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Abstract 
The aim of this is master thesis where the aim is to analyse the factors that limits the 
fatigue life of the GEnx TRF engine and, if possible, ways to prevent such problems 
to should be presented. Thermal and structural analyses have been carried out using 
the finite element program Ansys. Models from previous studies at Volvo Aero 
Corporation have been used. 
 
There have been three main studies, all of them concerning LCF life: 
 
Firstly, about 80 finite element models with local changes of the lug section have been 
performed; the thickness in the lug section has been varied, sometimes together with 
different types of flanges. This study increased the life to 280% of the original model. 
 
Secondly, global changes have been studied; in this case six different strut angles 
have been analysed. It was found that the current strut angle is the optimal one. 
 
Finally, a sensitivity study of the thermal boundary conditions has been carried out in 
order to investigate the importance of the uncertainty of the initial thermal 
assumptions. A good correlation between the life and thermal boundary conditions 
was found around the mount lugs whilst it is hard to draw any conclusions in the hub. 
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Sammanfattning 
Syftet med detta examensarbete är att undersöka vilka faktorer som styr 
livslängdsbegränsningarna i bakre turbinstativet (TRF) i GEnx -motorn, mestadels 
med inriktning på området kring motorfästena, och om möjligt hindra dessa problem 
att uppstå. Arbetet har huvudsakligen utförts med hjälp av FE -programmet Ansys och 
utgått från modeller tidigare konstruerade på Volvo Aero Corporation. 
 
Tre större studier beträffande lågcyklisk utmattning har utförts: 
 
Först och främst har ca 80 finita element -modeller byggts med lokala ändringar av 
området runt motorfästena, där godstjockleken har varierats, ibland tillsammans med 
olika sorters flänsar. Denna sudie resultarade i en ökning av livslängden till 280% av 
den ursprungliga. 
 
Utöver detta har globala ändringar studerats; i detta fall i form av sex modeller med 
olika vinklar på ledskenorna. Slutsatsen är att nuvarande vinkel är den mest optimala. 
 
Slutligen har även en känslighetsanalys av de termiska randvillkoren utförts för att 
undersöka inverkan av osäkerheten hos de ursprungliga termiska antaganden som 
gjorts. Ett tydligt samband mellan de termiska randvillkoren och livslängden 
påvisades runt motorfästet, medan det var svårt att dra några slutsatser beträffande 
navet.. 
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Preface 
The GEnx jet engine is a light-weight engine that has recently been developed by 
Volvo Aero Corporation. In this work, the expected life of the Turbine Rear Frame 
will be investigated. Since the engine mount relies on this component, the demands on 
expected life are high and it is also a cost issue.  
 
In order to improve the expected life of parts around the engine mount lugs, the 
authors were asked to perform a master thesis and analyse if there is anything more 
that can be done to increase the life without doing too large changes of the structure. 
 
Previous studies have been made by our supervisor at Volvo Aero, Mr Hans Rydholm 
mostly regarded thermal stresses. This master thesis has mainly been carried out using 
computer models and other data from the work by Mr Rydholm, but in one part of the 
study Lars-Ola Normark has contributed.  
 
The work of this master thesis has been carried out during autumn 2006 at Volvo 
Aero Corporation, Trollhättan, Sweden. The authors are students from KTH 
(Kungliga Tekniska Högskolan), Stockholm, and LiTH (Linköpings Tekniska 
Högskola), Linköping, and the supervisors at the universities have been Professor Jan-
Gunnar Persson and Professor Tore Dahlberg, respectively. 
 
The authors would like to thank the supervisors at the universities and Volvo Aero as 
well as everybody else who has helped us with models, scripts and good advices 
during the work. 
 
Trollhättan, 2006-12-15 
 
 
Finn Rundström, KTH, and Albert Ericsson, LiTH 
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1 Nomenclature 

1.1 Acronyms 
ASTM  American Society for Testing and Materials 
BC  Boundary Condition 
CAD  Computer Aided Deign 
CFD  Computerised Fluid Dynamics 
Ctl  Control file 
CRF  Compressor Rear Frame 
FAA  Federal Aviation Administration 
FBO  Fan Blade Out 
FE  Finite Element 
GE  General Electric 
GEnx  General Electric-next generation 
GUI  Graphical User Interface 
HPT  High Pressure Turbine 
HPC  High Pressure Compressor 
LCF  Low Cycle Fatigue 
LPC  Low Pressure Compressor 
LPT  Low Pressure Turbine 
OEM  Original Equipment Manufacturer 
QFD  Quality Function Deployment 
RFC  Rain Flow Counting 
SSI  Steady State Index 
TO  Take off 
TRF  Turbine Rear Frame 
UG  Unigraphics; CAD software 
TEC  Turbine Exhaust Case 
TBC  Thermal Barrier Coating 
VAC  Volvo Aero Corporation 

1.2 Explanations 
Excel®  Microsoft Office software 
CUMFAT Software for fatigue calculation, developed at Volvo Aero 
Ansys  ANSYS®, Finite Element software 
 
Life  “Life” will in this report refer to estimated low cycle fatigue life. 
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2 Introduction 

2.1 Company presentation, Volvo Aero Corporation 

2.1.1 Volvo Group 
Volvo Aero is a part of the Volvo Group, with seven other subsidiary companies; 
Volvo Trucks, Mack Trucks, Renault Trucks, Volvo Buses, Volvo Penta, Volvo 
Construction Equipment and Volvo Financial Services. AB Volvo has over 81 000 
employees worldwide and a sale of SEK 231 billion (2005). 

2.1.2 Volvo Aero History 
Just like SAAB automobile, Volvo Aero started as a part of the locomotive 
manufacturer NOHAB (Nydqvist & Holm AB) in Trollhättan, Sweden. In April 1930, 
the Swedish Board of Aviation ordered 40 nine-cylinder radial aircraft engines. In 
1941, AB Volvo bought a majority of the shares of Nohab Flygmotorfabriker AB 
(Nohab Aero-Engine Factories Ltd) and the company name was changed to Svenska 
Flygmotor AB (Swedish Aero-Engine Ltd). About 20 years later, Volvo bought the 
entire company and the name was changed to Volvo Flygmotor. For a long time, it 
was a very military oriented company, and still in the 1970’s, 90% of the company’s 
products concerned military applications. Attempts were made to become more 
commercial, and Volvo took part in civil jet engine maintenance and later on in 
engine development. Later, the company was renamed again to Volvo Aero, and 
2005, the civil share of the turnover was 86%. 

2.1.3 Volvo Aero today 
Volvo Aero has 3460 employees (2005) and accounts for 3.3 percent of Volvo 
Group’s sales. The company is represented worldwide and consists of seven 
companies; Volvo Aero Corporation, Trollhättan, Volvo Aero Engine Services, 
Bromma, Volvo Aero Corporation, Malmö, Volvo Aero Norge AS, Kongsberg, 
Volvo Aero Services LP, Boca Raton, Florida, Volvo Aero Services, Kent, 
Washington and Aero-Craft, Newington, USA. There are also sales offices around the 
world. 
 

 
Figure 1 Volvo Aero’s representation worldwide  
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2.1.4 Business areas 
Aviation Services 
Distribution, sales, leasing and logistics of parts and engines. 
 
Engine Services 
Maintenance and service of commercial jet engines. 
 

     
Figure 2 Engine services 

 
Gas Turbines 
Development, manufacturing and service of stationary and marine gas turbines. 
 
Commercial Engines 
Development and manufacturing of advanced components in numerous different 
engine programs. Volvo Aero is represented in over 80% of all new large aircraft 
engines. 
 
Military Engines 
Development, assembly and logistic support for, especially, the RM12 engine for the 
Swedish Gripen fighter. Development and production of components for other 
military engines such as the F414 that powers the American F18. 
 
Space Propulsion 
World leader in development and manufacturing of nozzles and engine turbines for 
commercial launch vehicles such as Ariane. 
 

     
Figure 3 Nozzle, turbine and Compressor Rear Frame 
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2.2 Principles of Turbo Fan Jet Engines 
There are several different types of jet engines; the most common one today is the 
turbo fan engine, with the commercial versions having a high bypass ratio. 
 
Gas turbines are based on the Brayton thermal cycle with constant pressure. The 
construction is very complicated, but the principle is simple: 
Firstly, the air is sucked into the fan. A large part of the air flows outside of the 
engine, with the fan working as a propeller. The rest of the air runs into the gas 
generator and becomes compressed by the compressor before it enters the combustion 
chamber. At this very compressed stadium, fuel is added and ignited, and the air 
expands through the turbine, which delivers power to the compressor and the fan. 
Finally, it flows out through the nozzle, where the air will expand to atmospheric 
pressure. 
 
Normally, there are several stages in the compressor and turbine and two or even 
three shafts. The high pressure turbine (HPT) delivers power to the high pressure 
compressor (HPC) via a hollow shaft. In the same manner, the low pressure turbine 
and compressor (and fan) are connected by a shaft running inside the previously 
mentioned shaft. 
 

 
Figure 4 Schematic picture of a turbo fan engine 

 
Turbo fan engines are also used for military aircraft, often combined with afterburner 
to achieve sonic speed. The bypass ratio in these engines is usually less than 1, whilst 
commercial jet planes have a ratio of up to 10, which means that the bypass flow is 10 
times higher than the flow through the gas generator. High bypass ratio is 
advantageous in commercial flights since it increases the efficiency of the engine and 
the engine becomes quieter. An engine with a large frontal area gives a large amount 
of air a small acceleration; likewise, an engine with a small area will give a small 
amount of air a large acceleration. 
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2.3 The GEnx engine 
The GEnx (General Electric Next-generation) is a turbofan jet engine under 
development with GE Aviation as OEM (Original Equipment Manufacturer) and it 
was originally intended to power the Boeing 787 (also known as Dreamliner). GE’s 
intent is to replace the CF6-80 engine, currently in the Airbus A310, A330 and 
Boeing 747. Two other versions of GEnx are planned to be delivered to the extended 
Jumbo Jet, called Boeing 747-8, and the Airbus A350, even though the A350 project 
currently is stopped. The Boeing GEnx models are called 1B and 2B, respectively. 
 

 
Figure 5 Boeing 787 Dreamliner 

 
Volvo Aero is a “risk and revenue sharing participant” and takes  
responsibility for the design, manufacture and product support for several 
components such as the Low Pressure Booster Spool, the Fan Hub Frame, the  
Turbine Rear Frame (TRF) and components in the Fan Module and High  
Pressure Turbine. Other partners in the engine project (besides GE) are Ishikawajima-
Harima Heavy Industries, Techspace Aero, Mitsubishi Heavy Industries and Avio. 
 
