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TOPOLOGY OPTIMIZATION METHOD AND AUTOMOTIV BRACKET
OPTIMIZATION

SUMMARY

At today's competitive automotive industry manufacturers and developpers need to
find cost reduction ways without comprimising from quality. Optimization is being
used widely in last decade for this purposes.

The objective of this thesis to understand topology optimization methods and to
perform topology optimization for automotive engine bracket which is used to
assemble air conditioner compressor to engine. According to design rules all the
engine component's first natural frequency must be higher than engine working
frequency to prevent resonance. As a general NVH (noise, vibration, harshness) target
to ensure no resonances within the driving range. Automotive companies get most of
engine components from suppliers and this components are being used for past and
future engine projects. Suppliers are educated with project design targets and produce
parts accordingly. So components like compressor, alternator etc. are not new for every
new project and not designable for the companies directly.

At first section thesis purpose and scope is clarified. Purpose is to understand
optimization theory and optimize automotive bracket with gained knowledge.

At second section optimization theory is investigated. Mathematical algorithm is
basically showed and then optimization types explained. There are mainly 3 types of
optimization as size, shape and topology. Topology optimization produces an
optimized shape and material distribution for a structure within a given design space.

At third section software tools which are used for topology optimization explained.
HyperMesh and OptiStruct which are parts of HyperWorks that released by Altair
Engineering are used.

At forth section the optimization process of engine bracket is explained. Some basic
knowledge is given about engine front end accessory system parts and system design
requirements. Bracket material properties, bracket production method are clarified.

Bracket optimization problem stated as to maximize first mode natural frequency.
Design space is created by using Catia, finite element model is created by using
HyperMesh. By mesh model design space is discretized to small elements and for each
element OptiStruct calculated material properties. Material density of each element is
directly used as a design variable. As a design constraints first natural frequency
minimum value is defined and as a manufacturing constraint draw direction is defined.
In the casting process cavities that are not open and lined up with the sliding direction
of the die are not feasible. Draw direction constraint the material distribution in a
structure so that the die can slide in that direction.

OptiStruct result is viewed with HyperView and Ossmooth tool is used to import
conceptual design to CAD system which is part of OptiStruct package.
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Aim to obtain smooth geometry and manufacturable design. The minimum
requirements for performing a topology optimization are that a design variable to be
set and an objective function to be defined. Mostly design variable is directly related
with the design space which the objective function will be active. To know this basic
but essential definitons will help us to describe our problem and our aim in other words
what we are looking for and after that program will calculate according to our inputs
and at the end engineering judment will have crucial impact.
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TOPOLOJi OPTIMiZASYON METODU VE OTOMOTIiV BRAKETININ
OPTIMiZASYONU

OZET

Son yillarda otomotiv endiistrisinde rekabetin artmasiyla kaliteden taviz vermeden
maliyet azaltabilme yontemleri 6nem kazanmistir. Maliyet azaltmaya en cok katkiy1
da iirlin dizaymi siiresince harcanan zamani ve kullanilan malzemeyi minimuma
indirmek saglar. Bilgisayar destekli analizle hizl1 ve giivenilir sonugclar elde edilir. Iste
bu noktada optimizasyon yontemi devreye girer. Modeli olusturulmus dizayn kriterleri
tanimlanmis bir parcanin liretim agsamasina gegmeden bilgisayar analiz programlari ile
optimizasyonu yapilabilir.

Bu tezin amaci topoloji optimizasyon metodunu anlamak, yapilan caligmalari
incelemek ve otomotiv motor eleman1 olan kompresor braketinin gerekli bilgisayar
programlarini kullanarak optimizasyonunu yapmaktir.

Topoloji optimizasyonu genellikle dizayn siirecinin baslarinda optimum malzeme
dagilimi saglamak amaciyla kullanilir. Amag yer degistirme, rijitlik, dogal frekans gibi
kisitlar1 saglayarak en uygun tasarimi bulabilmektir. Genellikle optimizasyon
probleminin amac1 ¢dziim fonksiyonunu maksimize ya da minimize etmektir. Ornegin
iiriin fiyatin1 minimize etmek ya da dayaniklilik fonksiyonunu maksimize etmek.
Optimizasyon miihendislik problemlerinin ¢dziimii haricinde giinlik hayatta da
kullandigimiz bir aractir. Yeni bir ara¢ almaya karar verdigimizde fiyat, motor
performansi ve verimi gibi parametreler karsimiza ¢ikar. Her ne kadar ucuz, verimli
ve gliclii motora sahip olan araci segmek istesek de her kosulda en iyiyi se¢mek
miimkiin olmayacaktir. Boyle bir problemi ¢ézerken birden ¢ok kriter géz Oniinde
bulundurulacak ve uygun olan segilecektir (multiple criteria optimization).

Optimizasyon, boyut optimizasyonu, sekil optimizasyonu ve topolojik optimizasyon
olmak ftizere ii¢ baslik altinda incelenebilir. Boyut ve sekil optimizasyonunda genel
ama¢ par¢a dayanimini artirmak ve gerilme yigilmasimi azaltmaktir. Boyut
optimizasyonunda yapinin sekli bilinmektedir ve amag parcalarin boyutunu
degistirerek yapiy1 optimize etmektir. Ornek olarak metal levhanin kalinligi dizayn
degiskeni olarak secilebilir. Sekil optimizasyonunda ise yaricap, egiklik, kavisler
degisebilir. Topoloji optimizasyonu ise belirlenen tasarim alaninda en uygun
elemanlar1 segerek sonuca ulasmaktir. Topoloji optimizasyonundan ¢ikacak par¢canin
sekli 6nceden bilinmez. Bu tarz problemlerin ¢dziimiinde sonlu elemanlar yontemiyle
dizayn alani kii¢iik elemanlara ayrilir. Daha sonra bu elemanlardan hangilerinin dizayn
icin 6nemli oldugu belirlenir.

......

da dogal frekansi maksimum yapan en iyi malzeme dagilimimi bulmaktir. Topoloji
optimizasyon problemlerinin ¢éziimiinde kullanilan homojenlestirme metodu 1988
yilinda Bendsoe ve Kikuchi tarafindan gelistirilmistir.
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Topoloji optimizasyon problemlerinin ¢dziimiinde yaygin olarak kullanilan diger bir
yontem olan yogunluk metodu (density method) ise R.J. Yang ve C.H. Cuhang
tarafindan 1993 yilinda gelistirilmistir. Bu metod literatiirde malzeme dagilim metodu
(material distribution method) olarak da adlandirilmaktadir.

Yogunluk metodunda malzeme yogunlugu O ile 1 arasinda degisir ve optimizasyon
probleminde tasarim degiskeni her elemanin yogunlugudur.

Iki boyutlu elemanlarda yogunluk malzeme kalinhigina gére belirlenir. Uc boyutlu
elemanlarda ise yogunluk metodunu uygulamak o kadar kolay degildir. Yogunlugu 0
olarak kabul edilen eleman tasarim alanindan bosaltilir ve 1 olan elemanlar tasarim
alaninda kalir. Yogunlugu 0 ile 1 arasinda kalan elemanlara ise penalizasyon
(cezalandirma) yontemi uygulanir ve yogunluk 0 veya 1 olmaya zorlanir.

Homojenlestirme metodunda par¢a mikroyapisal olarak kabul edilmekte ve bu yap1
homojenlestirilmektedir. Mikroyapt malzeme i¢cermeyen bosluklu, malzeme igeren
dolu ve bir kism1 malzeme igeren bir kismi icermeyen olmak iizere ii¢ gruba ayrilir.
Optimizasyon siirecinde mikroyapilar, kat1 ve bosluk arasinda degisir. Eger mevcut
malzeme miktar1 belli ise malzeme yapinin bir kismindan diger bir kismina hareket
edebilir. Bu nedenle yapilarin topoloji tasarimi, belirlenen uygun yapisal alan iginde
optimal malzeme dagiliminin bulunmasi olarak ele alinabilir.

