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Abstract 

 
This work deals with proposing a new geometry of an electron beam weld joint in the 

inner liner of the combustion chamber of the GE H80 turboprop engine with the aim 

to improve its cyclic life properties. These improvements are validated by means of 

comparative stress analysis using finite element method. Steady-state thermal analysis 

and static structural analysis are employed to study global and local stress distributions 

in the part. All propositions are made with regards to manufacturing and economic 

constraints. Further possibilities for deeper analysis are also discussed. 

 

Abstrakt 

 
Tato práce se zabývá návrhem geometrie svarového spoje vytvořeného pomocí 

technologie elektronového paprsku na vnitřním plamenci spalovací komory 

turbovrtulového motoru GE H80 s cílem zlepšení vlastností únavové životnosti. Tato 

zlepšení jsou ověřena pomocí komparativní analýzy napěťového stavu metodou 

konečných prvků. Pomocí teplotní a strukturální analýzy je vyšetřeno globální a 

lokální rozložení napětí v součásti. Návrh je vytvořen s ohledem na výrobní a 

ekonomické okrajové podmínky, zároveň jsou diskutovány možnosti další analýzy. 
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Design for cyclic life, Finite element analysis, Structural analysis, Design for 
manufacturing 
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1 Introduction 

This thesis deals with the modification of a weld joint in the inner liner of the 
combustion chamber on the GE H series turboprop engine. The purpose of this work 
is to propose an improved design of the part and validate its improved properties by 
comparison with the current design. The effort is part of a redesign project of the 
combustion chamber on the H series engines. The main goal is to propose a new 
geometry of the inner liner’s only part manufactured using machining and to 
demonstrate its improved life properties. Because of the sensitive nature of the data 
provided by GE Aviation Czech necessary for this analysis, the improved properties 
of the new design will be evaluated and demonstrated with respect to a benchmark 
reference of the current design’s characteristics and actual values normalised. The 
outcome is therefore a comparative stress analysis of the two designs. 

1.1 Engine description and history 

Design of the H series engine is largely based on the legacy design of Walter M601 
[1], which is a turboprop engine designed since the 1950s. It was developed by Walter 
engines – at that time state-owned company under the name Motorlet – as propulsion 
unit intended for L-410M aircraft by LET Kunovice. After nearly two decades of 
interrupted development, the engine had been certified for flight in 1975 with 690 hp 
and 500 hours time between overhaul (TBO). [2] 

Its design is similar to that of Pratt & Whitney’s PT6 turboprop engine [3]. It consists 
of two shafts, one delivering torque from the compressor turbine to the compressor, 
the other driving the propeller [4]. The air inlet is at the rear of the engine, the 
compressor consists of two axial stages and one radial impeller, followed by annular 
combustion chamber, single-stage compressor turbine driving the compressor and 
single-stage power turbine connected to the propeller through the reduction gearbox 
(Fig. 1). [3] 

Fig. 1 GE Aviation H series engine cutaway [16] 
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After the initial release of Walter M601A, more than 6 other versions including 
agricultural and aerobatic application [2] were developed until the company was 
acquired by GE Aviation in 2008 and the H series design came into service as modified 
M601. [1] Today the H series engine family includes the H75, H80 and H85 engines 
ranging from 750 to 850 hp and 3600 hours TBO. [5] 

 

1.2 Assembly description 

The part of the engine analysed in this work is the inner liner of the annular combustion 
chamber top assembly (Fig. 2). The combustion chamber consists of the inner and 
outer liner, which surround the space where fuel dispersed from the rotating dispersing 
ring mixes with air coming from the radial impeller through the deflector. The mixture 
is ignited there – initially using two torch igniters – and burns leaving the chamber 
towards the compressor turbine and further. [6] 

The components in this environment are therefore exposed to very high temperatures 
from one side while cooled by air flow on the other [6], resulting in high stresses in 
cycles repeating with each engine mission. 

 

 

The inner liner assembly itself is composed of 5 components and sub-assemblies, most 
of which are formed from sheet metal except for the part of interest, which is a forging 
and its final geometry is achieved through machining. All components of the inner 
liner are made of Nimonic80A, a nickel-based high-temperature low creep superalloy 
commonly used in aviation gas turbines. [7] Components are welded together using 
electron beam welding. Below, Table 1 describes lists the parts in the assembly 
including their identification in Fig. 4. 

Fig. 2 Description of the combustion chamber top assembly 
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Table 1 Inner liner part list and their colour identification in Fig. 4 

Part 
Displayed 

colour 
Semi-finished 

product 
Leg Red Sheet metal 

Conic sleeve Green Sheet metal 

Knife edge (Part of Interest) Light blue Forging 

Perforated hat Yellow Sheet metal 

Sleeve Dark blue Sheet metal 
 

 

 

Fig. 3 Current Inner Liner geometry with the weld penetration extremes 

Fig. 4 Inner Liner assembly - Section view (left) and Isometric view (right) 
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1.3 Task description 

The motivation behind this work’s effort are cracking issues associated with the 
current design in the EB weld between the part of interest and the perforated hat. In 
the current design (Fig. 3) the weld joint is in a plane parallel to the part’s axis. As a 
result, the joint is forced open due to deformations from thermal expansion. In 
addition, the current design had been optimised for lower stress in the joint by 
adjusting stiffness. This was achieved using partial weld penetration.  

There are however disadvantages associated with this design. Firstly, the weld root 
itself can act as crack initiator due to high porosity within [8]. Secondly, the 
manufacturing process is likely to create varying depth of penetration around the 
joint’s circumference. This inconsistency is likely to serve as stress concentrator too, 
possibly decreasing part’s cyclic life. 