The GEnx is supposed to have a thrust of 245 to 334 kN, to be compared to the CF6-
80 with 234 to 282 kN. This means that one GEnx will produce enough force to lift 33 
tons straight up in the air.  
 
Some engines have been tested during 2006 and the first delivery to customers will be 
in 2008. 

 
Figure 6 The GEnx engine 
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2.4 The GEnx Turbine Rear Frame (TRF) 
The TRF, also known as Turbine Exhaust Case (TEC) in Pratt & Whitney engines, is 
mounted after the turbine and contains engine mounts and bearings for the rotating 
low pressure shaft. It will experience high temperatures and structural loads, and 
because of its size, it is very heavy and is therefore an object of weight saving 
procedures. 

 
Figure 7 Location of the TRF 

 
 
There are three lugs for the engine mounts situated at the top of the TRF, and two of 
them will carry the load while the middle one will serve as a safety feature. Between 
the outer case and the hub, there are 14 struts working as guide vanes and structural 
connectors. These struts are angled to be able to expand without creating too much 
pressure on the structure; instead, the two cases will rotate slightly relative to each 
other. 
 
Since the engine mounting relies on the TRF, the demands on the reliability are very 
high. Unfortunately, the combination of high thermal and structural loads and light 
weight structure leads to problems regarding Fan Blade Out (FBO) as well as Low 
Cycle Fatigue (LCF). Engines from different manufacturers have always had 
problems with cracking; therefore, the TRF has to be overhauled, tested and repaired 
which is not only a matter of economy, but also of flight safety reasons. The FAA 
(Federal Aviation Administration) regulates the engine design goals concerning 
safety, and without their permission, the engine will not be allowed to fly. When 
using conservative calculations, the current design has a life of only 30% of what it 
should be according to the demands.  
 
The TRF is delivered in investment cast pieces to Volvo Aero Norge A/S in 
Kongsberg, Norway, from a foundry in the U.S. Then, it is welded together, milled 
and turned. This type of TRF is called polygonal or fabricated, but there are also 
circular ones made in one piece; cast or forged. One good reason for Volvo to choose 
a polygonal design is that it is much cheaper to mould small pieces than large cases 
and Volvo will make more money on the processing.  
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2.5 Assumptions and limitations 
Since casting is an expensive process and the tools used consist of a large number of 
parts and are time consuming to develop, it would be desirable to change the current 
design as little as possible but with a great increase of expected life. This is not really 
realistic, but the main objective of the studies presented here is to keep the original 
design as intact as possible.  
 
The hardest demand regarding the life of the TRF is around the lug section, which is 
the reason why hardly any attention is paid to other areas. It would also be very time 
consuming to investigate all parts and functions. 
 
Welding is a science of its own and there are several different ways to handle their 
influence. In some cases, welds may also be moved to the least sensitive areas after an 
LCF analysis. Therefore, everything concerning welds is excluded from the studies of 
this report. 
 
External loads such as the weight and the thrust of the engine and forces from air 
pockets are not included in any calculations according to practice standards. These 
loads may contribute to the damage of the material, but the LCF analysis is still 
considered as conservative. 
 
The total life calculated is uncertain and conservative because of conservative 
material data and boundary conditions. Different companies apply different practises; 
some use mean material data, when the test specimen is as likely to break before a 
certain load as after, whilst Volvo, for instance, uses data with a 95% probability that 
99% of the samples are better. Another difference between the practises of some 
companies is that some use data from a warmed up engine where the first 
temperature, T0, is more than 293K. 
 
The analysed flight cycle is not a full 9 hour cycle; it only contains the start-up and 
take-off loads. Earlier studies (e.g. Rydholm, 2005) within Volvo Aero show that this 
part of the cycle corresponds to 50% of the life. 
 
Detailed values as well as material data and Ansys scripts is will not be presented in 
this report due to Volvo’s secrecy. 
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3 Theory 

3.1 Cumfat 5.7 

3.1.1 Introduction of Cumfat 
The program used to evaluate the estimated low cycle fatigue life in this study is 
called Cumfat 5.7 and estimates how many cycles it will take to crack initiation. 
Crack initiation is in this context assumed to occur when a crack is detectable but still 
without influence on the behaviour of the structure. When the crack is considered as 
initiated, crack propagation will start to occur, which is of no interest in this study 
and therefore not further discussed. The source of all equations and hypotheses 
concerning Cumfat and its calculations in following chapters is Samuelsson (2005). 
 
The program is developed at Volvo Aero and stands for Cumulative Fatigue Damage 
Evaluation. It has been used for military and commercial turbojet engines as well as 
for rocket components. The chapter about this program should only be seen as a brief 
description of the software, its possibilities and the application of it in this study. 
 
Thermal and stress results from a finite element program, in this case Ansys, as well 
as linear elastic and elastic-plastic material data are used to evaluate loading history 
for all nodes in the model. For linear elastic models, the σx, σy, σz, τxy, τyz and τxz nodal 
stress results are provided to Cumfat and in the elastic-plastic cases, also the strains εx, 
εy, εz, γxy, γyz and γxz are saved. 
 
There are four different hypotheses implemented for evaluation of multiaxial stress 
fields; Maximum Principal Stress, Maximum Principal Strain, Maximum Shear Stress 
and Octahedral Shear Stress, where the only one available for elastic-plastic FE 
results evaluation is the one first mentioned. To make elastic-plastic corrections for 
linear elastic results, two methods are used, namely the Linear rule and the Neuber 
rule, but there is also an option for no correction. The mean-stress influence may be 
regarded using three different hypotheses; Morrow, Smith-Watson-Topper and 
Walker. For cumulative fatigue damage, it makes use of the Palmgren-Miner rule. 
 
Results are in this study presented as coloured contour plots of life cycles in Ansys, 
but it is also possible to plot damage sums or obtain more detailed information about 
nodes selected. 
 
 

3.1.2 Hypotheses for evaluation of multiaxial stress field 
When performing an LCF calculation, many different hypotheses and rules are used. 
The first one used here is a hypothesis for transforming a multiaxial stress field into 
uniaxial ditto to compare the structural analysis results to material properties from test 
data. The unixial stress field is derived by use of the principal stresses and their 
directions, Equations (1)-(4). Since the equation is cubic, it has three roots, which are 
the principal stresses σ1, σ2 and σ3. 
 

023 =+⋅+⋅+ CBA σσσ  (1) 
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Where 
 

)( zyxA σσσ ++−=  

xzyzxyxzzyyxB 222 τττσσσσσσ −−−⋅+⋅+⋅=  

)2( 222
xyzxzyyzxxzyzxyzyxC τστστστττσσσ ⋅−⋅−⋅−⋅⋅⋅+⋅⋅−=  

 
The solutions of the system of equations of the principal stresses are simple and may 
be solved analytically. Contrary to this, the directions of the principal strains need to 
be extracted numerically from an overdetermined system of equations, Equations (5)-
(8). When a system of equations is overdetermined it means that there are more 
equations than undetermined variables. Since there are three unknown directions, nxi, 
nyi and nzi, and four equations, it needs to be solved numerically. 
 

0))( =⋅+⋅+−⋅ xzizxyiyixix nnn ττσσ  

0))( =⋅+−⋅+⋅ yziziyiyxzix nnn τσστ  

0)( =−⋅+⋅+⋅ izizyziyxzix nnn σσττ  
 
 

If the behaviour is linear elastic, there will be a corresponding strain in the same 
direction as each principal stress. That means that the directions previously mentioned 
are used both for the strains ε1, ε2 and ε3 and the stresses σ1, σ2 and σ3. 
 
Cumfat handles four different hypotheses for transforming a multiaxial stress field 
into a unixial one. Figure 8 below illustrates how a biaxial stress field is handled by 
the different hypotheses in a state with zero mean stress and constant amplitude.   
 

 
 
Figure 8 Four different hypotheses for evaluation of multiaxial stress field 
 

Octahedral Shear Stress 
Shear Stress hypothesis 
Max. Principal Stress 
Max. Principal Strain 

σ1/ σeff

σ2/σeff 
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0.5 
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(2) 
 
(3) 
 
(4) 

(5) 
 
(6) 
 
(7) 
 
(8) 1222 =++ iziyix nnn
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3.1.3 Maximum principal strain hypothesis 
This hypothesis states that the direction where the principal strain range is the largest 
during a load cycle is designated as the one having the largest impact on life. It means 
that the direction that present the largest strain range is set as most dangerous 
concerning fatigue; hence, it is used as the measuring direction of strain. The strain 
measures are derived from the principal stresses and the material constants E and υ 
known as Young’s modulus and Poison’s ratio according to following equations: 
 

E
SE

E
1321

1
)(
=

+⋅−
=

σσνσε  

E
SE

E
2132

2
)(
=

+⋅−
=

σσνσε  

E
SE

E
3213

3
)(
=

+⋅−
=

σσνσ
ε  

  
To simplify further discussions about the principal strains, they will be expressed by 
the fictive stresses SE1, SE2 and SE3, which divided with the Young’s modulus gives 
the principal strain. After the strains are calculated for a complete loading sequence, 
the whole cycle is examined and the direction showing the largest strain range is set 
as search direction. For each node, the strain in that direction will be added to a graph 
arranged as load versus time and is used for cycle counting.   
 

3.1.4 Linear elastic to nonlinear elastic-plastic correction 
 
Since the FE model that is used only calculates linear elastic results, these need to be 
corrected for non-elastic effects. When a material is exposed to loads larger than the 
yield strength, the linear elastic behaviour is not valid anymore since the material 
begins to yield. It means that Hooke’s law is not applicable; therefore, the stress 
results must be corrected. Normally, two different methods are used for this 
correction; the Linear rule and the Neuber rule. Here, the Neuber rule is used since it 
gives true results when plane stress is assumed, which is a good approximation in this 
case. The Original Equipment Manufacturer (OEM), in this case GE, generally uses 
this method when performing LCF calculations; hence, Volvo has to use it too.  
 
The Neuber rule says that the stress state at a notch is given by the Neuber hyperbola. 
It is achieved by the state where the stress multiplied by strain equals constant 
whether yielding has occurred or not. In Figure 9, the hyperbola is showed in a graph 
together with the cyclic stress-strain situation. The stress used to calculate the 
hyperbola is the uncorrected maximum stress Smax which as corrected stress gets the 
name σmax. This hyperbola is situated in the first quadrant where the largest positive 
stress and strain are.    
 
