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Abstract

This report comprises the product development of a radiator cooling fan, based on
the patent “Divided blade rotor” [US 7396208 B1], for the sponsor Volvo Group. It’s
claimed that a fan based on the patent will have better resistance to deformation,
operate well with high angles of incidence and have higher efficiency to mention a
few of it’s potentials.

Concepts were generated and evaluated until the project shifted focus to the im-
portant parameters because of the lack of knowledge. Because of limited resources,
only three parameters were analyzed. The parameters are combined into concepts
in a Taguchi array and these concepts are the simulated in Star-CCM+ and tested
in a wind tunnel. ANSYS simulations are made on a design of the patent. The
results from simulations and tests are fairly similar and enabled optimization for
two parameters; an angle of incidence of 40 degrees and number of blades of 10,
which is the basis for the recommended concept. The number of holes could not be
optimized because of the contradicting results from simulations and tests.

The overall performance and efficiency of the recommended concept is not equivalent
to Volvo Group’s reference fan. Although some of the performances are promising,
regarding the deformation, velocity and the moment, and this with only two out of
nine optimized parameters. The conclusion is that this divided fan technology could
be promising as an application for a radiation fan for Volvo Group trucks installation
and is an interesting object for future work.

The recommendations regarding future work are to re-simulate the parameter re-
garding number of holes. Simulations and tests should be done using same set up
for the remaining six parameters which is; size of holes, angle of split, length of split,
blade geometry, transition radius and hub geometry.

This bachelor’s thesis has been carried out during the spring of 2016 as a collabora-
tion between Chalmers University of Technology, Penn State University and Volvo
Group.

Keywords: Fluid dynamics, product development, fan theory, divided fan blade,
Star-CCM+, Radiator fan, Divided Blade Rotor.



Sammanfattning

Denna rapport behandlar produktutvecklingsprocessen av en radiatorflikt till Volvo
Group, som baseras pa patentet “Divided blade rotor” [US 7396208 B1]. I detta
patent hdvdas bland annat att en flikt designad enligt ”"divided fan blade teknologi”
har battre deformationsmotstand, klarar av att drivas med en hog infallsvinkel och
har hogre effektivitet &n konventionella fliktar.

Koncept genererades och utvirderades till den punkt da kunskap saknades. Dérefter
forflyttades fokus till de viktiga parametrarna. Pa grund av begrénsade resurser
valdes endast tre parametrar att analyseras. Parametrarna kombinerades till kon-
cept i en Taguchimatris och de nya koncepten simulerades i Star-CCM+ och testades
i en vind tunnel. ANSYS berdkningar gors pa en separat design av patentet. Resul-
taten fran simuleringarna och testerna var ganska lika och mdojliggjorde optimering
av tva av parametrarna; en infallsvinkel pa 40 grader och 10 antal blad, vilket ligger
till grund for det rekommenderade konceptet. Antalet hal kunde inte optimeras pa
grund av de motségelsefulla resultaten mellan simuleringarna och testerna.

Den 6vergripande prestandan och effektiviteten pa det rekommenderade konceptet
ar inte likvardigt med Volvo Groups referensflikt. Dock dr nagra av prestandan lo-
vande, géllande deformation, flddeshastighet och moment och detta med endast tva
av nio optimerade parametrar. Slutsatsen &r darfor att "divided fan blade teknolo-
gin” kan vara lovande att applicera i en radiatorflikt i en Volvo Group lastbil och &r
intressant att fortsétta arbeta med.

Rekommendationerna géllande framtida arbete &r att gora ytterligare en ny simu-
lering for parametern géillande antal hal.

Simuleringar och tester borde goras for de aterstaende parametrarna med samma
set-up. Parametrarna som aterstar att undersoka ar storlek pa hal, vinkel pa klyvnin-
gen, langd pa klyvning, blad geometri, 6vergangsradie och design av navsektion.

Detta kandidatarbete har genomforts under varen 2016 som ett samarbete mellan
Chalmers Tekniska Hogskola, Penn State University och Volvo Group.

Nyckelord: Stréomningsmekanik, produktutveckling, fliktteori, delade fliktblad, Star-
CCM+, motorflakt, Divided Blade Rotor.
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1

Introduction

This section includes a general overview of the project, why it is generated and who
it 1s generated for. It also includes limitations of the project along with the scope
and objectives of the project to ensure that the results will be obtained by Volvo.

1.1 Background

During the last years it has become commonly known that human beings are con-
tributing to the global warming [1] and that emissions from Carbone dioxide (CO2)
is one of the greatest contributors to the greenhouse effect [2]. As people become
more aware about how their choices and behavior effect the coming generation an
increasing demand in fuel-efficient transports have arisen. This in combination with
haulage contractor’s demand for fuel-efficient transports due to high oil prices give
a great advantage for those manufacturers who are at the cutting edge in low fuel
consumption.

In the strive to achieve this lower fuel consumption truck manufacturers, such as
Volvo Group, need to improve every detail of their trucks. Improving the engine
with all surrounding systems is a crucial and never ending process. To make the
engine run as effective as possible, an efficient cooling system is needed. With this
background, the project is to improve the design of a fan, the part of the cooling
system that sucks air through the radiator. In the strive of a more efficient cooling
system, the patent “Divided blade rotor” [US 7396208 B1] [3] has been presented to
Volvo Group. The patent claims to significantly lower the power needed to rotate
the fan. Volvo Group wants to investigate if the statement is true or not and there-
fore the patent will be the basis for this design project.

Volvo Group is one of the largest truck manufactures in the world with almost
110,000 employees around the globe, [4], with a manufacturing rate of over 200,000
units every year [5]. Volvo Group was founded in Gothenburg, Sweden and still have
their headquarters there [6].

1.2 Initial Problem Statement

In order to cool the engine of a truck a fluid transports heat from the engine to
the radiator where the fluid is cooled by air flowing through the radiator. At low
vehicle speed a fan is used to suck air through the radiator to generate the air flow
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needed. In order to lower the power needed to rotate the fan without changing
the absolute air flow an international team from Chalmers University of Technology
(Chalmers) and Penn State University (PSU) will develop a new fan design to fit a
Volvo Group truck installation and investigate the developed fan with regards to air
flow, efficiency, aerodynamic performance, interaction with the surrounding shroud
and production cost.

1.3 Purpose of Project

The purpose of this project is to develop a fan blade design based on the patent
“Divided blade rotor” [US 7396208 B1]|, that is applicable for a radiator cooling
fan, in a Volvo Group truck installation. It also includes an investigation of its
performance and a comparison against Volvo’s current fan.

1.4 Scope of Work

The project starts with a thorough research of existing designs and potential ideas
from unfinished and similar work or patents, along with this the fundamentals of fan
theory are researched. Concept generation to explore possible designs is described
and some of those concepts are drawn in CAD-software. Further these designs are
tested with computational simulations software such as ANSYS [7] and Star-CCM+
[8] and then assessed based on their performance. The impact of different param-
eters is also investigated by producing scaled 3D-printed prototypes of the fans for
tests in wind tunnel. Aerodynamic performance is the most affecting variable on the
fuel consumption for the fan design so that is a critical area for the performed re-
search.Fluid dynamic simulations are mainly done at a computational cluster, Hebbe
[9], at Chalmers using Star-CCM+.

A technical specification that states the critical limits for the design is made, these
limits are based on the performance of the existing solution. There are some phys-
ical limitations that the project have to take into account, for example, size of the
design, attachment and input-power.

The most promising design according to the physical testing and computational sim-
ulations will be recommended. This also results in a report containing important
data such as mechanic stability of the design, the flow velocity induced by the fan
and efficiency (airflow/input power).

Finally brief a cost estimation of the product is calculated under the conditions that
the design will be implemented in all Volvo Group’s trucks with respect to material,
production process and assembly costs.
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1.4.1 Objectives

The following objectives are set out to fulfill the purpose of the project:
Product development based on the divided fan blade technology
Investigate the directional deformations

Investigate the stresses in the fan blades

Perform a lifetime analysis

Investigate the mass flow

Investigate the fluid velocity

Analyze the interaction between the fan and the surrounding shroud
Analysis of the pressure distribution on and around the fan
Analyze the required moment to move air

Calculate and analyze the efficiency

Moreover, the project group members are expected to learn how to work in a global
product development team.

1.4.2 Deliverables

Project deliverables during project:

e Planning report along with a presentation
Mid-term report along with a presentation
Final project report along with a presentation
Documentation of aerodynamic performance
Technical specification
Documentation of structural integrity
Documentation of prototype testing
Design recommendation of final concept
CAD drawings of the recommended concept
Manufacturing cost analysis

1.4.3 Limitations

The project is supposed to be carried out by six students; three from Chalmers and
three from PSU. Chalmers students should work on the project approximately 20
hours a week each for the project and PSU students approximately 15 hours a week,
as they have more classes combined with the project. Chalmers students workes on
the project between Jan 21, 2016 and May 27, 2016 and PSU students workes on the
project between Jan 11, 2016 and May 2, 2016. This limits the number of designs
that can be assessed. The students have access to a prototype manufacturing lab.
The computer cluster Hebbe is provided free of charge for the Chalmers students to
run simulations and calculations to be able to execute a wide range of accurate test
setups.

The students are not completely beginners in the topic of fluid dynamics and are
able to work along with some assistance. The project group has no previous experi-
ence in Star-CCM+ but will learn by online tutorials together with assistance from
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the supervisors. Supervisors at Chalmers and PSU are able to assist in product
development, calculations and simulations.

The project is guaranteed 2,000 SEK (220 USD) from Chalmers and 1,000 USD
(9,000 SEK) from PSU, the sponsor can add funding depending on the assessment
of the design and general opinion of the motivation for the funds. It is important to
notice that materials and 3D-printing is free of charge at Chalmers, and therefore
the lower budget.
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Team and Project Management

Before starting generating results from a project it is important to have everything
around the project clarified. In this section a preliminary economic analysis is made,
the project management is being discussed together with a Gantt chart and a clar-
ification of the deliverables that the project will result in. Thereafter the risks of
the project are analyzed and ethics and environmental statements are established.
Communication and coordination with sponsor are also decided in this section.

2.1 Preliminary Economic Budget

The preliminary budget can be found in Appendix A.1. The budget consists of
2,000 SEK (220 USD) provided by Chalmers and 1,000 USD (9,000 SEK) provided
by PSU. The Chalmers budget will be spent on parts that the project will not be
able to be provided by Chalmers. Materials for prototype and 3D-printers are free of
charge at Chalmers. Computational cluster and workshop costs are excluded from
the budget since it is free of charge at Chalmers At PSU a big part of the budget
will be spent on making a prototype of the design as materials and 3D-Printers are
not free of charge. Some of the budget will be spent on travel, both to the local
sponsor and to gather the team on one of the two sites.

2.2 Project Management

A Gantt chart is attached in Appendix A.2, where all milestones and tasks are
included. Responsibility for all tasks can be rearranged during the project as the
group members capabilities will show. With all of the different expertise the group
posses the outcome of this project will be fabricated with a high academic standard.
Prototypes will be produced at PSU to be able to evaluate variants of the concept.
The prototype will be tested in real conditions at PSU and simulations and calcu-
lations on the designs will be produced at Chalmers.

Main part of CAD-construction for tests will be produced at PSU and Chalmers
will produce CAD-constructions for simulations since the group members at PSU
have a great knowledge of CAD-modeling and most of the simulations will be done
at Chalmers as they provide the group with a computer cluster which is made for
heavy calculations. It is sufficient to know that all of the group members have
knowledge in all required areas, such as strength of materials, CAD modeling, fluid
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dynamics, dynamics and sustainable products etc.

Communication will be held through Adobe Connect [10], an interface platform for
web meetings. All presentation, except the final presentation at Chalmers, will be
held on this platform since it is both possible to show slides and discuss them at the
same time and it is also a reliable system used worldwide. The final presentation at
Chalmers will be held in a class room with the PSU students present in Sweden and
therefore it is not necessary to have a web connected meeting. The daily contact
will go through a chat service called GroupMe[11] to be able to communicate with
everybody at the same time so no one miss any information.

2.3 Risk Plan and Safety

In large projects it is preferably to have a risk plan to avoid complications both
within the group and external. The team has a risk management which explains
how to take actions when problems arise during the project, as shown in Appendix
A.3. A risk plan is made to be able to foresee problems that could occur during
the project and by that eliminate the risk of it to happen and also have a fall back
strategy.

First step is to identify problems that may occur during the project, important is
that no problems are to small, often it is the small problems that affect the progress
the most. All areas will be taken into account but problems with a link to the
projects deliverables, project documents and testing will get more attention as these
are critical areas for the outcome of the project.

2.3.1 Risk Analysis

With all risks stated, they were investigated and ranked upon both the impact and
probability for them to happen. The probability is ranked on a scale [1 - 10] where
10 means that the probability of it to happen is very large. The impact of the risk is
also ranked on a scale [1 - 10] where 10 is the worst case. To get an overall risk-level,
both numbers are multiplied to get a number on a scale [1 - 100]. Risk with a high
overall level should be avoided as far as possible and also have a realistic plan to
take actions from when the problem is real. The overall score is ranked in three
groups, “High alert” group with a score over 25, “Medium risk” with a score between
10 and 25 and the “Low risk” group with a score under 10.

14 risks were identified and distributed as follows, six in high-alert group with a
maximum score of 50, five in medium risk and three at low risk. Risks that got a
high-alert score mostly focus on problems that are general and may be contributing
factors to a non-completed project. The output of a high risk is loss of data, unable
to deliver simulations and calculations due to more complexity and time consuming
than expected, also miss understanding of the task can affect the outcome in a bad
way. The medium risks focus on problems within the group that will not result in a

6
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non-completed project but still are important as the high level of the project might
not hold up if the group does not work well with each other.

2.4 Ethics Statement

Volvo Group have a policy about ethics that should be followed in this project, “Key
Elements Procedure 6 Corporate Social Responsibility” [12]. It mainly focus on how
to take action in different situations, for example, it contains restrictions of child
& forced labour, Human Rights, Discrimination and political influence within the
development of new products. As we can not influence how the concept will be
produced the group can not take responsibility for these factors. The group will
make sure to not be influenced by third parties in exchange for personal benefits.

2.5 Environmental Statement

The new product will follow all environmental standards used by Volvo Group that
focus on recycling-ability, using environmental-friendly materials and processing.
Volvo Group work along with policies to develop a sustainable product, for example
they always strive to reduce all harmful materials in their products by active do
researches about materials. Volvo Group also take responsibility for the usage of
natural resources both during development and usage [13]. To ensure that harmful
chemicals or materials are not used in Volvo products they have standards for what
materials that are forbidden in new products.

The project will follow these standards issued by Volvo, STD 100-0002 [14] also
known as the "black” list that contains materials that can not be used in new or
existing products. STD 100-0003 [15] also known as the “grey” list that contains
materials that will in the near future be in the “black” list and for that reason it
should be critically considered before usage in any products. STD 100-0005 [16]
also known as the “red” list and contains chemical substances that are forbidden in
marketed products, marked as prohibited in GADSL. The product should achieve
all specifications for ISO 14001 thus it is listed in the checklist for all developments
within the Volvo Group [17]

It is important to remember that the main achievement with the project is to re-
duce fuel consumption for trucks, if the environmental effect of the product will
increase with the new product, it should not exceed the gain due to the lower fuel
consumption.

2.6 Communication and Coordination with Spon-
sor

The main contact with the sponsor, Peter Gullberg, at Volvo Group GOT will go
through Andreas Bagfeldt at Chalmers to avoid unnecessary e-mails due to miss-
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communication within the group. The secondary contact person for Volvo is Tyler
Delk at PSU. The sponsor will receive a weekly memo of what has been accom-
plished and what the group will work on the next week or two. If the group have
questions, it will be sent to the sponsor by e-mail or if it is urgent, the questions
will be asked on phone. During the project, Volvo Group sponsored the students
to travel to each university to encourage a good collaboration and dedication along

with avoiding poor group spirit.

Table 2.1: Planned meetings with Volvo Group

Sort of Interaction

Date

First meeting with the sponsor

Jan 21th, 2016

Project Proposal presentation

Feb 25th, 2016

Mid-term report presentation

Apr 7th, 2016

Final Project Presentation at PSU

Apr 26th, 2016

Final Project Presentation at Chalmers

May 26th, 2016
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Methodology

This chapter describes the methodology of the project, which is a combination of
different methods composed to maximize the outcome of this project. The project
can be divided into six main stages including project planning, concept generation,
concept evaluation, concept refining, concept redefining and detailed design. The
results from using these methods are presented in section 4-11.