The task at hand is thus to propose modifications to the inner liner that will lead to 
improving its cyclic life and help eliminate cracking issues in the EB weld. The 
component of interest is picked for modification because its final geometry is achieved 
through machining. Changing its geometry is therefore the easiest from 
manufacturability stand point. 

The proposed design must therefore fit the following constraints: 

1) the design must be compatible with other components in the inner liner 
assembly without changing tools for their manufacture (e.g. dies), 

2) the fuel disperser ring must fit within the design’s inner diameter with 
sufficient margin allowing undisturbed airflow between the ring’s extreme 
position and the knife edge, 

3) to minimise the cost of the design change, the new design must fit within the 
semi-product (forging) envelope of the current design. 

The goal is therefore to change the geometry of the component of interest to relocate 
the EB welding to ensure decrease of stress in its location. 
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2 Analysis approach 

Firstly, new design is proposed with respect to constraints described in the previous 
section. Secondly, finite element analysis using Ansys Workbench 18.2 software is 
performed to obtain stress distribution in the current and proposed designs. As 
mentioned in the previous chapter, the goal behind this effort is to improve the cyclic 
life of the part. Actual calculation of cyclic life, however, is not within the scope of 
this work since fatigue material data is not provided. Improved properties of the 
proposed design are substantiated by demonstrating that lower stresses critical for the 
weld joint’s cyclic life were achieved in the new design. 

For the purposes of the finite element method analysis, CAD models of the inner liner 
assemblies were used. Nominal design was kindly provided by GE Aviation Czech, 
new design was devised within the scope of this work and combined with remaining 
parts of the assembly including minor adjustments to the geometry of the perforated 
hat as described later. Since provided models were according to validated design 
definition, no geometry simplifications were used in the analysis. 

The comparative analysis is performed on two geometry definitions of the current 
design (v0Long and v0Short) and one definition of the proposed design (v1). The two 
current versions reflect extremes in the weld penetration depth allowable per GE 
Aviation design and manufacturing definition. These extremes are modelled as two 
cases of contact surface width between the component of interest and the perforated 
hat. Overview of the weld penetration depth allowance is explained later in Table 3 
and visualised in Fig. 3. 

Each of the three geometries is subjected to two different load cases corresponding to 
conditions at the engine “idle” and “take-off” modes – these modes are defined as 
percentage of engine’s generator shaft’s revolutions per minute – “idle” is at 60%, 
“take-off” or maximum service power is at 100%. 

Because the inner liner is loaded dominantly by thermal stresses, two-step analysis 
needs be done to obtain the stress distribution for design comparison. An overview of 
individual analyses performed is in Table 2. Basic mechanisms of the analyses 
performed are explained on a simplified example in the next chapter. 

Overall, the analysis approach is a combination of analytical approach with 
experimental data inputs to approximate the real conditions the examined assembly is 
subjected to in the engine. There is no possibility within the scope of this work to 
validate analysis results by comparison to actual engine data such as strain gauge 
measurements and therefore the relevance of analyses’ stress values cannot be verified. 
Nevertheless, since the geometries vary to a reasonably small degree, keeping uniform 
approach to implementing temperature inputs, constraints and meshing will yield 
outcomes relevant enough to evaluate potential improvements of the proposed design. 
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Table 2 Overview of analyses performed to obtain stress values for evaluation 

 Geometries 

v0 Long v0 Short v1 
L

oa
d

 c
as

e T
ak

e-
of

f 

   

Id
le

 

   

 

2.1 Steady-state thermal analysis 

In each case the first step was to use finite element method for heat transfer using 
Ansys’ Steady-state thermal analysis [9] tool to solve a conduction problem to obtain 
temperature distribution to be used later as input for the thermal-stress analysis. The 
temperature distribution is based on experimental data from the engine for each load 
case. 

The method uses Fourier’s heat conduction equation to solve the temperature 
distribution: 

 𝜕ଶ𝑇

𝜕𝑥ଶ
+

𝜕ଶ𝑇

𝜕𝑦ଶ
+

𝜕ଶ𝑇

𝜕𝑧ଶ
+

𝑞̇

𝑘
=

𝜌𝐶௣

𝑘

𝜕𝑇

𝜕𝑡
 ( 1 ) 

where 

𝑇 is temperature as function of (𝑥, 𝑦, 𝑧), 𝑞̇ is heat generated within system per unit 
volume, 𝜌 is solid’s density, 𝑘 is solid’s thermal conductivity and 𝐶௣ is solid’s specific 
heat capacity. [10] 

Because this is a steady-state case with no heat generation, the equation can be 
simplified in this case as the heat generated as well as partial derivative of temperature 
with respect to time are zero. The necessary equilibrium equation is thus based solely 
on Fourier’s law of heat conduction: 

 
𝑞 = −𝑘 ൬

𝜕𝑇

𝜕𝑥
𝑖 +

𝜕𝑇

𝜕𝑦
𝑗 +

𝜕𝑇

𝜕𝑧
𝑘൰ ( 2 ) 

 

Steady-
state 

Thermal

Static 
Structural

Steady-
state 

Thermal

Static 
Structural

Steady-
state 

Thermal

Static 
Structural

Steady-
state 

Thermal

Static 
Structural

Steady-
state 

Thermal

Static 
Structural

Steady-
state 

Thermal

Static 
Structural
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where 

𝑞 is local heat flux density, 𝑘 is thermal conductivity and the term on the right is 
temperature gradient. [10] 

Assuming a two-dimensional problem with triangular elements and a linear 
approximation function, the approximation function for element temperature is 
defined as follows: 

