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Summary

The master thesis is dedicated to the parametric optimization of a light source
cooler. During the research, a literature review regarding heat sinks and various
approaches to enhance their efficiency was carried out. A model of a heat sink with
mounted LED strip was built using Ansys Design Modeler, and simulations of natural
convection and thermal analyses were performed in the Ansys Fluent software. To
validate the model, an experiment was conducted where the surface temperature of the
existing heat sink was measured. Parametric optimization was carried out using the
Ansys Direct Optimization tool. The optimized parameters were the fin height and the
distance between them, with the objective of reducing the cooler's average surface
temperature. As a result of the optimization, the cooler's surface temperature was reduced
by 7.4 %. New methods for manufacturing the part were proposed, taking into account
the values of the optimized parameters.

Souhrn

Diplomové prace se zabyva parametrickou optimalizaci chladi¢e svételného
zdroje. Béhem vyzkumu byla provedena reserSe odborné literatury tykajici se chladi¢u a
raznych piistupl k zlepSeni jejich uc¢innosti. Model chladi¢e s LED paskem byl vytvofen
v programu Ansys Design Modeler a simulace pfirozené konvekce a tepelné analyzy byly
provedeny v softwaru Ansys Fluent. K ovéfeni modelu byl proveden experiment, pfti
kterém byla méfena teplota povrchu existujiciho chladice. Parametricka optimalizace
byla provedena pomoci nastroje Ansys Direct Optimization. Optimalizovanymi
parametry byla vyska zeber a vzdalenost mezi nimi, s cilem snizit primérnou povrchovou
teplotu chladi¢e. V dusledku optimalizace doSlo ke snizeni teploty povrchu chladice
07,4%. Byly navrzeny nové metody vyroby dilu s ohledem na hodnoty

optimalizovanych parametri.
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heat sink surface area in contact with fluid
thermal diffusivity
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average current through an LED strip

fin height
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number of diodes on an LED strip segment
nominal power of an LED strip

rate of heat transfer by convection
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temperature of the fluid outside a boundary layer
average temperature of the heat sink surface
maximum temperature of an LED strip
average fluid temperature

average temperature of the surface

voltage of an LED
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thermal expansion coefficient
thermal conductivity
Kinematic viscosity



3-TPR-2024 Polina Kim

1. Introduction

In recent decades, there has been a continuous trend towards decreasing electrical
components’ sizes, while their power is on the contrary increasing. According to Moore's
law, every two years the number of transistors in an integrated circuit doubles. At the
same time, the heat flux and the heat dissipation requirements are increasing reaching
500 W-cm in 2024 [1].

For the operation of any electronic component, certain operating conditions are
required. If these conditions are violated, the part will not function correctly or will fail
altogether. According to [2] it is the violation of the correct temperature regime that is
the most frequent cause of electronic element failures. With an increase in power, the
heat generation of components also increases, and if the cooling parameters of the cooler

are not improved, the electronics will overheat, which will invariably lead to failure.

Even though modern cooling systems are able to transfer heat loads as powerful
as 10 MW-m [3], many researchers are trying to investigate and introduce even more
efficient heat transfer methods to improve the service life and device efficiency. While
using new materials could lead to a larger safe temperature limit for electronic chips, this
approach is currently over-priced. The industry is looking for other ways of increasing
the overall heat transfer coefficient. Cooling methods are generally classified into active
and passive techniques. While active cooling solutions rely on an external source, passive
solutions benefit from free convection, radiation, no energy consumption and surface

modifications to improve heat transfer.

The subject of this work is the cooler of a light source consisting of high-power
light-emitting diodes (LED) soldered on a printed board circuit (PCB). The system is
then implemented into the assembly line at the end of a certain stage of automated
production to monitor the quality of the production and, if necessary, sort out or mark
defective parts. Thus, the module is a subject of increased reliability requirements under
continuous operation conditions since any breakdown or malfunction in serial production
leads to the stoppage of the entire conveyor belt and massive loss of money. That is why
proper thermal management of an LED strip is a critically important design task for the

entire inspection system.
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Design optimization of a cooler was made in the Ansys software which allows a
user to solve a variety of complex problems in different physics fields. All steps needed
for optimization from geometry creation to parametric study were made on the Ansys
Workbench platform with utilization of such tools as Ansys Design Modeler, Ansys

Meshing, Ansys Fluent and Direct Optimization.

The conducted research described in the thesis was made in cooperation with
Wickon Hightech s.r.o. The company specializes in automated optical inspection (AOI)
solutions for industrial applications. This introduced some manufacturing limitations to
the problem as well as an opportunity to carry out experiments on the actual operating

machine.
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2. LED thermal management

2.1. LED function and operation
Light-emitting diode (LED) is a semiconductor device that converts electrical
current into light emission. For better understanding of the heat emission caused by LED

operation, a basic knowledge of its physics is necessary.

LED function is based on p-n junction phenomenon (see Figure 2.1). Through a
process called doping, the n-type material becomes enriched with negative charge
carriers (electrons), while the p-type material becomes enriched with positive charge
carriers (holes). Two materials are in a close contact with each other creating a depletion
zone that allows the current to flow only in one direction. A potential barrier Vo, called
the built-in voltage, prevents electrons from diffusing from the n-side to the p-side. When
an electric field is applied to the diode, electrons and holes in the p- and n-type materials
move towards the p-n junction. As excess electrons move from the n-type material to the
p-type material and recombine with holes, energy Eg is released in the form of photons —
elementary particles (quanta) of electromagnetic radiation. All diodes emit photons, but
not all of them emit visible light. The material for an LED is chosen so that the
wavelength of the emitted photons falls within the visible spectrum and corresponds to a
certain light color.

Electron Energy

T P n
a) J OI Electron
o MEEANE Y Y YYYYTTTY

b)

Figure 2.1. p-n junction principle before (a) and after (b) voltage application [4].
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The beam of visible light emitted by an LED is considered “cold,” but due to
losses within LED, heat is generated at the p-n junction, sometimes to a significant extent.
Two LED temperatures should be distinguished: the temperature on the crystal surface
and in the p-n junction area. The surface temperature affects the lifespan of the device,
while the p-n junction temperature impacts the light output. Generally, as the p-n junction
temperature increases, the LED brightness decreases by up to 1 % per K [5] because the
internal quantum efficiency drops due to crystal structure vibrations. The aging effect
can lead to a further degradation as demonstrated in [6, 7].

Therefore, limiting the temperature of the p-n junction through properly designed
heat dissipation and other temperature control methods is critical to ensure the normal

operation of the LED, optimize its light output, and increase its lifespan.

2.2.  Heat sink working principle

Heat sink is a vital component used in electronic devices to dissipate heat
generated by electronic components such as processors, graphics cards, and power
transistors. It typically consists of a metal or alloy base with fins of different shapes.
When electronic components operate, they produce heat due to electrical resistance. A
heat sink transfers this heat away from the component by conduction and then to the
ambient environment by convection and radiation, allowing an electronic device to

operate within safe temperature limits and prevent thermal damage.

"‘ "‘ "‘ o Heatsink

'- I I I I I ﬁ Component dissipating heat

" 1

PCB

! ! !

— Heat Transfer by Conduction

‘ Heat Transfer by Convection and Radiation

Figure 2.2. Heat flow in a typical heat sink [8]
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Several key factors define performance of heat sinks:

° material;

o heat sink design;

o mounting technique;

o fluid environment;

o fluid flow around a heat sink;

o implementation of heat pipes and vapor chambers.

Choosing materials with higher thermal conductivity can significantly improve
heat sink performance. These materials effectively conduct heat away from the electronic
component to the rest of a heat sink. The most common materials for heat sink production
are aluminum and copper since they are known for their high thermal conductivity
(200 W-m2-K't and 385 W-m2-K%, respectively).

A larger surface area increases the heat exchange between a heat sink and
surrounding fluid (air or coolant). This can be reached by adding more fins or other
extended surfaces to the heat sink base, by optimizing fin design (length, thickness) or
even by chemical roughening of the whole heat sink [16]. Additionally, fin density and

placement influences airflow between fins and, subsequently, convective heat transfer.

Proper attachment of a cooled component to the heat sink is vital for efficient heat
transfer. Two solid surfaces would come into contact not over the entire area, but only at
some points. In such a case, heat transfer is much less efficient than if the space between
the surfaces was filled with thermally conductive material. VVarious methods, including
thermal interface materials (T1MSs) or screws, ensure good thermal contact between the
heat sink and the electronic component. TIMs, like paste or pads, are used to fill
microscopic gaps between the heat sink and the electronic component, decreasing contact

resistance and enhancing heat transfer efficiency.

The surrounding fluid can be either air or liquid (water, silicone oil, etc.). Air is
the most used coolant as it is easily available, and the necessary equipment is simple and
inexpensive. Liquid cooling is employed in high-performance computing and industrial
applications where air cooling is insufficient. Liquids have higher thermal conductivity

and specific heat capacity than air, leading to more intensive heat transfer.
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Passive or active methods can be applied when using heat sinks. Passive cooling
uses natural convection which occurs as a result of the density difference between a hotter
fluid close to a heat sink and a cooler fluid in the surrounding environment. Although
passive methods are reliable, simple and cheap, they are suitable for low-power
applications only, reaching maximum heat transfer coefficient of 1 kW-m2K™. For
better cooling performance active method can be selected. This method incorporates fans
or liquid cooling systems to further enhance heat dissipation. Heat transfer coefficient
then reaches up to 40 kW-m=2-K [8].