Like the positive stress, the largest negative stress Smin must also be corrected. The 
correction is done in the same way by introducing a hyperbola, but this time it is 
defined by the stress range Smax-Smin. Together with the Young’s modulus, this gives a 
point where the hyperbola and the double cyclic stress strain curve intersects, see 
Figure 9 below.  
  

(9) 
 
(10) 
 
(11) 
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Figure 9  The Neuber rule 
 
 
Results from the linear elastic calculations give the uncorrected stresses Smax and Smin. 
By finding the intersection between the hyperbola and the cyclic stress-strain curve, 
which is given as material data, the corrected maximum stress is obtained. This 
implies that the stress range still is the same as before the correction, but the mean 
stress has been lowered since the maximum stress has become lower. The value of the 
minimum stress is obtained by taking the difference between the corrected maximum 
stress and the corrected stress range. When discussing the mean stress below, it is the 
mean of σmax and σmin.  
 
 

Smax-Smin 

Neuber 
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Double cyclic 
stress-strain curve 

Smax

ε

σ
σmax

σmin 

∆ ε

εmax

εmin 

Cyclic stress-
strain curve 
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3.1.5 Cycle counting 
 
Each flight cycle contains many sub cycles, which means that the stress changes 
direction. Every cycle causes damage on the structure why they must be considered in 
a smart way. According to Samuelsson (2005), the ASTM standard for cycle counting 
is done by using the Rain-Flow-Counting (RFC) principle. This is also the standard 
procedure at VAC and it is therefore used in Cumfat. 
 
The principles of RFC are based on the facts that the largest stress range causes most 
damage. Results from the prior Maximum principal strain method are used as data in 
these calculations. If the fictive stresses are plotted versus time, they show what the 
affecting load sequence that the TRF is exposed to looks like, see Figure 10 below. 
The first step in the RFC is to rearrange the stresses in order to set the largest stress as 
initial stress. The largest stress is also put in the end of the sequence which result in 
maximum stress in the start and the end of the plot. The measured points that are not 
turning points are removed since they do not affect the number of cycles. The 
remaining stresses are now arranged as in Figure 11 and adapted for RFC to be 
counted. All cycles are set up in order with the smallest cycle first and the largest in 
the end. Every cycle has a value of its maximum and minimum stress which results in 
a mean stress. This stress is calculated as a normal mean value as σmax plus σmin 
divided by two. 

 
Figure 10 Initial stress plot 
 

  
Figure 11  Simplified curve 
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Figure 12  Final RFC curve with remaining sub cycles 

 

3.1.6 Mean stress correction 
When a material is exposed to stresses, not only the range of these affect the LCF life, 
but also the mean value of them. The remaining stresses from RFC have been 
transformed to a uniaxial stress state, and when performing LCF calculations from 
these, the mean stress influence must be considered. Mean stress is characterised by 
its R-value according to the following equation: 
 

max

min

σ
σ

=R  

 
The Walker hypothesis transforms material parameters from a certain R-value to an 
arbitrary level. This transformation is necessary when the material data is supposed to 
be used for a certain load case and the present load is different. The correction on life 
from the Walker hypothesis is calculated from: 

 
1

00 )1( −
≠= −⋅∆=∆ m

RR Rεε  
 
Where 0=∆ Rε  is the strain range from material testing and 0≠∆ Rε  is the strain range of 
the analysis with a certain R value. The walker exponent, m, is a material constant, 
usually with a value between 0.2 and 0.7. 
 

3.1.7 Fatigue life 
Life calculations are carried out using a strain-life method assuming that the response 
from loading is strain dependent. This method does not take into consideration that 
the temperature of the material is not constant; hence, material data from different 
temperatures is therefore used to correct this during the calculations. For every node 
in the FE model, the life will be computed for three temperatures: the highest, the 
lowest and the average temperature. The case giving the lowest life value for an 

σmax (j)  

σmean (j)  

σmin (j)  

σ eff 

(12) 
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extracted cycle will be used and set as hypothetical life. Each cycle in a loading 
sequence gives more or less damage. The total sum of the damage values gives the 
total damage, called the cumulative fatigue damage, according to the Palmgren-Miner 
rule: 
 

∑
=

=
k

i i
sum N

D
1

1  

 
where k is the number of extracted cycles and Ni is the hypothetical life for cycle i.  
 

(14) 
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3.2 Concept generation 
 
Since the LCF problem is hard to solve, it is preferable to work with many different 
concepts that contributes with different results.  The goal of the concept generation is 
to find a concept which is possible to implement and manufacture without making too 
big changes.  There are several different methods of generating concepts that give 
varying results. According to Ullman (2003), there is a tendency for designers to take 
their first idea and start refining it towards a product, but this is a weak methodology 
best expressed by the aphorism: “If you generate one idea, it is probably a poor one. 
If you generate twenty ideas, you may have a good one.”   
 
There are three main techniques that can be used for concept generation: basic, 
morphological and logical. In this study, however, we will not use the latter one. 

3.2.1 Basic methods 
When using analogies as a method of generating concepts, it is necessary to know 
what functions to strive for, then it needs to be investigated what else provides this 
function. The goal is to find as many sub functions as possible that could solve the 
problem.  
 
Extremes and inverses is another basic method that uses existing concepts and take 
them to extremes or considering inverses. This method gives answers to what function 
that has tendency to affect a certain physical property. One dimension may be set very 
short, very long or even zero to find out what happens with the surrounding areas. 
Another way is to assume a specific order of components and change it to find out 
what happens. If a part is at the bottom from the beginning, it can be put on top and so 
on. As many changes as possible are to be made and the results will be compiled in a 
table where they can be evaluated, see Example of Concepts, Chapter 3.4. 
 

3.2.2 Morphological method 
This method of concept generation is based on the identified functions that are 
needed. It is split-up in two steps to facilitate the work for best results. In the first 
step, the goal is to find as many concepts as possible that can perform the needed 
functions. The second step is to combine the concepts to an overall concept to satisfy 
the expectations for the finished product. 
 
Step1: Developing concepts for each function 
In this step, there are two activities in progress with the goal to find alternative 
functions and alternative solutions. When a specific result is desirable, it is thought 
that alternative functions should be found to perform it. If, for instance, a body needs 
to be cooled, there are many different ways of doing that. The objective is therefore to 
cool the body, even though there are several possible functional solutions to cooling. 
A way of finding the function is to study the desirable flow of energy, material and 
information. When the flows are identified, it is easier to find what functions that 
fulfil the task. The other thing to do in this step is to find a way to implement the 
function with a concept. With the example of cooling a body, it could be to mount a 
flange that increases the cooling area.     
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Step2: Combining concepts 
The results generated in step 1 are sub concepts for a specific function. Since there are 
many functions to handle, each of them has an individual concept. To find the 
complete conceptual design, one sub concept for each function will be combined into 
a complete model. All of the sub concepts could be combined into several final 
concepts by choosing the different dittos for each function.  

3.2.3 QFD 
When a new product is to be developed, several steps in the design process must be 
undergone. It is important to understand the problems and find a way to solve them. 
An appropriate way is to first of all generate engineering specifications. There are 
many different techniques of doing this and according to Ullman (2003), the quality 
function deployment (QFD) is currently the most popular and best one. This method is 
known for being good at illustrating the major pieces of information that is necessary. 
The items listed below are the main ideas of the QFD.  
 

1. The specifications or goals for the product. 
2. How the competition meets the goal. 
3. What is important from the customers’ viewpoints   
4. Numerical targets to work toward  

 
The sequence of work of QFD could be visualised by a flowchart (Ullman) in Figure 
13: 
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Figure 13 The engineering specifications development phase of the design process 

 

3.3 Concept Evaluation 
In the concept evaluation phase, the goal is to decide which of the concepts from the 
generation phase that should be developed into a product. A lot of time could be lost 
if a non-feasible product is taken from the concept phase towards further 
development. The method used to examine this is the go/no-go screening, where 
questions that could be answered by go if it is possible and no-go if it is not possible 
are set up. This method eliminates concepts which might solve the problem without 
being possible to implement. 
 
The remaining concepts are now ready for a more sophisticated evaluation, where 
they are being more carefully investigated. The method used for this is called Basic 
Decision Matrix (Ullman, 2003), which is based on a datum which the other concepts 
are compared to. The first thing to do when using this method is to set up relevant 
criteria, illustrated in Table 1, for evaluation that meets the requirements on the 
product. It is important that the criteria are not measuring the same phenomena but 
contain all relevant information in order to prevent a corrupt evaluation. After the 
criteria are chosen, they should be weighted by an importance factor (2) to decide the 
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impact of the criteria on the final product. The weighting is traditionally done by 
rating the requirements by a scale of 1 to 10 with 10 most important and 1 
unimportant. However, this scale tends to make all criteria very important. Instead, 
the weighting may be done by a fixed sum method where 100 points will be shared 
between all of the criteria. This implies that some criteria must be low if any others 
should be high.  
 
The alternatives (3) are the concepts that were generated in the earlier phase and have 
passed the go/no-go screening. When representing the concepts it is important that 
everything to be compared is represented in the same way and is at the same level of 
abstraction. If not, the results will not be comparable in a fair way. Before the 
evaluation starts, the type of comparison must be selected. According to Ullman 
(2003), there are two kinds of possible comparisons. The first one is absolute in the 
meaning of comparing with targets set by a criterion. The second type is relative, 
where concepts are compared to each other, using measures defined by the criteria. 
This method will be used here since this is a redesign problem and what is interesting 
is how much better than the base line product the concepts are. That means that the 
base line product will be set as a datum and the others will be compared to it. Each 
concept will be judged to be either better than, about the same or worse than the 
datum (4). If a concept is better than the datum it gets the score +, if it is about the 
same it gets an S and if it is worse it gets – (minus).  These scores are equal to +1, 0 
and -1 and constitute the judging term of the final score. The last thing to do with the 
evaluation is to compute the satisfaction by multiplying the importance by the score 
and summarize them for each concept.  The satisfaction will be positive if it is better 
than the datum and negative if worse. The concept with the highest satisfaction score 
will be chosen for being developed into a product. 
 
 
Table 1 The basic structure of a decision matrix 
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3.4 Example of Concepts 
By combining the different concepts generated for each of the functions in the 
morphological method, see Table 2, final concepts are provided. Every function has 
some concepts that could be combined into several final concepts. A realistic example 
of how it may look is in Table 2.  
 
