
�5�I�J�T���E�P�D�V�N�F�O�U���J�T���E�P�X�O�M�P�B�E�F�E���G�S�P�N���%�3���/�5�6���	�I�U�U�Q�T�������E�S���O�U�V���F�E�V���T�H�

�/�B�O�Z�B�O�H���5�F�D�I�O�P�M�P�H�J�D�B�M���6�O�J�W�F�S�T�J�U�Z����4�J�O�H�B�Q�P�S�F��

�%�F�T�J�H�O����C�V�J�M�E���B�O�E���U�F�T�U�J�O�H���P�G���B�O���B�F�S�J�B�M���S�J�N���E�S�J�W�F�O

�G�B�O

�5�B�Z����+�J�B���)�V�J

��������

�5�B�Z����+�����)�����	���������
�����%�F�T�J�H�O����C�V�J�M�E���B�O�E���U�F�T�U�J�O�H���P�G���B�O���B�F�S�J�B�M���S�J�N���E�S�J�W�F�O���G�B�O�����.�B�T�U�F�S���T���U�I�F�T�J�T�

�/�B�O�Z�B�O�H���5�F�D�I�O�P�M�P�H�J�D�B�M���6�O�J�W�F�S�T�J�U�Z����4�J�O�H�B�Q�P�S�F�����I�U�U�Q�T�������I�E�M���I�B�O�E�M�F���O�F�U��������������������������

�I�U�U�Q�T�������I�E�M���I�B�O�E�M�F���O�F�U��������������������������

�I�U�U�Q�T�������E�P�J���P�S�H��������������������������������������������

�5�I�J�T���X�P�S�L���J�T���M�J�D�F�O�T�F�E���V�O�E�F�S���B���$�S�F�B�U�J�W�F���$�P�N�N�P�O�T���"�U�U�S�J�C�V�U�J�P�O���/�P�O�$�P�N�N�F�S�D�J�B�M��������

�*�O�U�F�S�O�B�U�J�P�O�B�M���-�J�D�F�O�T�F���	�$�$���#�:���/�$���������
��

Downloaded on 07 Oct 2022 13:50:30 SGT



Acad Year
2020/21

D
esign,

B
uild

and
T

esting
of

an
A

erial
R

im
D

riven
Fan

Design, Build and Testing of an Aerial Rim Driven
Fan

Tay Jia Hui

SCHOOL OF MECHANICAL AND AEROSPACE ENGINEERING
NANYANG TECHNOLOGICAL UNIVERSITY

2021



Design, Build and Testing of an Aerial Rim Driven Fan

SUBMITTED

BY

Tay Jia Hui

School of Mechanical and Aerospace Engineering

A thesis submitted to
Nanyang Technological University

in partial ful�lment of the requirement for the degree of
Master of Engineering

2021









Acknowledgement

The author would like to express gratitude towards her supervisors, Dr. Chan Wai Lee and Dr. Basman
Elhadidi for their guidance and patience over the course of the project. Their knowledge in computational
uid dynamics and aerodynamics greatly assisted the author in the project.

The author would also like to express gratitude to Ms Celescia Lye Siew Mun, Ms Koh Jie Ying, Ms Xu
Ting and Mr Tan Jun Kiat for helping the author with experiments.

Lastly, the author is grateful for the emotional support provided by her family throughout the project.

iii



Contents

Acknowledgements iii

List of Figures viii

List of Tables ix

Nomenclature x

Abstract xiii

1 Introduction 1
1.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Thesis Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature Review 4
2.1 Commercial Use of Rim Driven Fans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Blade Design Theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Electric Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.4 Computational Fluid Dynamics Simulation of Rim Driven Fan . . . . . . . . . . . . . . . 5
2.5 Manufacturing Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.6 Experimental Setup and Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.7 Research Summary and Gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Propeller Design 7
3.1 Adapted Schmitz Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1.1 Schmitz Wind Turbine Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1.2 Adapted Schmitz Model for Propeller Blades . . . . . . . . . . . . . . . . . . . . . 8

3.2 Computational Fluid Dynamics Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2.1 Model Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2.1.1 Sliding Mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2.1.2 Moving Reference Frame . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2.1.3 Single Blade with Periodic Boundary Condition . . . . . . . . . . . . . . 12

3.2.2 Post Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2.3 Validation of Computational Fluid Dynamics Model . . . . . . . . . . . . . . . . . 13

3.3 Duct Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.1 Duct Design Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.2 Model Setup for Rim Driven Fan . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.1 Computational Fluid Dynamics Assessment of Initial Blade Design . . . . . . . . . 19
3.4.2 E�ect of Number of Blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.4.3 E�ect of Airfoil Pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4.4 E�ect of Design Tip Speed Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.5 Summary of Optimal Blade Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.6 Duct Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Summary of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

iv



4 Motor Design 34
4.1 Brushless Permanent Magnet Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2 Design Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3.1 Factors for Motor Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3.1.1 E�ect of Slot and Pole Pair . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3.1.2 E�ect of Magnet Arc Angle . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.1.3 E�ect of Number of Turns . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.3.2 Summary of Motor Designed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.3 Performance Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3.4 Motor-Propeller Matching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.4 Summary of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Manufacturing and Testing 45
5.1 Design and Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Experimental Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.2.1 Initial Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2.2 Modi�cation of Prototype and New Measurements . . . . . . . . . . . . . . . . . . 52

5.3 Summary of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6 Conclusion and Future Work 57
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

References 59

Appendix 62
Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Code for Duct - First Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Code for Duct - Second Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Appendix C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Front case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Middle case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Blade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Back case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Bearing (Part 1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Bearing (Part 2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
Magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Appendix D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Exploded View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Front case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Middle case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
Magnet Holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
Back case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Bearing Connector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
Magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

v



List of Figures

1 Schematic of (a) RDF and (b) conventional motor-propeller design. . . . . . . . . . . . . . 1
2 Design Flow Chart for RDF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3 (a) Air ow through a wind turbine; (b) Velocity triangle for a wind turbine blade section. 7
4 (a) Air ow through a propeller (b) Velocity triangle for a propeller blade section. . . . . 8
5 Design process of propeller blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
6 3D SM and MRF domain and boundary conditions applied for GWS 4�4 Propeller. . . . 11
7 3D SBPBC domain and boundary conditions for GWS 4�4 propeller. . . . . . . . . . . . 12
8 Control volume used for calculation of T and Qp for full propeller with SM and MRF

models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
9 Grid independence study using T and Qp for GWS 4�4 propeller of SBPBC model. . . . 14
10 Convergence study using T and Qp for GWS 4�4 propeller of SM model. . . . . . . . . . 14
11 Comparison of CT against J for GWS 4�4 propeller between experiments and SBPBC

simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
12 Comparison of CQ against J for GWS 4�4 propeller between experiments and SBPBC

simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
13 Comparison of �p against J for GWS 4�4 propeller between experiments and SBPBC

simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
14 Duct designs for propellers [2]: (a) Pull-Push duct; (b) Accelerating Duct; (c) Decelerating

Duct. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
15 Cross section of duct tilted for two cases, which use airfoil incidence �1 and �2 to de�ne

the di�erent area ratios at the duct inlet and outlet. . . . . . . . . . . . . . . . . . . . . . 17
16 3D domain and boundary conditions applied for SBPBC model for RDF. . . . . . . . . . 18
17 Control volume used for calculation of (a) T and (b) Qp for RDF using SBPBC model. . 18
18 Blade designed for open propeller and at duct RDF by using the adapted Schmitz model

(See Section 3.1.2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
19 Comparison of CT against J for 1st blade iteration between open propeller and at duct

RDF case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
20 Comparison of CQ against J for 1st blade iteration between open propeller and at duct

RDF case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
21 Comparison of �p against J for 1st blade iteration between open propeller and at duct

RDF case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
22 Comparison of CT against J for 1st blade iteration between open propeller and GWS 4�4

blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
23 Comparison of CQ against J for 1st blade iteration between open propeller and GWS 4�4

blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
24 Comparison of �p against J for 1st blade iteration between open propeller and GWS 4�4

blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
25 Comparison of CT against J for at duct RDF with 2, 6 and 10 blades at 10,000 rpm. . . 23
26 Comparison of CQ against J for at duct RDF with 2, 6 and 10 blades at 10,000 rpm. . . 23
27 Comparison of �p against J for at duct RDF with 2, 6 and 10 blades at 10,000 rpm. . . 24
28 c and � against r for airfoil NACA0008 and NACA4408 airfoil pro�les. . . . . . . . . . . . 24
29 Comparison of CT against J for at duct RDF with 6 blades of NACA0008 and NACA4408

pro�les at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
30 Comparison of CQ against J for at duct RDF with 6 blades of NACA0008 and NACA4408

pro�les at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

vi



31 Comparison of �p against J for at duct RDF with 6 blades of NACA0008 and NACA4408
pro�les at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

32 c and � against r for �des=4 and �des=5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
33 Comparison of CT against J for at duct RDF with 6 NACA4408 blades of �des=4 and

�des=5 at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
34 Comparison of CQ against J for at duct RDF with 6 NACA4408 blades of �des=4 and

�des=5 at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
35 Comparison of �p against J for at duct RDF with 6 NACA4408 blades of �des=4 and

�des=5 at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
36 Duct pro�le for case (I), where �1=2.5�, and case (II), where �1=2.5� and �2=-7.5�. . . . 29
37 Comparison of CT against J for RDF with case (I) of CR=f0.88, 1.02, 1.18g at 10,000 rpm. 29
38 Comparison of CQ against J for RDF with case (I) of CR=f0.88, 1.02, 1.18g at 10,000 rpm. 30
39 Comparison of �p against J for RDF with case (I) of CR=f0.88, 1.02, 1.18g at 10,000 rpm. 30
40 Comparison of CT against J for RDF with case (II) of CR=f0.53, 0.64, 0.68, 0.75, 0.87g

at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
41 Comparison of CQ against J for RDF with case (II) of CR=f0.53, 0.64, 0.68, 0.75, 0.87g

at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
42 Comparison of �p against J for RDF with case (II) of CR=f0.53, 0.64, 0.68, 0.75, 0.87g

at 10,000 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
43 Schematic illutsration of a 6S4P motor: (a) Outrunner BPM type and (b) Inrunner BPM

type. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
44 Motor outputs plotted against pole number for a �xed slot number of 18 slots and constant

variables of Table 8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
45 Motor outputs of an 18S12P con�guration plotted against magnet arc angle. . . . . . . . 38
46 Motor outputs of an 18S12P con�guration with magent arc angle 23� plotted against

number of turns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
47 Winding diagram of motor designed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
48 Qm against RPM for Vrms= f2.62 V, 5.23 V, 7.85 V, 10.47 V. 13.08 V, 15.70 Vg and

Irms= f1.25 A, 2.5 A, 3.25 A, 5 Ag. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
49 Qm against RPM for VDC= f7.4 V, 11.1 V, 14.8 V, 18.5 V, 22.2 Vg. . . . . . . . . . . . . 41
50 �m against RPM for Vrms= f2.62 V, 5.23 V, 7.85 V, 10.47 V. 13.08 Vg and Irms= f1.25

A, 2.5 A, 3.25 A, 5 Ag. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
51 �m against RPM for VDC= f7.4 V, 11.1 V, 14.8 V, 18.5 V, 22.2 Vg. . . . . . . . . . . . . 42
52 Qm against RPM for VDC=22.2 V and IDC=f0.5 A, 1.5 A, 2.5 A, 3.5 A, 4.5 Ag. . . . . . 42
53 Propeller matching for motor and propeller designed at IDC=f0.1 A, 0.2 A, 0.3Ag for

VDC=22.2V and V1=7 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
54 Drawings of prototype assembly. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
55 Von-mises stress distribution for prototype. . . . . . . . . . . . . . . . . . . . . . . . . . . 46
56 Setup for measuring: (a) Wmag and (b) Fmag. . . . . . . . . . . . . . . . . . . . . . . . . . 46
57 Illustration of magnet pole orientation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
58 Illustration of (a) an imbalance and (b) optimal magnetic con�guration. . . . . . . . . . . 48
59 Prototype created and assembled. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
60 Experimental Setup for the prototype: (A) DENSO Robotic six-axis robot arm, (B)

Prototype, (C) Stand to hold prototype, (D) ATI Industrial Automation Gamma six-axis
force/torque sensor and (E) WindShape (Open Wind Tunnel). . . . . . . . . . . . . . . . 49

61 (a) Duct without blades; (b) Duct with blades. . . . . . . . . . . . . . . . . . . . . . . . . 49
62 Comparison of experimental and CFD results for CT . . . . . . . . . . . . . . . . . . . . . 51

vii



63 Comparison of experimental and CFD results for CQ. . . . . . . . . . . . . . . . . . . . . 51
64 Correlation curve of CT with CTexp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
65 Correlation curve of CQ with CQexp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
66 Modular design for easy installation and removal of blades to measure motor torque, which

is necessary for Qp in accordance with Equation (35). . . . . . . . . . . . . . . . . . . . . 53
67 Modi�ed prototype design: (a)without blades and (b)with blades installed. . . . . . . . . 53
68 Experimental Setup for modi�ed prototype: (A) DENSO Robotic six-axis robot arm,

(B) Prototype, (C) ATI Industrial Automation Nano 43 six-axis force/torque sensor, (D)
Stand to hold prototype, and (E) WindShape (Open Wind Tunnel). . . . . . . . . . . . . 53

69 Comparison of experimental results and CFD result for CT for modi�ed prototype. . . . 54
70 Comparison of experimental results and CFD result for CQ for modi�ed prototype. . . . . 54
71 Correlation curve of CT with CTexp for modi�ed prototype. . . . . . . . . . . . . . . . . . 55
72 Correlation curve of CQ with expected CQexp for modi�ed prototype. . . . . . . . . . . . . 55
73 Metal prototype manufactured for better measurements to be made in future tests. . . . 58

viii



List of Tables

1 Advantages and disadvantages of RDF and conventional design [1], [2]. . . . . . . . . . . . 1
2 Results comparison with di�erent method for GWS 4�4 propeller at 10,000 rpm and 1 m/s. 14
3 Parameters used for blade designed by using the adapted Schmitz model (See Section 3.1.2). 19
4 Parameters used for optimal blade design of at duct RDF. . . . . . . . . . . . . . . . . . 28
5 �1 and the equivalent contraction ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
6 �2 and the equivalent contraction ratio for �1=2.5�. . . . . . . . . . . . . . . . . . . . . . 31
7 Advantages and disadvantages of FDM and SLS [29], [30]. . . . . . . . . . . . . . . . . . . 35
8 Parameters kept constant for motor simulations . . . . . . . . . . . . . . . . . . . . . . . . 37
9 Factors identi�ed through optimisation studies of motor. . . . . . . . . . . . . . . . . . . . 39
10 Measurements made for Fmag and Wmag for orientation (a) and orientation (b). . . . . . 47
11 Calculated CG for di�erent magnet con�guration (a) and (b). . . . . . . . . . . . . . . . 48

ix



Nomenclature

� Angle of attack

� Twist angle

�u Change in swirl across the blade

�v Change in axial velocity across the blade

�w Change in relative velocity

_m Mass ow rate

�m Motor e�ciency

�o Total e�ciency

�p Propeller e�ciency

�des Design tip speed ratio

! Angular velocity

 Mean of Variable

�n Angle between relative and tangential velocity for nth velocity triangle of wind turbine

�0n Angle between relative and tangential velocity for nth velocity triangle of propeller

 Variable used for calculation

 error Error of Variable

� Density

�(r) Blade solidity distribution along radius, r

�mag Angle of magnet position in 2D frame

�mesh Angle of periodic mesh

�n nth tilt angle of duct

c Chord

CL Lift coe�cient

CQ Torque coe�cient

CT Thrust coe�cient

CQexp Expected torque coe�cient derived from CFD

CTexp Expected thrust coe�cient derived from CFD

ctot Total chord length

x



CG Centre of gravity

D Diameter

d1 Distance from pivot to magnet

d2 Distance from pivot to measuring scale

Fblade Force acting on blade

Fduct+blades Force acting on duct and blades

Fduct Force acting on duct

Fhub Force acting on hub

Fin duct Force acting on inner wall of duct

Fmag Magnetic force by magnet

I Current

IDC Direct current current

Irms Root mean square motor line current

J Advance ratio

L Lift

n Revolutions per second

Nb Number of blades

ns Number of samples

P Number of magnets

Q Torque

Qcog Cogging torque

Qduct+blades Measured torque acting on duct and blades

Qduct Measured torque acting on duct

Qmotor Measured motor torque

Qm Motor torque

Qp Propeller torque

Qrip Torque ripple

R Correlation coe�cient

r Radius of the blade section

rh Hub radius of blade

rt Tip radius of blade

xi



S Standard Deviation of Variable

T Propeller thrust

t Factor corresponding to 90% con�dence for t-distribution

U Blade rotational velocity = r!

V Voltage

V1 Velocity far upstream of the propeller or RDF

VDC Direct current voltage

Vrms Root mean square motor line voltage

Vxn Axial velocity of nth velocity triangle for wind turbine

V 0xn
Axial velocity of nth velocity triangle for propeller, Vx1 = V 0x1

Vx Axial velocity

W Relative velocity

Wmag Weight of magnet

Wn Relative velocity for nth velocity triangle of wind turbine

W 0n Relative velocity for nth velocity triangle of propeller, Wx1 = W 0x1

Wscale Weight measured by weighing scale

XCG Centre of gravity for x coordinate

YCG Centre of gravity for y coordinate

BPM Brushless permanent magnet

CFD Computational uid dynamics

CR Contraction Ratio

FDM Fused deposition modelling

MRF Moving reference frame

RDF Rim driven fan

RPM Revolutions per minute

SBPBC Single blade with periodic boundary condition

SLS Selective laser sintering

SM Sliding mesh

xii



Abstract

In this thesis, a rim driven fan (RDF) was designed, manufactured and tested. RDFs, also known as
hubless or shaftless propeller and fans, are commonly used in marine industry as they have the advantage
of undisrupted inow and do not su�er failures caused by �shing lines and netting. RDFs are well studied
and established in marine applications with commercial models available in water. There are no studies
for operation in air, so the aim of this thesis is to study RDFs’ applicability in air.

The prototype was approached by designing the blades using a novel Schmitz model. Schmitz model was
initially developed for wind turbine blades and was extended to propellers in this thesis. Computational
Fluid Dynamics (CFD) simulations have been conducted for the blade designed using the adapted
Schmitz model to account for radial ow and non-linear e�ects that are not considered in the original
theory. The addition of an outer nacelle and nozzles to increase thrust was also investigated. To power
and test the blade, an electric motor was designed and adjusted using commercial software that uses
�nite element method to predict electric magnetic �elds.

CFD techniques were �rst validated with published experimental data. RDF design parameters such as
number of blades, airfoil pro�le and design tip speed ratio were investigated to determine the optimum
design. Di�erent nozzle designs were also simulated to examine the additional thrust. Motor-propeller
matching was conducted to check that the motor design would be su�cient to provide the necessary
torque for the propeller at a given rotational speed. The prototype for the blade, outer casing, and rim
were manufactured using selective laser sintering. The arc magnets for the motor were selected such
that the number of magnet poles are 12. The wiring for the 18 stators was performed normally using six
rounds per stator. A commercial electronic speed controller was used to regulate the pulsing input for
the motor.

Comparison of measured thrust coe�cient with CFD is good showing a correlation coe�cient of 0.95.
Measurements of torque coe�cient are more di�cult because of small values that lead to larger variations
in results. However, the measurements also indicate an average correlation of 0.78.
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1 Introduction

Rim driven fan (RDF) is a hubless electric propulsion system mainly used in marine applications [1]. The
main de�ning characteristics of RDFs are the shaftless design compared to conventional motor-propeller
design [1]. The placement of the motor is in the housing of the propulsion unit [2]. Schematic illustrations
of RDF and conventional motor-propeller design are shown in Figure 1.

Figure 1: Schematic of (a) RDF and (b) conventional motor-propeller design.

The advantages and disadvantages of RDF and conventional design are compared in the following table.

