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Abstract

Additive manufacturing (AM) is a relatively new technology that is making its way into
different industries at a fast pace. In order to take full advantage of flexibility and freedom that
this technology provides, a proper and comprehensive approach towards Design for Additive
Manufacturing (DfAM) is necessary. Topology optimization is one of the tools that is commonly
used to design or redesign a component to be printed by AM technologies. Utilizing topology
optimization, the best design for a component subjected to various loading conditions can be
obtained. The implementation of topology optimization becomes more challenging when the part

is subjected to different loading cases, especially at high thermal loads.

In this thesis, a new method is proposed to perform coupled thermo-mechanical topology
optimization, and then a workflow is presented to implement this method in DfAM. In the
suggested guideline, the effect of different filters, as well as initial setup conditions, are considered
for topology optimization. In addition, some common software tools for topology optimization
are also discussed. Among the existing software systems, HyperWorks is selected to be utilized in
this study due to its distinguished capabilities which offer favorable controllability over the
process. Then, the proposed method and workflow for DfAM are applied in HyperWorks to
redesign a gas turbine rotor seal, which is subjected to high temperature, high pressure, and
centrifugal loads. Also, In order to validate the workflow and the methodology, an experimental
setup is designed to test the performance of a topology optimized cantilever under thermo-

mechanical loadings. The experimental results validated simulations and proved that the part



designed based on thermo-mechanical optimization has a better performance overall for thermal

and mechanical loads.
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Chapter 1

Introduction

1.1 Motivation

Additive manufacturing (AM), as opposed to subtractive manufacturing, firstly was limited to
producing primitive structures and prototypes [1]. Nevertheless, due to the unprecedented
advancements in material science, machine tools, and computer science, AM processes have been
significantly developed over the past decade. It might be slightly early to efficiently manufacture
an entire system employing AM which seems to be the ultimate goal of this realm. Intuitively, in
order to move towards this end, researchers are developing different processes suitable for various
materials [2]. While AM was initially developed for polymeric materials, waxes, and paper
laminates, gradually more materials such as composites, metals, and ceramics were introduced to
this technology when new AM processes were introduced [1]. Development of the liquid-based,
solid-based, and powder-based AM techniques, make it possible to use a vast number of materials
for AM purposes [3]. Amongst all the materials available for AM, metal additive manufacturing
is one of the major categories. Similar to all of AM categories, metal AM technologies can be
classified based on the material feedstock type, energy source, etc. Generally, it can be divided

into three broad types of powder-bed, powder-fed, and wire-fed systems [4].

One of the main advantages of AM over conventional manufacturing processes is its feature
that provides designers with flexibility and freedom. Design for Additive Manufacturing (DfAM)

becomes challenging since designers need to have overall information about the AM process and



its restrictions [5]. This information is essential to be considered based on each specific AM

technique to ensure the printability of the part and reducing the post-processing time.

Topology optimization is one of the challenging yet useful tools in the process of DFAM. This
tool became more popular with the introduction and development of AM technologies, which
enabled manufacturers to fabricate geometries with a high level of complexity [6]. Topology
optimization helps to obtain the best geometry for a component to withstand a specific loading
condition in order to achieve a favorable performance at the end. During the topology optimization,
many mathematical methods are employed to maintain the most important features in the design
space, not only to maximize the performance of the part but also to generate a valid geometry.
Solid Isotropic Material with Penalization (SIMP) is one of these methods that is widely used by
researchers and industries. In this method, which is the first density-based method, FEM analysis

should be performed to ensure if the element should be filled with material or left as a void [7].

The importance of topology optimization is realized when the objective is to enhance the
performance of a structure under various loading conditions. Such structures are frequently used
in different industries, especially aerospace and automobile. For instance, a turbine blade used in
a jet engine is under severe pressure as well as thermal and centrifugal loadings. Hence, it is
necessary to adopt AM in the fabrication of these structures as well as obtaining a methodology to

enhance their performance while reducing the weight.

Although topology optimization for mechanical loads is becoming easier to use due to available
commercial software tools, implementing thermal load in topology optimization is still

challenging. Since the nature of the thermal load is different than mechanical loads such as

2



concentrated force, pressure load, or gravity, it is difficult to extract feasible geometry from
topology optimization based on thermal loads. This issue becomes even more challenging when

combining thermal and mechanical loads.

1.2 Objectives

To employ topology optimization in designing a component that is working under different
loading conditions, it is essential to contemplate specific considerations. The importance of this
issue is more significant when the part is subjected to thermal load as well. Implementation of
thermo-mechanical topology optimization with respect to the combination of different factors and
filters affects the final result which is the goal of this thesis. Motivated with these ideas, the

objectives of this work are presented as follows:

1. Propose a workflow for thermo-mechanical topology optimization in order to address
one-way coupled or fully-coupled thermo-mechanical load into the optimization
process;

2. Introduce a design or redesign methodology for additive manufacturing based on
thermo-mechanical topology optimization;

3. Design a gas turbine rotor seal that is subjected to extreme loading conditions of high
pressure and temperature and centrifugal load;

4. Validate the result of thermo-mechanical topology optimization by design of an
experiment and measurement of the component performance under thermo-mechanical

loads.



1.3 Outline

The presented thesis is structured in 6 chapters. Herein, an overview of the thesis is presented

while the thesis motivations and objectives were presented at the beginning of the current chapter.

In Chapter 2, the background and a brief overview of additive manufacturing technologies are
presented. Design for additive manufacturing as well as a few workflows in this context is
discussed. In addition, structural optimization and related sub-categories are presented. Lastly,
available commercial software tools for topology optimization were investigated and three of them

were discussed in detail.

Chapter 3 provides the methodologies used for thermo-mechanical topology optimization. In
this chapter, firstly, the density-based methods are compared. Considering available software tools,
HyperWorks is chosen in order to perform the optimization. Additionally, some of the available
control modulus and functions in the selected software are presented. Next, a workflow is
introduced to perform thermo-mechanical topology optimization. In the end, a workflow is

proposed for DFAM based on the proposed thermo-mechanical topology optimization.

In Chapter 4, the thermo-mechanical topology optimization is employed in the proposed
workflow to redesign a gas turbine rotor seal. Firstly, load conditions and the factors affecting
topology optimization are introduced. A set of variables and decision processes are proposed and
256 optimization simulations are performed. Then, a set of acceptable designs are selected using
generated Matlab code, and a decision matrix is provided. Finally, one design is selected and

generated using CAD software.



In Chapter 5, the validation of thermo-mechanical topology optimization and the proposed
workflow for DfAM is investigated by designing an experiment. First, a cantilever is subjected to
thermo-mechanical topology optimization. Three other parts with various designs are generated to
be compared to this one. All four are printed with Laser Powder Bed Fusion (LPBF) technology
with Ti6AI6V powder. An experimental setup is assembled to apply thermo-mechanical loads. In
the end, the experimental data are compared to the results of heat transfer and applied force

obtained from FEM.

Chapter 6. In the end, future work, based on the findings of the current thesis, is presented.



Chapter 2

Literature Review

2.1 Additive manufacturing

Additive manufacturing (AM), which is referred to as 3D printing is the formal phrase of a
more general expression called rapid prototyping (RP) that is used in a variety of industrial
applications [8]. An exact definition of AM is given by ASTM F2792-12A [9]: “a process of
joining materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies”. There are also other terms used for AM including
freeform fabrication, additive fabrication, additive techniques, additive processes, additive layer

manufacturing, and layer manufacturing.

Additive manufacturing (AM) technologies have significantly advanced over the past thirty
years. Stereolithography (SLA or SL) was the first 3D printing process that commercialized in
1987. SLAJ/SL is a laser/light-based process that works based on solidifying/crosslinking thin
layers of chemical monomers layer by layer to form a 3D polymeric part [10]. Thereafter, many
AM technologies were commercialized over the years. Interestingly, the commercialized AM
technologies were not bounded to plastic or polymers, but also included metal and ceramic
materials. The selective laser melting (SLM) system was developed for printing steel-based
powder in 1991 [10]. A history of AM milestone and its impact on the aerospace industry is shown
in Figure 2.1. AM processes can be categorized differently based on material feedstock, energy
source or build volume [4]. Generally, AM technologies can be classified into 3 different
categories: Gas-based, liquid-based, and solid-based printers [3], [11].

6
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Different AM processes are displayed in Figure 2.2. The other classification of AM technologies and some of the popular printers
used for each type of 3D printing are presented in Figure 2.3.
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Figure 2.3 Additive manufacturing processes and some printers designed for each process [13]



2.1.1 Metal additive manufacturing

The AM technologies developed for 3D printing of metallic parts can be classified into three

main categories including powder-bed, powder-fed and wire-fed systems [4].

2.1.1.1 Wire-fed Systems

Wire-fed systems are classified into 3 groups based on their heat and melting sources: laser-

based, arc welding-based, and electron beam-based.

Compared to powder-bed and powder-fed systems, wire-fed systems can print relatively larger
components at a faster pace. However, the components manufactured using wire-fed systems

require more post-processing processes to reduce surface roughness and geometric tolerances.

\\‘ //'
\ Laser head //
\/ Wire feeder

Nozzle

/
Wire feeding direction
H% 5

Substrate

deposition direction

top view
melt pool nozzle

wire

Figure 2.4 wire-fed system working process schematic [14]



2.1.1.2 Powder-fed systems

On the other hand, powder-fed systems are faster and can produce more complex and larger
geometries. In these systems, the wire is replaced by powder and it is delivered to the substrate by
a nozzle to form the desired shape [15], [16]. Direct Metal Deposition (DMD) and Laser Metal
Deposition (LMD) are some other names commonly used for this process. These kinds of systems
can be used to repair damaged components [4]. A schematic view of the powder-fed system is

shown in Figure 2.5.

Powder nozzle
Laser beam

/— Powder

Molten pool
Base material

Shielding gas

Deposited material

Fusion zone

T

Figure 2.5 Schematic of laser metal deposition [17]

2.1.1.3 Powder-bed systems

Powder-bed systems, also known as Powder Bed Fusion (PBF), enable 3D printing of finer

features in higher resolutions as the powder size or/and layer thickness decrease.

In PBF based technologies, a heat source liquefies selected regions of the powder-bed based on
the imported CAD model. The main processes in PBF are known as Selective Laser
Melting/Sintering (SLM/SLS), Electron Beam Melting (EBM), and Direct Metal Laser Sintering
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(DMLS). SLM and DMLS are similar processes since both of them work based on a laser source.
The main differences are the material used in the process and temperature of the powder-bed in
which melting or sintering occurs [18]. On the other hand, the Electron Beam Melting (EBM)

method uses an electron source to melt the powder under vacuum conditions [19].

2.1.1.4 Selective Laser Melting
Selective Laser Melting/Sintering (SLM/SLS), also known as Laser Powder Bed Fusion

(LPBF), is one of the AM techniques. In this method, a high-power density laser is being used for
selectively sintering and welding the powdered metallic materials together with the goal of forming
a geometry. Unlike the SLS technique, SLM is capable of fully melting the metal powders and
fusing them together. The printing process starts with preparing and slicing a CAD model followed
by defining the printing parameters, tool paths, and etc. Then the file with all information in a

specific format readable by the machine is loaded into the printer[20].

The printing process is conducted in a chamber with the controlled circulation of inert gases
either argon or nitrogen. At first, the fine water or gas atomized metal powder is fed into the system
through a hopper or container. The powder is transported to the sieving unit through the pipes and
then to the distribution unit to be portioned based on the amount of powder used for one layer and
fed to the system. Then a thin layer of the metal powder is uniformly spread on the build plate
using a recoater or roller (see Figure 2.6). Each layer of the powder is about 15 to 500 um
depending on the machine. A high energy fiber laser selectively melts a thin layer of the powder
to form a cross-section of the final part. Mirror reflecting units are used for redirecting the laser to
manipulate the laser path for making the desired contours of the 2D slice. When the printing of
each slice is finished, the recoater spreads a thin layer of the fresh powder on the build platform.

The layer by layer process of selective melting of metal powder continues until the whole 3D
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structure is built. Then the printed part is removed from the platform and after cleaning the excess
powder on the surface and conducting the required post-processing procedures, the 3D part is ready

to be used for the application [21], [22].

.... laser beam

working platform

powder supply - powder supply -

Figure 2.6. Schematic of SLM technology [23]

Reputable SLM Machine Manufacturers: EOS

EOS is a German company specialized in designing additive manufacturing machines founded
in 1989. They currently have six metal printers on the market including EOS M100, EOS M290,
EOS M300-4, EOS M400, EOS M400-4, and Precious M080 models [24], [25]. The technology
used in these systems is mostly based on direct metal laser sintering (DMLS/SLM). EOS company
also have plastic 3D printers working based on SLS technology [26]. The EOS M290 printer that

contains a Ytterbium continuous fiber laser is utilized in the MSAM lab [24], [27].
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Reputable SLM Machine Manufacturers: Renishaw

Renishaw is a British company that is an expert in the design and manufacturing of industrial
3D printers. They have developed four versions of metal 3D printers named RenAM 500M,
RenAM 500Q, AM 250, and AM 400. These printers enable 3D printing of Titanium (Ti6Al4V),
Aluminum (AISi10Mg alloy), Cobalt chromium (CoCr), Stainless steel (316L) and Nickel alloys
[25]. In this thesis, Renishaw AM400 is used to print the required samples for the experimental

validation (Figure 2.7).