 
Table 2 Decision matrix for TRF concepts 
 
Criteria Importance Thickness 

changes 1 
Flange BL Thickness 

changes 2 
Heat shield 

Easy to manufacture 9 0 -  0 - 
Resistance from 
LCF 

20 + +  + + 

Low weight 13 + -  0 0 
Resistance from 
Stress 

11 - +  + 0 

Easy to assemble 7 0 -  0 - 
Resistance from 
vibration 

9 0 -  
 

0 - 

Resists FBO 16 - +  - 0 
Cost 8 0 -  0 - 
Maintenance 7 0 -  0 - 
  Total + 2 3 - 2 1 

 Total - 2 6 - 1 5 

 Overall total 0 -3 - 1 -4 

 Weighted total +6 -6 - +15 -20 

D 
 
A 
 
T 
 
U 
 
M



 

20 

0 

4 Approach to a thermal-stress and LCF analysis 
There are many things to consider during a thermal-stress analysis. Where to start is 
not obvious. “Method description: thermal stress analysis” (Rydholm 2006) is a 
design practice which describes a general approach to create input tables, macros, 
models and other necessary parts of a complete FE analysis. This chapter should only 
be considered as a brief introduction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14 Schematic outline of how a thermal stress and LCF analysis is performed  

4.1 Creating the geometry and databases 
The geometry is usually created using CAD software e.g. Uni Graphics (UG). Then, 
the model is imported into Ansys and meshed. The mesh density might differ between 
structural and thermal models, with a coarser mesh in the latter case. However, it is 
usually no difference in mesh density between the two kinds of models when shell 
elements are used. If solid elements are used, surface effect elements need to be added 
to the thermal model since solid elements do not have the ability to handle 
convection. 
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Figure 15 Comparison between a coarser thermal mesh and a finer structural mesh 
 
 
Material properties need to be defined, usually by importing material tables where the 
material properties’ variation depending on temperature is defined. When there is 
more than one material in the model, different material properties can be applied to 
different parts of the structure. Material properties needed are thermal conductivity, 
specific heat and density for a thermal model, and coefficient of thermal expansion, 
Young’s modulus and Poisson’s ratio for a structural one. Since no plastic effects are 
assumed, the yield limit is not necessary. 
 
The two databases, or models, will consist of different element types, as described in 
Modelling, Chapter 5.  
 

4.2 Generation of thermal Boundary Conditions (BC) input 
tables 

Heat can be transferred by convection, radiation and conduction. Conduction is 
simple to calculate in Ansys, whereas the other parameters are much more difficult to 
determine.  
 
Radiation depends on the temperature difference to the power of 4 and is therefore not 
linear. It is very complicated to simulate directly, so the influence of it is usually 
included by a fictitious heat transfer coefficient. 
 
The convection between a fluid and a solid surface is calculated by a heat transfer 
coefficient, H. It describes the resistance of the heat flow between two bodies (of 
different temperatures) and needs to be calculated using empirical correlations 
combined with test data, CFD (Computational Fluid Dynamics) simulation and, not to 
forget, experience. 
 
Before any calculations are done, the given data has to be checked considering units 
(Kelvin, Rankine etc). Then the geometry has to be divided into different thermal 
zones depending on flow, convection and materials, and dummy parts should be 
added (see figure 16 below). Zone 1 is here the outside surface of the outer case, zone 
2 are the surfaces facing the core flow, zone 3 the surface facing the LPT disc, zone 4 
the inside surface of the tail cone and zone 6 is finally the inside of the strut. Some of 
the zones are divided into sub-zones and sub-sub-zones, of which some are not shown 
below. 
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Figure 16 Cut through the TRF with thermal zones 

 
 
The first step of the analysis is to establish steady-state BC correlations, where the air 
temperatures, T, and flows, W, are given as dimensionless fractions of the surrounding 
values. The temperature factor is defined as 
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where T is the current temperature and T1 and T2 the surrounding temperatures. The 
flow factor is simply a fraction of the core flow. 
 
Usually, the temperature response is based on data from standard tests of other 
engines. In these tests, the engine is rapidly accelerated from steady state to take off 
conditions with a fast throttle move and, once the temperature has stabilised, back 
again. The response of the bulk temperature versus the temperature in another cavity 
may be matched to an exponential function of the form 

ttR ⋅−−= αe1)(  
Where t is the time, α is the response constant and e is the natural logarithm base.  
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Figure 17 Response from testing versus the theoretical response curves 

 
 

 
 

Figure 18 Typical flight cycle for a commercial airliner 
 
 
The heat transfer coefficients, H, are calculated by handbook formulas and adjusted 
with empirical correction factors. Then, BC’s for 2-4 key conditions, for instance idle, 
take-off and cruise, are derived for all zones. The theory behind this is extensive and 
not within the main scope of this thesis, and therefore it will not be further discussed 
here. 
 
A steady-state 1D heat transfer calculation has to be made where a 1D heat flow can 
be assumed, using the derived T and H. This should be done with and without 
radiation, and if the difference is small, the radiation may be neglected. T, H, W and 
heat flux, Q, will then be derived for all zones and put into steady-state BC tables. 
 
By using engine test data from similar engines combined with data from OEM, 
temperature response curves are created. Combining these with the steady-state 
temperatures and by using interpolation, transient BC’s can be derived for the chosen 
flight cycle. 

4.3 Running the analysis in Ansys 
The analysis is run by a control macro (.ctl file), normally in Ansys Batch 
environment. In the control macro, the thermal BC tables are included, so is an SSI 
(Steady State Index) table defining whether the current point of the analysis is a 
steady state point or not. There is also information about what the result files will be 
called and which database to use. 
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Below the tables is the part running the mission, containing information about which 
solver type to use and a “DO-loop” applying all temperatures and boundary 
conditions for each time step. In the loop, the BC apply macro will be called for to 
define which temperature and convection to apply to a certain zone. Ansys will then 
calculate temperatures at all points for all time steps and interpolate values between 
points where BC’s are given to apply values to all nodes. 
 
When the thermal solution is done, the structural database will be opened and the 
thermal result file will be used to solve the structural part of the problem. The 
structural part of the .ctl file is much shorter than in the thermal equivalent, but, 
despite using fewer time points, it will create larger result files. The principle is the 
same; some time points are defined and a short “DO-loop” will define what to solve. 
 
Once the result files are created, a macro writing to a .cns file will be run to save data 
for a CUMFAT analysis. Two files will be created, one for top values and one for bot 
(bottom) values of the structural shell results (As mentioned in Modelling, Chapter 5, 
Ansys will save top and bottom values for each element). 
 
In order to save time, some pictures of the thermal and structural results are finally 
saved from different views. The commands for this operation are easiest to obtain by 
using the GUI once and then have a look in the log file to copy relevant commands 
into the .ctl file. 
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5 Modelling 

5.1 The FE models 
In this thesis, three different FE models are used, where two models are “inherited” 
shell models; previously used for other analyses but here changed to fit its purpose. 
The third one is a solid element section model of the GEnx1B, previously used for a 
thermal-stress analysis. The three models have been developed at Volvo Aero for 
other purposes than this master thesis.  
 
To prevent the TRF from moving, the model will be constrained in axial (z = 0) and 
angular (y = 0) direction, which will be the only structural boundary conditions in this 
study. This is common for all three models and is applied to a set of nodes in the hub. 
There will be external forces on the mount lugs during a normal flight but these are 
neglected in this study; the only assumed forces are the thermal ones. 
 
There are welds on the struts and on the outer case of the real product, but the FE 
models contain no such information. It would be possible to calculate the impact that 
the stress concentration at a weld will cause, but in this thesis work the welds are 
neglected.  
 
The model used in the first study, hereafter called 1B, is the base line design of the 
TRF of GEnx 1B. Thermal and structural analyses have been done; hence, all 
meshing, thermal databases and control files were set up, as well as the procedure to 
calculate the LCF.  
 
In the second study, the parameter variation, the model has been used for a study of a 
variation of the strut and hub cone angle and its impact on Fan Blade Out (FBO), 
described in “GEnx 2B – TRF concept studies” (Normark, 2006). Several models 
with varying strut- and cone angles were in that study generated in a CAD program 
(UG) and converted to FE models to be studied in Ansys. Hence, there are actually 
several derivatives of the main 2B model, of which 6, with different strut angles, will 
be used in this thesis. No thermal or LCF studies have previously been done on these 
models, which means that the element types have to be changed, thermal zones have 
to be created etc.  
 
Except from being easier to solve than solid models, shell models have the advantage 
of real constants, which may be changed in order to vary the thickness of a group of 
elements as easy as possible. Studies and comparisons between solid and shell models 
will be presented later on to verify and justify the selection of element type. 
 
Shell elements are supposed to be used in thin structures where membrane stresses 
and strains can be expected. The shell elements used in this study will, however, have 
a thickness and, despite being defined as rectangular 4-node elements, have eight 
corners with different temperatures and/or stresses and strains (see chapter “Element 
type shell181”, page 30). There are some places in the structure, particularly in the 
mount lugs, where the material thickness is large, and solid elements have therefore 
been used there in the 1B model. In the inherited 2B shell model, the lugs consist only 
of shell elements, and will not be changed in this study due to lack of time. 
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Figure 19 The 2B model, strut angle10 degrees 
 
The solid element model with simplified thermal BS’s has previously been used for a 
sensitivity study of how the uncertainty of the thermal boundary conditions influences 
the equivalent stress (Rydholm, H, 2005). Solid models are usually considered to be 
more accurate than shell models but, as previously mentioned, in thin structures they 
should not be thought of as the correct solution; the shell models may be more 
suitable in some situations. Worth noticing about this model is that the circumferential 
weld on the outer case is thinner than the surrounding material to make it easier to 
manufacture. This has been changed in models currently used but remains in this 
study, which causes larger stresses and strains and life problems in that particular 
area. 
 

 
 

Figure 20 Solid element sector model 
 
 
All thermal and structural result files from the Rydholm (2005) study were provided 
for this thesis; however, the cycle analysed was too short to be used for a life cycle 
analysis. Hence, some extra time steps had to be added to cover the peak at take-off. 
Except from that, no further changes are made to the model or the results; therefore, 
the model itself will not be further described or analysed in this chapter.  
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5.2 The 1B model 
The first model used has already been developed and utilised for thermal stress 
analysis, which saves a lot of work. The only changes made to the model for this 
study are new real constants for different sets of elements to vary the thickness, and 
creation of flanges to increase stiffness and cool the structure. 
 