RDF Conventional Design

Advantages

� Compact design (Wmotor can be
incorporated into the nacelle
without obstructing ow)

� Flexible installation and
arrangement due to compact design

� Less disturbed inow

� Hubless

� Quieter

� Higher power range

� Lower inertia, which implies lower
starting torque

Disadvantages
� Lower power range

� Higher inertia, which implies higher
starting torque

� Disturbed inow due to shaft

� Noisy

Table 1: Advantages and disadvantages of RDF and conventional design [1], [2].
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1.1 Objective

To date, the RDF concept is mostly studied for operation in marine applications but seldom in air.
Hence, the objective of this thesis is to design and manufacture an aerial RDF and test the feasibility
of the concept for applications in air. Compared to conventional propellers, the RDF is expected to
be quieter due to the absence of motor downstream and presence of a duct. Conventional propellers
can have a duct installed for noise reduction but the installation often comes at the cost of complex
design due to support structures for motor mounts and shafts. Furthermore, the shaft and motor tend
to disrupt the inow signi�cantly, thus reducing the performance of conventional propellers. Therefore,
RDF can o�er an attractive alternative to ducted propellers.

1.2 Scope

To complete the objective of this thesis, the scope is:

1. Development of novel propeller design model.

2. Simulation of RDF using computational uid dynamics (CFD).

3. Designing a motor model using a commercial �nite element method solver [3].

4. Manufacturing of a prototype that consists of both motor and propeller.

5. Experimental testing and CFD validation of prototype.

The research methodology is shown in the owchart of Figure 2.

Propeller
Design

Duct 
Design

Motor 
Design

Motor
Propeller 

Matching?

Prototype 
Operational?

YesNo
Experiment

No

Yes

Figure 2: Design Flow Chart for RDF.
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1.3 Thesis Layout

In the next chapter, previous studies are discussed. In Chapter 3, blade and duct designs are discussed.
An adapted Schmitz model will be introduced and CFD model will be compared with published experimental
data for a conventional propeller to validate the CFD technique used for the design process. The
performance of the blade designed will be further discussed in terms of propeller thrust, propeller torque,
and propeller e�ciency of the design as well as the improvement in propeller e�ciency and thrust after
modifying the duct design. In Chapter 4, the motor design considerations are discussed, along with the
performance characteristics of the motor. In Chapter 5, the process of manufacturing the prototype
is discussed and comparison between the simulated and measured thrust and propeller torque of the
prototype will be presented. The thesis ends with conclusion and recommendations for future work in
Chapter 6.
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2 Literature Review

2.1 Commercial Use of Rim Driven Fans

Examples of commercial applications of RDFs are bow thrusters to provide maneuvering and auxiliary
propulsion unit for ships and yachts [4]. RDFs provide the advantage of being vibration-free, having a
low noise during operation and a higher e�ciency as they use a direct drive without gears [4]. RDFs also
have a fast steering response that helps to position vessels and enable precise maneuvering. Due to the
design used, there are no shaft supporting structures required, which makes installation easy and saves
time and cost [5]. The applications have been limited to small power ranges but higher power ranges are
being developed for RDFs [2].

2.2 Blade Design Theories

There are several theories that can be used for blade design. Most common is the semi-empirical blade
element momentum theory [6] and application of empirical vortex coe�cients as discussed in [7].

The blade element momentum theory assumes that change in swirl, �u, reduces and the change in axial
velocity, �v, increases downstream of the blades [6]. The blade is divided into multiple radial sections
and the momentum calculated using semi-empirical strip theory and blade momentum is iteratively
calculated to obtain the velocities induced by the propeller, which in turn give the converged lift and
drag for each subsection. By maximizing the output power produced, the model can be used to optimise
a blade design.

The vortex coe�cient theory assumes a ow coe�cient and work coe�cient for compressors that can be
extended to propellers. The ow is assumed to be incompressible and T and Qp are obtained from the
changes in axial and radial momentum respectively. The theory provides an optimal blade, but only if
the parameters used in the theory for compressors and empirical data are available [7]. The method is
better suited for compressors and not for propellers.

Blade element momentum theory has the ability, but it is not as common for blade element momentum
theory to obtain an optimised blade. A range of values is normally computed before it is possible to
obtain an optimal value. Since this thesis considers the optimal blade design for a propeller, a model
that uses a theory that originated in wind turbine techniques [8] was developed.

2.3 Electric Motors

A study conducted by Hsieh et al. [9] discusses the process of building a RDF for operation in water
to be used on an autonomous underwater vehicle. The design of blades was made with an open source
program while motor design was completed by numerical simulations. Experimental results showed that
the bearing losses were signi�cant and a�ected the operating RPM.

A study by Bolam et al. [10] built a prototype RDF using additive manufacturing for a four-bladed
con�guration. The prototype had high cogging torque, which a�ected start-up performance and vibrations
at low RPMs. Cogging torque will be investigated as an important parameter for the motor design in
this study.

Ding [11] proposed a RDF design for operation in air using a brushless permanent magnet motor
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con�guration. The design failed to consider several factors such as an exit hole for the wiring to leave
the prototype. The prototype casing could not be properly closed and needed additional �xation. There
were also signi�cant vibrations due to imbalance from di�erent magnet weight. The design made in this
thesis will be modi�ed from Ding’s design [11] such that the previous shortcomings will be recti�ed.

Another study by Koh [12] compared di�erent magnet con�gurations on a prototype RDF model. The
magnet con�gurations tested were arc magnets and two rectangular magnets place side by side to form
an arc [12]. The results showed that the rectangular magnet orientation was more prone to dislodging
during operation and would not be preferable. The arc magnet orientation was hence chosen for this
thesis.

2.4 Computational Fluid Dynamics Simulation of Rim Driven Fan

Dubas et al. [13] investigated rotor-stator interaction in RDF using computational uid dynamics
(CFD) with k-! SST turbulence model to obtain the estimated performance of RDF. The estimated
performance was then compared with experimental results, showing that the numerical simulations
generally underestimated thrust coe�cient, CT , and torque coe�cient, CQ, and overestimated propeller
e�ciency, �p [13]. Dubas et al. [13] suggest that the torque, Qp, was underestimated as it was estimated
from input electrical power and estimates of electro-mechanical power losses. Thrust, T , was also
possibly underestimated due to the experimental procedures, which was factoring in the sting drag
by measurements of the drag acting on the sting without the RDF. The calculated T may not have fully
accounted for the drag as the ow around the sting could not be fully factored and could have led to
di�erences in the results obtained.

Omar [14] studied numerically the design of a commercial RDF and compared the results to experiments.
The results showed that the k-! SST turbulence model has similar outputs as the k-� turbulence model.
Similar observations was also made by [13] where simulated results underestimated CT and CQ for all
RPMs at bollard condition.

Cao et al. [15] investigated the e�ects of rim e�ects on the experimental results obtained. k-� SST
was used in this study,showing that numerical simulated results underestimated T for bollard condition,
but had a closer �t with experimental results at low RPM. Qp overestimated the expected performance
slightly at low RPMs but underestimated performance more severely at high RPM.

2.5 Manufacturing Techniques

Computer numerical control can be used for manufacturing the prototype as it is low cost and good
precision can be achieved [16]. However, the lead time is longer than additive manufacturing methods
so the latter were considered in this study instead.

Additive manufacturing was used to create the prototypes for designs of [11] and [12] as the method
is low cost and able to manufacture complex bodies like propeller blades and stator slots. Additive
manufacturing also makes it easy to ensure that the parts can be replaced and individual units can
be manufactured remotely [10]. Reference [10], [11] and [12] show that a feasible prototype can be
manufactured using plastics, which will be used in this thesis.

Koh [12] tried two methods, fused deposition modelling (FDM) and selective laser sintering (SLS), when
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creating the rotor prototype. The rotor created with SLS had better curing properties with epoxy and
reduced the occurrence of magnets dislodging from the rotor. This manufacturing method can also be
used in this thesis.

2.6 Experimental Setup and Dataset

A study conducted by Yakolev et al. [17] discusses the design process of a RDF in water and the
performance of the RDF. The performance characteristics were calculated analytically and compared
with experiments. The results showed that the analytical solutions of CT and CQ agree with the results
of the experiments, but analytical calculations tend to overestimate the results of �p, at high advance
ratio, J .

A study by Abrego et al. [18] used strain gauges attached to the arms and moment arm loads to
determine the force and torque acting on the prototype ducted fan to determine the force and moment
at a range of velocities and varied RPM ranges. A similar study was conducted for the RDF for a range
of Js where the CT curve obtained has a relationship that is almost linear for a small range of Js.

Studies by Deter et al. [19] and Pereira [20] show a similar setup in measuring the force and torque acting
on the propeller by using a load cell and a torque cell respectively. The setup has been demonstrated to
be e�cient for measuring forces and torque of propellers at a low Reynolds number range.

Studies by McCrink et al. [21] measured the performance of the propeller by measuring the forces and
torque using a six-axis force torque sensor. Density was obtained from the measurements made by a
di�erential pressure transducer and thermocouple. A pulse width modulation was sent using a Schmitt
trigger to the motor to start the motor. A similar setup was also used in this study where the load cell
used is a six-axis force torque sensor that can measure both forces and torque produced by the prototype.
The pulse width modulation is sent using the DAQ to start the motor and density was calculated fron
the results obtained from a manometer.

Deter et al. [19] conducted an experimental study to investigate the e�ects of propellers at low Reynolds
number. The measured data can be used to validate CFD simulations and their associated models as
the study provides estimates of the blade dimensions.

2.7 Research Summary and Gap

As seen from Section 2.1, RDFs are mostly used in the maritime industry. In this study, an investigation
for the feasibility to operate RDF for aerial applications is considered. From Section 2.2, it is seen
that propeller are mostly designed using semi-empirical methods. A modi�ed model primarily used for
wind turbine design is adapted here and validated using CFD and experimental methods. A commercial
motor design software was used to select a suitable number of poles and stator to supply su�cient
starting torque and operate the fan. The prototype has been primarily manufactured using additive
manufacturing methods in this thesis for their relatively fast lead time and good accuracy.
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3 Propeller Design

In this chapter, the blade design and methodology are explained. The blades are �rst modeled using an
adapted Schmitz model and later veri�ed using CFD simulations.

3.1 Adapted Schmitz Model

The Schmitz model has been used for wind turbine designs as it is a rapid and commercially approved
semi-empirical technique [22]. The resultant blades have an optimal chord section at the design tip
speed ratio, �des [8]. Here, the theory has been adapted for the application of a propeller to obtain the
optimum chord, c, for a known distribution of blade twist angles.

3.1.1 Schmitz Wind Turbine Model

The inow streamtubes across a turbine rotor and velocity triangle relations across a turbine blade section
are shown in Figure 3. Upstream of the rotor, the inow velocity has an axial component from velocity
upstream of the blades, Vx1 , and a rotational velocity, U1 = r!, from the blades, which forms relative
velocity, W1. As the ow passes through the blades, the relative velocities, W2 and W3, are changed
with the addition of �u and reduction of �v. The theory accounts for losses due to wake rotation but
cannot account for radial and 3D ow.
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Figure 3: (a) Air ow through a wind turbine; (b) Velocity triangle for a wind turbine blade section.

Schmitz model de�nes �des as a ratio of tip speed velocity and axial inow:

�des =
rt!
Vx1

; (1)

where rt is tip radius and ! is angular velocity. As Vx1 is constant across all the radius, the following
relation can be formed:

�1 = tan�1
�
Vx1

r!

�
= tan�1

�
rt

�desr

�
; (2)

where r is radius of the blade section and �1 is the angle of the �rst velocity triangle.
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The following equations can be obtained from the velocity triangle illustrated in Figure 3:

W2 = W1 cos(�1 � �2) ;

Vx2 = W2 sin(�2) = W1 sin(�2) cos(�1 � �2) ;

�w = 2W1 sin(�1 � �2) ;

(3)

where �2 is the angle of the second velocity triangle and �w is change in relative velocity.

3.1.2 Adapted Schmitz Model for Propeller Blades

Here, the Schmitz turbine model has been adapted for propeller blades, which di�ers from wind turbine
blades due to the addition of both �u and �v. It is assumed that the magnitude of �u and �v will
behave similar to that of a wind turbine blade. So if �u changes for the turbine triangle, �u of the
propeller triangle will change as well. By making such an assumption, the propeller triangle can be
solved in relation to the turbine triangle by using the wind turbine equations for �w and �1. The inow
streamtube across a propeller and propeller triangle are shown in the Figure 4.
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Figure 4: (a) Air ow through a propeller (b) Velocity triangle for a propeller blade section.

Assuming that �1 is de�ned by equation (2), the equations for the propeller triangle derived with the
assumptions made are de�ned below:

V 0x2
� 2Vx1 �W1 sin(�2) cos(�1 � �2) ; (4)

W 02 �W1
p

(cos(�1 � �2) cos(�2))2 + (2 sin(�1)� sin(�2) cos(�1 � �2))2 ; (5)

�02 � tan�1
�

2 sin(�1)
cos(�1 � �2) cos(�2)

� tan(�2)
�
; (6)

where V 0x2
is axial velocity of the second propeller triangle, W 02 is relative velocity of the second propeller

triangle, �02 is the angle of the second propeller triangles respectively.
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To obtain the minimum power required, incremental power, dP , is de�ned as by [8]:

dP = d _m�w r! sin(�2) : (7)

The change in mass ow rate, d _m, where � is density [8], is de�ned by:

d _m = 2��r dr V 0x2
: (8)

Hence, substituting equation (3), (4) and (8) into equation (7):

dP � 2��r dr (2Vx1 �W1 sin(�2) cos(�1 � �2))� 2W1 sin(�1 � �2)� r! sin(�2) : (9)

For minimum power input required [8]:
dP
d�02

= 0 : (10)

Applying chain rule:
dP
d�02

=
dP
d�2

d�2

d�02
: (11)

Using equation (9), dP=d�2 can be obtained:

dP
d�2
� 2��r dr r!

d
d�2

[(2Vx1 �W1 sin(�2) cos(�1 � �2))� 2W1 sin(�1 � �2)� sin(�2)]

� 4��r dr r! W 2
1 [4 sin(�1) sin(�1 � 2�2)� 2 sin(�2) sin(2�1 � 3�2)] :

(12)

Di�erentiating �02 with �2:

d�02
d�2
�

d
d�2

�
tan�1

�
2 sin(�1)

cos(�1 � �2) cos(�2)
� tan(�2)

��

� �
2 sin(�1) sin(�1 � 2�2)� cos2(�1 � �2)

cos2(�1 � �2) cos2(�2) + (2 sin(�1)� sin(�2) cos(�1 � �2))2 :
(13)

Further substituting equation (12) and (13) into equation (10) and reducing the solution:

0 � 4 sin(�1) sin(�1 � 2�2)� 2 sin(�2) sin(2�1 � 3�2) ;

0 � cos(2�2)� cos(�2) cos(2�1 � 3�2) :
(14)

Since �1 can be obtained from �des, which is de�ned in equation (2), equation (14) only has one unknown,
�2, which can be solved to provide the lowest power required to operate the propeller. With �2, �02 can
be calculated using equation (6).

To obtain the total chord, ctot,

dL =
�
2
W 022 ctot dr CL �= d _m�w ; (15)

where CL is the lift coe�cient and L is lift.
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Rearranging equation (15),

ctot �
d _m�w

�
2 W

02
2 dr CL

: (16)

Further substituting equation (3), equation (5) and equation (8) into equation (16):

ctot �
4�r
CL

[2 sin(�1)� sin(�2) cos(�1 � �2)]� 2 sin(�1 � �2)
[cos(�1 � �2) cos(�2)]2 + [2 sin(�1)� sin(�2) cos(�1 � �2)]2

: (17)

Equation (17) gives ctot for the design, hence, in order to get the local c for an individual blade section,
the number of blades, Nb, needs to be considered in the equation:

c �
4�r
Nb CL

[2 sin(�1)� sin(�2) cos(�1 � �2)]� 2 sin(�1 � �2)
[cos(�1 � �2) cos(�2)]2 + [2 sin(�1)� sin(�2) cos(�1 � �2)]2

: (18)

An airfoil at an angle of attack, �, would need to be predetermined to substitute known CL values into
equation (18).

The design process of the blades is summarised in the �gure below.

Determine twist 
angle

�ã�×�Ø�æ, �0�Õ, RPM, �Ù

Determine chord

�%�Å� , �%�Å�, , �Ù, �ö�5, �ö�6

Input(s) : 

Angles are defined in relation by velocity 
triangle drawn

Method: 

Iterate for �ö�6with known �ö�5

Obtain �ö�6�"from �ö�5and �ö�6

Equate �†�. to �† �6�• �� �S

Obtain airfoil 
coordinates

�6and �3�ã estimated by numerical simulations

Completed for all 
�Nsections?

Yes

No

�N�Ûto �N�ç

Obtain twist angle by adding �Ùand �ö�6
�ñ

Performance 
estimation

Airfoil

Airfoil oriented at set twist angle
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Figure 5: Design process of propeller blades.
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3.2 Computational Fluid Dynamics Simulation

The results were simulated using commercial code [23]. The CFD model was �rst validated with published
propeller data of GWS 4�4 [24]. The modelling of the blades, meshing and boundary conditions used
for the model are discussed in this section.

3.2.1 Model Overview

The incompressible Navier Stokes equations were solved for using the k-! SST model throughout this
thesis. Numerical simulations for turbomachineries can be conducted by multiple models: Sliding Mesh
(SM), Moving Reference Frame (MRF), Single blade with Periodic Boundary Condition (SBPBC). They
were examined to determine the most suitable model.

3.2.1.1 Sliding Mesh
For a SM model, an unsteady solver with appropriate boundary conditions is used. The computational
domain has a moving rotating domain sliding relative to a �xed domain using interface zones. The
moving domain contains the blades as shown in Figure 6. The dimensions of the model are de�ned as
a function of propeller diameter, D. The dimensions of the domain were determined by using similar
dimensions as Omar [14].

Velocity 
Inlet

Pressure 
OutletVelocity Inlet

5D

10D

5D

Figure 6: 3D SM and MRF domain and boundary conditions applied for GWS 4�4 Propeller.

3.2.1.2 Moving Reference Frame
The MRF model uses a steady solver with the same computational domain and boundary conditions as
the sliding mesh model shown in Figure 6. The MRF model di�ers from the SM model by not rotating
the inner domain that contains the blades. Instead, the equations of motions are solved in a relative
frame of reference to the inner domain.
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3.2.1.3 Single Blade with Periodic Boundary Condition
For the SBPBC model, the main di�erence from the MRF model is the use of a single blade and periodic
boundaries to capture the e�ects of a full propeller. SBPBC model can only be simulated by applying
a moving reference frame to the inner domain. This approach is therefore expected to be the least
demanding in terms of computational cost. The computational domain for this case is a cylindrical
segment, which is characterised by a radius of 5D, length of 15D and angle of �mesh as shown in Figure
7. The boundary conditions used are shown in Figure 7. The angle of the domain, �mesh, is dependent
on Nb:

�mesh =
2�
Nb

: (19)

Velocity 
Inlet

Velocity 
Inlet

Pressure 
Outlet

Periodic 
Interface

Periodic 
Interface

5D

�à�à�Ø�æ�Û

10D

5D

Figure 7: 3D SBPBC domain and boundary conditions for GWS 4�4 propeller.

3.2.2 Post Processing

T is obtained from the forces that are acting on the blades, Fblade, and hub, Fhub, in the direction of
ow:

T = Fblade + Fhub : (20)

The forces are obtained from the solver by integrating the pressure and viscous forces in the axial
direction. Qp is obtained the integral moment of momentum theorem and Qp is:

Qp = rm (V�2 � V�1) _m ; (21)

where _m is mass ow rate through the control volume, V�1 is average tangential velocity upstream of
the blade and V�2 is average tangential velocity downstream of the blade. The same domain shown in
Figure 8 is used for calculation [25].
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T
QP

Figure 8: Control volume used for calculation of T and Qp for full propeller with SM and MRF models.

