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Abstract 

 Light weight design has been 
identified as one of Volvo Aero key 
contribution in the effort to meet 
the global challenges of reduced CO2 
emissions from aviation. This has 
resulted in a number of design 
solutions where fabrication of large 
structural components is the 
preferable way and has indicated 
weight savings by up to 20% in 
comparison to corresponding products 
in today’s existing engines.  
Introducing these new design 
solutions requires an existing 
industrial structure to come up with 
new and innovative solutions that 
will support the introduction of the 
new products. In this paper virtual 
manufacturing technologies 
supporting design as well as 
manufacturing engineers in decision 
making and preparation of new design 
solutions will be described. 
 
 

INTRODUCTION 

 
 Normally new engines are 
developed through an evolutionary 
process where most of the previous 
solutions from design and 
manufacturing are inherited. 
However, sometimes more drastic 
changes are necessary to meet new 
challenges. For large load carrying 
components of an engine (see Figure 
1) changing from a single piece 
casting, which has been the base 
line for these components for many 
years, to a fabricated alternative 
has shown to dramatically change the 
requirement on the industrial 
structure. 

Processes like design automation 
using knowledge based engineering 
(KBE)[1], computational welding 
mechanics (CWM)[2] using finite 
element techniques is described and 
demonstrated as examples of key 
elements in an efficient virtual 
environment supporting light weight 
design solutions and manufacturing 
sequence selections. 

Load carrying 
components

 
 

Figure 1. Large load carrying 
components being fabricated 

 
VIRTUAL ENVIRONMENT 

 
 The model used for creating an 
efficient virtual environment 
supporting decision making at 
different levels and during 
different phases of a product 
development program can be described 
by Figure 2. The model describes 
where tools are devekoped and used 
to help manufacturing and design 
engineers to take action and 
decisions on problems normally 
solved only by experience.  
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Figure 2. Virtual tools in product 

development [3]   
 
Since the scenario in this paper 
describes a situation where radical 
changes are made to existing 
situations normally this experience 
base is hard to find. 
In this scenario the goal is to 
develop an alternative design and 
manufacturing route which changes 
the selection of components 
manufacturing from a single piece 
casting to a fabricated alternative 
where the design criteria will 
imrove weight characteristics and 
where manufacturing sequences will 
be completely different. A 
simplified version of the 
manufacturing sequence for the two 
alternatives can be seen in Figure 
3. 
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Figure 3. Manufacturing sequence 

of casted and fabricated 
alternative 

 To be able to predict the 
behavior of manufacturing processes 
a model describing the physical 
behavior of the process need to be 
developed and validated in relevant 
environment before implementation. 
Each manufacturing processes need to 
be described with a unique model, 
but as can be seen bellow, where 
some aspect are found to be generic 
and possible to reuse. 
 As an example the development 
of a model for the welding process 
(CWM)is described in more details. 
The strategy has been to develop a 
thorough understanding of three 
different aspects namely; 1)the 
material behavior; 2)the numerical 
strategy; 3)the craft of welding. 
 
 Secondly an efficient strategy 
for integration of the design 
activity with the manufacturing 
analysis activity needs to be 
developed. The time consumed in pre 
and post processing activities are 
in many cases much more costly than 
the actual analysis time. Dispite 
the fact that the manufacturing 
process can be tricky to simulate, 
the bottleneck in many cases is in 
the generation of the models that 
are being simulated. In addition, 
depending on the idealizations made 
when preparing models for 
manufacturing simulations the 
results may vary due to the inherent 
sensitivity of non-linear analyses. 
 
In the developed approach a rule 
based system (KBE) has been 
developed helping the design 
engineers to efficiently support the 
engineers performing the welding 
simulations. This system identifies 
a number of different parameters 
such as; necessary split lines of a 
model in order to describe the 
different components; mesh 
requirements in order to discretize 
the component on a global level; 
mesh requirements in order to be 
able to refine the heat affected 
zone in order to predict the heat 
input accurately. The KBE system 
guides the analysist in the process 
to define the numerical Finite 
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Element models later used as the 
basis for simulation. Since the work 
steps are being definied, and the 
modelling steps being automated, the 
result is manufacturing analysis 
models that are being defined in a 
coherent way. 
  