To define new real constants is quite simple; it is only to select elements by 
highlighting them, list them and export the list to Excel. Then, all redundant 
information is deleted and an Ansys macro is created by adding ESEL commands in 
front of every node number and finally the EMODIF command is applied to modify 
the real constant and its thickness. The example below will select two elements, create 
a real constant with number 80001 and set the thickness of the real constant, i.e. the 
two elements, to 3 mm: 
 

ESEL,S,,,  10001 
ESEL,A,,, 10002 

EMODIF,ALL,REAL,80001 
R,80001,0.0030,0,0,0,0, 

 
Real constants are not too difficult to handle, but creating and modifying geometries 
in Ansys is more difficult. In this case, flanges are to be defined and meshed, 
something that can be done in different ways. There was an option to go back to UG 
to create flanges and other geometrical changes there, but the authors had no 
experience of that software and additionally, it would most likely imply that thermal 
zones and other adjustments would have to be redone. 
 
The first method attempted was to create keypoints in a square perpendicular to the 
model surface, then create a new area and divide that area by the surface. The result 
was a flange (grey in the picture below) with a bottom line common with the surface. 
However, since the surface generated by UG is non-planar, Ansys cannot cut or 
divide it without destroying the shape. Hence, the only way to mesh it is to create 
elements manually, which turned out to be very time consuming and made it difficult 
to create macros. Since macros are needed to apply shapes to both the thermal and the 
structural models, the area method was abandoned.  
 
 
 
 
 
 
 
 

Figure 21 The area method to create flanges 
 
 
Another way to define flanges or other new shapes is to copy nodes and offset them in 
the x- (radial) direction. In this study, this is done by selecting a set of nodes along an 
almost straight line, depending on the mesh. Then, the nodes are listed in Excel, 
sorted by coordinates in y- (angular) direction and a script for new nodes with an 
offset of some millimetres and dedicated node numbers is created. Below in the same 
sheet, the new and old node numbers and coordinates are used to create Ansys 
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commands for new elements with dedicated element numbers. Finally, real constants 
and new component names are applied to the new elements to give them material 
numbers, thicknesses and thermal boundary conditions. The entire macro is now in a 
spreadsheet, and may be copied and pasted into Ansys to create one thermal and one 
structural database model. 
 

5.3 The 2B model 
This is an early model of the 2B TRF, from before the number of struts was changed 
from 14 to 12. In this thesis, it is an advantage since it makes the different models 
more similar.  
 
To perform a thermal study, the elements ought to be divided into thermal zones, 
because of varying convection, flow and temperature. This has already been done in 
the 1B model, partly by using areas. However, the 2B model used in this case consists 
only of elements and nodes and has only been used for structural loads; thus, no 
thermal zones or areas were defined in the previous studies, which means that the 
zones have to be created by some hands-on work. Furthermore, the models of 
different strut angles have different element numbers, so the zones cannot be mapped 
from one strut angle model to another. Every zone is dedicated a component name 
(e.g. “ZONE_2B_0” for the outer case) and these zones will be called for by the 
control macro, as described later on. 
 
Some information about the zones can be received from the 1B model by plotting 
each component and trying to create similar looking components in the 2B model. 
Depending on the (automatically generated) mesh, the zones will have a slightly 
different shape, but this difference is negligible.  

     
 

Figure 22 Zone 2A2_6 (suction side of struts) with close-up view 
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Besides the zone issue, the element type was originally structural shell63 elements, 
instead of Shell181 elements, as used in the 1B model. More about the elements will 
be mentioned in the element chapter. It is not difficult to change element type when 
they are as similar as shell67 and shell181, neither to change to thermal element type 
shell57. There are some different key options for the element types, for instance the 
ability to choose elastic/plastic strain, bending and/or membrane stiffness etc. In the 
1B model, shell181 is set to store midsurface results (membrane results) in the results 
file as well as the top and bottom results since averaging might be inappropriate in 
certain cases. In this study, this will not be a matter, but the key option is changed 
anyway for consistency. To do this, the following Ansys command is used:  
“KEYOPT,1,8,2” 
 where 1 is the element type number, 8 is the key option to be changed  and  2 is the 
value of the key command, in this case to store midsurface results. 
 
All constraints and boundary conditions have to be removed from the original model, 
this is easily done by using the Ansys command “DDELE,ALL”. To apply new BC’s, 
the outermost set of nodes on the “dummy part” of the hub cone is selected. A local 
cylindrical coordinate system is created by choosing three nodes and then all BC 
nodes are rotated to that system by the command “Rotate Node CS - To active CS”. 
Finally, the translation in the selected nodes is set to zero in y (no rotation) and z (no 
axial movement), while the model still is allowed to move in radial direction. This is 
done by typing: 

D,ALL,UZ,0, 
D,ALL,UY,0, 

 
There are also beam elements in the inherited model, these are not needed in the 
thermal analysis and are for example deleted with the command “ETDEL,39”. This 
means “delete element type 39”, where 39 in this case happens to be an element type 
containing beam elements; the numbers are defined when the models are created in 
the same way element or node numbers are defined. Element type is not to be 
confused with element types such as shell57, which is an element type with a certain 
property.  
 
It is important to check the scale of the model to ensure that the input data will have 
the right dimensions. In the 2B model, the scale was 1000 times the scale in 1B; thus, 
it needed to be scaled. Before scaling, the coordinate system needs to be set to 
cylindrical coordinates, CSYS=1, then the scaling operation is simple: 

ASEL,ALL 
NSCALE,,ALL,,,0.001,,0.001   

Worth noticing is that no scaling occurs in the y-direction since it is angular. 
 
The thickness of the structure needs to be compared to the previous model. An easy 
way to perform a coarse check is to type “/ESHAPE” in the Ansys prompt, and the 
fictitious volume of the shell model will be plotted instead of the area. Some 
comparisons can also be made by looking in the real constant list. In the original 2B 
model, the lug thickness is set to only 2.5 mm, which is easily changed to 25 mm (the 
thickness used in all other models) by using the EMODIF command as mentioned in 
The 1B model, Chapter 5.2 . 
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Another thing not to forget is the material data. This is often temperature dependent, 
but the tables can be exported from an existing database, in this case 1B, and imported 
into the model by GUI (Graphical User Interface) operations.  
 
Worth mentioning is that the 2B model does not contain as many dummy parts as 1B. 
Normally, enough dummy geometry should be chosen to get the edges away from the 
area of interest. A rule of thumb is that the dummy length should be at least 20 times 
the thickness. This will not necessarily make a big difference in this study since the 
largest LCF problems do not occur at the edges. 

5.4 Element type shell181 
 

 
Figure 23 The 4-node finite strain Shell181 element  

 
 
The Shell181 element is built up by four nodes; I, J, K and L, and it has six degrees of 
freedom at each node (translations in x, y and z and rotation around their respective 
axis). It is intended to be used for thin to moderately-thick shell structures, which is a 
good approximation of most parts of the TRF. There is a degenerated triangular 
option, but this should only be used to fill up the mesh. 
 
The thickness of the element is defined using real constants and is often set to a 
constant thickness for the element or a group of elements with the same real constant. 
It is, however, possible to define an individual thickness for each node, for instance 
when a smooth transition between two real constants with a large difference in 
thickness is desired. 
 
As earlier stated, there are some differences between shell63 and Shell181, and the 
main reason to use Shell181 is the plastic capability alternative. Nevertheless, in this 
case, the plastic option is not used since the plastic effects are considered in Cumfat 
using the Neuber rule. Both element types have bending and membrane capabilities, 
but the latter alternative is not realistic in the current model.  
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5.5 Element type Shell57 
 

 
Figure 24 4-node thermal Shell57 element  

 
 
Shell 57 is a thermal element with one node, one degree of freedom (temperature) and 
one thickness in each corner; furthermore, it is defined by material direction angle and 
the material properties. The thickness of the element may be defined using real 
constants, which applies one thickness to a group of elements. 
 
The inputs to the elements are the convection and temperature tables of the 
surrounding gas, and the output is one temperature at each node for each load step. 
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6 Conceptual design 
 
If the TRF is set in a cylindrical coordinate system, the directions are r, θ and z, see 
Figure 25. Hereafter, the z-direction will be called the axial direction and θ will be 
referred to as the tangential one. 
 

 
 

Figure 25 The used cylindrical coordinate system in black letters and as reference the 
Cartesian system(x, y, z) in grey   

 
The use of concept generation methods mentioned in Concept generation, Chapter 
3.2, resulted in several concepts. Since this task is a redesign problem, it is assumed 
that the initial design is kept and only the new parts are being discussed as long as 
nothing else is mentioned. The area of the TRF that is managed in the following 
concepts is in the lug section, since the worst problems occur there and the FAA 
regulations are strict concerning life on details in this section.  

z,z 
r,x 

θ 

y 
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1. Increase heat flow from 

the body to the adjacent 
surroundings.  

 

(1.1) Axial flange(s) 
 
 
 
 
(1.2) Tangential flange(s) 
 
 
 
 
 
(1.3) Lead a cold air flow at high velocity over the surface  
 
 
 
 

2. Decrease heat flow from 
the combustion gas to 
the body. 

 

(2.1) Heat shield 
 
 
(2.2) Thermal coating 
 
 
 
 

3. Level out heat in the 
body 

 

(3.1) Add material in hot areas  
(3.2) Subtract material in cold areas  
(3.3) Replace material with other with higher/lower conduction in the 
surroundings  

4. Decrease the stress in 
vulnerable sections 

 

(4.1) Make the section more rigid  
(4.2) Preheat cold areas for lower ∆T 
(4.3) Change the angle of the struts    
(4.4) Increase flexibility in adjacent areas by making them thinner 
 
 

 
Figure 26 Morphology for life improvement measure on the GEnx TRF 
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6.1.1 Axial flange 
This kind of flange is used to increase the thermal conduction from one side of a wall 
to another. It is particularly effective when the convection coefficient is higher on one 
side than of the other or when the temperature difference is high. The lower 
convection coefficient is compensated for by the area increase by the extra area Af on 
the flange, se figure below. 
 

 
Figure 27 Temperature in flange and body. 

 
 
Apart from decreasing the heat in the body, this flange makes it more rigid in axial 
direction. If there is an area with large strain, the flange will prevent it by its 
rigidness.    

6.1.2 Tangential flange 
This flange works in the same way as the axial flange. The difference is that it makes 
it more rigid in tangential direction  

6.1.3 Irregular flange 
This flange is not oriented in a single direction but its shape satisfies a curve in the θ 
and z direction. The properties will be a combination of the axial and tangential 
flanges with cooling effects and strain resistance in both directions.  

