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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.

onventional cold plate designs are
C 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 design with topology
optimization.

INTRODUCTION

Electric vehicles (EVs) are a cleaner alternative
to fuel-based transportation. Notable for their
efficiency, they are becoming popular among
customers. EVs use the power of rechargeable
batteries but bring several challenges for the
industry.

Diabatix publications, No. 2022.3

A highly effective battery thermal management
is crucial to achieving its longer lifespan. For this
reason, the most common problems engineers
face during the design of cold plates are reaching
a low global temperature of the battery cells
while keeping its uniformity and the pressure drop
inside the cold plate within an acceptable range.
Furthermore, engineers should be attentive to
the manufacturability of the product. This should
always align with the minimization of the weight
of the product.

A new technique recently introduced within
the generative design field can overcome the
described challenges. Combining topology
optimization with fluid mechanics allows
integrating the constraints with the design
objective in a simple and robust workflow
resulting in highly performant cold plate designs.

The content of this paper follows the order:
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first, generative design is introduced, followed
by an explanation of the steps for a topology
optimization analysis. A series of battery cold
plate studies provide the means for comparison
of their performance. This part explores the
assumptions made for the cold plate modeling
and its analysis, finishing with the performance
results. The paper concludes with a discussion
comparing the cooling systems.

GENERATIVE DESIGN

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 [1, 2].

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.
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Generative
optimization

design using topology

In generative design, different techniques exist to
gather and process information from subsequent
design iterations. A popular generative design
strategy uses topology optimization. For this
technique, optimizing the material distribution in
the design space results in a new design [3, 4,
5]. In broad terms, a part of the parent material
transforms into a new material, which defines a
design.

Contrary to traditional design methods, such
as shape 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. 1. The
steps repeat until achieving an optimal design:

Initial condition

Parametrization

( Design evaluation:
— CFD simulation

— flow solution

U

Evaluate oK
performance: J—»[ Export to CAD ]
cost function

NOK

[ Sensitivity analysis ]

—[ Design update ]
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Figure 1: Flowchart of the topology optimization
process.
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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
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, 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 [6].

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 cold plate. 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 at each cell.
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MODELING
SYSTEM

THE COOLING

A battery pack typically consists of one or multiple
solid parts and a liquid coolant. The simulation
of the 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 [7]:

¢ Conservation of mass

V-pv=0 (M

¢ Conservation of momentum

0
aLtU+vaU:—Vp+V-MtV’U+f (2)

« Conservation of energy

90 G poh— - v =@ (3)
ot Cp

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

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
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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 [1]:

Jdph K B
B VL= (4)

where p, ¢,, x 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 —V-skVT =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
between solid bodies can include an additional
contact resistance.

Ksolid V1 solid = KAuid VT Ruid (6)

where kgo1ia and kguiq are the thermal conductivity
of the solid and the fluid domain, respectively;
and the VT4 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
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should match:

Totid = 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.

COLD PLATES: COMPARATIVE
CASE STUDY

The case study section compares conventional
market designs with an optimized custom EV
battery cooling plate design.

The plate has the dimensions 447 x 220 x 10.5 mm,
according to Fig. 2. The metal sheet is aluminum,
which translates into a thermal conductivity of
Kk =237 W/mK.

Figure 2: Setup of the cooling system. The top sketch
indicates the inlet and outlet of the fluid region.
The bottom illustration displays the battery
associated with the cold plate, representing
the system’s heat source.


https://www.diabatix.com/
https://www.diabatix.com/coldstream
https://www.diabatix.com/resources/blog
https://www.diabatix.com/resources/webinars

website | coldstream | blog | webinars

Designing battery cold plates through generative design

Fig. 2 also indicates the inlet, outlet, and fluid
region. The coolant for the system is produced
with 50% of water and 50% of glycol. The
temperature at the inlet is Ti, s = 20°C and the
flow rate is 3 1/min. A heat source of 800 W is also
displayed (Fig. 2).

The cooling system achieves its best

performance when some factors are satisfied.

Uniform temperature distribution on the cold
plate is crucial to a long battery lifespan. Thus,
a variation of temperature of AT = 5°C is

considered optimal for the studied cold plates.

Note that the value for AT is typically smaller;
however, it was intentionally chosen as 5°C to
protect proprietary information. This choice does
not affect the validity of the presented method.

Another important factor is the pressure drop
along the cold plate channels. For this case, the
target is a maximum pressure drop of 5.5 kPa.

Manufacturability

When it comes to the manufacturing process,
several options are available. Many factors are
essential in the decision, such as the cost and the
quality of the final product.

The manufacturability process is treated here
as a design problem constraint established when
setting up the design region. The chosen
manufacturing technique is sheet metal forming.

Fig. 3 shows a sheet metal forming plate sketch.

The red line represents the bottom place, whereas
the blue line is the deformable top plate.

Figure 3: Sheet metal parameters.

