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I 

 

Abstract 

This report is the documentation of a master’s thesis which was conducted at Scania CV AB in 
Södertälje. In this study, the benefits, challenges and conditions of using parametric CAD-
models for aiding CFD-simulations and performance-optimization in the product development 
within internal combustion engines have been assessed. The goal of the thesis included 
developing and proposing a methodology for design engineers at Scania which will aid them in 
creating parametric CAD-models which are robust, flexible, comprehensible and intelligent. 
The study also included assessing the benefits and pre-requisites of such methodology with 
both practical and theoretical approaches. The ultimate goal of this entire study was to create 
value for the organization by reducing lead-time in the design process while promoting the 
production of high quality products.  

A case-based approach was applied in the study in which modeling strategies resulting from 
practical investigations and analyzing existing methodologies were implemented on a CAD-
model representing the gas-volume of a turbine volute. The chosen strategies were evaluated 
and subsequently documented as a part of the methodology or discarded depending on its 
support for the parameterization. The final methodology itself was evaluated based on the 
quality of the parameterized CAD-model, the time required to create the model and its 
compatibility to the present design process at Scania CV AB. Finally the methodology was 
discussed with respect to the different evaluations, and the defined research questions were 
discussed and answered. The results of the thesis revealed that if parametric CAD-models are 
made in a structured, standardized and conscious manner, they are able to be highly robust 
and flexible which gives the models the ability to assume a big set of different forms. The 
methodology is recommended to be tested in a pilot project and be implemented through 
internal courses at the company. 

It was concluded that a methodology which aids the design engineers in creating parametric 
CAD-models will be the key towards implementing parametric CAD-models in the company 
and also enabling the many benefits of parameterization, which includes reduced lead-time, 
enhanced component performance, increased knowledge about the component, and 
promotion of collaboration among engineers. It was also concluded that parametric models 
are best suited when the existing design freedom is big and when the time permits 
performance analyses via optimizations, while challenges include ensuring that the model is 
parameterized correctly with respect to the CFD-engineers’ wishes while taking into account 
the requirements from other disciplines. Therefore it is very important to establish a 
communication between the different engineers.  Ultimately, when parametric models are 
established in the organization, they are recommended to be implemented eventually in both 
short-term and long-term projects within Scania for its beneficial properties. 
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Sammanfattning 

Denna rapport är dokumentationen av ett examensarbete som genomfördes på Scania CV AB i 
Södertälje. I denna studie har fördelarna, utmaningarna och villkoren med att använda 
parametriska CAD modeller för att stödja CFD-simuleringar och prestanda-optimering i 
produktutvecklingen av motorkomponenter undersökts. Målet med examensarbetet 
inkluderade att utveckla och föreslå en metodik för konstruktörer som kommer stödja dem i 
att skapa parametriska CAD modell som är robusta, flexibla, förståeliga och intelligenta. 
Studien inkluderade också att undersöka fördelarna och förutsättningar med en sådan metodik 
med praktiska och teoretiska metoder. Det slutliga målet av hela studien var att skapa värde 
för organisationen genom att minska ledtiden i designprocessen och samtidigt stödja 
produktionen av högkvalitativa produkter. 

Ett fallstudiebaserad tillvägagångssätt applicerades i studien, i vilken modelleringsstrategier 
från praktiska undersökningar och existerande metodiker implementerades på en CAD-modell 
som representerade gas-volymen hos en turbin volut. De valda strategierna utvärderades och 
dokumenterades därefter som en del av metodiken eller sållades bort beroende på dess stöd 
för parameteriseringen. Den slutliga metodiken utvärderades baserat på robustheten och 
flexibiliteten hos CAD-modellen, tiden det tog att skapa modellen, stödet till CFD-simuleringar 
och dess kompatibilitet hos den nuvarande design processen i Scania CV AB. Slutligen 
diskuterades metodiken med avseende på de olika typer av utvärderingar, och 
frågeställningarna besvarades. Examensarbetets resultat påvisade att om parametriska 
modeller skapas på en strukturerat, standardiserat och medvetet sätt är de väldigt robusta och 
flexibla vilket ger modellen förmågan att ta sig an en stor mängd olika former. Metodiken 
rekommenderas att testas i ett pilotprojekt och implementeras genom interna kurser på 
företaget. 

Det konstaterades att en metodik som stödjer konstruktörer i att skapa parametriska modeller 
är kritiskt för att möjliggöra fördelarna med parameterisering, vilket inkluderar minskad led-
tid, förbättrad komponentprestanda, ökad förståelse för komponenten och stöd för samarbete 
mellan konstruktörer. Det konstaterades också att parametriska modeller är bäst lämpade när 
designfriheten är stor och tid finns för prestandaanalyser via optimeringar, medan 
utmaningarna inkluderade att säkerställa att modellen är parametriserad på rätt sätt med 
avseende på CFD-ingenjörernas önskan samtidigt som hänsyn tas till krav från andra 
discipliner. Det är därför extremt viktigt att upprätthålla en kommunikation mellan de olika 
ingenjörerna. Slutligen, när parametriska modeller har etablerats i organisationen, 
rekommenderas dem att implementeras eventuellt på både kortsiktiga och långsiktiga projekt 
inom Scania för dess olika fördelar.  
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1 Introduction 

Research and development focusing on internal combustion engines (ICE) are constantly 
striving to increase its efficiency while decreasing its pollutant emissions. This also demands 
that the design engineers (designers) themselves reach these goals at a faster rate in order to 
minimize the time invested. 

Traditionally at Scania CV AB, physical tests have been conducted on prototypes of the various 
components in order to verify their properties. However, with the ever growing computer 
power and better simulation accuracy, more of these tests are able to be replaced by 
computer simulations. Simulations such as Computer Fluid Dynamics (CFD) and Finite Element 
Method (FEM) are leading the growing domination of computer simulations in modern 
automotive industries. 

1.1 Background 

Scania CV AB is one of the enterprises that are striving to achieve better designs of the internal 
combustion engine with respect to lower fuel consumption and lower pollutant emissions. 
Present workflow at Scania for the design of the ICE is iterative and serial involving engineers 
working on CAD modeling, physical testing, and CFD- and FEM-simulations. The workflow 
initiates with the design engineers creating a first version of a CAD-model of the component in 
CATIA V5. The model is able to represent the solid as well as the internal gas-volume of the 
component. The former is needed for stress simulations using FEM while the latter is needed 
for flow simulations using CFD. This development cycle between design and fluid simulation 
can be seen in Figure 1. Results from the calculations are gathered and information regarding 
improvements of the component is sent back to the design engineer in order to make the 
necessary geometrical changes in the solid and the fluid model, which could take a 
considerable amount of time depending on the structure of the CAD model and the desired 
change itself. Since this is an iterative process, it quickly becomes a bottleneck in the entire 
development cycle of the engine, especially when it regards new components developed from 
scratch. Moreover, the iterative process is further slowed down by the complexity and various 
constraints in the component. Thus, the process of developing the components takes a 
considerable amount of time which leads to that relatively little time is spent on optimization 
and improving concept design. 

The lead-time in the development cycle of the engine-components has become an ever 
increasing matter that needs to be solved. By using parametric CAD-models which can easily 
and quickly be geometrically modified, development time and cost can be reduced while 
producing a better quality product. Moreover, with the parameterized models, the simulation-
engineers in FEM, CFD or any other disciplines which use 3D geometries in their work can 
easily access and change the models themselves and perform simulations on various 
geometric designs independent of the original creator of the model. Parametric models also 
enable the possibility to optimize the design by performing simulations on a set of geometries 
derived from the master parametric CAD-model. 
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CFD Simulation Results 

 

 

Figure 1: The primary focus of the thesis is on the design engineer and the information given 
from the CFD simulations 

1.2 Purpose and Goal 

The purpose of this thesis is to investigate the benefits, challenges and conditions of using 
parametric CAD-models in CATIA V5 for aiding CFD-simulations and optimization in the 
development of ICE components. The goal of the thesis is to produce a parametric model as a 
proof-of-concept in CATIA V5 with a proposed methodology which will strive to reduce 
development time and subsequently cost. The model was chosen to be the fluid-volume of a 
turbine volute of a heavy-duty Diesel engine. In summary the goal of this thesis is to produce a 
parametric model of the fluid-volume of a turbine volute and establish a methodology for 
parametric design in order to achieve the following points: 

 To increase the quality of CAD-models with respect to robustness, flexibility and 
intelligence. 

 To increase the performance of ICE-components by aiding CFD-simulations with 
parametric models. 

 To decrease modeling time by increasing the reusability of CAD-models. 

 To enhance the collaboration among designers and between design - and simulation-
engineers. 

It should be noted that another thesis with identical purpose and goals as this thesis was 
conducted simultaneously at Scania CV AB. The sole difference being that a different 
component was chosen for parameterization. However, as the company asked for one single 
methodology, the final methodology was a combination of the methodologies proposed in the 
two theses. The methodology proposed in this thesis alone is presented in the Results. 

  

CAD geometry 
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1.3 Research questions 

The result from the thesis will try to answer the following questions: 

RQ1: What are the benefits of using parametric CAD-models? 

RQ2: In what instances are parametric CAD-models compatible in the design phase and 
when is it not? 

RQ3: What are the main challenges of creating parametric CAD-models?  

RQ4: How should Scania specifically work with parametric CAD-models as an organization? 

1.4 Thesis Delimitations 

The product of this thesis will be a methodology for creating robust, flexible and reusable 
parametric models and one parametric model in CATIA V5. Even though the pre-study of the 
work partly included the interaction between FEM and design, the primary focus of this thesis 
is upon creating parametric models in CATIA V5 to aid simulation-driven design in CFD. 
Therefore the thesis will mainly focus on the connection and collaboration among designers 
and between designers and CFD-engineers, whose iterative collaboration from the designers’ 
perspective is visualized in Figure 2 below. This focus towards CFD is also the reason why the 
models chosen to be parameterized are internal gas-volume. Moreover, it should also be 
noted that even though the collaboration involves CFD, no CFD simulations will be conducted 
or included in this study alone. Lastly the implementation of the proposed methodology in the 
organization is not included in this study. 

 

Figure 2: The designers collaborate with several departments. Their cooperation with CFD is the 
main focus in the thesis 
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1.5 Thesis Outline 

This sub-chapter showcases the summarized content of the entire thesis. 

1. Introduction 

The introduction gives the reader an overview of the background of the thesis and describes 
the present situations at Scania and the challenges they are facing during the design process. 
The purpose and goal of the thesis is established and the research questions for fulfilling the 
purpose are presented. Finally the delimitations of the study are revealed in order to 
establish its focus. 

2. Theoretical Framework 

The theoretical framework presents the theory onto which the thesis study and the drawn 
conclusions have been based upon. 

3. Methodology of the Thesis 

The methodology-section describes the proposed set of methods which has been applied in 
order to fulfill the purpose and reach the established goal. The methods include data 
collection and systematic strategies based on theoretical and practical information gathered 
throughout the study.  

4. Results 

The results gathered during the study are presented in this section. 

5. Discussion 

The implementation of the proposed methodology and the results thereafter are discussed 
with respect to the chosen approaches and the present situation in the organization 

6. Conclusions 

The conclusions of the study are presented in this section. Here the research questions are 
answered. 

7. Further Studies 

Suggestions for the continuation of the thesis study and which direction to proceed towards 
regarding the development of the proposed methodology are presented in this section. 
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2 Theoretical Framework 

The theoretical framework of this thesis covered different areas which were determined to be 
relevant for parametric modeling. These areas included existing methodologies for creating 
parametric models, knowledge-based engineering, design of experiment and organizational 
changes. 

2.1 Parametric Modeling 

Parameterization of CAD-models can be achieved in modern CAD programs in order to enable 
easy and quick geometrical transformations in the model. The different levels of 
parameterization have been visualized in Figure 3, which is adapted from Tarkian [1]. It can be 
seen that the four different levels are divided into morphological and topological 
transformations. Morphological transformations are modifications which occur within the 
existing design of the model, while topological transformations regard changing the design 
more significantly by adding or removing geometrical features in the model.   

 

Figure 3: Different levels of parameterization [1] 

Equation Based Relations regards the mathematical relationships between geometrical 
features and parameters. This is an efficient method for decreasing the total number of 
independent parameters in the CAD-model. [1] 

Script Based Relations can be used to manipulate the model on a morphological and 
topological level. By defining relations in a chosen programming language, either within the 
CAD software itself or in a separate system, the parameters in the model can be managed 
flexibly as in the previous parameterization-level. Script Based Relations can also be used to 
establish logic reasoning in order to enhance the flexibility of the model. This refers to the 
ability to being able to alter the state of geometrical features by activating or suppressing 
them. This is topological transformation. [1] 

Generic Instantiation refers to the reuse of geometrical features. With the help of pre-defined 
functions, chosen features can be automatically instantiated or deleted depending on the user 
input. The geometrical position and morphological modification are later achieved 
parametrically with the parameters for the instantiated feature. [1] 

Associative Generic Instantiation refers to the reuse of geometrical features whose 
associativity is taken into account. This means that the features are modeled with a set of 
geometrical references which can later be used to couple the instantiated feature with 
external geometry. This means that the instantiation will be controlled by the external 
geometry and thus separate parameters for the instantiation are not needed. [1]  

 

Ass. 

Gen. Instantiation 

Generic Instantiation 

Script Based Relations 

Script Based Relations 

Equation Based Relations 

Morphological 

Topological 
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2.2 Knowledge-Based Engineering 

Knowledge has always been a fundamental part within design and the manufacture of 
products within engineering. Conventional methods for storing the knowledge has been many, 
such as drawings, reports, books and information embedded in software application tools. 
However, none of the methods are completely compatible in assisting collaboration between 
engineers using computational tools. The knowledge contained within a Knowledge-Based 
Engineering (KBE) is the same which is stored with conventional methods with the difference 
being that the knowledge is inside a digital knowledge base accessible by everyone, which 
allows collaboration. The knowledge itself is represented by a set of rules that holds 
information regarding design, production processes and other aspects surrounding product 
manufacturing. [2] 

As mentioned while describing the different levels of parameterization, KBE does not express 
designs with fixed data, but with a set of rules and formulas which enables the design to 
assume a large variety of similar parts. This infused knowledge within the rules in the design is 
the definition of KBE, which can be executed to resolve design problems. [2] The purpose of 
KBE in CAD is ultimately to reduce lead-time by automating mundane and repetitive 
operations and also capture the knowledge within the designs [3]. 

While not considered KBE, user-defined parameters are the stepping stones towards 
introducing KBE. The types of parameters are many, such as Real, Integer, String, Length, Mass 
etc. With user-defined parameters, the user has immediate access to the parameters which 
control the geometry. Moreover, the key-information of the model is also collected in one 
place with the parameters. An example can be seen in Figure 4 from [4]. Parametric models 
can be driven and changed with user-defined parameters. [4] 

The first step towards introducing KBE is through formulas which are relations used to define 
or constrain parameters. A formula in CATIA V5 is created when you connect a user-defined 
parameter to a feature. This can be seen in Figure 4. In the figure, the formulas under the 
“Relations”-node shows the parameter that is to be constrained and its statement. These 
statements are user-defined while the parameters in said figure are not. [4] 

 

Figure 4: Parameters and Formulas in a part-model [4] 

More about KBE and how to incorporate intelligence in CAD-models with CATIA v5 specifically 
can be read in Appendix 9.5. Regarding CATIA v5 itself, several useful tools for 
parameterization are shortly described in Appendix 9.6. 

Key information of the 
model is collected in one 
place of the part, so that 
there is no need to search in 
the PartBody to change the 
geometry. 