Figure 2.7 Renishaw AM 400 employed to print experimental samples

2.2 Design for Additive Manufacturing (DfAM)

After decades of evolutions and developments, AM is turning into one of the main

manufacturing processes. AM gives more freedom to designers and allows them to produce more
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complicated geometries [5], [28]. However, using AM to manufacture parts that are originally
designed for conventional processes such as subtractive and casting techniques may not be
beneficial. Therefore, to fully benefit from additive manufacturing advantages, parts are required

to be designed and redesigned (if necessary)specifically for AM [5].

Hauge et al [29] presented some implications on designs for additive manufacturing and
publicized some necessities and fundamentals for the design for additive manufacturing. After
that, several methods and strategies were proposed as a guideline for DfAM. It is also called DAM,
DLM (design for layer manufacturing), and DFX in some literature [1], [30]. In DFX, X stands for
extra consideration which is required when designing for AM such as assembly, reliability, cost,

accessibility, and etc. [5].

Some guidelines and methods for DFAM are proposed in the literature [1], [5], [28], [30]-[38].
Two of them are presented and discussed below to get familiar with the process and explore the

workflow of the DfAM.

M.K. Thompson et al. [1] had drawn a complete workflow from a basic idea for designing a
part to the fabrication of the component (Figure 2.8). This process includes two sections: digital
and physical workflow. In the first section, 2D or 3D models are developed. These models can be
generated using 3D scanners, CT scanners, or a simple draft of a part. Also, they can be directly

imported to the system or reconstructed using CAD modeling software systems.

The next step is to add support structures to the part based on the direction of build. There are
some software tools that can do this job automatically. The physical workflow starts with one of

the seven available AM technologies that were mentioned before. These processes and the
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potential materials that can be used in each process are presented in Figure 2.9. These groups of

AM can be used to produce the end parts or tooling and fixtures for indirect production. [1].
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Figure 2.8 Proposed workflow for DFAM by M.K. Thompson et al. [1]
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Figure 2.9 Additive manufacturing processes and materials [1]

In addition to M.K. Thompson, Salonitis et al. [33] presented a methodology for redesigning
components. Figure 2.10 illustrates a 5-step method for redesigning the components that were

originally designed for conventional manufacturing.

The first step is to analyze and collect a set of functional specifications. Information such as
loading conditions, material usage, and the manufacturing process need to be collected in this step.
These kinds of information which are usually defined by design objectives should be taken into

account during the early steps of the design to ensure that all the necessary factors are considered.
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Figure 2.10 Proposed methodology for redesigning components by K. Salonitis et al. [33]

The second step starts with Finite Element Analysis (FEA) modeling to display the critical areas
of the design such as high-stress regions or deformed areas. Usually, the FEA modeling is followed
by a structural or topological optimization to ensure obtaining the optimal shape for a set of loads.
Consequently, a conceptual design, which may contain complex features, can be achieved based

on the FEA modeling and topology optimization.

The third step in the proposed process of redesigning a component is interpretation. On this
level, the design should be reviewed to check the manufacturability of the part. A list of
manufacturing restrictions should also be defined, and guidelines for the printing process such as
minimum slicing thickness, speed of the laser, and need for support structure ought to be

considered to make sure the part can be printed properly.

The fourth step is to evaluate the design by FEA modeling. This step can contain different
simulations under different loading conditions to obtain improved mechanical strength and fatigue
life. In this section, all the restrictions and guidelines should be taken into account. These processes

should be repeated until the validation of the final result.
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The goal of the final step which is called Multi-Criteria Decision Making (MCDM) is to choose
the best design among all the acceptable concepts. Different methods can be used to choose the
optimal design: The graph theory and matrix approach (GTMA), analytic hierarchy process
(AHP), and technique for order of preference by similarity to ideal solution (TOPSIS) are amongst

the methods that can be used.

2.3 Structural Optimization

Structural Optimization is the process of finding the optimal state of a component or a system
under a certain loading. This process can be divided into different categories. Size optimization,
shape optimization, and topology optimization are among the most important aspects types of
structural optimization which are explained further in the next sections [39]. Moreover, topography
and composite optimization are among the other aspects of structural optimization which can be

mentioned herein.

2.3.1 Size Optimization

Size or truss optimization is one of the main aspects of structural optimization. The size of a
continuum member or a truss has a significant effect on the performance and weight of a design
[40], [41]. Size optimization provides the optimum cross-section of each feature of the design
while minimizing the weight of the whole structure. Size optimization should also satisfy
constraints that restrict the design variables. The main restriction in the size optimization is that an

initial design with discrete number of features is required to start the process of optimizing.

Many methods have been developed to solve the problems associated with size optimization;
however, ongoing attempts still exist to make the process more efficient [42]. Some of these

methods were named as Simulated Annealing (SA) by Kirkpatrick[43], Cuckoo Search [44],
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Genetic Algorithm (GA) [45], Ant Colony Optimization (ACO) [46], and Particle Swarm
Optimization (PSO) [47].
2.3.2 Shape Optimization

Once computers got more powerful and FEA modeling become further developed, the
importance of shape optimization received more attention by the time [48]. In this context, the goal
is to find the optimum topology within a predesigned object [49]. Since in shape optimization, the
variable is the general shape of the design, it is mathematically more complicated than size
optimization where the variables are just the size of features. A simple example of shape
optimization is a hole within a panel under certain loading conditions. In this example, the size
optimization is just changing the size of the hole, while shape optimization tries to improve the

performance of the component by changing the shape of the hole [50].

2.3.3 Topology Optimization

Topology optimization is defined as a mathematical method to distribute material within a
design space with the aim of maximizing the performance of the system [51]. The first paper on
topology optimization gets back to 1904 when the Australian researcher, Michell, discussed the
optimal layout of trusses. Later in 1976 and 1977, Parger and Rozvany presented a general theory
for topology optimization. About 10 years after that, by progress on finite element analysis,
Bendsge and Kikuchi offered a numerical method to solve topological optimization problems in

1988 [52].

A comparison between size, shape, and topology optimization is presented in Figure 2.11.
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Figure 2.11 Structural optimization of a bridge using size, shape and topology optimization

[53]

Three decades after Bendsee’s paper, several methods are investigated for topology
optimization. These approaches are mainly characterized under 4 main categories of
homogenization, hard Kill, level set, and density-based methods [7], [51], [52]. Figure 2.12 shows

these categories which are discussed below.

Topology Optimization

Homogenization

) Boundary
Density-based m

SIMP (Solid Isotropic ESO (Evolutionary
Material with ] Structural : Level Set
Penalization) Optimization)
RAMP (Rational BESO (Bi-directional
Approximation of -Evolutionary Structural . Phase Field
Material Property) Optimization)
SINH

Figure 2.12 Topology optimization categories
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2.3.3.1 Homogenization Method

The original homogenization method was introduced by Bendsge and Kikuchi in 1988 [54],
[55]. They realized that finding a solution is not likely unless they partition the problem set into
smaller sections or areas with composite material. These smaller areas are basically micro size
porous elements and the goal of the optimization is to find the proper porosity for each
element[56]. Then the homogenization theory can be used to find out a relation between the
material properties and the material density. In this way, the optimization turns into a density
distribution problem [55]. This method was expanded into other methods and created the

foundation of recent approaches [7].

2.3.3.2 Hard Kill Method

One of the important approaches for topology optimization is called “Hard Kill Method”. This
method was developed by introducing Evolutionary Structural Optimization (ESO) which is the
most-known method in this category [7]. ESO was first developed by Xie and Steven between
1993 to 1997 [57], [58]. It was initially suggested to reach an optimal criterion by gradually
removing elements with the lowest stresses within the design domain. Later on, Chu et al. replaced

stress by elements with the lowest strain energy in 1996 [57].

The problem associated with the ESO approach is that it is not able to add material as well as
removing it. Thus, in 1998, Yang et al. proposed Bidirectional ESO (or BESO) which allows the
material to be added on areas with the highest stress or sensitivity [57], [58]. Implementation of
the BESO method in Matlab can be done by a few changes in the Matlab code published by

Sigmond in 2001 which is originally developed for the density-based method [59].
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2.3.3.3 Level Set Method

The Level Set Methods (LSMs) are complicated numerical techniques that are employed to find
the optimal answer to a problem. Over the years, many researchers tackled structural optimization
problems using these methods [60]. In these approaches, a Level Set Function (LSF) is employed
to keep track of structural boundary motion under a controlled speed [60], [61]. LSMs were first
introduced by Osher and Sethian [62]. These methods utilize the iso-surfaces of LSFs to implicitly

target the outlines of the structure [60], [63].

2.3.3.4 Density-based Method

In 1988, only one year after introducing the homogenization method, Bendsge presented a new
approach to reduce the complexity of the homogenization method [7], [52]. This new method
which is called Solid Isotropic Material with Penalization (SIMP), is the first density-based method
presented in the literature. Thus, far, density-based methods are the most widely used approaches
to an optimized structure within commercialized software tools [64]. Density-based methods,
similar to the homogenization method, operate on a fixed design domain consisting of a finite
number of elements. The goal is to obtain the optimal result by determining whether each element

should be filled with material or represent a void [7], [64].

2.4 Software tools for topology optimization

As a result of advancements in different manufacturing processes, especially additive
manufacturing, topology optimization gained more interest over the past years. Because of the
significant body of research attracted to this field, lots of software developers and companies
investigated the topology optimization modules. Many software tools have been introduced and

each of them has its own pros and cons [65]. Some of these systems are educational tools and some
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others are considered commercial systems. Table 2.1 shows some of these software tools and some

of their capabilities are compared.

Exploring all of these software tools is challenging and time-consuming. Thus, in order to
proceed with the project, three software tools that are commercially available have been focused

on and discussed in the next sections.
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Table 2.1 Comparison of some available software tools [65]
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Commercial tools
Optistruct Altair Engineering Hyperworks, NASTRAN Yes Yes Yes
Genesis Vanderplaats R&D Genesis, Ansys Yes Yes Yes
SIMULA TOSCA | FE_Design (Dassault
STRUCTURE Systems) Ansys, Abaqus, NASTRAN Yes Yes Yes
ATOM (Abaqus
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MSC.Nastran MSC Software NASTRAN Yes Yes Yes
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2.4.1 Siemens NX

Siemens NX is one of the most powerful software tools that can simulate an end-to-end process
for topology optimization and design of a part for additive manufacturing. This software is
CAD/CAMI/CAE software that uses the Nastran platform to perform topology optimization. It is
relatively easy to work with and the designer can use this software to do all of the necessary steps
with no need for other software systems: from pre-processing and topology optimization, to
validating and manufacturing simulation [66], [67]. Figure 2.13 shows an end-to-end workflow
offered by Siemens for redesigning a part. Another advantage of this software is that the final
results for topology optimization are much smoother than other software tools that the author
worked with. However, other than a few options on the optimization modules, there are not enough

areas for a researcher to investigate.

One end-to-end system for industrializing additive SIEMENS
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Figure 2.13 End-to-end process presented by Siemens NX [67]
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2.4.2 SolidThinking Inspire

SolidThinking Inspire is one of the widely used topology optimization tools available on the
market. This software that is presented by Altair Engineering Inc. is another user-friendly tool.
One of the useful features that Inspire offers is PolyNURBS (which is also available on Siemens
NX) [65]. This feature helps the user to build a CAD model based on the optimized part. Although
this software provides the user with more features and modules than Siemens NX, the company

still tries to keep everything as simple as possible.

Inspire is using OptiStruct solver to perform optimization [65]. An example of the Inspire

interface is shown in Figure 2.14.

FeR>

Figure 2.14 solidThinkig Inspire interface [68]

2.4.3 HyperMesh from HyperWorks

HyperWorks is another software by Altair Engineering. This platform has different modules for

different applications. One of the well-known sub-software of the HyperWorks is HyperMesh.
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This software, which is specially created to produce sophisticated mesh for FEM analysis, includes

a topology optimization module that is well-known among its own kind.

The topology optimization module in HyperMesh, the same as Inspire, is using OptiStruct as
a solver. Unlike Siemens NX and Inspire, it is relatively difficult to work with and has more
features and control options. However, if a new user starts to work with HyperMesh with the aim
of performing topology optimization, the software will produce reasonable results based on
automatic assumptions for the specific case. It is also a proper tool if an expert wants to investigate
more into topology optimization. A sample of workflow for topology optimization in HyperMesh

is presented in Figure 2.15.

Because of the controllability of this software over the process as well as its advantages in
performing multi-physics FEM analysis, it is chosen to be used in this thesis to implement thermo-

mechanical topology optimization.