3.1 Summarized Product Development Process

Data such as customer needs and technical specifications were collected from inter-
views and E-mails and an external search in existing products and patents was made.
The problem were clarified using a black box and a sub-function diagram. Concepts
were generated by brainstorming and an morphological matrix and were evaluated
with an elimination matrix and Pugh’s screening method. The lack of knowledge
made the project shift focus to the important parameters rather than evaluating
the concepts. A Taguchi array was used to create new concepts by combining pa-
rameters. The new concepts were refined by simulations in ANSYS, Star-CCM-+
and tests. To validate the simulations and tests and make sure that the parameter
data was accurate, one more simulation with redefined concepts containing opti-
mized parameters was done. A final concept recommendation was made out of the
results from the last simulation. A detailed design was presented with CAD draw-
ings and a brief manufacturing plan, material selection and economic analysis. For
a summarized process chart over the project approach, see figure 3.1.
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Figure 3.1: A summarized process chart over the project approach
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3.2 Collecting and Weighting Customer Needs

Interviews and E-mails were the primer methods when collecting data and customer
needs from the sponsor. An Analytic Hierarchy Process (AHP) was used to weight
the customer needs. The AHP is a method developed by Saaty [18] and is based on
pairwise comparisons creating a comparison matrix to get the relative importance of
all alternatives. The alternatives are ranked on a scale from 1-9, where 1 is of equal
importance and 9 is extreme importance. The importance of each alternative is then
summed up and divided by the total sum to get the weight for each alternative.

3.3 Collecting Data through External Search

An external search for patents and existing products was made to get more informa-
tion about similar solutions in different industries. Patent search was mainly made
in Google Patents [19] which is a search engine that collects patents from differ-
ent patent offices around the world. Among other these patent offices from which
Google Patents collects its data are The United States Patent and Trademark Office
(USPTO), the European Patent Office (EPO) and the World Intellectual Property
Organization (WIPO) are only some of the patent offices included.

3.4 Collecting Data and Establishing Engineering
Specification

After collecting data, an engineering specification was established. An engineering
specification is a table where all specifications for the project are gathered. The
specifications are measurable criterion which the final concept aims to satisfy. The
specifications should be supplemented with a target value, an authentication method
and a reference. Data for the engineering specification was collected through inter-
views and E-mails with the sponsor and by the collected data from patent findings
and existing products. Some of the specifications are qualified assumptions sub-
mitted by the project group. A needs-metric’s matrix was established to relate the
customer needs to the specifications in the engineering specification. The needs-
metric’s matrix maps the customer needs to the specifications [20]. Each customer
need has to be mapped to at least one specification otherwise the engineering speci-
fication is deficient and the project run the risk of not achieving the customer needs.

3.5 Black Box and Sub-function Diagram for Prob-
lem Clarification

The problem was clarified with a black box model and a sub-function diagram. The
black box is a method from Pahl and Beitz [21], originally presented by Hubka and

Eder[22], and is used to clarify the boundaries of a system by showing the input
and the output operands of the system without describing the internal activities of
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the black box. The sub-function diagram is a method by Svendsen and Hansen [23]
that decompose the system hierarchically and create a function-solution tree. The
main function is assigned with a solution which in turn is divided into sub-functions
which also is assigned to solutions and so on.

3.6 Brainstorming and Morphological Matrix for
Concept Generation

The first way to start generating concepts for this project was brainstorming. Brain-
storming is not a theoretical method but a creative way to generate concepts and
can be very useful to get started in a concept generation process. To create even
more concepts a morphological matrix was used. The morphological matrix is a
problem-solving method developed by Zwicky to find all possible solutions to a
multi-dimensional problem [24]. The approach of the method is to find as many
part-solutions to the sub-functions as possible. By combining one part-solution from
every important sub-function a new concept is created. By combining part-solutions
in this way, a very large number of concepts can be created. A lot of concepts created
like this are not compatible and therefor demands a good evaluation of the concepts,
both from an engineering perspective and by theoretical screening methods.

3.7 Elimination Matrix and Pugh’s Screening Method
for Concept Evaluation

To start evaluate the generated concepts an elimination matrix was used. The elim-
ination matrix is a screening method by Pahl and Beitz [21] where the concepts are
evaluated after their ability to fulfill the specifications of the engineering specifica-
tion, see Chapter 6. If a concept does not fulfill a demand, it will be eliminated.
The elimination matrix is a strong filter and might sometimes screen harder than
what is reasonable for a product development project and it is therefore impor-
tant to keep the engineering perspective during screening. After the first screening
the evaluation continued using Pugh’s screening method developed by Pugh [25].
The Pugh’s screening method is a finer evaluation method, where the concepts are
ranked against a reference solution in a matrix according to how well they fulfill the
customer needs and specifications that is desirable for the customer to fulfill. The
reference solution might be the current solution or one of the generated concepts. If
the concept is better than the reference according to a criterion it is given a “+”, if it
is worse it is given a “-” and if it is equal it is given a “0”. The values for each concept
are summed up and ranked. This matrix can be iterated with different concept as
reference to make sure that the result is converging. A concept with bad ranking
run the risk of being rejected.

12
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3.8 Taguchi Array for Deciding Number of Tests

At this stage more information about the important parameters was needed and the
lack of knowledge made the project shift focus to the important parameters rather
than continuing the evaluation of the concepts. Simulations and tests were needed
and a Taguchi orthogonal array was used to make this in a structural way. The
Taguchi orthogonal array is a method for minimizing the number of experiments
involving multiple parameters without affecting the output information from the
experiments. The method was proposed by Taguchi [26] and is based on well-defined
guidelines using a special sort of arrays called orthogonal arrays. The size of the array
and the number of experiments is defined after the number of independent design
parameters and levels. Each independent design parameter has a combination of
different levels and the number of levels must be the same for all design parameters
for the array to be balanced.

3.9 ANSYS, Star-CCM+ and Testing for Con-
cept Refining

To be able to make a qualified final concept selection, more information about the
important parameters was needed. A structural analysis was made in ANSYS Me-
chanical which is a finite element analysis software for structural analysis developed
by ANSYS Inc. Pre-processing was made in ANSA, which is a computer aided engi-
neering tool for finite element method developed by BETA CAE Systems S.A. [27]
The aerodynamic performance was simulated in Star-CCM+ which is a computa-
tional fluid dynamics software developed by CD-adapco. Tests of physical prototypes
were made in a wind tunnel. The objective for the simulations and the tests was to
learn more about how the parameters affected the performance of the fan blade and
to optimize them. The current fan used by Volvo Group was also simulated with
identical testing conditions to enable comparisons between the final concept and the
current fan. The results from ANSYS, Star-CCM+ and the tests were compared
against each other and describe the robustness of the simulations and the tests.

3.10 Concept Redefining

The results from the simulations and tests gave more information about the impor-
tant parameters. Since this is an iterative process the concepts was redefined based
on the optimized parameter data. To validate the simulations and tests and make
sure that the parameter data was correct, one more simulation with the redefined
concepts containing optimized parameters was done. A final concept recommenda-
tion was made based on the results from the second simulation.

13
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3.11 Detailed Design

A detailed design was presented with drawings made in Catia which is a CAD
software developed by Dassault Systemes [28]. A brief manufacturing plan and a
material selection were made together with an economic analysis. The cost analysis
were made in CES EduPack which is a database of materials and process information
developed by Granta [29]. CES is a short for Cambridge Engineering Selector.
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Customer Needs Assessment

It is important to collect all the needs stated by the customer, in this case Volvo, to
ensure that the project actually fulfill Volvo Group’s questions. The customer needs
were collected and weighted to visualize the most important needs and therefore be
able to ensure that project is well performed on those areas. This is done using an
Analytic hierarchy process matrices.

4.1 Gathering Customer Input

Customer needs were gathered in two ways. The first was from a meeting with the
sponsor, at which the group asked the sponsor different questions to better under-
stand the project. From these questions the team gathered customer needs based
on the answers provided. The second way was from email conversations between
both parties, the team asked Volvo Group questions about specific needs and what
was important to the sponsor. The Volvo Group sponsor provided the team with all
of the customer needs. The customer needs starting with the most important base
of the AHP [30] in Table 4.1 are Power, AirFlow, Size, Noise, Durability, Weight,
Cost, Safety, Efficiency and Color.

4.2 Weighting of Customer Needs

The AHP weighting came from engineering judgement and from talking with the
sponsor. The sponsor was very clear that efficiency is the most important aspect of
this project. The sponsor also laid out other customer needs that would be important
in the design project and the needs were weighted based on earlier conversation with
the sponsor. The AHP calculated the weights of each customer need. Power and
Air Flow came out as the most important with a weight of .22 each. These two
needs were the most important because they both have a large impact on efficiency
which is the main goal of this project. Power and air flow were followed by Size,
Noise, and Durability which had weights of .094, .088, and .08. These needs are still
important in the project, but carry less weight than efficiency. The customer needs
with the least weight are Weight, Cost, Safety, and Color with weights of .075, .075,
.073, and .065 respectively. For the full AHP calculation, see Table 4.1.
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External Search

This section includes an external search of patents and existing products. During
patent search, the main focus stays on the patent presented by Volvo Group. The
external search of existing products describes axial fans together with a general ex-
planation about propeller theory. Other existing products that is briefly described in
this section is radial-, diagonal and contra rotating fans.

5.1 Patents

Two patents have been found to be of specific interest in the patent search, this is
[US 7396208 B1] focusing on efficiency and claims to accomplish this by splitting
the fan blade in two roots with a common tip and by adding holes at the leading
edge. The other patent "Cross Flow Cooling Fan” [US 4364712 A] focuses on the

creation of pressure difference at low tip speeds.

5.1.1 Divided Rotor Blade
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Figure 5.1: Two divided fan blades mounted on a shaft [3]
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A patent of a new fan rotor blade has been presented to Volvo Group, “Divided
blade rotor” [US 7396208 B1] [3]. This fan is designed with divided fan blades to
give a higher efficiency than conventional blades. Very simplified, the divided rotor
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blade looks like a conventional fan blade that is cut in two and creates a split with
two roots that can be angled. As the blade is not cut all the way, it ends out to a
common tip. The lead blade part has several holes in it that will contribute to the
improved performance, see Figure 5.1.

Figure 5.2 shows three different fan blade designs included by the patent mounted
on a shaft. The Figure to the left is a perspective view of a fan blade having a bent
leading edge blade part. The Figure in the center is a perspective view of a fan blade
having a curved leading edge blade part. The figure to the right is a perspective
view of a design in which the blade parts have dissimilar angles of incidence.

Figure 5.2: To the left is the preferred embodiment with a sharp bend for the
leading edge, in the middle is an alternative embodiment with a curved leading edge
and to the right is a blade with dissimilar angles of incidence [3].

There are five main purposes stated in the patent “Divided blade rotor” [US 7396208
B1}:

“A first object of the present invention is a simplified design, and im-
proved operation, divided rotor blade that can be formed from flat sheet
material.

A second object of the invention is a divided rotor blade comprising true
airfoil sections in tip and root to decrease drag and increase effective lift
or thrust.

A third objective of the invention is a rotor blade which can be operated
effectively at supersonic tip speeds.

A fourth object of the invention a rotor blade which is resistant to cav-
itation, turbulence, and accelerated stalling otherwise initiated by high

speed operation at a high angle of incidence.

A fifth object of the invention is a divided rotor blade with root portions
having dissimilar angles of incidence.” [3]
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In addition to these purposes a number of claims about the performance of a fan
based on the divided rotor blade are stated in the patent. These claims are, but not
limited to:

e Higher resistance to structural deformation using the same sort and amount
of material

e Higher efficiency

e The port holes reduces cavitation, turbulence and delays the onset of stalling,
particularly when operating at high speeds and high angles of incidence. The
introduction of port holes is also supposed to significantly increase the effec-
tiveness of the divided blade.

e If the trailing portion have a angle of incidence of preferably 5 degrees higher
than that of the leading portion the net lift will be increased.

e Effective with 45 degree angle of incidence well into the range of supersonic
tip speeds.

In the patent it is mentioned that the port holes at the leading edge should preferably
occupy about 10 percent of the total surface area of the blade to fill the stated
function but that the area may be adjusted and determined by testing for each
specific application. How the holes are implemented in reference to the rest of the
geometry is of great importance. As stated in the patent, “Divided blade rotor” [US
7396208 B1], description “To reduce friction and pressure loss, the holes should be
bored at an angle from the leading edge and face of the rotor blade portion, rearward
to the backside.” The angle they are bored at is the reason to why the holes are seen
as ellipses in Figure 5.2.

5.1.2 Cross Flow Cooling Fan

The “Cross flow cooling fan” [US 4364712 A] [31] explains how conventional cooling
system fan for vehicles is increasingly becoming smaller due to many vehicles having
a smaller frontal area. This results in a higher air path resistances which forces the
fan to produce higher pressures at lower tip speeds. This patent finds a solution
for this by instead of using only the axial flow, it also uses the radial component of
air flow. This is accomplished by using backing plates on each blade which extend
downstream from the hub. Each blade is positioned in an oblique plane compared
to the backing plate which is joined with its corresponding blade. This allows for
the fan to combine axial thrust and centrifugal lift which generates pressure. An
illustration of the patent design can be found in Figure 5.3
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Figure 5.3: A cross flow cooling fan [31].

5.2 Existing Products

This section gives a brief description of classic airfoil and propeller design. Thereafter
the most important fan types are being described, such as axial fans, radial fans and
diagonal fans.

5.2.1 Axial Fan

General

The main function of an axial fan, also called propeller fan, is to transport air axially
through the fan at a desirable velocity. This will result in a increased pressure at the
leading edge thus create the difference in pressure that is needed for air to flow. An
ducted axial fan does not change the flow direction, so air keeps flowing axially after
the fan. The axial fan has many applications e.g. industrial processes, ventilation
systems and cooling systems [32]. A principle sketch of an axial fan for the cooling
system of an engine is illustrated in Figure 5.4. Altering angle of incidence and
airfoil characteristics drastically changes the characteristics of the axial fan. The
important parameters when designing a fan includes power, flow rate, pressure rise
and efficiency [33], [34].

Effects of blade length and surface area

In Figure 5.5 is a chart describing the affect different surface areas on wind turbines
has on efficiency with regard to the tip speed ratio, see Equation 5.1. A large surface
area of the blade results in low efficiencies and low maximum tip speed, also known
as the cut out speed. The range between cut in speed (the air speed at which the
blades start rotating) and cut out speed are also low for a fan with large surface
area. This is due to the large blade stopping fluid from passing through the swept
area. A blade with the opposite characteristics is a blade with low surface area and
high tip speed ratio and thus allowing large volumes of air through the swept area.
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Although this figure is developed for wind turbines the same principles apply to

axial fans [35].

Tip speed blade
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Figure 5.4: An axial fan used for cooling of engines
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Figure 5.5: Wind turbine efficiency based on different designs [36]. Reprinted with

permission.

Efficiency curve

In Figure 5.6 the relationship between pressure, efficiency and shaft power is pre-
sented. In general, a typical axial fan should be operated between points A and B.
C is the point at which optimal efficiency with regards to airflow and shaft power
is reached. At point D the angle of attack has reached its maximum and stalling
occurs. In the E-D region the flow will not follow the blade as it was designed due
to boundary layer breakaway which in turn causes the air to flow around the blade

in a circular movement [37].
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Figure 5.6: Typical performance characteristics curves for an axial fan [37].
Reprinted with permission.

Airfoil and propeller design

A rotor blade has three distinguished characteristics. The length from the rotational
center to the blade tip, the width of the blade and the pitch angle. The pitch angle
is the angle between the chord and the plane of rotation. If the blade at any point
from the rotational center is cut between the trailing and leading edge the blades
cross section, also called airfoil, will be shown.

The airfoil and pitch angle are interesting since this is what ultimately determines
how the blade will perform. The most commonly used blade shape in fans is a thin
curved sheet. It is basically an airfoil design with width of the blade close to zero.

