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ABSTRACT
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Abstract:

High operational temperature in electrical machines incurs in reduced reliability and
increase in losses that limits the power density of this machines. Trough thermal
management this problems can be mitigated. The advent o additive manufacturing
allows for the application of Topology Optimization to produce highly complex
designs. Therefore, the application of Topology optimization to the design of a water
jacket cooling system intends to provide a solution that outperforms current
available designs and can improve the thermal management of electrical machines,

which in turn will allow for increased power density and reliabilities.

Keywords: Electrical Machines, Topology Optimization, Additivee Manufacturing,
Water Jacket




LOPUTOO LUHIKOKKUVOTE

Autor: Alexandre Marti Valero

LOput6o liik: Magistritoo

Too pealkiri: 3d-prinditud optimeeritud topoloogiaga jahuti elecktrimasinale
Kuupaev: 13.05.2024

Ulikool: Tallinna Tehnikadilikool
Teaduskond: Inseneriteaduskond

Instituut: Elektroenergeetika ja mehhatroonika instituut

T66 juhendaja(d): Martin Sarap

Sisu kirjeldus:

Korge temperatuur elektriseadmetes pohjustab tédkindluse vahenemist ja kadude
suurenemist, mis piirab nende seadmete vdimsustihedust. Soojuse ohjeldamise abil
saab neid probleeme leevendada. Kihtlisandusmeetodi ehk 3D-printimise abil on
voimalik rakendada topoloogiaoptimeerimist vdaga keerukate kujundite tootmiseks.
Seetdttu suudab vedelikumantlil pdhineva elektrimootori jahutussiisteemi kujunduse
topoloogiaoptimeerimine pakkuda lahendust, mis lletab oma jahutusvéimekuselt
saadaolevad lahendused, mis omakorda voimaldab suurendada mootorite

vOimsustihedust ja téokindlust.

Marksonad: Elektrimasinad, topoloogia optimeerimine, lisaainete tootmine, Veejope




TalTech Department of Electrical Power Engineering and Mechatronics

THESIS TASK

Student: Alexandre Marti Valero, 224453MAHM

Study programme: MAHM31, Mechatronics Masters

main speciality:

Supervisor(s): Martin Sarap, Early Satge Researcher

Consultants:

Thesis topic:

The aim of this thesis work is to design a water jacket cooling system to improve the
performance of electric machines. The design is undertaken using topology
optimization to maximize cooling efficiency and taking into consideration the

manufacturing improvements offered by additive manufacturing.

Kéesoleva I0put6d eesméark on projekteerida veemantli jahutusslisteem, et parandada
elektrimasinate joudlust. Projekteerimisel kasutatakse topoloogia optimeerimist, et
maksimeerida jahutuse tdhusust, ning voetakse arvesse lisatootmise poolt pakutavaid

tootmisparandusi.

Thesis main objectives:
1. Apply Topology Optimization techniques for the realization of a water jacket heat
exchanger for and electric motor for later additive manufacturing.
2. Realize different iterations for different proportions of material and starting
parameters to find the best possible design.
3. Compare the performance of the design realized and draw conclusions for future

work and improvements necessary.



Thesis tasks and time schedule:

No | Task description Deadline
February
L. Research on the topic and literature review 2024
5 Familiarization with the sofware used and definition of the February
problem 2024
3. Writing of literarue review March
2024
4, Work to define the CAD designs Mareh
2024
5. Testing of different deisgns April 2024
6. Comparisson with other current designs April 2024
7. Writing of methods and conlcusions May 2024
Language: English Deadline for submission of thesis: "13” May 2024
Student: Alexandre Marti Valero “13” May 2024
/signature/
Supervisor: Martin Sarap “13” May 2024
/signature/
" P 20.....a

Head of study programme: .............. oo i

/signature/

Terms of thesis closed defence and/or restricted access conditions to be formulated on

the reverse side




1

2

3

5

6

Contents

INTRODUCTION . . . . . .. e e e e e e e e e e e 11
LITERATURE REVIEW . . . . . . . . . . s e e e e e e e 12
2.1 Thermal management of electrical machines . . .. ... ... ...... 12
2.1.1 Machine cooling objective . .. ... ... .. ... . ... ... 12
2.1.2 Airand Liquidcooling . . . . . . . . . . ... 13
2.2 Liquid cooling application in electric machines. . . . . . .. ... ... .. 14
2.2.1 Sate of the art of liquid cooling in electric motors . . . . . . .. .. 14
2.3 Additive Manufacturing . . . . . . . ... 16
2.3.1 Metal Additive Manufacturing technologies . . . . . . .. ... ... 16
2.3.2 Industrial applications of metal Additive Manufacturing. . . . . . . 18
2.4 AM produced Thermal Management Solutions for Electric Machines ... 19
2.4.1 Aircooling . . . . . . e e e e 19
2.4.2 Liquid Cooling . . . . . . . @ i e e e e e e e e 21
2.5 Topology Optimization for heat exchangers . . ... ... ... .. .... 23
2.5.1 Design parametrization . . . . . . . ... oo o000 23
2.5.2 Heat Transfer Modelling . . . . . . . . ... ... ... .. ...... 24
2.5.3 Optimization . . . . . . . . . . . . . . e e 26
2.6 Topology Optimization in COMSOL . . . . . .. . . . . ... 27
2.6.1 Optimization algorithms . . . . . . . ... .. ... .. ... ... 27
2.6.2 Optimization Theory . . . . . . . . . . . . i i v v i i i 29
2.6.3 Topology Optimization. . . . . . . . .. .. ... ... ... ..... 30
TOPOLOGY OPTIMIZED DESIGN . . . . . . . ... ... ... .. ...... 32
3.1 Optimization of the desired geometry . . . . . .. . ... ... ...... 32
3.1.1 Heat Conduction Problem . . . . . .. ... ... ... ........ 33
3.1.2 Fluid Flow Problem . . . . .. ... ... ... ... ... ... ... 39
3.1.3 Multi-physics Problem . . . . . . . ... ... ... oo 0L, 42
3.1.4 Results with different initial gammavalues. . . . . ... ... ... 49
COMPARISON OF SELECTED DESIGN WITH TRADITIONAL SOLUTIONS 53

4.1 Traditional solutionsmodels . . . . . . .. ... ... ... . ... ..... 53
4.2 Proposed solutionmodel . . . . . ... .. ... o o 53
4.2.1 Testing parameters . . . . . . . . . e e e e e e e 54
4.2.2 Results for the spiraldesign . . . . . ... ... ... ........ 54
4.2.3 Results for the coaxial design . . . . . ... ... ... ....... 56
4.2.4 Results for the U-shaped deign . . . . .. ... ... ........ 57
4.2.5 Results for the topology optimized design . . . ... ... ... .. 58
4.3 Conclusions of the comparison . . . . . . . . . .. ... 60
SUMMARY . . . . . e e e e e 62
KOKKUVOTE . . . . . . .t e e e e e e e 64



10

11

12
13

14

15

16

List of Figures

Efficiency curves depending on temperature for 7 different electrical ma-
chines [5] . . . . . o i i e e e e
Induced air cooling of an electric motor [5] . . . . . ... ... ... ...
Liquid cooling scheme where circulation and spray of coolant systems can
be observed. Note the rest of the cooling system elements included in
the figure [5] . . . . . o i i e e e e e e e e e
(a) Casting of the cooling jacket, (b) Processed casting with finished ma-
chines holes and finished surfaces where and input or output for coolant
canbelocated [8] . . . . . . . . . i e e
(@) Fuel nozzle produced by GE Aviation for LEAP engine. Image credit:
GE Additive,(b) Wing bracket of A350 XWB printed with Concept Laser
machine and designed by Airbus. Image credit: Airbus Operations
Topology optimized shape manufactured for comparison against other
geometries [46] . . . . . . . e e e e e e e e
Heat exchanger as the motor core in the solar powered aircraft of study
(51 . . o o e e e e e e
Left: Distribution of spherical and teardrop-shaped dimples on the fin
surface. Right: Comparison of thermal performance of the two dimple
designs using an overall thermal performance parameter in the Y axis
and the Reynolds number of the flow in the X axis [52] . . ... ... ..
Two side views of the water jacket developed by the NCAM where ribs
indicating the presence of cooling channels can be observed [53]

(a): Cooling jacket developed by EPMA [54]; (b): Diabatix solution for
optimized electric motor cooling jacket [55] . . . . . ... ... ... ...
Design domain defined by two variables (x1,x2) where infeasible design
space represents the limits established by the constraints (red) and the
optimum solution is presented in the top of the curve while the initial
design starts at lower in the curve, representing a non optimal solution .

Design domain (50 x 252 mm) with auxiliary geometries (5 x 10 mm)

For Viarget = 0,5. (@): Material distribution inside the domain. (b): Tem-
perature map for material distributionin(a) . ... ... ... .. .. ..
For Viarget = 0,5. (a@): Velocity of the fluid inside the domain. (b): Vectors
of direction for flow indifferent parts of the design domain. With the
data offered in both figures, the path and velocity of the liquid inside the
domain can be distinguished . . . . ... ... ... . ... . 0.
For Viarget = 0,4. (@): Material distribution inside the domain. (b): Tem-
perature map for material distributionin(a) . ...............
For Vierget = 0,4. (@): Velocity of the fluid inside the domain. (b): Vectors
of direction for flow indifferent parts of the design domain. With the
data offered in both figures, the path and velocity of the liquid inside the
domain can be distinguished . . . . .. .. ... ... ... o .

12
13

15

15

18

20

21

21

22

22

28

32

35

36

36



17

18

19
20

21
22
23
24
25
26
27
28
29
30
31

32
33

34

35
36

37
38

39
40
41

For Viarge: = 0,3. (@): Material distribution inside the domain. (b): Tem-
perature map for material distributionin(a) . ............... 37
For Viarger = 0,3. (@): Velocity of the fluid inside the domain. (b): Vectors
of direction for flow indifferent parts of the design domain. With the
data offered in both figures, the path and velocity of the liquid inside the
domain can be distinguished . . .. ... ... ... . ... . 0L 38
Topology optimization result of the Fluid flow problem . . . . .. ... .. 41
(a): Velocity field showing the regions of the geometry with circulating
flow; (b): Color gradient plot of velocity magnitude showing the velocity

value of the flow inside thedomain . . . . . .. ... ... ......... 41
Pressure map of the design domain . . . . ... ... ... ........ 42
Topology optimization results of material distribution . . . ... ... .. 44
Domain temperature maps for volumetric factor of 0,3: (a) A, (b)As . . 45
Domain pressure maps for volumetric factor of 0,3: (a) 4;, (b)4> . . .. 46
Flow velocity in the domain for volumetric factor of 0,3: (a) A;, (b)4, . 46
Domain temperature maps for volumetric factor of 0,5: (a) 4;, (b)4, . . 47
Domain pressure maps for volumetric factor of 0,5: (a) 4;, (b)4, . . .. 48
Flow velocity in the domain for volumetric factor of 0,5: (a) A4;, (b)4, . 48

Material distribution for: (a)y; = 0,3; (b)y; = 0,5; (¢)y; = 0,7; (d)y; = 1; 50
Domain temperatures for: (a)y; = 0,3; (b)y; = 0,5; (c)y; = 0,7; (d)y; = 1; 51
Absolute velocities inside the domain for: (a)y; = 0,3; (b)y; = 0,5; (c)v