Water vapor [
Free convection
Forced convection I O rzanic liquids
Boiling
I Condensation Water
Liquid metals
Water
oil
Air and gases
Water
oil
Air and gases
1 10 100 1000 10000 100000

Heat transfer coefficient (W/m?2-K}
Figure 2.3. Heat transfer coefficient variation of different cooling methods

Integrating heat pipes or vapor chambers into the heat sink design can help to
distribute heat more evenly across the heat sink surface. These technologies effectively
transport heat away from the source to areas with higher airflow, improving overall heat
dissipation. These systems increase heat flow or utilize phase-change cooling to remove

heat more efficiently, especially in high-power applications.
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3. Optimization approaches

Optimizing heat sink design involves maximizing the heat dissipation while
minimizing the size, weight and cost. There are two main approaches to this problem:
parametric and topological optimization. In the first case, the shape of the part is
predefined. Parameters that describe the part are introduced, taking values within a
specific range. Parametric optimization involves altering these parameters to find the
extremum of an objective function dependent on them, within given constraints. The
optimal parameters are those at this extremum. In topological optimization, the
mathematical algorithm determines the shape of the future part by gradually removing
material from the initial "full” domain. It maximizes or minimizes the target parameters
while ensuring the fulfilment of the system of constraints. As a result, the shape of the
part has a unique form with complex structures, such as internal channels, ribs and others.
Such geometry is often impossible to manufacture using traditional methods. However,
modern technologies, such as 3D printing, allow topological optimization to be
considered an effective way to improve parts. A combination of the two optimization
methods is sometimes used. In the initial stage of redesign, the part undergoes topological
optimization. Then, based on the resulting shape, a form that can be manufactured using
traditional machines is determined. Finally, parametric optimization of the new geometry

is performed.

ay Y 1 b)

Figure 3.1.An evolution of a part design: a — initial design, b — after topological optimization,
¢ — redesign with manufacturability considerations, d — after parametric optimization [25]

From a mathematical perspective, there are three methods for solving
optimization problem:

1. optimization algorithms,
2. iterative methods,
3. heuristics.
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Iterative methods belong to exact methods, which means that an optimal solution
achievement is guaranteed when using such an approach. A common example of an
iterative algorithm is the gradient-based optimization. This method is used to find the
minimum or maximum of a function by iteratively moving in the direction defined by
the gradient of an objective function. Gradient-based methods are particularly effective
for problems where the objective function is smooth and differentiable [9]. Even though
iterative methods succeed in finding the exact solution, they require massive
computational resources. Heuristic methods, in contrast to the previous approaches, do
not necessarily find an exact optimal solution but reduce running time drastically when
dealing with more complex problems [10]. This approach is applied, for instance, in
genetic algorithms. These algorithms are inspired by the process of natural selection and
evolution. A population of designs represented as “genomes” is generated. After that it
undergoes mutation, crossover, and selection processes to iteratively improve
performance with respect to a given quality measure. Genetic algorithms can efficiently
explore large design spaces and find near-optimal solutions to complex optimization
problems.

ANSYS Fluent Simulation Data

L J

IBEM

¥

Break cycle. Save No
if mean,,;4(Cl;,/Cdsp)<mean,,, (Cl;p/Cd;p)

best result

l Yes
Y

Location of max(CL/Cd)

¥

Difference = AoA(1) — AoA(best)

Twist, .~ Twist - Difference

X

New Blade Model

Figure 3.2. An example of the algorithm for wind turbine blade design optimization [11]

Computational methods are powerful tools for design optimization. However,

experimental prototyping and testing remain essential for validating improvements as
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physical testing allows to verify simulation results, identify potential discrepancies, and

improve designs for real applications.

3.1.  Existing optimization solutions for passive cooling
Numerous scientific studies have been dedicated to exploring various ways of

improving heat sink performance.

Costa and Lopes [12], for example, were working on a geometry improvement of
the heat sink for an LED lamp under natural convection by numerical simulations. They
reached a core temperature reduction of 22.65 °C keeping it under required limit of 65 °C

by optimizing fins’ height, length and number.

Culham and Muzychka [13] introduced an optimization model based on the
minimization of entropy generation allowing one to adjust geometric parameters of a heat
sink, material and heat dissipation properties as well as flow conditions within one
optimization process. Forced convection could be incorporated into the procedure in
addition. The described method effectiveness was then demonstrated on several

examples where the convergence was reached under certain constraints.

Dede et al. [14] in their studies presented topology optimization of an air-cooled
heat sink. The optimization objective was to minimize thermal compliance function
which represents thermal potential energy. The main difficulty of such approach is
manufacturing complexity of the final design. In the second part of the research a
production of such a shape using additive layer manufacturing technology was presented.
A similar study was made by Pilagatti et al. [15] showing the efficiency of this method
and verifying the manufacturability of such geometry by using laser-powder bed fusion

technology.

Ghazi et al. [16] conducted an experimental study of roughening the surface of
an aluminum heat sink with heat pipes under passive cooling conditions. The results of
atomic force microscopy analysis showed that the average roughness of chemically
treated fins was 59 + 3 nm, which is significantly larger than that of the initial surface
(7.6 £ 5 nm). Heat sink etching led to the increase of surface area and, as a result, to the

maximum temperature reduction of 7.2 °C.

Habib et al. [17] analyzed the influence of fin geometry and structure on heat

transfer rate under natural convection. They introduced the macro channel ‘L-shaped heat

10
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sink’. An experimental and numerical study revealed a decrease of the average thermal

resistance by 12 % when using an L-shaped composition of fins.

Mounting
Holes

Figure 3.3. Shapes generated by topology optimization methods [14, 15]

(2)

Figure 3.4. A conventional fin heat sink (a) and L-shaped fin heat sink (b) [17]

11
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4. Natural convection heat transfer solution based on

dimensionless correlations

The amount of heat removed by a cooler is determined mostly by the rate of heat
transfer through convection from the cooler's surface to the surrounding fluid, that can

be calculated using the following formula:

Qconv =h-As (Ts — Te) [W] (D

where h [W-m~2-K™1] is the average heat transfer coefficient, A; [m?] is the heat

transfer surface area in contact with fluid, T, [K] is the average temperature of the surface

and T, [K] is the temperature of the fluid outside a boundary layer.

A .

Figure 4.1. Temperature field in a fluid flowing along a wall of a higher temperature [18]

Since the heat transfer coefficient depends on several factors, its value is
determined either experimentally or from empirically derived dimensionless correlations.
The Nusselt number (Nu) correlation includes a heat transfer coefficient. It is a function
of Grashof (Gr) and Prandtl (Pr) numbers in case of natural convection. The definitions

of these numbers are as follows:

h'LC

Nu = ——= f(Gr,Pr) [-] (2)
o . — .3
Gr = g B (Tilz Te) LC [_] (3)
1%
Pr=—1[-] (4)

where h [W-m™2 - K~1] is the average heat transfer coefficient,
L. [m] is the characteristic length depending on a surface geometry,
A[W-m™1-K~1] is the fluid thermal conductivity,
g [m - s2] is the gravitational acceleration,

12
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B [K 1] is the thermal expansion coefficient,

T [K] is the average temperature of the surface,

T, [K] is the temperature of the fluid outside a boundary layer,
v [m? - s71] is the kinematic viscosity,

a [m? - s71] is the thermal diffusivity.

In natural convection problem solutions, the Nusselt number can be also

correlated to the Rayleigh number (Ra), which is a product of Gr and Pr:

Nu =C - Ra™ (5)
Ra = Gr-Pr=g.'8.(Zs_;Te).L3C -] (6)

where C [-] and n [-] are parameters dependent on the geometry of the surface and the

flow regime.

A great number of experimental studies were dedicated to these dimensionless
correlations for a variety of geometry and flow configurations. The most basic geometries
are vertical and horizontal plates. When the Nusselt number over a vertical plate is
calculated, its height is taken as the characteristic length. In case of a horizontal plate,
the characteristic length is the ratio of the surface area As over its perimeter p. Another
common configuration that could be useful for heat sink calculations is a narrow channel
between two vertical plates (a spacing between plates s is much smaller that their length
L in the flow direction) — see Figure 4.2. If the longutidal size of plates L is small (or the
channel width s is large), the boundary layers might not merge in the middle of the
channel and the problem can be solved as for two separate vertical plates. Otherwise,
those layers will affect each other and should be analyzed concurrently. The average
Nusselt number semi-empirical correlations for natural convection over surfaces of these

geometries [19]:

e Vertical plate (Figure 6 a):
1
Nu = 0.59 - Ra*,Ra = 10* to 10° (7)

1
Nu =0.1-Ra3,Ra = 10'%t0 103 (8)

13
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1

( 0.387 - Ras ]
Nu =] 0.825 + 7 | ,the entire range of Ra 9

(1 +(0.492 /Pr)li6>27

e Horizontal plate (upper surface of a hot plate or lower surface of a cold

plate) (Figure 6 b):

1
Nu = 0.59 - Ra%,Ra = 10* to 10° (10)

1
Nu = 0.1-Ra3,Ra = 10 to 10%3 (11)

e Horizontal plate (lower surface of a hot plate or upper surface of a cold

plate) (Figure 6 c):

1

Nu = 0.27 - Ra%*,Ra = 10° to 10! (12)
e Gap between two vertical parallel plates (Figure 6 d):
-0.5
576 2.873
Nu = s+ e (13)
Ra f) (Ra E) '
(Ras-7) (a7
where
_ 3
Rag = L0100 py (14)
Fully
developed
— flow \\J T A
/ b)  Hot surface T
l / Isothermal
A I | plate zllk
"k T
/ L
L A C) Boundary
/] layer \\
/] L ]
/] T \ T“ J \:r_
L Hot surface ‘ , ]
Ambient le—— § —
fluid
T,
a) d)

Figure 4.2. Geometry representations. Vertical plate (a), horizontal plates where hot surface is on top
(b) and on bottom (c) side of a plate, two parallel plates (d) [19]

14



3-TPR-2024 Polina Kim

Defining the optimal distance between two adjacent fins on a heat sink (or two

vertical plates in a simplified problem) is a common task in the heat sink optimization

process. Placing more fins with smaller spacing on a given base area will increase the

surface area Ay, but lower the heat transfer coefficient h in equation (1) as smaller gaps

between two plates hinder the development of air flow in the channels. On the contrary,

larger distance between fins will reduce their amount, leading to surface area decrease,

while the air flow will go through the heat sink easier, causing an increase of the heat

transfer coefficient. Thus, there is an optimum spacing Sopt that provides the maximum

heat transfer from a heat sink with given base area [20]:

53 L 0.25 L
Sopt = 2.714 - < Ra, > = 2.714 WQZS [m]

Ty, — T.)L? L3
_9BG Tl

Ra
L vz

where s [m] is the distance between two adjacent fins,
L [m] is the fin height.