For the case of a SBPBC, T and Qp must be adjusted to account for Nb. T is given by:

T = (Fblade + Fin duct)�Nb ; (22)

and Qp is given by:
Qp = rm (V�2 � V�1) _m�Nb : (23)

The performance parameters are non-dimensionalised in terms of CT , CQ and �p and plotted against the
advance ratio, J [26]. The non-dimensionalised parameters are given by:

CT =
T

�n2D4 ;

CQ =
QP

�n2D5 ;

�p =
1

2�
CT
CQ

J ;

J =
V1
nD

;

n =
RPM

60
;

(24)

where n is revolution per second and V1 is the velocity far upstream of the propeller [26].

3.2.3 Validation of Computational Fluid Dynamics Model

The GWS 4�4 propeller was recreated from the parameters that are provided by [24]. The airfoil pro�le is
not provided, hence NACA0008 and NACA4408 were used to investigate the di�erences in performance.
Twist angles and chord could have been underestimated as a scanner software was used to obtain the
values provided in [24].

The k-! SST turbulence model was used for all the simulations and a y+ <5 for at least 90% of the
surface mesh points was ensured. Grid independence was achieved when T and Qp values di�er by less
than 2.5% between grid re�nements. An example of grid independence study conducted for GWS 4�4
propeller is shown in Figure 9.
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Figure 9: Grid independence study using T and Qp for GWS 4�4 propeller of SBPBC model.

SBPBC and MRF models uses steady solvers to obtain converged solutions. As the SM model uses an
unsteady solver, the results are time dependent. The solution is presented as the average T and Qp
in each cycle. Initially, the solution was transient but stabilised after six cycles as shown in Figure 10.
Hence, results for sliding mesh uses the average results of the converged cycles from cycle 6 - 10.
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Figure 10: Convergence study using T and Qp for GWS 4�4 propeller of SM model.

T and Qp of the di�erent CFD models were compared for 10,000 rpm and inow of 1 m/s in Table 2.
Since the results show insigni�cant di�erences and SBPBC is less computationally intensive than MRF
and SM models, SBPBC was used for the remainder of the thesis. The CFD results were validated by
comparing to experimental results from [24].

SBPBC MRF SM % di�erence of
SBPBC and MRF

% di�erence of
MRF and SM

T (N) 0.384 0.383 0.394 0.11 -2.79

Qp (Nm) 0.00628 0.00652 0.00664 -1.22 0.010
Table 2: Results comparison with di�erent method for GWS 4�4 propeller at 10,000 rpm and 1 m/s.
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From Figure 11, the CT curves of the simulations have discernible di�erences from that of the experiments.
The discrepancies may be attributed to the twist angle and chord being obtained from measurements
made by a scanner and unknown airfoil pro�le. To examine the e�ects of airfoil camber, two di�erent
airfoils are examined, namely the NACA0008 and NACA2408. For CT , the higher the airfoil camber,
the higher the T . T reduces as J increases because the inow angles are increasing leading to blade stall.
This is well documented experimentally and the simulation provides the same trends.

Figure 11: Comparison of CT against J for GWS 4�4 propeller between experiments and SBPBC simulations.

The simulation results for CQ are exhibiting in Figure 12, shows similar agreement with experimental
data. The results for CQ has a close �t with the experimental results when J is lower. At higher J ,
simulated CQ has a larger di�erence from experiment. The same downward trend can be observed for
most of the results.

Figure 12: Comparison of CQ against J for GWS 4�4 propeller between experiments and SBPBC simulations.
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Figure 13 compares �p between the experimental and CFD simulations. The results are comparable
and exhibit a good �t. Contrary to Figure 11 and Figure 12, �p seems to produce a better comparison
with experiment. This can be explained by observing equation (24) that relies on normalisation of
experimental or computational results. Any variation in density, RPM and diameter will signi�cantly
change the CT and CQ curves, but their e�ects will be less for �p. The symmetric airfoil shows the best
comparison to experimental results obtained. The results also show that the trend obtained at low J is
reliable and independent of the e�ect of camber.

Figure 13: Comparison of �p against J for GWS 4�4 propeller between experiments and SBPBC simulations.

The results generally agree with observations of Dubas et al. [13], where CT and CQ were underestimated
as compared to experimental values while maximum �p was a close estimate to experimental results.
Overall, the results show that the k-! SST model is a reasonable model to use for estimation of results
and the trends follow the experiments.

3.3 Duct Design

In design, RDF has a duct contrary to a classic propeller. This section covers the di�erent duct designs
that are available in literature and considerations that need to be made due to the introduction of a duct
for CFD simulations.

3.3.1 Duct Design Variations

Duct design is essential in ensuring that the RDF is more optimised. A poor duct design can result in
poor performance. There are multiple types of design in the market for ducts. Depending on the type
of duct used, there can be di�erent advantages as compared to a ductless case.
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Most ducts are broadly categorised as accelerating and decelerating ducts. Accelerating ducts has a
larger area at the duct inlet than the area at the duct outlet. This helps to increase the speed of the
ow, which increases the momentum owing through the blades, resulting in an increase in T . The
drawback is that such ducts are noisier as such ducts increases the speed of ow [2]. Decelerating ducts
are the opposite of accelerating ducts where the outlet area is larger than the inlet area. The decelerating
duct slows down the ow, which results in a quieter propulsion module but it also decreases T [2].

There are multiple duct designs that can be possible for the prototype as shown below.

Figure 14: Duct designs for propellers [2]: (a) Pull-Push duct; (b) Accelerating Duct; (c) Decelerating Duct.

Duct (a) is the pull-push duct that are used in the maritime industry for its ability to move forward and
backwards [2], which is crucial for maritime vehicles. Duct (b) is an accelerating duct [2] as the area
that is entering the duct is larger than the area that is leaving the duct. In comparison, duct (c) has a
larger duct area at the end as compared to the start, rendering it a decelerating duct.

In this thesis, duct (c) in 14 will be considered by using an annular airfoil pro�le as shown in Figure 15.
The angles, �1 and �2, will be varied to examine di�erent area ratios at the duct inlet and outlet where
l11 = 121 + l22.

�à�5 �à�5 �à�6

Case I Case II

�H�5�5 �H�6�5 �H�6�6

Figure 15: Cross section of duct tilted for two cases, which use airfoil incidence �1 and �2 to de�ne the di�erent
area ratios at the duct inlet and outlet.

3.3.2 Model Setup for Rim Driven Fan

Due to the introduction of the duct, there are changes to the domain size and calculation for T and
Qp. The domain is de�ned in terms of l, which is the length of RDF, or D, depending on which is the
longer dimension. The example shown in Figure 16 is a domain that is drawn based on l with periodic
boundary condition implemented.
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Figure 16: 3D domain and boundary conditions applied for SBPBC model for RDF.

As shown in Figure 17, T would be obtained from force acting on the blade, Fblade, and force acting on
inner walls of the duct, Fin duct. This requires the control volume to encompass the duct and blades as
shown in Figure 17 (a). Then, T is given by:

T = (Fblade + Fin duct)�Nb : (25)

Qp is given by:
Qp = rm (V�1 � V�2) _m�Nb ; (26)

and would be obtained from a di�erent domain as shown in Figure 17 (b). This is because only Qp is
needed and not the torque generated by viscous e�ects of the duct.

Axis

T

Axis

�8�� �- �8�� �.

QP

(a) (b)

Figure 17: Control volume used for calculation of (a) T and (b) Qp for RDF using SBPBC model.
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3.4 Results and Discussion

The following section discusses the results obtained from CFD simulations of the blades created from
the adapted Schmitz model, as well as the variations in the duct designs.

3.4.1 Computational Fluid Dynamics Assessment of Initial Blade Design

A blade con�guration was designed by using the adapted Schmitz model introduced in Section 3.1.2.
The blade designed is shown in Figure 18 and was made using the following parameters in Table 3. A at
duct was added to consider the motor portion of the RDF and will also be simulated. The code written
for the generation of airfoil sections and coordinates for the blades are in Appendix A. The blades were
meshed and simulated in CFD software [23].

rh 0.0125

rt 0.0525

Nb 6

�des 5

Airfoil NACA0008
Table 3: Parameters used for blade designed by using the adapted Schmitz model (See Section 3.1.2).

Figure 18 shows the c and twist angle, �, of the blade generated from the code, as well as the at duct
RDF and open propeller blades drawn.
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Figure 18: Blade designed for open propeller and at duct RDF by using the adapted Schmitz model (See Section
3.1.2).

Simulations were conducted at 5,000 rpm and 10,000 rpm. The results obtained for the open rotor case
will be termed as \Open" and the at duct case will be termed as \Duct".
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CT follows known performance characteristics and the curves show that the results are independent of
RPM. The analytical result, which is optimized for J � 0.628, is not a good approximation for CT when
comparing to the CFD simulations. Speci�cally, the analytical result is approximately double the CT
value obtained by CFD simulations. The di�erence may be attributed to the omission of losses due to
radial and 3D ows by the analytical results. The results obtained by the at duct is lower than the open
rotor case for all values of J . The di�erences arise from the smaller inlet area for at duct in comparison
to the open propeller case, which reduces the mass ow rate and, in turn, the change in momentum,
thus, giving rise to a smaller CT .

Figure 19: Comparison of CT against J for 1st blade iteration between open propeller and at duct RDF case.

CQ follows known performance characteristics as well and the curves obtained are independent of RPM.
The analytical result is also not a good approximation when compared to CFD simulations for CQ.
Similar to CT , the analytical results are approximately 31% more than the value obtained by CFD
simulation. The at duct case has a lower CQ at J <0.3 than the open case, but the di�erence is small
(15.9%) and decreases for further J .

Figure 20: Comparison of CQ against J for 1st blade iteration between open propeller and at duct RDF case.
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The �p curves obtained are similar to known performance characteristics. The results show that �p curve
is not a�ected greatly by RPM. The analytical result is still not a good approximation for �p but is
closer (26.2%) to CFD simulations as compared to CT (49.2%) and CQ (31.0%). As the decrease in CT
is larger than the drop in CQ, �p decreases when a at duct is added to the model. The drop in CT
curve and the maximum �p show that the duct shape has to be optimised for better performance. Duct
design is investigated in Section 3.4.6.

Figure 21: Comparison of �p against J for 1st blade iteration between open propeller and at duct RDF case.

From Figure 22-24, CT of the open propeller is higher than the conventional GWS 4�4 propeller.
However, CQ is also higher which implies a higher input power demand. As a result, the e�ciency
of both propeller is similar and comparable.

Figure 22: Comparison of CT against J for 1st blade iteration between open propeller and GWS 4�4 blades.

21



Figure 23: Comparison of CQ against J for 1st blade iteration between open propeller and GWS 4�4 blades.

Figure 24: Comparison of �p against J for 1st blade iteration between open propeller and GWS 4�4 blades.

Even though the comparison between CFD and the adapted Schmitz model is not encouraging, the
developed blade outperforms the conventional blade in CT with comparable �p. The cost of increased T
is an increased power required, which can be further examined and explored by studying the factors that
a�ect the blade design from the adapted Schmitz model. The factors that are further investigated are Nb,
airfoil pro�le and �des. Since, the results are generally independent of RPM, the following investigation
would only be conducted for 10,000 rpm and would be conducted with a at duct.
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3.4.2 E�ect of Number of Blades

One of the factors that was tested was Nb. Blade solidity distribution along r, �(r) = Nbc=(2�r), was
kept constant throughout this study. From Figure 25, it is noticeable that Nb does not have a signi�cant
e�ect on the CT curve with most of the point overlapping one another. The biggest di�erence can be
seen at low J values, but within 7.2%.

Figure 25: Comparison of CT against J for at duct RDF with 2, 6 and 10 blades at 10,000 rpm.

From Figure 26, the CQ curves also has a similar trend where all the curves are a close �t with each
other.

Figure 26: Comparison of CQ against J for at duct RDF with 2, 6 and 10 blades at 10,000 rpm.
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The �p curve shows a variation in values for maximum �p when Nb is varied. With a larger Nb, the lower
the maximum possible �p of the blades. This could be due to �p being derived from CT and CQ, which
could have compounded the di�erences in calculated results.

Figure 27: Comparison of �p against J for at duct RDF with 2, 6 and 10 blades at 10,000 rpm.

The results shows that there are minimal di�erences between the di�erent con�gurations due to the
blades all having the same blade solidity. The results show that the 2 blade con�guration has the best
performance compared to 6 blade and 10 blade con�gurations. However, the 2 blade con�guration has
a c that is too large at the rim end of the blade, which could make the blades di�cult to manufacture.
The moving wall duct length would also be longer, which means that a longer magnet and a larger coil
would need to be used. Hence, a 6 blade con�guration was used instead as a reasonable choice for further
studies made.

3.4.3 E�ect of Airfoil Pro�le

Another factor that was evaluated is airfoil pro�le used. Two airfoil pro�les were tested: NACA0008
and NACA4408. c and � of the respective blades are shown in Figure 28.

Figure 28: c and � against r for airfoil NACA0008 and NACA4408 airfoil pro�les.
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In Figure 29, the CT curves show that NACA0008 has a higher CT curve compared to NACA4408.
Di�erences could be attributed to a shorter c for NACA4408 suggested by the codes, resulting in
di�erences in T achieved. The CQ curves in Figure 30 also shows a similar trend with NACA0008
having a larger CQ for all values of J . The �p curves in Figure 31 show that when J >0.3, NACA0008
has a better �p than NACA4408.

Figure 29: Comparison of CT against J for at duct RDF with 6 blades of NACA0008 and NACA4408 pro�les
at 10,000 rpm.

Figure 30: Comparison of CQ against J for at duct RDF with 6 blades of NACA0008 and NACA4408 pro�les
at 10,000 rpm.
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Figure 31: Comparison of �p against J for at duct RDF with 6 blades of NACA0008 and NACA4408 pro�les
at 10,000 rpm.

The results show that the airfoil pro�le does not have a large e�ect on the performance for CT and CQ
but the e�ect on maximum �p is quite signi�cant due to a larger change in CT than CQ. The results
also seem to suggest that the maximum �p of the design would increase with a higher T .

3.4.4 E�ect of Design Tip Speed Ratio

Another parameter that was tested is �des. Only NACA4408 was assessed here because the c suggested
by the blade design algorithm will cause the blades to overlap, thus, barring the use of SBPBC. Two
�des were used: 4 and 5. c and � of respective blades are shown in Figure 32.

Figure 32: c and � against r for �des=4 and �des=5
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The results in Figure 33 show that, with a lower �des, CT has a higher value for all J . Similarly, as seen
in Figure 34, a smaller �des also corresponds to a higher CQ for all J . Overall, from Figure 35, maximum
�p is higher for �des=4 as compared to �des=5. The point of maximum �p obtained is di�erent and
would have a signi�cant e�ect on the performance of the design. This further suggests that �des=4 is
meant for high-power designs as compared to the current design made. Note that the �p for �des=4 has
the highest maximum value compared to other blade designs.

Figure 33: Comparison of CT against J for at duct RDF with 6 NACA4408 blades of �des=4 and �des=5 at
10,000 rpm.

Figure 34: Comparison of CQ against J for at duct RDF with 6 NACA4408 blades of �des=4 and �des=5 at
10,000 rpm.
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Figure 35: Comparison of �p against J for at duct RDF with 6 NACA4408 blades of �des=4 and �des=5 at
10,000 rpm.

3.4.5 Summary of Optimal Blade Design

Out of all the blades discussed, the blade that has the best performance uses the following parameters:

rh 0.0125

rt 0.0525

Nb 6

�des 4

Airfoil NACA4408
Table 4: Parameters used for optimal blade design of at duct RDF.

Among all the parameters investigated, adapted Schmitz model is most heavily inuenced by �des. The
factors could be further investigated for a wider range as most of the parameters only used a small
range and the comparison was relatively linear. Further assessment is also required to determine the
characteristics associated with di�erent factors. For examination of duct designs, the propeller blade
de�ned by the parameters in Table 4 will be used for remainder of the study.

3.4.6 Duct Design

The blades in this section use the parameters summarised in Table 4, which were found to provide the
best performance in the range of operation studied. There are multiple duct designs, as discussed in
Section 3.3. Here, the design that will be investigated is a decelerating duct, as shown in Figure 14 (c), as
most ducted fans and engines use this duct type. The annular airfoil pro�le was �xed to NACA4415. For
the comparison of the di�erent duct design, only 10,000 rpm will be presented. Simulated results were
compared with the at duct and open propeller case to determine if the duct has improved performance.
The contraction ratios, CR, of the open propeller and at duct is taken to be CR�1 and CR=1
respectively.

CR is controlled by setting �1 and �2 in Figure 15. Two cases were examined: Case (I) would only vary
�1 whereas case (II) considers the addition of a ap-like surface to reduce the contraction ratio. The
code used for generating the airfoil coordinates for the duct is in Appendix B.
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Figure 36 shows the duct pro�le for case (I) and case (II), where, for case (I), �1=2.5� and, for case (II),
�1=2.5� and �2=-7.5�. Referring to Figure 15, this section uses l11 = l21 + l22 =0.1m. Contraction ratio
is de�ned by the following equation:

CR =
Ae
Ai

: (27)

Figure 36: Duct pro�le for case (I), where �1=2.5� , and case (II), where �1=2.5� and �2=-7.5� .

For studies of case (I), CR and corresponding �1 were given by:

Contraction Ratio �1

1.18 -2.5�

1.02 0�

0.88 2.5�

Table 5: �1 and the equivalent contraction ratio.

From Figure 37, when CR=0.88, CT is the highest among all the ducted results. However, CR�1 is still
producing more T than the ducted cases. It should be noted that, although CR=1.18 is a decelerating
duct, at low values of J , the duct had a higher CT than CR=1.02. This could be due to a higher change
in the momentum at low J , resulting in a larger force acting on the RDF. CR=1 and CR=1.02 have
e�ectively the same contraction ratio but CR=1 has a higher CT at lower Js. This could have arisen
due to the smaller duct length for CR=0 as compared to that for CR=1.02, reducing losses at low Js.

Figure 37: Comparison of CT against J for RDF with case (I) of CR=f0.88, 1.02, 1.18g at 10,000 rpm.
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CQ curves in Figure 38 show a similar trend and relatively smaller spread than CT curves for all CRs.
More precisely, CR�1 has the highest CQ at lower Js, while CR=0.88 takes over at J&0.55.

Figure 38: Comparison of CQ against J for RDF with case (I) of CR=f0.88, 1.02, 1.18g at 10,000 rpm.

Similarly, as shown in Figure 39, maximum �p of the ducted cases is the highest for CR=0.88 at 40%,
surpassed only by CR�1 at 53%. As CT for CR=1 is higher than CR=1.02, Figure 39 shows that
CR=1 has a higher �p for 0<J<1.

Figure 39: Comparison of �p against J for RDF with case (I) of CR=f0.88, 1.02, 1.18g at 10,000 rpm.
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As it is not possible to reduce the contraction ratio further by modifying only �1, case (II) was modi�ed
from case (I) by having a second tilt angle, �2 as shown in Figure 15. Since CR=0.88 has the best
performance for case (I), �1=2.5� was used for the remaining cases. The corresponding contraction
ratios used for varying �2 are shown in Table 6.

Contraction Ratio �1 �2

0.87 2.5� 0�

0.75 2.5� -5�

0.68 2.5� -7.5�

0.64 2.5� -10�

0.53 2.5� -15�

Table 6: �2 and the equivalent contraction ratio for �1=2.5� .

CT curves in Figure 40 show that CT increases as CR decreases, which could be due to a larger change
in momentum. At high J , most of the ducts have a higher CT value than the open propeller case. The
results also con�rm that a good duct design has the ability to increase the operating J range.

Figure 40: Comparison of CT against J for RDF with case (II) of CR=f0.53, 0.64, 0.68, 0.75, 0.87g at 10,000
rpm.
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CQ curves in Figure 41 also show a similar trend where CQ increases with decreasing CR.