Optimizasyon yontemleri hakkinda bilgi verildikten sonra tezin ikinci agamasinda
kullanilan bilgisayar programi ile ilgili bilgi verilmistir. Bu tezde Altair Miihendislik
firmasinin yayiladigi HyperWorks programi kullanilmistir. Parcanin sonlu elemanlar
yontemi ile mesh modelini olusturmak i¢in bu programin arayiizii olan HyperMesh,
optimizasyon ¢aligmasini yapmak i¢in de yine bu programin araci olan OptiStruct
kullanilmistir. Optimizasyon sonucu ise HyperView’de goriintiilenmistir. OptiStruct
programiyla statik, modal, termal olmak {izere bir¢ok farkli analiz yapilabilir.

Optimizasyon terminolojisini kavramak tasarim problemini dogru tanimlayabilmek
i¢in gereklidir. Optimizasyon siiresince dizayn edilebilir kisim ya da pargalar tasarim
alan1 olarak nitelendirilir. Tasarim alan1 belirlenirken sistemin paket kisitlamalar1 esas
alinir. Tasarim degiskeni optimize edilecek parametrelerden olusur. Tasarim alani ve
tasarim degiskenleri belirlendikten sonra ama¢ fonksiyonunun tanimlanmasi gerekir.
dogal frekansi artirmak olabilir. Tasarimin kabul edilebilir olmasi i¢in saglanmasi
gereken kosullara da tasarim kisitlar1 denir. Ornegin amag fonsiyonumuz agirlig
azaltmak ise kisit emniyet gerilmesi olabilir. Agirlik ancak emniyet gerilmesinin izin
verdigi miktarda azaltilabilir.

Bu tezde optimizasyonu yapilan parca klima kompresoriinii motora baglamaya
yarayan brakettir. Amag braketin ilk dogal frekansin1 motorun calisma frekansiyla
cakismamasi i¢in artirmaktir. Bu braket motor kayis kasnak sistemine ait bir pargadir.
Kayis kasnak sisteminin amaci biitiin siirlis kosullarinda elemanlara (alternatér,
kompresor..) gli¢ iletimidir. Optimizasyonu yapilan braket dinamik yiiklere maruz
kaldigindan sistemin rezonans frekansinda titresmesine sebep olabilir. Buna engel
olmak i¢in sistemin ilk dogal frekansinin motor maksimum devrine gore belirlenen
frekans degerinin tizerinde olmasi gerekir. Ele aldigimiz motor maksimum devir sayisi
4200 devir olan dizel bir motordur, 4200/60’dan 70Hz, 4 silindirli bir motorda
patlamalar 2 cevrimde bir olacagindan 70x2=140 olur. Bu degere %30 emniyet
ekledigimizde hedef deger 182 Hz olarak elde edilir. Bu demektir ki, motorun ¢alisma
frekansiyla sistemlerin dogal freakansinin ¢akismamasi i¢in, motora baglanan dogal
frekans1 182 Hz’den biiylik olmalidir.
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Yukarida bahsedilen optimizasyon adimlar1 brakete uygulanirsa Oncelikle varolan
tasarimin sorunu ifade edilmelidir. Bu ilk tasarimin bir 6nceki motor ailesinden oldugu
gibi alinarak yeni motor tasariminin hedeflerini saglamasi amaglanmustir. ilk
tasarimdan tez boyunca “base model” olarak bahsedilmistir.

Base modelin frekans analizi yapildiginda ilk dogal frekansi 167 Hz ¢ikmistir. Sonug
olarak 182 Hz olan hedefin altindadir. Bu duruma gore optimizasyon problemi ilk
dogal frekans1 182 Hz’den biiyiik yapmak, bunu yaparken de kiitle azaltmak olarak
ifade edilmistir. Base modelin agirligi 1000,5 gramdir.

Optimizasyonun amaci belirlendikten sonra tasarim alani berlirlenir. Braketin baglanti
noktalari, parca eklenip ¢ikarilmasini engellemek amaciyla tasarim alaninin diginda
birakilmalidir. Tasarim alani sonlu elemanlar yontemiyle elemanlara ayrilir, yani mesh
modeli olusturulur. Mesh modelde ikinci dereceden tetrahedral elemanlar
kullanilmistir. Optimizasyon amag fonksiyonu frekansi 182 Hz’in iizerine ¢ikarmaktir.

Braketin malzemesi AISi9Cu’dur ve braket yliksek basingla kaliba dokiim yontemiyle
dretilir. Bu iretim yoOntemiyle daha hafif alasimlardan parca iiretilerek agirlik
azaltilmasiyla ara¢ perfomans ve yakit tiikketimine pozitif etki saglanir. Optimize edilen
braketin lretilebilir olmas1 i¢in OptiStruct programinda kaliptan ¢ikis yonii liretim
kisit1 olarak tanimlanmustir.

HyperMesh programinda yukarida belirtilen amag¢ fonksiyonu ve kisitlar
belirlendikten sonra model OptiStruct’da ¢ozdiiriiliir. Sonu¢ HyperView’de
degerlendirilir. Cikan sekil frekans kosulunu saglamaktadir. Ancak OptiStruct’tan
¢ikan parganin bir design programi yardimiyla seklinin diizeltilmesi gerekir. Konsept
dizayn1t CAD sistemine aktarabilmek i¢in OptiStruct’da yer alan OssMooth araci
kullanilir. Buradaki amag diizgiin ve liretilebilir bir geometri elde etmektir. Parcanin
yeniden dizayni i¢in CATIA kullanilmistir.

Optimizasyondan ¢ikan parcaya iiretilebilecek bir sekil verildikten sonra bu en son
tasarimin da hedefleri saglayip saglamadigina bakilmasi gerekir. Yine en basta
yapildig1 gibi bu en son tasarimin mesh modeli olusturulur ve frekans analizi yapilir.
Analiz sonucunda parcanin ilk dogal frekanst 186 Hz’e ¢ikmistir. Ayni1 zamanda
parcanin kiitlesi de 972 gramdir ve ilk dizayna gore 28 gr azalmustir.

Sonug olarak hedef frekans degeri saglanmis ve bunun yaninda kiitle azaltilmistir. Bu
calismada braket modeli olusturulurken sistem etkilesimlerinin de analize katilarak
gercege yakin sonuglarin elde edilebilmesi i¢in motorun mesh modeli olusturulmus ve
braket motora baglandig1 gibi pozisyonlanarak analize sokulmustur. Optimizasyon
brakette yapilacagi i¢in braket disindaki diger motor parcalari tasarim alaninin disinda
tanimlanmistir (non-design space). En son elde edilen tasarim, projenin ilerleyen
sathasinda ara¢ dayaniklilik testinde kullanilacak, testi tamamladiginda seri iiretim
onay1 almig olacaktir.

Elde edilen son tasarimin kullanilabilirligini gérmek amaciyla yine HyperWorks
programi kullanilarak gerilme analizi yapilmistir. Gerilme analizinde kuvvet girdisi
olarak brakete maksimum yiikleme durumunda gelen kuvvetler ve yercekimi kuvveti
dikkate almmigtir. Maksimum gerilme degeri maksimum yiikleme durumunda
malzeme akma degerinden %60 kiiciik olmalidir. Malzeme AISi9Cu’nun akma
dayanim1 130 Mpa oldugundan analiz sonucunda gerilmeler 78 Mpa’dan kiiciik
olmalidir. Analiz sonucunda bulunan maksimum deger 51 Mpa’dir, hedefi
saglamaktadir.
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1. INTRODUCTION

In today’s market engineering business is getting more and more competitive industry.
Manufacturers need to find solutions to reduce cost without compromising quality and
performance. With computer aided design faster and reliable solutions can be obtained.
Using optimization software results efficient design of products especially where we
need high performance and cost saving study such as automobile, aeronautic,

electronics industry.

Topology optimization is often used early in the design process to define the optimum
part layout and this method provide optimal design for given design spaces, given

loads and boundary conditions.

In this study topology optimization methods will be described and such a trial case

automotive bracket will be optimized by using software applications.

1.1 Thesis Purpose

The purpose of this thesis is to understand what optimization is and provide
information about performing optimization tool software by optimization of FEAD

(Front End Accessory Drive) compressor bracket.

1.2 Scope

The scope of thesis will be basic theory of topology optimization and application by
using HyperWorks OptiStruct tool. The mathematics behind the different optimization
method is not investigated in detail. System model and material conditions are
obtained from FEAD system engineering team. Derivation of them are not scope of

this study.



