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Abstract. The electric drivetrain of an electric vehicle typically has two fluid circuits: an oil
circuit for lubrication and a water-glycol circuit for cooling. Eliminating the water-glycol circuit
can result in a more compact and lighter drivetrain. However, this requires the drivetrain
components to be cooled with oil as coolant, which has inferior heat transfer properties compared
to water-glycol mixtures. This is particularly challenging for the power modules in the power
electronics unit, which exhibit some of the highest heat fluxes in the drivetrain. This study
focusses on the design and optimization of a novel type of heat sink for laminar flows with
baffles to guide the flow in four different directions. This has two main advantages: the baffles
act as fins and increase the heat transfer area and they introduce a swirling motion in the oil
thereby disturbing the boundary layers continuously. Computational fluid dynamics simulations
using Ansys Fluent are performed to evaluate the thermohydraulic performance of the heat sink.
The influence of design parameters such as the height and thickness of both fins and baffles and
the baffle spacing in horizontal, upward and downward direction was evaluated by simulations
with several combinations of the design space, considering manufacturing constraints. The
optimization of the design showed that the fin thickness, horizontal baffle spacing and baffle
length should be as small as possible, while there were optimal values for fin height, upward and
downward baffle spacing, streamwise baffle spacing and baffle thickness. The simulations show
that the thermal resistance of the baffle heat sink can be 19% lower than that of a benchmark pin
fin heat sink at equal pumping power.

1. Introduction

Electric vehicles (EVs) are rapidly gaining traction in the automotive market due to their reduced
environmental footprint, chiefly stemming from lower emissions [1]. Despite this, a significant
drawback of current-generation EVs is their limited driving range [2]. One potential remedy is to
enhance the compactness of the drivetrain, as a more compact and lighter drivetrain contributes to
superior overall system efficiency. However, this adjustment results in increased power dissipation per
unit volume, posing challenges in cooling the drivetrain components. This drivetrain typically
encompasses the battery, motor, gearbox, and power electronics [3]. The power electronics transform
the DC voltage and current from the batteries to an AC waveform to power the electric motor.
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Conventionally, forced liquid cooling utilizing a water-glycol mixture is employed to cool the power
electronics [4]. Consequently, two distinct liquid circuits are integrated into the drivetrain: an oil
lubrication circuit and a water-glycol coolant circuit. An approach to enhance drivetrain compactness
involves merging these circuits by utilizing lubrication oil to cool both the power electronics and motor.
Nonetheless, the thermal properties of oil (lower thermal conductivity and specific heat capacity and
higher viscosity) are inherently inferior to those of water-glycol in terms of heat transfer efficiency.

For the cooling of the power modules in the power electronics unit, this poses significant challenges
as very high heat fluxes occur here. Conventional designs (for water-glycol) are not optimal for oil
flows, as the flows will typically be laminar compared to turbulent for water-glycol. The 3D flow
behaviour which is inherent to turbulent flows thus needs to be introduced by the heat sink geometry for
laminar flow, to avoid the building up of thermal boundary layers which inhibit effective heat transfer.
In this work, a novel geometry consisting of baffles in four directions is introduced. Using computational
fluid dynamics (CFD), the performance of the baffle heat sink is analysed and the geometry is optimized.

2. Simulation setup

2.1. Geometry

The novel baffle heat sink consists of multiple parallel channels with baffles in four directions. The
baffles guide the flow to the right, bottom, left and top repeatedly introducing a swirling motion to avoid
the buildup of thick thermal boundary layers. Furthermore, the baftles add heat transfer area and thus
act as fins.

Figure 1 shows a unitary cell of the heat sink. The entire heat sink consists of multiple of these cells
in parallel and series. In the simulations, only the unitary cell is used to reduce computational time. The
results are afterwards scaled to the full size of the heat sink, which has a width of 56 mm and a
streamwise length of 57 mm, based on the size of a commercial power module.

The baffles pointed towards the left, right and top can be manufactured by milling, the baffle pointing
towards the bottom should in this case be inserted by a separate part at the top. Another option is to use
additive manufacturing, in which case the entire geometry can be made out of one piece. In this work,
the heat sink is assumed to comprise of two parts. As there will be a considerable thermal contact
resistance between both parts, heat transfer through the top part is considered negligible and thus not
taken into account in the simulations.

