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 ABSTRACT  
 

ABSTRACT 
This master’s thesis was conducted at Volvo Aero Corporation (VAC) in Trollhättan at the 
department of combustion chambers and nozzles. This department is responsible for the 
development of the main engine nozzle extension to the European Ariane 5 rocket. 
 
During space flight there are a variety of loads which may cause structural instability in the 
main engine nozzle extension. To be able to predict the buckling margin accurately, realistic 
boundary conditions at the interface between the combustion chamber and the nozzle 
extension are crucial. The aim of the thesis was to design a FE-model of the combustion 
chamber that would provide more realistic boundary conditions at the interface than the 
currently used superelement. Comparison between the new and the currently used model 
was made to investigate whether the current analyses could be considered as conservative or 
not. The load sequence impact on the buckling margin and an alternative load application 
method was also studied within this thesis. 
 
Both axial and radial stability are considered in this thesis and the results show that 
compared to the new combustion chamber model, the superelement leads to non-
conservative results. The margin towards axial buckling for the Vulcain 2 NE is lowered by 
approximately 7 percent when using the combustion chamber model instead of the 
superelement. A reduction of the radial buckling margin for the V2+ nozzle has also been 
found but no definite conclusion could be drawn for this model. It has been seen that the 
modelling of the actuators greatly influence the results for both nozzle models and the 
combustion chamber model needs more work to produce trustworthy results. 
 
When using an external pressure to apply the nozzle ovalisation instead of a force/moment 
field, no large differences were found. This means that the force/moment field can be 
replaced by an external pressure without causing any major effects in the stability analysis. 
More investigation should be done but the method based on an external pressure may be 
preferable since no loads are applied to the already plasticized inner wall. This method would 
also simplify the procedure of the stability analyses since the modal analysis used to 
determine the size of the force field is no longer necessary. 
 
Finally, the analyses show that there are no significant effects of the evaluated loading 
sequences. The recommendation is thereby to continue with the currently used load 
sequence since a more detailed sequence lead to an appreciable increase of the analysis time. 
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 NOMENCLATURE  
 

NOMENCLATURE 
The following abbreviations are commonly used throughout this report. 
 
VAC – Volvo Aero Corporation 
LTU – Luleå University of technology 
NE – Nozzle extension 
CC – Combustion chamber 
FEM – Finite element method 
DOF – Degree of freedom 
SE – Superelement 
MLM – Multi layer model 
V2 – Vulcain 2 
V2+ – Vulcain 2+ 
N-R – Newton-Raphson 
BM – Buckling margin 
IF – Interface 
ELC – Elementary load case 
SF – Safety factor 

 



 INTRODUCTION  
 

1. INTRODUCTION 
This chapter will give an introduction to the problem and the aim of this thesis. 

1.1. Volvo Aero Corporation 
Volvo Aero Corporation is part of the Volvo Group and accounts for 3.3% of Volvo 
Groups sales [1]. The headquarter is located in Trollhättan, Sweden where VAC develops 
and manufactures components for aircraft engines, land and marine gas turbines and space 
vehicle propulsion systems. The department of combustion chambers and nozzles, where 
this thesis is conducted, is responsible for the development of the main engine nozzle 
extension to the European Ariane 5 rocket. 

1.2. Background 

1.2.1. Nozzles 
The nozzle is the part of a rocket engine that generates thrust. The nozzle is attached to the 
combustion chamber and allows the high-pressurized exhaust gases from the combustion 
chamber to expand supersonically and thereby accelerate to create thrust [2]. A nozzle with 
the important areas highlighted is shown in Figure 1.1. 
 

Combustion chamber

Interface

Nozzle extension

 
Figure 1.1 Vulcain 2 nozzle extension 
 
Two different nozzles are considered in this thesis. The first one is the currently used nozzle 
on the Vulcain 2 engine and is built up by two parts, an upper part built up by a large 
number of spirally welded tubes and a lower skirt of sheet metal. Liquid hydrogen flows 
through the tubes to cool down the upper part and is then, together with the exhausts from 
the turbines, ejected along the inside of the nozzle wall to cool the lower metal skirt, see 
Figure 1.2. 
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Figure 1.2 Description of the film cooling system on the Vulcain 2 nozzle 
 
The second nozzle considered in this thesis is the Vulcain 2+ nozzle; this is still in the 
conceptual phase and is a technology demonstrator that will be tested in 2008. It is based on 
Volvos new Sandwich Technology where the channels are placed axially in contrast to the 
Vulcain 2 nozzle. 

1.2.2. Problem statement 
During operation, the nozzle is exposed to a number of different loads which may 
contribute to structural instability. One example is the flame pressure that results in a 
compressive force and may cause axial buckling. The side loads which arise during the start-
up when the flame pressure separates from the nozzle wall and thus allowing the ambient 
pressure to enter the nozzle, may contribute to both axial and radial buckling. Another 
example is the ambient air pressure at sea level; this causes circumferential compression due 
to the low pressure on the inside of the nozzle. Also, during the buffeting phase (20 to 80s 
after lift off), pressure fields arises around the nozzle. These will result in deformation of the 
nozzle, such as ovalisation and 3-wave, which makes radial buckling more likely to occur. 
Buckling can also cause waviness of the nozzle contour that, if the contour deviations are 
large, leads to overheating of the nozzle wall. Figure 1.3 shows the two different kinds of 
buckling. 
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F
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Figure 1.3 Simple description of axial and radial buckling 
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Nonlinear stability analyses are conducted at VAC to ensure that the nozzle withstands the 
loads without a risk of failure. The nozzle FE-models that are currently used during stability 
analyses at VAC are either attached to a superelement with coupled translational degrees of 
freedom or completely fixed in the interface between the nozzle and the CC. The 
superelement is a condensed combustion chamber model supplied by Astrium, the 
manufacturer of the CC. None of these options is a good alternative due to the problems 
that occasionally appear at the NE flange. The model with a condensed superelement gives 
too weak conditions at the interface, causing the flange to rotate in an unrealistic manner, 
and the totally fixed model provides too strong conditions. 
 
A more realistic description of the actual boundary conditions at the interface is vital for a 
better determination of the buckling margin. 
 
The uncertain parts of the stability analysis that this thesis will try to clarify and answer are: 

o If the SE and fixed IF gives a conservative BM or not? 
o Could the current method of applying ovalisation be replaced by a simpler method? 
o How does the loading sequence affect the BM?  

1.3. Aim of this thesis 
The aim of this thesis is to design a FE-model of the combustion chamber that will provide 
more realistic boundary conditions at the interface than the current superelement. 
Comparison between the new and the currently used models will be made to investigate if 
the current analyses could be considered as conservative or not.  
 
Furthermore, the effects of the load sequence and an alternative load application technique 
will also be studied within this thesis. The focus is not on modelling a detailed combustion 
chamber but to give a good description of the interface and a representative global response. 
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2. THEORY 
The theory chapter will describe the theories and procedures used throughout this thesis. 

2.1. Stability 
Structural instability in a rocket engine nozzle can be caused by two different phenomena, 
buckling or plastic collapse. Buckling occurs when a pressure or shear loaded structure, e.g. a 
beam or a shell, instead of failing by plasticizing, bends and deflects laterally due to 
compressive loads. If the deflection is large and the load increases, the structure will 
eventually collapse. Notable is that other phenomena may occur prior to the buckling load 
such as plastic collapse etc. Buckling exists in two types; linear and nonlinear buckling. 

2.1.1. Linear bifurcation buckling 
Linear bifurcation buckling is the simplest type of instability and is best described by 
considering an axially loaded slender beam, see Figure 2.1. The axial load P may increase up 
to the critical buckling load at which several displacement solutions exist. 

P Pcrit

Bifurcation point

 
Figure 2.1 Axially loaded beam 
 
The relationship between the applied force and the beam displacement is shown in Figure 
2.2. Note that at the bifurcation point, several displacement solutions exist for the same 
force level. 