 
{𝑇ത} = [𝑁௜ 𝑁௝ 𝑁௠] ቎

𝑇௜

𝑇௝

𝑇௠

቏ ( 3 ) 

where 

𝑇௜, 𝑇௝ , 𝑇௠ are the element’s nodal temperatures and 𝑁s are linear shape functions 
defined as follows: 

 
𝑁௜ =

1

2𝐴
(𝛼௜ + 𝛽௜𝑥 + 𝛾௜𝑦) ( 4 ) 

and analogically for 𝑁௝ , 𝑁௠, where 

𝛼, 𝛽, 𝛾 correspond to proportional position between nodes and are defined as follows: 

𝛼 = 𝑥௝𝑦௠ − 𝑦௝𝑥௠ 

𝛽 = 𝑦௝ − 𝑦௠ 

𝛾 = 𝑥௠ − 𝑥௝  

𝛼 = 𝑥௠𝑦௜ − 𝑦௠𝑥௜ 

𝛽 = 𝑦௠ − 𝑦௜ 

𝛾 = 𝑥௜ − 𝑥௠ 

𝛼 = 𝑥௜𝑦௝ − 𝑦௜𝑥௝  

𝛽 = 𝑦௜ − 𝑦௝ 

𝛾 = 𝑥௝ − 𝑥௜ 

  ( 5 ) – ( 13 ) 

Furthermore, temperature gradient matrix is defined as 

 

{𝑔̅} =

⎣
⎢
⎢
⎡
𝜕𝑇

𝜕𝑥
𝜕𝑇

𝜕𝑦⎦
⎥
⎥
⎤

 ( 14 ) 

Temperature gradient matrix and heat flux matrices are related through the thermal 
conductivity matrix [𝐷] as follows: 

 ቂ
𝑞௫

𝑞௬
ቃ = −[𝐷]{𝑔̅} ( 15 ) 
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where the thermal conductivity matrix is defined as follows: 

 
[𝐷] = ൤

𝐾௫௫ 0
0 𝐾௬௬

൨ 1 ( 16 ) 

Combining the approximation function with the temperature gradient matrix yields: 

 

{𝑔̅} =

⎣
⎢
⎢
⎡
𝜕𝑁௜

𝜕𝑥

𝜕𝑁௝

𝜕𝑥

𝜕𝑁௠

𝜕𝑥
𝜕𝑁௜

𝜕𝑦

𝜕𝑁௝

𝜕𝑦

𝜕𝑁௠

𝜕𝑦 ⎦
⎥
⎥
⎤

቎

𝑇௜

𝑇௝

𝑇௠

቏ ( 17 ) 

which can be rewritten in a compact form as 

 {𝑔̅} = [𝐵ത]{𝑇} ( 17 ) 

with 

 
[𝐵ത] =

1

2𝐴
൤
𝛽௜ 𝛽௝ 𝛽௠

𝛾௜ 𝛾௝ 𝛾௠
൨ ( 18 ) 

Finally, stiffness matrix is obtained from the potential energy theory as follows: 

 
[𝐾] = ම[𝐵ത]்[𝐷][𝐵ത]𝑑𝑉 2 ( 19 ) 

and the element equation, similarly to structural analysis element equation, is 
established as 

 [𝑄] = [𝐾]{𝑇} ( 20 ) 

where [𝑄] is the “force” matrix representing heat flow at the element’s boundary: 

 
[𝑄] =

𝑞′′𝑃𝐿

2
ቂ
1
1

ቃ ( 21 ) 

where 𝑞′′ is heat flux at element boundary, 𝑃 is element perimeter and 𝐿 is element’s 
side length. [10] 

 

                                                 
1 Note that for isotropic thermal conductivity values on the diagonal will be the same 
2 Term contributing for convection is omitted in this relationship 



Analysis approach 

15 
 

2.2 Static-structural analysis 

Coupled with thermal expansion characterised by the coefficient of thermal expansion 
in solids: 

 
𝛼௏ =

1

𝑉
൬

𝑑𝑉

𝑑𝑇
൰ ( 22 ) 

where 𝑉 is the solid’s volume, ቀ
ௗ௏

ௗ்
ቁ is the rate of change of the solid’s volume with 

temperature and 𝛼௏ is the volumetric thermal expansion coefficient, for which 

 𝛼௏ = 3𝛼௅ ( 23 ) 

is true in the case of isotropic material, where 𝛼௅ is the linear thermal expansion 
coefficient, [11] 

temperature distribution is then used as input for static structural analysis. Together 
with the structural boundary condition input, the thermal-stress analysis returns a field 
of nodal displacement as well as nodal stresses. 

The use of structural analysis to solve for displacement and eventually stress 
distribution, as well as its integration with the steady-state thermal analysis results, is 
associated with several assumptions: 

- Structural deformation has negligible effect on temperature distribution itself 
[10]. 

- Linear analysis conditions are met – displacement is infinitesimally small and 
resulting stresses are below material’s yield stress, in other words assuming 
Hooke’s law of linear elasticity: 

 𝜖 =
𝜎

𝐸
 ( 24 ) 

where 𝜎 is stress, 𝐸 is Young modulus and  

 
𝜖௫ =

du

𝑑𝑥
 ( 25 ) 

with 𝑢 being axial displacement in the 𝑥 direction. [12] 

- Material impurities and defects are not considered, material properties are also 
assumed to be isotropic. 

