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Abstract

Cooling is a critical factor for improving power density in electrical
appliances, especially in integrated drives for mobile applications.
However, the issue of distributed losses in electric machines can lead
to hotspots and temperature gradients within the electric drive.
Traditional cooling jackets use unidirectional flow without or with
evenly distributed cooling structures. This often aggravates the issue
of hotspots, resulting in thermal derating and thus limiting the
operation range. As well, a non-demand oriented distribution of
cooling structures leads to unnecessary pressure losses.

This problem is addressed with a newly elaborated method for
distributing cooling elements, i.e., pin fins with varying density
distribution inside the cooling channel. Results from previous work,
numerical simulations, and measurement data from a planar test
bench are used. The approach segments the cooling channel by using
a loss profile. This profile and analytic heat transfer calculations are
used to determine the required density of cooling elements for
dissipating the locally induced losses. For a linear channel with
uniformly distributed losses, this results in an increasing number of
cooling elements within the channel in fluid flow direction. With
localized losses, this will result in an increased density distribution in
the respective areas. The method is evaluated by applying it to a
planar test channel and investigating the temperature distribution on a
test bench. First results indicate that the newly developed cooling
element distribution provides an advantageous temperature
distribution. The temperature gradient along the cooling channel
shows a reduction from 23 K to 9 K with the distributed cooling
elements.

The method, previously tested in the linear planar channel, then is
applied to the construction of a cooling jacket with a specifically
designed two-layer cooling channel. This design is analyzed using
CFD, a prototype is currently under production. Tests on the
prototype will follow in further investigations.
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Introduction

The design and operation of electrical machines are increasingly
important for a sustainable and energy-efficient future. The
percentage of registered passenger battery electric vehicles (BEVS) in
the EU increased from 0.25 % in 2019 to 1.19 % in 2022, and for
light commercial BEVs from 0.34 % to 0.75 %. This trend is
following exponential growth [1] and is driven by regulations and
subsidies related to the ecological impact. To further increase the
adoption of BEVs, electric drives must become cheaper and more
compact. The efficient conversion of electrical energy into
mechanical energy is critical for applications such as electric
vehicles, industrial machinery, and mobile working machinery [2].
However, electrical machines generate heat during operation, which
can negatively impact performance, reliability, and service life.
Therefore, thermal management of electrical machines is an
important consideration for their design and operation. Integrated
drives, where power electronics and electric motors are spatially
integrated, have been recognized as an effective approach for
addressing the increasing demand for more compact and efficient
electric drives. In addition, as electric machines are becoming more
powerful and compact, the issue of thermal management becomes
increasingly significant [3]. One of the key challenges is to manage
the thermal effects of distributed losses in the machine, which can
lead to temperature gradients along the cooling channels and affect
the overall performance and reliability of the system [4—7]. These
challenges are addressed by various works summarized in [3],
various cooling techniques have been proposed, including liquid
cooling, air cooling, and hybrid cooling. Liquid cooling, in particular,
has gained significant attention due to its high cooling efficiency and
ability to remove heat from high-power density applications. In liquid
cooling, a cooling fluid, such as water or oil, is circulated through a
cooling channel that is integrated into the housing, and absorbs the
heat generated by the machine.
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With those increasing requirements, different domains have to be
considered in the design of an electric drive, and in particular, the
electric motor:

e Mechanical transmission of forces
e  Electromagnetic generation of forces
e  Thermal stability of materials

To ensure the fulfillment of these requirements, Finite Element
Method (FEM) tools are used. However, FEM simulations are time-
consuming and can result in slow iterations, leading to delays in the
design process. Additionally, there is currently no method for cooling
jackets to address the problem of distributed losses, which can
significantly impact the performance of the machine. Furthermore,
cooling structures are currently uniformly distributed, which may not
be the optimal solution for achieving optimal cooling performance
[8]. In this context, this paper explores the state of the art in thermal
management of electrical machines and focuses on the influence of
distributed losses on temperature distribution and hot spot mitigation.
A new method for designing distributed cooling structures is
developed to tackle these challenges and enhance the efficiency and
performance of water cooling in electrical machines.