Eigen value
buckling

Bifurcation 
point

u

P

 
Figure 2.2 Force-displacement curve for bifurcation buckling 
 
If the loads are ramped and the structure is perfect, which exists only in theory, an initial 
imperfection has to be added to the structure prior to the load application to be able to 
calculate the buckling load. 
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This type of buckling is usually solved as an Eigen value problem [3]:  
Considering a load case where two possible displacement solutions exist for the same load 
increment gives an equation system according to (1). 

⎩
⎨
⎧

Δ=Δ
Δ=Δ

FuK
FuK 1

2

      (1) 

Where: 
[ ]

increment Load
vectorntDisplaceme

matrixStiffness

=Δ
=Δ
=

F
u

K

i  

Combination of the two equations in (1) gives: 
0)( 2 =Δ−Δ uuK 1      (2) 

The Eigen values are given by the nontrivial problem: 
( ) 0det =K       (3) 

Since the material stiffness KM normally has a determinant greater than zero, K is defined as 
KM+ Kσ. The stress stiffness, Kσ, is sometimes divided into a constant part, Kσ(const), and a 
variable part, Kσ(λ). This is useful when some loads are ramped while others remain 
constant, for example temperatures. 
 
The Swiss mathematician Leonhard Euler (1707 – 1783) derived in 1757 an expression for 
the critical buckling load for elastic columns, commonly known as the Euler load [4]. 
 
Linear buckling has rarely any significance when analysing nozzles but can be used to 
compare different concepts to each other. 

2.1.2. Snap-through buckling 
An easy way to describe Snap-through buckling is to consider a stable shallow arc-shaped 
structure with a pressure load, see Figure 2.3. When the load increases, the arc starts to 
deform until a certain point where the arc “snaps through” and the arc becomes inverted. 

P P

P

P P

PP
 

Figure 2.3 Description of Snap-through buckling 
 
Note that after this type of buckling, i.e. in the post-buckled stage, the structure is once again 
stable and may carry load in tension, under the condition that the supports can sustain it. 
Figure 2.4 shows the force-displacement relation for snap-through buckling. 
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P

u

Limit 
point

 
Figure 2.4 Force-displacement diagram for snap-through buckling 

2.1.3. Snap-back 
Snap-back is a phenomenon similar to snap-through but instead of an increased 
displacement for a certain load, the force decreases for a certain displacement. Figure 2.5 
demonstrates this phenomenon with a force-displacement diagram. 

P

u

Turning 
point

 
Figure 2.5 Force-displacement diagram for snap-back 

2.2. FEM 
The finite element method is a mathematical procedure developed during the 1950’s to 
numerically obtain approximate solutions to partial differential equations. The basic principle 
is to divide the analysed structure into a number of finite elements, so-called discretization. 
The advantage of this method is that each element can have a much simpler geometry than 
the whole structure and is therefore much easier to analyse. 

2.2.1. Nonlinear buckling analysis [5] 
There are two main types of nonlinearities: material and geometric. Material nonlinearities 
include for example plasticity and creep while geometric nonlinearities accounts for large 
deformation effects, contacts and crack propagation. 
 
Any nonlinearity introduced in the model will lead to an iterative solution. For example, 
large deformation will lead to a modified geometry which has to be accounted for; hence 
iterations are needed to produce a credible solution. A common solution method in 
nonlinear analyses is the ‘Full Newton-Raphson’ method. 
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After discretization, the structure corresponds to a set of simultaneous equations: 
[ ]{ } { }aFuK =        (4) 
 
Where: 
[ ]
{ }
{ } loadsappliedofVector

ntsdisplacemeunknownofVector
matrixStiffness

=

=
=

aF
u
K

 

 
Equation (4) becomes nonlinear if the stiffness matrix, K, is dependent of the unknown 
displacements{ . Using the Newton-Raphson method, equation (4) may be rewritten as: }u

  
[ ]{ } { } { }
{ } { } { } )6(

(5)

1

T

iii

nr
iii

uuu
FFuK a

Δ+=
−=Δ

+

 
Where: 
[ ]
{ }
{ } { }

iterationcurrenttheofIndex
forces balance'-of-Out'orResidual

forcesrestoringofVector

matrixtangentStiffnessT

=
=−

=

=

i

nr
i

nr
i

i

FF

F

K

a
 

 
Solution procedure: 
1. Since both  and [ ]K { }aF  is a function of{ }u , the first step is to assume a value of{ .  }0u
{ }0u is assumed zero at the first time step and after the first iteration, { }0u takes the value of 
the converged solution from the previous time step.  
2. The updated tangent matrix and the restoring load vector is calculated fromT

iK nr
iF { }iu . 

3.  is calculated from equation (5) and then added to iuΔ { }iu  to calculate the next 
displacement approximation{ , see equation (6). }1+iu
4. Iterate step 2 and 3 until the convergence criterion is fulfilled. 
 
Convergence is fulfilled when: 
{ } refR Rε<R       (7) 

Where: 
{ } { } { }

⎩
⎨
⎧

=
=

−=

valueReference
Tolerance

)8(

ref

R

R

nr
i

ε
FFR a

 

 
Figure 2.6 shows the Newton-Raphson procedure after two iterations where the updated 
tangent stiffness is clearly visible, along with the decreasing residual force. 
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ResidualsResiduals

 
Figure 2.6 The iterative Newton-Raphson method 

2.3. ANSYS 

2.3.1. Stability criterion 
The currently used stability criterion at VAC is a non-converged solution, which may be an 
indication of structural instability by either buckling or plastic collapse. Besides these two 
instability phenomena other problem may cause the solution non-convergence, for example 
highly distorted elements. 
 
A non-converged solution with low plastic strains could imply that buckling has occurred. 
Consequently, plastic collapse is the probable error source if high levels of plastic strain are 
present. One way of investigating the cause of the non-convergence is to examine the 
Newton-Raphson residuals. The N-R method strives for force equilibrium and when the 
residuals, or ‘out-of-balance’ forces, are greater than the force criterion the solution is non-
converged. By plotting the residuals on the structure, areas where convergence problems 
exist become highlighted. 
 
When the solution has terminated due to non-convergence, it is important to investigate 
whether the failure is caused by structural instability or a built-in error in the analysis. 
Examples of factors that may cause the solution non-convergence are: 

• Erroneous application of loads or properties 
• Poor, or too simplified modelling of critical areas   
• Incorrect use of ANSYS parameters 

2.3.2. Arc-length Method 
Since the recently described Newton-Raphson method uses the tangent stiffness to solve the 
equations, problems may appear when a limit point exists in the force-deflection curve. N-R 
cannot reach a converged solution if the slope of the force-deflection curve is zero, i.e. the 
tangent stiffness is equal to zero. This problem occurs in nonlinear buckling analyses when 
the structure enters the unstable part of the post-buckling region. A typical phenomenon 
that may occur in this region is snap-through buckling, where the structure goes through a 
transition between two stable conditions. A force-displacement curve with the important 
parts described can be seen in Figure 2.7. 
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Figure 2.7 Force-displacement curve 
 
As seen in Figure 2.7; snap-through occurs at the limit point, causing a rapid displacement 
increase along with a reduction in force where after the structure may continue to carry load 
when the unstable region is passed. See Figure 2.3 for a simplified description of the snap-
through buckling procedure. When the force/displacement path is complex, the solution 
may either terminate due to non-convergence or simply jump across the problem area, see 
Figure 2.8. 

F

u

Limit 
point

Displ. control jump

Force control jump

 
Figure 2.8 Solution path 
 
To be able to follow the solution path and reach convergence, the ANSYS setting ‘Arclen’ 
can be used. This setting activates the Arc-length method that specifies an additional step-
length criterion based on both forces and displacements. Due to this step-length criterion, 
the Arc-length method is capable of handling with both snap-through and snap-back. 
However, if only snap-through is a problem, then a criterion based only on force control 
may be used and similar; if difficulties with snap-back are encountered, a displacement based 
step criterion can be used. The usage of the Arc-length method alters the equilibrium 
equation (5) to: 

[ ]{ } { } { } )9(T nr
i

a
ii FFuK −=Δ λ

 

The scalarλ in equation (9) is the ‘total load factor’, usually between -1 and 1. 
Reformulation of (9) to an incremental load factor nλ  results in (10). 