1.3 Literature Survey

There are numerous resources related with optimization. In this section similar samples

with this study will be summarized.

Optimization of Front Axle Mounts Vibration Characteristics for Driveline

Integration with Chassis (GM,2012) is done by Vasudeva Rao and Soundararajan.

A driveline is used to transfer torque and speed from engine to wheel and bracket
attachments designed to get the dynamic stiffness which can provide vibration
isolation form vehicle structure. Modal analysis is carried out to determine the natural
frequencies of bracket. First mode natural frequency is 520 Hz which must be higher
than 600 Hz. Objective function is defined as to maximize the frequency by

introducing stiffeners at more strain energy location to the bracket.

Mom Design romes

Figure 1.1: Design and non-design zone of driveline bracket.

Base Design Optimized Design Final Design
Mass=1.35kg Mass= 1.2 Kg

Figure 1.2: Optimization results of the driveline bracket.

First bending mode is improved %21 which is above 600 Hz. (Rao & Saundarajan,
2012)

B. Sreedhar and U.Naga Sasidhar (Hyundai,2012) studied on topology optimization of

engine mounting bracket.



The engine mount sistem includes an engine, three to four engine mounts and a
foundation. Engine need to be properly constrained and isolated due to the vibration

issues.

The design space of the mounting bracket is available space which does not interfere
with any surrounding components when being held in steady or work condition. The
aim of the topology optimization is to minimize the volume without affecting the

bracket stiffness and strength compared to base bracket.

Figure 1.3: Design space of engine mounting bracket.

Constraints are from durability point of view is stress limit value and from
manufacturing point of view is single draw direction. At the end of the process

unnecessary material removed from the design space.

Figure 1.4: Optimization output and optimization based CAD model.

Comparing with original design of mounting bracket, the mass on the final design is
reduced by 20% and it is strong enough in fatigue and strength with improved
frequency and stiffness values (Sreedhar & Sasidhar, 2012).

Claudia Raffaldini's (University of Parma) thesis is structural optimization in the
automotive industry. She examined engine alternator bracket and optimized according

to system design targets. This bracket used to connect the alternator to the engine.



Bracket is subjected to dynamic loading that could make the system oscillate at its
resonance frequencies. To avoid system's natural frequency of the normal mode must
be increased over 250 Hz. This is the aim of the optimization. First of all modal

analysis need to be conducted to see existing bracket's natural frequency value.

Figure 1.6: Bracket design changes during the optimization process.

Optimization result is reconstructed with OSSmooth tool and modified by CAD
program. System natural frequency increased from 244 Hz to 273 Hz (Raffaldini,
2011).

From above 3 samples it can be seen that topology optmization process is need to be
well explained before any analysis run. At first the issued part need to be considered
as design space where optimization will be realized. In addition it can be seen that
analysis result need to be re-shaped to have manufacturable design and then analysis
need to be re-run to see if the final design is at the safe side from frequency, durability

or stress targets point of view.



2. OPTIMIZATION THEORY

Optimization is automatic process to make a system or component as good as possible
based on an objective function, given design space and constraints. Topology
optimization aims to find best use of material by achieving requirements such as
stiffness, eigenvalues, displacement (Bendsee, Optimization of Structural Topology,
Shape and Material, 1995). The objective of optimization problem is generally
maximization or minimization of function. For example minimization of cost, time or
maximization of eigenvalues. As an example cost function can be considered.

Minimization of cost function can be shown as: (Rao., 1996)

x1
x2
- - o , gi(x)<0,i=12,...m
Findx x = which minimizes f(x) subject to hj(x):O =12n (2.1
xn

where x is the vector of design parameters and f(x) is the cost function. The functions
gi(x) and hj(x) are called the inequality constraint function and the equality constraint
function respectively and they define the constraints of the problem. This is called as

a constrained optimization problem.

2.1 Multiple Criteria Optimization

For most of studies we need to consider multiple objectives. Ehrgott says optimization
problem is to choose among set of alternatives an optimal one where optimality refers
to certain criteria, according to which the quality of the alternatives is measured. When
man decide to buy a new car decision will be made according to price, engine
efficiency and power (Ehrgott, 2005). Cheap, efficient and powerful model will be

choosen. But it is not possible to find the best from every aspect.

As an example we consider mathematical problem with two criteria and one decision

variable.



Example 2.1 Funtions are

Si(x)=(x+1)

fz(x):x2—4x+5:(x—2)2+1

2.2)

And we want to minimize both over the nonnegative real line :

min(f; (x). ./ (x)).

2.3)

filz) = vz +1

Figure 2.1: Model problem graphical sample.

The question is what are the minima and the minimizers in this situation? Note that

again, for each function individually the corresponding optimization problem is easy :

x1=0 and x>=2 are the unique minimizers for fi and f>.

2.2 Structural Optimization

For structural optimization aim is to find optimal material distribution according to

given design domain or space. Some common functions are to minimize mass,

displacement or maximize eigenvalues. By structural optimization new holes, voids

can be added to structure. Structural optimization can be divided to three: size

optimization, shape optimization and topology optimization (Klarbring & Christensen,

2009).



Figure 2.2: Different types of optimization a) size optimization b) shape
optimization c) topology optimization.

2.2.1 Sizing optimization

For sizing and shape optimization generally main concern is increasing strength and
reducing stress concentrations. For sizing optimization shape of the structure is known
and the aim is to optimize structure by adjusting sizes of the components. For example,
thickness of sheet metal can be design variable in order to find optimum solution with

regards to weight, stress, displacement (Klarbring & Christensen, 2009).

2.2.2 Shape optimization

With sizing optimization topology of the structure is known. In shape optimization
fillets, chamfers, radius can be changed. The optimization algorithms will not include

removed holes, it is to adjust the ones specified in the analysis.

2.2.3 Topology optimization

Topology optimization is selecting the best elements in a given design domain or space
that maximize the use of material. By assigning a valid design space and the boundary
conditions like loads computer aided software are able to predict the optimal structure.

From a given design space the purpose is to find optimum distribution of materials.

With topology optimization resulting shape or topology is not known. To solve this
kind of optimization problem finite element method (FEM) is used by dividing design

space to discrete elements.



Then to find which are these elements are substantial which are not. This method called
SIMP (Single Isotropic Material with Penalization) (Rozvany, 2000). There are two
main solution ways to solve optimization problem with SIMP, density and the

homogenization method.

2.2.4 Density method

For density method material density is between zero and one. The design variable of
the optimization study is density. If we consider elements in 2D it is possible to
represent density as a changing thickness of plate. But for the 3D it is not easy to
determine design variable from density point of view. Elements should be seperated

as solid or empty. For intermediate densities penalization need to be implemented.

Without penalty the relation stiffness—material cost is linear, E = pE”0, where E is the
elasticity tensor and p is the density, 0 < p < 1. One popular method to achieve
penalized intermediate densities is by letting the stiffness of the material be expressed
as E = p”*p E*0 (Bendsee, Optimization of Structural Topology, Shape and Material,
1995).

If element’s density is O this element is removed and if it is 1 this element will stay in

design domain. If it is neither 0 nor 1 density is penalized and forced to be 0 or 1.

Where p is a penalization factor greater than zero, typically 2 — 5. In literature the
density method together with this penalization is often called the SIMP method (Solid

Isotropic Microstructures with Penalization) (Rozvany, 2000).

2.2.5 Homogenization method

This method first introduced by Kikuchi and Bendsoe. The idea is to assume material
density as a microstructure. The microstructure is a composite material with an infinite
number of small voids (Bendsee, Optimization of Structural Topology, Shape and
Material, 1995). This leads to composite that can have a density between %0 and

%100. Microstructure type can be square holes as showed in example below.

For a layered microstructure the elasticity can be found analytically, but for most other
types of microstructures the elasticity needs to be calculated numerically by using the
finite element method for different sizes and then interpolating between these values
(Bendsee & Kikuchi, Generating optimal topologies in structural design using a

homogenization method, 1988).



The microstructures do by themselves provide some penalization on intermediate
densities but this is most often not enough and some additional penalization need to be

introduced (Rozvany, 2000).

