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Abstract

The subject of this diploma thesis is a feasibility study of the use of Triply Periodic
Minimal Surfaces (TPMS), to design heat sinks for power-electronics applications. All
these geometries are examined and compared to traditional geometries promoting heat
exchange through a series of parametric studies. The flow is considered turbulent, in-
compressible, and is solved using the conjugate heat transfer algorithm (chtMultiRegion-
SimpleFoam solver), which is based on the finite volume approach.

Triply Periodic Minimal Surfaces (TPMS) are defined surfaces that repeat periodically
in all directions and have zero mean curvature everywhere, dividing space into two con-
tinuous and interpenetrating regions.

The problem to be studied consists of a heat source at a constant temperature (assuming
this to simulate power electronics) on its lower surface, with the geomtry that enhances
heat transfer to be placed above it, within the air flow.

The diploma thesis includes two main categories of parametric studies. The first pa-
rameters to be investigated are related to the construction of a TPMS or the thickness
distribution over the mathematically defined mean surface. Then, the use of hybrid
TPMS, which are interpolated from two TPMS linearly or gradually, is investigated.

The effectiveness of the tested devices promoting heat transfer is assessed primarily in
terms of their ability to increase the average outlet temperature of the coolant, and also



in terms of whether it can be achieved without excessive total pressure losses. Through
this analysis, the critical design parameters that lead to the development of a cooling
geometry, which can be used as initialization in future optimizations, are identified. An
optimization loop, which is beyond the scope of this diploma thesis, may refine them.
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Abbreviations

CFD Computational Fluid Dynamics.

CHT Conjugate Heat Transfer.
IWP I-graph Wrapped Package.

PCOpt/NTUA Parallel CFD Optimization Unit of the National Technical University
of Athens.

RANS Reynolds-Averaged Navier—Stokes equations.

TPMS Triply Periodic Minimal Surfaces.



Contents

1 Introduction
1.1 The importance of cooling in Engineering . . . . . . . . .. ... .. ...
1.2 Triply Periodic Minimal Surfaces . . . . ... .. .. ... ... .....
1.3 The OpenFOAM software . . . . . . . . .. .. ... ... ... .....
1.4 Purpose of this thesis . . . . . . . .. . ... Lo

2 Generation of geometries promoting heat exchange from TPMS
2.1 Design space boundaries . . . . . . ... ... oL
2.2 Cell unit surface equation . . . . . ... .. ... ... L.
2.3 Extrusion methods . . . . . . . . . ...

3 Design of the Heat Exchange System
3.1 Thermal Source . . . . . . . . . ..
3.2 Cooling Channel . . . . .. .. .. ... .
3.3 Geometries promoting heat exchange . . . . . . .. ... ... ... ..
331 Heatsink . . ... ...
3.3.2 TPMS-Shaped geometries promoting heat exchange . . . . . . . .

4 CHT modeling
4.1 Flow equations . . . . . . . . . ..
4.2 Turbulence Model . . . . . . . . . . ...
4.3 Boundary conditions . . . . ... ..o Lo
4.4 Grid generation . . . . ...
4.5 Case and solver properties . . . . . . . .. ...
4.6 Performance metrics . . . . . . ... ..o

5 Results of conventional geometries
5.1 Conventional geometries promoting heat exchange . . . . . . . . . . . ..
5.2 Geometries’ efficiency . . . . . ... Lo

6 Parametric studies
6.1 Parametric Study 1: Periodicity pattern . . . . . . . ... ... ...
6.1.1 Gyroid patterns . . . . . . . ..o
6.1.2 IWP patterns . . . . . . . . ..o
6.1.3 Primitive patterns . . . . . .. ..o
6.1.4 Analysisof Results . . . . . .. ... ... ... ..

15
15
15
16

20
20
20
20
21
22

23
23
24
24
25
26
27

28
28
30



6.2 Parametric Study 2: Thickness . . . .. ... ... ... ... ... 39

6.2.1 Non-uniform thickness Gyroid . . . . . . .. ... ... ... ... 39
6.2.2 Non-constant thickness IWP . . . . .. ... ... ... ... .. 41
6.2.3 Non-constant thickness Primitive . . . . . . . . .. ... .. ... 41
6.2.4 Analysisof Results . . . . .. ... ... oL 43

6.3 Parametric Study 3: Solid network TPMS geometries . . . . . . . .. .. 44
6.3.1 Solid Network Gyroid, IWP, Primitive . . . . . . ... ... ... 44
6.3.2 Solid network Gyroid Patterns . . . . . . ... ... ... .. 46
6.3.3 Solid Network IWP Patterns. . . . . ... ... ... ... .. ... 48
6.3.4 Solid Network Primitive Patterns . . . . . . .. . ... ... ... 49
6.3.5 Analysisof Results . . . . .. ... ... ... 51

7 Hybrid TPMS 53
7.1 Theoretical background . . . . . . . ... 53
7.1.1 Linear interpolation . . . . . . . .. ... ... 53
7.1.2 Gradual interpolation . . . . . . .. ... 55

7.2 Hybrid Gyroid -ITWP . . . . . . ... 56
7.3 Hybrid Primitive-Gyroid . . . . . . .. ... 56
7.4 Hybrid Primitive-IWP . . . . . .. .00 o7
7.5 Gradually transformed geometries . . . . . . .. ... 29
7.6 Analysisof Results . . . . . .. .. .. ... .. ... ... .. ... 60

8 Conclusions 62



Chapter 1

Introduction

1.1 The importance of cooling in Engineering

Modern mechanical systems across various industries, such as automotive, aerospace, and
electronics are becoming increasingly power-intensive [1], [2]. As a result, the need for
effective thermal management has increased significantly. Since a large fraction of elec-
trical power is converted into thermal power, the use of cooling mechanisms (in general,
devices enhancing heat transfer) becomes essential. Excess heat raises the temperature,
which can cause materials to expand, leading to deformations and mechanical failures.
Incorporating a cooling mechanism into a system not only protects it from possible mal-
functions but also increases its efficiency and performance [3].

Figure 1.2: Effects of Photovoltaics’ (PV) out-
put power with or without cooling from refer-
ence [3].

Figure 1.1: Effects of Photovoltaics’ (PV) ef-
ficiency with or without cooling from refer-
ence [3].

Cooling mechanisms can be categorized based on whether they operate passively or ac-
tively [4]. The main attribute of passive cooling is that it occurs without mechanical
devices such as fans, pumps, and compressors. The primary advantage of passive cooling
is that it requires little energy because it is based only on the phenomena of conduction,
convection, and radiation.



Figure 1.3: Heat sink design parameters. Fin thickness (F), base thickness (W), space (S), heat
sink length (L), fin height (H) from reference [5].

Heat sinks are the most popular passive cooling solutions in mechanical and electronic
systems. This solution is based on convective heat transfer between the solid cooling
geometry and the cooling fluid. The basic parameters that define the geometry of a heat
sink are the thickness of the fin, the thickness of the base, the fin spacing, the heat-sink
length of the heat sink, and the height of the fin [5]. Figure (1.3) shows all these dimen-
sional parameters. Additionally, microchannels are another cooling geometry based on
heat sink geometry. Microchannels consist of many low cross-sectional canals, which offer
a huge surface-to-volume ratio. As a result, the cooling efficiency is improved, but these
small canals significantly increase total pressure losses. Another common geometries pro-
moting heat exchange are cylindrical pins, which can be of equal size and equidistant
or not. A large number of small cylinders enhances convection. Their cylindrical shape
decreases the total pressure drop, making them a cost-effective and widely used option.

A significant parameter that plays a crucial role in heat transfer efficiency is the wet sur-
face. Wet surface is the area of the cooling geometry that is in contact with the cooling
fluid. A comparison between low-height (lower wetted area) and high-height heat sinks
shows that a larger wetted area generally improves the heat-transfer potential. As a re-
sult, surfaces with high wet areas are preferable for heat transfer applications. However,
higher wet areas also increase fluid—solid friction, and thus, total pressure losses.



Figure 1.4: Microchannel from reference [6].

Figure 1.5: Cylindrical heat sinks from reference [7].

Figure 1.6: Cylindrical heat sinks with non-uniform distribution from reference [8].

1.2 Triply Periodic Minimal Surfaces

The selection of the appropriate cooling geometry is a key factor in heat transfer prob-
lems. Geometries with a high surface-to-volume ratio represent an interesting category
for further investigation. Among these, Triply Periodic Minimal Surfaces (TPMS), in ad-



dition to the high surface-to-volume ratio, also offer a set of design parameters, providing
various cases for parametric studies in cooling applications.

Minimal surfaces can be defined as surfaces that minimize the total surface area sub-
ject to some constraint. The mean curvature of those surfaces is zero. The concept was
first introduced by Joseph-Louis Lagrange in the 18th century, who formulated the prob-
lem mathematically. However, it was Jean-Baptiste-Marie Meusnier who provided the
first explicit solutions, including classical geometries such as the helicoid and the catenoid.

TPMS [9], [10], [11] are a special class of minimal surfaces characterized by their pe-
riodicity in all three spatial dimensions. Due to their structural complexity and tunable
properties, TPMS have found applications across a wide range of disciplines, including
materials science [12], automotive [13], and biomedical engineering [14]. Even though,
there are many TPMS geometries, this thesis is solely concerned with the Gyroid, the
I-graph wrapped package, and the Primitive TPMS (fig (1.7)).

The complexity of TPMS requires high-fidelity simulation tools, as experimental evalua-
tion can be costly and time-consuming. For that reason, Computational Fluid Dynamics
(CFD) tools are able to analyze fluid flows and heat transfer problems which involve
Conjugate Heat Transfer (CHT). For this purpose, OpenFOAM is suitable since it can
solve cases with complex geometries, providing accurate solutions.

In addition, the design and configuration of heat dissipation surfaces play a critical role

Figure 1.7: Basic Triply Periodic Minimal Surfaces.Gyroid cell unit(left). IWP cell unit (mid).
Primitive cell unit (right).

in enhancing thermal management. Geometries with a high surface area in contact with
the cooling fluid, under fixed volume constraints, offer an effective solution to this chal-
lenge. That happens because the heat flux is distributed better and over a larger interface
area. TPMS certainly belong to this type of surface [15].

Given that these surfaces exhibit a high surface-area-to-volume ratio, it is of particular
interest to further investigate their geometric properties and assess how such geometries
can contribute to enhanced thermal management. Similar geometries have been used



Figure 1.8: Different channels made by geometries with high interface area (left). Maximum
temperature recorded on each channel (right) from reference [15].

in a previous diploma thesis [16] at PCOpt/NTUA. The objective of the aforementioned
study was to analyze the construction of these geometries and examine their performance
for mixing applications. Figure (1.9) illustrates a static mixer featuring two inlets for dis-
tinct fluids, with the primary objective of achieving efficient mixing.

This diploma thesis applies TPMS to CHT cases. The complexity of these geometries is
expected to promote mixing between the cold fluid near the heat transfer geometry and
high-temperature regions, thus increasing heat transfer to the fluid.

Figure 1.9: Static mixing device with a Gyroid geometry. Fluid enters from the left side and
there is a common outlet on the right side, [16].