[ ]{ } { } ( ){ } { } { } )10(T
i

nr
i

a
in

a
ii RFFFuK −=−−=Δ−Δ λλλ

 

Where: λΔ = Incremental load factor, n=sub step, i=iteration 
A graphical description of the Arc-length method can be seen in Figure 2.9. 
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Figure 2.9 Arc-length method with full N-R 
 
The incremental load factor in equation (10) is defined by the Arc-length equation: 

{ } { } )11(T222
nn uu ΔΔ+= βλiiλ  

There are several different Arc-length methods, e.g. cylindrical, spherical etc, which are more 
detailed described in reference [6]. A known problem with this method is that it cannot 
always follow the desired path. Arc-length can for example assume elastic unloading instead 
of following the actual path past the limit point. 

2.3.3. Calculation of buckling margin 
The loads are applied on the nozzle in different ways depending on the effect of the load. 
Loads that are considered as direct aggravating, i.e. can alone cause buckling, are ramped 
while the other loads are held constant after application. The increase of the direct 
aggravating loads will continue until buckling occurs, i.e. when the solution fails to converge. 
The buckling margin is calculated as the load factor for the ramped loads at the time of the 
last converged solution, see equation (12). Figure 2.10 shows a simplified description of the 
loading procedure. 

PNonramped

= +

PRampedPTot PNonramped

= +

PRampedPTot

F

t

Ramped loads

Non-ramped loads

Nominal 
load

 
Figure 2.10 Description of loading procedure 
 
Buckling margin (BM) = ( )INCRINCRCONV LFTLF ⋅+      (12) 

Where:  
⎪
⎩

⎪
⎨

⎧

=
=
=

steploadcurrentatfactorloadinIncreaseLF
steploadcurrent ofpercent in  step, load conv.last  since increaseTimeT

steploadsolvedlastatfactorLoadLF

INCR

INCR

CONV
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3. MODELLING 
This chapter describes the model generation and validation process. All modelling and 
analysis was conducted in ANSYS mechanical 10.0. 

3.1. Nozzle models 
Three different FE models were used throughout this project. Two models referring to the 
Vulcain 2 nozzle and one model referring to the V2+ nozzle with the new sandwich design. 
The two models of the Vulcain 2 nozzle are visually the same but are built up in different 
ways. The main difference is the way the tube wall is modelled; a multi layered shell element 
is used to describe the wall and the cooling channels in the MLM where in the Assy5.3 
model, a single layered shell element is used. The fact that the Assy5.3 model is more 
simplified makes it more suitable when running very time-consuming analyses, under the 
condition that the simplification of the tube wall gives negligible influence on the stability 
mode. The geometry can be seen in Figure 3.1 below. 

 
Figure 3.1 The geometry of the Vulcain 2 nozzle, with the axial stiffeners enlarged 

3.2. Model generation 
The primary function of the combustion chamber model is to give a good description of the 
interface together with a representative global response; hence no in-depth details are 
included. The geometry of the combustion chamber model is based on the current 
superelement. Geometric key points were extracted from the SE and used to build up a 
rough description of the combustion chamber. The geometry was then modified with the aid 
of drawings from Daimler-Benz to better satisfy the actual CC geometry. In this model, the 
cardan joint that connects the CC with the rest of the rocket is only modelled as an 
extension of the CC; hence the actual geometry of the cardan is not considered. The 
geometries of the superelement and the new CC model are shown in Figure 3.2. 
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Figure 3.2 Superelement geometry and the CC model geometry 
 
As seen in Figure 3.2, a manifold is added to the structure near the interface. This manifold 
is the inlet of the coolant and distributes the coolant to the CC wall and the nozzle tube wall. 
The manifold is included in the superelement although is it not visible in Figure 3.2; 
therefore it has to be accounted for in the CC model to attain an accurate stiffness. 
 
The manifold and the CC wall are modelled with shell elements (SHELL181) with a variable 
thickness along the wall. The cooling channels inside the wall is not included in the model to 
reduce model complexity, together with the assumption that the inside wall becomes so 
warm that it may be considered as non-load bearing. The simplified manifold geometry with 
the shell thicknesses visible can be seen in Figure 3.3. 
 

 
Figure 3.3 Manifold geometry with shell thickness 
 
SHELL181 is a 4-noded element designed for thin to moderately thick shell structures. This 
element has six degrees of freedom in each node, x-y-z translations and rotations about the 
x-y-z axes. The shell thickness may vary within the element and is controlled by real 
constants at each node, although a constant element thickness is used throughout these 
analyses. SHELL181 supports nonlinear applications such as large deformations [7]. 
 
In the V2+ model, the flange is described by solid elements (SOLID185) in contradiction to 
the V2 models where the flange is modelled using shell element. The usage of solid elements 
provides a better geometric description of the flange but makes it more difficult to connect 
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the CC model to the NE in a realistic way since the constraint will only act on the top 
surface of the element. Also, since the solid elements have no rotational DOF, only the 
translational degrees of freedom will be coupled. 
 
SOLID185 is a fully integrated 8-noded element designed for 3-D modelling of solid 
structures. This element has three degrees of freedom in each node; x-y-z translations. Alike 
SHELL181, SOLID185 also supports nonlinear applications such as large deformations and 
large strains [7]. 
 
The total amount of nodes and elements in the FE model is shown in Table 3.1. 
 
Table 3.1 Number of nodes and elements 
  Nodes Elements 
CC Model 21645 21810 
Total 134881 138100 

3.2.1. Actuator system 
The actuator system that allows the thrust direction changes is modelled as in the SE model, 
i.e. the same connection points are used. The elements used are BEAM188, which are 
defined with a circular cross-section. See Table 3.2 and 3.3 for a complete list of dimensions 
and properties. The constraints are set as following [8]: 

• Top nodes: All translations and axial rotation locked. 
• CC joints: All DOF locked except rotation about the tangential dir. 
• Mid joints: All DOF locked except local Z-rotation (i.e. a pin joint) 
• Manifold joints: All DOF locked except rotation about the tangential dir. 

 
The actuator system can be seen in Figure 3.4. 

 
Figure 3.4 Actuator system 
 
Table 3.2 Dimensions and material properties for the actuators 

Actuator properties 

EActuator [GPa] 200*0.9 
Thermal exp. [1/K] 1E-05 

Poisson's ratio 0.3 
ρ [kg/m3] 8900 

Top nodes 

CC joint 

Mid joint 

Manifold joint 
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The specified reduction in Young’s modulus, in relation to the actual material, was 
determined when correlating the CC model to the superelement. Two different areas are 
used for the actuators. The two top actuators, which are attached to the rocket, have an area 
supplied by Astrium while the rest of the actuator system has an area which was determined 
during the verification analyses to produce an accurate stiffness. The mentioned cross-
section areas are stated in Table 3.3.  
 
Table 3.3 Cross-section area of the actuators 
  Middle actuators Top actuators 

Area [cm2] 28 2.8 

3.2.2. Material models 
Since the nozzle is the area of investigation, the CC model is kept elastic to keep the analysis 
time as low as possible. The applied material properties are shown in Table 3.4. 
 
Table 3.4 Material properties for CC model 

Material properties for CC model 
E [GPa] Thermal exp. [1/K] Poisson's ratio ρ [kg/m3] 

200 1.00E-05 0.3 8900 

3.3. Boundary conditions 
The CC flange is connected to the NE flange at 60 locations, i.e. the places of the bolts, 
where all translations and rotations are coupled. These couplings are spread out on five 
nodes per ‘bolt’ to avoid problems that appears when only constraining a single node. The 
total constrained area per ‘bolt’ in the FE model is 44 mm2 and more about the previously 
mentioned problem can be found in appendix 3. The principle of the ‘bolt’ constraints is 
shown in Figure 3.5  below. 