The optimization is then carried out similarly to the density method. The problem is
discretized into finite elements with the design variables (hole sizes and rotation)

assumed to be constant over each element.

pE)

. Microstructure

Unit cell 1 Unit cell
: My
% <

Perforated Layered
microstruture p \A) microstructure

Figure 2.3 : Examples of microstructures with rotation in 2D: a) Microstructure with
rectangular holes and b) Layered microstructure. (Hans, 2001)

Layered microstructures consists of unit cells. This unit cells’ position angle, shape
and its perforated structure are important to define elasticity module.
In this thesis subjected bracket material isotopic. OptiStruc uses density method for

isotropic materials and homogenization method for anisotropic materials.



2.3 Numerical Problems in Topology Optimization

The topology optimization method has reached a level of maturity where it is being
applied to many industrial problems and it has widespread academic use. Despite its
level of matureness, there still exist a number of problems concernig checkerboard,
mesh-dependence and local minumum issues. (O.Sigmund, J.Petersson , 1998)

Checkerboard consists of optimized results with black and white patterns. At first it
was believed that this kind of regions are optimal microstructure but then it was seen

that checkerboard patterns are shows unrealistic stiffness value.

Figure 2.4: Checkerboard patterns on optimized structure.

By using higher order elements for finite element modelling checkerboard effect can
be prevented.

Mesh-dependence is can be seen from below figure. First problem is solved by using
600 finite elements and then with 5400 elements. With higher element number much

more detailed structure is obtained.

Figure 2.5: Solution by using 600 elements.

Figure 2.6: Solution by using 5400 elements.

In OptiStruct checkerboarding is controlled by the methods applied for the future when
MINDIM command is activated. MINDIM is should be at least three times greater
than the average element size. And if manufacturing containts ( chapter 5) are applied,
minimum member size control is always activated.

In OptiStruct gradient-based optimization method is used. When the problem is convex

there will a one solution which is global minimum.
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But in reality most of the engineering problems are consist of non-convex issues. When
solving non-convex issue local minimum solutions can be obtained while seeking for

global optimum solution.

fix)

Figure 2.7: Convex problem, global mininum solution.

f(x) ’
Cc
[

Figure 2.8: Non-convex problem, local and global mininum solutions.

For non-convex problem iteration beginning points will effect the solution. If iteration
starts from point A solution will be point P which is local minimum solution. With
this, penalization factor will increase step by step for each iteration thus 0-1 result is
not acquired in one step. This kind of approach will increase the chance to get gloabal
minimum solutions.

In OptiStruct with multiple starting point optimization choice convergence to global
optimization can be increased but it does not guarantee that obtained solution is 100%

gloabal minimum. However, it has strong effect to find global solution.
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3. SOFTWARE TOOL REVIEW

For this thesis OptiStruct 12.0 from Altair Engineering software is used to solve
optimization problem. To set up the model HyperMesh is used which is also released
by Altair Engineering. HyperMesh is used to mesh design space and set up the problem
to be solved by setting boundary conditions. Then data file from HyperMesh to
OptiStruct is exported. And the result is evaluated by using HyperView.

<
U

Optimization problem definition constraints and objective
function clarification

Bracket base model modal analysis
Bracket design space creation

Design space discretization to elements =meshing

U

OptiStruct results evaluation

Figure 3.1 : Optimization process workflow.
3.1 OptiStruct

OptiStruct is the solver for structural optimization. It is started out as a research code
at university in 1991. The only problem solved was the minimization of weighted
compliance and eigenfrequencies using the homogenization method. OptiStruct do not
have any graphical interface, the full problem formulation is made using HyperMesh
and any other options are supplied via the command line. OptiStruct is capable of
performing a range of different finite element analysis including static, modal,

buckling and thermal analysis.

Different types of loads such as point forces, pressure, gravitational loads, thermal

loads, etc., can be applied (Inc A.E., 2013).

13



OptiStruct capabilities are sorted below.

Analysis Types Include:

e Linear and Non-static Analysis

e Nonlinear Implicit Quasi-static Analysis

e Normal Modes Analysis for Real and Complex Eigenvalues

e Linear Buckling Analysis

e Direct and Modal Frequency Response Analysis

e Random Response Analysis

e Linear Direct and Modal Transient Analysis

e Coupled Fluid-structure (NVH) Analysis

o Linear Steady-state and Transient Heat Transfer Coupled with Static Analysis

Optistruct provides comprehensive solutions to simulate stiffness, strength and
stability, noise and vibration, powertrain durability, thermal analysis, kinematics and
dynamics, and more. Optistruct's award-winning design-synthesis technology uses the
topology optimization approach to generate innovative concept-design proposals. In
the initial phase of the development process, the user enters the package space
information, design targets and manufacturing process parameters. OptiStruct then
generates a manufacturable design proposal that is optimized for the given design
targets. The manufacturing process parameters are important in achieving
interpretable, feasible designs. In sheet metal parts, beads are often used to reinforce

structures (Inc. A.E., 2013).

3.1.1 Topology optimization with OptiStruct

As indicated before topology optimization generates optimized material distribution
for a set of loads and contraints within a given design space. The classical topology
optimization set up solving the minimum compliance problem, as well as the dual
formulation with multiple constraints are available. Constraints on Von Mises stress
and buckling factor are available with limitations. Manufacturing constraints can be
imposed using a minimum member size constraints, draw direction constrints,

extrusion constraints, symmetry planes. (Inc. A.E., 2013)

OptiStruct uses an iterative procedure known as the local approximation method to

solve the optimization problem.

14



This method determines the solution of the optimization problem using convergence
test, response screening to retain potentially active responses, design sensivity analysis
for retained responses. To achieve a stable convergence, desgin variable changes
during each iteration are limited to a narrow range within their bounds, called move
limits. The biggest design variable changes occur within the first few iterations and,
due to an advanced formulation and other stabilizing measures, convergence for

practical application is typically reached with only a small number of FE analysis.

3.1.2 Software usage

As a first step design problem need to be defined. Optimization statement can be find
by asking: what is our criterion for “‘best’" design , what are the available means, how
do we describe different designs. To be familiar with optimization terminology design

space, design variables, objective function, constraint function need to be defined.

Design space : Selected parts which are designable during optimization process. It can

be based on the existing system packaging constraints.

Design variables : System parameters that are varied to optimize system performance
that affects the value of the objective function. Design variables defines which
elements subject for optimization. The design variable is created by using dialog box

in HyperMesh. Solid or shell elements can be used as design elements.

Objective function : Any response function of the system to be optimized. The
response is a function of the design variables.The function that will be minimized,
maximized or that will reach a target value. Examples of objective functions can be to
maximize the stiffness in a structure or to minimize the stress at a certain point in a

structure.

Constraint functions: Bounds on response functions of the system that need to be

satisfied for the design to be acceptable.

Constraint function is derivated from one of the response functions. Manufacturing

constraint will be defined in section 5 in detailed.

15



Figure 3.2 : Beam optimization problem.

20<b<40 30<h<90

min Weight (b, h) — ObjectiveFunction
G(b,h) <70 Mpa
T (b, h) < 15Mpa...h > 2b — ConstraintFunction

To perform optimization with OptiStruct, FE model need to be created. HyperMesh is
used to meshed the model. In FE modeling boundary conditions, load cases need to be

set up.

Different type of meshes should be used to get more reliable model. If the objective
function is to maximize the eigenfrequencies a load step that calculates the desired

eigenfrequencies must be defined.

For size and shape optimization it is sufficient to mesh existing component only, for

topology optimization whole design space need to be meshed.

Optimization objective: Contsraints and objective defined similar way in OptiStruct.
At first response need to be created. Response can be used either as an objective
function or as a constraint. In the following sections optimization terminology will be
deeply presented by on the basis of engine accessory bracket case study. Two
responses will be defined on the program such as frequency and volume fraction
restriction. One of them will be defined as a objective function and the other as a

constraint fuction.

At section 1.3 Literature Survey samples for objective function and constraint fucntion

can be reviewed which were gathered from similar studies with this thesis.

Before we start optimization we ensure that FE model is available and design and non-

design space of elements are defined.
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4. ENGINE ACCESSORY DRIVE SYSTEM

In this section A/C (air condition) compressor bracket which is part of engine
accessory drive system will be optimized to achieve first natural frequency target and
mass reduction. At first some basic knowledge about engine accessory drive system

will be explained.