Figure 2.15 Component redesign flow by HyperMesh [69]
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2.5 Summary

In this chapter, the history of additive manufacturing (AM) was presented, and its different
categories were discussed. Then, the metal additive manufacturing as one of the significant
categories of AM for commercialization was discussed in more details. A review of design
methodologies for AM was also presented. Thereafter, different categories of structural
optimization were presented. In the last section, different software tools for topology optimization
were presented, and Siemens NX, SolidThinking Inspire, and Altair HyperWorks were discussed
in detail and HyperWorks is selected to implement thermo-mechanical topology optimization. In
the reviewed literature, the thermo-mechanical topology optimization was less investigated. This
subject as well as combining different loads is investigated in the next chapter. Also, a workflow

for DFAM based on thermo-mechanical topology optimization is discussed.
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Chapter 3
Modeling and Topology Optimization

In Chapter 2, a brief description of density-based methods was presented. Herein, a more

detailed approach to the mathematical presentation of the problem is taken.

3.1 Topology optimization based on SIMP method

A general optimization problem in Solid Isotropic Material with Penalization (SIMP) approach

can be defined as:

Minimize I(u)
subject to a(u,v) =1(v), VvEV 31
and design constraints

Above, [(u) and a(u, v) are respectively the external and internal work done on the structure.
In density-based method structural optimization, the external work represents the compliance

energy of the structure. As a result, equation 3.1 becomes [64]:

min fx) =FTU(x)
subject to Kx)U(x) =F
3.2
9i(p,U) <0
0<p<1

Above, f is the objective function (compliance energy), K and U are the stiffness and
displacement matrixes, X is the design variable, p is the vector of density design variables, F is the

force vector, and g is the design constraint.
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The objective function of the structural optimization designed for density-based methods is
usually defined to minimize the compliance or maximize the stiffness of the material.
f=c=UTKU 3.3

Where ¢ demonstrates compliance. Also, the constraint would be defined as:

vV
gZVO—UfSO 3.4

Where V and Vo are material and design domain volumes, and vt is defined as allowable material

volume.

The density of each element can be defined as:

0<pmin <pe=<1 3.5

pmin 1S defined in a way to prevent the value of the density from reaching zero which causes
some problems in specific cases. These problems are mainly caused by a singularity forms in finite
element matric. This issue leads to difficulties in reappearing the elements with zero density into

the calculations in the defined problem.

3.1.1 Sensitivity
It is important to recognize the most valuable elements within the design domain to preserve.
As a result, calculating the sensitivity of each element regarding the applied force is required to

decide which elements worth preserving. In all of the gradient-based methods, the process of
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optimization depends on how changes in each design variable affect the objective function (here

known as compliance). Thus, sensitivity can be calculated as:

dc  d(fu.)
0pe 0pe

3.6

Based on equations 3.3 and 3.6, after rearrangement of terms, the sensitivity can be rewritten

as [70]:

o L 00K)

u
ap. ¢ 0pe

U 3.7
Considering K as a function of the density of each element, equation 3.7 becomes:

dc 6CDE Th 38
= —LoUu u .
ape ape o%eto%e

Where @ is the interpolation function and Eo is Young’s modulus of the material.

3.1.2 Interpolation function

The equations discussed in the previous section are common for all density-based methods.
Nevertheless, the difference is amongst the interpolation function that defines different approaches
within this category. A critical aspect of density-based optimization is finding the proper
interpolation function. The density and consequently Young’s modulus of each element varies in
this method[7], [64]. Different interpolation represents different approaches in this category. Some
of the well-known interpolation schemes are recognized by Solid Isotropic Material with
Penalization (SIMP), Rational Approximation of Material Properties (RAMP), and SINH (named

because of usage of hyperbolic sine in the equation) presented below[70], [71].
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SIMP: E(p.) = pYE, 3.9

Pe
RAMP: E(p,)) =——E 3.10
e 1+p(l—pe) °
SINH: E(p,) = nE,
1 ifp=1 3.11
h = sinh(p(1 —
where 7 _ (p( pe)) o> 1
sinh(p)

The sensitivity of each element can be calculated based on the interpolation function. A
comparison between different interpolation functions is shown in Figure 3.1. In this figure, p
represents density and p is the penalization/penalty factor for the SIMP and SINH, and q is the

penalization parameter for RAMP.

The SIMP method which is also referred to as the power-law or fractional material model has
a zero sensitivity at densities close to zero. On the contrary, non-zero sensitivity of RAMP and
SINH at densities close to zero would make it easier for the elements with lower density to reappear
on the design domain. This is one of the advantages of these methods over SIMP. In addition,

Figure 3.1 (c) demonstrates that the SINH interpolation function is almost a mirror of SIMP.
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[64]

Using the SIMP interpolation function, the topology optimization problem is defined as:

min

subject to

¢(0) = FTU = ) (pe)" ulkeu,

KU=F =ZF,§

v V. <0
v, 1~

3.12

0<pminSpeS1
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A general flowchart for topology optimization is presented in Figure 3.2. First of all, the
essential information such as design space, loading, and meshing need to be imported. Then FEM
analysis should be performed. Sensitivity analysis can be conducted based on the FEM results.
Filtering is an optional step that improves the final result [72]. Mesh independence and
checkerboard are among the more common filters that are discussed in the next chapter. Afterward,
density distribution should be updated based on sensitivities. The abovementioned steps should be

iteratively repeated until all the requirements are met and the process converges.
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Figure 3.2 A general topology optimization scheme using SIMP method [72]

3.2 Software tool for topology optimization: HyperMesh

As mentioned in Chapter 1, in HyperMesh, the user has much more control over the process.
One of the advantages of this software is to perform multiphysics FEM analysis that makes it

possible to do thermo-mechanical topology optimization. Although post-processing on
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HyperMesh is not as powerful as Siemens NX and Inspire, because of its advantages over the other

software tools, it has been chosen to investigate more.

3.2.1 Control modules and functions in HyperMesh

Besides the sensitivity filtering which is quite necessary for topology optimization, lots of other
filters can be used to reach the desired final part. Furthermore, many parameters can be changed

to study their effect on the optimization result.

Some of these filters and parameters that can be controlled in HyperMesh are discussed below.
Since there are different equations and methods to control each filter and parameter, it is not clear

which one is implemented in OptiStruct. Thus, no equation is presented to avoid any confusion.

3.2.2 Checkerboard

In the process of topology optimization, sometimes the final result contains checkerboard-like
patterns which are not desired in a design. The checkerboard filter can help to avoid this effect.
However, the side effect of using this controller is that sometimes partial-dense elements will

appear in the part of the transient section from full-dens elements to non-dens ones.

(@) (b)

Figure 3.3 a) checkerboard effect, b) optimization with checkerboard filtering [73]
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3.2.3 Minimum and maximum member size
Restricting member or feature size is useful to get the preferred member minimum or maximum
feature sizes within the part. Figure 3.4 shows how changes in minimum member size can change

the final geometry. The figure presented in left (a) has a lower minimum filter than the right one

(@) (b)

Figure 3.4 effect of minimum member size on topology optimization [74]

3.2.4 Overhang angle

An overhang angle filter is especially useful for AM fabrication. This filter is applied to assure
a support-free part to reduce fabrication and post-processing costs. According to the literature,
roughly 40%-70% of the fabrication costs can be reduced by manufacturing support-free

components. [75].
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Figure 3.5 Optimization with overhang angle filter of a) 26, b) 45, ¢)63 degrees [75]

3.2.5 Weight factor

When a component is subjected to multiple load cases with different boundary conditions,
weight factors can be applied to obtain a better result. The weight of each load case means the
importance of that load for the optimizer module. Figure 3.6 demonstrates how the weight factor
can change the final layout of the optimized part. In addition, it is usually necessary to use weight
factor in multi-loading topology optimization; otherwise, the optimization may end up with a

meaningless outcome.

Figure 3.7 brings up the issue of combining all the applied forces into a single load case. From
the physical point of view, the final result is not reasonable since the density plot is not connected

to the base or constraints sections. Thus, using multiple load cases seems necessary.
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Figure 3.6 a) Two applied load cases,

b) Density plot determined subjected to weight factors (W)

(@)
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Figure 3.7 a) Initial boundary condition, b) Single load case, and ¢) Multiple load case [76]
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3.2.6 Other control modules

There are numerous modules and controlling cards existing in the HyperMesh software tool

that can be used in topology optimization. Mentioning all of these modules that bring incredible

control over the process, may not be necessary, but some other control cards are named below:

Optimization algorithms: in HyperMesh, different algorithms are provided that can be
chosen for topology optimization.

Penalization factor: choosing different values of penalization/penalty factor is another
option provided by HyperMesh.

Extrusion: this filter is applied when a uniform profile is needed through the part.
Draw: this function is specially designed for traditional manufacturing and can be
applied for specific processes such as milling that needs access through the part from
one side.

Symmetry pattern: in order to produce a symmetrical geometry over a plane, line, or
a dot, this filter can be used.

Repetition pattern: based on the designing requirement, a repetition pattern can be
applied to the optimization process.

Fractional move limit: the maximum move limit for updating densities on each
iteration can be controlled by this function.

Lattice structure: a relatively new feature added on HyperMesh is the lattice structure
that can be used for optimization, however an output cad file cannot be provided for
resultant lattice structures.

Convergence criterion: if the relative change in the objective function between two

iterations less than the convergence rate, the final result is achieved. Sometimes
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optimization process stops at early stages because convergence has been met while the
result does not make much sense. Decreasing convergence criterion can help to prevent

the topology optimization to be caught in those stages.

3.3 Thermo-mechanical topology optimization

Coupled-field analysis is a finite element analysis that combines two or multiple physical fields.
Generally, there are two methods to perform FEM on multi-physics problems: sequential and
direct coupling [77]. Sequential coupling, which is used in this study, a physical field is analyzed
before the second one starts. The results of the first analysis are considered as input for the second

one as a boundary condition or load [77].

In this study, thermal and mechanical fields are coupled to obtain the final result. By performing
a thermal FEM analysis, temperatures are obtained and form a boundary condition for the second
stage of analysis and optimization. The global equation for thermal and mechanical force is

explained as below:

KU = F = WmFm + Wtthh 313

Where Fn is the global load and F, represents the thermal load caused by temperature change.
Wm and Wi, are respectively the weight factors for mechanical and thermo-mechanical loads. This
coupled analysis does not change the whole topology optimization process, while equation 3.2

turns into equation 3.14:
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min c(x) =FTU = Z(pe)P ulku,

subject to KU = Wy, F,, + Wi Fen

= z Wi FEy, + Wen Fé, 3.14
1%
70 - Uf < 0
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Also, the sensitivity can be defined as:

dc a(Fth) _ UT@(K)

= 2W,, U7 U 3.15
3% th

After a series of calculations, the sensitivity for thermo-mechanical topology optimization

based on SIMP method can be obtained by [77]:

dc aEAT
= 2Wtth(2p_1)UT1— [-1-11-111-11]

90, —u 3.16

— W,,PpP~tUTKU
Based on HyperMesh and OptiStruct, and the number of features they provide, two different
strategies can be developed for performing thermo-mechanical topology optimization. The
modified versions of thermo-mechanical modeling based on the general topology optimization

flowchart are provided in Figure 3.8.

The first method is demonstrated in the flowchart in Figure 3.8 (a). This process starts with
defining design and non-design spaces with the goal of locating sections that need to be included
in or excluded from topology optimization. Then, the loads and boundary conditions should be
defined for starting the optimization. In this step, both mechanical and thermal boundary

conditions should be considered. Then, a heat transfer analysis is performed based on the applied
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boundary conditions following by extracting the nodal temperatures. In this stage, the extracted
grid temperature acts as a boundary condition for static FEM analysis. The following steps are a
typical optimization problem including sensitivity analysis, applying required filtering, and
updating element densities (design variables). This flow should iteratively be repeated until the
convergence occurs. Then, the final stages would be smoothing the optimal result and post-
processing. As the diagram shows, the thermal analysis stage is performed on each iteration.
Because of that, the total process time would be much higher than classic topology optimization.
Although step-by-step thermal analysis might lead to more accurate simulation results, the thermal

boundary conditions have to be placed on non-design elements to ensure proper heat transfer.

Filtering

/ Define dfesign and / Define design and
non-design space non-design space
________ -~
SEtUP.|Oad5: 4 Setup thermal \ Setup loads,
cons-tralnts anc-i I boundary i constraints and
material properties 1 conditions I material properties
— ! I
[ Density initialization ] I [ Heat transfer analysis ] [ Density initialization ]
= ==F===- -~ | I
. - 1
i [ Heat transfer analysis ] | I Extracting temperature [ Static FEM analysis ]
I | \ grid |
Extracting temperature | [ SR P 1
" Sensitivity analysis
grid )]
B -

Density updating

Sensitivity analysis ]

Filtering
Converged?
Density updating no
Post processing yes
- [ Smooth the optimal ]
Converged? [ Smooth the optimal ] result
no result
(a) (b)

Figure 3.8 The schematic diagrams for thermo-mechanical topology optimization
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The second approach, presented in Figure 3.8 (b), is similar to the first approach. This approach
starts with defining the design and non-design spaces. Then, the thermal boundary condition is set
and a one-time heat transfer analysis is performed. The next step is to extract the temperature
gradient into an output file. At this point, the grid temperature is manually imported to the
HyperMesh along with other mechanical boundary conditions. After that, FEM analysis,
sensitivity analysis, filtering and design variable update should be conducted in sequence. This
process should be repeated until the occurrence of convergence. Then the final steps would be
smoothing and post-processing of the part. The only difference with the previous method is that in
the one-way coupled thermo-mechanical topology optimization, the thermal analysis is out of the
loop after the first iteration and will not update as the geometry does. This process may not be as
accurate as of the first one, but it is applicable if the thermal boundary conditions are placed on
design elements in which their density varies on each iteration. Moreover, implementing this
method is more time-efficient since it does not need to update the temperature gradient on each

iteration.