Parameter to constrain Statement 
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2.3 Existing Parametric Design Methodologies 

There are several research papers which focus on parameterization of CAD-models and have 
subsequently formulated integrated approaches which standardize the modeling itself. Some 
also cover a pre-modeling phase and a post-modeling phase. This section will describe and 
analyze the structure of three different approaches. The following approaches are: 

 PARAMASS by Salehi et al. [5] 

 Explicit reference modeling methodology by Bodein et al. [6] 

 Resilient modeling strategy by Gebhard. [7] 

2.3.1 Reference System 

The definition of a reference system is described beforehand in order to increase the 
comprehension of each described model for the reader as a reference system generally exists 
in most parametric modeling methodologies, including the three described methodologies.  

The reference system is basically a wireframe model containing basic geometrical information 
and elements such as points, lines and planes which are needed to define and capture the 
core-architecture of the parametric model. Wang et al. [8] summarizes the wireframe model as 
being a collection of 3D control points connected through 3D curves. The control points are 
used to represent the hard points of a model. For a vehicle, this would include opening lines, 
such as door opening lines, windshield and backlight opening lines and contour or profile 
surfaces on panel surfaces, such as roof panels. Figure 5 shows the different types of stages in 
a parametric CAD-model and the position of the wireframe model in this hierarchy. 

 

Figure 5: The relationship between the model-stages in the CAD model 

The user-defined parameters together with the reference system, which is sometimes also 
abbreviated as a skeleton model on assembly-level, is also the modification-interface between 
the user and the parametric model. The reference system also has the role of representing the 
various interfaces which the components have established to other connecting components. 
Hence without a reference system, a great portion of the control of the model is unavailable 
for the user. A challenge with an independent reference system could be that the architecture 
can become too complex and confusing when the content of reference elements increases, 
which leads to the designer losing the design intent. Design intent refers to how the model is 
intended to be structured according to its designer, and also his or her knowledge and 
awareness of the structure in the model. However, by following a structured and organized 
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method for creating the reference system, excess complexity and confusion surrounding the 
structure can be effectively prevented and the design intent can be maintained.  

2.3.2 PARAMASS 

The methodology of Salehi et al. which has been named PARAMASS (PARAMetric ASSociative) 
is initially formed by his literature study and descriptive study which is comprised by interviews 
and a questionnaire study conducted in an unnamed organization. The identified challenges 
and factors leads to a methodology which is divided into three phases: specification phase, 
structuring and creation phase and lastly modification phase.  

During the specification phase, which is considered the most important one since it is here 
where the design intent of the model is defined. It is also in the specification phase where the 
designer gets a good understanding of the structure in the part or assembly. Specifically, an 
evaluation is done in order to determine the important and relevant parameters and the 
associative relationships. The approaches that are used in order to identify, determine and 
document the parameters and their associative relationships is in the form of a Parametric 
Structure Matrix (PSM), and Associative Structure Matrix (ASM). A compressed example of 
these matrices for a piston pin can be seen in Figure 6 from [5]. The PSM represents the 
parameters while the ASM represents the associative relationships which the piston pin has to 
other components in an assembly. The parameters in the PSM are divided into three 
categories which are geometry, physical and process parameters. The geometry parameters 
are the geometrical entities in the model such as size, height, length and diameter. The 
physical parameters define other properties of the model, such as material, density and mass. 
The process parameters define the important parameters during manufacturing. These 
parameters can be NC-processing data, tolerances and draft angles. The data in the ASM 
includes the identification and determination of the associative relationships between 
geometrical entities. This could refer to the connection between independent parts in an 
assembly, or the geometrical relationships and constraints between the geometries within a 
single part. [5] .  

Parameter Structure Matrix (PSM) 
 

      
  

Parameter  
classification 

Geometry 
Parameters 

Physical 
Parameters 

Process 
Parameters     

     Organization CAD CAE CAM 
 

        Parameter name 1 2 3 4 5 6 
 

      1 Length   X          
 

Associative Structure Matrix (ASM) 

2 External diameter   X        
 

  Part name 1 2 3 4 

3 Centre of gravity             
 

1 Piston   X      

4 Mass             
 

2 Piston pin     X    

5 Draft angle             
 

3 Connection rod         

6 Tolerance             
 

4 Snap ring         

Figure 6: The PSM and ASM for a piston pin according to the design of Salehi et al. 
Relationships between parameters are marked with an “X” [5] 

The initiation point of the identification and determination of parameters is the definition of all 
possible parameters. With the help of the PSM, it is possible to capture all of the relevant 
parameters in a model. Moreover, the resulting documentation in the PSM allows the 
exchange of relevant parameters with other design engineer and departments. Organizing the 
parameters in this manner also clarifies the design process which incites collaboration 
between the different disciplines. [5] 

The ASM is established after the identification and determination of the relevant parameters 
in the PSM. The initiation point of ASM is analogue to PSM, in which the associative 
relationships in the model are identified and determined. This could refer to the geometrical 



   

  9 

constraints which exist within the parts or the interconnections between the parts in an 
assembly. This could be for example definitions of parallelism, perpendicularity, coincidence, 
etc. The ASM also includes the geometrical constraints defined by neighboring components. 
[5]        

The specification phase is followed by the structuring and creation phase in which the model is 
created. Salehi et al. means that the main purpose of the structuring phase is to decompose 
the system into smaller subsystems in order to reduce the complexity. With the reduced 
complexity comes the possible increase of reusability since the system is more easily 
understood by the designers and other users. The goal is to increase the transparency of the 
parameters and associative relationships found in the specification phase, and subsequently 
apply pre-defined and standardized structures in the CAD model. These structures are 
different depending on if they are parts or assemblies. These structures are named PA 
Assembly Structure (PAAS) and PA Part Structure (PAPS). The PAAS contains three parts: the 
reference model, the rough part and the finished part. The reference model contains the basic 
elements of the CAD model. As before, these elements include points, lines, but also surfaces 
and parameters. In other words, the reference model holds the master skeleton of the CAD-
model. The rough part contains the basic geometrical feature information of the components 
in the assembly, and also their associative relationships with respect to one another. Finally 
the, finished part, contains all the necessary machining information of the components, which 
could include draft-angles, tolerances and material. The PAPS, which is directed towards 
independent parts, is instead divided into four parts. The first part contains the input 
information for establishing a reference model built up by points, lines, and curves. The second 
part contains the geometry itself together with its parameters and associative relationships, 
while the third and fourth part contains information for down-stream processes, which are 
CAE and CAM respectively. [5] 

The modification phase acts as evaluation stage for the entire modeling process and the 
created CAD-model. Here, the model is expected to be able to be modified by the established 
parameters without failures. Another important point during this phase is to ensure the 
consistency of the associative relationships between the geometrical entities, and that they 
are active throughout the modification phase. [5] 

2.3.3 Explicit Reference Modeling Methodology  

In contrast to Salehi, Explicit Reference Modeling Methodology has exclusively a part-centric 
development. Bodein et al. focuses therefore on the strategies for modeling, as well as the 
structure and organization, on part-level rather than on assembly-level. As the name suggests, 
Bodein et al. proposes a method for parametric modeling with the help of explicit references. 
The explicit references consist of user-defined reference elements, such as points, lines, 
curves, planes and surfaces, which as many design operations as possible should be referred 
to. See Figure 7 below for a visual representation of the strategy from [6]. The aim of the 
entire methodology is to minimize the creation of constraints and references to the 3D-
geometry itself directly in order make the model and its tree-structure more comprehensible 
for the user and to increase its robustness and reliability during modifications. [6] 
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Figure 7: Modeling operations based on explicitly defined references, and on 3D-geometry [6] 

The method in its core-level can be summarized as striving to make the modeling hierarchy of 
the design features as flat as possible by giving the explicit references the role of the parent in 
the parent/child links between features. What can also be seen in Figure 7 is that certain 
operations simply cannot be constrained to explicit references. Bodein et al. has therefore 
chosen to divide the different possible constraints into two different categories. These 
categories are constraints to the 3D-geometry which are not mandatory, and constraints to 
the 3D-geometry which are mandatory. The first category is constraints that can be transferred 
to the explicit references while the latter are features that are required to be directly 
constrained to the 3D-geometry. The proposed solution is thus to create these features as 
close as possible to their parents, in order to reduce any potential subsequent dependencies. 
Subsequently this means defining all drafts, fillet and shell operation as close to their parents 
as possible. However, subsequent design operations must be referred to the same parent, 
which is the model before applying the first design operation. Figure 8 from [6] demonstrates 
this strategy.   

 

Figure 8: Features must refer to the same parent solid in order to make the model more robust 
[6] 

This also increases the design intent and the comprehension of the model since the model tree 
becomes more structured and logical by having the features chronologically placed to one 
another. [6] Bodein et al. also proposes modeling strategies for sketches, whose topological 
modifications should be reduced in order to minimize the effect of “persistent naming” [9], 
which is the occurrence of geometrical faces appearing and disappearing depending of the said 
design operations in category 2.  
 
Like Salehi, Bodein also explores functional breakdown of a components, meaning 
decomposing the component into several less complex parts according to the sub-function 
which they serve. In the example of a radiator tank in Figure 9 from [6], the model is divided 
into the nozzle, which is the input of the flow, the foot pad which is the sealing between the 
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tank and the radiator and the main core shape which has the function of distributing the flow. 
The radiator itself cannot be seen in the aforementioned figure. 

 

Figure 9: A proposal of the decomposition of a radiator tank-model [6] 

The resulting decomposition includes breaking down the explicit references according to the 
subparts as well. This structure is visualized in Figure 10 from [6]. Except the purpose of 
breaking down the component in order to make it more comprehensible, the decomposition 
also serves the purpose of limiting and managing the amount of external references. An 
excessive quantity of references can be confusing which makes the model difficult to 
understand and control. Thus, the risk of the part tree-structure no longer is reflecting the 
design intent of the designer increases. [6] 

 

Figure 10: The decomposition includes the solid geometry as well as the references for each of 
the subparts [6] 

Including this decomposition, the creation of models according to Bodein et al. can be 
summarized as the following steps [6]: 

1. Identification and determination of the component 
a. The determination of the functional area of part 
b. identification of interfaces between functional areas  

2. Creation of references for each of the functional areas. A link between the areas must be 
created between the explicit references and not using the 3D-geometry directly. 

3. Creation of solids for each functional area independently. Connection between the solids 
is done afterwards with Boolean operations. 
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2.3.4 Resilient Modeling Strategy 

Resilient Modeling Strategy (RMS) is built upon best practices and strives to give CAD-models 
three core properties. They must be editable, meaning the models are robust enough to be 
geometrically modified. They must be obvious meaning that the structure of the models do 
not rely on subjective personal intuition. Finally, the models must be reusable which is fulfilled 
if they are editable and obvious. The three properties are achieved as the structure of the 
models follow a standardized model-tree in which the features are categorized into six 
different categories according to their purposes: Reference features, Construction features, 
Core features, Detail features, Modify features and Quarantine features. These are visualized in 
Figure 11 below from [7]. The purpose of the categorization is also to organize the parent/child 
links between the created features. According to Gebhard, if the features can visually be seen, 
it can be linked to as a parent. [7] 

 

Figure 11: The tree according to Resilient Modeling Strategy [7] 

The Reference Features contain the reference system in Gebhard’s methodology. These 
features are constituted by reference elements such as images, sketches, points, lines and 
planes.  

The Construction Features are features that are used to define other complex solid features 
and shapes. These features include surfaces, projected curves and features that edit faces. 
Examples on the latter would be trim, split and project.  

The Core Features contain the overall prismatic solid shape of the model without any of its 
finer details.  

The Detail Features contain the features that make small changes to the model. Examples 
could be bosses and hole in the model. According to Gebhard, one feature within the group 
must not be a parent to another feature within the same group. This is to minimize different 
dependencies that could make the model unstable and crash. Therefore, features within this 
group should be suppressed as soon as they are applied onto the model. However, in the cases 
where these kinds of local relationships are absolutely needed, Gebhard mentions that they 
should be made adjacent and be isolated in a subgroup.  

The Modify Features are features that transform faces or replicate features. In other words, 
features such as draft, mirror and pattern belong to this group.  

Finally the Quarantine Features collect and isolate “volatile” features at the end of the tree in 
order to avoid risks of referring to them during the modeling process. Typical features in the 
category are chamfers and rounds. Gebhard mentions also that it is important that design 
operations on edges, such as round and chamfer, must never consume their defining surfaces, 
which would give rise to persistent naming. [7] 

Regarding obvious model, Gebhard means that they must be structured and organized. The 
main goal of obvious models is to avoid “intuitive” models, which are formed by instinctive 
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feelings instead of conscious reasoning. Intuitive models are avoided as they reflect what is 
obvious solely from the aspect of the original creator. Therefore, they can be interpreted 
differently depending on the background and knowledge of another user. Ironically, the more 
experienced the original creator is, the more unclear is the model, as the model will contain 
various modeling shortcuts which may not be clear for other less experienced users. Gebhard 
also means that the design intent of a model is significantly increased by renaming the 
features. The name of the feature should communicate its design intent and numerical value 
as well. The feature tree should be able to be read like a recipe for creating the model. [7] An 
example of renamed features can be seen in Figure 12 from [7].  

 

Figure 12: Renaming the feature according to its design intent increases the comprehension of 
the model [7] 

For reusability, Gebhard says that a “family of parts” ought to be replaced by a master part 
that can be changed, entirely or partly copied, and instantiated into the same model or 
another. In other words, the wheel does not need to be reinvented. Similar models should not 
be created separately and independently. Instead similar parts should be able to be created by 
modifying an existing model.  

Finally, Gebhard advocates the usage of a checklist in order to ensure that the implemented 
strategy has been followed properly from the beginning to the end. The checklist brings clarity 
to the process, uses yes/no criteria and it is easy to see what need to be corrected according to 
the checklist [10]. The checklist for Resilient Modeling Strategy can be seen in Figure 13 below 
from [7]. As one can see in the list, there are also techniques that should be avoided. The first 
one is having “rounds consuming its defining surfaces”, “Undo Features” refers to features that 
are added to reverse the effect of a problematic feature rather than resolving it. Lastly “Single 
Feature Sketches” refers sketches that are only used in one feature. Therefore, in order to 
make tree structure shorter and more obvious, these sketches should be hidden in the tree. 

 

Figure 13: The checklist after implementing Resilient Modeling Strategy [7] 
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2.3.5 Analysis of the Methodologies 

The three approaches selected for the review all focused on identifying the requirements and 
challenges of parametric modeling and propose their own methodologies for fulfilling and 
resolving them respectively. The proposed methods of Salehi et al. and Bodein et al. are built 
upon investigative phases of literature studies and questionnaires, and the results from 
implementing their proposed models in workshops in automotive industries, as well as in 
universities. The proposed model of Resilient Modeling Strategy by Gebhard is built upon best 
practices based on his years of experience in CAD. However, there are no formal research 
papers or books which have attempted to implement the model to either confirm or dismiss its 
efficiency. Nonetheless, the strategy is systematically structured and also shares some strategy 
elements from Salehi and Bodein. Moreover, it considers many of the core goals which are 
considered in the other two methods. Thus, RMS seemed relevant to analyze. The most 
distinguishing and most important goals within the three methodologies are to strive towards 
the following when creating parametric models: 

 Stable and robust models that can be geometrically modified with well-defined 
parameters. 

 Models that can be, partly or entirely, reused in future modeling processes. 

 Models that have a clear feature tree with clear parent/child relationships. 

The first point refers to modifications of parameters connected to the geometry must not lead 
to crashes. The models should also be able to be reused in future design processes. The 
manifestation of reusability is defined differently depending on the paper, ranging from the 
entire model to some parts of it which can be used in the form of defined templates. The third 
goal of each methodology is that the model must be comprehensible for everyone involved, in 
order to incite collaboration among several designers.  