4.1 Engine Accessory Drive System Design Basics

Front End Accessory Drive system objective is to transmit power to turn the various
accessories with maximum efficiency under all driving conditions without the driver

knowing the job is being done.

Figure 4.1 : Engine accessory drive system (engine front view).

System should have minimum friction and capable of operating in extreme
environments (temperature, dust, oil). No NVH (noise, vibration, harshness) issues due
to belt noise should be seen and naturally it must be durable. Requiring minimum

maintenance.

FEAD system parts are : Tensioner, Belt, Pulleys, Brackets, Hardware and they have
interaction with Alternator, AC (Air Conditioner) Compressor, Crank Pulley, Cylinder

Head, Cylinder Block.
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Figure 4.2 : Engine front end accessory drive system (side view).

To determine the natural frequencies and hub loads of accessory drive system some
CAE analysis are required. To perform CAE analysis real test data is required such as
customer usage profile. It means of quantifying customer frequency of use, customer
imposed loads on the system. It covers expected product life and use for hub load
histograms for accessory design and key life testing of components. (Data derived
from in the Public Road Vehicle Database shows percentage time spent at different
engine speeds over a number of driving cycles for a typical passenger car and

percentage of time spent at different engine loads).

Typical percent time at engine load

— 5% hoad
70 {005 load

Perent time
&

o 500 1000 1500 20 2500 3000 3500 4000 4500 50
Engine speed [min"]

Figure 4.3 : The graph is the average of all driving styles. (shows that city drivers
will spend high percentage of their time at idle speed).
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4.1.1 Accessory design target

The design target requires that first natural frequency of the accessory assemble is 30%
above the engine maximum firing order frequency. For example if the maximum
engine rpm is 6000; 6000 rpm/ 60x2x1.2=240 Hz. Hence frequency target for first
natural frequency should be higher than 240Hz.

Good bracket design uses a closed box structure which gives maximum stiffness plus

good torsional stiffness.

Typical cast designs are hollowed from the rear, with cross-bracing ribs, usually to
connect block attachment points to accessory mounting locations to provide a direct

load path.

#

1 Crank Shaft Pulley 2 Lower FEAD Bracket
3 FEADBelt 4 AC Compressor

5 Alternator 6 FEAD Tensioner

7  Upper FEAD Bracket

Figure 4.4 : Front end accessory drive system parts.

Bracket material is AlSi9Cu which is universal alloy with very good castability

suitable for pressure die casting.

High pressure die-cast components reduces vehicle weight so it has positive impact on
performance and fuel efficiency. Die casting is the process of forcing molten metal
under high pressure into the cavities of reusable steel molds. Upon solidification, the
liquid metal takes the shape of the inner surface of the die (Andresen, 2005). The high-
pressure die casting (HPDC) process is widely used for manufacturing various
automotive thin-walled components for structural applications with wall thicknesses

typically ranging from 1 mm to 8§ mm.
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The ability to hold close dimensional control, cast complex shapes with fairly uniform
microstructure, and minimize secondary machining operations, makes the HPDC

process competitive for many high volume applications.

Advantages of cast components include reduction in vehicle weight, thin walls with
intricate shapes, increased design flexibility, complex geometry, part integration,
reduced tooling investment, and improved dimensional control and accuracy, and

smooth surface finish (1—2.5 um); in many cases, post-machining can be totally

eliminated.
die
~-—— L
rd
[ I 1  — casting cavity
./I
//’ metal ladle
-y
chamber
b I | injection piston
moving fixed
platen platen

Figure 4.5 : High pressure die casting (Learneasy, 2015).

Aluminum casting temperature is 650 °C. Pure Aluminum shrinks too much, and
suffers hot cracking. It is alloyed with Silicon, which increases melt fluidity, reduces
machinability. Silicon 9%, Copper 3.5%. Silicon increases the melt fluidity, reduces
machinability, Copper increases hardness and reduces the ductility. High silicon alloy
is used in automotive engines for cylinder castings - e.g.17% Silicon for high wear

resistance.
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5. BRACKET TOPOLOGY OPTIMIZATION

A/C compressor bracket subjected to dynamic loading that could make the system
oscillate at its resonance frequencies. To avoid this, system’s natural frequency of the
first mode must be increased over an threshold which is calculated according to
maximum engine rpm and possible to reducing weight of the part by assigning volume

fraction factor to design space.
Maximum engine rpm is 4200. 4200/60x2x1.3 =182 Hz hence ;
Target > 182Hz

Constraint Mass < Initial Mass (not more than defined volume fraction)

Table 5.1 : Material properties of AlSi9Cu.

Density 2.7e7% ton/mm?
Elastic modulus 70000 Mpa
Poisson’s ratio 0.29

According to this objective function should be to reach maximum first natural
frequency while decreasing the volume. Constraint is not to remove more than 50% of
design space volume. While defining objective function frequency value is not defined
as aim 1is to maximize it as much as until to reach constraints.

In addition to natural frequency target well designated bracket have to achieve
maximum stress target. Maximum Von-misses stresses under maximum hub load or
thirty times under gravity force (30g) loading must be lower than %60 of the material s
yield value. As yield values of AlSi9Cu is 130MPa,Von-Misses stresses should be

lower than 78 Mpa. Design targets are summarized at below table.

Table 5.2: Bracket design targets.

First Natural Frequency oRI> 182 Hz

Maximum Von-Misses Stress omax < 78 MPa

21



In this section optimization process is presented step by step beginnig with desgin

space creation and ending with latest design part .

5.1 Natural Frequencies and Undamped Multiple d.o.f. Free Vibration

Free vibration means that load which affects to part is zero. System's natural frequency
need to be seperated from its under dynamic loads frequency. For natural frequency
analysis of automotive bracket damping effect is assumed as zero. If there is no
damping motion will be harmonic and described by u = u'sinwt where u is the

amplitude of vibration and w is its circular frequency. The cyclic frequency is f=w/2m.

In general, natural frequencies are independent of amplitude if conditions remain
linearly elastic, gaps do not open or close, and amplitudes are small in comparison
with structural dimensions so that geometric nonlinearity does not appear. Without
damping, all d.o.f. move in phase with one another and at the same frequency w.

(Rober D. Cook, David S. Malkus, Michael E. Plesha, Robert J. Witt , 2002).

Engine orders are simply the amplitudes of the frequency components which are
multiples of the rotating frequency and determined by an order analysis are extensively
used in the vibration work to identify source of excitation. In four cylindered in-line

engine have its second order component as the dominant excitation.

In OptiStruct, normal modes analysis is performed by Lanczos method. Lanczos
method has the advantage that eigenvalues and associated mode shapes are calculated
exactly. This method is efficient for calculations in which the number of modes is
small and the full shape of each mode is required. The disadvantage of the Lanczos
method i1s that it is slow for large problems with millions of degrees of freedom for

which hundreds of modes are required (Inc. A.E., 2013).

5.2 Bracket Topology Optimization Step 1: Natural Frequency Analysis with
Base Part

The existing bracket which will be re-designed according to analysis results will be
called as “base model”. In OptiStruct, to set up normal mode analysis EIGRL load
collector card need to be defined. Details will be given in following steps. System is
modelled with higher order 3D tetra elements, beams and rigids. Cylinder head upper

surface is fully constrained.
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When part of structue is very stiff relative to and lightly coupled to, the structue under
investigation, it is candidate for application of rigid elemenents. In this study engine
block constrained and it will be considered rigid as its reflections have little effect on
bracket. To calculate natural frequency of bracket with the parts which bracket is fixed
is important due to rigidity effect of whole these parts. If the analysis is conducted

without engine block higher frequency would be acquired which is not realistic.

OptiStruct set up phase of natural frequency analysis are mentioned at the following

steps as the aim of first step to see the current natural frequency of the bracket.

According to analysis results first natural frequency of bracket is 167 Hz which is
below the frequency target. Thus first target is can be stated as optimize the bracket
design to get more than 182 Hz frequency.

ICASE 1= rodal : Mode#! Frag.

T

pia

i

Figure 5.1 : Baseline model first natural frequency is 167 Hz.

