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Abstract
This thesis investigates the possibilities of implementing thermal aspects in Topology
Optimization (TO) of hot engine structures. Topology Optimization is an effective tool for
conceptual design in numerous field of applications. At GKN, this optimization technique has
previously only been successfully implemented for structures affected by mechanical loads.
The aim with this study and the ongoing research at GKN, is to improve the in-house developed
multi-disciplinary optimization procedure called Engineering WorkBench (EWB). By
expanding the applicability of a more comprehensive TO which includes the thermal expansion.
However, since there is no straight forward solution provided by the FE software’s, a better
understanding of TO in general and for thermally loaded structures in particular, is needed
before deciding on an application strategy.
Two approaches for the thermal implementation in TO of the Turbine Rear Structure (TRS)
have been studies and evaluated. The first is a stress constrained optimization procedure, based
on requirements for the number of thermal load cycles, calculated in CUMFAT, an in-house
developed program for life prediction. The second approach is a case trial study of the coupled
thermal-mechanical structural optimization. The trials are performed systematically to illustrate
what type of geometrical variations one can expect in the TO outcome when varying different
factors in the optimization set up, such as the load type magnitude and optimization
formulation. The evaluation of these to different approaches will increase the understanding of
the challenges involved when performing TO of this type of structure.
The complexity of this implementation is clearly demonstrated by the variation in optimization
outcome. The results shows the importance of having substantial knowledge about the model,
load cases and the optimization purpose before defining the optimization problem. Finally,
suggestions for the continuation and implementation of thermal TO in the EWB, are presented.

Sammanfattning
Det här masterexamensarbetet undersöker möjligheterna för implementering av termiska
aspekter i topologioptimering (TO) av strukturer belastade med höga temperaturer och stora
temperaturvariationer. Topologioptimering är ett effektivt verktyg för konceptuell design som
kan användas i en rad olika områden av strukturer. På GKN har denna typ av optimering endast
implementerats för mekaniskt lastade komponenter. Det finns dock en stor efterfrågan efter en
topologioptimeringsteknik som kan appliceras på även de varma strukturerna belastade med
både mekaniska och termiska laster. Syftet med den här studien och det pågående utvecklingen
på GKN Aerospace Sweden, är därför att utveckla och förbättra den in-house-utvecklade
multidisciplinära optimeringsprocessen som kallas Engineering WorkBench (EWN). Genom
att expandera tillämpningen av TO genom att inkludera den termiska expansionen i
optimeringsprocessen. Idag finns det inga mogna lösningar för hur man ska hantera sådana
problem i de kommersiella finita elementverktygen. En bättre stor förståelse för TO och
termiskt lastade komponenter, krävs därför innan en metod för lastfallinkluderingen kan tas
fram.
Två olika metoder för termisk implementering i TO har utvecklats och evaluerats i denna studie.
Båda metoderna har prövats genom FE modellering av en jet-motorkomponent kallad Turbine
Rear Structure (TRS) som tillverkas av GKN. Den första metoden är en strukturoptimering med
spänningsvillkor som bestäms genom krav på produktens termiska livslängd. Dessa krav
beräknas genom CUMFAT, ett in-house-utvecklat program för livstidsberäkning. Den andra
metoden är en fallstudie för termomekanisk strukturoptimering. Prövningar görs systematiskt
för att illustrera vilken sorts geometrisk variation som kan förvändas efter TO när olika
variabler, villkor och målfunktioner i optimeringen ändras. En utvärdering av dessa två metoder
kommer att öka förståelsen utmaningarna anknutna till utförandet av TO av den här typen av
strukturer.
Utmaningarna och komplexiteten av den här typen av optimering visas tydligt genom
variationen i optimeringsresultaten. Det visar också vikten i att ha en utbredd kunskap om
modellen, lastfallen och syftet med optimeringen innan optimeringsproblemet formuleras.
Slutligen presenteras förslag för hur denna typ av optimering ska implementeras i EWB och det
framtida arbetet på GKN.
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1. Introduction
Studies and industrial implementation of various sorts of structural optimization has become
increasingly extensive in resent time. The reasons are mainly the benefits it can bring in terms
of cost reductions, weight savings and development time reductions. Recently, a particular
interest in topology optimization (TO) have aroused, mainly due to the fact that new
manufacturing techniques e.g. additive manufacturing (AM) allows creation of more
unconventional designs.
Product development within the aerospace industry is highly complex with long lead-time
products. Increased competition drives the industry to reduce product development and
manufacturing lead-time. GKN Aerospace, a major aircraft engine component manufacturer
has a product portfolio ranging from civil and space components to military aircraft engines.
The components supplied by GKN includes fixed and rotating propulsion products, fan cases,
exhaust systems, nacelles and other components. The development process for each of these
products varies, however they all have multi-disciplinary characteristics. A substantial part of
complexity during design of new components rises from their multi-disciplinary capabilities.
Multiple engineering fields must correlate and be evaluated concurrently due to their
parameters’ inter-dependency. The Research & Technology (R&T) department at GKN
Aerospace Sweden has developed a method for structural optimization of engine components
affected by aspects from multiple disciplines, called Engineering WorkBench (EWB). The main
motivation for using Multi-Diciplinary Optimization (MDO) is that the performance of a
multidisciplinary system is driven not only by the performance of the individual disciplines but
also by their interactions.
TO have recently been implemented in the EWB as a part of the larger MDO procedure. It has
been applied in terms of optimization for structural stiffness for mechanical load cases,
disregarding factors as thermal load variations, fatigue and manufacturing. Several of the
products, produced by GKN are located in the exhaust flow of the jet-engine and experience
high thermal loads. Including the effect of the thermal expansion and the following stresses,
would increase the applicability and accuracy of the TO results.

1.1 Background
This thesis is a continuation of the previously carried out and ongoing research at the company
of GKN Aaerospace. The research is quite broad and is generally focused on automation in
product development processes. This particular research discuss the newly implemented feature
of TO in this automated process. In order to understand the objective of this study, the
limitations and possibilities, the company and the automated product development process will
be described in the following sections.
1.1.1 GKN Aerospace
GKN Aerospace is a global engineering business, supplying systems and components for most
of the world’s leading aircraft, vehicle and machinery manufacturers. By the beginning of year
2018 GKN operates four divisions: GKN Aerospace, GKN Driveline, GKN Powder Metallurgy
and GKN Additive with 60,000 employees in more than 30 countries. At GKN, they maintain
a strong cooperation with universities and research centers in order to keep the lead in new
technology development for lower costs weight and emissions of aircrafts. The GKN
technologies are used in aircraft ranging from the most used single aisle aircraft and the largest
passenger planes in the world to business jets and the world’s advanced 5th generation fighter
aircraft. [1]

In Sweden, GKN has two local sites belonging to the sub-division GKN Aerospace Engine
Systems. At these sights, the work is mostly dedicated to development of composites and
advanced metallic technologies for jet-engines, ranging from nozzles to turbines [2]. The
headquarters of GKN Aerospace are located in Trollhättan, Sweden. The R&T center in this
location currently employs more than 70 people and is divided in three departments that
cooperate with each other. The work performed during this thesis takes place at the department
Design Engineering, focus in concept design and definition of new technology in aero engine
modules, and in developing new product concepts and implementing new design tools.
1.1.2 Engineering WorkBench
The EWB is an in-house developed analysis tool for product development by performing MDO
in a multi-facetted approach. The EWB approach entails in finding an optimal design when the
main disciplines in jet engine manufacturing are simultaneously considered. These disciplines
are aerodynamic performance, the component producibility and the mechanical function,
illustrated in Fig 1. EWB is also capable of addressing time varying load cases and life cycle
analysis within the MDO process. The development of EWB is an ongoing process but is at this
point of development applicable for MDO of hot engine structures constructed by isotropic
materials.

Aero
performance

Mechanical
function

Producibility

Fig 1. EWB’s MDO approach

EWB support a Set-Based Concurrent Engineering (SBCE) approach and is applied when there
is a need for solution space exploration. The product development method SBEC was identified
by Ward et. Al in 1995 in a study of the product development process of Toyota. [3] It is a
design selection methodology applied for efficiency in product development phase. The idea is
to make design decisions based on a range of design solutions which are narrowed down
systematically until one final solution is eventually selected.
The EWB work flow is a fairly complex iteration process combining results from analyses in
different disciplines for evaluation of concept feasibility. The study work flow is parted into
five major steps illustrated in Fig 2. The analyses are run for a series of design cases
simultaneously. The design cases are derived from a base line CAD model by using Design of
Experiment (DOE) and Knowledge-Based Engineering (KBE) systems. DOE is an organized
approach which connects experiments in a rational matter by a statistical methodology.
Statistical correlation between a set of input variables can be established with a chosen outcome
of the system [4]. In other words, it provides a structured way to change multiple independent
variables or factors simultaneously in order to understand their impact on the dependent
variables. The DOE assigns parameters, e.g. size, thickness, shape, position and number of
6

assembly components, which defines the, by KBE systems, automatically generated CADmodels or design cases. This approach ensures that the knowledge is captured and continuously
enhanced and reused for newer products. The knowledge of the engineered product and its
design process is captured and embedded into a software system (KBS) and the use of this
system in the design and development of similar new products or product variations.
After the model generation, analyses is automatically done for each case in a multi-disciplinary
context for thermal, structural, fatigue, aerodynamic etc. Gathered data is used in the data postprocessing step, after which parameter responses can be evaluated to narrow design space for
optimal solution.

Fig 2. EWB study work flow

Topology optimization in the EWB
Topology optimization (TO) has, until recently been a separate part of the product development
process. It has sporadically been used to examine the load paths within certain design spaces in
order to produce better understanding of the design. In 2017 a first attempt was made to include
TO in the EWB for conceptual design and design evaluation [5]. This resulted in an expanded
version of the EWB with the ability to perform TO of structures affected by static mechanical
loads for a given aerodynamic profile.