 
Figure 3.5 Shell-to-solid constraints in the CC/NE interface 
 
The two top nodes of the actuator beams are fixed for all translations, together with the axial 
rotation in respect to their local coordinate system. Finally, all nodes on the cardan surface 
are constrained in the tangential direction and the middle node is also locked for all 
translations and axial rotation. The boundary conditions for the CC/NE interface and model 
top are shown in Figure 3.6.   
 

   
 19 



 MODELLING  
 

 
Figure 3.6 Fixed nodes in the CC/NE interface, at the cardan and the actuators 
 
To avoid any major temperature gradients at the interface, the CC has a fixed temperature of 
40 K at the interface and a linear distribution along the CC wall with a maximum 
temperature of 100K at the cardan joint, see Figure 3.7. The analysis reference temperature, 
293K, is used for the actuators.  

 
Figure 3.7 Temperature distribution along the CC wall [K] 

3.4. Model verification 
The designed CC model was verified using four major steps. First, the resulting forces on the 
CC model were measured after an initial displacement was introduced. These forces were 
then compared to the forces gathered from the same test on the superelement. The second 
verification was a simplified stability analysis performed on the full model, i.e. the CC model 
connected to the NE model. Two different loads were evaluated separately, a bending 
moment or the flame pressure. The investigated results were, as previously, the resulting 
forces on the structure along with the buckled area to see if buckling would appear at similar 
locations. In addition to these two verifications, a mass comparison and an Eigen frequency 

   
 20 



 MODELLING  
 

analysis was made. All verifications except the stability test were conducted on the Vulcain 2 
nozzle with static, elastic analyses. 

3.4.1. Stiffness 
The first test was conducted using three analyses where a displacement of 1 mm was 
introduced along each axis of the global coordinate system. The resulting forces on the 
actuator system and the cardan joint were measured using the ANSYS command prrsol. The 
results when comparing the CC model and the SE shows a similar stiffness in all directions 
although the CC model is slightly stiffer. The deviation of approximately 10% in all three 
directions can be derived from the actuator system since a check without the actuators has 
been done with credible results. After consultation with expertise at VAC, these results were 
deemed acceptable. 

3.4.2. Stability 
The second test was, as described earlier, a simplified stability analysis where the nozzle was 
exposed to either a bending moment or the flame pressure.  

Bending moment 

For this test, the applied bending moment is ramped until the solution fails to converge. The 
applied moment when failure occurs is shown in Table 3.5. 
 
Table 3.5 Applied bending moment at non-converged solution 

Model Moment load factor, at -135° 
CC 3.58 
SE 3.1 

 
When comparing these two models, the results point towards a failure in the same area. The 
N-R-residuals indicate a possible buckle at the upper NE, just below the axial stiffeners, for 
the CC model. Also, plastic strains up to 4.3% are present in the axial stiffeners, also known 
as the ‘I-brackets’. For the SE model, the maximum plastic strain is 15.7%. This deviation, 
together with the lower BM, could be explained by the rotational DOF that exist in the 
CC/NE interface for the SE model. This possibility to rotate will probably make the flange 
weaker, causing the failure to occur earlier. 
 
The resulting forces from these two models show similar results and the deviations can be 
explained by the constraints at the cardan. The superelement is constrained in one node only 
where in the CC model a slightly larger area is constrained, this to better model the actual 
conditions with the cardan joint. A reduced list with the resulting forces can be found in 
appendix 1. 
 
The deformation and the displacement of the nozzle flange were also examined for both 
models. Both models demonstrate a similar behaviour at the flange even though the SE 
flange is more deformed. For more detailed results, see appendix 2. 
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Flame pressure 

The load case for this test is a ramped flame pressure. The pressure is ramped using a load 
factor where 1 is equal to the specified pressure in ELC4 at operation point T2. The applied 
load factor at solution failure is stated in Table 3.6. 
 
Table 3.6 Applied load factor at non-converged solution 

Model Applied load factor 
CC 3.22 
SE 3.22 

 
Both models show a buckle between the 2nd and 3rd hat band which causes erroneous 
elements in the hat band. No significant plastic strains are present and the analyses were 
terminated due to these faulty elements. This load case has a less significant impact on the 
flange area than the previous load case, which could explain why the failure occurs at the 
same load. 

3.4.3. Mass measurement 
A mass comparison of the two models was made and the results are shown in Table 3.7.  
 
Table 3.7 Comparison of model masses (Nozzle extension included) 
Model mass [kg] 
SE CC 
895 870.2 

 
As seen in Table 3.7, the mass of the CC model is about 25 kg lower than the mass of the 
superelement, most likely due to the simplified manifold in the CC model. In reality, there 
are a couple of actuator brackets on the combustion chamber and the manifold, which is not 
included in the CC model. Furthermore, the cardan joint that in the CC model is only 
modelled as an extension of the CC body, would also contribute to a higher mass. 

3.4.4. Modal analysis 
Modal analysis was used to ensure that the Eigen frequencies of the CC model are similar to 
the SE’s. The Eigen frequencies within the interval 0-200 Hz were extracted from both 
models. 27 Eigen modes were found for the SE and 20 for the CC model. The analyses 
show that the ovalisation modes, i.e. where the nozzle shape changes from round to oval, are 
at similar frequencies. Deviations up to 13.3% are found for the ‘CC bending’ modes, i.e. 
when the CC and NE are bent in relation to each other. This result seems plausible since the 
flange is stiffer in the CC model which should give a higher frequency.  
 
A 5-wave mode which is not excited for the SE model also includes a torsional motion of 
the actuators. The reason for the absence of this Eigen mode is probably that this particular 
DOF is condensed in the SE model. Furthermore, the Eigen modes which only exist for the 
SE model could presumably be explained by the asymmetry of the condensed model. 
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3.5. Model refinement 
During the post processing stage, unrealistically large deformations in the CC manifold was 
discovered which was helped by increasing the CC manifold thickness near the actuators. 
This modification has its equivalent in the reinforcements found on the actual manifold. 
 
Two different configurations concerning the application of boundary conditions for the 
actuator system was evaluated. The BC’s were applied to one or nine nodes on the manifold 
and the results evaluated. The one node configuration was chosen for the CC model due to 
the peculiar effects that may arise when preventing a couple of elements from moving in the 
middle of the manifold. The displacement differences between the two nodal configurations 
were minor. 

3.6. Assumptions and limitations 
As mentioned before, the cooling channels in the CC wall are not modelled due to the 
assumption that the inner wall is not load bearing because of the high temperature. The 
design of the manifold is also simplified, i.e. no brackets etc. are modelled. 
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4. ANALYSIS AND RESULTS 
This chapter contains a description of the conducted analyses together with a presentation of 
the results. 

4.1. Axial Stability 
To investigate if, and how, the applied boundary conditions affect the buckling margin a 
number of analyses was conducted. The axial stability load case was chosen since the primary 
effects appear in the region of the interface. Three different model configurations were 
evaluated and the used nozzle model was the Vulcain 2 – MLM. 
 
The evaluated model configurations were: 

• NE, with CC model  (NE+CC) 
• NE, Fixed at interface  (NE+IF) 
• NE, with superelement (NE+SE) 
 

The loads were applied according to Table 4.1. The specified thermal map is read from the 
results of a thermal transient analysis. In addition to the thermal loads on the nozzle, a linear 
temperature distribution from 40 to 100K is applied on the combustion chamber model to 
avoid large temperature gradients at the interface, see Figure 3.7. This load case can be seen 
as a ground test where the rocket engine is tested prior to launch. 
 
Table 4.1 Loads on the nozzle extension 
  Load step 

Applied load 1 2 3 4 
Temp. map 20s 20s 20s 20s 
PFlame (At T2 op.) 0 0.9625* 0.9625* Ramped 

PAmb [Pa] 0 105 105 105 
Applied moment [kN] at -90° 0 0 100% Ramped 

* Load factor multiplied by the pressure value at operation point T2 
 
The NE+IF model configuration has all degrees of freedom except radial displacements 
constrained at the interface, thus allowing the thermal expansion. The constraints are applied 
on all nodes on the NE flange. 