=0,7; ()Y = 15 o o 52

Traditional water jacket designs: (a)Spiral, (b)U-shaped, (c)Coaxial [91] 53
3D model of selected result: (a) Model of the result on the interior of the
water jacket; (b): Water jacket model exterior showing input and output

POrES . . . e e e e e e e 54
Spiral design: (a) Water jacket temperature, (b) Cross section of water
Jacket . .o e e e e e e e e 55
Speed of the flow inside the channels for the spiral deign . . . . . .. .. 55
Coaxial design: (a) Water jacket temperature, (b) Cross section of water
jacket . . . L e e e 56
Speed of the flow inside cooling channels of the coaxial water jacket .. 57
U-shaped design: (a) Water jacket temperature, (b) Cross section of
waterjacket . . . . . L 57

Speed of the flow inside cooling channels of the U-shaped water jacket . 58
TO design: (a) Water jacket temperature, (b) Cross section of water jacket 59
Speed of the flow inside cooling channels of the TO water jacket . . . . . 59



List of abbreviations and symbols

Acronyms and abbreviations AM - Additive Manufacturing

CV - Control Volume

DED - Directed Energy Deposition

GCMMA - Generalized Convex Approximation Method of Moving Asymptotes
HE - Heat Exchanger

MMA - Method of Moving Asymptotes

SIMP - Solid Isotropic Material with Penalization

SLP - Sequential Linear Programming

SQP - Sequential Quadratic Programming

TO - Topology Optimization

Symbols o - Inverse permeability

a, - Temperature coefficient for material resistivity
F - Brinkman friction

Go - Function that ensures that the surface of material generated is smaller than the
domain area

G, - Representation of other constraints

J - Objective function

k - Thermal conductivity [W/mK]

k., - Thermal conductivity dependent on ~ [W/mK]
M, N - Finite elements

D, Dins Pout - Pressure [Pa]

psimp - PeNalization parameter

Vp - Pressure differential [Pa]

VT - Temperature differential [K]

Q - Design domain

ps1 - Density of a fluid [kg/m?3]

po - Material resistivity at ambient temperature [Qm]
p: - Material resistivity at given temperature [Qm]

T - Working temperature [K]

To - Ambient temperature [K]

u - Flow speed [m/s]

Viarger = Volumetric factor

~ - Optimization variable of the optimization problem
v, - Penalization parameter

Q - Volumetric heat generation [W/m?3]

10



1. INTRODUCTION

Thermal management of electric machines is crucial to ensure reliable and efficient
function of these machines. For instance, the majority of losses originates from the
increased resistivity of the copper when it heats up, leading to greater losses with
incur in higher inefficiencies, while these high temperatures also lead to the reduction
or loss of the magnetic properties of magnets and the rapid degradation of insulator
materials in the core.

To ensure the thermal management of these kinds of machines, various cooling so-
lutions exist. On the first place, air cooling can be divided into passive or active air
cooling. Passive air cooling makes use of the natural convection phenomenon to ex-
change thermal energy between the electric machine ans the medium, this method
relies heavily on the available surface for heat exchange. To enhance the convection,
active air cooling makes use of fans to induce greater flow of air and increase the
convection and therefore achieve greater heat flux without having to increase the
surface area of the heat exchange. Finally liquid cooling, among others techniques,
makes use of a water jacket to make water circulate around the stator of the electric
machine to extract heat and later excahnge it with another medium through a radia-
tor. Because of the higher thermal conductivity of these fluids, a more efficient heat
exchange allow for better thermal management.

However, the advent of metal AM with its ability to produce geometrically complex de-
signs, has opened the door to the application of mathematical solutions, like Topology
Optimization to engineering design. TO uses mathematical methods to optimize ma-
terial layout for a defined design domain. TO uses objective ans objective function for
which it intends to find a maximum or minimum values while obeying the constraints
given. Topology optimization has limited applied to thermodynamic applications such
as heat exchangers. Therefore, a design of a water jacket for the cooling of an elec-
tric machine is realized using Topology optimization, in a 2D space to avoid resource
intensive 3D modelling, to achieve a design that allows for better cooling of the motor
and therefore allows to increase efficiency, reliability and power density.

Once a design has been defined, a 3D model is composed and compared to three
traditional water jacket designs to asses if the achieved design is more effective or
less effective than the current solutions. At the end a summary of future work and

lessons learned aims to set the base for future manufacturing using metal AM.

Keywords: metal AM, Topology optimization, Electric machine cooling
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2. LITERATURE REVIEW

2.1 Thermal management of electrical machines
2.1.1 Machine cooling objective

Thermal management of electrical machines is crucial to maintain and increase both
reliability and performance. In the case of electrical machines high temperatures can
result in increased conductor resistance, also known as cooper losses; and therefore
higher losses as well as partially reducing or completely demagnetizing the permanent
magnets [1], reducing efficiency (figure 1). Furthermore, higher temperatures have
been associated wit thermal insulation degradation, with and increase of 10° C in
temperature halving the life expectancy of the electrical machine [2, 3], reducing
reliability. The loss of efficiency of an electric motor incurs in a loss of power. However
the power output of an electric motor is directly proportional to the dimensions is both
size and weight. Leading to, the bigger the motor, the powerful it will be, and more
heat will be generated and needed to be evacuated. This represents a technical hurdle
that limits the power density of electrical machines, and doesn’t allow the development
of small size and high power motors demanded by the concepts that allow sustainable
use of energy [4].

el
(=)

S o5 2/% 1—YE3-250M-4 (Zhejiang Special Motor).
= 15
o 3 "4l6 7 2—250MA4 (CEMP).
g 3 AN
E o ] ™~ 3—W22 250 S/M (WEG).
5] ]
o 0 1 \ N 4—250M SIMOTICS SD 1LE1 (Siemens).
o 7] N
N T\ 5—PE3 250M-4 (Marathon).
QL 91 4
g \ 6—250M 3H (Bharat Bijilee).
0 10 20 30 40 50 60 70 80 7—250M ND250M (Crompton).

Coolant temperature, ¢, (°C)

Figure 1: Efficiency curves depending on temperature for 7 different electrical machines [5]

To realise an electric motor with a higher power density, an appropriate cooling solution
that allows high temperature evacuation must be applied to allow the motor to function
at a high power state without incurring in a loss of reliability and efficiency [6].

Copper losses

Copper losses increase in conjunction of conductor resistivity. The resistivity of the
conductor, usually copper hence the name, is directly related to the temperature
through the following equation:

pr = po[l + (T = Tp)] (2.1)
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Where pr and p, represent resistivity at working temperature and initial temperature
respectively, T is working temperature and Tj is initial temperature and o, represent
the temperature coefficient.

2.1.2 Air and Liquid cooling

Air cooling

Air dominates as the cooling medium due to its simplicity, cost-effectiveness, and
widespread application [7]. Thermal management strategies encompass both interior
and exterior motor components to enhance heat exchange area, employing elements
like external fins, air circulation ducts, air gaps, and internal/external fan impellers

[8].

External cooling mainly utilizes forced convection through a fan on the rotor shaft or
an independently actuated fan, points 2 and 10 in figure 2; resulting in an uneven tem-
perature distribution within the electric motor. A better design and the optimization
of fan performance and fin geometry can significantly boost cooling system efficiency
by 10-30% [9]. And axial designs, have proved more effective than radial designs,
becoming the most extended solution [10].

Air ducts  Cooling ducts Cooling ducts
Fins between of the stator  of the rotor
onthe housing and Air gap

Internal fan  housing stator . betW;eItl .
rotor and stator

impeller
on the shaft
External fan
External fan impeller
(independent) — - on the shaft
—> — - \ <}—
Ai | | Air
ir - imt
~ ] u <+
| ] Shaft
Grid
(open cooling Stator

winding
end's

system) Rotor Stator

Housing

Figure 2: Induced air cooling of an electric motor [5]

Internal air circulation, facilitated by blades on the rotor or shaft impellers, is common
in closed electric motors, cooling critical components like stator and rotor windings
[11]. Recent research emphasizes internal cooling intensification, incorporating ducts
in rotor and stator structures, as shown in points 6 and 8 of figure 2 to reduce working
temperatures, enhance operating reliability, and prolong service life [12]. These in-
ternal airflow channels improve ventilation efficiency, allowing a reduction in external
airflow while maintaining optimized airflow in guide channels, resulting in lower fan
noise levels.
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For high-power motors, a combination of air cooling methods is common. This tech-
nology incorporates primary and secondary circuits, utilizing external fan impellers for
forced convection and radiation in the primary circuit, and an internal circuit consist-
ing of a rotor with vent holes and ventilating ducts in the stator housing for additional
cooling [13]. Again, a clear example of this case is observed in figure 2, where the
diagram of the motor includes: in point 4, external cooling fins; with and an outer
fan that forces circulation through them, point 2; and and internal fan, point 3; which
circulates air through the ducts present in both the stator and the rotor, points 6 and
8 respectively.

Liquid Cooling

Liquid cooling systems are characterized by the circulation of a liquid through one or
more of the components of the motor and then through an external heat exchanger
to evacuate the heat extracted form the machine to the ambient. These systems
are versatile with the design of the heat exchanger being dependent on the motor’s
application area and size. Liquid cooling, specially in electric machines is developed
in the coming ection: section 2.2.

2.2 Liquid cooling application in electric machines

As previously mentioned, liquid cooling systems make use of a liquid that absorbs
heat generated, in this case an electric motor. The main system used relies on a liquid
coolant that absorbs the thermal energy in the motor and transports it outside to be
evacuate trough the use of a heat exchanger to another medium. The cooled liquid
coolant is recirculated again into the motor, thanks to a closed circuit, to absorb more
heat (figure 3). Another solution system relies on the spraying of a cooling solution
over materials of the motor, mainly the winding as they are the main source of heat
generation on electric motors [14, 15], to absorb the heat generated, the heated
coolant is collected in sump and circulated through an heat exchanger to reduce its
temperature in order to be used again [13]. Both systems are clearly represented in
the schematic in figure 3

2.2.1 Sate of the art of liquid cooling in electric motors

For the appropriate thermal management of an electrical motor, it is necessary to
incorporate a complex system of ducts, channels on the various motor elements. The
housing jacket, also known in this case as a "water jacket,” is the most common and
straightforward liquid cooling method, and can be observed in figure 4 [16]. Typically
constructed from various alloys, being aluminum is the most extensively use [16],
the housing jacket features liquid distribution facilitated by axial or tangential cooling
ducts [8, 17].

14
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Figure 3: Liquid cooling scheme where circulation and spray of coolant systems can be observed.
Note the rest of the cooling system elements included in the figure [5]

Although more effective in reducing motor temperature, the axial ducts present higher
hydraulic losses, creating a pressure drop, and therefore exert a higher load on the
circulation pump [18]. Resulting in an increased hydraulic resistance in axial channels
on the range of 10-15% higher, therefore requiring a more powerful pump. Careful
determination of cooling duct geometric characteristics is crucial in optimizing heat
evacuation from the motor and hence performance [19, 20].

Figure 4: (a) Casting of the cooling jacket, (b) Processed casting with finished machines holes
and finished surfaces where and input or output for coolant can be located [8]

The main advantage offered by water jacket cooling systems is a reduced dependence
on power load and shaft velocity, since the cooling system pump can function indepen-
dently of the electric machine. This is an advantage since it ensures a more consistent
and higher performance across a wider operational range. For instance, experts have
demonstrated a circular water cooling system that reduces stator winding temperature
by 13 °C, consequently increasing the power density thanks to reduced losses[21].
A study has explored replacing the housing ducts with tubes in electric motor. Heat
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exchange tubes, with diameters ranging from 4 to 8 mm, increase the power density
by 2,76 times while maintaining a standard operating temperature. Capillary tubes
inside the jacket were also considered, resulting in a 15,5% reduction in temperature
for a 1.1 kW three-phase induction motor [22].