All the above correlations are valid under several assumptions:

e The fins are isothermal;

e The fin thickness t is small relative to the fin spacing s;

e All fluid properties are evaluated at the average temperature T,,

15

(15)

(16)

Ts+Te
.
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5. Natural convection heat transfer solution by CFD

simulations

A sophisticated method of natural convection analysis is the computational fluid
dynamics (CFD). CFD simulation can provide detailed insights into the temperature and
velocity fields as well as turbulence and flow characteristics within the fluid and on the
walls. Modern software, such as Ansys Fluent, allows a user to construct complex
physical models choosing from a variety of settings making the solution as accurate as
possible for a given problem. In a typical CFD simulation of natural convection, the

following steps are usually involved:
1. Geometry and mesh are generated.

The physical domain is defined by creating a geometric model. The geometry is
then discretized into a finite number of control volumes, forming a mesh. The quality of
the mesh significantly affects the accuracy of the simulation. Finer meshes provide more
detailed solutions but require more computational resources, so it is reasonable to

predefine zones with higher accuracy requirements and refine mesh in those zones only.

Geometry and mesh generation are made in Ansys in a special software — Ansys
Design Modeler or Ansys SpaceClaim for model creation and Ansys Meshing for mesh
generation, where a huge variety of settings is presented from element size to meshing
method. It offers automatic or manual meshing approaches allowing a user to generate

optimal mesh for a specific task.
2. Governing equations of fluid dynamics are included into a calculation.

These equations are representing the three laws of conservation: conservation of
mass (continuity equation), conservation of momentum (Navier-Stokes or Reynolds-

Averaged Navier-Stokes equations) and conservation of energy (energy equation).
3. Appropriate boundary conditions are applied to the model.

For natural convection, typical boundary conditions include specified
temperatures or heat fluxes on the walls, and possibly symmetry or periodic boundaries
depending on the geometry. The no-slip condition is usually applied to solid boundaries,
ensuring that the fluid velocity at the wall is zero.

4. Solution method is chosen.
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The CFD solver uses numerical methods to solve the basic equations in either a
coupled approach, when all equations are solved in one system within one iteration, or a
segregated approach, when a problem solution is divided into subtasks that are solved
sequentially. The choice of solver, such as pressure-based or density-based, depends on
the nature of the flow and the specific problem. The former solver is used for
incompressible flows at low speeds, whereas the later one — for high-speed compressible

flows.
5. Turbulence model is selected.

Turbulence can play a significant role in natural convection. Ansys Fluent offers
a variety of turbulence models that could be selected for a solution. The choice depends

on flow specifics as well as available computational resources.

Spalart-Allmaras (1 eqn)
k-epsilon (2 eqgn)

k-omega (2 eqn)

Transition k-kl-omega (3 eqn)
Transition SST (4 eqn)

Reynolds Stress (7 eqn)
Scale-Adaptive Simulation [SAS)
Detached Eddy Simulation (DES)
Large Eddy Simulation (LES)

Figure 5.1. A list of turbulence models in Ansys Fluent

6. Simulations are performed.

The process goes iteratively, solving the equations for each time step or until a
steady-state solution is achieved. Convergence criteria are defined to ensure that the

solution is stable and accurate.
7. The simulation results are analyzed using post-processing tools.

The simulation results should be validated and interpreted using key parameters

such as temperature distribution, velocity vectors, heat fluxes etc.
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6. Optimization methods in Ansys

Ansys provides users with a wide range of sophisticated tools for both topological
and parametric optimization. Direct method and response surface method can be
employed for parametric optimization approach. The direct optimization method works
with a certain number of experimental design points, solving them individually to achieve
specific objectives. The optimal solution is reached iteratively by adjusting design
parameters of a model. This approach is computationally intensive and has a low solution
efficiency. Response surface optimization constructs explicit approximate expressions to
replace implicit constraints or objective functions in the original design problem,

significantly improving the optimization efficiency [21].

The optimization tools can be integrated into the Ansys Workbench Schematic.
For a parametric optimization, a Parameter Set is created by selecting input or output
parameters in single bundles. The range of optimized parameters’ values, problem
objectives and constraints are defined in the optimization block. Results and preliminary

analytics are presented in that module as well.

Project Schematic

- oy hd B A C
2 B ceometry v ,———m2 [ Geometry 2 | @ setup v 4
>3 (5 Parameters 3§ Mesh v 4 3 | g solution v 4
Geometry >4 ?ﬂ Parameters 4 [’ﬂ Parameters
Mesh Fluent
L'

(59 Parameter Set

- D

S8 & Direct Optimization
2 (@) Optimization v o,

Direct Optimization 1

- E

S8 = Direct Optimization

2 &) Optimization v

Direct Optimization 2

Figure 6.1. Example of Project Schematic with Parameter Set and Optimization blocks
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Outline of 5d
A B C
1 Enabled Monitoring
2 E " Optimization
3 = Objectives and Constraints
4 & Minimize P32
5 @ P33 <=363K : __________
[ = Domain
7 E @ Hsvi0 (A1)
8 b P34-FinHeight .,W” |
g fh P35 -Finspace ‘\\/\f ST
10 Parameter Relationships
11 #[= Raw Optimization Data
12 /& Convergence Criteria
13 E Results
14 = candidate Paints
15 v |_«. Tradeoff
15 v mﬂ Samples

Figure 6.2. Example of an optimization outline

A variety of methods is offered within Ansys Workbench software for
a parametric optimization process (descriptions are cited from the Ansys software

documentation without modifications [22]):

e The Screening optimization method uses a simple approach based on sampling
and sorting. It supports multiple objectives and constraints as well as all types of
input parameters. Usually it is used for preliminary design, which may lead a user
to apply other methods for more refined optimization results.

e The MOGA method (Multi-Objective Genetic Algorithm) is a variant of the
popular NSGA-II (Non-dominated Sorted Genetic Algorithm-1l) based on
controlled elitism concepts. It supports multiple objectives and constraints and
aims at finding the global optimum.

e The MISQP method (Mixed-Integer Sequential Quadratic Programming) solves
mixed-integer nonlinear programming problems by a modified sequential
quadratic programming (SQP) method. Under the assumption that integer
variables have a smooth influence on the model functions, i.e. function values do
not change drastically when in- or decrementing an integer variable, successive
quadratic approximations are applied. It supports a single objective and multiple
constraints. The starting point must be specified to determine the region of the
design space to explore.

e The Adaptive Multiple-Objective method is a variant of the popular NSGA-II

(Non-dominated Sorted Genetic Algorithm-11) based on controlled elitism
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concepts. It supports multiple objectives and constraints and aims at finding the
global optimum. It is limited to continuous and manufacturable input parameters.
e The Adaptive Single-Objective method is a gradient-based algorithm to provide a
refined, global, optimization result. It supports a single objective, multiple
constraints and aims at finding the global optimum. It is limited to continuous and

manufacturable input parameters.

In the beginning of an optimization process, several cases (design points, DP) are
determined. The initial number of design points and their configuration depend on the
chosen optimization method. Each case has individual combination of chosen input
parameters. Parameters from the table are automatically applied on the simulation model:
geometry, meshing and solver bundles are updated and result columns (output
parameters) are filled in. This optimization loop is repeated until all cases have an output

value.

e E R Project | (@) D2:Optimization X / (@) F2:Optimization X

Update Clear Generated Data | Send Study to DPS Project

Outline of Schematic F2: Optimization W LM Table of Schematic F2: Optimization

A B c A B C D E
Enabled Monitoring

Name = | P34-FinHeight (nm) ~ | P35-FinSpace (mm) ~ | P32-temperature-hs-op (K) ~ | P33-t max ledop(K) ~
DP20§ 17 2,2 7

B # Optimization
Objectives and Constraints
E Domain
B §@ Geometry (AL
fp  P34-FinHeight

oP21 | 13 26

DP22 | 14 37

P S 0 () VR R

DP23|( 18 41

p P35-Finspace 7
? b " DP25|| 19 2,9

10 Parameter Relationships
11 [ Raw Optimization Data
12 [\ convergence Criteria
13 E Results

14
15

wl o[y lo|n|ls w6~

7
4
d
4
d
d
rd
d

R R B R

1
2
3
o
5 DP24| 12 4,4
[
7
8

DP26 | 11 3,3

DP27 | 16 48

Figure 6.3. Table of initial design points in the beginning of an optimization process
(the lightning icons indicate that the output parameters are not updated yet)

Further design points may be added throughout an optimization process
automatically. The total number of cases is determined by such optimization properties
as number of initial samples, maximum number of evaluations, convergence criterion
(only for non-genetic algorithms) and others. An automatic method selection is also
possible in the Workbench tool. In that case a run time index regulates the number of
samples. A larger number of evaluations bring higher possibility to find an optimal
solution, yet it is more time consuming. Faster optimization solutions with a smaller
design points variety may not assure reaching the best parameters’ values, but may be

useful for preliminary proposals.
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Properties of Outline A2: Optimization

Polina Kim

Preserve Design Points
After DX Run

= Failed Design Points Management

Number of Retries

= Optimization

o
A B
1 Property Value
2 = o
Preserve Design Points =
& After DX Run
4 = o
5 Number of Retries a
[ = timizatio
7 Method Selection Manual =
& Method Name Adaptive Single-Objective =
Estimated Humber of
e Design Points s
10 Tolerance Settings
Number of Initial
1 Samples 8
Maximum Mumber of
12 Evaluations 2
13 Convergence Tolerance 1E-06
Maximum Mumber of
b Candidates 3
15 + timizatio i
22 (R o o

Method Selection Auto =
Run Time Index 5 - Medium ;I
Estimated Number of

9 Design Points &

10 Method Name Adaptive Single-Objective

11 Tolerance Settings
Mumber of Initial

12 Samples 3
Maximum Number of

3 Evaluations &

1% Convergence Tolerance 1E-06

15 Maximum Number of 3

E Design Point Report

Candidates
Optimization Status

Figure 6.4. Optimization properties of Adaptive Single-Objective method
chosen manually (on the left) and automatically (on the right)

Properties of Outline AZ: Optimization - %
B
Value
2 o
Preserve Design Points
& After DX Run a0
4 o
5 Mumber of Retries ]
[ timizatio
7 Method Selection Manual ;I
8 Method Name MOGA |
Estimated Number of
E Design Points i
10 Tolerance Settings
Mumber of Initial
1 Samples 100
Mumber of Samples Per
12 Iteration o
Maximum Allowable
= Pareto Percentage 7
Convergence Stability
14 Percentage 2
Madmum Number of
= Iterations 2
Madmum Number of
& Candidates 3
17 timizatio b
24 o o

Figure 6.5. Optimization properties of MOGA method

After completion of the optimization process, candidate points are selected based

on the degree to which the target parameters have been achieved. An additional candidate

point may be entered manually and considered to be the optimal solution.