In Figure 5.7 the drag coefficient Cp, the lift coefficient C, and the relationship
between them is shown. Of special interest is the stalling point, represented as
"stall” in the figure, occurring at high angles of attack. Maximum lift is produced
at the point of stalling, followed by a sharp decrease of lift. This again is due to
boundary layer breakaway causing turbulent flow on the upper part of the airfoil.
This will make the fan vibrate threatening to destroy the blades [37]. To show the
relationship between the coefficients Cp or Cp, and drag force (D) or lift force (L)
respectively, the equations for lift and drag force are shown in Equation 5.2 and 5.3.

2
L= pCQACL (52)
2

Where C is fluid velocity [m/s], D is dragforce [N], L is lift force [N] and p is density
of the fluid [kg/m?].
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Figure 5.7: Typical behavior of lift and drag coeffici for an airfoil [37]. Reprinted
with permission.

Pressure curves

The airfoil of a fan-blade have many similarities to that of an airplane. And just
like the wing of an airplane creates a relative over pressure at the downwards facing
surface of the wing, and a relative under pressure at the side facing upwards, so does
also a fan blade. As the fan starts rotating it creates an under pressure upstream of
the propeller and a over pressure downstream of the propeller. In the plane where
the fan rotates there is a sudden and significant change in pressure as the fluid goes
from under to over pressure [38].

5.2.2 Radial Fan

A radial fan, also called centrifugal fan, changes the direction of the flow from axial
to radial. The fluid is accelerated by a rotating impeller that can be of different
designs depending on the desired flow. As a result from the rotating impellers the
pressure increases and forces the air against the walls of the fan until it reaches an
outlet. The advantages with a radial fan is that it can take high pressures and it
can be stable even when little air is entering the fan axially or when no air is leaving
radially. The radial fan is the most common and there are many applications for it,
e.g. air-pollution control systems, ventilation systems and many industrial systems.

33).
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Figure 5.8: Schematic drawing of a radial fan

5.2.3 Diagonal Fan

A diagonal fan is a fan that manages air flow as a axial fan but can take higher
pressure and without the counter pressure that appears in a radial fan. The air
moves because of the fan impellers and the centrifugal acceleration. The diagonal fan
is designed with a conical shaft with increasing diameter in the outlet to increase the
circumferential speed of the blade tips and consequently the centrifugal acceleration.
The conical shaft also helps to avoid vortex formation and reduce the level of noise
compared to an axial fan [33], [39].

Compressing device

Flow

Figure 5.9: Schematic sectional view of a diagonal fan

5.2.4 Contra-Rotating Fan

Contra-rotating fans are based on standard axial fans that is placed behind each
other on a shaft. The fans rotates in different directions though the stability would be
disrupted as the momentum in one direction would be too great otherwise. Contra-
rotating fans have a higher efficiency than conventional fans and especially in re-
stricted amount of space as you do not need to have the same radius to accomplish
the same movement of air. That works at high rotation speed as the blades are not
as long as standard axial fan blades need to be and by that contribute to a more
stable structure. According to T. Shigemitsu, J. Fukutomi and Y. Okabe [40] the

24



5. External Search

efficiency of a contra-rotating fan at a specific speed claims to be 44% compered
to a standard axial fan at the same conditions that claims to be 35%. They also
claim that the contra-rotating fan is more silent than traditional fans. The article
also highlight the difficulties with this technology as it is a more complex product
as you have to use some sort of transmission to get the two rotation directions. A
transmission also contributes to the systems reliable and finally it contributes to a
more expensive sort of fan due to the complexity.

Figure 5.10: CAD rendering of a Contra-Rotating fan

25



5. External Search

26



O

Engineering Specification

This section includes an engineering specification that states both demands and de-
sires specified both by the project group and by Volvo. Furthermore is a needs metric’s
matrix included that relates the specifications to the customer needs.

An engineering specification is established based on the collected data from customer
needs in section 4 and external search in section 5. The engineering specification
includes specifications with a target value, it describes if the specification is a de-
mand or a desire, and how the specification is authenticated and gives a reference
to the specification. The engineering specification is an important part of a product
development project when evaluating the generated concepts and the fulfillment of
the specifications and objectives of the project. The engineering specification is to
be found on the next page, see Table 6.1.

6.1 Relating Specifications of Customer Needs

The customer needs are addressed through the specifications of the design. The
double blade design, optimized angel of incidence, optimized air-hole specifications,
diameter, thickness, and material all have a big impact on how this design will work.
These specifications will be used to satisfy the customer needs. A Needs-metric’s
Matrix is found in Appendix B.1
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Table 6.1: Initial Set of Target Value

No | Criteria Target Derr.land/ Authentication Reference
value | Desire method
1 Minimize tip vortex | NaN Desire, 4 | Simulations Project group
2 i\é[;z;mme turbu- NaN Desire, 4 | Simulations Project group
3 Max weight 15 kg Desire Weighing Project group
Max  deformation 9 9684
4 at operational rrlm Demand | Simulations Project group
speed
Cost of manufac- | NaN : :
4 turing USD Demand | Calculations Project group
5 Eas‘e of manufac- NalN Desire Project group
turing
6 Life cycle 20 Desire, 4 C‘alcula't ions/ Project group
years simulations
8 Manage | opere Yes/no | Demand Materlal selec- Project group
tional environment tion
9.1 | F d 2400 | pemand | Test Project
: an spee RPM eman es roject group
9.2 | F d 2100 Desire, 4 | Test Projekt
: an spee RPM esire, es rojekt group
: 3 Simulations/
10 | Air flow 7m Demand tost Volvo
11.1| Power input I7<O V{f 3 Demand | Simulations Volvo
11.2| Power input ZIL{OV{z 30 Desire Simulations Volvo
12 ggllble blade — de- Yes/no | Demand | Visual analysis | Volvo
13 | Angle of incidence | <45° | Demand | Design Patent
14 | Fan Radius ?r?ri Demand | Measurement Volvo
15 f;;tnto existing sys- Yes/no | Demand | Design Volvo
16 | Recyclable 30% Desire, 3 Materlal & de- Project group
sign analysis
18 | Von Mises stress 1.7-10% | Demand | Simulations Volvo
. . . Project
19 | Drag Force NaN Desire Simulations
Group
20 | Temperature < 80 ° | Demand Materlal Selec- | Project
tion Group

* NaN, Not a Number, indicates that, in lack of information, it is impossible to give
a number.
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Concept Generation and
Evaluation

In this section the problem is clarified and concepts are generated with brainstorming
and morphological matriz. Thereafter the concepts are evaluated with an Elimination
matriz and a Pugh matriz. In the end of this section, the number of parameters that
will be evaluated are narrowed down to three important ones. Number of holes,
number of blades and angle of incidence.

7.1 Problem Clarification

Before starting generating concepts it is important that the problem is properly
clarified so that the generated concepts are solving the real problem. Therefore a
black box and a sub-function diagram are made.

7.1.1 Black Box

—23 Material
; Information
Energy

Black box

Figure 7.1: Black box model with inputs and outputs in form of material, infor-
mation and energy.

A black box model shows the in- and output operands of the fan. What happens
within the fan is not visualized but it is put in a black box, and that is a way to
clarify the boundary of the system. The different operands are material, energy and
information and are demonstrated with different colors, see Figure 7.1. The input
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for the fan is material in form of air with lower velocity and pressure, energy in form
of electrical energy and information in form of a turn on signal. The output consists
of material in form of air with higher pressure and velocity and a desirable engine
temperature, energy in form of noise and information in form of a temperature level
indicator in the truck.

7.1.2 Sub-function Diagram

A sub-function diagram is made to analyze the main function and divide it into part
functions with part solutions. As can be seen in Figure 7.2, the blue boxes marks
the functions and the red boxes marks the part solutions.

Function
Solution
Less energy to
[ fan J
[ Reduce power 1 [ Reduce runtime ]
Optimize fan 1 ( less loss of heat W
( RRUEE Bl W [ Reduce drag J [ control system in engine
Optimize base ‘ ‘ Redixs fidtion ‘ Optimize fan H Reduce unwanted
section geometry blade geometry pressure

[ Smooth material }

{ Delay stalling J

{ Gize W { Optimize angle of W Optimize lift force
attack ratio

{ Geometry J ( Size of blades J

Figure 7.2: A sub-function diagram where functions are marked in blue and solu-
tions are marked in red

7.1.3 The Important Parameters

Before generating concepts it is important to clarify the important parameters of the
divided fan blade design. The important parameters are decided mainly by studying
the patent [US 7396208 B1], see Section 5.1.1, but also by studying axial fan theory,
see Section 5.2.1. The important parameters are shown in Figure 7.3.
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The important
parameters

Blade Transition
geometry radius

Number of Number of

Angle of
blades holes

Size of holes incidence

Angle of split Length of split] Hub geometry|

Figure 7.3: The nine most important parameters of the fan blade design

7.2 Concept Generation

When the problem is clarified it is time to start generating concepts. The meth-
ods that are used for generating concepts in this project are brainstorming and a
morphological matrix.

7.2.1 Brainstorming

The first method to start generating concepts was brainstorming. The brainstorming
was made in groups of three, with one group at Penn State and the other one at
Chalmers. During the brainstorming the main focus was in being creative and not
taking too much consideration to fluid and propeller theory as this may limit the
outcome of the brainstorming. The brainstorming resulted in four concepts, Contra-
rotating, Curvey, Bent and Rounded, see Figure 7.4. More detailed figures of the
concepts can be found in Appendix C.1.

7.2.2 Morphological Matrix

The second method used to generate concepts is a morphological matrix, which is
made with more focus on fluid dynamics and propeller theory. The most important
parameters of the fan was decided and can be found to the left in the matrix, see
Figure 7.5. Different part solutions to these parameters is created and can be found
at each row of the matrix. To generate concepts one of the part solution from every
row is chosen to create a complete concept. Five different concepts are created using
the morphological matrix and can be found in Appendix C.1. The concepts where
named Morf 1-Morf 5.

7.3 Concept Evaluation

To evaluate the concepts that were generated in Section 7.2 two different evaluation
methods are used. First, the concepts are analyzed in an elimination matrix to see
how well they fulfill the specifications in the engineering specification, see Appendix
6.1. Second, the concepts are evaluated in a Pugh matrix, with a relative compar-
ison of how well the concepts fulfill the desires and important specifications in the
engineering specification.
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(a) Contra-Rotating Fan

(c) Bent (d) Rounded

Figure 7.4: Concepts generated in brainstorming, Contra-rotating, Curvey, Bent
and Rounded
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Figure 7.5: Morphological matrix, with important parameters in the column to
the left and part solutions at every row
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7.3.1 Elimination Matrix

The elimination matrix is the first and roughest evaluation method to screen the
concepts. The concepts are put against every demand in the engineering specifica-
tion, and if a concept does not fulfill one of the specifications, it will be rejected. In
the elimination matrix, see Table 7.1, the generated concepts are gathered in the left
column, and are evaluated after the specifications that are aligned at the first row.
In the column to the right it is shown that concepts 4 and 7 are rejected because
of their inability to be designed with double blades, respectively, difficulty to fit the
existing system.

x NEI stands for Not Enough Information

Table 7.1: The elimination matrix shows that concept 5 and 7 should be rejected

Max Angle Fit ex-

Defor- Manag.e Fan Air Power Double of Fan isting Shear Vc')n .
Concept operational . blade . . . mises Action
ma- . speed | flow | input . inci- radius | sys- stress
. enviroment design stress
tion dence tem
1. Curvey YES NEI YES YES | NEI YES YES YES YES YES YES Keep
2. Bent YES NEI YES YES | NEI YES YES YES YES YES YES Keep
3. Rounded | YES NEI YES YES | NEI YES YES YES YES YES YES Keep
4. Contra- | ypg NEI YES | YES | NEI NO
rotating
5. Morfl YES NEI YES YES | NEI YES
6. Morf 2 YES NEI YES YES | NEI YES
7. Morf 3 YES NEI YES YES | NEI YES
8. Morf 4 YES NEI YES YES | NEI YES YES YES YES YES YES Keep
9. Morf 5 YES NEI YES YES | NEI YES YES YES YES YES YES Keep

7.3.2 Pugh Matrix

The remaining concepts from the elimination matrix are evaluated in a Pugh matrix.
The Pugh matrix is a relative decision matrix, where concepts are evaluated after
how well they fulfill the criterion compared against a chosen reference. The Pugh
matrix is iterated three times to ensure that the results are converging regardless to
what concept is chosen as a reference. The criterion that the concepts are evaluated
against are desires and important specifications from the engineering specification.
The results from the Pugh matrices are shown in Figure 7.2. One of the complete
Pugh matrix with the concept Curvey as reference, see Figure 7.6. The other Pugh
matrices can be found in Appendix C.2.

The results from the Pugh matrices in Figure 7.2 show that there are not a con-
vergence for the best ranked concepts. This is probably a result from the lack of
information about how the different parameters of the concepts affect the fluid. Al-
though there is a slight convergence regarding the worst ranked concepts, where
concept number 4 and 5 are ranked worst in every iteration and are therefor being
rejected.

34



7. Concept Generation and Evaluation

Criterion Coneepts
Reference, Concept 1, Curvey |2. Bent 3. Rounded |3. Morf 1 7. Morf 3 8. Morf 4 9. Morf 5
Minimize tip vortex - + ] 0 - +
Minimize turbulence - + - + + B
Power input + + + + .
Shear stress - o 0 - ] -
‘Von Mises strain - o 0 ] -
Deformation . . 0 - .
MNumber of "0" 0 2 4 1 2 o
MNumber of "+7 1 2 1 2 3 1
Number of "-" 3 2 1 3 1 5
Metto -4 0 0 -1 2 -4
Ranking 2 4 2 2 3 1 4

Figure 7.6: The Pugh matrix with Curvey as reference

Table 7.2: The ranking results of the the three Pugh matrices, where the eliminated
concepts are marked in red.

Ranking, Pugh 1 | Ranking, Pugh 2 | Ranking, Pugh 3
Curvey Mort 4 Rounded

Morf 1 Morf 1 Curvey
Rounded Rounded Morf 1

Morf 4 Curvey Morf 4

Morf 3 Morf Morf 3

Bent Bent Bent

Morf 5 Mort 5 Morf 5

7.4 Shifting focus to important parameters

Except for the elimination of two insufficient concepts the Pugh’s screening method
resulted in discovering the lack of knowledge about the different parameters and
the understanding of how they affect the properties of the generated concepts. An
analysis of the parameters is required to be able to continue the evaluation of the
concepts. Because of the limited resources in form of time, all parameters can not
be analyzed. Three out of the nine important parameters that is assumed to have
the largest impact on the fan behavior was chosen. The three parameters that is
analyzed further is the number of blades, number of holes and the angle of incidence,
see Figure 7.7.

The important
parameters

' ' ' 1 1 1
. . ; Blade Transition
- - Size of holes - Angle of split Length of split geometry radius Hub geometry]

Figure 7.7: The parameters that will be further investigated is marked in green
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Concept Refinement with ANSYS,
Star-CCM+ and Tests

This section will in detail describe how the simulations in Star-CCM+ and ANSYS
along with the testing procedures were executed and the results from them. Finally
a series of verification test of the final design will be described.

8.1 Deciding Number of Tests with a Taguchi Or-
thogonal Array

There are many parameters to explore regarding the fan blade design, but only three
of them will be in focus during this study; the angle of incidence, the number of

port holes, and the number of blades. To find the optimum combination of these
parameters, a Taguchi array is designed, see Table 8.1.

Table 8.1: Taguchi Array

Run # Angle of Inci- | Number of Port | Number of
dence (degrees) | Holes Blades
1 15 0 4
2 15 4 8
3 15 8 12
4 30 0 8
5 30 4 12
6 30 8 4
7 45 0 12
8 45 4 4
9 45 8 8

8.1.1 Design and Manufacturing Process for Experimental
Tests

Based on the Taguchi array, see Table 8.1, nine models are designed in CAD. The
design of the models used in Star-CCM+ is a little bit different to the design of
the models used in ANSYS and to the physical prototypes. This is because of the
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dissimilar requirements for the different test types. In Star-CCM+ it is important
that no fluid comes through the hub section, and it is therefore designed with a
solid hub. The physical prototypes are manufactured with 3D printing, where solid
sections is not preferable, both because of the characteristics of plastic but also in
the matter of material savings and is therefore designed as a latticework, see Figure
8.1. For a review of the geometry of the fans tested in Star-CCM+ in this Chapter
see CAD-models in Appendix D.23 and D.24. For the geometries tested in ANSYS
in this Chapter see Appendix D.3.