- Stress-strain material matrix is independent of the stress state. [12] 
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With known geometry, supports (constraints), necessary material data (namely stress-
strain behaviour) and default body load (input from steady-state thermal analysis), it 
is possible to solve for the displacement distribution with the following equilibrium 
equation: 

 [𝐾][𝐴] = [𝐹] ( 26 ) 

where  

[𝐾] is the stiffness matrix, [𝐴] is the displacement matrix and [𝐹] is the force matrix.3 

A method for the derivation of the stiffness matrix for a 2D bar elements with linear 
interpolation function is outlined for illustration: [12] [10] 

Elements are assumed to have a constant cross-section area 𝐴, uniform modulus of 
elasticity 𝐸, and initial length 𝐿. The bar is subjected to tensile forces along the local 
axis that are applied to its ends. Two coordinate systems apply, local (𝑥′) and global 
(𝑥). Nodal degrees of freedom are the four local displacements (𝑑௜

ᇱ). Strain-
displacement relationship is obtained from Hooke’s law (see above) and 

 𝐴𝜎 = 𝑇 ( 27 ) 

where 𝐴 is the cross-section area, 𝜎 normal stress in direction of 𝑇 tensile force. 

Substituting for stress and strain in Hooke’s law: 

 𝑑

𝑑𝑥ᇱ
ቆ𝐴𝐸

𝑑𝑢ᇱ

𝑑𝑥ᇱ
ቇ = 0 ( 28 ) 

Assuming linear displacement along the local x’ axis, displacement function can be 
written as 

 𝑢ᇱ = 𝑎ଵ + 𝑎ଶ𝑥′ ( 29 ) 

By evaluation 𝑢′ at the nodes: 

 𝑢ᇱ(0) = 𝑑ଵ௫
ᇱ = 𝑎ଵ ( 30 ) 

 𝑢ᇱ(𝐿) = 𝑑ଶ௫
ᇱ = 𝑎ଶ𝐿 + 𝑑ଵ௫

ᇱ  ( 31 ) 

yielding 

 
𝑎ଶ =

𝑑ଶ௫
ᇱ − 𝑑ଵ௫

ᇱ

𝐿
 ( 32 ) 

                                                 
3 Note similar equilibrium equation to steady-state thermal analysis 
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The displacement function then becomes 

 
𝑢ᇱ = ቆ

𝑑ଶ௫
ᇱ − 𝑑ଵ௫

ᇱ

𝐿
ቇ 𝑥ᇱ + 𝑑ଵ௫

ᇱ  ( 33 ) 

in matrix form corresponding to 

 
𝑢ᇱ = [𝑁ଵ 𝑁ଶ][

𝑑ଵ௫
ᇱ

𝑑ଶ௫
ᇱ ] ( 34 ) 

with the shape function 

 
𝑁ଵ = 1 −

𝑥ᇱ

𝐿
 ( 35 ) 

 
𝑁ଶ =

𝑥ᇱ

𝐿
 ( 36 ) 

With strain displacement being 

 
𝜖௫ =

𝑑𝑢ᇱ

𝑑𝑥′
=

𝑑ଶ௫
ᇱ − 𝑑ଵ௫

ᇱ

𝐿
 ( 37 ) 

the stiffness matrix is derived as follows 

 𝑇 = 𝐴𝜎௫ ( 38 ) 

 
𝑇 = 𝐴𝐸(

𝑑ଶ௫
ᇱ − 𝑑ଵ௫

ᇱ

𝐿
) ( 39 ) 

Nodal forces at node 1 should have negative sign: 

 𝑓ଵ௫
ᇱ = −𝑇 ( 40 ) 

 
𝑓ଵ௫

ᇱ =
𝐴𝐸

𝐿(𝑑ଵ௫
ᇱ − 𝑑ଶ௫

ᇱ )
 ( 41 ) 

At node 2: 

 𝑓ଶ௫
ᇱ = 𝑇 ( 42 ) 

 
𝑓ଶ௫

ᇱ =
𝐴𝐸

𝐿(𝑑ଶ௫
ᇱ − 𝑑ଵ௫

ᇱ )
 ( 43 ) 
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Matrix form of nodal forces in x-direction are thus 

 
൤
𝑓ଵ௫

ᇱ

𝑓ଶ௫
ᇱ ൨ = 𝐴𝐸 ቂ

1 −1
−1 1

ቃ ൤
𝑑ଵ௫

ᇱ

𝑑ଶ௫
ᇱ ൨ ( 44 ) 

And similarily for the forces in y-direction 

 
ቈ
𝑓ଵ௬

ᇱ

𝑓ଶ௬
ᇱ ቉ = 𝐴𝐸 ቂ

1 −1
−1 1

ቃ ቈ
𝑑ଵ௬

ᇱ

𝑑ଶ௬
ᇱ ቉ ( 45 ) 

Reaching thus the desired form of  

 [𝑓] = [𝑘][𝑑] ( 46 ) 

only however in the element’s local coordinate system. To transfer the matrix to global 
coordinate system, a transformation matrix is used, eventually obtaining the form 

 [𝐹] = [𝐾][𝑑] ( 47 ) 

[10] [12]. 

Contemporary FEM solvers commonly use the h refinement method for discretisation 
(mesh). [13] This method is based on increasing number of elements within areas 
where detailed results are desired or where the gradient in result quantity is high while 
using only linear or quadratic elements, i.e. approximation polynomials of the first, 
maximum second degree. P method on the other hand is based on locally varying 
polynomial degrees to achieve more accurate results. The difference between h-
method and p-method in their strategy to accurately describe the model is evident in 
Fig. 5. [14] 

 
Fig. 5 H method and P method comparison [18] 

H-Method with Coarse Mesh 
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3 New design proposal 
 

With the limiting factors described in Task description in mind, the design approach 
was to come up with geometry that would allow for the root of the weld to be machined 
off to ensure full weld penetration, better inspectability as well as removal of potential 
crack initiators in the weld root. The new design as seen in Fig. 6 is the final geometry 
after weld root removal by machining the horizontal groove. Removal of the weld root 
is preferred as partial penetration is associated with high porosity and therefore worse 
mechanical properties as per EN 1011-7 specifying conditions and recommendations 
for electron beam welding. [8] 

This design also allows for relocation of the weld to a circumferential orientation as 
opposed to axial orientation in the current design. Circumferential orientation of the 
EB weld is preferred. [8] Finally, the goal is also to relocate the weld to a location with 
lower stress load, which can however only be validated through analysis. 