1 P32 - temperature-hs-op (K) = P33 -t_max_led-op (K} =
Name ¥ | P34-FinHeight (mm) ~ | P35-FinSpace (mm) ~

2 Parameter Value | Variation from Reference | Parameter Value | Variation from Reference
3 @ Starting Point DP13 | 12 3 xxx 317,41 0,00 % *** 318,03 0,00 %

4 o Candidate Point 1 0 Shil xxx 314,9 0,79 % ,*‘*‘* 315,82 0,70 %

5 [+ Candidate Point 2 14 3 xxx 316,78 0,20 % ,*‘*‘* 317,42 0,19 %

[ L) Candidate Point 3 DP13 || 12 3 xxx 317,491 0,00 % *** 318,03 0,00 %

=3 New Custom Candidate Point 5 35

Figure 6.6.Candidate Points table
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7. Problem description

The main task of the thesis was to optimize an existing heat sink on which an
LED strip is mounted. The PCB with diodes is connected to the cooler through thermal
paste for better heat conduction. The technical parameters of the paste are specified in

Appendix I.

Printed board circuit
with light emitting diodes

Heat sink

Figure 7.1. lllumination module assembly

The whole module is attached to the rest of the assembly with three screws. There
are optical elements (lenses, prisms, apertures, etc.) inside the assembly which have to
be placed in a correct position with tolerances of down to 0.02 mm. Temperature changes
in the module lead to changes in the positions of these elements, and to incorrect

operation of the device.

Thus, the task of the cooler is not only to remove heat in order to maintain the
functionality of the LED strip itself, but also to limit deformations in the body of the

object due to thermal changes.

Cooler Optical component

Rest of the body (also includes optical components)

Figure 7.2. Complete light tool assembly
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The light tool in Figure 7.2 is one of the components comprising the inspection
head (sensor). In terms of heat exchange, the sensor contains not only the main light tool
but also a camera and auxiliary lights mounted at the bottom of the head. Neither the
camera nor the lights are continuously turned on. The camera captures images at specific

intervals. The lights illuminate sequentially during the camera’s exposure.

Figure 7.3. Inspection head assembly. Heat sources: main light (1), camera (2) and auxiliary lights (3).
The optimized cooler is highlighted in green.

The machine uses passive cooling with aluminum heat sinks. The dimensions are
determined by the overall dimensions of the assembly and available space as well as the
capabilities of the manufacturer (width and depth of the milling tool, material). In passive

cooling, most of the heat is removed by air flow driven by natural convection.

One way to improve the cooling capabilities of the heat sink is to change its
material. Copper, for example, has almost two times higher thermal conductivity than

aluminum (385 W-m2-K* and 200 W-m2-K%, respectively). By replacing the cooler with
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a copper one, we would achieve better heat removal from the strip and the entire module.
This option, however, was not considered due to manufacturing limitations.
Wickon Hightech s.r.o0. only mills aluminum parts in production, so designing a copper
part would be impractical.

Another option to significantly increase the heat removal from the module would
be to use active cooling. For example, a fan installed in front of the cooler would create
air flow for more intense heat exchange between the cooler and the environment.
However, this would significantly increase the requirements for electrical installation,
making the entire module more expensive. Moreover, the main purpose of the machine
is the automated optical inspection of microchips with a resolution of up to 2.5 um.
Strong air flow would contribute to unwanted circulation of dust particles in the space
with inspected products. Even if the machine is installed in a clean room, the aluminum
parts may undergo corrosion over time releasing microscopic particles, or small dust

pieces may appear due to friction of moving parts.

Further way to improve cooler efficiency is to increase its surface area by
increasing roughness using a chemical method. This solution, however, is too expensive
considering the logistics and time spent on transportation and the additional step in

creating the part.

Thus, it was decided to optimize the cooling capabilities of the cooler by changing
its design. Two parameters were selected for optimization: fin spacing and fin height.

The total height of the heat sink remains constant.

25

S

———

Figure 7.4. Cooler parameters for optimization —
fin spacing s and fin height L
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8. Solution based on dimensionless correlations

In this part of the thesis only one parameter was optimized — fin spacing. The

calculations were made under the following assumptions:

e The temperature of the ambient air T, = 30 °C;

e The fins were isothermal, the average fin surface temperature
T, = 36.8 °C (obtained from the reference case simulation);

e All fluid properties were evaluated at the average temperature

Ts+Te

T = = 34.4°C;

e The atmospheric pressure was 100 kPa;

e Initial design had the following dimensions — see Figure 8.1.

N 1
1%
L
N
__\
__\_\,
—— 3

Figure 8.1. Initial cooler design parameters

Air properties at the temperature 34.4 °C and 100 kPa pressure:

= = 0.00326 K1
F=1 1

v=1.64-10"5m?2-s71

a=229-10""m?-s71

v
Pr=—-=10.713
a
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Then the Rayleigh number for a fin height L as the characteristic length is,
according to (16):

_ 3
_ 9B T

Ra
L VZ

r = 1002

Low Rayleigh number means that the natural convection flow around the heat

sink is weak in this case.

The optimum fin spacing was then calculated from (15):

Sopt = 2.714 - = 5.8 mm

0.25
a,
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9. Solution based on simulation

The heat sink optimization was elaborated using the Ansys program, which
provides sophisticated mathematical ground for calculating thermal processes and
performing parametric optimization. The model with the original design was created and
validated by experimental measurements. Following that, heat sink parameters
optimization was performed. Geometry creation, meshing and optimization were set in
the Ansys Workbench environment with Ansys Fluent as the solver. Ansys Direct

Optimization tool was used for parametric optimization.

9.1. Model setup

9.1.1. Geometry
A model of the simulated system was built in Ansys Design Modeler software.
The model consisted of a cooler, an LED strip and a part representing the rest of the

assembly to which the cooler with the strip were screwed.

The ambient conditions were represented by air volume around the model. The
domain was 15 mm wider than the heat sink on each side and 55 mm higher. The whole
domain size was 72x24x150 mm?. Modelling the entire inspection head, including other
assemblies, air inlets and outlets, would result into more precise calculation outcome.
However, this would also significantly increase computational requirements. A separate
volume was added to simulate air in the cavity inside the part.

To reduce the mesh size and consequently the simulation time, the geometry of
the objects was simplified. Thread holes and threads were not included in the model, as
well as chamfers and recess fillets.
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Figure 9.1. Built geometry (whole model and cut).
a — heat sink, b — LED strip, ¢ — body, d — air cavity

9.1.2. Meshing

Computational mesh was generated in Ansys Meshing software.

The maximum element size was set to 1 mm. On certain surfaces the maximum
element size was reduced to 0.15 mm. Therefore, there were at least 3 nodes through the
thickness of each layer according to general rules for building a computational grid.
Using Share Topology operation in the previous step made the generated mesh
conformal. This means that in contact locations between two bodies the nodes of their
elements were coincident, no "hanging nodes" were created. Such a grid allowed the

solver to perform calculations accurately as well as reduced the calculation time.

The computational mesh for natural convection simulations has increased
requirements for cells near to the cooled surface on the air side. At least the two first cells
adjacent to the surface should be in the viscous sublayer. It means that y* in the closest
cell to the surface should be around 1 [23]. To achieve this, an inflation operation was
used in Ansys Meshing.

In this step individual surfaces were designated as named selections to indicate
areas that behave differently from the heat transfer point of view (have different heat

transfer coefficients). The following surfaces were assigned different settings: outer
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surfaces (transverse and longitude), horizontal walls in channels, vertical walls in

channels, upper surfaces of heat sink ribs.

Figure 9.2. Generated mesh (whole model and cut)

Figure 9.3. Generated mesh, double section view
(a closer look on areas with inflation and finer mesh)
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Figure 9.4. Named selections. Green — Wall_outer_long, blue — Wall_outer_short, yellow — Wall_upper,
red — Channel_h, gray — Channel_v

9.1.3. Solver

The generated computational mesh was loaded into the solver — Ansys Fluent. A
correct set up of the model had to be made in the solver — material properties, operational
and boundary conditions, contact surfaces between bodies etc. A pressure-based coupled

solver was used for simulations.

The operating temperature was set to 30 °C, operating pressure to 101325 Pa.
Since the heat sink is tilted by 15 degrees from the vertical position, gravitational
acceleration was divided into 2 components — along X and Z axis. The operating

conditions are presented in the figure below.

B Operating Conditions *
Pressure Gravity
Operating Pressure [Pa] V| Gravity
101325 N L o
Gravitational Acceleration
Reference Pressure Location .
X [m/s?] 2.54 v
X[m] o -
Y [m/s7] o -
Y[m] o v .
Z[m/s?] -9.48 v
Z[m] o v

Boussinesq Parameters
Operating Temperature [C]
30 ~7

Variable-Density Parameters
+| Specified Operating Density

Operating Density [kg/m?]
D -

Figure 9.5. Operating conditions
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The used materials were aluminum and air. To make natural convection

simulation possible, air density was chosen to be a value dependent on temperature and

independent on pressure (the flow is incompressible). Thermal conductivity and viscosity

were set as polynomial functions of temperature for a more precise solution.

BB Create/Edit Materials
‘Name Material Type
air fluid
Chemical Formula Fluent Fluid Materials
| air
Mixture

none

x

Order Materials by
~ | ® Name
Chemical Formula

Fluent Database... ‘
< | |6RANTA MDS Database...|

‘ User-Defined Database... ‘

Properties

Density [kg/m”] incompressible-ideal-gas ~ || Edit...
Cp (Specific Heat) [3/(kg K)] constant v || Edit...

1006.43
Thermal Conductivity [W/(m K)] palynomial 7 |Edit...|
Viscosity [kg/(m )] polynomial * |[edit...|
Molecular Weight [kg/kmol] constant ¥ ||Edit...