Figure 8.1: A physical prototype manufactured with 3D-printing

8.2 Structural Analysis in ANSYS

The parameters tested in this comparative section are:

e The angle between trailing and leading root

e The length of the split separating the leading and trailing roots.
To measure how different values on a specific parameter changed the output (i.e.,
deformation) and if the change in output was linear to the change in parameter
value, one parameter at a time were changed and tested for at least three different
values with all other parameters held constant.

8.2.1 Structural Analysis Set Up

For this comparative analysis a volumetric “coarse” mesh were found to be adequate
and approximately 7000 elements were created with the automatic meshing tool.
The applied load were “Rotational velocity” rotating around the driving shaft at
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2400 RPM. The rotation was assumed to be constant, thus the operation was set to
steady state. The support was set to “Cylindrical Support” located where the shaft
would have been attached. The radial constraint was set to free and both axial and
tangential were set to fixed.

8.2.2 Results from Structural Analysis Comparative Section

Total Deformation: It has been possible to show that a long split between the
roots stabilizes the top of the fan blade but that a long split also increases the de-
formation of the trailing root.

When the angle between the roots increases, the total deformation increases through-
out the blade with the deformation growing faster at the trailing root. For detailed
figures, see Appendix D.3

Equivalent Stress (Von Mises):
Only global stress are evaluated. Stress concentrations due to sharp edges or abrupt
changes in the geometries will not be discussed or presented.

The Equivalent von mises stress remains almost constant when the length of the
split is sufficiently small, but when increased to approximately 90 percent of the
total length it doubles in magnitude to 684 MPa at the relief hole were the two
roots are joined, see Figure D.9 in Appendix D.3.

When the angle between the roots are small, about 5 degrees, the highest stresses
arise on the leading edge close to the hub. When the angle increases the maximum
stress moves to the stress relief hole.

8.2.3 Discussion of Structural Analysis

The stress concentration at the relief hole becomes critical when the split of the two
roots are too long. Therefore it is preferable to keep the length of this split bellow
at least 85% of the total blade length.

From Section 5.2.1 it is known that the pressure will be high downstream of the fan
and low upstream of the fan. This will to some extent reduce the deformation of
the trailing root as the split between the roots grows longer.

8.3 Fluid Dynamics Analysis in Star-CCM+-

Volvo Group’s existing fan blade design is tested along with the concept generated
by the project group. The concept will be tested with different parameters according
to the Taguchi array and it will thereby be able to compare the results from Star-
CCM+ to the test results from wind tunnel tests of the small scale prototypes.
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8.3.1 Simulation Set Up

To mimic the actual performance of the fan’s performance in a actual truck instal-
lation as closely as possible, Volvo Group provided a digital mock up of their test
rig along with suitable physics and meshing criteria.

Part Preparation

Since small parts, such as screws, will have a significant impact on how many nodes
are created, and thereby computing time, but rarely have significant impact on
the air flow, all small parts were carefully considered and valued in terms of their
significance to the air flow and importance to the final result.

Most of these small parts (e.g. all screws, bolts, clamps and internal parts) were
shown not to be that critical and were removed. To simplify the design further the
complex design of the fan hub was replaced with a flat surface.

Even after removing small parts the complex geometry of the reference fan had to
pre-processed in ANSA to ensure that no holes or overlapping faces appeared on
the surface when converting the original CAD-format to a format suitable for Star-
CCM+. The geometries of the generated concepts are much simpler and thus it was
not necessary to prepare them in ANSA.

All simplifications have been carefully thought out to minimize the affect on the
result and at the same time simplify the simulations. A render of the stripped ref-
erence CAD-model can be found in Appendix D.2.

Setting up meshing criterion

The setup of the mesh is done with both computing efficiency and robustness of the
simulations in mind. This results in different meshing methods at different surfaces
and volumes. The most complex and critical region in the simulation is the region
closest to the fan, here called fan-region, since this is where all the induced fluid
motion takes place. In the fan-region the meshing method were set to “polyhedral”
with a base size of 7 mm for the comparison between the different fans. In front of
the fan, here called Pressure-chamber (PC), the direction and velocity of the fluid
flow are very stable except for the volume just upstream of the fan where the base
size were set to 4 mm. In all other regions of the PC a simpler mesh could be used
and therefore a quadratic meshing method with a base size of 40 mm was created.
Just behind the fan-region the engine bay is located. In this region the flow has
significant energy and the quite complex geometry of the engine bay demands a
small base size to adequately describe the fluid movement. But to reduce the mesh
complexity the quadratic meshing method was used with a base size of 10 mm. The
fluid motion in the large tunnel surrounding the engine bay is not crucial for the
fan characteristics or for the effects studied in this report and therefore a coarse
quadratic meshing method with a base size of 40 mm was used. In total, this re-
sulted in approximately 5100000 cells for the entire mesh. A side view of the mesh
in the different regions can be found in Appendix D.4.1.
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To couple the different regions, four interfaces along with inlets and outlets have

been set up in accordance with Table 8.2.

Table 8.2: Interfaces, inlets and outlets

Interface type ?ig:lvnstream res Upstream region Physics Value
Internal Fan-region PC-Region 0.02

Internal Tunnel-region Fan-region 0.02

Baffle Tunnel PC 0.02

Baffle Fan PC 0.02

o Outside  simula-
Velocity inlet | PC . 0.746434456 m/s
tion setup
Pressure outlet Qut31de simula- Tunnel 0 Pa
tion setup

Setting Up the Physics

Two different types of simulations can be carried out. The simplest simulation, which
also requires less computing time, is called “Moving Reference Frame” (MRF). The
principle is to keep the fan stationary and rotate a frame/fluid around the stationary
fan. The MRF method is suitable for a first assessment but is not as accurate as
the more realistic method called “Rigid Body Motion” (RBM) where the mesh is
rotated a predefined distance or angle for each time step and thereby inducing the
fluid motion. MRF simulation is easier to implement but is not as accurate and
requires extra effort to take into consideration the impact of a shroud [41].

In this project we have limited our work to the simpler MRF since the scope of the
work did not give the group enough time to both learn and implement the rigid
body motion set up. It would also require a lot more time to compute, which would
not have been efficient when evaluation this many concepts. Importantly though
the simpler version is a good and efficient method to make a first assessment of
the fundamental behavior and differences, between the many and quite different
concepts.

In the set up used in this work the MRF method was implemented as a frozen rotor,
with only the fan-region rotating (at 2400 RPM) and since no stators have been
used this has a relatively small effect to the solution. Still keeping in mind that
MRF does not calculate the full effect of the shroud.

To ensure robustness in the solutions the simulations have been run until all residuals
were oscillating steadily bellow 0.001. After having run the first set of simulations
for 3000 iterations it was concluded that the concepts converged below the target
value before 1000 iterations. To reduce computing time the remaining concepts were
computed for 1000 iterations, see Figure D.25 in appendix.

To model the viscous layer close to walls and equipment, a viscous layer solver called
“Two-Layer All y+ Wall Treatment” has been deployed with two boundaries one in-
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Table 8.3: Table shows the physics models and solvers used in the set up. Note
that the Physics model and Solver at the same row don’t necessarily have anything
to with each other.

Physics Models Solvers
Cell Quality Remediation Partitioning
Constant Density Wall distance
Exact Wall Distance Segregated Flow
Gas (Air) K-Epsilon Turbulence
Gradients K-Epsilon Turbulent Viscosity

K-Epsilon Turbulence -
Realizable K-Epsilon Two-Layer -
Raynolds-Averaged Navier-Stokes -

Segregated flow -

Steady -

Three Dimensional -
Turbulent -

Two-Layer All y+ wall Treatment -

ternal and one facing the free stream. The minimum allowable wall distance set to
1-107".

In order to calculate the solution a number of different solvers have been used, a
summery of them and their settings is provided in the Table 8.3. To review the
settings for inlet ant outlet faces, see Table 8.2.

Setting up Reports and Plots

To draw conclusions based on the simulations a number of reports and plots have
been established monitoring the performance and effects of the different concepts.

8.3.2 Results from Simulations

In this section the results from the simulations will be presented, certain attention
is aimed at the three parameters number of holes, angle of incidence and number of
blades. Only a sample of representative plots are shown in the text, a comprehensive
set of all plots is available in Appendix D.4.2

Angle of Incidence

High angle tends to increase the magnitude of the velocity. A high angle also tends
to generate mainly radial velocity, while a lower angle generates more axial velocity
although this is not observable for a fan with few blades, see Figure 8.2.

Table 8.4 shows that a low angle of incidence appears to lower the required moment

to rotate the fan. In general the divided fan appears to require less moment to
rotate.
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T" Velocity (m/s)
X 0.0000 22.004 44.007 66.011 88.014 110.02

(a) Fan "12-15-8” (b) Fan "12-45-0”

Velocity (m/s)
44.007 ~ 66.01

X 0.0000 22.004 1 88.014 110.02

(c) Fan "12-30-4”

Figure 8.2: Cross section representations of the flow direction and velocity mag-
nitude in the engine bay, used here to visualize the increasing radial velocity and
increasing magnitude of the velocity as the angle of incidence increases.
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elocity: Magnitude (m/s) N > Magnitude (m/s)
2.2427e-06 22.677 45.353 68.030 90.706 113.38 8.8563e-06 24.000 48.000 72.000 96.000 120.00

(a) Fan "12-15-8” (b) Fan "12-45-0”

ity Magnitude (m/s)
=2 2.24272-06 23.605 47.208 70.814 54,418 118.02

®<
~

(c) Fan "12-30-4”

Figure 8.3: Cross section representations visualizing flow velocity as the fluid leaves
the fan-region, and the increasing velocity magnitude with higher angle of incidence.
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Table 8.4: Values derived from simulations

Prototype Moment [Nm] | Force on fan [N] | Mass flow [kg/s]
12-15-8 -7.37 -120 14.9

8-15-4 -0.41 -240 15

4-15-0 -2.26 -125 14.9

8-30-0 27.24 82.77 14.9

12.30-4 30.01 91.99 14.9

4-45-4 35.2 108.5 15

8-45-8 66.99 192.09 14.9

12-45-0 102.84 317.29 14.9

Volvo Reference | 186.01 802.27 14.9

For low angles of incidence the pressure is lower behind the fan blades than in front
of them. This effect disappears as the angle increases and with an angle of at least
30 degrees or higher the pressure is higher behind the fan blades than in front of
them. As the angle increases the pressure at the engine just behind the fan-region
also increases, see Figure 8.4.

Number of Blades

The number of blades have a large impact on the wind speed, higher speed is ac-
complished as fans with more blades in the design are tested, see Figure 8.5 and
Appendix D.21.

Number of Holes

The number of holes have an impact on the performance but it is not possible to
see a general trend on how the performance varies based on the number of holes in
the design since all designs varies in some parameters therefore it is impossible to
see if it is the holes or not that contribute to the results. All results can be found
in Appendix D.4.2.

8.3.3 Discussion Fluid Simulation and Recommendation
Overall

Since the approach to solve the problems and questions originally stated have been
heavily focused on computer simulations which in turn rely on modelling an object
by applying a mesh consisting of nodes to that object the grade of refinement and
characteristics of the mesh will have a large impact on the solutions. One important
thing to keep in mind when observing the plots is that when the step size between
two nodes increases the energy in the flow dissipates quickly between the two nodes.
The result of this is that the accuracy of the solution decreases in these coarse
meshed regions and therefore the plots will be more accurate in the regions where
the step size is small. The length between the nodes can be seen in Appendix D.4.1.
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(a) Fan "12-15-8" (b) Fan "12-30-4”

(c) Fan "12-45-0”

Figure 8.4: Pressure plots visualizing the increasing pressure against the engine
block with higher angle of incidence
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IS - - Velocity (m/s)
5.834  86.042 u 0.0943089 14.999 29.993 44.988 59.982 74.977

(a) Fan "12-45-0"

(c) Fan "4-45-4”

Figure 8.5: Vector plot visualizing the increasing fluid velocity after leaving the
fan region with increasing number of blades.
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Angle of Incidence

The fact that the pressure is higher in front of the fan blades for low angles of in-
cidence, see Figure 8.4, could, with the knowledge that pressure in general is lower
just upstream and higher just downstream from the fan blades, indicate that the
fluid is flowing backwards just around the blades for angles of incidences lower than
15 degrees. This would likely be due to some unknown property of the so called
trailing root however, this would be strange since the leading and trailing root in
this test have the same angle of incidence.

A higher angle of incidence seams to increase the radial velocity faster than the axial
velocity, see Figure 8.2 and Figure 8.3. These two observations might be explained
in part by the pressure plot, which shows that the pressure against the engine bay
right behind the fan-region also increases with a higher angle of incidence, especially
when high angle is combined with a high number of blades. The theory to explain
this is that the higher velocity out of the fan creates the high pressure against the
tunnel wall and that this in turn forces the air to move up along the tunnel wall
instead of backwards towards the back of the engine, and the tunnel outlet. In other
words if it is important that the air moves mainly axial to cool the engine bay it
would be necessary to lower the speed of the air which could be accomplished by
lowering the angle of incidence. The increase in radial velocity may also in part be
explained by the fact that a higher angle increases the relative area that pushes the
fluid in the direction of blade movement which in this case is radial.

Number of Holes

By focusing on the velocity produced by the fan, conclusions can be drawn about
the performance due to the port holes on the design. Starting to look at the plots
in Figures D.27 and D.28 to investigate how the velocity changes with different
parameters. First focusing on the ones with four blades. The conclusion that can be
drawn is that model 4-45-4 performs best. Redoing this for each number of blades
gives a result of three promising models and also an estimation of how the holes
contribute to the performance. The following fans got highest results: 4-45-4, 8-30-
0 and 12-30-4. This results give an estimate of a vary of 0-4 blades can optimize
the performance, important to notice is that these models all have a high angle of
incidence and it could be that the angle is the contributor to the results and not the
holes.

Number of Blades
A high number of blades are important to take full advantage the available moment

and to increase the air speed as it passes the fan but the increase of air speed does
not appear to be linear.
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8.4 Tests

Parallel to the simulations the concepts generated with the Taguchi array were tested
in reality with a constructed wind tunnel set up.

8.4.1 Test Setup

A DC-motor is used to rotate the prototypes during testing. The DC-motor is
attached to the prototypes with glue and is connected to a voltage source. The
prototypes are put inside of a PVC pipe to direct the flow of the fan and to enable
data collection. Data is collected with a flow calculation device, a anemometer,
from the Learning Factory at Penn State. Each prototype is set to 1000 rpm, which
is measured by the flash tachometer. The flow rate through the pipe is measured
with a handheld anemometer. The collected data from the manometer was used to
calculate the power and efficiency for each prototype.

8.4.2 Results from Tests

Calculations for the average efficiency is calculated based on equation 8.1, 8.2 and 8.3
and can then be used to calculate the efficiency for each parameter. The calculations
is based on the measured values from testing, see Table 8.5. The results from
calculations is in Table 8.6

_ Pour

= 8.1
n="p (8.1)
1
Pour = 5,014”3 (8.2)
V2
Pn=— (8.3)

Where 7 is the efficiency, P is the power, p is density of air, A is area of the fan, R
is Resistance of the DC-Motor, v is velocity, V is voltage.

Table 8.5: Voltage and air speed at 1000 rpm

Voltage to Air Speed pro-

Prototype | spin at duced at 1000
1000 rpm (V) | rpm (m/s)

1 7 2.1

2 7 2

3 8 1.8

4 9 3.6

5 9 4

6 8 2.4

7 11 5.6

8 9 3.7

9 10 4.4
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Table 8.6: Efficiency of the nine prototypes

Prototype | Efficiency (%)
3.9

3.4

1.9

12

16.4

4.5

30.2

13

17.7

OO0 | O O = W DO —

From the results in Table 8.6 it is possible to calculate the average efficiency for each
parameter. By adding measured values from testing from each parameter. i.e. all
prototypes with a 15 degrees angle is added to each other then divided by 3 to get
the average. See equation 8.4

Prototype, j54¢, + Prototypes 154, + Prototypes 54¢4
3

Average Efficiency = (8.4)

The results from the calculations is showed in Table 8.7, 8.8 and 8.9 and Figure
8.6, 8.7 and 8.8. Each plot illustrate the trend and a moving reference line is also
added to the graph to more clearly visualized the trend. The same procedure is
carried through for the three chosen parameters; angle, number of holes and number
of blades.