Enhancement of temperature distribution of
cooling systems in Electrical machines

This chapter explores the enhancement of temperature distribution in
cooling systems for electrical machines. At first the thermal losses
are presented and conventional solutions for cooling are shown.
Further on the influence of distributed losses on hotspots is shown
using a testbench and fluid simulations. Based on the results of this
investigation a method for distributing cooling structures, based on
localized losses and cooling structure geometry is introduced. This
method allows for a reduction of the temperature gradient for a planar
test bench.

Losses and Cooling in Electrical Machines

The losses in electric machines can be mainly divided into losses in
the stator P s and in the rotor P, z. Additionally, there are mechanical
losses Py, like air friction or bearing losses. The sum describes the
total losses P, with Equation (1).

P =P+ P+ Py 1)

The losses will vary in different operating points. A considerable part
of the losses occur in the winding in the form of ohmic copper losses
Ppscy. The iron losses Py sz, depend on the electrical frequency [9],
and the bearing losses depend on the mechanical load and speed. A
possibility to dissipate the heat is to install a cooling jacket encasing
the stator. Within this cooling jacket, a coolant fluid, i.e., water-
glycol, is directed in different ways. An overview of typically used
cooling jacket concepts is given in Figure 1. An often used concept is
the spiraling flow path, depicted in a). Depending on the
manufacturing, concepts like circumferential or axial meanders b) are
used as well, i.e., in [10, 11]. Further on, other ideas like multiple
inlets or outlets in different configurations are looked into [12].
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Figure 1 Flow concepts for cooling jackets (in accordance with [13])
a) Conventional Spiral b) Circumferential meander

Special cooling designs, like direct cooling embedded in the winding
[14, 15] or oil spray cooling [7] are not considered in this paper as the
focus of the research project is on cooling jackets.

Boundary conditions (BC)

Further on boundary conditions for all CFD-calculations and
analytical calculations are presented. The key data is given in Table 1
to 3. The CFD-calculations are generated using SOLIDWORKS
Flow Simulation.

The electromechanical data for the target electric motor is shown in
Table 1 with an S1-operating point and a peak operating point.

Table 1 Electromechanical data T1085
with kind courtesy of Fischer Elektromotoren GmbH

Operating | Torque | Speed Mechanical | Winding | Power
i Nm min.1 | Power losses losses
P KW w w
Continuous 111 13,250 154 254 617
Peak 20.1 11,600 353 1,843 2,167

The main corresponding geometrical data for the motor can be taken
from Table 2.

Table 2 Geometric data T1085
with kind courtesy of Fischer Elektromotoren GmbH

Geometric parameters Value
Outer stator diameter | mm 85
Stator outer surface mm? 25,760
Iron length mm 70
Winding head length mm 9

For calculations regarding the cooling system, further boundary
conditions are needed. For that reason, the following assumptions are
made and used for the calculations within this paper.



e Acoolant flow rate of 5 I/min is the lower limit in
industrial systems, here the values go up to 10 or 12 I/min
[6]; the lower limit of 5 I/min was chosen as the motor is
small in diameter with 85 mm

e  The coolant inlet temperature is set to ambient temperature
for reference, depending on different scenarios the inlet
temperature can vary, where the upper limit usually is
below 60 °C / 333 K.

e  Asthermal boundary, an adiabatic BC was chosen, as most
of the heat in an integrated drive will be dissipated by the
coolant flow.

e  The sum of the losses P, s and Py, are approximated to
700 W assuming an S1-operating point and to 1,400 W for
an intermittent S6-operating scenario.