4.1.1. Results 
As described in the theory section, the buckling margin is calculated as the load factor for 
the ramped loads. Table 4.2 shows the applied load factor at the last converged load step for 
the three model configurations. To simplify the comparison between the models, the load 
factor for the SE model is used as reference. 
 
Table 4.2 Load factor at the last converged load step 

Model: Load factor 
NE+CC 92.5% 
NE+IF 104.7% 
NE+SE 100% 
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The calculated BM for the superelement configuration is close to the, by VAC established 
margin. The deviation is most likely due to the different temperature maps used in the 
analyses, together with a slightly different loading. As seen in Table 4.2, the buckling margin 
tends to decrease when using the new CC model. If these results can be confirmed, it would 
verify that the usage of the SE gives non-conservative results for this model and load case. 

Nozzle extension with CC model 

As described in section 2.3.1, the N-R residuals highlight areas where convergence problems 
exist. The N-R residuals imply a buckle just below the axial stiffeners near -120 degrees, 
which can be seen in Figure 4.1 below. 

 
Figure 4.1 Newton-Raphson residuals plotted on the nozzle 
 
To make sure that the failure mode is buckling and not plastic collapse, plastic strains are 
examined. The plastic strain at the last converged load step are plotted in Figure 4.2. 

 
Figure 4.2 The equivalent plastic strain in the nozzle 
 
As Figure 4.2 shows, the equivalent plastic strain reaches its maximum value of 4.3 % in the 
buckled region. This confirms that buckling is the phenomenon that causes instability for 
this FE model and load case. Mentionable is that high stresses are found where the actuators 
are attached to the CC manifold. The main reason for this is the highly simplified modelling 
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of the interface between the actuators and the manifold. Since only one node on the 
manifold is constrained to the actuator, high stresses arise in that particular node. 

Nozzle extension, Fixed at interface 

As in the previous load case, the structure buckles just below the axial stiffeners, see Figure 
4.3 for the N-R residuals. 

 
Figure 4.3 Newton-Raphson residuals plotted on the nozzle 
 
To rule out the possibility of plastic collapse, the plastic strains are examined: 

 
Figure 4.4 The equivalent plastic strain in the nozzle 
 
This model configuration results in slightly lower plastic strains than the nozzle model 
connected to the CC, 4.1%. The maximum value is reached at the lower end of the ‘I-
brackets’ and can most likely be derived from the global buckle seen in Figure 4.3. 
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Nozzle extension with Superelement 

Unlike the two previous models, the residuals do not imply a buckle below the axial 
stiffeners for this configuration. Instead, the convergence problems appear to be at the 
actual stiffeners, see Figure 4.5.  

 
Figure 4.5 Newton-Raphson residuals plotted on the nozzle 
 
In addition to the mentioned diversity, the maximum equivalent plastic strain is 
approximately three times as high as in the previous two models, 15.2%. This fact together 
with the location of the plastic strain and the residuals, points toward a plastic collapse in the 
axial stiffeners, see Figure 4.6. 

 
Figure 4.6 The equivalent plastic strain in the nozzle 
 
This analysis revealed a peculiar deformation of the flange which can be seen in Figure 4.7. 
The von Mises equivalent stress is plotted and the deformation is enlarged x2 to better 
visualize the effect. 
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.  
Figure 4.7 The equivalent stress in the nozzle, deformation enlarged x2 
 
The flange rotates downwards, most likely due to the free rotational DOF that exists in the 
CC/NE interface. This phenomenon may not significantly affect the buckling margin; 
nevertheless the model shows a physical behaviour which appears to be unrealistic.  
 
An examination of the CC/NE constraint nodes was performed to ensure that the 
movements were similar for all three models, despite this peculiar rotation. The 
displacements in the global cylindrical coordinate system were compared for all three model 
configurations and the plotted graphs are available in appendix 4. The configuration with a 
fixed interface shows practically no displacement at all which is a bit surprising since the 
nodes are free to move in the radial direction. The radial movement is instead restricted by 
the tangential constraint which means that the desired effect of the free radial DOF basically 
disappears. When comparing the two remaining configurations it is clear that both models 
display a similar behaviour of the flange even though the curves are slightly displaced in 
relation to each other. 
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4.2. Radial Stability 
The buckling margin with respect to radial stability is analysed with the Vulcain 2+ model. 
This model has previously been analysed with an interface constrained in all DOF except 
radial translation. For comparison this analysis is conducted with the CC model to see what 
influence other boundary conditions has for this particular model and load case. This 
analysis is not conducted on the final V2+ nozzle model but since it is the impact of 
different boundary conditions that is evaluated, and not the actual buckling margin, this is of 
less importance. 

4.2.1. Results 
Table 4.3 shows the two different margins for this model. The previously calculated margin 
is used as reference. 
Table 4.3 Load factor at the last converged load step 

Model Load factor 
NE+IF 100% 

NE+CC 79.4% 
 
As Table 4.3 shows, there is a significant difference between the two margins which most 
likely can be explained by the ovalisation level for each model. For the same ovalisation 
factor, the CC model obtains a 37% larger ovalisation. This leads to larger displacements etc. 
which ultimately leads to a lower BM. A number of analyses with reduced ovalisation factors 
were conducted to investigate how much the margin changes when the ovalisation is 
lowered. A summary of the ovalisation data can be seen in Table 4.4.  
 
Table 4.4 Comparison of ovalisation factor vs. ovalisation/BM 

Model: Ov. Factor Ovalisation factor BM 
NE+IF 38.68 100% 100% 

NE+CC 38.68 137.3% 79.4% 
NE+CC 33.00 104.9% 89.4% 
NE+CC 32.00 100.1% 91.5% 
NE+CC 31.00 95.6% 91.2% 

 
When comparing the two models, using similar ovalisation levels, the buckling margin tends 
to be lower for the CC model. The less rigid boundaries at the interface make the nozzle 
connected to the CC model easier to deform. The N-R residuals show convergence 
problems both in the NE flange and near the outlet manifold at the nozzle end. These 
problems are probably caused by the modelling of these particular areas. For example, the 
flange contains a number of beam elements that are used to obtain a bending stiffness in the 
flange. High N-R residuals are found in some of these beam elements, but whether they in 
fact cause the solution non-convergence is difficult to answer. An investigation of the 
residuals at the last ten iterations also shows high residuals on each side of the nozzle, where 
the radial displacement reaches its maximum values. These residuals are however reduced at 
the following iterations while the residuals in the mentioned beam elements show signs of 
divergence. The N-R residuals at the flange is shown in Figure 4.8 
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Figure 4.8 Newton-Raphson residuals plotted on the nozzle 
 
Besides these problems there is an unrealistic waviness found in the NE flange, similar to the 
phenomenon described in appendix 3. Yet again it is caused by the constraints between the 
NE and the CC but the effect is not exactly the same as previously described. This effect 
occurs since the constraints only acts on the top surface of the solid elements in the flange. 
More information concerning this problem can be found in appendix 5. The mentioned 
constraints are also causing the highest plastic strains in the nozzle. These observations show 
that more work concerning these constraints is necessary to get a more realistic behaviour at 
the flange.  
 
At the time of last solution, the axial displacement are plotted to examine the deformation of 
the NE flange. In Figure 4.9, the deformation is enlarged 5 times to better visualise the 
effect. 

 
Figure 4.9 The axial displacement of the NE flange 
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This analysis was terminated due to highly distorted elements in the nozzle, but which 
specific elements that caused the solution failure was not possible to determine. Knowledge 
of where the element failure occurs could help raising the margin since the modelling of this 
specific area then could be improved. As mentioned before, the beam elements in the flange 
is the source of high residuals and for this reason, a new analysis with these beam elements 
removed was performed to see how this modification affects the result. The solution failed 
to converge at the same time as before, which means that the BM is not altered. This result 
implies that these beam elements do not influence the margin towards radial buckling and 
moreover, they did not cause the solution failure. Without the beam elements, the highest  
N-R residuals are located at the lower end of the skirt and under the upper box stiffener. 
 