1.3 The OpenFOAM software

OpenFOAM [17], [18] (Open Field Operation and Manipulation) was released in 2004 by
the OpenCFEFD company. It is a software written in C4++ and can solve fluid flow, heat
transfer, structural, and electromagnetic problems. The software uses the finite volume
method for discretization and allows the handling of complex geometries.

OpenFOAM’s is freely available, and its source code is open for developers to customize
the software to their needs. Additionally, OpenFOAM supports parallel computation,
significantly reducing the processing time required. For CHT problems, solver chtMulti-
RegionSimpleFoam [19], [20], [21], [22] is available. CHT algorithms can simulate cases
with repeatedsolid and liquid domains, considering conduction and convection phenom-
ena.



All cases simulated in OpenFOAM follow a similar configuration. Specifically, the cooling
geometry is placed on top of a heat source, while cold air flows along the channel. The
), with low total
pressure losses. Figure (1.10) visualizes the general setup of all subsequent simulations.

objective is for the fluid to exit at the highest possible temperature (T'Z

out

Figure 1.10: Flow domain with heat source underneath. Fluid regions are presented with blue
color, heat source with a metallic body (the heat source stands for its lower surface) and red
color, and with yellow color is the volume that includes any tested cooling device, where a
TPMS will be placed. Fluid flow direction is along the positive z-axis.

1.4 Purpose of this thesis

This thesis investigates add-on geometries for power electronics applications using CHT,
enhancing the heat transfer between the solid and the fluid. Cooling devices and a case
without such a device are used as references to compare them with TPMS. In addition, a
series of parametric studies are conducted to detect the most influential design parame-
ters. The outcomes of these parametric studies will serve as a preliminary basis for future
research employing advanced optimization methods.

To achieve this, the theoretical background of these geometries is presented first. Then,
the details about the design of the cooling system, the fluid and flow properties, and the
objective functions are presented. A comparison of the conventional and TPMS geome-
tries promoting heat exchange follows. Subsequently, some parameters are examined for
the TPMS and, then, different TPMS are combined.

It is mentioned that the main purpose is to enhance the heat transfer of the system,



but for simplification, the term cooler or geometries promoting heat exchange is used.

The outline of this diploma thesis is:

Chapter 2 explains the theoretical background of TPMS and how they can be
extruded into 3D geometries with thickness, promoting heat exchange.

Chapter 3 describes the heat exchange system, providing details on the thermal
source, the channel, and the geometries promoting heat exchange.

Chapter 4 reports on the generation of the computational grid, the discretization
schemes used in the CHT solver, and the objective functions used to evaluate the
cooling performance.

Chapter 5 includes the results of conventional geometries promoting heat exchange
and the basic units of TPMS.

Chapter 6 discusses parametric studies focusing on TPMS periodicity, thickness,
and extrusion method and proceeds with their application in the CHT problem.

Chapter 7 explains the concept of hybrid TPMS and compares them with the non-
hybrid geometries.

Chapter 8 concludes the thesis with some conclusions and lessons learned.



Chapter 2

Generation of geometries promoting
heat exchange from TPMS

In this chapter, the theoretical background for the generation of geometries promoting
heat exchange based on TPMS is explained. It is essential to present their mathematical
description that defines their surface. Then, the two methods that lead to the creation
of a 3D cooling geometry from a TPMS are introduced. This background is important
because all these geometries are later incorporated into the CHT problem under consid-

eration.

2.1 Design space boundaries

Since all TPMS consist of periodic functions, their patterns can be continuously extended.
Thus, the first step of their generation is to define a hypothetical parallelepiped that
bounds a single TPMS geometry. For example, figures (2.1) and (2.2) have been designed
for x,y, z € [-0.5,0.5], and parameters a,b,c are equal to 1 to depict the cell unit, which
can be repeated along the axis and create more complex patterns.

2.2 Cell unit surface equation

Before the generation of a 3D cooling geometry, a zero-thickness TPMS surface has to
be designed inside the parallelepiped.This, practically, corresponds to the mean surface
of the cooling device to be designed. The bounding parallelepiped is chosen for a fair
comparison among various candidate solutions. The zero-thickness surface equations [23]
of TPMS such as Gyroid, Primitive, and IWP are:

f(x,y, z) = sin(2amz) cos(2bmy) + sin(2bmy) cos(2cmz) + sin(2cnz) cos(2arz) = 0, (2.1)

f(z,y,z) = 2(sin(2amx) cos(2bmy) + sin(2bwy) cos(2cmz) + sin(2emz) cos(2amx))
— (cos(4amz) + cos(4bmy) + cos(4erz)) =0 (2.2)

15



f(z,y, 2) = cos(2amz) + cos(2bmy) + cos(2cmrz) =0,
(2.3)

where a,b,c are constants that define how frequently a surface is repeated across the axis,
which is related to. Given that the design space is z,y, z € [—0.5,0.5], in figure (2.3), the
z-axis pattern is repeated twice across the domain, but along the other axes, the pattern
inside the design space appears only once. Another example is shown in figure (2.4),
where the cell unit of IWP is repeated three times along each axis within its boundary
box. As a result, TPMS can increase its surface inside a boundary space. Thus, the
surface-to-volume ratio increases, making TPMS a suitable geometry for heat exchange
applications.

ay . e
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X

Figure 2.1: Front view of basic TPMS. Gyroid (left). IWP (mid). Primitve (right).

Figure 2.2: Isometric view of basic TPMS. Gyroid (left). IWP (mid). Primitve (right).

2.3 Extrusion methods

After the surface is fully defined, it has to be thickened along the normal to the surface
direction to create a 3D object [24]. There are two different ways of extrusion (i.e. ways
of adding thickness):



Figure 2.3: Gyroid zero thickness surface Figure 2.4: IWP zero thickness surface
with parameters a = 1,b = 1,¢ = 2, en- with parameters a = 3,b = 3,¢ = 3, en-
closed in a unit cube. closed in a unit cube.

e Solid sheet extrusion
e Solid network extrusion

For solid sheet extrusion, given that there is a surface f(x,y,z) = 0, the 3D object is formed
by extruding the surface equation at both sides, and the new solid object is formed be-
tween these surfaces. The solid-sheet extruded object is defined by the following double
inequality:

(2.4)

N | o+

t
_5 Sf(x7yaz) S

where t is the desired thickness. On the other hand, in solid network extrusion, the object
is extruded in one direction and the new solid object is formed between the zero-mean
surface and the transposed surface, which is formulated by the following double inequality:

flz,y,2) <t (2.5)

The zero-thickness IWP surface and the sheet extruded surface are presented in Figure
(2.5). On the other hand, solid network extruded IWP geometry is also presented in
figure (2.6). The last important parameter that MSLattice uses to convert a surface into
an object is the relative density [25]. Relative density is the ratio of 3D TPMS object’s
volume and the volume of the cell in which the geometry is enclosed. Additionally, a
sheet-network IWP and a solid network IWP of the same relative density are showed in
figure (2.7).

It is noted that these extrusion methods lead to different geometries. The case of sheet-
solid extrusion is preferred because of its high wet area and the different flow channels



Figure 2.5: Sheet extruded surface in both
directions. Figure 2.6: Network extruded surface in

both directions.

that are created. The solid network extraction will be used in the parametric study to
compare it with the solid sheet extrusion.

Next step is to describe the system promoting heat exchange with more dimensional
details and explain how these geometries promoting heat exchange are incorporated into
it.



Figure 2.7: Solid sheet and solid network extruded IWP surface with different relative density.
Solid sheet extruded surfaces (on left) and network extruded surfaces (on right).



Chapter 3

Design of the Heat Exchange System

The heat exchange system simulates a power electronics board on which TPMS-based
geometries are incorporated as the cooling structures. First, the thermal source and the
flow channel are introduced, followed by the different geometries promoting heat exchange
considered, including conventional heat sinks, basic TPMS structures, and hybrid combi-
nations. The reason for using various TPMS is that optimization methods might have a
high computational cost and, depending on the selected method, the optimized solution
might seriously be affected by the initialization. Thus, a parametric study is preferred
to "clean" the design space and find promising configurations that will likely be used as
good initializations in future optimization runs.

3.1 Thermal Source

The thermal source is modeled as a rectangular parallelepiped with dimensions x = 1 cm,
y = 1.2 ecm, z = 4 cm (figure (3.1). This component represents a heated metal element
exposed to a high temperature on one side and an air stream on the other side. Within
the simulation, it acts as a constant-temperature heat source.

3.2 Cooling Channel

The canal also has a rectangular parallelepiped shape (figure (3.1)) with dimensions of
x =1cm, y =10 cm, and z = 12 cm. The direction of flow of the fluid is parallel to
the z-axis. The length and the height of the field of flow extends far beyond the thermal
source to better capture the development of the flow.

3.3 (Geometries promoting heat exchange

In this section, every heat exchange geometry in each case has some common properties.
All of them are made of aluminum, are placed in the center of the thermal source, and
must fit in a box with external dimensions of: x = 0.25 ¢cm, y = 1 cm, and z= 1 cm.
The main purpose of those geometries is to dissipate as much heat flux as possible from

20



Figure 3.1: Drawing of the cooling system.

the thermal source, and then the airflow that passes through these geometries cools the
surface. In detail, the geometries that to be used include heat sinks, Gyroid, IWP, and
Primitive.

3.3.1 Heat sink

Heat sinks [26] are widely used in electronics cooling, making them an interesting option
for comparison with TPMS. This geometry includes a pattern of small rectangular cuboids
that cover all the available space. Instead of simulating a full heat sink is preferable to
exploit periodicity, as periodicity is also one of TPMS’s main properties.

Figure 3.2: Heat sink geometry.
Figure 3.3: Microchip heat sink from refer-

ence [27].



3.3.2 TPMS-Shaped geometries promoting heat exchange

To define the geometry of all TPMS it is necessary to know the design parallelepiped
that TPMS has to be enclosed, the coefficients a, b, ¢ that were defined in the previous
chapter, and the relative density. For these cases, the boundary limits are 0.25 c¢m for
the x-axis, 1 cm for the y-axis, and 1 cm for the z-axis. In equations (2.1),(2.2),(2.3) the
parameters a=8m, b=27, and ¢=27 are used. The relative density for all geometries is
30%. All these geometries are shown in figure (3.4).

Figure 3.4: Geometries of Gyroid (left), IWP (mid), Primitive (right), promoting heat exchange.



Chapter 4

CHT modeling

As described in chapter 3, the selected software is OpenFOAM and specifically the cht-
MultiRegionSimpleFoam solver for CHT cases. CHT is necessary for these cases since
the source and the heat exchange geometry are solids, and the working fluid is air; all of

them must simultaneously be resolved.