Table 3 Electron beam welding penetration limits for concerned weld as per GE Aviation Czech specifications 

Dimension Value (mm)4 

Minimum indicated weld penetration 2 

Maximum indicated weld penetration 3.5 

Indication precision 0.5 

Actual minimum weld penetration 1.5 

Actual maximum weld penetration 4 

                                                 
4 Data provided by GE Aviation as part of the input for this thesis. 

Fig. 6 Comparison of geometry details: current design (left), proposed design (right) 
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The new design takes into consideration the available precision of EB welding derived 
from the current process, which is outlined in Table 3. From that, the groove diameter 
for ensuring weld root removal is established to be 3mm as visualised in Fig. 7. 

Furthermore, the proposed geometry had to be compatible with adjacent parts – 
connecting to the inner and outer adjacent parts with EB welds. To allow for the 
component of interest to fit in the pre-set geometry, some material needed to be 
removed from the outer adjacent perforated hat part. The approach here was to change 
its geometry only to such extent that its new design can be achieved using simple 
machining operation from the original part, complying thus with constraint 1) in Task 
description. The amount of removable material was limited by the perforations in the 
hat, which had to remain out of the heat affected zone, which is defined as 1.2mm per 
GE Aviation Czech’s specification.5 

 

In overall, the proposed design has following intended benefits: 

- Changing geometry to eliminate stress concentrators 
- Moving the weld joint to a location with lower crack initiating stress. 
- Despite the joint still welded with partial penetration, it will be as full 

penetrated weld after final machining, which brings following benefits: 
o Weld root will not act as crack initiator 
o Weld inspection will be easier both in terms of time and costs 

- All mentioned benefits would be deliverable without major changes to the 
manufacturing process and thus at minimum cost. 

                                                 
5 Data provided by GE Aviation as part of the input for this thesis. 

Fig. 7 Detail of proposed design with symbolic depiction of constraints: 
Hole distance from heat-affected zone, weld penetration tolerance, fuel disperser ring envelope 
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4 Analysis setup 

4.1 Material properties 

Besides general assumptions associated with FEM analysis, such as stresses being 
below yield stress for given material and therefore assuming Hooke’s law of linear 
elasticity as described in previous chapters, it is assumed for the material to be 
homogenous as well as perfectly anisotropic. Material data provided by GE Aviation 
included following properties: 

- Isotropic instantaneous coefficient of thermal expansion (as a function of 
temperature) 

- Isotropic elasticity (Young modulus as a function of temperature) 
- Isotropic thermal conductivity (as a function of temperature) 
- Density 

4.2 Loading definitions 

4.2.1 Steady-state thermal analysis 

Input for the steady-state thermal analysis was provided in the form of experimental 
temperature measurements on the engine at given regimes. 

Two sets of 13 temperature measurements were thus used as inputs, their location is 
depicted in Fig. 8. The temperature inputs are assumed axisymmetric and are used 
equally across all three geometries. The difference between each geometry is assumed 
too negligible to impact the temperature distribution. It is also the only way possible 
since no experiment data are available for the proposed design. 

Fig. 8 Experimental temperature data provided as input for static thermal analysis 
(12 labelled locations and 1 on the far-right flange contact surface) 
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4.2.2 Static structural analysis 

To investigate the static stresses in the assembly, the temperature distribution input 
from the previous analysis is combined with a displacement constraint representing its 
mounting in the engine. The displacement constraint (Fig. 9) is defined on one point 
per each flange bolt hole. It is specified in a cylindrical coordinate system with the 
axial and rotational component fixed at zero, while the radial component is free. This 
setup simulates the condition in the engine as the only displacement in the mounting 
is allowed by the adjacent flange when it expands in the radial direction due to heat 
expansion. 

4.3 Meshing 

As mentioned above, ANSYS uses the h-method for mesh refinement, in this analysis 
quadratic elements are used, allowing for the elements not to be strictly sharp-edged 
and thus better fill the volumetric model consisting largely of round, circular features, 
adding a mid-node result in each element as seen in Fig. 10. [13] 

To find a compromise between excessive computing time with a very fine mesh, yet 
fine enough to be able to capture peaks in local stresses in the weld location that is of 
interest, several sizing tools were used to ensure favourable linking between meshing 
on individual solids, particularly body, contact and face sizing. That way it was 
ensured that node positions would be lined up on corresponding contact faces as seen 
in Fig. 11, Fig. 12. 

Fig. 9 Displacement constraint points 

Fig. 10 Quadratic volume types (elements) [13] 
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In addition, a spherical region of finer mesh (Fig. 13, Fig. 14) was introduced to one 
location on the weld circumference to capture detailed results. The size of the sphere 
was set so that a complete unit of circumferentially repeating patterns on the geometry 
would fit inside to eliminate potential effects of asymmetrical zone selection. 