Fig 3. Process in “Analysis” stage of the EWB for TO

Thermal analysis in the EWB
The thermal analysis is currently performed for each context model as a necessary part of the
product life estimation. Nodal temperature data is necessary to perform a complete structural
analysis for coupled thermal-mechanical load cases and the following fatigue analysis. The
thermal analysis is performed in Ansys by transient heat transfer finite element analysis. The
FE equations includes the loads due to surface heat flux, nodal heat, internal heat generation,
surface convection and radiation and also the thermal properties conductivity and convection
(further explained in 2.3 Coupled Thermo-Mechanical Structural Optimization). The thermal
properties are specified by thermal zones defined for each design case in CAD. The different
zones have different properties, mainly determined by the aerodynamic properties.
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Fig 4. The EWB procedure for deriving nodal temperatures

Life prediction in the EWB
Life prediction through crack propagation and crack initiation is one of the disciplines which
can be included in the optimization process in the EWB. The crack propagation analysis is
applied for investigation of weld life prediction and crack initiation is used for non-welded
structures. In the EWB two different software’s for fatigue analysis are included, NasGro
applied for crack propagation and an in-house developed software called CUMFAT which is
used for crack initiation analysis. CUMFAT performs cumulative fatigue damage evaluation
on FE-results from thermo-mechanical loading, with arbitrary type of load cycling. Nodal
stresses and temperatures for a complete flight cycle, from analyses performed in Ansys,
together with material data are software inputs. Life evaluation is either performed with
material data corresponding with the average number of cycles until failure occurs or the
minimum number of cycles. However, the material data is seldom comprehensive, and
assumptions neededs to be made regarding mean stress temperature, multiaxial stress state and
variable load history [internal documentation at GKN Aerospace].
1.1.3 Turbine Rear Structure
The Turbine Rear Structure (TRS), also called Turbine Exhaust Case, Turbine Rear Frame or
Tail Bearing Housing, depending on the customer, is a component placed in the aft of the jetengine (see highlighted part in Fig 5). Fundamentally, the engine outer structure is a pressure
vessel that contains hot, flowing air. The rotor support structures extend inside the pressure
vessel to support the rotating components of the engine while allowing air to pass through from
front to rear. They are generally circular, with a number of struts or vanes joining the inner and
outer rings and a bearing housing located in the middle. Inside the bearing housings, the
bearings allow free rotation, yet precise centering, of the rotors. On the outside, support
structures may provide mounting lugs as attachment points for external engine components or
the engine-to-aircraft mounting. TRS’s traditionally do not support any axial loads from the
engine to the lugs/wing.

Fig 5. Commercial aircraft engine with the TRS highlighted. A TRS model example is illustrated to the right.
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The purpose of the component is multiple:
• Redirect the exhaust flow from the low pressure turbine for an increased propulsion
efficiency.
• Supply structural support for the aft bearing houses, supply these compartments with
oil and remove waste oil.
• Supply structural support during transport and installation of the engine.
• Increase safety by containment of failed fan blade or shaft.
Since the component is located in the exhaust flow path, it must be constructed to withstand
high temperatures. The thermal loads cycles has a large effect on the predicted damage and life
of the engine exhaust manifolds. One of the key success criteria for a good frame design is to
design a frame stiff enough to withstand the crucial point loads from a Fan Blade Out (FBO)
event, yet to be soft enough to allow thermal expansion to satisfy the life requirement set to a
specific number of cycles. The thermal impact on life is specific for each product and design
but is in generally determined by the usage (applied load cycle) and size of the TRS. Larger
TRS products are more likely to be affected by damaging buckling loads (FBO) and smaller
products are more likely to be affected by the cyclic thermal variation. Most of the TRS
products are in a size range in-between and the ability to balance these two contradictory
requirements is the key in a successful GKN TRS design [internal documentation at GKN
Aerospace].
The hub structure covers the center of the structure where the spokes (struts) attaches. From a
stiffness point of view, the hub contributes primarily with the spring from bearing to struts. As
it supports the bearing, the stiffness contribution from the hub springs are of great importance
for the engine dynamics. Although stiffness is calculated for the complete TRF, the design of
the hub dictates the stiffness to a great extent. Furthermore, the design of the hub affects the
global behavior of the frame greatly. Forces applied at the outer casing, for example at the lugs,
will be balanced through the struts and reacted at the hub. As in any force equilibrium, the
resulting displacements are a result of leverage. This transferring spring-like system is
illustrated in Fig 6. The illustration is a simplified cross section sketch of the circular TRS
profile (highlighted in Fig 5). The stiffness of this spring is dictated primarily of four different
parameters:
• Length (offset) from TRF centroid to bearing
• Cone angle
• Placement and lean of hub walls
• Sizing (thicknesses)
Any modifications of these 4 dimensions will therefore have an impact on the stiffness of the
whole structure.
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Fig 6. TRS Springs in profile. Green springs are affected by the hub design.

There is no straight forward approach to hub layouts as every design is unique. Experience and
statistical load cases for each application governs the initial design decisions. However there
are some guideline principles during the design of the hub structure. One example is when
designing for balanced equilibrium illustrated in Fig 7. By introducing an aft lean of the forward
hub wall, the reaction force in the hub is much closer axially to an applied mount/lug load. In
doing so, the distortion derived from induced moments are significantly reduced.

Fig 7. Simplified representation of hub reaction forces verses mount load. A small leverin the (image to the right) relative to
the centroid of the hub for the part to the left.

Other principles include designing for thermal expansion and thermal life requirements.
Examples of this can be found in various design proposals at GKN Aerospace. One of these
design change suggestions are shown in Fig 8. The figure to the right displays a bended Zshaped hub proposal. The flexible support, allows for a longer predicted life due to the thermal
variations whilst keeping its capability of stiffening the structure with regards to the mechanical
loads [internal documentation at GKN Aerospace].

Fig 8. Two different hub concepts.
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1.2 Motivation & Objective
The long term aim is to improve the existing MDO process EWB, by implementation of TO
which includes several different disciplines involved in the development of new hot engine
structures. The previously performed TO at GKN have all included mechanical loads
exclusively, and the long term goal is to expand the applicability of TO to include other areas
of interest such as thermal loads, fatigue, aerodynamic performance, vibrations etc. The desire
is to include all of the different disciplines at the same time in the TO instead of performing
structural stiffness TO for mechanical loads and later checking the feasibility of the outcome
by various analyses for the remaining disciplines.
The thermal aspects is one of these in which there is a large interest to include the effects at the
early design stages. The motivation for this particular discipline selection is the difficulty of
balance the two contradictory requirements for mechanical and thermal stiffness and strength.
The first objective of this study is therefore to investigate how TO is to be performed of
structures affected by both mechanical and thermal loads. The second is to examine if the MDO
process for thermally affected components can be improved by this TO implementation.
Questions that will be answered in this study are:
1. How to consider thermal aspects in topology optimization of thermo-mechanical
structures?
2. What is the potential in using TO of structures affected by high temperature load cycles
e.g. the TRS?
3. How can TO including thermal loads improve the structural optimization process in the
EWB platform?
Since the project is performed with the aim of improving the EWB, there are limitation
associated with available applicable processes. As previously mentioned the EWB already
includes various software’s and established processes for analyses and inclusion of others or
increasing its complexity is undesirable. The aim is to re-use processes and software’s available
in EWB today.
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2. Theoretical background
Here the basics and theory of optimization in general and topology optimization in particular
will be described. An introduction to thermal analysis and optimization of coupled thermomechanical structures is given and the concept of structural life and damage predication is
explained.

2.1 Introduction to Structural Optimization
Structural optimization is loosely defined as a mathematical approach to create the most
effective load bearing mechanical structures given certain, clearly defined circumstances. The
optimization is expressed by the objective function, constraint (often based on the mechanical
properties and/or design restrictions) and design variables (parameters affecting the objective
function).
min f(x,y{x})
behavioral constraints on y{x}
subject to { equilibrium constraints
design constraints on x
{
Many optimization problems in particularly in aerospace structures, have a combination of
objectives to consider. This kind of optimization formulation is given by
min
(𝑓1 , 𝑓2 , … , 𝑓𝑛 )
{
subject to constraints
These optimization problems are called Multi-Objective Optimization (MOO), and are usually
performed in two ways. The first option is to only consider one of the objective functions and
express the remaining in terms of constraints, this method is called ε-constraint method [6]. The
other option is a scalarization technique, such as the weighted-sum method [7] [8] to consider
all of the objective functions by Pareto optimality. Both techniques convert the MOO problem
to a single-objective optimization problem which obtains one particular solution on the Pareto
frontier. Each different single-objective optimization problem converted according to a certain
scalarization parameter obtains a different optimal solution. Therefore, time-consuming
adjustment of the scalarization parameters is required to obtain a desired solution that represents
a particular compromise to the conflicting relationship between the objective functions.

Fig 9. Pareto-optimal points and Pareto front for two objective functions [9]

Structures can be optimized in several different ways and there are many established methods
for performing an optimization of FE models e.g size, shape, topography and topology
optimization [10]. Certain types of methods are for example more suitable for optimization of
shells/plates, other for fine tuning of specific dimension parameters for stress relief in certain
areas etc. The selection of method therefore strongly depends on the component and the purpose
of the optimization.
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2.2 Topology Optimization
Topology optimization is an effective approach to conceptual design. The method allows
finding the design with structural components cohering with the most effective load carrying
paths. By performing a TO, material and voids can be distributed to match the constraints,
boundary conditions and loads for a specific product within a given design space [10]. Recently,
the interest in TO has a wide range of applications and is well established in aerospace
engineering due to the complexity of the system and the high demands for lightweight designs
[11] [12] [13]. Until recently, TO has been used as a method for understanding the load path in
a design and as a guideline for lightweight design. The reason for this is that the optimal design
often becomes difficult to interpret and realize physically. Fortunately, newly developed
manufacturing technologies such as AM, has opened new doors for development of this
mathematical design method [14]. AM is a categorical appellation for printing techniques that
allows for more complex designs and in some cases of AM, the possibility to create products
with material density variations.
The earliest publishing in the topic of structural optimization was in 1904 by Michell [15]. This
article focused on optimal layouts of truss structures. The topic was further explored in the
1970s when Rozvany [16] implemented shape and size optimization of beam systems. In 1988,
Boendøe and Kikuchi [17] published a paper that shifted the focus in structural optimization
towards becoming a material distribution problem.
Several mathematical interpolation methods for TO have through the years been developed. In
the early TO studies a homogenization method was applied [18] [19]. The optimal material
distribution, based on constraints and loads, could by this method be realized by using
anisotropic composite materials with variable material properties and most importantly,
densities. Currently the Solid Isotropic Material with Penalization (SIMP) method for TO is
the most commonly used. The SIMP formulation was developed to solve a wide range of TO
problems including ones in which several constraints were addressed and problems involving
non-structural multi-disciplinary systems. The method was introduced by Bendsøe [20] for
maximizing the structural stiffness while implementing the mass in the design domain by
varying the density according to
𝜌 𝑝
𝐸(𝜌) = ( ) 𝐸0
𝜌0
where the null-properties denotes the properties of the bulk material and p is the penalty factor.
The penalty factor is implemented to penalize and thereby minimize the intermediate densities
in-between the discreet densities represented by the density ratio of 0 (voids) or 1 (bulk material
properties). However the TO outcome is most often in this so-called “grey-zone” with density
ratios in-between 0 and 1. A problem with penalizing intermediate densities is that the
difficulties associated with the discretization problem such as checker boarding, return as the
penalty becomes large. In order to evaluate the influence of the penalization factor the number
can be chosen small initially and increased as the optimization proceeds, this process is called
the continuation method [11]. Also, when applying an extension of the SIMP method to
nonlinear problems it encounters a convergence difficulty due to the extreme distribution of
material. The convergence difficulty arises due to the relatively sparse material distribution in
isolated spots when forced loadings are prescribed [21]. Especially in the nonlinear response
analysis, since incremental iterative solution schemes are usually preferred, the unrealistic
results from previous load steps eventually result in convergence difficulty as the iterative
procedure progresses. A few alternative methods similar to SIMP has recently been developed
for tackling particular problem areas in the more general and straight forward SIMP approach.
Two examples are the Modified Solid Isotropic Material with Penalization (ModSIMP) a
13