Table 8.7: Taguchi analysis, calculated average efficience based on the angle of
incidence

Angle Average Efficiency
15 0.0307

30 0.11

45 0.203
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Average Efficiency vs Angle of Incidence
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Figure 8.6: A graph showing the trend of the results given from testing the proto-
types based on the angle, including a average-trendline of the results.

Table 8.8: Taguchi analysis, number of port holes

E:)llr: Sber of Port Avarage Efficiency
0 0.154

4 0.109

8 0.0803

Average Efficiency vs Number of Port Holes

0.1

Average Efficiency

0 1 2 3 4 5 4] 7 & 9

Number of Port Holes

Figure 8.7: A graph showing the trend of the results given from testing the proto-
types based on the number of portholes, including a average-trendline of the results.

Table 8.9: Taguchi analysis, number of blades

Number of blades

Avarage Efficiency

4

00713

8

0.1103

12

0.1617
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Average Efficiency vs Number of Blades
0.18
0.16 ’
0.14 .
0.12
0.1
0.08

0.06

Average Efficiency

0.04

0.02

0 2 4 6 8 10 12 14
Number of Blades

Figure 8.8: A graph showing the trend of the results given from testing the proto-
types based on the number of blades, including a average-trendline of the results

8.5 Test Results Discussion

We tested nine different prototypes at 1000 rpm and obtained the efficiencies seen
in Table 8.6. Based on this data and the results from the Taguchi analysis seen in
Tables 8.7, 8.8 and 8.9, Prototype 7 was found to have the optimal parameters for
the split blade design. From this analysis, efficiency was found to increase as angle
of incidence increases as the number of blades increases. Efficiency was found to
decrease as the number of port holes increases. Although the patent uses port holes,
the fan is not operating at speeds for which the patent is intended, which could
be a reason that they were not effective. Being only 1/4 scale and having a 30.2%
efficiency, it is probably an interesting design that could result in a well performing
fan in the future.

8.6 Overall Validation

Many tests and simulations have been produced and since the Taguchi model is
used, the results avoid large errors due to setup errors since an average is used in
the calculations. When comparing the results from testing and simulations, they do
vary, but not that much. Since the results are similar to each other, the different
methods validate each other. The simulations have also been produced with a finer
mesh and it converges which further confirming the validity of our results. The
results also confirms some of the predicted results along with the theory behind it
which indicates a solid simulation- and test setup.
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9

Concept Redefining and Concept
Recommendation

After the first round of tests and simulations described in earlier chapters, it was
still difficult to determine how port holes affects the results. Furthermore the results
showed that in many cases a compromise between different designs were desirable.
This chapter is based on the creation of two new designs with respect to the results
given in previous chapters to test a new set of parameters that have not been tested
previously and be able to determine how the holes does contribute to the performance.

9.1 Concept Redefining

The results and discussions from fluid simulations, see Sections 8.3.2 and 8.3.3, and
tests, see Sections 8.4.2 and 8.5, gain new knowledge about the parameters. This
optimized data about the number of holes, number of blades and angle of incidence
make the concepts generated and evaluated in Chapter 7 outdated and therefore no
longer interesting to go further with. Two new concepts are defined using this new
knowledge gained from the refinement. The results from simulations showed that a
low number of holes could be a parameter that makes the fan perform better but at
the same time the tests gave the results that holes were bad for the performance.
Therefore two new concepts were created, one with 0 port holes and the other one
with 4 holes. All other parameters are the same on the two designs to be able to
draw more specific conclusions about the holes after the next round of simulations.

9.1.1 Number of Blades

Number of blades, based on the discussions, is a large contributor to the perfor-
mance and both the tests and simulations show that more blades usually give a
better performance with the exception for one with 8 blades. The choice is to con-
tinue the simulations with 10 blades on both concepts and thereby also be able to
use wider blades. This is a compromise between 12 and 8 blades which, according
to the results, should be a high performing setup.
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9.1.2 Angle of Incidence

The conclusion about the angle of incidence from the results from test and simula-
tions is that a higher angle is advantageous in the task of moving air quicker which
one of the purposes is. An angle of 45 degrees can give the effect that the fan moves
the air in a radial direction instead of axial. The 45 degrees angled blades produce a
high velocity but mostly in a radial direction and the 30 degrees blades produce an
axial flow but not in the same speed. Thereby the angle of 40 degrees was chosen
to compromise and hopefully generate a high flow velocity in axial direction.

9.1.3 Overall Design

The design is based on the existing attachment system used by Volvo where all
blades are mounted on. Each blade size is optimized to use the most of the available
space, this is done by measurements of the existing design used by Volvo, the portion
between the leading blade and the rear blade is around 40-60 thus the first blade
seems to contribute more to the performance than the rear one. All edges are
rounded to minimize the point stress due to pressure on the blades and also to
create a natural flow to minimize turbulence to maintain the laminar flow as far as
possible. The attachment of the blades is well thought through by creating good
attachment angle with large contact area in order to spread the pressure as much
as possible. Beside from these changes, the other parameters are hold on the same
value as earlier designs.

9.2 Structural Analysis of Redefined Concepts

Meshing

To ensure higher precision in the calculations a triangular “medium” sized volumetric
mesh was generated, approximately 800 000 elements were created. For detailed
mesh specification see Section 8.2.1.

Physics

The load “rotational velocity” were deployed as described in section 8.2.1. The
rotation was assumed to be constant, thus the operation was set to steady state.
The “Cylindrical Support” were located were the shaft would have been attached to
the fan and set to fixed in all directions. A pressure load acting on the the upstream
surface of the blades was applied. In addition to this a “line pressure” was applied at
the leading edge of each blade if the pressure was significantly higher there than at
the surface in general. The pressure applied was based on the approximate average
pressure acting on the fan (see Appendix E.7¢) and derived with tests described in
section 9.3. The pressure was set as presented in Table 9.1. To calculate stresses
and deformation the solvers “Equivalent stress (von mises)” and "Total Deformation”
were deployed. To calculate the fan’s lifetime of the the “Fatigue tool” was deployed
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with stress component set to “Equivalent (von mises)” and loads set to “Zero based”.
The mean stress theory was set to “SN-None”.

Table 9.1: Pressure applied by fluid flow, negative pressure indicates an upstream
direction of the net force

Fan Mean stress Mean stress on
type on blades [Pa] | leading edge [Pa]
Volvo reference -2000 0
10-40-4 -2000 -5000

9.2.1 Results from Structural Analysis of Redefined Con-
cepts

In this section the results from the verification simulations are presented. To review
plots for all tests, see Appendix E.1.

Deformation

In Table 9.2 the simulation data for total deformation is presented. Both deforma-
tions are of about the same size and quite small. In both cases and all directions
the maximum deformation occurs at the blade tip.

Table 9.2: Total Deformation

Max total de- Total defor- | Radial defor- | Axial defor-

Fan formation [m] mation at tip | mation at tip | mation at tip
[m] [m] [m]
Volvo reference | 0.0082 0.0082 0.0048 0.00804
10-40-4 0.0081 0.0081 0.0033 0.0074

Equivalent Stress

In Table 9.3 the simulation data for the equivalent stress (von mises) is presented.
The maximum stress for both fans appears at the location where the fan blades
are connected to the ring that attaches to the rotating shaft. In the case of the
final concept the concerned area is located to the exact point where the back of the
leading root connects to the ring see Point Y in Figure 11.1. From this point the
stress then spreads to big parts of the leading root of the blade. Another stress
"hot spot” is at the relief hole where the leading and trailing root connect, the stress
magnitude at the relief hole is approximately 3.9 - 108. No significant concentration
of stress can be derived to the holes at the leading edge. The magnitude of the stress
at the supporting trailing edge is about 1.4623 - 10%.
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1eb Max (5 l ‘mn,e l ‘512,32 ‘ 51,006
2,814e5 24745 21013 178,43 15,152 Min
B: Static Structural
Life
Type: Life
Tirne: 0
2016-05-13 23:45

Figure 9.1: Enhanced view of life expectancy measured in cycles on the down-
stream surface of the final concept.

Table 9.3: Approximated global stress on the fan blades.

Fan Stress [Pa]
volvo reference 0
10-40-4 59431

Lifetime

In Table 9.4 the range of the expected number of cycles endured by the fans are
presented. In both cases the expected life is the shortest where the stress concen-
tration is high. The entire blades for the final concept are expected to endure an
“infinite” number of cycles, except for some places visible in Figure 9.1. An extra
probe is added to the back of the trailing root since the shadow there makes it hard
to determine to color.

Table 9.4: Lifetime

Place for | Endured Cy- . Endured .Cy-
Fan . Place for short life | cles at failure
longest life cles at blade :
point
Volvo rof. Connection  be-
eronce Fan blades Infinity tween ring and | 689.07
ren blade stabilizer
Connection  be-
10-40-4 Fan blades Infinity tween ring and | 15.152
blade
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9.2.2 Discussion of Structural Performance

Only the blade with holes at the leading edge is compared to the reference fan since
the two fans 10-40-4 and 10-40-0 are identical except for the holes at the leading
edge. So with the exception of the characteristics added by the holes the results
would have been identical.

The very low life expectancy at point Y on the final concept, see Figure 11.1, is
due to the major stress concentration at this point. The main reason for this stress
concentration is the many sharp edges in the local region. This is, although extreme
stress values, not to damning to the concept since the concentration of stress could
be avoided by improving the local geometry around the point and a improved con-
nection to the fan-ring. The stresses in the region could be minimized further by
increasing the radius at the transition between the leading root and support struc-
ture that attaches the leading root to the fan-ring. The implementation of such
local improvements will not interfere significantly with the air flow and will also
significantly damper the stress that spreads from Point Y to the fan blade and the
support structure. It is plausible that the reduction of the stress concentration at
point Y will also decrease the concentration of stress at the leading edge holes.

At the actual fan blade there are three areas of concern. Theses areas are

e The relief hole

e The hole at the leading edge closest to the center of rotation

e The concentration of stress where the trailing root attaches to the fan-ring.
To handle the stress concentration at the relief hole it could either be re-modeled or
the radius could be increased slightly without significant effect to the air flow. The
holes at the leading edge could be moved slightly towards the trailing root, but the
stress concentration around these holes will probably disappear when the geometry
around Point Y is improved.
The stress at the lower part of the trailing root could be reduced by increasing the
with of the connecting part of the blade.

Although the pressure acting on the proposed final design is greater than the pres-
sure acting on the reference fan the final concept performs better in all structural
test. Since it is more resistant towards stress and deformation longer blades and/or
higher tip speed would be possible to accomplish if requested.

9.3 Fluid Simulations of Redefined Concepts

9.3.1 Fluid Flow Setup for Redefined Concepts

For the most part the setup of the validation simulation is identical to the previous
setup. For example the previously described MRF-method is used to induce fluid
flow and the physics conditions are identical. The largest difference in terms of set
up is the geometry of the simulated fan which in this section has been optimized to
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fit the fan region and the fact that base size of the mesh in the fan-region has been
decreased to better describe the geometry of the concept fan. The base-seize was
reduced from 7 mm to 1 mm, resulting in approximately 5600000 cells. The average
velocity was calculated with the ”"Surface Average Report” calculating the average
velocity on the interface between the fan-region and the tunnel-region. In order
to calculate a more accurate solution the simulation has also been run for 5000 it-
erations. For a detailed guide about how the simulation was set up, see Section 8.3.1

To illustrate how the air moves through the fan-region and interacts with the fan
blades the "derived parts” functions "streamline” were initialized in the fan-region.

9.3.2 Results from Fluid Simulations of Redefined Concepts

In this section the results from both the final concepts and the simulation with the
reference fan are presented.

The pressure is negative upstream of both leading and trailing root, and positive
downstream of both as well. The low pressure field is larger in front of the fan with
holes at the leading edge. The average of the pressure in the high pressure field
downstream of the fan is also lower for the fan with holes at the leading edge. in
the area between the leading and trailing edge the pressure is almost the same with
only minor differences. See Figure E.9 in Appendix E.2.

The final concepts generate a higher mean velocity than that of the earlier concepts,
although the velocity out of the fan region is not as high as the velocity induced by
the reference fan which can be seen in Figures E.10 and E.15 in Appendix E.2.

The air is moving in the same direction as the fan in the fan region, however, there
is much air in rotation between the fan and the hub, see Figure E.8 in Appendix
E.2.

Figure E.13 in Appendix E.2 shows that the air flow is moving backwards with quite
high velocity along the engine bay for the fan with holes at the leading edge (10-
40-4) while the 10-40-0 fan (the one without holes at the leading edge) generates a
slower air flow that extends more radial than axial.

The fan 10-40-4 fan seems to induce more turbulence than the 710-40-0” fan. This
is indicated by the length of the arrows in Figure 9.2.
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(a) Fan 10-40-0

"

Velocity (m/s)
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(b) Fan 10-40-4

Figure 9.2: Fan region showed from above, with arrows showing the direction of
the fluid, the length of the arrow relates to the velocity in the node of origin point.

Table 9.5: Values derived from simulations

Average

velocity .
Prototype Moment Force ot out of MFA ~ dmi- MFA dplus | MFA inlet

[Nm] fan [N] . nus

fan-region

[m/s]
10-40-0 102.47 449.56 30.47 -10 190 189
10-40-4 101,81 624,88 30.57 —6 198 198
Volvo - Ref- |46 1 802.27 41.35 24 —650 —650
erence

9.3.3 Discussion of Results from Fluid Simulation of Rede-
fined Concepts

The same caution that applied when observing the plots that were mentioned in
Section 8.3.3 also apply in this section. The final concept performs better than the
one previously tested, indicating that our previous conclusions were correct. But it
is important to note that the blades in the final concept are wider and therefore able
to move more air. Although the new design is better than the previous it does not
perform as well as the reference fan.

Two residuals were still oscillating heavily after 5000 steps but the mean is low
enough to draw some conclusions. Another reason that we choose to use the results
from these simulations is that overall the results are coherent with each other and
theory. Although one must be carefully to draw to far reaching conclusions, this
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oscillation of residuals is probably due to a velocity of 1000 m/s in a single node be-
tween the fan and the fan hub, the node where the high velocity have been removed
in the presented plots.

Between the fan and the fan-hub, that is supposed to connect to the fan, there is
air rotating, this occurs since it was not possible to properly connect the two parts,
resulting in small area between them where fluid rotates. This effect will disappear
if the two parts are connected. It is also in this area that the previously discussed
1000 m/s velocity is found.

The fan 10-40-4 performs slightly better than 10-40-0 in terms of fluid velocity,
see Table 9.5, but the difference is within the margin of error especially with the
oscillating residuals in mind. However 10-40-4 also seems to induce more turbulence
although none of the plots derived are ideal for measuring turbulence. The cause
of the small effects observed by introducing the leading edge holes could be that
they are simply to small to have any significant impact with the chosen calculation
method.

9.4 Concept Recommendation

The initial simulations and tests generated promising results for some of the fan de-
signs and with this as a basis two new designs were created to test a, on beforehand,
promising setup and also verify if port holes were a contributor to a well performing
fan geometry or not. The results from the final simulations showed that the angle
of incidence equal to 40 degrees and the number of blades equal to 10 is the best
geometry evaluated in this report. The results could neither confirm or deny the
impact from the port holes and thereby it is impossible to give an recommendation
on that parameter. Along with the discussion in earlier sections about the results
from both simulations and test this shows that this design outscore the other pro-
duced designs. Even if it does not outscore the current fan it is a interesting design
and the results are promising.

Structural analysis gave the result that it does fulfill the demands, deformation and
stress, by margin except some stress concentrations which can be avoided by geo-
metrical refinement and also be able to get optimized for fluid performance without
the risk of lack in structural assessment.

To summarize, the fan with an angle of 40 degrees and 10 blades is recommended

and the number of port holes has to be investigated more specified to give an rec-
ommendation.
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Proposed System Level Design

This chapter is about the overall design, explaining the most interesting parameters
together with a visualization of the fan blade.

