
� � � � � � 	 
 �� � �

� 
 � �� � � �
 � �
 � �� 	 � ��� � � � � � � �
 � �� � � � � � � �� �
 � �� � � � � �� � � �
� � � �� 
 � � 
 � �
 � �� � � � � �� ��� � � � � � 
 � � �� � 
 � � � �� � �� � � �� �� � �

�� � � �� � 	 � �
����


 � � 
 � � � �� � � ���� �� �

� �� 
 � � � � �� � �� � ��� � � � � � �
 � � �� � 
 � � 	 ��� � � � � � � � � � � � � � � !� � � � ��� � � � � � �
" � � � � � � #�$!%� � &� �� � �� �� � � ' � � � � � � �' � � � � � � �( �� � � � � �
� � � �� � � " � � #� � � ) �#�
 �%� �� � � � � 
 � � 	 ��� �!� � � � � � � � � � � � � � !� � � � �� " � �
� � � � #�$!%�* *+$, !	 � � � ��&� � � &� " � ��&� 
 � �- � � � � � �� � �� ��. � � #�� � #
�
 � � � � �� � � ���� � � � � #�� � #� � �� �� � �� � �� � ��� � � � � � �
 � � �� � 
 � � 	 �� �
� � � � � � � � � � � � � � !� � � � ��� � � � � � � " � � � � � � #�$!%� � &' � � � � � �
' � � � � � � �( �� � � � � � � � &!

/ � ) � �� � #�#� �� 0%01�%0�,*�%2�%0�%0

( �� � �� � ��� � � 
 � � 	 � �� � " � � #� � 
 � �� � � !" � � #!� � !� � � 
 � � #�� � , %343�0%15*

https://bradscholars.brad.ac.uk/handle/10454/20698


 
 

 

 

 

 

�(�9�$�/�8�$�7�,�2�1���2�)���7�+�(���,�1�7�(�5�$�&�7�,�2�1���%�(�7�:�(�(�1��

�)�/�2�:���7�8�5�%�8�/�(�1�&�(���$�1�' ���&�2�5�5�2�6�,�9�(���0�$�7�(�5�,�$�/��

�7�5�$�1�6�3�2�5�7���$�5�2�8�1�'���%�5�,�'�*�(���3�,�(�5�6 

 

 

 

 

�1�����,�.�$�1�, 

 

�3�+�' 

 

 

 

 

�������� 

  



 
 

  

�(�Y�D�O�X�D�W�L�R�Q���R�I���W�K�H���,�Q�W�H�U�D�F�W�L�R�Q���%�H�W�Z�H�H�Q���)�O�R�Z���7�X�U�E�X�O�H�Q�F�H���D�Q�G���&�R�U�U�R�V�L�Y�H���0�D�W�H�U�L�D�O��

�7�U�D�Q�V�S�R�U�W���$�U�R�X�Q�G���%�U�L�G�J�H���3�L�H�U�V 

 

 

�$�Q���L�Q���G�H�S�W�K���D�Q�D�O�\�V�L�V���R�I���S�L�H�U���J�U�R�X�S���L�Q�G�X�F�H�G���W�X�U�E�X�O�H�Q�F�H���V�W�U�X�F�W�X�U�H�V���D�Q�G���	�‡�6�� �7��

�S�U�R�G�X�F�W���W�U�D�Q�V�S�R�U�W 

 

 

 

�1�L�P�D���,�.�$�1�, 

 

 

�6�X�E�P�L�W�W�H�G���I�R�U���W�K�H���'�H�J�U�H�H���R�I 

�'�R�F�W�R�U���R�I���3�K�L�O�R�V�R�S�K�\ 

 

 

 

 

 

�6�F�K�R�R�O���R�I���%�X�L�O�W���(�Q�Y�L�U�R�Q�P�H�Q�W�����$�U�F�K�L�W�H�F�W�X�U�H���	���&�U�H�D�W�L�Y�H���,�Q�G�X�V�W�U�L�H�V 

�)�D�F�X�O�W�\���R�I���(�Q�J�L�Q�H�H�U�L�Q�J���	���'�L�J�L�W�D�O���7�H�F�K�Q�R�O�R�J�L�H�V 

�8�Q�L�Y�H�U�V�L�W�\���R�I���%�U�D�G�I�R�U�G 

��������



�L 
 

Abstract  

�1�L�P�D���,�N�D�Q�L 

�(�Y�D�O�X�D�W�L�R�Q���R�I�� �W�K�H���,�Q�W�H�U�D�F�W�L�R�Q���%�H�W�Z�H�H�Q���)�O�R�Z�� �7�X�U�E�X�O�H�Q�F�H���D�Q�G���&�R�U�U�R�V�L�Y�H�� �0�D�W�H�U�L�D�O��

�7�U�D�Q�V�S�R�U�W���$�U�R�X�Q�G���%�U�L�G�J�H���3�L�H�U�V 
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Nomenclature  

 

�B�× Doppler frequency shift 

�? Sound clarity 

�B�Ø Emitted frequency 

�Ù�ç �7�D�U�J�H�W�¶�V���S�R�L�Q�W 

�Ú Receiver point 

�Q Longitudinal velocity 

�R Transverse velocity 

�S Vertical velocity 

�é Fluid density 

�ò
�ò�P

 
Partial derivative with respect to time 

�Ø Divergence operator 

�8�,
1, �7�,�,�& Velocity vector 

�2 Pressure 

�ò
�ò�T

 
Partial derivative with respect to x-direction 

�ò
�ò�U

 
Partial derivative with respect to y-direction 

�ò
�ò�V

 
Partial derivative with respect to z-direction 

�ì Shear stress 

�B�ë External body force per unit mass in the x-direction 

�B�ì  External body force per unit mass in the y-direction 

�B�í External body force per unit mass in the z-direction 

�G Turbulent kinetic energy 

�2�Þ Production of turbulent kinetic energy 

�Ý Dissipation rate 

�G�é von Kármán constant 

�ä Molecular viscosity 

�ä�ç Turbulent viscosity 

�ê�� Turbulent Prandtl number 
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�%�5��, �%�6��, �%�7�� Empirical constants 

�)�Þ Production of turbulent kinetic energy 

�)�Õ Buoyancy production term 

�Q�Ü�á�æ Instantaneous streamwise velocity 

�Q�Ô�é�Ø, �Q
$ Average streamwise velocity 

�Q�ñ Fluctuation streamwise velocity 

�R�Ü�á�æ Instantaneous transverse velocity 

�R�Ô�é�Ø, �R�§ Average transverse velocity 

�R�ñ Fluctuation transverse velocity 

�S�Ü�á�æ Instantaneous vertical velocity 

�S�Ô�é�Ø, �S
% Average vertical velocity 

�S�ñ Fluctuation vertical velocity 

�Q�Û Shear velocity 

�4 Hydraulic radius 

�5�4 Bed slope 

��  Cross-sectional area 

�C Gravitational acceleration 

�2�ê Wetted perimeter 

�. Horizontal distance 

�7�> Normalised streamwise velocity 

�8�> Normalised transverse velocity 

�9 �> Normalised vertical velocity 

�V�> Normalised depth 

�V Distance 

�å Kinematic viscosity 

�7�å�à�æ��
�ñ �> Normalised root mean square of the streamwise fluctuation 

velocity 

�8�å�à�æ��
�ñ �> Normalised root mean square of the transverse fluctuation 

velocity 

�9�å�à�æ��
�ñ �> Normalised root mean square of the vertical fluctuation 

velocity 

�&�5, �&�6, �&�7 Empirical constants 

�ã�5, �ã�6, �ã�7 Decay constants 

�*  Hole size 
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h height 

�5�Ü�á�Á Fractional stress 

�+�Ü�á�Á Detection function 

�U�> Wall distance 

�7�� Friction velocity 

�4�A�ß Reynolds number based on characteristic length �H 

�7�¶  Freestream velocity 

�4 Electrical resistance 

�8 Voltage 

�+ Current 

�< Impedance 

�B Frequency 

�'  Voltage signal 

�ñ Angular frequency 

�' �4 Voltage amplitude 

�+�4 Current amplitude 

�ö Phase shift 

�<�4 Impedance amplitude 

�4�æ�â�ß, �4�æ Solution resistance 

�%�×�ß Double layer capacitance 

�4�Ö�ç Charge transfer resistance 

�<�ñ Real impedance 

�<�6 Imaginary impedance 

���<�� Absolute magnitude of the impedance 

�<�ã Impedance of the parallel part of the circuit 

�<�Ö Complex impedance 

�-�å Conductivity 

�/ �Í  Total mass 

�8�Í  Total volume 

�/ �ã Mass of particle 

�/ �æ Mass of solvent 

�é�æ Solution density 

�é�ã Particle density 
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�Î  Volume percentage 

�Ú�æ Static empirical function 

�Ù Empirical function 

�ê�Ù Final solution resistivity 

�ê Solution resistivity 

��  Diffusion coefficient 

�¼�…
�¼�–

 
Rate of change of concentration �? with respect to time 

�Ï �6 Laplacian operator 

�� concentration 

�� �4 Fixed or initial concentration 

�” Radial distance 

�”�ñ Source position vector 

�N�4 Specific radius 

�– Time 

�<�ê Warburg impedance 

���4 Warburg coefficient 

�-�» �%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W 

�6 Temperature 

�ß Viscosity of the fluid 

�&�Ì�ç�Ü�Ö�Þ Sticky diffusion coefficient 

�&�Ì�ß�Ü�ã Slippery diffusion coefficient 

�&�Ì�ç�Ô�á�×�Ô�å�× Standard diffusion coefficient 

�&�Ø Effective diffusion coefficient 

�( Faraday constant 

�4�Ú Gas constant 

�G�Ø Efficient empirical coefficient 

�G�Ú Growth empirical coefficient 
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CHAPTER 1:  �, �1�7�5�2�' �8�&�7�,�2�1 

������ �,�Q�W�U�R�G�X�F�W�L�R�Q 

�7�K�H���E�H�K�D�Y�L�R�X�U���R�I���W�X�U�E�X�O�H�Q�W���I�O�R�Z���D�U�R�X�Q�G���V�R�O�L�G���V�W�U�X�F�W�X�U�H�V�����V�X�F�K���D�V���E�U�L�G�J�H���S�L�H�U�V�����L�V��

�D�� �F�U�L�W�L�F�D�O�� �I�D�F�W�R�U�� �L�Q�I�O�X�H�Q�F�L�Q�J�� �W�K�H�� �V�W�D�E�L�O�L�W�\�� �D�Q�G�� �O�R�Q�J���W�H�U�P�� �G�X�U�D�E�L�O�L�W�\�� �R�I�� �W�K�H�V�H��

�V�W�U�X�F�W�X�U�H�V�����:�K�H�Q���E�U�L�G�J�H���S�L�H�U�V���D�U�H���S�O�D�F�H�G���L�Q���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���Z�D�W�H�U���I�O�R�Z�����F�R�P�S�O�H�[��

�W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�� �I�O�R�Z�� �S�D�W�W�H�U�Q�V�� �H�P�H�U�J�H���� �7�K�H�V�H�� �S�D�W�W�H�U�Q�V���L�Q�G�X�F�H���K�\�G�U�R�G�\�Q�D�P�L�F��

�I�R�U�F�H�V�����O�H�D�G�L�Q�J���W�R���W�K�H���H�U�R�V�L�R�Q���R�I���W�K�H���U�L�Y�H�U�E�H�G���D�Q�G���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���W�K�H���V�W�U�X�F�W�X�U�D�O��

�L�Q�W�H�J�U�L�W�\���R�I���W�K�H���S�L�H�U�V�����&�K�D�R�W�L�F���I�O�R�Z���P�R�Y�H�P�H�Q�W�V�����L�Q�F�O�X�G�L�Q�J���X�S�Z�D�U�G���D�Q�G���G�R�Z�Q�Z�D�U�G��

�I�O�X�F�W�X�D�W�L�R�Q�V�����F�U�H�D�W�H���V�W�U�R�Q�J���Y�R�U�W�L�F�H�V���W�K�D�W���D�F�F�H�O�H�U�D�W�H���V�F�R�X�U���D�Q�G���G�H�V�W�D�E�L�O�L�V�D�W�L�R�Q�����,�Q��

�D�G�G�L�W�L�R�Q�� �W�R�� �W�K�H�V�H�� �G�L�U�H�F�W�� �S�K�\�V�L�F�D�O�� �L�P�S�D�F�W�V���� �W�K�H�� �F�R�P�S�O�H�[�� �I�O�R�Z���S�D�W�W�H�U�Q�V���F�K�D�Q�J�H��

�V�O�L�J�K�W�O�\���D�F�F�R�U�G�L�Q�J���W�R���L�Q�I�O�X�H�Q�F�H���W�K�H���F�R�U�U�R�V�L�R�Q���S�U�R�F�H�V�V�H�V���R�F�F�X�U�U�L�Q�J���D�W���W�K�H���V�X�U�I�D�F�H���R�I��

�W�K�H���S�L�H�U�V�����7�K�H���W�X�U�E�X�O�H�Q�F�H���J�H�Q�H�U�D�W�H�G���E�\���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���Z�D�W�H�U���I�O�R�Z���D�Q�G��

�W�K�H���S�L�H�U���V�X�U�I�D�F�H�V���D�F�F�H�O�H�U�D�W�H�V���W�K�H���W�U�D�Q�V�S�R�U�W���R�I���F�R�U�U�R�V�L�Y�H���E�\���S�U�R�G�X�F�W�V�����V�X�F�K���D�V���L�U�R�Q��

�R�[�L�G�H�V���:�(�A�6�1�7�;�����H�Q�K�D�Q�F�L�Q�J�� �W�K�H�� �V�S�D�W�L�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �D�Q�G�� �U�D�W�H�� �R�I�� �F�R�U�U�R�V�L�R�Q�����$�V�� �D��

�U�H�V�X�O�W���R�I���W�K�L�V���S�U�R�F�H�V�V�����Q�R�W���R�Q�O�\���L�V���W�K�H���G�X�U�D�E�L�O�L�W�\���R�I���W�K�H���S�L�H�U�V���F�R�P�S�U�R�P�L�V�H�G�����E�X�W���L�W��

�D�O�V�R���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H���L�Q�I�U�D�V�W�U�X�F�W�X�U�H���L�V���D�W���U�L�V�N���R�Q���D���E�U�R�D�G�H�U���V�F�D�O�H�����7�K�H���G�\�Q�D�P�L�F��

�Q�D�W�X�U�H���R�I���W�K�H���I�O�R�Z���Z�L�W�K���P�R�U�H���F�R�U�U�R�V�L�R�Q���L�Q�W�H�U�D�F�W�L�R�Q�V�����S�D�U�W�L�F�X�O�D�U�O�\���L�Q���W�K�H���E�R�X�Q�G�D�U�\��

�O�D�\�H�U���D�Q�G���Z�D�N�H���I�O�R�Z���U�H�J�L�R�Q�V�����O�H�D�G�V���W�R���D���Q�R�Q���X�Q�L�I�R�U�P���Q�H�Z���I�O�R�Z���S�D�W�W�H�U�Q���W�K�D�W���I�X�U�W�K�H�U��

�G�D�P�D�J�H�V�� �W�K�H�� �V�W�U�X�F�W�X�U�H�����7�R�� �H�I�I�H�F�W�L�Y�H�O�\�� �S�U�H�G�L�F�W�� �D�Q�G�� �P�L�W�L�J�D�W�H�� �S�R�W�H�Q�W�L�D�O�� �I�D�L�O�X�U�H�V����

�X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �F�U�L�W�L�F�D�O�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �I�O�R�Z���L�Q�G�X�F�H�G�� �W�U�D�Q�V�S�R�U�W��

�P�H�F�K�D�Q�L�V�P�V���D�Q�G���W�K�H�L�U���L�P�S�D�F�W���R�Q���F�R�U�U�R�V�L�R�Q���S�U�R�F�H�V�V�H�V���L�V���H�V�V�H�Q�W�L�D�O�� 

���������� �(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���D�Q�G���+�\�G�U�D�X�O�L�F���,�P�S�D�F�W�V���R�I���%�U�L�G�J�H���3�L�H�U�V 