method that minimizes the singularities associated with the finite element discretization by
applying an alternative penalization equation [9] and Rational Approximation of Material
Properties (RAMP) method better suited for composite materials when the Hashin-Shtrikman
bounds must be satisfied [22].
Another method similar to SIMP is the Evolutionary Structural Optimisation (ESO) method
introduced by Xie et al. [23]. The design space is optimized by systematic removal of inefficient
elements from the design domain. The iteration process is within a discrete design space and in
this case, the elements either has a density of 0 (voids) or 1 (bulk material). This method has
proven effective for a variety of structural optimization problems e.g. maximization of
structural stiffness [24].
Finally, the latest addition to optimization methods is called Level-set. This approach was first
studied by Osher et al. [25] and later further developed by Wang et al. [26] and Allaire et al.
[27] for structural optimization problems and by Co et al. [28] for heat conduction problems.
In the level set approach for the topology optimization, the material is kept homogeneous in the
domain and its boundary, rather than the material distribution, is varied to meet the optimization
requirements. This removes the possibility of elements having a fraction of the material density,
eliminates the high risk of encountering checkerboard pattern problems and obtaining
unfeasible designs is therefore much more unlikely. However, a substantial knowledge about
the topological outcome, prior to the optimization, is necessary for implementation of initial
material boundary choices. This approach might therefore not be an option when the
optimization is performed with the aim of gaining knowledge about the load path within
complex components.

2.3 Coupled Thermo-Mechanical Structural Optimization
In aerospace structures and in particularly the structure around the engine exhaust system,
thermal effects are important to take into account. Damaging thermal stresses and component
failure can otherwise be consequences. Previously, a majority of the work in the thermal
structure field have been focus on solving the problem by reducing or eliminating thermal stress
by allowing structural expansion due to the thermal expansion. This is the most simple design
solution but most often not the most structurally beneficial.
In coupled thermal-mechanical structural analysis and optimization, a thermal analysis is
performed first to determine the temperature field of the structure. The temperature field is used
as temperature load for subsequent structural analysis. Bhatia and Livne [29] derived the
governing differential equation for the steady-state heat transfer problem and a discretized finite
element (FE) equation of steady-state conduction heat transfer. These equations includes the
commonly applied thermal loads due to surface heat flux {𝑅𝑞 } (flow of energy per unit of area),
nodal heat {𝑅𝑇 } (at nodes with temperature boundary conditions), internal heat generation
{𝑅𝑄 }, surface convection {𝑅ℎ } and radiation {𝑅𝜎 } (transmitted and absorbed) and also the
thermal properties of the material i.e. conductivity [𝐾𝑘 ] and convection[𝐾ℎ ]. According to
[[𝐾𝑘 ] + [𝐾ℎ ]]{𝑇} = {𝑅𝑇 } + {𝑅𝑄 } + {𝑅𝑞 } + {𝑅ℎ } + {𝑅𝜎 }
The rate at which energy is conducted as heat between two bodies is a function of the
temperature difference between the two bodies and the properties of the conductive medium
through which the heat is transferred (illustrated in the left image in Fig 10). Convection is the
heat transfer due to movement of fluids such as gases and liquids (illustrated in the right image
in Fig 10).
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Fig 10. Fourier's Law of Conduction is typically used for thermal conduction calculations and Newton's Law of Cooling is
used for thermal convection calculation [30]. q is the rate of conduction/convection heat transfer and k/h is the
conduction/convection heat transfer coefficient.

The structural finite element equation contains loads such as nodal reaction forces due to an
initial displacement {𝐹𝑢 }, surface traction loads {𝐹𝑐 }, distributed body forces {𝐹𝐵 }, concentrated
nodal forces {𝐹𝑁 } and the thermal loads due to temperature distribution{𝐹𝑇 }. According to
[𝐾]{𝑢} = {𝐹𝑢 } + {𝐹𝑐 } + {𝐹𝐵 } + {𝐹𝑇 } + {𝐹𝑁 }
The thermal load {𝐹𝑇 } is calculated by integrating the temperature distribution Δ𝑇 over the
domain of the structural element
FT  =   BC Td 


over the volume,  and Δ𝑇 is calculated using the expression Δ𝑇 = {𝑁}𝑇 {𝑇} − 𝑇0
with finite element nodal temperature vector {𝑇} derived by the steady-state conduction heat
transfer equation over the finite element shape defined by {𝑁} and 𝑇0 is a pre-defined structural
reference temperature. The strains and stresses can be obtained from displacements using the
strain operator [B] according to
  =  Bunodal 
and

  = C  (  − T ) = C  ( Bunodal  − T ) .

During a coupled thermal-mechanical structural optimization the process of deriving {𝑇} and
then calculating the structural displacements {𝑢} is iterative and is performed in each iteration
step of the optimization, until they converge while fulfilling the constraints.

2.4 Coupled Thermo-Mechanical Structures in Topology Optimization
Topology optimization of thermally loaded structures is a fairly unexplored subject in relation
to its complexity. Several articles have been published on the subject but they all suggest
different approaches for the optimization formulation and the optimization methods. The most
commonly investigated structures are the multi-physical piezoelectric devices and
thermoelectric generators (TEGs) [12]. These structures have a simple geometry and clearly
defined load cases and design spaces which makes them suitable for TO. However attempts for
optimization of more complex, thermally loaded structures have recently been made in studies
of airplane exhaust structures. In 2006 Haney [11] presented an algorithm for ESO which
addresses both the maximum von-Mises stress and minimum natural frequency for a generic
thermal protection system. In 2014 Deaton [31] presented methods for incorporating stressbased design criteria in topology optimization problems with design-dependent thermal
loading.
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Thermoelastic topology optimization was first studied by Rodrigues and Fernandes [32]. They
used the homogenization method to minimize the compliance of structures affected by both
temperature and mechanical loads. Minimizing the compliance of structures subjected to
external, design-independent mechanical loading, has been the focus in a majority of the
structural TO studies [33] [32] [34]. The compliance is defined as the global strain energy of
the FE solution which yields higher stiffness when minimized. To prevent the optimized
structure from ending up with the full design volume as a result when searching for its
maximum structural stiffness, a volume constraint must be imposed. If a gradient based
approach is used, derivatives with respect to C(ρ) are evaluated. The optimization problem is
then described as
𝟏 𝑻
𝟏
𝟏
𝑼 𝑭 = 𝑼𝑻 𝑲(𝒙)𝑼 = ∫ 𝜺𝑻 𝝈𝑑𝑣)
𝟐
𝟐
𝟐
0 ≤ 𝑥𝑚𝑖𝑛 < 𝑥𝑒 ≤ 1
𝑒 = 1,2, … , 𝑛
𝑉(𝒙)
𝑠. 𝑡.
− 𝑉𝑓 ≤ 0
𝑉0
where 𝑪 is the compliance or strain energy, U is the displacement vector and K(x) the stiffness
matrix in the objective function. V(x) is the volume of the structure using the physical density,
V0 is the total volume of the designable domain, Vf is the allowable volume fraction, and xmin is
a small value used to prevent singularity in the finite element stiffness matrices. The
formulation shows that if minimizing the compliance C the stiffness K will be maximized if
having a constant load F. This method is questioned in a journals by Pedersen and Pedersen in
2012 and Deaton and Grandi in 2013 [35] [36] [37]. The authors argue that a minimum
compliance objective cannot be applied in all TO cases, and one example of such is the coupled
thermal and mechanical loading case. The reason for this, is that some structural deformations
are, for thermal load cases preferred, since the thermal expansion would for stiff structures
impose high stresses. Instead, according to Deaton and Granhi it should be modelled as a
minimum volume, stress-constrained topology optimization problem according to
min(𝑪 =

𝑛

min(𝑉(𝒙) = ∑ 𝑥𝑒 𝑣𝑒 )
𝑒=1

0 ≤ 𝑥𝑚𝑖𝑛 < 𝑥𝑒 ≤ 1
𝑒 = 1,2, … , 𝑛
𝐹(𝝈𝒆 )
𝑠. 𝑡.
−1≤0
𝜎𝑙𝑖𝑚
where ve is the volume of element e, 𝜎𝑙𝑖𝑚 is the limit stress and F(𝜎𝑒 )is the failure criterion for
stress (normally von Mises for isotropic materials) that is a function of the stress tensor 𝜎𝑒 . By
comparing these methods they concluded the stress-constrained volume minimizing problem
formulation as a better method from a strength design point-of-view. Even though there is an
obvious motivation to impose stress constraints, several difficulties prevent a straightforward
implementation of TO with stress constraints [10]. The first challenge is known as the
“singularity” phenomenon in which inaccessible degenerate subspaces of the design space are
created by the stress constraints, such that the optimizer is not able to remove some low density
areas and reach the global optimum. One approach for overcoming the problem is to smooth
the stress constrains by using the so-called ε-relaxation [38]. Another significant challenge is
related to the local nature of the stresses. In order to ensure that the stresses does not exceed
some critical value, a single constraint should be imposed on each material point. Which for a
large and fairly complex model leads to a large number of both the design variables and the
constraints. While there are effective ways of solving optimization problems with few
constraints even when the number of design variables is large, a combination of many design
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variables and many constraints may require very high computational cost and is therefore
undesirable in practice. This problem can be dealt with by managing the large number of
constraints either by gathering the stress constraints to a few global approximate constraints
[39] or by taking into account only active constraints, i.e. constraints that the current solution
is sufficiently “close” to them [40].
Chen et. al. [41] addressed one of the main challenges confronted in topology optimization is
the involvement of more than one design objective, in particular, those competing criteria. They
studied the objective trade for structures with thermal and mechanical loads by deriving a Pareto
optimum where a Pareto front was generated and the multiple objectives where optimized in a
compromise manner. In the multi-objective framework, the design problem was formulated in
terms of the mechanical and thermal weighting factors ws and wc and compliance objectives fs
and fc respectively, as min(𝐹) = 𝑤𝑠 𝑓𝑠 + 𝑤𝑐 𝑓𝑐 . Another refined method for Pareto front
generation has been explored by Kim et al. [42] Similar methods have been applied in earlier
studies, for example by Li et al. [34] and Kim et al. [43] who used a weighting factor method
to combine thermal stress and heat flux for a unified design criterion and showed that varying
the weights led to different topologies.