The divided fan blade design seen in Figure 10.1, is claimed to be superior to conven-
tional blades in that it has better stall resistance, quietness, and strength; ultimately
making it more efficient. The divided blade (A) alone, is not perfect in that it still
has problems with cavitation and turbulence at high speeds. To alleviate these
problems, port holes (B) are lined on the leading part of the blade so that air can
bleed through from bottom to top. Another port hole (C) serves to reduce stress
concentration where the blade splits. The leading edge (D) reduces the angle of
incidence of the leading blade.

Figure 10.1: Highlighting important details on the design
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Figure 10.2: Illustrating the fan design in general
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Detailed Design

This section is about how the final concept will be produced and manufactured, how
parts will be manufactured and also how it will be assembled. Materials will be
selected and discussed. Finally detailed CAD-drawings of the chosen concept will be
presented to give the reader an exact explanation of the design.

11.1 CAD Drawings

In Figures 11.1 - 11.4 the details of the design are explained. To be able to illustrate
the important measurements of the design, some less important parts are excluded.
Rounding is not included, instead there is a global rounding of less than 3 mm.
Furthermore an ISO-standard (ISO 2768-f) for tolerances is used to simplify the
drawings. It is important to remember that these drawings are not made in the
purpose for manufacturing thus it is made to illustrate the design in a precise way.

The design has the same base as the existing product to be able to fit it directly in
to Volvo’s system. This design is shown in Figures 11.1 and 11.3. Figure 11.1 also
illustrates the size of the design, both inner and outer circle to ensure it fits into the
shroud used in trucks manufactured by Volvo Group. Figures 11.2, 11.3 and 11.4
focus on the design of the divided blade used.

The only thing that vary this blade design with the one used in Star-CCM+- is the
holes. This design has 4 holes near the leading edge and one of the designs in Star-
CCM+ did not, that is the only difference.
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11.2 Manufacturing Plan, Material Selection and
Cost Analysis

This section includes a brief manufacturing and material selection plan together with
a cost analysis comparing the current fan with the recommended concept with CES.

11.2.1 Material Selection

The recommendation regarding material selection is to keep the same material as for
the current fan, glass fiber re-enforced polyamide, typically PA6, GF25, or GF30.
The glass fiber gives the material strength but it also makes it more brittle. As the
deformation in the recommended concept is less than for the current fan, especially
radially, there is no need for a stronger material. Glass fiber polyamide resist sagging
during manufacturing and is a good material to resist the heat from the engine [29]

11.2.2 Manufacturing Process

The recommendation regarding manufacturing process is to continue to use injec-
tion molding. The injection molding process will be slightly more difficult as the
fan blade design is a more complex geometry compared to the current fan, partly
because of the holes and the angled split. Even though the recommended concept is
more complex than the current, injection molding is still considered the most cost
effective method to manufacture this geometry.

11.2.3 Cost Analysis

A rough manufacturing cost is calculated with CES. The base equation for the
calculation in CES is Equation 11.1. An explanation to the variables can be seen in
Table 11.1.

mC’m Ct(1+n)+1<C’c

R I Sl Gy

+ Coh) (11.1)

s
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Table 11.1: Explanation of variables and constants for cost of primary shaping

Designation | Parameter Where to find
From drawings + density
m Mass in CES MaterialUniverse
Chn Cost of material/kg CES MaterialUniverse
f Matgrlal utilization CES MaterialUniverse
fraction
Ci Tooling cost CES MaterialUniverse
n Batchsize Manufacturingplan
Ny Tool life CES MaterialUniverse
n Production rate CES MaterialUniverse
Ce Capital cost CES MaterialUniverse
L Load factor 0.6 (60%)
two Capital write-off time | 5 years
Con Overhead rate 500 SEK/h

Most of the input variables for the calculation is the same for both the recommended
concept and the current, such as load factor of 0.6, capital write-off time of 5 years,
material cost of 35 SEK /kg and a overhead rate of 500 SEK. The value of these vari-
ables is based on estimations and recommended data from CES. The only difference
between the recommended and the current fan in input value is the component mass
which is 1.22 kg for the recommended concept respectively 1.5 kg for the current
fan. The mass is calculated by multiplying the density for PA66 with the volume
for each design. The rest of the variables are decided by the CES tool and based
on standard injection molding data. As the only difference between the current and
the recommended concept is the mass which in turn is very small, the different plots
are almost identical. Therefor only the plot for the recommended concept is showed,
see Figure 11.5.

Relative cost index (per unit) (SEK)

T T T T T
1 10 - 100 1000 100¢
Batch Size

Figure 11.5: A zoomed CES plot describing the relative cost in respect to batch
size for the recommended fan
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As seen in Figure 11.5 the relative cost index is about 50 SEK at a batch size of
100,000 details for both fan designs. As the CES tool does not take the difference
in tooling cost, tool life or production rate into account one can easily understand
that the cost of manufacturing will be slightly more expensive for the recommended
concept than the current fan because of the more complex geometry and more ex-
pensive tool needed. Exactly how much more expensive the recommended concept is
cannot be decided within the limitations of this project. The recommended concept
will consequently not result in any cost savings regarding manufacturing cost. Al-
though, the recommended concept can contribute to cost savings for the costumers
and therefor result in a higher costumer value and lead to higher revenues for Volvo
Group.
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Final Discussion

In this chapter will a reflection of the project and the achievements be presented.
The objectives will be checked to see the fulfillment made and also a discussion about
the international collaboration is included. Finally a section about the possible errors
in the project group’s work is presented to show what strengths and weaknesses the
work has.

12.1 Methodology

The weakness of the used methodology is that the concept generation started too
early in the process when the knowledge of the most important parameters was
insufficient. This later forced the evaluation of the concepts to be put on hold until
simulations and tests were carried out. A more efficient methodology would have
been to begin with simulations and tests based on the patent “Divided rotor blade”
[US 7396208 B1] in order to obtain valuable information about the parameters before
starting the concept generation. If this knowledge would have been provided before
the concept generation more qualified concepts would have been generated and they
would be based on test and simulation data rather than assumptions. The reason
this later proposed methodology was not chosen was because of early deliverables
that would interfere with the simulations and tests. The strengths of the used
methodology are that the early concept generation gave the project group a wide
perspective of possible solutions early in the process encouraged the project group
to “think outside the box” and investigate all possible parameters.

12.2 Sources of Errors in the Simulations and tests

Using the Taguchi Array to Generate Concepts

The Taguchi array is a very powerful tool to use when trying to evaluate a big range
of parameters. Without running an overwhelming amount of tests. But since the
analysis of the parameters is based on statistics it also requires a quite big range
of variance for each parameter to show accurate results. In this project only there
versions of each parameter have been tested and that could be to small of a sample
for the Taguchi array to work properly.
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Setting Up Meshing Criterion

Since the approach to solve the problems and questions originally stated have been
heavily focused on computer simulations the meshing parameters will have a large
impact on the outcome. For a detailed discussion, see section 8.3.3.

Moving Reference Frame as CFD Approach

The limitations to the approach to use a moving reference frame instead of the
more accurate and realistic rigid body motion for the fluid simulations have been
discussed in section 8.3.1, since this is a major source of error for this project it is
recommended to review the drawbacks of the chosen method.

Faulty Conclusions from Plots

When creating plots there are primarily two things to keep in mind first it is im-
portant to be able to view the certain characteristics of a certain result while it
also must be possible to efficiently compare different plots against each others. To
meet both of these goals have not always been possible and therefore some of the
plots describing the fan-behavior may have varying axises in order to better describe
the characteristics of the tested fan. Since the evaluation of tests and results have
been heavily based on the review of plots, these minor differences have shown to be
difficult to fully take into account, however the results show that these minor errors
have been handled effectively.

Since a computer simulation is just a model of reality that can’t take everything
into account a physical test was set up and executed to limit the risks and damage
of faulty simulations, but also to add important data.

12.3 Project Achievement Reflection

This section will discuss the fulfillment of the objectives and purpose of the project,
together with an overall discussion weather the divided fan blade is a feasible design
for a radiator fan application or not .

12.3.1 Fulfillment of the Objectives

The main goal with this thesis was to develop a radiator fan for truck installation
based on the “Divided Blade Rotor” patent. This has been successfully accomplished
with a final concept proposal that performed very well when benchmarked against
the reference fan. To prove that the final concept proposal is also feasible for mass
production a preliminary study of the manufacturing cost was made. The cost anal-
ysis indicated that a fan based on the patent would be more expensive to produce
than the reference fan. But we believe that the potential cost savings for customers
of a more efficient fan would generate more customers and thereby increase Volvo
Group’s revenues.
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In addition to this we also set out to investigate the certain characteristics of a
fan based on the patent. Based on the test results and analyzed data presented in
previous chapters we find that, with respect to the limitations of this project, the
objectives connected to the goal to investigate the characteristics of a fan based on
the patent "Divided Blade Rotor” have been satisfied. By the documentation and
investigation of the parameters all objectives except the investigation of how the
shroud and the divided fan blade interacted have been fulfilled. To use the alterna-
tive rigid body motion to fully investigate the interaction between the shroud and
the divided fan blade would not have been adequate in this project as there were
too many concepts to evaluate.

The final focus area of this project was to make a first assessment of whether a fan,
based on the patent, could be more efficient than the conventional reference fan.
From physical test it was possible to show that our best 1/4 scale divided blade
prototype has an efficiency of 30.2% at 1000 rpm. Which could be compared to the
reference fan’s efficiency of 40%. Here it is important to notice that, in general, a
small fan will have a lower efficiency than that of an identical but up-scaled fan.
Further, considering the fact that only a few of the possible parameters have been
optimized the result is promising. When the velocity plots of the full-scale version
of this fan is compared against the same plots for the final proposal it is concluded
that the final proposal is able to increase the fluid velocity even more, without in-
creasing the moment required to rotate the fan. To reach such high efficiencies, with
only there parameters investigated, we believe is argument enough to say that a
fan based on the "Divided Blade Rotor” and properly fine-tuned might very well be
more efficient than the reference fan. Although we have not been able to show that
in this project. With this we find the objectives fulfilled.

e It has been confirmed that the divided fan blade is better at resisting deforma-
tion than the conventional reference fan. This important characteristic could
be used to decrease the tip clearance which could further increase the fluid
velocity.

e It has been confirmed that the divided blade operates very well at high angles
of incidence.

e For blades with angle of incidences lower than at least 15 degrees the pressure
is lower downstream of the fan and higher upstream. As the angle of incidence
increases this pressure distribution changes and for fans with angle of incidence
of 30 degrees or higher the pressure develops as could be expected, with high
pressure fluid downstream of the fan and low pressure fluid upstream of the
fan. The low pressure field just upstream of the blade grows as port holes are
introduced.

e The global stresses in the blades are of the same magnitude, or lower than the
stresses in the reference fan, the local stress concentrations we believe could
be reduced by minor changes in the local geometry at those points.

e To be a viable alternative for Volvo Group the fan had to to have a life ex-
pectancy of approximately 20 years, and the preliminary calculations indicate
that the divided fan blade could very well met this target value.

73



12. Final Discussion

e The results indicate tendencies of less required moment for the the divided fan
blade to move the required amount of air, see Table 9.5. However this has not
been properly confirmed yet.

e In the physical tests the fans with port holes performed very poorly, this effect
however has not been confirmed by the tests in STAR-CCM+ although there
is some evidence that the holes create a lot of turbulence. At this point it not
possible to neither confirm nor discard the claimed advantage of port holes, at
least not at the type of fan we benchmarked against.

e It has not been possible to derive any reliable data about the mass flow. How-
ever the velocity plots, and Table 9.5 indicate that a fan based on the divided
fan blade proposals, if properly designed, can approach the air flow velocities
of the reference fan.

e [t has not possible to give any viable results about how this specific fan design
interacts with the shroud, due to the simulations method used.

e This thesis has not set out to research the blades performance at supersonic
speeds, resistance against cavitation effects or accelerated stalling at high an-
gles of incidence.

12.3.2 Fulfillment of the Purpose

The following purpose was stated in section 1.3:

The purpose of this project is to develop a fan blade design based on
the patent “Divided blade rotor” [US 7396208 B1], that is applicable for
a Volvo radiator cooling fan. It also includes an investigation of its
performance and a comparison against Volvo’s current fan.

This work does fulfill the purpose, a new fan design have been developed and it
fits the existing system used in Volvo trucks. The blade design is very similar to
the patent in the purpose with a couple of changes in the design to fit the specific
product area. The new fan design have been tested with prototypes and simulated
in STAR-CCM+ and ANSYS to ensure its performance. The current fan design
is also simulated with the same setup to be able to compare the newly developed
design to Volvo’s current design on equal basis.

12.4 International Collaboration

One of the objectives of the project was to learn to work in a global product develop-
ment team, and this has been a central part throughout the project. To begin with
the start-up of the project was a bit more time consuming than for non-international
collaboration teams. The general communication took more time in the beginning
because of the inexperience in the technical equipment and administrative problems
such as different phone numbers for different meetings, problems in accessing the
communication portal among others. As soon as these things got in order, only
a few communication problems remained; the distance, the language and the time
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difference. These problems are unavoidable in these kinds of international collabo-
ration teams but this has been something the project group has been aware of and
continuously been working on to mitigate. One problem with the distance is that
it easily divides the project team into geographical sub-groups. This is because it
is easier and less time consuming to communicate face to face. Although, in order
to maximize the benefits and advantages of an international project team it is im-
portant to keep the perception of being one group that is task oriented rather than
divided by geographical conditions. The problem regarding language is enhanced
by the distance as the use of body language is limited and cant be used in the same
extent to support speech. The time difference of six hours resulted in only three
common working hours(expected working hours 8am-5pm). In order to coordinate
work, a good time plan and flexible communication were required. The PSU stu-
dents got the opportunity to visit Chalmers and the students from Chalmers got
the opportunity to visit Penn State University, both trips were sponsored by Volvo
Group. This affected the project in a positive way. A personal relationship was
established, which resulted in a greater understanding and respect for the team
members and the project.This was also a good way to prevent and mitigate conflicts
and misunderstandings. Personal strengths and weaknesses were discovered which
led to a smarter allocation of tasks and resources among the team members.To max-
imize the outcome of the project and minimizing the problems in communication,
this trip should have been arranged earlier in the project. A recommendation from
the project group is to plan this trip around the delivery of the planning report.

75



12. Final Discussion

76



13

Conclusion

The purpose of this project is to develop a fan blade design based on the
patent “Divided blade rotor” [US 7396208 B1], that is applicable for a
radiator cooling fan, in a Volvo Group truck installation. It also includes
an investigation of its performance and a comparison against Volvo’s
current fan.

To achieve this purpose, a number of objectives were defined. As the fulfillment of
these objectives also describes the fulfillment of the project achievement, a bullet
list of the objective fulfillment is presented:

e A recommended concept has been developed based on the divided fan blade
technology

e It has been confirmed that the divided fan blade is better at resisting defor-
mation than the conventional reference fan with the same amount of material.

e The global stresses in the blades are of the same magnitude, or lower than the
stresses in the reference fan

e The preliminary calculations for the life expectancy of the divided fan blade
shows that the blade would meet the target value of 20 years.

e No reliable data about the mass flow have been calculated, but the closely
connected velocity magnitude indicate that the mass flow of a fan based on
the divided fan blade could match that of the reference fan if further developed.

e The velocity plots from simulating the recommended concept indicate that it
approaches the air flow velocities of the reference fan.

e [t is not possible to give any viable results about how this specific fan design
interacts with the shroud.

e Pressure distribution for the recommended concept develops with high pressure
fluid downstream of the fan and low pressure fluid upstream of the fan. The
low pressure field just upstream of the blade grows as port holes are introduced.

e The results indicate tendencies of less required moment for the the divided fan
blade to move the required amount of air. However this has not been properly
confirmed yet.

e From physical testing it is possible to show that the best 1/4 scale divided blade
prototype has an efficiency of 30.2% at 1000 rpm. This can be compared to
The reference fan’s efficiency of 40%.

Although not all of the objectives have been fulfilled, a new fan design have been
developed and fits the existing system used in a Volvo Group truck. The blade de-
sign is based on the divided fan blade technology presented in patent "Divided rotor
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blade”. Two of the parameters of the recommended concept have been optimized
successfully, the angle of incidence which is set to 40 degrees and the number of
blades to 10. As the divided fan blade, with only 2 parameters optimized, is con-
firmed to resist better against deformation than the reference fan, approaches the
same air flow velocity,...., there are good arguments for a continued analysis and
future work of this fan design.