Figure 41: Comparison of CQ against J for RDF with case (II) of CR=f0.53, 0.64, 0.68, 0.75, 0.87g at 10,000
rpm.

The �p curves in Figure 42 show that, for case (II), the point of peak �p takes place at similar J values of
approximately 1. From the results obtained, the duct design was �nalized at CR=0.68 as the combination
has a good �p value.

Figure 42: Comparison of �p against J for RDF with case (II) of CR=f0.53, 0.64, 0.68, 0.75, 0.87g at 10,000
rpm.

3.5 Summary of Results

A blade was designed using the adapted Schmitz model. The e�ect of Nb, airfoil pro�le and �des indicate
that the e�ect of adjusting �des is more signi�cant.

The duct was adjusted for di�erent contraction ratio by modifying the incidence angle of annular airfoil
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pro�le and the angle of the ap-like surface. The optimal duct was found when the contraction ratio of
the duct is 0.68. The �nal duct design has a better performance than the original duct design with a
larger J operating range.

From the results, it is clear that including a duct increases T at the cost of Qp. Overall, the operating
range and �p increase as well and the resultant design has better performance than the at duct case.
When compared to the open propeller case, the CT value of the ducted case can be higher than the
open propeller case at high J . The duct design can be adjusted to an optimal contraction ratio where
maximum �p is close to that obtained by the open propeller case.
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4 Motor Design

In this chapter, the di�erent types of brushless permanent magnet (BPM) motor concepts and the design
considerations are discussed. The motor was designed and modelled using �nite element method to obtain
simulated performance results of the design. Some factors were further investigated by using the �nite
element method to determine the optimal design parameters.

4.1 Brushless Permanent Magnet Motors

There are generally two main groups of BPM motors: outrunner and inrunner. The di�erences are
illustrated in Figure 43 using an example with 6 slots and 4 poles (6S4P).

Figure 43: Schematic illutsration of a 6S4P motor: (a) Outrunner BPM type and (b) Inrunner BPM type.

By design, BPM motors will have a stator and rotor [27]. The stator and the rotor are the stationary
and rotating parts of the motor respectively. Stators and rotors are normally made out of electrical steel.
Wires are coiled around teeth and are known as windings. Slots, which are shaded in green, are areas
between the teeth that contain windings. Poles are mostly permanent magnet poles. Referring to Figure
43, the poles are in pairs as indicated by red and blue, which denote di�erent magnet orientations. The
con�guration above is a slot-pole pair of 6 slots and 4 poles, which is known as a 6S4P con�guration [28].
An outer shell, found in BPM outrunner motors, helps to retain magnetic ux as it is normally made
out of magnetic material and also serve as a support structure for the magnets [27].

RDF has the motor within the housing of the duct and the blades are connected to the internal walls of
the duct as shown in Figure 1. Hence, the BPM inrunner motor would be more suitable for the RDF
concept.

4.2 Design Considerations
There are many factors that need to be considered, such as materials, geometric size and winding
parameters. The performance of the motor is studied numerically. Here, a commercial code [3] was used.
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Material Parameters
The materials are limited by the manufacturing method and material availability for magnets and wires.
There are two manufacturing processes considered for the design of the prototype: FDM and SLS.

FDM is an additive manufacturing method that uses extruded �lament to form the shape of a part [29].
This method allows complex geometries to be built layer by layer but the part would need to be designed
such that support structures are easy to remove [29]. The printed part may warp and there may also be
problems with layer adhesion [29].

SLS is another additive manufacturing method that uses plastic powder and a laser that melts the
powder at multiple paths for multiple layers to form the shape of a part [30]. This method reduces the
complexity of manufacturing but the design needs to be made such that powder can be removed [30].
The produced part may warp and oversintering may occur, resulting in inaccuracy in production [30].

The advantages and disadvantages of the individual manufacturing processes are summarised in the
Table 7:

FDM SLS

Advantages
� Cost-e�ective

� Fast lead time

� No support required

� Isotropic mechanical properties

Disadvantages

� Support required

� Low dimensional accuracy

� Anisotropic mechanical properties

� Long lead time

� Flat surfaces and small holes may not
be printed accurately due to warping
and oversintering

Table 7: Advantages and disadvantages of FDM and SLS [29], [30].

For the prototype, SLS was chosen to be the manufacturing method as the sti�ness and accuracy of SLS
is higher than FDM. If FDM were used, polishing and sanding would have been needed for the blades
due to the presence of support structures and rough outer surface. The polishing and sanding process
could break the blades as they are thin. Observations by Koh [12] also suggest that SLS can produce a
rotor that is less likely to have magnets dislodging.

The magnets selected are N35SH as they have good magnetic properties and will only demagnetise at a
temperature above 150�C [31]. Having a higher demagnetisation temperature allows the design to run
at higher currents, I, which will generally increase motor torque, Qm.
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Annealed copper wires were used for the windings as they are more exible and have better conductivity
compared to hard drawn copper [32]. The wires would less likely fail due to necking from winding in the
stator.

Geometric Properties
The geometric properties for the design are constrained by the geometric duct properties chosen in
Section 3.5. The external D of the design is 130 mm and the internal D is 105 mm. The other geometric
properties like tooth dimensions and airgap will be limited by the minimum manufacturing wall thickness,
which is dependent on the manufacturing technique.

Winding Parameters
Similarly, the winding parameters are constrained by the duct dimensions. Another constraint is the size
of the slots available, which is in turn a�ected by the minimum manufacturing properties.

Numerical Modelling
There are several factors involved in motor design like type of motor. By design of the RDF, BPM
inrunner motor has been deemed more appropriate. The number of phases would be 3 as commonly
found electronic speed controllers are for 3 phase motors. The number of turns will be varied and tested
since it is decided by the amount of space available in the duct after setting the duct dimensions. The
performance of the motor can be estimated by using commercial code [3] where the slot and pole pair
can be varied and tested.

In this work, only 2D simulations were considered as 3D models provide limited bene�ts and computational
costs are high. The code uses the Maxwell stress theory, virtual work (energy variation) or Laplace
method (magnetizing I) to estimate Qm [3]. For thermal analysis, the lumped circuit model is used [3].
The solver uses e-magnetic thermal coupling to obtain a converged solution for the speci�ed conditions
like the type of driver, winding connections used for the motor and the magnetisation direction of
magnets.

Simulation results are needed to verify that Qm is su�cient for the operation of propeller. Estimated
temperature of the design is also needed to ensure that the thermal load is acceptable so that the magnets
would not demagnetise and the prototype would not deform or disintegrate when the motor is running.

4.3 Results and Discussion

4.3.1 Factors for Motor Design

Three main factors have been identi�ed: slot and pole pairs, magnet arc angle and number of turns.
The output parameters include Qm, torque ripple, Qrip, cogging torque, Qcog, and torque ripple as a
percentage of motor torque, Qrip=Qm. The objective of the design is to have a su�ciently high Qm such
that good motor propeller matching characteristics can be produced. The Qcog should also be relatively
low to ensure that the motor would start up easily. Qrip should be small but can be accepted if Qrip=Qm
is less than 20%.
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For all the simulations, the following parameters have been kept constant.

Geometric Parameters

Stator Laminated Diameter (mm) 130 Airgap (mm) 1

Stator Bore (mm) 115 Shaft Diameter (mm) 105

Tooth Width (mm) 9 Motor Length (mm) 40

Slot Depth (mm) 5 Stator Laminated Length (mm) 20

Tooth Tip Depth (mm) 1 Magnet Length (mm) 20

Slot Opening (mm) 2 Rotor Laminated Length (mm) 20

Tooth Tip Angle (�) 10 Ewdf Overhang (mm) 3.75

Magnet Thickness (mm) 3 Wedge Extension (mm) 0.2

Winding Parameters

Phases 3 Wire Gauge (AWG) 24

Throw 1 Number of strands in hand 3

Parallel Paths 1 Copper Depth (%) 100

Winding Layers 2 Conductor separation (mm) 0.1

Material Parameters

Stator Nylon Magnet N35SH

Armature Winding Copper
(Annealed)

Shaft Nylon

Rotor Nylon
Table 8: Parameters kept constant for motor simulations

4.3.1.1 E�ect of Slot and Pole Pair
Figure 44 shows the e�ect of slot and pole pairs. The number of slots has been kept constant to 18 and
the number of poles have been varied from 2 to 16. All other variables were kept constant.

Qm varies with pole number with maximum Qm at 14 poles. However, Qcog also peaks at 16 poles,
which is not advantageous because a high Qcog would suggest that the design requires a higher starting
voltage, V , and I for the design to start operations on its own. Qrip of the design is the highest at 2
poles and is independent of pole number greater than 5. Similarly, Qrip=Qm is also independent of poles
for pole number greater than 5. Although Qm for 12 pole is not the highest, Qcog is the lowest among
the pole numbers that has a higher Qm. The number corresponds to a pole stator ratio of 1.5 which
has been known to produce a small cogging torque. Hence, considering Qcog and Qm, the optimal pole
number has been set to 12 pole.
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Figure 44: Motor outputs plotted against pole number for a �xed slot number of 18 slots and constant variables
of Table 8.

4.3.1.2 E�ect of Magnet Arc Angle
Magnet arc angle was investigated to determine the optimal size of magnet to use. Following the preceding
study, the slot and pole numbers were set to 18 slots and 12 poles. All other variables were kept constant.
Magnet arc angle was varied from 11� to 27� with a 4� increment.

From Figure 45, Qm increases with the magnet arc angle. Qcog andQrip exhibit an oscillatory relation and
can be e�ectively assumed to be independent of magnet arc angle. Qrip=Qm has a generally decreasing
trend with magnet arc angle with the minimum value at 23�, which is also the only point where Qrip=Qm
is less than 20%. Hence, the optimal magnet arc angle was determined to be 23�.

Figure 45: Motor outputs of an 18S12P con�guration plotted against magnet arc angle.
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4.3.1.3 E�ect of Number of Turns
The next factor that was studied is the number of turns. The slot and pole numbers were set to 18 slots
and 12 poles and magnet arc angle was set to 23�. The number of turns have been varied from 4 to 10
turns with 3 strands in hand for each winding.

From Figure 46, Qm and Qrip increases with the number of turns and Qcog is independent of the number
of turns. Qrip=Qm is independent of the number of turns after 6 turns. As a result, there will be a
trade-o� between Qm and Qrip. Hence, to ensure that the design will produce the highest amount of
Qm, the highest number of turns that can be inserted into the slot will be used for the design. Given
the chosen duct dimensions, the optimal number of turns was determined to be 6.

Figure 46: Motor outputs of an 18S12P con�guration with magent arc angle 23� plotted against number of turns.

4.3.2 Summary of Motor Designed

The �nal motor design used some elements from [11]. For instance, the magnet thickness and the
materials used were kept the same. The changes made were mainly for the slot and pole number, as well
as the design for the slot dimension to accommodate a smaller D than that in [11]. The elements that
were varied and selected through the studies in the previous sections are summarised in Table 9.

Slot Number 18 Pole Number 12

Magnet Arc Angle (�) 23 Number of Turns 6
Table 9: Factors identi�ed through optimisation studies of motor.
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The winding diagram of the �nal motor designed is shown in Figure 47.

Figure 47: Winding diagram of motor designed.

4.3.3 Performance Characteristics

Figure 48 presents the operation characteristic for Qm. In this scenario, motor line current, Irms and
motor line voltage, Vrms, were varied.

For a set DC voltage, VDC , the corresponding DC current, IDC can be obtained by:

p
3 VrmsIrms = VDCIDC : (28)

IDC cannot exceed
p

3=2 Irms and VDC cannot exceed
p

2 Vrms, thus limiting the operation range.

For example, for VDC=7.4 V, taking Vrms=5.23 V and Irms=5 A, IDC=
p

3=2 5 A corresponds to the
limit for 5 A operation.

Figure 48: Qm against RPM for Vrms= f2.62 V, 5.23 V, 7.85 V, 10.47 V. 13.08 V, 15.70 Vg and Irms= f1.25 A,
2.5 A, 3.25 A, 5 Ag.
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The operation envelope for Qm in terms of VDC is presented in Figure 49. In this study, Irms was
assumed maximum at 5A and DC voltage, VDC , was varied from 7.4 V to 22.2 V, which corresponds
to 2-6 cells. From the diagram, increasing the voltage increases the maximum possible RPM. Without
losses considered, the Kv value of the motor is about 1,400 rpm/V.

Figure 49: Qm against RPM for VDC= f7.4 V, 11.1 V, 14.8 V, 18.5 V, 22.2 Vg.

Figure 50 presents the operation characteristic for �m. In this scenario, Irms and Vrms, was varied. The
corresponding operation envelope for varied VDC is shown in Figure 51.

Figure 50: �m against RPM for Vrms= f2.62 V, 5.23 V, 7.85 V, 10.47 V. 13.08 Vg and Irms= f1.25 A, 2.5 A,
3.25 A, 5 Ag.
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Figure 51: �m against RPM for VDC= f7.4 V, 11.1 V, 14.8 V, 18.5 V, 22.2 Vg.

4.3.4 Motor-Propeller Matching

The operation range of the motor was determined by matching the propeller characteristics (see Section
3.4.6) with the motor characteristics (see Section 4.3.3).

Figure 52 shows the e�ect of IDC and the corresponding Qm for VDC=22.2 V.

Figure 52: Qm against RPM for VDC=22.2 V and IDC=f0.5 A, 1.5 A, 2.5 A, 3.5 A, 4.5 Ag.

For propeller and motor matching, Qm and Qp are plotted against RPM as shown in Figure 53. The Qp
and Qm values are plotted to �nd the intersection points. The intersection points would be the operation
points that are possible, which can be numerous as di�erent IDC can be used for an operation.
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From a matched point, the corresponding T , �p and �m can be obtained by referring to the same RPM
value. Total e�ciency, �o, can then be computed by using the following equation:

�o = �p � �m : (29)

Figure 53 shows an example of a matched point when IDC=0.2 A. The corresponding rotational speed is
approximately 4000 rpm, which corresponds to the highest total e�ciency, �o, that can be obtained for
V1=7 m/s. The results obtained shows that the �nal motor designed is able to provide su�cient Qm
for the prototype operation.

Figure 53: Propeller matching for motor and propeller designed at IDC=f0.1 A, 0.2 A, 0.3Ag for VDC=22.2V
and V1 =7 m/s.
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4.4 Summary of Results

The chapter covered the design of a BPM motor, design considerations of the motor and investigated
slot pole pair, magnet arc angle and number of turns in greater detail. The motor characteristics were
also presented.

The results show that increasing the number of turns will improve the performance of the motor. Slot
pole pair and magnet arc angle require a balance of all the factors that have been observed to pick the
best possible parameters for the design. Motor-propeller matching was used to ensure that the motor
designed is able to provide su�cient Qm for the propeller to operate.
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5 Manufacturing and Testing

In this chapter, the design of the prototype is discussed. The experimental setup and results obtained
from the prototype are also presented.

5.1 Design and Assembly

A prototype was made using the parameters presented in Chapter 3 and 4 for the propeller and motor
respectively. The design is shown in Figure 54 below with the various parts labelled accordingly. The
bearings used for the prototype are sleeve bearings. Detailed drawings of the prototype are in Appendix
C.

Figure 54: Drawings of prototype assembly.

Structural analysis of the design manufactured was conducted using [33]. Figure 55 show that the design
is able to take the maximum testing load of 10,000 rpm without breaking as the maximum stress of
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98 KPa is below the yield strength of the materials used (PA12: 53 MPa and NdFeB: 285 MPa) for the
prototype. Hence, the design is deemed �t for testing.

Figure 55: Von-mises stress distribution for prototype.

For the prototype to have a centralised point of rotation, as well as a relatively even distribution of
magnetic forces, magnets used on the prototype were measured for their weight and magnetic force. As
magnets interfere with the readings on an electronic scale, weight and magnetic force were measured
with the method described in [34] and schematically illustrated in Figure 56 (a) and (b) respectively.
In Figure 56, d1 is the distance from pivot to magnet, d2 is the distance from pivot to measuring scale,
Wmag is the weight of the magnet and Wscale is weight measured by the scale. The setup for measuring
the magnetic force of the magnet, Fmag, is similar to that for the magnet weight except that a steel rod
is introduced to the setup as shown in the Figure 56 (b).

Figure 56: Setup for measuring: (a) Wmag and (b) Fmag.

From setup (a), Wmag can be obtained by using the following equation:

Wscale � d2 = Wmag � d1 : (30)

Using setup (b), Fmag can be obtained by using the following equation and substituting known Wmag

obtained from equation (30):
Wscale � d2 = (Fmag +Wmag)� d1 : (31)
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The two di�erent magnet pole orientations used for the motor are shown in Figure 57.

Figure 57: Illustration of magnet pole orientation.

The magnet measurements made for orientation (a) and orientation (b) are presented in the table below.

Orientation (a)

Magnet
Number

Wscale (g)
[Wmag]

Wscale (g) [Wmag
& Fmag]

Wmag d1 Fmag

1 6.2 8 9.9 29.75 12.77

2 6.2 8 9.9 29.75 12.77

3 6.3 8.4 10 29.93 13.33

4 6.1 8.1 9.9 29.27 13.15

5 6.2 8.1 10 29.45 13.06

6 6.2 8.2 10 29.45 13.23

7 6.2 8.1 10 29.45 13.06

8 6.2 8.1 9.8 30.05 12.80

9 6.2 8.1 9.8 30.05 12.80

10 6.2 8 9.9 29.75 12.77

11 6.1 8.1 9.9 29.27 13.15

12 6.2 8.1 9.9 29.75 12.93

Orientation (b)

Magnet
Number

Wscale (g)
[Wmag]

Wscale (g) [Wmag
& Fmag]

Wmag d1 Fmag

13 6.3 8 9.8 30.54 12.44

14 6.3 8.1 9.9 30.23 12.73

15 6.3 8.1 9.9 30.23 12.73

16 6.2 8 9.8 30.05 12.65

17 6.2 7.7 9.8 30.05 12.17

18 6.2 8.1 9.8 30.05 12.80

19 6.3 8.1 9.9 30.23 12.73

20 6.2 8.1 9.9 29.75 12.93

21 6.3 8.1 10 29.93 12.85

22 6.3 8.1 9.9 30.23 12.73

23 6.2 8 9.8 30.05 12.65

24 6.3 8.2 10 29.93 13.02
Table 10: Measurements made for Fmag and Wmag for orientation (a) and orientation (b).
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As only 12 magnets are needed, the optimum 12 magnets were selected to achieved the best possible
rotor balancing. This is obtained by calculating the corresponding XCG and YCG for given positions
of the slot with Wmag and Fmag. The corresponding equations used are shown below where P is the
number of magnets needed:

XCGW =
PP
n=1 r sin (�mag) Wmag

PP
n=1 Wmag

; YCGW =
PP
n=1 r cos (�mag) Wmag

PP
n=1 Wmag

: (32)

XCGF =
PP
n=1 r sin (�mag) Fmag

PP
n=1 Fmag

; YCGF =
PP
n=1 r cos (�mag) Fmag

PP
n=1 Fmag

: (33)

The following con�gurations shown in Figure 58 were calculated for the CG location using equation (32)
and equation (33). CG is calculated with reference to the geometric centre of the design.

Figure 58: Illustration of (a) an imbalance and (b) optimal magnetic con�guration.

The optimal con�guration of magnets selected is obtained by evaluating equation (32) and (33) for
di�erent magnets selected. As an example, Figure 58 (a) and (b) show two options for selecting the
magnets. Evaluating equation (32) and (33) gives the values of XCG and YCG in Table 11, indicating
that con�guration (b) is an optimally balanced motor.

XCGW (cm) YCGW (cm) XCGF (cm) YCGF (cm)

Con�guration (a) 0.00302 -0.00650 0.0125 -0.0324

Con�guration (b) -2.4 � 10�7 0 0 0
Table 11: Calculated CG for di�erent magnet con�guration (a) and (b).

The assembled prototype is shown in Figure 59.