2.5 Thermal fatigue damage estimation
Fatigue is when material is weakened due to a repetition of stress occurrences. After a certain
repetition time, the weakening causes component or structure failure due to crack initiation and
propagation. The TRS is exposed to different types of load cycle which affects the predicted
life of the component. However, as previously mentioned thermal variation in time and radially
within the component, has a large effect on the predicted life of the component.
Fatigue is a phenomenon that occurs on a microscopic scale, manifesting itself as deterioration
or damage in components or structures. Fatigue damage starts as dislocation movements in
grains having crystal planes with certain, most unfavorable, orientation with respect to the
applied stress [44]. It is partially determined by the material properties such as porosity, grain
boundaries, defect etc. However, load cycle and model specific characteristics such as loading,
geometry, surface finish and environment, are all central factors in fatigue.
Metal fatigue was first documented in 1829 a consequence of this discovery was the steel wire
which showed superior damage tolerance for cyclic loading in relation to the commonly steal
chain [45]. The first major milestone in the history of fatigue studies was in 1860, when Wöhler
suggested design for the finite fatigue life and the log-log Wöhler curve or S-N curve (stress
against number of cycles to failure) was defined in 1910 by Basquin [46]. In 1924 Palmgren
proposed a linear damage accumulation for fatigue analysis. A proposition which is later further
developed by Miner in 1945. If the summation results is a value close to or above 1, failure is
likely to occur for the given load cycle. An example of the Palmgren-Miner life predication
accumulation can be seen in Fig 11.

Fig 11. Palmgren-Miner life prediction accumulation.
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Coffin and Manson developed a log-log diagram, similar to Basquins S-N curve, concerning
plastic stresses in 1954 and these two where later combined in 1970. An important
simplification for lifecycle analysis was developed in 1968 by Endo et al. [47], called RainFlow-Counting (RFC). This method decompose arbitrary sequences of loads into cycles.
A common approach to lifetime estimation is illustrated in Fig 12. Firstly, a structural stress
analysis of the structure, for a given load cycle, is performed. If the structure is thermally
loaded, a thermal analysis must be performed prior to the structural in order to include the
correct thermal expansion and material properties. The results are inputs to the RFC method
which is applied by counting cycles and extrema, followed by the Palmgren-Miner rule together
with the material-specific S-N curve. This method will give an estimated damage and life time
(inverse of the damage) for the given structure and load cycle.

Fig 12. A common approach of procedure for RFC damage estimation.

3. Overview of user tools
Here the most important software used in this thesis will be briefly described. The main program
used for performing finite element analyses and optimizations is the solver OptiStruct 17.2 in
the HyperWorks suite from Altair Engineering [48]. There are also other available software for
topology optimization such as Tosca, MSC, Nastran, and recently Siemens PLM software [49].
However, HyperWorks is implemented in this thesis due to the advantages the software brings,
in relation to the remaining, in terms of the variation in applicable optimization constraints and
objectives. The FE software Ansys is briefly used for mapping of analysis data from Ansys to
the HyperWorks software’s. Finally, the in-house developed life prediction program CUMFAT
is described.

3.1 HyperWorks tools for structural optimization
HyperWorks is a CAE simulation platform, developed by Altair Engineering, providing tools
for modeling, analysis, simulation of structures, fluids, electromagnetics etc. HyperWorks
consists of a variety of software’s, including OptiStruct, HyperMesh, HyperView and
HyperStudy. HyperMesh is a pre and post finite element processor with automation tools for
geometry and meshing improvements. HyperView is a complete post-processing a visualization
tool for different studies, including finite element analysis and optimization. OptiStruct is the
analysis tool for structural optimization and evaluation. [48] It can solve linear and nonlinear
problems such as structure, heat transfer, fluid-structure interaction and mechanical systems. In
the later versions, thermal topology optimization has been implemented. [50] OptiStruct
includes linear steady state heat transfer analysis according to
([𝐾𝑐 ] + [𝐾𝐻 ]){𝑇} = {𝑝𝐵 } + {𝑝𝐻 } + {𝑝𝑄 }
where {𝑇} is the unknown nodal temperature. This is a simplified form where only heat flux
load {𝑝𝐵 }, boundary convection load {𝑝𝐻 } and internal heat generation load {𝑝𝑄 } is accounted
for, dismissing the radiated heat from the formulation. A schematic illustration of the analysis
procedure can be seen in Fig 13. Radiation cannot be included in the analysis in OptiStruct,
unlike Ansys. Temperature and flux output results are output to the various results files. After
the heat transfer analysis, the resulting thermal field can be applied as a load on a static
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structural analysis and the thermal deformation and stresses are calculated. Non-linear heattransfer analysis is also available when the material properties are temperature dependent.

Fig 13. Procedure for thermal analyses in OptiStruct.

OptiStruct is also capable of linear steady state or transient temperature loading analysis.
Ambient and grid point temperatures can be specified as a function of time. At specific time
steps, the thermal field at that time step can be applied as a structural load without an inclusion
of a complete thermal analysis.
HyperStudy is a platform with an open architecture which allows easy integration of many
solvers for MDO studies. HyperStudy’s direct integration with for example HyperMesh enables
direct parameterization of finite element, multi-body or other solvers input data. HyperStudy
directly reads the results data of popular solvers such as OptiStruct, Ansys, Nastran, Excel, etc.
It is also possible to perform MOO and derive Pareto plots in HyperStudy. This DOE postprocessing technique presents the effects of the parametric variables on a response in a bar chart
which ranks the effects from largest to smallest. However, this software is limited to parametric
studies i.e. evaluating the effects of different objectives and constraint. For topology
optimization one can however only apply and evaluate one objective at a time.
OptiStruct also provides a solution for fatigue analysis and life cycle or damage constraints
within the optimization. The uniaxial fatigue analysis is performed by the same approach as
presented in Fig 12. Multiaxial fatigue analysis is also available by implementation of the Dang
Van Criterion, a method for predicting if a component will fail in its entire load history.
However, Optistruct does, at this point, not allow fatigue analysis for structures affected by
varying temperature load. The material fatigue data must remain constant along the analysis
and optimization process. This is therefore only an option for mechanically loaded structures.

3.2 CUMFAT
The methodology of life prediction mentioned in chapter 2.5 Thermal fatigue damage
estimation is used in the GKN in-house developed program CUMFAT. A schematic illustration
of the CUMFAT process can be seen in Fig 14.
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Fig 14. CUMFAT fatigue prediction process

The first step is to turn the multiaxial stresses (6 stress components in the case of elastic-plastic
FE) into uniaxial. This can be done by four different hypotheses: Maximal principal stress,
maximal principal strain, normal stress or VonMises stress. A RFC of the uniaxial stresses in
each node is performed for extraction of the cycles. Fatigue analysis with very long loading
histories and considerable yielding poses big problems to the analyst. Many load sequences has
a multiaxial and non-proportional character. This will in the general case result in multiaxial
stresses and strains above yield, with non-proportional character i.e. the difference between
stresses and strain components in different load steps cannot be described by a factor [based on
internal documentations at GKN Aerospace]. Considerable yielding calls for a FE analysis with
non-linear material model. With a very long loading sequence and a FE-model with necessary
resolution brings a large computational cost. The solution to this problem is to perform a linear
elastic FE-analysis of the loading history and to perform elastic-plastic corrections afterwards,
using the Neuber rule or the linear rule. The quality of such corrected stresses and strains can
however be doubtful; using one or the other of the two principles can cause fairly different
results and there are no rule of thumb for which to apply. Generally, this approximation is
applicable for the following load cases:
• Small to fairly considerable amount of yielding
• When the thermal loading is not dominating
• Long load sequences.
According to the theory of crack initiation, fatigue behavior is not only dependent on the stress
or strain range, it is also affected by the mean stress in a cycle. It is more often expressed as a
R-value dependence defined as 𝑅𝜎 = 𝜎𝑚𝑖𝑛 /𝜎𝑚𝑎𝑥 for high cycles fatigue regions (HCF) and as
𝑅𝜀 = 𝜀𝑚𝑖𝑛 /𝜀𝑚𝑎𝑥 for low cycle fatigue regions (LCF). LCF is when the cyclical strains extend
into plastic strain range, the fatigue endurance of the structure typically decreases significantly.
HCF is when the stress level in the structure falls mostly in the elastic range, leading to a high
number of loading cycles before structural damage. In order to determine the influence of the
mean stress correction one of many established hypotheses containing empirical curves for this
estimation must be applied. Some examples of commonly used hypothesis which are also
applied in CUMFAT are the Morrow approach, the Smith, Watson and Topper approach, the
Walker approach and a newly developed Walker effective stress approach. These hypotheses
can be used both for handling the mean stress effect at the life calculation and for transferring
input material data from their original state of mean stress (R-value) to another state of mean
stress. Since the material data is seldom comprehensive and interpolation is often used in
CUMFAT application of accurate values corresponding to for example R-values and
temperature values.
The final steps in the CUMFAT procedure is the summation of each sub-cycle damage
according to the Palmgren-Miner linear damage rule.
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4. Methodology
The work is divided in three different phases: Study of literature and software familiarization,
study and trial of different methods and finally, method evaluation by trials. The methodology
used for the development, evaluation of approaches for reaching the aim of the study, is the
Design Research Methodology (DRM). The method was established by Blessing et al. [51] and
is based on three important questions in need of thorough evaluation; What do we mean by a
successful product?, How is a successful product created?, How do we improve the chances of
being successful?. DRM consists of four clearly defined stages: Research Clarification (RC),
Descriptive Study I (DSI), Prescriptive Study (PS) and Descriptive Study II (DSII). The stages
are illustrated in Fig 15 with bold arrows indicating the main process and light arrows indicating
the iterations in-between steps.

