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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 

Diplomová práce se zabývá parametrickou optimalizací chladiče světelného 

zdroje. Během výzkumu byla provedena rešerše odborné literatury týkající se chladičů a 

různých přístupů k zlepšení jejich účinnosti. Model chladiče s LED páskem byl vytvořen 

v programu Ansys Design Modeler a simulace přirozené konvekce a tepelné analýzy byly 

provedeny v softwaru Ansys Fluent. K ověření modelu byl proveden experiment, při 

kterém byla měřena teplota povrchu existujícího chladiče. Parametrická optimalizace 

byla provedena pomocí nástroje Ansys Direct Optimization. Optimalizovanými 

parametry byla výška žeber a vzdálenost mezi nimi, s cílem snížit průměrnou povrchovou 

teplotu chladiče. V důsledku optimalizace došlo ke snížení teploty povrchu chladiče 

o 7,4 %. Byly navrženy nové metody výroby dílu s ohledem na hodnoty 

optimalizovaných parametrů. 
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Nomenclature 

 𝐴𝑠  [m2] heat sink surface area in contact with fluid 

 𝑎  [m2 ∙ s−1] thermal diffusivity 

 𝑔  [m ∙ s−2] gravitational acceleration 

 ℎ  [W ∙ m−2 ∙ K−1] average heat transfer coefficient 

 𝐼  [𝐴] average current through an LED strip 

 𝐿   [m] fin height 

 𝐿𝐶  [m] characteristic length 

 𝑛𝑑  [−] number of diodes on an LED strip segment 

 𝑃𝑛𝑜𝑚  [W] nominal power of an LED strip 

 �̇�𝑐𝑜𝑛𝑣  [W] rate of heat transfer by convection 

 𝑞𝑉  [W ∙ m−3] volumetric heat source of an LED strip 

 𝑠  [m] distance between two adjacent fins 

 𝑇𝑒  [K] temperature of the fluid outside a boundary layer 

 𝑇𝐻𝑆  [K] average temperature of the heat sink surface 

 𝑇𝐿𝐸𝐷 𝑀𝐴𝑋  [K] maximum temperature of an LED strip 

 𝑇𝑚  [K] average fluid temperature 

 𝑇𝑠  [K] average temperature of the surface 

 𝑈  [𝑉] voltage of an LED 

 𝑉  [m3] LED strip volume 

   

 𝐺𝑟  [−] Grashof number 

 𝑁𝑢  [−] Nusselt number 

 𝑃𝑟  [−] Prandtl number 

   

 𝛽  [𝐾−1] thermal expansion coefficient 

 𝜆  [W ∙ m−1 ∙ K−1] thermal conductivity 

 𝜈  [m2 ∙ s−1] kinematic viscosity 
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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-2 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-2 [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 V0, 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. 

 

 

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. 

 

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

• material; 

• heat sink design; 

• mounting technique; 

• fluid environment; 

• fluid flow around a heat sink; 

• 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∙m-2∙K-1 and 385 W∙m-2∙K-1, 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. Various methods, including 

thermal interface materials (TIMs) 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∙m-2∙K-1.  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-1 [8]. 

 

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. 

  



3-TPR-2024 Polina Kim 

8 

 

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. 

 

Figure 3.1.An evolution of a part design: a – initial design, b – after topological optimization, 

c – 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. 

 

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 
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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. 

 

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

  

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

�̇�𝑐𝑜𝑛𝑣 = ℎ ∙ 𝐴𝑠 ∙ (𝑇𝑠 − 𝑇𝑒) [W] (1) 

where ℎ [W ∙ m−2 ∙ K−1] is the average heat transfer coefficient, 𝐴𝑠  [m
2] is the heat 

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

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

 

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: 

𝑁𝑢 =
ℎ ∙ 𝐿𝐶
𝜆

= 𝑓(𝐺𝑟, Pr) [−] (2) 

𝐺𝑟 =
𝑔 ∙ 𝛽 ∙ (𝑇𝑠 − 𝑇𝑒) ∙ 𝐿𝐶

3

𝜈2
 [−] (3) 

𝑃𝑟 =
𝜈

𝑎
 [−] (4) 

where  ℎ [W ∙ m−2 ∙ K−1] is the average heat transfer coefficient, 

𝐿𝐶  [m] is the characteristic length depending on a surface geometry, 

𝜆 [W ∙ m−1 ∙ K−1] is the fluid thermal conductivity, 

 𝑔 [m ∙ s−2] is the gravitational acceleration, 
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 𝛽 [𝐾−1] is the thermal expansion coefficient, 

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

𝑇𝑒 [K] is the temperature of the fluid outside a boundary layer, 

𝜈 [𝑚2 ∙ 𝑠−1] is the kinematic viscosity, 

𝑎 [𝑚2 ∙ 𝑠−1] 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 
𝑛 (5) 