3.4 Design for additive manufacturing workflow

In order to redesign a component, a design/redesign process has been developed as shown in
Figure 3.9. In the beginning, design and non-design spaces should be defined. The next step is to
set up boundary conditions considering all the applied loads and constraints. Then, design criteria
should be introduced to account for all the factors that can contribute to the topology optimization
results. The goal of this stage is to recognize the most influential factors, consider them as
variables, and then perform multiple topology optimization on them. Afterward, it is essential to

come up with a decision-making process, to be able to choose the best results. The next step is
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topology optimization based on all the important variables. After collecting all the results from the

previous stage/s, the post-processing and refinement should be done to achieve the final design.

All of the proposed steps in this methodology for redesigning an existing component, as a case

study, will be discussed in the next chapter.

Start: Design space

nnnnnn

Boundary conditions —
Factors affecting the ENEN
topology optimization

Defining decision
matrix

Topology
optimization

Acceptable results

Design selection and
modification
Final product

Figure 3.9 Schematic diagram of the workflow for generative design/redesign of a component

by implementing the topology optimization algorithms imbedded in HyperMesh

3.5 Summary

In this chapter, at first, the density-based method and its relevant equations for topology
optimization were investigated. Then, considering the thermal loads for thermo-mechanical
topology optimization of the components was discussed. Next, HyperWorks and its topology
optimization platform, HyperMesh, was discussed and chosen to pursue the study due to the

outstanding controllability of the optimization process. Also, some of the HyperMesh features
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were investigated. Thereafter, two methodologies for performing thermo-mechanical topology
optimization were proposed. In the end, a workflow introduced to redesign a component using

HyperMesh.
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Chapter 4
Case Study: Gas Turbine Rotor Seal

4.1 Rotor seal

Based on the objective of this thesis, it is essential to investigate a case study subjected to
multiple loadings including mechanical and thermo-mechanical loads. Based on this statement, a
component from a gas turbine would be a good candidate for investigation. Components that are
placed in the flow path, should be able to work in high temperatures. Some of the gas turbines are
working in high-temperature cycles to increase the efficiency of the system. The flow of
temperature in gas turbines can rise up to 1200 °C before entering the combustion chamber [78],
[79]. Also, almost every piece in a gas turbine is exposed to high-pressure load conditions.
Moreover, if the target component is part of the rotating section of the turbine, centrifugal force
should be considered in FEM analysis. Designing a component capable of bearing the mentioned
loads would be a challenging task to accomplish. Therefore, topology optimization is a great tool

to employ for designing or redesigning a part with the aim of increasing efficiency.

Figure 4.1 shows a simplified cross-section of a gas turbine. Herein, the main parts are rotor
and stator blades. Almost every other implemented component in the turbine is aimed to maintain
the functionality of the rotor and stator as well as guaranteeing a smooth airflow between them.
Among other important parts, different kinds of seals can be named. The main goal of these pieces
is to prevent the hot and high-pressure airflow from entering the core section of the turbine [80].
Interstage seals, also known as rotor heat shields and rotor seals, are one of the mentioned

components that are placed and fixed between two rotors and located at the tip of stators.
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Figure 4.1 A cross-section view of a gas turbine [81]
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Based on the mounting location of rotor seals and their turbine stage at which they are operating,
they can have different geometries. Appropriate design of rotor seals is considered as one of the
most challenging tasks to accomplish during the design of these turbines. Figure 4.2 is showing

another typical gas turbine stage and the arrangement of the seals.
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Figure 4.2 Rotating parts (in blue highlight) including rotor seal, and stationary parts (in red

highlight) in a gas turbine stage [80]

In order to define a proper case study, a patent published in 1987 [82] is used to set up the basic
design for topology optimization. In Figure 4.3, numbers 14 and 20 are showing the rotor blades,
and numbers 12 and 18 are rotor discs that are responsible to hold blades and rotor seal in place.
The stator blade tip is shown by number 36. Number 62 is showing the rotor seal which is our
target component for topology optimization in this thesis. Based on the design of the rotor seal in
this patent, there is enough space around the component to expand the boundaries of geometry for
topology optimization. Also, the pressure and temperature distribution around the component

make it a proper candidate for this study.
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Figure 4.3 Rotating seal for gas turbine engine [82]

Figure 4.3 is used to create a 2D sketch of the rotor seal and then to produce a CAD file for
further analysis. Some modification has been applied to simplify the geometry and to make it
compatible to be used in topology optimization. These simplifications are as follows: (a) seal’s
teeth have been replaced by rectangular shapes, and (b) any screw or rivet hole was ignored to get

a uniform profile. Figure 4.4 shows the CAD file produced based on the patent introduced by G.P.

Peters [82].
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Figure 4.4 CAD file production of a rotor seal based on the patent introduced by G.P. Peters

Following, the proposed workflow in Chapter 3 (see Figure 3.9) is employed to redesign the
rotor seal, and each step is presented and discussed in detail. But before continuing, based on the
literature, Ti6AI4V is chosen for the material of the rotor seal [83]. Ti6AI4V has excellent
corrosion resistivity and high strength with a low density which makes it an excellent candidate

for rotor seals.[84] The properties of this material can be found in Table 4.1.

Table 4.1 Ti6Al4V material properties [85], [86]

Young’s Thermal Thermal Reference
Poisson’s ratio Density
modulus conductivity expansion temperature
[GPa] [g.cm™®] [W.(m K)?] |coefficient [K?] [°C]
108 0.323 441 8.27 9.33x10° 25

4.2 Design space identification

After drawing a sketch from the original part, it is essential to expand the boundaries of the
geometry. This step is necessary to make sure there is a reasonable amount of material to be
removed by topology optimization. In the process of redefining the profile of the part, extra caution

should be taken to preserve the critical design areas such as channels around the original component.
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Also, other components around the target part should be considered in order to prevent any overlap

between them.

Figure 4.5 presents the original (shaded in dark brown) and expanded (shaded in light brown)
geometry boundaries for the rotor seal. The channels on the right and left (areas number 1 and 2)
are designed for the flow of the cooler air. Hence, the boundaries in these areas are expanded in a
way to preserve those channels. The boundary in the lower section geometry is extended
downward to almost double the design space with the purpose of allowing the optimizer to remove
unnecessary materials. Also, in the upper region (number 4), the top of the grippers are connected

to the bottom of the nearest tooth.

»
gt A . &

Figure 4.5 Expanding geometrical boundaries of the rotor seal

There are some parts in the design that their existence is essential for the part to remain
functional. In the design of the rotor seal, all the teeth and gripper sections are necessary to be

preserved (shown with blue color in Figure 4.6). These zones are taking part in FEM analysis, but
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are not involving in topology optimization. The other area, represented in gray color, is considered
as the design space for the current topology optimization problem. However the non-design areas
could be considered in a way that the top grippers and the teeth would be connected to each other,

but in order to keep the problem as much as open, it is tried to keep the preserved areas smaller

245 mm

253 mm

Figure 4.6 Rotor seal design (gray region) and non-design spaces (blue region)

4.3 Loads and boundary conditions

As discussed before, the rotor seal subjects to three load cases: pressure load, centrifugal load,

and thermal load. Each load is discussed below.
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4.3.1 Pressure load

Since there is no FEM analysis on this particular rotor seal in the literature, there is no record
of accurate numbers for the pressure loads on this part. However, estimate values can set based on

the literature [87].

The pressure loads applied to the rotor seal are divided into four segments as displayed in
Figure 4.7. As mentioned in previous sections, the seal is placed at the tip of the stator, right below
the hot air flow; therefore, it is assumed that the rotor seal subjects to higher pressure on the top.
Since the air pressure increases over each stage of the compressor, the pressure applied to the seal
is gradually increasing. Thus, P1 assumed to be increasing linearly from 70 to 85 bars from the

right section to the left.

I Air flow

""""" o ) ) NS

Figure 4.7 Applied pressure on rotor seal

53



Lower pressure air is maintained below the rotor seal. Since there is not much of a flow variation
under this part, P3 is considered uniform and set to 60 bars. The value of the pressure is the lowest

amongst all.

P2 and P4 placed on each side of the seal. Pressure on each of these zones does not vary much
over the area but they have different values. Their pressures set to a value between the load on the

top and bottom of each side and are fixed to P,=65 bars, and P4=70 bars.

4.3.2 Centrifugal force

Based on the literature, turbines are working at different rotational speeds. Generally, they are
working within the range of 3000 rpm to 3600 rpm [87], [88]. The value of 3600 rpm is chosen

for this study and can be calculated for each element from the following equation:

— 2
F=mrw 4.1
and: W = 21mn
Above, w is the rotational speed (rad/s), m is the weight of each element (tonne), r is the distance

of the element from the center of rotation (mm), and n is the number of rotations per second.

4.3.3 Thermal load

Similar to the other forces, there is no record for thermal analysis and boundary conditions on
this particular component in the literature. Thereby, a thermal condition that is reasonably close to
the actual case is chosen to be applied to the rotor seal based on the literature. This condition will

be further explained below.

The temperature in the latest stages of a high-efficiency turbine can rise up to 1200 °C on the
blades [78], [79]. However, as Figure 4.3 shows, the rotor seal is placed with a distance from the

hot airflow. Also, assuming the rotor seal is located on mid-stages of the turbine, it subjects to
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lower temperatures. Figure 4.8 demonstrates the boundary condition applied for the rotor seal on
this study. The hot air with the temperature of 480 °C flows on top of the seal and the cold air with
the temperature of 340 °C flows beneath the part. Then, temperatures on the side of the rotor seal

are chosen according to the already-defined temperatures as well as the physics of the problem.

l Air flow

T=480°C

T=385°C

T=400°C

T=340°C

Figure 4.8 Thermal boundary condition for rotor seal

After applying the thermal boundary conditions, a finite element thermal analysis is performed
to obtain the temperature distribution map as shown in Figure 4.9. This temperature map will be

used in later stages of topology optimization.
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Figure 4.9 Temperature distribution of the rotor seal

4.3.4 Constraints

Based on the original design, the displacement of the part is constrained in gripping sections.

Therefore, the circled areas in Figure 4.10 are fixed on X and Y directions.

Figure 4.10 Constraints on the rotor seal
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4.4 Design criteria

As it is discussed before, different factors can affect topology optimization results. Some of
them are presented in Figure 4.11. In this section, the effect of each criterion on the topology
optimization of the rotor seal is briefly discussed. Then, based on the prediction of their effect on

the optimization process, a set of variables is presented to perform topology optimization.

Factors affecting the optimization

2D analysis vs 3D analysis

Boundary condition for thermal load

Volume fraction

Control cards such as extrusion and lattice structure

Non-design elements

Convergence criterion

Mesh size

Weight factors

Minimum dimension

Penalization factor

Figure 4.11 Factors and control cards affecting topology optimization

4.4.1 Factors to be set before topology optimization

4.4.1.1 2D Vs. 3D analysis

Sometimes, the 3D FEM analysis of components can be simplified into a 2D problem. This is
a proper assumption specifically if a component has a high aspect ratio with a uniform loading
along the part. In this case, the rotor seal, a uniform profile is revolved around the center of the

engine and loading distribution is the same in every cross-section of the component. Thus, the
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optimization can be performed on a cross-section of the rotor seal and then the component can be
reproduced by revolving the 2D profile.
4.4.1.2 Fully-coupled vs one-way coupled thermal load

In Chapter 3, two methodologies presented to perform thermo-mechanical topology
optimization in HyperMesh: fully-coupled and one-way coupled thermal load. In the former one,
as mentioned before, thermal calculations will be performed at each iteration which makes the
approach time-consuming. However, in the latter one, the thermal calculation will be performed
once, and it will serve as a prerequisite to continue the simulation. In this study, since multiple
optimizations are required to obtain the final geometry, it is better to perform topology
optimization based on the one-way coupled method to reduce the computational time. In the one
way coupled.
4.4.1.3 Volume fraction

The volume fraction for topology optimization of the rotor seal is calculated by dividing the
surface area of the component presented in the patent to the surface area of the optimizing
geometry. With this definition, the volume fraction is set to 35%.
4.4.1.4 Control cards

Since the topology optimization is decided to perform on a 2D space, control cards such as
lattice structure, and features like extrusion and draw cannot be implemented. Also, since there is
no symmetry or pattern in the design, repetition patterns and symmetry patterns are disabled.
4.4.1.5 Non-design elements

In some cases, the quantity of the non-design elements (constraints area and teeth on the seal)

can greatly affect topology optimization, especially if the centrifugal load is dominant among other
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exerted forces. That being said, by performing a set of optimization, it is realized that increasing
or decreasing non-design elements quantities does not have a significant effect in this case study.
4.4.1.6 Convergence criterion

As it is mentioned in the previous chapter, choosing a high value for convergence criterion can
terminate the topology optimization in the early stages. By performing multiple topology
optimization on the rotor seal it is observed that a convergence criterion of 0.0005 results in
sufficiently accurate outputs without compromising the computational time. It means that if the
relative change in the objective function (compliance) between two iterations becomes less than
0.05%, the final design is achieved.
4.4.1.7 Mesh size

In this case study, a mesh size of 2 mm is chosen and 10368 2D elements with linear (first-
order) shape functions were generated to form the part. Most of these elements are rectangular.
However, the generation of triangular elements is inevitable due to the diagonal lines on irregular

geometry boundaries.