Figure 59: Prototype created and assembled.
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5.2 Experimental Testing
The prototype was mounted on the setup as shown in Figure 60. Figure 61 shows the prototype with
and without blades used for measurement.

Figure 60: Experimental Setup for the prototype: (A) DENSO Robotic six-axis robot arm, (B) Prototype, (C)
Stand to hold prototype, (D) ATI Industrial Automation Gamma six-axis force/torque sensor and (E) WindShape
(Open Wind Tunnel).

Figure 61: (a) Duct without blades; (b) Duct with blades.

A six axis sensor was used to measure force and moments generated by the prototype. The testing
procedure is as follows:

1. The velocity range to be tested is �rst determined using equation (24) with a known range of
RPMs. The motor RPM range is 1,740 rpm to 2,150 rpm, so the airow velocity range is 0.88 m/s
to 3.78 m/s.

2. Measure the pressure, P , and temperature, T , using a barometric/humidity/temperature data
logger. Density can be calculated using ideal gas law: P = �RT [25].

3. Operate the wind tunnel and verify that air velocity is within operating range.

4. Measure aerodynamic drag once without the blades (Figure 61 (a)) and with the motor o�.
Measured forces will be Fduct and measured torque will be Qduct.

49



5. Repeat step 3-4 for di�erent values of wind tunnel speed, V1.

6. Start the motor by controlling the PWM for the ESC and measure the RPM, forces and torque
from the prototype. Measured torque will be Qmotor.

7. Repeat step 6 for other RPMs.

8. Re-assemble the blades in the prototype (Figure 61 (b)).

9. Operate the wind tunnel and measure the air velocities to con�rm that for the same settings, they
are identical to that in step 2-3.

10. Start the motor by controlling the PWM for the ESC and measure the RPM, forces and torque
from the prototype. Measured forces will be Fduct+blades and measured torque will be Qduct+blades.
The RPM together with equation (24) can be used to determine J and T .

11. Repeat steps 7-9 for di�erent values of wind tunnel speeds and RPMs.

For the same wind tunnel speed, T is obtained by subtracting the forces generated by the duct in step
4 from the forces measured in step 8, as given by the equation below:

T = Fduct+blades � Fduct : (34)

Qp is taken to be the torque value obtained by subtracting the torque generated by the duct in step 4
from the torque measured in step 8, as given by the equation below:

Qp = Qduct+blades �Qduct �Qmotor : (35)

Using equation (24), CT can be calculated from T and CQ can be calculated from Qp. The sensor used
has a range of �130 N and �10 Nm, resolution of 0.025 N and 0.00125 Nm and an uncertainty of 1.00%.
As the prototype is mounted at a height from the sensor, the moment range could limit the maximum
possible force range that can be measured. The distance from the sensor to the centre of the prototype
is 0.586 m, hence, the sensing range is limited to �17 N and �10 Nm to ensure that none of the sensor
axes are overloaded. The experiment was repeated several times to ensure repeatability and the results
are shown in Figure 62 and Figure 63.

The mean and error of the values are calculated with a 90% con�dence using equation (36) below:

 =
Pn
i=1  i
n

;

 error = t�
S
p
ns

;
(36)

where  is the variable that is being used for calculation,  is the mean of the variable,  error is the
error computed with 90% con�dence, S is standard deviation of  , ns is the number of points used for
calculation and t is the factor corresponding to 90% con�dence using t-distribution.
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5.2.1 Initial Prototype

Figure 62 shows that the setup is able to achieve reasonable consistency. Experimental results and the
CFD curve are in good agreement, thus verifying that CFD is a good approximation for obtaining CT .

Figure 62: Comparison of experimental and CFD results for CT .

Figure 63 shows bad agreement with CFD for CQ. The error of the results obtained for CQ is large due
to the sensor operating in a non-recommended range. The torque range and sensitivity of the sensor
is 10 Nm and 0.00125 Nm respectively. Hence, the operating range (0.00021Nm to 0.0082Nm) is not
suitable for current sensor. The large error could also be due to the bearing losses varying with time.
The design made was unable to measure motor torque without blade, which is needed to obtain Qp in
accordance with equation (35). The same di�culty was also highlighted by [14].

Figure 63: Comparison of experimental and CFD results for CQ.
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Figure 64 and Figure 65 presents the correlation curve to expected CT , CTexp , and expected CQ, CQexp

respectively. CTexp and CQexp is obtained from the CFD curve. Figure 64 shows that the results obtained
has good correlation with CTexp at a correlation coe�cient, R, of 0.948. Figure 65 shows almost no
correlation with CQexp with a R of -0.169.

Figure 64: Correlation curve of CT with CTexp

Figure 65: Correlation curve of CQ with CQexp

5.2.2 Modi�cation of Prototype and New Measurements

Study made in Section 5.2.1 shows that the value of CT and CQ was extremely sensitive to the bearings
and assembly process. If the bearings were overly tightened, the motor was unable to rotate freely. The
prototype was not suitable for measuring Q as mechanical losses from the bearing were found to change
with time. The prototype was therefore modi�ed so that a ball bearing can be placed into the prototype
instead of the sleeve bearing. Due to the previous inability to measure the motor torque, the design was
enhanced with the ability to install or remove the blades, as shown in Figure 66. The modi�ed prototype
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is shown in Figure 67. Detailed drawings are in Appendix D.

Figure 66: Modular design for easy installation and removal of blades to measure motor torque, which is necessary
for Qp in accordance with Equation (35).

Figure 67: Modi�ed prototype design: (a)without blades and (b)with blades installed.

The resolution of the sensor was also not small enough to obtain a good result. A new sensor with a
range of �18 N and �250 Nmm, resolution of 0.0039 N and 0.05 Nmm and an uncertainty of 1.25% was
used to overcome the need for a �ner resolution. However, to ensure that none of the axes is overloaded,
the sensing range is limited to �3.18 N and �250 Nmm as the distance from the sensor to the centre of
the prototype is 0.0785 m. To measure the results obtained from the modi�ed prototype, the setup was
changed as well, as shown in Figure 68.

Figure 68: Experimental Setup for modi�ed prototype: (A) DENSO Robotic six-axis robot arm, (B) Prototype,
(C) ATI Industrial Automation Nano 43 six-axis force/torque sensor, (D) Stand to hold prototype, and (E)
WindShape (Open Wind Tunnel).
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The same steps described in Section 5.2 were used for obtaining the results for the modi�ed prototype
but with a motor RPM range of 1,735 to 3,030 rpm and velocity range of 0.85 to 4.55 m/s. The motor
torque for the prototype was found to be negligible for calculation of Qp as ball bearing losses are small.
The results obtained for the new setup is shown in Figure 69 and Figure 70.

Figure 69 shows that the trend for CT are consistent with CFD curve agreeing well at high Js. This
further veri�es that CFD is a good approximation for obtaining CT . The consistent underestimation of
CT by CFD matches the observations made by [13], [14] and [15]. CFD could be underestimating the
results as it solves for a single blade and steady state condition. This was, however, not observed for
the results obtained in Figure 62 and could have have occurred as a di�erent setup was used and the
previous sensor has a larger resolution, which leads to a larger possible measurement error.

Figure 69: Comparison of experimental results and CFD result for CT for modi�ed prototype.

Figure 70 shows that the CQ results are much more consistent in comparison to the previous prototype
in Section 5.2.1. The results also shows a reasonable agreement with the CFD curve and generally larger
variations as J increases due to a larger measurement error in the results.

Figure 70: Comparison of experimental results and CFD result for CQ for modi�ed prototype.
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Figure 71 and Figure 72 shows the relationship of CT and CQ to CTexp and CQexp respectively. Figure
71 shows the curve where the R at 0.954 for CT indicating a strong correlation with CFD curve. Figure
72 show a good correlation and presents a better result than the previous model and setup (See Figure
65).

Figure 71: Correlation curve of CT with CTexp for modi�ed prototype.

Figure 72: Correlation curve of CQ with expected CQexp for modi�ed prototype.

5.3 Summary of Results

The prototype designed was manufactured and tested. The magnets attached on the rotor were measured
and balanced. The results show that CFD is a reasonable tool to use for approximation of performance
characteristics. The consistency of the experimental results obtained improved after the sensor with
appropriate resolution was used and the prototype was changed from using sleeve bearing to ball
bearing. Similar observations made by [13], [14] and [15] support the results observed for the modi�ed
prototype, where CFD constantly underestimates the results for CT . The di�erences obtained between
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CFD simulations and experimental results could be attributed to CFD simulations solving for a single
blade and steady state condition.
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6 Conclusion and Future Work

6.1 Conclusion

A rim driven fan has been designed, manufactured and successfully tested. The design process started by
modifying the Schmitz model, which is commonly used for wind turbine designs. The model generated a
chord, twist angle distribution for a given design point, �des, and airfoil pro�le. The blade performance
was obtained using CFD.

To verify the CFD implementation, a generic GWS 4�4 propeller was �rst simulated and converged
to published data. From the simulations, it was determined that using a periodic mesh with moving
reference frame was su�cient and accurate compared to a more computationally expensive unsteady
sliding domain encompassing the blade. Numerical results closely followed the experimental published
data with a constant di�erence in magnitude, which might be attributed to a bias or normalisation error.
The propulsive e�ciency, however, matches better.

Using the modi�ed Schmitz model, a RDF blade was designed. The number of blades, airfoil pro�les
and �des were varied. It was determined that a RDF using 6 blades with NACA4408 at �des = 4 has
the best performance over a range of 0 < J < 1. To improve the RDF design, di�erent nozzle sections
were compared. It was determined numerically that a contraction ratio 0.68 resulted in an increase of
39.5% for �p when compared to a at duct, which has a contraction ratio of 1. However, the design also
leads to an increase in propeller torque.

To test the prototype, the RDF parts was manufactured using SLS additive manufacturing technique
and a custom BLDC motor was built. The motor was optimised for parameters like the number of poles,
stator, windings and materials, using a �nite element electro-magnetic model. The BLDC motor has
18 slots, 12 poles, six number of turns with arc magnets of 23� arc angle. To verify that the motor is
suitable for the design RDF, a matching procedure is completed.

Testing of RDF after assembly concluded the following:

1. The value of measured CT and CQ was sensitive to the bearing assembly. If the sleeve bearing was
overly tightened, the measurements were inaccurate. Ball bearings provided much more consistent
readings.

2. The value of measured CT and CQ was sensitive to the resolution of the sensor. The magnitude of
correlation coe�cient increased after changing the sensor, which suggests better correlation.

3. The experimental and numerical trend for CT and CQ is similar for the modi�ed prototype and
improved setup. CT has a correlation coe�cient of 0.95 and CQ has a correlation coe�cient of
0.78.

6.2 Future Work

The experimental results indicate that a higher T and Q are needed to reduced the experimental
uncertainty. This can be achieved by:

1. Blade Design

2. Material
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3. Voltage and Current

For blade design, more work can be done to further investigate the factors that a�ect the blade theory.
The results of �des are based on a small range and better performance may be achieved outside of the
range speci�ed. In this thesis, more airfoil pro�les and di�erent Nb can also be addressed, in particular
for the purpose of improving �p.

The prototype made is relatively heavy so more work can be done to reduce the mass of the prototype
while ensuring structural and thermal integrity of the prototype. Di�erent materials can be investigated
for a lower density and a higher deection temperature and di�erent magnet grades can be investigated
for a magnet with a higher demagnetising temperature.

Voltage and current are limited in the design due to heating and matching limitations, as well as the
source available for running the propeller. With the ability to operate at higher currents and voltage,
the model would have a higher T and Qp that facilitates measurements.

A metal prototype has been manufactured, as shown in Figure 73. Future work will be conducted on the
metal prototype to investigate the performance characteristics of di�erent materials and will be tested
in the near future when a rig is made.

Figure 73: Metal prototype manufactured for better measurements to be made in future tests.
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Appendix

Appendix A

1 close all ;

2 clear all ;

3

4 % define inputs

5 r_h =0.025/2; %hub radius

6 r_t =0.105/2; %tip radius

7 omega =1047.1975499999999; % angular velocity

8 r_increment =( r_t - r_h ) /10; % incremental radius between each section

9 number_blades =6; % number of blades

10 % varying chord thickness

11 %fil l in max_thick if no

12 th ick_vary = 'no ';

13 min_thick =0.08; % minimum chord thickness

14 max_thick =0.15; % maximum chord thickness

15 c_l_alpha =0.0981; % gradient of l i f t coeff ic ient against angle of attack

16 c_l_zero =.407; %zero intercept of l i f t coeff ic ient against angle of attack

17 % maximum camber of air foi l

18 max_camber =0.04; % ratio of chord

19 %max camber posit ion of air foi l

20 max_camber_posi t ion =0.4; % ratio of chord

21 % airfoi l wil l rotate about this point

22 centre_twist =0.4; % ratio of chord

23 %tip speed ratio

24 lambda =4;

25 % minimum chord increment factor

26 chord_increment =1.1;

27 % calculat ion

28 root_mean_square_radius =sqrt (0.5*( r_h ^2+ r_t ^2) ) ;

29

30 h=0;

31

32 for r= r_h : r_increment : r_t

33 % solve for point of minimum power input

34 h=h+1;

35 phi_1 (h)=atan ( r_t /( lambda *r) ) /pi *180;

36 phi_2 (h) =2/3* phi_1 (h) ;

37 while 1

38 phi_2_new (h)=acos (cos ( phi_2 (h) /180* pi )* cos ((2* phi_1 (h) -3* phi_2 (h)) /180* pi ) ) /pi

*180/2;

39 if abs ( phi_2_new (h) -phi_2 (h)) <1e -6

40 break ;

41 else

42 phi_2 (h)=( phi_2 (h)+ phi_2_new (h)) /2;

43 end

44 end

45 phi_2_prime (h)=atan ((2* sin ( phi_1 (h) /180* pi ) ) /( cos (( phi_1 (h) -phi_2 (h)) /180* pi )* cos (

phi_2 (h) /180* pi ) ) - tan ( phi_2 (h) /180* pi ) ) /pi *180;

46 phi_3_prime (h)=atan ((3* sin ( phi_1 (h) /180* pi ) -2* sin ( phi_2 (h) /180* pi )* cos (( phi_1 (h) -

phi_2 (h)) /180* pi ) ) /(2* cos (( phi_1 (h) -phi_2 (h)) /180* pi )* cos ( phi_2 (h) /180* pi ) -cos (

phi_1 (h) /180* pi ) ) ) /pi *180;

47 alpha_geometr ic (h)= phi_3_prime (h) -phi_2_prime (h) ;

48 if h >1

49 while 1

50 alpha_geometr ic (h)= alpha_geometr ic (h) -0.001;
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51 c_l (h)= c_l_alpha * alpha_geometr ic (h)+ c_l_zero ;

52 c_d (h)= c_d_zero +k_1*c_l (h)+k_2 *( c_l (h)) ^2;

53 twist_angle (h)= phi_2_prime (h)+ alpha_geometr ic (h) ;

54 chord (h)=4* pi * r / c_l (h) / number_blades *((2* sin (( phi_1 (h)) /180* pi ) -sin (( phi_2 (h

)) /180* pi )* cos (( phi_1 (h) -phi_2 (h)) /180* pi ) ) *2*( sin (( phi_1 (h) -phi_2 (h))

/180* pi ) ) ) /(( cos (( phi_1 (h) -phi_2 (h)) /180* pi )* cos (( phi_2 (h)) /180* pi ) )

^2+(2* sin (( phi_1 (h)) /180* pi ) -sin (( phi_2 (h)) /180* pi )* cos (( phi_1 (h) -phi_2 (

h)) /180* pi ) ) ^2) ;

55 if chord (h)>chord (h -1) * chord_increment

56 break ;

57 end

58 end

59 else

60 alpha_geometr ic (h)= alpha_geometr ic (h) -0.001;

61 c_l (h)= c_l_alpha * alpha_geometr ic (h)+ c_l_zero ;

62 c_d (h)= c_d_zero +k_1*c_l (h)+k_2 *( c_l (h)) ^2;

63 twist_angle (h)= phi_2_prime (h)+ alpha_geometr ic (h) ;

64 chord (h)=4* pi * r / c_l (h) / number_blades *((2* sin (( phi_1 (h)) /180* pi ) -sin (( phi_2 (h))

/180* pi )* cos (( phi_1 (h) -phi_2 (h)) /180* pi ) ) *2*( sin (( phi_1 (h) -phi_2 (h)) /180* pi )

) ) /(( cos (( phi_1 (h) -phi_2 (h)) /180* pi )* cos (( phi_2 (h)) /180* pi ) ) ^2+(2* sin (( phi_1

(h)) /180* pi ) -sin (( phi_2 (h)) /180* pi )* cos (( phi_1 (h) -phi_2 (h)) /180* pi ) ) ^2) ;

65 end

66 end

67 b=0;

68 for r= r_h : r_increment : r_t

69 b=b+1;

70 beta_1 =90 - phi_1 (b) ;

71 beta_2 =90 - twist_angle (b) ;

72 epsi lon =beta_1 - beta_2 ;

73 z(1 ,b)=r ;

74 z(2 ,b)= beta_1 ;

75 z(3 ,b)= beta_2 ;

76 z(4 ,b)= epsi lon ;

77 z(5 ,b) =1.225/2*( r* omega /cos ( phi_1 (b) /180* pi ) ) ^2;

78 z(6 ,b)=2* r* omega /cos ( phi_1 (b) /180* pi )* sin (( phi_1 (b) -phi_2 (b)) /180* pi )* sin ( phi_2 (b)

/180* pi ) ;

79 z(7 ,b) =1.225/2*(( r* omega +z(6 ,b) /2) / cos ( phi_2_prime (b) /180* pi ) ) ^2;

80 z(8 ,b) =1.225/2*(( r* omega +z(6 ,b)) / cos ( phi_3_prime (b) /180* pi ) ) ^2;

81 z(9 ,b)=z(5 ,b) -z (6 ,b) ;

82 z(10 ,b)=sqrt (z (5 ,b) /(1.225/2) )* sin ( phi_1 (b) /180* pi ) ;

83 z(11 ,b)=r* omega * tan ( phi_1 (b) /180* pi ) ;

84 end

85

86 % calculate thrust and torque for single point

87 thrust_2 =0;

88 torque_2 =0;

89 for w =1:1: b

90 if w <2 || w>b -1

91 thrust_2 = thrust_2 +z(7 ,w)* chord (w)*c_l (w)* r_increment /2* cos ( phi_2_prime (w) /180* pi

)+z(7 ,w)*c_d (w)* r_increment /2* sin ( phi_2_prime (w) /180* pi ) ;

92 torque_2 = torque_2 +1.225* sqrt (z (7 ,w) /(1.225/2) ) *2* chord (w)*cos ( twist_angle (w)

/180* pi )* r_increment /2*z(6 ,w);

93 else

94 thrust_2 = thrust_2 +z(7 ,w)* chord (w)*c_l (w)* r_increment *cos ( phi_2_prime (w) /180* pi )+

z(7 ,w)*c_d (w)* r_increment *sin ( phi_2_prime (w) /180* pi ) ;

95 torque_2 = torque_2 +1.225* sqrt (z (7 ,w) /(1.225/2) ) *2* chord (w)*cos ( twist_angle (w)

/180* pi )* r_increment *z(6 ,w);

96 end

97 end
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98

99 thrust_2 = thrust_2 * number_blades ;

100 torque_2 = torque_2 * number_blades *sqrt (( r_h ^2+ r_t ^2) /2) ;

101 eff ic iency = thrust_2 *r* omega * tan ( phi_1 (b) /180* pi ) /( torque_2 * omega );

102

103 % blade pitch

104 blade_area =0;

105 for w =1:1:b -1

106 if (z (1 ,w) <0.7* r_t ) && (z(1 ,w+1) >0.7* r_t )

107 twist_angle_cal =( twist_angle (w+1) - twist_angle (w)) /(z (1 ,w+1) -z (1 ,w)) *(0.7* r_t -z

(1 ,w))+ twist_angle (1 ,w);