The methodologies also draw the same conclusion regarding the conditions of parametric 
models: Parametric modeling works only efficiently if it is organized, structured and planned. 
Hence, the need for a standardized and integrated workflow, that includes a preparation, 
modeling, and evaluation phase, which all designers in the organization understands and 
follows is crucial in creating applicable and relevant parametric models. As mentioned, the 
authors also have the same modeling structure regarding having a reference system which acts 
as a wireframe for the entire structure of the model, regardless of if it is a single part or an 
assembly. Another interesting phenomenon that is mentioned by Bodein et al. and Gebhard is 
“persistent naming” which refers to direct references to the faces of the 3D geometry. The 
dimensions of faces changes, appears and disappears depending on the design operations. 
Referring to them is unstable and should therefore be avoided. Bodein et al. solves this with 
explicitly defined references while Gebhard solves this by modeling strategically. A case-
example of resolving persistent naming is to ensure that a dress-up feature on edges such as 
rounds and chamfers never absorbs their defining edges. 

Subjects that were not brought up by the papers were methods for evaluating the model with 
respect to robustness and flexibility. Only Salehi et al. mentions that the model is simply 
modified during its modification phase, but no structured method for evaluating the model 
was mentioned. Moreover, the incorporation of intelligence in the model, such as KWA, was 
non-existent in the methods. The degree of complexity in reused CAD parts is also not 
discussed in the paper. 
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2.4 Design of Experiment 

A Design of Experiment (DoE) is a set of experiments conducted to study the output of a 
specific system when given a certain input. The input could be multiple variables. The purpose 
is subsequently to determine the effect on the output from each of the variables [11]. In this 
thesis, the outputs are the different geometries derived from the parametric master model. 
The inputs are the different values of the parameters in the model, which are expressed 
through a spreadsheet interface. Subsequently the CAD model is updated to adopt the values 
of the parameters in the spreadsheet. The generated models serve two purposes. Firstly, the 
DoE together with the CFD-simulations are used to generate and  find the best model with 
respect to the defined design goals. Secondly, the DoE forms the basis for evaluating the 
robustness and flexibility of the parametric model. 

2.5 Methodology Implementation in an Organization 

The purpose of the introduction of the methodology is to reap the many benefits of working 
with parameterization. However the implementation of parametric modeling also signifies a 
change in the organization, mainly the structure of the design process and specifically the 
present modeling strategies adopted by the design engineers today. Changes are stressful 
whether they are positive or negative and can therefore be met with resistance. Different 
types of resistance may rise towards the implementation, which must be confronted and 
consequently solved in other to cement the methodology in the organization. The solution 
requires involvement from the leadership’s as well as the employees. According to Kurt Lewin, 
the process of change can be divided into three stages which can be seen in Figure 14 from 
[12]. In the first “unfreezing” state, in which the existing practices are questioned and 
motivation for change develops. This state is followed by the implementation of the change 
itself. Lastly the change is cemented by encouraging and supporting it within the organization. 
[12] 

 

Figure 14: Lewin’s model for change [12] 

According to Nahavandi [12], the causes of resistance for change can be divided into three 
categories, which are organizational, group and individual causes.  These are listed in Table 1 
below from [12]: 

Table 1: Causes of resistance to change are revealed. The most relevant causes while 
implementing a new methodology have been highlighted [12] 

Organizational causes Group causes Individual causes 

Inertia Group norms Fear of the unknown 

Culture Group cohesion Fear of failure 

Structure Leadership Job security 

Lack of rewards  Individual characteristics 

Poor timing  Previous experiences 
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The primary organizational factor representing resistance to change is inertia, which is the 
tendency for the organization as a whole to resist changes and wish for status quo. Closely 
connected to inertia are culture and structure. Additionally, resistance can grow from the lack 
of rewards or implementing it in an inappropriate time. The latter could regard implementing a 
change before a preceding change has been given time to freeze. Another category is related 
to the group structure. Strong norms and cohesion present benefits, such as members sticking 
together, working well together and supporting each other. However, strong group norms can 
also be a resistance to change. Additionally a strong leader that does not support change can 
also present a degree of resistance. The last cause of resistance is related to the individual 
factors, such as fear of the unknown, fear of risk for failure and loss of employment. Moreover 
the personality of the individual and tolerance for change can be cause for resistance. Finally, 
the individual’s previous experience related to change in the past also affects his or her 
willingness for change. [12] 

Nahavandi [12] presents a number of solutions for the causes of resistance. These solutions 
are the following: 

1. Education and communication: Provide information 

2. Participation and involvement: Engage employees 

3. Facilitation and support: Understanding and providing support 

4. Negotiation and agreements: Engage parties who can block change 

5. Manipulation and co-optation: Bypass resistance through promises 

6. Explicit or implicit coercion: Impose change through fear 

The most relevant causes for resistance when introducing a new way of working, as in this 
thesis, have been highlighted in Table 1. The method implementation requires that the 
modeling strategies, which the design engineers are currently using, are changed. This means 
changing the structure and culture of the design process and the work of the design engineer. 
The next potential cause for resistance, which is related to the individual, is fear. The 
methodology may contain elements which are not known for design engineers today. 
Additionally the fear for failure, when using the new methodology, may give rise to resistance 
against changing the current modeling strategies.  

Regarding the listed solutions above for resolving resistance, the first, second and third points 
are relevant and useful solutions to the predicted types of resistance. The first point regards 
providing information about the change in the organization. This is essential when there is fear 
of change originating from lack of information and clarification. The second point focuses on 
engaging the employees in the process of the change. This is also a viable solution for solving 
the lack of information, but also to make employees feel that they are actively participating in 
the change. This leads to commitment and also creates a source for alternatives and ideas for 
further improvement of the methodology. Finally by facilitating and supporting the change 
during the state of unfreezing, implementation and freezing, it is more likely that parametric 
modeling is implemented successfully. As the first point, this solution should be induced when 
there is fear for change based on the lack of knowledge regarding the implementation. In 
overall, resistance can be reduced if the employees learn to change their perception of the 
change from something negative and tiresome to something positive which can deliver 
potential benefits to their daily work. [12] 

The fourth point involves negotiating and reaching agreements with parties that can block the 
change. The fifth point involves bypassing resistance through promises and in the final point 
change is reached by imposing fear. [12] These last three points were not deemed to be 
relevant for the implementation of the methodology for parameterization.  
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3 Methodology of the Thesis  

The methods in this thesis followed an organized and systematic approach which was initiated 
with building a theoretical foundation through different data collections. This was 
subsequently used to develop the methodology for parametric modeling.  

3.1 Planning 

The method-model that was used for the thesis has been visualized in Figure 15. The process 
of developing a methodology for parametric modeling was iterative where relevant modeling 
concepts found data collection and continuously working with the case studies, were 
implemented, evaluated and documented. To achieve a conclusion in the iterative 
development process, the results were gathered and subsequently analyzed.    

 

Figure 15: The method-model applied for this thesis work 

The research questions that were formulized in the start of this report were the following: 

I. What are the benefits of using parameterized models? 
II. In what instances are parameterized models compatible in the design phase and when 

is it not? 
III. What are the main challenges of creating robust and parameterized models?  
IV. How should Scania specifically work with parameterized models as an organization? 

A structured and practical approach was deemed to be reasonable for answering the first and 
third research questions, as both relates to the identification and usage of a parametric 
modeling strategy. The first research question focuses on the potential benefits generated by 
implementing and using parametric models in the design process, and relates to the 
identification of qualitative and quantitative benefits which can be achieved with parametric 
design. The third question relates to the identification of the challenges and difficulties that 
rises along with implementing and using parametric models. Both of these questions required 
the collection of theoretical as well as practical data over the duration of the thesis, which 
subsequently needed to be assessed from a theoretical point of view in order to draw any 
relevant conclusions. Therefore, the investigation surrounding these two questions strictly 
followed the method-model. 

The second and the fourth research question are on the other hand more theoretical than 
practical in the sense that they cannot be qualified and quantified in the same manner as the 
two aforementioned. Instead, the answers for these questions rose from a discussion based on 
the experience and knowledge gained during the thesis. This lied in contrast to applying a 
methodological and practical approach for solving specific problems which was in the case of 
the first and third question. However this did not mean that the selected method-model was 
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completely redundant for these research questions. In the contrary, the second and fourth 
research question were more heavily connected to the data collection of the method-model 
compared to the first and third question, involving literature review, interviews and 
questionnaires to get the answers. Therefore, the second and fourth questions were results 
from the method-model as well. 

3.2 Data Collection 

The data collection included building theoretical foundation from relevant literature, learning 
about the organization through interviews and questionnaires.  

3.2.1 Theoretical Framework 

The theoretical framework for the thesis was created from the literature studies. The sources 
of information were research papers, books, journals and other theses. The search covered 
mainly the web but also books. The literature studies were done to increase the knowledge 
regarding parametric modeling by evaluating the state-of-the-art in parametric modeling 
strategies. This evaluation put emphasis on the definition and organization of the found 
methodologies, and also the challenges and difficulties which were encountered by the 
authors when trying to implement them in the design process. The literature review together 
with the questionnaire study, which will be described below were approaches that were used 
by the author in order to reveal whether challenges and difficulties referred in the literature 
studies will potentially be encountered in the implementation of the proposed methodology at 
Scania CV AB. The result of the literature study formed the fundament for the development of 
a proposed methodology in this thesis.  The literature review also covered information 
regarding sampling methods for DoE as the parametric models which were developed in the 
study were evaluated as well as being an aid to the simulation driven design with the help of 
DoEs. 

3.2.2 Interviews 

Interviews were conducted in order to gather more information about the present workflow 
and design process in the engine division at Scania CV AB. The focus-areas in the interviews 
were the tasks, areas of responsibility and also views and thoughts of the workflow in the 
company. Finally, the interview also brought up parametric CAD-models. The experience, 
opinions and suggestions for a future implementation regarding parametric modeling were 
sought after in the interviews among design-, CFD- and FEM-engineers. The interviews were 
also one of the tools needed to build the foundation for a successful implementation of 
parametric modeling on a long term scale in the company. To know how the engineers of 
different disciplines at Scania CV AB work today was key in finding out: how and when 
parameterization should be implemented in the design process, the challenges that the 
engineers will be facing and the conditions that have to be defined in order to get the most out 
of creating and using parametric models. 

By interviewing engineers with different positions and tasks, a broader picture of the 
organization and the workflow was visualized. Emphasis of the interviews was however on the 
design engineers and their collaboration with CFD-engineers. Hence more interviews were 
conducted with the design- and CFD- engineers. The interviews were conducted with one 
person per session and were held between 45 to 50 minutes. The structure of the interviews 
followed a template which covered the important focus - areas that were deemed important 
for the development and implementation of a methodology for parametric modeling. The 
interviews were also recorded, transcribed and summarized. In total six interviews were 
conducted, of which three were with design engineers, two were with CFD engineers and one 
interview was conducted with a FEM engineer. The names of the participants have not been 
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disclosed for this report and will only be referred to their positions in the company. The results 
from the interviews can be found in Interview Results in the Results-section. The chosen 
approaches for the interviews with the participants were semi-structured interviews with 
open-ended questions, according to Harrell et al. The interview contained descriptive 
questions which aimed to get descriptions from the interviewees, structural questions which 
helped the author to understand the relationships between things, and to achieve a 
categorization of important processes at the company, and contrast questions which helped 
the author to understand various terms used at the company. [13]   

3.2.3 Questionnaire Study 

The questionnaire was created as an extension to the interviews in order to reach out to a 
greater number of design engineers. In contrast to the interviews, which focused on the 
workflow of the engineers from different disciplines, the questionnaire was solely directed 
towards design engineers and contained questions regarding only CAD modeling. The 
questionnaire focused on different areas which were the following:  

 Current knowledge and experience in CAD. 

 Ability to plan the creation of the CAD-model. 

 Ability to modify their own CAD-models. 

 Amount of focus on structure and organization in their CAD-models. 

 Comprehension of CAD-models from other designers. 

By acquiring information about these different, but equally important aspects of modeling, the 
specific challenges that the design engineers at Scania CV AB will encounter when working 
with parametric models will be known. These findings were compared to the stated challenges 
according to the relevant literature.  

The questionnaire was based on the Goal Question Metric (GQM). GQM states that the goal of 
a specific measurement must first be specified, then the data intended to define these goals 
must be traced and found, which corresponds to the questions. Finally a framework must be 
provided in order to interpret the quantitative data with respect to the stated goals, which is 
the metric. In this study, the goal was to acquire more information about the CAD modeling 
process among the design engineer, and the questionnaire represented the questions that 
needed to be answered in order to reach the goal. The metric was subsequently the output 
after the design engineers had answered the questionnaire. [14]  

The response rate is important to take into account when questionnaires are used, as one of 
the goals are to make sure that as many participant as possible answer it. It was ensured that 
that the questions followed a common and coherent theme, and the questions were also 
formulated to be as short, clear and concise as possible in order to not raise any confusion 
which could potentially reduce the response rate. Moreover, the design engineers were 
informed about the questionnaire before its release in order to prepare them. Lastly, a 
reminder was sent before the result from the questionnaires was finally collected. [15] There 
are different definitions for what the response-rate should be in the least in order to draw any 
reasonable and reliable conclusions. Lekwall et al. [15] and Salehi et al. [5] both agree that a 
response rate below 60% should be evaluated and analyzed with skepticism. Subsequently the 
response rate for this questionnaire was strived to be at least 60%. The questionnaire was 
given to 121 designers, who worked within the engine division.  
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3.3 Method Development for Parametric Modeling 

Following the data collection, the methodology for parametric modeling started to develop 
according to the method-model in Figure 15. As described in the following paragraphs, the 
cycle was divided into four steps where its starting point is formulating modeling strategies. 

3.3.1 Formulation of Modeling Strategy 

The formulation of modeling strategies is the starting point for the method development in the 
method-model. The formulations included concrete modeling techniques, which the author 
concluded to be more suited than others for making parametric models robust and flexible, 
and also general strategies regarding how the process should be structured and organized 
before and after the modeling itself. The formulations were based on the data collection, and 
especially on the literature study of the existing methodologies, but also on best practices 
according to the experience gathered from the case study.    

3.3.2 Implementation on the Case Study 

As in the thesis work of Lundin and Sköldebrand [16], where the implementation of KBE in 
Scania’s design process was analyzed with case studies, the approach as well as the study of 
this thesis centered on a case study. It should be noted that the case study were one of the 
cornerstones for developing the methodology. Simultaneously, the result gained from the case 
study was also an evaluation of the performance and efficiency of the proposed methodology. 

The purpose of the case study was to aid the method development by gathering empirical 
knowledge regarding parameterization, benefits, conditions and challenges of working with 
parameterized CAD-models and also getting an insight of all the available external inputs of 
information that the design engineers are exposed to while creating CAD-models in the 
company. The latter refers to the fact the case study gave an insight on how parametric 
modeling should be approached in the most efficient manner by the design engineer while 
collaborating with the simulation engineers and other design engineers. In the case study, the 
collaboration was between the author and engineers from CFD and design. The efficiency of 
the communication between the author and the different engineers was therefore an 
important focal point that was documented and analyzed in the case study. 

The case study revolved around the design of the internal gas volume of a turbine volute, 
which is a part of the turbocharger. A turbocharger consists of a compressor wheel and 
exhaust gas turbine wheel which are connected with a solid shaft and is used to boost the 
intake air pressure of an ICE. The turbine extracts energy from the exhaust gas, which comes 
from the exhaust manifold and uses it to drive the compressor. [17] An illustration can be seen 
in Figure 16, while the reference-geometry of the internal gas volume used for CFD-simulations 
can be seen in Figure 17. 

From the aspect of the company, the turbine volute serves as a good example where 
parameterization of the model will not just potentially lead to a better design through DoE, but 
also a significant increase in the knowledge of how the flow properties are affected by the 
component design. During the study, the turbocharger was not an in-house article. Instead, it 
was purchased from sub-contractors who not so unexpectedly choose to keep their knowledge 
of the turbo-design within their organization. Moreover, Scania has no designers who are 
modeling the component and the consequences of the dependence on the sub-contractors 
had led to big lead-time and quality-issues. The former regards the lead-time which is 
generated every time Scania asked for a design change in the turbocharger, while the latter 
relates to structural flaws which the sub-contractors could not predict with their analyses in 
CFD-simulation. This was explained by their choice of conducting CFD-simulations in steady 
state. Instead, conducting transient CFD-simulations is required since this represents the flow 
occurring in the turbine volute on an actual engine where the flow is pulsating. Therefore, by 
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creating a parametric CAD-model, Scania will be able to apply their knowledge of the turbine 
volute and potentially achieve a superior design with respect to the design goals at a much 
faster rate.     