Several dimensions of this geometry can be altered (figure 2): the fin thickness (A), horizontal baffle
spacing (B), baffle length (C), streamwise baffle spacing (D), baffle thickness (E), vertical baffle spacing
downward (F), vertical baffle spacing upward (G) and baffle height (H). The radius of the fillets (I) is
always equal to half the streamwise baffle spacing (D).
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Figure 1. Unitary cell of Figure 2. Geometric parameters of baffle heat sink.

baffle heat sink indicating
flow directions.
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2.2. Boundary conditions

As the unitary cell is repeated several times in the streamwise direction, a periodic boundary condition
is used for inlet and outlet, where the outlet velocities and scaled temperatures are wrapped to the inlet.
The temperatures are scaled such that the bulk temperature at the inlet is equal to 80 °C. A volumetric
flow rate is imposed to the periodic boundary condition, which is either 3 I/min or 6 I/min. A heat flux
of 156.64 kW/m? is applied to the bottom surface, which corresponds to a heat flow of 500 W on the
full power module surface. A full solid heat sink part of 3 mm is included in the simulation domain, to
allow for the uniform heat flux to spread over the different parts of the heat sink.

The fluid used for the simulation is the e-fluid Evogen5191SA and its properties at 80 °C are given
in table 1. The temperature dependency of the fluid properties is also taken into account by implementing
equations (1) to (4), where p is the density, 7yis the fluid temperature, ¢, is the specific heat capacity, &
is the thermal conductivity and v is the kinematic viscosity. The solid is aluminium alloy with a thermal
conductivity of 140 W/mK.

p =1009.621 kgm™3 —0.6295 kg m3K ' T, (1)
cp =922.175] kg 'K~ +3.787 J kg K% T} (2)
k=0204Wm K *—-182210* Wm K2 T; 3)
v = 1.44369 1079 m2s~1 ¢3177:237/T¢ 4)

Table 1. Fluid properties at 80 °C.
p Cp k )
787.31 kgm? 2259.6 Jkg'K! 0.13966 Wm'K!' 11.661 10°m?s!

2.3. Numerical method

Ansys Fluent is employed to conduct the CFD simulations. The simulations specifically involve laminar
and steady-state conditions, aligning with the desired flow regime. The maximal Reynolds number for
the simulations is 87, indicating the laminar flow hypothesis is valid. The governing equations are the
continuity, momentum, and energy equations. The solution process utilizes second-order discretization
schemes to solve the mass, momentum, and energy conservation equations.

The simulation domain is discretized by first meshing the surface on the interface between solid and
fluid with triangular elements with a size of 0.04 mm. In the fluid near the interfaces with the solid, an
inflation layer is added to ensure properly capturing the boundary layers. The volumes of the solid and
fluid are subsequently meshed with tetrahedral elements with a maximal size of 0.08 mm. This results
in a mesh with a total of 5.4 million cells.

The grid convergence is verified by calculating Roache’s grid convergence index (GCI) [5]. A
simulation (with flow rate 6 1/min) is done with a coarse grid with sizing doubled compared to the fine
grid and with half the amount of inflation layers. This resulted in a mesh of 0.86 million elements. The
results are shown in table 2. The GCI for the fine grid is equal to 0.3% for the thermal resistance and
0.9% for the pumping power (calculated with equations (5) and (6)), which is more than sufficiently
accurate for the analyses in this work.

Table 2. Grid convergence index.

Coarse Fine GCI
R 0.024269 K/W 0.024341 K/W 0.3%
P 3.5153 W 34852 W 0.9%

3. Simulation results

3.1. Base case

The dimensions of the base case were determined based on best guesses from heat sink design
experience [6]. They are given in table 3. The simulations for this case were done for two flow rates: 3
1/min and 6 /min.
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Table 3. Geometric parameters base case baffle heat sink.
A B C D E F G H
05mm 1Imm Imm 1mm 05mm 2mm 4.5mm 6.5 mm

Figure 3 shows the streamlines for the base case at a flow rate of 3 1/min, with the colours indicating
the local velocity. It is clear that the swirling motion is induced in the bulk flow. However, for this
geometry there is little flow through the top part of the heat sink. Figure 4 shows the heat flux at the
solid-fluid interface from two viewpoints. On the left, the view is along the flow direction and from the
left, while the figure on the right shows the view against the flow direction and from and right. The
leading surfaces of the baffles exhibit high heat fluxes, as the flow impacts directly on the surfaces,
while the trailing surfaces have lower heat fluxes. At the base, the heat flux is relatively high indicating
the baffles aid in breaking down the thermal boundary layer. At the top of the baffles the heat flux is

low, resulting from the lower velocities in this region.
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Figure 3. Streamlines with colours indicating velocity.
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Figure 4. Heat flux at solid-liquid interface. Front-left view (left) and back-right view (right).