2.3 Additive Manufacturing

Additive manufacturing (AM), commonly know as 3D printing, is an emerging man-
ufacturing technology that allows the realization of extremely complex 3D designs
realized. For the manufacturing of these complex geometries, AM technology relies
on the deposition of material in successive layers until the full geometry is realized
[23].

Although now longer in technology demonstration or prototype phase, additive man-
ufacturing in not still widely adopted for full scale manufacturing. Highly specialized
industrial sectors such as: aerospace, medical engineering, defense and electronics;
have started applying this technology to the production of different components. A
more wide application thought more sectors is found in the research and prototyping
fields, because of the ease of application of design changes in a new iteration of a
prototype due to the fast and cheap manufacturing capacity.If the main advantage of
AM is the production of complex geometrical structures not previously capable with
conventional manufacturing techniques, and other exposed advantages mentioned
are the ease of application of design changes and the capacity to allow for cheap man-
ufacturing of prototypes. Another notable advantages worth mentioning include the
reduction of waste material compared to traditional manufacturing techniques [24,
25].

2.3.1 Metal Additive Manufacturing technologies

As of today, AM processes fall into seven categories, and the same applies to metallic
AM. The categories are: VAT photopolymerization, material extrusion, material jetting,
binder jetting, powder bed fusion, direct energy deposition, and sheet lamination.

Powder Bed Fusion (PBF)

As of 2020, metal additive manufacturing market is dominated by powder bed fusion
(PBF) processes, such as: Direct Metal Laser Sintering (DMLS), Selective Laser Melting
(SLM), Electron Beam Melting (EBM), and Direct Metal Laser Melting (DMLM). SLM (or
Laser Metal Fusion) and DMLS stand out as they can achieve a superior surface finish
and reduced porosity thanks to the ability to produce finer metal layers and a more
uniform melt pool [26].
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Material Extrusion (ME)

Fused Filament Fabrication (FFF) uses metal milled polymer filaments. The resulting
product is not entirely made of metal, but composed of a polymer matrix with metal
inserts.Therefore the properties of the printed material change depending on the pro-
portion of metal to polymer [27, 28]. More recently, Bound Power Extrusion (BPE)
allows to acquire a metal part with barely polymer content through post processing.

VAT Photopolymerization

This technology only allows to produce metal containing parts thought the use of metal
infused composite resins [29].

Material jetting (MJ)

In MJ, a photo-polymer resin droplets are sprayed in a precise location and UV light
is used to cure and solidify the material. Once a layer is printed, the platform moves
down, and a new layer is deposited upon the previous layer until the part is completely
built. The resin used is composed of metal powder alongside a liquid binder[30].

Binder Jetting (BJ)

Similarly to MJ, Binder Jetting uses a liquid binder resin infused with metal powder over
a moving platform. However, in B] the metal powder in the droplets is consolidated
within and between the layers at room temperature. This technology also works
without support structures and allows more accurate printing than other methods[30].

Sheet Lamination (SL)

To build the desired component sheets of material supplied from a feed roller are
bonded layer after layer on a platform that moves up and down. Each sheet is cut to
the shape with a laser to fit to the part’s cross-section. In the most commonly used
metal printing method, Ultrasonic Additive Manufacturing (UAM), metallic sheets are
bound together using an ultrasonic welding operation [31].

Directed Energy Deposition (DED)

Methods inside DED technology can be grouped into two main categories from an
energy perspective: cold spray and thermal energy. Cold spray, sprays fine particles
of material to a substrate with enough speed to create a dense layer [32]. The other
DED category of methods makes use of a laser, electron, plasma beams or arc to melt
the feed the wire or powder material and add it to the build platform [33]. Robotic
arms that hold the nozzle are used to allow for higher deposition rates, but with lower
resolution [34].

17



2.3.2 Industrial applications of metal Additive Manufacturing

The main advantages of the application of metal Additive Manufacturing are: fabrica-
tion of complex geometries, reduction of waste material, and short design-to-product
time frames; allows for improved efficiency in the manufacturing industrial sector. For
this reason, and even though metal AM is not yet a mature technology, the application
has already started by some industrial actors [30]

Aerospace

As a pioneer not only in the application but also in the development of metal AM tech-
nologies. Nowadays this technology has permeated into the majority of the sectors,
and it is being applied from the manufacturing of rocket fueled liquid engines and
different turbo-machinery components, to propellant tanks and valves [35].

Aircraft engine manufacturer General Electric (GE) Aviation uses machines form com-
panies Concept Laser and Arcam to print fuel nozzles on the new LEAP engine [35,
36]. The resultant product is 25% lighter and more durable when compared to the
original product, manufactured using traditional methods. Moreover, this new nozzle
helps the engine achieve 15% higher fuel efficiency than the previous engine (CFM56)
[37]. Another example can be found in Airbus, with the use of printers form the com-
pany Acronic, this company is producing large-sized airframe components [35]; and
with use of machinery from Concept Laser it is producing wing brackets for the A350
XWB jet (figure 5), and turbine door hinges made of lightweight titanium (Ti64) for
the A380 [38]. However in the last years, DED is the technology that has received
considerable attention from the aerospace sector. It has been applied for the fabri-
cation of turbo-machinery impeller blades as well as for the reparation of damaged
components like engine combustion chambers [35, 39, 40].

Figure 5: (@) Fuel nozzle produced by GE Aviation for LEAP engine. Image credit: GE Addi-
tive,(b) Wing bracket of A350 XWB printed with Concept Laser machine and designed by Airbus.
Image credit: Airbus Operations

The aerospace industry has benefited form the implementation of metal AM technol-
ogy. With reduction of lead times by 70%, cut of non-recurring cost by 45% and
components with mass reduction of 35% of higher [41].
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2.4 AM produced Thermal Management Solutions for
Electric Machines

As mentioned is section 2.1, the management of thermal energy generated by the
windings and core inside electric machines is critical to guaranty the reliability and
efficiency at higher power densities, since higher temperatures are detrimental to
this parameters. Therefore, better and more effective thermal management solutions
must be devised.

In actuality, even though some research has been dedicated to viability of applying
AM solutions in the cooling of electrical machines, specially, electric motors. Very few
examples can be found of the application of AM designs that make full use of the
advantages provided by specially, metal additive manufacturing [42].

In section 2.1 a distinction between the two main qualifications of thermal manage-
ment for electric motors was made: air and liquid cooling. With air cooling solutions
being either active of passive, active solutions being a more complex and effective
than passive ones, since it requires a method to create a flow of air for improved
thermal evacuation.

2.4.1 Air cooling

Passive air cooling, where natural convection takes place, is the simplest technique
used for machine cooling. Since the flow cannot be controlled, the only way to en-
hance performance is by increasing the surface available for cooling. However, indis-
criminate increase of this parameter can result in reduced performance. Therefore
Topology optimization (TO), explained in section 2.5, is implemented to create a solu-
tion that maximizes both surface and airflow to produce an optimized cooling effect.
The implementation of TO to solve thermal problems traditionally resulted in too com-
plex geometries, to avoid this, additional constraints needed to be applied to realize
attainable geometries. With the appearance of AM, and the ability to manufacture
extremely complex geometries, this barrier is greatly reduced [43, 44, 45].

Heatsinks for passive cooling using TO have been compared with lattice structures and
pin fin designs [46]. All manufactured in the same aluminum alloy and with the same
dimensional limitations. The TO solution came on top when it came to heat evacua-
tion, even with a smaller surface. An advantage explained by the increased airflow
generated by natural convection of the topology optimized design. Demostrating that
a higher available surface doesn’t translate to better performance.

Other applications of AM for the realization of passive air cooling heatsinks come with
the printing of bio-inspired designed heatsinks. Brain corals inspired a design for a
heatsink. The resulting structure, produced manufactured in AISi10OMg using a SLM
printer, maximized natural convection while maintaining a high surface area and even
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Figure 6: Topology optimized shape manufactured for comparison against other geometries
[46]

though a decrease in surface heat flux was detected. Therefore demonstrating these
complex designs, realized with AM technologies, as superior heatsinks [47].

Forced convection or active air cooling electrical is used for machines with higher
power densities, which makes use of fans to induce more air. Although, the maxi-
mization of surface area is still relevant, the objective becomes to minimize pressure
drop over the fin structure instead of aiding natural convection. This is because a
higher pressure drop reduces the airflow energy over the fins, in turn reducing cool-
ing capacity. The use of lattice structures is a popular way to increase the surface
of AM produces heatsinks. This lattice structures are a type of space-filling unit cell
structures that can be tessellated along an axis without gaps between cells [48]. With
the advent of additive manufacturing, that capability to create arbitrary structure from
different materials has appeared. Allowing for research on the thermal capabilities of
AM produced lattice structures [49, 50].

Another advantage of AM desighs demonstrated in another study [51], is the capacity
to achieve fin geometries that also provide structural support with a reduced mass.
The solution chosen in the study opts to integrate the heat exchanger in the outer
rotor motor design by making it the core of the motor, as clearly seen in figure 7.
This allows the HE to be in direct contact with the stator teeth where the winding
are located. The short distance minimizes thermal resistance resistance and the heat
evacuation performance o the HE increases. Moreover, taking advantage of AM capa-
bilities, the fins are designed with a curve that maximizes surface and consequently
cooling performance while keeping weight low.

The ease of including shape patterns on fin surfaces thanks to AM to increase cooling
performance of heat exchangers is also explored in another study from 2015 [52].
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Figure 7: Heat exchanger as the motor core in the solar powered aircraft of study [51]
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Figure 8: Left: Distribution of spherical and teardrop-shaped dimples on the fin surface. Right:
Comparison of thermal performance of the two dimple designs using an overall thermal perfor-
mance parameter in the Y axis and the Reynolds number of the flow in the X axis [52]

In this case, the fin designs included dimpled surfaces (spheres and teardrops). The
researchers calculated that a fin surface with teardrop-shaped dimples showed up to
2 times better heat transfer performance compared to typically flat-surfaced fins.

2.4.2 Liquid Cooling

When air cooling, either passive or active, doesn’t provide sufficient cooling perfor-
mance. Liquid cooling appears as a more efficient but at the same time more complex
cooling solution. The most common way to integrate water cooling has been through
the use of water jackets that extract the heat from the outer stator, as mentioned in
section 2.2.1, with the gap between stator and jacket presenting a thermal resistance
that decreases the performance this set-up.

An alternative solution, difficult to implement until now, has been to integrate the

cooling channels on the stator design and therefore bypass the gap problem. Now,
with the advent of metal AM, this solution can be easily implemented, which unlocks
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Figure 9: Two side views of the water jacket developed by the NCAM where ribs indicating the
presence of cooling channels can be observed [53]

new levels of cooling performance. Additive manufacturing also allows for more cus-
tomization, which in this case can be leveraged by easily producing geometry designs
tailored for each individual motors thermal requirement. This has been the focus of
different studies.