Table 3 Boundary conditions for analytical and CFD calculations of this
proceeding

Parameter Value

Coolant flow Q, 5 l/min

Coolant inlet temperature T, 293.15K

Back pressure pamn 1,013 mbar
Thermal boundaries Adiabatic

Losses Prg Prw Ps
Continuous P, 5; 400 W | 300W | 700 W
Intermittent operation P; ¢ 800 W | 600 W | 1,400 W

Hot Spots in a Uniformly Flowed Through Cooling Jacket

Uniform coolant flows like presented in Figure 1 lead to a steady
increase in the coolant temperature. This and distributed losses like a
higher loss density in the winding head than the stator, can lead to
hotspots. The results of a CFD simulation of a similar structure to
Figure 1 b) is shown in Figure 2. It was performed to investigate a
meandering design for the electric motor (Table 1 and Table 2) with
the corresponding boundary conditions (Table 3). It can be seen that
at the inlet the interface temperature between housing and stator is at
293.2 K and along the cooling channel the temperature rises.
Additionally, there are hotspots at the flow redirection regions with
about 310 to 312 K. As thermal derating has to be always performed
regarding the highest temperatures, those single hotspots will be the
main limiting factor. As there is no efficient heat sink for the isolated
copper winding heads, which results in higher temperatures. The
derating has to be done regarding the used insulation material, which
is classified in temperature ranges. The use of a higher temperature
class leads to higher costs [5].
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Figure 2 Interface temperature between stator and cooling jacket in a
meandering design

Influence of Distributed Losses on Temperature
Distribution

Following these observations with the CFD simulation, a planar test
bench was presented in a previous publication [13] of this research
group. This test bench, shown in Figure 3, gives the possibility to
measure the interface temperature (orange) in between a cooling
channel with structures, and a segmented heating plate. It is used to
investigate the influence of distributed losses on the temperature
distribution along a cooling channel, which is the device under test
(DUT). Further on, different DUTs with different cooling structures
and cooling structure density distribution (DD) can be investigated
and evaluated for their properties to reduce temperature gradients.

s 3 X temperature sensor ~
coolant _ T~ coolant

inlet Ju"/m _— - pressuDrE—srensor \ W outlet

ek

interface 1 3 p
area segmented heating plate 7x 310 W
I I I I " Xinmm
0 100 200 257

Figure 3 Test bench setup with temperature sensors in the interface area

One of the takeaways from the previous work is, that conventional
cooling structures’ main drawback is the uniform DD of cooling
structures. A total thermal power Ps of 1,400 W was induced in two
scenarios, see Figure 4, which shows the used heat flux Q (x) in
regard of the lengthwise position x in the DUT. The blue line
simulates the higher losses in regions like the winding head, whereas
the red line represents uniformly distributed losses. This leads to a
thermal gradient along the cooling channel.
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Figure 4 Heat flux along the DUT with channel width = 90 mm
linear vs. distributed losses
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This behavior can be seen in Figure 5. Here, a steel DUT without any
additional cooling structures was placed on the heating plate. The
linearly distributed losses lead to a quasi linear increasing interface
temperature. When using a more realistic distribution with higher
losses at the inlet and outlet and smaller losses in between, it can be
seen that there are elevations of the temperature at the inlet of 12 K
and 9 K at the outlet. The absolute temperature difference of the
linearly distributed losses is 17.2 K and for the distributed losses it is
234 K.
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Figure 5 Measured interface temperature profile of steel DUT at 5 I/min
linear (red) vs. distributed losses (blue)
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Investigation of possibilities for reduction of
temperature gradients

The results from the linear test bench were analyzed and
requirements for future cooling structures defined:

e  Hotspots have to be addressed and reduced due to the fact, that
thermal derating is performed in relation to the hottest part and
insulation material properties

e  Pressure loss should be minimized by applying cooling
structures depending on the areas in need

e  Thermal gradients should be reduced

Investigation for the Use of Distributed Cooling structures

Those requirements lead to the idea of implementing cooling
structures depending on the local boundary conditions. For this, some
pre-tests were done and a method to distribute cooling structures was
developed, which will be presented in this chapter.
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Iterative Design of a DUT for Proof of Concept