The deformation of the flange seen in Figure 4.9 could be one explanation to the deviation 
in the buckling margin between the two different model configurations. Since the flange is 
fixed for axial translation in the currently used model, the CC model becomes weaker due to 
the ability to deform. Another important factor when comparing the margins is the 
ovalisation of the flange and the upper part of the nozzle. The ability of the CC model to 
deform will allow the ovalisation to extend further up along the nozzle which leads to higher 
strains in stiffeners and so on.   
 
The results from these analyses illustrate the danger of using the exact same load cases for 
different models. Since some of the loads are calculated from the effects on the nozzle, the 
results may be misleading when a model with different boundary conditions is used. 
Different BC’s can change the global response for the model which was clearly seen in this 
case, where the same load gives a 37% increase of the ovalisation. Therefore; caution should 
be taken when comparing different models to avoid erroneous results. 
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4.3. Application of ovalisation 
When applying the nozzle ovalisation in the stability analysis a modal analysis is used to 
determine a force/moment field that causes an ovalisation of 1 mm. These forces and 
moments are then applied on nodes on the nozzle to attain ovalisation. A scaling factor is 
used to magnify the ovalisation to the desired level. An interesting question is if this 
force/moment field can be replaced by a simpler method without any major changes in the 
effects on the nozzle. 
 
One way of investigating this issue is to apply the nozzle ovalisation using an external 
pressure and then compare the results with the results from the force/moment field. After 
an ovalisation of approximately 40 mm is accomplished in a nonlinear analysis, the ambient 
pressure is ramped until the solution fails to converge. The load factor at the last converged 
load step and the ovalisation level is, together with the plastic strain, used as comparison 
between the different load cases. 
 
 Three different pressure distributions were evaluated; see Figure 4.10.  
 

a) b) c)a) b) c)  
Figure 4.10 Nozzle wall with different pressure fields 
 
All three pressure distributions have the mutual property of a cosine shaped distribution in 
the circumferential direction, see Figure 4.11. The pressure fields are all applied in coordinate 
system 4000, which is rotated 135 degrees from the global coordinate system. 
 

 
Figure 4.11 Cos (2x) dependent pressure factor 
 
To determine which pressure that result in the desired ovalisation, a restart loop was created 
in the analysis. After the pressure load is applied and the solution has converged, the 
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ovalisation is measured and if the ovalisation level fails to land within a certain criterion, the 
scale factor is recalculated and a restart of the last load step is conducted. 
 
This analysis is performed on the V2 - Assy5.3 model and the superelement is used. 

4.3.1. Results 
The results in Table 4.5 – 4.7 use the force field configuration as reference to simplify the 
comparison between the models. Table 4.5 shows the buckling margin and ovalisation level 
for all four pressure distributions.  
 
Table 4.5 Load factor at the last converged load step 
Press. Distr. Load factor Ovalisation* [mm] 

a) 99.2% 40.087 
b) 99.8% 39.909 
c) 99.8% 40.761 

Force field 100.0% 39.816 
*The ovalisation is measured prior to the ramped loads 
 
To see whether there is any dissimilarity in the global behaviour between the models, two 
important areas were investigated. These areas are the guide vanes, which are placed on the 
inside of the mid-manifold, see Figure 4.12, and the ‘I-brackets’, i.e. the axial stiffeners near 
the interface. The evaluated parameter is the equivalent plastic strain, measured prior to the 
ramping of loads. See Table 4.6 for a complete list of results.  
 

 

Guide vane

Figure 4.12 The manifold guide vanes 
 
Table 4.6 Comparison of equivalent plastic strains at important areas, measured before ramped loads 

  Guide vanes I-brackets 
Press. Distr. εPlastic εPlastic 

a) 60.1% 86.7% 
b) 96.5% 90.0% 
c) 89.4% 96.7% 

Force field 100% 100% 
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The results in Table 4.6 are similar for all pressure distributions although a lower plastic 
strain is found in the guide vanes for distribution a). As a final check of the models, the same 
parameters were evaluated at the last converged load step, see Table 4.7. 
 
Table 4.7 Comparison of equivalent plastic strains at important areas, measured at last converged load step 

  Guide vanes I-brackets 
Press. Distr. εPlastic εPlastic 

a) 89.1% 124.7% 
b) 102.1% 101.1% 
c) 108.5% 126.9% 

Force field 100% 100% 
 
When comparing the results from these analyses it is clear that the differences in load factor 
are minor. The measured plastic strains are also similar but distribution a) give lower values 
in the guide vanes. At 100% load the force field appears to be conservative since it gives the 
highest strains. At the time of the last converged load step distribution c) causes the highest 
values, but the ovalisation is higher than for the force field so with the same ovalisation 
factor the force field might still be the worst load case. Finally; no significant differences in 
analysis time is found if the number of restarts for each model is considered.  

4.4. Load Sequence 
To investigate if, and how, the load sequence influences the buckling margin a number of 
scenarios were examined. The radial and axial buckling margin was evaluated for the Vulcain 
2 - MLM model along with the radial BM for the Assy5.3 model. The analysis of the Assy5.3 
model is made to compare the two models to each other. During these analyses the 
superelement is used and the same load cases are used for the two radial stability analyses. 
The applied loads and the order of appliance are stated in the following sections. 

4.4.1. Radial Stability 
Three different loading configurations were evaluated with load application according to the 
figures below. Descriptions of the applied loads at each load step are shown in Table 4.8 to 
Table 4.10. 

Load configuration 1 

Table 4.8 Applied loads at each load step for configuration 1 
LS Applied load 
1 Temp map at 35s 
2 Pflame + Pamb 
3 Aerostatic loads 
4 Ovalisation 
5 3-wave 
6 Ramp until buckling occurs 

Load step1 2 3 4 5

Load level

6
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Load configuration 2 

Table 4.9 Applied loads at each load step for configuration 2 
LS Applied load 
1 Temp map at 0.001s 
2 Temp map at 2s 
3 Temp map at 20s 
4 Temp map at 35s 
5 Pflame + Pamb 
6 Aerostatic loads 
7 Ovalisation 
8 3-wave 
9 Ramp until buckling occurs 

Load step1 3 5 7 9

Load level

Load configuration 3 

Table 4.10 Applied loads at each load step for configuration 3 
LS Applied load 
1 Temp map at 35s +Pflame + Pamb 
2 Aerostatic loads 
3 Ovalisation 
4 3-wave 
5 Ramp until buckling occurs 

Load step1 2 3 4 5

Load level

Results 

Table 4.11 and Table 4.12 show the calculated buckling margins for the two models.  The 
load factor for configuration 1 on the MLM model is chosen as reference. 
 
Table 4.11 Calculated buckling margins for the MLM model 
Configuration BM 

1 100% 
2 100.6% 
3 109.9% 

 
Table 4.12 Calculated buckling margins for the Assy5.3 model 
Configuration BM 

1 122.2% 
2 125.1% 
3 122.8% 

 
For the MLM model, the results are almost identical for the first two configurations. The 
deviation for the third configuration is most likely due to the fact that the loading 
commences when the structure is still cold, which makes the structure stiffer and capable of 
withstanding higher loads. When comparing the results for the Assy5.3 model in Table 4.12, 
all three configurations has similar margins. Notable is that the deviation found for the third 
configuration in Table 4.11 is not present for the Assy5.3 model. Since the results from the 
MLM seem plausible, this dissimilarity could either be explained by a slightly different global 
response for the Assy5.3 model or the fact that the Assy5.3 model has known convergence 
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difficulties. To investigate whether the models give a different response to the applied load, 
the ovalisation and 3-wave levels at 100% load were measured, see Table 4.13. As in the two 
previous tables, the values from configuration 1 for the MLM model are chosen as reference. 
 