2 mm

Figure 4.12 Sample of triangular and rectangular elements used for the used mesh
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4.4.2 Variables to change in topology optimization

4.4.2.1 Minimum dimension

In topology optimization, changing the minimum dimension or minimum feature size can
significantly affect the final result. In order to investigate the effect of this filter on the final
geometry, four values are chosen for the minimum dimension. These values vary from a low to a
high number and also include two mid-range values to change on each topology optimization. The
highest value for this filter is set to 24 mm which is equal to the width of 12 elements. Mid-range
values set to 12 mm and 6 mm. And for the lowest one, the minimum dimension filter is disabled.
4.4.2.2 Penalization factor

Different interpolation functions for the density-based method was introduced in Chapter 3. In
HyperMesh the penalization factor for the SIMP method can be monitored and desired values can
be set to this factor. Similar to the trend used for choosing values for minimum dimension, here a
low value of P1=1, two mid-range values of P,=4, and P3=8, and a high value of P4=16 are chosen
to be used in topology optimization.
4.4.2.3 Weight factors

In this study, 3 different loading conditions, which can be controlled using weight factors, affect
the topology optimization of the rotor seal. Changing each of these conditions can change the final
result. Thus, different optimization analysis can be performed based on different weight factors.
Since the thermal load usually results in higher compliance, the load factor value for this load is
set to the lowest value compared to others. The weight factors for pressure loads and centrifugal

loads are defined relative to the thermal load weight factor.

In order to get proper values for weight factors, a set of topology optimizations were performed

with different weighting values. A minimum dimension of 9 mm and a penalization factor of 6 are
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chosen for these analyses. The objective of this set of topology optimization is to get equivalent
weighted compliances for thermal, centrifugal, and pressure loads by changing the weight factors.
Equivalent compliance means that all the loads are equally involved in the topology optimization.
Table 4.2 shows weight factors for thermal, centrifugal, and pressure loads that result in equal

participation in topology optimization.

Table 4.2 Weight factors for equal participation in topology optimization

. Weighted complianc
Weighted Total T
Weight factor otal compliance
compliance [mJ
pliance [MIT1 100 96]
Thermal load 1 1.52x108 34
Centrifugal load 2100 1.47x10° 33
Pressure load 5400 1.54x108 34

Based on the mentioned weight factors, a table consist of a set of values can be established to
alternate in the topology optimization. These values that are set to change in four levels from low
to high numbers are presented in Table 4.3 along with other variables. In this table, levels 1, 2, 3,

and 4 are respectively representing low to high values for each variable.
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Table 4.3 Specified values to selected factors (variables) in the topology optimization

Weentrifugalload |  Wpressure load Minimum Penalization
Wrhermal 10ad Wrhermalload | dimension [mm] | factor (P)
Level 1 0.7x103 1.8x10° - 2
Level 2 1.4x103 3.6x10° 6 4
Level 3 2.8x10° 7.2x10° 12 8
Level 4 5.6x10° 14.4x10° 24 16
e W Thermal load IS Set to 1 in all of the topology optimizations

4.5 Decision-making process

After performing the topology optimization by changing the variables, numerous results are
generated. A decision process is necessary in order to select the best result. Figure 4.13

demonstrates a schematic flow of the proposed decision-making process.
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4.5.1 Connectivity

An issue in implementing thermo-mechanical topology optimization in this study is that the
final results may not form a single structure while maintaining all the non-design elements
connected to each other. This phenomenon is happening because of the existence of thermal and
centrifugal load in the process. Since it is important that all of the defined critical areas remain
connected in the final design, hence, the first step is to eliminate designs that are not entirely
connected. In order to achieve this goal, a Matlab code is generated to process the image of the
output result from topology optimization and calculate the connectivity of the part (see Appendix
A). If all the non-design spaces are connected to each other, the part is fully connected
(connectivity is 100%) and if none of those sections are connected to each other, the output for
connectivity is 0%. This code is reading all of the generated pictures from the topology
optimization, performing an image processing on them, and automatically remove designs with

low connectivity.

The inputs for the Matlab code are the picture of the material distribution on each optimization
and all the points that need to be connected. Then, it checks the connectivity between each set of

two points and if they are connected the result for connectivity is 1. The Matlab code continues
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this process for all the imported points and then it generates a matrix as the output. Later, the
connectivity of the design is calculated as the total number of connectivities between every two
nodes divided by the total possible number of connection ways between nodes (two by two). The
percentage of connectivity for n number of nodes is calculated as follow:

Lot GCii)n
(Zl_lg:]_l. 1,)) %100
2L, (1-1) 4.2

Percentage of Connectivity=

1 if iandjare connected
0 if i and j are not connected

where: C; j = {
In this study, the connectivity is checked for the total number of 8 nodes while each of the
selected nodes is placed on the specified non-design space, as mentioned before. To clarify the

Matlab code function, an example is demonstrated in Figure 4.14. This picture shows one of the

results generated by topology optimization with —=riiugatiosd _ 7 5 ()3 Eressureload _
Thermal load WThermal load

1.8 x 103, the minimum dimension of 12 mm, and the penalty factor of P=8.

Contour Plat
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Figure 4.14 An example for checking the connectivity of the topology optimization result
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As demonstrated in Figure 4.14, there are three pairs of connections (1-2, 5-6, and 7-8) formed
in this specific simulation. To find these connections, the Matlab code is checking if any two pre-
defined points on non-designed spaces (points 1 to 8) are connected by a fully-dense path (follow
red areas in Figure 4.14). Otherwise, no connection is generated. Based on equation 4.2, a

connection matrix is generated as shown in Figure 4.15. The connectivity is calculated as the ratio
of the total number of formed connections to the total possible connections, i.e. % x 100 =
10.7%. This can also be calculated from the matrix in Figure 4.15 based on equation 4.2. This
ratio is a remarkably small number and therefore, it is quite possible to result in a non-connecting

structure. To avoid this, such optimization outputs will be removed automatically from the

acceptable optimization results.

— N (90 <t Lo © N~ 0]
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Point 1 1 1 0 0 0 0 0 0

Point2| 1 1 0 0 0 0 0 0

Point3| O 0 1 0 0 0 0 0

Point4| O 0 0 1 0 0 0 0
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Figure 4.15 Connectivity matrix for the example of Figure 4.15
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In order to prevent any error in the image processing and the connection calculation, all designs

with the connectivity of 75% or more, are allowed to proceed to the next step.

4.5.2 Partial-dense elements

In topology optimization, a preferred result is a discrete design made of full-dense and non-
dense elements (voids). But, sometimes, especially when one of the loads is pressure or
temperature, achieving a completely discrete design may not be possible. Most of the time, the
final design contains some partial-dense elements (also known as grayed elements) as well.
HyperMesh provides information about the density of the elements. This information contains the
percentage of the total number of elements for a specific density. The density distribution for the
previous example is presented in Table 4.4. In this scale, the densities are distributed between 0

and 1 wherein 0 is represents void, and 1 represents full-dens elements.

Table 4.4 An example of the density distribution of a design

Density Percentage of elements [%)]
0.0-0.1 25.2
0.1-0.2 25.8
0.2-0.3 114
0.3-04 5.6
0.4-0.5 2.5
0.5-0.6 33
0.6-0.7 4.2
0.7-0.8 6.2
0.8-0.9 10.4
0.9-1.0 5.4
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The percentage of partial-dense elements is defined as the sum of all the elements with density
within the range of 0.2 and 0.8. In the presented example, based on the defined criteria, 33% of all

the elements are partial-dense elements.

It is considered that if more than 25% of the density distribution plot contains partially dense
elements, the design will be eliminated. In other words, more than 75% of all the elements in a
design should be full-dense (close to 1) or void (close to 0) to pass this step. Also, a Matlab code
is generated to read the output file of all the topology optimization and decide which designs pass

this stage (see Appendix B).

4.5.3 Compliance

In this step, all the results that passed the previous two steps are being sorted with respect to
their compliances and printed on the output folder by the Matlab code (Appendix B). Compliances
are divided by the total weighted compliances on the first iteration to represent a normalized value.
In this way, the normalized compliance demonstrates the improvement of a design based on the
first iteration. Also, it is easier to compare each design with others with normalized compliances.

The designer can check these results and proceed to the next step.

4.5.4 Designer review

In this section, the designer is checking the few results that passed previous steps and decides

the best design for the part.

4.6 Topology optimization

Considering the combination of all the factors/variables that are intended to change in this study,
the total number of 256 (4x4x4x4) topology optimizations are performed. In addition, 3 more

topology optimization analysis is done to observe the effect of each load on the geometry. In these
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additional analyses, the penalization factor of P=6, and the minimum dimension of 9 are chosen

to perform the optimization.

4.6.1 Topology optimization for thermal load

The result of topology optimization considering thermal load is presented in Figure 4.16. As
expected in the literature [89], [90], the SIMP method may not provide the proper interpolation
function for the topology optimization for the thermal load. As presented in this picture, the result

may include many partial-dense elements and does not form a geometry.
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Figure 4.16 Topology optimization of the rotor seal for Thermal load

4.6.2 Topology optimization for pressure load

The layout of topology optimization for pressure load is shown in Figure 4.17. This picture
demonstrates that several convex features were formed at the boundary of the part. These features
are mainly formed to strengthen the structure against the loads applied on the edges of the rotor

seal.

68



Caontour Plot
Element Densities{Density)

1.000E-+D0
[ 8.889E-01

7.778E-01
— B.B67E-01

— 5.556E-01
— 4. 444E-01

3.333E-01
2.222E01
1TAMED
0.000E+00

Ul

-

e e e

Figure 4.17 Topology optimization of the rotor seal for pressure load

4.6.3 Topology optimization for centrifugal load

When the centrifugal load is applied, the optimizer tries to add more material in areas that are
restricted in the y-direction (centrifugal load is upward). Figure 4.18 shows that most of the
material formed around the constrained sections on bottom and top and also, the optimization

process tried to support the teeth of the rotor seal on top.
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Figure 4.18 Topology optimization of the rotor seal for centrifugal load

4.6.4 Topology optimization considering all loads

By changing the variable parameters, 256 designs are generated. Some of these results are
presented in Figure 4.19. The density distribution in Figure 4.19 (a) shows that this result contains
lots of partial-dense elements. This happens because of the high effect of thermal load due to low
weight factors for the pressure and centrifugal loads. Figure 4.19 (b) shows lots of material focused
around the grippers. The higher value for centrifugal weight factor confirms the similarity between
this picture and the one in Figure 4.18 is because of the centrifugal force is the dominant load in
this analysis. However, the arc shape feature on the bottom section of the rotor seal shows the
effect of the pressure load on the simulation. Also, the design in Figure 4.19 (c) reveals that the

pressure is the dominant force on this analysis.
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Figure 4.19 Some of the results for the rotor seal topology optimization

Figure 4.19 (d-f) are showing some of the results, mainly with a high number of partial-dense
elements. Usually, low numbers for penalty factors prevent the optimizer to fully develop a
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structure and therefore, lots of partial-dens elements remain in the design. Figure 4.19 (d) shows
that a structure was formed, but not completely developed. In Figure 4.19 (e), some full-dense
elements produced, but critical areas of the structure are not well-connected. And, Figure 4.19 (f)
presents a developed structure with thin features, but the amount of partial-dense elements makes

it not suitable for a proper design.

After performing topology optimization for all 256 possible combinations of variables, the Matlab
code in Appendix B is employed to extract the acceptable results for this study. The code filtered
undesired designs and sorted them with respect to the lowest normalized compliance. In this
process, 235 designs are eliminated, and the remaining 21 results are kept to proceed to the

designer review step. These schemes are presented in Table 4.5.