 

Figure 16: The turbocharger [17] 

 

Figure 17: A reference model for the internal fluid volume of a turbine volute. The cross section 
profile, tongue, inlet and outlet have been highlighted 

The design goals of the turbine volute regard the efficiency of the turbine but also the 
durability of the turbine wheel. The efficiency is determined by the loss in pressure between 
the outlet and the inlet, which must be reduced. According to Suhrmann et al. [18], the 
efficiency of the turbine volute is also determined by the conservation of momentum which is 
the product of the tangential velocity and the radius measured from the center of the turbine 
volute to the center of gravity of the cross-section profile, which should be as high and even as 
possible from inlet to outlet. Another design goal is to maximize the torque on the turbine 
wheel. Regarding the durability of the turbine wheel, it is dependent on the wake by the 
tongue. As the blades enter the wake-zone which can be seen in Figure 19, it experiences a 
rapid change in pressure and velocity which has a negative effect on its life cycle. Therefore 
the wake must be minimized by reducing the difference in velocity and pressure along the 
turbine volute. This can also be controlled by changing the length of the dividing wall seen in 
Figure 18. In summary, the design goals are the following: 

 To decrease the pressure loss from inlet to outlet 

 Increase and stabilize the momentum in the turbine volute 

 Reduce the wake by the tongue 

Cross section 
profile Exhaust 

Inlet 

Outlet 

Tongue 
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Dividing wall 

   

Figure 18: The cross-section profile in the normal direction with respect to the flow in the 
turbine volute. The two scrolls can be seen being divided by the dividing wall 

 

Figure 19: The wake-zone right after the tongue [18] 

3.3.3 Evaluation 

To ensure that the selected modeling techniques implemented in the modeling of the case 
study really did contribute to the parametric nature of the CAD-models, and were relevant to 
the design process and the proposed methodology, different forms of evaluations were 
conducted. The evaluation covered the following aspects: 

 Quality of the parameterized model with respect to robustness and flexibility 

 Time-investment to create the parametric CAD-models 

 Compatibility of the methodology with present workflow at Scania CV AB 

The first category of evaluations focused on examining the quality of the resulting case study 
model. The quality refers to the characteristics of parameterized models, which are the 
robustness and flexibility of the model. The quality of the model was evaluated with a DoE in 
which the model was set to assume a defined design space and subsequently examine the 
amount of generated models without errors with respect to total amount of generated 
models. The desired design space which is equal to the required flexibility of the model 
originated from discussions with the CFD engineers. Hence, the main importance is that the 
design space of the model covers the numerical or discrete ranges in which the CFD-engineer 
finds sufficiently interesting and relevant to conduct simulations. Consequently it is of utmost 
importance to work closely with the CFD-engineers and strive towards creating an interesting 
CAD-model which produces as few mathematical errors as possible within the designated 
design space.  

The second evaluation-stage regards the time which is invested on creating parametric 
models. The time that the author invested in creating the parametric model in the case study 
was logged, and gives therefore an approximation of the amount of time required for a 
person, with similar background as the author, to create models with corresponding 
complexity of the case study. As the time could not be measured in any absolute way, the 
reference for the measure of time was based on the author himself.   

Outlet 

Inflow 
Direction 

Scrolls 

Tongue 
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The third evaluation regards the compatibility of the methodology to the design process in the 
company today. The evaluation focuses on the knowledge which is required for creating 
parametric CAD-models with the proposed methodology, and also the collaborative effort with 
the CFD-engineers. The former strongly affects the comprehension of the methodology, and 
subsequently the success of the implementation. Depending on the result from the evaluation, 
it might be required for the designers to undergo additional training in order to be able to 
create parametric CAD-models efficiently on a technical level. The bases for this evaluation are 
the questionnaires and the interviews which gave an insight in the present modeling 
procedures and design process. The collaborative effort regards the efficiency of developing 
parametric models together with CFD-engineers. This evaluation is based on the development 
in the case study.  

3.3.4 Documentation 

By working with the case study and evaluating the work progress, the generated results 
regarding both the proposed modeling techniques and the proposed structure of the 
collaboration and communication between the design engineer and the simulation engineer, 
were determined to be either feasible or not with respect to parametric CAD-models and the 
present design process at the company. The feasible cases were documented and noted during 
the course of the study. This documentation was then used as a basis for proposing the 
methodology. 

3.4 Analysis  

After the formulation and the implementation of the proposed methodology had been done in 
the study, the different results from the work process will be assessed from different aspects. 
As mentioned, these aspects are, model-quality, model-performance, time investment and 
methodology compatibility with respect to the organization. Conclusions were drawn and 
discussions were done based on the findings of these essential aspect. Moreover the defined 
research questions of this thesis are answered and discussed. The assessment of the result and 
conclusion can be seen in the discussion, which is found in Discussion. Recommendations of 
further studies are found in Further Studies and the conclusions can be found in Conclusions.  
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4 Results 

The results from the thesis include the methodology for parametric modeling, the different 
types of evaluation in the case studies. The results also cover the interviews and the 
questionnaires. 

4.1 Interview Results  

The design process is centralized on the design engineer, whose role is the one of a 
coordinator. By collecting the information and output from different disciplines, the design 
engineers ensure that all of the requirements are taken into account and implemented, while 
ensuring that the performance of each sub-system is balanced compared to one another. A 
design engineer is often assigned to one or several components, whose development is in his 
responsibility. Moreover, as a designer, it is important to also be aware of the development of 
neighboring components. [19]  

In addition to being a coordinator, the design engineers create CAD-models which are one of 
the inputs for performing simulations such as CFD and FEM, in the purpose of validating its 
performance. [20] The results are further validated by physical tests. Furthermore, CAD-
models are the basis for 2D- and 3D-blueprints, which are important information for 
production and purchasing. Production regards manufacturability and assembly and bases 
their conclusions on the blueprints, while for purchasing the blueprints become reference 
documents for negotiating the cost of manufacturing the components [21]. Aftermarket 
regards disassembly, and has suggestions for how the engine should be designed in order 
make its maintenance as easy as possible. [19] 

A project within the engine division is often started by the need to improve the performance 
of the engine, with respect to fuel consumption or emissions. It could also be initiated by the 
need to improve the design of the engine in the purpose of increasing its manufacturability or 
making it easier to assemble. For cases regarding the performance, the design process can 
either be initiated by simulations or by analyzing potential changes in the existing engines 
which proves that the performance of the engine can be improved. This realization is followed 
by the designer developing concepts which are evaluated through simulations. This is an 
iterative process [19]. From the viewpoint of the CFD engineers, the CAD-model is an essential 
part for the simulation. Another important part is the boundary conditions, which are provided 
by preceding 1D-simulations. The 1D-simuations are on a lower detail level, but can simulate 
entire systems of components. This could include entire water cooling systems or oil channels 
which affects several components in the engine. [20]   

When asked about bottlenecks in the design process, the CFD engineers brought up the issue 
of miscommunication among the engineering disciplines. Information and knowledge is lost 
when the CFD engineer tries to convey suggestions to the designer regarding geometrical 
modifications. The reason is that the CFD-engineer morphs the CAD-model from the designer 
and any resulting modifications done on the component cannot be directly quantified and 
realized by the designer. [20] [22] An updated visualization of the collaboration between 
simulation-engineers and designers, compared to the one shown in Figure 1, can be seen in 
Figure 20. Another bottleneck which was brought up by one of the designers was lack of 
creativity and the tendency among designers to establish too many boundaries too early in 
their models, resulting in models that are unable to explore their potential performance [19]. 
Other mentioned bottlenecks were delays in the project [22], excessive workload [23], waiting 
for physical components to arrive from the suppliers [21], and involving too many people at an 
all too early stage of the design process [19] [24]. 
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CFD results (Morphed Model)  

 

 

Figure 20: The format of the CFD-results is at best a morphed model, which contains 
modifications which are difficult to implement in the CAD-model   

Regarding parametric modeling, the interviewees saw two obvious benefits. The first one was 
the opportunity to optimize the components’ performances by simulating several geometries 
simultaneously [20] [24] [23]. The second one was the ability to establish a common 
communicative link between design engineers and simulation engineers regarding geometrical 
modifications. As mentioned, the modifications on the discretized CAD-models are hard to 
replicate by the designers. However, with parametric models, the engineers will be able to 
communicate in the same “language” through the user-defined parameters in the parametric 
models. Thus, the collaboration between designers, CFD and FEM can become more efficient. 
The interviewees also felt that parametric models are applicable on all types of components 
given the right circumstances. [22] [19] [21] 

The interviewees felt that there are conditions that need to be fulfilled in order to work with 
parametric models efficiently. The first condition is that the component or project designated 
for parameterization should have a sufficiently big design space. In general, this would include 
all projects that are in the pre-development phase, which have the design freedom and the 
time-frame to introduce parametric models. [19] [20] The second condition is that the 
designer must have sufficiently amount of knowledge about the component in order to be able 
to identify the relevant parameters and make the model as applicable as possible with respect 
to the design requirements and goals. The designer must also have creativity in mind, in order 
to create parametric models that focus on significant geometrical changes and not on 
minuscule details in order to explore its potential performance [19]. The model should start 
with basic parameters and subsequently grow in complexity if needed. The third condition is 
that the parametric models must follow a standardized methodology which everyone knows 
and uses. The model tree would subsequently become a “recipe”, which everybody 
comprehends. This would increase the collaboration among design engineers.  According to 
Design Engineer 3 [21], this would become a great advantage when models are started by one 
engineer and finished or modified by another. Introducing parametric modeling could be 
challenging since engineers today may have their own preferred methods for modeling. 
Presently, there exists some skepticism towards parametric models, which are rooted in the 
models’ tendency to become complex. Specifically, this refers to the larger amount of 
references and geometrical relationships compared to non-parametric models [24]. The 
demonstration of the potential benefits of parametric models is therefore essential in the 
success of its implementation at Scania CV AB. [21] 

The development time of a parametric model is expected to be longer than a non-parametric 
one according to the interviewees. The interviewees agree that it is time well spent if the 
model is reusable for future projects and for downstream processes such as CAE and CAM. [20] 
[24] Moreover, As soon as modifications are needed on the model, which is always the case in 
the iterative design process [21], parametric models become advantageous. CFD engineer 1 
[20] mentions that descriptions of the parameters regarding their limits and how they change 
the model would be useful for his own work. Lastly all of the interviewees agreed that 
parametric models should be interconnected with each other, meaning that individual 
geometrical changes should affect other models. [19] [23].  

CAD geometry (.CATPart) 
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4.2 Questionnaire Results 

The result from the questionnaire was quite conclusive, which in its entirety can be seen in 
Appendix 9.1. Therefore, the general opinion and knowledge surrounding CAD could be 
interpreted. As mentioned, the questionnaire was directed towards designers and contained 
different subjects regarding CAD-modeling. The three first questions regarded the knowledge 
and experience. It could be read that 84% of them model in CAD approximately 10 to 20 hours 
a week, which could be considered to be a substantial amount of time. Moreover, a clear 
majority of them have experience which spans more than four years, and they consider 
themselves to be good in modeling.  The designer also show promising signs when it comes to 
reflecting and planning the structure of the model, which they consider to be important. A 
majority of them uses GSD, and feel that they have sufficient good understanding of the 
workbenches they use to work efficiently. Unfortunately, despite the preparation and 
consideration of the structure, more than 20% feel that modifying their own models is difficult 
and takes long time, which can be seen in Figure 21. For models from other designers, this 
number is a staggering 80%. Fortunately, the overall attitude is positive towards having a 
document which contains information about the model-structure from other designers and 
how to organize their own CAD-models. For the proposed methodology for parametric 
modeling, this positive attitude is an essential condition for a successful implementation of 
parametric models in the company. 

The amount of designers who answered the questionnaire was 64 out of 121, which meant 
that the response-rate was approximately 53 percent. This rate is under the limit of 60 
percent, which is considered to be the minimum response-rate according to Lekwall et al. and 
Salehi et al. if one wants to draw any reliable conclusions from the result. However, as 
mentioned, one can see that there is a clear majority in most of the questions. Clear trends can 
be seen from the answers and therefore, the author feels that the result is somewhat 
representative of the general opinions and knowledge regarding CAD among the designers in 
the engine division of Scania. The reason why the response rate was not higher can perhaps be 
explained by the high amount of questions and also the complex formulation of some 
questions. 

  

Figure 21: The questionnaire show that more than 20 percent of the designers feel that it is 
difficult and takes long time to change their own models. Fortunately, the second graph show 
signs of a positive reception for a design guideline which could assist in the organization of the 
model 
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4.3 Proposed Methodology for Parametric modeling 

The author proposes a methodology which divides the parametric modeling into three explicit 
phases. Together with the CFD simulation which is conducted by the CFD-engineer, there are 
in total four steps which the parametric model will undergo in finding a design with a satisfying 
performance with respect to the design goals.  The process can be seen in Figure 22. 

 

Figure 22: The methodology for developing parametric models 

The following paragraphs will describe the content of the phases, starting with the pre-CAD 
phase, in which the design space is established. This is achieved by defining important and 
relevant parameters and constraints before the model is even created. During this process, the 
designer of the model work together with CFD-engineers, in order to establish the pre-
requisites in getting a relevant and applicable parametric model. The pre-CAD phase is 
followed by the main CAD modeling phase which represents the fundamental modeling 
framework of the methodology. This regards organizing and structuring the CAD model in a 
manner which maintains the design intent of the designer and the parametric nature of the 
model. This phase will showcase and involve tools in CATIA V5 which support 
parameterization. The third and final step of the methodology before conducting CFD-
simulations involves evaluating the model in which the robustness is evaluated in the design 
space defined in the pre-CAD phase in a DoE. The evaluation is concluded with a checklist 
which assists the designer in ensuring that all of the fundamental steps defined in the 
modeling phase had been followed. When the model is sufficiently robust, the CFD engineer is 
given the model directly or indirectly. If the results from the simulations indicate that a 
sufficiently good geometry has been found, the work is concluded. Otherwise, the data 
gathered from the simulation is used as a basis for updating the design space in the pre-CAD 
phase of next iteration. Thus a new cycle of the methodology is initiated.  

4.3.1 Pre-CAD Phase 

The pre-CAD phase is the starting and preparatory phase for creating parametric models. The 
final output of this phase consists of the definition of the relevant parameters, their numerical 
ranges and the relationships between them. The pre-CAD phase will result in an official 
document in the form of a spread-sheet which can be read by all involved parties. This includes 
collaborating designers and simulation engineers. Thus, this document will be used actively 
and must be updated continuously. The main purpose of this phase is to collect all the 
necessary information in order to establish a feasible design space for the model. Moreover, 
the collection also ensures that all relevant information is assembled in one single document 
and can subsequently be shared with the collaborating parties. The pre-CAD phase consists of 
the following stages: 

 Establishing the design box and requirements of the component 

 Defining the potential design space with the CFD-engineers. 

o Defining all relevant parameters with CFD-engineers. 

o Establishing a reference – geometry for comparison. 

o Component Decomposition 

o Determining type of input and output to and from CFD-results. 

 Establishing the relations between the parameters. 

Pre-CAD 
Phase 

CAD 
Modeling 

Model 
Evaluation 

CFD 
Simulation 
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Establishing the design box and requirements on the component 

The initial step of the pre-CAD phase lies solely in the responsibility of the designer to 
investigate the feasible design space in which the component can be altered with respect to 
fixed interfaces and the design requirements based on production feasibility and structural 
strength. The interfaces can be revealed by analyzing existing assemblies in which the 
component is present, while the latter is done by getting in contact with respective discipline. 
The result is subsequently summarized in two matrices which have been given the names 
Associative Structure Matrix (ASM), which works in the same manner as the matrix in Figure 6,  
and Design Requirements Matrix (DRM) which contains all the design requirement of a 
component. An example of the DRM can be seen in Table 2. 