4.1 Flow equations

The Reynolds-averaged Navier—Stokes (RANS) [28] equations are time-averaged equa-
tions that describe turbulent flows. These partial differential equations express the con-

servation of mass, momentum, and energy. For an incompressible fluid flow, these are

written as:
ou;
p __ %
R oz, 0
ou; 1 0p Omy
RP == ; ¢ —_— — Y — O
’ Y3 al’j + pF axz 8xj
oTY w,; Ou? o (kForr
RE =wu,C 2k _ — =0
= Y Ox; 2 0x; O, (pF axj>

where

u; @ cartesian velocity components
p : static pressure
- Quy 4 Oujy .
;= (v + Vt)(amj + 5,0) 1 stress tensor
pf : fluid’s density
¢,  specific heat transfer coefficient under constant pressure

TF: fluid’s temperature
EF : fluid’s thermal conductivity for which:

(4.1)

(4.2)

(4.3)

(4.4)



where Pr is the Prandl number, « the thermal diffusivity, v the kinematic viscosity and
v, the turbulent kinematic viscosity.
Heat conduction in the solid regions is described by :

0 oT*
S S
RS = — = 4.

T ox; (k 8951-) 0 (45)

where k; is solid’s thermal conductivity. Equation (4.1) refers to the conservation of mass.
Equation (4.2) expresses the conservation of momentum in each direction of the flow, and
equation (4.3) expresses the conservation of energy to compute the temperature field in
the fluid domain and equation (4.5) computes the temperature field in the solid domain.

4.2 Turbulence Model

Turbulence is a fluid motion that includes stochastic changes in the fluid pressure and
velocity. Visually, it appears as randomly shaped small-sized vortices, that are developed
through the fluid. To be able to model turbulence, the Spalart—Allmaras [29] is used.
This is a one-equation model which is expressed:

~ ov Cy N\ 1[0
R = U]a —Ch, (1 ftz)SV+<Ow1fw Kftz) <d> e L%J [(V+V) ] +Cb28 2]
- 4.6)
where: v, = U f,1,fi1 = X3+Cg and X = -.
The other equations of the model are:
~ 1%
1 (0u; Ouy
Q== S 4
R ((?xj 8xi> (4.9)
X
= 4.1
fUQ 1+Xf1/1 ( O)
1+C8
= ws 4.11
fomo (o) (4.11)
g=7+ Cuy(r® —7) (4.12)

and also the constants: o = % Cy, = 0.1355, Cy, = 0.622, x = 041, C,, = 3.239,
ng - 03, Cw3 == 2, CU1 == 71, Ct3 == 12, Ct4 - 05

4.3 Boundary conditions

The boundary conditions for the problem are the following:

o Inlet: Dirichlet conditions are imposed on the velocity, fluid temperature (300 K),
and the Spalart—Allmaras variable 7, while a zero Neumann condition is imposed



on the static pressure.

e Outlet: Zero Neumann conditions are imposed on the velocity, fluid temperature, v,
while a zero Dirichlet condition is imposed on pressure, which is also the reference
pressure.

« External walls': The velocity on the walls is set to zero ( no-slip condition), v is set
to zero, and a zero Neumann condition is imposed on pressure. All external walls
are considered adiabatic. Thus, a zero Neumann condition is imposed on solid
temperature, apart from the bottom face of the heat source which has Dirichlet
temperature conditions (400 K).

o Internal walls?: For internal walls, the boundary conditions for velocity, pressure,
and the turbulence model are the same as the external walls, but for the tempera-
ture, internal walls are interfaces in which the common nodes will take heat transfer
phenomena at both the fluid and solid sides into account.

Figure 4.1: Flow domain with heat source underneath.

4.4 Grid generation

Given that all the TPMS geometries are complex, an unstructured grid of pyramids and
hexahedra is used. For that purpose, Fidelity Pointwise software generates the computa-
tional grid, emphasizing the minimization of cell non-orthogonality. Table (4.1) includes

IWalls that have no borders with solid
2Walls that have borders with solid



the number of grid cells used for each geometry and the corresponding grid element counts
of the geometries promoting heat exchange.

Geometry Gyroid IWP | Primitive | Parallelepiped Fin | Rounded Fin
Number of cells | 550,000 | 250,000 | 100,000 250,000 300,000

Table 4.1: Number of cells inside each cooling geometry.

Figure 4.2: Gyroid grid. Figure 4.3: TWP grid.
Figure 4.5: Conventional paral-
Figure 4.4: Primitive grid. lelepiped fin grid.

Figure 4.7: Gyroid computational
Figure 4.6: Conventional paral- grid.
lelepiped fin grid.

For the gyroid case, the total number of cells of the whole grid is 2,100,000. The
computational grid of the canal region consists of 1,400,000 cells, the Source region has
150,000 cells, and the Gyroid contains 550,000. Figure (4.7) depicts a section of the
computation grid near the gyroid.

4.5 Case and solver properties

For all the cases to be simulated, the inlet air velocity is equal to 2 m/s, directed parallel
to the z-axis. Table (4.2) contains the properties of the fluid, and the solid used in the



simulation, and table (4.3) contains the solver details. According to Table (4.2), the
Reynolds number is equal to 2420 and, to be on the safe side, it was decided to model
the flow as turbulent.

Property Value Unit
Solid density 2719 kg/m?
Solid thermal conductivity 202.4 W/(m - K)
Solid specific heat (C,) 871 J/(kg - K)
Air density 1.225 kg/m?
Air specific heat (C,) 1006.43 J/(kg - K)
Air dynamic viscosity 1.846 x 107° Pa-s
Hydraulic diameter 0.0182 m
Reynolds number 2420 -
Prandtl number 0.726414 -

Table 4.2: Material and fluid properties.

Parameter Value
Maximum interations 3000
Velocity relaxation 0.5
Pressure relaxation 0.5
Fluid energy equation relaxation 0.7
Solid energy equation relaxation 0.9
v relaxation 0.5

Table 4.3: Solver settings.

4.6 Performance metrics

The objective functions that evaluate the effectiveness of the cooling, in the present study,
are:

T_F — onutlet TuZdA
o onutlet uZdA

Wrotal,losses = St (p ’ %pu?) A S (p ’ %pu?) . (4.14)

2
Ainletpvinlet
2

(4.13)

The first one refers to the total pressure losses across the field, which are calculated by
equation (4.14). Equation (4.13) refers to the quality of the cooling, calculated as the
mass-averaged temperature at the outlet face. The objective is to maximize T, while

the pressure loss coefficient is treated as a constraint.



Chapter 5

Results of conventional geometries

In this chapter, all the geometries presented in Chapter 3 are simulated. These geometries
are separated into two groups. The first is the group of conventional geometries promoting
heat exchange, which include cases without a cooling geometry, with a rectangular fin,
and with a fin with rounded corners. The second group consists of single unit cells of
TPMS. It should be noted that the first group will be considered as reference solutions
to compare with.

5.1 Conventional geometries promoting heat exchange

Figure (5.1) presents the convergence of the solved equations. Since the add-on heat
exchange promoting body and source geometries are modeled as different regions, each
is expected to have different residuals. As all residuals of equations are lower than 1079,
the results are considered to be converged.

Case C1: Case C2: Case C3:
empty case Parallelepiped fin Rounded fin

Table 5.1: Geometries of conventional cases.

Case name C1 C2 C3
Oft,losses[—] 0.01215 | 0.1675 | 0.146
Touttet| K] 303.3 | 312.57 | 315.49

Table 5.2: Performance of conventional cases.

In figure (5.2), all the conventional geometries that are widely used in similar applications
are presented. As expected, case Cl has the minimum total pressure losses without a

significant increase in T ,; this was expected as there is no solid obstacle to generate losses
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Figure 5.1: Residuals of the Navier-Stokes and energy equations of case C2.

Figure 5.2: Performance of the convectional geometries.

and increase heat transfer. On the other hand, case C2 shows increased losses, while T,
is also higher than in case C1l. In addition, case C3 represents a more aerodynamic
form than that of case C2 and demonstrates better performance metrics than the latter.
The purpose of the following cases is to further increase performance at the expense of
using more complicated heat exchange-promoting devices. Figure (5.3) shows that the
placement of a heat exchange-promoting geometry enhances diffusion, depicting a higher

thermal trail.



Figure 5.3: Temperature iso-areas at midplane of x-direction for cases C1(up), C2(mid), and
C3(down). The white lines indicate the 301 K iso-line, while the black lines correspond to the

310 K iso-line.

5.2 Geometries’ efficiency

As all reference geometries have been set, it is important to examine the efficiency of
the simple unit cells of TPMS. In table (6.10), all these geometries are presented. Com-

Case T1:
Gyroid

Case T2:
IWP

Case T3:
Primitive

Table 5.3: Geometries of TPMS of single cell units.

paring the iso-lines of 301 K and 310 K between figures (5.3) and (5.4), it is clear that
the isothermal lines of TPMS are located much higher(on the y-axis) than conventional




geometries. This means that the outlet average temperature has increased.Gathering the

Figure 5.4: Temperature iso-areas at midplane of x-direction for cases T1, T2, and T3. The
white lines indicate the 301 K iso-line, while the black lines correspond to the 310 K iso-line.

results of all CFD cases, these are plotted in figure (5.5). Considering that the optimal
solution has to be on the bottom right side of the chart, all solutions, except C2, are
considered non-dominated [30]. Furthermore, the gyroid was expected to exhibit higher
total pressure losses due to its non-aerodynamic shape. In addition, case T3 does not
have higher T, like the other TPMS, and behaves similarly to case C3.

out?

In table (5.4) the data of figure (5.5), are presented. Given that the TPMS geome-

Geometry C1 C3 T3 T2 T1
th,losses[—] 0.01215 | 0.146 | 0.1453 | 0.1578 | 0.17318
Touttet[/X] | 303.3 | 315.49 | 314.37 | 318.74 | 319.78

Table 5.4: Performance of the so-far non-dominated solutions of figure (5.5)

tries are more effective than the heat sink cooler, it would be more interesting to analyze



Figure 5.5: Study of basic geometries. The front of the so-far non-dominated solutions is
displayed with the non-continuous line.

how the parameters that constitute a TPMS geometry influence heat exchange. As a
result, the introduction of single-unit TPMS cells offers more satisfying solutions, as T2
has similar pressure losses to the C3 case, but increases the average outlet temperature
from 315.49 to 318.74 K. Additionally, T1 yields the highest temperature increase, but
also has the highest total pressure losses.



Chapter 6

Parametric studies

In this chapter, parametric studies are conducted to investigate the performance of TPMS,
considering the periodic property and the thickness distribution. All tested geometries
are encapsulated into the same boundary box as the previous ones.

6.1 Parametric Study 1: Periodicity pattern

In this section, the nature of the TPMS geometries will be exploited by replacing a single
cell with its double or quadruple replicate. The new heat exchange promoting geometries
will become more complex by increasing the surface area in contact with the cooling fluid.
However, by doing so, the area of heat exchange promoting geometries which is in contact
with the source is reducing as the patterns repeat.

Case T1: Case Sla: Case S1b:
Gyroid Dual Gyroid Quadruple Gyroid

Table 6.1: Patterns of Gyroid geometry.

Case T2: Case Slec: Case S1d:
IWP Dual TWP Quadruple IWP

Table 6.2: Patterns of IWP geometry.

In tables (6.1),(6.2),(6.3), the gyroid, IWP, and Primitive geometry encapsulated into
the same box with a double and a quadruple periodicity pattern are illustrated. It is noted
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Case T3: Case Sle: Case S1f:
Primitive Dual Primitive Quadruple Primitive

Table 6.3: Patterns of Primitive geometry.

that the more times the single cell of a TPMS is repeated, the finer the grid is needed to
capture the flow details.