In one study, the UK National Centre for Additive Manufacturing (NCAM) set to en-
hance the power density of electric by bypassing current manufacturing processes
constraints with the application of AM techniques, with the focus of producing a liquid
cooling solution. The outcome of the study is as follows: a roadmap was developed
to progress with the implementation of AM in electric motor. However the more rel-
evant outcome for this thesis, was the production of a prototype water jacket with
embedded cooling channels that allowed the motor to function on a higher power set-
ting without overheating, cut weight by 10% and reduced the size by 30% compared
to the water jacket used previously [53]. While in another study [54], the European
Powder Metallurgy Association (EPMA) manufactured an aluminium cooling jacket (fig-
ure 10a) provided enough cooling to increase the power in the motor an achieve an
increase in performance of 37% when compared to motor with the previous cooling
system.

Figure 10: (a): Cooling jacket developed by EPMA [54]; (b): Diabatix solution for optimized
electric motor cooling jacket [55]

Another interesting application of AM techlogy to fabricate a cooling jacket also makes
use of Topology optimization to achieve a greater cooling performance of the jacket.
The company Diabatix in conjunction with Team Delft University of technology race
car, this new jacket achieved a temperature reduction of 21% in the motor that re-
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duced battery drain by 80%. The design, which was assisted by AI, parted form
the traditional spiral channels and achieved an organic looking pattern as shown in
(figure 10b). One last example of this type of solution was used by an racing team
from a Chinese university on a 1,2 kW electric motor inserted in the wheel hub [56],
however, this solutions opts to used a traditional design without fully exploiting AM
capabilities.

2.5 Topology Optimization for heat exchangers

Topology optimization is a desigh methodology that identifies the optimal placement
and distribution of materials within a specified design domain. This approach signif-
icantly enhances design flexibility, surpassing the capabilities of traditional size and
shape optimization. While size optimization focuses on modifying variables like the
thickness or cross-sectional areas of structural components, and shape optimization
alters the geometric characteristics of pre-established structural layouts, topology op-
timization involves determining the optimal configuration and location of voids and
solid regions in a material, effectively dictating the most efficient material layout [57].
This method offers a substantial increase in the potential for innovative design so-
lutions by enabling the design of complex structures specific to certain performance
criteria.

The TO workflow for heat excahngers includes four stages: Design parametrization,
heat transfer modeling, optimization process and final realization. And compared to
mechanical structure TO, issues can appear en each stage when working in TO for
thermodynamic applications, issues can appear in any step, either related to fluid
flow or heat transfer characteristics [58]. The complex final structures of Heat ex-
changers pose significant challenges for practical applications of TO. While maximizing
heat transfer is a primary goal, pressure loss must also be considered, often using
a weighted-sum objective function or multi-objective optimizers [59]. Although ad-
vances in additive manufacturing (AM) have enhanced the realization of optimized
designs, post-treatments of the printed products is necessary to achieve satisfactory
product [60]. However, not many studies or reviews exist addressing TO application
in microfluid devices, heat transfer systems, and fluid-based problems are sparse,
with few considering manufacturing constraints directly in heat exchangers TO [61,
62].

2.5.1 Design parametrization

Design parametrization is the selection of optimization variables that define design
configurations, linking design variables to physical properties via interpolation func-
tions. This choice heavily influences the output results of the TO [63], and the type
of parametrization varies based on the TO method, problem specifics, and physical
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phenomena.

Density-based method (DBM)

It uses densities to define fluid and solid phases, where density v equals 0 for solid
and 1 for fluid, employing inverse permeability to model fluid flow. Characterized by
the SIMP approach, this method uses penalization to minimize intermediate densities
[64].

Level-set method (LSM)

The level-set method defines phase interfaces using a level-set function, enhancing
boundary response accuracy. In this method, the function ¢ indicates material phases
if positive, interfaces at zero, and voids if negative. This method, utilized in TO for heat
exchangers, offers a precise interface representation crucial for scenarios where inter-
face properties impact performance [65]. LSM typically avoids re-meshing, benefiting
HEs where heat transfer relies on near-interface flow dynamics. However, initial setup
heavily influences outcomes, and LSM generally converges slower than density-based
methods, often requiring regularization techniques to stabilize the solution [66].

Direct explicit method

Direct explicit parametrization, uses functions or arrays to clearly define interfaces, it
is applied for shape optimization [67], but not as common in TO for heat exchangers,
where it is used despite its ability to avoid numerical issues seen with implicit methods
[68].

Table 1: Comparison of parametrization methods.

Parametrization Advantages Disadvantages
Fixed mesh No interface described
Density-based Proved for TO Numerical instabilities

Modified governing equations

Crisp description of interface pro-| Slow convergence

Level-set file
No re-meshing Dependant of initial configuration
Numerical artifacts
Interface described explicitly Only for simple geometries

Direct explicit
Stright-forward and simple

2.5.2 Heat Transfer Modelling

Heat transfer modelling is described by four primary equations: continuity, momen-
tum, and energy balance for fluids and solids. These equations account for variables
such as specific heat, thermal conductivity, velocity, temperature, pressure, fluid dy-
namic viscosity, and density, incorporating time and a heat source term. Additionally,
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a fictitious force, derived from inverse permeability is applied in density-based TO to
simulate the solid phase’s impact on the fluid. Solving these equations at each itera-
tion is critical for determining the objective function values. Being common practice
to simplify assuming steady-state conditions and incompressible flows.

Finite element method (FEM)

The FEM was initially proposed by Hrennikoff and McHenry to solve structural prob-
lems and has evolved into a technique for solving partial differential equations by
discretizing domains into finite elements. FEM is highly flexible and provides accurate
results across various physics applications[69].

In TO of heat exchangers, FEM has been widely employed to handle steady-state
laminar flows in 2D and 3D contexts. For example, Dede [70] has utilized FEM in
optimizing liquid-cooled heat sinks and HE channels, respectively. Additionally, some
studies have addressed turbulent flow in topology optimized heat exchangers using
FEM to solve Reynolds averaged Navier-Stokes equations, like Zhao et al. [71] who
employed it for cooling channels.

Finite volume method (FVM)

The Finite Volume Method involves divides the design domain into control volumes, in-
tegrating governing equations over each control volume, and applying the divergence
theorem to summarize boundaries over each one [72]. Reiable in CFD, this method
was initially applied in topology optimization TO for heat conduction by Gersborg-
Hansen et al. [145] and later for steady-state laminar flow in heat exchangers [73].

FVM’s conservativeness across each CV makes it suitable for CFD challenges [72].
However, despite its advantages, the use of FVM remains limited, mainly due to the
lack of FVM-based TO software and mesh dependency of the results. This can compli-
cate the design of accurate schemes without appropriate filters [74].

Extended finite element method (XFEM)

This method enhances the Finite Element Method by adding an extra degrees of free-
dom at nodes near discontinuities [75, 76]. XFEM has been integrated with the LSM
for topology optimization in 2D and 3D heat transfer problems [77, 78]. XFEM and
LSM together capture interfaces effectively during TO while also significantly increase
the computational load. Despite its detailed interface description, XFEM is rarely used
in heat exchanger TO due to its computational intensity and stability issues, similar to
FEM, caused by non-conservative fluxes [79]. Moreover, transient problems require
small time steps with XFEM to accurately depict rapid physical property changes, like
temperature variations at interfaces [80].

Lattice Boltzmann method (LBM)

The Lattice Boltzmann Method (LBM) is used for solving transport equations, repre-
senting macroscopic equations through a set of Boltzmann transport equations within
a lattice gas framework [81].
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Table 2: Comparison of Solvers

Solver Advantages Disadvantages
High availability in TO Not ensuring the conservation law
FEM
locally
Physics flexibility Numerical instabilities for convec-
tion
FUM Locally ensuring conservation law | Low availability in TO
Suitable for CFD problems Accuracy in high order scheme de-
signs
High mesh quality
Efficient in big data problems Expensive and complex computa-
XFEM tion
Scalability with number of objec-
tive functions
Efficient in big data problems Expensive and complex computa-
LBM tion

Scalability with number of objec-
tive functions

2.5.3 Optimization

When applying TO on heat exchangers, after utilizing heat transfer solvers to com-
pute objective functions, an optimization process adjusts the design variables to opti-
mize these functions under established constraints. Thermal performance objectives
include: minimizing average temperature rise, thermal compliance, and thermal re-
sistance, or maximizing heat exchange and recoverable thermal power [82, 83, 84].
Hydraulic performance is also often a constraint or objective, typically focusing on
minimizing pressure drop and flow energy loss.

Gradient-based optimization

The gradient-based method computes the gradients of the objective functions relative
to design variables, using the efficient adjoint method to calculate the gradients [85].
In topology optimization of heat exchangers, different gradient-based optimizers like:
MMA, GCMMA, SLP, SQP, Steepest descent, Tosca, Reaction-diffusion, Hamilton-Jacobi,
and the Null Space algorithm are employed [86, 87].

Genetic algorithm (GA)

Inspired by the biological processes of chromosomes and genes. It starts with a ran-
dom generation of an initial solution that maximizes diversity. Afterwadrs, the fitness
values for each chromosome are assessed using objective functions. It is particularly
effective for multi-objective problems, managing multiple candidates simultaneously
to develop the Pareto front [88].
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Bayesian optimization (BO)

BO consists of two primary components: statistical modeling and the acquisition func-
tion. The first step consists in generating a random set from which a mean vector
and covariance matrix are derived using Gaussian process regression. After this, a
acquisition function is then optimized to guide the next objective function optimization
[89].

Table 3: Comparison of Optimizers

Optimizer Advantages Disadvantages
. Efficient for the large-design-| Deficiency in multi-objective prob-
Gradient-based | \5riable-number problems lems
High availability in TO Local optima
Gradient-free Slow convergence
ti
Genetic Global Optima Randomness

algorithm (GA)
Efficient in multi-domain problems

Bayesian Efficient in big data problems Expensive and complex computa-
Optimization tion
(BO)

tive functions

Scalability with number of objec-

2.6 Topology Optimization in COMSOL

The topology optimization for thesis has been carried out using the solver and multi-
physics software, COMSOL Multiphysics. This software can be applied to electrical,
mechanical and fluid dynamics applications as well as providing an Integrated Devel-
opment Environment. Inside the optimization module, two classes of problems can
be found: the design problem and the inverse problem; being the focus of the the-
sis the design problem. This aims to find the control variables that lad to the best
performance of the model with an objective function.

The optimization module facilitates considering any model input as a control variable
and any output as the objective function. With the purpose of the optimization being
to locate the control variables which minimize or maximize the objective function value
under the set constraints.

2.6.1 Optimization algorithms
Taking into account two control variables input parameters and taking into account

the constraints within the problem, a feasible design space is defined with specific
upper and lower limits, as well as areas of infeasibility of the design. The optimal
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solution is identified at the peak of the control plot, representing the maximum value
of the objective function as represented in figure 11.

Optimum

- Flu(x,xz)

Feasible

design space " Initial design

Infeasible
deign space

Figure 11: Design domain defined by two variables (x1,x2) where infeasible design space rep-
resents the limits established by the constraints (red) and the optimum solution is presented
in the top of the curve while the initial design starts at lower in the curve, representing a non
optimal solution

The gradient-based optimization technique utilizes the derivative of the cost function
relative to the design variable to conduct the sensitivity analysis. The zero gradient
point indicates either a maximum or minimum, while the second derivative determines
whether this point is a maximum or minimum. If the cost function can’t be differenti-
ated or the gradient is unstable, the option to use the Gradient-Free method is allowed,
where optimization is achieved using a triangulation algorithm, which computes so-
lutions at three points and then moves towards the area of maximum or minimum
value. A recurring challenge emerges when multiple minima or maxima within the
design space occur. Leading the algorithm to converge on a local minimum or maxi-
mum instead of a global optimum. This case is heavily influenced by the initial starting
point.