Fig 15.The four stages of DRM [51]

Research Clarification
As previously mentioned, the objective of this thesis work consists of evaluating the potential
of implementing thermal aspects in Topology Optimization in EWB, the MDO platform. For
this, the work is developed over a use case that is represented by the Turbine Rear Structure of
a jet-engine, which has already been an object of study within EWB. The success criteria’s are
difficult to clearly define since it is an explorative study. However, previously made design
decisions for new TRS with regards to thermal and mechanical coupling in terms of stiffness,
strength and predicted life are used as references in the validation process. Another success
criteria is to present a TO methodology that is applicable in the EWB, which is a clear frame of
reference in this study.
The literature study is conducted to get a general understanding of the established MDO
process, thermal fatigue, topology optimization and in particularly optimization of thermally
loaded structures. This includes literary reviews of a number of scientific articles on the subject
and examinations of previous work performed on the subject at GKN. In addition, time is
invested in learning about practical matters such as how the different software are used and how
they interact. Knowledge is gained by attending courses held by the software suppliers,
knowledge exchange from colleges at GKN Aerospace, by articles written on the subject and
by tutorial practice. How the theory of TO comes into practice in the software is also studied.
Descriptive Study I
In the second phase the learnings from phase one, is applied to select an approach for
application of TO of thermally loaded structures in the EWB. All applicable approaches for
application of thermally loaded structures within the TO and EWB are presented. The selected
methodology was based on gained understanding and experience of optimization trials as well
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as inputs from designers and analysis engineers at GKN Aerospace. Two approaches were in
this phase selected for further investigation and are evaluated in the continuation of the work.
One approach evaluating the implementation of thermal fatigue optimization and the other is
an approach where the focus lies on the coupled case of static mechanical and thermal load
optimization for weighted structural stiffness and strength.
The understanding gained in the descriptive study is stated in chapter 5.
Prescriptive study
The work is separated for the two approaches derived in the descriptive study. Two different
use cases i.e. different TRS models, are applied based on their appropriateness in the different
studies. In the third phase the optimization definition is further explored. The used optimization
definitions, results and learning were evaluated and documented for each trial case. This more
practical phase, includes study of robustness of solutions when varying load cases, objectives
and constraints and evaluation of the different parameters and their influence on the solution.
A lot of effort is spent on how to perform the different stages of the optimization to get as good
and useful results as possible.
The first and second approach explorations are described in chapter 6 and chapter 7,
respectively.
Descriptive Study II
This phase focus on the second approach for inclusion of thermal aspects in TO. The results
gained during the optimizations are evaluated separately and an analysis their applicability and
robustness is performed. Finally, a reasonable methodology of how to perform optimization in
the design process at GKN is presented.
The findings from this phase are described in chapter 8 and 9.
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5. Selection of method for evaluation of thermal affects in TO
Since TO is to be performed within the EWB process, the scope for accepted solutions and
selected methods is limited. The selected method should fulfill the following requirements:
• It should not require inclusion of more/different software than those already included in
the process today. In the disciplines of mechanical and thermal loading, these include
Siemens NX, Ansys, HyperWorks, excel and CUMFAT. This requirement is based on
a desire to minimize the amount of required software licenses and education time.
• It should require a minimal amount of additional inputs in the EWB process i.e. the
amount of human interventions from the set up stage to the evaluation should be
minimized.
The thermal loads affects the TRS in different ways, however a significant consequence of the
high thermal environment is the shortened predicted life. The continuous expansion and
contraction of the structure due to this thermal variation in time has shown to be a dominating
factor. The predicted life of is one of the crucial quality requirement measures, that determines
whether a design is successful or not. Using life requirements during the early design stages
could therefore shorten the design process by removing iteration steps in the EWB process.
Another possible approach for application of TO of thermally loaded structures is to investigate
how the stiffness and strength of a structure affected by any changes of load cases such as
mechanical and thermal. It is therefore describable to perform a study of what geometrical
changes could be expected of a typical TRS model when performing a TO with the objective
of increasing the stiffness or strength for the two different load types separately and together.
This can easily be implemented in the EWB as an extension of the previous TO methodology
presented in [5]. By performing topology optimizations for each created context model, for
increasing understanding of the load paths and its variations depending on which load cases are
assumed to be most critical for the specific model.

5.1 Thermal life constrained TO approach
The literary review showed that FE software’s such as Ansys and HyperMesh only allow
fatigue analysis and optimization of structures affected by mechanical loads. This prohibits the
simple solution of adding number of life cycles as a constraint within the optimization. Since
the fatigue analysis and TO can’t be performed simultaneously, other possible solutions for
simulating this requirement are evaluated. The evaluation is accomplished by studying the
existing procedure for life prediction in the EWB, CUMFAT. The method is further described
in 3.2 CUMFAT. As mentioned, this software is already integrated in EWB which makes it
applicable in this study. It is currently performed for each DOE derived design case with inputs
from a thermal analysis, structural analysis and material data according to Fig 16.

Fig 16. CUMFAT inputs and outputs

A possible solution for life constrained TO of thermally loaded structures is to go the other
way around. To provide a required number of cycles, material data and temperatures in order
to get the required stresses or strains according to
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Fig 17. Modified procedure for extraction of stress/strain constraints.. This solution will bring
nodal stress or strain constraints corresponding to the nodal temperature for a certain load
cycle calculated in CUMFAT.

Fig 17. Modified procedure for extraction of stress/strain constraints.

5.2 Coupled thermal-mechanical load approach
The literary review of TO give the conclusion that the coupled thermal-mechanical affects can
be implemented in the EWB in three different ways.
1. Integrate the thermal aspects during a structural optimization in the EWB by first performing
a topology optimization of the mechanical loads. The second step is to translate the thermal
zones of the original meshed geometry to the new mesh, given by the TO. Finally, perform a
thermal analysis in Ansys to evaluate the design outcome.
The first option is the only process not including the thermal aspects in the actual topology
optimization. These are however included in the larger iteration loop of the MDO process by
the result evaluation of the thermal analysis of the mechanically optimized structure. This
approach is similar to the existing MDO process but now including the ability to easily perform
various post processing of the TO outcome. This method would with time increase knowledge
about the interrelation of material and temperature distribution in a design.
2. The TO is in this option considering both thermal loads and mechanical loads, by including a
thermal analysis in the iteration process, with fixed boundaries towards the airflow, to keep the
aerodynamic properties.
The second option includes a complete thermal analysis in each iteration step. This approach
would give the most accurate results of the TO in relation to the true optimal design for the
given loads and boundary conditions. However, this option brings difficulties. It would require
a large computational effort to perform a complete transient thermal analysis within the
optimization. This optimization set up is also only applicable in HyperWork’s software for
optimization and the EWB is currently adapted for thermal analysis in Ansys.
3. Similar to option 1 but including material temperatures derived by a previously performed
thermal analysis in Ansys. The temperatures are mapped, to the new mesh and added design
space, as thermal loads, which are included together with the mechanical loads in the TO.
The third option which is based on the analysis performed in Ansys would give a better
understanding of TO of thermally loaded structures whilst minimizing the computational effort.
The FE-problem would be a simplification where the variations of nodal temperature due to the
change in material distribution is lost. However, the influence of this simplification could later
be evaluated by comparing the TO results with a second thermal analysis.
The third option is considered to be the best solution for the given time frame. It is easily
implemented in the EWB and it will bring further knowledge and understanding of thermomechanical TO. This method could later be improved by application of features from the other
two methods, if needed. For example, the automated approach for reanalysis and post
processing of the TO outcome can easily be added. A procedure for including complete thermal
analyses within the TO iteration process could also be applied later, if there shows to be a need
for increased accuracy.
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6. Procedure for evaluation of thermal life constrained TO
In order to verify the applicability predicted life constrained TO, a complete cycle of thermal,
structural and fatigue analysis must be performed as well as the stress/strain constrained TO. In
this part of the study a TRS model, with a fairing solution around the load carrying struts, is
applied. This model is smaller than the previously used, geometrically cylindrical symmetric,
the applied loads are solely thermal and assumed to be symmetric. The geometry and load
symmetry allows for sectorial analysis, which minimizes the amount of nodes and thereby
constraints. Material data and analysis data for the complete load cycle (both thermal and
structural) are also comprehensive for this specific model. CAD model images of the complete
model and the sector used in the analyses are illustrated in Fig 18. For this use case, the load
carrying struts within the vanes (which are partly hidden in the left image in order to visualize
the struts) are assigned as design space.

Fig 18. TRS model with fairing solution with inner load carrying structure in profile, used in the reversed fatigue
optimization approach.

6.2 Limitations and assumptions
In this study a simplified reversed CUMFAT approach is investigated. The assumptions and
limitations made in this initial study of the concept are:
•
•

•

This study is limited to crack initiation.
This simplification will most probably contribute to fairly conservative constraints.
The structure is only affected by cylindrical symmetric thermal loads.
In practice the structure will experience minor mechanical loads and vibration due to
small unbalances in the engine. However, for this model, the thermal loads is considered
dominant since no hub bearing or engine mounts exists. Since the thermal loads are in
the LCF range, HCF will be neglected.
The load cycle is simplified to only include the dominating cycle giving only one Rvalue.
For most TRS structures, approximately 80 % of the life estimation is determined by
this dominating cycle. The results from a thermal and structural analysis from a transient
thermal load cycle is presented in Fig 19, for this specific model. The dominating load

25

•

•

•

cycle is in this case the first increment, from cold engine (at time=0 sec) to take-off
temperature (at time=600 seconds).
The available material thermal fatigue data is limited to test values for 5 different
temperaturtes according to Fig 20.
Meaning that linear interpolation is necessary for the in-between temperatures in order
to derive the stress constraints corresponding to the required life and strains (see Fig
21).
The derived stress/strain constraints will be applied as uniaxial Von Mises stresses.
Since the multiaxial stresses from the structural analysis are transferred to uniaxial
within CUMFAT. Data regarding life estimation for each stress parameter is lost in this
process.
The constraints will only be applied in the non-design space
For minimizing the problems related to application of global stress/strain constraints in
TO and due to limitation of OptiStruct regarding local stress constraints in the design
space.

Fig 19. Thermal and structural analysis results for the transient load cycle of the model. The blue line marks the
temperatures and red the stress values over time.