6.1.1 Gyroid patterns

In figure (6.1) temperature iso-areas are presented. The thickness of the thermal bound-
ary layer is higher than in case T1. That leads to higher TF . All repeatedgyroids have

Figure 6.1: Temperature iso-areas at midplane of x-direction for cases Sla (up), S1b (down).
The white lines indicate the 301 K iso-line, while the black lines correspond to the 310 K. iso-
line.

been placed in figure (6.2). As the geometry becomes more complicated, the surface that
comes in contact with the cooling fluid becomes larger. The total pressure loss coefficient
increases due to the higher friction. Even though complicated surfaces enhance heat ex-
change between the fluid and the metal, heat transfer inside the solid geometry becomes
more difficult. As a result, there is an upper limit to the 7.F',. For that reason, the dual
pattern of the gyroid has a higher Tofzt than the quadruple one. The results shown in
figure (6.2) are also presented in table (6.4).



Figure 6.2: Comparison of repeated gyroid geometries (green colored) with conventional (black
colored) and basic TPMS (blue colored) geometries.

Geometry T1 Sla S1b
Wrtosses|—] | 0.1731 | 0.2195 | 0.2445
Touttes|[ /K] | 319.78 | 321.69 | 321.39

Table 6.4: Performance metrics of the repated cell Gyroid geometries of figure (6.2).

6.1.2 IWP patterns

In figure (6.3), the temperature iso-areas of IWP patterns that are presented in figure
(6.2) with temperature iso-lines are shown. It is obvious, from figure (6.4) and table (6.4),
that the behavior of the IWP is not different from that of the gyroid. Specifically, there
is an efficiency improvement for the double IWP, but the quadruple IWP decreases the
average outlet temperature. Thus, the total pressure loss coefficient is increased. The
empty case and the heat sink geometry are included to make the benefits of TPMS more
visible.

Geometry | T2 Slc S1d
Wi losses|—| | 0.1578 | 0.2156 | 0.2384
Toutiet[ /<] | 318.74 | 320.87 | 320.96

Table 6.5: Performance metrics of repeatedlWP geometries of figure (6.4).



Figure 6.3: Temperature iso-areas at midplane of x-direction for cases Slc (up), S1d (down).
The white lines indicate the 301 K iso-line, while the black lines correspond to the 310 K iso-line.

Figure 6.4: Comparison of repeated IWP geometries (green colored) with conventional (black
colored) and basic TPMS (blue colored) geometries. The front of the so-far non-dominated
solutions is displayed with the non-continuous line.

6.1.3 Primitive patterns

The last repeated TPMS geometries to be examined are the geometries of table (6.3).
Figure (6.5) shows a similar profile.

However, it is remarkable that the performance of the dual Primitive is similar to that



Figure 6.5: Temperature iso-areas at midplane of x-direction for cases Sle (up), S1f(down). The
white lines indicate the 301 K iso-line, while the black lines correspond to the 310 K iso-line.

of the quadruple case. Figure (6.6) and table (6.6) compares the Primitive with the
heat-sink geometry and the empty case, in detail.

Figure 6.6: Comparison of repeated Primitive geometries (green colored) with conventional
(black colored) and basic TPMS (blue colored) geometries. The front of the so-far non-
dominated solutions is displayed with the non-continuous line.



Geometry T3 Sle Sif
Wi losses|—| | 0.1453 | 0.1980 | 0.2053
Touttes| K] | 314.37 | 316.70 | 316.67

Table 6.6: Performance of repeated Primitive geometries of figure (6.6).

6.1.4 Analysis of Results

Figure 6.7: Summary of results of the first parametric study (green colored), conventional (black
colored), and basic TPMS (blue colored) geometries. The front of the so-far non-dominated
solutions is displayed with the non-continuous line.

Geometry C1 T3 C3 T2 T1 Sla
ujt,losses[—] 0.01215 | 0.1453 | 0.146 | 0.1578 | 0.17318 | 0.2195
Touttet[[K] | 303.3 | 314.37 | 315.49 | 318.74 | 319.78 | 321.69

Table 6.7: Current optimal front of figure (6.7).

In figure (6.7) and table(6.7) all the simulated geometries are presented. The dual ge-
ometries promote heat transfer because the wet area increases. However, all quadru-
ple geometries have higher total pressure losses and similar thermal performance to the
double-pattern geometries, and for that reason, all the quadruple-patterned geometries
do not belong to the front of the so-far non-dominated solutions. As a result, geometry
Sla, which is not dominated by any other, is included in the front.



6.2 Parametric Study 2: Thickness

This section examines non-uniform thickness distributions along the flow direction (z-
axis). Specifically, the cases of the single cell'! of a gyroid, IWP, and a Primitive will
be used with either increasing or decreasing thickness along the z-axis. For example, at
figure (6.8) is the section of the fluid channel where the fluid enters the cooling geometry,
the relative density is equal to 10%, while where fluid exits the cooling geometry (figure
(6.10)), relative density is 90%.

Figure 6.8: Inlet Gyroid sec- Figure 6.10: Outlet gyroid sec-
tion. Figure 6.9: Non-constant tion.

thickness Gyroid.

6.2.1 Non-uniform thickness Gyroid

Case S2a: Case T1: Case S2b:
Increasing Thickness Gyroid Gyroid Decreasing Thickness Gyroid

Table 6.8: Geometries of non-uniform thickness for Gyroid geometry.

In figure (6.11), temperature iso-areas of increasing and decreasing thickness are pre-
sented. The thermal boundary layer is thicker in case S2a than S2b.

Geometry | S2a T1 S2b
cgtvlosses[—] 0.1943 | 0.1732 | 0.1907
Touttet[KK] | 320.15 | 319.78 | 320.77

Table 6.9: Performance metrics of non-uniform Gyroid geometries of figure (6.14).

IMinimal of a TPMS



Figure 6.11: Temperature iso-areas at midplane of x-direction for cases S2a (up), S2b(down).
The white lines indicate the 301 K iso-line, while the black lines correspond to the 310 K iso-line.

Figure 6.12: Comparison of so-far non-dominated geometries with non-uniform thickness Gyroid
geometries(orange colored). The front of the so-far non-dominated solutions is displayed with
the non-continuous line.

Varying the thickness increases the total-pressure-loss coefficient. Both increasing and
decreasing thickness Gyroids have a higher T, than the normal gyroid. From figure

(6.14), for similar total-pressure losses, TPMS geometries achieve an outlet temperature
higher by 8 K.



6.2.2 Non-constant thickness IWP

Case S2c: Case T2: Case S2d:
Increasing Thickness IWP IWP Decreasing Thickness IWP

Table 6.10: Geometries of non-constant thickness for IWP geometry.

Different thickness distributions for the geometry IWP are examined. In figure (6.14),
the coefficient of total pressure losses is higher than in the case of the heat sink, but T.F,

at the outlet is almost higher by 6 K. Moreover, the IWP, which increases its thickness,
has better thermal behavior than the Gyroid geometry.

Figure 6.13: Temperature iso-areas at midplane of x-direction for cases S2c¢ (up), S2d(down).
The white lines indicate the 301 K iso-line, while the black lines correspond to the 310 K iso-line.

Geometry S2¢ T2 S2d
cguosses[—] 0.17381 | 0.158 | 0.17429
Touttet|[ /K] | 318.92 | 318.74 | 316.87

Table 6.11: Performance metrics of non-uniform IWP geometries of figure (6.14).

6.2.3 Non-constant thickness Primitive

Figure (6.15) depicts the temperature field of the increasing and decreasing thickness of
the Primitive geometry.



Figure 6.14: Comparison of so-far non-dominated geometries with non-uniform thickness IWP
geometries (orange colored).

Case S2e:

Increasing Thickness Primitive

Case C3:

Primitive

Case S2f:
Decreasing Thickness Primitive

Table 6.12: Geometries of variable thickness for Primitive geometry.

According to table (6.13), decreasing the thickness Primitive geometry has a similar

average outlet temperature but increased total pressure losses due to the bigger recircu-

lation regions inside. The increasing thickness Primitive has better heat efficiency but

much more total pressure losses. In general, all the cases of that section have better

performance than the traditional heat sink. Considering the slight enhancement demon-
strated by the Primitive case, it is reasonable to expect that its alternative configurations

will not offer significant improvement compared to the other TPMS geometries.

Geometry | S2e | Primitive | S2f
Wrtomes|—] | 0.166 | 0.1453 | 0.1541
Toutiet|K] | 31551 | 314.37 | 314.34

Table 6.13: Performance of the non-dominated solutions figure (6.16).




Figure 6.15: Temperature iso-areas at midplane of x-direction for cases S2e (up), S2f (down).

Figure 6.16: Comparison of so-far non-dominated geometries with non-uniform thickness Prim-
itive geometries (orange colored).

6.2.4 Analysis of Results

Geometry C1 T3 C3 T2 T1 S2b Sla
a_)t,losses[—] 0.0122 | 0.1453 | 0.1457 | 0.1578 | 0.1732 | 0.1851 | 0.2195
Touttes[/<] | 303.30 | 314.37 | 315.49 | 318.74 | 319.78 | 320.77 | 321.69

Table 6.14: Performance metrics of non-uniform Primitive geometries of figure (6.17).



Figure 6.17: Summary results of the second parametric study (orange colored), conventional
(black colored), basic TPMS (blue colored) geometries, and the first parametric study (green
colored).

Having a non-constant thickness in all cases increases the total pressure losses coef-
ficient because of recirculation regions or the local small canals which are created inside
the heat exchange geometry. From all the non-uniform thickness geometries that have
been examined, only the decreasing thickness Gyroid was incorporated into the front of
non-dominated solutions.

Each TPMS behaves differently under thickness variation. For example, some cases

increased the TF

ot While others reduced it. However, the total pressure losses make this

parameter unreliable for the thermal efficiency, and will not be used in subsequent studies.

6.3 Parametric Study 3: Solid network TPMS ge-

ometries

An alternative concept of TPMS is to use their Solid Network geometry. All Network
Solid geometries can be created from the extrusion method presented in Chapter 3. Solid-
network TPMS form a single, interconnected flow channel, unlike solid-sheet extrusions,
which create two disconnected sub-channels (figure (6.18)); merging sub-channels occurs
only downstream of the geometry. Apart from the single-cell heat transfer enhancing
geometries promoting heat exchange, repeated patterns will be tested too.

6.3.1 Solid Network Gyroid, IWP, Primitive

Using MsLattice is the Solid Network TPMS are generated. From figure (6.19), it is
obvious that the thermal boundary layer is thicker than the geometries examined in pre-
vious chapters.



Figure 6.18: Double (pink and green color) sub-channel inside a solid sheet geometry (left) and
single channel in a network solid geometry.

Case S3a: Case S3b: Case S3c:
Solid Network Gyroid Solid Network IWP Solid Network Primitive

Table 6.15: Geometries of network sheet extrusions.

Geometry | S3c S3b S3a
cgtvlosses[—] 0.0315 | 0.0412 | 0.052
Touttet| K] | 315.81 | 321.63 | 325.72

Table 6.16: Performance of solid network extruded geometries of figure (6.20).