Three gradient based solvers are available. Sparse Nonlinear Optimizer algorithm
(SNOP) , employs sequential quadratic programming algorithm with limited-memory
quasi-Newton approximations to the Hessian of the Lagrangian. Being mainly used
for nonlinear problems and applied to any cost function without limitation on the
constraints. Method of Moving Asymptotes (MMA) is suitable for managing problems
with many control variables. And Lavenber-Maraquadrt, a fast converging method that
however doesn’t support constraints and needs least-squares type objective functions.

28



2.6.2 Optimization Theory

The optimization problem can be defined in the following way:

{g:i@) (2.2)

Where the control variables are represented by¢ and Q is the scalar-valued objec-
tive function. with C being the feasible set, which with sufficient continuity, can be
presented as a set of inequality constraints, G represents a vector valued function:

C={:1b<G(E) < ub} (2.3)

When addressing multiphysics through a Partial Differential Equation (PDE), it is prefer-
able to parameterize the problem making use of the control variable and refine the cost
function contingent on the solution to the PDE. Consequently, the objective function is
dependent on the solution of the PDE, and therefore, on the control variables. The dis-
cretization of the system is applied through a series of equations: L(u(¢),&) =0, where
u represents the solution to the PDE, and ¢ denotes the control variable. This PDE is
subsequently integrated as an equality constraint within the overarching optimization
problem, establishing a comprehensive PDE-constrained optimization framework.

Q6
L(u(§),8) = (2.4)

In the case of the software optimization module, the objective function can be defined
as the sum of the contributions:

Q(’U,, 5) = nglbal (u, 5) + Qprobe(u> g) + Z Qint.k(u7 f) (25)
k=0

Where n represents the domain of the problem. Q. is the global contribution of
the objective function Q; Q... in the objective function Q in a confined point of the
geometrical entity; and Q... represents the integral of the objective function in a set
of restricted number of geometric entities in the same dimension. The sum impact of
each component in the objective function is as the cumulative sum of individual contri-
butions from the same optimization interface. This framework facilitates the applica-
tion of a weighting coefficient to each contribution, hence allowing the customization
of optimization by scaling the various contributors of the objective function.

Regarding the constraints, the interface of the optimization differentiates the bounds

in those applied on the control variables to those defined with pointwise or integral
inequalities and global inequality constraints.
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2.6.3 Topology Optimization

Density model may be the oldest and most employed method use to date. It consists
on the discretization of the design domain, using a control variable which is associated
to fictitious material on nodes. By interpolating the control variable from 0 to 1, the
physical governing equation is can be solved when the variable equals 1. Conversely,
when the control variable is set to 0, an equation for the fictitious material is solved.

Furthermore, it is common to apply a filter that induces a minimum length scale on the
design variable as a constraint to avoid the ill-posedness problem. In finite element
analysis, the design control variable (), and the optimal structure layout is derived
via topology optimization, which determines for each element in the design domain
whether it contains a material (y = 1) or is assigned to another category (v = 0). The
problem can there be formulated as:

min . F = F(u = [ fu(y),7)dV
subjected to:

(7) = Joy(z)dV = V5 <0
Gi(u(v),7) <0,i=1,...,M

(2.6)

Where the problem intends to find the material distribution that minimizes the objec-
tive function (F) which is subjected to the constraints: Gy, that ensure the mareial
volume generated is smaller that the domain value; and G,;. And where u represents
the state variable field that satisfies the state equation. v is the control variable of the
optimization problem and defines the material distribution, Q represents the design
domain within which, v = 0 represents liquid material and v = 1 solid. Lastly, the
domain discretization in N finite elements, and result in that for each discretization a
value of v equal 0 or 1 is given. This results in the following:

mm F = F fQ dV
SubJected to:
Go(7) = Jov(x)dV — Vo <0 (2.7)

Gi(u(v),w) <0,i=1,...M
v =0orl,i=1,...N

The control variable only has discrete values 0 or 1. However, the large humber of
variables in TO makes solving the problem difficult, therefore applying continuous val-
ues. Since the continuous values can’t be associated to either solid or liquid, a penalty
method is applied to the optimization problem. The penalised material volume (~,) is
used of material interpolation with the use of a penalization to achieve 0-1. The three
interpolation schemes that can be fond in the COMSOL Optimization module include
are SIMP (Solid Isontropic Maetrial with Penalization), RAMP (Rational Approximation
of Material Properties) and Darcy. Where ~,, p being the penalization parameter, is
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represented for each one as:

SIMP: v, = Ymin + (1 — Yomin) PP (2.8)

RAMP: = Ynin + —————= 2.9

= g — ) (2:9)
q(1—7)

Darcy: = 2.10

rcy: v q+ ( )

The SIMP and RAMP interpolation schemes are reliable when working with solid me-
chanics, while the Darcy scheme is more adequate for fluid mechanics problems.
Through the use of a continuous design variable, it is possible to apply gradient-based
algorithms, which allows the evaluation of the derivative of the objective function with
respect to the control variable. This is critical for optimizing the function, enhancing
the precision and efficiency of the solution process. finally, the continuous problem is
presented as follows:

i F=Fu(y),y) = 2 fo, fuli),m)dV

subjected to :

Go(y) =2 ui-vidV = Vo <0 (2.11)
Gi(u(v),7) <0,i=1,..,M

Ymin <Y < lorl,i=1,...N

For 3D simulation, a density filter works to avoid ill-posedness of the optimization
problem. Moreover, a density filter requires a minimum length-scale, R,;»,, on . The
filter, known as Helmholtz-type PDE filter can be expressed as:

V5= R V25 47 (2.12)

Where ~; is the filtered material volume factor. The continuous filtered variable is
discretized using linear polynomials, this simplifies the optimization process, a the
cost of the filtered design variable exhibiting a band with intermediate densities. The
presence of intermediate control variables can induce a non-optimal final design. To
minimize this problemn, the intermediate band is diminished by projecting the filtered
design variable field towards the extremes (0 and 1). The projection used is based
on the hyperbolic tangent function, which narrows the range of intermediate densities
and enhances the physical relevance of the design outcome:

_tanh(B(vy —vp)) + tanh(Byp)
~ tanh(B(7p)) + tanh(Bys) (2:13)

31



3. TOPOLOGY OPTIMIZED DESIGN

3.1 Optimization of the desired geometry

The purpose of this work is to cool of an inner rotor electric motor, whose outer
dimensions are: diameter 80 mm and width 50 mm. Specifically through the use of
water cooling and taking advantage of topology optimization in thermal applications.

The most common way to solve this problem would include defining a 3D geometry in
the shape of a cylinder with the aforementioned width of 50 mm and inner diameter
of 80 mm. However, 3D simulation and computation possesses the disadvantage of
being very computationally intensive and therefore, early on in the concept definition
phase of the problem, it was considered that the simulation may be carried in a 2D
environment. To geometrically achieve this, cylinder with difference between outer
and inner diameters that tends to O is considered. And then, the curved surface of
the cylinder is unfolded, conforming a rectangle. For the sake of simplification and
without sacrificing the practical application of the design, the rectangle width is set to
50 mm and the length to 252 mm, a rounding up in millimeters of the circumference
of circle of 80 mm: = x 80 = 251, 32.

Periodic condition wall: T, p

Input auxiliary geometry:

T=293,15K _{

v=0,5m/s

Design domain:
Uniform heat source Q,

Output auxiliary geometry:
p=0Pa {

Wall: Adiabatic, No-slip

Periodic condition wall: T, p

Figure 12: Design domain (50 x 252 mm) with auxiliary geometries (5 x 10 mm)

A problem that arises form this approach is the disconnect between the opposing
50mm edges. This two edges, result of the unfolding of the curved face, are part of
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the continuous surface that has been split. To overcome this feature, a continuous
condition for flow of liquid an temperature is established, known in COMSOL as Periodic
condition. Before proceeding with the study, the functionality and reliability of the
periodic condition has been checked to certify the feature works in both directions
even though in COMSOL one edge is recognized as the source and the other as the
destination. The rest of

With the design domain defined, simulations using flow, temperature and a combi-
nation are set up and undertaken. Established 15 years ago by E.M. Dede[70]: two
single physics problems, one of heat conduction and a second for laminar flow are
conducted, to later combine the problems in a Multi-physics problem. For the prob-
lems the following parameters are set: a uniform heat source of 100 Watts is applied
to the surface of the design domain, and through the input of the top auxiliary geom-
etry a water flow at a temperature of 293,15 K and velocity of 0,5 m/s is introduced
ans exits through another auxiliary geometry which functions as output. The auxiliary
geometries are absent of optimization and are present to make the model function
properly. Lastly, for simplicity sake the edges are assumed to be adiabatic ad with no
slip, meaning velocity of flow in surface is 0 m/s. The walls also assume an adiabatic
condition.

3.1.1 Heat Conduction Problem

This single physics problem is aimed at solving an objective equation whose objec-
tive is to extract the maximum amount of heat form the design domain. Within the
domain, each element is associated with variable ~, which is related to the thermal
conductivity through the interpolation scheme. Therefore the range of values form 0
to 1 represents on the lower end, the less conductive material, and in the higher end
the more conductive material.

Governing equation

The governing equation for this problem for this problems is Fourier’s law:
Q =~V (k()VT) (3.1)
Where T is the temperature state variable, Q the volumetric heat generation in the

domain and k() the thermal conductivity depending on the design variable. For this
problem, the Q value is set to 10 %

Objective function

The theoretical objective function for the heat conduction single physics problem is
the dissipation of heat transport capacity:

_ 2
Jf/Q(kVT )0 (3.2)
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However, Dede[70] defines this objective function as the equivalent to minimizing the
main temperature in the design domain, Q, when under a constant heat generation.
Which is the actual objective function applied.

Interpolation scheme

For the thermal conduction problem the chosen interpolation scheme is SIMP, defined
in equation equation (2.8). Where v is the aforementioned control variable, v, is the
penalized variable, p,.., is the penalization coefficient and has a value of 3, and ~,,;,, is
valued at 0,001. For the of simplifying the simulation, the thermal conductivity values
of the most conductive material %,,.. is set to 1 % And since with the interpolation
scheme, thermal conductivity is calculated the following way:

ky = Emazp (3.3)

The thermal conductivity values for aluminum the most conductive material %,;, and
water the less conductive k&, are calculated the following way:

1: ka = km r — lﬂ
y= 2 ax mK . (34)
0: kw = kmin = 0.001-2

With all the previous statements, the mathematical expression of the heat conduction
problem is as follows:

Find : ~

Minimizing : J = [,,(k,VT?)dQ

Subjectedto :

J A — Vipaw <0 (3.5)
Q = ~V(k(-)VT)

0<~y<1

Given : ky, = (0,001 + 0,999vP=m2 ) kg

Where the subjections represent: in the first place the ratio of material in respect to
the total domain area must be always have a lower absolute value; and secondly, the
range of values gamma can take in the different iterations. Moreover, for the proposed
problem, a triangular mesh automatically genearted with a manual maximum element
size set to 1 mm. And the optimizations solver employed is MMA with SIMP as the
interpolation scheme, as observed in equation (3.5).