At first, the distribution of cooling structures in a DUT was
iteratively modified and analyzed using CFD-calculations. The
approach in this procedure was to increase the number of pin fins in
temperature hot spots, which mainly increases the usable surface area
for heat dissipation. A quasi-linear temperature curve T (x) was
achieved by adjusting the number of pin fins segment wise. In Table
4, the resulting pin fin number for each segment is stated.

Table 4 Boundary conditions and resulting number of pin fins for iterative pin
fin distribution

Segment 1 2 3 4 5 6 7

Losses in
Segment in 320 200 200 200 200 200 320
W

Pin fins in

33 27 27 27 33 39 57
segment

Using CFD calculations and the aforementioned pin fin distribution,
the results from Figure 6 were obtained. The empty channel has a
maximum AT of ~30 K where the channel from “Iteration 4” has a
AT of ~5 K. As the boundary conditions were not fully defined for
the iterative design, the total used power Py is 1640 W.
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Figure 6 CFD calculations for the plain (leer) DUT and the iteratively
designed DUT using CFD with deviating boundary conditions:
PStatm' = 1000 W! PWindinghead =320 W, PE =1640W [16]

The channel from “Iteration 4” was then manufactured using metal
3D printing and the DUT was put on the test bench and
measurements were performed. For the measurement, the BCs as
defined for this paper were used. For the empty channel, this results
in a minimum temperature of 61 °C and a maximum temperature of
84.4 °C, or a temperature difference AT of 23.4 K. The minimum
temperature for the channel with the DD of “Iteration 4” is 42.5 °C
and the maximum is 51.7 °C. This is a difference of 9.2 K.



90 T T . : : - -

80k —H— empty ]
o —+&— Iteration 4
E 70t 1
E
£ 60+ 4
E 50
5 L J
[P}
H40t J
30 I I L L I L I

Segment No.
Figure 7 Temperature profile in steel DUT, 1,400W - distributed, 5 I/min
empty channel (red) vs. distributed pin fins (blue)

Modelling the Density Distribution for Isothermal Housing
Temperatures

As an iterative discrete design like previously shown is not a
methodological approach, and takes up a lot of design time as well as
calculation time, in the next part an analytical method to calculate the
local surface heat transfer a(x) - A(x), with the thermodynamic
basics from [17] and [18], is presented.

Heat flux between a fluid and a solid can be modelled with (2), by
consideration of the contact surface A, the temperature difference
between the bulk fluid Tr and the solid T, as well as the heat transfer
coefficient a.

Q=a-A-(Ts—Tp) 0]

One strategy to avoid hot spots in the electrical machine is to achieve
a surface distribution A along the cooling path (x) in such a way that
the surface temperature T remains constant. The total heat flux Q
from the housing can then be written as the heat flux per unit path
length times the path length Q(x) = Z—Q x. The bulk temperature rise

X

of the fluid T (x) along thg fluid path is then proportional to the heat
flux per unit path length %, as shown in Equation (3).

x 1 d(
Te(x) =Tpo + J Y ds

0 m-c,,E
©)

Here i is the fluid mass flow through the cooling channel and c, the

heat capacity of the cooling fluid. Using the Z—S from Figure 4, the

resulting T (x) for the named boundary conditions for the DUT can
be seen in Figure 8.
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Figure 8 Coolant temperature in a DUT with 5 I/min and 1,400 W losses
linear distribution (red) vs. distributed losses (blue)

Equation (4) can be developed by using the Equation (2) and (3) to
calculate the product a(x)A(x) as a function of path length.

a@
a(x)A(x) = TdX7 (4)

_do_x_

—1iF,0 -
dx mcp

The equations above do not directly allow computing the necessary
contact surface along the fluid path, since the heat transfer coefficient
a remains unknown. Typical cooling channels of electrical machines
do not exceed a characteristic hydraulic diameter d;, 10 mm. In such
a case, the flow in the channel is laminar and varies only a little with
Reynolds number. Therefore, it seems legitimate to assume a
constant Nusselt number and consequently a constant heat transfer
coefficient a for the design of a cooling channel. For that reason, it is
assumed further on that a(x)A(x), which then is mainly influenced
by effective surface area, can be interpreted as aA(x).