13.1 Future Work

The number of holes was the parameter that could not be optimized in this project
because of the inconclusive results from simulations and tests, therefor this have to
be further investigated with a slightly different set up.

Moreover six of the parameters still remains unanalyzed after this project and sim-
ulations and testing therefor have to be carried out using same set up to get this
information in the future. When all parameters is analyzed and optimized a definite
comparison against the reference fan can be made. Only then a complete conclusion
regarding the the efficiency compared against the reference fan can be made. And
the and of applying a divided fan blade technology into a radiator fan for a Volvo
truck.

If the design proves to perform good enough, a more careful selection of materials
should be done to ensure using the most preferably material available to minimize
environment footprint and ease of manufacturing. A more specified cost analysis
should be conducted based on both materials and manufacturing to ensure a mini-
mized construction cost.

Finally, if the design can compete with Volvo Group’s current fan on all levels, pitch
the design to Volvo and advise them to implement it to their system directly.
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Self- Assessment

This chapter is an evaluation of the project group’s work and how it was able to
fulfill the customer needs and also how well it did fulfill the work in general. The
evaluation is based on a scale between 10-1 where 10 is perfect.

14.1 Customer Needs Assessment

The goal with this project was to develop a fan based on the divided blade rotor
patent, and in that process also gather knowledge about the characteristics and be-
havior of a fan based on this design. With a limit in time and money all interesting
parameters could not be tested within the scope of this project but it has been dis-
cussed in section 13.1 how further research and testing could be approached. Since
a fan based on the proposed patent have been developed and additional information
have been gathered and presented it is the groups opinion that the customer needs
have been met.

The customer would preferably also receive a prototype design that could be tested
against their current fan. Such a full scale prototype has not been developed but
with the attached drawings the customer could easily produce such a prototype after
handling the observed stress concentrations. With this full scale prototype, the rest
of the customer needs will be met.

On a scale from 1 to 10 the group finds the customer needs met with a 10.

14.2 Global and Societal Needs Assessment

The team has met global and societal needs during this project as well. This also
counts as a "10” on a scale of 1-10 based on what applies to this project in this cat-
egory. Factors such as safety, environment, sustainability, and basic human needs
have been taken into account.

For example, the structural integrity of the final prototype have been taken into
account to make sure it is safe for testing as well as future production use. This
will include the sustainability and life of the fan which also ties into environmental
factors. The longer the life cycle of this fan, the better it is for the environment
overall as less resources have to be used to continue using this product because
replacements will not be necessary as often. The global and societal needs were
met.
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A. Introduction and Project Management

A.1 Budget

Table A.1: Budget

IT

Income Outgoing | Comment

[USD] [USD]
PSU Sponsoring | 1,000 All materials should be in-

cluded
Chalmers spon- | 220 Materials are free of charge,
soring amount could be reconsid-
ered upon request

Monitor/Poster, 5
PSU
3-D Printing, 250 9-10 quality downscaled 3-D
PSU printed prototypes
Prototype mate- 300 Steel Sheet Metal 10 sq feet
rials, PSU
Prototype Ship- 200 Estimated cost from USA to
ment Sweden
Travels 100 To sponsor meeting
Special prod- 100 Products that Chalmers can
ucts, prototype not provide
Sweden
Sum 1220 955




A. Introduction and Project Management

A.2 Gantt Chart

Task

‘week 1FProgress Report

‘wWeek 2 Progress Report

‘week 3 Progress Report

Fropaosal Qutline

CAD-construction

Concept generation

Concept Evaluation

‘week 4 Progress Report

Froject PropsaliPlanning Report
Arrangements for Proposal Presentation to S
Structual Analysis, AMNSYS

Fluid Oynamics Simulations, Star-CCh-+
Week 5 Progress Report

Froject Propsal Presentation ko Spansor
‘Week & Progress Report

Deliverables Agreement

‘wWeek 7 Frogress Report

‘week 8 Progress Report

‘week 3 Progress Report

Arrangements for Design Specification
De=ign SpecificationsiMid term Report
Arrangements for Design Specification Prese
Manufacturing Prototype

‘week 10 Progress Report

Design SpecificationsMid term Feport to Yol
Iid term Feport Presentation

‘week 11 Progress Report

Frototype Testing

Week 12 Progress Report

Week 13 Progress Report

Week 14 Progress Report

Final project Presentation |

Foster and Protoype 1on Dizplay [FEU Show
‘week 15 Progress Report

Final Feport FPenn State

Feer Evaluations

Learning Factory deliverable to 314 Leonhard
wWeek 16 Progress Report

Week 17 Progress Report

Final Report Chalmers

Chalmers Final Project Day

Ferzent-
Completed
003
003
003
1003
1003
100
003
003
003
003
003
1003
1003
100
003
003
003
003
003
1003
1003
100
003
003
003
003
003
1003
1003
100
003
003
003
003
003
1003
1003
100
003
003
003

Fesponsibilty  Due Date

Andreas 22-jan
Adam 29-jan
Dlavid 05-feb
lan 05-feb

Tyler!Andreas  *6-mar and 7-may

Johanna 14-feb and B-mar
Dlavid 27-feb and 17-may
Tyler 12-feb
Andreas 14-feb
Adam 16-feb
Dravid 17-may
Andreas S-apr and 13-may
Johanna 19-feb
Crawid 26-feb
lan 2E-feb
Tyler -rmar
Andreas 04-mar
Adam 13-mar
Dravid 18-mar
Adam 22-mar
Andreas 23-mar
Johanna 24-mar
In 16-apr
Tyler 2B-mar
lan 28-mar
Johanna H-mar
Johanna -apr
Tyler 2E-apr
lan 03-apr
Tyler 15-apr
Adam 22-apr
Johanna 2E-apr
Adam, lan, Tyler 28-apr
Dravid 29-apr
Tyler -Mlay at 1700 EOT
Cavid -Mlay at 1T.00 EOT
lan -Mlay at 1700 EOT
Johanna 0E-maj
Andreas 13-maj
Chalmers stude 17-maj
Chalmers stude 27-maj

week 1
Jan 17-23

Week 2
Jan 24-
30

Week 3
Jan 21-
Feb &

Week 4 Week &5 Week B
Feb 7-13 Feb14-20 Feb 21-27

Week 7
Feb2g.
[lar &

week 10
Week 8 wWeek 9 Mar 20-
Mlar B -12 Mar 13-13 2

IT1



A. Introduction and Project Management

Task

‘week 1Progress Report

‘week 2 Progress Report

‘week 3 Progress Report

Froposal Outline

CAD-construction

Concept generation

Concept Evaluation

‘week 4 Progress Report

Froject PropsaltFlanning Feport
Arrangements far Proposal Presentation to 2
Structual Analysis, AMNSYS

Fluid Oynamics Simulations, Star-CCM-
‘week & Progress Report

Froject Propsal Presentation to Sponsor
‘week & Progress Report
Deliverables Agreement
‘week 7 Progress Report
‘week @ Progress Report
‘week 3 Progress Report
Arrangements for Design Spe
Des=ign SpecificationsMid term Report
Arrangements For Design Specification Prese
Manufacturing Prototype

‘week 10 Progress Report

Design Specifications{Mid term Feport to ol
Mlid term Report Presentation

‘week 11 Progress Report

FPrototype Testing

‘week 12 Progress Feport

‘week 13 Progress Report

‘week 14 Progress Report

Final project Presentation |

Foster and Protoype 1on Display [PSU Show
‘week 15 Progress Report

Final Report Penn State

Feer Evaluations

Learning Factory deliverable to 314 Leonhard
‘week 16 Progress Report

‘week 17 Progress Feport

Final Report Chalmers

Chalmers Final Project Day

Fercent-
Completed
002
002
100
002
002
002
002
002
002
00
002
1005
002
002
002
002
002
002
100
002
002
002
002
002
002
00
002
1005
002
002
002
002
002
002
100
002
002
002
002
002
002

wheek 11 week 15 week 19
Mlar 27-  wWeek 12 Week 13 Week 14 Apr24-  wWeek 16 Week 17 wWeek 13 May 22-

Fesponzibilty  Oue Date Apra Apr3-9  Apri0-1E Apriv-23 30 Mlay -7 May 3-14  May 15-21 28
Andreas 22-jan

Adam 29-jan

Dlavid 05-feb

lan 0g-feb

TylertAndreas  *6B-mar and 7-may I
Johanna 14-feb and B-mar

Diavid 27-feb and 17-may [ ]
Tyler 12-feb

Andreas 14-feb

Adam 16-feb

Drawid 17-may

Andreas S-apr and _m._._._mm_I

Johanna 19-feb

DCiavid 26-feb

lan 2E-feb

Tyler -rmar

Andreas 04-mar

Adam 13-mar

Dlavid 18-mar

Adam 22-mar

Andreas 23-mar

Johanna 24-mar

i t6-pr [

Tyler 25-mar

lan 28-mar

Johanna 3-mar

Johanna -apr

Tyler 26-3pr ]
lan 08-apr

Tyler 15-apr l

Adam 22-apr

Johanna 2E-apr

Adam, lan, Tyler 28-apr

Drawid 29-apr

Tyler -May at 1700 EOT

Drawid -Mlay at 17:00 EOT

lan -May at 17:00 EOT

Johanna DE-maj l
Andreas 13-maj

Chalmers stude 17-maj

Chalmers stude 27-maj

IV



A. Introduction and Project Management

A.3 Risk Analyze

Table A.2: Risk Plan

Proba- . ..
Risk Impact| Overall ﬁg(laons to Mini- z‘all Back Strat-
bility 8y
- Good planning
- Gantt chart with
good structure - Discuss the prob-
- Weekly update lem with the spon-
Unable to deliver - Internal deadline P
) 10 . sor
reports - Good communica-
. - Rearrange work-
tion
. . load
- Rise a warning
sign when needed
to inform the team
N Check one extra Start with simple
. time before start . .
Incorrect analysis . .. | simulations/anal-
. . ) 10 - Begin early so it .
and simulations \ ysis to have some
won’t affect the re-
results
sult
Simulations more Begln .Wlth small
) . . simulations, at
complex, time | 8 5 Start in good time
. least have some
consuming
results
If something is un-
Missunderstanding - 5 clear, always ask
of tasks supervisor or spon-
sor
. 1 k-
Loss of data 3 10 Use reliable storage Sssnstant y bac
T .
WO separated Good planning and
groups that work | 6 ) .
communication
one by one
Lack of experience Ask experts and su- | Downsize the work
and knowledge . .
e S ) ) 25 pervisors for tutori- | to a level that we
within  software’s
. als and help master
and manufacturing
- Realistic time
management
Unhealthy  work- - 3 91 - Realistic scope of | Reasses what is im-
load work portant
- Even out work-
load if it is uneven




A. Introduction and Project Management

Resources needed

- Start in time

Decide whats most

phase

set a deadline to get
answers by

at the same time 16 j Planplng and important
communication
Miss under‘standmg Plan ahead and al-
and long time span
15 ways try to be spe-
for answers from o :
cific in all questions
sponsor
. I - Group exercises
Conflicts within the 12 - Well documented | Plan ahead
group .
communication
Prototype manu- - Scale down com- | Well performed
facturing run out 9 plexity drawings and
of time - Start in good time | CAD-models
Not able to gen- Use time needed to
erate enough con- 9 :
brainstorm
cepts
Use the informa-
: . - Plan ahed tions known and fill
Lack of information Ask sponsor and | in as we get more
at the generation 6 P 8

information even if
it is later than ex-
pected
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B. Customer Needs Assessment & Engineering Specification

B.1 Needs-Metric’s Matrix
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C. Concept Generation and Evaluation

C.1 Generated Concepts

Concept 1, Contra-rotating part

This concept is described more in detail in section 5.2.4

Figure C.1: CAD rendering of a Contra-Rotating fan

Concept 2, Curvey

This concept is inspired from the classic wing geometry with a slightly curved leading
part, together with the divided fan blade design.

Figure C.2: Divided fan blade with curved leading part

Concept 3, Bent

In the original divided fan blade design the leading blade has a bent edge. In this
concept the trailing part has a bent edge as well.

X



C. Concept Generation and Evaluation

Figure C.3: Divided fan blade with bent trailing edge
Concept 4, Rounded

This concept describes the divided fan blades with rounded edges. The blades are
also slightly larger than the one in the patent.

o \
N
Oooooooooooo
O l
]
o

Figure C.4: Divided fan blade with rounded blades

Concept 5, Morf 1
A2+ B24+C3+D2+E3+F14+G3

r
| /:_,, ,T ‘ {

//

Figure C.5: Morf 1
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C. Concept Generation and Evaluation

Concept 6, Morf 2

A14+B1+C1+D1+E2+F2+G2

Figure C.6: Morf 2

Concept 7, Morf 3

A3+B1+C2+D2+E1+F1+G3

e —

Figure C.7: Morf 3

Concept 8, Morf 4

A4+B3+C1+D3+E2+F3+G3

©o

| | [

i\o il w
'3 SR P R
ST N B

Figure C.8: Morf 4
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C. Concept Generation and Evaluation

Concept 9, Morf 5
A5+B34+Cl1+D2+E3+F2+G1

Figure C.9: Morf 5
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C. Concept Generation and Evaluation

C.2 Concept Evaluation

Criterion Concepts
Reference, Concept 5, Morf 1 | 1. Curvey 2. Bent 3. Rounded |7. Morf3 8. Morf 4 9. Morf 5

Minimize tip vortex - - + - + +
Minimize tarbulence + + o +

Power input - - - + +

Shear stress + ] 0 0

Von Mises strain + 0 0 0

Deformation o 0 - 0 - -
MNumber of "0" 1 3 2 4 0 0
MNumber of "+ 3 0 2 1 3 1
MNumber of "-" 2 3 2 1 3 5
MNetto 1 -3 0 0 0 -4
Ranking 2 1 3 2 2 2 4

Figure C.10: The first Pugh matrix with Morf 1 as reference

Criterion Concepts
Reference, Concept &, Morf 4 |1, Curvey |2, Bent 3. Rounded |5, Morf'1 7. Morf 3 9. Morf 5
Minimize tip vortex - - . +
Minimize turbulence . . 0 . i)
Power input o . .
Shear stress + o + + +
“Von Mises sirain + 1] + + +
Deformation + + + + o .
MNumber of "0" 0 3 1 ] 2 ]
Number of "+ 3 1 2 3 2 1
MNumber of "-" 3 2 3 3 2 5
Metto 0 -1 1 0 0 -4
Ranking 2 2 3 1 2 2 5

Figure C.11: The third Pugh matrix with Morf 4 as reference
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.1

CAD-model- Physical prototype

FZZOTHRU

RA1.25THRU

=T =T = I = =1 = =}

.