Table 2: The Design Requirements Matrix lists all the requirements of the component 

Design Requirements Matrix 

  Design Requirement Value Unit 

1 Minimum width 5 mm 

2 Minimum radius 8 mm 

3 Maximum ratio 4 [-] 

If possible, by using existing geometries from CAD, the ASM is also accompanied by 
illustrations showing the associative components together with the main component. It could 
also be important to define an explicit centre-point of the future parametric model and its 
axis-orientation as well. Both are beneficial to establish when the model is eventually included 
in an assembly in which it can be positioned easily with a single reference point. The latter is 
especially important for rotation-symmetric geometries. 

Defining the potential design space with the CFD-engineers 

The main designer, who has been given the task to create the parametric model, and the 
simulation engineer(s) have to work closely together on a meeting to decide what 
transformations are desirable to simulate in the future CAD geometry. The next step is to 
define relevant parameters which can achieve the transformation. This includes their ranges 
and step-sizes with respect to the constraints from the fixed interface and design 
requirements. This gives the model a defined design space which is geometrically feasible and 
has to be covered in the coming DoE. The collaboration between designer and CFD-engineer 
will result in an information-matrix which contains the defined parameters. The matrix is called 
Parameter Definition Matrix (PDM). The PDM contains information about the parameters, 
which includes the given names of the parameters, and explicit descriptions of the parameters. 
Moreover, the PDM will contain the range, step-size, unit of each parameter, and the 
dimensions of a chosen reference-geometry. An example of a PDM can be seen in Table 3. The 
PDM will also include constant parameters which stem from investigating the fixed interfaces 
and design requirements. This is however not included in Table 3 below.  
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Table 3: The PDM contains the important information of the chosen parameters 

Parameter Definition Matrix 

Code Description 
Parameter 

 Name 
Min. 
Value 

Ref. 
Value 

Max. 
Value 

Step 
size 

Unit 

P1 Length of the inlet L 10 40 100 10  mm 

P2 Outlet Radius R 5 15 20  1 mm 

P3 Angle of the tongue alpha 0 15 30  10 Deg 

... ... ... ... ... ...  … ... 

P(n-1) Width of the cross-section profile d1 20 40 48  4 mm 

P(n) Top width of the divider wall d2 5 10 25  5 mm 

The PDM are further aided in expressing the parameters in model with sketches. These 
illustrations will picture the component from different plane views and close-ups, in order to 
increase the comprehension of the geometry. The figures will also give the collaborators the 
opportunity to show the positions of the parameters. The illustrations must be 
comprehensible and relevant enough to be part of the document. However, heavy emphasis 
does not need to be put upon ensuring that the figures are in the same level of detail as formal 
blueprints. The purpose of the figures is as mentioned to solely aid the designer in further 
expressing the purpose and position of the parameters.  

The sketches will act as a basis for a component decomposition, in which the model is 
decomposed into smaller sub-geometries with respect to their sub-function in the component 
in consensus with the CFD-engineers. The main purpose is to create interfaces in the model 
which can be coupled and controlled with the defined parameters. Another purpose is to 
enable local DoEs on each of the sub-geometry. Therefore, the choice of parameters greatly 
influences how the model is decomposed. With the decomposition finished, the sub-
geometries are given clear distinguishing names which reflect their respective purpose or 
appearance. The resulting decomposition of the model and the names of the sub-geometries 
are to be highlighted in the sketches so involved parties can see the structure of the model and 
refer to the given names as well. It is recommended to have as few independent parameters as 
possible for the sub-geometries in order to ensure a clear and comprehensible correlation the 
design goals and the parameters.  

The next objective of the meeting is to agree upon the data-transfer between the designer and 
the CFD-engineer. This regards file-format, what is to be transferred and the required quality 
of the model. This could regard the surface quality of the geometry and the maximum size of 
gaps without having a negative influence on the meshing. Finally, the collaborators have to 
decide what kind of result is to be received from the simulation. Lastly, if the result from the 
parametric model is to be compared with existing geometry, reference geometry has to be 
established.  

Establishing the relations between the parameters 

Along with the PDM, another matrix for showcasing the geometrical relationships between the 
parameter is established. This has been named the Parameter Relations Matrix (PRM). 
Revealing these relations is important in order to be aware of the limitations in the model. 
Geometrical relationships can come in two forms. The first being the case when two 
parameters constrain the parameter range of one another, while the second scenario regards 
the KBE in the model. the latter refers to parameters which are defined and independent but 
can also be controlled and constrained by another parameter through defined reactions or 
rules in the model. An example of the PRM can be seen in Table 4. With the PRM, relations 
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between parameters are presented in a clear and systematic manner. To distinguish between 
the two types of relationships, they will be highlighted differently in the matrix. A simple cross-
sign signifies a geometrical constraint between two parameters. Since the constraint goes both 
ways, they will solely populate the upper part of the matrix. A circle signifies a constraint of 
one parameter from another. As this constraint only goes one way, they will populate both the 
upper and lower part depending on which parameter is constrained. A circle on the upper part 
means that the parameter which corresponds to the number in the column is the controller, 
while a circle in the lower part of the matrix means that the parameter on the row is the 
controller. It can be said that there are no explicit equations involved in expressing the 
relationships between the parameters. As mentioned before, the PRM is solely used to 
highlight the limitations of the CAD-model. 

Table 4: The PDM demonstrates the relationships among the parameters. it can be seen that 
there is a constraint between “d1” and “d2”. Moreover, “R” can also potentially control “L” 

Parameter Relations Matrix 
Parameter Name Code P1 P2 P3 ... P(n-1) P(n) 

L P1 
      

R P2 O 
     

alpha P3 
      

... .. 
      

d1 P(n-1) 
     

X 

d2 P(n) 
      

The results from the pre-CAD phase are proposed to be collected in a single document called 
the “Pre-CAD document” where the content is presented in a standardized and organized 
manner. For organizational purposes, the document will also contain the CAD-name of the 
component, the name of the designer and CFD-engineer, input and output format of the data, 
and lastly the date of the creation of the document. The document is proposed to be an Excel-
sheet since it suits well with the information-matrices. 

4.3.2 CAD Modeling Phase 

The CAD modeling is the main phase of the methodology where the parametric geometry is 
created. The phase consists of the following stages:  

 Importing fixed interfaces. 

 Modeling Decomposition. 

 Creating the parameters. 

 Creating categorizing geometrical sets.  

 Creating the CAD-model. 

Importing fixed interfaces  

The phase is initialized by visualizing all of the fixed interfaces which constrains the model. The 
representation of the former is done by constraining the component itself in the positions 
where the interfaces exist. If CAD-geometries are unavailable, the designer can also create 
simple representations of the constraining geometry to the best extent. The resulting 
geometry is subsequently preferably collected in a geometrical set called “Associative 
Geometry”. 

Modeling Decomposition  

Before creating the model, it must be decomposed and broken down into smaller sub-
geometries according to component properties which include symmetry and similarity among 
sub-geometries. This is done in order to highlight symmetry-lines and repetitive features which 
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can be modeled once and be reused as many times as required. A visualization of the 
decomposition can be seen in Figure 23. 

 

Figure 23: The order of the different levels of decomposition in the model 

The decomposition starts with symmetry-decomposition, which regards finding and using 
symmetry lines that exist in the model. By solely modeling one half of the geometry and 
subsequently mirroring it, the number of design operations and elements is technically halved. 
The design-operation to achieve the mirroring component in CATIA v5 is “Symmetry” in the 
GSD-workbench. The level of decomposition was possible in the case study for the turbine 
volute, in which the cross-section profile with its two scrolls was symmetrical with respect to 
the dividing wall. The profile can be seen in Figure 18. The execution of symmetry in the 
turbine volute can be seen in Figure 24. 

 

Figure 24: One half of the turbine volute was modeled and subsequently mirrored with the 
symmetry plane 

The second level decomposition involves locating similar sub-geometries in the component, 
which regards sub-components as well as sub-elements. Sub-geometries which are similar or 
identical and can be created once and copied multiple times into the main model. Any 
variations between the original model and the copied geometry can be achieved by 
subsequent modification with parameters. Copying sub-geometries can be done in two 
different ways, which are “Copy/Paste” and Power Copy. With “Copy/Paste”, the designer can 
copy the sub-geometry, paste it and later move it to another position. With this approach, the 
designer can decide whether the copy should be coupled to the parameters from the original 
sub-geometry or to have a separate set of parameters. Power Copy works in the same way as 
“Copy/Paste”. However, Power Copy is more user-friendly as it explicitly informs the user what 
the necessary inputs after the user has defined which elements are to be copied. Power Copy 
can give three different results depending on what is copied. Firstly, by only copying the 
element, it is instantiated without parameters and relations. Secondly, by including its 
parameter-relations, the instantiated element can be coupled to the same or other 
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parameters. Lastly, by copying the element, its parameter-relations and the parameters as 
well, an element with coupled parameters is directly instantiated. The last method has been 
demonstrated in Appendix 9.2. Figure 25 shows the result from the second method applied on 
the case study in which similar sketches representing the cross section profile were copied, 
pasted and subsequently coupled with existing parameters.  

 

Figure 25: A copy of the original sketch profile which has independent parameters and can be 
manipulated independently 

Creating and grouping the parameters  

With the decomposition established, the parameters are created in the model. Subsequently, 
the parameters are to be grouped according to the sub-function decomposition in the 
structure tree. Creating parameter-groups directly needs KWA. However, they can also be 
created by simply copying the main parameter node and pasting it in the node again. 

 

Figure 26: The known parameters from the pre-CAD document have been created in the CAD-
model and subsequently grouped according to the decomposition 

Creating categorizing geometrical sets 

Based on the sub-function decomposition, geometrical sets are created which categorizes the 
sub-geometry. Therefore, all elements associated to the same specific sub-geometry will be 
grouped in a single geometrical set. This strengthens the design intent of the model and the 
structure tree of the model becomes also more horizontal than hierarchical. This also makes it 
more robust as the sub-geometries are less depended of one another. 

Original Sketch-
Profile 

Copied Sketch -
Profile 
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 The reference elements inside each geometrical set are then also categorized as “Sketches”, 
“Points”, “Curves”, “Planes” and “Surfaces” in separate geometrical sub-sets. The default 
content is one reference point and the three default reference planes XY, YZ and XZ. The 
reference elements within the geometrical set must directly or indirectly be referred to these 
four default elements. The reason for establishing these local references is to simplify the re-
position of copied sub-geometries. These local references are recommended to be positioned 
as to represent the interface between the sub-geometry and the rest of the main component.  

Throughout the systematic categorization of reference elements, the reference elements will 
be either “Type-Categorized” or “Purpose-Categorized” in order to make the structure-tree 
organized but also logical. The reference elements which can be defined and established solely 
using the already existing elements in the model are categorized according to their type, which 
means they will directly be placed in one of the five geometrical subsets mentioned above. For 
a reference element which needs additional elements in assisting its definition, the main 
element will be “Type-Categorized” as previously. However, the additional elements are 
“Purpose-Categorized”. This means that these reference elements are clustered together with 
the main reference element in a local geometrical set, as the purpose of these elements are to 
solely assist in defining the main element. In the second case study, it was necessary to define 
sketch supports for the multiple cross section profiles in the turbine volute. As it can be seen in 
Figure 27, the plane needed an additional line-element called “Line_Intersect” to reach its 
definition. An intersecting point between the line and the circular outlet was also created as a 
reference point for the local reference axes in the sketch-profile. 

 

Figure 27: The sketch planes for each of the seven cross-section sketches needs a line-element 
in order to define it 

To further promote the categorization and the organization of the design operations in the 
model, it is of utmost importance that the reference elements are renamed from their default 
names to names which, in a short and descriptive manner, reflect their purpose in the model. 
Reference elements with identical purpose and of same reference-type can instead be 
grouped in a local geometrical set whose name reflects the common purpose of all the 
elements inside the set.  

Creating the CAD-model 

The CAD-model goes through three stages during the modeling from start to finish. The stages 
are the wireframe model which will represent the reference system and the underlying 
skeleton in the geometry, the surface model and finally the solid model. The wireframe model 
is modeled in such a way that it represents the hard corners, peripheries and the interfaces to 
connecting and neighboring components. The surface model will subsequently be created 
using the wireframe to generate an enclosed surface which in its entirety represents the 

Sketch plane 

Line-element  
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geometry of the component. The elements of the wireframe model are contained in the first 
four geometrical subsets while the surface model is contained in the “Surface”-subset in each 
of the sub-geometries. Both the wireframe- and the surface-model are created using the tools 
from the GSD-workbench in CATIA v5, while the solid model is created in Part Design using the 
enclosing surface as the support. A model following these stages can be seen in Figure 5 in 
section 2.3.1. It can be stated that the development of the wireframe model is the single most 
important phase of the three, as the flexibility and robustness of the final model is heavily 
depended on the defined structure of the wireframe model. Therefore, it is required by the 
designer to plan the structure of his/her model carefully and consider what tools and modeling 
strategy are the most beneficial. Additionally, it is extremely important that the user 
continuously check the created relations in the model by using the “parent/child”-button. 

Based on the case studies, sketches are quite flexible elements which are able to potentially 
contain a substantial amount of information regarding the component, and they are also able 
to represent a big of number of shapes and geometries. However, sketches can also be the 
single most complex reference elements by far, which can raise serious mathematical errors if 
they are not created and referenced in a stable way. Two useful tools to use when creating 
sketches are “Sketch Solving Status” and “Sketch Analysis”. “Sketch Solving Status” must show 
that the sketch is “Iso-constrained” and not over- or under-constrained, while the “Sketch 
Analysis” is used ensure that the sketch is “closed” given that’s the intention. In the “use-
edges”-tab, the user can ensure that the correct external references for the sketch has been 
chosen and that they are “Valid”. This is especially important to check when there are many 
external references overlapping each other in the model. Choosing the correct reference can 
be simplified by using the local magnifier, which is activated by pressing any arrow key in 
CATIA v5 while the cursor is hovering over the overlapping references. Figure 28 showcases 
the windows in “Sketch Analysis” and “Sketch Solving Status”.      

 

Figure 28: Sketch Solving Status must be “Iso-Constrained” while the Sketch Analysis must show 
“Valid” references 

Another proposal when defining sketches is to always use positioned sketches instead of just 
sketches. With positioned sketches, the user can define the orientation, main reference point 
and the plane support of the sketch. This is very useful when it is desirable to make a copy of 
the sketch and place the copy in another position or orientation. This is done by right-clicking 
on the sketch and opening the “Change Sketch Support”-tab, where the support, reference 
and the orientation can be accessed. Defining these properties can be done in multiple ways. 
The author finds however that the easiest and most robust way is to define the reference point 
as a “projection point” while the orientation can be defined as “Parallel to line” and 
subsequently be coupled to an explicitly defined line-element. The essential condition for using 
positioned sketch is to directly or indirectly refer the sketch elements to its local reference 



   

  35 

axes excluding the external references. The axes are abbreviated as “HDirection” and 
“VDirection”. 

During the surface generation for the surface model, “Multi-Section Surface” (MSS) and “Fill” 
are two useful tools. MSS can be used to generate a surface between two sketches originated 
from the decomposition, while Fill is used to generate a patching surface from a single closed 
sketch or a closed area defined by multiple enclosing curves. When using MSS, it is important 
to define the “closing points” in the sketches on the points which are connected with the same 
guideline in order to avoid getting a twisted surface or a failure of generation. 