108 blade_pi tch_cal =2* pi *(0.7* r_t )* tan ( twist_angle_cal /180* pi ) ;

109 end

110 blade_area = blade_area +( chord (w)+ chord (w+1) ) /2* r_increment ;

111 end

112 blade_area_rat io = blade_area * number_blades /( pi * r_t ^2) ;

113 blade_pi tch_cal = blade_pi tch_cal /0.0254;

114

115 % number of points

116 n_max =51;

117 w=0;

118

119 for r= r_h : r_increment : r_t

120 w=w+1;

121 angle_plane (w)=0;

122 if strcmp ( thick_vary , 'yes ') ;

123 thick =( max_thick - min_thick ) *( -(w -1) /(b -1) )+ max_thick ;

124 else

125 thick = min_thick ;

126 end

127 while 1

128 for n =1:1: n_max

129 % spacing for x increment

130 x=(1 - cos ((n -1) /( n_max -1) *pi () ) ) /2;

131 angle_plane_const = angle_plane (w);

132 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point_2 (x ,

angle_plane_const , max_camber_posit ion , thick , max_camber ) ;

133 y_camber_no_twist (n ,w)= y_camber ;

134 x_camber_no_twist (n ,w)= x_camber ;

135 y_upper_no_twist (n ,w)= y_upper ;

136 x_upper_no_twist (n ,w)= x_upper ;

137 y_lower_no_twist (n ,w)= y_lower ;

138 x_lower_no_twist (n ,w)= x_lower ;

139 end

140 dif ference = y_camber_no_twist (n_max ,w) - y_camber_no_twist (1 ,w);

141 if abs ( di f ference ) <1e -6

142 break ;

143 else

144 angle_plane (w)= angle_plane (w)+atan ( di f ference ) /pi *180;

145 end

146 end

147 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point_2 ( centre_twist ,

angle_plane_const , max_camber_posit ion , thick , max_camber ) ;

148 y_point_twist (w)= y_camber ;

149 x_point_twist (w)= x_camber ;

150 end

151

152 %plot air foi l

153 f igure ;
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154 plot ( x_camber_no_twist , y_camber_no_twist ) ;

155 hold on ;

156 plot ( x_upper_no_twist , y_upper_no_twist ) ;

157 hold on ;

158 plot ( x_lower_no_twist , y_lower_no_twist ) ;

159 hold on ;

160 ylabel ( 'y ' , ' FontSize ' ,16) ;

161 xlabel ( 'x ' , ' FontSize ' ,16) ;

162 xlim ([0 1]) ;

163 ylim ([ -0.5 0.5]) ;

164 set (gca , 'FontSize ' , 16) ;

165

166 % twist air foi l

167 for w =1:1: b

168 for n =1:1: n_max

169 [ y_twist_out , x_twist_out ]= air fo i l_twist_point_2 ( y_upper_no_twist (n ,w) ,

x_upper_no_twist (n ,w) , y_point_twist (w) , x_point_twist (w) ,90- twist_angle (w) ,

chord (w)) ;

170 y_upper_twist (n ,w)= y_twist_out ;

171 x_upper_twist (n ,w)= x_twist_out ;

172 [ y_twist_out , x_twist_out ]= air fo i l_twist_point_2 ( y_lower_no_twist (n ,w) ,

x_lower_no_twist (n ,w) , y_point_twist (w) , x_point_twist (w) ,90- twist_angle (w) ,

chord (w)) ;

173 y_lower_twist (n ,w)= y_twist_out ;

174 x_lower_twist (n ,w)= x_twist_out ;

175 [ y_twist_out , x_twist_out ]= air fo i l_twist_point_2 ( y_camber_no_twist (n ,w) ,

x_camber_no_twist (n ,w) , y_point_twist (w) , x_point_twist (w) ,90- twist_angle (w) ,

chord (w)) ;

176 y_camber_twist (n ,w)= y_twist_out ;

177 x_camber_twist (n ,w)= x_twist_out ;

178 end

179 end

180

181 %plot t i l ted airfoi l

182 f igure ;

183 plot ( x_camber_twist , y_camber_twist ) ;

184 hold on ;

185 plot ( x_upper_twist , y_upper_twist ) ;

186 hold on ;

187 plot ( x_lower_twist , y_lower_twist ) ;

188 hold on ;

189 ylabel ( 'y ' , ' FontSize ' ,16) ;

190 xlabel ( 'x ' , ' FontSize ' ,16) ;

191 set (gca , 'FontSize ' , 16) ;

192

193 % curve blade to put on radius

194 for w =1:1: b

195 for n =1:1: n_max

196 x_camber_blade (n ,w)= x_camber_twist (n ,w);

197 [ y_out , z_out ]= blade_curved ( y_camber_twist (n ,w) ,z (1 ,w)) ;

198 y_camber_blade (n ,w)= y_out ;

199 z_camber_blade (n ,w)= z_out ;

200 x_upper_blade (n ,w)= x_upper_twist (n ,w);

201 [ y_out , z_out ]= blade_curved ( y_upper_twist (n ,w) ,z (1 ,w)) ;

202 y_upper_blade (n ,w)= y_out ;

203 z_upper_blade (n ,w)= z_out ;

204 x_lower_blade (n ,w)= x_lower_twist (n ,w);

205 [ y_out , z_out ]= blade_curved ( y_lower_twist (n ,w) ,z (1 ,w)) ;

206 y_lower_blade (n ,w)= y_out ;
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207 z_lower_blade (n ,w)= z_out ;

208 end

209 end

210

211 % output f i les for plott ing airfoi l in CAD

212 f igure ;

213 for c_count =1:1: b

214 for n =1:1: n_max

215 x_upper_1 (n)= x_upper_blade (n , c_count ) ;

216 y_upper_1 (n)= y_upper_blade (n , c_count ) ;

217 z_upper_1 (n)= z_upper_blade (n , c_count ) ;

218 x_lower_1 (n)= x_lower_blade (n , c_count ) ;

219 y_lower_1 (n)= y_lower_blade (n , c_count ) ;

220 z_lower_1 (n)= z_lower_blade (n , c_count ) ;

221 air foi l_1 (1 ,n)= x_upper_blade (n , c_count ) ;

222 air foi l_1 (2 ,n)= y_upper_blade (n , c_count ) ;

223 air foi l_1 (3 ,n)= z_upper_blade (n , c_count ) ;

224 air foi l_2 (1 ,n)= x_lower_blade (n , c_count ) ;

225 air foi l_2 (2 ,n)= y_lower_blade (n , c_count ) ;

226 air foi l_2 (3 ,n)= z_lower_blade (n , c_count ) ;

227 end

228 scatter3 ( x_upper_1 , y_upper_1 , z_upper_1 , ' f i l led ' , 'b ') ;

229 hold on ;

230 scatter3 ( x_lower_1 , y_lower_1 , z_lower_1 , ' f i l led ' , 'b ') ;

231 hold on ;

232 f i lename = sprintf ( '%d airfoi l  upper_test . txt ' , c_count ) ;

233 f i leID = fopen ( fi lename , 'w ') ;

234 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_1 ) ;

235 fclose ( f i leID );

236 f i lename = sprintf ( '%d airfoi l  lower_test . txt ' , c_count ) ;

237 f i leID = fopen ( fi lename , 'w ') ;

238 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_2 ) ;

239 fclose ( f i leID );

240

241 f igure ;

242 surf ( x_upper_blade , y_upper_blade , z_upper_blade );

243 hold on ;

244 surf ( x_lower_blade , y_lower_blade , z_lower_blade );

245 hold on ;

246

247 funct ion [ y_camber_no_twist , x_camber_no_twist , y_upper_no_twist , x_upper_no_twist ,

y_lower_no_twist , x_lower_no_twist ] = air fo i l_point_2 (x , angle_plane ,

max_camber_posit ion , thick , max_camber )

248 if x> max_camber_posi t ion

249 % calculate camber

250 y_camber_no_twist = max_camber /(1 - max_camber_posi t ion ) ^2*(1 -2* max_camber_posi t ion

+2* max_camber_posi t ion *x -x^2) ;

251 x_camber_no_twist =x;

252 else

253 % calculate camber

254 y_camber_no_twist = max_camber /( max_camber_posi t ion ) ^2*(2* max_camber_posi t ion *x -x

^2) ;

255 x_camber_no_twist =x;

256 end

257 a_0 =0.2969;

258 a_1 = -0.126;

259 a_2 = -0.3516;

260 a_3 =0.2843;

261 a_4 = -0.1036;
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262 air fo i l_thick = thick /0.2*( a_0*x ^0.5+ a_1*x+a_2*x^2+ a_3*x^3+ a_4*x^4) ;

263 if x> max_camber_posi t ion

264 gradient_camber =2* max_camber /(1 - max_camber_posi t ion ) ^2*( max_camber_posit ion -x) ;

265 else

266 gradient_camber =2* max_camber /( max_camber_posi t ion ) ^2*( max_camber_posit ion -x) ;

267 end

268 y_upper_no_twist = y_camber_no_twist + air foi l_thick *cos (atan ( gradient_camber )) ;

269 x_upper_no_twist = x_camber_no_twist - air fo i l_thick *sin (atan ( gradient_camber )) ;

270 y_lower_no_twist = y_camber_no_twist - air fo i l_thick *cos (atan ( gradient_camber )) ;

271 x_lower_no_twist = x_camber_no_twist + air foi l_thick *sin (atan ( gradient_camber )) ;

272 end

273

274 funct ion [y_out , z_out ]= blade_curved (y ,z)

275 theta =y /(2* pi *z) *2* pi ;

276 y_out =z*sin ( theta ) ;

277 z_out =z*cos ( theta ) ;

278 end

279

280 funct ion [ y_twist_out , x_twist_out ]= air fo i l_twist_point_2 (y_twist , x_twist , y_point_twist ,

x_point_twist , angle_plane_const , chord )

281 x_twist_out =( -( y_twist - y_point_twist )* sin ( angle_plane_const /180* pi )+( x_twist -

x_point_twist )* cos ( angle_plane_const /180* pi ) )* chord ;

282 y_twist_out =(( x_twist - x_point_twist )* sin ( angle_plane_const /180* pi )+( y_twist -

y_point_twist )* cos ( angle_plane_const /180* pi ) )* chord * -1;

283 end
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Appendix B

Code for Duct - First Model

1 close all ;

2 clear all ;

3

4 % define inputs

5 r_h =0.0105;

6 r_t =0.0525;

7 omega =500;

8 % varying chord thickness

9 %fil l in max_thick if no

10 th ick_vary = 'no ';

11 min_thick =0.15;

12 max_thick =0.15;

13 % maximum camber of air foi l

14 max_camber =0.04;

15 %max camber posit ion of air foi l

16 max_camber_posi t ion =0.4;

17 % airfoi l wil l rotate about this point

18 centre_twist =0.4;

19 % angle that air foi l wil l be t i l ted

20 angle_t i l t =0;

21 % length of duct

22 duct_length =0.1;

23 %wall length

24 wall_length =0.04;

25 % x_coordinate_wal l_star t

26 x_start =0.015;

27

28 % number of points

29 n_max =51;

30

31 w=1;

32 angle_plane (w)=0;

33 thick = min_thick ;

34 chord (w)= duct_length ;

35 z_3=atan (2* max_camber /(1 - max_camber_posi t ion ) ^2*( max_camber_posit ion -1) ) /pi *180+

angle_t i l t ;

36 z_2=atan (2* max_camber /( max_camber_posi t ion ) ^2*( max_camber_posit ion -0) ) /pi *180+ angle_t i l t

;

37

38 while 1

39 % curve fi t t ing for parabol ic spl ine

40 for n =1:1: n_max

41 % spacing for x increment

42 x=(1 - cos ((n -1) /( n_max -1) *pi () ) ) /2;

43 angle_plane_const = angle_plane (w);

44 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point (x ,z_3 ,z_2 ,

angle_plane_const , max_camber_posit ion , thick ) ;

45 y_camber_no_twist (n ,w)= y_camber +1e -6;

46 x_camber_no_twist (n ,w)= x_camber ;

47 y_upper_no_twist (n ,w)= y_upper +1e -6;

48 x_upper_no_twist (n ,w)= x_upper ;

49 y_lower_no_twist (n ,w)= y_lower +1e -6;

50 x_lower_no_twist (n ,w)= x_lower ;

51 end

52 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point ( centre_twist ,z_3 ,
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z_2 , angle_plane_const , max_camber_posit ion , thick ) ;

53 y_point_twist (w)= y_camber ;

54 x_point_twist (w)= x_camber ;

55 dif ference = y_camber_no_twist (n_max ,w) - y_camber_no_twist (1 ,w);

56 if abs ( di f ference ) <1e -6

57 break ;

58 else

59 angle_plane (w)= angle_plane (w)+atan ( di f ference ) /pi *180;

60 end

61 end

62

63 f igure ;

64 plot ( x_camber_no_twist , y_camber_no_twist ) ;

65 hold on ;

66 plot ( x_upper_no_twist , y_upper_no_twist ) ;

67 hold on ;

68 plot ( x_lower_no_twist , y_lower_no_twist ) ;

69 hold on ;

70 ylabel ( 'y ' , ' FontSize ' ,16) ;

71 xlabel ( 'x ' , ' FontSize ' ,16) ;

72 xlim ([0 1]) ;

73 ylim ([ -0.5 0.5]) ;

74 set (gca , 'FontSize ' , 16) ;

75

76 add=-min ( y_lower_no_twist ) -max ( y_lower_no_twist ) ;

77 for n =1:1: n_max

78 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w)+add *1/2;

79 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w)+add *1/2;

80 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w)+add *1/2;

81 end

82

83 while 1

84 x_zero_2 =1;

85 x_zero_1 =1;

86 for n =1:1: n_max -1

87 if ( y_lower_no_twist (n ,w) >0) && ( y_lower_no_twist (n+1 ,w) <0)

88 x_zero_1 =(0 - y_lower_no_twist (n ,w)) /(( y_lower_no_twist (n+1 ,w) -

y_lower_no_twist (n ,w)) /( x_lower_no_twist (n+1 ,w) - x_lower_no_twist (n ,w)))+

x_lower_no_twist (n ,w);

89 break ;

90 end

91 end

92 for n =1:1: n_max -1

93 if ( y_lower_no_twist (n ,w) <0) && ( y_lower_no_twist (n+1 ,w) >0)

94 x_zero_2 =(0 - y_lower_no_twist (n ,w)) /(( y_lower_no_twist (n+1 ,w) -

y_lower_no_twist (n ,w)) /( x_lower_no_twist (n+1 ,w) - x_lower_no_twist (n ,w)))+

x_lower_no_twist (n ,w);

95 break ;

96 end

97 end

98 if all ( y_lower_no_twist >=0)

99 for n =1:1: n_max

100 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w) -1e -6;

101 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w) -1e -6;

102 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w) -1e -6;

103 end

104 else if all ( y_lower_no_twist <=0)

105 for n =1:1: n_max

106 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w)+1e -6;
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107 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w)+1e -6;

108 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w)+1e -6;

109 end

110 else

111 if abs ( x_zero_2 -x_zero_1 - wal l_length / duct_length ) <1e -4

112 break ;

113 else

114 if (( x_zero_2 - x_zero_1 )<wal l_length / duct_length )

115 for n =1:1: n_max

116 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w) -1e -6;

117 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w) -1e -6;

118 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w) -1e -6;

119 end

120 else

121 if (( x_zero_2 - x_zero_1 )>wal l_length / duct_length )

122 for n =1:1: n_max

123 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w)+1e -6;

124 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w)+1e -6;

125 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w)+1e -6;

126 end

127 end

128 end

129 end

130 end

131 end

132 end

133

134 %plot air foi l

135 plot ( x_camber_no_twist , y_camber_no_twist ) ;

136 hold on ;

137 plot ( x_upper_no_twist , y_upper_no_twist ) ;

138 hold on ;

139 plot ( x_lower_no_twist , y_lower_no_twist ) ;

140 hold on ;

141

142 % twist air foi l

143 angle_plane (w)= angle_t i l t ;

144 for n =1:1: n_max

145 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_upper_no_twist (n ,w) , x_upper_no_twist

(n ,w) , y_point_twist (w) , x_point_twist (w) ,angle_plane (w) ,chord (w)) ;

146 y_upper_twist (n ,w)= y_twist_out + r_t ;

147 x_upper_twist (n ,w)= x_twist_out ;

148 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_lower_no_twist (n ,w) , x_lower_no_twist

(n ,w) , y_point_twist (w) , x_point_twist (w) ,angle_plane (w) ,chord (w)) ;

149 y_lower_twist (n ,w)= y_twist_out + r_t ;

150 x_lower_twist (n ,w)= x_twist_out ;

151 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_camber_no_twist (n ,w) ,

x_camber_no_twist (n ,w) , y_point_twist (w) , x_point_twist (w) ,angle_plane (w) ,chord (w)

) ;

152 y_camber_twist (n ,w)= y_twist_out + r_t ;

153 x_camber_twist (n ,w)= x_twist_out ;

154 end

155

156 %plot t i l ted airfoi l

157 f igure ;

158 plot ( x_camber_twist , y_camber_twist ) ;

159 hold on ;

160 plot ( x_upper_twist , y_upper_twist ) ;

161 hold on ;
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162 plot ( x_lower_twist , y_lower_twist ) ;

163 hold on ;

164 ylabel ( 'y ' , ' FontSize ' ,16) ;

165 xlabel ( 'x ' , ' FontSize ' ,16) ;

166 set (gca , 'FontSize ' , 16) ;

167 xlim ([ -0.1 0.1]) ;

168 ylim ([ -0.1 0.1]) ;

169

170

171 % search for point on model that equate the bottom to the wall length

172 while 1

173 x_zero_3 =1;

174 x_zero_4 =1;

175 for n =1:1: n_max -1

176 if ( y_lower_twist (n ,w) -r_t >0) && ( y_lower_twist (n+1 ,w) -r_t <0)

177 x_zero_3 =( r_t - y_lower_twist (n ,w)) /(( y_lower_twist (n+1 ,w) - y_lower_twist (n ,w))

/( x_lower_twist (n+1 ,w) - x_lower_twist (n ,w)))+ x_lower_twist (n ,w);

178 break ;

179 end

180 end

181 for n =1:1: n_max -1

182 if ( y_lower_twist (n ,w) -r_t <0) && ( y_lower_twist (n+1 ,w) -r_t >0)

183 x_zero_4 =( r_t - y_lower_twist (n ,w)) /(( y_lower_twist (n+1 ,w) - y_lower_twist (n ,w))

/( x_lower_twist (n+1 ,w) - x_lower_twist (n ,w)))+ x_lower_twist (n ,w);

184 break ;

185 end

186 end

187 if all ( y_lower_twist > r_t )

188 for n =1:1: n_max

189 y_lower_twist (n ,w)= y_lower_twist (n ,w) -1e -6;

190 y_upper_twist (n ,w)= y_upper_twist (n ,w) -1e -6;

191 y_camber_twist (n ,w)= y_camber_twist (n ,w) -1e -6;

192 end

193 else

194 if all ( y_lower_twist < r_t )

195 for n =1:1: n_max

196 y_lower_twist (n ,w)= y_lower_twist (n ,w)+1e -6;

197 y_upper_twist (n ,w)= y_upper_twist (n ,w)+1e -6;

198 y_camber_twist (n ,w)= y_camber_twist (n ,w)+1e -6;

199 end

200 else

201 if abs ( x_zero_4 -x_zero_3 - wal l_length ) <1e -4

202 break ;

203 else

204 if (( x_zero_4 - x_zero_3 )<wal l_length )

205 for n =1:1: n_max

206 y_lower_twist (n ,w)= y_lower_twist (n ,w) -1e -6;

207 y_upper_twist (n ,w)= y_upper_twist (n ,w) -1e -6;

208 y_camber_twist (n ,w)= y_camber_twist (n ,w) -1e -6;

209 end

210 else

211 if (( x_zero_4 - x_zero_3 )>wal l_length )

212 for n =1:1: n_max

213 y_lower_twist (n ,w)= y_lower_twist (n ,w)+1e -6;