6.1.4 Move and modify material 
By changing the thickness in vulnerable areas the physical properties can be changed. 
If material is added in a hot area, the temperature will be decreased. The extra 
material also makes it more resistant to stresses and eventually fatigue. There is also 
an option to debilitate the structure in order to increase the flexibility and move the 
stress from exposed areas. An area exposed to low stresses can be made thinner and 
thus the stress and strain may be levelled out.       

6.1.5 Heat shield  
The hot combustion gas from the engine flows in direction of the TRF and hits it in 
very high speed. A thermal shield placed as shelter from the flow in the upper parts of 
the struts could reduce the conduction of heat. By making the struts less hot, the 
temperature difference ∆T , which is the source of the stresses, will decrease.  

T 

T2 

T1 

Tf 

Af
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6.1.6 Thermal barrier coating  (TBC) 
Thermal (barrier) coating is a method when a thin layer of ceramic material with low 
conductivity is applied (normally plasma sprayed) to the surface. The ceramic coating 
is typically made of yttrium stabilized zirconium (YSZ). By doing this, heat areas 
could be less hot and prevent conduction of heat in the body.   

6.1.7 Preheating  
Another way to decrease the temperature difference ∆T in the body is to preheat cold 
areas. Since the temperature is spreading in the body by time, there will be time 
dependant temperatures in different areas of the body. If the colder areas are being 
preheated there will be lower ∆T and hence lower stress ratio.      

6.1.8 Cold air flow 
After the compressor stage, the temperature of the air has a moderate temperature and 
bleed air is lead to the turbine to lower the temperatures there. If a fraction of this air 
flow is lead to the hot areas of the TRF, the temperatures there will become lower. 
Thus, the stresses will be lower and the life time increases. 
 

6.2 Go/no-go screening 
The concepts in Chapter 6.1.1 - 6.1.8 are all solving the life problems in different 
ways. Some of them could easily be implemented whilst some others are harder to 
apply. By using the go/no-go screening, earlier mentioned in Concept Evaluation, 
Chapter 3.3, the concepts that do not meet the requirements will be removed from the 
list of possible ones. Concepts that did not pass were: 
 

• Heat shield 
• Cold air flow 
• Preheating 

 
The main reasons for excluding these concepts are:  
 

• The heat shield would affect the main air flow out from the engine and 
therefore cause lower efficiency. It might also vibrate and cause extra 
operational steps when assembling the engine.  

• Cold air needs large modifications of other parts of the engine. 
• Preheating might cause extra procedures for the airlines. 
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7 Sensitivity study 

7.1 Background 
Despite the work carried out during creation of BC tables and thermal analyses, the 
actual temperatures and flows in a real engine might differ from the calculated values. 
Therefore, it is desired to measure the real temperature when the engine is assembled 
and tested. There is, however, only a limited access to thermal results from engine 
testing since everybody involved in the construction wants to know “their” results and 
it is not possible to measure everywhere at once. 
 
One way to determine where and what to measure is to analyse how changed BC’s 
affect the predicted life, which also will give information about how sensitive the 
model is to possible errors in the previous BC analysis. It will of course also give a 
hint about possible variations of the life.  
 
If there is a need for thermal coating, cooling flanges or a heat shield, a study like this 
might indicate where to apply these things. Additionally, it might also show whether 
or not there are global factors such as temperature differences between hub and strut 
causing life problems or if the local BC’s is the largest factor. 
 
Based on results from a study performed during 2005 by Hans Rydholm, assisted by 
Albert Ericsson, a sensitivity study was performed to analyse how the life might be 
affected by the uncertainty of the thermal boundary conditions (Rydholm, 2005). The 
2005 study concerned the maximum equivalent stress in critical nodes during the 
start-up phase of a normal commercial flight cycle, whilst the life study might need 
more time steps and different stress parameters.  

7.2 Parameters 
The parameters of interest are simplified thermal boundary conditions, where sub-
sub-zones are neglected; every strut will for example consist of one zone instead of 
six. There are 15 parameters independently varied: 6 convections (H1, H2A/B/C, H3 
and H4), 6 temperatures (T1, T2A/B/C, T3 and T4) and finally 3 cavity temperatures 
responses (R1, R3 and R4). All parameters have a high and low value; hence, if a 
complete factorial design is performed, there would be 2^15 = 32768 different 
models.  

 
 

Figure 28 Simplified thermal boundary conditions 
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7.3 Creation of a factorial design 
By using Minitab, a fractional factorial design is created by a method first presented 
in 1946 by Robin L. Plackett and J. P. Burman, known as a Plackett-Burman design. 
This is supposed to minimise the variance for a limited number of experiments; in this 
case 48 variations are created, which is easily done in Minitab by the commands Stat 
– DOE – Factorial – Create Factorial Design.  
 
 

 
 
Figure 29  Example of available factorial designs in Minitab 
 
 
When the design has been created, the BC tables need to be modified for each of the 
48 variations, and thermal as well as structural result files have to be computed for 
every case; a rather time consuming work. Fortunately, complete structural and 
thermal result files containing all stresses at 10 time points were saved after the first 
study, which initially saved some time consuming computer simulation. However, 
cns-files for Cumfat needed to be evaluated in order to create life files.  
 

7.4 Initial study 
Firstly, a model with nominal boundary conditions was opened in Ansys and the first 
principal strain was plotted at the two peak time points (start-up and take-off) since 
this has a great influence on the life. A number of interesting nodes were selected and 
plotted in the time history postprocessor to ensure that nothing looked strange and that 
the times and nodes selected were reliable. 
 
Secondly, all information about the selected node results was put together and initial 
values of stress and strain equal zero was added in the tables. These tables were once 
again used in Ansys to create cns-files to be used in Cumfat and finally the life files 
were obtained.  
 
The results from the previous study did not include time points after the top of the 
second peak; hence, three more time steps were evaluated in Ansys and added to the 
original result files. To manually copy the three new time steps from all nodes and 48 
files into would take a lot of time; therefore, a macro function was created in Excel 
Visual Basic to smoothly merge the files (see Appendix C). 
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Figure 30 Time steps of the nominal model with the chosen time steps of the 2005 study in green and 
the time points added for this study in red  
 
 
 
Furthermore, when looking at the time steps in the middle of the cycle, it was 
discovered that there were no time points covering the deepest dip of the stress-time 
curve, which occurs right before take-off. This was because the previous study was 
intended to compare the results of maximum equivalent stress at the peaks and the 
dips were therefore of no interest at that time. Consequently, another two time points 
had to be added in the middle and the result files were merged as mentioned above. 
All time points selected are shown in Figure 30 above.  
 
When all result files finally were compiled, Cumfat was used to evaluate the life of 
the selected nodes in 48 different cases. 

7.5 Analysing in Minitab 
Step number one in the Minitab analysis is to import the life data from all nodes and 
list them in the right order (variation 1-48). Then, the custom factorial design has to 
be defined by selecting factors (T2A, T2B etc.) and responses (life of node 124, 126 
etc.). Terms in the model up to order 1 are to be included; if, for instance, order 2 is 
chosen, Minitab will include the effect of factor combinations such as T2A*T2B etc. 
 
There are many different ways to visualise and compare the results from the 
variations in Minitab. The first choice in this study was to make a Pareto chart for 
every node, where the standardised effect, or importance, of every factor is shown, 
see Figure 31. Minitab offers possibilities with, for example, different colours of the 
bars, which makes it easy to compare the node results from different areas, and to 
determine which are the most important factors. 
 
Another option is to make main effects plots, where the effect of a factor is measured. 
In Figure 31, for instance, one can see that H2B is the most important factor for node 
4016 and a change from 0.67 to 1.5 will decrease the life of that node by 
approximately 17,000 cycles. 
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Figure 31 Main effect plots for T2B, H2B, T1 and R1 for node 4016 and a Pareto chart of the 
standardised effects for the same node 
 
 
A linearization can be made to easily predict what would happen if the parameters are 
changed in other ways than simulated in Ansys. In order to do so, a linear regression 
analysis may be performed in Minitab, where the usual predictors (H2A etc.) as well 
as responses (the life of each node number) are chosen. The system of equations will 
be overdetermined and hence contain more equations (48) than variables (15). 
Therefore, it has to be solved numerically; this will in the program be done by 
ordinary least squares, which minimises the variance. 
 

7.6 Results 
There are some obvious results, in particular for the nodes of greatest interest, i.e. 
around the mount lugs and at the weld on the top of the outer case. One can clearly 
see that the convection and temperature of the outside of the outer case, H1/T1, and at 
the strut sides, H2B/T2B, will have a great impact on the life. Note that the boundary 
conditions on the inside of the outer case, T2A/H2A, will have a small impact, which 
makes it more difficult to increase the life by applying a thermal coating there. 
Nevertheless, it will still make a difference. 
 
 

   
 

Figure 32 Pareto charts of the standardised effect from a node close to the lugs (left) compared to 
one at the base of the strut   
 
 
In other groups of nodes, i.e. around the base of the strut and on the inside of the outer 
case, the results are quite muddled and it is very difficult to draw any conclusions of 
the results, see Figure 32. There is a tendency of T4/H4 affecting the life more than 
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other factors, but the difference between the nodes is large even though some of the 
nodes are next to each other.  
 
The linearization shows a large variance and standard deviation when the linear 
results are compared to those from Ansys; the differences are shown in  Figure 33 
below. There is even negative life according to the linear results, which implies the 
impossible scenario where the construction will fail before it is produced. 
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 Figure 33 Life of the 48 variations of node 4674 and 496, respectively, calculated by factors 
obtained from linearization, versus life in the same node calculated by Ansys/Cumfat 

 

7.7 Possible sources of error 
Compared to the 2005 study, which showed more obvious relations between structural 
results and variation of BC’s, this study is quite confounding. One large difference 
between measuring life, as in this case, and Von Mises stress, as in the earlier study, is 
that the latter one is time-independent. The stress was in that case calculated at the 
peak value and hence independent of what happened in the node later on. Contrary to 
this, Cumfat pays attention to the strains from all time steps which makes the study 
more complex.  
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Furthermore, the resolution of the boundary conditions is not as good as in ordinary 
models since the number of factors has to be kept as low as possible in order to 
minimise the number of possible variations. An alternative could be to concentrate on 
the BC’s of the strut/outer case when analysing nodes at the outer case and around the 
lugs and similarly on the strut/hub when looking at the base of the strut. 
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8 Analysis results 

8.1 GEnx 1B lug section geometry 
In the 1B study, about 80 different modifications have been made; some of the 
concepts are here presented. The lug section is the zone where most problems occur 
and where low life could really become a problem. Cumfat will generate top and bot 
results, but the bot results show no problems. Therefore, all plots in the 1B analysis 
will be top results from the lug section. The colours of the plot are getting more blue 
when the expected life is low and more red for longer life. When the life is very high 
and therefore of no interest, the colour will be grey. 
 