5.3 Bracket Topology Optimization Step 2: Desgin Space Creation of Bracket

Base Part

To define design space package restrictions, clearence requirements and bracket fixing

points need to be considered.

Regarding to this considerations design space is created to have maximum volume.
Cavities due to the base model's rib patterned design is fillep up. Mass is increased
from 1000.5 gramms to 1690 gramms. For design space creation CATIA VS5 is used.
To check package restrictions bracket position in the engine need to be considered. All

parts around the bracket should be checked from clearence point of view.
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(d)

Figure 5.3: a) Base model front side view (b) design space front side view (c) base
model rear side view (d) design space rear side view.

5.4 Bracket Topology Optimization Step 3: FE Model Creation with HyperMesh

For finite element model of design space to minimize numerical problems (section 2.3)
3D tetrahedral elements are used. Bolt connections are modelled with rbe2 and cbar
elements. Rbe2 elements provide rigid link to transfer motion from the independent

node to dependent nodes.

dependent dofs:

[V doff [V dof4
[V dof2 [V dofs
[ dof3 [ doff

Figure 5.4: Hyperworks screenshot- rbe2 element degree of freedom contraints
(dofl1,2,3 tranlsational dof 4,5,6 rotational motion).

Figure 5.5: Second order 3D tetraheral element (TETRA10).
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Figure 5.6: Bolt connections are modelled with rbe2 anc cbar elements. Design
space modelled with 140416 nodes and 710480 elements.

Figure 5.7: FE model of design space.

5.5 Bracket Topology Optimization Step 4: Non-Design Space, Design Space and

Design Variable Definition

The bracket fixing connections to engine and to compressor need to be removed from
design space and defined as a different component with same material properties. The
aim of non-design space creation is to prevent fixing connections being lost or re-
designed. As non-design space is new component it has been shown with different

colour. Each element of design space area is defined as design variations.

As mentioned before desgin variations will have direct effect on response functions

which are objective and constraints functions.

+ creste desvar = [bracket props M
" update

C parameters type:

 draw - FSOLID

 extrusion

" pattern grouping

" pattern repetition

Figure 5.8: HyperMesh screenshot to creat design and non-design space.
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Figure 5.9: Non-design space and desgin space areas are seperated.

5.6 Bracket Topology Optimization Step 5: Property Collections Creation for

Each Component

Material properties are defined by ISOTROPIC and card image MAT1. MATI1 defines
the material properties for linear, temperature-independent, and isotropic materials. E
is for Young's modulus , RHO is for mass density and NU is for Poisson’s ratio. The
most important point while entering material properties is unit system and its
interchange. It is frequently a source of error. Bracket material properties are given at

table 5.1.

As a property collector 3D, PSOLID are defined and it is linked with material. For

non-design pace area same definitons are created under different component name.

a Card Image [ x|
| [E] [G] [HJ]  [RHO] [A] [TREF]  [GE]
MATI 7[7.0=+04 [ 0230 [2.7=-09

[ET] [5C] [55]

Figure 5.10: HyperMesh screenshot to define material properties.

5.7 Bracket Topology Optimization Step 6: Load Collector Creation

Since the engine itself is largest concentrated mass in this system it is constrainted
from cylinder head upper surface from x, y, z translational motions. 3D solid parts do

not have rotational degree of freedoms.
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Figure 5.11: Engine is constrained from cylinder upper surface.
5.8 Bracket Topology Optimization Step 7: Optimization Response Function

Two response functions need to be defined, each for objective and contraint functions.
Objective is to maximize first natural frequency (as possible much as over the
threshold) with constrained volume fraction. Volume fraction is the material fraction
of the designable volume. The difference between the mass fraction and the volume
fraction is that the mass fraction includes the non-design mass in the fraction

calculation but volume fraction is only for the design spce volume.

Objective function is (target) ®r1> 182 Hz and constraint function is volume fraction

which aims to maximize frequency by using 50% of design space volume.

no regionid |

Al

response = | treqg
response type
frequency | tade Mumber: I 1

4 [

Figure 5.12: HyperMesh screenshot to define response function for frequency.

oL I RO © T -G--@8um -P-@P---e-O-EH %

- | max | response = freq create
update
loadstep

Figure 5.13: HyperMesh screenshot to create load step.

As aim is to maximize first natural frequency as a mode number value 1 is entered.
But it does not mean that higher mode values will not be increased. OptiStruct can
give results until more than 20 modes. For this study normal mode value will be

increased.
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response = [volumefr
response type |
wolumefrac |

no regionid

4|0
LS

by entity |

=] praps il

Figure 5.14: HyperMesh screenshot for volume fraction response.

constraint = || volumefrac response = volumefr
— lower hound = | -1 . 000e+20
> upper bound = | 0.500

Figure 5.15: HyperMesh screenshot volume fraction response contsraint function.
5.9 Bracket Topology Optimization Step 8: Manufacturing Constraint Definition

There are types of constraints to use in OptiStruct to control manufacturability of the
final results such as constraints on minimum and maximum member, symmetry, draw
direction. In this study draw direction constraint is considered as it is important for
casting parts. (As indicated before bracket manufacturing method is high pressure die
cast). The use of die-direction constraints in topology optimization has been
implemented in OptiStruct. In the casting process cavities that are not open and lined
up with the sliding direction of the die are not feasible. Draw direction constrain the

material distribution in a structure so that the die can slide in that direction.

For bracket draw direction as input will ensure easy withdrawal of part from casting
and casting from the mould for the proposed design. Single die is being used for this

part.

Figure 5.16: Single die draw direction.

pattern grouping
pattern repetition

i create deswar = bracket [v nohole
i upcate clrawy type:

 parameters - | single | [ stamp
& draw

 extrusion - anchor node - first node
-~

-~

Figure 5.17: HyperMesh screenshot draw type definition.
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5.10 Bracket Topology Optimization Step 9: Optimization Results Monitoring

Optimization solution file (*.out) shows response function change for each iteration.
Analysis is completed by 8 iterations, all constraints are satisfied, design is feasible
and optimization is converged. According to results first natural frequency is increased

from 182 Hz to 191 Hz.

MODE 1in SUBCASE 1 - Value

180

MODE  1inSUBCASE  1-Value

@
&®

z
3

DRESP1 Responses
S
o

5
=]

4
Iteration

Figure 5.18: Frequency response change for each iteration.

Optimizated design can be monitored by using HyperView. Elements which have
element density values as 1 are need to stay at design space. By creating iso-contour

graph it is possbile to see design variation according to densities.

Figure 5.19: HyperView screenshot optimization results of design space.

Red areas shows the elements which has density value 1 that is required for design. If
we move the elements which has density value lower than 0.8 part will be get shaped

as shown in figure 5.19.

Until now optimization work is completed. Following steps are related with to create
manufacturable design and re-analysis the new design if the targets are still being

achieved.
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Figure 5.20: HyperView screenshot, below than 0.8 density values are removed.
5.11 Bracket Topology Optimization Step 10: Optimizated Design Reformation

Optimization result need to be reformated based on the HyperView output to get usable
part. Sharp edges are rounded and fillets are added by using CATIA. Stiffeners added
to material removed places to not to decrease strength of the bracket. To prevent
natural frequency decrease due to design modifications minimum correction should be

implemented.

Figure 5.21: Red part is optimization result, blue one is after modification (front side).
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Figure 5.22: Red part is optimization result, blue one is after modification (rear view).

5.12 Bracket Topology Optimization Step 11: Natural Frequency Analysis of
Latest Design

Natural frequency target was achieved with optimizated bracket but it is important to
analysis redesignated bracket to see if the targets are still being achieved. Finite
element model of latest design is created. Material and property allocation is
performed same as previous HyperMesh study. EIGRL is choosen as a card image

which defines data required to perform real eigenvalue analysis (vibration or buckling)

with the Lanczos Method.
~ create loadcols I4
& update O color | | card image = |ETGRL

Figure 5.23: HyperMesh screenshot, EIGRL card image.

Figure 5.24: Latest design bracket mesh model.
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According to analysis results first natural frequency of latest design bracket is 186 Hz

which is higher than the target value 182 Hz.