Calculating the aA(x) for the boundary conditions, using the loss
profile presented in Figure 4 and normalizing it to the minimum
required surface will result in the normalized aA(x) distribution
given in Figure 9. It can be seen that for linearly distributed losses
(red) the additionally required surface area is as well linearly
increasing. The distributed loss profile results in a factor of 1.8-2 in
the beginning and at the end.

2.5 T T T . .
Pdis Plin
Ol '
<
5 1.5} 1
1
0 50 100 150 200 250
X in mm
Figure 9 Normalized heat transfer and area aA(x)for a constant surface
temperature

linear distribution (red) vs. distributed losses (blue)
Cooling Structures and Effective Area Gain

The resulting additional surface area has to be implemented within
the cooling channel. For this, different structures are possible this can
be i.e. multiple lamellas, round pins or even organic structures. Due
to numerous previous works in the field of power electronics, in
electric motors [8, 19, 20], but also own CFD calculations, the pin fin
structure was chosen as the most suitable as pin fins have good
cooling properties in regard of surface area and pressure drop. As
well their DD can also be easily varied in all directions, lengthwise
(x) and in channel width.



The pin fin structure used further on was investigated by “Struve” in
[21] and shows good properties in regard of manufacturability by 3D
printing. It is shown that a pin fin with an aspect ratio ¢

R+r+a
== ®)
between 1.5 and 2.5 is most suitable. Regarding manufacturing, the
radius r is the limiting factor.

The development and experimental investigations shown by Struve
regarding the distance between fins, the alignment of the fins but also
the angle of attack have also been performed independently by this
workgroup using CFD calculations. The results are in good
agreement, and a similar arrangement is used in the further work.

Figure 10 Pin fin profile with ¢ = 2 in accordance with [21]
It is important to properly calculate the base area of a single pin fin in

order to determine the number of pin fins needed for the desired DD.
According to “Struve” the base area can be calculated by:

Abase:RZ'(”_a)+(R+T')'a'Sin((Z)+T'Z'(X (6)

For this, a helper angle using Equation (7) can be calculated.

a = cos™?! (?) )

The distance a of the center points of the big and small arc are
necessary and can be calculated by Equation (8).

a=R-Q2op—-1)—r (8)

The base area is not sufficient for the further steps of calculating the
number of pin fins, needed to meet the desired DD given by the local
aA(x). For this the shell surface of a pin fin is needed as well, to
calculate the effective area gain Agq;n.

For that reason, the pre-work of “Struve” was followed up by
Equation (9) to at first calculate the total circumference C;o¢q;-

Ceota1 = CR(R, @)+ C(r,a)+2-Db 9)

For this, the length of the arcs Cr and C,- have to be determined using
Equation (10).

Ce=n-R-(1+22);¢, =n-r-(1-22) (10)

The length of the connecting straight line b can be determined by
Equation (11)

b= \/[(R —r)-cos(a) —al?>+ [(R—7r)-sin(a)]? (11)
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Using the height h of the channel, the additionally effective surface
gain Agq;, can be calculated by Equation (12). As the base area
Apase 1S N0 longer directly in contact with the coolant fluid, it has to
be subtracted. It is assumed at this point that the top of the channel
has no significant contribution to the thermal dissipation, which was
also observed in the pre-tests. For that reason, A 4. is only
subtracted once.