When using Fill, the user can control the shape of the surface either with the help of the 
enclosing curves themselves, with tangential support from said curves and from passing 
points. The first way of controlling the surface is the most robust. By establishing curves in a 
manner which represents the defining curvature of the surface, the desired shape of the fill-
surface can be achieved without relying heavily on tangential support. However, tangential 
support is important for another reason, and that is to maintain continuity between two 
connected surface-entities. In either case, tangential support for “Fill” should be used sparingly 
as they can potentially over-constrain the resulting surface leading to failure of generation. If 
surface-support is needed, it is strongly recommended to define explicit supports with the 
function “Extrude” and not use the surface-model itself. The last method of controlling the 
surface which are called “passing points” are points in space which the surface has to go 
though. By constraining the passing points on curves which represent the curvature of the 
geometry, a surface which follows the curvature can be achieved. The generated surfaces are 
quite robust while also achieving quite flexible shapes. Nevertheless, as with all elements, the 
surfaces require stable and well-defined supports which additionally do not over-constrain the 
shape of the surface. The consequence would be that the surface fails to generate. The surface 
model is subsequently completed by joining the sub-surfaces into one single surface-model. 
When this has been done, the model proceeds to be converted into a solid model with the 
command “Close Surface” in the Part Design workbench. As mentioned before, gaps between 
the sub-surfaces will stop the generation of the solid model. Gaps are therefore important to 
rectify by either reconfiguring the wireframe-model or the generated surfaces. Thus, in order 
to avoid any deviations in the surface quality as well as unnecessary re-configurations, the 
maximum merging distance has to be set by the designer with the CFD-engineer during the 
pre-CAD phase.  

4.3.3 Model Evaluation Phase 

The model evaluation phase is where the designer ensures that the model has been created 
according to the steps in the methodology and the robustness of the model is being evaluated 
with respect to the design space created during the pre-CAD phase with the CFD-engineers. 
The evaluation includes going through checklist in order to ensure that the essential steps in 
the three phases have been followed. A proposal of a checklist can be seen in Appendix 9.3.  

When the CAD model has deemed to have reached completion by the designer, it will proceed 
to the evaluation stage in which the flexibility and robustness of the model is evaluated with a 
DoEs. A DoE based on the LHS algorithm is performed in order to ensure that the entire design 
space of the model is evaluated evenly. Based on the resulting robustness of the model, the 
designer has two choices. If the model is deemed to be robust enough, the model will be set to 
produce the geometries designated for CFD simulation. The CFD simulations will thereafter 
conclude whether the right geometry with respect to the design goals has been found or not. If 
not, the cycle from Figure 22 will be repeated again. Based on the data from the previous CFD 
simulation, the design space will be altered by changing the set of parameters and their 
ranges. Based on the case study, the amount of samples should be at least 15-20 times the 
amount of active parameters in order to receive a good coverage of the design space.  



   

  36 

If the model itself is not robust enough for the DoE, the designer has to investigate the factors 
which are causing the failures in the geometry generation by analyzing the correlation 
between model-failure and parameter-values. Often the failures are present when a certain 
parameter reaches its minimum of maximum value or when the model adopts a certain 
parameter-combination. The next step is to decide whether to fix the model, or to change the 
parameter-ranges to increase the robustness. However, the designer has to inform the 
simulation-engineer about this update of the design space. If the choice had been made to fix 
the model, investigation is done on the first geometry with failures in order to find the root-
cause of the failures in the model. When the cause has been rectified, another DoE is 
performed to evaluate the new robustness. Further investigation is done on subsequent failed 
geometries until the robustness reaches the recommended percentage.  

4.4 Results from the Case Study  

The results from implementing the proposed methodology on the case study will be revealed 
in this section. The results include the output from the different phases of the methodology, 
the time required from initiating the usage of the methodology to having a parametric model 
which is able to cover the designated design space. Finally the CFD-results of the best 
geometry with respect to the design goals acquired from the using the parametric model 
compared to a reference-geometry will be revealed. The result of the evaluating the 
methodology itself with respect to the design process at Scania is included in the next section. 

4.4.1 Pre-CAD Phase 

The results from the pre-CAD phase in its entirety can be seen in Appendix 9.4. The connecting 
interfaces of the turbine volute was investigated which included the exhaust manifold and the 
turbine wheel which are the preceding and succeeding components respectively. The design 
requirements were based on data from production and structural strength. The production-
aspects regarded the minimal thickness of the tip of the dividing wall, while aspects from 
structural strength regarded the dimensions of the tongue.  

The number of parameters in the PDM amounted to 12 with ranges and step-sizes. The 
parameters regarded how the cross-section area changes along the rotation in the turbine 
volute which is abbreviated as “Area Distribution”, the outlet, the inlet, the distance between 
the tip of the dividing wall and the outlet, housing throat area and various dimensions of the 
tongue. Moreover, the PDM also contain parameters which are constant and represent the 
fulfillment of the data from the Associative Component Matrix and Design Requirements 
Matrix.  

The component was subsequently decomposed into three sub-geometries which were given 
the names “Volute”, “Tongue” and “Inlet”. This has been visualized in Appendix 9.4. 
Furthermore, a reference-geometry was determined to be a turbine volute from a sub-
contractor of Scania. The dimensions of this geometry can be seen in “reference”-column of 
the PDM in said appendix as well. To visualize the gathered result, simple sketches were 
created in which the position of the parameters and decomposition were highlighted. 

The input from the designer to the CFD-engineer was decided to be the parametric model 
itself while the output is the best geometry with respect to the design goals. Finally, in the 
Parameter Relations Matrix was established in which it was determined that some parameters 
which belong to the same sub-geometry are coupled. Specifically, the dimensions in the cross-
section profile and the housing throat area affect each other; the tongue angle which is the 
upper tilt of the tongue seen from the side influences its elliptical shape. As for constraints 
which go only one way and are created with Knowledge Advisor, they include the control-
points for the area distribution which can be given fixed and pre-defined values with rules, and 
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the width of the inlet which can be controlled by the height of the inlet in order to achieve a 
specific inlet-area.  

4.4.2 CAD Modeling Phase 

The modeling phase followed the pre-CAD phase. The interfaces of the inlet and outlet could 
easily be represented by basic reference elements without importing the original geometries. 
The inlet for the turbine volute was represented by two identical rectangular sketches with 
filleted corners defined in a fixed position while the outlet was represented with a simple 
circle. Following the methodology, the turbine volute was subsequently decomposed with its 
symmetry-plane. Therefore only one half of the model was to be modeled. The first 
decomposition which was executed in the pre-CAD phase resulted in the model being 
decomposed into the “Volute”, “Tongue” and “Inlet”. Based on this result, the parameters 
which were defined in the pre-CAD phase was created and grouped according to this 
decomposition. Moreover, geometrical set for the sub-geometry was created in which the 
reference elements were to be categorized.  

Starting with the “Volute”, it was created by positioning seven independent sketches evenly 
along the periphery of the outlet. The reason it was seven different sketches was because it 
was deemed to be flexible enough to give a good approximation of the desirable area 
distribution. The graph of the area distribution itself, which regards how the cross-section area 
decreases along the rotation, was created with a spline with two control-points to manipulate 
its curvature. By using reactions from KWA, it was possible to map the entire curve and extract 
the seven cross –section areas which corresponded to the fixed positions of the sketches and 
implement them into each of the sketches. The implementation was done by mapping the area 
of the sketch-profile by letting it change in area until it corresponded to its input from the 
spline-graph. Figure 29 shows an illustration of the principal idea.   

 

Figure 29: The seven sketches have fixed positions along the outlet and extract their respective 
cross-section area from the user-defined area distribution graph 

The sketch-profile was able to change in cross-section area by coupling all dimensions in the 
sketch with a single reference dimension, which was the height of the profile. By defining the 
value of each of the dimensions in two operating points of the reference dimension, it was 
possible to linearly interpolate the value for each dimension. In other words whenever the 
height increased, so did the other dimensions and vice versa. As all of the seven sketches were 
identical in structure, it was possible to create one template and subsequently Power Copy and 
instantiate them onto fixed positions around the outlet. It must be noted that it was extremely 
important to use “positioned sketch” to correctly constrain them. The reference point of the 
sketch was defined as the intersecting point of the circular outlet and a radial line-element, 
while the orientation was set as parallel to the same line-element. Figure 30 illustrate this 
structure. When the sketches were in position, “Multi-Section Surface” was used to generate a 
surface using the sketches as “sections”. Figure 30 illustrates the wireframe-model and the 
resulting surface-model. 



   

  38 

 

Figure 30: Wireframe- and Surface model 

The “Tongue” was by far the most elaborate and challenging sub-geometry to model. This 
originated primarily from the three dimensional curvature which defines the surface of tongue. 
Moreover, with three separate interfaces to couple together, which included the starting and 
ending interface of the turbine volute and the interface from the “inlet”, a considerable 
amount of reflection was needed in order to achieve the desired look of the tongue. This was 
eventually solved by sketching a plane top-projection of the tongue which was made to 
represent the tip of the tongue. This sketch-projection was then used as a support for splines 
which started from the end-section of the turbine volute and ended in the end of the “Inlet”. 
The tongue was ultimately decided to constitute of four sub-surfaces which were divided by a 
single spline and the projection-sketch. The sketches were further shaped by support-surfaces 
defined explicitly from the spline, the projection-sketch and the sketch-profiles. Figure 31 
illustrates the chosen modeling strategy. The shape of the tongue was further manipulated 
with the help of rules from KWA in which the tongue was determined to have certain elliptical 
shapes. This was achieved by changing the vertical position of the sketch-projection. 

 

 

Figure 31: The blue line is the top-projection, and the red spline divides the tongue into four 
sub-sections. The magnitude of the ellipticity in the tongue can be seen as well 

Though not directly part of the tongue-geometry itself, the “Tongue”- section also included the 
interface between itself and the “Inlet”. This was represented by a sketch which had to be 
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tilted and therefore not be supported by any of the default planes. This was learned in the 
hard way when it was revealed that the surface of the “Tongue”-section contained folds when 
it was indeed supported by the default planes, and the reason was that the sketch does not 
follow the curvature of the turbine volute. In order to achieve this, it was necessary to 
generate a spline which went through the center of gravity of each sketch and subsequently 
extend it to the “Tongue”-section. The support of the sketch had subsequently to be 
perpendicular to this extension of the “center of gravity” – spline.  Figure 32 illustrates the 
modeling situation. 

 

Figure 32: the "Inlet"-interface which is represented by the red line had to be perpendicular to 
the blue spline which is the centre of gravity – spline 

The “Inlet” was by far the easiest sub-geometry to model and constituted solely by a “Multi-
Section Surface” which was generated between the “Tongue”-section and the interface for the 
turbine manifold. The surface was furthermore guided with a set of splines. Finally, with the 
surface model finished for the three sub-geometries, a solid was generated with “Close 
Surface” with a merging distance of 0,005 mm. The final result of the component can be seen 
in Figure 33.  

 

Figure 33: The turbine volute as a solid model 
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4.4.3 Evaluation Phase 

The model was evaluated with the Latin Hypercube Sampling which ensures that the design 
points are distributed evenly across the design space. The design points were 150 and were 
based on the design space from the PDM in Appendix 9.4. The evaluation was done three 
separate times in order to increase the robustness by analyzing the subsequent correlation 
between model failure and parameter values. The result can be seen in Figure 34, which shows 
that the model reached an average robustness of 81.3 % in the first DoE. By analyzing the 
correlation, it was revealed that the model failed whenever the width of the outlet (D_Start) 
reached its minimum. By increasing the minimum limit from 8mm to 9mm, the robustness 
decreased to 80.7 %. This evaluation revealed that the width of the inlet (Inlet_Width) was 
consumed by the fillets. By increasing the lower limit to a value which ensured that the width 
was never smaller than twice of the radius of the fillets, it was thus never consumed. The last 
DoE shows the resulting robustness of 97.3 %, which is considered to be approved.  

 

Figure 34: The evaluation of the model robustness 
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Time invested on the case study 

The total time investment from the pre-CAD phase to finishing the evaluation of the model 
before sending it to simulation amounted to 75 hours.  Table 5 reveals the time-investment for 
each of the explicit phases.  

Table 5: The time-investment for each phase of the methodology is revealed 

Pre-CAD Phase Required time 

Establishing the interfaces 1 hour 

Establishing the design requirements  1 hour 

Meeting with CFD 1 hours 

Total Time  3 hours 

Modeling Phase Required time 

Volute 14 hours 

Tongue 34 hours 

Inlet 2 hours 

Model Intelligence 10 hours 

Rectifying modeling errors 10 hours 

Total Time  70 hours 

Evaluation Phase Required time 

Generating and evaluating 3 DoEs  2 hours 

Total Required Time 75 hours 

As shown in the table above, required time to complete the pre-CAD- and the evaluation-
phase are quite small and even dwarfed when compared to the modeling phase.  This was 
expected and self-explanatory as the modeling phase is the main phase of the entire 
methodology. However, by looking deeper into the time-investment of the modeling phase, 
one can see that the turbine volute and the inlet did not take some much time to finish, 
whereas the tongue and incorporating the model intelligence took substantial amount of time. 
The tongue, as explained in the previous section, was the single most elaborate sub-geometry 
to create. Thus, it required some trial-and-error to not just find one single solution, but to find 
several and subsequently pick the one that was the most robust. The model intelligence also 
required quite some time to establish as many aspects of the model were depended on KWA 
to function as intended. As mentioned, KWA was needed to be able to manipulate the seven 
cross-section sketches by controlling the graph for the area distribution. Furthermore, KWA 
was also needed to change the tongue-ellipticity and to ensure that the “Inlet” -interface was 
always normal to the curvature of the turbine volute as explained in Figure 32. Lastly a portion 
of the time also went to rectifying errors in the model. 
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4.5 Evaluation of the proposed methodology 

In this section, the proposed methodology will be evaluated from various aspects. The first 
form of evaluation regards how much of its content is already present knowledge today and 
the content which are predicted to have a positive reception among the designers. This 
determines the success of its implementation in the organization in the future. This evaluation 
is based on what has been gathered from the interviews and from the questionnaire. The 
second evaluation regards the methodology itself based on the case study.  

Starting with the first evaluation, the methodology is quite compatible with the how designers 
are working today. The pre-CAD phase of the methodology consist principally of gathering 
information on the component regarding fixed interfaces, feasibility in production and 
structural strength and also collaborating with simulation engineers in order to implement 
their data into the component. These essential practices are reflected in the result from the 
Interview Results. Creating a public and standardized document which contains all the 
important information about the structure of the CAD-model is not an existing practice today. 
However, based on the interviews as well as the questionnaire, the existence of such 
standardized documents will most likely be positively received. During the modeling phase it is 
important as to reflect, and plan the structure of the parametric CAD-model before creating it, 
even with the guidance of the methodology. Fortunately the majority of the designers at the 
company share the same opinion. Moreover, a majority also knows how to create parameter 
which is essential if parametric models are to be used in any useful sense. It was expected by 
the author to see a low usage of GSD in the organization based on few observations of existing 
CAD-models. However, the questionnaire results says otherwise and shows that more than 
65% of the designers have used GSD, which bodes well for the methodology, which is 
essentially based on the usage of reference elements and surfaces created in GSD. Reusing 
geometries and elements through Power Copy is however a modeling strategy that is not 
widely used among the designers. Although not technically necessary for creating parametric 
models, it is beneficial for the designer to re-use similar or identical geometries in the model in 
order to avoid modeling repetitive features and risk making errors. Because of this fact, Power 
Copy is fully covered and a part of the methodology. Another modeling strategy which, most 
likely, is generally unknown to the designers is incorporating model intelligence with reactions 
and rules in KWA. This conclusion is based on the fact that no KWA-licenses exist at Scania. 
However, as with Power Copy, KWA is not of utmost necessity to create parametric models but 
brings certain benefits such as increased flexibility and easier management of the model. The 
evaluation phase is completely new to the designers as it is related to testing the robustness 
and flexibility of the parameterized model. Although it is something unknown, the evaluation 
principally consist of exporting parameters to a spread-sheet and generating design points. 
Both of the operations are automated and can be easily managed by the designers in the 
future usage. 