 Combining CWM with KBE 
technologies for design concept 
selection has proven to allow a 
relatively high number of 
alternatives to be analyzed with 
minimal interaction for the pre 
processing work necessary in welding 
simulations.  The technique enables:  
  

• Robust manufacturing built into 
the component already during 
design since design decisions 
can take into account the 
effects from manufacturing 
processes.  

• Reduction of product 
development lead-time since 
time consuming modeling 
activities can be automated.  

• Decrease of repetitive 
engineering work which 
releases the time for 
synthesis and the design of 
virtual experiments instead. 

• Reduction of modeling errors in 
engineering work since each 
step is being constrained and 
defined.Validation of these 
constraints can be done once, 
rather than for each new 
situation.  

• Reduction of trial and error in 
production, since the 
production process have been 
optimized virtually in advance 
of manufacturing trials.  

• Decreased need for hardware and 
physical trials, since the 
virtual iterations give a more 
stable and correct starting 
position for manufacturing to 
start with.  

 
Model for Computation welding mechanics 
(CWM) 
The computational model for the 
welding simulation is being 
developed using finite element 

techniques. Detailed descriptions of 
implementations in is this field can 
be found in e.d. [4]. The 
implementation at Volvo Aero has its 
base in the finite element code 
MSC.Marc with extensions tailored to 
deliver results within specific 
tasks. A number of different 
validation tests have been developed 
in order to secure the level of 
predictability of the code. These 
tests covers applications such as 
Tungsten Insert Gas welding(TIG), 
Laser welding and Electron Beam 
welding (EB). Details of the 
validation strategy development have 
been published separately and can be 
found in e.d. [5,6,7].  
The logic of developing the 
validations strategy builds on a 
hierarchical process as described by 
Oberkampf et al. in [8] and is for 
the welding case defined as: 
 

1. Material testbar 
2. Bead on plate 
3. Sub component 
4. Full sized component 

 
The experimental setups are designed 
to represent situations that can 
test the predictabilities of the 
developed models. One test 
configuration can be seen in Error! 
Reference source not found. and the 
full suite of validation in figure 
7. 
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Figure 4. Experimental setup for 

validation of welding model 
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This experiment is used to identify 
predictability of heat transfer by 
measuring thermal gradients created 
in the test sample. At the same time 
it also traces the geometrical 
deformations changes by gap and out 
of plane measurements. The clamping 
forces are measured by force gauges 
and response at the different 
fixturing points. All parameters are 
being traced during each welding 
trial. 
 
Knowledge driven design tools 
 Knowledge Based Engineering 
(KBE)tools have been around for a 
long time, and the functionality of 
these tools has increased following 
the evolution of computer based 
tools. KBE itself was initiated in 
the mid-80th and became more widely 
used within industry during the 
90th. A few years ago the CAD and 
CAE vendors adpted the programming 
techniques necessary to generate 
product models that included not 
only geometry but also materials, 
process information, rules and 
restraints for analysis models etc.  
The automated process has been 
described in detail in [9, 10] and 
can be brefiely described as 
follows,  
First – the design geometry, 

existing in CAD ise decomposed and 
idealized.  

 
Figure 5. The CAD model of the 

geometry to be analyzed. 
 
The automated step results in a 
sector built idealized to a 
appropriate fidelity. 

  
Figure 6. The sectioned and 

idealized geometry.  
 

A method is applied that follows the 
rules and constraints necessary for 
efficient preparation of an welding 
manufacturing model. 

 

 
Figure 7. Validation strategy using a hierarchical approach 
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Figure 8. The method to generate 

the Finite Element model 
 

Finally, the geometry is meshed and 
the computational model is 
generated.  