Again = hcha.nnel : Ctotal - Abase (12)

This effective surface area gain can then be used, to adapt the local
DD to meet the required local aA(x).

Design of an optimized DUT

The calculation of the corresponding pin fin distribution needs some
further boundary conditions like, i.e., horizontal and vertical
distances between pin fins, to properly place the pin fins. Here it has
to be kept in mind, that the pin fins have to be placed at discrete
positions along the channel, with lengthwise and widthwise distance,
as well as distance to other walls. The parameters are also based on
“Struve’s” investigations and described in Table 5.

Table 5 Boundary conditions for pin fin distribution based on [21]

Parameter Value

Top Radius R=12mm
Bottom radius r=05mm
Phi p=2

Distance between pin fin positions | I =1.5:1=7.5mm
Distance between pin fins Wyistance = 1.5 2R
Channel width Wep =90 mm
Channel height hgp, =1mm

The length of a single pin fin can be calculated using Equation (13).
ly=R+r+a (13)

The distance between the center of the pin fins multiplied by a
distance factor results in channel segments with length ;. The base
area of a section Ay s(x), where the pin fins are placed, is given by
Equation (14).

Acp,s(x) = wep(x) - Ig (14)

Using the previously calculated normalized @A (x) from Equation (7)
for a discrete position x, the required numbers of pin fins for the
section N, (x), can be determined by:

Ny(x) = (@A(x) — 1) - 2 (15)

Aguin

As this calculation will result in non-natural numbers and pin fins,
can only be placed in natural numbers, the result from N; either has
to be rounded up or down. As positions for the pin fins discrete
locations along the channel x with distance L, are used. When
rounding up to the next closest integer, the distribution of Ng(x)
shown in Figure 11 is obtained, with the orange line being the
geometric limit for number of Pinfins in a segment. The division of
this number by the volume of the cooling channel results in the ideal
DD.
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Figure 11 Pin fin distribution N, (x) for a linearly distributed losses (red) and
distributed losses (blue) with geometric parameters from Table 5

CFD Simulation of the Optimized DUT

The CFD results of a DUT with an empty channel and distributed
losses are shown. As previously stated, the temperature at the inlet
and outlet is elevated, with the inlet being at about 312 K and the
outlet being at 316 K. The region in between is cooler with a
minimum temperature of 303 K. This results in a temperature
difference of 13 K within the DUT.

Temperature in K

EEE e
293.00 296.00 299.00 302.00 305.00 308.00 311.00 314.0

O

(0]

Figure 12 Linear DUT without cooling structure, Py = 1,400 W
Fluid cells 388,224; Solid cells 575,724

In Figure 13, the CFD of a DUT with the DD from Figure 11 is
shown. As the required DD in the middle section is quite low, only a
single pin fin per section is inserted. With this DD, the temperature
spread within the DUT improves significantly compared to Figure 12,
with 293.8 K at the inlet and 298.9 K at the outlet. The temperature
gradient within the DUT can be reduced from 13 K to 5 K.

Comparing this distribution to the iterative design “Iteration 4” in
Figure 7 also clarifies the temperature elevations in the iterative
design, as there are more pin fins within the middle section, inserting
a disbalance of the analytical description.
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Temperature in K

| —
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Figure 13 Linear DUT with distributed cooling structure according to
Figure 11, Py = 1,400 W, Fluid cells 682,608; Solid cells 938,005

Implementation of the Distributed Cooling Structure in
an EM Housing

The previously shown method can be used for any channel, as long as
the loss profile along the channel can be created. This can be done by
using CAD-Software, from which such a profile can be exported. But
for complex geometries, as i.e. meandering designs, this can be
difficult. Another problem occurring with more complex geometries
is the need to manually design the distribution using CAD or do a
structure dependent intensive implementation of a generative design
approach.