Fig 20. Thermal fatigue data for Inconel 718. The vertical line marks a required number of load cycles.
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Fig 21. Stresses corresponding with the material data illustrated in Fig 20

6.3 Findings
This method, for constrain extraction based on a predefined life requirement, is a large
simplification and many different steps in this procedure can be questioned. Since
simplifications are made in every stage of the process from the initial thermal fatigue analysis
to the actual TO, there is a high risk that the summation of these will bring inaccurate results.
The largest simplification is the loss of multiaxial stress when applied in the optimization,
which limits the results to only include Von Mises or Principal stresses. However the most
limiting difficulty with this approach, occur during the actual optimization. Using a large
amount of node specific constraints will contribute to a large computational cost. It will also
require a FE model with exceptional accuracy bringing no inaccurate stress concentrations
associated with application of loads and boundary conditions. It is also likely that the majority
of the strain constraint in the non-design space, in particularly the ones far from the boundary
to the design space, will be unaffected by the geometrical changes done in the design space.
All of these limitations and simplifications makes this method and its following results
unreliable and the method is therefore not applied in the continuation of this study. Since there
is a lack of software solutions for thermal fatigue optimization, the only solution for including
thermal fatigue in the EWB optimization loop is to include this optimization in the larger loop,
after the mechanical or coupled mechanical-thermal optimization. The results from these
analyses can then be used as a learning tool for understanding of how the variations in load
carrying design of thermally loaded structures affects the predicted life.
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7. Procedure for evaluation of thermo-mechancial TO
This chapter describes the procedure for defining the optimization problem for the thermomechanical TRS structure. Firstly the criteria’s for construction of successful hub structures is
described in order to create a success criteria suitable for results evaluation.

7.1 Limitations and assumptions
The assumptions and limitations made in this “coupled thermal-mechanical load approach” are:
• A solid FE model is necessary
The previously performed TO’s at GKN has been for hybrid shell-solid FE models. This
has shown to be a good option for reduced computational cost since shell models
involves less elements than a solid. However, it is not possible to perform thermal
analysis of hybrid models in Ansys, a process that will be necessary for validation of
the TO results. For this reason a complete solid model of the TRS structure is used. The
model is large and fairly complex and this bring a large amount of elements.
• The TO solutions are based on linear static theory
Due to time limitations, all optimizations will be performed according to static linear
theory. The software allows application of transient load cycles and non-linear behavior
however, the computational effort for this kind of optimization set up is larger and result
validation process becomes more difficult.
• The aerodynamic performance should not be affected by any geometrical changes
The aerodynamic properties cannot at this stage be implemented in the TO because of
a decoupling between the aerodynamic analysis and the remaining in the EWB process.
This could be possibly be implemented in the future, however this study only focuses
on the application of thermal aspects. The exhaust flow boundaries are therefore held
intact during the optimization and are considered as non-design space.
• The design space is limited to the hub structure
• The default value for the SIMP penalizing factor p in in OptiStruct equal to 2
This value has been used in all optimizations in this study.

7.2 Design space
At this study the TRS hub and its internal strut support structure is the subject for the
optimization. Fig 22 illustrates the original CAD model, used as a reference in this study, to the
left and a CAD model with additional material with in the hub, illustrated to the right. The
design space geometry is an arbitrary selection, mainly based on the fixed boundaries to the
airflow and the inner diameter which in an assembled engine is connected to the bearing and
turbine shaft. Other design space limitations could be important to include such as:
• Demands for visual inspection of the inner surfaces of the vanes.
• Manufacturing requirements, e.g. removal of core material after casting.
• Access for oil pipes (supplies/removes oil to/from the bearing via the vanes for a
undisturbed airflow)
However, these factors will be disregarded in this study but must be evaluated in the
forthcoming optimizations for different TRS models.

28

Fig 22. Original CAD model to the left and model with added hub design space in the middle and to the right.

7.3 Load cases
Since the TRS is a part of a complex system with a large variety in design, size, costumer usage
etc. applying suitable load cases can be difficult. The TRS designs are partly evaluated at an
early design stage by application of ultimate load cases, also called Fan Blade Out (FBO). The
FBO forces are reaction force, located in the lugs, and arise due to a detached fan blades impact
on the TRS. These loads are statistical measures of loads of extremely rare occurrence which
causes unrepairable plastic damage. In this study, two different FBO values from a previously
performed test of a similar engine model in applied. These two values where the two cases
bringing the largest buckling and tensional stresses respectively. Apart from FBO, the structural
stiffness is also measures by two different load cases called Vertical stiffness (force in ydirection) and Over turning moment (moment around z-axis).

Fig 23. Applied mechanical load cases

These load cases are unit loads, i.e. scaled up until the structure reaches a predefined strain
limit, or in the FBO buckling case, until buckling occurs. All these load cases have the same
boundary condition; the forward flange (forward in positive x-direction) of the outer case is
fixed in all directions. A further description of the three load cases can be found in internal
references at GKN Aerospace. During structural analysis of these load cases, the temperatures
are taken into account by including a temperature dependent elastic modulus. However, the
thermal expansion is not considered at this point in the structural evaluation. This expansion is
only acknowledged during later evaluation for limit loads and in particularly, during fatigue
analysis. Since the TO is supposed to be included in the early design stages for a new TRS
structure and because more precise load case data is limited at this stage, it is concluded that
the ultimate load cases SX, OTM and FBO are to be used in this study. Even though further
load cases must be implemented in future EWB studies, the ultimate caseloads will give a good
understanding of how the mechanical forces, temperature interact and how variations in these,
cause alterations in the TO geometry outcome.
29

Temperatures are applied according to the thermal zones in the structure. The TRS is normally
divided into approximately 10-40 thermal zones with temperatures varying vertically and
longitudinally. The number of zones can be decreased to four main thermal zones for an initial
study of the thermal effects (see Fig 25). And to further simplify the problem, the longitudinal
thermal variation can be disregarded for the first approximation. The temperature and the
variation within the zones are taken from previously performed thermal analysis of the TRS
structure (see Fig 24). The selected temperatures are taken from the most significant and
dominating cycle in the whole flight cycle, in this case the first maximum values after takeoff.
Equations for the temperature variation within each of the four zones is derived and these are
then used when implementing the temperatures in each node of the HyperMesh FE model.
Another option is to perform a field mapping of the Ansys temperature results, however in order
to be able to control the variations and test for variations, the four equations are used. To
simulate the load correctly, temperature dependent material data for thermal expansion, elastic
modulus and poisons ratio are defined in the material card within OptiStruct.

Fig 24. Temperatures derived by a thermal analysis in Ansys. The selected images is taken at the time step for the most
dominating temperature cycle

Fig 25. Simplified division of thermal zones in the TRS and radial distribution of temperature field based on the thermal
zones and thermal analysis data illustrated in Fig 24.

The loads are applied as separate load steps in HyperMesh. Similar to the formulation for multiobjective optimization, multiple load cases can be incorporated to the structural optimization
as a weighted summation of each case according to
𝑀

𝑓 = ∑ 𝑓𝑘 𝑤𝑘
𝑘=1

In this optimization set up, all cases are weighted equally.
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7.4 Optimization formulation
The desire is to design structures that support specific non-designable domain, optimization for
suppressing the stress level in the non-designable domain while maintain global stiffness
simultaneously. However, the selection of objective and constraints for the TO is, as described
in section 2.4 Coupled Thermo-Mechanical Structures, problematic for structures with this kind
of load arrangement. There are several possible TO formulations, all bringing different
advantages and disadvantages. The most commonly applied in previous studies which are also
implemented in HyperMesh/Optistruct software are:
• Minimize compliance with a volume fraction or mass fraction constraint
• Minimize compliance with a volume/mass fraction and stress constraint in the nondesign space
• Minimize compliance with a volume/mass fraction and a global stress constraint
• Minimize compliance with a volume/mass fraction and local displacement constraints
• Minimize the maximum stresses with a volume fraction or mass fraction constraint
• Minimize volume/mass fraction with a stress and strain constraint in the non-design
space
All optimization formulations stated above are performed for mechanical and thermal load
cases separately in order to illustrate the difference in TO results. Further, trials for combining
these in the same optimization are made by several optimization set up variations according to
the ε-constraint method described in 2.1 Introduction to Structural Optimization.

8. Findings during evaluation of thermo-mechancial TO
This chapter describes and illustrated the results gained during the TO trials of the thermomechanical TRS structure. In all obtained illustrations a density threshold of 0.3 i.e. 30% is
used where elements with densities above are kept in the illustrations.

8.1 Objective
The purpose with the optimization of the hub structure is to minimize the volume whilst
contributing to a global structural stiffness and keeping enough material to withstand the
maximum allowed stresses/strains. The most commonly applied objective in TO is
minimization of compliance. The compliance can be defined for the whole structure, for
individual or groups of properties (components) and materials. The weighted compliance is an
objective formulation in OptiStruct used to consider multiple subcases (load steps, load cases)
simultaneously in a classical topology optimization. The response is the weighted sum of the
compliance of each individual subcase i.e. a weighting factor (multiplier) 𝑤𝑖 for the individual
compliances 𝐶𝑖 must be applied as an input. The TO problem can be described by
1
1
min (∑ 𝑤𝑖 𝐶𝑖 𝑤ℎ𝑒𝑟𝑒 𝑪 = 𝒖𝑻 𝒇 = 𝒖𝑻 𝑲𝒖 = ∫ 𝜺𝑻 𝝈𝑑𝑣)
2
2
This objective has shown to be suitable for identifying load paths within a design however the
dimensions of these cannot be determined without further constraints. Stress constraints can be
used, as global constraints disregarding local concentrations or in the non-design space or nodal
displacement constraints. These will give a quantitative measure which can be used for design
space member size dimensioning.
For structures loaded with both thermal and mechanical loads, using compliance as the
objective can be misleading. For mechanical loads i.e. forces and moments, compliance can be
considered a reciprocal measure for the stiffness (K) according to
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1
1 𝑓2
1
𝐶 = 𝑢𝑓 =
𝑤𝑖𝑡ℎ 𝑓 2 = 𝑐𝑜𝑛𝑠𝑡.
2
2𝐾
2
This means that if a maximized stiffness is desired, one should minimize the compliance.
However, when optimizing a structure with applied temperature expansion, which can be
interpreted as applied displacements (u), the following equations are representative
1
1
1
1
𝐶 = 𝑢𝑓 = 𝑢𝐾𝑢 = 𝑢2 𝐾 𝑤𝑖𝑡ℎ 𝑢2 = 𝑐𝑜𝑛𝑠𝑡.
2
2
2
2
In this case, maximizing the compliance would give a structure with maximized stiffness. The
two objectives suggest the inversed formulation and combining these in the same optimization
is not possible since the software’s does not support construction of Pareto optimality fronts for
TO.
Instead, the load cases are studied separately. To illustrate what difference these optimization
formulation brings three different trials are made with different objectives and load cases. The
results can be seen in Fig 26 below. All three optimizations have constrains for member size of
10 mm (to remove element scatter and mitigate checker boarding) and a volume fraction
constraint of 10% of the design space volume. Figure A represents case when optimizing a
mechanically loaded structures for minimized compliance i.e. maximized stiffness. In figure B,
the load case is changed to only include thermal loads and the objective is still minimized
compliance. In figure C, the load case is again, thermal and the objective is now changed to
maximized compliance.