Figure 5.25: Latest design bracket natural frequency analysis result.
5.13 Bracket Topology Optimization Step 12: Stress Analysis of Latest Design

As stated at previous section bracket maximum Von-misses stress value under
maximum hub load or thirty times under gravity force (30G) loading must be lower

than %60 of the material's yield value means not more than 78 Mpa.

Peak accessory hub loads are predicted by PowerMark according to engine load versus
speed inputs. This calculations are beyond of this thesis scope. Below force inputs are

used for stress analysis.

Figure 5.26: Compressor and alternator hub loads.
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Table 5.3: Compressor and alternator hub load values.

Fx Fy Fz
A/C compressor | 1167.5 N 0 1051.2 N
Alternator 54.6 N 0 -1041.6 N

According to stress analysis results at maksimum loading conditions maksimum stress

values is 51 Mpa which is less than 78 Mpa.

CWalue = 51.471

Figure 5.27: Stress analysis results.

Analysis preformed with 30G loading conditions due to the requirement statements.
Maximum stress values for 30G X direction is 36 Mpa and fi the g is applied to x, y, z
directions at the same time the highest stress value is 53 Mpa which is still lower than

target values, 78 Mpa. Detailed screenshots can be seen at appendices section.

Optimization study is completed with 12 steps. First 11 steps are related with to have
well design which satisfies optimization objective and constraint functions. Step 12 is
to check how safe this desgin from stress point of view. If unreasonable data would be
acquired from stress analysis the design would not be successfull. As stress constraint
has not been defined while setting up optimization statement stress concentrations
were unrecognised. Analysis resulst shows that highest stress concentrations occurs

around fixing connections which is reasonable.

In addition assembly check of latest design of bracket is successful.
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6. RESULTS AND CONCLUSION

Table 6.1: Comparision of designs.

Design Base Model = Design Space  Latest Design
First Natural Frequency (Hz) 167 - 186
Weight (gr) 1000,5 1690 972

o
. -_.'*

Figure 6.1: Design comparision of base model and latest design bracket front view.

Figure 6.2: Design comparision of base model and latest design bracket rear view.

Topology optimization results that obtained from OptiStruct is not productable design
so intensive study is required to reformate the design by using CAD program. As final
design is quite different from OptiStruct result analysis should be repeated with last

design.
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At the beginnig of analysis just bracket model (not engine assembley) is created and
modal analysis run but results were not logical (first natural frequency were around

800 Hz).

Then engine assembly is modelled (interacted parts with fead system) and results were
as expected (base model frequency 167 Hz) Because of this for optimization tool
engine system is used, bracket design space is defined as design space on the program
and all other parts from engine defined as non-design space. As a lesson learned if the
design that we work is part of a system whole system that is interaction with this part

need to be considered to get realistic results.

First natural frequency of bracket can be increased by adding more ribs to current
design or create thicker ribs. In this way compliance of design will be decreased hence
required modal stiffness value achieved. As one the aims of this study to utilize
optimization program and create design from the beginning this way is not suitable.
But as a future work bracket natural frequency can be increased by design

modifications on current one and compared with the design which created at this study.
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APPENDICES

APPENDIX A: FE Model Figures

APPENDIX B: Optimization Iterations *.log file
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APPENDIX A

Figure A.1: Engine is fixed from gasket which is shown in white.

Figure A.2: Bracket design space and compressor assembly mesh model.
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Figure A.4: Optimized bracket view when density values setted as 1. Densities
between 0 and 1 are removed from design space.
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APPENDIX B
Optimization result file. Frequency change can be seen for each iteration.
OPTIMIZATION RESULT FILE (*out file)

OPTIMIZATION PROBLEM PARAMETERS :

Objective Function : Maximize Frequency

Number of volume fraction responses : 1
Number of frequency responses : 1

Frequency Subcase Summary :

Subcase ID SPCID MODE #

1 2 4

Design Parameters Summary :

Total # of topology design elements: 676109
Total # of topology cards :1

Total Volume of Design Material : 6.8860E+05
Total Mass of Design Material : 1.8592E-03
Volume of Non-Design Material : 1.4845E+07
Mass of Non-Design Material :  5.0320E-02

Solid Design Elements : PSOLID

900134

Optimization Parameters Summary :

Initial Material Fraction [0,1]: 0.5000
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Minimum Element Volume Fraction : 0.0100
Discreteness Parameter : 1.0000

Topology Optimization Method : Density Method
Maximum Number of Iterations : 80

Mode Scaling Parameter : 1.0000E+00
Convergence Tolerance : 5.0000E-03

Step Size (Topology) : 0.5000

Checkerboard Control : On (1 - Global Averaging)
Run Type : Topology Optimization

Topology Optimization Summary :

DTPLID Minimum Maximum Minimum
Member Size Member Size Gap Size

DTPL ID Pattern Pattern Draw Dir. Stamping No Hole Extrusion
Repet. Group. Constraints Constraints Constraints Constraints

1 NONE NONE SINGLE NONE YES NONE

Restart from previous solution : No
Scratch file directory -

Free space: 440138 MB
Number of CPU processors : 16

MEMORY ESTIMATION INFORMATION :

Solver Type i1s: Sparse-Matrix Solver
Direct Method
Block Lanczos Eigenvalue Extraction

Current Memory (RAM) . 67459 MB

Estimated Minimum Memory (RAM) for Out of Core Solution : 15871 MB
Recommended Memory (RAM) for Out of Core Solution : 17818 MB
Recommended Memory (RAM) for In-Core Solution : 67459 MB
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DISK SPACE ESTIMATION INFORMATION :

Estimated Disk Space for Output Data Files : 5459 MB
Estimated Scratch Disk Space for In-Core Solution . 74784 MB
Estimated Scratch Disk Space for Out of Core Solution : 130149 MB

BEGINNING OPTIMIZATION SOLUTION ....

OPTIMIZATION HISTORY INFORMATION :

ITERATION 0

(Scratch disk space usage for starting iteration = 7717 MB)
(Running in-core solution)

Objective Function (Maximize FREQ ) = 1.66037E+02
Maximum Constraint Violation % = 0.00000E+00
Design Volume Fraction = 5.00000E-01 Mass = 5.12498E-02

Generalized Generalized
Subcase Mode Frequency Eigenvalue Stiffness Mass
1 1 1.660372E+02 1.088355E+06 1.088355E+06 1.000000E-+00
1 2 1.909813E+02 1.439930E+06 1.439930E+06 1.000000E+00
1 3 2.104793E+02 1.748954E+06 1.748954E+06 1.000000E+00
1 4 2.893978E+02 3.306361E+06 3.306361E+06 1.000000E+00

ITERATION 1
Objective Function (Maximize FREQ ) = 1.84130E+02 % change = 10.90
Maximum Constraint Violation % = 0.62845E+01
Design Volume Fraction = 5.31423E-01 Mass = 5.13082E-02

Generalized Generalized
Subcase Mode Frequency Eigenvalue Stiffness Mass
1 1 1.841302E+02 1.338473E+06 1.338473E+06 1.000000E+00
1 2 2.095330E+02 1.733264E+06 1.733264E+06 1.000000E+00
1 3 2.171671E+02 1.861864E+06 1.861864E+06 1.000000E+00
1 4 3.093571E+02 3.778156E+06 3.778156E+06 1.000000E+00
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RETAINED RESPONSES TABLE

Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-ID Label /RANDPS Element/ Comp Value Reference/ %
+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 -- 1.841E+02 MAX
2 VOLFR volumefr -- 900134 SOLI 5.314E-01 < 5.000E-01 6.3V

MOST VIOLATED CONSTRAINTS TABLE

Response Type Response Subcase Grid/ DOF/ Response Constraint Viol.
User-1D Label /RANDPS Element/ Comp Value Bound %
+Frqncy MID/PID/ /Reg
Mode No.