𝑅𝑎  = 𝐺𝑟 ∙ 𝑃𝑟 =
𝑔 ∙ 𝛽 ∙ (𝑇𝑠 − 𝑇𝑒) ∙ 𝐿𝐶

3

𝜈 ∙ 𝑎
 [−] (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]: 

• Vertical plate (Figure 6 a): 

𝑁𝑢 = 0.59 ∙ 𝑅𝑎 
1
4 , 𝑅𝑎 = 104 to 109 (7) 

𝑁𝑢 = 0.1 ∙ 𝑅𝑎 
1
3 , 𝑅𝑎 = 1010 to 1013 (8) 
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𝑁𝑢 =

(

 
 
0.825 +

0.387 ∙ 𝑅𝑎 
1
6

(1 + (0.492/𝑃𝑟)
9
16)

8
27

)

 
 

2

, the entire range of 𝑅𝑎 (9) 

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

plate) (Figure 6 b): 

𝑁𝑢 = 0.59 ∙ 𝑅𝑎 
1
4 , 𝑅𝑎 = 104 to 109 (10) 

𝑁𝑢 = 0.1 ∙ 𝑅𝑎 
1
3 , 𝑅𝑎 = 1010 to 1013 (11) 

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

plate) (Figure 6 c): 

𝑁𝑢 = 0.27 ∙ 𝑅𝑎 
1
4 , 𝑅𝑎 = 105 to 1011 (12) 

• Gap between two vertical parallel plates (Figure 6 d): 

𝑁𝑢 = (
576

(𝑅𝑎𝑠 ∙
𝑠
𝐿)
2 +

2.873

(𝑅𝑎𝑠 ∙
𝑠
𝐿)
0.5)

−0.5

(13) 

where

𝑅𝑎𝑠 =
𝑔𝛽(𝑇𝑠−𝑇𝑒)𝑠

3

𝜈2
𝑃𝑟 (14) 

 

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] 
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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 𝐴𝑠, 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]: 

𝑠𝑜𝑝𝑡 = 2.714 ∙ (
𝑠3 ∙ 𝐿

𝑅𝑎𝑠
)

0.25

= 2.714 ∙
𝐿

𝑅𝑎𝐿
0.25

 

[m] (15) 

𝑅𝑎𝐿 =
𝑔𝛽(𝑇𝑠 − 𝑇𝑒)𝐿

3

𝜈2
𝑃𝑟 = 𝑅𝑎𝑠

𝐿3

𝑠3
 [−] (16) 

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: 

• The fins are isothermal; 

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

• All fluid properties are evaluated at the average temperature 𝑇𝑚 =
𝑇𝑠+𝑇𝑒

2
. 
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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. 

 

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. 

 

Figure 6.1. Example of Project Schematic with Parameter Set and Optimization blocks 
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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]): 

● 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. 

● The MOGA method (Multi-Objective Genetic Algorithm) is a variant of the 

popular NSGA-II (Non-dominated Sorted Genetic Algorithm-II) based on 

controlled elitism concepts. It supports multiple objectives and constraints and 

aims at finding the global optimum. 

● 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. 

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

(Non-dominated Sorted Genetic Algorithm-II) 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. 

● 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. 

 

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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Figure 6.4. Optimization properties of Adaptive Single-Objective method 

chosen manually (on the left) and automatically (on the right) 

 

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. 

 

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. 

 

Figure 7.1. Illumination 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. 

 

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∙m-2∙K-1 and 200 W∙m-2∙K-1, 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.o. 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 µm. 

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. 

  

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: 

• The temperature of the ambient air 𝑇𝑒 = 30 ℃; 

• The fins were isothermal, the average fin surface temperature 

𝑇𝑠 =  36.8 ℃ (obtained from the reference case simulation); 

• All fluid properties were evaluated at the average temperature 

𝑇𝑚 =  
𝑇𝑠+𝑇𝑒

2
= 34.4 ℃; 

• The atmospheric pressure was 100 kPa; 

• Initial design had the following dimensions – see Figure 8.1. 

 

Figure 8.1. Initial cooler design parameters 

Air properties at the temperature 34.4 ℃ and 100 kPa pressure: 

𝛽 =
1

𝑇𝑚 [𝐾]
= 0.00326 𝐾−1 

𝜈 = 1.64 ∙ 10−5 𝑚2 ∙ 𝑠−1 

𝑎 = 2.29 ∙ 10−5 𝑚2 ∙ 𝑠−1 

𝑃𝑟 =
𝜈

𝑎
= 0.713 
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Then the Rayleigh number for a fin height L as the characteristic length is, 

according to (16): 

𝑅𝑎𝐿 =
𝑔𝛽(𝑇𝑠 − 𝑇𝑒)𝐿

3

𝜈2
𝑃𝑟 = 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 ∙
𝐿

𝑅𝑎𝐿
0,25

 

= 5.8 mm  
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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 mm3. 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, c – 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. 