Results

Three different studies have been carried out for the eat conduction problem. All with
the same objective functions, but with different ratios of total material surface, or
volumetric fraction, present in each one of the three tests carried out. Volumetric
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fraction can be expressed as follows:

f ’ded
‘/tar get — v (3 . 6)
max
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Figure 13: For Vierge: = 0,5. (@): Material distribution inside the domain. (b): Temperature
map for material distribution in (a)

In the figure on top, and in the figure at the bottom a clear correlation can be observed
between the temperature and flow speeds with the resulting material distribution.
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Figure 14: For Viarger = 0,5. (@): Velocity of the fluid inside the domain. (b): Vectors of
direction for flow indifferent parts of the design domain. With the data offered in both figures,
the path and velocity of the liquid inside the domain can be distinguished
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Figure 15: For Viarge: = 0,4. (@): Material distribution inside the domain. (b): Temperature
map for material distribution in (a)
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Figure 16: For Viarger = 0,4. (@): Velocity of the fluid inside the domain. (b): Vectors of
direction for flow indifferent parts of the design domain. With the data offered in both figures,
the path and velocity of the liquid inside the domain can be distinguished
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Figure 17: For Viarge: = 0,3. (@): Material distribution inside the domain. (b): Temperature
map for material distribution in (a)
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Figure 18: For Visrget = 0,3. (@): Velocity of the fluid inside the domain. (b): Vectors of
direction for flow indifferent parts of the design domain. With the data offered in both figures,
the path and velocity of the liquid inside the domain can be distinguished

With the three results presented, it can be clearly observed that material presence
in directly proportional to the volumetric factor for problem as observed in part (a)
of figures 13, 15 and 17. What can also be concluded form this figures, is that the
material distribution is focused in the same locations but with decreased the mate-
rial presence. For the conditions established, the hotspot temperature dor the three
problems is the same however, in the (b) section of the figures mentioned already,
the location of these hotspots and the overall temperature map of the results change,
with the overall material distribution being discernible by colors related to higher tem-
peratures in constant of the colors that represent the fluid channels that represent
lower temperatures.

From figures 14, 16 and 18 it can also be recognized that the fluid channels are
greatly affected by the volumetric factor, while the maximum flow speed is similar
in all three solutions, thanks to a material presence similar in close proximity of the
output channel and recognizable in section (a) of the figures. It can be also recognized
that for a volumetric factor of 0,3 there is a larger presence of smaller channels that
distribute flow though all the domain, and a lower flow speed in the main channel
that runs parallel to the left vertical edge from input tot output, when compared to
the result for a volumetric factor of 0,4 and specially for 0,5. In the later case being
specially pronounced and observable in figure 13(b).
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3.1.2 Fluid Flow Problem

For this single physics problem the objective of the optimization is to minimize the flow
power losses inside the domain. The Navier-Stokes equations are applied in order for
the iteration process to achieve the optimal distribution of material inside the domain
to achieve the minimal value of the objective function.

The desigh domain maintains the geometry presented in figure figure 12 and the
flow input speed is also maintained at 0,5 m/s. The pressure at the output is set to
0 Pa as dictated in the COMSOL multi-physics Cyclopedia[90] for the application of
Navier-Stokes equations.

Governing equations

A part from the Navier-Stokes equations, the continuity equation and the assumption
of stationary laminar flow with incompressible fluid, will also govern the equations for
this problem:

(3.7)

pr-(u-Viu=-Vp+u(Vu)+ F
pri- (V)u=0

Where F represents the Brinkman friction term that introduces a penalization for the
fluid velocities in the solid material for the design domain. Represented by the volu-
metric force, this is only considered in the large rectangular geometry, the input and
output rectangles being exempt. F is fucntion of the control variable:

F=a(y) u (3.8)

In this case, a represents the inverse permeability of the porous medium and is defined
as a function of the design variable ~.

Objective function

The purpose of this single physics problem is to reduce the fluid power losses to the
minimum possible. When this this accomplished, the difference between the inlet
and outlet pressure also minimizes. Therefore, to simplify the problem, this is the
objective function applied:

J = Pin — Pout (3.9)

Interpolation scheme

As a pure fluid dynamics problem, the interpolation selected is SIMP even though
Darcy is more appropriate for fluid dynamics, because of the posterior integration of
the two single physics problems. Applying the interpolation scheme to the inverse
permeability, it is defined as follows:

& = Gimas Ty (3.10)
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The values of inverse permeability are for both fluid material (water) and solid material
(aluminum) are defined as defined as kyater = 1107 25 and kauminum = 1- 10" 5.
Resulting in the following:

(3.11)

. o . w
0: k?a] = knm.’x =1- 107mK

_ {1:1%1 = kmaz = 1- 101 1%

Where p;, is inlet pressure and p,,; is the outlet pressure. Finally, the expression of
the optimization of the fluid flow problem is:

Find : ~v
Minimizing : J = Din — Pout
Subjectedto :
J (3.12)
0<~y<1

Given : ky = (0,001 + 0, 99997572 )k, 0

Where the subjections represent: in the first place the ratio of material in respect to
the total domain area must be always have a lower absolute value; and secondly, the
range of values gamma can take in the different iterations. Moreover, for the proposed
problem, a triangular mesh automatically generated with a manual maximum element
size set to 1 mm. And the optimizations solver employed is MMA with SIMP as the
interpolation scheme, as observed in equation (3.5).

Results

For the Fluid flow problem seen in figure 19, solid material characterized by the control
variable value of 1, and liquid material represented by the control variable value 0;
follow the distribution so that the pressure difference in the domain when comparing
the input and output pressures is a minimal as possible. The flow of coolant, water,
is divided in two in the input and a curved surfaces formed by aluminum re-direct it
to the output. The flow of liquid can be further observed in figure 20a, where the
direction vectors are represented and the division the flow can clearly be observed;
and in figure 20b, where the velocity of the flow is represented.
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Figure 19: Topology optimization result of the Fluid flow problem
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Figure 20: (a): Velocity field showing the regions of the geometry with circulating flow; (b):
Color gradient plot of velocity magnitude showing the velocity value of the flow inside the
domain

Finally, in figure 21 the pressure map of the domain, a difference of 404 Pascals can be
observed inside the domain. With the higher pressure spot located in point of contact
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between the input flow and the aluminum material, it correlates to the point present
in figure 20b, where a semicircle shaped low velocity field appears at the left and in
the same y-axis coordinates as the input.

Contour: Pressure (Pa)
mm T T T T L]

120 - | 1 404

384
100 - | 1 373

352
80
331

310
300

60

S < E—

a0l | 1 279
0 | 269

248

20 237

195
185
-20

164
154
-a0 - ‘
‘ 133
L 122

.60 r }
[ 101

- a1

80 | | 70.1
59.6
-100 38.7
283

-120 - 3 1 7.38
L L 1 1 A -3.07
-100 -50 0 50 mm

Figure 21: Pressure map of the design domain

3.1.3 Multi-physics Problem

Once the single physics problems of temperature and fluid flow have been studied
individually. A combination of the two is prepared to conduct the multi-physics study.
The same geometry with the same conditions as defined in figure 12 however, the
uniform heat generation changes from a volumetric heat rate , Q, of 10 % to a heat
power input of 100 W. In COMSOL this is translated into volumetric heat rate through
the formula §, where he volume is calculated form the defined surface domain and
and out of plane thickness of 0,01m. As well as the previous single physics problems,
the MMA algorithm and the SIMP interpolation scheme are used. However i this case
the initial value of v is set to 1.

Governing equations

The steady state governing equations for an idealized porous medium are the virtually
the same as in the the ones defined in section 3.1.2, and are:

pr(u-V)u=—Vp+pu(V2u) + a(y)u (3.13)
P (V)u=0

Where the first element describes the Navier-Stokes fluid flow and the second defines
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the incompressibility of the fluid. p refers to the density of the fluid, and n the dynamic
viscosity. And where « is the inverse permeability and u is the velocity field vector.

Additionally, the equation that governs the steady state convection-diffusion heat
transfer, where Q is the uniform heat generation, C the heat capacity and k represents
the and thermal conductivity, is as follows:

pC(u-VT)=V - (kVT)+Q (3.14)

Objective function

The objective function for this optimization problem has two components that add to-
gether the heat transfer and fluid flow in one common equation. The general structure
of this function is like this:

A=w B+ w(C (3.15)

Where B is the thermal part of objective function and C is the fluid flow part. With w;
and w, being weighting factors, set manually to simplify the process, that scale the
two objective functions that compose A, and help tune the sensitivity of the objective
function to either the thermal or fluid flow problem and assist in convergence. The
objective functions B and C are defines as follows:

B- /Q(T—Tm) a0 (3.16)

2

_ 1 aui 6Uj 9
C_/Q[W;(axj o, +zj:“(’y>“i dQ (3.17)

This objective functions can be simplified. The thermal objective function, B, is equiv-
alent to the mean temperature of the design domain for a constant heat generation,
while the term C can be also interpreted as the total flow power dissipation inside
the domain, or the pressure difference between the inlet and the output points. The
resulting formulation of the multi-physics problems is:

Find : v

Minimizing : A = w1(Tavg,0) + w2(Pin — Pout)

Subjected to:

p-(u-V)u=—=Vp+u(Vu) + aly)u

p-(V)u=0 (3.18)
pC(u-VT) =V - (kVT) + Q

S 7dQa — Vinaz <0

0<~y<1

Given : ky = (0,001 + 0,999~P<m? ) ko
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Objective Function Selection

For evaluation and comparison, four different optimizations have been carried out with
two different objective functions applied to two different volumetric factors of 0,3 and
0,5. The objective functions used are:

Ay = B +0,001C (3.19)

Ay = B +0,01C (3.20)

N
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(74
0
of

2

28

Figure 22: Topology optimization results of material distribution

In figure 22 a comparison of the material distribution for each of the four evaluation
is presented. Figures (a) and (b) correspond to the results of 4; and A, respectively
for a volumetric factor of 0,3; while for a volumetric factor of 0,5, (c) is the solution
of A; and (d) is the solution of A,.

L] Vvtarget =0,3

In figure 23 the surface temperature maps of the objective functions are presented.
Since the objective of the simulation of is to lower the temperature of the domain to
the minimum, the solution presented by the objective function A; is the best in this
regard, given that that the maximum temperature in the domain is 297 K while for A,
the maximum temperature is 301 K. However, since the pressure drop is also taken
into account in the objective functions, the results in minimization of pressure loss
must also be analyzed.
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Figure 23: Domain temperature maps for volumetric factor of 0,3: (a) Ai, (b)A:

In the multi-physics objective functions, the pressure objective weighting factor is
valued tenfold in the case of A, compared to A;. The results however are not pro-
portional not he weighting factor applied. Being true that the pressure differential
between the input and the output is higher in the solution for objective function A,
it is only by 258 Pascals, as can be calculated by the values in figure 24. A reason
for the rise in pressure differential for A; can be observed in figure 25. Considering
that the maximum flow speed is virtually identical, in (a) the main channel of circula-
tion is smaller and experiences higher flow speeds, moreover, the water is conducted
through more channels and is force to travel a greater distance and higher speeds.
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Figure 24: Domain pressure maps for volumetric factor of 0,3: (a) A4, (b)A;
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Figure 25: Flow velocity in the domain for volumetric factor of 0,3: (a) A1, (b)A2
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L] ‘/target = Oa 5

As can be expected and show in figure 22, due to the higher volumetric factor, the
presence of solid material calculated by the objective functions has increased in com-
parison to the result with volumetric factor equal to 0,3. An although differences can
be found between the two results: (c) for A; and (d) forA,. A characteristic found in
both is the presence of bigger and continuous solid formations and an flow dead ends,
specially clear in figure 22d.