The sheet metal forming technique requires
defining the following  manufacturability
parameters: R, is the channel width, bR,;
is the bending radius, ¢ is the thickness, delta
is the height of the fluid region, and angle
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is the chamfer angle of the channels. The
parameters depend on the company’s supplier
and are highly conditional on the production
equipment. Selecting this technique guarantees
the manufacturability of the final product.

Conventional designs

Three conventional cold plate designs, an
S-shaped design, an open dimpled design, and
a fine dimpled design, are simulated to evaluate
their performance. These designs are optimized to
match at least one of the objectives or constraints
of the problem statement. Different configurations
will 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 plate
consists of an open dimpled design with 220
dimples, with an individual dimension of 5 x 2 mm
and an inter distance of 8 mm (Fig. 4b). Increasing
the number of the dimples to 874, maintaining the
same size, and decreasing the distance between
them to 5 mm, the fine dimpled design model is
defined (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: the
top picture is displaying the temperature on
the battery and the bottom one refers to
the velocity of the coolant inside the plate
channels.

The visual simulation results consist of the
temperature of the battery (heat source) and the
velocity of the coolant inside the fluid channels.
The results for the S-shaped design (Fig. 5a)
show a non-uniform temperature distribution on
the battery cell with a gradual increase toward
the outlet of the plate. Furthermore, it can be
observed the liquid heats up through each channel,
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while a high flow velocity inside the plate channel
is identified.

The simulation of the open dimpled design
(Fig. 5b) displays an increase in the battery
temperature along the way toward the outlet.
This uneven temperature distribution causes cold
regions and a thermal hotspot, which is harmful to
the battery in the long term. A low flow velocity is
acknowledged for this model.

For the third conventional design, the same
diagonal temperature stream is displayed with a
lower peak temperature (Fig. 5c). The model
converges to a uniform flow velocity along the
plate channels.

Generative design

The generative design sets targets and constraints
to obtain an optimized model. The pressure
drop and temperature constraints are adjusted
for 5.5 kPa and AT = 5°C, respectively, while
the manufacturing constraint is the sheet metal
forming. The peak temperature optimization is
the thermal design target. Fig. 6 shows the final
generative design.

Figure 7: Generative design results: the top picture is
displaying the temperature on the battery and
the bottom one refers to the velocity of the
coolant inside the plate channels.

The simulation results of the generative design
plate are displayed in Fig. 7. Note that this design
reveals 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-uniform
flow velocity is also identified.

DISCUSSION

The temperature distribution of the battery is an
important variable in deciding on a cold plate
design. The chart presented in Fig. 8 shows the
difference in temperature between the battery and
the inlet, AT = Thastery — Linlet-

Figure 8: Variation of the temperature maximum,
averaged and minimum with respect to the
inlet temperature.

Peak temperature rise, 12.26 °C, is slightly higher
for the open dimple design compared to the other
designs: 10.7°C for the S-shape, 10.56°C for
the fine dimple and 10.94°C for the generative
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design. Both dimpled designs also result in a
higher distribution range of the temperature on
the battery.

Fig. 9 shows a frequency chart to present an
overview of the temperature distribution on the
cold plate. This plot helps us visualize the previous
conclusion about both dimpled designs, where
the temperature range is about 10 °C. The optimal
design maintains the temperature variation set
at the beginning of the simulation as one of the
design criteria (AT = 5°C).

Figure 9: Distribution of the temperature on the battery
for each design.

The following chart (Fig. 10) exhibits the
pressure drop for each one of the designs.
Despite the S-shaped design having a consistent
performance with temperature, the pressure drop
is 23.5 kPa, which represents four times the target
pressure drop of 5.5 kPa. Only the open dimpled
and the generative design perform with a pressure
drop 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.

Peak temperature

Uniformity Pressure drop

Design Manufacturable?
(°C) AT (10°C) (kPa)
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 of
the designs. It contains the peak and uniformity
of the temperature, the pressure drop inside
the channel, and whether or not the plate is
manufacturable.

The conventional designs can operate as
desired, either for peak temperate, uniformity of
temperature, or pressure drop. However, they
do not fulfill all the scenarios simultaneously, as
with the custom design. With the overview of the
results, it is clear the cold plate generative design
has an ultimate performance.

Extra examples

All analyses and design were created using
Diabatix proprietary platform ColdStream [8]. In
Fig. 11, two more examples of battery cold plates
generated by ColdStream are shown.
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ColdStream is a cloud-based platform that
is not limited to the design of battery cold
plates. All thermal analysis, heatsink selection
and generative design are included in the thermal
engineering software. Check the website or
contact Diabatix for more information.

(a)

(b)

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

CONCLUSION

The added value of the generative thermal
design process is illustrated through the design
of a battery cold plate. The methodology
autonomously  suggests cooling system
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geometries in natural freeform shapes reaching an
optimized design. The performance is compared
to two traditional designs, one S-shaped
and two dimpled designs. In conclusion, the
conventional designs can only perform similarly
to the generative design at the expense of a
higher pressure drop or a higher temperature
distribution.
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