214 y_upper_twist (n ,w)= y_upper_twist (n ,w)+1e -6;

215 y_camber_twist (n ,w)= y_camber_twist (n ,w)+1e -6;

216 end

217 end

218 end
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219 end

220 end

221 end

222

223 end

224

225 plot ( x_camber_twist , y_camber_twist ) ;

226 hold on ;

227 plot ( x_upper_twist , y_upper_twist ) ;

228 hold on ;

229 plot ( x_lower_twist , y_lower_twist ) ;

230 hold on ;

231 ylabel ( 'y ' , ' FontSize ' ,16) ;

232 xlabel ( 'x ' , ' FontSize ' ,16) ;

233 set (gca , 'FontSize ' , 16) ;

234 xlim ([ -0.1 0.1]) ;

235 ylim ([ -0.1 0.1]) ;

236

237 for n =1:1: n_max

238 x_lower_twist (n ,w)= x_lower_twist (n ,w) -( x_zero_3 + x_start ) ;

239 x_upper_twist (n ,w)= x_upper_twist (n ,w) -( x_zero_3 + x_start ) ;

240 x_camber_twist (n ,w)= x_camber_twist (n ,w) -( x_zero_3 + x_start ) ;

241 end

242

243 plot ( x_camber_twist , y_camber_twist ) ;

244 hold on ;

245 plot ( x_upper_twist , y_upper_twist ) ;

246 hold on ;

247 plot ( x_lower_twist , y_lower_twist ) ;

248 hold on ;

249 ylabel ( 'y ' , ' FontSize ' ,16) ;

250 xlabel ( 'x ' , ' FontSize ' ,16) ;

251 set (gca , 'FontSize ' , 16) ;

252 xlim ([ -0.1 0.1]) ;

253 ylim ([ -0.1 0.1]) ;

254

255 % output f i les for plott ing airfoi l in CAD

256 c_count =1;

257 for n =1:1: n_max

258 x_upper_1 (n)= x_upper_twist (n , c_count ) ;

259 y_upper_1 (n)=0;

260 z_upper_1 (n)= y_upper_twist (n , c_count ) ;

261 x_lower_1 (n)= x_lower_twist (n , c_count ) ;

262 y_lower_1 (n)=0;

263 z_lower_1 (n)= y_lower_twist (n , c_count ) ;

264 air foi l_1 (1 ,n)= x_upper_twist (n , c_count ) ;

265 air foi l_1 (2 ,n)=0;

266 air foi l_1 (3 ,n)= y_upper_twist (n , c_count ) ;

267 air foi l_2 (1 ,n)= x_lower_twist (n , c_count ) ;

268 air foi l_2 (2 ,n)=0;

269 air foi l_2 (3 ,n)= y_lower_twist (n , c_count ) ;

270 end

271

272 f i lename = sprintf ( '%d airfoi l  upper_compare_2 . txt ' , c_count ) ;

273 f i leID = fopen ( fi lename , 'w ') ;

274 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_1 ) ;

275 fclose ( f i leID );

276 f i lename = sprintf ( '%d airfoi l  lower_compare_2 . txt ' , c_count ) ;

277 f i leID = fopen ( fi lename , 'w ') ;
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278 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_2 ) ;

279 fclose ( f i leID );

280

281 funct ion [ y_camber_no_twist , x_camber_no_twist , y_upper_no_twist , x_upper_no_twist ,

y_lower_no_twist , x_lower_no_twist ] = air fo i l_point (x ,z_3 ,z_2 , angle_plane ,

max_camber_posit ion , thick )

282 if x> max_camber_posi t ion

283 % obtain values for spl ine curve

284 a=[0 -0.5 0.5; 0 1 0; 1 0 0];

285 d=2;

286 for p =1:1:3

287 t=(x - max_camber_posi t ion ) /(1 - max_camber_posi t ion ) ;

288 u(p)=t^d;

289 d=d -1;

290 end

291 gradient = tan (( z_3 - angle_plane ) /180* pi ) *(1 - max_camber_posi t ion ) ;

292 c=[0; 0; gradient ];

293 else

294 % obtain values for spl ine curve

295 a=[0 -0.5 0.5; 0 1 0; 1 -0.5 -0.5];

296 d=2;

297 for p =1:1:3

298 t=(x) /( max_camber_posi t ion ) ;

299 u(p)=t^d;

300 d=d -1;

301 end

302 gradient = tan (( z_2 - angle_plane ) /180* pi ) *( max_camber_posi t ion ) ;

303 c=[0; gradient ; 0];

304 end

305 b_grad =a*c;

306 v=u* b_grad ;

307 y_camber_no_twist =v;

308 x_camber_no_twist =x;

309 a_0 =0.2969;

310 a_1 = -0.126;

311 a_2 = -0.3516;

312 a_3 =0.2843;

313 a_4 = -0.1036;

314 air fo i l_thick = thick /0.2*( a_0*x ^0.5+ a_1*x+a_2*x^2+ a_3*x^3+ a_4*x^4) ;

315 if x> max_camber_posi t ion

316 gradient_camber =( b_grad (1) * t *2+ b_grad (2) ) *(1 - max_camber_posi t ion ) ;

317 else

318 gradient_camber =( b_grad (1) * t *2+ b_grad (2) ) *( max_camber_posi t ion ) ;

319 end

320 y_upper_no_twist = y_camber_no_twist + air foi l_thick *cos (atan ( gradient_camber )) ;

321 x_upper_no_twist = x_camber_no_twist - air fo i l_thick *sin (atan ( gradient_camber )) ;

322 y_lower_no_twist = y_camber_no_twist - air fo i l_thick *cos (atan ( gradient_camber )) ;

323 x_lower_no_twist = x_camber_no_twist + air foi l_thick *sin (atan ( gradient_camber )) ;

324 end

325

326 funct ion [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_twist , x_twist , y_point_twist ,

x_point_twist , angle_plane_const , chord )

327 x_twist_out =( -( y_twist - y_point_twist )* sin ( angle_plane_const /180* pi )+( x_twist -

x_point_twist )* cos ( angle_plane_const /180* pi ) )* chord ;

328 y_twist_out =(( x_twist - x_point_twist )* sin ( angle_plane_const /180* pi )+( y_twist -

y_point_twist )* cos ( angle_plane_const /180* pi ) )* chord ;

329 end

Code for Duct - Second Model
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1 close all ;

2 clear all ;

3

4 % define inputs

5 r_h =0.0105;

6 r_t =0.0525;

7 omega =500;

8 % varying chord thickness

9 %fil l in max_thick if no

10 th ick_vary = 'no ';

11 min_thick =0.15;

12 max_thick =0.15;

13 % maximum camber of air foi l

14 max_camber =0.04;

15 %max camber posit ion of air foi l

16 max_camber_posi t ion =0.4;

17 % airfoi l wil l rotate about this point

18 centre_twist =0.4;

19 % angle that air foi l wil l be t i l ted

20 angle_t i l t = -2.5;

21 % -2.35

22 % length of duct

23 duct_length =0.1;

24 %wall length

25 wall_length =0.04;

26 % x_coordinate_wal l_star t

27 x_start =0.015;

28 % angle that air foi l wil l be t i l ted for second airfoi l

29 angle_t i l t_2 = -7.5;

30

31 % number of points

32 n_max =51;

33

34 w=1;

35 angle_plane (w)=0;

36 thick = min_thick ;

37 chord (w)= duct_length ;

38 z_3=atan (2* max_camber /(1 - max_camber_posi t ion ) ^2*( max_camber_posit ion -1) ) /pi *180+

angle_t i l t ;

39 z_2=atan (2* max_camber /( max_camber_posi t ion ) ^2*( max_camber_posit ion -0) ) /pi *180+ angle_t i l t

;

40

41 while 1

42 % airfoi l plot

43 for n =1:1: n_max

44 % spacing for x increment

45 x=(1 - cos ((n -1) /( n_max -1) *pi () ) ) /2;

46 angle_plane_const = angle_plane (w);

47 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point (x ,z_3 ,z_2 ,

angle_plane_const , max_camber_posit ion , thick ) ;

48 y_camber_no_twist (n ,w)= y_camber +1e -6;

49 x_camber_no_twist (n ,w)= x_camber ;

50 y_upper_no_twist (n ,w)= y_upper +1e -6;

51 x_upper_no_twist (n ,w)= x_upper ;

52 y_lower_no_twist (n ,w)= y_lower +1e -6;

53 x_lower_no_twist (n ,w)= x_lower ;

54 end

55 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point ( centre_twist ,z_3 ,

z_2 , angle_plane_const , max_camber_posit ion , thick ) ;
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56 y_point_twist (w)= y_camber ;

57 x_point_twist (w)= x_camber ;

58 dif ference = y_camber_no_twist (n_max ,w) - y_camber_no_twist (1 ,w);

59 if abs ( di f ference ) <1e -6

60 break ;

61 else

62 angle_plane (w)= angle_plane (w)+atan ( di f ference ) /pi *180;

63 end

64 end

65

66 f igure ;

67 plot ( x_camber_no_twist , y_camber_no_twist ) ;

68 hold on ;

69 plot ( x_upper_no_twist , y_upper_no_twist ) ;

70 hold on ;

71 plot ( x_lower_no_twist , y_lower_no_twist ) ;

72 hold on ;

73 ylabel ( 'y ' , ' FontSize ' ,16) ;

74 xlabel ( 'x ' , ' FontSize ' ,16) ;

75 xlim ([0 1]) ;

76 ylim ([ -0.5 0.5]) ;

77 set (gca , 'FontSize ' , 16) ;

78

79 add=-min ( y_lower_no_twist ) -max ( y_lower_no_twist ) ;

80 for n =1:1: n_max

81 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w)+add *1/2;

82 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w)+add *1/2;

83 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w)+add *1/2;

84 end

85

86 while 1

87 x_zero_2 =1;

88 x_zero_1 =1;

89 for n =1:1: n_max -1

90 if ( y_lower_no_twist (n ,w) >0) && ( y_lower_no_twist (n+1 ,w) <0)

91 x_zero_1 =(0 - y_lower_no_twist (n ,w)) /(( y_lower_no_twist (n+1 ,w) -

y_lower_no_twist (n ,w)) /( x_lower_no_twist (n+1 ,w) - x_lower_no_twist (n ,w)))+

x_lower_no_twist (n ,w);

92 break ;

93 end

94 end

95 for n =1:1: n_max -1

96 if ( y_lower_no_twist (n ,w) <0) && ( y_lower_no_twist (n+1 ,w) >0)

97 x_zero_2 =(0 - y_lower_no_twist (n ,w)) /(( y_lower_no_twist (n+1 ,w) -

y_lower_no_twist (n ,w)) /( x_lower_no_twist (n+1 ,w) - x_lower_no_twist (n ,w)))+

x_lower_no_twist (n ,w);

98 break ;

99 end

100 end

101 if all ( y_lower_no_twist >=0)

102 for n =1:1: n_max

103 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w) -1e -6;

104 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w) -1e -6;

105 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w) -1e -6;

106 end

107 else if all ( y_lower_no_twist <=0)

108 for n =1:1: n_max

109 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w)+1e -6;

110 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w)+1e -6;
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111 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w)+1e -6;

112 end

113 else

114 if abs ( x_zero_2 -x_zero_1 - wal l_length / duct_length ) <1e -4

115 break ;

116 else

117 if (( x_zero_2 - x_zero_1 )<wal l_length / duct_length )

118 for n =1:1: n_max

119 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w) -1e -6;

120 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w) -1e -6;

121 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w) -1e -6;

122 end

123 else

124 if (( x_zero_2 - x_zero_1 )>wal l_length / duct_length )

125 for n =1:1: n_max

126 y_lower_no_twist (n ,w)= y_lower_no_twist (n ,w)+1e -6;

127 y_upper_no_twist (n ,w)= y_upper_no_twist (n ,w)+1e -6;

128 y_camber_no_twist (n ,w)= y_camber_no_twist (n ,w)+1e -6;

129 end

130 end

131 end

132 end

133 end

134 end

135 end

136

137 %plot air foi l

138 plot ( x_camber_no_twist , y_camber_no_twist ) ;

139 hold on ;

140 plot ( x_upper_no_twist , y_upper_no_twist ) ;

141 hold on ;

142 plot ( x_lower_no_twist , y_lower_no_twist ) ;

143 hold on ;

144

145 % twist air foi l

146 angle_plane (w)= angle_t i l t ;

147 for n =1:1: n_max

148 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_upper_no_twist (n ,w) , x_upper_no_twist

(n ,w) , y_point_twist (w) , x_point_twist (w) ,angle_plane (w) ,chord (w)) ;

149 y_upper_twist (n ,w)= y_twist_out + r_t ;

150 x_upper_twist (n ,w)= x_twist_out ;

151 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_lower_no_twist (n ,w) , x_lower_no_twist

(n ,w) , y_point_twist (w) , x_point_twist (w) ,angle_plane (w) ,chord (w)) ;

152 y_lower_twist (n ,w)= y_twist_out + r_t ;

153 x_lower_twist (n ,w)= x_twist_out ;

154 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_camber_no_twist (n ,w) ,

x_camber_no_twist (n ,w) , y_point_twist (w) , x_point_twist (w) ,angle_plane (w) ,chord (w)

) ;

155 y_camber_twist (n ,w)= y_twist_out + r_t ;

156 x_camber_twist (n ,w)= x_twist_out ;

157 end

158

159 %plot t i l ted airfoi l

160 f igure ;

161 plot ( x_camber_twist , y_camber_twist ) ;

162 hold on ;

163 plot ( x_upper_twist , y_upper_twist ) ;

164 hold on ;

165 plot ( x_lower_twist , y_lower_twist ) ;
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166 hold on ;

167 ylabel ( 'y ' , ' FontSize ' ,16) ;

168 xlabel ( 'x ' , ' FontSize ' ,16) ;

169 set (gca , 'FontSize ' , 16) ;

170 xlim ([ -0.1 0.1]) ;

171 ylim ([ -0.1 0.1]) ;

172

173 % search for point on model that equate the bottom to the wall length

174 while 1

175 x_zero_3 =1;

176 x_zero_4 =1;

177 for n =1:1: n_max -1

178 if ( y_lower_twist (n ,w) -r_t >0) && ( y_lower_twist (n+1 ,w) -r_t <0)

179 x_zero_3 =( r_t - y_lower_twist (n ,w)) /(( y_lower_twist (n+1 ,w) - y_lower_twist (n ,w))

/( x_lower_twist (n+1 ,w) - x_lower_twist (n ,w)))+ x_lower_twist (n ,w);

180 break ;

181 end

182 end

183 for n =1:1: n_max -1

184 if ( y_lower_twist (n ,w) -r_t <0) && ( y_lower_twist (n+1 ,w) -r_t >0)

185 x_zero_4 =( r_t - y_lower_twist (n ,w)) /(( y_lower_twist (n+1 ,w) - y_lower_twist (n ,w))

/( x_lower_twist (n+1 ,w) - x_lower_twist (n ,w)))+ x_lower_twist (n ,w);

186 break ;

187 end

188 end

189 if all ( y_lower_twist > r_t )

190 for n =1:1: n_max

191 y_lower_twist (n ,w)= y_lower_twist (n ,w) -1e -6;

192 y_upper_twist (n ,w)= y_upper_twist (n ,w) -1e -6;

193 y_camber_twist (n ,w)= y_camber_twist (n ,w) -1e -6;

194 end

195 else

196 if all ( y_lower_twist < r_t )

197 for n =1:1: n_max

198 y_lower_twist (n ,w)= y_lower_twist (n ,w)+1e -6;

199 y_upper_twist (n ,w)= y_upper_twist (n ,w)+1e -6;

200 y_camber_twist (n ,w)= y_camber_twist (n ,w)+1e -6;

201 end

202 else

203 if abs ( x_zero_4 -x_zero_3 - wal l_length ) <1e -4

204 break ;

205 else

206 if (( x_zero_4 - x_zero_3 )<wal l_length )

207 for n =1:1: n_max

208 y_lower_twist (n ,w)= y_lower_twist (n ,w) -1e -6;

209 y_upper_twist (n ,w)= y_upper_twist (n ,w) -1e -6;

210 y_camber_twist (n ,w)= y_camber_twist (n ,w) -1e -6;

211 end

212 else

213 if (( x_zero_4 - x_zero_3 )>wal l_length )

214 for n =1:1: n_max

215 y_lower_twist (n ,w)= y_lower_twist (n ,w)+1e -6;

216 y_upper_twist (n ,w)= y_upper_twist (n ,w)+1e -6;

217 y_camber_twist (n ,w)= y_camber_twist (n ,w)+1e -6;

218 end

219 end

220 end

221 end

222 end
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223 end

224

225 end

226

227 plot ( x_camber_twist , y_camber_twist ) ;

228 hold on ;

229 plot ( x_upper_twist , y_upper_twist ) ;

230 hold on ;

231 plot ( x_lower_twist , y_lower_twist ) ;

232 hold on ;

233 ylabel ( 'y ' , ' FontSize ' ,16) ;

234 xlabel ( 'x ' , ' FontSize ' ,16) ;

235 set (gca , 'FontSize ' , 16) ;

236 xlim ([ -0.1 0.1]) ;

237 ylim ([ -0.1 0.1]) ;

238

239 for n =1:1: n_max

240 x_lower_twist (n ,w)= x_lower_twist (n ,w) -( x_zero_3 + x_start ) ;

241 x_upper_twist (n ,w)= x_upper_twist (n ,w) -( x_zero_3 + x_start ) ;

242 x_camber_twist (n ,w)= x_camber_twist (n ,w) -( x_zero_3 + x_start ) ;

243 end

244

245 plot ( x_camber_twist , y_camber_twist ) ;

246 hold on ;

247 plot ( x_upper_twist , y_upper_twist ) ;

248 hold on ;

249 plot ( x_lower_twist , y_lower_twist ) ;

250 hold on ;

251 ylabel ( 'y ' , ' FontSize ' ,16) ;

252 xlabel ( 'x ' , ' FontSize ' ,16) ;

253 set (gca , 'FontSize ' , 16) ;

254 xlim ([ -0.1 0.1]) ;

255 ylim ([ -0.1 0.1]) ;

256

257

258 f igure ;

259 plot ( x_camber_twist , y_camber_twist ) ;

260 hold on ;

261 plot ( x_upper_twist , y_upper_twist ) ;

262 hold on ;

263 plot ( x_lower_twist , y_lower_twist ) ;

264 hold on ;

265 ylabel ( 'y ' , ' FontSize ' ,16) ;

266 xlabel ( 'x ' , ' FontSize ' ,16) ;

267 set (gca , 'FontSize ' , 16) ;

268 xlim ([ -0.1 0.1]) ;

269 ylim ([ -0.1 0.1]) ;

270

271 for n =1:1: n_max -1

272 if ( y_lower_twist (n ,w) -r_t >0) && ( y_lower_twist (n+1 ,w) -r_t <0)

273 x_zero_3 =( r_t - y_lower_twist (n ,w)) /(( y_lower_twist (n+1 ,w) - y_lower_twist (n ,w)) /(

x_lower_twist (n+1 ,w) - x_lower_twist (n ,w)))+ x_lower_twist (n ,w);

274 else if ( y_lower_twist (n ,w) -r_t <0) && ( y_lower_twist (n+1 ,w) -r_t >0)

275 x_zero_4 =( r_t - y_lower_twist (n ,w)) /(( y_lower_twist (n+1 ,w) - y_lower_twist (n ,w))

/( x_lower_twist (n+1 ,w) - x_lower_twist (n ,w)))+ x_lower_twist (n ,w);

276 h=n;

277 end

278 end

279 end
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280

281 x_1 =( x_zero_4 - x_lower_twist (h+1 ,w)) /( x_lower_twist (h ,w) - x_lower_twist (h+1 ,w)) *(

x_lower_twist (h ,w) - x_lower_twist (h+1 ,w))+ x_lower_twist (h+1 ,w);