Form figure 26 can be observed that the temperatures of the solutions for the ob-
jective functions ((a)Ai, (b)A,) are in this case higher than the values registered in
figure 23. Form the temperature values observed, the better solution is the one of-
fered by objective function A;. Not only is the median temperature lower, but also the
hotspot temperature, 300 K compare to 323K for the solution of objective function
Az, but also the temperature distribution is more uniformed; while the temperature
in the second case is concentrated in small local points.

o o
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Figure 26: Domain temperature maps for volumetric factor of 0,5: (a) Ai, (b)A:
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Figure 27: Domain pressure maps for volumetric factor of 0,5: (a) Ay, (b)A2
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Figure 28: Flow velocity in the domain for volumetric factor of 0,5: (a) A1, (b)A:
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A product of the higher volumetric factor is the increase in pressure differential when
compared to the results in figure 24. With again, notable differences in the results
of A; and A,, being the drop lower in the later. This may be a product of the higher
presence of solid material, which as observed in (figure 28a) can push flow speeds to
a maximum of 1,04 m/s, while for the other simulations, the top flow speed doesn’t
exceed 0,69 m/s.

With all solutions analyzed and compared, the one found to be the optimal is the given
for the objective function A; with a volumetric factor of 0,3. Event though the pressure
drop in the domain in the third best, only 8 Pa higher than the objective function A,
for volumetric factor 0,5, the temperature drop in the domain for this simulation is
the lowest of all.

However this solution is not final, once the best objective function has been defined,
further evaluation just be carried out with different initial values of ~.

3.1.4 Results with different initial gamma values

As stated in section 2.6, gradient based techniques maximum or minimum solutions
are heavily dependant of the initial values of the optimization because the algorithm
tends to converge on closest maximum or minimum to the inital point. Since the
calculations to determine the objective function were all carried out using the same
initial values of v; = 1. Further optimizations using the defined objective function
A; were undertaken with different initial values to ensure the final solution was the
absolute minimum. Since a solution for an initial value of 1 is already available, testing
was carried out using the following initial values: 0,1; 0,3; 0,5; 0;7. It must be
pointed out that the solution for v; = 0,1 the calculation process return an erroneous
solution and is therefore not included in this study.

Comparisons between results

As can be observed in figure 29, the four different tests return solutions with compar-
atively similar overall geometries. The presence of a five channel ramification from
both input and output can be observed in all solutions. Other common features in-
clude the presence of a solid element opposite to the input channel. Although the size
and geometry of this feature greatly varies depending on thee initial value, with the
solution for +; = 0,5 being connected to a serpentine feature that extends horizontally,
normally disconnected in the other solutions; and the solution for v; = 0,3 presenting
a material connection between the solid material in front of the input channel and the
material at the top, which is not present in the rest of solutions. Also close to the
input, and in both sides, is the presence of a quasi S-shaped body with an elongated
tail that extends to the input channel and is responsible for designing some of the
channels that originate form the input. This feature is however more extent in the so-
lution for v; = 1 since it connects to another feature on the left most point, elongating
it significantly to the other solutions, specially the one for ; = 0,7. Two last feature
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common to all results are the presence of two bodies next to the output that tend to
develop a tail away from the output, this is specially significant for ~; = 1.

(d)

Figure 29: Material distribution for: (a)y; = 0,3; (b)y; = 0,5; (¢)v; = 0,7; (d)v: = 1;

When it come to temperatures resultant in each solution, no big differences can be
found. Having to resort to check the centesimal point to find any differences. With this
precision, it can be concluded that the average temperatures are basically identical
in all four cases and the maximum temperature is lowest for +; = X. This will be the
solution selected for the construction of the 3D model and the comparison with the
traditional solutions.
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Figure 30: Domain temperatures for: (a)y; = 0,3; (b)y; = 0,5; (¢)y: = 0,7; (d)v; =

Table 4: Temperature results for different ;

i 0,3 0,5 0,7 1
Avg. T (K) | 293,77 | 293,78 | 293,78 | 293,78
Tmae (K) | 296,21 | 296,05 | 296,23 | 296,60

Observing the absolute value of the fluid flow speed helps to understand the where cir-
culation is higher and also understand where the patches were temperature is highest
may arise. Constant circulation of water at reasonable speeds is necessary to ensure
proper heat evacuation. For the central section of the domain of every solution, where
the S-shaped geometry is present, two clear main flow paths are present, one that
goes directly from the input to the output and another that traverses diagonally to
the right edge until contacting the midpoint between the input and the output, from
the on it continues parallel to the right edge until it contact is level with the output
and turn 90 degrees to to face it. This can be observed in all solutions and is related
to the 5 prong division of the flow forced by the geometry. However for the solution
of v; = 1, one of the channels extends in a straight line until it contacts the right edge
of the geometry and the tuns 90 degrees to flow parallel to the right edge.
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Figure 31: Absolute velocities inside the domain for: (a)y;

0,3; (b)v: = 0,5; (c)v: = 0,7; (d)y:

Selected solution

The selected solution is the one resulting from +; = 0,5. Since it is the resulting
geometry that achieves the lowest hotspot temperature, 296,05 K, and average tem-
perature, 293,78 K; as presented in table 4. Moreover, as shown in figure 31, this
geometry doesn’t present any serious disadvantage in regards to fluid flow distribution
it's velocity inside the domain.
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4. COMPARISON OF SELECTED DESIGN WITH TRADI-
TIONAL SOLUTIONS

4.1 Traditional solutions models

In order to put the solution design performance into context, a comparison against
traditional water jacket designs has been performed. For this case, three different
designs are selected: an spiral, U-shaped and coaxial.

. Yy
(a) (b)

(c)

Figure 32: Traditional water jacket designs: (a)Spiral, (b)U-shaped, (c)Coaxial [91]

The designs realized to be tested follow the same structure as the ones showed in
figure 32. With the spiral and U shaped designs having the input and output on
opposite side of the heat exchanger, while the coaxial design has them side to side in
the same cylinder surface. The three designs have an inner diameter of 80 mm and
length of 50 mm to reassemble in dimensions to the topology optimized solution, as
well as a squared channel cross section of 10 mm with cylindrical input and output pots
of the same diameter as the square edge. This dimension similarities as well as the
port dimensions are chosen to be able to allow for comparison with same dimensions
and mass flow in all tested designs.

For this comparison study 3D models of the four different designs, the three showed

in figure 32 plus the solution design of the study, are subjected to a thermal source
in the inner surface of the cylinder while having water flowing on the interior.

4.2 Proposed solution model

The final solution from the optimization analysis from chapter 3 is the one composed
by the objective function for a volumetric factor of 0,3:

Ay = B +0,001C (4.1)

53



The 3D model of the result for this objective function, figure 33 has been realized
following the material distribution shown in figure 29(b), and is represented in the
following figure:

Figure 33: 3D model of selected result: (a) Model of the result on the interior of the water
jacket; (b): Water jacket model exterior showing input and output ports

4.2.1 Testing parameters

In the first instance, the thermal load and fluid flow speed were set to the same param-
eter as in the 2D study. Flow speed at the input of 0,5 m/s with a fluid temperature
of 293,15 K, and heat power input of 100 W in the inner cylindrical surface. However,
when the initial test was carried out the resulting values for were too close together,
as in the case of the evaluation of the 2D models. For this reason, the heat power
input into the inner surface of the cylinder was elevated to 200W. This allowed for
more easily discernible discrepancies.

4.2.2 Results for the spiral design

For the spiral shaped water jacket the maximum temperature has been registered at
295,69 K. With the majority of the highest temperatures registered in the geometry
where no water channel is present, seen in the lower left part of the inner cylinder
surface in figure 34(a) and with also higher temperatures, although not close to the
maximum in the channel-less part, next to the input region. Interestingly, the inner
cylinder surface experiments higher temperatures in the sections where it runs parallel
to the inner flow channel edge, than the sections where aluminium connects the inner
surface to the outer surface of the cylinder, s seen in figure 34(b). This is caused by
differential o temperature, since as also shown in (b), the inner surface of the flow
channel is at the same temperature of the inner surface of the cylinder.
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Figure 34: Spiral design: (a) Water jacket temperature, (b) Cross section of water jacket
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Figure 35: Speed of the flow inside the channels for the spiral deign

However in the sections where aluminum is present, more material is available to
absorb with parallel flow channel surfaces that effectively double the available cooling
surface. Another factor that contributes to this phenomenon is the flow speed; since
flow is slower in the surface of the inner flow channel edge than in the other edges
perpendicular to it as shown in figure 35.
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4.2.3 Results for the coaxial design

The maximum temperature registered for the coaxial design is 296,25 K. As in the
same case as the previous analysis, higher temperatures are registered in the sections
of the inner cylinder surface, where the inner flow channel edge runs closely parallel
to it and with a very small temperature differential, visible in figure 36(b). Moreover,
in this same figure, higher temperature can also be observed in the outer surface of
the cylinder in the aluminum filled sections, presenting the opposite tendency than in
the inner surface. It can be concluded that the aluminum conducts the heat gener-
ated in the inner surface to the exterior of the body, while the water flowing in the
channels, uses inner edge of the and the vertical walls to absorb thermal energy from
the aluminum. In figure 36(b) the increase in temperature in the vertical walls is
visible, specially in the top left corner of the figure.

(a) n O ‘

v 293

Figure 36: Coaxial design: (a) Water jacket temperature, (b) Cross section of water jacket

With figure 37 and figure 36 it can be observed that cooler temperatures both on
the outer and inner surfaces of the cylinder are directly related to a faster flow. As
well as a lower temperature in the top and lower surfaces of the cylinder, for which
the thinner aluminum body and a fast flow of water allow for higher thermal energy
extraction.
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Figure 37: Speed of the flow inside cooling channels of the coaxial water jacket

4.2.4 Results for the U-shaped deign
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Figure 38: U-shaped design: (a) Water jacket temperature, (b) Cross section of water jacket

The U-shaped designed water jacket presents presents a maximum temperature of
296,03 K. For this design however, a lot of the inner surface of the cylinder presents
temperatures very close to the domain maximum. As well as in the precious designs
analyzed, this temperatures are located in the inner surface of the cylinder and along
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the flow channels fro the water, with increasing values the grater the distance form
the input.
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Figure 39: Speed of the flow inside cooling channels of the U-shaped water jacket

However, as observed in figure 38, unlike the coaxial design the distribution of temper-
ature in the outer surface increases progressively and doesn’t present acute temper-
ature differentials. However this may result in a higher average surface temperature
for the inner cylinder face that would negatively affect the performance of the water
jacket. However with an average temperature of the inner cylinder surface of 295,09
K, this seems unlikely.

In figure 39, the presence of high flow speed in the change of U-turns explains the
increased cooling performance that can be located in part where it geometrically co-
incides with the thermal image presented in figure 38(a). There a lower temperature
compared to the main body of the channel is observable provoked by higher flow
speeds that are related to increased heat exchange rates.