Strategy with refined spherical region was chosen as opposed to setting a periodicity 
condition to the mesh and solving only for a circular sector, because in the initial phase 
of analysis planning, some boundary conditions were assumed not to be strictly 
symmetrical, for example shaft-induced vibrations as part of harmonic response 
analysis in further steps outside the scope of this work. 

Sizing of the mesh in the detailed selection is set according to GE Aviation’s 
recommendation of at least three elements per thickness of material (Fig. 11, Fig. 12). 
The resulting number of elements per each geometry is summarised in Table 4. 

 

 

Fig. 11 Weld mesh detail on v1 geometry Fig. 12 Weld mesh detail on v0(Short) geometry 

  
 

Fig. 13 Mesh with spherical refinement on v1 
geometry 

 

Fig. 14 Mesh with spherical refinement on v0(short) 
geometry 
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Table 4 Summary of mesh element count per geometry 

Geometry Number of elements 
v0 Short 387 605 
v0 Long 486 289 
v1 1 087 105 

 

The difference between geometry v0Long and v0Short is modelled through splitting 
the adjacent contact surfaces into three using planes at 1,5mm and 4mm (per Table 3) 
from the edge of the original surface. This allows for differentiating the configurations 
through setting different contact surfaces in each. 

Mesh on the current and proposed models are shown in (Fig. 13, Fig. 14) 

 

4.3.1 Sample node selection 

For the purpose of extracting comparable results, a named selection is created on the 
contact surface in each geometry to slice through the weld and map stress throughout 
its depth. These selections are made within the refined mesh detail and cover 
circumferential distance long enough to represent a period of the assembly’s 
circumferential features, particularly holes in the perforated hat, which are expected to 
affect local stiffness of the assembly. 

For the purposes of evaluation, besides maximum value per row, an average value is 
calculated from each axisymmetric row of nodes within the selection to minimise the 
effect of localised micro-peaks in single nodes. A series of sections through the weld 
can be extracted, each consisting of several dozens of nodes. Number of nodes varies 
to some degree as they were selected manually, a summary of node counts within each 
geometry’s selection is in Table 5. 

 

Table 5 Summary of node count in sample selection per geometry 

Geometry 
Number of nodes in 

sample selection 
v0 Short 466 
v0 Long 329 
v1 1802 
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5 Results 

 

As per agreement6 among the author of this work, Czech Technical University in 
Prague and GE Aviation Czech regarding collaboration on this thesis, data deemed 
sensitive by GE Aviation Czech cannot be directly published in this work, which 
includes actual analysis results describing the temperature, deformation and stress in 
the current part. To accommodate this requirement, results presented in this work are 
scaled using method ensuring results are interpretable for evaluation within the scope 
of this work while refraining from mentioning absolute results of the analyses 
performed. The scaling method for each quantity studied is explained in the following 
section. 

 

5.1 Scaling method 

5.1.1 Temperature 

Temperature values are related to the engine’s Inter-turbine temperature (𝐼𝑇𝑇), which 
is one of the engine’s characteristics and serves as one of the limiting factors of its 
operation. Temperature results 𝑇∗ presented in this work represent percentage of the 
𝐼𝑇𝑇 [°𝐶] per following formula: 

 
𝑇∗ =

𝑇

𝐼𝑇𝑇
⋅ 100 [% 𝐼𝑇𝑇]7 ( 46 ) 

where 𝑇 is the absolute temperature value resulting from analyses in [°𝐶]. 

 

 

 

 

                                                 
6 The Agreement on Collaboration on Elaborating a Thesis (Dohoda o spolupráci při vytváření odborné 
práce) is appended to this thesis. 
7 𝐼𝑇𝑇 value was provided to the author of this work by GE Aviation Czech, its value is accessible upon 
signature of non-disclosure agreement appended to the Agreement, but is not published in this work nor 
is required for interpretation of results within the scope of this work. 
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5.1.2 Deformation 

Total deformation stated as percentage of the geometry’s extreme outer radius 
(envelope radius of the perforated hat) per following formula: 

 
Δ𝑥∗ =

Δ𝑥

𝑅
⋅ 100 [% 𝑅]8 ( 47 ) 

where Δ𝑥 is the actual total deformation resulting from the analyses and 𝑅 is the 
perforated hat’s envelope radius. 

 

5.1.3 Stress 

Stress is scaled to the material’s yield stress at room temperature 𝑅௣଴,ଶ ଶ଴°஼  [𝑀𝑃𝑎], 
stated as its percentage: 

 𝜎∗ =
ఙ

ோ೛బ,మ మబ°಴
⋅ 100 [% 𝑅௣଴,ଶ ଶ଴°஼]9 ( 48 ) 

 

  

                                                 
8 Part dimensions including 𝑅 was provided to the author of this work by GE Aviation Czech, its value 
is accessible upon signature of non-disclosure agreement appended to the Agreement, but is not 
published in this work nor is required for interpretation of results within the scope of this work. 
9 Material data including 𝑅௣଴,ଶ ଶ଴°஼ was provided to the author of this work by GE Aviation Czech, its 
value is accessible upon signature of non-disclosure agreement appended to the Agreement, but is not 
published in this work nor is required for interpretation of results within the scope of this work. 
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5.2 Steady-state thermal analysis 

5.2.1 Results presentation 

 

 
Fig. 15 Temperature - v0Long Idle 

 
Fig. 16 Temperature - v0Long Take-off 

 
Fig. 17 Temperature - v0Short Idle 

 
Fig. 18 Temperature - v0Short Take-off 

 
Fig. 19 Temperature - v1 Idle  

Fig. 20 Temperature - v1 Take-off 

 

 

[% ITT]

68,4
61,8
55,1
48,5
41,8

Temperature

108,4
101,7
95,0
88,4
81,7
75,1

[% ITT]