28.966

‘.Change,'create | | Delete ‘ ‘.Help |

Figure 9.6. Air properties
The energy equation was included in the calculations to simulate thermal
processes. Flow and turbulence equations were also activated for natural convection
simulation. The k-w GEKO [24] turbulence model was selected as the most suitable for

this task.

B Viscous Model X
Model GEKO Options Model Constants
Inviscid Wall Distance Free CREAL (GEKO) -
Laminar CSEP 0.577
Spalart-Allmaras (1 eqn) constant ~ | CNW_SUB (GEKO)
k-epsilon (2 eqn) 1.75 1.7
® k-omega (2 eqn) W CIET_AUX (GEKO)
Transition k-kl-omega (3 eqn) constant v 2
Transition SST (4 eqn) 05 CBF_TUR (GEKQ)
Reynolds Stress (7 eqn) CMIX 2
Scale-Adaptive Simulation (SAS) compute-from-csep * ! geta=_inf
Detached Eddy Simulation (DES) CIET} 0.0
imulati 08
Large Eddy Simulation (LES) e o .
built-in -] ||Lo.088

TKE Prandtl Number

GEKO Defaults L

SDR Prandtl Number -
k-omega Model

Standard )

User-Defined Functions
® GEKO

Turbulent Viscosity

BSL

ssT none

Prandt] Numbers
Energy Prandtl Number
correlation e none ||

Near-Wall Treatment

options Wall Prandtl Number

Buoyancy Effects Only Turbulence Production none -
Viscous Heating
Curvature Correction
Corner Flow Correction
Production Kato-Launder
¥/ Production Limiter

Transition Options

Transition Model none -

Figure 9.7. Viscous model setup
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Heat transfer occurred by conduction (within bodies) and convection (on their
surfaces). Two models of heat transfer by radiation presented in Ansys Fluent could be
considered: the Surface-to-Surface (S2S) and the Discrete Ordinates (DO) radiation
models. Since the S2S model can be applied on a model with constant surface mesh, and
optimization process involves mesh regeneration for each case, this method is not
suitable. The DO model, however, would be too computationally intensive. For these

reasons, heat transfer by radiation was neglected in this problem.

The cooler is attached to the next component by three M3 screws, which create a
pressure of 24 atm between the parts. The thermal contact resistance between them is
then 0.4 m?-K-W. No TIM is applied in this contact location since heat transfer from the
cooler to the remaining assembly is undesirable. The Thermal Grizzly Hydronaut paste,
0.1 mm thick, is applied between the LED strip and the cooler. The technical
specifications of the paste are provided in Appendix I. A material with thermal
conductivity 11.8 W-m1-K! was created and named “Thermal Paste”. Both contact zones
(between the cooler and the component, between the strip and the cooler) were

considered in the simulation.

The LED strip acts as a heat source in the study. It consists of 39 diodes. Each
diode operates at the voltage of 2 VV and an average current of 0.3 A. The maximum
current is 0.7 A. Approximately 30 % of the electrical power is then converted to light
and around 70 % to heat [4]. The diodes were turned on and off simultaneously and
emitted light for about 4 % of the total duty cycle, which lasted 4 s. Thus, the volumetric

heat source in the strip was 0.65 MW-m according to the following equation.

1-U-n w
——2.0.7-0.04 [—3] (17)
m

qv = v

where [ is the average current through an LED strip [A],
U is the voltage of an LED [V],
ng 1s the number of diodes on an LED strip [],

V is the LED strip volume [mq].
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9.2. Model validation
The CFD initial design model was validated in respect of accuracy. A temperature
measurement experiment was conducted on the actual scanning machine (inspection

head). The results were then compared to the simulated ones.

The scanning process was carried out as follows: a product with the length of
60 mm was moving on a vacuum table at the speed of 40 mm-s™. At each 5 pm shift of
the product, the camera captured three images with the time interval of 1 ps. During the
first frame, the main light operated for 10 ps, during the second frame, the main light ran
for 5 ps, and during the third frame, auxiliary light sources illuminated the product. The
time intervals of one frame cycle are depicted in Figure 9.8. After the product was
scanned, the table moved back to the initial position and the whole process started again.
The total duration of one scanning cycle was 4 s. The scanning took place in the first

1.25 s. During the remaining time, the table moved back to its starting position.

125 ps
—
—~ —
10 ps 5us 10 ps t

>
1 us I ps

Figure 9.8. One shift cycle. Blue color is representing studied LED illuminating time, yellow color —
additional lights illumination

The measurements were carried out using resistance temperature detectors
(RTDs). RTDs’ operation is based on the change in the resistance of precious metals due
to temperature variations. Such metals exhibit a close to linear resistance characteristic.
By supplying a constant current to the sensor, the change in resistance (and thus
temperature) can be derived from the change in voltage. Four Pt-100 thermometers were
soldered and assembled using Ahlborn ZA 9000-FS3 connectors, 4-wire cables and
platinum sensors with the nominal resistance of 100 Q. The Pt100 thermometer tolerance
at 40 °C is £0.5 °C in accuracy class B (see Appendix Il). The soldered contacts were
wrapped with insulating tape to prevent short circuits and inaccurate measurement
results. Adapters on the opposite ends of the wires were connected to a portable data
acquisition unit ALMEMO 2690. Two sensors were measuring air temperature (100 mm
below the heat sink and 50 mm above it), two others were mounted on the heat sink

surface with two-sided thermal tape (on the camera side and on the opposite one).
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Figure 9.9. Experimental configuration. 1, 2 — air temperature sensors,
3, 4 — heat sink surface temperature sensors

Figure 9.10. Measuring device ALMEMO 2690 (on the left)
and a connector with soldered sensor Pt-100 (on the right)

Each connector was programmed in the software ALMEMO-Control to measure
temperature within the range of -8 to +60 °C. Additionally, the ALMEMO measuring
instrument was equipped with a memory card for recording data into a text file.
Measurements were taken every 5 minutes to follow the temperature increase and read
the necessary data when the temperature is stabilized. Measurement results are presented
in Chapter 11.
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9.3.
Two heat sink dimensions were selected as optimization parameters: the fin

Optimization and parametric set

height L and the distance between the fins s. The height of the fins could vary from 10 to
20 mm and the fin space from 2 to 5 mm. These limits are determined by manufacturing
constraints and assembly size requirements (available space in the complete system).
Both parameters’ allowed values were also limited by “Snap to grid” option with a grid

interval 1 mm (height) and 0.1 mm (spacing).

Properties of Outline A8: P34 - FinHeight * o x

= Gv.-.-n:r.:l
Units

Classification

Continuous
= Values

Lower Bound

Upper Bound

20

Allowed Values

Snap to Grid

Grid Interval

1

(T T = T = T T Y P I O )

Figure 9.11. Fin height parameter settings

Properties of Qutline A9: P35 - FinSpace * o x

= Guﬂ:rd|
Units

Classification

L5, I S L B 6 T

= Values

Lower Bound

Continuous

Upper Bound

5

Allowed Values

Snap to Grid

W oo ||

Grid Interval

0,1

Figure 9.12. Fin spacing parameter settings

= InputParameters

Mame Lower Bound Upper Bound Starting Value
P34 - FinHeight (mm) 10 20 12
P35 - FinSpace (mm) 2 5 3

Figure 9.13. Input parameters table

Optical elements, which are sensitive to displacement, are situated within the
components attached to the cooler. It is critically important to limit the deformations of
these components resulting from heat emitted by the LED strip during the operation
process. A temperature change of up to 20 degrees is allowed for a proper device
function. Moreover, it is necessary to ensure that the temperature of the LED does not
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exceed the maximum operating value (100 °C). Thus, the optimization target parameters
were the average temperature on the heat sink surface Tws, and the maximum temperature
of the LED strip Tiep max. The optimization task was to reduce Tws while ensuring that

TLep max does not exceed the value of 363 K (i.e. 90 % of the maximum value).

Table of Schematic F2: Optimization

A E C | D | E F | G | H | I

1 Chjective Constraint
MName Parameter

2 Type Target | Tolerance Type Lower Bound | Upper Bound | Tolerance
3 Minimize P32 P32 - temperature-hs-op | Minimize hd ) Mo Constraint -
4 P33 <= 363K | P33 -t_max_led-op Mo Objective | Values <= Upper Bound ¥} 363 0,001
* Select a Parameter &2

Figure 9.14. Optimization objectives and constraints setup

The reference case revealed that the system is in a safe zone in terms of
temperature, taking into account the current LED heat power. Therefore, it was decided
to increase volumetric heat source of an LED strip from 0.65 MW-m™ to 8 MW-m™ as if
it was active for 50 % of cycle time. This change raised the observed temperatures and
their potential reduction. Input and output parameters of the initial (reference) case are

presented in the table below:

Table 1. Initial case parameters

Parameter h, mm S, mm Ths, °C TLeD MAX, °C

Value 12 3 44.3 44.9

Considering that there is only one constraint in the optimization problem, the
Adaptive Single-Objective optimization model was chosen with the number of initial

samples equal to 6.
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10. Results and discussions
10.1. Model validation

Temperature development is shown in the Figure 10.1, the final stabilized

temperatures are presented in the table below.

Table 2. Temperature values acquired experimentally

Channel . Steady
# number Description temperature, °C
1 00 SAi\:]rktemperature 100 mm below the heat 293405
2 01 Air temperature 50 mm above the heat sink 30.9 + 0.5
3 02 Temperature of thg heat sink surface 358+ 0.5
from the camera side
4 03 Temperature of 'Fhe heat sink surface 353+ 0.5
from side opposite to the camera
3 . t_00,
°C
35 t_01
C ........'
02 oo*®
> 33 b oges?
] .o
S o°
®©31 o
‘D °
= ® ° o %°° ° °® o,
E 29 ° ee® 0..0000..0. 0 Oo.. '...'......‘.o. .. s%e ... ..... ta
27 | o
$
25

9.30 10.15 11.00 11.45 12.30 13.15 14.00 14.45 15.30
Time, hh.mm

Figure 10.1. Temperature development (experiment results)
A simulation under the same operating and boundary conditions was performed
to validate the model. Operating temperature was set to 30 °C. Since the LED

illumination was not permanent, but intermittent, the volumetric heat source was
calculated according to (18).

n

e (18

where B,,,, — hominal power of the LED strip [W]; X — percentage of LED strip

illuminating in the whole scanning cycle [%], V — LED strip volume [m?].
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Static Temperature

[C]
31.22
31.14
31.06
30.99
30.91
30.84
30.76
30.68
30.61
3053
3046
30.38
30.30
30.23
3015
30.08
30.00

Figure 10.2. Temperature contours

The temperatures obtained from the simulation and their comparison with

measured data are presented in the Table 3.