A

B

C

Fig 26. Comparison of the topology optimized hub when using different compliance optimization formulations. Figure A
illustrates the result when only the mechanical loads are applied, the objective is to minimize the compliance and the constraint
is removal of 90 % of the hub volume. Figure B illustrates the result when only the thermal loads are applied, the objective is
to minimize the compliance and the constraint is removal of 90 % of the hub volume. Figure C illustrates the result when only
the thermal loads are applied, the objective is to maximize the compliance and the constraint is removal of 90 % of the hub
volume.

In Figure A, ribs appear between and around the attach points of the loads in order to prevent
the largest deformations. In figure B, on the other hand, all design space elements are removed.
Since the thermal expansion increases with an increased amount of material, the optimal
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solution for minimized compliance is removal of all material. This will however bring immense
stress levels in the remaining structure. In order to interpret the results of the final image in
relation to the second, one must look at the displacement results for the two optimizations.
These results are illustrated in Fig 27.

B
C
Fig 27. Displacement results scaled with a uniform factor of 5 for the TO outcome of trial case B and C illustrated in Fig 26.

The displacement result shows that the total deformations in the hub structure is lower in case
C (maximized compliance). The total stiffness is increased by allowing the vanes to expand in
towards the center of the hub (the vanes obtain the highest temperatures and thereby the largest
thermal expansion) while preventing further deformations in the hub membrane. This gives an
indication that the membrane must be thickened in order to increase the thermal stiffness. These
results could be combined with the results in figure A.
Another option is to use minimization of stresses or strains as objectives. However, this
formulation also brings some complications. The most critical problem when using stress or
strains as objectives is the computational cost due to them being element specific. This problem
was demonstrated during the valuation of the reversed CUMFAT fatigue optimization,
described in 5.1 Thermal life constrained TO approach. The problems mentioned in 2.4
Coupled Thermo-Mechanical Structures regarding stress singularities in the design space is
also a significant limitation and makes the TO results questionable. This is however only an
issue if including the design space element stresses in the objective. Another issue is that
OptiStruct does not allow minimization of stress as an objective for multiple load cases. Instead,
the software recommends using minimization of the maximum occurring stresses. This
alternative could be of use when having an even distribution of stresses within the design, but
on the other hand very limiting, if having a more complex design with several locations of stress
concentrations as for the TRS. All of the above mentioned limitations regarding stress and strain
objectives makes this optimization formulation unsuitable in TO. If the strength of the structure
is important to include in the TO, stress and strain should instead be applied as constraints while
using minimization of volume or mass fraction as the objective.

8.2 Constraints
A possibility to mitigate checkerboard patterns is to use a so-called minimum member size
constraint. A minimum member size of 10 mm is used in all the results displayed in this report
to remove element scatter and inconclusive results. For complicated rib structures a
manufacturing constraint (such as casting pull direction) can be added for a producible structure
by traditional manufacturing techniques such as casting, extrusion etc. If the TO outcome shows
a design space filled with large members and large masses of material, it could be suitable to
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add a maximum member size constraint to guide the solution towards a more rib like design.
This constraint is not applied in any of the results in this report.
Constraints can either be applied in global terms, as component or design variable/space
specific. The design variable constraints can include material constraints such as stress/strain,
manufacturing, fatigue and member size constraints, as previously mentioned. Normally, this
type of constraint has a large impact on the TO outcome. If applying a stress constraint to the
topology design variable in HyperMesh, this will be interpreted as a global stress maximum
(Von Mises only) for the whole structure, including the non-design space. Since it is a global
measure, optimization convergence is faster than if applying element specific constraints for
stress or strain. However the global stress measure, in some matter, filters out the local stress
concentrations which in some cases are important to include.
Minimizing volume fraction while constraining the stresses
The element or property stress constraints referring to a defined stress response can be of a large
variety of stress measures such as axial, Von Mises, maximal principal etc. They can though
only be applied for the non-design property due to the arising problems of stress singularity if
applied in the design space. There is however a risk that the stress values in the non-design
space remains unaffected by changes made in the design space geometry. This is in particularly
a problem when applying this type of constraint in a large and complex non-design domain far
away from the design space. For those cases, only placing the constraints in the closest
surroundings to the design space, might solve this issue. For the TRS use case, the stress values
in the outer case, lugs and even in the outer ends of the vanes are difficult to significantly reduce
by any geometrical changes in the hub support structure. A suitable option is to only apply these
constraints in the vane structure closest to the hub. Stress constraints must then also be applied
in the non-design space in the inner flange of the hub structures, where the mechanical stiffness
loads (SX and OTM) are applied, in order to force the solution to capture the load paths. The
most difficult aspect of applying stress/strain constraints is the decision of what limit value to
use. This is in particularly difficult if the knowledge about the load cases is limited, as it usually
is during the early design stages. In this study and for the trials performed with stress
constraints, the applied stress limit values are taken from a structural analysis performed for the
original TRS model (without added design space) affected by the same load cases as those
applied in the TO model. The results for this particular optimization definition can be seen in
Fig 28.

D
E
Fig 28. Stress constrained TO with the objective of minimizing the volume fraction. Figure C illustrates the outcome when
only mechanical loads are applied and figure D only thermal loads.
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Stress and displacement constrained optimization with compliance objective
Similarly to the previous alternative for volume fraction minimization and stress constrained
optimization, there are alternatives for combining stress and volume fraction constraints with
the compliance objective. Trials are performed for each of the two cases for mechanical and
thermal loads separately. The constraint measures are the maximum stresses taken from the
analysis results of the original TRS model. The TO results for compliance maximization for
thermal loads showed a solution where high dense elements surround the vane/hub interaction
area (see Fig 26 C). Trial results also showed that adding stress constraints in the same area
gave insignificant changes in results. Therefore, the compliance is minimized for mechanical
loading in all trial cases displayed below (see Fig 29).

F

G

Fig 29. Minimizing compliance for mechanical loads. Left image (E) illustrates the TO results when also including stress
constraints due to the mechanical loading, in the surrounding non-design space of the vanes (light blue components). The
right image (F) includes the same stress constraints but for stresses due to the thermal loading.

The final option for guiding a mechanical stiffened solution towards including the thermal load
aspects is by adding displacement constraints. Similarly to stress constraints, these are node
specific and precise constraint measures must be given. A trial is performed where displacement
constraints, are placed in nodes located at the inner flange of the hub structure. The
displacement constraint measures are taken from the analysis results of the original TRS model.
Fig 30 illustrates the results when optimizing for compliance due to mechanical loading while
constraining the volume fraction and the displacements in the nodes in the inner flange of the
hub structure due to thermal expansion.
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H
Fig 30. Minimizing compliance for mechanical loads while constraining the volume fraction and the deformations in the
inner hub flange due to the thermal expansion.

If combining these to constrains for thermal deflection and stresses in one optimization for
minimizing the mechanical load case compliance a MOO solution according to ε-constraint
method is obtained. The combined result is illustrated in Fig 31.

I
Fig 31. Minimizing compliance for mechanical loads while constraining the volume fraction, the deformations in the inner
hub flange due to the thermal expansion and the stresses in the hub/vane connection due to the thermal expansion.

All of the results of the optimizations for stiffness are stated in Table 1. It can be seen that the
compliance is slightly increased (i.e. lowered structural stiffness) for the cases when constraints
due to thermal expansion is added in the optimization for minimum compliance. This gives a
strong indication that applying stress and displacement constraints in the optimization set up
will steer the solution towards a structural lay out that acknowledges the thermal aspects in a
preferable way in relation to the optimization for pure mechanical stiffness.
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Table 1. Optimization formulation result comparison

Case

Objective

A

Min compl (M load)

B

Min compl (T load)

C

Max compl (T load)

F

Min compl (M load)

G

Min compl (M load)

H

Min compl (M load)

I

Min compl (M load)

Constraint
vol frac < 10%
min member size>10 mm
vol frac < 10%
min member size>10 mm
vol frac < 10%
min member size >10 mm
vol frac < 10%
min member size >10 mm
stressnon-design space<1000 Mpa (M load)
vol frac<10%
min member size >10 mm
stressnon-design space<1000 Mpa (T load)
vol frac < 10%
minmember size >10 mm
deflinner flange<2 mm (T load)
vol frac < 10%
min member size >10 mm
stressnon-design space<1000 Mpa (T load)
deflinner flange<2 mm (T load)

Compliance
[MPa mm3]
2.02E+05
1.99E+08
2.70E+08
2.01E+05

2.66E+05

2.16E+05

2.55E+05

8.3 Implementation in the EWB
During the trials, difficulties associated with the implementation in EWB are recognized. There
are two possible ways of implementing TO during product development at the company. Either
it can be implemented in more substantial conceptual redesigns of the complete TRS or for
redesign of specific TRS parts e.g. the hub structure, vane position, vane interior support
structure or mounting structure. The latter requires thermal analysis data, load case and
boundary data. This optimization is possible to implement in EWB according to Fig 32.
Although several iterations steps are necessary, in order to capture the effects of the different
disciplines. The first option is however not applicable in the existing EWB procedure. This
option should be performed in parallel to EWB as a tool for gaining knowledge and inspiration
for structural redesigns which can later be applied in the EWB for evaluation and further
exploration.

Fig 32. EWB including TO of thermally loaded structures.