According to figure (6.20), solid network geometries have higher efficiency. The Tgit is
higher, and the solid network Gyroid has the highest one of all the previous cases. The
total pressure losses are lower than all the previous cases, and it is also close to the
total pressure losses of the empty case scenario. Additionally, heat exchange efficiency
(Primitive, IWP, Gyroid) remains the same for their Network Solid form. These three
new solutions completely dominate all the others. Thus, only network solid extrusions

are used in the forthcoming studies.



Figure 6.19: Temperature iso-areas at midplane of x-direction for cases S3a (up), S3b (mid),
S3c (low).

6.3.2 Solid network Gyroid Patterns

Case S3a: Case S3d: Case S3e:
Solid Network Gyroid Dual Solid Network Gyroid | Quadruple Solid Network Gyroid

Table 6.17: Patterns of network sheet Gyroid geometries promoting heat exchange.

Using the solid network Gyroid geometry and increasing the number of the repeats of
Gyroid’s unit cell, the dual and quadruple Gyroid are created (table (6.17)). According to
figure(6.21) and table (6.18), the total pressure losses coefficient increased, as expected,



Figure 6.20: Comparison of so-far non-dominated geometries with solid network extruded basic
TPMS (red colored).

Figure 6.21: Comparison of so-far non-dominated geometries with solid network Gyroid patterns
(red colored).

but T reduced. However, these cases perform better than cases C2 and C3.



Figure 6.22: Temperature iso-areas at midplane of x-direction for cases S3d (up), S3e (down).

Geometry | S3a S3d S3e
Wrtomes|—] | 0.052 | 0.102 | 0.112
Touties K] | 325.72 | 318.48 | 310.71

Table 6.18: Performance metrics of solid network extruded Gyroid patterns of figure (6.21).

6.3.3 Solid Network IWP Patterns.

In figure (6.19), the dual and quadruple IWP are presented. Solid Network IWP geome-

Case S3b: Case S3f: Case S3g:
Solid Network IWP Dual Solid Network IWP | Quadruple Solid Network IWP

Table 6.19: Patterns of network sheet IWP geometries promoting heat exchange.

tries also increase the total pressure loss coefficient. In addition, the Tyt of IWP and its
patterns are between the temperatures of the solid sheet gyroid and the Primitive unit
cells.



Figure 6.23: Temperature iso-areas at midplane of x-direction for cases S3f (up), S3g (down) .

Geometry | S3b S3f S3g
Welosses|—| | 0.0411 | 0.0999 | 0.1161
Touttes[ K] | 321.63 | 317.69 | 319.51

Table 6.20: Performance of solid network extruded IWP patterns of figure (6.24).

Figure 6.24: Comparison of so-far non-dominated geometries with solid network IWP patterns
(red colored).

6.3.4 Solid Network Primitive Patterns

The Solid Network Primitive patterns perform differently since their thermal efficiency
becomes even better. However, they are unable to achieve better performance than the
Solid Network Gyroid and Solid Network IWP but the total pressure losses coefficient



Case S3c:

Solid Network Primitive

Case S3h:

Dual Solid Network Primitive

Case S3i:
Quadruple Solid Network Primitive

Table 6.21: Geometries of network prim extrusions.

Geometry | S3c S3h S3i
Wi losses|—] | 0.0315 | 0.0906 | 0.1262
Touttet[ /<] | 315.81 | 315.65 | 320.04

Table 6.22: Performance metrics of solid network extruded Primitive patterns of figure (6.26).

Figure 6.25: Temperature iso-areas at midplane of x-direction for cases S3h (up), S3i (down) .

takes on similar values.




Figure 6.26: Comparison of so-far non-dominated geometries with solid network Primitive pat-
terns (red colored).

6.3.5 Analysis of Results

The introduction of the solid network TPMS geometries offers more efficient solutions
compared to the previous ones. Solutions S3a, S3b, and S3c not only reduces total pres-

sure losses by about 50%, but increases T, even more (figure (6.27)). However, the

u
repeatedgeometries did not manage to increase the average outlet temperature of the
working fluid, and their pressure losses were, on the one hand, better than all the sheet
solid geometries promoting heat exchange, but on the other hand, less efficient in com-
parison with the single-cell network extruded surfaces. Therefore, pattern geometries will
not be used in further studies, which all include geometries generated through network

solid extrusion.

Among all examined solutions, S3a and S3b reduce the total pressure losses to almost
1/3 of those of the traditional geometries and significantly increase the heat exchange
profit (the Tj;t when a cooling geometry is placed) by almost 10 K.

Geometry C1 S3c S3b S3a
Lgulosses[—] 0.01214 | 0.1453 | 0.0412 | 0.052
Touttes[[K] | 303.31 | 314.37 | 321.63 | 325.72

Table 6.23: Performance of solid network extruded Gyroid patterns of figure (6.27).



Figure 6.27: Summary results of the third parametric study (red colored), conventional (black
colored), basic TPMS (blue colored) geometries, the first parametric study (green colored), and
the second parametric study (orange colored).



Chapter 7

Hybrid TPMS

7.1 Theoretical background

This parametric study is concerned with the evaluation of mixed TPMS. There are many

ways in which mixed TPMS can be generated, but two of them are used. The first one
is the linear interpolation between the surface equations, and the second one will involve
a gradual transition from one TPMS surface to another across the flow axis.

7.1.1 Linear interpolation

Given that equations 2.1 to 2.3 represent a TPMS, they can be interpolated into a single
surface using a parameter t, which defines the proportion of each original geometry. For
example, the equation that combines the Gyroid (figure (2.1)) with the IWP geometry
(figure (2.2)) is:

F(x,y,z,t) = t( sin(X) cos(Y') +sin(Y') cos(Z) + sin(Z) cos(X))
+(1—1) <2<sin(X) cos(Y) +sin(Y') cos(Z) + sin(Z2) cos(X)) (7.1)

— ((cos(2(X)) + cos(2(Y)) + COS(Z(Z)))) 0.

Figure (7.1) presents the hybrid TPMS of equation 7.1 for three different values of pa-
rameter t. The geometries with t near to zero tend to resemble a Gyroid and near 1
an IWP. Another example is the mixture of Gyroid geometry with Primitive. This is
expressed by the following equation equation 7.2 and figure (7.2):

F(z,y,2,t) = t(sin(2a7rx) cos(2bmy) + sin(2bmy) cos(2cmz) + sin(2erz) cos(2a7mc))

+ (1 —t)(cos(2amz) + cos(2bmy) + cos(2¢cmz)) = 0.
(7.2)

The last combination is the equation of IWP(2.2) with the equation of Primitive (2.3),
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Figure 7.1: Hybrid Gyroid-IWP with t=0.25 (left), t=0.5 (mid), t=0.75 (right).

Figure 7.2: Hybrid Gyroid-Primitve with t=0.25 (left), t=0.5 (mid), t=0.75 (right).

which is given by the following equation and figure (7.3):

F(z,y,2,t) = t(2(sm(2a7m:) cos(2bmy) + sin(2bmy) cos(2cmz) 4 sin(2emz) cos(2a7m:))

— (cos((4a7rm)) + cos(4bmy) + cos((4emz)) ))

+(1— t)(cos(?amc) + cos(2bmy) + COS(2€7TZ)> =0



Figure 7.3: Hybrid IWP-Primitve with t=0.25 (left), t=0.5 (mid), t=0.75 (right).

7.1.2 Gradual interpolation

For this specific type of mixing, rather than using the parameter t, the geometry will
change gradually from one TPMS to another across the flow axis. To achieve that,
the parameter t varies along the Z dimension, which is the flow axis. Furthermore,
the function is a third-degree polynomial with zero slope at the boundary values. This
polynomial is P(z) = —2z% + 322, As a result, equations (7.1), (7.2), and (7.3) are
transformed into:

F(z,y,2,t) = (—22° 4+ 32%) ( sin(2amz) cos(2bmy) + sin(2bmy) cos(2¢mz) + sin(2cemz) cos(2a7rx))

+ (1 — (—22% + 322)> (2<sin(2a7rx) cos(2bmy) + sin(2bmy) cos(207rz))

+ 2sin(2crz) cos(2amz) — (COS<4CL7TZE) + cos(4bmy) + cos(4c7rz))) = 0.
(7.4)

F(z,y,2,t) = (—22° 4+ 32%) ( sin(2amz) cos(20bmy) + sin(2bmy) cos(2¢mz) + sin(2cemz) cos(2a7rx))

- (1 — (=22 + 322)> (cos(Zamc) + cos(2bmy)

+ cos(2c7rz)) = 0.
(7.5)

F(z,y,2,t) = (—22° + 32?) (2(sin(2a7rx) cos(2bmy) + sin(2bmy) cos(2cmz) + sin(2cmz) cos(2a7rx))

_ (Cos(4a7r.r) + cos(4bmy) + COS(4C7TZ)>)

+ (1 — (=22 + 322))(cos(2x7m) + cos(2bmy) + cos(2c7rz)) =0
(7.6)
Figures (7.4), (7.5), and (7.6) show the geometries generated by equations (7.4), (7.5),
(7.6).



Figure 7.4: Hybrid IWP- Figure 7.5: Hybrid Primitve- Figure 7.6: Hybrid Primitve-
Prim. Gyroid. IWP.

7.2 Hybrid Gyroid - IWP

In table (7.1), all the geometries that result from the linear combination of Gyroid and
IWP, according to equation (7.1), are presented for different values of t. According to

Case S4a: Case S4b: Case S4c:
75%IWP-25%Gyroid 50%IWP-50%Gyroid 25%IWP-75%Gyroid

Table 7.1: Intermediate structures between Gyroid and IWP surfaces.

geometry | S3b Sda S4b S4c S3a
t 0 0.25 0.5 0.75 1

Welosses|—| | 0.0412 | 0.0537 | 0.0526 | 0.0543 | 0.052

Touttet[ K] | 321.63 | 323.41 | 323.56 | 325.68 | 325.72

Table 7.2: Performance metrics of intermediate geometries between Gyroid and IWP.

figure (7.7), the efficiency of intermediate forms between gyroid and IWP is between those
of the main corresponding components (Gyroid and IWP). Additionally, these three new
cases are completely dominated by the solid network Gyroid geometry. As a result, these
solutions cannot be incorporated into the current optimal front.

7.3 Hybrid Primitive-Gyroid

In this case, intermediate geometries between Gyroid and Primitive according to equation
7.2 are examined.




Figure 7.7: Comparison of so-far non-dominated geometries with intermediate geometries be-
tween Gyroid and IWP (purple colored).

Case S4d: Case Sde: Case S4f:
75%Primitive-25%Gyroid || 50%Primitive-50%Gyroid | 25%Primitive-75%Gyroid

Table 7.3: Intermediate structures between Gyroid and IWP surfaces..

geometry S3c S4f S4e S4d S3a
t 0 0.25 0.5 0.75 1

Wi losses|—| | 0.03315 | 0.04123 | 0.04421 | 0.05857 | 0.052

Touttet| K] | 315.81 | 318.22 | 320.02 | 327.53 | 325.72

Table 7.4: Performance metrics of intermediate geometries between Primitive and Gyroid.

