherfor the open dimple design compared to the otherdesigns: 10.7 ◦C for the S-shape, 10.56 ◦C forthe fine dimple and 10.94 ◦C for the generative

design. Both dimpled designs also result in ahigher distribution range of the temperature onthe battery.
Fig. 9 shows a frequency chart to present anoverview of the temperature distribution on thecold plate. This plot helps us visualize the previousconclusion about both dimpled designs, wherethe temperature range is about 10 ◦C. The optimaldesign maintains the temperature variation setat the beginning of the simulation as one of thedesign criteria (∆T = 5 ◦C).

Figure 9: Distribution of the temperature on the batteryfor each design.
The following chart (Fig. 10) exhibits thepressure drop for each one of the designs.Despite the S-shaped design having a consistentperformance with temperature, the pressure dropis 23.5 kPa, which represents four times the targetpressure drop of 5.5 kPa. Only the open dimpledand the generative design perform with a pressuredrop within the constraint.
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Table 1: Summary of the results (peak temperature, temperature uniformity, pressure drop, and manufacturability)related to each one of the cold plate designs.
Design Peak temperature

(◦C)
Uniformity
∆T (10 ◦C)

Pressure drop
(kPa) Manufacturable?

S-shaped 10.79 ∼5 23.3 Yes
Open dimpled 12.26 ∼10 3.7 Yes
Fine dimpled 10.56 ∼10 12.7 Yes
Generative 10.94 ∼5 5.2 Yes

Figure 10: Pressure drop related to each design.
Table 1 summarizes the results for each one ofthe designs. It contains the peak and uniformityof the temperature, the pressure drop insidethe channel, and whether or not the plate ismanufacturable.
The conventional designs can operate asdesired, either for peak temperate, uniformity oftemperature, or pressure drop. However, theydo not fulfill all the scenarios simultaneously, aswith the custom design. With the overview of theresults, it is clear the cold plate generative designhas an ultimate performance.

Extra examples

All analyses and design were created usingDiabatix proprietary platform ColdStream [8]. InFig. 11, two more examples of battery cold platesgenerated by ColdStream are shown.

ColdStream is a cloud-based platform thatis not limited to the design of battery coldplates. All thermal analysis, heatsink selectionand generative design are included in the thermalengineering software. Check the website orcontact Diabatix for more information.

(a)

(b)

Figure 11: Other examples of battery cold plate designsgenerated with ColdStream.

CONCLUSION

The added value of the generative thermaldesign process is illustrated through the designof a battery cold plate. The methodologyautonomously suggests cooling system
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geometries in natural freeform shapes reaching anoptimized design. The performance is comparedto two traditional designs, one S-shapedand two dimpled designs. In conclusion, theconventional designs can only perform similarlyto the generative design at the expense of ahigher pressure drop or a higher temperaturedistribution.
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