For the methodology itself, the structure of the CAD model which consists of three different 
stages gave the author a consistent model whose design intent was kept by the sub-function 
decomposition by having the ability to work on the sub-geometries individually and 
independently from the rest. Moreover, by renaming the design features and categorizing 
them systematically, the structure-tree of the model was organized and each operation could 
be easily located whenever it was desirable. The wireframe- and the surface-model give the 
user numerous ways to create the component but also give the user excellent control over the 
morphology and topology of the component upon completion. Since CFD-simulation requires a 
closed geometry, the solid model ensures that the model-quality is sufficient for CFD-
simulations by not being able to generate if gaps in the surface-model are bigger than the 
user-defined merging distance, leading to no CAD-model being created. Ultimately, the turbine 
volute which was based on the proposed model structure generated a robustness of 97.3% in 
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the given design space with some minor modifications, which is considered to be quite robust. 
The model was not further evaluated after the third test. Hence, the reason why the model did 
not reach 100 % can solely be speculated. For such low percentage of failed geometries, it may 
point out that there is explicit cause for the model errors but is instead certain parameter-
configuration which simply cannot generate a feasible geometry. Instead of fixing the model in 
order to achieve the remaining percentages, it is better to send the model to simulation in 
order to determine whether these failed geometries are interesting to analyze at all. 

The modeling phase is the main phase of the methodology. However the model can have 
maximum robustness, be of high technical quality and still be useless if it does not satisfy the 
wishes of the CFD-engineer or respect the existing interface and design requirements. 
Consequently, the pre-CAD phase is in reality equally important as the following modeling 
phase if not more as it is in this phase where all the pre-requisites are established for the 
model. Thus, the importance of having a clear outline of what are to be discussed during the 
meeting with the CFD-engineers, in order to cover all questions surrounding the future model, 
is more or less the number one priority in creating the model. The consequence of initiating 
the modeling phase without having a clear goal from the meeting may generate small and 
miniscule problems which grow in time as the model become more complex. An example from 
the case study was the axis orientation of the turbine volute. The model was initially created 
with the X-axis as the axis while the CFD-engineer wanted the Z-axis instead. However, this 
information was not covered during the meeting. The subsequent process of reconfiguring the 
model could have been avoided if it was brought up in the beginning. 

Regarding the content in the CAD model, the designer must certainly have a model which is 
relevant and interesting enough to perform simulations after the evaluation phase. However, 
the CAD model should also grow in complexity along with the given CFD result. This is 
especially important if it is a component whose properties are only known to a limited extent. 
Having a model which is complex with no basis from previous experience is a waste of time 
both for the designer and the CFD engineer. 

The proposed methodology gives the designer all the necessary circumstances to create 
parametric models which are robust, flexible, comprehensible and re-usable. Therefore the 
purpose of the methodology is to aid the designer but it cannot be followed explicitly step by 
step to create every single type of parametric models from start to end. Thus, planning the 
future structure of the model and combining it with trial-and-error and experimenting 
different approaches to find the best most appropriate design operation is a fundamental part 
of the methodology, and designing in CAD in general as well. 
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5 Discussion  

The manner in which the background of the thesis work was established, which consisted of a 
combination of researching existing methods in parametric modeling, conducting semi-
structured interviews, releasing questionnaire within the organization and conducting a case 
study ensured that the generated results from the study was scientifically grounded while also 
having a value within the organization. The work itself in the study deviated from the original 
planning. Hence great attention was paid into adapting the document to these deviations and 
keeping it up to date continuously in order to generate relevant results and conclusions. 

The data collection-phase of the chosen method-model for this study, which consisted of 
interviews, a questionnaire, literature studies and observations to a limited extent, revealed 
that developing a methodology for how to develop parametric models which are robust, 
flexible and intelligent in the purpose aiding CFD-simulations would be of great use for the 
design engineers at Scania during process of developing components which have satisfying 
performances while fulfilling their set design requirements. The application of the 
methodology was deemed to be feasible for many types of design problems and to be useful 
for many designers at Scania. The collected data throughout the study greatly contributed to 
understanding of the present design process at the company and the practical work of 
developing a parametric model as a proof-of-concept. Therefore, a good understanding of the 
collaboration between design engineers and CFD-engineers was also established indirectly 
from the data-collection which was important when developing a methodology that involved 
both disciplines. 

Through the interviews and the questionnaire, the employees of Scania contributed greatly to 
developing the methodology. Due to time-constraints, more interviews could not be 
conducted which certainly would have aided in collecting even more information. However, 
the author also felt that based on the conducted interviews, clear conclusions could still be 
drawn.  Conclusions could also be drawn from the questionnaire even though response-rate 
which landed on 53% was lower than desirable. The reason could be that the questionnaire 
was a bit too long and contained questions which were a bit too long. However, the fact still 
remain that more than half of the participants answered the questionnaire. The chance of the 
other half answering the exact opposite and subsequently changing the outcome dramatically 
is assumed to be low. Another way to extract the empirical information from the designers 
which would have been a substantial contribution is workshops, in which the designers would 
have been given simple models to parameterize according to the methodology. This is 
recommended to be a part of the future work of parametric models in Scania.  

The case study of parameterizing the turbine volute indicated that the benefits of parametric 
models are substantial during the design process. Multiple and applicable geometries from the 
set design space could instantly be generated, simulated and be quickly concluded to be a 
good or bad design. The process of achieving a single geometrical modification in the 
parametric CAD-model took less than one minute. With the sub-contractors, getting the same 
geometrical modification in the CAD-model could take up to three weeks. The issue regarding 
miscommunication between the disciplines was resolved with the parametric model, as all 
types of modifications were expected, agreed and planned together during the pre-CAD phase. 
Moreover, the ability to change model was not something exclusive to the original designer. 
Changing the model with the parameters was something that collaborating designers as well 
as the CFD-engineer or any downstream discipline could achieve. Hence, all the collaborating 
parties became more or less designers. Through its flexibility and re-usability, the CAD-model 
of the turbine volute can now instantly also be geometrically changed in order to assume other 
similar components in the engine such as compressor volute and water pump volute. As for 
the turbine volute, a deeper understanding of the mentioned components and how they work 
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together will be reached. Thus, creating a CAD-model of the turbine volute is just the tip of the 
iceberg regarding the potential benefits of parametric models. It can be mentioned that even 
though the turbine volute was made symmetrical, it could easily be remade to be 
asymmetrical in order to explore asymmetrical geometries as well. Making it asymmetrical 
could be an example of how the model increases in complexity when the process of proposed 
methodology visualized in Figure 22 is repeated again. 

It can be noted that the modeling time during the case study, which was revealed in Table 5, 
was much higher than the preceding and succeeding phase. In reality, even more time put into 
this phase. This is explained by the author’s experiment of trying to make an intelligent CAD-
model without KWA. This goal is motivated by the fact that KWA is a stand-alone license and 
needs to be purchased as an addition to CATIA. This work resulted in developing an external 
plug-in to the CAD-model in Microsoft Excel using VBA, which could control the geometry and 
give it customized area-distribution. With the plug-in, the model became independent of KWA. 
However, the model was not able to be embedded with the spread-sheet which was 
responsible for the rapid model generation which was also responsible for the evaluation of 
the model. Hence, the model had its intelligence implemented with KWA as originally 
intended. However, the plug-in can still be used as a standalone tool to analyze specific 
geometries of the turbine volute. Even with the modeling time which can be considered to be 
substantial, it is time well spent as the CAD-model can assume numerous types of geometries 
and other similar components. With the design space from Appendix 9.4 alone, 43200000 
different geometries are possible to generate. 

Regarding the pre-CAD phase, it is assumed to take longer time to complete compared to the 
present collaboration between simulation and design which has been witnessed by the author 
in the company. However, it is also expected that the proposed pre-CAD phase will be more 
covering and beneficial to the designer as the purpose of the meeting is well-defined.   

As it has been described during the modeling phase of the case study, KWA was heavily 
incorporated in order to be able to modify the major parts of the geometries, such as the 
volute and the tongue, in way which was manageable and reasonable. Without reactions, the 
user would need to change each of the seven sketches manually. This is unacceptable as it 
would be time-consuming and would therefore nullify the benefits of its parameterization. The 
same goes for rules, as without them, it would not be possible to have pre-defined tongue-
ellipticities which had certain desired shapes. In summary, KWA can make a complex CAD-
model easier to modify and manipulate geometrically and can also ensure that the model 
generation is not a failure by changing multiple parameters automatically. However, it should 
be noted that a model with KWA-elements included is heavier to compute than a model 
without KWA. Thus, it is the author’s recommendation to use KWA sparingly and only 
whenever there is an absolute need for incorporating intelligence.       

As the proposed methodology for parametric modeling includes KWA which in turn contains 
programming, it becomes all the more important to confront any potential resistance towards 
parametric CAD-models in the organization in order to ensure its implementation. This refers 
to the fact that the fusion of CAD-modeling and programming it is more or less unheard among 
the designers at Scania. Thus, according to Nahavandi [12] and his concepts of resistance of 
the unknown, it will be extremely important to inform and educate the design engineers about 
the benefits but also the limitations of KWA and parametric CAD-models in general. 

The case study in the thesis was initially planned to cover two components, in which the other 
component was a water pump inlet. However, combined with not having an established 
methodology during its creation and also not being able to gather results in the form of CFD-
simulations due to time-constraints, the water pump inlet was not continued as a part of the 
studies. It should however be mentioned that the improvements and experience that were 
found during the work of parameterizing the water pump inlet were applied on the following 
work of the turbine volute and the proposed methodology.  
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6 Conclusions 

In this section, the established research questions are answered based on the findings of the 
entire study. 

6.1 RQ1:  What are the benefits of using parametric CAD-models? 

The most obvious benefit of using parametric CAD-models is their flexibility, which refers to 
their ability to assume a set of geometries with different dimensions with the help of defined 
parameters. The possibilities of changing the geometry are endless. Therefore it is up to the 
designer to determine what the limitations are. The ability to be geometrically modified with 
the help of parameters means that different types of models can be quickly generated. This is 
extremely beneficial in a design process for understanding the component, but also during the 
scenarios when said component is frequently modified with respect to updates of design 
requirements or interfaces. Moreover, automating the model generation also promotes 
optimization of the geometry with respect to various kinds of goals which could be 
performance in CFD, durability in FEM or weight in production etc. Along with the flexibility 
comes also re-usability. As the model can be modified, similar models do not need to be re-
modeled and can instead be achieved by modifying the parametric CAD-model. This saves 
substantial amount of time.   

Another benefit of using parametric CAD-models is that they become a bridge of 
communication between designers and downstream disciplines, which could be CFD, FEM or 
production. For instance, by having a parametric model which has a defined set of parameters 
whose geometrical effects on the model is known, a CFD-engineer can achieve the exact same 
modification on the CAD-geometry as the creator of the model. Thus, the CFD-engineer does 
not need have to morph the model in a third party tool like ANSA in order to achieve their 
modifications. As mentioned, the consequence of such morphing outside of CATIA v5 is that 
the designer is unable to reach the same modification in their CAD-model when asked. A 
closely related benefit to the aforementioned is that the control over the geometrical 
modifications is not exclusive to the designer with parametric CAD-models. Through the 
defined parameters, any of the collaborating disciplines can open the model and achieve their 
desired changes, and thus relieving the designer of such redundant task.  

Lastly the benefits of parametric models also promote a standardized way to create CAD-
models. By implementing a known methodology which results in models with similar 
organization in the structure tree, collaboration among design engineers is promoted. By being 
able to help each other more efficiently, the designers will be able to create parametric models 
which are flexible, robust and applicable with respect to its downstream application. 
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6.2 RQ2:  In what instances are parametric CAD-models compatible in 
the design phase and when is it not? 

For the optimization of the purpose, parametric CAD-models are compatible and should 
therefore be considered to be used whenever the designated component to be potentially 
parameterized has a sufficiently big design space to explore. Thus parametric CAD-models are 
extremely useful during the pre-development phase of any project, where the concept on a 
topological level is generally known while on a morphological level it is unknown. With these 
pre-requisites established, time-investment on a parametric model is not an issue as its 
potential design space can undoubtedly be explored much faster than a non-parametric CAD-
model. With this being said, a parametric CAD model is not directly applicable or compatible in 
the scenarios where there is little time to explore the design space or whenever the 
component is just intended to undergo slight modifications for the purpose of maintenance or 
other similar purposes. The most obvious incompatible scenario is whenever the design space 
is small and already well-defined because of existing interfaces, design requirements or 
neighboring components which severely constrains the design space which can be explored. 
However, parametric CAD models are still beneficial to implement in these instances when you 
want to reach quick modifications. 

6.3 RQ3:  What are the main challenges of creating parametric CAD-
models 

The biggest challenge is related to the structure of the organization that is Scania. This 
challenge refers to the importance of confronting resistance towards the implementation of 
the methods behind creating parametric CAD-models. As some engineers during the 
interviews have expressed skepticism rooted in their impression that parametric CAD-models 
are more complex, it is of utmost importance to show how the inner workings of a parametric 
CAD-mode and to also showcase the many benefits that parameterization can bring to the 
individual work of each engineer but also to the organization as a whole.  

Another challenge is to be conscious about the amount of established parameters and 
reference elements within the CAD-model, which can increase quickly in number if they are 
not defined with clear intent and idea in mind. This does not regard parameters which are 
agreed to exist between the designer and the downstream discipline, but rather parameters 
and reference elements which exist to aid the model-structure in the background. Keeping it 
structured and planning an entire model before starting to model in order to make it as 
structured and with as few elements as possible can be a challenge. Hence testing different 
approaches and finding the most suitable method for creating the model is of utmost 
importance. 

One of the challenges with having a parametric CAD-model which can be geometrically 
modified is to achieve a model which is parameterized and can be transformed 
morphologically and topologically in the right way from the aspect of the end customer. This 
could be CFD, FEM or any other discipline with a need of a CAD-model. This refers primarily to 
establishing the model in such a way the resulting modification is on par with what the end 
customer expects the model to do on a detailed level. With this said, it is therefore extremely 
important to have a good communication with the end customer and ensure that everything 
has been understood. The consequence may otherwise be that the designer ends up with a 
CAD-model which is robust and flexible in an undesired way. 
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6.4 RQ4:  How should Scania specifically work with parametric CAD-
models as an organization? 

In the short run, Scania should start to apply parameterization in all projects which are in pre-
development phase. As mentioned before, these projects have the necessary time-frame as 
well as the design space to apply parametric models for the purpose of performance 
optimization and new concept exploration. It will also be important, for the success of 
implementing parametric models, to precede the implementation with a large scale 
preparation in the form of internal workshops and training courses in which the design 
engineers can obtain a fundamental understanding of parametric modeling. Subsequently, the 
gathered knowledge should be tried in a pilot project in order make the designers comfortable 
with the parametric models and the proposed methodology. 

In the long run when parametric models are well-known and well-established in the 
organization and can thus be created without any sort of lead-time, then parametric models 
should be applied in all kinds of projects as parametric models not only aid in simulations but 
also in the process of modifying geometries in a quick manner as mentioned in the first 
research question. This would subsequently benefit projects which are big and small in time-
frame. Lastly, Scania should also apply parameterization on a higher level of the design 
process, namely on assembly-level. The assembly could therefore act as the skeletal model for 
connecting multiple parts which are parameterized as well. Thus, whenever a certain 
component is modified, the entire assembly is updated. 