Table 4.5 shows that all of the output results have 100% connectivity. The calculated partial-dense
elements are less than 25% for all the presented designs with the lowest number of 15.6%. Also,

the column on the right shows the calculated total normalized compliance of the designs.
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Table 4.5 All the acceptable results for rotor seal topology optimization sorted with

respect to lowest normalized compliances

S o=lE 25 &% |8 Fg 28
1 5600 3600 - 4 100 23.6  0.138183602
2 5600 7200 - 8 100 17.9  0.139209646
3 5600 7200 8 100 16.7  0.140014565
4 5600 3600 6 4 100 21 0.14180894
5 5600 7200 - 4 100 23.4  0.151618293
6 5600 7200 6 4 100 21.5  0.157432696
7 5600 14400 - 8 100 16.3  0.161156287
8 5600 14400 6 8 100 159  0.16205337
9 5600 14400 - 4 100 229 0.171940911
10 5600 14400 6 4 100 21.4  0.178573895
11 2800 7200 6 8 100 18.2  0.202343738
12 2800 7200 6 4 100 24 0.224476367
13 2800 14400 - 8 100 16.1  0.225998223
14 2800 14400 6 8 100 15.6  0.227252229
15 2800 14400 6 4 100 23.2  0.247889863
16 1400 7200 6 8 100 18.6  0.289626802
17 1400 14400 - 8 100 16.2  0.294660774
18 1400 14400 6 8 100 159  0.298566654
19 700 14400 = 8 100 175  0.373032469
20 700 14400 6 8 100 16.3  0.375869686
21 700 7200 6 8 100 241  0.41367383
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4.7 Acceptable variable criteria

Based on the acceptable results from Table 4.5, a decision matrix can be provided
demonstrating the proper criteria for variable factors affecting the topology optimization result.
Presented numbers in this table are illustrating the total number of acceptable designs with values
within the range of respective levels for each factor (levels can be reviewed in Table 4.3). In
Table 4.6, green color represents the highest number of acceptable results at each level.
Respectively, yellow and orange colors stand in second and third place statistically. Also, the cells

with red color mean none of the acceptable results, represent these values.

Table 4.6 A decision matrix for acceptable variable criteria

Minimum Penalization

WCentrifugal load WPressure load
WThermal load WThermal load dimension factor
Level 1
Level 2
Level 3
Level 4

This table reveals that to get the best result, it is better to choose higher values for centrifugal
and pressure weight factors. However, it does not necessarily mean that choosing lower values
leads to undesired results, as the two of the top four designs sorted by the Matlab code have a low
weight factor for pressure (Level 2). Moreover, the table shows that none of the acceptable results

represent a high level of minimum dimension. For most of these results, the minimum dimension
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IS set to 6 mm, and for others, this filter has been disabled. Also for the penalization factor, using

a value between level 2 (P=4) and level 3 (P=8) is required to come up with an acceptable result.

4.8 Design selection and modification

The top four designs presented in Table 4.5 with the lowest normalized compliances are shown
in Figure 4.20. As these pictures show, all four designs are following the same trend with an arc
in the bottom of the design, big hollow areas in the middle, and small structures to support all the

teeth.

The designs in Figure 4.20 (b, ¢) seem incomplete since some partial-dense elements are formed
in the middle and left section, but did not convert to full-dense elements. Designs in Figure 4.20
(a, d) look similar to each other. Since the pressure load on the boundary of the initial design does
not move, it resulted in the formation of lots of partial-dense elements in this section. However,
based on the generated data, the design in Figure 4.20 (d) has relatively less partial dense elements
while their normalized compliances are comparably similar. This design is compared to other
acceptable results and is chosen as the final design to be used for the initial draft in designing the

rotor seal.

75



Element
Densities

1.00

Element
Densities

1.00

0.89 0.89

0.78 0.78

0.67 0.67

0.56 0.56

0.44 0.44

033 033

0.22 0.22

0.11 0.11

0.00 0.00

(@) Min.Dim.= — ,P = 4, (b) Min.Dim.= — ,P =8,

WCentrifugal load = 5600 WPressure load = 3600 W(.‘entrifugal load = 5600 WPressure load = 7200
WThermal load ' WThermal load WThermal load ' WThermal load
Element Element
Densities Densities
1.00 1.00
0.89 0.89
0.78 0.78
0.67 0.67
0.56 0.56
0.44 0.44
033 0.33
0.22 0.22
0.11 0.11
0.00 0.00
(c) Min.Dim.=6 ,P =38, (d) Min.Dim.=6 ,P =4,
WCentrifugal load — 5600, WPressure load = 7200 WCentrifugal load — 5600, WPressure load = 3600

WThermal load WThermal load WThermal load WThermal load

Figure 4.20 The top four designs with the lowest normalized compliance numbers

After selecting the final design, the boundaries are reconstructed using SolidWorks. A
schematic of the defined areas is presented in Figure 4.21. The black color represents the preserved
area for the final design. Since the partial dense elements at the bottom of the picture represent the

existence of the pressure load on the bottom, they are not included in the design criteria. If the
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pressure load could move according to the updated geometry after each iteration in topology

optimization, all the elements in this area would turn to non-dens elements.

Figure 4.21 Reconstruction of the rotor seal based on the selected design

4.9 Final product

After constructing the final boundaries in SolidWorks, and producing the geometry, a CAD file
of the rotor seal can be constructed by revolving the profile around the centerline. The final part
for rotor seal designed based on coupled thermo-mechanical topology optimization is presented in

Figure 4.22
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Figure 4.22 The final design for rotor seal

4.10 Summery

In this chapter, a rotor seal, which is a major gas turbine component, is chosen as a case study
to perform thermo-mechanical topology optimization. The rotor seal subjects to pressure,
centrifugal, and thermal loads. Then, the proposed workflow for redesigning a component

in Chapter 3 is employed to redesigning the rotor seal. In this methodology, the effect of four
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variables (centrifugal load weight factor, pressure load weight factor, penalization factor, and
minimum dimension) is investigated. Next, 256 topology optimization simulation is performed by
considering four values for each variable (4x4x4x4=256). Then, a Matlab code is generated to
analyze all the 256 generated designs by topology optimization. The Matlab code selected 21
designs for the designer review. In the end, one result is selected and a CAD file for the rotor seal

is generated based on the recommended design extracted from thermo-mechanical topology

optimization.
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Chapter 5

Experimental Validation

5.1 Introduction

Validating the computational study of the thermomechanical performance of the gas turbine
components designed using topology optimization is associated with extensive challenges. A
component with a simple geometry subjected to a single load case can be a good candidate to
validate the result of mechanical topology optimization. However, designing an experiment to

validate the result of a thermo-mechanical topology optimization can be more challenging.

Since performing experimental analysis on the designed rotor seal presented in Chapter 4
requires sophisticated equipment, it is difficult to validate its performance at the University of
Waterloo. Thus in this chapter, a simple cantilever is chosen to perform thermo-mechanical
topology optimization. Then an experimental setup is proposed and designed to validate the result
of thermo-mechanical topology optimization performed on HyperMesh. In this experiment, the
resultant geometry from thermo-mechanical topology optimization is compared to three other
components: a part generated from the result of pure mechanical optimization, a traditional design
for the part, and a design created by the author. From this point onward, the latter one is called

manually designed part.

5.2 Design and geometry generation

In this section, a part is designed based on the process proposed in Figure 3.9. All steps for
designing the part for thermo-mechanical topology optimization are given below and a short

description of each step is presented.
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5.2.1 Design space and boundary conditions

In this design, the topology optimization is performed on a simple cantilever in 3D space. The

design and non-design spaces are presented in Figure 5.1.

=3.5 kN

__ T=150 °C
T=25°C

Figure 5.1 Design and non-design spaces for thermo-mechanical topology optimization

The blue areas in Figure 5.1 present non-design spaces and should be preserved to apply loads
and constraints on these sections. The dimensions of the part are set to 13x13x80 mm?2. The red
arrow on the top represents the load applied to the cantilever (F=3.5 kN) and the green color shows
where the constraints are applied to prevent movement in the Y direction. Also, a low temperature
of 25°C and a high temperature of 150°C are applied to the surfaces under the blue areas on the

left and right sections, respectively.
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5.2.2 Factors and decision process

The effect of the factors mentioned in the previous chapters is considered in the thermo-

mechanical topology optimization of the cantilever. The parameters to be set before topology

optimization are explained below.

2D vs 3D analysis: Since no uniform profile is required in this study, it is chosen to
perform 3D topology optimization to obtain more accurate results.

Thermal boundary condition: To perform thermo-mechanical topology optimization
on this part, a fully-coupled method for thermo-mechanical optimization is selected.
Thus the topology optimization is subjected to a thermal analysis on each iteration.
Volume fraction: In this analysis, the volume fraction of 25% is considered to obtain
the final geometry with a quarter of the initial volume of the cantilever.

Control cards: The control cards such as extrusion, draw, symmetry, patterns, and
lattice structure are disabled to perform this optimization.

Convergence criterion: The optimization is converged when the changes between the
two iterations become less than 0.05 %.

Mesh size: In this set of optimization, the mesh size is set to 0.65 mm. The total number
of 49200 uniform elements is produced. These cubic elements are set to be first order.
Minimum dimension: Based on the decision matrix produced in Table 4.6 for thermo-
mechanical topology optimization performed on the rotor seal, the minimum dimension
filter is disabled in this optimization.

Penalization factor: This factor is also chosen based on the matrix produced in

Table 4.6 and it is set to P=6.

Weight factors: the only variable in the process of thermo-mechanical topology optimization

of the cantilever is the weight factor. Multiple weight factors are implemented to obtain the desired
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design as the final geometry. After a couple of optimizations, a weight factor of Weresure toad 1 5 jg
Thermal load

chosen.

Decision process: The process of choosing the best result is to plot the density distribution for
each topology optimization, and then remove those which does not form proper geometry. Then,

the topology optimization with the lowest compliance is selected as a final result.

5.2.3 Topology optimization and acceptable result

5.2.3.1 Thermo-mechanical topology optimization for the cantilever

After performing the required optimizations acceptable design is presented in Figure 5.2.
Figure 5.2 (a) shows the density distribution in the cantilever. Figure 5.2 (b-d) represents the
isometric view, top view, and front view of the design while densities less than 0.56 are filtered to
be excluded from the density plots. As it is presented in the figure, more materials are formed
around the low-temperature area in the optimized design, while in the right section with high
temperatures, less material is preserved. In addition, an extra truss shape is formed in the right half

of the design to support the applied force on the top.
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Figure 5.2 Density distribution resulted from coupled thermo-mechanical topology

optimization of the cantilever. a) and b) isometric view, c) top view, d) side view

5.2.3.2 Mechanical topology optimization for the cantilever

As mentioned before, one of the designs to compare with the result of thermo-mechanical
topology optimization is the geometry generated based on mechanical topology optimization. In
order to perform mechanical topology optimization for the force of F=3.5kN, the same setup is
used for optimization. Since there is no need for weight factor, performing only one optimization

is enough to produce the geometry.
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Figure 5.3 Density distribution resulted from mechanical load topology optimization. a) and

b) isometric view, c) top view, d) side view

Figure 5.3 shows the density distribution for mechanical topology optimization subjected to
F=3.5kN force. This figure shows the density distribution is more discrete compared to the coupled
thermo-mechanical optimization. In other words, less portion of the design is containing the
partial-dense elements because of suppressing the thermal load. Also, the generated density
distribution is completely symmetric, however, the symmetry feature has not been employed. The

symmetric design means the applied force is uniformly distributed.
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5.3 Manufacturing

Performing mechanical and coupled thermo-mechanical topology optimizations and extracting
relevant results, the next step is to produce STL files that are required for 3D printing. The

following steps are presenting the generation of the STL files.

5.3.1 Geometry construction

5.3.1.1 Geometry extraction from HyperMesh
One of the capabilities of HyperMesh is to produce an STL file from the FEM file. In order to

achieve this, the result of topology optimization is imported to HyperMesh using the OSSMOOTH
command. This command filters the elements with densities less than a given threshold and
preserves the remaining elements. In this study, the value of the threshold is set to 0.56 to obtain
a result with 25% of the volume of the original design (cantilever). Then, 2D elements can be
created from the imported 3D elements using another command called “Shrink Wrap”. This
command is capable to create a smooth surface. Following these steps using the mentioned
commands, a smooth geometry can be produced. The final geometries can be exported as STL

files to be used as an input to the 3D printer.

Figure 5.4 displays generated geometries using HyperMesh for coupled thermo-mechanical and
mechanical topology optimization. These figures illustrate that the surfaces of the geometries are

smoothed enough to be additively manufactured.

86



(b)

Figure 5.4 Geometries generated using HyperMesh for a) coupled thermo-mechanical, and b)

mechanical topology optimization

5.3.1.2 Geometry extraction from SolidWorks

Earlier in this chapter, the results of mechanical and coupled thermo-mechanical optimizations
were compared to other designs in this experiment. One of these designs is a simple hollow bar
that is cut to form a trapezoid shape. The other one is manually designed to withstand the applied
force on top of the part. This part is designed based on the designer's knowledge and understanding

of the force distribution.
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Figure 5.5 Isometric and 3D views of a) hollow bar, and b) designed part

The isometric and 3D views of the hollow bar and the designed part are presented in Figure 5.5.
These components are designed with the same dimensions (13x13x80 mm?®) and the same volume
(3400 mm?) to represent the same size and volume as the optimized parts thus a proper comparison
can be established. The hollow bar is generated with equal wall thicknesses of t=1.5 mm. On the
other hand, the designed part consists of a hollow bar combined with a cross-shape structure within
the design. The wall thickness of the outer structure is set to t=1 mm, and the wall thickness of the
cross-shape structure is set to t=0.9 mm. It should be noted that this part is designed especially for

AM and therefore it is difficult to manufacture it in traditional ways.
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5.3.2 3D printing

In order to print the designed components, the STL files are imported into Renishaw QuantAM
software to build the support structure for each design. After the generation of required support,
three repetitions of each component are provided to print. Ready-to-print files are presented in
Figure 5.6. In the process of creation of support structure, the least support is used for the designed
part in Figure 5.6 (d). When the files are ready, the output file is sent to Renishaw AM 400 for

printing. The material used to print these structures is Ti6Al4V alloy.