The work started with having a look at where the life problems occur and the material 
was made thicker in these particular areas. In an adjacent area, without problems, the 
material was made thinner in order to move and spread the problems out. This work 
generated several different geometry concepts before a good shape was found. Then, 
the thickness of that shape was varied independently to catch the most robust 
combination. Some threshold values were reached, where the problems moved and 
occurred at new places. 
 
Parallel to the thickness variation, models with flanges of different shapes and 
directions were constructed, some of them combined with thickness variations. 

8.1.1 Baseline 
The baseline is the original design. In Figure 34 below is a plot of the lug section of 
the TRF with top results of the LCF analysis. Pointed out by the arrow is the worst 
node. 

                            
 
Figure 34 Plot of the baseline LCF results 

X cycles (100%) 
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8.1.2 Concept F4, irregular flange 
This irregular flange increased the estimated life by 20% in the worst node. 

 
 
Figure 35 LCF results, concept F4 
 

8.1.3 Concept F5, flanges in axial direction 
This is a really interesting result, even though it is really miserable considering the 
life. The low life problems occur at the end of the flanges, as if the stresses and strains 
have been moved to the end of them. The life of the worst node has decreased to only 
53% of the baseline life.  

 
 
Figure 36 LCF results, concept F5 
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8.1.4 Concept F7, thinner material in the bowl 
In concept F7, the material (except from the lugs) in the encircled area is only 80% of 
its original thickness. As shown below, the life increased by 27%. 

     
 
Figure 37 LCF results, concept F7 
 

8.1.5 Concept F9, thinner/thicker material 
In an attempt to move stresses and strains to areas where no LCF problems occur, the 
material has been made thicker at the edge of the “bowl” where the lugs are, and 
thinner in a section in angular direction. The different colours of the mesh represent 
different real constants (see Modelling Chapter 5). 
 

   
 
Figure 38 LCF results and structure, concept F9 
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8.1.6 Concept F11, thinner/thicker material 
By creating an inverse to concept F9, hence making the material thinner at the bowl 
edges and thicker in the other modified area, the areas of critical life are moved. 

 
Figure 39 LCF results, concept F11 
 

8.1.7 Concept A4, semi-circular shaped flange 
A polygonal semi-circular shaped flange combines the bad properties of flanges in 
tangential direction with the problems of the flange in axial direction in an interesting 
way. 
 

 
Figure 40 LCF results, concept A4  
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8.1.8 Concept A9, two parallel flanges in tangential direction 
These two flanges show an increase of life by 60 percent. The flanges are 8 mm tall 
and have a width of 4 mm. 
 

 
 

Figure 41 LCF results, concept A4 
 

8.1.9 Concept K11, final thickness variation shape 
The thinner area (pink) was originally set to 3 mm and the thicker (green) was 5.5 mm 
and, at first, only the shape of it was changed. After 17 variations of the shape of the 
thinner/thicker section, the one in Figure 42 below turned out to be the most 
sustainable shape concerning life.  
 
The shape variation was followed by 11 variations of the two thicknesses to obtain the 
best combination, which is 3.8 mm in the thinner area and 7 mm in the thicker one. It 
might be possible to combine more than two thicknesses and change the shape further 
towards perfection, but as in all complicated optimisation problems, the possible 
different combinations of parameters are almost infinite.  
 
 

   
 
 
Figure 42 Final shape of thinner/thicker material (left) and a plot of the life with the first thickness 
combination (middle) next to a plot of a more optimised combination (right) 
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8.1.10  Concept K11-TBC 
Based on a study with thermal coating and heat shield (Rydholm, 2006 b), the concept 
K11 with 3 and 5.5 mm thickness (above) was combined with a 20% thermal coating 
on the inside of the outer case. The reason why the non-optimal thickness was used in 
this concept is that the thickness optimisation was performed parallel to this concept. 
 

      
 
Figure 43 Cross section of the lug and outer case with thermal barrier coating covering 20% of the 
inside of the outer case, to the left is a life plot of the lug section 
 
 
The TBC layer is assumed to have a thermal conductivity of 1.0 W/m2K and a 
thickness of 0.3 mm. 
 
Just like in Rydholm’s study, the increase of life was about 140% of the life before 
thermal coating; in this case it means a total life of 260 % of the baseline life. 
 

260% 



  Analysis results 
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8.2 GEnx 2B strut angle 
The time consuming part of the 2B analysis was the model modification to run a 
thermal-stress analysis. Then, it was just to perform the analysis in Ansys and plot the 
results equally for all models. In order to save time and get the same view of every 
model, scripts were created and run after every analysis. As in the 1B analysis, the top 
results of the lug section is of great interest, but since life problems occur in the inner 
ring, in the model called zone 4_4, the bot and top results from this part are also 
included. As in the 1B model, the bot results of the lug section show no life problems.  
 

Figure 44 Comparison of the shortest life of the different models and their components 
 

 
 
Figure 45 The components of interest and their location at the TRF  
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Figure 46 Lug section view of the 2B model with life plotted 
 
 

 
 
Figure 47 The bot results of the inner ring 
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9 Conclusion and discussion 
When this work was initiated, the expectations of the study were quite ambitious. The 
earlier sensitivity studies showed a strong correlation between thermal BC’s and 
stresses. Since the life is limited by stresses and strains, there was a hope to find a 
similar relationship between life and thermal BC’s. If so, it would be easy to know 
which factors to change in order to prolong the life of the TRF. 
 
Additionally, there was hope to find a simple solution of the problems without adding 
too much material, which would make the construction heavier, or change the basic 
geometry. Unfortunately, there are some fundamental problems with the design 
concentrating stresses to some areas. 
 
The results of the sensitivity study show that the reality is complex and, in some 
cases, almost unpredictable. Nevertheless, in the regions of greatest interest, the 
correlations were strong enough to distinguish certain thermal factors with a large 
impact on expected life.  
 
One study, the variation of strut angles, resulted in nothing but confirming the current 
design. This is of course not a bad result, but it does not contribute to new ideas about 
how to solve the problems. 
 
To minimise the problems, a thickness variation according to the shape of concept 
K11, where the thinner material is 3.8 mm and the thicker is 7 mm, could be applied.  
 
Since no economical aspects have been considered, it is difficult to say whether a 
TBC layer should be used or not. The main reason not to use it is because it will be an 
extra process causing increased lead time, but since it might increase the life from 
almost acceptable to very good, it might be the solution.  
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10  Proposal for future studies 

10.1 Geometry variation of the CAD model 
This thesis has not concerned any larger changes of the geometry, except from the 
variation of the strut angle. The main reason of this is that it would have been too time 
consuming to fully understand UG and then export all different geometries to Ansys 
to create thermal models etc. Another reason is that it is preferable to not change the 
main structure in order to be able to use the current mould and CFD calculations.  
 
One interesting study would be to straighten-up the outer case since its current 
curvature, shown in Figure 48, might cause buckling effects and most certainly 
concentrates the stresses and strains to the peak of the curvature. There is, however, a 
risk that a stiffer construction will create even larger stresses and strains. 
 

    
Figure 48 Cross section of the TRF with the curvature of the outer case as a dashed line, compared 
to a plot of the first principal stress of the same section from another view 
 
Another questionable geometry is the bowl under the lugs which interacts with the 
other curvatures of the case; an optimisation where the lug section geometry is 
designed for LCF sustainability might solve some problems. 
 
No attempts have been made to change or analyse the hub or the central parts of the 
TRF since the studies in this report have concerned the lug section. There might be 
many things to change in the central regions in order to make the structure more 
flexible and in that way lower the stresses and forces in the struts, which probably will 
contribute to an increased life of the outer case. 

10.2 Welds 
The current locations of the welds have not been counted into the life calculations of 
the structure in any of the studies presented in this report. If more studies are 
performed and a new design of the TRF is to be produced, the welds should 
preferably be placed where the expected life is as high as possible since they work as 
stress concentrations due to different metallurgical structure. This is however not the 
case of the current design, where some welds are placed in the same area as where the 
highest stresses occur.  
 

Curvature 
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10.3 Cooling flow and TBC 
One of the concepts studied had a TBC layer covering 20% of the inside of the outer 
case. Another way to make thermal modifications of the TRF is to lead cool air flow 
to different cavities in order to increase the convection and lower the air temperature. 
This may also be combined with thermal barrier coating. 
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Figures 
Figure 1 Volvo Aero (2005) 
 
Figure 2: Teknikogviden.dk (2006-10-11). Image gallery 
http://www.teknikogviden.dk/images/artikelPic/Volvo-Aero-leder750x600.gif 
 
Figure 3 Volvo Aero (2005) 
 
Figure 4 Wikipedia, Turbofan (2006-10-16). http://en.wikipedia.org/wiki/Turbofan 
 
Figure 5 Aircraft-info.net Boeing 787 (2006-10-25). http://www.aircraft-
info.net/aircraft/jet_aircraft/boeing/7e7/boeing-7E7.jpg 
 
Figure 6 General Electric, GEnx (2006-10-23). www.ge.com/images/20172_f.jpg 
 
Figure 7 Aerospaceweb, Propulsion (2006-10-12). 
http://www.aerospaceweb.org/question/propulsion/q0033.shtml 
 
Figure 24 ANSYS Inc (2006). Ansys Release 10.0 documents – shell57 
 
Figure 23 ANSYS Inc (2006). Ansys Release 10.0 documents – shell181 
 
Figure 14 Rydholm, H. (2006) 
 
Figure 17 Rydholm, H. (2006) 
 
Figure 18 Rydholm, H. (2006) 
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Appendix 