68,4
61,8
55,1
48,5
41,8

Temperature

108,4
101,7
95,0
88,4
81,7
75,1

[% ITT]

68,4
61,8
55,1
48,5
41,8

Temperature

108,4
101,7
95,0
88,4
81,7
75,1

Temperature
[% ITT]

47,0
39,1
31,2
23,3

94,3
86,4
78,5
70,6
62,7
54,9

Temperature
[% ITT]

47,0
39,1
31,2
23,3

94,3
86,4
78,5
70,6
62,7
54,9

Temperature
[% ITT]

46,9
38,9
31,0
23,1

94,3
86,4
78,5
70,6
62,7
54,8



Results 

28 
 

5.2.2 Discussion of results 

 

Results presentation above show the results of the steady-state thermal analysis. One 
of the key points is that the results are ideally axisymmetric, which is a direct result of 
the way temperatures were defined as input, but at the same time it demonstrates that 
the spherical mesh refinement region did not negatively impact the symmetry of the 
results – a sign raising confidence in the modelling approach and the results it yields. 

It is evident that the results are equivalent across geometries, differing only in idle 
versus take-off modes respectively. This is because the same temperature 
measurements were used as input for each geometry – as explained in Steady-state 
thermal analysis. It is also evident that both minimum and maximum temperatures are 
higher in the take-off mode compared to idle regime. Temperature distribution is 
nonetheless noticeably different, particularly comparing relative temperature at the 
outer diameter of the perforated hat. 

Since the assembly is part of the combustion chamber, it is naturally exposed to very 
high temperatures, exceeding the engine ITT in the take-off mode – this is however in 
accordance with expectations – the inter-turbine temperature is located downstream of 
the combustion chamber, temperatures in that region are therefore naturally lower than 
peaks within the chamber. 

It is worth noting that the high temperatures may have notable effect on the material 
properties – despite potential negative impact on static characteristics, cyclic life may 
be affected positively due to a degree of relaxation of the material. This will be briefly 
discussed in Conclusion, nevertheless despite the weld being located in proximity to 
the hottest regions, the impact of high temperatures on material properties itself is not 
a subject of this comparative study. 
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5.3 Static structural 

 

5.3.1 Deformation 

5.3.1.1 Data presentation 

 

 
Fig. 21 Total deformation - v0Long Idle 

 
Fig. 22 Total deformation - v0Long Take-off 

 
Fig. 23 Total deformation - v0Short Idle 

 
Fig. 24 Total deformation - v0Short Take-off 

 
Fig. 25 Total deformation - v1 Idle  

Fig. 26 Total deformation - v1 Take-off 
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5.3.1.2 Discussion of results 

Total deformation distribution clearly reflects the way the part is constrained – the 
further from the bolted flange both radially and axially, the higher the deformations 
with peaks near the outer diameter of the perforated hat. In terms of results maximums, 
both in case of idle and take-off regimes the new design falls in between the two 
original geometry extremes with the take-off deformations being larger than idle 
deformations in each geometry. In all cases the weld joint location is subjected to 
deformations corresponding to roughly two thirds of the given spectrum. 

 

 

5.3.2 Global equivalent stress 

Following sections present the global equivalent (von Mises) stress results for each 
geometry and each load case with isometric view and close-up details of the part of 
interest, the weld joint location and global critical locations. 

Bar graph at the end of this section offers direct comparison of maximum values. 
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5.3.2.1 v0Long Idle 

 

 
Fig. 27 Isometric, section, detail and close-up views of v0Long idle Static structural global stress 
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5.3.2.2 v0Long Take-off 

 

 
Fig. 28 Isometric, section, detail and close-up views of v0Long takeoff Static structural global stress 
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5.3.2.3 v0Short Idle 

 

 
Fig. 29 Isometric, section, detail and close-up views of v0Short idle Static structural global stress 
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5.3.2.4 v0Short Take-off 

 

 
Fig. 30 Isometric, section, detail and close-up views of v0Short take-off Static structural global stress 
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5.3.2.5 v1 Idle 

 

 
Fig. 31 Isometric, section, detail and close-up views of v1 idle Static structural global stress 
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5.3.2.6 v1 Take-off 

 

 
Fig. 32 Isometric, section, detail and close-up views of v1 take-off Static structural global stress 
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Fig. 33 Global von Mises stress maximum summary 

First noticeable takeaway are higher stress peaks in idle engine regime. Perhaps 
counterintuitively the temperature distribution in the idle regime, despite being lower 
in comparison, results in higher thermal stresses. Reaching around 40 % for each 
geometry, this difference is quite significant. 

Secondly, in both engine regimes the proposed design maximum equivalent stress is 
lower than in the case of v0Long geometry, but higher than v0Short geometry. Short 
geometry yielding lower stress peaks is in accordance to current design intent of 
introducing partial weld penetration to reduce stiffness and thus reduce stress, as 
outlined in 1.3. 

Finally, the detailed results show the assembly’s critical location is in the perforated 
holes. This is significant because the global critical location lies outside the weld joint 
and because its location remains unchanged in the proposed design. 

The proposed design therefore does not have any negative effect stress distribution in 
the assembly from a global perspective. While the analysis results do suggest that the 
partial weld penetration had beneficial effect on peak stresses in the part as intended, 
the proposed design shows a decrease in the worst-case scenario equivalent stress peak 
in the critical location by 15% in both idle and take-off regimes. 

5.3.3 Node results extraction 

While previous section offers comparison of the current and proposed design from the 
assembly’s global perspective, the node sample selection aims to study stress 
distribution directly within the weld joint. It thus offers a highly relevant perspective 
for this work’s focus. 