Design of a two layer cooling jacket

For this reason, a design was developed, which allows to describe the
loss profile as a function along the rotary axis, as shown in Figure 14
and let the coolant flow in the same direction. The method for pin fin
distribution then can be used analog, as used in the previous chapter
with the planar DUT. In the design, the cooling jacket is divided into
an inner and outer jacket. In the inner jacket, the pin fins can be
placed using generative design approaches. The outer jacket is used
to return the coolant fluid to the same side as the inlet. This was done
as one requirement in the project is to install the coolant connections
on the same side of the housing. This can be implemented depending
on the needs of the application.

Outlet
Inlet

Figure 14 Two layered cooling jacket with inside distributed cooling
structures



The inlet structure is designed as well rotationally symmetric, to keep
pressure losses low and equally distribute the coolant, as can be seen
in Figure 15. The white occurring areas represent walls within the
housing, as physical connections are needed for stability and
transmission of forces.

Figure 15 Two layered cooling jacket with inside distributed cooling
structures

Evaluation of the Concept to Minimize Heating of the Inlet

As a two layered cooling jacket, as shown in Figure 14, can also be
interpreted as a heat exchanger with counterflow principle, one can
argue that the inlet coolant will be heated by the returning warm
coolant fluid. This problem can be looked at by using the NTU-
method presented by “Lienhard” in [22]. Here, the effectiveness of a
heat exchanger can be quantized by comparing the actual heat
transfer to the maximum heat capacity of the coolant. A small NTU
value will result in a low efficiency of a heat exchanger. Which in
this case is the desired requirement.

Using the case of 1,400 W of losses, a wall temperature of 35 °C and
an average coolant temperature of 22 °C, the averaged « - A is equal
to 107 W /K. With a volumetric flow rate of 5 [/min and the thermal
capacity of water, the resulting m - ¢, is 348.12 W/K. Calculating
the NTU with these values we get:

w
U-A a-A 107?

~

Cmin  M-Cp 348.12V—I(V

NTU = =0.307 (16)

As the goal is not to create a heat exchanger but to cool the surface,
the two layer concept fulfills the requirements in this perspective.

Implementation of the Distributed Cooling Structure in the Two
Layered cooling Jacket

To implement the previously described method for pin fin
distribution, the loss distribution along the cooling channel has to be
defined, see Figure 16. In this investigation, it can be observed that
the losses per unit length are higher compared to the linear DUT
under similar operating conditions. This disparity can be attributed to
the direction of flow along the surface. The observed flow direction
in the examined case is predominantly aligned with the shorter rotary
axis (88 mm), whereas in the linear device, the flow direction is more
aligned with the surface corresponding to the radial mantle surface
(256 mm). 1t will be beneficial to express future losses in W/mm? to
reduce this misinterpretation.
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Figure 16 Loss profile along the cooling jacket

From the loss profile at first the temperature of the coolant is
calculated and then the normalized @A (x), shown in Figure 17, is
generated. It can be seen that in the areas of the winding head a factor
of approx. 1.25 - 1.3 is needed.

1 1 L 1
0 20 40 60 80
X in mm
Figure 17 Resulting aA(x) of the cooling channel with loss profile from
Figure 16

This leads to the resulting number of needed pin fins for the cooling
channel, which is shown in Figure 18. The factor of 1.25 results in 61
pin fins in the first section. This is because the surface area gain
Agqin for asingle pin fin is small, due to a cooling channel height of
only 1 mm. In the last section, where the second winding head is
located, it results in a total number 80 pin fins.

80+
60 -
40 +
20 +

0 1 1 L
0 20 40 60 80

X in mm
Figure 18 Resulting desired number of pin fins for the @A (x) from Figure 17

Number of pin fins

CFD Calculations of the Two Layer Cooling Jacket with
Distributed Cooling Structures

For reference, the two layered cooling jacket is simulated without pin
fin structures. This leads to increased hotspots, with 310.8 K
especially near the winding head, as can be seen in Figure 19. The
temperature difference AT along the surface is 17.5 K.