2 VOLFR volumefr -- 900134 SOLI 5.314E-01 < 5.000E-01 6.3V

ITERATION 2

Objective Function (Maximize FREQ ) = 1.89624E+02 9% change = 2.98
Maximum Constraint Violation % = 0.00000E+00
Design Volume Fraction = 4.99991E-01 Mass = 5.12498E-02

Generalized Generalized
Subcase Mode Frequency Eigenvalue Stiffness Mass
1 1 1.896241E+02 1.419537E+06 1.419537E+06 1.000000E+00
1 2 2.098955E+02 1.739266E+06 1.739266E+06 1.000000E+00
1 3 2.245573E+02 1.990738E+06 1.990738E+06 1.000000E+00
1 4 3.122669E+02 3.849565E+06 3.849565E+06 1.000000E+00

RETAINED RESPONSES TABLE

Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-1D Label /RANDPS Element/ Comp Value Reference/ %
+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 - 1.896E+02 MAX
2 VOLFR volumefr -- 900134 SOLI 5.000E-01 < 5.000E-01 0.0 A

ITERATION 3

The 1st satisfied convergence ratio = 4.8919E-03
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Objective Function (Maximize FREQ ) = 1.90556E+02 % change = 0.49
Maximum Constraint Violation % = 0.00000E+00
Design Volume Fraction = 4.99991E-01 Mass = 5.12498E-02

Generalized Generalized
Subcase Mode Frequency Eigenvalue Stiffness Mass
1 1 1.905563E+02 1.433528E+06 1.433528E+06 1.000000E+00
1 2 2.099259E+02 1.739769E+06 1.739769E+06 1.000000E+00
1 3 2.257870E+02 2.012601E+06 2.012601E+06 1.000000E+00
1 4 3.153130E+02 3.925034E+06 3.925034E+06 1.000000E+00

RETAINED RESPONSES TABLE
Response Type Response  Subcase Grid/ DOF/ Response Objective Viol.
User-1D Label /RANDPS Element/ Comp Value Reference/ %
+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 - 1.906E+02 MAX
2 VOLFR volumeft — 900134 SOLI 5.000E-01 < 5.000E-01 0.0 A

ITERATION 4

The 2nd satisfied convergence ratio = 2.1280E-03

Objective Function (Maximize FREQ ) = 1.90963E+02 9% change = 0.21
Maximum Constraint Violation % = 0.00000E+00
Design Volume Fraction = 4.99994E-01 Mass = 5.12498E-02

Generalized Generalized
Subcase Mode Frequency  Eigenvalue Stiffness Mass
1 1 1.909626E+02 1.439648E+06 1.439648E+06 1.000000E-+00
1 2 2.099358E+02 1.739934E+06 1.739934E+06 1.000000E-+00
1 3 2.262035E+02 2.020033E+06 2.020033E+06 1.000000E+00
1 4 3.166676E+02 3.958832E+06 3.958832E+06 1.000000E-+00

RETAINED RESPONSES TABLE
Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-1D Label /RANDPS Element/ Comp Value Reference/ %
ITERATION 5

The 2nd satisfied convergence ratio = 1.4340E-03

Objective Function (Maximize FREQ ) = 1.90830E+02 9% change = -0.07
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Maximum Constraint Violation % = 0.86079E+00
Design Volume Fraction = 5.04304E-01 Mass = 5.12578E-02

Generalized Generalized
Subcase Mode Frequency Eigenvalue Stiffness Mass
1 1 1.908299E+02 1.437648E+06 1.437648E+06 1.000000E+00
1 2 2.099161E+02 1.739608E+06 1.739608E+06 1.000000E+00
1 3 2252570E+02 2.003163E+06 2.003163E+06 1.000000E+00
1 4 3.155168E+02 3.930111E+06 3.930111E+06 1.000000E+00

RETAINED RESPONSES TABLE

Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-ID Label /RANDPS Element/ Comp Value Reference/ %

+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 -- 1.908E+02 MAX

2 VOLFR volumefr -- 900134 SOLI 5.043E-01 < 5.000E-01 0.0 A
ITERATION 6
Objective Function (Maximize FREQ ) = 1.91029E+02 9% change = 0.10
Maximum Constraint Violation % = 0.13657E+01
Design Volume Fraction = 5.06829E-01 Mass = 5.12625E-02

Generalized Generalized
Subcase Mode Frequency  Eigenvalue Stiffness Mass
1 1 1.910293E+02 1.440654E+06 1.440654E+06 1.000000E-+00
1 2 2.099212E+02 1.739692E+06  1.739692E+06 1.000000E-+00
1 3 2.254520E+02 2.006633E+06 2.006633E+06 1.000000E-+00
1 4 3.164066E+02 3.952309E+06 3.952309E+06 1.000000E-+00

RETAINED RESPONSES TABLE
Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-1D Label /RANDPS Element/ Comp Value Reference/ %
+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 -- 1.910E+02 MAX
2 VOLFR volumefr -- 900134 SOLI 5.068E-01 < 5.000E-01
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MOST VIOLATED CONSTRAINTS TABLE
Response Type Response  Subcase Grid/ DOF/ Response Constraint Viol.
User-ID Label /RANDPS Element/ Comp Value Bound %
+Frqncy MID/PID/ /Reg
Mode No.

2 VOLFR volumefr -- 900134 SOLI 5.068E-01 < 5.000E-01 1.4V

ITERATION 7

The 1st satisfied convergence ratio = 5.4067E-04

Objective Function (Maximize FREQ ) = 1.91133E+02 9% change = 0.05
Maximum Constraint Violation % = 0.43396E+00
Design Volume Fraction = 5.02170E-01 Mass = 5.12538E-02

Generalized Generalized
Subcase Mode Frequency  Eigenvalue Stiffness Mass
1 1 1.911326E+02 1.442213E+06 1.442213E+06 1.000000E+00
1 2 2.099244E+02 1.739745E+06  1.739745E+06 1.000000E+00
1 3 2.255870E+02 2.009036E+06 2.009036E+06 1.000000E-+00
1 4 3.167952E+02 3.962022E+06 3.962022E+06 1.000000E+00

RETAINED RESPONSES TABLE

Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-1D Label /RANDPS Element/ Comp Value Reference/ %
+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 -- 1.911E+02 MAX
2 VOLFR volumefr -- 900134 SOLI 5.022E-01 < 5.000E-01 0.0 A

ITERATION 8

The 2nd satisfied convergence ratio = 4.8800E-04

Objective Function (Maximize FREQ ) = 1.91226E+02 % change = 0.05
Maximum Constraint Violation % = 0.39066E+00
Design Volume Fraction = 5.01953E-01 Mass = 5.12534E-02

Generalized Generalized
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Subcase Mode Frequency Eigenvalue Stiffness Mass
I 1 1.912260E+02 1.443622E+06 1.443622E+06 1.000000E+00
1 2 2.099284E+02 1.739811E+06 1.739811E+06 1.000000E+00
1 3 2.257655E+02 2.012217E+06 2.012217E+06 1.000000E+00
1 4 3.172224E+02 3.972715E+06 3.972715E+06 1.000000E+00

RETAINED RESPONSES TABLE

Response Type Response Subcase Grid/ DOF/ Response Objective Viol.
User-1D Label /RANDPS Element/ Comp Value Reference/ %
+Frqncy MID/PID/ /Reg Constraint
Mode No. Bound

1 FREQ freq 1 1 - 1.912E+02 MAX
2 VOLFR volumefr -- 900134 SOLI 5.020E-01 < 5.000E-01 0.0 A

sk sk sfe sk sfe sk sk sk sk sfe sk sk sk sk sk sk sfe sk ske sk s sk sk sk sk sk sk sk ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk sk skeosk sk skeokesk skosk
koK sk ok

OPTIMIZATION HAS CONVERGED.

FEASIBLE DESIGN (ALL CONSTRAINTS SATISFIED).

sk sk sfe sk sk sk sk sk sk sfe sk sk sk sk sk sk sfe sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk sk skeosk sk skeoskesk skosk
kK sk ok

RESOURCE USAGE INFORMATION

MAXIMUM MEMORY USED 67459 MB
MAXIMUM DISK SPACE USED 9954 MB

sk sk sfe sk sk sk sk sk sk sfe sk sk sk sk sk sk sfe sk ske sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk skoskosk skosk
ok sk ok

sk sk sfe sk sfe sk sk sk sk sfe sk sk sk sk sk sk sk sk ske sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk steoske sk skeokosk skosk
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COMPUTE TIME INFORMATION

EXECUTION STARTED Tue Apr 07 20:25:34 2015
EXECUTION COMPLETED Wed Apr 08 01:52:45 2015
ELAPSED TIME 05:27:11

CPU TIME 2+21:48:45
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