4.2.5 Results for the topology optimized design

The TO design developed in this study experiences a maximum temperature of the
inner cylinder surface of 298,63 K. Again, as it can be observed in figure 40(a), the
aluminum geometries on the interior of the water jacket carry the heat applied on
the inner surface to the outer portions of the cooling channels, which takes bigger
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advantage of the water flow; a characteristic also presented in figure 40(b), where
higher temperatures can be observed in the outer more parts of the water flow. How-
ever, when comparing figure 40 and figure 41 side to side, more complete picture
of the function of the design is presented. figure 41 presents sheds light to the fact
that the flow speed is very reduced all across the geometry, except the locations in
proximity to the input and the output. Moreover, some of the spaces of the geometry
seem to not even present flow circulation. This explains the temperature results from

figure 40.

(a)

Figure 40: TO design: (a) Water jacket temperature, (b) Cross section of water jacket
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Figure 41: Speed of the flow inside cooling channels of the TO water jacket
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Low water flow speed results in the water staying on a fixed point for longer period of
time, and hence absorbing greater amounts of heat and therefore increases in tem-
perature. This increase in temperature is translated in an accumulation of heat in
the inner surface of the cylinder since hotter water has a lesser temperature differen-
tial with surrounding aluminum bodies, reducing heat flux. This effect is exacerbated
the slower the flow presenting the maximum effect in the regions where the flow is
basically stagnant.

4.3 Conclusions of the comparison

After the evaluation of the TO design realized in this study and models using traditional
designs: spiral, coaxial and U-shaped. It can be concluded that the purpose of this
work has failed, since the TO design is proven to be the worst solution of the four
analyzed. In table 5, a comparison between the average and maximum temperatures
is presented. The maximum surface temperature within the four designs is that of
the TO solution, and while the three traditional solutions average temperature range
between values of 294,78 K to 295,90 K; the average temperature value for the TO
design is 296,49 K. Which clearly sets this heat exchanger apart. The same trend
repeats for the maximum temperature for the inner surface, where the maximum
temperature of the TO water jacket is set way higher at 298,63 K, when compared to
the highest maximum temperature from the traditional designs, which is that of the
Coaxial design, and has a value of 296,03 K. 2,6 K lower when compared to the TO
design maximum temperature, but only 0,56 K higher than the lowest temperature,
from the Spiral design. Therefore it is clear that the TO designed water jacket has the
worst cooling performance out of the 4 designs evaluated.

Table 5: Average and maximum temperature in Kelvin for the four different designs evaluated

Design Spiral | Coaxial | U-Shaped TO
Avg. T (K) | 294,78 | 294,95 295,90 | 296,49
Trmaz (K) | 295,69 | 296,25 296,03 | 298,63

Furthermore, when comparing the design solution realized with the 2D model with
the final design composed in 3D. Inconsistencies in the correlation between the model
arise. For instance, during the 2D computational calculations for topology optimiza-
tion, the problem of stagnant flow observed in various regions of the domain was not
discernible. While true that the flow directions can be correlated, the velocity magni-
tude cannot, as it can be observed when comparing figure 31(b) to figure 41. One
hypothesis that can explain the disparity may be found in the cross section of the
channels to this regions of the geometry and the pressure in the vicinity.

A parameter that clearly represents that the design realized in this study was a fail-
ure is the thermal resistance. For the the topology optimized design this value was
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0,024K/W while the average of the the three traditional designs was 0,012 K/W. There-
fore, future work is required to amend the design and procedure.

Although the same simplified objective functions are used as the ones presented in
Dede et al. [70], further indication is necessary, although it is considered to be the
right track since in two more studies similar objective functions are applied [59, 92],
with special attention paid to the second study where a similar solution becomes viable.
Further work should also put into realizing more viable constraints. More work should
be put into making sure that 2D and 3D models can correlate, this would simplify the
calculations and reduce hardware requirements, a consideration that was undertaken
for this approach in this work.
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5. SUMMARY

The effective thermal management of electric machines is crucial to ensure a reliable
and efficient function. Increased temperatures are associated to the enhanced losses
due to increased resistivity of the conductor material in the windigs, usually copper,
through the following equation: pr = po[l +a(T —Tp)]; Where the base resistivity of the
material py increases with the temperature T. Another relevant effect of is found in the
insulator material, where an increase of 10 °C has been associated with a reduction
in half of the insulator life.

To achieve correct thermal management of electrical machines, three types of cooling
systems are used. The simplest one is passive air cooling. This type of cooling relies
on natural convection to cool a surface, and presents limitations to the size of the
cooling surface available and the pressure drop that interacted surfaces can produce,
therefore reducing convection. To further enhance the performance of passive air
cooling, the force induction of flow through a heat sink results in active air cooling.
With this type of cooling, increased flow speed and circulation of mass allows for
better cooling performances. Lastly, as the name indicates, liquid cooling makes
uses of liquids to manage the temperature of electrical machines. Relevant to this
study is the use of water jackets, cylindrical bodies that encapsulate the core of and
electric machines, usually inner rotor electrical machines, with hollow channels carved
between the outer and inner cylindrical surfaces to allow for the circulation of a liquid
cooling agent, usually water. The water absorbs the heat generated by the electrical
machine, reducing the maximum temperature it can active to later exchange the
thermal energy with the air.

The shape of the channels inside the water jacket has relied until now in traditional
shapes and geometries like the spiral, U-shapes and coaxial designs. However, the
rise of additive manufacturing specially metal AM, with the ability to manufacture com-
plex geometric designs; allows for realization for complex design geometries inside
the water jacket volume that increase heat exchange capacity therefore increasing
the efficiency of the heat exchange and further reducing the temperature of the elec-
trical machine, with all the advantages. The complex designs can be realized using
topology optimization. Which uses a objective function that include a component
whose objective is to minimize the average temperature of the design domain while
maintaining to the minimum the pressure drop of the flow. To ensure that the ab-
solute minimum solution of the objective function found, different iterations of the
calculations are undertake using different constraint values and initial parameters. To
reduce the computational load, the model ah been developed in a 2D space and later
translated to a 3D space for evaluation and comparison with other tradition designs.

The resulting topology optimized design from this work proved to be unsuccessfully
in improving the thermal management performance when compared to the tradition
designs (spiral, U-shaped and coaxial), with a thermal resistance considerably higher
(0,024 K/W) when compared to the lowest thermal resistance of the three traditional
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design tested, the spiral design with values of (0,012 K/W). In the posterior analysis,
the reduced performance of the TO design is attributed to the lack of water flow and
the very reduced water flow speed in various part of the geometry generated by the
result of the objective function.

The conclusion of this study is therefore, that the application of TO for the design op-
timization of heat ex changers is viable. However, further investigation of the applied
objective, in this case: A; = B + 0,001C with the B component being the objective
function that reduces the average temperature of the design domain; and C being
the component that reduces the pressure differential between input and output and
the constraints that govern the final achieved result must be undertaken to achieve
a design solution that better manipulates water flow. The constraints must also be
revised. While the constraint that limits the maximum volume that solid material cov-
ers relative to the total volume of the domain works as intended, further constraint
must be considered that may impose minimum flow requirements. With all this future
work would also involve the actual production of a successful design using metal AM
to further certify the performance of the simulations.
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6. KOKKUVOTE

Elektrimasinate tdhus jahutamine on oluline usaldusvaarse ja efektiivse t66 tagamiseks.
Korgemad temperatuurid on seotud mahistes oleva juhtiva materjali, milleks on
tavaliselt vask, suurenenud takistusega, mis tuleneb jargnevast vorrandist: pT =
pO[1 + a(T — TO)] - kus materjali algtakistus p0 suureneb temperatuuriga T. Teine
oluline mdju on seotud isoleeriva materjaliga, kus 10 °C suurenemisega on seostatud
isolatsiooni eluea vahenemine poole vorra.

Elektrimasinate jahutamiseks kasutatakse kolme tilpi jahutusslisteeme. Lihtsaim
neist on passiivne dhujahutus, mis kasutab pinna jahutamiseks loomulikku konvekt-
siooni, kuid sel juhul on kasutatav jahutuspind piiratud réhulangu poolt. Passiivse 6hu-
jahutuse joudluse parandamiseks sooritatakse sundkonvektsiooni labi soojusvaheti,
mille tulemuseks on aktiivnhe 6hkjahutus. Seda tllbi lahendusega vdimaldavad suure-
nenud voolukiirus ja 6humassi transport paremat jahutust. Viimaks, nagu nimigi tleb,
kasutatakse vedelikujahutust elektrimasinate temperatuuri alandamiseks. Selles t66s
on uurimise all veemantlid ehk silindrilised kehad, mis timbritsevad sisemise rootoriga
elektrimasina siidamikku, mille sisse on kujundatud tiihjad kanalid, et vdimaldada
vedeliku, tavaliselt vee, tsirkulatsiooni. Vesi neelab elektrimasinast tekkinud soojust,
vahendades selle maksimaalset temperatuuri, mille ta hiljem saab vahetada 6huga
labi vdlimise radiaatori.

Kanalite kuju veemantlis on seni toetunud traditsioonilistele geomeetriatele nagu
spiraal, U-kujulised ja koaksiaalsed kujundid. Siiski, kihtlisandusmeetodite tdus,
eriti metalli 3D-printimine, vOimaldab keerukate geomeetriate realiseerimist vee-
mantli sisemuses, mis suurendab soojusvahetuse vdimekust ja seeldbi efektiivsust,
parandades elektrimasina temperatuuri veelgi. Komplekssed kujundid saab luua
Iabi topoloogiaoptimeerimise (TO). See kasutab sihtfunktsiooni, mis sisaldab kom-
ponente eesmargiga minimeerida kavand-domeeni keskmist temperatuuri, sdilitades
minimaalse rohulanguse. Selleks, et tagada sihtfunktsiooni absoluutne miinimum,
viiakse labi iteratiivsed arvutused, kasutades erinevaid piir- ja algvaartusi. Arvu-
tuskoormuse vahendamiseks on mudel arendatud 2D-ruumis ja hiljem teisendatud
3D-ruumi, eesmérgiga seda hinnata ja vorrelda tavaparaste kujunditega.

Selle t66 tulemusena saadud topoloogiaoptimeeritud disain osutus ebadnnestunuks
jahutuse joudluse parandamisel vOrreldes tavaparaste kujunditega (spiraal, U-kujuline
ja koaksiaalne), olles soojustakistuselt markimisvaarselt kdrgem (0,024 K/W) vor-
reldes kolme traditsioonilise kujundiga, millest kdige madalama soojustakistusega oli
spiraalikujund (0,012 K/W). Loplikus anallilisis omistatakse TO disaini vdahenev joud-
lus tugevalt vahenenud voolukiirusele erinevates jahuti osades objektiivfunktsiooni
pohjal genereeritud geomeetrias.

Seega jareldub antud uuringust, et TO rakendamine soojusvahetite kuju optimeer-
imiseks sisaldab potentsiaali. Siiski tuleb teha taiendavaid uuringuid sihtfunktsiooni,

antud juhul: A1 = B + 0,001C, osas, kus B komponent on domeeni keskmist tem-
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peratuuri kasitlev, ja C komponent kasitleb sisse- ja valjundvahelise réhuvahe min-
imeerimist. Samuti tuleb lle vaadata piiritingimused. Kuigi kavand-domeeni mak-
simaalse taiteteguri piirang téétab ootusparaselt, peab looma uued piirangud, mis
garanteeriksid minimaalse veevoolu koguse. Koos kdige sellega sisaldaks tuleviku t60
ka flUsilise prototlilibi valmistamiseks labi metalli 3D-printimise, et kinnitada simu-
latsioonide tulemused.
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