The total number of 12 components (3 of each design) were successfully printed to pursue to
the experimental test. An example of the 3D printed parts compared to the STL file is shown in
Figure 5.7 and the printed parts after removing the support structure are presented in Figure 5.8
(from left to right: parts optimized based on mechanical load, coupled thermo-mechanical load,

manually designed, and hollow bar).
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Figure 5.6 Applied support structures to the components and build plates for a) coupled

thermo-mechanical optimized, b) mechanical optimized, c) hollow bar, and d) designed part
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Figure 5.7 a) created file to print and b) printed structure based on the file

Figure 5.8 Printed parts after removing the support structure

A high-precision optical scanner, contact-free AICON SmartScan, is used to re-create an STL
file from the printed components. This is done after removing the support structures. The re-
created STL file is compared with the original STL file to estimate the geometrical accuracy of the

printed parts. Figure 5.9 shows the deviation of the printed samples from the imported STL files.
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The distortion happens because of the residual stresses induced during the printing. The maximum
deviation belongs to the hollow bar with 0.8 mm distortion on the edge of the sample. Other
samples have lower distortion because they have inner features that make these parts stiffer and
more resistant to deflection caused by the residual stress. Amongst all, the mechanically optimized

samples have the least deflection (almost half of the hollow bar).

Figure 5.9 The CCM result of the printed samples for the distortion of a) coupled thermo-

mechanical optimized, b) mechanical optimized, ¢) hollow bar, d) designed part

5.4 Experiment setup

Thermo-mechanical tests are not ordinary experiments to be performed. In order to have a
thermal and mechanical load in the same experiment, a special setup is needed to be designed.
Figure 5.10 shows the proposed experimental setup for applying thermal and mechanical loads at

the same time. First of all, a press die set is provided to form the structural base of this setup. In
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the press shown in this picture, number 1 presents the press die set ram and number 6 shows the

bed or base of the die set that is sliding through guideposts (number 9).

9, Guideposts

8, Steel bar

7, Cooler

3, Base plate S,Ts_olation
EVES

4, Test sample

Figure 5.10 Experimental setup for thermo-mechanical loads

In Figure 5.10, number 2 presents the heater employed to apply the thermal load. Also, cold
water is used to run through the copper part shown by number 7 to cool down the other side of the
specimen. The cooler and the heater are placed on a metal sheet designed for this purpose (number
3). The other task of this steel-made sheet is to act as constraints for the printed part shown by
number 4. On the top section, number 8 is presenting a steel bar that is used to apply force on top
of the printed parts. Furthermore, pieces shown by number 5 are small silicon plates used for
isolating the setup in order to lower heat loss through the contact surfaces. Figure 5.11 shows the
heater on the right, cooler on the left side of the picture. Implanted thermocouples, shown by red

circles, are connected to a controller to monitor and control temperatures on the contact points
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during the test. The test specimens are accurately placed on top of these areas to obtain a better

measurement of temperatures.

L/

Figure 5.11 The cooler and heater placed on the metal sheet

After assembling the experimental setup, it is placed between the upper and lower crossheads
of the tensile machine to apply the mechanical load. Performing a few numbers of tests, it was
difficult to reach the desired temperature due to heat dissipation through crossheads. Thus,
additional isolation was required. In order to provide more isolation, two layers of paper sheets are
placed between the crossheads and the press die set. Paper sheets are almost incompressible while

they provide enough isolation. A picture of the final setup is shown in Figure 5.12.
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Figure 5.12 Experimental setup for thermo-mechanical loading

5.5 Results

In order to perform the experiments, each one of the parts was placed on the plate, exactly on

top of the thermocouples. The process of the experiment can be explained as below:

The heater is turned on until the reading temperature from the thermocouple shows 150 °C.
Then, the cold water runs through the cooler on the right section. The next step is to wait for some
time until the heat transfer becomes steady-state with the temperatures of 35 °C on the right and
150 °C on the left side of the specimen. Then, the upper crosshead starts moving downward with
the pace of 0.15 mm.s* until the applied force becomes 3.5 kN. The crosshead subjects to a 5-
second pause and then it starts going upward to its original level. The same process was applied to

all the 12 specimens and the required raw data was extracted.

Figure 5.13 and Figure 5.14 show the plots of force vs displacement for the samples optimized

based on mechanical and thermo-mechanical deformations, respectively. The force vs

95



displacement for the manually designed part and hollow bar are presented in Figure 5.15 and
Figure 5.16, respectively. The resulted graphs are demonstrating that none of these components
are subjected to plastic deformation due to the formation of a straight line from 0 to 3.5 kN in the
loading process. In the unloading process, a drop is observed in all diagrams. The reason for this

phenomenon can be explained as below.

In the force vs displacement plots, a slope is observed at the beginning of the unloading stage.
To explain this phenomenon, it should be noted that other than the printed samples, other
components are under loading in the experiment setup as well. Mainly, the steel plate, the bar on
top, the silicon plates and the papers used for isolation are under the pressure. Amongst the parts
in the experimental setup and the samples, the ones with the highest stiffness (highest elastic
modulus) are reacting to the unloading process before others. This phenomenon can be the reason
behind the forming of the slope in the graph. Then after a short time, other components are

involved in the process and the gradient of unloading grows into the same value as loading criteria.

Also, in the generated force-displacement graphs, the area between the loading and unloading
lines can be related to hysteresis energy. Hysteresis is the dissipated energy in one cycle of loading
and unloading. The graph in Figure 5.17 is showing the average of force vs displacement for all
the samples for each design. As this graph shows, the displacement of the mechanically optimized
and thermo-mechanically optimized component are close to each other and lower than the
displacement of the hollow bar and manually designed part. A detailed comparison between the

simulated and experimental displacement is presented in the following pages.
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Figure 5.13 Force vs displacement graph for 3 samples regarding mechanical topology

optimization
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Figure 5.14 Force vs displacement graph for 3 samples regarding coupled thermo-mechanical
topology optimization
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Figure 5.15 Force vs Displacement graph for 3 samples of manually designed part
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Figure 5.16 Force vs Displacement graph for 3 samples of hollow bar
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Figure 5.17 Average Force vs Displacement graph for different designs

Specimens displacement plots based on the applied load are shown in Figure 5.18. As these
plots demonstrate, the displacement in the vertical direction is symmetric for all the parts except
the one that is designed based on thermo-mechanical optimization which is expected due to the

non-symmetrical geometry of the part.

A comparison of the temperature and displacement between the FE analysis and experimental
analyses of each sample is given in Table 5.1. In this table, the low and high temperatures on each
side of samples are presented and then the relative displacement is measured. In all the results, the
calculated errors are from 25% to 35%. These errors are caused by different sources. First of all,
the printed parts from STL files are subjected to deformation and warpage that was described
before. The mismatch of the manufactured parts with the simulated ones can increase the

inaccuracy. Also, by isolating the experiment system using the silicon plates and papers, the
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measured displacement is exposed to a significant amount of error. Similarly, the simulation
analysis does not include the press die set, the steel plate on the bottom, and the bar on the top of
the tested samples. In order to get more accurate results, these parts should be taken into account
in the simulation. Furthermore, the measured displacement is less than 0.6 mm. The low level of
displacement may raise the error of measuring by the tensile machine. Last but not least, it should
be mentioned that the tensile machine is subjected to a measurement error itself. All of these can

cause a variation between the measured and simulated displacements.
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Figure 5.18 Displacement plots based on the mechanical load in the vertical direction for a)
topology optimized based on mechanical load, b)topology optimized part based on thermo-

mechanical load, ¢) manually designed part, and d) hollow bar

Table 5.1 shows that the samples designed based on mechanical topology optimization are
stiffest components since they are subjected to the lowest displacements. The second stiff sample

is the component designed based on fully-coupled thermo-mechanical topology optimization.
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Manually designed and the hollow bar are in the third and fourth place. These results confirm that

the assumptions and simulations are correct and reliable.

Table 5.1 Comparison between the simulation and experimental results

Tem[;erature Displacement [um]
[°C]
; S
E- GE) c c
- = = @ 2 3
c 2 — = = (=) [ =i
2 = |2 |5 |2 |8 |2 |¢&
(@] frust
A g |3 | |8 |2 |5 |
1 24 146 | 454
Topology optimized based on
2 24 164 | 436 | 461 | 309 | 32.9

mechanical load

3 27 140 | 493

1 25 149 | 476
Topology optimized based on

2 25 150 471 475 347 | 26.9
thermo-mechanical load

3 27 143 | 478

1 25 150 | 556

Manually designed 2 26 150 | 542 | 544 | 353 | 35.2

3 25 149 | 535

1 26 146 | 558

Hollow bar 2 25 148 582 578 | 374 | 35.3

3 26 151 | 594

In the experimental process, in addition to recording temperature through the type K

thermocouples, the temperature gradients are also captured with a thermal camera (FLIR ONE
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Pro). The temperature gradient of the experimental setup on the tensile machine is presented in
Figure 5.19. In this picture, the heater is shown in the left area with the red color and the blue color

on the right section of the setup is presenting the cooler with connecting tubes and controlling

valve.

Figure 5.19temperature map of the experimental setup

The temperature contour map from the FEM analysis and the experiment are shown in
Figure 5.20. This figure confirms the general heat flow is simulated properly, however, the

temperatures on the left and right section (where thermocouples are located) are slightly different
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due to the inaccuracy of the thermal camera. Furthermore, the temperatures at the top middle
section of specimens show that the design based on thermo-mechanical topology optimization is
subjected to a lower temperature in that area. Thus, the thermo-mechanically topology optimized
part is not only withstanding the applied force but also, subjected to lower temperatures within the

design.

Figure 5.20 Temperature gradients in experimental and simulation for a) topology optimized
based on mechanical load, b)topology optimized part based on thermo-mechanical load, c)

manually designed part, and d) hollow bar

In the simulation, the thermal compliances for each component are presented in Table 5.2. This
table shows that the thermal compliance of the thermo-mechanically optimized component is

almost 64% of the mechanically optimized and 74% of the hollow bar and manually designed part.
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Table 5.2 Compliance of printed parts under thermal load

Thermal compliance [mJ]

Topology optimized based on

7.57x10*
mechanical load
Topology optimized based on

4.86x10%
thermo-mechanical load
Manually designed 6.43x10*
Hollow bar 6.68x10*

It should be mentioned that in the heat transfer analysis only heat transformation based on
conduction is considered. But, in the experiment, convection heat transfer and radiation are also
effecting the final temperature distributions. The effect of radiation is demonstrated by the white
circle in Figure 5.21. The brighter side of the truss in the circled area is representing a higher
temperature caused by radiation from the heater located on the left side of the picture (with the

measured temperature of around 300 °C).

Figure 5.21 Temperature contour map for the sample regarding mechanical topology

optimization
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5.6 Summary

In this chapter, the proposed optimization process is employed to perform a topology
optimization on a cantilever subjected to mechanical and thermal loads and the results are validated
by experimental studies. In addition, the optimized parts are also compared with the parts
optimized for the case that just mechanical loads exist. An STL file of all of these components is
provided and imported to QuantAM software to generate the support structure. Then 3 samples of
each design are 3D printed with the Renishaw AM 400 with the powder of Ti6AI4V. The printed
parts are compared to the imported STL files to check the geometrical accuracy of the prints. Then,
an experimental setup is designed and built to apply thermo-mechanical loads. Finally, the results
of FEM simulations are compared to the experiments and validated the design of fully-coupled

thermo-mechanical topology optimization.
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Chapter 6

Summary, Conclusion, and Future Work

In this thesis, a workflow for thermo-mechanical topology optimization based on HyperWorks,
one of the most powerful software tools available for topology optimization, was presented. In this
workflow, optimization can be performed based on fully-coupled as well as one-way-coupled
thermo-mechanical loads. Then a workflow for DfAM based on thermo-mechanical topology
optimization is proposed. In this methodology, multiple topology optimization methods based on

different initialization is required before obtaining the desired final product.

The proposed workflow was implemented to redesign a gas turbine rotor seal that is subjected
to high temperature and pressure loads as well as centrifugal load. In this study, the effects of the
weight factors, the minimum dimension filter, and the penalization factor on the optimization of
rotor seal geometry were investigated. A total number of 256 thermo-mechanical topology
optimization was performed in a 2D space. Then, the output of each optimization was analyzed by
the generated Matlab code to filter unacceptable and undesired results. In the output, 21 designs
were selected for the final review by the designer. A decision matrix was driven to present the
proper initial conditions for the thermo-mechanical topology optimization of the gas turbine rotor
seal. It is found that the generation of meaningful results from thermo-mechanical topology
optimization is more likely with the higher weight factors for pressure and centrifugal loads. Also,

it is better to use penalization factors between 4 and 8 to get the desired result.