In order to make the process illustrated in Fig 32 automated the following scripts must be
written:
• Mapping of temperatures in the new model with added design space.
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Either by performing a complete thermal analysis in the optimization or by extracting the
temperatures from a previously performed thermal analysis (either the whole flight cycle
for transient optimization or the most significant and dominating cycle for static
optimization)
• Turning the new TO mesh into a mesh suitable for structural and thermal reanalysis.
Today, the procedure for performing thermal analyses in Ansys, requires smooth surfaces.
The TO outcome is often fairly complex and can lack connectivity. The OSSMOOTH tool,
that HyperWorks supply can perform smoothing of mesh, patch holes and check for
member connectivity. After performing the OSSMOOTH for a selected density limit one
can also perform a shrink wrap mesh, for further smoothing and minimization of the number
of surfaces. For larger models this process can be time consuming and for thermal
reanalysis, a remapping of the thermal zones must be made since new surfaces are created
in the optimization. Another disadvantage with this automated re-meshing method is that
it often brings a slight increase in model volume due to the mesh smoothing. It is therefore
only suitable when there is a need for quick and easy reanalysis. It is however, in many
cases a better option than creating a new CAD model (based on the TO outcome) and the
whole process can be automated, which makes it suitable for the EWB.
The most difficult aspect of implementing the TO procedure in the EWB is the selection of
which density threshold to keep in the re-mesh and re-analysis. Fig 33 illustrates the difference
one can expect in the results for different selection of limit densities. The results are filled with
intermediate densities ranging from 0 to 100 %. This selection must be made by evaluating the
results manually. The default threshold is 30% in the HyperWorks re-meshing tools, however
for some outcomes a lower or higher threshold is to prefer. In the illustrations below, the limit
of 20% displays a connected structure with less element scatter which makes this selection
preferable. Fine tuning optimization should then later be applied to optimize the cross sections
and thicknesses for each member in the structure to remove unnecessary weight.

20%

40%

60%

Fig 33. TO outcome of optimization set up I, for different selections of limit element densities.
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9. Discussion
The two different approaches for studying the possibility to perform thermo-mechanical
topology optimization gave very different results and conclusions.
The literary study of thermally loaded structures and the historical design changes made of the
TRS gave the conclusion that a thermal fatigue constrained optimization for structural stiffness
due to mechanical loading would be a suitable optimization formulation. This would capture
both the structural stiffness, necessary to withstand the high mechanical loading but also the
structural flexibility, necessary to allow the thermal expansion. The results from the approach
for fatigue optimization described in 5.1 Thermal life constrained TO approach are
unfortunately inconclusive. The suggested procedure for predicted life constrained optimization
could not be successfully implemented mainly due to software limitations.
The results from the second approach (Evaluation of coupled thermo-mechanical TO) clearly
illustrates the difficulties involved in performing optimization of thermo-mechanical structures.
The two load cases are contradictive and will separately contribute to completely different
structural layouts. Since objectives cannot be weighed against each other in any studied
software’s supplying TO, separate optimizations must be performed for the different disciplines
and weighted afterwards. It shown that in cases of purely mechanical loading, the minimum
compliance formulation generally produces designs with suitable stress distributions in terms
of overall material layout with effective load paths. Maximization of compliance due to thermal
loading can give indications for necessary alternations which can be combined with other
optimization outcomes (e.g. minimization of compliance due to mechanical loading). However,
load path identifications and structural lay out decisions are difficult to make based on the
results for this TO definition. It is also shown that by directly enforcing limits on nodal stresses
and displacements within the closest surrounding non-design space, contributes to alternative
material layouts that captures and proscribes the undesired effects of thermal expansion. This
method allows performance of multi-objective optimization by reformulation of objectives
regarding the thermal effects as constraints, in such a way to generate a structure with favorable
thermoelastic qualities with a better combined performance.
TO is a optimization method which in most cases creates non-scalable geometries i.e. increasing
the load case with a factor of 2 will not give the same optimized geometry that is scaled
accordingly. Substantial knowledge about the load cases, necessary to obtain a geometry
optimized for the intended purpose, is therefore needed. It is also important to evaluate what
kind of deviations to expect. For example, if shifting the angle of attack or magnitude of a
certain load slightly or changing the temperature field, completely different TO outcomes are
expected. Either all statistically significant load cases should be included or a substantial
robustness evaluation must be formed afterwards. This is in particularly important for these
MDO problems where all the different disciplines have different levels of uncertainties in input
values. In order to create a feasible structure by TO, optimizations have to be performed for
each load case which have shown to have statistical significance in terms of frequency in
occurrence. The results must then be interpreted and structural similarities and reoccurrences,
between the different results, identified. Each of these TO outcomes must then be weighted
depending on the intended product usage.
It is highly important to understand that the TO outcome cannot directly be sent to production
with the assumption of being the most optimal design. The topology result will in many cases
be stiffer than in reality due to the contribution of the low dense elements. They will most likely
have a higher weight than needed due to problem of finding thin members such as thin walled
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tubes instead of solid beams. And it might also have problem areas with stress concentrations
due to for example an uneven surface. The results must therefore be interpreted after every
optimization and further analyzed. This is an additional reason why optimization is performed
iteratively, in several steps, including multiple methods for both conceptual (e.g. TO) and fine
tuning optimization (e.g. free size and shape optimization).
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10. Evaluation of software
In this thesis work the HyperWorks software package was used for all FE-calculations and
optimizations giving time to test end reflect over its capabilities. During the work the software
was found to cover a wide range of problem solving possibilities in the field of study. However,
some specific shortcomings sometimes seriously affecting the work were also found.
Conclusions of the software are listed below.
• Possibility to choose among a large variety of objective functions and optimization
constraints most often makes it possible to set up the optimization in the desired way.
• Using compliance or weighted compliance as the objective has shown to be the most
effective approach, in terms of computational, in TO.
• The TO outcome is in many cases conservative and have difficulties finding thin-walled
structures. It is therefore recommended to apply member size constraints to force the
solution to become rib-like in order to assess the possibilities of removing the internal
rib material, to create a more light weight design.
• To get accurate results a fine mesh is required. It is also important to have a continuous
mesh size within the design space i.e. the default value for the solid mesh growth rate
must be changed.
• In general very good prospects to define the problem exactly as wished in means of
geometry and mesh, loads, design domains and conventional manufacturability.
• The software has not yet developed TO constraints for design for AM.
• In HyperMesh it is possible to directly apply geometrical changes due to all types of
optimization results for further analysis by OSSMOOTH. However, this is a time
consuming process for larger, more complex geometries.
• Applying stress constraints in the TO is fairly complex. If applied, they should
preferably be global constraints or local constraints close to the design space. Postanalysis of the results is however required in order to validate the results.
• Fatigue constrained TO is only applicable for mechanically loaded structures since the
fatigue material properties must stay constant.
• HyperView is an effective tool for evaluation of the TO outcome.
The overall opinion is that the software fulfills its purpose as an optimization and analysis tool
and is a good support for design engineers.
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11. Conclusions
In this study the potential of performing TO of TRS structures is evaluated. The selected
approaches for evaluation are based on their applicability in the MDO procedure EWB. It has
been showed that the thermal fatigue cannot, at this point be included as constraints or
objectives, in TO. Instead, the thermal effect must be acknowledged by combining objectives
for mechanical loads with constraints on the thermal expansion effect including nodal
displacements and stresses. It has been found that minimizing compliance is the most suitable
objective in TO of the TRS and hub structure. Compliance is superior to stress, deflection and
life objectives since it is a global energy measure with fast convergence. One of the major hub
design criteria is also its load stiffening and spring like ability for load transferring, which the
compliance objective considers.
Unfortunately there is no possibility to create a step-by-step guide book for TO of hot structures
since the optimization set up is determined by the purpose of the optimization, the load cases
and the structure. Important questions to evaluate before performing a TO are
• Is the purpose to gain more knowledge about the load path within the component during
the concept development phase or is it for fine tuning of the design in the final steps of
a product development phase? TO is not the most suitable alternative for all structural
optimizations.
• What loads are important to include? A thorough load case analysis must therefore be
performed.
• What kind of deviations from the specified load cases and boundary conditions can be
expected? Since the TO is solemnly optimized for the given load case, a robustness
validation must be performed.
• What kind of simplifications are allowed? TO require a large computational effort, and
simplifications in particularly regarding the FE model, applied load cases and boundary
conditions are required.
The implementation in EWB is possible however, further work is necessary to enable an
automated procedure.
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12. Recommendations for future work
In order to increase its applicability and reliability further research and trials have to be made.
The major complexity is the uncertainty in which load cases to use in the optimization. A
thorough study of which load cases to apply must be done that includes the ultimate load cases,
thermal load cases but also including an approximation for the regular mechanical flight cycle
loads. These load cases must capture all possible load occurrences in a flight cycle in order to
obtain all necessary load carrying structure in the optimization.
Also, scripts for automated re-meshing and reanalysis of the optimization outcome must be
made, either by implementation of the software’s existing re-meshing tools e.g. OSSMOOTH
and ShrinkWrap (for a quick and preliminary validation) or by a first remaking a CAD of the
outcome which gives an increased accuracy of the analysis results.
Another recommendation is to perform TO for larger conceptual studies including a majority
of the component in the design space. Different optimizations should be made including load
cases, constraints and objectives appropriate for each individual discipline. The optimization
should be an iterative process, starting with inclusion of few disciplines and constraints. The
results shows that minimizing compliance is the most effective tool for mechanical load path
identification. For conceptual TRS studies, it is therefore recommended as the initial
optimization. For mechanical loads, the recommended optimization set up is the following
2
1 𝑓𝑚𝑒𝑐ℎ
min(𝐶 =
)
2 𝐾
0 ≤ 𝑥𝑚𝑖𝑛 < 𝑥𝑒 ≤ 1
𝑒 = 1,2, … , 𝑛
𝑉(𝒙)
𝑠. 𝑡.
− 𝑉𝑓 ≤ 0
𝑉0
From these results rough estimations can be made regarding structural layout, aerodynamics,
thermal fields and by this the design space can be narrowed down. At this point, local stress
constraints and displacement constraints can be applied in suitable locations in the non-design
spaces to guide the solution toward a solution which takes the thermal expansion into account.
It is also recommended to perform trials for increasing the penalization factor in OptiStruct for
the intermediate densities by the so-called continuation method. An increased penalization
factor could lead to more robust TO results which does not require the same amount of manual
work when selecting the limit density. By this, the TO process could become completely
atomized.
In the future, when the software’s supply solutions for including thermal fatigue, this should be
applied as a separate optimization as well or as a constraint within the other optimizations for
static or transient stiffness (maximizing compliance).
Since this study only included static and constant load cases the effects of the geometrical
changes on the nodal temperatures is neglected. The accuracy of the nodal temperatures can be
improved by including the complete thermal analysis within the optimization loop. However,
for this kind of optimization the Level set method for topology optimization is preferable since
the conduction heat transfer is boundary dependent, i.e. that the boundary conditions changes
with the geometrical changes. If including this in the future, one should therefore apply Level
set instead of SIMP as the selected interpolation method in OptiStruct.
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