Table 3. Experimental and simulation data comparison

Steady temperature Steady temperature . 0
# (experimental data), °C | (simulation data), °C Difference, %
. 30
. Al 293 (operating condition) j
. 30
2 Al 309 (operating condition) i
Cooler
3 | (camera 35.8 31.2 13
side)
Cooler
4 | (opposite 35.3 31.2 12
side)

The difference was calculated using the following formula:

Tsim — T.
) =M. 100 [%] (19)

Tsim

where T, is the temperature obtained from the simulation, T,,,, is the temperature

obtained from the experiment.
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The average difference between the measured temperature of the cooler and the
temperature obtained from the simulation was 12.5 %. The observed difference occurs
because the numerical model contained several simplifications resulting in deviations

from reality.

Firstly, in order to simplify and speed up calculations the model did not include
all geometric details. For instance, the absence of chamfers or grooves for wires could

considerably impact the results.

Secondly, the model did not account for heat exchange by radiation which would
significantly complicate the model implementation into the optimization process.
However, the emissivity of the real cooler's surface treated with black anodizing is high
and there is another heat source nearby — a camera located 50 mm away, reaching 60 °C

during operation. Therefore, the radiation heat transfer is not negligible in the real device.

The auxiliary lights placed at the bottom of the inspection head have a further
important impact which was not accounted for in the model. One of the lights is mounted
straight on the main light body. This creates in principle another source of heat and heat

exchange by conduction could occur between them.

Additionally, the simulation was solved as a steady-state problem, whereas in
reality the LED strip's illumination process is non-uniform and cyclical. The LEDs on
the strip are not continuously illuminating the product. They are active only 4 % of the

entire cycle time.

Finally, the results of the calculation were influenced by the representation of
ambient conditions. It would be impractical to include the entire interior of the inspection
head in the model. Instead, the heat sink surroundings were represented only by the
volume of air that extended by 15 mm on both sides and 55 mm above the cooler. This
approximation significantly influenced the simulation results for two reasons. Firstly, the
solver created fictitious air flow on the domain boundary to balance the system.
Secondly, it didn’t envision real air stream that was influenced by other heat sources
within the devise case or its’ openings. Taking into account the described factors
affecting the actual cooler temperature, it can be stated that the model has been

successfully validated.
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10.2. Optimization results

The generated data after the optimization process are shown in a figure below.

Table of Schematic G2: Optimization

A B C D E
i MName .= | P34 -FinHeight {mm) ~ | P35-FinSpace (mm) ~ | P32 -temperature-hsop (K) ~ | P33-t_max_ledop () ~
2 i 14 4,7 315,12 316,82
3 2 17 42 315,14 315,89
4 3 12 7,7 318,21 318,82
5 = 15 32 315,93 316,6
6 5 11 3,7 317,57 318,2
7 & DP1 |19 27 % %
8 7 20 5 314,12 315,31
L 8 20 5 314,12 315,31
10 9 15 45 315,45 316,23
11 10 15 4 314,57 315,44
12 11 18 4,7 314,67 315,53
13 12 18 3,3 315,02 315,3
14 13 20 4,8 314,14 315,25
15 14 20 5 314,12 315,31
15 15 19 4,6 314,42 315,36
17 16 18 4,9 314,72 315,62
18 17 19 4,5 314,4 315,32
19 18 15 4,8 314,38 315,35
20 19 20 5 314,12 315,31

Figure 10.3. Raw optimization data

In Figure 10.3 all simulated cases are displayed. Input parameters — the fin height
and the fin spacing, are shown in the columns B and C, while the columns D and E
illustrate output parameters — the average temperature of heat sink surface and the
maximum temperature of the LED strip. The case 7 was not evaluated due to mesh
generation failure. However, it didn’t influence the optimization results since the samples

with a smaller fin gap showed less effective heat dissipation.

The Figures 10.4 and 10.5 reveal iterative process of searching for optimal
parameters’ values. The first, second and last iterations included simulations of eight, six
and five design points, respectively. The dark and the light blue lines on the graphs draw
lower and upper bound values, respectively. The gap between the lines is being narrowed
which indicates the solution convergence.
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P34 - FinHeight [mm]

N e

History of P34 e
Lower Bound Value
Upper Bound Value mm—m
Varification and Candidate Points

Figure 10.4. Fin height optimization development

P35 - Finspace [mm]

History of P35 s
Lower Bound Value
Upper Bound Value mmm
Verification and Candidate Points

Figure 10.5. Fin spacing optimization development

The 3 candidate points are selected by the software at the end of optimization

process — see Figure 10.6.

P32 - temperature-hs-op (K} =

P33 - t_max_led-op (K}

-

Figure 10.6. Candidate points as a result of a direct optimization

Input parameters of the Candidate Point 1 showed the biggest drop in the

temperature of the cooler surface. The parameters of the optimized case and the initial

case are shown in the following table.

Table 4. Optimization results

Parameter h, mm S, mm Ths, °C TLep max, °C
Initial case 12 3 44.3 44.9
Optimized case 20 5 41.0 42.2
Difference, % -1.4 -6.1

41

-| Reference MName ¥ | P34-FinHeight{mm) =~ | P35-FinSpace {mm) ~
Parameter Value | Variation from Reference | Parameter Value | Variation from Reference
@ Candidate Point 1 20 5 xxx 314,12 0,00 % o 315,31 0,00 %
Candidate Paint 2 19 4.8 xxx 314,38 0,08 % r 31535 0,01 %
Candidate Point 3 13 4.7 xxx 314,67 0,17 % sy 315,53 0,07 %
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The difference was calculated using the following formula:

Tinit — T,
5= M. 100 [%)] (20)
Tinie
where Tjy;, is the temperature in the initial case, T,,, is the temperature in the optimized

case.

The parametric optimization resulted in a 7.4 % reduction in the average surface
temperature of the cooler, while ensuring that the temperature of the LED strip remained
within the allowable limit. This improvement was achieved by increasing the fin height

from 12 to 20 millimeters and the spacing between fins from 3 to 5 millimeters.

The manufacturability of the part with these parameters is a subject of discussion.
With the fin spacing of 5 mm, the thickness of each fin would be only 0.875 mm. Milling
such a thin fin of 20 mm height from aluminum is a highly demanding goal due to
possible metal deformation and tool limitations. However, an alternative manufacturing
approach can be considered: grooves with a width of 1 mm could be milled in the base,
into which thin plates, cut from a 1 mm thick aluminum sheet, would be inserted and
soldered. This method would guarantee that the geometry of the part closely aligns with
the optimal design while remaining manufacturable. An alternative manufacturing
method for such a part is extrusion. In extrusion, an aluminum alloy is pushed through a
die with specific geometric parameters (profile). Using this method, it would be possible

to produce even thinner fins.
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11. Conclusion

The objective of the master thesis was to perform parametric optimization of
a light source cooler. A literature review on heat sinks and methods to improve their
efficiency was conducted. The literature analysis revealed that the cooling performance
of a heat sink is influenced by several factors, including material, dimensions, shape and
topology, ambient environment (air or liquid), cooling mode (active or passive) and

others.

Ansys software was used for the optimization. The geometry modeling, meshing,
and thermal analysis with natural convection simulation were conducted using Ansys
Design Modeler, Ansys Meshing and Ansys Fluent, respectively. An experiment to
measure the surface temperature of the cooler was carried out to validate the model. The
temperatures obtained from the simulation and the measured temperatures differed by an
average of 12.5 %. This discrepancy can be attributed to several simplifications in the
model, such as the exclusion of radiation effects, absence of geometric features (chamfers
and holes), and the limited computational domain size (volume of air surrounding the
heat sink). Simulating a model that fully reflects reality would require immense
computational resources, which is at present neither feasible nor rational. Considering

this, it can be asserted that the computational model was successfully validated.

The Ansys Direct Optimization and Parameter Set modules in Ansys Workbench
were studied for the optimization process. The fin height and the distance between fins
were chosen as optimized parameters, with the objective of reducing the average
temperature of the cooler. Additionally, a constraint was assigned, limiting the maximum
LED strip temperature to 100 °C. The Adaptive Single-Objective method was selected
for the optimization. Given that there were only two input parameters and one objective,

the solution converged in just three iterations.

The optimization process resulted in 7.6% reduction of the average heat sink
surface temperature, with the LED strip temperature still below the maximum allowed
value. Achieving this required increasing the fin height to 20 mm and the fin spacing to
5 mm. It is noteworthy that these numbers were the upper limits of acceptable values for
these parameters, considering the maximum permissible cooler dimensions and the
manufacturing possibilities. The initial heat sink was produced on a milling machine with

its dimensions constrained by milling capabilities. The optimized heat sink cannot be
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manufactured using the same method due to the fin dimensions (with 5 mm spacing, each
fin would be 0.875 mm thick). Therefore, alternative manufacturing methods such as

soldering thin plates to the base or extrusion were proposed.

The thesis objective was achieved, but the topic still has a potential for further
exploration. For instance, the optimization could extend beyond fin height and width to
include fin count and shape. Additionally, fins could be non-uniform (varying height and
width, denser fin placement in certain areas, etc.). Another way of improvement would
be adding perpendicular grooves to the fins on the existing geometry to influence airflow

around the cooler, potentially enhancing its cooling performance.
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Appendix I. Thermal paste datasheet

o

PRODUCT DATA SHEET
Thermal Grizzly Hydronaut

Description:
Thermal GCrizzly Hydronaut is a high performance
thermal grease.

Properties:

Thermal Grizzly Hydronaut is a very high performance
thermal grease, which shows its true capabilities in
cryogenic environments. Hydronaut thermal grease
sports high long time stability, all without curing. Hyd-
ronaut thermal grease is silicone-free.