In the last chapter, the same process was simulated on a component with a smaller scale of
complexity to validate the results of the thermo-mechanical topology optimization. First, a set of
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thermal and mechanical loads were defined on a simple cantilever to perform a coupled thermo-
mechanical optimization in 3D space. The topologically optimized part was printed along 3 other
components including a mechanically optimized geometry, a hollow bar, and a manually designed
component with the same dimensions and volume. In order to compare the thermal distribution
and mechanical performances of these parts, an experimental setup was designed and assembled.
Finally, the results of the FEM simulation were compared to experimental values. The temperature
distributions and performance of the printed samples under the loading conditions show that the

thermo-mechanically optimized components are performing as expected.

The main contribution in this theses can be summarized as follow:

1. Using the proposed methodology for DFAM, 256 simulations were performed based on
different combination of penalization factor, minimum dimension filtering, and weight
factors for pressure, centrifugal, and thermal loads. Among these simulations, 21 results

were acceptable to use.

2. The proposed methodology for fully-coupled thermo-mechanical topology
optimization is validated by the result obtained from the designed experimental setup

which applies thermal and mechanical loads simultaneously.

3. In the designed experiment, the topology optimization for thermo-mechanical load
reduced the thermal compliance by 26% with respect to the hollow bar and manually
designed part. Also, compared to the part that is optimized based on mechanical

topology optimization, there was a 36% reduction in thermal compliance.

While in this thesis the effect of a few filters and variables is investigated, for future work, more

filters can be taken into account.
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e The overhang angle is a filter that is specially designed to be used in the design for
additive manufacturing. Producing support free topologies for printing is possible using
this filter. Thus, it can be a worthy candidate to investigate and considered as a variable

in thermo-mechanical topology optimization.

e Interpolation function is another important issue that can affect the final design. The
HyperWorks software is performing topology optimization based on the SIMP method
and recently the company (Altair) presented the level-set method in their software for
topology optimization. The RAMP method can also be used in some specific
applications. The effect of these interpolation functions can be explored and examined

for thermo-mechanical topology optimization.

e Topology optimization of the lattice structures is also very challenging especially when
the component is subjected to the thermo-mechanical loading conditions. This feature
is currently not available for fully-coupled thermo-mechanical topology optimization.
Thus, in order to use this feature, one-way-coupled optimization should be

implemented.

e Manufacturability of the designed parts is a major concern in topology optimization.
This subject can be considered in the decision process of choosing the design to make
sure the final product can be manufactured properly.
Also, in the experimental validation, more accurate experimental equipment can be used to
obtain more realistic results with less deviation. Furthermore, using a more rigid setup with stiffer

isolation layers can improve reduce the deviation between simulation and experimental results.
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Appendix A

The code for checking the connectivity of design is presented below:

function connectivity_array = connectivity(points, matrix)
global mark
global picture
global queue
picture = matrix;
[row, column] = size(matrix(:,:,1));
number_of_points = size(points, 1);
connectivity_array = false(number_of_points, number_of_points);

for p_index = 1:number_of points
p = points(p_index, :);
mark = false(row, column);

queue = [p];
mark(p(1), p(2)) = true;
dfs();

for other_point_index = 1:number_of points
u = points(other_point_index, 3);
connectivity _array(p_index, other_point_index) = mark(u(1), u(2));
end
end
end

function dfs()
global mark
global picture
global queue
[row, column] = size(picture(:,:,1));
while size(queue, 1) > 0
p = queue(l, 3);
neighbors = get_adjacents(p, row, column);
for i = 1:size(neighbors, 1)
u = neighbors(i, :);
if is_connected(p, u, picture) == false
continue;
end
if mark(u(1), u(2)) == false
mark(u(1), u(2)) = true;
queue = [queue; u];
end
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end
if size(queue, 1) == 1
break;
end
queue = queue(2:size(queue, 1), 3);
end
end

function x = is_connected(p1, p2, matrix)
red_limit=uint8(200);
blue_limit=uint8(20);
if matrix(p1(1),p1(2),1) < red_limit
fprintf("---> there is an error in point (%d , %d), please check it again\n", p1(1,1), p1(1,2));
elseif matrix(p2(1),p2(2),1) >= red_limit && matrix(p2(1),p2(2),3) < blue_limit
X = true;
else
x = false;
end
end

function result = get_adjacents(p, row, column)
neighbors = zeros(8, 2);
neighbor_index = 1;
fori=-1:1
forj=-1:1
ifi==0&&j==
continue;
end
ifp() +i>row | p(2) +j>column| p(l)+i<l|p2)+j<1
continue;
end
neighbors(neighbor_index, 1) = p(1) + i;
neighbors(neighbor_index, 2) = p(2) + j;
neighbor_index = neighbor_index + 1;
end
end
result = neighbors(1:neighbor_index - 1, 3);
end
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Appendix B

The Matlab code generated for the decision-making process to sort the final results is presented

below:

clc
clear

% Entering Data
Main_Folder = input ( 'Enter the main folder directory. Main_Folder =",'s");
Main_Folder = strcat(Main_Folder,"\")

W_C = input ( \nEnter total number of W_centrifugal. W_C="),

W_P = input ('Enter total number of W_pressure. W_pressure =");

Min_Dim = input ( 'Enter total number of Min_dimention. Min_dimention =");

P = input ('Enter total number of Penalty_factor. Penalty_factor ="),

Out_File = input ( 'Enter output file name. Output_file=",'s"); % Written output file

points= input ('Enter a matrix of poits to check the connectivity ~Point_matrix =");
% for checking the connectivity

% Defining percentages for partial-dense elements
percent(1,:) ='0.0-0.1
percent(2,:) ='0.1-0.2;
percent(3,:) ='0.2-0.3;
percent(4,:) = '0.3-0.4;
percent(5,:) = '0.4-0.5
percent(6,:) = '0.5-0.6";
percent(7,:) ='0.6-0.7";
percent(8,:) ='0.7-0.8";
percent(9,:) = '0.8-0.9;
percent(10,:) ='0.9-1.0,

des =1, % design number or number of experiment
number_of scanned_files =0; % number of scanned files

%% Extracting all the results and useful information

forvar 1=11:10+W_C
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forvar 2=21:20+W_P
for var_3 =31:30+Min_Dim
for var_4 =41 : 40+P

%% Opening and reading the folder and file
filename = strcat(num2str(var_1),-',num2str(var_2),-',num2str(var_3),'-',num2str(var_4));
filedirectory = strcat(num2str(var_1),"-',num2str(var_2),"-',num2str(var_3),-',num2str(var_4),\);
foldername = strcat(Main_Folder,filedirectory,Out_File);

fileID = fopen(foldername,'r’);
file = fscanf(filelD,'%c");

iteration = 0;
for j = 1:size(file,2) - 12
from_file = file(1,j:j+12);

%% Reading CPU and simulation time
elapsed(1,:) = 'ELAPSED TIME *;
cpu(l,:))='CPUTIME

if from_file == elapsed
ELAPSED_TIME(Z,:,des) = [str2num(file(1,j+56:j+57)),str2num(file(1,j+59:j+60))];
CPU_TIME(1,:,des) = [str2num(file(1,j+120:j+121)),str2num(file(1,j+123:j+124))];
end

%% Calculating partial dense elements
dummy(1,:) = 'Density %"

if (from_file == dummy)
iteration = iteration + 1;

for i=j+10:j+280

if (file(1,i:i+6) == percent(1,:))
density(iteration,1) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(2,:))
density(iteration,2) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(3,:))
density(iteration,3) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(4,:))
density(iteration,4) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(5,:))
density(iteration,5) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(6,:))
density(iteration,6) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(7,:))
density(iteration,7) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(8,:))
density(iteration,8) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(9,:))
density(iteration,9) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+6) == percent(10,:))
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density(iteration,10) = str2num(file(1,i+8:i+14));
elseif (file(1,i:i+11) == 'Weight*Comp.")

%% Calculating Compliances
Comp(iteration,1)=str2num(file(1,i+34:i+47)); %Comp. for load 1 (Pressure)
Comp(iteration,2)=str2num(file(1,i+107:i+120)); %Comp. for load 2 (Centrifugal)
Comp(iteration,3)=str2num(file(1,i+180:i+193)); %Comp. for load 3 (Thermal)
Comp(iteration,4)=str2num(file(1,i+253:i+266)); %Comp. for load 4 (Combined)

W_Comp(iteration,1)=str2num(file(1,i+72:i+85)); %weighted Comp. for load 1 (Pressure)
W_Comp(iteration,2)=str2num(file(1,i+145:i+158)); %weighted Comp. for load 2

(Centrifugal)

W_Comp(iteration,3)=str2num(file(1,i+218:i+231)); %weighted Comp. for load 3
(Thermal)

W_Comp(iteration,4)=str2num(file(1,i+291:i+304)); %weighted Comp. for load 4
(Combined)

W_Comp(iteration,5)=str2num(file(1,i+437:i+450)); %Sum of all weighted compliances

end
end
end

%% Reading volume_fraction

read_VF ='1 VOLFR Vol-F';
if from_file == read_VF

VF(1,des) = str2znum(file(1,j+45:j+56));
end

end

if VF(1,des) < 0.338
fprintf ( "Volume fraction is less than 0.34 on folder %s\n', filedirectory)
end

density(:,11)=sum(density(:,1:10),2); % sum of densities

density(1:iteration,12)=[0:iteration-1]; % number of iterations

par_den(:,:) = density(iteration,3:8); % amount of partial dense elements is defined as elements with
density of 0.2t0 0.8

Density_matrix(1:iteration,:,des) = density(1:iteration,:);
Compliance_matrix (:,:,des) = Comp(iteration,:);
Weighted_Compliance_matrix(:,:,des) = W_Comp(iteration,:);
Partial_dens_matrix(:,:,des) = par_den;

120



Total_compliance(des,:) = [var_1, var_2, var_3, var_4, 0,
Weighted_Compliance_matrix(1,5,des)/W_Comp(1,5)];
Partial_dense_elemets(des,:) = [var_1, var_2, var_3, var_4, 0,sum(Partial_dens_matrix(:,:,des))];

%% reading images

imfile = strcat( num2str(var_1),-',num2str(var_2),-',num2str(var_3),-',num2str(var_4),".jpg";
Image_dir=strcat(Main_Folder,filedirectory,imfile);
| = imread(Image_dir);

connect(;,:,des)=connectivity(points,I);

connect_percent(des,:) = [var_1, var_2, var_3, var_4, 0, ((sum(sum(connect(:,:,des)))-
size(points,1))/2)/(size(points,1)*(size(points,1)-1)/2)*100];

%% Printing all the pictures to a folder
New_Folder = strcat(Main_Folder,'All Pictures");
if ~exist(New_Folder, 'dir")
mkdir(New_Folder);
end

im_paste_dir=strcat(New_Folder,"\',imfile);%,"jpg");
imwrite(l,im_paste_dir)

%% creating decision matrix

desicion_matrix_1(des,:) = [var_1, var_2, var_3, var_4, 0, 0, 0, connect_percent(des,6),
sum(Partial_dens_matrix(:,:,des)), Comp(iteration,4)];

desicion_matrix_2(des,:) = [var_1, var_2, var_3, var_4, 0, 0, 0, connect_percent(des,6),
Partial_dense_elemets(des,6), Total _compliance(des,6)];

number_of _scanned_files = number_of scanned_files+1;
fprintf ('Number of scanned folders = %d\n', number_of _scanned_files)
des=des+1;
end
end
end
end

xlswrite('decision matrix.xIsx',desicion_matrix_2)

%% Finding acceptable results: removing unconnected parts
C=sortrows(desicion_matrix_2,8,'descend’);

kk=1;
for ii=1:size(C,1)
if (C(ii,8)<75)
continue
end
D(kk,:)=C(ii,3);
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kk=kk+1;
end

%% Finding acceptable results: removing parts with undesired amount of partial dense elements

C=sortrows(D,9);

D=[J;

kk=1;

for ii=1:size(C,1)
if (C(ii,9)>25)

continue

end
D(Kk,:)=C(ii,:);
kk=kk+1;

end

%% Finding acceptable results: sorting the acceptable results based on normalized compliances
C=sortrows(D,10);

%% Printing pictures of the final results
New_Folder = strcat(Main_Folder,'Selected Result Pictures');
if ~exist(New_Folder, 'dir")
mkdir(New_Folder);
end

for ii=1:size(C,1)

imfile = strcat(num2str(C(ii,1)),-',num2str(C(ii,2)), -',num2str(C(ii,3)),-',num2str(C(ii,4)),".jpg");
filedirectory = strcat(num2str(C(ii,1)),-',num2str(C(ii,2)), -',num2str(C(ii,3)),-',num2str(C(ii,4)),"\");
Image_dir=strcat(Main_Folder filedirectory,imfile);

I = imread(Image_dir);

im_paste_dir=strcat(New_Folder,\',num2str(ii),"---',imfile);

imwrite(l,im_paste_dir)

end
%% Printing the acceptable results on an excel sheet

Acceptable_result=sortrows(D,10);
xlswrite(strcat(Main_Folder,'Acceptable_Result.xIsx"),Acceptable_result)
fprintf ("\n\n %d folders were scanned \n  >> End of the Process <<\n', number_of _scanned_files)
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