The heat sink is evaluated based on two criteria: thermal resistance R and required pumping power
P. The thermal resistance is calculated based on equation (5), which uses the area-averaged temperature
at the base in contact with the fluid 7}, the inlet temperature 7; and the total heat flow Q. A correction is
made to account for the heating of the fluid along the streamwise length, using the volumetric flow rate
V. The pumping power is calculated as the product of the pressure drop and volumetric flow rate as in
equation (6). The pressure drop is determined from the simulations by multiplying the streamwise
pressure gradient dp/dx with the total heat sink length L.
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T, —T; 1 (5)
R= +
Q ] 2Vpecy,
4 6
P=—-——1LV ©
dx

Figure 5 shows the thermal resistance as a function of pumping power for the base case baffle heat
sink (orange square markers). An optimal heat sink has low thermal resistance and low thermal pumping
power, as such points closer to the origin of the axes are better solutions. To have a comparison for the
baffle heat sink, also simulation results of a pin fin heat sink with the same fluid are shown with blue
diamond markers for three flow rates (6 I/min, 9 I/min and 10 I/min). The geometry of the pin fin heat
sink is based on the optimization done in previous work [6]. The results show a superior performance
of the baffle heat sink, with the baffle heat sink exhibiting a higher pumping power at identical flow
rate.

0.0451 ¢ ¢ Pinfin
Baffle base case
® Baffle variations

o©
=}
B
o

s o
g ¢ A Baffle optimized
g 0.035 ‘
8
o
¢ 0.030 1 "0
s
g 0.025 - . ( o®
£ ! e g‘ ® '.‘
® ®
A 209 ". ... 5
0.020 A o ¢
A
0 2 4 6 8 10 12

Pumping power [W]

Figure 5. Thermal resistance as a function of pumping power
for different heat sinks.

3.2. Geometry optimization

The qualitative analysis of the base case baffle heat sink showed that there should be room for
improvement by changing the baffle geometry. To achieve this, for each geometric parameter a reference
value and a test value was defined as shown in table 4. Simulations were done with these parameters
changed one at a time and also with combinations of two parameters, resulting in 37 different
geometries. Each geometry was simulated for 3 I/min and 6 1/min resulting in 74 simulations.

The thermal resistance and pumping power of these 74 cases is shown in figure 5 (green circular
markers). From these simulations, it was concluded that the fin thickness, horizontal baffle spacing and
baffle length should be as small as possible. The fin height, upward and downward baffle spacing,
streamwise baffle spacing and baffle thickness all had optimal values. Using these conclusions, and
optimal design was defined. The geometrical parameters are shown in table 4 and the geometry is shown
in figure 6. Both the spacings and thicknesses were constrained to a minimal value of 0.5 mm to allow
for manufacturing by milling.

Table 4. Geometric parameters of the baffle heat sinks.

Parameter A B C D E F G H
Reference 0.5 mm 1 mm 1 mm 1 mm 0.5mm 2mm 2mm 6.5 mm
Test 03mm 0.75mm 0.75mm 0.75mm 03mm | mm 3 mm 5 mm

Optimal 0.5mm O05mm O05mm 09mm 0.6mm 19mm 2.1mm 4mm

The optimal geometry was simulated for six different flow rates (from 2 1/min to 7 1/min in steps of
1 I/min). The streamlines with colours indicating the local velocity are shown in figure 7 for a flow rate
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of 2 1/min. The swirling motion is still present while it is also clear that the main fluid flow is now forced
through the entire heat sink. The thermal resistance and pumping power are shown on figure 5 (red
triangular markers). At equal pumping power of 1.2 W, the thermal resistance is 19% lower for the
optimized baffle heat sink than for the optimized pin fin heat sink.
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124201
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Figure 6. Unitary cell of the Figure 7. Streamlines with colours indicating
optimized baffle heat sink. velocity of the optimized baffle heat sink.

4. Conclusion

A novel heat sink configuration tailored for laminar flows was developed and refined, featuring baffles
strategically positioned to direct flow in four distinct directions. This approach offers dual benefits: the
baffles serve as fins, augmenting the heat transfer area, and induce a swirling motion in the oil flow,
continuously disrupting boundary layers. Computational fluid dynamics simulations conducted with
Ansys Fluent are used to assess the thermohydraulic efficacy of the baffle heat sink design.

Various combinations of design parameters are explored and it was concluded that minimizing fin
thickness, horizontal baffle spacing, and baffle length is advantageous, whereas optimal values exist for
fin height, upward and downward baffle spacing, streamwise baffle spacing, and baffle thickness. From
these guidelines, an optimal baffle heat sink geometry was defined. Simulation results demonstrate that
the thermal resistance of the optimized baffle heat sink is 19% lower compared to a benchmark pin fin
heat sink under equal pumping power conditions.
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