Combined Gyroid and Primitive geometries enrich the so-far optimal front with new
solutions. First, the combination of 0.25 Primitive - 0.75 Gyroid is not dominated by
the simple Solid-Network geometries, and also the combination of 0.75 Gyroid - 0.25
Primitive offers the highest T SO far.

7.4 Hybrid Primitive-IWP

The last linear combination of Primitive and IWP follows equation 7.3. Table (7.5)
presents all the examined intermediate geometries.



Figure 7.8: Comparison of so-far non-dominated geometries with intermediate geometries be-

tween Primitive and IWP (purple colored).

Case S4h: Case S4i:
50%IWP-50%Primitive 25%IWP-75%Primitive

Case S4g:
75%IWP-25%Primitive

Table 7.5: Intermediate structures between Primitive and IWP surfaces.

geometry | S3a Sdg S4h S4i S3b
t 0 0.25 0.5 0.75 1

cgt,losses[—] 0.0315 | 0.0371 | 0.04411 | 0.0524 | 0.0412
Touttet| K] | 315.81 | 316.48 | 319.79 | 323.19 | 321.63

Table 7.6: Performance of intermediate geometries between Primitive and IWP .

Figure (7.9) depicts the performance of these geometries. Only the geometry with t=0.25
is added to the current optimal front since the other two are dominated by the Solid-

Network Primitive or the Solid-Network ITWP.



Figure 7.9: Comparison of so-far non-dominated geometries with intermediate geometries be-
tween Primitive and IWP (purple colored).

7.5 Gradually transformed geometries

In this case, TPMS will change their shape gradually across the flow axis following equa-
tions 7.4, 7.5, 7.6. Table (7.7) displays all these geometries.

Case Sha:
IWP-Primitive

Case ShHb:

Gyroid-Primitive

Case Sbhe:
IWP-Gyroid

Table 7.7: Intermediate structures between Primitive and IWP surfaces.

Table (7.7) reveals that the geometry is formulated by a TPMS geometry at the begin-

ning and gradually changes to the other geometry at the end. In figure (7.10), it is clear

that this type of geometry does not perform better than the previous solutions because

all of these cases have higher total pressure losses without improving thermal efficiency.

geometry | Sba Shb She
Wi losses|—] | 0.0474 | 0.0537 | 0.05698
Touttes K] | 320.70 | 323.7 | 325.15

Table 7.8: Details of figure (7.10).




Figure 7.10: Comparison of so-far non-dominated geometries with gradually interpolated ge-
ometries (blue colored).

7.6 Analysis of Results

In figure (7.11), all cases tested in this chapter are presented. Non-dominated solutions
are connected with a dashed line that form the solution non-dominated front. The proce-
dure of combining TPMS obviously increases all total pressure losses since the transition
from one geometry to the other generates non-smooth or asymmetric geometries.

However, there are some cases in which complex geometries would increase the wet

Figure 7.11: Summary results of parametric study of hybrid geometries (purple and blue col-
ored), conventional (black colored), and the third parametric study (red colored).

area and, consequently, T . Another observation is that the uniform distribution of

out*®
parameter t does not mean a uniform distribution of the geometry’s performance. Fur-



thermore, in table (7.9), all the solutions are listed in detail.

geometry C1 S3c S3b S3a S4d
Wiosses 0.01215 | 0.0315 | 0.04119 | 0.05204 | 0.0585
Toverage | 303.304 | 315.812 | 321.63 | 325.721 | 327.53

Table 7.9: Performance metrics for different structures.

That the gradual interpolation of the cooling geometry from the a TPMS to another
can give better results, as it offers solutions that exceed previous non-dominant solution
fronts. Considering that combining TPMS geometries is a highly complex topic and there
are plenty of methods to do so, the results of the methods that were used before cannot
represent the whole concept. Thus, solution S4d has the highest T ., and is the most
preferred one since the temperature profit, from the empty case, is doubled than case C3,
and with one third of its total pressure losses.



Chapter 8

Conclusions

In this chapter, a comprehensive summary of all the parametric studies and simulation
cases is presented. Tables [8.1],[8.2], and[8.3] show all cases with their performance met-
rics.

Firstly, it is evident that all the TPMS geometries promoting heat exchange have better
performance compared with the traditional heat sinks. The reason is the high surface-
to-volume ratio that enhances the heat transfer. Among all the basic TPMS geometries
promoting heat exchange, the Gyroid geometry appears to demonstrate higher thermal
performance and lower losses than IWP and Primitive geometries.

The case study of the periodicity showed that the duplication of the flow’s direction
periodic improves the thermal efficiency, since the contact surface with the fluid is in-
creased. However, quadruple-patterned surfaces result in higher total pressure losses
without significantly increasing thermal efficiency. As a result, there is an upper bound
to the number of times that a TPMS can be repaeted.

Thickness variation showed small local improvements in thermal efficiency, but a sig-
nificant increase in total pressure losses due to more severe recirculation of the fluid flow.
Non-uniform thickness does not offer significant improvement in comparison with the
basic TPMS geometries because the refinement in T, is not enough to offset the total
pressure losses.

Using solid network extruded geometries increases thermal efficiency even more and re-
duces total pressure losses. Among these geometries, the Gyroid still exhibits higher
efficiency than IWP and the Primitive geometries.

Finally, the mixture of TPMS further increases the number of possible solutions. Linear
interpolation geometries primarily yield new non-dominated solutions that are incorpo-
rated into the optimal front. In contrast, geometries promoting heat exchange that grad-
ually change along the flow axis do not offer better solution since their non-symmetric
shape increases the total pressure losses significantly.
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To sum up, results prove that TPMS have achieved much higher efficiency than tra-
ditional heat sinks, especially in the case of solid network extruded geometries. Figure
(8.2) presents the front of all cases examined in this thesis.

Figure 8.1: Summary solution front. The conventional geometries are displayed with black
color, with blue the single TPMS, the patterned geometries with green color, and the non-
constant thickness geometries with orange color, solid network extruded geometries with red,
linear interpolated geometries with purple, and gradual interpolated geometries with dark blue.

Another interesting parameter that is important to examine is the wet area. This is
defined as the area that comes in contact with the fluid. In figures (8.3), it is shown that
geometries promoting heat exchange with high wet area tend to have better heat transfer
properties. However, another factor that is also important is the surface that connects the
heat source and the cooling geometry, because bigger contact surfaces between the heat
source and the cooling geometry can spread the heat more easily inside the geometry. In
figure (8.4), the contact surface is shown along with T2 . In table (8.4) the wet and the
contact area between the heat transfer geometry and the heat source are provided.



Case C1:

empty case

Case C2:
Parallelepiped fin

Case C3:
Rounded Fin

Wt losses|— 0.01215 Wt Josses|— | 0.1675 Wt Josses|—] 0.146
Toutiet| K] 303.3 Toutiet| K] 312.57 Toutlet| K] 315.49
Case T1: Case T2: Case T3:
IWP Primitive Gyroid
Wt Josses| — 0.17318 Wt Josses|— | 0.1578 Wt Josses|—] 0.1453
Touttet|[ K] 319.78 Toutlet| K] 318.74 Toutlet [ K] 314.37
Case Sla: Case Slb: Case Slc:
Dual Gyroid Quadruple Gyroid Dual IWP
Wt losses|— 0.2195 Wt Josses| — | 0.2445 Wt Josses|—] 0.2156
Toutiet[ K] 319.78 Toutiet| K] 321.39 Touttet [ K] 320.96
Case S1d: Case Sle: Case S1f:

Quadruple IWP

Dual Primitive

Quadruple Primitive

Cgt,losses[_] 0.2384 Cgt,losses[_] 0.198 a_)t,losses[_] 0.2053
Touttet K] 320.96 Touttet K] 316.70 Touttet K] 316.67
Case S2a: Case S2b: Case S2c:

Increasing Thickness Gyroid

Decreasing Thickness Gyroid

Increasing Thickness IWP

Wt losses [_] 0.1943

Wt losses [_] 0.1907

wt,losses[_] 0.17381

Toutiot | K] 320.15

Toutiot K] 319.78

Touttet K] 318.92

Table 8.1: Summary table part 1.




Case S2d:
Decreasing Thickness IWP

Case S2e:
Increasing Thickness Primitive

Case S2f:
Decreasing Thickness Primitive

Wt Josses | —] 0.17429 Wt Josses—] 0.166 Wt losses| — 0.1541
Touties| K] 316.87 Touties| K] 315.51 Touties [ K] 314.34
Case S3a: Case S3b: Case S3c:
Solid Network Gyroid Solid IWP Solid Primitive
Wt Josses| — 0.0315 Wt Josses| — 0.0412 Wt Josses| — 0.052
Toutiet|[ K] 315.81 Touttet|[ K] 321.63 Toutlet[ K] 325.72
Case S3d: Case S3e: Case S3f:
Dual Solid Network Gyroid || Quadruple Solid Network Gyroid Dual Solid TWP

ujt,losses[_] 0.102 ujt,losses[_] 0.112 (fgt,losses[_] 0.0999
Toutret K] 318.48 Toutret K] 319.71 Toutres K] 317.69
Case S3g: Case S3h: Case S3i:

Quadruple Solid IWP

Dual Solid Primitive

Quadruple Solid Primitive

Cgt,losses[_] 0.1161 Cgt,losses[_] 0.0906 C‘-_}t,losses[_] 0.1262
Touttet | K] 319.51 Touttet | K] 315.65 Touttet| K] 320.04
Case S4a: Case S4b: Case S4c:

75%IWP-25%Gyroid

50%IWP-50%Gyroid

25%IWP-75%Gyroid

0.0537

Wt losses [_]

Wt losses [_]

0.0526

0.0543

Wt losses [_]

323.41

Toutlet [K ]

Toutlet [K ]

323.56

325.68

Toutlet [K ]

Table 8.2: Summary table part 2.




Case S4d:
25%Primitive-75%Gyroid

Case Sde:
50%Primitive-50%Gyroid

Case S4f:
75%Primitive-25%Gyroid

Wt Josses| — 0.04123 Wt Josses|— 0.04421 Wt Josses|— ] 0.05857
Touttet|[ K] 318.22 Toutlet [ K] 320.02 Toutiet| K] 327.53
Case S4g: Case S4h: Case S4i:

25%Primitive-75%IWP

50%Primitive-50%IWP

75%Primitive-25%IWP

Wt losses|— 0.0371 W losses|— 0.04411 Wi losses|—] 0.0524
Toutiet [ K] 316.48 Toutiet| K] 319.79 Touties[K] 323.19
Case Sba: Case Sob: Case Sbe:
[WP-Primitive Gyroid-Primitive IWP-Gyroid
Wi losses|—] 0.0474 Wi losses|—] 0.0537 Wi losses|—] 0.05698
Toutiet| K] 320.70 Toutiet|[ K] 323.7 Toutiet| K] 325.15

Table 8.3: Summary table part 3.

Figure 8.2: Optimal non-dominant solution front.

In conclusion, the study of TPMS examines three geometries (Gyroid, IWP, and Primi-




Figure 8.3: Relation between wet surface and average exit temperature. Non-constant line is a
linear extrapolation with the least squares method.