 

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. 

 

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-ω GEKO [24] turbulence model was selected as the most suitable for 

this task. 

 

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 m2∙K∙W-1. 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∙m-
 

1∙K-1 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 V 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-3 according to the following equation. 

𝑞𝑉 =
𝐼 ∙ 𝑈 ∙ 𝑛𝑑
𝑉

∙ 0.7 ∙ 0.04 [
W

m3
] (17) 

where   𝐼 is the average current through an LED strip [A], 

𝑈 is the voltage of an LED [V], 

𝑛𝑑 is the number of diodes on an LED strip [–], 

𝑉 is the LED strip volume [m3]. 
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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-1. At each 5 µm shift of 

the product, the camera captured three images with the time interval of 1 µs. During the 

first frame, the main light operated for 10 µs, during the second frame, the main light ran 

for 5 µs, 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. 

 

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 . The Pt100 thermometer tolerance 

at 40 °C is ±0.5 °C in accuracy class B (see Appendix II). 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. Optimization and parametric set 

Two heat sink dimensions were selected as optimization parameters: the fin 

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). 

 

Figure 9.11. Fin height parameter settings 

 

Figure 9.12. Fin spacing parameter settings 

 

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 THS, and the maximum temperature 

of the LED strip TLED MAX. The optimization task was to reduce THS while ensuring that 

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

 

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-3 to 8 MW∙m-
 

3 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 

number 
Description 

Steady 

temperature, °C 

1 00 
Air temperature 100 mm below the heat 

sink 
29.3 ± 0.5 

2 01 Air temperature 50 mm above the heat sink 30.9 ± 0.5 

3 02 
Temperature of the heat sink surface 

from the camera side 
35.8 ± 0.5 

4 03 
Temperature of the heat sink surface 

from side opposite to the camera 
35.3 ± 0.5 

 

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). 

𝑞𝑉 =
𝑃𝑛𝑜𝑚 ∙ 𝑋

100 ∙ 𝑉
 [
W

m3
] (18) 

where 𝑃𝑛𝑜𝑚 – nominal power of the LED strip [W]; 𝑋 – percentage of LED strip 

illuminating in the whole scanning cycle [%], V – LED strip volume [m3]. 
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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 

(experimental data), °C 

Steady temperature 

(simulation data), °C 
Difference, % 

1 Air 29.3 
30 

(operating condition) 
- 

2 Air 30.9 
30 

(operating condition) 
- 

3 

Cooler 

(camera 

side) 

35.8 31.2 13 

4 

Cooler 

(opposite 

side) 

35.3 31.2 12 

The difference was calculated using the following formula: 

𝛿 =
|𝑇𝑠𝑖𝑚 − 𝑇𝑒𝑥𝑝|

𝑇𝑠𝑖𝑚
∙ 100 [%] (19) 

where 𝑇𝑠𝑖𝑚 is the temperature obtained from the simulation, 𝑇𝑒𝑥𝑝 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. 

 

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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Figure 10.4. Fin height optimization development 

 

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. 

 

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 TLED MAX, °C 

Initial case 12 3 44.3 44.9 

Optimized case 20 5 41.0 42.2 

Difference, %   -7.4 -6.1 
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The difference was calculated using the following formula: 

𝛿 =
|𝑇𝑖𝑛𝑖𝑡 − 𝑇𝑜𝑝𝑡|

𝑇𝑖𝑛𝑖𝑡
∙ 100 [%] (20) 

where 𝑇𝑖𝑛𝑖𝑡 is the temperature in the initial case, 𝑇𝑜𝑝𝑡 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 
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Appendix II. PT100 thermometer tolerances 
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Appendix III. Ansys Direct Optimization setup 

The Direct Optimization tool can be found in Ansys Workbench on the Toolbox 

menu in the Design Exploration section. 

 

Figure III.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 III.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. 

  

Figure III.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 III.4. Creating output parameters in Meshing (on the left) and Fluent (on the right) 

 

Figure III.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. 
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Figure III.6. Project Schematic after defining parameters 

 

Figure III.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. 

 

Figure III.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. 

 

Figure III.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. 

 

Figure III.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). 

 

Figure III.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 III.14). 

 

Figure III.12. Objectives and constraints section 
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Figure III.13. Objective options 

 

Figure III.14. Constraint options 

 

Figure III.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. 

 

Figure III.16. Optimization section 
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Figure III.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. 

  

Figure III.18.Optimization 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. 

 

Figure III.19. Optimization process start 

 

Figure III.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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Figure III.21. Results section 

 

Figure III.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 III.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. 

 

Figure III.23. Samples Chart settings panel 
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