Table 4.13 Ovalisation and 3-wave levels for the different models 

  MLM Assy5.3 
  1 2 3 1 2 3 

Ovalisation 100%  99.99% 97.7%  66%  59.1%  66.8%  
3-wave [mm] 100%  99.8% 94.9%  77.8%  69.6%  79.3%  

 
As seen in Table 4.13, both the ovalisation and 3-wave level is lower for the Assy5.3 model. 
These results imply that the Assy5.3 model is stiffer than the MLM since the same load 
factors are used. The most plausible explanation is that the single shell elements with an 
equivalent thickness are slightly stiffer than the multi-layered elements, together with the fact 
that the tube wall itself and the reinforcements of the tube wall have a relatively low 
temperature in the Assy5.3 model. 
 
Examination of the Assy5.3 configurations shows that the highest stresses and strains are 
found in configuration 3, which is expected from the results in Table 4.13. The location of 
the maximum plastic strain is in the guide vanes for all three configurations.  
 
To summarize the results from these analyses; no significant effects of the evaluated load 
sequences are observed for the MLM model. The deviation between the first two 
configurations is larger for the Assy5.3 model than for the MLM, see Table 4.12. However, 
when considering the uncertainty of the result from the Assy5.3 model, i.e. the experienced 
convergence difficulties, together with the global response differences found in Table 4.13, 
the conclusion is that the impact of the load sequence on the BM is insignificant even for the 
Assy5.3 model. 
 
The convergence difficulties for the Assy5.3 model were discovered when using ramped 
ovalisation loads. The cause of this problem could be related to the mesh of the guide vanes. 
Occasionally, a high strain gradient arises across a single element which perhaps, if the mesh 
is not properly designed, may lead to convergence problems. A number of tests have been 
performed to learn how different ANSYS parameters affect the ability to converge but the 
results were non-conclusive.   
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4.4.2. Axial Stability 
As in the previous case with radial stability, the margin against buckling is evaluated. The 
loads applied at 100% load are shown in Table 4.14. Two different ways to maximum load 
are evaluated; see Table 4.15 and Table 4.16. The loads that are ramped until non-converged 
solution are the flame pressure and the bending moment. 
 
Table 4.14 Applied loads at 100% loading 

Load case at 100% load 
Temp. At 35s 
Pflame SF=1.25 
Pamb 0.3 bar, SF=1.0 
Moment 100% at 0° angle 
Ovalisation 20 mm (along S axis) 

 
Table 4.15 Applied loads at each load step for configuration 1 

LS Applied load 
1 Temp map at 0.001s 
2 Temp map at 2s 
3 Temp map at 20s 
4 Temp map at 35s 
5 Pflame + Pamb 
6 Moment 
7 Ovalisation 
8 Ramp until buckling occurs 

Load step1 3 5 7

Load level

 
Table 4.16 Applied loads at each load step for configuration 2 

LS Applied load 
1 Temp map at 35s 
2 Pflame + Pamb 
3 Moment 
4 Ovalisation 
5 Ramp until buckling occurs 

Load step1 2 3 4 5

Load level

Results 

The established buckling margins are stated in Table 4.17. Configuration 1 is used as 
reference for the load factor. 
 
Table 4.17 Buckling margin for both configurations 
Configuration BM 

1 100% 
2 100.22% 

 
The failure mode for configuration 1 seems to be plastic collapse in the ‘I-brackets’, i.e. the 
axial stiffeners near the interface. The maximum equivalent plastic strain in the ‘I-brackets’ is 
13.4%, see Figure 4.13. 
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Figure 4.13. Equivalent plastic strain in the axial stiffeners 
 
When plotting the equivalent plastic strain vs. time, see Figure 4.14, the curve indicates a 
plastic collapse due to the rapid increase in strain in relation to the time step, i.e. the 
increased load. The scale factor increase for the ramped loads between time step 7 and 8 is 
150 %. 
 

 
Figure 4.14 Equivalent plastic strain [%] vs. Time 
 
For configuration 2, the failure mode appears to be the same as in configuration 1, i.e. plastic 
collapse in the axial stiffeners, see Figure 4.15. 
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Figure 4.15 Equivalent plastic strain in the axial stiffeners 
 
The time plot of equivalent plastic strain has the same shape for both configurations even 
though the time scale is different. 
 
As seen in Table 4.17, the effect of the load sequence is not significant for the axial buckling 
margin even though a lower BM is observed when applying the temperature in smaller steps. 
However, the deviation is so small that it could in fact depend on a calculation anomaly. 
When comparing the results from the two analyses, a slightly higher plastic strain is present 
in configuration 2. The recommendation after evaluating these results, together with the fact 
that the analysis time for configuration 2 is approximately 45% faster, is to use the shorter 
load sequence for future analyses. 

4.4.3. Main life cycle sequence 
As a final check of the effects of the load sequence, a complete nozzle life cycle is analysed. 
This sequence includes two ground tests, one aborted flight and finally the flight stage, as 
shown in Figure 4.16. 

t

F

Ground 1 Ground 2 Ab.flight Flight
 

Figure 4.16 Load sequence for the nozzle life cycle 
 
The applied loads at the three first stages are only the temperature at various times together 
with the flame- and ambient pressure, see Table 4.18 and Table 4.19. For the ‘Flight’ stage, 
loads according to Table 4.9 are applied. 
 
This analysis is performed on the Assy5.3 model with the superelement.  
 

   
 39 



 ANALYSIS AND RESULTS  
 

Table 4.18 Applied loads for Ground test 1 & 2 
LS Applied load 
1 Temp map at 2s + Pfl+ Pamb 
2 Temp map at 20s + Pfl+ Pamb 
3 Temp map at 60s + Pfl+ Pamb 
4 Temp map at 600s + Pfl+ Pamb 
5 Temp map at 602s 
6 Temp map at 800s 
7 Temp map at 2000s 

 
Table 4.19 Applied loads for Aborted Flight 

LS Applied load 
1 Temp map at 2s + Pfl+ Pamb 
2 Temp map at 5s + Pfl+ Pamb 
3 Temp map at 10s + Pfl+ Pamb 
4 Temp map at 12s 
5 Temp map at 60s 
6 Temp map at 600s 

 
The value of the flame pressure, Pfl, is read from load files where the pressure is depending 
on where on the nozzle it is applied. The ambient pressure at sea level is 0.1 MPa. 

Results 

The analysis failed to converge at the time 4610.3, which gives a load factor of 122.2%. This 
result is almost the same as for configuration 2 in section 4.4.1. Since the same loads for the 
‘Flight’ stage is used, this concludes that the effect of the load sequence is not significant for 
the radial stability load case on this model. 
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5. CONCLUSIONS 
To recapitulate the results from these analyses; the CC model has shown that the usage of 
the superelement may lead to non-conservative results regarding the margin towards axial 
buckling. This conclusion is based on the results from the analyses in section 4.1 even 
though the verification analyses in section 3.4.2 points towards a direct contradictory result. 
These inconclusive results may possibly be explained by the fact that only one load at the 
time is applied during the verification analyses. The global response of the model is likely to 
change when several different loads are acting on the nozzle. 
 
The results in section 4.2, showing that a usage of the CC model reduces the buckling 
margin for the V2+ nozzle, should at least be seen as a warning that the previously 
determined margin might be non-conservative. This warning is, besides the lowered margin, 
based on the fact that the modelling of the fixed interface is known to be erroneous. 
 
To continue with the results concerning the application of the ovalisation load; the results 
show that the way of applying this deformation has no significant impact on the radial 
buckling margin. In addition, the equivalent stresses and the plastic strains are at similar 
levels at the evaluated areas, i.e. the guide vanes and the ‘I-brackets’. Finally, there are no 
major differences between the different methods regarding the CPU time necessary to 
complete the analysis. However, there might be some advantages in applying the ovalisation 
using an external pressure. By using this method, no forces will act on the already plasticized 
hot inner wall. Also, the modal analysis used to determine the force field would no longer be 
necessary which would make the stability analysis easier to perform. 
 
The analyses in section 4.4 verify that the load sequence has a very limited effect on the 
results. The buckling margin and the evaluated stresses and strains all end up at similar levels. 
Consequently, there are no major benefits of applying the temperature in smaller steps, 
especially when taking the analysis time into consideration. Load configuration 2 in section 
4.4.2 finished in 55% of the CPU time required to solve configuration 1, which is a 
significant time gain. The recommendation for future analyses is to continue using a short 
load sequence due to the rapidly increasing analysis time. 
 