 
Figure 9. The computational model 
 

The final step is to apply the 
loads, material data and weld 
process input data and the model is 
prepared for simulation. All these 
steps are normally conducted manally 
wheras these can now be automated. 
The gain in lead time is significant 
and enables variations on the design 
model to be associated with the 
equivalent, robustly defined, 
manufacturing analysis model almost 
instantly. Virtual Experimentation 
is enabled.  
 
 

EXAMPLES OF APPLICATIONS 

 
At Volvo Aero several product 
development projects have used the 
developed methods. Bellow follows 
two cases where virtual prediction 
of manufacturing behavior has been 
predicted prior to implementation in 
the manufacturing shops using the 
described integrated approach.  
The first case relates to the GEnx-
engine family where Volvo Aero is 
responsible for the design and 

manufacturing of the Turbine Rear 
Frame (TRF). The chosen design 
solution for the TRF is a 
fabrication including more than one 
hundred welds.  In order to reach 
the required geometrical tolerances 
after welding of the TRF, the 
developed finite element code was 
used for decision making in a number 
of different situations. Close 
cooperation between welding analyst, 
welders, welding engineers and 
fixture design engineers resulted in 
the selected welding sequence which 
meets the defined geometrical 
tolerances.  
Figure 10 shows the final completed 
TRF after welding. 
 

 
Figure 10. GEnx Turbine Rear 

Frame as welded 
 
The second case relates to a Volvo 
Aero manufacturing task for the 
Turbine Exhaust Case (TEC) of the 
PW2000. The TEC is manufacturing by 
fabrication and about 200 welds are 
needed to manufacture the product.  
Issues have been identified with the 
robustness of the geometrical 
tolerances created during 
production.  
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Figure 11. Welding of PW2000 

TEC 
 
Several welding sequence concepts 
were investigated to find a more 
robust manufacturing sequence. From 
the welding simulations it was shown 
that the residual stresses could be 
lowered using a different welding 
sequence. Moreover, to further avoid 
the issue with geometrical 
tolerances a pre-deformation was 
given to the product before welding, 
the amount of needed pre-deformation 
was calculated by the welding 
simulation tool. 
 

CONCLUSIONS 

 
 This paper has presented 
development strategy and lesson 
learned from implementation of 
virtual manufacturing tools in 
industrial applications. A clear 
understanding of material aspects, 
numerical characteristics and 
manufacturing process knowledge has 
been proven critical to all 
different applications developed at 
Volvo Aero. In the same time, 
improved efficiency in engineering 
work has been developed and a KBE 
driven approach has been implemented 
in order to improve the pre 
processing task in setting up 
analysis. This development has 
proven to give speed ups by several 
times in comparison to previous 
results. 

 During the research and 
development work as well during day 
to day use some key success factors 
has been identified in order to have 
a successful implementation of the 
tool: 

• Continuity and management 
support through out the 
organisation 

• Selection of a flexible 
software platform with 
continues improvement and an 
open architecture which allow 
user enhancement through 
coding of new algorithms 

• Introduction of the tool in the 
correct context 

• Involvement of people that owns 
the problem (welding 
engineers, weld operators, 
design responsible, project 
managers, experimentalists, 
material specialists, …) 

• Close collaboration with the 
research community 

• Timing, which sometimes are 
considered as “having luck” 

 
Tools for virtual manufacturing 
enabled investigation of welding 
sequences that is too complex and 
costly to investigate by trials can 
no be analysied. The tool also help 
decreasing the product development 
time and cost by choosing an optimal 
welding sequence for the first 
physical hardware to be created. 
Finaly an integrated approach 
between design and manufacturing 
activities using KBE tools has shown 
to improve robustness and efficiency 
of the engineering work. 
 This paper has given examples 
of analysis of the welding process. 
Contiunes development of different 
manufacturing processes is on going 
and new model are implemented as the 
pass the validation criterias 
(proven in relevant environment). In 
manufacturing each process is 
normaly depending on what happened 
to the material prior to current 
operation. Therefore on going 
development is investigating 
strategies for chain analysis of 
full manufacturing sequences. When 
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performing these type of chain 
analysis the complexity of the model 
will be a grate challenge and a 
advanced KBE tool need to be 
developed along with analysis tools. 
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