�%�U�L�G�J�H���S�L�H�U�V���D�F�W���D�V���R�E�V�W�D�F�O�H�V�����G�L�V�W�X�U�E�L�Q�J���W�K�H���Q�D�W�X�U�D�O���I�O�R�Z���R�I���Z�D�W�H�U�����S�R�V�L�Q�J���V�H�U�L�R�X�V��

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �U�L�V�N�V�����7�K�H�V�H���V�W�U�X�F�W�X�U�H�V���K�D�Y�H�� �W�K�H���S�R�W�H�Q�W�L�D�O�� �W�R�� �F�D�X�V�H�� �I�O�R�R�G�L�Q�J���E�\��

�G�L�V�U�X�S�W�L�Q�J���W�K�H���Q�D�W�X�U�D�O���U�L�Y�H�U���S�D�W�K�����O�H�D�G�L�Q�J���W�R���W�K�H���D�F�F�X�P�X�O�D�W�L�R�Q���R�I���Z�D�W�H�U���X�S�V�W�U�H�D�P����

�$�V���D���U�H�V�X�O�W���R�I���W�K�L�V���L�Q�W�H�U�I�H�U�H�Q�F�H�����D�G�Y�H�U�V�H���H�F�R�O�R�J�L�F�D�O���L�P�S�D�F�W�V���P�D�\���E�H���F�D�X�V�H�G�����V�X�F�K��

�D�V���D�O�W�H�U�H�G���V�H�G�L�P�H�Q�W���W�U�D�Q�V�S�R�U�W���D�Q�G���K�D�E�L�W�D�W���G�L�V�U�X�S�W�L�R�Q�����Z�K�L�F�K���F�D�Q���I�X�U�W�K�H�U���L�Q�W�H�Q�V�L�I�\��

�W�K�H�� �U�L�V�N�� �R�I�� �I�O�R�R�G�L�Q�J�� �D�Q�G�� �D�G�Y�H�U�V�H�O�\�� �D�I�I�H�F�W�� �H�F�R�V�\�V�W�H�P�V�� �L�Q�� �W�K�H�� �V�X�U�U�R�X�Q�G�L�Q�J�� �D�U�H�D�V��

���/�D�U�U�D�U�W�H�� �H�W�� �D�O������ ������������ �'�R�X�P�L�F�� �H�W�� �D�O������ ���������������)�X�U�W�K�H�U�P�R�U�H�����G�X�H�� �W�R�� �F�R�P�S�O�H�[�� �I�O�R�Z��

�L�Q�W�H�U�D�F�W�L�R�Q�V���� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �Y�R�U�W�L�F�H�V�� �D�U�R�X�Q�G�� �E�U�L�G�J�H�� �S�L�H�U�V�� �F�D�Q�� �E�H�� �K�L�J�K�O�\��

�G�H�V�W�U�X�F�W�L�Y�H�����U�H�V�X�O�W�L�Q�J���L�Q���V�F�R�X�U�L�Q�J���R�Q���W�K�H���U�L�Y�H�U�E�H�G�����'�X�H���W�R���W�K�L�V���S�K�H�Q�R�P�H�Q�R�Q�����W�K�H��

�V�W�U�X�F�W�X�U�D�O�� �L�Q�W�H�J�U�L�W�\�� �R�I�� �W�K�H�� �E�U�L�G�J�H�¶�V�� �S�L�H�U�V�� �P�D�\�� �E�H�� �F�R�P�S�U�R�P�L�V�H�G�� �D�V�� �Z�H�O�O�� �D�V�� �W�K�H��

�U�L�Y�H�U�E�H�G�� �P�D�\�� �E�H�F�R�P�H�� �V�H�Y�H�U�H�O�\�� �H�U�R�G�H�G���� �S�R�V�L�Q�J�� �V�L�J�Q�L�I�L�F�D�Q�W�� �U�L�V�N�V�� �W�R�� �W�K�H�� �E�U�L�G�J�H�¶�V��

�V�D�I�H�W�\���� �7�K�H�U�H�I�R�U�H���� �W�K�H�U�H�� �K�D�V�� �E�H�H�Q�� �D�� �V�X�E�V�W�D�Q�W�L�D�O�� �L�Q�W�H�U�H�V�W�� �L�Q�� �W�K�H�� �I�L�H�O�G�� �R�I��



�� 

�K�\�G�U�R�G�\�Q�D�P�L�F�V�����S�D�U�W�L�F�X�O�D�U�O�\���L�Q���U�H�O�D�W�L�R�Q���W�R���W�K�H���R�E�V�W�U�X�F�W�L�R�Q���F�D�X�V�H�G���E�\���E�U�L�G�J�H���S�L�H�U�V��

�L�Q�� �W�K�H�� �I�O�R�Z�� �R�I�� �Z�D�W�H�U�����%�H�K�H�V�K�W�L�� �D�Q�G�� �$�W�D�L�H���$�V�K�W�L�D�Q�L���� ������������ �&�K�D�Y�D�Q�� �H�W�� �D�O������ ������������

�*�D�X�W�D�P���H�W���D�O�������������������.�K�D�Q���H�W���D�O�������������������� 

�)�O�R�Z���G�\�Q�D�P�L�F�V���L�Q���I�O�X�Y�L�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�V���D�U�H���I�X�Q�G�D�P�H�Q�W�D�O�O�\���F�R�P�S�O�H�[�����L�Q�I�O�X�H�Q�F�H�G���E�\��

�D���Y�D�U�L�H�W�\���R�I���I�D�F�W�R�U�V�����$�P�R�Q�J���W�K�H�V�H���I�D�F�W�R�U�V�����W�K�H���J�H�R�P�R�U�S�K�R�O�R�J�\���R�I���W�K�H���U�L�Y�H�U�E�H�G���S�O�D�\�V��

�D���V�L�J�Q�L�I�L�F�D�Q�W���U�R�O�H�����K�R�Z�H�Y�H�U�����W�K�H���S�U�H�V�H�Q�F�H���R�I���P�D�Q���P�D�G�H���V�W�U�X�F�W�X�U�H�V�����V�X�F�K���D�V���E�U�L�G�J�H��

�S�L�H�U�V���� �D�G�G�V���W�R���W�K�H���F�R�P�S�O�H�[�L�W�\���R�I���W�K�H�V�H���V�F�H�Q�D�U�L�R�V�����5�L�F�K�D�U�G�V�R�Q���D�Q�G���'�D�Y�L�V���� ������������

�6�K�D�K�U�L�D�U���H�W���D�O���������������������7�K�H���L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�E�V�W�D�F�O�H�V���L�Q�W�R���R�S�H�Q���F�K�D�Q�Q�H�O�V���H�I�I�H�F�W�L�Y�H�O�\��

�U�H�G�X�F�H�V�� �W�K�H�� �D�Y�D�L�O�D�E�O�H�� �F�U�R�V�V���V�H�F�W�L�R�Q�D�O�� �V�S�D�F�H�� �I�R�U�� �K�\�G�U�D�X�O�L�F�� �I�O�R�Z���F�D�X�V�L�Q�J�� �D�Q��

�L�Q�F�U�H�D�V�H���L�Q���I�O�R�Z���Y�H�O�R�F�L�W�\���D�U�R�X�Q�G���W�K�H�V�H���V�W�U�X�F�W�X�U�H�V�����:�D�Q�J���H�W���D�O���������������������7�K�H���U�H�V�X�O�W�H�G��
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�X�V�L�Q�J���(�,�6�� �D�V���D�� �W�R�R�O���I�R�U���P�D�S�S�L�Q�J���W�K�H���V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I�� �F�R�U�U�R�V�L�R�Q���E�\���S�U�R�G�X�F�W��

�I�U�R�P���E�U�L�G�J�H�V���D�Q�G���H�Y�D�O�X�D�W�L�Q�J���W�K�H���L�P�S�D�F�W���R�I���F�R�Q�G�X�F�W�L�Y�H���F�R�U�U�R�V�L�R�Q���R�Q���W�K�H���S�U�R�S�H�U�W�L�H�V��

�R�I�� �W�K�H�� �V�R�O�X�W�L�R�Q���� �7�K�L�V�� �Z�R�U�N�� �L�Q�Y�H�V�W�L�J�D�W�H�V�� �W�K�H�� �H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���E�H�K�D�Y�L�R�X�U�� �R�I��

�F�R�Q�G�X�F�W�L�Y�H�� �F�R�U�U�R�V�L�R�Q�� �E�\���S�U�R�G�X�F�W�V�� ���(�A�6�1�7���� �L�Q�� �V�W�D�W�L�F�� �Z�D�W�H�U���� �Z�K�L�F�K�� �D�U�H�� �U�D�U�H�O�\��

�L�Q�Y�H�V�W�L�J�D�W�H�G�����%�\���X�W�L�O�L�V�L�Q�J���S�D�U�W�L�F�O�H���P�D�V�V���D�Q�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�V���P�R�G�H�O���Y�D�U�L�D�E�O�H�V�����W�K�H��

�D�Q�D�O�\�W�L�F�D�O�� �P�R�G�H�O�� �F�D�Q�� �S�U�D�F�W�L�F�D�O�O�\�� �H�V�W�L�P�D�W�H�� �W�K�H�� �V�R�O�X�W�L�R�Q�¶�V�� �F�R�Q�G�X�F�W�L�Y�L�W�\�� �D�Q�G��

�U�H�V�L�V�W�D�Q�F�H�� �L�Q�� �D�� �P�X�F�K�� �V�K�R�U�W�H�U�� �W�L�P�H�I�U�D�P�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �(�,�6��

�W�H�F�K�Q�L�T�X�H���� �7�K�H�� �V�W�X�G�\�� �R�X�W�F�R�P�H�V�� �S�U�R�Y�H�� �W�K�D�W�� �W�K�H�� �S�U�H�G�L�F�W�H�G�� �F�K�D�Q�J�H�� �L�Q�� �V�R�O�X�W�L�R�Q��

�U�H�V�L�V�W�L�Y�L�W�\���D�J�U�H�H�G���Z�L�W�K���W�K�H���R�E�V�H�U�Y�D�W�L�R�Q�V���L�Q���W�K�H���(�,�6���H�[�S�H�U�L�P�H�Q�W�� 

�,�Q���D���I�X�U�W�K�H�U���V�W�H�S�����W�K�H���V�W�X�G�\���L�Q�Y�H�V�W�L�J�D�W�H�V���F�R�U�U�R�V�L�R�Q���L�Q���S�U�R�G�X�F�W���W�U�D�Q�V�I�H�U���P�H�F�K�D�Q�L�V�P�V��

�R�I���X�Q�F�R�D�W�H�G���V�T�X�D�U�H���E�U�L�G�J�H���S�L�H�U�V���V�X�E�P�H�U�J�H�G���L�Q���G�L�V�W�L�O�O�H�G���Z�D�W�H�U���E�\�� �H�P�S�O�R�\�L�Q�J���W�K�H��

�(�,�6���W�H�F�K�Q�L�T�X�H�����7�K�L�V�� �U�H�V�H�D�U�F�K���H�Y�D�O�X�D�W�H�V���W�K�H�� �V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I�� �W�K�H���F�R�U�U�R�V�L�R�Q��

�E�\���S�U�R�G�X�F�W���� �L�U�R�Q�� �,�,���� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �G�L�V�W�D�Q�F�H�� �I�U�R�P�� �W�K�H�� �S�L�H�U�¶�V�� �V�X�U�I�D�F�H���� �7�K�H�� �Q�H�Z��

�S�U�H�G�L�F�W�L�R�Q���D�S�S�U�R�D�F�K���K�D�V���E�H�H�Q���P�R�G�H�O�O�H�G���I�R�U���Q�D�Q�R�S�D�U�W�L�F�O�H�V���E�D�V�H�G���R�Q���W�K�H���,�N�D�Q�L���H�W��

�D�O���� �����������D���� �V�W�X�G�\���� �0�R�U�H�R�Y�H�U���� �W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I�� �G�L�I�I�X�V�L�R�Q�� �D�Q�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q����

�S�D�U�W�L�F�X�O�D�U�O�\���U�H�O�D�W�H�G���W�R���W�K�H���W�U�D�Q�V�P�L�V�V�L�R�Q���R�I���F�R�U�U�R�V�L�R�Q���S�D�U�W�L�F�O�H�V���H�P�L�W�W�H�G���E�\���W�K�H���S�L�H�U��

�L�Q�� �W�K�U�H�H�� �G�L�P�H�Q�V�L�R�Q�V���� �K�D�V�� �E�H�H�Q���V�W�X�G�L�H�G���� �8�Q�O�L�N�H�� �S�U�H�Y�L�R�X�V�� �U�H�V�H�D�U�F�K�� �W�K�D�W�� �S�U�L�P�D�U�L�O�\��

�I�R�F�X�V�H�G���R�Q���R�Q�H���R�U���W�Z�R���G�L�P�H�Q�V�L�R�Q�D�O���G�L�I�I�X�V�L�R�Q���P�R�G�H�O�V�����R�X�U���D�S�S�U�R�D�F�K���L�Q�W�H�J�U�D�W�H�V���W�K�H��

�(�,�6�� �W�H�F�K�Q�L�T�X�H�� �Z�L�W�K�� �D�� �W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�� �D�Q�D�O�\�V�L�V�� �R�I�� �F�R�U�U�R�V�L�R�Q�� �S�D�U�W�L�F�O�H��

�W�U�D�Q�V�P�L�V�V�L�R�Q���L�Q���V�S�D�F�H�����7�K�H���Q�R�Y�H�O�W�\���O�L�H�V���L�Q���W�K�H�R�U�H�W�L�F�D�O�O�\���G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���G�L�I�I�X�V�L�R�Q��

�F�R�H�I�I�L�F�L�H�Q�W���I�U�R�P���W�K�H���(�,�6���P�H�W�K�R�G�����Z�K�L�F�K���K�D�V���Q�R�W���E�H�H�Q���V�W�X�G�L�H�G���E�H�I�R�U�H�����7�K�L�V���D�O�O�R�Z�V��

�I�R�U���D���P�R�U�H���D�F�F�X�U�D�W�H���S�U�H�G�L�F�W�L�R�Q���R�I���F�R�U�U�R�V�L�R�Q���E�H�K�D�Y�L�R�X�U���D�Q�G���W�K�H���V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q��

�R�I���F�R�U�U�R�V�L�R�Q���E�\���S�U�R�G�X�F�W�V���L�Q���W�K�H���I�L�U�V�W���S�D�U�W�� 

���,�Q�� �W�K�H���O�D�V�W�� ���W�K�L�U�G�����S�D�U�W���R�I�� �W�K�L�V�� �V�W�X�G�\���� �F�R�U�U�R�V�L�R�Q���E�H�K�D�Y�L�R�X�U���D�Q�G�� �L�Q�I�O�X�H�Q�F�H���R�Q���I�O�R�Z��

�S�D�W�W�H�U�Q���Z�L�O�O���E�H���H�Y�D�O�X�D�W�H�G���W�K�U�R�X�J�K���G�\�Q�D�P�L�F���I�O�R�Z���W�H�V�W�V�����7�K�H���F�X�U�U�H�Q�W���X�Q�G�H�U�V�W�D�Q�G�L�Q�J��

�L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H���W�U�D�Q�V�S�R�U�W���R�I���F�R�U�U�R�V�L�Y�H���P�D�W�H�U�L�D�O�V���L�Q���H�[�S�H�U�L�P�H�Q�W�D�O���S�L�H�U���I�O�R�Z���L�V���Y�H�U�\��

�V�H�Y�H�U�H�����7�K�H�� �R�E�M�H�F�W�L�Y�H�� �L�V�� �W�R�� �P�D�S�� �W�K�H�� �F�U�L�W�L�F�D�O�� �L�Q�W�H�U�D�F�W�L�R�Q�� �]�R�Q�H�V�� �Z�K�H�U�H�� �F�R�U�U�R�V�L�R�Q��

�L�P�S�D�F�W�V�� �W�K�H�� �I�O�R�Z�� �G�\�Q�D�P�L�F�V���� �(�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �R�Q�� �D�� �F�O�H�D�U�� �E�H�G�� �W�R��

�L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�H�� �I�O�R�Z�� �S�D�W�W�H�U�Q�� �D�U�R�X�Q�G�� �W�K�U�H�H���V�T�X�D�U�H�� �S�L�H�U�V���� �7�K�H�� �H�I�I�H�F�W�� �R�I�� �H�U�R�V�L�Y�H��

�P�D�W�H�U�L�D�O�V�� �Z�L�O�O�� �E�H�� �W�H�V�W�H�G�� �D�Q�G���P�D�S�S�H�G�� �E�D�V�H�G���R�Q�� �D�Q�D�O�\�V�L�V�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �I�O�R�Z�� �S�R�L�Q�W�V��

�E�H�W�Z�H�H�Q�� �W�K�H�� �V�T�X�D�U�H�� �S�L�H�U�V�� �R�Y�H�U�� �G�H�S�W�K���� �7�K�H�� �V�H�F�R�Q�G�� �V�W�H�S�� �L�Q�Y�R�O�Y�H�V�� �H�[�D�P�L�Q�L�Q�J��

�Z�K�H�W�K�H�U�� �D�Q�G�� �K�R�Z�� �K�D�]�D�U�G�R�X�V�� �S�R�O�O�X�W�D�Q�W�V�� �W�U�D�Y�H�O�� �L�Q�� �W�K�H�� �V�W�U�H�D�P�� �X�Q�G�H�U�� �F�X�U�U�H�Q�W��

�F�R�Q�G�L�W�L�R�Q�V���D�Q�G���K�R�Z���P�D�S�S�L�Q�J���L�V���S�H�U�I�R�U�P�H�G���Z�K�H�Q���W�K�H���I�O�R�Z���V�L�W�X�D�W�L�R�Q���F�K�D�Q�J�H�V�����7�K�L�V��

�Z�L�O�O���H�Q�K�D�Q�F�H���D���G�H�H�S�H�U���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���L�Q�W�R���S�R�O�O�X�W�D�Q�W���W�U�D�Q�V�S�R�U�W���G�\�Q�D�P�L�F�V���L�Q���G�L�I�I�H�U�H�Q�W��



����  

�I�O�R�Z�� �F�R�Q�G�L�W�L�R�Q�V�����7�K�H�� �U�H�V�H�D�U�F�K�� �Z�L�O�O�� �I�R�F�X�V�� �R�Q�� �W�Z�R�� �P�D�L�Q�� �S�D�U�W�V���� �(�[�S�H�U�L�P�H�Q�W�D�O�� �W�H�V�W�V��

�D�Q�G�� �P�D�W�K�H�P�D�W�L�F�D�O���P�R�G�H�O�O�L�Q�J���� �7�K�H�� �P�R�G�H�O�� �Z�L�O�O�� �E�H�� �D�G�M�X�V�W�H�G�� �W�R�� �S�U�H�G�L�F�W�� �S�R�O�O�X�W�D�Q�W��

�W�U�D�Q�V�S�R�U�W�� �D�Q�G�� �G�\�Q�D�P�L�F�V���� �L�Q�W�H�J�U�D�W�L�Q�J�� �W�K�H�� �I�O�R�Z�� �D�Q�G�� �F�R�U�U�R�V�L�R�Q�� �G�D�W�D�� �L�Q�� �G�\�Q�D�P�L�F��

�F�R�Q�G�L�W�L�R�Q�V�����7�K�L�V���L�Q�W�H�J�U�D�W�H�G���D�S�S�U�R�D�F�K���D�L�P�V���W�R���H�Q�K�D�Q�F�H���R�X�U���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���E�R�W�K��

�W�X�U�E�X�O�H�Q�W�� �I�O�R�Z�� �V�W�U�X�F�W�X�U�H�V�� �D�Q�G�� �H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �F�R�U�U�R�V�L�R�Q�� �G�\�Q�D�P�L�F�V�����U�H�V�X�O�W�� �L�Q���D��

�X�Q�L�I�L�H�G���Y�L�H�Z���R�I���W�K�H�L�U���L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���G�\�Q�D�P�L�F���I�O�R�Z���V�L�W�X�D�W�L�R�Q�V���� 

�'�H�V�S�L�W�H���W�K�H�V�H���H�I�I�R�U�W�V�����D���V�L�J�Q�L�I�L�F�D�Q�W���J�D�S���H�[�L�V�W�V���L�Q���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���W�K�H���F�R�P�S�O�H�[���I�O�R�Z��

�G�\�Q�D�P�L�F�V���� �F�R�U�U�R�V�L�R�Q���� �D�Q�G�� �W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�� �W�X�U�E�X�O�H�Q�F�H�� �V�W�U�X�F�W�X�U�H�V�� �D�U�R�X�Q�G��

�W�K�H �E�U�L�G�J�H���S�L�H�U�V���J�U�R�X�S�����7�D�E�O�H�������D�O�V�R�����V�X�P�P�D�U�L�V�H�V���V�R�P�H���R�I���W�K�H���O�D�W�H�V�W���V�W�X�G�L�H�V���W�K�D�W��

�K�D�Y�H�� �F�R�Q�W�U�L�E�X�W�H�G�� �W�R�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�X�U�E�X�O�H�Q�F�H���� �D�Q�G�� �F�R�U�U�R�V�L�R�Q�� �(�,�6�� �P�H�W�K�R�G����

�V�X�P�P�D�U�L�V�L�Q�J�� �W�K�H�L�U�� �R�E�M�H�F�W�L�Y�H�V���� �P�H�W�K�R�G�V���� �N�H�\�� �I�L�Q�G�L�Q�J�V���� �D�Q�G�� �U�H�V�H�D�U�F�K�� �J�D�S�V�� �W�R��

�S�U�R�Y�L�G�H���D���F�O�H�D�U���F�R�Q�W�H�[�W���I�R�U���L�G�H�Q�W�L�I�\�L�Q�J���W�K�H���I�R�F�X�V���D�Q�G���Q�R�Y�H�O�W�\���R�I���W�K�L�V���U�H�V�H�D�U�F�K�� 

�7�D�E�O�H���������6�X�P�P�D�U�\���R�I���������O�D�W�H�V�W���V�W�X�G�L�H�V���U�H�O�H�Y�D�Q�W���W�R���W�X�U�E�X�O�H�Q�F�H���D�Q�G���F�R�U�U�R�V�L�R�Q 

Author(s) 
& Year 

Object ive Methods Used  Key Findings  Research Gap  

(Tafarojnor
uz et al., 
2012) 

Study bridge pier 

scour under 

steady/unsteady 

flow conditions 

Experimental 

and numerical 

analysis 

Identified effective 

scour mitigation 

techniques for 

varied flows 

Limited focus on 

turbulence-

corrosion 

interactions 

(Lee and 
Wahab, 
2019) 

To evaluate the 

performance of 

different 

turbulence 

models in 

predicting flow 

kinematics around 

an open offshore 

intake 

CFD simulations 

using multiple 

turbulence 

models, 

including k-�Ý, k-

�ñ, and Reynolds 

Stress Model 

(RSM) 

Identified that RSM 

provided the most 

accurate 

predictions for flow 

kinematics 

compared to 

simpler models like 

k-�Ý and k-�ñ 

Limited focus on 

the interaction 

between 

turbulence 

dynamics and 

environmental 

factors, such as 

sediment 

transport or 

corrosion 

processes 

Lee et al. 
(2017) 

Investigated 

removal 

mechanisms of 

halogenated 

compounds by 

metallic iron, 

focusing on 

corrosion films  

Transport, 

diffusion, and 

reduction 

analyses 

Corrosion films 

govern transport 

and reduction 

kinetics of 

compounds 

Limited study on 

dynamic flow 

conditions or 

other corrosion 

by-products 



����  

(Jeon et 
al., 2024) 

Investigated flow 

characteristics 

around debris 

accumulation at 

bridge structures 

using flume 

experiments 

Flume 

experiments 

with controlled 

debris scenarios 

Identified that 

debris significantly 

alters flow patterns 

and increases local 

scour around 

bridges 

Limited focus on 

long-term effects 

of debris on 

structural integrity 

and turbulence-

corrosion 

interactions 

(Bento et 
al., 2021) 

Experimentally 

characterised the 

flow field around 

oblong bridge 

piers 

Flume 

experiments 

with ADV 

measurements 

Revealed unique 

flow structures, 

reduced vortex 

intensity, and scour 

compared to 

circular piers 

Limited 

investigation of 

flow interactions 

with sediment 

transport and 

corrosion 

processes 

(Yang et 
al., 2022) 

Studied micro-

turbulent 

corrosion in 

pipeline defects 

Experiments 

and CFD 

simulations 

Micro-turbulence 

accelerates 

corrosion at defect 

sites 

Limited study on 

varying flow 

conditions 

(Molina et 
al., 2021) 

Investigated 

erosion in 

turbulent slurry 

flows, focusing on 

particle size and 

impact velocity 

Inverse analysis 

and wear 

correlation 

experiments 

Demonstrated that 

particle size 

significantly 

influences impact 

velocity and wear 

rates 

Limited 

exploration of 

turbulence effects 

on erosion in 

dynamic flow 

conditions 

(Madasam
y et al., 
2021) 

Investigated bend 

geometry effects 

on flow-

accelerated 

corrosion 

Experiments on 

flow and 

corrosion 

Sharper bends 

increase corrosion 

rates 

Limited study on 

turbulence-

corrosion 

interactions 

�~�b�]���]�o�����š�����o�X�U��
2021) 

Compared 

turbulence model 

performance in 

CFD analyses of 

oxidation ditches 

CFD simulations 

with 

experimental 

validation 

Found k-�ñ and 

RSM models to be 

more accurate than 

k-�Ý for complex 

flows 

Limited focus on 

turbulence effects 

in non-ditch 

applications 

(Ferrari et 
al., 2022) 

Reviewed 

laboratory and 

numerical 

techniques for 

simulating 

turbulent flows 

Literature review 

and comparative 

analysis 

Highlighted 

strengths and 

limitations of 

experimental and 

numerical methods 

Limited 

exploration of 

turbulence-

corrosion 

interactions in 

practical 

applications 
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(Yang, 
2024) 

Reviewed solute 

flow and particle 

transport in 

aquatic 

ecosystems with 

vegetation effects 

Literature review 

and synthesis 

Emergent and rigid 

vegetation 

significantly alters 

flow and transport 

dynamics 

Limited study on 

combined effects 

of vegetation and 

turbulence on 

particle transport 

(Ikani et 
al., 2024a) 

Studied corrosion 

products' impact 

on solution 

resistance 

Analytical 

modelling and 

EIS 

Corrosion products 

increase solution 

resistance 

Limited focus on 

dynamic flow 

conditions 

(Zhang et 
al., 2024) 

Evaluated 

degradation of 

rust-preventive oil 

coatings in NaCl 

solutions using 

EIS 

EIS experiments Found that NaCl 

accelerates coating 

degradation over 

time 

Limited focus on 

dynamic 

environmental 

conditions 

(Pujari et 
al., 2024) 

Developed Ru-

doped �(�A�•�1�Ž for 

high-performance 

supercapacitor 

electrodes 

Fabrication and 

electrochemical 

testing 

Demonstrated 

improved energy 

storage and cycling 

stability 

Limited study on 

long-term 

performance in 

practical 

applications 

(Rajbanul 
Akhond et 
al., 2024) 

Reviewed 

corrosion 

behaviour of 

treated rebars in 

concrete 

Literature review Advanced corrosion 

protection 

highlighted 

Limited study on 

extreme 

environmental 

impacts 

(Li, 2024) Studied the 

effects of 

submerged 

channel 

obstructions on 

flow, turbulence, 

and bed 

morphology under 

ice cover 

Experimental 

and numerical 

simulations 

Found that 

obstructions 

significantly alter 

flow patterns and 

bed morphology 

under ice 

Limited 

exploration of 

combined effects 

of ice cover and 

sediment 

transport 

dynamics 

(Rafiqii et 
al., 2024) 

Reviewed 

challenges and 

solutions for river 

scour 

Literature review Proposed mitigation 

strategies 

Limited focus on 

turbulence-

corrosion effects 

(Kumar 
and Afzal, 
2024) 

Modelled scour 

around abutments 

CFD simulations Demonstrated 

significant impact of 

Limited 

exploration of 
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under combined 

wave-current 

effects 

combined forces on 

scour patterns 

turbulence-

corrosion 

interactions in 

these conditions 

(Lazzarin 
et al., 
2024) 

Advanced 

modelling of flow 

at a river bridge 

using 3D CFD 

3D CFD 

simulations 

Provided detailed 

insights into flow 

structures and 

bridge 

hydrodynamics 

Limited focus on 

interactions with 

sediment 

transport or 

corrosion 

processes 

(Ikani et 
al., 2024b) 

Investigated the 

spatial distribution 

of corrosion 

products around a 

bridge pier 

Experimental 

analysis and 

modelling 

Showed non-

uniform distribution 

of corrosion 

products influenced 

by flow dynamics 

Limited study on 

turbulence effects 

on corrosion 

product 

dispersion 

(Jeon et 
al., 2024) 

Studied flow 

patterns around 

debris 

accumulation at 

bridges 

Flume 

experiments 

Debris significantly 

alters flow and 

increases local 

scour 

Limited focus on 

long-term 

structural impacts 

of debris 

(Meena et 
al., 2024) 

Investigated flow-

assisted corrosion 

in API 5L X56 

steel under 

varying velocities 

and dissolved 

oxygen levels 

Experimental 

corrosion testing 

Found that higher 

flow velocity and 

oxygen levels 

accelerate 

corrosion rates 

Limited study on 

combined effects 

of turbulence and 

corrosion in real-

world conditions 

(Meri et 
al., 2024) 

Reviewed 

challenges in 

modelling flow-

accelerated 

corrosion 

Literature review Highlighted 

limitations and 

future opportunities 

Limited study on 

multi-physics 

interactions 

(Dou et al., 
2024) 

Investigated the 

effect of welding 

reinforcement 

height on 

corrosion under 

dynamic 

conditions 

Experimental 

testing under 

dynamic flow 

Found that 

increased 

reinforcement 

height accelerates 

corrosion rates 

Limited study on 

turbulence effects 

in dynamic 

corrosion 

scenarios 
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Current 
Study 

Investigate 

turbulence-

corrosion 

interactions in 

open channel 

flows 

Experimental, 

CFD, and EIS 

methods 

Comprehensive 

understanding of 

turbulence and 

corrosion dynamics 

Addresses gaps 

in linking the 

interaction of 

turbulence and 

corrosion 

processes 

simultaneously 
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CHAPTER 3:  �0�(�7�+�2�'�2�/�2�*�<  

�%�D�V�H�G���R�Q���P�\���S�X�E�O�L�V�K�H�G���S�D�S�H�U�V�����W�K�H���I�R�O�O�R�Z�L�Q�J���F�K�D�S�W�H�U�V���D�U�H���G�H�U�L�Y�H�G���I�U�R�P�����³�%�X�U�V�W�L�Q�J��

�S�K�H�Q�R�P�H�Q�R�Q���F�U�H�D�W�H�G���E�\�� �E�U�L�G�J�H���S�L�H�U�V�� �J�U�R�X�S���L�Q���R�S�H�Q���F�K�D�Q�Q�H�O���I�O�R�Z� �́��S�X�E�O�L�V�K�H�G���L�Q��

�-�R�X�U�Q�D�O���R�I���(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���)�O�X�L�G���0�H�F�K�D�Q�L�F�V�������������������³�' �H�W�D�L�O�H�G���W�X�U�E�X�O�H�Q�W���V�W�U�X�F�W�X�U�H�V��

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �D�U�R�X�Q�G�� �S�L�H�U�V�� �J�U�R�X�S�� �L�Q�G�X�F�H�G�� �I�O�R�Z� �́� �S�X�E�O�L�V�K�H�G�� �L�Q�� �-�R�X�U�Q�D�O�� �R�I��

�(�[�S�H�U�L�P�H�Q�W�D�O���7�K�H�U�P�D�O���D�Q�G���)�O�X�L�G���6�F�L�H�Q�F�H�������������������D�Q�G���³�$�Q�D�O�\�W�L�F�D�O���P�R�G�H�O�O�L�Q�J���D�Q�G��

�H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �L�P�S�H�G�D�Q�F�H�� �V�S�H�F�W�U�R�V�F�R�S�\�� ���(�,�6���� �W�R�� �H�Y�D�O�X�D�W�H�� �W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I��

�F�R�U�U�R�V�L�R�Q�� �S�U�R�G�X�F�W�� �R�Q�� �V�R�O�X�W�L�R�Q�� �U�H�V�L�V�W�D�Q�F�H� �́� �S�X�E�O�L�V�K�H�G�� �L�Q�� �3�R�Z�G�H�U�� �7�H�F�K�Q�R�O�R�J�\��

���������������� �7�K�H�� �F�R�Q�W�H�Q�W�� �L�Q�� �W�K�H�V�H�� �F�K�D�S�W�H�U�V�� �F�O�R�V�H�O�\�� �D�O�L�J�Q�V�� �Z�L�W�K�� �W�K�H�� �I�L�Q�G�L�Q�J�V�� �D�Q�G��

�P�H�W�K�R�G�R�O�R�J�L�H�V���G�H�W�D�L�O�H�G���L�Q���W�K�R�V�H���S�X�E�O�L�F�D�W�L�R�Q�V�����$�Q�\���V�L�P�L�O�D�U�L�W�L�H�V���L�Q���W�H�[�W�����I�L�J�X�U�H�V�����R�U��

�D�Q�D�O�\�V�L�V���D�U�H���L�Q�W�H�Q�W�L�R�Q�D�O���D�Q�G���U�H�I�O�H�F�W���W�K�H���V�K�D�U�H�G���E�R�G�\���R�I���Z�R�U�N���S�U�H�V�H�Q�W�H�G���L�Q���E�R�W�K���P�\��

�W�K�H�V�L�V���D�Q�G���W�K�H���U�H�I�H�U�H�Q�F�H�G���S�D�S�H�U�V�� 

������ �&�K�D�Q�Q�H�O���)�O�R�Z���(�[�S�H�U�L�P�H�Q�W�D�O���6�H�W�X�S���D�Q�G���'�D�W�D���&�R�O�O�H�F�W�L�R�Q 

�$�W�� �W�K�H�� �I�L�U�V�W�� �V�W�D�J�H���� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �V�W�X�G�\�� �Z�D�V�� �F�R�Q�G�X�F�W�H�G�� �L�Q�� �W�K�H�� �+�\�G�U�D�X�O�L�F��

�/�D�E�R�U�D�W�R�U�\���D�W���W�K�H���8�Q�L�Y�H�U�V�L�W�\���R�I���%�U�D�G�I�R�U�G�����8�.�����X�V�L�Q�J���D���U�H�F�W�D�Q�J�X�O�D�U���R�S�H�Q���F�K�D�Q�Q�H�O��

�I�O�X�P�H���X�Q�G�H�U���V�S�H�F�L�I�L�F���F�R�Q�G�L�W�L�R�Q�����7�K�H���I�O�X�P�H���K�D�V���D���O�H�Q�J�W�K���R�I���������P�����D���K�H�L�J�K�W���R�I�����������P����

�D�Q�G���D���Z�L�G�W�K���R�I�������������P�����D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������8�V�L�Q�J���D���S�X�P�S�L�Q�J���V�\�V�W�H�P�����Z�D�W�H�U���Z�D�V��

�U�H�F�L�U�F�X�O�D�W�H�G���L�Q���W�K�H���F�K�D�Q�Q�H�O���W�R���P�D�L�Q�W�D�L�Q���D���F�R�Q�V�W�D�Q�W���I�O�R�Z�����7�K�H���V�L�G�H�Z�D�O�O�V���R�I���W�K�H���I�O�X�P�H��

�Z�H�U�H���F�R�Q�V�W�U�X�F�W�H�G���I�U�R�P���J�O�D�V�V���W�R���H�Q�K�D�Q�F�H���Y�L�V�L�E�L�O�L�W�\���G�X�U�L�Q�J���W�K�H���H�[�S�H�U�L�P�H�Q�W�V�����Z�K�L�O�H��

�W�K�H���E�H�G���Z�D�V���P�D�G�H���R�I���D���V�P�R�R�W�K���V�W�D�L�Q�O�H�V�V���V�W�H�H�O���S�O�D�W�H���W�R���H�Q�V�X�U�H���D���F�R�Q�V�L�V�W�H�Q�W���I�O�R�Z��

�V�X�U�I�D�F�H�����7�K�H���E�H�G���V�O�R�S�H���Z�D�V���D�F�F�X�U�D�W�H�O�\���V�H�W���D�W�������������������7�R���D�F�K�L�H�Y�H���D���X�Q�L�I�R�U�P���I�O�R�Z����

�W�K�H�� �Z�D�W�H�U�� �G�L�V�F�K�D�U�J�H�� �Z�D�V�� �F�R�Q�W�U�R�O�O�H�G�� �D�W�� �������������I �7���O���� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �D�� �I�O�R�Z�� �G�H�S�W�K�� �R�I��

�����������P���S�U�L�R�U�� �W�R�� �W�K�H�� �L�Q�V�W�D�O�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �E�U�L�G�J�H�� �S�L�H�U�V���� �%�\�� �X�V�L�Q�J�� �W�K�L�V�� �V�H�W�X�S���� �L�W�� �Z�D�V��

�S�R�V�V�L�E�O�H�� �W�R�� �H�V�W�D�E�O�L�V�K���D�� �X�Q�L�I�R�U�P�� �I�O�R�Z�� �Y�H�O�R�F�L�W�\�� �R�I�� �����������I �6���O���E�H�I�R�U�H���L�Q�V�W�D�O�O�D�W�L�R�Q���R�I��

�E�U�L�G�J�H���S�L�H�U�V�� 

 

�)�L�J�X�U�H���������(�[�S�H�U�L�P�H�Q�W�D�O���6�H�W�X�S���R�I���W�K�H���2�S�H�Q���&�K�D�Q�Q�H�O���)�O�R�Z���)�O�X�P�H���/�D�\�R�X�W 
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�7�R���F�K�D�U�D�F�W�H�U�L�V�H���W�K�H���W�X�U�E�X�O�H�Q�F�H�����Y�D�U�L�R�X�V���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���G�X�U�L�Q�J���S�R�V�W��

�S�U�R�F�H�V�V�L�Q�J���� �0�H�D�Q�� �Y�H�O�R�F�L�W�\���� �I�O�X�F�W�X�D�W�L�Q�J�� �Y�H�O�R�F�L�W�\�� �F�R�P�S�R�Q�H�Q�W�V���� �L�Q�W�H�Q�V�L�W�L�H�V�� �D�Q�G��

�5�H�\�Q�R�O�G�V�� �V�W�U�H�V�V�� �Z�H�U�H�� �G�H�U�L�Y�H�G�� �X�V�L�Q�J�� �G�D�W�D�� �F�R�O�O�H�F�W�H�G�� �I�U�R�P�� �D�Q�� �$�F�R�X�V�W�L�F�� �'�R�S�S�O�H�U��

�9�H�O�R�F�L�P�H�W�H�U�� ���$�'�9������ �7�K�H�� �$�'�9���� �P�R�X�Q�W�H�G�� �R�Q�� �V�O�L�G�L�Q�J�� �U�D�L�O�V���� �H�Q�D�E�O�H�G�� �S�U�H�F�L�V�H��

�S�R�V�L�W�L�R�Q�L�Q�J���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q�����$���V�H�U�L�H�V���R�I���W�K�U�H�H���V�T�X�D�U�H���S�L�H�U�V���Z�L�W�K���G�L�P�H�Q�V�L�R�Q�V���R�I��

�����������E�\�������������P���H�D�F�K���Z�H�U�H���S�O�D�F�H�G���D�W���W�K�H���P�L�G�S�R�L�Q�W���R�I���W�K�H���F�K�D�Q�Q�H�O�¶�V���Z�L�G�W�K�����Z�L�W�K���D��

�V�S�D�F�L�Q�J���R�I�����������P���E�H�W�Z�H�H�Q���H�D�F�K���S�L�H�U�����D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������,�Q���R�U�G�H�U���W�R���P�L�Q�L�P�L�]�H��

�W�K�H���H�I�I�H�F�W�V���R�I���L�Q�O�H�W���W�X�U�E�X�O�H�Q�F�H���R�Q���W�K�H���P�H�D�V�X�U�H�G���I�O�R�Z���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����W�K�H���S�L�H�U�V���Z�H�U�H��

�S�O�D�F�H�G�� ���� �P�� �G�R�Z�Q�V�W�U�H�D�P�� �I�U�R�P�� �W�K�H�� �F�K�D�Q�Q�H�O�¶�V�� �L�Q�O�H�W�� �S�R�L�Q�W���� �7�K�U�R�X�J�K�� �W�K�L�V�� �V�W�U�D�W�H�J�L�F��

�S�O�D�F�H�P�H�Q�W���� �Z�H�� �H�Q�V�X�U�H�G�� �W�K�D�W�� �W�K�H�� �I�O�R�Z�� �F�R�Q�G�L�W�L�R�Q�V�� �Z�H�U�H�� �V�W�D�E�O�H���� �D�Q�G�� �W�K�D�W�� �W�K�H��

�H�[�S�H�U�L�P�H�Q�W�D�O���V�H�W�X�S���Z�D�V���G�H�Y�H�O�R�S�H�G���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���R�X�U���R�E�M�H�F�W�L�Y�H�V�����7�R���H�Q�V�X�U�H��

�G�\�Q�D�P�L�F���V�L�P�L�O�D�U�L�W�\���W�K�H���5�H�\�Q�R�O�G�V���Q�X�P�E�H�U�����4�A
L �u�y�{�v�r�����Z�D�V���F�D�O�F�X�O�D�W�H�G���X�S�V�W�U�H�D�P��

�R�I�� �W�K�H�� �S�L�H�U�� �D�W���O�R�F�D�W�L�R�Q���'���� �X�V�L�Q�J���W�K�H�� �D�Y�H�U�D�J�H���Y�H�O�R�F�L�W�\�� �F�R�P�S�R�Q�H�Q�W�����F�K�D�U�D�F�W�H�U�L�V�W�L�F��

�O�H�Q�J�W�K���D�Q�G���Z�D�W�H�U���N�L�Q�H�P�D�W�L�F���Y�L�V�F�R�V�L�W�\���å
L �s�ä�r�r�u
H�s�r�?�:���I �6���O�����7�K�L�H���Y�D�O�X�H���F�R�Q�I�L�U�P�V��

�W�K�D�W���W�K�H���I�O�R�Z���L�V���I�X�O�O�\�� �W�X�U�E�X�O�H�Q�W�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���)�U�R�X�G�H���Q�X�P�E�H�U�����(�N
L �r�ä�w�v�;���Z�D�V��

�F�D�O�F�X�O�D�W�H�G���� �L�Q�G�L�F�D�W�L�Q�J�� �V�X�E�F�U�L�W�L�F�D�O�� �I�O�R�Z�� �F�R�Q�G�L�W�L�R�Q�V�� �Z�K�H�U�H�� �J�U�D�Y�L�W�D�W�L�R�Q�D�O�� �I�R�U�F�H�V��

�G�R�P�L�Q�D�W�H���R�Y�H�U���L�Q�H�U�W�L�D�O���I�R�U�F�H�V�����7�K�X�V�����W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���I�U�H�H���V�X�U�I�D�F�H���I�O�R�Z���F�R�Q�G�L�W�L�R�Q�V��

�D�U�H���L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�R�V�H���R�E�V�H�U�Y�H�G���L�Q���Q�D�W�X�U�D�O���V�\�V�W�H�P�V�� 
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�)�L�J�X�U�H���������(�[�S�H�U�L�P�H�Q�W�D�O���R�I���J�U�R�X�S���R�I���V�T�X�D�U�H���S�L�H�U�V���L�Q���V�P�R�R�W�K���E�H�G���R�S�H�Q���F�K�D�Q�Q�H�O���I�O�R�Z 

�7�K�H�� �G�D�W�D�� �F�R�O�O�H�F�W�L�R�Q�� �S�U�R�F�H�V�V�� �F�R�Y�H�U�H�G�� �D�� �P�D�S�S�H�G�� �D�U�H�D�� �H�[�W�H�Q�G�L�Q�J�� �I�U�R�P�� ���������P��
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�W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���F�R�U�U�R�V�L�R�Q���S�U�R�G�X�F�W�V�����V�S�H�F�L�I�L�F�D�O�O�\���(�A�6�1�7�����L�Q���F�R�U�U�R�G�H�G���P�H�W�D�O�O�L�F��

�P�D�W�H�U�L�D�O�V�����7�K�H���S�U�L�P�D�U�\���R�E�M�H�F�W�L�Y�H���L�V���W�R���S�U�H�G�L�F�W���W�K�H���L�P�S�D�F�W���R�I���K�D�]�D�U�G�R�X�V���S�R�O�O�X�W�D�Q�W�V��

�R�Q�� �V�R�O�X�W�L�R�Q�� �U�H�V�L�V�W�D�Q�F�H�� �D�W�� �Y�D�U�\�L�Q�J�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���� �D�Q�� �D�V�S�H�F�W�� �W�K�D�W�� �K�D�V�� �Q�R�W�� �E�H�H�Q��

�H�[�W�H�Q�V�L�Y�H�O�\�� �H�[�S�O�R�U�H�G�� �L�Q�� �H�[�L�V�W�L�Q�J�� �O�L�W�H�U�D�W�X�U�H���� �7�K�H�� �U�H�V�X�O�W�L�Q�J�� �L�P�S�H�G�D�Q�F�H�� �G�D�W�D���Z�H�U�H��

�T�X�D�Q�W�L�W�D�W�L�Y�H�O�\�� �D�Q�D�O�\�V�H�G�� �X�V�L�Q�J�� �1�\�T�X�L�V�W�� �D�Q�G�� �%�R�G�H�� �S�O�R�W�V���� �7�K�H�� �S�U�R�S�R�V�H�G��

�P�D�W�K�H�P�D�W�L�F�D�O���P�R�G�H�O���R�I�I�H�U�V���D���Q�R�Y�H�O���D�S�S�U�R�D�F�K���W�R���T�X�D�Q�W�L�I�\�L�Q�J���W�K�H���L�Q�W�H�U�S�O�D�\���E�H�W�Z�H�H�Q��

�V�R�O�X�W�L�R�Q�� �U�H�V�L�V�W�D�Q�F�H�� �D�Q�G�� �W�K�H�� �Y�R�O�X�P�H�� �R�I�� �F�R�U�U�R�V�L�R�Q�� �S�U�R�G�X�F�W�V�� �Z�L�W�K�L�Q�� �W�K�H�� �V�R�O�X�W�L�R�Q����

�,�Q�L�W�L�D�O�O�\���� �H�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V�� �V�X�J�J�H�V�W�� �D�� �S�R�V�L�W�L�Y�H�� �F�R�U�U�H�O�D�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H��
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�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �L�U�R�Q�� �R�[�L�G�H�� �D�Q�G�� �W�K�H�� �V�R�O�X�W�L�R�Q�� �U�H�V�L�V�W�D�Q�F�H���� �L�Q�G�L�F�D�W�L�Q�J�� �W�K�H�� �P�R�G�H�O�¶�V��

�S�R�W�H�Q�W�L�D�O�� �I�R�U�� �S�U�H�G�L�F�W�L�Q�J�� �W�K�H�� �E�H�K�D�Y�L�R�X�U�V�� �R�I�� �F�R�U�U�R�G�H�G�� �V�\�V�W�H�P�V�� �L�Q�� �S�R�O�O�X�W�H�G��

�H�Q�Y�L�U�R�Q�P�H�Q�W�V�� 

�7�K�H�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �X�W�L�O�L�V�L�Q�J�� �W�K�H�� �$�W�P�R�V�S�K�H�U�L�F���&�R�U�U�R�V�L�R�Q�� �0�R�Q�L�W�R�U��

�$�&�0���L�Q�V�W�U�X�P�H�Q�W�����$�&�0�������V�S�H�F�L�I�L�F�D�O�O�\���W�K�H���*�L�O�O���$�&���P�R�G�H�O�����7�K�L�V���D�G�Y�D�Q�F�H�G���H�T�X�L�S�P�H�Q�W����

�L�Q�W�H�J�U�D�W�H�G���Z�L�W�K���W�K�H���(�,�6���W�H�F�K�Q�L�T�X�H�����Z�D�V���X�V�H�G���W�R���H�Y�D�O�X�D�W�H���W�K�H���D�P�S�O�L�W�X�G�H���R�I���������P�9��

�5�0�6�� �D�W�� �I�U�H�T�X�H�Q�F�L�H�V���U�D�Q�J�L�Q�J�� �I�U�R�P�� ������������ �+�]�� �W�R�� �������� �+�]���� �2�Y�H�U�� �D�� �G�X�U�D�W�L�R�Q���R�I�� ��������

�P�L�Q�X�W�H�V���S�H�U���W�H�V�W�����D���W�R�W�D�O���R�I�����������U�H�D�G�L�Q�J�V���Z�H�U�H���J�D�W�K�H�U�H�G���W�R���H�Q�V�X�U�H���D�G�H�T�X�D�W�H���G�D�W�D��

�F�R�O�O�H�F�W�L�R�Q���� �7�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �V�R�O�X�W�L�R�Q�� �Z�D�V�� �S�U�H�S�D�U�H�G�� �E�\�� �G�L�V�V�R�O�Y�L�Q�J�� �L�U�R�Q�� �R�[�L�G�H��

���(�A�6�1�7�����S�D�U�W�L�F�O�H�V���L�Q�W�R�����������P�O���R�I���G�L�V�W�L�O�O�H�G���Z�D�W�H�U���P�D�L�Q�W�D�L�Q�H�G���D�W���������G�H�J�U�H�H�V���&�H�O�V�L�X�V����

�D�V���R�X�W�O�L�Q�H�G���E�\�����-�D�P�Q�L�N���H�W���D�O������������������ 

�7�K�U�H�H���G�L�V�W�L�Q�F�W���W�H�V�W�V���Z�H�U�H���S�H�U�I�R�U�P�H�G�����H�D�F�K���X�W�L�O�L�V�L�Q�J���G�L�I�I�H�U�H�Q�W���(�A�6�1�7���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

�D�V���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H���������3�U�L�R�U���W�R���H�D�F�K���W�H�V�W�����D���P�D�J�Q�H�W�L�F���E�D�U���U�R�W�D�W�L�Q�J���D�W�����������U�S�P��

�Z�D�V�� �H�P�S�O�R�\�H�G�� �W�R�� �V�W�L�U�� �W�K�H�� �V�R�O�X�W�L�R�Q�� �I�R�U�� ������ �P�L�Q�X�W�H�V���� �H�Q�V�X�U�L�Q�J�� �D�� �K�R�P�R�J�H�Q�R�X�V��

�V�X�V�S�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �S�D�U�W�L�F�O�H�V���� �7�K�H�� �G�H�W�D�L�O�H�G�� �V�R�O�X�W�L�R�Q�� �F�R�P�S�R�V�L�W�L�R�Q�V�� �X�V�H�G�� �L�Q�� �W�K�H�V�H��

�H�[�S�H�U�L�P�H�Q�W�V���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���W�K�H���W�D�E�O�H���E�H�O�R�Z�� 

�7�D�E�O�H���������( �[�S�H�U�L�P�H�Q�W�D�O���V�R�O�X�W�L�R�Q���F�R�P�S�R�V�L�W�L�R�Q���G�H�W�D�L�O�V 

Test Distilled water (ml) Fe2O3 Concentration (g) 

1 900 0.1 

2 900 0.2 

3 900 0.5 

�7�K�H�� �(�,�6�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �X�V�L�Q�J���W�K�H���W�K�U�H�H���H�O�H�F�W�U�R�G�H�� �F�H�O�O���V�H�W�X�S����

�G�H�S�L�F�W�H�G���L�Q���)�L�J�X�U�H���������7�K�L�V���F�R�Q�I�L�J�X�U�D�W�L�R�Q���L�Q�F�O�X�G�H�G���D���Z�R�U�N�L�Q�J���H�O�H�F�W�U�R�G�H�����:�(�����P�D�G�H��

�R�I�� �������8�1�&���P�L�O�G�� �V�W�H�H�O���� �D�Q�� �D�X�[�L�O�L�D�U�\�� �H�O�H�F�W�U�R�G�H�����$�(���� �Z�K�L�F�K�� �Z�D�V�� �D�� �S�O�D�W�L�Q�X�P���E�D�Q�G����

�D�Q�G�� �D�� �U�H�I�H�U�H�Q�F�H�� �H�O�H�F�W�U�R�G�H�� ���5�(�)���� �X�V�L�Q�J�� �D�� �V�D�W�X�U�D�W�H�G�� �F�D�O�R�P�H�O�� �H�O�H�F�W�U�R�G�H���� �7�K�H��

�H�[�S�H�U�L�P�H�Q�W�D�O���F�H�O�O���Z�D�V���F�D�U�H�I�X�O�O�\���G�H�V�L�J�Q�H�G���W�R���H�Q�V�X�U�H���W�K�D�W���W�K�H�U�H���Z�D�V���Q�R���L�Q�W�H�U�I�H�U�H�Q�F�H��

�Z�L�W�K���H�O�H�F�W�U�R�Q���W�U�D�Q�V�I�H�U���G�X�U�L�Q�J���W�H�V�W�L�Q�J�� 
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�)�L�J�X�U�H���������7�K�U�H�H���H�O�H�F�W�U�R�G�H���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�����(�&�����W�H�V�W���V�H�W�X�S 

���������� �(�,�6���(�[�S�H�U�L�P�H�Q�W�V���Z�L�W�K���D���6�W�H�H�O���3�L�H�U���L�Q���D���/�D�U�J�H���:�D�W�H�U���&�R�Q�W�D�L�Q�H�U 

�0�R�U�H�R�Y�H�U�����V�H�F�R�Q�G���S�D�U�W���H�[�S�O�R�U�H�V���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���S�D�W�W�H�U�Q�V���R�I���F�R�U�U�R�V�L�R�Q���E�\���S�U�R�G�X�F�W�V��

�D�U�R�X�Q�G�� �D�� �E�U�L�G�J�H�� �S�L�H�U�� �L�Q�� �D�� �F�R�Q�G�X�F�W�L�Y�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �H�P�S�O�R�\�L�Q�J�� �(�,�6�� �W�R�� �V�W�X�G�\�� �D�Q��

�X�Q�F�R�D�W�H�G�� �P�H�W�D�O�O�L�F�� �S�L�H�U�� �V�X�E�P�H�U�J�H�G�� �L�Q�� �V�W�D�W�L�F�� �G�L�V�W�L�O�O�H�G�� �Z�D�W�H�U���� �7�K�H�� �I�R�F�X�V�� �L�V�� �R�Q��

�X�Q�G�H�U�V�W�D�Q�G�L�Q�J���K�R�Z���W�K�H�V�H���F�R�U�U�R�V�L�R�Q���E�\���S�U�R�G�X�F�W�V�����S�D�U�W�L�F�X�O�D�U�O�\���L�U�R�Q���,�,�����G�L�V�S�H�U�V�H���D�V��

�W�K�H�\���P�R�Y�H���D�Z�D�\���I�U�R�P���W�K�H���S�L�H�U�¶�V���V�X�U�I�D�F�H�����$�Q���H�T�X�L�Y�D�O�H�Q�W���F�L�U�F�X�L�W���P�R�G�H�O�����G�H�U�L�Y�H�G���I�U�R�P��

�(�,�6���P�H�D�V�X�U�H�P�H�Q�W�V�����Z�D�V���X�V�H�G���W�R���D�Q�D�O�\�V�H���W�K�H���G�L�I�I�X�V�L�R�Q���S�U�R�F�H�V�V�H�V�����H�P�S�K�D�V�L�V�L�Q�J��

�W�K�H�L�U���U�R�O�H���L�Q���S�D�U�W�L�F�O�H���W�U�D�Q�V�I�H�U���W�R���W�K�H���V�X�U�U�R�X�Q�G�L�Q�J���Z�D�W�H�U�� 

�7�K�H���V�W�X�G�\���V�S�H�F�L�I�L�F�D�O�O�\���L�Q�Y�H�V�W�L�J�D�W�H�V���W�K�H���V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���L�U�R�Q���+�+���F�R�U�U�R�V�L�R�Q���E�\��

�S�U�R�G�X�F�W�V�� �D�Q�G�� �P�R�G�H�O�¶�V�� �Q�D�Q�R�S�D�U�W�L�F�O�H�� �G�L�I�I�X�V�L�R�Q�� �W�R�� �D�V�V�H�V�V�� �K�R�Z�� �G�L�I�I�X�V�L�R�Q�� �D�Q�G��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �J�U�D�G�L�H�Q�W�V�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �P�R�Y�H�P�H�Q�W�� �R�I�� �F�R�U�U�R�V�L�R�Q�� �S�D�U�W�L�F�O�H�V���� �7�K�L�V��

�U�H�V�H�D�U�F�K���L�Q�W�U�R�G�X�F�H�V���D�Q���L�Q�Q�R�Y�D�W�L�Y�H���D�S�S�U�R�D�F�K���W�R���H�[�D�P�L�Q�L�Q�J���F�R�U�U�R�V�L�R�Q���P�H�F�K�D�Q�L�V�P�V��

�L�Q���V�T�X�D�U�H���E�U�L�G�J�H���S�L�H�U�V���Z�L�W�K�L�Q���G�L�V�W�L�O�O�H�G���Z�D�W�H�U���E�\���L�Q�W�H�J�U�D�W�L�Q�J���W�K�H���(�,�6���W�H�F�K�Q�L�T�X�H�����7�K�H��

�V�W�X�G�\�� �S�U�R�Y�L�G�H�V�� �D�� �G�H�W�D�L�O�H�G�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �V�S�D�W�L�D�O�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �F�R�U�U�R�V�L�R�Q�� �E�\��

�S�U�R�G�X�F�W�V���� �E�D�V�H�G�� �R�Q�� �D�� �Q�H�Z�� �Q�D�Q�R�S�D�U�W�L�F�O�H�� �G�L�I�I�X�V�L�R�Q�� �P�R�G�H�O�� �L�Q�V�S�L�U�H�G�� �E�\���,�N�D�Q�L�� �H�W�� �D�O����

�����������D������ �7�K�H�� �Z�R�U�N�� �H�P�S�K�D�V�L�V�H�V�� �W�K�H�� �V�L�J�Q�L�I�L�F�D�Q�F�H�� �R�I�� �G�L�I�I�X�V�L�R�Q�� �D�Q�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�H�I�I�H�F�W�V�� �L�Q�� �W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�� �F�R�U�U�R�V�L�R�Q�� �S�D�U�W�L�F�O�H�� �W�U�D�Q�V�P�L�V�V�L�R�Q���� �R�I�I�H�U�L�Q�J�� �Q�H�Z��

�S�H�U�V�S�H�F�W�L�Y�H�V���R�Q���F�R�U�U�R�V�L�R�Q���P�D�S�S�L�Q�J���L�Q���D�T�X�D�W�L�F���V�\�V�W�H�P�V�� 

�$���P�D�M�R�U���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���W�K�L�V���V�W�X�G�\���L�V���W�K�H���W�K�H�R�U�H�W�L�F�D�O���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���W�K�H���G�L�I�I�X�V�L�R�Q��

�F�R�H�I�I�L�F�L�H�Q�W���X�V�L�Q�J���W�K�H���(�,�6���W�H�F�K�Q�L�T�X�H�����Z�K�L�F�K���K�D�V���Q�R�W���E�H�H�Q���S�U�H�Y�L�R�X�V�O�\���D�G�G�U�H�V�V�H�G�����$�V��

�D�� �U�H�V�X�O�W�� �R�I�� �W�K�L�V�� �P�H�W�K�R�G���� �P�R�U�H�� �D�F�F�X�U�D�W�H�� �S�U�H�G�L�F�W�L�R�Q�V�� �R�I�� �F�R�U�U�R�V�L�R�Q�� �E�H�K�D�Y�L�R�X�U�� �D�U�H��

�S�R�V�V�L�E�O�H�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �F�R�U�U�R�V�L�R�Q�� �E�\���S�U�R�G�X�F�W�V�� �L�Q�� �V�S�D�F�H���� �5�H�V�X�O�W�V��
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�L�Q�G�L�F�D�W�H�� �W�K�D�W�� �X�Q�G�H�U�� �Q�D�W�X�U�D�O�� �F�R�Q�G�L�W�L�R�Q�V���� �L�U�R�Q���+�+���G�L�V�S�H�U�V�H�V�� �L�Q�W�R�� �W�K�H�� �P�H�G�L�X�P�� �D�V��

�R�[�L�G�D�W�L�R�Q���R�F�F�X�U�V�����Z�L�W�K���L�W�V���S�U�H�V�H�Q�F�H���L�Q�F�U�H�D�V�L�Q�J���U�H�V�L�V�W�L�Y�L�W�\�����W�K�X�V���D�I�I�H�F�W�L�Q�J���G�L�I�I�X�V�L�R�Q����
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(a�� Inner-region (z/h= 0 to 0.2) 

 Outer-region (z/h= 0.2 to 1) (b�� 
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�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���� �Z�K�L�F�K�� �I�L�W�V�� �W�K�H�� �F�K�D�S�W�H�U�
�V�� �R�E�M�H�F�W�L�Y�H�V���� �7�K�H�� �U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H�� �W�K�H��

�V�L�J�Q�L�I�L�F�D�Q�W�� �L�P�S�D�F�W�� �R�I�� �F�R�P�S�O�H�[�� �E�U�L�G�J�H�� �S�L�H�U�V�� �R�Q�� �I�O�R�Z�� �G�\�Q�D�P�L�F�V���� �O�H�D�G�L�Q�J�� �W�R�� �W�K�H��

�G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �U�H�Y�H�U�V�H�� �I�O�R�Z���� �W�X�U�E�X�O�H�Q�F�H���� �D�Q�G�� �Y�R�U�W�H�[�� �J�H�Q�H�U�D�W�L�R�Q���� �7�K�H�� �J�D�S��

�E�H�W�Z�H�H�Q���W�K�H���S�L�H�U�V���Z�D�V���I�R�X�Q�G���W�R���S�O�D�\���D���F�U�X�F�L�D�O���U�R�O�H���L�Q���V�K�D�S�L�Q�J���I�O�R�Z���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V����

�5�H�Y�H�U�V�H���I�O�R�Z���Z�D�V���S�D�U�W�L�F�X�O�D�U�O�\���S�U�R�Q�R�X�Q�F�H�G���L�Q���W�K�H���J�D�S���E�H�W�Z�H�H�Q���W�K�H���S�L�H�U�V�����Z�L�W�K���W�K�H��

�V�W�U�R�Q�J�H�V�W�� �U�H�Y�H�U�V�D�O�� �R�F�F�X�U�U�L�Q�J�� �L�P�P�H�G�L�D�W�H�O�\�� �E�H�K�L�Q�G�� �W�K�H�� �I�L�U�V�W�� �S�L�H�U���� �6�W�U�H�D�P�Z�L�V�H��

�Y�H�O�R�F�L�W�\���S�U�R�I�L�O�H�V���H�[�K�L�E�L�W�H�G���F�R�Q�V�L�G�H�U�D�E�O�H���I�O�X�F�W�X�D�W�L�R�Q�V���D�W���W�K�H���E�R�X�Q�G�D�U�\���E�H�W�Z�H�H�Q���W�K�H��

�2�)�5���D�Q�G���,�)�5�����7�X�U�E�X�O�H�Q�F�H���L�Q�G�X�F�H�G���E�\���W�K�H���S�L�H�U�V���U�H�V�X�O�W�H�G���L�Q���V�Z�L�U�O�L�Q�J���S�D�W�W�H�U�Q�V���D�Q�G��

�W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �V�W�U�R�Q�J�� �Y�R�U�W�L�F�H�V���� �F�U�H�D�W�L�Q�J�� �P�L�[�H�G�� �I�O�R�Z�� �G�L�U�H�F�W�L�R�Q�V���� �7�X�U�E�X�O�H�Q�W��

�V�W�U�X�F�W�X�U�H�V�� �Z�H�U�H�� �P�R�V�W�� �S�U�R�P�L�Q�H�Q�W�� �E�H�K�L�Q�G�� �W�K�H�� �I�L�U�V�W�� �S�L�H�U�� �L�Q�� �W�K�H�� �,�)�5�����7�K�H�� �O�L�P�L�W�H�G��

�V�S�D�F�L�Q�J�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�L�H�U�V�� �F�D�X�V�H�G�� �V�L�J�Q�L�I�L�F�D�Q�W�� �R�E�V�W�U�X�F�W�L�R�Q���� �O�H�D�G�L�Q�J�� �W�R�� �D�� �Z�D�Y�\��

�P�R�W�L�R�Q�� �R�I�� �W�K�H�� �I�O�R�Z���� �H�V�S�H�F�L�D�O�O�\�� �Z�L�W�K�L�Q�� �W�K�H�� �,�)�5���� �$�V�� �W�K�H�� �Z�D�W�H�U�� �G�H�S�W�K�� �G�H�F�U�H�D�V�H�G��

�G�R�Z�Q�V�W�U�H�D�P�� �R�I�� �W�K�H�� �I�L�U�V�W�� �S�L�H�U���� �W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I�� �W�U�D�Q�V�Y�H�U�V�H�� �D�Q�G�� �Y�H�U�W�L�F�D�O�� �Y�H�O�R�F�L�W�L�H�V��

�L�Q�W�H�Q�V�L�I�L�H�G���Y�R�U�W�H�[���I�R�U�P�D�W�L�R�Q�����+�R�Z�H�Y�H�U�����Y�R�U�W�L�F�H�V���J�H�Q�H�U�D�W�H�G���E�\���W�K�H���V�H�F�R�Q�G���D�Q�G���W�K�L�U�G��

�S�L�H�U�V���Z�H�U�H���O�H�V�V���L�Q�W�H�Q�V�H�����8�Q�G�H�U�V�W�D�Q�G�L�Q�J���I�O�R�Z���G�\�Q�D�P�L�F�V���D�Q�G���R�S�W�L�P�L�V�L�Q�J���E�U�L�G�J�H���S�L�H�U��

�V�W�U�X�F�W�X�U�H�V���F�D�Q���E�H���L�Q�I�R�U�P�H�G���E�\���W�K�H�V�H���I�L�Q�G�L�Q�J�V�� 
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CHAPTER 5:  �4�8�$�'�5�$�1�7���$�1�$�/�<�6�,�6 

�7�K�H�� �F�R�Q�W�H�Q�W�V�� �R�I�� �W�K�L�V�� �F�K�D�S�W�H�U�� �K�D�Y�H�� �E�H�H�Q�� �S�X�E�O�L�V�K�H�G�� �L�Q�� �(�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �)�O�X�L�G��

�0�H�F�K�D�Q�L�F�V�� �D�Q�G�� �D�G�D�S�W�H�G�� �Z�L�W�K�� �S�H�U�P�L�V�V�L�R�Q���� �,�N�D�Q�L���� �1������ �3�X���� �-���+������ �7�D�K�D���� �7������

�+�D�Q�P�D�L�D�K�J�D�U�L�E�����3���5�������D�Q�G���3�H�Q�Q�D�����1�������������������³�%�X�U�V�W�L�Q�J���3�K�H�Q�R�P�H�Q�R�Q���&�U�H�D�W�H�G���E�\��

�%�U�L�G�J�H�� �3�L�H�U�V�� �*�U�R�X�S�� �L�Q�� �2�S�H�Q�� �&�K�D�Q�Q�H�O�� �)�O�R�Z���´�� �(�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �)�O�X�L�G�� �0�H�F�K�D�Q�L�F�V����

���������������S�S�������������������� 

������ �$�Q�D�O�\�V�L�V���R�I���%�X�U�V�W���&�\�F�O�H�V���&�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�Q�G���4�X�D�G�U�D�Q�W���,�Q�W�H�U�D�F�W�L�R�Q�V 

�9�R�U�W�H�[���I�R�U�P�D�W�L�R�Q���D�U�R�X�Q�G���E�U�L�G�J�H���S�L�H�U�V���F�D�Q���E�H���G�H�V�W�U�X�F�W�L�Y�H�����O�H�D�G�L�Q�J���W�R���F�R�P�S�O�H�[���I�O�R�Z��

�L�Q�W�H�U�D�F�W�L�R�Q�V���D�Q�G���V�F�R�X�U�L�Q�J���D�W���W�K�H���U�L�Y�H�U�E�H�G�����7�K�H�U�H���L�V���V�X�E�V�W�D�Q�W�L�D�O���U�H�V�H�D�U�F�K���L�Q�W�H�U�H�V�W���L�Q��

�W�K�H���K�\�G�U�R�G�\�Q�D�P�L�F�V���R�I�� �I�O�R�Z�� �R�E�V�W�U�X�F�W�L�R�Q�V�����S�D�U�W�L�F�X�O�D�U�O�\�� �D�U�R�X�Q�G���E�U�L�G�J�H���S�L�H�U�V���� �Z�K�L�F�K��

�D�U�H���F�R�P�P�R�Q���I�H�D�W�X�U�H�V���L�Q���K�\�G�U�D�X�O�L�F���V�W�U�X�F�W�X�U�H�V�����7�\�S�L�F�D�O�O�\�����E�U�L�G�J�H���S�L�H�U�V���L�P�S�D�F�W���U�L�Y�H�U�V��

�L�Q���J�U�R�X�S�V���U�D�W�K�H�U���W�K�D�Q���L�Q�G�L�Y�L�G�X�D�O�O�\�����P�D�N�L�Q�J���L�W���H�V�V�H�Q�W�L�D�O���W�R���H�[�S�O�R�U�H���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I��

�W�K�H�V�H�� �S�L�H�U�V�� �R�Q�� �U�L�Y�H�U�� �K�\�G�U�D�X�O�L�F�V�� �D�Q�G�� �W�X�U�E�X�O�H�Q�F�H���� �,�Q�� �W�K�L�V�� �F�K�D�S�W�H�U�� �W�K�H�� �D�Q�D�O�\�V�L�V��

�I�R�F�X�V�H�G���R�Q���W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���H�D�F�K���E�X�U�V�W�L�Q�J���H�Y�H�Q�W���W�R���5�6�6���J�H�Q�H�U�D�W�L�R�Q���W�R���L�G�H�Q�W�L�I�\��

�F�U�L�W�L�F�D�O���H�Y�H�Q�W�V���D�Q�G���W�X�U�E�X�O�H�Q�F�H���V�W�U�X�F�W�X�U�H�V���D�U�R�X�Q�G���W�K�H���S�L�H�U�V�����,�Q���W�K�H���X�S�V�W�U�H�D�P���Q�H�D�U��

�Z�D�N�H�� �I�O�R�Z�� �Z�L�W�K�L�Q�� �W�K�H�� �E�H�G���Z�D�O�O�� �O�D�\�H�U���� �V�W�U�R�Q�J�� �V�Z�H�H�S�� �D�Q�G�� �H�M�H�F�W�L�R�Q�� �H�Y�H�Q�W�V�� �Z�H�U�H��

�R�E�V�H�U�Y�H�G���� �Z�K�L�O�H�� �V�Z�H�H�S�V�� �Z�H�U�H�� �P�R�U�H�� �G�R�P�L�Q�D�Q�W�� �G�R�Z�Q�V�W�U�H�D�P���� �7�K�H�� �E�X�U�V�W�� �S�D�W�W�H�U�Q��

�V�K�L�I�W�H�G�� �L�Q�� �W�K�H�� �R�X�W�H�U�� �I�O�R�Z�� �O�D�\�H�U���� �Z�L�W�K�� �H�M�H�F�W�L�R�Q�V�� �E�H�F�R�P�L�Q�J�� �P�R�U�H�� �G�R�P�L�Q�D�Q�W����

�$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���I�U�D�F�W�L�R�Q�D�O���U�D�W�L�R���R�I���F�R�Q�W�U�L�E�X�W�L�R�Q�V���W�R���5�6�6���Y�D�U�L�D�W�L�R�Q���D�W���K�R�O�H���V�L�]�H���+� ����

�L�Q�G�L�F�D�W�H�G�� �W�K�D�W�� �V�Z�H�H�S�V�� �D�Q�G�� �H�M�H�F�W�L�R�Q�V�� �Z�H�U�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �J�H�Q�H�U�D�W�H�G�� �L�Q�� �W�K�H�� �Q�H�D�U��

�Z�D�N�H���I�O�R�Z���X�S�V�W�U�H�D�P�� 

�$���E�X�U�V�W���F�\�F�O�H���L�V���D���F�R�P�P�R�Q���S�K�H�Q�R�P�H�Q�R�Q���L�Q���W�K�H���O�D�\�H�U���R�I���W�X�U�E�X�O�H�Q�F�H���Q�H�D�U���W�K�H���E�H�G����

�L�Q�� �Z�K�L�F�K�� �V�W�U�R�Q�J�� �Y�R�U�W�L�F�H�V�� �D�U�H�� �J�H�Q�H�U�D�W�H�G�� �E�\�� �H�M�H�F�W�L�R�Q�� �D�Q�G�� �V�Z�H�H�S�� �S�U�R�F�H�V�V�H�V��

���6�F�K�R�S�S�D�� �D�Q�G�� �+�X�V�V�D�L�Q���� �������������� �/�R�Z���V�S�H�H�G�� �H�M�H�F�W�L�R�Q�V�� �D�Q�G�� �K�L�J�K���V�S�H�H�G�� �V�Z�H�H�S�V��

�R�F�F�X�U�� �L�U�U�H�J�X�O�D�U�O�\�����5�R�E�L�Q�V�R�Q���� ������������ �D�Q�G�� �D�U�H�� �S�U�L�P�D�U�L�O�\�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �W�K�H��

�J�H�Q�H�U�D�W�L�R�Q���R�I�� �Y�R�U�W�L�F�H�V���� �,�Q�� �Q�D�W�X�U�D�O�� �I�O�R�Z���� �E�H�G�� �S�D�U�W�L�F�O�H�V�� �D�U�H�� �O�L�I�W�H�G�� �E�\�� �H�M�H�F�W�L�R�Q�V�� �D�Q�G��

�W�U�D�Q�V�S�R�U�W�H�G���E�\���V�Z�H�H�S�V�����O�H�D�G�L�Q�J���W�R���H�Q�K�D�Q�F�H�G���P�R�P�H�Q�W�X�P���D�Q�G���P�R�W�L�R�Q���R�I���S�D�U�W�L�F�O�H�V��

�G�X�U�L�Q�J���W�K�H�V�H���E�X�U�V�W�L�Q�J���H�Y�H�Q�W�V�� 

�6�H�G�L�P�H�Q�W���W�U�D�Q�V�S�R�U�W���D�Q�G���W�X�U�E�X�O�H�Q�F�H���L�Q���Q�H�D�U���E�H�G���I�O�R�Z�V���D�U�H���I�X�Q�G�D�P�H�Q�W�D�O�O�\���D�I�I�H�F�W�H�G��

�E�\���W�K�H�V�H���E�X�U�V�W���F�\�F�O�H�V�����7�K�H���H�M�H�F�W�L�R�Q���H�Y�H�Q�W�V�����F�K�D�U�D�F�W�H�U�L�V�H�G���E�\���O�R�Z���V�S�H�H�G���I�O�X�L�G���E�H�L�Q�J��

�S�U�R�S�H�O�O�H�G�� �D�Z�D�\�� �I�U�R�P�� �W�K�H�� �E�H�G���� �D�Q�G�� �V�Z�H�H�S�� �H�Y�H�Q�W�V���� �L�Q�Y�R�O�Y�L�Q�J�� �K�L�J�K���V�S�H�H�G�� �I�O�X�L�G��

�P�R�Y�L�Q�J�� �W�R�Z�D�U�G�� �W�K�H�� �E�H�G���� �F�U�H�D�W�H�� �V�W�U�R�Q�J�� �Y�R�U�W�L�F�H�V�� �W�K�D�W�� �F�R�Q�W�U�L�E�X�W�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �W�R��

�W�X�U�E�X�O�H�Q�F�H���J�H�Q�H�U�D�W�L�R�Q�����7�K�L�V���L�U�U�H�J�X�O�D�U���R�F�F�X�U�U�H�Q�F�H���R�I���H�M�H�F�W�L�R�Q�V���D�Q�G���V�Z�H�H�S�V���L�V���D���N�H�\��



����  

�P�H�F�K�D�Q�L�V�P�� �E�H�K�L�Q�G�� �W�K�H�� �W�X�U�E�X�O�H�Q�W�� �P�L�[�L�Q�J�� �S�U�R�F�H�V�V�H�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �Q�D�W�X�U�D�O�� �Z�D�W�H�U��

�E�R�G�L�H�V���� �7�K�H�� �L�P�S�D�F�W�� �R�I�� �E�X�U�V�W�� �F�\�F�O�H�V�� �R�Q�� �V�H�G�L�P�H�Q�W�� �W�U�D�Q�V�S�R�U�W�� �L�V�� �S�D�U�W�L�F�X�O�D�U�O�\��

�Q�R�W�H�Z�R�U�W�K�\�����'�X�U�L�Q�J���W�K�H�V�H���H�Y�H�Q�W�V�����W�K�H���H�Q�H�U�J�\���I�U�R�P���W�K�H���H�M�H�F�W�L�R�Q�¶�V���O�L�I�W�V���E�H�G���S�D�U�W�L�F�O�H�V����

�Z�K�L�O�H���W�K�H���V�Z�H�H�S�V���P�R�Y�H���W�K�H�V�H���S�D�U�W�L�F�O�H�V���G�R�Z�Q�V�W�U�H�D�P�����7�K�L�V���F�R�P�E�L�Q�D�W�L�R�Q���R�I�� �O�L�I�W�L�Q�J��

�D�Q�G�� �W�U�D�Q�V�S�R�U�W�L�Q�J�� �U�H�V�X�O�W�V�� �L�Q�� �L�Q�F�U�H�D�V�H�G�� �S�D�U�W�L�F�O�H�� �P�R�W�L�R�Q���� �H�V�S�H�F�L�D�O�O�\�� �G�X�U�L�Q�J�� �L�Q�W�H�Q�V�H��

�E�X�U�V�W�L�Q�J���H�Y�H�Q�W�V�� 

���������� �4�X�D�G�U�D�Q�W���$�Q�D�O�\�V�L�V���R�I���7�X�U�E�X�O�H�Q�W���)�O�R�Z���'�\�Q�D�P�L�F�V���D�Q�G���(�Q�H�U�J�\��

�'�L�V�V�L�S�D�W�L�R�Q���$�U�R�X�Q�G���3�L�H�U�V 

�)�L�J�X�U�H������ ���L�Q�Y�H�V�W�L�J�D�W�H�V�� �W�K�H�� �J�D�S�V�� �E�H�W�Z�H�H�Q�� �H�D�F�K�� �S�L�H�U�� �D�Q�G�� �D�I�W�H�U�� �W�K�H�� �W�K�L�U�G�� �S�L�H�U��
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(g) 
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(ohms.cm²) 

Rct 

(ohms.cm²) 

Cdl  

(F) 

RMSE  

(%) 

Test 1 0.1 55363 2958100 0.000029602 34.8 

Test 2 0.2 24740 3641400 0.000026229 6.7 

Test 3 0.5 20026 22634000 0.000029649 4.5 
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�U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���:�D�U�E�X�U�J���F�R�H�I�I�L�F�L�H�Q�W���L�V���R�E�V�H�U�Y�H�G�����Z�K�L�F�K���L�V���G�L�U�H�F�W�O�\���D�V�V�R�F�L�D�W�H�G���Z�L�W�K��

�D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �L�P�S�H�G�D�Q�F�H���� �7�K�L�V�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �G�H�P�R�Q�V�W�U�D�W�H�V�� �W�K�H�� �:�D�U�E�X�U�J��

�F�R�H�I�I�L�F�L�H�Q�W�¶�V�� �G�L�U�H�F�W�� �F�R�Q�Q�H�F�W�L�R�Q�� �W�R�� �G�L�I�I�X�V�L�R�Q�� �S�U�R�F�H�V�V�H�V���� �7�K�H�� �R�E�V�H�U�Y�H�G�� �V�O�L�J�K�W��

�U�H�G�X�F�W�L�R�Q���L�Q���;�4���Z�L�W�K���L�Q�F�U�H�D�V�H�G���H�O�H�F�W�U�R�G�H���G�L�V�W�D�Q�F�H���P�D�\���L�Q�G�L�F�D�W�H���D���V�O�L�J�K�W���F�K�D�Q�J�H���L�Q��

�G�L�I�I�X�V�L�R�Q���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����O�L�N�H�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���W�K�H���J�U�H�D�W�H�U���V�H�S�D�U�D�W�L�R�Q�����Z�K�L�F�K���D�I�I�H�F�W�V��

�L�R�Q���W�U�D�Q�V�S�R�U�W���G�\�Q�D�P�L�F�V�� 

�)�L�Q�L�W�H���O�H�Q�J�W�K���G�L�I�I�X�V�L�R�Q�����R�U���E�R�X�Q�G�H�G���G�L�I�I�X�V�L�R�Q�����R�F�F�X�U�V���Z�L�W�K�L�Q���D���V�S�D�W�L�D�O�O�\���G�H�I�L�Q�H�G���D�U�H�D��

�Z�K�H�U�H�� �E�R�X�Q�G�D�U�L�H�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �G�L�V�S�H�U�V�L�R�Q�� �R�I�� �W�K�H�� �G�L�I�I�X�V�L�Q�J��
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�V�X�E�V�W�D�Q�F�H���� �7�K�L�V�� �F�R�Q�W�U�D�V�W�V�� �Z�L�W�K�� �X�Q�E�R�X�Q�G�H�G�� �G�L�I�I�X�V�L�R�Q���� �Z�K�H�U�H�� �W�K�H�� �V�X�E�V�W�D�Q�F�H��

�G�L�V�S�H�U�V�H�V�� �I�U�H�H�O�\�� �Z�L�W�K�R�X�W�� �V�S�D�W�L�D�O�� �F�R�Q�V�W�U�D�L�Q�W�V���� �R�I�W�H�Q�� �X�V�H�G�� �L�Q�� �L�Q�L�W�L�D�O�� �V�W�X�G�L�H�V�� �R�U�� �L�Q��

�F�R�Q�W�H�[�W�V���Z�K�H�U�H���E�R�X�Q�G�D�U�\���H�I�I�H�F�W�V���D�U�H���Q�H�J�O�L�J�L�E�O�H���G�X�H���W�R���W�K�H���V�W�X�G�\���D�U�H�D�¶�V���V�P�D�O�O���V�L�]�H��

�U�H�O�D�W�L�Y�H���W�R���S�R�W�H�Q�W�L�D�O���E�R�X�Q�G�D�U�L�H�V�� 

�7�K�H�� �Q�R�W�D�E�O�H�� �G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H�R�U�H�W�L�F�D�O�� �D�Q�G�� �H�P�S�L�U�L�F�D�O�� �G�L�I�I�X�V�L�R�Q�� �F�R�H�I�I�L�F�L�H�Q�W�V��

�V�X�J�J�H�V�W�V���W�K�D�W���W�K�H���W�K�H�R�U�H�W�L�F�D�O���P�R�G�H�O���P�D�\���O�R�V�H���D�F�F�X�U�D�F�\���D�V���W�K�H���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H��

�V�W�H�H�O�� �V�X�U�I�D�F�H�� �L�Q�F�U�H�D�V�H�V���� �7�K�L�V�� �G�L�V�F�U�H�S�D�Q�F�\�� �L�Q�G�L�F�D�W�H�V�� �W�K�H�� �Q�H�H�G�� �W�R�� �U�H�D�V�V�H�V�V�� �W�K�H��

�W�K�H�R�U�H�W�L�F�D�O�� �P�R�G�H�O�¶�V�� �Y�D�O�L�G�L�W�\�� �D�W�� �J�U�H�D�W�H�U�� �G�L�V�W�D�Q�F�H�V���� �Z�K�H�U�H�� �E�R�X�Q�G�D�U�\�� �H�I�I�H�F�W�V�� �D�Q�G��

�R�W�K�H�U�� �U�H�D�O���Z�R�U�O�G�� �I�D�F�W�R�U�V�� �E�H�F�R�P�H�� �P�R�U�H�� �S�U�R�Q�R�X�Q�F�H�G���� �7�K�H�� �K�L�J�K�H�U�� �G�L�I�I�X�V�L�R�Q��

�F�R�H�I�I�L�F�L�H�Q�W�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �H�P�S�L�U�L�F�D�O�� �G�D�W�D���� �G�H�U�L�Y�H�G�� �I�U�R�P�� �:�D�U�E�X�U�J�� �L�P�S�H�G�D�Q�F�H��

�P�H�D�V�X�U�H�P�H�Q�W�V�����L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H�V�H���H�P�S�L�U�L�F�D�O���Y�D�O�X�H�V���P�D�\���U�H�V�X�O�W���L�Q���D���P�R�U�H���D�F�F�X�U�D�W�H��

�U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���G�L�I�I�X�V�L�R�Q���E�H�K�D�Y�L�R�X�U���L�Q���S�U�D�F�W�L�F�D�O���V�F�H�Q�D�U�L�R�V�� 

�,�Q�F�R�U�S�R�U�D�W�L�Q�J���H�P�S�L�U�L�F�D�O���I�L�Q�G�L�Q�J�V���L�Q�W�R���D���U�H�Y�L�V�H�G���W�K�H�R�U�H�W�L�F�D�O���P�R�G�H�O���F�R�X�O�G���O�H�D�G���W�R���D��

�P�R�U�H�� �U�H�D�O�L�V�W�L�F�� �D�Q�G�� �S�U�H�F�L�V�H�� �I�U�D�P�H�Z�R�U�N�� �I�R�U�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �G�L�I�I�X�V�L�R�Q�� �L�Q��

�H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���V�\�V�W�H�P�V�����7�K�L�V���D�G�M�X�V�W�H�G���P�R�G�H�O���Z�R�X�O�G���E�H�W�W�H�U���D�O�L�J�Q���Z�L�W�K���R�E�V�H�U�Y�H�G��

�G�D�W�D���D�Q�G���F�R�X�O�G���E�H���D�G�D�S�W�H�G���W�R���G�L�I�I�H�U�H�Q�W���J�H�R�P�H�W�U�L�H�V���D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���F�R�Q�G�L�W�L�R�Q�V����

�H�Q�K�D�Q�F�L�Q�J�� �L�W�V�� �R�Y�H�U�D�O�O�� �D�F�F�X�U�D�F�\�� �D�Q�G�� �D�S�S�O�L�F�D�E�L�O�L�W�\�� �D�F�U�R�V�V�� �Y�D�U�L�R�X�V�� �F�R�Q�W�H�[�W�V���� �%�\��

�L�Q�W�H�J�U�D�W�L�Q�J�� �H�P�S�L�U�L�F�D�O�� �I�L�Q�G�L�Q�J�V���� �W�K�H�� �P�R�G�H�O�� �Z�R�X�O�G�� �P�R�U�H�� �H�I�I�H�F�W�L�Y�H�O�\�� �F�D�S�W�X�U�H�� �W�K�H��

�F�R�P�S�O�H�[�L�W�L�H�V���R�I���L�R�Q���G�L�I�I�X�V�L�R�Q�����S�D�U�W�L�F�X�O�D�U�O�\���L�Q���V�F�H�Q�D�U�L�R�V���Z�K�H�U�H���W�U�D�G�L�W�L�R�Q�D�O���W�K�H�R�U�H�W�L�F�D�O��

�D�S�S�U�R�D�F�K�H�V���P�D�\���I�D�O�O���V�K�R�U�W�� 
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CHAPTER 9:  �' �<�1�$�0�, �&���(�, �6���$�1�$�/�<�6�,�6���2�)�� �&�2�5�5�2�'�(�' �� �3�$�5�7�,�&�/�(��

�&�2�1�&�(�1�7�5�$�7�,�2�1�� �, �1�� �2�3�( �1���&�+�$�1�1�( �/�� �) �/�2�: 

������ �,�Q�W�H�J�U�D�W�H�G���$�Q�D�O�\�V�L�V���R�I���&�R�U�U�R�V�L�R�Q���D�Q�G���7�X�U�E�X�O�H�Q�F�H���,�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���2�S�H�Q��

�&�K�D�Q�Q�H�O���)�O�R�Z���$�U�R�X�Q�G���%�U�L�G�J�H���3�L�H�U�V 

�%�U�L�G�J�H���I�R�X�Q�G�D�W�L�R�Q�V���L�Q���R�S�H�Q���F�K�D�Q�Q�H�O�V���D�U�H���Q�D�W�X�U�D�O�O�\���V�X�V�F�H�S�W�L�E�O�H���W�R���F�R�U�U�R�V�L�R�Q���G�X�H���W�R��

�W�K�H�L�U�� �F�R�Q�W�L�Q�X�R�X�V�� �H�[�S�R�V�X�U�H�� �W�R�� �I�O�R�Z�L�Q�J�� �Z�D�W�H�U���� �Z�L�W�K�� �P�H�W�D�O�O�L�F�� �F�R�P�S�R�Q�H�Q�W�V�� �E�H�L�Q�J��

�S�D�U�W�L�F�X�O�D�U�O�\���D�W���U�L�V�N�����+�\�G�U�R�G�\�Q�D�P�L�F���I�R�U�F�H�V�����V�X�F�K���D�V���W�X�U�E�X�O�H�Q�F�H���V�W�U�X�F�W�X�U�H�V���D�Q�G���W�K�H��

�I�R�U�P�D�W�L�R�Q�� �R�I�� �Y�R�U�W�L�F�H�V�� �D�V�� �Z�D�W�H�U�� �L�Q�W�H�U�D�F�W�V�� �Z�L�W�K�� �W�K�H�V�H�� �V�W�U�X�F�W�X�U�H�V���� �V�L�J�Q�L�I�L�F�D�Q�W�O�\��

�D�F�F�H�O�H�U�D�W�H�� �F�R�U�U�R�V�L�R�Q���� �,�Q�� �K�\�G�U�D�X�O�L�F�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H���� �W�K�L�V�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �I�O�X�L�G��

�G�\�Q�D�P�L�F�V�� �D�Q�G�� �P�D�W�H�U�L�D�O�� �G�H�J�U�D�G�D�W�L�R�Q�� �S�R�V�H�V�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W�� �F�K�D�O�O�H�Q�J�H�����$�O�W�K�R�X�J�K��

�S�U�H�Y�L�R�X�V���F�K�D�S�W�H�U�V���K�D�Y�H���W�K�R�U�R�X�J�K�O�\���H�[�D�P�L�Q�H�G���W�K�H���H�I�I�H�F�W�V���R�I���Z�D�W�H�U���W�X�U�E�X�O�H�Q�F�H���L�Q��

�R�S�H�Q���F�K�D�Q�Q�H�O���I�O�R�Z���D�Q�G���W�K�H���F�R�U�U�R�V�L�Y�H���L�P�S�D�F�W���R�I���S�R�O�O�X�W�D�Q�W�V���L�Q���V�W�D�W�L�F���Z�D�W�H�U���X�Q�G�H�U���D��

�U�D�Q�J�H�� �R�I�� �F�R�Q�G�L�W�L�R�Q�V���� �D�� �F�U�L�W�L�F�D�O�� �J�D�S�� �S�H�U�V�L�V�W�V�� �L�Q�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �F�R�P�E�L�Q�H�G��

�L�Q�I�O�X�H�Q�F�H���R�I���W�K�H�V�H���I�D�F�W�R�U�V���L�Q���G�\�Q�D�P�L�F���K�\�G�U�R�G�\�Q�D�P�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����:�K�L�O�H���H�[�L�V�W�L�Q�J��

�O�L�W�H�U�D�W�X�U�H�� �S�U�R�Y�L�G�H�V�� �V�L�J�Q�L�I�L�F�D�Q�W�� �G�H�W�D�L�O�V�� �L�Q�W�R�� �W�X�U�E�X�O�H�Q�F�H���L�Q�G�X�F�H�G�� �I�O�R�Z�� �S�D�W�W�H�U�Q�V�� �D�Q�G��

�F�R�U�U�R�V�L�R�Q�� �P�H�F�K�D�Q�L�V�P�V���� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �F�R�U�U�R�V�L�R�Q�� �S�U�R�F�H�V�V�H�V�� �D�Q�G��

�W�X�U�E�X�O�H�Q�W�� �I�O�R�Z�V���� �S�D�U�W�L�F�X�O�D�U�O�\�� �D�U�R�X�Q�G�� �V�W�U�X�F�W�X�U�D�O�� �H�O�H�P�H�Q�W�V�� �V�X�F�K�� �D�V�� �E�U�L�G�J�H�� �S�L�H�U�V����

�U�H�P�D�L�Q�V���X�Q�G�H�U�H�[�S�O�R�U�H�G���� �7�K�L�V�� �O�D�F�N�� �R�I�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �U�D�L�V�H�V�� �L�P�S�R�U�W�D�Q�W�� �T�X�H�V�W�L�R�Q�V��

�D�E�R�X�W���K�R�Z���W�X�U�E�X�O�H�Q�F�H���D�I�I�H�F�W�V���F�R�U�U�R�V�L�R�Q���U�D�W�H�V���D�Q�G���P�H�F�K�D�Q�L�V�P�V�����D�Q�G���F�R�Q�Y�H�U�V�H�O�\����

�K�R�Z���F�R�U�U�R�V�L�R�Q���D�O�W�H�U�V���I�O�R�Z���G�\�Q�D�P�L�F�V���L�Q���V�X�F�K���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����7�K�H�V�H���N�Q�R�Z�O�H�G�J�H���J�D�S�V��

�S�U�H�V�H�Q�W�� �D�� �X�Q�L�T�X�H�� �R�S�S�R�U�W�X�Q�L�W�\�� �W�R���L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�L�V�� �F�R�P�S�O�H�[�� �L�Q�W�H�U�S�O�D�\�� �L�Q�� �J�U�H�D�W�H�U��

�G�H�S�W�K�����H�V�S�H�F�L�D�O�O�\���F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���P�X�O�W�L�I�D�F�H�W�H�G���Q�D�W�X�U�H���R�I���I�O�R�Z���L�Q�G�X�F�H�G���F�R�U�U�R�V�L�R�Q���L�Q��

�U�H�D�O���Z�R�U�O�G���K�\�G�U�R�G�\�Q�D�P�L�F���F�R�Q�G�L�W�L�R�Q�V�� 

�7�R���D�G�G�U�H�V�V���W�K�L�V���F�K�D�O�O�H�Q�J�H�����W�K�L�V���F�K�D�S�W�H�U���L�Q�W�U�R�G�X�F�H�V���D���Q�R�Y�H�O���D�Q�G���P�X�O�W�L�G�L�V�F�L�S�O�L�Q�D�U�\��

�D�S�S�U�R�D�F�K�����L�Q�F�R�U�S�R�U�D�W�L�Q�J���D�G�Y�D�Q�F�H�G���H�[�S�H�U�L�P�H�Q�W�D�O���W�H�F�K�Q�L�T�X�H�V���D�Q�G���H�[�S�H�U�W�L�V�H���L�Q���I�O�X�L�G��

�P�H�F�K�D�Q�L�F�V���D�Q�G���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���D�Q�D�O�\�V�L�V�����7�K�H���P�H�W�K�R�G�R�O�R�J�\���L�Q�Y�R�O�Y�H�V���D���V�H�U�L�H�V���R�I��

�V�R�S�K�L�V�W�L�F�D�W�H�G���H�[�S�H�U�L�P�H�Q�W�V���G�H�V�L�J�Q�H�G���W�R���L�Q�W�H�J�U�D�W�H���W�K�H���V�W�X�G�\���R�I���F�R�U�U�R�V�L�Y�H���P�D�W�H�U�L�D�O��

�E�H�K�D�Y�L�R�X�U�� �Z�L�W�K�� �W�K�H�� �G�H�W�D�L�O�H�G�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�X�U�E�X�O�H�Q�F�H���L�Q�G�X�F�H�G�� �I�O�R�Z�� �P�R�Y�H�P�H�Q�W��

�D�U�R�X�Q�G�� �E�U�L�G�J�H�� �S�L�H�U�V�� �L�Q�� �R�S�H�Q�� �F�K�D�Q�Q�H�O�V���� �7�K�L�V�� �L�Q�F�O�X�G�H�V�� �H�[�D�P�L�Q�L�Q�J�� �W�K�H�� �U�R�O�H�� �R�I��
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�G�L�V�U�X�S�W�V���W�K�H���E�R�X�Q�G�D�U�\���O�D�\�H�U�����O�H�D�G�L�Q�J���W�R���V�W�U�R�Q�J�H�U���Y�H�U�W�L�F�D�O���G�H�I�O�H�F�W�L�R�Q�V���D�Q�G���H�Q�K�D�Q�F�H�G��

�P�L�[�L�Q�J�� �S�U�R�F�H�V�V�����$�V�� �D�� �U�H�V�X�O�W�� �R�I�� �W�K�H�� �F�R�P�E�L�Q�H�� �H�I�I�H�F�W�� �R�I�� �H�O�H�Y�D�W�H�G�� �V�W�U�H�D�P�Z�L�V�H�� �D�Q�G��

�Y�H�U�W�L�F�D�O�� �Y�H�O�R�F�L�W�L�H�V�� �D�U�R�X�Q�G�� �X�Q�F�R�D�W�H�G�� �S�L�H�U�V���� �F�R�U�U�R�V�L�R�Q�� �S�D�U�W�L�F�O�H�V�� �Q�R�W�� �R�Q�O�\�� �L�Q�F�U�H�D�V�H��

�G�U�D�J�� �D�Q�G�� �U�H�V�L�V�W�D�Q�F�H�� �L�Q�� �W�K�H�� �K�R�U�L�]�R�Q�W�D�O�� �G�L�U�H�F�W�L�R�Q�� �E�X�W�� �D�O�V�R�� �L�Q�W�H�Q�V�L�I�\�� �Y�H�U�W�L�F�D�O��

�W�X�U�E�X�O�H�Q�F�H�����F�U�H�D�W�L�Q�J���D���P�R�U�H���F�K�D�R�W�L�F���I�O�R�Z���I�L�H�O�G�� 

�2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H���I�L�Q�G�L�Q�J�V���U�H�Y�H�D�O�H�G���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���W�K�H���W�Z�R��

�W�H�V�W�V���� �Z�L�W�K�� �W�K�H�� �X�Q�F�R�D�W�H�G�� �S�L�H�U�� �V�K�R�Z�L�Q�J�� �V�W�H�H�S�H�U�� �Y�H�O�R�F�L�W�\�� �J�U�D�G�L�H�Q�W�V�� �D�Q�G�� �K�L�J�K�H�U��

�W�X�U�E�X�O�H�Q�F�H�� �L�Q�W�H�Q�V�L�W�\�� �L�Q�� �W�K�H�� �E�R�X�Q�G�D�U�\�� �O�D�\�H�U���� �7�K�L�V�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �W�K�H�� �L�Q�F�U�H�D�V�H�G��

�V�X�U�I�D�F�H���U�R�X�J�K�Q�H�V�V���G�X�H���W�R���F�R�U�U�R�V�L�R�Q���O�H�G���W�R���J�U�H�D�W�H�U���I�O�R�Z���G�L�V�W�X�U�E�D�Q�F�H�V�����F�R�Q�I�L�U�P�L�Q�J��

�W�K�H�� �R�E�M�H�F�W�L�Y�H�� �W�K�D�W�� �V�X�U�I�D�F�H�� �F�R�Q�G�L�W�L�R�Q�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �D�I�I�H�F�W�� �W�X�U�E�X�O�H�Q�F�H���E�H�K�D�Y�L�R�X�U����

�7�K�X�V���� �W�K�H�� �D�Q�D�O�\�V�L�V�� �G�H�P�R�Q�V�W�U�D�W�H�V�� �W�K�D�W�� �F�R�U�U�R�V�L�R�Q���L�Q�G�X�F�H�G���S�D�U�W�L�F�O�H�V���V�X�E�V�W�D�Q�W�L�D�O�O�\��

�D�O�W�H�U���W�K�H���I�O�R�Z���S�D�W�W�H�U�Q�V���D�U�R�X�Q�G���W�K�H���S�L�H�U�����G�L�U�H�F�W�O�\���O�L�Q�N�L�Q�J���W�K�H���V�W�X�G�\�¶�V���R�E�M�H�F�W�L�Y�H�V���W�R���W�K�H��

�R�E�V�H�U�Y�H�G���U�H�V�X�O�W�V�� 
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CHAPTER 10:  �&�2�1�&�/ �8�6�,�2�1�6���$�1�'�� �)�8�7�8�5�(�� �:�2�5�. 
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�$�Q���$�F�R�X�V�W�L�F���'�R�S�S�O�H�U���9�H�O�R�F�L�P�H�W�H�U�����$�'�9�����Z�D�V���X�V�H�G���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���W�X�U�E�X�O�H�Q�F�H��

�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����L�Q�W�H�Q�V�L�W�L�H�V�����D�Q�G���5�H�\�Q�R�O�G�V���V�K�H�D�U���V�W�U�H�V�V���D�U�R�X�Q�G���W�K�U�H�H���V�T�X�D�U�H���S�L�H�U�V����

�:�L�W�K�L�Q�� �W�K�H�� �,�Q�Q�H�U�� �)�O�R�Z�� �5�H�J�L�R�Q�� ���,�)�5���� �D�Q�G�� �2�X�W�H�U�� �)�O�R�Z�� �5�H�J�L�R�Q�� ���2�)�5������ �Y�H�O�R�F�L�W�L�H�V��

�Y�D�U�L�H�G�� �V�W�U�H�D�P�Z�L�V�H���� �W�U�D�Q�V�Y�H�U�V�H���� �D�Q�G�� �Y�H�U�W�L�F�D�O�O�\���� �&�R�P�S�O�H�[�� �J�H�R�P�H�W�U�\�� �R�I�� �W�K�H�� �S�L�H�U�V��

�V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�P�S�D�F�W�V���I�O�R�Z���G�\�Q�D�P�L�F�V�����F�D�X�V�L�Q�J���U�H�Y�H�U�V�H���I�O�R�Z�����W�X�U�E�X�O�H�Q�F�H�����D�Q�G���Y�R�U�W�H�[��

�I�R�U�P�D�W�L�R�Q���� �7�K�H�� �V�W�U�R�Q�J�H�V�W�� �U�H�Y�H�U�V�H�� �I�O�R�Z�� �R�F�F�X�U�U�H�G�� �L�Q�� �W�K�H�� �J�D�S�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�L�H�U�V����

�S�D�U�W�L�F�X�O�D�U�O�\�� �E�H�K�L�Q�G�� �W�K�H�� �I�L�U�V�W�� �S�L�H�U���� �Z�K�H�U�H���V�W�U�H�D�P�Z�L�V�H�� �Y�H�O�R�F�L�W�\�� �U�H�Y�H�U�V�H�G�� �V�W�U�R�Q�J�O�\����

�)�O�R�Z���G�L�U�H�F�W�L�R�Q�V���Z�H�U�H���P�L�[�H�G���G�X�H���W�R���V�Z�L�U�O�L�Q�J���S�D�W�W�H�U�Q�V���D�Q�G���Y�R�U�W�L�F�H�V���F�U�H�D�W�H�G���E�\���W�K�H��

�S�L�H�U�V�����$�V���D���U�H�V�X�O�W���R�I���O�L�P�L�W�H�G���V�S�D�F�L�Q�J���E�H�W�Z�H�H�Q���W�K�H���S�L�H�U�V�����W�X�U�E�X�O�H�Q�W���V�W�U�X�F�W�X�U�H�V���Z�H�U�H��

�Y�H�U�\���S�U�R�P�L�Q�H�Q�W���E�H�K�L�Q�G���W�K�H���I�L�U�V�W���S�L�H�U�����F�D�X�V�L�Q�J���D���Z�D�Y�\���P�R�W�L�R�Q�����$�O�V�R�����Y�R�U�W�H�[���I�R�U�P�D�W�L�R�Q��

�Z�D�V���L�Q�W�H�Q�V�L�I�L�H�G���E�\���W�K�H���G�H�F�U�H�D�V�H���L�Q���Z�D�W�H�U���G�H�S�W�K���G�R�Z�Q�V�W�U�H�D�P�����D�O�W�K�R�X�J�K���O�H�V�V���L�Q�W�H�Q�V�H��

�Y�R�U�W�L�F�H�V���I�R�U�P�H�G���E�H�K�L�Q�G���W�K�H���V�H�F�R�Q�G���D�Q�G���W�K�L�U�G���S�L�H�U�V���� 

�%�\�� �F�R�Q�G�X�F�W�L�Q�J���H�[�S�H�U�L�P�H�Q�W�V���D�W���Y�D�U�L�R�X�V���G�H�S�W�K�V���D�Q�G���U�R�Z�V���D�U�R�X�Q�G���W�K�H���S�L�H�U�V���� �E�X�U�V�W��

�F�\�F�O�H���H�Y�H�Q�W�V���D�Q�G���5�H�\�Q�R�O�G�V���V�K�H�D�U���V�W�U�H�V�V���G�L�V�W�U�L�E�X�W�L�R�Q�V���Z�H�U�H���L�Q�Y�H�V�W�L�J�D�W�H�G���D�V���Z�H�O�O����

�,�)�5���D�Q�G���2�)�5���S�O�D�\���F�U�X�F�L�D�O���U�R�O�H�V���L�Q���G�R�Z�Q�V�W�U�H�D�P���W�R���X�S�V�W�U�H�D�P���P�L�[�L�Q�J�����D�F�F�R�U�G�L�Q�J���W�R��

�U�H�V�X�O�W�V�� �R�E�W�D�L�Q�H�G�� �W�K�U�R�X�J�K�� �$�'�9�� �P�H�D�V�X�U�H�P�H�Q�W�V���� �7�X�U�E�X�O�H�Q�F�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �Z�D�V��

�L�Q�I�O�X�H�Q�F�H�G���E�\���E�R�W�K���L�Q�Z�D�U�G���D�Q�G���R�X�W�Z�D�U�G���L�Q�W�H�U�D�F�W�L�R�Q�V���Q�H�D�U���W�K�H���E�H�G���D�I�W�H�U���H�D�F�K���S�L�H�U����

�7�X�U�E�X�O�H�Q�F�H���J�H�Q�H�U�D�W�H�G���L�Q���W�K�H���4�����D�Q�G���4�����T�X�D�G�U�D�Q�W�V���F�R�Q�W�U�L�E�X�W�H�G���W�R���Y�R�U�W�L�F�H�V���L�Q���W�K�H��

�,�)�5���E�H�W�Z�H�H�Q���S�L�H�U�V�����:�H���R�E�V�H�U�Y�H�G���G�R�P�L�Q�D�Q�W���V�Z�H�H�S�V�����6�7�(� �����������E�H�O�R�Z���W�K�H���I�L�U�V�W���S�L�H�U����

�L�Q�G�L�F�D�W�L�Q�J���K�H�L�J�K�W�H�Q�H�G���W�X�U�E�X�O�H�Q�F�H���L�Q�W�H�U�D�F�W�L�R�Q�V�����$�V�� �D�� �U�H�V�X�O�W���R�I�� �W�K�H�V�H���V�Z�H�H�S�V���D�Q�G��

�K�L�J�K�H�U�� �5�6�6�� �Y�D�O�X�H�V�� �L�Q�� �W�K�H�� �,�)�5���� �W�X�U�E�X�O�H�Q�F�H�� �I�O�X�F�W�X�D�W�L�R�Q�V�� �F�O�R�V�H�� �W�R�� �W�K�H�� �E�H�G�� �D�U�H��

�L�Q�W�H�Q�V�L�I�L�H�G�����U�H�V�X�O�W�L�Q�J���L�Q���F�R�P�S�O�H�[���I�O�R�Z���V�W�U�X�F�W�X�U�H�V�����7�K�H�V�H���I�L�Q�G�L�Q�J�V���S�U�R�Y�L�G�H���H�Y�L�G�H�Q�F�H��

�W�K�D�W���W�K�H���H�[�S�H�U�L�P�H�Q�W���D�Q�D�O�\�V�L�V���Z�D�V���D�F�F�X�U�D�W�H�����D�Q�G���W�X�U�E�X�O�H�Q�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���K�D�Y�H���D��

�G�L�U�H�F�W���L�P�S�D�F�W���R�Q���E�X�U�V�W���H�Y�H�Q�W�V�� 

�0�R�U�H�R�Y�H�U�����W�K�H���I�O�R�Z���I�L�H�O�G���D�U�R�X�Q�G���W�K�H���W�K�U�H�H���S�L�H�U�V���Z�D�V���V�L�P�X�O�D�W�H�G���X�V�L�Q�J���F�R�P�S�X�W�D�W�L�R�Q�D�O��

�N���Ý���W�X�U�E�X�O�H�Q�F�H�� �9�2�)�� �P�H�W�K�R�G�V�� �L�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �D�Q�D�O�\�V�L�V���� �6�L�P�X�O�D�W�L�R�Q�V��

�U�H�Y�H�D�O�H�G���D���G�L�V�W�L�Q�F�W���V�H�S�D�U�D�W�L�R�Q���]�R�Q�H���G�R�Z�Q�V�W�U�H�D�P���R�I���W�K�H���I�L�U�V�W���S�L�H�U�����H�[�W�H�Q�G�L�Q�J���W�R�Z�D�U�G��

�W�K�H�� �I�U�H�H�� �V�X�U�I�D�F�H���� �)�O�R�Z�� �P�H�F�K�D�Q�L�V�P�V�� �V�X�F�K�� �D�V�� �W�K�H�V�H�� �L�Q�W�H�U�D�F�W�� �Z�L�W�K�� �W�K�H�� �K�R�U�L�]�R�Q�W�D�O��

�E�R�X�Q�G�D�U�\���O�D�\�H�U�� �Q�H�D�U�� �W�K�H�� �E�H�G�� �G�X�H�� �W�R�� �W�K�H�� �Q�H�J�D�W�L�Y�H���S�U�H�V�V�X�U�H�� �J�U�D�G�L�H�Q�W���F�D�X�V�H�G�� �E�\��

�Q�R�Q���X�Q�L�I�R�U�P�� �I�O�R�Z�� �D�S�S�U�R�D�F�K�L�Q�J�� �S�L�H�U�� �V�L�G�H�V���� �'�H�V�S�L�W�H�� �V�R�P�H�� �G�L�V�F�U�H�S�D�Q�F�\�� �D�P�R�Q�J��

�V�L�P�X�O�D�W�H�G���D�Q�G���R�E�V�H�U�Y�H�G���W�X�U�E�X�O�H�Q�F�H�����S�D�U�W�L�F�X�O�D�U�O�\���D�U�R�X�Q�G���W�K�H���S�L�H�U�V�����W�K�H���9�R�O�X�P�H���R�I��
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�Z�H�O�O�����8�V�L�Q�J���W�K�L�V���P�R�G�H�O���I�R�U���V�L�P�X�O�D�W�L�Q�J���F�R�P�S�O�H�[���I�O�R�Z���V�F�H�Q�D�U�L�R�V���L�V���D���U�H�O�L�D�E�O�H���P�H�W�K�R�G��
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�G�L�V�W�U�L�E�X�W�L�R�Q�V�����:�K�L�O�H���W�K�H���P�R�G�H�O���F�D�Q�Q�R�W���I�X�O�O�\���V�L�P�X�O�D�W�H���W�X�U�E�X�O�H�Q�W���I�O�R�Z���D�U�R�X�Q�G���E�U�L�G�J�H��

�S�L�H�U�V�����L�W�V���D�F�F�X�U�D�F�\���D�Q�G���H�I�I�L�F�L�H�Q�F�\���Z�H�U�H���L�P�S�U�H�V�V�L�Y�H�� 

�2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�Z�R���V�H�U�L�H�V���R�I���F�R�U�U�R�G�H�G���P�D�W�H�U�L�D�O���H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G��

�I�L�U�V�W���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���F�R�U�U�R�V�L�R�Q���H�I�I�H�F�W���R�Q���G�L�V�W�L�O�O�H�G���Z�D�W�H�U�����D�Q�G���W�K�H�Q���W�R���L�G�H�Q�W�L�I�\���W�K�H��

�U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���L�P�S�H�G�D�Q�F�H���V�R�O�X�W�L�R�Q���D�Q�G���G�L�I�I�X�V�L�R�Q�����7�K�H���S�X�U�S�R�V�H���R�I���W�K�L�V���S�D�U�W��

�L�V���W�R���J�D�L�Q���D���E�H�W�W�H�U���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���F�R�U�U�R�V�L�R�Q���E�H�K�D�Y�L�R�X�U�����'�X�H���W�R���W�K�L�V�����L�P�S�H�G�D�Q�F�H��

�D�Q�G�� �W�X�U�E�X�O�H�Q�F�H�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �U�H�Y�H�D�O�� �V�L�J�Q�L�I�L�F�D�Q�W�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �E�H�W�Z�H�H�Q��
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