Figure 8.4: Relation between contact surface and average exit temperature. Non-constant line
is a linear extrapolation with the least squares method.

tive) for heat exchange applications, using the traditional heat sink as a reference case.
First, the theoretical background for generating these surfaces was explained, followed
by a description of the methodology used to extrude them into 3D geometries. Further-
more, performance metrics, such as the total pressure loss coefficient and the average
outlet temperature of the working fluid were used to evaluate and compare the solutions
through two-dimensional diagrams. For all these simulations, the OpenFOAM solver cht-
MultiRegionSimpleFoam was used. Performance was evaluated by minimizing the total
pressure-loss coefficient and maximizing 7%, of the working fluid.



Case TowlK] [ wet area [mm?] | contact area [mm?]
Case cl 303.30 10.00 0.00
Case c2 312.57 275 10.00
Case T1 | 321.69 485.53 6.23
Case T2 | 318.74 333.867 5.105
Case T3 | 314.37 333.139 5.833
Case Sla | 321.69 579.332 6.215
Case S1b | 321.39 664.541 5.035
Case Slc | 320.87 382.941 5.103
Case S1d | 320.97 518.515 5.000
Case le 316.70 382.218 5.827
Case 1f 316.67 517.688 5.827
Case S2a | 320.77 419.600 7.284
Case S2b | 320.15 419.601 7.284
Case S2¢ | 318.92 442.252 7.284
Case S2d | 317.74 442.252 8.731
Case S2e | 315.51 336.873 8.731
Case S2f | 314.34 336.873 6.039
Case S3a | 325.72 258.784 6.039
Case S3b | 318.48 250.562 8.237
Case S3c | 319.71 416.997 4.118
Case S3d | 321.63 247.774 4.118
Case S3e | 317.69 241.957 5.531
Case S3f | 319.51 424.500 2.758
Case S3g | 315.81 149.074 2.753
Case S3h | 315.65 162.371 1.212
Case S3i | 320.04 405.959 7.892
Case Sda | 323.41 297.087 7.893
Case S4b | 323.56 197.154 8.898
Case S4c | 325.68 666.120 8.221
Case S4d | 327.53 302.933 9.254
Case S4e | 320.02 197.154 2.69
Case S4f | 318.22 666.120 4.25
Case S4g | 323.19 290.553 3.45
Case S4h | 319.79 232.387 8.243
Case S4I | 316.48 163.792 0.63
Case ba 320.70 225.162 0.98
Case SHB | 323.7 247.139 4.09
Case S5C | 325.1 278.65 4.97

Table 8.4: Results of all cases: TE

oty wet area, and contact area.

In table (8.5), all non-dominated solutions are presented. All these geometries have
some common attributes like single periodicity, uniform thickness distribution, and they
have been extruded with the solid network method. In detail, variable thickness sig-



while repeatedTPMS improved T, as the

nificantly increased losses compared to T o

out
number of single TPMS was increased, with a temperature peak because repeated TPMS
also reduced the contact area between the heat transfer geometry and the heat source.
Even though, the majority of hybrid TPMS does not offer non-dominated solutions, S4d
geometry offered the solution with the highest T, of all. It underlined that hybrid TPMS

out
is a wide chapter and can offer better solutions with further investigation.

For further investigation, all these parametric studies, non-dominated solutions can be
used as initializations to topology optimization algorithms. In addition, there are more
TPMS that can be examined, such as Diamond and Neovious [31]. Additionally, all these
geometries can be examined in other scientific fields, such as structural mechanics or

aerodynamics.
Type Pattern | Thickness Extrusion
S3a Gyroid 1 Constant | Solid network
S3b IWP 1 Constant | Solid network
S3c Primitive 1 Constant | Solid network
S4d | 75%Gyroid—25%Primitive 1 Constant | Solid network

Table 8.5: Non-dominated geometries properties.

Figure 8.5: Alternative TPMS for further investigation. Diamond (left) and Neovious (right)
from reference [31].
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Ewcaywyy

Y1n onueEEV ETOYY Ol ATAUTACELS TWV CUCTNUATLY OF Oldpopa Tedla amottoly Oho xou
TEPLOGOTERT Loy UC UE amoTtéheoua va xadloTartar anopaitnTn 1 yerion unyavioumy $oing 1,
yevotepa, cuvahhaync Vepuotnrac. Topadetyyouta and cuvhdelc unyoviopuote cuvahhay g
VepuodTnTag amoteholy oL PUXTEES amd TUPUAANAETENESY TTEQUYLAL, UXEOXUAVAALL, XUAVOQL-
%00 oyfuatog 18lou yeyédouc 1) xon SPopeTINO UE axavOVIGTES Do Tdoels (oyfua 1).

Yynuo 1: Tapoaboolaxée yewpetplee Pnxtendy. Hopahhnhenineda tteplyto (tdve apiotepd),
uxpoxavdALo (évey Be&Ld), xLAVdpixol oy fuatog iou ueyédouc(xdtw aploTepd) xon xu-
AvOpx00 oY AUATOC BIPOPETINOU HEYEDOUC UE aXAUVOVIOTES Bloo Tdoels (xdtew Bedid).

Hopoatneeiton 6tL GAec oL yewueTpieg oyedidlovial Ye 0TOY0 Vo £Y0UV UEYTAYN ETLPAVELDL €-
TP UE TO EPYUCOUEVO UECO-PEUCTO OE GYEDT UE TOV OYX0 Toug. Eva yopuxtnelotind
TOEAOELY O TETOLWY ETLPAVELWY elvon o TotmAd Ieprodég EAdyioteg Emgpdveieg (TTIEE).
O TIIEE eivon emipdiveteg ot onoleg umopoly va enavakngioly HEo GTO YMOHRO XAl OTIC TEELS
Ol TACELS %ot ToRAAANAaL €y ouv undevixy| péon xaunuiotnta. Ot TIIEE ol omoleg emAgydn-
xow yLor T Bimhoyatixd epyaota ovopdlovton Gyroid, I — graphWrappedPackage(IWP), xou
Primitive THEE (oyfua 2).

o vor pehetniel xatdAAnAa 1 GUVELSPORY TNG YeWUETElog 0TN UETUPOoRd YepuoTNTIC TREETEL
Vo 0ptoTo0V oL avTloTolyeg T0coTNTEG EVOLUpEQOVTOS. Ot TocdTnteg ocuré_g elvar o ouvte-
AeoThc amwAeldy ohxhc mieong (min) xou 1) péon Yeppoxpacio e€6dou (TE,) (mazx) tou

out



Yynuo 2: Baowée Toumhée Tlepiodiéc Erdyiotec Emgdveicc Gyroid(upiotepd) [W P
(uéom) Primitive (5eid).

epyalduevou Yécou.

H mopondve alordynon do mpaypatonowiel ue tn yenorn hoyiouxey ouleuyuévng Ue-
Tapopds YepudTnTag (CHT). To hoyouxd OpenFOAM mopéyet avoixtois XOOIXES TOU
xenowomowoly CHT akyoplduoug Bactopévoug ot u€Vodo ToV TEMEQUOUEVKY OYXWV.

O otdyog e dimhwuatinig gpyaoiog etvar 1 yeron TIEE oe npoiruarto petogpopds dep-
HOTNTOG OE CUYXELOT| UE TIC TUEAUDOCLUXES YEWUETPIEC TTOU YENOLLOTOLOUYTOL YL TOV OXOTO
outo. 'Enetta mporyuatomolobvial 5U0 GELRES TORAUUETEIXMY UEAETWY Ol oTtoleg eMnpedlouy
vewuetpio Twv TIIEE. H npotn xatrnyopla yehetd Tic mopouétpoug xatovoung téyous twy
YEWUETELOVY X0t ToL TARYOUS TwY enavolAPE®Y TwmV Hovadiadwy ETLPAVELDY (Uag TERLOBOL).
H dedtepn natnyopla mogepBdiiet 0o TIIEE o wia, dnuovpyevtag uBedwée TIEE.

TewnAd Ileplodixég ENdyioteg Enpdveieg
O TIIEE yopaxtnellovton amd Ti¢ mopoxdte eEloOoEL:

f(z,y, z) = sin(2arx) cos(2bmwy) + sin(2bmy) cos(2cmz) + sin(2erz) cos(2amz) =0 (1)

f(z,y,2) = 2(sin(2amz) cos(2bmry) + sin(2bmy) cos(2¢emz) + sin(2cemz) cos(2amx))
— (cos(4armx) + cos(4bmy) + cos(4demz)) =0 (2)

f(z,y, z) = cos(2amz) + cos(2bmy) + cos(2cmz) =0

(3)

Mo vor petotpamel plo emipdvela og €vol YEWUETEIXO GTEPES TRETEL Vo Tou TPocdoVel éyog.
H Swdixacio auth uropel vo emteuy el péow 600 uedddwv. H pédodoc Sheet Solid (e-
Elowon 4) 1 omola TPocdideEL xEVETA TO Ty 0C X Umd TIC BUO TAEURES TNG ETLPAVELOS (xatd
T/2) eved n pédodoc Network Solid (eZiowon 5) npoodidet to néyoc T pévo amd n o
mhevpd. Ot uédodor autol expedlovton amod TIC TOPUXETE AVICO-LGOTNTES:

(4)

N | =+

t
_5 Sf(xvyaz) S



flzyy,2) <t (5)

Y YeSLoUOE CUCTAUATOS CUVAAAXYTC VepUoOTNTAS

To oo tnua Tpocouolwong anotereiton and T Vepuixr TNy 1, To xoUvdAL oYi¢ xon TNV Tedce-
N Yewuetpio Tou oToyElEL oTNY evioyuon tng cuvollayric Vepudtnrac. To xavdhl €yel
oo tdoelc x=1 ex, y=1.2 ex, z=4 ex, 10 xavdh x=1 ex, y=10 ex, 2=12 ex xou 1 YEWUE-
Tplo PO&ne oyedidletan mévta péou ot éva mapainieninedo dotdoswy 0.25 X 1 x 1 cm?

(oyfua 3).

Yo 3: Awdtadn ouostAuatog POEne.

Movtelonoinon CHT

O ediowoelg pe ol onoieg Vo yenoyomomdoiy yio tnv enthucr Tou tpofiruatoc eivon ot
Reynolds — Averaged Navier — Stokes (RANS) yia 10 peucst6 xou 1 e&lowon petapopdc
VepUOTNTAC PE Ay WYT| YIo TO GTEPED, Ol OTOlEC Elvan ot eEHC:

8ui 1 8p 87'1-]- .

[y _ _
R’L 43 an + pF 3@ 8xj (7)
oTt  w; ou? o (kForr
T _ . . 177k — =
By = G 0z; 2 0x; O, (pF 3:@) 0 (®)

o [ JOT
T = — S =
Rs =~ (k 8%) (9)

Emunpdoleta, v tn poviehonoinon tng topPng yenowonoteitar to povieho toglng twyv



ITegroxn TaybtnTag ITicon Ocpuoxpacio
Etlcodoc Dirichlet Zero Neumann Dirichlet

"E€odoc Zero Neumann Dirichlet Zero Neumann
Ecwtepixol tolyol M ohicOnon Zero Neumann | Zero Neumann
EZwtepwol tofyor | Mn ohiodnon | Zero Neumann | Zero Neumann'

[Tivacag 1: IowoTNTEC PEVOTOU XU GTEREOU.