Node selection sample for v1 take-off configuration is shown in Fig. 34. It validates 
the assumption that the node selection is wide enough to capture approximately one 
period of the circumferential stress distribution caused by repeating geometry features 
as described in Sample node selection. It also shows that the stress distribution is not 
axisymmetric due to those geometry features, proving thus that both average and 
maximum values per row are of relevance. 
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Fig. 34 Example of node sample result - v1 take-off 

In the sample selection equivalent stress is evaluated as well as normal stress. In case 
of current design (v0) normal stress is considered in the radial direction, in case of 
proposed design (v1) it is the axial direction. This is because normal stress is perceived 
as normal to the plane in which the weld joint is in each geometry. 

The following sections show extracted results from node samples, plotting normal 
stress (axial for v1, radial for v0Long and v0Short) and equivalent stress (von Mises) 
respectively along the weld penetration depth. For each case maximum values as well 
as average values per row are shown. 

5.3.3.1 Crack initiating (Normal stress): 

 

 

 

Fig. 35 Normal stress in weld join - average per row 



Results 

39 
 

 

Fig. 36 Normal stress in weld join - maximum per row 

5.3.3.2 von Mises stress: 

 

 

Fig. 37 von Mises stress in weld join - average per row 

 

 

Fig. 38 von Mises stress in weld join - maximum per row 
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5.3.3.3 Discussion of results 

The results are shown separately for average and maximum values. This is to capture 
stress extremes within the field which is not axisymmetric, as demonstrated in Fig. 34, 
while at the same time to show results without potential outliers in each row of nodes. 
The fact that the trends are very similar in both cases supports the assumption that the 
model is reasonably accurate and that any further calculations based on the maximum 
values from this analysis will be well on the conservative side. 

Looking at the graphs, both von Mises and normal stress show the same trend of peaks 
around the weld roots in the current geometry. This indicates that the partial weld 
penetration serves as geometrical stress concentrator. It is also evident, that in 
accordance with global results, there are higher stress peaks in the weld location in idle 
regime for all three geometries. Finally, it is worth noticing that the normal stress in 
proposed geometry behaves like normal stress in a beam subjected to bending. 

Most importantly, comparing the geometries, the proposed geometry shows significant 
improvements in the weld location. From the perspective of von Mises stress, v1 peaks 
are similar or lower than v0Short configuration, while both noticeably lower than v0 
configuration. In case of normal stress, the results are even more favourable – v1 
configuration has the lowest stress peaks in both regimes, looking at maximum or 
average values. Table 6 shows a summary of stress comparison of v1 configuration 
worst-case versus current geometry worst-case. 

 

 

 

Table 6 Summary of decrease in worst-case scenario weld location stress peaks - proposed vs current geometry 

 
average [%] maximum [%] 

von Mises stress -24,7 -45,6 

normal stress -56,3 -62,5 
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6 Conclusion 

 

6.1 Results evaluation 

Based on the results presented, the proposed design satisfies the task criteria of 
relocating the EB weld to a region with lower stress load. 

This conclusion is supported by several sets of results. Firstly, it was demonstrated that 
the global critical location of the part is not affected, instead the global maximum of 
equivalent stress in this location is decreased by 15%. 

Secondly, while the results do suggest that lowering stiffness by lowering weld 
penetration depth might help achieving relative reduction in global stress peaks, this 
solution is shown to be unfavourable from the weld joint’s perspective as the root acts 
as geometrical stress concentrator on top of local material impurities. The proposed 
design seems to reduce worst-case equivalent stress peaks by up to 45% in the weld 
location. 

This work also pays significant attention to the normal stress in the weld, because it is 
assumed the main contributor to crack initiation in the weld joint. Decreasing the 
normal stress in the weld location is therefore believed to have key impact on the part’s 
cyclic life. In this case the proposed design sees 62,5% decrease in the crack initiating 
stress peak in the weld location. 

The proposed design offers these improvements while complying with all constraints 
set in the Task description, namely introducing this change within the envelope of the 
current semi-product, offering thus improvement at minimum cost. 

It is worth mentioning that the analysis is assuming purely elastic deformation. In 
reality, it is well possible that with the high temperatures the assembly is exposed to, 
some degree of plastic deformation would take place, leading to relaxation of the 
material accommodating to the deformation load. Due to the nature of the thermal 
stress, the part is loaded by constant deformation rather than constant force. As a result, 
the amplitude of the cyclic load would slightly degrade over time as the part partially 
accommodates to the deformation with each cycle. While this is a mere assumption, 
using stress peaks from this analysis for any further cyclic life calculations is likely to 
be well on the conservative side. 
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6.2 Outline of further analysis 

 

Results obtained in analyses within the scope of this work would serve well for 
calculation of low-cycle fatigue life, there are however other steps worth considering 
to further investigate the assembly’s failure modes. 

Next, it should primarily be investigated what the high-cycle life properties of the 
proposed design are. Based on the current analyses, it would be worth performing a 
modal analysis to find out the part’s mode frequencies and mode shapes. These could 
then be compared with the engine operating frequencies and potential excitators by 
plotting in Campbell diagram [15]. 

Ultimately this could be used to investigate harmonic response of the design to 
frequencies found to be of interest. The likely contributors in this case would be shaft 
and air excitation from the compressor. Combined with investigating damping 
coefficients – by combining with experimental data from a ping test for example – it 
could finally be investigated what vibratory stresses the part, and particularly the weld 
joint, are exposed to. 

HCF analysis as well as LCF life calculation are nevertheless beyond the scope of this 
thesis.  
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