Applications:

Thermal Grizzly Hydronaut is best used with appli-
cations in need of high temperature resistance, for
example those in electrical or computer enginee-

ring. Of course, Thermal Grizzly Hydronaut can also
be used in a wide variety of other lines of industries.
Hydronaut thermal grease was created especially
for larger-scale cooling solutions. Thermal Grizzly
Hydronaut is best applied with the Thermal Grizzly
applicator, but it can also be applied by way of
brush, spatula, silkscreen or pad printing.

Storage:

Thermal Grizzly Hydronaut should be stored in its
original packaging, in a dry environment at room
temperature.

Property Value/Description Property Value/Description

Viscosity 140-190 Pas
Density 2.6g/cm?
Application Temperature  -200° C to 350° C
Electrical Conductivity* 0 pS/m
Consistency soft

Colour light grey

Standard Sizes 3ml, 1,5ml, 1g

Possible Thinkness variable

Silicone based no

Typical Application CPUs, GPUs,
Notebooks, ICs

*following DIN 51412-1

All of these data were determined and confirmed with the technical facilities of http://overclocking.guide.

Trademark Information:
Thermal Grizzly is a registered trademark.

Please note:

The data in this technical data sheet are based on
our current knowledge and experience. Due to the
large amount of possible factors, this should not be
construed as to release the users from doing their own

tests and screening. No legally binding assurance
of specific properties or applicability for a concrete
purpose should be derived from these data. Please
consider contacting us for further detail.

It is the responsibility of the recipient of our products

to ensure that any proprietary rights and existing laws
and legislation are observed.

TGU20212309

Thermal Grizzly - High Performance Cooling Solutions
Egelpfuhistrasse 44 - 13581 Berlin - Germany

Phone +49-40-53 27 88 50

- Fax +49-321-21 13 47 93

sales@thermal-grizzly.com
CEO: Eike Salow - USt-IdNr. DE270324124
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Appendix Il. PT100 thermometer tolerances

i

T

WAL

etection

Polina Kim

PT100 Tolerance Information

PT100 Resistance Thermometer Tolerance Chart

Relating to EN 60751 1996 and 2008

PT100 Temperature Tolerance (+/- °C)
EN 60751 1996 | EN 60751 1996 1/3DIN :
Class B Class A 1/10DIN (notin
EN 60751 2008 | EN 60751 2008 | EN 60751 2008 standard)
Temperature °C Class B Class A Class AA
-196 1.28
-100 0.80 0.35
-80 0.70 0.31
-50 0.55 0.25 0.19 .
-25 0.43 0.20 0.14 ;
0 0.30 0.15 0.10 0.03
25 0.43 0.20 0.14 0.04
50 0.55 0.25 0.19 0.06
75 0.68 0.30 0.23 0.07
100 0.80 0.35 0.27 0.08
125 0.93 0.40 OISl
150 1.05 0.45 0.36
175 1.18 0.50 0.40
200 1.30 0.55 0.44
225 1.43 0.60 0.48
250 855 0.65 0.53
275 1.68 0.70
300 1.80 (0}7/5)
325 1.93 0.80
350 2405 0.85 Wire Wound Detector
375 2.18 0.90 Thin Film Detector
400 2.30 0.95
425 2.43 1.00
450 2.55 1.05
475 2.68
500 2.80
550 3.05
600 3.30

In accordance with BS EN 60751 : 1996 and 2008
Resistance at 0.0°C = 100 ohms

Alpha value = 0.00385 Q/Q/°C

Thermal Detection Limited

Unit 6, Primrose Hill Industrial Estate

Orde Wingate Way
Stockton-on-Tees, England,

TS19 0GA
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THERM PT100 Tolerance Information
Detection

PT100 Resistance Thermometer Tolerance Chart

. ClaSS A

== = == 1/10 DIN

Thermal Detection Limited Fax: +44 (0) 1642 618307

Unit 6, Primrose Hill Industrial Estate Tel : +44 (0) 1642 602878
Orde Wingate Way Email: sales@thermal-detection.com
Stockton-on-Tees, England, Web: www.thermal-detection.com
TS19 0GA © Thermal Detection Ltd 2016
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Appendix I11. Ansys Direct Optimization setup

The Direct Optimization tool can be found in Ansys Workbench on the Toolbox
menu in the Design Exploration section.

- OHS v10 - Workbench

File View Tools Units optiSlang Extensions Jobs Help

s8¢ A
= Project \ @) E2:Optimization X ! 53 Parameter Set X
& Import... ‘ <9 Reconnect E Refresh Project / Update Project ~ | Resume / Update All Design Points | B & ACT Start Page
Toolbox | EF Rl Project Schematic
EVAnaIysis Systems
@ Component Systems
B Custom Systems = — A L = e £
B Design Exploration 2 1 W
& 30 ROM 2 m Geometry Vo *a2 Geometry v o4 *2 @ Setwp v a
E Direct Optimization ———> 3 [pd Parameters 3| @ Mesh v i 3 | @@ solution v
Parameters Correlation
[ Response surface HS vi0 > 4 | (pd Parameters 4 | (Y Parameters —
@ Response Surface Optimization Mesh (whole) v10 Fluent v10.2
| B optiSLang |
' Optimization
B Robustness
N i i | A4
il Sgnslbwty - l['p] Parameter Set
|2 optisLang Integrations |
B Data Receive
& Data Send
%/ MOP Solver
© Ppython Y D
‘E! ACT 2 @ Optimization v i
== Create a workflow...
Direct Optimization Fin height and space
v E
1
2 |@ Optimization < 3
Direct Optimization

Figure 111.1. Workbench Toolbox options and Project Schematic

Direct Optimization belongs to parametric optimization approaches. Thus, the
optimization parameters should be specified.

Input parameters are entered by a user and these are the optimized ones. Any
numerical value entered by a user can be selected as an input parameter. In such tools as
Design Modeler or Meshing, a parameter can be set by clicking on a white checkbox on
the left of the input value. In Ansys Fluent, a quantity is designated as a parameter from
a drop-down list on the right of the input value. After a quantity is selected as an input

parameter, its value can be changed manually from the Parametric Set only.
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Figure 111.2. Input parameters in Design Modeler (on the left) and Meshing (on the right).
“P” in a checkbox indicates, that a value is selected as an input parameter. The gray background in a
value field denotes that it cannot be edited manually from this menu.
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Figure 111.3. Setting an input parameter in Fluent

Output parameters are obtained as a result of the mesh generation or the

simulation. They are used in an optimization process for objective and constraint

definitions. In Meshing, a parameter can be set by clicking on a white checkbox on the

left of the output value. In Ansys Fluent, output parameters are created from report

definitions by clicking on a “Create Output Parameter” button. In Fluent, all input and

output parameters are shown on the Outline View pane in the Parameters &

Customization section.
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Figure I11.4. Creating output parameters in Meshing (on the left) and Fluent (on the right)
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+ Solution
+ Results
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- Parameters & Customization
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Input Parameters

rd Output Parameters

pd t_max_led-op
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¥ Custom Field Functions
fz' User Defined Functions
2¢ User Defined Scalars

':% User Defined Memory

+ Simulation Reports

Figure 111.5. Overview of parameters in Fluent

After input/output parameters are selected, a Parameter Set box is automatically

added to the Project Schematic. Arrows are connecting Parameter Set to individual

blocks representing parameter definition. An arrow pointing towards a block indicates an

input parameter, while an arrow pointing away from a block indicates an output

parameter.

52



3-TPR-2024

v

2 B

——>3 ‘['p'.l Parameters

A v

: T 1
y o -2

:

3

HS v10

B
# Mesh
Geometry v
@ Mesh v
(53 Parameters

Mesh (whole) v10

v

A

_e2

Polina Kim

&
:
a Setup v 4
% Solution v .

3

A

. |

(53 Parameters

Fluent v10.2

(pd Parameter Set

Figure 111.6. Project Schematic after defining parameters

Outline of All Parameters

A B C D
1 jin} Parameter Mame Value Unit
2 E  Input Parameters
= B @ HSv10(a1)
4 h P34 FinHeight 12 mm x|
5 b P35 FinSpace 3 mm x|
3 Vp Mew input parameter MNew name Mew expression
7 B Output Parameters
3 = . Fluent v10.2 (D1)
g pd P32 temperature-hsop | 317,41 K
10 pd P33 t_mayx_led-op 318,03 K
3 ﬁ] Mew output parameter Mew expression
12 Charts

Figure I11.7. Parameter Set

The Direct Optimization tool is then linked to the Parameter Set. Several

optimization blocks can be connected to one Parameter Set. Optimization processes in

this case are solved independently.

2 E Geometry
>3 [pd Parameters

H5 v10

-
1
Vo a2

3]
4

B - C
© —
E Geometry v /,.—i 2 ﬁ. Setup v o4
@ Mesh v our - 3 Solution v o4
?ﬁ] Parameters T?ﬁ] Parameters
Mesh {whole) v10 Fluent v10.2

| [pd Parameter Set

Direct Optimization

Figure 111.8. Project Schematic with Optimization tools
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If no parameters are defined prior to inserting Direct Optimization to the Project
Schematic, an empty Parameter Set is created automatically. Parameters can be defined

later and will be connected to the Parametric Set.

Project Schematic

- s - B

:

2 9 Geometry 2 4 -2 @ Mesh 7 4
Geometry 3 @ Setup F .

4 Solution F 4

Fluent (with Fluent Meshing)

[’p:J Parameter Set

- =

b8 = Direct Optimization

2 | {@) Optimization F .

Direct Optimization
Figure 111.9. Example of a Direct Optimization block inserted to a project
with no predefined parameters
The Direct Optimization module is not a separate software, but a tool that can be
used within Ansys Workbench platform. Its setup and results are shown in a separate tab
in the Workbench window. An optimization setup involves choosing objectives and
constraints, defining optimized parameters’ range and allowed values, selecting

optimization method and properties.

Input parameters are automatically inserted into the optimization tree from a
Parametric Set. If a parameter is not included into this optimization process, it can be

disabled in a checkbox on the right of a parameter name.