Spalart — Allmaras pe tnv oxoiouin e€icwon:

—Cy, (1= f1,) ST+ (Cwlfw + Cblftz) ('7>2—i [a [(u + ﬁ)ayl + Cy, 821 =0

l€2 d (9xj 871’12
(10)

> ov

B =,
J

Mo tic emaxorovieg TPOGOUOLOOELS ETBEANOVTOL OL OpLaXEC GUVITXES TTOU TOEOUGLALOVTOL
otov mivaxa (1).
Ytoug mivaxeg (2) xon (3) Sivovton ot BIOTNTEC TOU GTEPEOY XoU TOU PEUCTOU TOU YET)-

Eyfuo 4: TIedlo poric pe ) Yepuuns) Tny.

owoTnoteltar ohrd xan ol Booixéc puduioelc Tou emAlTr. Ol TOGHTNTES EVOLAPEPOVTOS TTOU
allohoyolv T peTaopd YepudtnTog elvar oL eENg:

onutlet (p + %pu22> dA — fA

2
Ainletpvz‘nlet

(p+ 3pu2) dA

inlet

(11)

Whotalslosses —

T}T‘ — onutlet Tusz

= 12
o onutlet uz dA ( )

ArnoteléopaTta

To anoteléopata napouctdlovton avolutixd otoug mivoxes (5), (6) xou (7). Iiveton ovri-
Anmté ot Ghec ov THEE teitvouv vor auvgdvouv T(ffn g Bdpog Twv anwieldyv. Ouwg
obveton wiadtepn onuacioa otn uédodo Network extrusion n omola peidver onpovTind Tig o-
ndhetec tleonc g xon auEdver T 1L, oty é€0do tou peuotol. Emnpéodete, 1 alhoyth
TOU TYOUC UTd U0 TNG YEWUETEIOG alENoE TIC AmMWAELES Ywplg Vo UTEEEEL oruavTIxy

T v e empdveto Tne Yepuxhc Tnyhe 1 oplancd cuvdfxn timou Dirichlet .



Meévyedoc Twn Movéodec
ITuxvéTnTa oTEPEOY 2719 kg/m?
Ocpuixn} ayoYWOTNTa 0TEEE0D 202.4 W/(m- K)
Ewbuer Yeppoywpntixdtnra atepeot (C)) 871 J/(kg - K)
uxvotnta aépo 1.225 kg/m?
Ewbuer depuodtnro aépa (Cp) 1006.43 J/(kg - K)
Auvopin| cuveEXTIXOTNTA 0Epl 1.846 x 107° Pa-s
TBpowhixr dLdpeTEog 0.0182 m
Apiudc Reynolds 2420 -
Apwiudc Prandtl 0.726414 -

ivoxag 2: ISubTNTEG PEVOTOY XL GTEREOU.

IMapdpetpog Twn
Méyiotog aprdude enavahibewy 3000
Xardpworn toydTnTag 0.5
Xordpwon mieong 0.5

Xadpworn evepyetomnnic e€iowong peuotod | 0.7
Xahdpworn evepyetomnic eéiowong otepeol 0.9
Xadpwon 0.5

Hivoxac 3: Puduiceic emidn,.

avgnon ot Tolfn. Enlong, ot yewpetpleg mou anotehovvton and enavarauovopevee TIIEE
umopet va anogépet Bertioon ot T, add mupouctdletor éva péyloTto oL uetveTon 1) &-
Tupdvelo emapric TG YewpeTelog pe T Vepur Ty, ‘Ocov agopd Tig UPBeLoxés YewueTpieg,
amédwoay 1 Aor pe T ueyohltepn Tk, adhd mpénel vo unoypaplo Tel 4Tt 0 cUVBLUCUOS
YEWUETELOVY elvo €val EupL XEPIANLO xou UTOPEL Vo amopEpEL axoud xahiTepeg AOELS.

L0PQWVL UE TOV Vol (4) 6hec oL UT-XURLIEY OVUEVES YEWUETELES EYOLY WG XOWVEL Y OQUXTT)-
eloTiXd TN un-emavdindn potiBwy, ) otaepy| xatavour| mdyoug xu T uédodo anédoong
mdyoug N Solid Network.

LOu@ova e to oyfua (5) xou Tic ETBOCELS TWY Tapadoctuxmy (MxTemy Topatneeital 6Tt oL
amMAELEC OAxY|C Teong €youv uewwiel oTo % X 1) Toit €praoe péypet Toug 327 K. Ou hoewg
QUTEG TPOCPEPOUY XANDTEPOUG UMYAUVIONOUS CUVIAAAYTC VEQUOTNTAC UE TOND UIXEOTEQES
AmWAELEC AOYW TNG UEYAANG Toug Peeyouevne’ empdvelag mou evioylel T Uetapopd Jep-

HOTNTOG.



Yo 5: Métwno Bértiotwy Aoewy.

TUroc HHolamiotnta | Ildyog | Ilpbodoon mdyoug
S3a Gyroid 1 Yradepd Solid network
S3b WP Yradepd Solid network

1
S3c Primitive 1 Yradepd Solid network
1

S4d | 75%Gyroid — 25% Primitive Yradepd Solid network

Hivoxag 4: Xuyxpitinoe nivaxac ue yewuetplee Gyroid, IW P, Primitive xou tnv uBpldwm
75%Gyroid — 25% Primitive.



Hepintwon C1:
Xoplc yewuetpla

[epintwon C2:
[Moporinheninedo [Itepiyio

Hepintwon C3:
Yrpoyyuvhepévo Iltepiyio

Worsdy amaneisy =] | 0.01215 || Worseasy amereioy -] | 0-1675 || Wonveiry sameneicsy [-] | 0.146
Tezeoou (K] 303.3 Tezss00 K] 312.57 Tezss0u K] 315.49
epintwon T'1: Hepintwon T2: Hepintwon T'3:
IWP Primitive Gyroid
Worsdy ameneisy =] | 0.17318 || Worieesy ameneioy -] | 01578 || Wonveery smemnercsy [-] | 0.1453
Tezss0u [K] 319.78 Tizeson K] 318.74 Tizeson [K] 314.37
Hepimtwon Sla: Hepintwon S1b: Hepintwon Slec:
Awhé Gyroid Tetpamhd Gyroid Awth6 TWP
Worsdy amaneisy =] | 0-2195 || Worsasy ameneioy -] | 0-2445 || Wornnery ameneicry [-) | 0.2156
Tezs50u (K] 319.78 Tezosou K] 321.39 Tezs50u K] 320.96

Hepimtwon S1d:
Tetpanid IWP

Hepimtwon Sle:
AwmAé Primitive

Hepimtwon S1f:
TetpamAd Primitive

wO)\L}id)V ATWAELDY H 0.2384

wo)\wﬁd)v ATWOAEUDY [‘] 0.198

wO&LXO’)V ATWOAELDOV 0.2053

Tezsoon K] 320.96

Tezsoon K] 316.70

Tezsoon K] 316.67

Hepintwon S2a:
Gyroid au&avéuevou mdyoug

Hepintwon S20:
Gyroid pewwyévou méyoug

Hepintwon S2c:
IWP au&avéuevou mdyoug

0.1943

Wonxd>v amwietdyy [_]

0.1907

Wonxdsv amwherdyy [_]

0.17381

Wonxdv omwheldyy

320.15

TsiéSou [K]

Tezoso0 [K] 319.78

Tezoson [K] 318.92

Hivoxag 5: Xuyxevipwtinde mivoxag pépog 1.




Hepintwon S2d:
IWP peiwpévou méryoug

Hepintwon S2e:
Primitive augavouevou méyoug

Hepintwon S2f:
Primitive pewwpévou ndyoug

wt,koocsq[_] 0.17429

Woxdv anwhetdv [‘] 0.166

Wonxdv amwheidy [‘] 0.1541

Tezsvow K] 316.87

TsiéSou [K] 315.51

Teiéﬁou [K] 314.34

[epintwon S3a:
Network Gyroid

Hepintworn S3b:
Network IWP

Iepintwon S3c:
Network Primitive

x 0.0315

Wondv amwhewdoy H

0.0412

Wonndy anweiddy [‘]

A 0.052

Wonndv anwieid>y

Tezs50u (K] 315.812

Tezs50u K] 321.63

Tezoson [K] 325.72

Hepintwon S3d:
Awth6 Network Gyroid

Hepintwon S3e:
Tetpomhé Network Gyroid

Hepintwon S3f:
Awmhé Network IWP

Wonxdv amwheidv ['] 0.102

Wolxdv anwhetdv [‘] 0.112

Wonndv amwieid>y 0.0999

Tezsvow K] 318.48

Tezs50u K] 319.71

Ts{é&ou [K] 317.69

Hepintwon S3g:
TetpanAd Network IWP

Hepintwon S3h:
Awmhé Network Primitive

[epintwon S3i:
TetpanAd Network Primitive

wo)u}ﬁd)v ATWAELDY [‘] 0.1161

wokt)ﬁd)v ATWOAELDV [‘] 0.0906

wo}m(ﬁ)v ATWAELDY 0.1262

Tezoson [K] 319.51

Tezsoow K] 315.65

Tezoson [K] 320.04

Hepintwon S4a:
T5%IW P — 25%Gyroid

Hepintworn S4b:
50%IW P — 50%Gyroid

Iepintwon S4c:
25%IW P — 75%Gyroid

0.0537

Wonxd>v amwietdyy [_]

0.0526

Wohixdsy anwheddy [_]

0.0543

Wonndv amwieid>y

Tezoson K] 323.41

Tsiéﬁou [K] 323.56

Tezoso0 [K] 325.68

[Tivaag 6: Luyxevtpwtixde mivaxog pépog 2.
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Hepintwon S4d:
75% Primitive — 25%Gyroid

[epintwon S4e:
50% Primitive — 50%Gyroid

[epintwon S4f:
25% Primitive — 75%Gyroid

X 0.05857

Wonxdv amwhewdoy H

0.04421

Wonndy anwieiddy [‘]

0.04123

Wondv amwheidsy H

Tezs50u (K] 327.53

Tezoson [K] 320.02

Tezs50u (K] 318.215

Hepintwon S4g:
25%Primitive — T5%IW P

Hepintwon S4h:
50% Primitive — 50%IW P

Hepintwon S4i:
75% Primitive — 25%IW P

Worixdrv ameheddy ['] 0.0371 Wohixdov anmherd>y [‘] 0.04411 Worixdv amwheddy ['] 0.0524
Tezeoou (K] 316.48 Tezso0u K] 319.79 Tezeoon [K] 323.19
Hepintwon Soa: [epintwon S50: Hepintwon Soe:
IW P — Primitive Gyroid — Primitive IWP — Gyroiud
Wohixdv amwhewdoy [‘] 0.0474 Wonndv anwieid>y [‘] 0.0537 Wonidv amwhewdy [‘] 0.05698
Tezss0u [K] 320.70 Tezss0u [K] 323.7 Tezs0u [K] 325.15

ITivacag 7: Xuyxevtpwtindg mivaxog pépog 3.
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