293.00 296.50 300.00 303.50 307.00
Temperature (Solid) [K]

-

4
X
Figure 19 CFD calculation for the two layer cooling jacket without pin fins
Fluid cells 273,015; Solid cells 378,733

The cooling jacket with the pin fin DD from Figure 18 was simulated
and the temperature distribution in Figure 20 was achieved. Based on
the observed plot, it can be inferred that the temperature distribution
is not as anticipated. Contrary to expectations, the implementation of
the distributed pin fins, does not effectively mitigate the uneven
distribution of temperatures in this cooling jacket design. Despite the
implementation, only a minor improvement, in the reduction of the
maximum temperature to 308.4 K is achieved.

— ——

293.00 296.50 300.00 303.50 307.00
Temperature (Solid) [K]

—

gL

X

Figure 20 CFD calculation for the two layer cooling jacket with pin fins
Fluid cells 1,107,847; Solid cells 1,708,322

Summary/Conclusions

This scientific paper focuses on addressing hotspots and temperature
gradients in cooling systems for electrical devices. An analytic
approach is proposed to estimate the required distribution of pin fins

using the normalized aA(x) when a loss profile Q(x) is available. By
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utilizing this approach along with knowledge of the cooling structure
geometry — in this case the pin fin geometry - a distribution that
theoretically achieves a uniform interface temperatures to the stator is
calculated using the specific heat transfer capability of the chosen
structure. CFD simulations have been performed to validate the
effectiveness of this method.

By applying the developed method to a linear DUT it was possible to
reduce the temperature gradient. In an iterative design, the gradient
was dropped down to 9 K and with the analytic method in a CFD
calculation down to 5 K. A cooling jacket, with the possibility to
implement the pin fins using generative design, was specifically
designed. The developed method was subsequently applied to the
jacket. The implementation of distributed pin fins did not yield the
desired reduction in the temperature gradient. The setup is assumed
to have a negative outcome due to the small channel height of 1.5
mm, as well as the area of redirection, which is not yet optimized,
and leading to inconstant flow speed. Nonetheless the good results
from the planar DUT, can i.e. be transferred to the development of
cooling systems in batteries for BEVs or in a smaller variant in the
heat sinks for power electronics.

Several key observations have been made during the study. First, it is
recommended to calculate the loss density in W/mm?2 instead of
W/mm. The further development should as well better define the DD
in regard of cooling volume. Secondly, the effective area gain is
found to be linearly dependent on the channel height, which may
result in effective area loss based on the pin fin to channel height
ratio. Additionally, it was observed, that the small EM size in regard
to the cooling structure geometry (length, width) will lead to the
problem, that a fine granular DD is hard to achieve. In the presented
case, only one row of pin fins fitted in the winding head section.
Furthermore a bigger channel height than 1.5 mm will lead to
disproportional cooling channels in comparison to the stator
diameter.

For future research, the authors suggest at first the investigation of
the unexpected findings of the pin fin DD in the cooling jacket,
especially the influence and limits for the proposed method regarding
channel height. Further on the use of different pin fin geometries with
certain channel parameters can be evaluated, as they may provide
better effective area gain compared to the used pin fins. Optimizing
geometric parameters such as pin fin dimensions, distances between
pin fins, and channel height is also identified as an important area for
further exploration. Furthermore, studying different cooling
structures, i.e. dimples with a possibility to adapt the thermal transfer
coefficient a(x) and their arrangements, as well as considering time-
varying load cycles, are recommended to gain a more comprehensive
understanding of the cooling system's performance and efficiency.
These future investigations will contribute to the development of
improved cooling strategies for electrical devices.
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Definitions/Abbreviations

EM Electric motor

IMD Integrated motor drive
DD Density distribution
BC Boundary condition
CFD Computational fluid

dynamics
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