The experienced convergence difficulties for the Assy5.3 model are difficult to explain, 
especially since the MLM has no difficulties at all for the exact same load cases. One theory 
is that the guide vanes could be the source of error. High N-R residuals and large strain 
gradients are found in this area which implies that the mesh of these guide vanes could be 
improved. The more simplified modelling of these vanes in the MLM could perhaps explain 
why no problems appear for that model. A number of different ANSYS parameters have 
been tested to see if the convergence difficulties could be reduced, but no unambiguous 
conclusions could be drawn. 
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6. DISCUSSION 
When reading this report one should keep in mind that the model of the combustion 
chamber is highly simplified; hence no exact conclusions may be drawn, although tendencies 
can be pointed out. 
 
During the post processing stage, large deviations concerning the radial buckling margin for 
the Assy5.3 model were discovered. These deviations seem to depend on the convergence 
criterions used in the analyses. The residual limits could sometimes greatly influence the 
result in terms of ‘time-of-last-solution’. An erroneous applied safety factor revealed this 
sensitivity, which was verified with a number of tests. For example, during the analyses the 
‘time-of-last-solution’ for radial buckling, configuration 2, changed from 9.9313 to 7.000 
when changing the force residual limit from 100 to 10. This means that with the lower force 
criterion, the buckling margin becomes lower than 1. This clearly demonstrates sensitivity 
towards the convergence tolerances. An interesting question is which residual limit that gives 
a correct result. Since the value 10 is obviously too low, then perhaps 100 is too high? One 
should remember that since no problems appear for the MLM model, the main cause of this 
problem must be the way the Assy5.3 is modelled. If the FE model is robust, the margin 
should not be affected as significantly as seen here. 
 
The applied constraints in the CC model, both between the NE/CC and between the 
actuators and the CC manifold, cause a number of unwanted effects. To begin with, the 
previously mentioned waviness of the NE flange is a result of poor modelling, not a 
phenomenon likely to occur. Furthermore, high stresses are present in the CC manifold 
since the actuators are constrained to the manifold in one node only. Modelling of a 
simplified bracket could perhaps help to avoid these stress levels. 

6.1. Sources of error 
The main source of error in the modelling of the combustion chamber is the actuators, 
which was very difficult to model due to the lack of input data. The actuator stiffness-per-
area ‘fix’, i.e. a very high density, which is given from Astrium seems peculiar. Another 
question is how well the extracted key points from the superelement correspond to the 
actual geometry of the combustion chamber. For example, are the key points defined as the 
outside of the actual CC or are they, as in the CC model, defined as the centreline of the 
wall? In addition to these error sources, no contact elements have been used at the CC/NE 
interface, which means that penetration occurs at the two flanges, i.e. the two flange surfaces 
intersects each other. 
 
The probable sources of error in the modal analysis are the erroneous mass of the CC 
model, together with the parts and details on the actual manifold that was excluded from the 
model. These would, if included in the model, alter the moment of inertia and hence the 
Eigen frequencies. Another important diversity between the actual and modelled CC is that 
the actual CC is not symmetric due to the fuel inlet etc. 
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7. RECOMMENDATION FOR PROJECT CONTINUATION 
To continue the work with this project, the first step would be to refine the geometry and 
properties of the CC and the actuators. Besides these refining actions, some work 
concerning the error sources stated in section 6.1 should also be carried out. For example, 
contact elements at the CC/NE flanges would almost certainly help to reduce the waviness 
seen in appendix 5. 
 
Another issue that might need more investigation is the constraints at the CC/NE interface. 
A few problems involving these constraints have appeared during these analyses, thus an 
attempt in modelling the constraints more realistic could be done. The simplest method was 
used during these analyses but perhaps a more realistic approach would be to constrain the 
‘bolt’ area all the way through the flanges as is would be in reality. What side effects this type 
of constraint would give is difficult to speculate in but should be relatively fast to examine. 
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APPENDIX 1 – MODEL VERIFICATION, RESULTING FORCES, 
CC/SE MODEL 
These forces are measured after the stability test with a bending moment load, see section 
3.4.2. Note that the list of reaction forces for the CC+NE model is reduced since the top 
surface on the CC model contains about 150 nodes. For this reason, only the centre node 
together with the two actuator nodes is shown here.  The selected nodes are the equivalent 
of those for the SE model. 
 
***** SE + NE model ***** 

        

NODE FX FY FZ 

40002 6.51E+05 41164 -41101 

500006 -5326.80 500.12 623.49 

500013 -6.45E+05 64402 -65588 

TOTAL VALUES       

VALUE 1.70E-05 1.06E+05 -1.06E+05

        

***** CC + NE model ***** 

        

NODE FX FY FZ 

1216491 6.22E+05 -15456.00 15438.00 

182 1087.20 -109.24 -94.62 

183 -0.62286E+06 52947.00 -53001.00

TOTAL VALUES       
VALUE 9.71E-05 1.01E+05 -1.06E+05
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APPENDIX 2 – NE FLANGE DEFORMATION 
Figure 1 and 2 shows the axial displacement of the nozzle flange connected to SE and CC 
respectively. 

 
Figure 1. Axial displacement of the nozzle flange connected to the SE 
 

 
Figure 2. Axial displacement of the nozzle flange connected to the CC 
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As seen, the CC model makes the NE flange area stiffer which reduces the displacements.  
The deformations of the two flanges are compared at the location of the maximum positive 
displacement, i.e. at approximately -135°. As the two figures below shows, the SE causes a 
downward rotation of the flange with is not observed when using the CC model. 

 
Figure 3. Flange deformation for NE connected to the SE 
 
 

 
Figure 4. Flange deformation for NE connected to the CC 
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APPENDIX 3 – CC/NE CONSTRAINTS 
When analysing the results from the bending moment load in section 3.4.2, unrealistic 
deformation of the NE flange was discovered. The flange showed significant waviness in the 
tangential direction which is highly unlikely to appear. This phenomenon was caused by the 
one-node ‘bolt’ constraint. By constraining only one node at the flange, the elements around 
the node rotates which causes a waviness of the flange. And as a result, the constraints were 
hereafter applied on five nodes at each ‘bolt’ to smooth out the wavy contour. The following 
figures shows the effect of the one and 5-node constraints. 

 
Figure 1. Flange deformation with the one-node constraint, enlarged 10x 
 
 

 
Figure 2. Flange deformation with the five-node constraint, enlarged 10x 
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APPENDIX 4 – DISPLACEMENTS OF THE CC/NE CONSTRAINT 

NODES 
As described in section 4.1.1, an examination of the displacements of the CC/NE constraint 
nodes was conducted to ensure a similar behaviour of the NE flange in all three model 
configurations. All three displacements in the cylindrical coordinate system 61 are plotted 
below. As can be seen in the figures below, the curves for the SE and CC configuration have 
similar shapes even though they are slightly offset. Also, the nodal displacements for the SE 
configuration are larger in all directions except in the positive axial direction, see figure 3. 
 

Radial displacment of CC/NE constraint nodes
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Figure 1. Radial displacement of the CC/NE constraint nodes 
 

Tangential displacment of CC/NE constraint nodes
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Figure 2. Tangential displacement of the CC/NE constraint nodes 
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Axial displacment of CC/NE constraint nodes
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Figure 3. Axial displacement of the CC/NE constraint nodes 
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APPENDIX 5 – NE FLANGE WAVINESS 
The flange waviness seen in the figure below was discovered during the post processing of 
the radial stability analysis in section 4.2. In Figure 1, the displacements are enlarged 3x to 
better visualise the effect. The origin of this waviness is a rotation of the CC manifold, which 
means that the CC/NE constraint forces the NE flange surface to become ‘bumpy’ due to 
the relative movement between the CC and NE. Since no contact elements are used, the 
rotation also causes penetration between the two flanges 
 

 
Figure 1. Flange waviness caused by the CC/NE constraints 
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