Appendix A - Plackett-Burman design 
 T2A T2B T2C H2A H2B H2C T1 T3 T4 H1 H3 H4 R1 R3 R4 
VAR-1 1,05 0,95 0,95 0,67 0,67 1,5 0,2 0,55 0,5 0,5 1,5 2 0,005 0,02 0,005
VAR-2 1,05 1,05 0,95 0,67 0,67 0,67 0,5 0,55 0,5 0,5 0,67 2 0,02 0,005 0,02
VAR-3 1,05 1,05 1,05 0,67 0,67 0,67 0,2 0,85 0,5 0,5 0,67 0,5 0,02 0,02 0,005
VAR-4 1,05 1,05 1,05 1,5 0,67 0,67 0,2 0,55 0,8 0,5 0,67 0,5 0,005 0,02 0,02
VAR-5 1,05 1,05 1,05 1,5 1,5 0,67 0,2 0,55 0,5 2 0,67 0,5 0,005 0,005 0,02
VAR-6 0,95 1,05 1,05 1,5 1,5 1,5 0,2 0,55 0,5 0,5 1,5 0,5 0,005 0,005 0,005
VAR-7 1,05 0,95 1,05 1,5 1,5 1,5 0,5 0,55 0,5 0,5 0,67 2 0,005 0,005 0,005
VAR-8 1,05 1,05 0,95 1,5 1,5 1,5 0,5 0,85 0,5 0,5 0,67 0,5 0,02 0,005 0,005
VAR-9 1,05 1,05 1,05 0,67 1,5 1,5 0,5 0,85 0,8 0,5 0,67 0,5 0,005 0,02 0,005
VAR-10 1,05 1,05 1,05 1,5 0,67 1,5 0,5 0,85 0,8 2 0,67 0,5 0,005 0,005 0,02
VAR-11 0,95 1,05 1,05 1,5 1,5 0,67 0,5 0,85 0,8 2 1,5 0,5 0,005 0,005 0,005
VAR-12 0,95 0,95 1,05 1,5 1,5 1,5 0,2 0,85 0,8 2 1,5 2 0,005 0,005 0,005
VAR-13 1,05 0,95 0,95 1,5 1,5 1,5 0,5 0,55 0,8 2 1,5 2 0,02 0,005 0,005
VAR-14 0,95 1,05 0,95 0,67 1,5 1,5 0,5 0,85 0,5 2 1,5 2 0,02 0,02 0,005
VAR-15 1,05 0,95 1,05 0,67 0,67 1,5 0,5 0,85 0,8 0,5 1,5 2 0,02 0,02 0,02
VAR-16 0,95 1,05 0,95 1,5 0,67 0,67 0,5 0,85 0,8 2 0,67 2 0,02 0,02 0,02
VAR-17 1,05 0,95 1,05 0,67 1,5 0,67 0,2 0,85 0,8 2 1,5 0,5 0,02 0,02 0,02
VAR-18 1,05 1,05 0,95 1,5 0,67 1,5 0,2 0,55 0,8 2 1,5 2 0,005 0,02 0,02
VAR-19 1,05 1,05 1,05 0,67 1,5 0,67 0,5 0,55 0,5 2 1,5 2 0,02 0,005 0,02
VAR-20 0,95 1,05 1,05 1,5 0,67 1,5 0,2 0,85 0,5 0,5 1,5 2 0,02 0,02 0,005
VAR-21 0,95 0,95 1,05 1,5 1,5 0,67 0,5 0,55 0,8 0,5 0,67 2 0,02 0,02 0,02
VAR-22 1,05 0,95 0,95 1,5 1,5 1,5 0,2 0,85 0,5 2 0,67 0,5 0,02 0,02 0,02
VAR-23 0,95 1,05 0,95 0,67 1,5 1,5 0,5 0,55 0,8 0,5 1,5 0,5 0,005 0,02 0,02
VAR-24 0,95 0,95 1,05 0,67 0,67 1,5 0,5 0,85 0,5 2 0,67 2 0,005 0,005 0,02
VAR-25 1,05 0,95 0,95 1,5 0,67 0,67 0,5 0,85 0,8 0,5 1,5 0,5 0,02 0,005 0,005
VAR-26 1,05 1,05 0,95 0,67 1,5 0,67 0,2 0,85 0,8 2 0,67 2 0,005 0,02 0,005
VAR-27 0,95 1,05 1,05 0,67 0,67 1,5 0,2 0,55 0,8 2 1,5 0,5 0,02 0,005 0,02
VAR-28 1,05 0,95 1,05 1,5 0,67 0,67 0,5 0,55 0,5 2 1,5 2 0,005 0,02 0,005
VAR-29 1,05 1,05 0,95 1,5 1,5 0,67 0,2 0,85 0,5 0,5 1,5 2 0,02 0,005 0,02
VAR-30 0,95 1,05 1,05 0,67 1,5 1,5 0,2 0,55 0,8 0,5 0,67 2 0,02 0,02 0,005
VAR-31 0,95 0,95 1,05 1,5 0,67 1,5 0,5 0,55 0,5 2 0,67 0,5 0,02 0,02 0,02
VAR-32 0,95 0,95 0,95 1,5 1,5 0,67 0,5 0,85 0,5 0,5 1,5 0,5 0,005 0,02 0,02
VAR-33 1,05 0,95 0,95 0,67 1,5 1,5 0,2 0,85 0,8 0,5 0,67 2 0,005 0,005 0,02
VAR-34 0,95 1,05 0,95 0,67 0,67 1,5 0,5 0,55 0,8 2 0,67 0,5 0,02 0,005 0,005
VAR-35 1,05 0,95 1,05 0,67 0,67 0,67 0,5 0,85 0,5 2 1,5 0,5 0,005 0,02 0,005
VAR-36 0,95 1,05 0,95 1,5 0,67 0,67 0,2 0,85 0,8 0,5 1,5 2 0,005 0,005 0,02
VAR-37 1,05 0,95 1,05 0,67 1,5 0,67 0,2 0,55 0,8 2 0,67 2 0,02 0,005 0,005
VAR-38 1,05 1,05 0,95 1,5 0,67 1,5 0,2 0,55 0,5 2 1,5 0,5 0,02 0,02 0,005
VAR-39 0,95 1,05 1,05 0,67 1,5 0,67 0,5 0,55 0,5 0,5 1,5 2 0,005 0,02 0,02
VAR-40 0,95 0,95 1,05 1,5 0,67 1,5 0,2 0,85 0,5 0,5 0,67 2 0,02 0,005 0,02
VAR-41 0,95 0,95 0,95 1,5 1,5 0,67 0,5 0,55 0,8 0,5 0,67 0,5 0,02 0,02 0,005
VAR-42 0,95 0,95 0,95 0,67 1,5 1,5 0,2 0,85 0,5 2 0,67 0,5 0,005 0,02 0,02
VAR-43 1,05 0,95 0,95 0,67 0,67 1,5 0,5 0,55 0,8 0,5 1,5 0,5 0,005 0,005 0,02
VAR-44 0,95 1,05 0,95 0,67 0,67 0,67 0,5 0,85 0,5 2 0,67 2 0,005 0,005 0,005
VAR-45 0,95 0,95 1,05 0,67 0,67 0,67 0,2 0,85 0,8 0,5 1,5 0,5 0,02 0,005 0,005
VAR-46 0,95 0,95 0,95 1,5 0,67 0,67 0,2 0,55 0,8 2 0,67 2 0,005 0,02 0,005
VAR-47 0,95 0,95 0,95 0,67 1,5 0,67 0,2 0,55 0,5 2 1,5 0,5 0,02 0,005 0,02
VAR-48 0,95 0,95 0,95 0,67 0,67 0,67 0,2 0,55 0,5 0,5 0,67 0,5 0,005 0,005 0,005
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Appendix B - Ansys Control Macros 
The Ansys control macros are considered as VAC’s proprietary and will therefore not 
be included in this appendix. 
 

Appendix C - Excel macro for file merging 
This macro was used to merge the results from the extra three time points in the 
sensitivity study into the files from the 2005 study. The files were automatically 
opened in Excel, “number of load steps” was changed from 11 to 14 and all 
information from the selected nodes was inserted into one file per variation, i.e. 48 
files. The macro only had to be run once since it opens, changes, saves and closes all 
files. 
 
Sub Filemerging() 
 
For Var = 1 To 48 
       
     ChDir "C:\GEnx-TRF\BC-LCF\cns_1-11\VAR" & Var 
     Workbooks.OpenText Filename:= _ 

"C:\GEnx-TRF\BC-LCF\cns_1-11\VAR" & Var & "\BC_VAR-" & Var & 
".cns" _ 
, Origin:=xlMSDOS, StartRow:=1, DataType:=xlDelimited, 
TextQualifier:= _ 
xlDoubleQuote, ConsecutiveDelimiter:=True, Tab:=True, 
Semicolon:=False, _ 
Comma:=False, Space:=True, Other:=False, 
FieldInfo:=Array(Array(1, 1), _ 
Array(2, 1), Array(3, 1), Array(4, 1), Array(5, 1), Array(6, 
1), Array(7, 1), Array(8, 1), _ 

      Array(9, 1)), TrailingMinusNumbers:=True 
   ChDir "C:\GEnx-TRF\BC-LCF\cns_12-14" 
   Workbooks.OpenText Filename:= _ 
      "C:\GEnx-TRF\BC-LCF\cns_12-14\" & Var & ".cns" _ 

, Origin:=xlMSDOS, StartRow:=1, DataType:=xlDelimited, 
TextQualifier:= _ 
xlDoubleQuote, ConsecutiveDelimiter:=True, Tab:=True, 
Semicolon:=False, _ 
Comma:=False, Space:=True, Other:=False, 
FieldInfo:=Array(Array(1, 1), _ 
Array(2, 1), Array(3, 1), Array(4, 1), Array(5, 1), Array(6, 
1), Array(7, 1), Array(8, 1), _ 
Array(9, 1), Array(10, 1), Array(11, 1), Array(12, 1), 
Array(13, 1), Array(14, 1), Array(15 _ 

      , 1)), TrailingMinusNumbers:=True 
 
     Windows("BC_VAR-" & Var & ".cns").Activate 
    Range("E5").Select 
   ActiveCell.FormulaR1C1 = "14" 
 
 j = 2 
 k = 19 
 For i = 1 To 35 
 
          Windows(Var & ".cns").Activate 
          Rows(j & ":" & j+2).Select 
          Selection.Copy 
          Windows("BC_VAR-" & Var & ".cns").Activate 
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          Rows(k & ":" & k).Select 
          Selection.Insert Shift:=xlDown 
             
          j = j + 4 
          k = k +9      
         Next i 
          
    Windows("BC_VAR-" & Var & ".cns").Activate 
    ChDir _ 
    "C:\GEnx-TRF\BC-LCF\ctl-short\3" 
    ActiveWorkbook.SaveAs Filename:= _ 
    "C:\GEnx-TRF\BC-LCF\ctl-short\3\BC_VAR-" & Var & ".cns" _ 
    , FileFormat:=xlText, Password:="", WriteResPassword:="", _ 
    ReadOnlyRecommended:=False, CreateBackup:=False 
    ActiveWindow.Close 
    ActiveWindow.Close     
Next Var 
End Sub 
 
 
 