Scania should also promote the use of intelligent models using KWA when creating parametric 
models, as KWA would allow the design engineer to create complex parametric model without 
increasing the amount of parameters and the complexity of controlling the CAD-model. 
Moreover, the model intelligence allows increase flexibility of the CAD-model and ensures that 
the model is correctly generated, and thus increases the robustness. It is the author’s opinion 
that the design engineer must be informed and be aware what KWA is capable of in order to 
promote its usage during the design process but also to ensure that it is only used in the cases 
when it is necessary. The latter refers to the time after having broken down the resistance 
towards programming in CAD-models. At that point of time, it is important that the design 
engineers do not perceive KWA as a “super-solution” to all types of model errors. The KWA 
should be used to aid the model in controlling it and not for directly fixing problems regarding 
the structure of the model. In those cases, it is more suitable and proactive to instead find the 
real root cause of the errors. In summary, KWA should be used sparingly as it makes the model 
heavier and slower to compute. Thus, KWA can be somewhat seen as a last resort when 
equation based relations are not sufficient for controlling and managing the CAD-model. 
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7 Further Studies 

Further studies include continuing the development of the methodology and expanding its 
application to other types of downstream disciplines in the organization like FEM-simulations. 
During this thesis, the methodology and the case study were developed and chosen 
respectively with the CFD-engineers in mind and thus making it more applicable for aiding 
tasks related to CFD-simulation than any other. With that being said, the process of making the 
methodology more universal does not require big changes as the outline itself already exist in 
the proposed methodology. Another relevant part of subsequent studies is to actively test and 
evaluate the methodology, either in a workshop or in a project within the organization, and 
gather empirical data regarding the compatibility of the methodology and in the ongoing 
design process in order to increase its efficiency of the implementation. It should therefore be 
investigated in what instances and in which specific project scenarios it may be most beneficial 
to introduce parametric models, and whether support is needed to aid the creation and usage 
of the models. Further, the development of the methodology includes expanding the 
parameterization to assemblies. With the given benefits of parametric part-models, assemblies 
containing the necessary wireframe-model to control an entire set of parametric models 
would for instance enable the opportunity to analyze the properties of an entire engine. The 
knowledge regarding how connecting components affect each other and the understanding of 
the entire engine would increase significantly, assuming that the required computing power 
for such analyzes are available.  

Other areas of future investigation are Power Copy and Knowledge-Based Engineering (KBE). In 
the purpose of supporting parametric models and reducing the manual work on repetitive 
features, sub-geometries and components, Scania should consider expanding their digital 
library of CAD-geometries with useful geometry-templates complete with user-defined 
parameters, which are accessible and can be instantiated into the designers’ projects instantly. 
Thus, this turns the digital library into a virtual collection of ”LEGO-pieces” which the designers 
can utilize to create their parametric model in a fast manner while ensuring the robustness. 
The next area of investigation is KBE. Developing and establishing a process for determining 
how and when model intelligence from KBE should be utilized and to what extent would be of 
great assistance for the designers at Scania in their work of parametric models towards 
simulation-driven design. 

Lastly, the author wishes the future studies to analyze whether parametric models can aid not 
just simulation driven design, but also help in the concept study phase in which different 
preliminary concepts would be represented by a single parametric model. This single 
parametric model would be able to change both its topology and morphology completely with 
user-defined parameters.  
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9 Appendices 

Appendices for the study are showcased in this paragraph. 

9.1 Questionnaire Response 
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9.2 Using Power Copy in CATIA v5 

1. Go to Insert – Knowledge Templates – Power Copy 

 

2. Pick the elements to be Power Copied 
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3. To instantiate, right-click on the Power Copy-icon, go to “Power Copy” - object and 

press “Instantiate” 
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4. Pick the input-elements. In this case, it is a reference plane and a reference point. 
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5. The copy is now free to be controlled by its parameters.  
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9.3 Checklist of the Methodology 

 

Pre-CAD Phase 

All associative 
components 

established in ASM 

Design Requirements 
established in DRM 

All parameters 
established with in  the 

PDM 

Sketches drawn 

Component 
decomposed into sub-

geometries 

All parameter-relations 
established in PRM 

Input/Output data 
format determined 

Reference Geometry for 
comparison established 

Reference point and 
orientation established 

Quality of model 
determined 

All data assembled in 
one document 

CAD Phase 

Modeling 
Decomposition 

Established 

Parameter-settings 
adjusted 

Geometrical sets based on the 
decomposition created 

Geometrical sets categorizing the 
reference elements created 

Reference elements Type/Purpose 
- Categorized and grouped 

Sketches are ISO-
constrained 

All sketches have correct external 
references , and constrained to 

their local axes 

Surfaces are correctly 
generated 

Surface-gaps rectified  

All reference elements 
renamed 

Evaluation Phase 

Evaluation with DoE 
conducted 

CAD model 
sufficiently robust 
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9.4 Pre-CAD Document 

CAD Geometry Name: Turbine_Volute.CATPart 
Design Engineer: ViChi Luu 
CFD Engineer: Thomas Svensson 
Input Data Format to CFD: The parametric model as .CATPart 
Output Data Format from CFD: Parameter values for the optimized geometry  
Date of Document: 05-02-2015 
Model Quality: No surface gaps over 0,005 mm for meshing purposes 
 

 

 

 

 

 

 

 

 

Design Requirements Matrix 

  Design Requirement Value Unit 

1 
Minimum width of  
the tip of the dividing wall 

5 mm 

2 
Minimum radius  
of the tongue 

2 mm 

3 
Maximum ellipticity ratio of the  
tongue for the minimum radius 

3 [-] 

 

Associative Structure Matrix 

  Component 1 2 3 

1 Turbine volute       

2 Exhaust Manifold X     

3 Turbo Wheel X     

 

Turbo Wheel 

Turbine volute 

Exhaust Manifold 



   

  63 

 

 

Parameter Definition Matrix 

Code Description Parameter Name 
Min.  
Value 

Ref.  
Value 

Max.  
Value 

Step 
Size 

Unit 

P1 

Pre-Defined Area Distributions 
of the volute, which gives 
normalized and fixed values to 
the control-points 

Area_Distribution 1 1 3 1 [-] 

P2 
The 1st control-point for the  
area distribution 

ControlPoint1_Area 12 14 16 2 cm2 

P3 
The 2nd control-point for the  
area distribution 

ControlPoint2_Area 2 8 12 2 cm2 

P4 The width of the outlet D_Start 9 14 20 1 mm 

P5 Top width of the cross section  
profile in the start of the volute 

d1_Start 60 76 90 2 mm 

P6 Height of the inlet Inlet_Height 30 50 60 2 mm 

P7 Width of the inlet Inlet_Width 26 35 46 2 mm 

P8 
Distance between tip of dividing 
wall and outlet 

L1_Start 1 3 5 2 mm 

P9 Housing Throat Area Target_Inlet_Area 14 22 26 2 cm2 

P10 Angle of the tongue  Tongue_Angle 0 15 30 5 Deg 

P11 The height of the tongue Tongue_Distance 4 4,5 6 1 mm 

P12 Ellipticity of the tongue Tongue_Ellipticity 1 1 3 1 [-] 

Constant Parameters defined by the ASM and DRM 

P13 
The radius of the outlet  
set by the wheel diameter 

Circle_Radius 43,5 mm 

P14 The angle of the 1st control-point ControlPoint1_Degree 70 Deg 

P15 The angle of the 2nd control-point ControlPoint2_Degree 200 Deg 

P16 
The width of the base of the 
dividing wall which sets the width 
of the tip of the wall 

d2_Start 14 mm 

P17 
Height of the inlet set 
by the exhaust manifold 

Inlet_Vertical_Position 51 mm 

P18 
Length of the inlet set 
by the exhaust manifold 

Inlet_Horizontal_Position 51 mm 

P19 The radius of the tongue Tongue_Radius 2,7 mm 
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Parameter Relations Matrix 

Parameter Name Code P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 

Area_Distribution P1   O O                   

ControlPoint1_Area P2                         

ControlPoint2_Area P3                         

D_Start P4                 X       

d1_Start P5                 X       

Inlet_Height P6                         

Inlet_Width P7           O             

L1_Start P8                 X       

Target_Inlet_Area P9                         

Tongue_Angle P10                       X 

Tongue_Distance P11                         

Tongue_Ellipticity P12                         
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9.5 Knowledge-based Engineering in CATIA v5 

The different functions inside a modern CAD program are often grouped together in order to 
achieve a level of structure and categorization. These are called workbenches in CATIA V5. 
Knowledgeware Advisor (KWA) is a powerful workbench in CATIA V5, which is a part of the KBE 
system, which further incorporates knowledge-based design, introduces intelligence into the 
model and could increase the flexibility and robustness of a parametric model significantly. 
This is done through functions such as Rules, Checks and Reactions.  

Rules contain a collection of instructions, which is often based on conditional statements, that 
controls the relationship between parameters. In the example in Figure 35, the material of a 
certain solid is depended on its volume. When it is less than the defined value in 
“Limit_Volume”, the material is steel. Otherwise, it is chrome. When a rule has been created, a 
“Relations” node appears in the model. [4] 

 

Figure 35: An established rule for type of material in the Relations-node 

Rules can be applied to create adaptive design based on the conditional statements. This can 
be used to create different discrete geometrical elements. An example of a statement and the 
controlled model can be seen in Figure 36. The operations are achieved by first creating all the 
possible alternatives that the adaptive design can take on. Secondly, an adaptive geometrical 
operator is created which can assume the different alternatives. 

 

Figure 36: KWA enables adaptive design with the help of rule 

A Check is a set of statements which informs the user whether defined conditions are fulfilled 
or not. It should be noted that it does not modify the model, and just gives an indication. As 
with rules, a check appears in the “Relations” node with a traffic light icon, switching from red 
to green. Checks are appropriate to use for several reasons, such as ensuring that one or 
several parameter responds to user-defined limitations, to ensure compliance with design 
rules and to foresee update errors [4]. An example of a check in CATIA v5 can be seen in Figure 
37. 

if Volume(PartBody) < Limit_Volume 
{Material = “Steel”}  
else 
{Material = “Chrome”} 

if Sketch_Type == "Alternative 1" 

{Sketch_Design = Sketches\Sketch.1} 

else if Sketch_Type == "Alternative 2" 

{Sketch_Design =  Sketches\Sketch.2} 
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Figure 37: A check gives the user a visual indication whether the design is okay or not 

Finally Knowledgeware Advisor also contains “Reactions”. Reactions are features that react to 
events by a triggering action, which could be a change in a parameter. The resulting event on 
other features could be creation, destruction, update, and change in another parameter or 
specific events such as instantiation through Power Copy. As with rules, reactions are stored in 
the model, they react to changes and execute modifications. Reactions refer to other features 
and parameters in its document and they can be used for automating Power Copies and other 
user-defined features. However, unlike rules, it can react to a larger amount of changes and 
drive more complex modifications. The difference between reactions and rules might be 
vague. The simple reason is that “Reaction” simply is an extension to “Rules”, since rules have 
their limitations. Like a reaction, rules react to parameter change or feature updates. However, 
you cannot exactly control when rules are fired and they may be fired several times which may 
not be desirable for the user. Another limit is that the same parameter cannot be an input and 
output in rules. For instance it is not possible to write:               . Lastly loops are 
forbidden in rules. [4] 

In summary, KWA is a workbench that could increase the work-efficiency when creating 
parametric models and also increase the model-quality. However, as licenses for KWA is an 
additional cost for the company, the questions remain whether it is absolutely essential to 
introduce KWA in the design process and if so: during which modeling situations are KWA 
useful? For the thesis itself, this is a question which is coupled to the case studies and the 
chosen modeling techniques. Investigation on KWA, and KBE in general, was conducted by 
Lundin and Sköldebrand [16] during their thesis at Scania CV AB in 2008. Their focus was upon 
the investigation on the possibilities of reusing knowledge from earlier work, and on methods 
for managing the quality of the components, through KBE in CATIA v5. Their conclusion was 
that the company would have great usage of KBE and KWA specifically, in their design process 
when reusing already created geometries. The main advantage according to their studies was a 
significant reduction in lead-time in the work. However, they also concluded that difficulties 
would be to determine which components are feasible for working with KBE and investing time 
into learning the workbench. In summary, their recommendation was to introduce KBE in the 
company together with a group specialized in KBE which would be a support and a resource 
while the designers create CAD-models with KBE.  

The concluded benefits by Lundin et al. are similar to another study by Potoncik et al. [25], in 
which KWA was implemented in the modeling of cutting die-component used for creating 
different profiles of washers. Thus, KWA was used to generate different shapes and materials 
for the washers. A user-defined parameter was used to trigger and achieve the desired 
properties. The result revealed that KWA significantly shortened the modeling time and 
furthermore improved the model quality.  

Sainter et al. [2] looked beyond the aforementioned beneficial properties of KBE and focused 
instead on the implementation of KBE on a long-term scale. According to Sainter et al., many 
companies develop applications for KBE in an ad-hoc manner, meaning that the methods are 
rapidly implemented in the organization to gather the short-term benefits of KBE. This, 
however, gives rise to longer-term problems according to Sainter, such as knowledge-loss due 
to the application for KBE not being well-known for all personnel, and knowledge deterioration 
due to KBE not being firmly established as a significant part of the design process or due to 
important personnel with unique experience in KBE not being in the organization anymore. In 
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response, the authors conclude that there is a need for a structured methodology and 
framework in order to reap the benefits of KBE in shorter and longer-term. 

9.6 Modeling in CATIA v5 

The modeling for the thesis was done in CATIA v5 from Dassault Systèmes. CATIA v5 provides 
excellent tools for solid- and surface modeling. Moreover, tools for establishing external 
references are available as well. For the parametric modeling of the case studies, solid 
modeling was used to a lesser extent than surface modeling. The workbenches that were 
primarily used are revealed in the following paragraphs. 

The chosen model for the case study was an internal gas volume, which in general are 
characterized by having smooth, continuous surfaces. In order to achieve these properties, it 
was necessary to work with Generative Shape Design (GSD), as it contains the necessary tools 
for surface modeling. In addition, GSD also contain the tools for creating a reference system, 
also called reference model, which is needed for any geometrical modifications in the model. 
Therefore, it was deemed necessary to involve GSD in the parametric modeling, regardless of 
the developed methodology. The tools that were used for the surface modeling were primarily 
the following: 

 Multi-Section Surface (MSS) is a powerful tool used for generating a surface between two 
reference elements, which could be sketches or curves. The tool is extremely useful as it allows 
the user to manipulate the surface through defined guidelines or couplings which are 
connected to the reference elements. The guidelines can be lines as well as splines. In addition 
to guidelines, the reference elements can be also guided the help of a “spine” which works 
similar to the trajectories in a Sweep. 

 Blend is a similar, albeit more primitive, tool compared to Multi-Section Surface. This tool 
also allows the user to generate a surface between two reference elements. This surface can 
be controlled by support surfaces, which are extruded surfaces from the reference elements. 
For blend, there is no possibility to use guidelines as in MSS.  

 Fill is tool used for generating a patching surface within a confined sketch or several 
connected curves that forms a confined area. The resulting surface can be controlled by 
support surfaces as in Blend. 

 Sweep is a tool used to extrude a reference element, which could be a sketch or a curve, 
along an explicitly defined trajectory. The trajectory could be a line or a curve. Sweep contains 
many functions that enable the user to manipulate the shape of the extruding reference 
element along the defined trajectory. 

Other useful features in GSD include  Projection and  Intersection. Projection is used to 
project curve-elements onto surfaces. An example would be to project a straight line onto a 
curved surface resulting in a curved line. Intersection is the opposite of Projection. An example 
is by letting a plane cut into a surface. A curve on the plane following the shape of the surface 
could then be extracted by using Intersection with the plane and the surface as inputs. 

With surface modeling, Part Design becomes a complement to GSD, where it is needed to 
create the final solid from the modeled surface. The tool that was used for this purpose was 
Close Surface, which transforms the enclosed space within the surface into a solid. This is not 
directly necessary for the CFD-simulations. However, the generation of a solid within the 
surface can determine the quality of the model. When the surface-quality in the model is 
lacking, gaps between the sub-surfaces exist which nullify the solid generation and gives an 
error-message instead. These gaps are, on the other hand, important to rectify before 
conducting any CFD simulations, as they can have a negative effect on the mesh-quality. 