\TRL'EI'J

CooODDODoOO

Por | Holex ave cultom back ko tonl alanargle of oS degrees

Ben| Bde porlon s benlal anargle ciZ0degrees

S

i

Makrial < nol spechieds . mm
wir-
Wolio Fan (Acke) Bixe
iPr Cauca’

A mewon

SCELE: 121

"y

FE SHEET 1OF |

Figure D.1: A drawing of the fan blade geometry,
measurements

shown in different views with

P36 31 T-w-i
; 30
'

Ra1.75 —

Material <not speciied>  mm
i

e
Wolvo Fan

SFE Caurs:
A MEw0w

SOALEAS

(1

Az SHEET10F 1

Figure D.2: A drawing of the whole fan geometry with outer measurements shown

to ensure the fan to fit inside the shroud
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.2 CAD-model - Fluid Dynamics Simulation

Figure D.3: Isometric view on one of the stripped down CAD-model of the devel-
oped design used in Fluid Dynamics simulations.
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.3 Finite Element Analysis

.
L
0,000 0,200 [} 1!3!1 (m)
I I

0,100 0,300 X

Figure D.4: Total Deformation plot for a blade of length 222mm with split of
150mm, max deformation is 0.002171 m

ANSYS
R16.1
Academic

0,000 0,150 0,300 (m)

0,075 0,225

Figure D.5: Stress plot for a blade of length 222mm with split of 150mm, max
stress is 3.3309 -10% Pa
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D. Concept Refinement with Ansys, Star CCM+ and Testings

ANSYS
R16.1
Academic

0,000 0,200 0,400 (m)
]

0,100 0,300

Figure D.6: Total Deformation plot for a blade of length 222mm with split of
170mm, max deformation is 0.0015004 m

ANSYS
R16.1
Academic

0,000 0,200 0,400 (m)
]

0,100 0,300

Figure D.7: Stress plot for a blade of length 222mm with split of 170mm, max
stress is 3.3409 -10® Pa

ANSYS
R16.1
Academic

0,300 (m)

Figure D.8: Total Deformation plot for a blade of length 222mm with split of
200mm, max deformation is 0.0032171 m
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ANSYS

R16.1
Academic

\
Vg
¢
0,000 0,200 0,400 (m)
I I ]

0,100 0,300 z

Figure D.9: Stress plot for a blade of length 222mm with split of 200mm, max
stress is 6.8437 -10® Pa
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D. Concept Refinement with Ansys, Star CCM+ and Testings

ANSYS

R16.1

Academic

1,000 0,150 0,300 (m)
I ]

0,075 0,225

ANSYS
__Ri61

Academic

0,000 0,200 0,400 (k) '4
R R ]

0,100 0,300

Figure D.10: Top: Total Deformation for a blade with split between roots of 5
deg, max deformation is 0.00077676 m

Bottom: Stress plot for a blade with split between roots of 5 deg, max stress is
9.1609 -107 Pa
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ANSYS
R16.1
Academic

0,000 0,250 0,500 {m)
ET— e

0,125 0,375

ANSYS

R16.1
Academic

0,000 1,150 ) 3|0l1 (m}

—
0,075 0,213

Figure D.11: Top: Total Deformation for a blade with split between roots of 17.5
deg, max deformation is 0.0010026 m

Bottom: Stress plot for a blade with split between roots of 17.5 deg, max stress is
2.2291 -10% Pa
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ANSYS
R16.1
Academic

vé.
0,000 0,150 0,300 (m) T
j————=I| = 1

0,075 0,225

ANSYS
R16.1

Academic

0,150 0,300 {m)
|

I
s 1335

Figure D.12: Top: Total Deformation for a blde with split between roots of 25
deg, max deformation is 0.0015004 m

Bottom: Stress plot for a blade with split between roots of 25 deg, max stress is
3.3409 -10® Pa
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.4 Fluid Flow Analysis in Star-CCM+-

D.4.1 Mesh for Fluid Flow

_ ._
NERERRARRNN;

uamsani
T IJ|IJI

=
V¢

Figure D.13: Cross-section representation of the full mesh
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NN RN NN,

1
1

1

e

EEEEEEERNE NEEEEN
1
H
N e B e e N N I

| i l(

Figure D.14: Cross-section representation of the mesh in the close proximity of
the fan region
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.4.2 Result Plots

D.4.2.1 Vector Velocity

.:906‘ 69.852 - 1!_,
...... '

Velo cify (m/s)

(c) Fan 4-15-0 (d) Fan 8-15-4
Figure D.15: Side view of the flow direction and velocity magnitude as the fluid
travels through the fan region.
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RN Velocity (m/s)
B X . 0.0049260 14.471 28.936 43.402 57.868 72.334

o Velocity (m/s)
. 0.0043089 14.999 < 29.993 " 44.988 59.982 74.977

VL

(a) Fan 8-45-8

7.044 83.804

(e) Fan 12-45-0
Figure D.16: Side view of the flow direction and velocity magnitude as the fluid
travels through the fan region.
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D.4.2.2 Pressure scalar

(a) Fan 4-30-8 (b) Fan 4-15-0

(e) Fan 8-30-0 (f) Fan 8-45-8

Figure D.17: Plots of the pressure in the close proximity of the fan region.
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(a) Fan 12-15-8 (b) Fan 12-30-4

(c) Fan 12-45-0

Figure D.18: Plots of the pressure in the close proximity of the fan region.
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.4.2.3 Velocity swirl

Velocity (m/s)
0.0000 22.004 44.007 66.011 88.014 110.02

(a) Fan 4-30-8 (b) Fan 4-15-0

Z
IV X 0.0000 22.004 44.007 66.011 88.014 110.02 [Y X 0.0000 22.004 44.007 66.011 88.014 110.02

Velocity (m/s) Velocity (m/s)

(c) Fan 4-45-4 (d) Fan 8-15-4

Velocity (m/s) Velocity™?

lv X 0.0000 22.004 44.007 66.011 88.014 110.02

e S
0.0000 22.004 44.007 66.011 88.014 110.02

(e) Fan 8-30-0 (f) Fan 8-45-8

Figure D.19: Side view of the engine bay showing the velocity of air in different
gegiqng with indicative lines for flow direction.
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& Velocity (m/s) 2 g
Y x 0.0000 _ 22.004  44.007 ~ 66.011  88.014 110.02 Y X 00000 22000 44005 Be%1  sso1s 11002

(a) Fan 12-15-8 (b) Fan 12-30-4

(c) Fan 12-45-0

Figure D.20: Side view of the engine bay showing the velocity of air in different
regions with indicative lines for flow direction.
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D. Concept Refinement with Ansys, Star CCM+ and Testings

D.4.2.4 Velocity new domain 22

" Magnitude (m/s) 1 Magnitude (m/s)
2.2427e-06 22.707 45.414 68.121 90.828 113.53 2.2427e-06 22.620 45.241 67.861 90.482 113.10

(a) Fan 4-30-8 (b) Fan 4-15-0

> Magnitude (m/s) 1 = Magnitude (m/s)
2.2427e-06 23.295 46.590 69.885 93.180 116.47 2.2427e-06 22.447 44.894 67.340 89.787 112.23

(c) Fan 4-45-4 (d) Fan 8-15-4

> Magnitude (m/s) > Magnitude (m/s)

A
8.8563e-06 23.052 46.105 69.157 92.210 115.26 ! 8.8563e-06 22.075 44.150 66.225 88.301 110.38

(e) Fan 8-30-0 (f) Fan 8-45-8

Figure D.21: Magnitude of the velocity for the fluid as it leaves the fan region.
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‘elocity: Magnitude (m/s)
2.2427e-06 22.677 45.353  68.030 90.706 113.38

e

(a) Fan 12-15-8 (b) Fan 12-30-4

agnitude (m/s)

Y
X z 8.8563e-06 24.000  48.000  72.000  96.000 120.00

P

(c) Fan 12-45-0

Figure D.22: Magnitude of the velocity for the fluid as it leaves the fan region.

XXXV



D. Concept Refinement with Ansys, Star CCM+ and Testings

XXXVI



D. Concept Refinement with Ansys, Star CCM+ and Testings

D.4.2.5 Fan geometry

(a) Fan 4-30-8

(e) Fan 8-45-8 (f) Fan 12-15-8

Figure D.23: Representation of Meshed geometry of the concept fans.
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(a) Fan 12-30-4 (b) Fan 12-45-0

Figure D.24: Representation of Meshed geometry of the concept fans.
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D.4.2.6 Residuals
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Figure D.25: The residuals from simulations in Star-CCM+.
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Figure D.26: The residuals from simulations in Star-CCM+.
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D.4.2.7 Scalar Velocity

Z . .
« Velocity: Magnitude (m/s) # ity: ?
v x 0.0019592 18.529 37.056 55.582 74.109 92.636 v x AT AR L o D

(a) Fan 4-30-8 (b) Fan 4-15-0

‘; . Velocity: Magnitude (m/s) }" X Velocity: Magnitude (m/s)

4

0.0012955 20.927 41.853 62.778 83.704 104.63 0.0019345 17.676 35.349  53.023 70.697 88.371

(c) Fan 4-45-4 (d) Fan 8-15-4

Figure D.27: Scalar plot of velocity magnitude in the entire region.
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z . i
2 Velocity: Magnitude (m/s) ¢ Velocity: Magnitude (m/s)
r“ X 0.0020244 24.396 48.790 73.185 97.579 121.97 Yy x 0.0011329 18.300 36.599 54.898 73.196 91.495

(a) Fan 8-30-0 (b) Fan 8-45-8

Velocity: Magnitude (m/s)

N33 0.0018328 15.831  31.661  47.490  63.319  79.149 Lelocityifacairdel(a/e)

0.0021388 21.617 43.232 64.847 86.462 108.08

=<
>

(c) Fan 12-15-8 (d) Fan 12-30-4

) Velocity: Magnitude (m/s)
X 0.0011015 19.304 38.606 57.909 77.212 96.514

(e) Fan 12-45-0

Figure D.28: Scalar plot of velocity magnitude in the entire region.
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Concept Regeneration and
Validation

E.1 Appendix for Structural Verification

B: Static Structural
Life
Type: Life

2016-05-13 20:33

1e6Max
2,014e5
84317
24745
7210,8
21013
612,32
178,43
51,99
15,152 Min

0,300}

0,075 0,225

Figure E.1: Final Concept: Lifetime expectancy in cycles endured
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B: Static Structural

Life

Type: Life

Time: 0
2016-05-13 20:55

1ef Max
4853425
L0335
88326
39336
17518
TEILS
34743
15473
689,07 Min

Figure E.2: Reference fan: Lifetime expectancy in cycles endured

B: Static Structural
Equivalent Stress
Type: Equivalent (van-Mises) Stress
Unit; Pa

Time: 1
2016-05-13 2040

I 6,4965€9 Max
5,2955¢0

|- L6401ea

| 138440
|| 2912502
| 2372722

|| 2.8477e7

4,4033e7
I 59431 Min

0,300(m)

Figure E.3: Final concept: Equivalent stress
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Figure E.4: Reference fan: Equivalent stress

ANSYS
R16.1
Academic

0,0053979
0,0044382

0,0035986
. 0,0026989
L] 0,0017993
0,00089964

0,075 0,225

Figure E.5: Final concept: Total deformation
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Figure E.6: Reference fan: Total deformation

XLVI



E. Concept Regeneration and Validation

E.2 Fluid flow Verification

Pressure (Pa) Pressure
942.9

z z
(Pa)
—19&18.—" -14295. -8 -3590.6 1761.7 7114.0 -1 7906’ -12822. -7838.3 -2854.2 2129.9 7114.0

(a) Fan 10-40-0 (b) Fan 10-40-4

Pressure (Pa)
-6414.2 -1916.

Y
-154Q9. -10912. .7 2580.9 7078.5

(c) Reference fan

Figure E.7: Pressure on the fan blades
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Velocity: Magnitudedlie),

(a) Fan 10-40-0 (b) Fan 10-40-4

Figure E.8: Streamlines representing air flowing through the fan-region.

Pressure (Pa) Pressure (Pa)
.2500.0 2500.0
\ .
1200.0 1200.0
-100.00 -100.00

-1400.0 - -1400.0

xh b
(a) Fan 10-40-0 (b) Fan 10-40-4

Figure E.9: Scalar representation of the pressure field around the fan blades
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4 gnitude (m/s) Y
8.8563e-0623.837 47.674 71.511 95.348 119.19

(a) Fan 10-40-0 (b) Fan 10-40-4

X Z Velocity: Magnitude (m/s)
0.0000 24.000 48.000 72.000 96.000 120.00

(c) Reference fan

A Magnitude (m/s)
x 2z 8.8563e-06 24.184 48.367 72.551 96.734 120.92

Figure E.10: Magnitude of the velocity for the fluid as it leaves the fan-region.
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(a) Fan 10-40-0 (b) Fan 10-40-4

(c) Reference fan

Figure E.11: Side view of the engine bay showing the velocity of air in different
regions with indicative lines for flow direction.
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?Z Velocity: Magnitude (m/s) £ Velocity: Magnitude (m/s)
¥y x 0.0019393 22.002 44.001 66.001 88.000 110.00 ¥ ox 0.0018016 21.061 42.120 63.178 84.237 105.30
(a) Fan 10-40-4 (b) Reference fan

Velocity: Magnitude (m/s)
44.001 66.000

YoXx 0.00091777  22.001 88.000 110.00

(c) Fan 10-40-0

Figure E.12: Scalar plot of velocity magnitude in the entire region.
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(a) Fan 10-40-0 (b) Fan 10-40-4

(c) Reference fan

Figure E.13: Plots of the pressure in the close proximity of the fan region.
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Residuals
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(c) Reference fan

Figure E.14: The residuals from simulations in Star-CCM+.
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(c) Reference fan

Figure E.15: Side view of the flow direction and velocity magnitude as the fluid
travels through the fan region.
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Contribution Report

The contribution report is divided into a report writing part and a implementing part

Report writing:

Executive summery: David
Introduction: David and Andreas with assistance from Johanna
Team and project management: Andreas
Methodology: Johanna
Costumer Needs Assessment: Adam
External search
— Divided rotor blade: Johanna with assistance from avid
— Cross-flow cooling fan: Adam
— Axial fan: David
— Radial fan: Johanna
— Diagonal fan: Johanna
— Contra-rotating fan: Andreas
Engineering specification: Johanna
— Relating specifications of costumer needs: USA
Concept generation and evaluation
— Backbox: Johanna
— Sub-function: Johanna, David, Tyler
— Important parameters: Johanna
— Concept generation: Johanna
— Concept evaluation: Johanna
— Shifting focus to the important parameters: Johanna
Concept refinement with ANSYS Star och testing
— Deciding number of tests with Taguchi Orthogonal Array: USA
— Design and manufacturing process for experimental tests: Johanna
Structural Analysis in ANSYS: David
— Fluid Analysis in Star-CCM+: David
— Testings
x Testing set up: USA
x Testing results: Andreas
x Test result discussion: USA
— Overall validation: Andreas
Concept redefining and concept recommendation
— Concept redefining: Andreas
— Structural analysis of redefined concepts: David
— Fluid simulations of redefined concepts: David
— Concept recommendation: Andreas
System level design: Tyler
Detailed design
— CAD drawings: Andreas
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— Manufacturing plan, material selection and cost analysis: Johanna
e Final discussion
— Methodology: Johanna
— Sources of errors in simulations and testings: David
— Project achievement:
x Fulfillment of project achievement: David
x Fulfillment of purpose: Andreas
— International collaboration: Johanna
— Conclusion: USA, joint effort sweden
— future work Andreas
e Self assessment USA

Impementation:

e Introduction were carried through as a joint effort

e Team and project management were done by Andreas with some collaboration
with David and Johanna for the risk evaluation.

e Methodology were done by Johanna except from the section 3.7 about the
taguchi array.

e Customer needs assessment made by PSU students.

e Patent reasearch on divided rotor blae done by Johanna and David, Cross flow
cooling fan made by PSU

e Reasearching existing products were made by Johanna, David and Andreas,
David focusing on axial fans, Johanna on radial and diagonal fan and Andreas
on contra-rotating.

e Enginerings specification were made togheter by all students and the needs
matric’s matrix were made by PSU students

e Concept generation and evaluation

— Blackbox made by Johanna

— Sub-function diagram made by David Johanna and Tylor

— Important parameters were made by the whole group

— Brainstorming made by the whole group

— Morphological matrix made by David and Johanna

— Elimination matrix made by Chalmers students

— Pugh matrix made by Johanna

Shifting focus to important parameters made by PSU students
e Concept refinement with ANSYS, Star-CCM+ and Testing

— Taguchi array made by PSU students

— Design and manufacturing for experimental test made by Taylor. Andreas
made the designs for simulations.

— All ANSYS testing and structural analysing has been carried out by
David.

— Star-CCM+, Andreas started to learn the software, by doing tutorials
and then transfer the knowledge to David to, in an effective way, be able
to work together in simulations of the specific products. The analysis of
the results has been made together by David and Andreas.

— Ansa were mainly done by David with some assistance by Andreas.
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— Testing were made by PSU students

e Concept redefining were based on the analsysis made in previes chapters made
by David, Andreas and PSU students.

e Structual analysis were made by David in ANSYS

e Fluid simulations of redined concepts were made by David and Andreas. The
communication and collecting data were made by David.

e Concepts recomendation were stated by David and Andreas

e System level design made by PSU students.

e Detailed design; Cad drawing were made by Andreas, manufacturing plan,
cost analysis and material selection made by Johanna

e Final discussion made in collaboration with the team. Johanna focusing on
methodology and international collaboration, David focusing on sources of
errors and project achivement reflection and Andreas focusing on fulfillment
of the purpose.

e Conclusion made in collaboration.

e Self assessment made by PSU students with assistance from Chalmers students.

Report appearance, structure, layout were made by Andreas. This also included
assisting learn the rest of the group to work in IXTEX. Table and Figures were
mostly created by Andreas.
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