282 y_1 =( y_lower_twist (h ,w) - y_lower_twist (h+1 ,w)) /( x_lower_twist (h ,w) - x_lower_twist (h+1 ,w))

*( x_1 - x_lower_twist (h+1 ,w))+ y_lower_twist (h+1 ,w);

283 x_2 =( x_zero_4 - x_lower_twist (h+1 ,w)) /( x_lower_twist (h ,w) - x_lower_twist (h+1 ,w)) *(

x_upper_twist (h ,w) - x_upper_twist (h+1 ,w))+ x_upper_twist (h+1 ,w);

284 y_2 =( y_upper_twist (h ,w) - y_upper_twist (h+1 ,w)) /( x_upper_twist (h ,w) - x_upper_twist (h+1 ,w))

*( x_2 - x_upper_twist (h+1 ,w))+ y_upper_twist (h+1 ,w);

285 x_centre =( x_zero_4 - x_lower_twist (h+1 ,w)) /( x_lower_twist (h ,w) - x_lower_twist (h+1 ,w)) *(

x_camber_twist (h ,w) - x_camber_twist (h+1 ,w))+ x_camber_twist (h+1 ,w);

286 y_centre =( y_camber_twist (h ,w) - y_camber_twist (h+1 ,w)) /( x_camber_twist (h ,w) - x_camber_twist

(h+1 ,w)) *( x_centre - x_camber_twist (h+1 ,w))+ y_camber_twist (h+1 ,w);

287

288 % determine length of ball for rotat ion

289 radius_1 =sqrt (( x_1 - x_centre ) ^2+( y_1 - y_centre ) ^2) ;

290 radius_2 =sqrt (( x_2 - x_centre ) ^2+( y_2 - y_centre ) ^2) ;

291 angle_or iginal =atan (( y_camber_twist (n_max ,w) -y_centre ) /( x_camber_twist (n_max ,w) -x_centre

)) /pi *180;

292

293 % thickness of second airfoi l - f ind maximum point

294 a_0 =0.2969;

295 a_1 = -0.126;

296 a_2 = -0.3516;

297 a_3 =0.2843;

298 a_4 = -0.1036;

299

300 for n =1:1:101

301 x=(1 - cos ((n -1) /( n_max -1) *pi () ) ) /2;

302 x_thick_gradient (n)=x;

303 y_thick_gradient (n)=4* a_4*x ^3+3* a_3*x ^2+2* a_2*x+a_1 +0.5* a_0*x^( -0.5) ;

304 end

305 for n =1:1:100

306 if ( y_thick_gradient (n) >0) && ( y_thick_gradient (n+1) <0)

307 max_air fo i l_thickness =( x_thick_gradient (n) - x_thick_gradient (n+1) ) /(

y_thick_gradient (n) - y_thick_gradient (n+1) ) *(0 - y_thick_gradient (n+1) )+

x_thick_gradient (n+1) ;

308 break ;

309 else if ( y_thick_gradient (n) <0) && ( y_thick_gradient (n+1) >0)

310 max_air fo i l_thickness =( x_thick_gradient (n) - x_thick_gradient (n+1) ) /(

y_thick_gradient (n) - y_thick_gradient (n+1) ) *(0 - y_thick_gradient (n+1) )+

x_thick_gradient (n+1) ;

311 end

312 end

313 end

314

315 % thickness of second airfoi l

316 angle_radius =(pi - atan (( x_1 - x_centre ) /( y_1 - y_centre )) ) /pi *180;

317 th ick_air fo i l_2 =sqrt ( radius_1 ^2+ radius_2 ^2 -2* radius_1 * radius_2 *cos ( angle_radius /180* pi ) )

+ radius_1 *sin ((180 - angle_radius ) /180* pi ) *2;

318 length =sqrt (( x_camber_twist (n_max ,w) -x_centre ) ^2+( y_camber_twist (n_max ,w) -y_centre ) ^2)+

thick_air fo i l_2 /2 - radius_1 *sin ((180 - angle_radius ) /180* pi ) *4;

319 thick_2 = thick_air fo i l_2 /(( length - thick_air fo i l_2 ) /(1 - max_air fo i l_thickness )) ;

320

321 angle_plane_2 (w)=0;

322 % generate second airfoi l

323 while 1

324 % curve fi t t ing for parabol ic spl ine

325 for n =1:1: n_max
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326 % spacing for x increment

327 x=(1 - cos ((n -1) /( n_max -1) *pi () ) ) /2;

328 angle_plane_const = angle_plane (w);

329 [ y_camber , x_camber , y_upper , x_upper , y_lower , x_lower ]= air fo i l_point_4 (x ,

max_camber_posit ion , thick_2 , max_air fo i l_th ickness ) ;

330 y_camber_no_twist_2 (n ,w)= y_camber ;

331 x_camber_no_twist_2 (n ,w)= x_camber ;

332 y_upper_no_twist_2 (n ,w)= y_upper ;

333 x_upper_no_twist_2 (n ,w)= x_upper ;

334 y_lower_no_twist_2 (n ,w)= y_lower ;

335 x_lower_no_twist_2 (n ,w)= x_lower ;

336 end

337 dif ference = y_camber_no_twist_2 (n_max ,w) - y_camber_no_twist_2 (1 ,w);

338 if abs ( di f ference ) <1e -6

339 break ;

340 else

341 angle_plane (w)= angle_plane (w)+atan ( di f ference ) /pi *180;

342 end

343 end

344

345 f igure ;

346 plot ( x_camber_no_twist_2 , y_camber_no_twist_2 ) ;

347 hold on ;

348 plot ( x_upper_no_twist_2 , y_upper_no_twist_2 ) ;

349 hold on ;

350 plot ( x_lower_no_twist_2 , y_lower_no_twist_2 ) ;

351 hold on ;

352 ylabel ( 'y ' , ' FontSize ' ,16) ;

353 xlabel ( 'x ' , ' FontSize ' ,16) ;

354 set (gca , 'FontSize ' , 16) ;

355 xlim ([0 1]) ;

356 ylim ([ -0.5 0.5]) ;

357

358 % twist second airfoi l

359 % twist air foi l

360 angle_plane_2 (w)= angle_t i l t_2 + angle_or iginal ;

361

362 for n =1:1: n_max

363 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_upper_no_twist_2 (n ,w) ,

x_upper_no_twist_2 (n ,w) ,0, max_air foi l_thickness , angle_plane_2 (w) , length /(1 -(

max_air foi l_thickness - thick /2) ) ) ;

364 y_upper_twist_2 (n ,w)= y_twist_out + y_centre ;

365 x_upper_twist_2 (n ,w)= x_twist_out + x_centre ;

366 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_lower_no_twist_2 (n ,w) ,

x_lower_no_twist_2 (n ,w) ,0, max_air foi l_thickness , angle_plane_2 (w) , length /(1 -(

max_air foi l_thickness - thick /2) ) ) ;

367 y_lower_twist_2 (n ,w)= y_twist_out + y_centre ;

368 x_lower_twist_2 (n ,w)= x_twist_out + x_centre ;

369 [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_camber_no_twist_2 (n ,w) ,

x_camber_no_twist_2 (n ,w) ,0, max_air foi l_thickness , angle_plane_2 (w) , length /(1 -(

max_air foi l_thickness - thick /2) ) ) ;

370 y_camber_twist_2 (n ,w)= y_twist_out + y_centre ;

371 x_camber_twist_2 (n ,w)= x_twist_out + x_centre ;

372 end

373

374 f igure ;

375 plot ( x_camber_twist , y_camber_twist ) ;

376 hold on ;

377 plot ( x_upper_twist , y_upper_twist ) ;
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378 hold on ;

379 plot ( x_lower_twist , y_lower_twist ) ;

380 hold on ;

381 plot ( x_camber_twist_2 , y_camber_twist_2 ) ;

382 hold on ;

383 plot ( x_upper_twist_2 , y_upper_twist_2 ) ;

384 hold on ;

385 plot ( x_lower_twist_2 , y_lower_twist_2 ) ;

386 hold on ;

387 ylabel ( 'y ' , ' FontSize ' ,16) ;

388 xlabel ( 'x ' , ' FontSize ' ,16) ;

389 set (gca , 'FontSize ' , 16) ;

390 xlim ([ -0.1 0.1]) ;

391 ylim ([ -0.1 0.1]) ;

392

393 % calculate point of intersect ion for the airfoi l

394 for n =1:1: n_max

395 for m =1:1: n_max -1

396 if (( x_lower_twist_2 (n ,w)<x_lower_twist (m,w) && x_lower_twist_2 (n ,w)>

x_lower_twist (m+1,w))) ||(( x_lower_twist_2 (n ,w)>x_lower_twist (m,w) &&

x_lower_twist_2 (n ,w)<x_lower_twist (m+1,w)))

397 dif ference (n)=( y_lower_twist (m,w) -y_lower_twist (m+1 ,w)) /( x_lower_twist (m,w) -

x_lower_twist (m+1 ,w)) *( x_lower_twist_2 (n ,w) - x_lower_twist (m+1,w))+

y_lower_twist (m+1 ,w) - y_lower_twist_2 (n ,w);

398 x_dif ference (n)= x_lower_twist_2 (n ,w);

399 else

400 if abs ( x_lower_twist_2 (n ,w) - x_lower_twist (m,w)) <1e -6

401 dif ference (n)= y_lower_twist (m,w) - y_lower_twist_2 (n ,w);

402 x_dif ference (n)= x_lower_twist_2 (n ,w);

403 end

404 end

405 end

406 end

407

408 for n =1:1: numel ( di f ference ) -1

409 if (( di f ference (n) >0) && ( dif ference (n+1) <0) ) ||(( di f ference (n) <0) && ( dif ference (n

+1) >0) )

410 x_zero_5 =(0 - di f ference (n+1) ) /( di f ference (n) -di f ference (n+1) ) *( x_di f ference (n) -

x_di f ference (n+1) )+ x_dif ference (n+1) ;

411 break ;

412 end

413 end

414

415 for n =1:1: n_max

416 x_lower_twist_2 (n ,w)= x_lower_twist_2 (n ,w)+( wall_length - x_start - x_zero_5 );

417 x_camber_twist_2 (n ,w)= x_camber_twist_2 (n ,w)+( wall_length - x_start - x_zero_5 );

418 x_upper_twist_2 (n ,w)= x_upper_twist_2 (n ,w)+( wall_length - x_start - x_zero_5 );

419 end

420

421 plot ( x_camber_twist_2 , y_camber_twist_2 ) ;

422 hold on ;

423 plot ( x_upper_twist_2 , y_upper_twist_2 ) ;

424 hold on ;

425 plot ( x_lower_twist_2 , y_lower_twist_2 ) ;

426 hold on ;

427

428 % output f i les for plott ing airfoi l in CAD

429 c_count =1;

430 for n =1:1: n_max
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431 x_upper_1 (n)= x_upper_twist (n , c_count ) ;

432 y_upper_1 (n)=0;

433 z_upper_1 (n)= y_upper_twist (n , c_count ) ;

434 x_lower_1 (n)= x_lower_twist (n , c_count ) ;

435 y_lower_1 (n)=0;

436 z_lower_1 (n)= y_lower_twist (n , c_count ) ;

437 air foi l_1 (1 ,n)= x_upper_twist (n , c_count ) ;

438 air foi l_1 (2 ,n)=0;

439 air foi l_1 (3 ,n)= y_upper_twist (n , c_count ) ;

440 air foi l_2 (1 ,n)= x_lower_twist (n , c_count ) ;

441 air foi l_2 (2 ,n)=0;

442 air foi l_2 (3 ,n)= y_lower_twist (n , c_count ) ;

443 x_upper_2 (n)= x_upper_twist_2 (n , c_count ) ;

444 y_upper_2 (n)=0;

445 z_upper_2 (n)= y_upper_twist_2 (n , c_count ) ;

446 x_lower_2 (n)= x_lower_twist_2 (n , c_count ) ;

447 y_lower_2 (n)=0;

448 z_lower_2 (n)= y_lower_twist_2 (n , c_count ) ;

449 air foi l_3 (1 ,n)= x_upper_twist_2 (n , c_count ) ;

450 air foi l_3 (2 ,n)=0;

451 air foi l_3 (3 ,n)= y_upper_twist_2 (n , c_count ) ;

452 air foi l_4 (1 ,n)= x_lower_twist_2 (n , c_count ) ;

453 air foi l_4 (2 ,n)=0;

454 air foi l_4 (3 ,n)= y_lower_twist_2 (n , c_count ) ;

455 end

456

457 f i lename = sprintf ( '%d airfoi l  upper_compare_5_3_2 . txt ' , c_count ) ;

458 f i leID = fopen ( fi lename , 'w ') ;

459 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_1 ) ;

460 fclose ( f i leID );

461 f i lename = sprintf ( '%d airfoi l  lower_compare_5_3_2 . txt ' , c_count ) ;

462 f i leID = fopen ( fi lename , 'w ') ;

463 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_2 ) ;

464 fclose ( f i leID );

465 f i lename = sprintf ( '%d airfoi l  upper_compare_5_3_2 . txt ' , c_count +1) ;

466 f i leID = fopen ( fi lename , 'w ') ;

467 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_3 ) ;

468 fclose ( f i leID );

469 f i lename = sprintf ( '%d airfoi l  lower_compare_5_3_2 . txt ' , c_count +1) ;

470 f i leID = fopen ( fi lename , 'w ') ;

471 fpr intf ( f i leID , '%f %f %f\n ' , air foi l_4 ) ;

472 fclose ( f i leID );

473

474 funct ion [ y_camber_no_twist , x_camber_no_twist , y_upper_no_twist , x_upper_no_twist ,

y_lower_no_twist , x_lower_no_twist ] = air fo i l_point (x ,z_3 ,z_2 , angle_plane ,

max_camber_posit ion , thick )

475 if x> max_camber_posi t ion

476 % obtain values for spl ine curve

477 a=[0 -0.5 0.5; 0 1 0; 1 0 0];

478 d=2;

479 for p =1:1:3

480 t=(x - max_camber_posi t ion ) /(1 - max_camber_posi t ion ) ;

481 u(p)=t^d;

482 d=d -1;

483 end

484 gradient = tan (( z_3 - angle_plane ) /180* pi ) *(1 - max_camber_posi t ion ) ;

485 c=[0; 0; gradient ];

486 else

487 % obtain values for spl ine curve
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488 a=[0 -0.5 0.5; 0 1 0; 1 -0.5 -0.5];

489 d=2;

490 for p =1:1:3

491 t=(x) /( max_camber_posi t ion ) ;

492 u(p)=t^d;

493 d=d -1;

494 end

495 gradient = tan (( z_2 - angle_plane ) /180* pi ) *( max_camber_posi t ion ) ;

496 c=[0; gradient ; 0];

497 end

498 b_grad =a*c;

499 v=u* b_grad ;

500 y_camber_no_twist =v;

501 x_camber_no_twist =x;

502 a_0 =0.2969;

503 a_1 = -0.126;

504 a_2 = -0.3516;

505 a_3 =0.2843;

506 a_4 = -0.1036;

507 air fo i l_thick = thick /0.2*( a_0*x ^0.5+ a_1*x+a_2*x^2+ a_3*x^3+ a_4*x^4) ;

508 if x> max_camber_posi t ion

509 gradient_camber =( b_grad (1) * t *2+ b_grad (2) ) *(1 - max_camber_posi t ion ) ;

510 else

511 gradient_camber =( b_grad (1) * t *2+ b_grad (2) ) *( max_camber_posi t ion ) ;

512 end

513 y_upper_no_twist = y_camber_no_twist + air foi l_thick *cos (atan ( gradient_camber )) ;

514 x_upper_no_twist = x_camber_no_twist - air fo i l_thick *sin (atan ( gradient_camber )) ;

515 y_lower_no_twist = y_camber_no_twist - air fo i l_thick *cos (atan ( gradient_camber )) ;

516 x_lower_no_twist = x_camber_no_twist + air foi l_thick *sin (atan ( gradient_camber )) ;

517 end

518

519 funct ion [ y_twist_out , x_twist_out ]= air fo i l_twist_point ( y_twist , x_twist , y_point_twist ,

x_point_twist , angle_plane_const , chord )

520 x_twist_out =( -( y_twist - y_point_twist )* sin ( angle_plane_const /180* pi )+( x_twist -

x_point_twist )* cos ( angle_plane_const /180* pi ) )* chord ;

521 y_twist_out =(( x_twist - x_point_twist )* sin ( angle_plane_const /180* pi )+( y_twist -

y_point_twist )* cos ( angle_plane_const /180* pi ) )* chord ;

522 end

523

524 funct ion [ y_camber_no_twist , x_camber_no_twist , y_upper_no_twist , x_upper_no_twist ,

y_lower_no_twist , x_lower_no_twist ] = air fo i l_point_4 (x , max_camber_posit ion , thick ,

max_air fo i l_thickness )

525 if x> max_camber_posi t ion

526 % obtain values for spl ine curve

527 a=[ -1 1 -1; 0 0 1; 1 0 0];

528 d=2;

529 for p =1:1:3

530 t=(x - max_camber_posi t ion ) /(1 - max_camber_posi t ion ) ;

531 u(p)=t^d;

532 d=d -1;

533 end

534 c=[0; 0; 0];

535 else

536 % obtain values for spl ine curve

537 a=[1 -1 1; -2 2 -1; 1 0 0];

538 d=2;

539 for p =1:1:3

540 t=(x) /( max_camber_posi t ion ) ;

541 u(p)=t^d;
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542 d=d -1;

543 end

544 c=[0; 0; 0];

545 end

546 b_grad =a*c;

547 v=u* b_grad ;

548 y_camber_no_twist =v;

549 x_camber_no_twist =x;

550 thick = thick *(1 -( max_air foi l_thickness - thick /2) ) ;

551 a_0 =0.2969;

552 a_1 = -0.126;

553 a_2 = -0.3516;

554 a_3 =0.2843;

555 a_4 = -0.1036;

556 air fo i l_thick = thick /0.2*( a_0*x ^0.5+ a_1*x+a_2*x^2+ a_3*x^3+ a_4*x^4) ;

557

558 if x> max_camber_posi t ion

559 gradient_camber =( b_grad (1) * t *2+ b_grad (2) ) *(1 - max_camber_posi t ion ) ;

560 else

561 gradient_camber =( b_grad (1) * t *2+ b_grad (2) ) *( max_camber_posi t ion ) ;

562 end

563 if x >= max_air fo i l_th ickness

564 y_upper_no_twist = y_camber_no_twist + air foi l_thick *cos (atan ( gradient_camber )) ;

565 x_upper_no_twist = x_camber_no_twist - air fo i l_thick *sin (atan ( gradient_camber )) ;

566 y_lower_no_twist = y_camber_no_twist - air fo i l_thick *cos (atan ( gradient_camber )) ;

567 x_lower_no_twist = x_camber_no_twist + air foi l_thick *sin (atan ( gradient_camber )) ;

568 else

569 x_upper_no_twist = max_air foi l_thickness -( max_air foi l_thickness - x_camber_no_twist )

/ max_air fo i l_thickness * thick /2;

570 y_upper_no_twist =sqrt (( thick /2) ^2 -(( max_air foi l_thickness - x_camber_no_twist ) /

max_air fo i l_thickness * thick /2) ^2) ;

571 x_lower_no_twist = max_air foi l_thickness -( max_air foi l_thickness - x_camber_no_twist )

/ max_air fo i l_thickness * thick /2;

572 y_lower_no_twist =- sqrt (( thick /2) ^2 -(( max_air foi l_thickness - x_camber_no_twist ) /

max_air fo i l_thickness * thick /2) ^2) ;

573 x_camber_no_twist = max_air foi l_thickness -( max_air foi l_thickness - x_camber_no_twist

) / max_air fo i l_thickness * thick /2;

574 end
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Front case
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Middle case
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Blade
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Back case
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Bearing (Part 1)
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Bearing (Part 2)
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Magnets
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Appendix D

Exploded View
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Front case

93



Middle case
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Blades
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Magnet Holder
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Back case
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Bearing Connector
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Magnets
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