B3 OHs v10 - Workbench

File View Tools Units optiSltang Extensions Jobs Help

CHBE
i =2 WS Project  [pd Parameter Set X | (@ F2:Optimization X

7 Update 27Clear Generated Data |%] Refresh Approve Generated Data Send

Outiine of Schematic F2: Optimizatio v ax
B (o}
1 Enabled | Monitoring
2 E 2 Optimization 5]
3 Objectives and Constraints
4 = Domain [
5 B @ Hsvi0 (A1)
6 (b P34-FinHeight | [V]
7 p P35-FinSpace )
8 Parameter Relationships
9 Results

Figure 111.10. Direct Optimization tab in Ansys Workbench
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Lower and upper bounds for each parameter should be set. Allowed values
interval can be floating (Any), fixed (Snap to Grid) or predefined by a user
(Manufacturable Values). It is necessary to specify starting values for NLPQL and
MISQP optimization methods (see Chapter 7).

Outline of Schematic F2: Optimization ~ o % ble of Sd ti Opti
A B E A B E D
1 Enabled | Monitoring I =
2 E ‘P Optimization 5] : SEIE Lower Bound Upper Bound
3 Objectives and Constraints & PR 10:8 132
: S Domain 4 P35 - FinSpace (mm) 2,7 3,3
5 = @ H5vi0(A]) . = . . .
7 fp P34 -FinHeight & fame e Ee=dliy Ll EEEs
z ?P P35 - Finpace =4 New Parameter RE‘E‘HDHS:"]{D New Expression | <= New Expression
-] Parameter Relationships
10 Results
|
Properties of Outline A7: P34 - FinHeight
1 Property Value
2z B
| 4 Classification Continuous
[
- Lower Bound 10,8
W 7 Upper Bound 13,2
! 8 Allowed Values | Snap to Grid
I[ 9 Grid Interval Any
Manufacturable Values
| |Snap to Grid

Figure 111.11. Optimized parameters setup

Any parameter (input or output) can have an objective and/or constraint. In this
step an optimization goal and conditions are set. A parameter can be either minimized,
maximized or optimized to closely approximate a specific value. Constraints define
allowed range for the values. Objectives and constraints are described in the same section

and are presented in one table (see Figure 111.14).

Outline of Schematic E2: Optimization v a X
A B C
1 Enabled Monitoring
2 E  Optimization
| 3 E Objectives and Constraints
4 @ Minimize P32
5 ©@Pm<=33k | |
6 Domain
11 =1 Raw Optimization Data
12 v & Convergence Criteria
13 Results

Figure 111.12. Objectives and constraints section
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Table of Schematic F2: Optimization

MName P
Type Target | Tolerance Type Lower Bound | Upper Bound | Tolerance

P32 P32 - temperature-hs-op | Mo Objective | Mo Constraint x|

Select 2 Parameter | Mo Objective
Minimize
Maximize
Seek Target

# e | e

Figure 111.13. Objective options

Table of Schematic F2: Optimization

A B C D E F G H I
1 Objective Constraint
Mame Parameter
2 Type Target | Tolerance Type Lower Bound | Upper Bound | Tolerance
3 P32 P32 - temperature-hs-op | Mo Chjective ¥ Mo Constraint ||
= Select a Parameter hd No Constraint
Values <= Upper Bound
Values >= Lower Bound
Values = Bound
Lower Bound <= Values <= Upper

Figure 111.14. Constraint options

Table of Schematic E2: Optimization

A B C D E F G H I
1 Objective Constraint
2 fame Type Target | Tolerance Type Lower Bound | Upper Bound | Tolerance
3 Minimize P32 P32 - temperature-hs-op | Minimize hd B Mo Constraint I
4 P33 <= 363K | P33-t_max_led-op Mo Objective ¥ | Values <= Upper Bound ¥} 363 0,001
= Select a Parameter =

Figure 111.15. Objectives and constraints setup
Optimization setup includes a method selection and optionally optimization
properties definition. If the automatic selection is chosen, most of the properties are
regulated by a single value — the Run Time Index. A higher value of the Run Time Index

would extend the optimization process but may result in a more accurate output.

Outline of Schematic E2: Optimization ] v X
A B C

2 B  Optimization
Objectives and Constraints

& Domain
11 /[ Raw Optimization Data
12 v & Convergence Criteria
13 @ Results

Figure 111.16. Optimization section
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Figure 111.17. Run Time Index
A wide range of optimization methods can be selected manually. The methods
are listed and described in the Chapter 7. Properties differ with respect to individual

methods. Some examples can be seen on the next figures.

Properties of Qutline A2: Optimization

Design Points
Failed Design Points Management Design Points
= Optimization Failed Design Points Management
Method B Optimization
7 Selection Manual - P
Method
3 Method Name | MOGA _! 7 Selection Manual =
Estimated
g Mumber of 1050 8 Method Mame | NLPQL _!
Design Points -
ol Estimated
g s:teﬁr:;sce 9 Mumber of 60
Design Points
Mumber of 100
11 Initial Samples Tolerance
10 Settings
Mumber of
17 Samples Per 50 Fini
: inite
Iteration )
- 11 Difference Forward ;I
Maximiim Approximation
= Allowable 70
Earem s Allowable
Sreentage 12 Convergence 0,1
Convergence (%a)
14 Stability 2
Percentage Maximurm
Maximum 13 Mumber of 20
15 Mumber of 20 Iterations
Iterations _
- Maximum
- :ﬁt'::‘r";f 3 14 Mumber of 3
Candidates Candidates
17 Optimization Status Optimization Status
24 Design Point Report Design Point Report

Figure 111.18.0Optimization properties of MOGA and NLPQL methods

After the optimization setup is done, the process can be started by clicking
the Update button. The optimization procedure is described more detailed in Chapter 7.

After the process is finished a table of Raw Optimization Data is generated. It contains
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all estimated samples (design points, DPs). It is possible that output parameters at some
design points will not be estimated due to unphysical geometry, mesh failures or other
errors. In this case a lightning icon with a red cross appear at the relevant raw.

Nz @ & [ HProject Fﬂ Parameter Set X / (@) F2:0ptimization X

/ Update 2| Clear Generated Data |%| Refresh Approve Generated Data | &» Sen
Outline of Schematic F2: Optimization

B / Optimization 5]

B Objectives and Constraints
@ Minimize P32
@ P33<=373,15K
= Domain
B @ HSvi0 (A1)
(b P34-FinHeight
f’p P35 - FinSpace
Parameter Relationships
Results

W 0 N[O | bW N =

SIS

-
o

-
[

Figure 111.19. Optimization process start

Table of Schematic F2: Optimization

A B C D E

1 Name .= | P34-FinHeight (nm) ~ | P35-FinSpace (mm) ~ | P32-temperature-hsop (K} ~ | P33 -t max_ledop (K} ~
2 1 14 4,7 316,12 316,82
3 2 17 4,2 315,14 315,89
P 3 12 2,2 318,21 318,82
5 4 16 3,2 315,93 316,6
& 5 11 3,7 317,57 318,2
7 & DP1 | 18 2,7 * 7%

3 7 20 5 314,12 315,31
g 8 20 5 314,12 315,31
10 3 16 4,5 315,49 316,23
11 10 19 4 314,57 315,44
12 11 18 4,7 314,67 315,53
13 12 13 3,3 315,02 315,8
14 13 20 48 314,14 315,26
15 14 20 5 314,12 315,31
16 15 19 4,6 314,492 315,36
17 16 13 4,3 314,72 315,62
18 17 19 4,5 314,4 315,32
19 13 19 4,3 314,38 315,35
20 19 20 5 314,12 315,31

Figure 111.20. Raw optimization data

Post-process analytics is also realized in the Direct Optimization tool in the
Results section. Candidate points that best fit the criteria are automatically selected and
estimated. For gradient-based single-objective methods one candidate point is enough
and will be the optimal solution of a problem. Other methods might need more candidate
points to be estimated. The variation of output parameters is also calculated with regard
to the reference point. The reference design point can be either an initial case or another

sample chosen by a user.
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Outline of Schematic E2: Optimization

Polina Kim

A B (&
1 Enabled Monitoring
2 B & Optimization (5]
3 Objectives and Constraints
6 Domain
11 = Raw Optimization Data
12 v &5 Convergence Criteria
13 E Results
14 v [ candidate Points
15 v [_-. Tradeoff
16 VN samples

Figure 111.21. Results section

R x
A B c o E | F G H
1 P32 - temperature-hs-op (K) - P33 - t_max_led-op (K -
Name ¥ | P34 -FinHeight ¥ | P35-FinSpace b
2 il ) Parameter Value | Variation from Reference | Parameter Value | Variation from Reference
3 @ Candidate Point 1 20 5 % 314,12 0,00 % *""* 315,31 0,00 %
4 (8] Candidate Point 2 19 4,8 xxx 314,38 0,08 % *** 315,35 0,01 %
5 (@] Candidate Point 3 18 4,7 xxx 314,67 0,17 % *‘i’* 315,53 0,07 %
New Custom Candidate Point | 15 35

Figure 111.22. Candidate points chosen by the optimization tool

The Convergence Criteria chart is generated and can be monitored during the

optimization process. Its content varies for single- and multiple-objective methods. An

example of the Convergence Criteria chart is presented on the Figure 111.23. Another way

to visualize and interpret the results is to demonstrate the design points on the Samples

Chart. Each case is represented on the chart by one color and connects its input and

output parameters values. Values, number of samples and the way of their representation

can be defined in the settings panel.

Properties of Outline :

Samples

3 Display Parameter Full Mame [l

4 Mode Pareto Fronts LI

5 Mumber of Pareto Fronts to Show 2
.

g Coloring method by Pareto Front ;I

7 Show Infeasible Points |

g P34 - FinHeight 20

10 P35 - FinSpace 5

11 = Ouiput Parameters

12 P32 - temperature-hs-op 314,12

13 P33 -t_max_led-op 315,31

Figure 111.23. Samples Chart settings panel

59



Polina Kim

3-TPR-2024

wey) sajdures 'Gz'111 84nbi4

[4] €&d [4] 2&d [ww] sgd [ww] red

9Z°91E ZI'FIE Z 6666'E
ae————

£8'81E T1Z'81E T000's oz

X o~

uoIe.a)l yaes ui julod ajepipued 1saq ayl JO UOIIN|OAS 8yl "poylaw uoneziwndo aandsslgo-sjbuls e Jo 1eyd el aduabiaauo) ' 111 a4nbi4

™
L
o

SUDIIEISY JO J3CWny
4 ST

-

e 31EPIPUE] 1539

S1E

5'51E

91g

] =njza Indino

5'91€

5LTE

euED BouabeaunD

60




