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1 Ensemble Averaging 
2 Time Averaging 
3 Thermal Conductivity 
4 Closed Set 
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1 Wall Function 
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1 Flow Separation in Adverse Pressure Gradient 
2 Shock-Boundary Layer Interaction 
3 Reattachment 
4 Flow Transpiration 
5 Viscous Sublayer 
6 Molecular Diffusion 
7 Fully Turbulent Layer 
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1 Buffer Layer 
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_Q� (B,��� ������A�: �,Eddy-Viscosity -

2([�� "�< Eddy Viscosity p

B,��� ������A�: �,Eddy-Viscosity F����6����� ��'?�� K'A ��:mj'�� !6�F8�7'�� K6?'�H tµ
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1 Eddy-Viscosity Constitutive Relation 
2 Eddy-Viscosity Model 
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- Standarad k ε−
- Extended k ε−
- RNG k ε−
- Anisotropic 

k ε−
- Wilcox k ω−
- SST k ω−

Spalart-Allmaras- Automatic Mixing Length  
- User-specified Mixing 
Length 

 

- Boussinesq
- Speziale
- Launder
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1 Mean Strain Rate Tensor 
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F���� ��@"��U�V�����T �����+A �<"K%��5� ��� ����� ����T ��� .K,�8X �A�*�� [�� �'< 

�� ����8& K,K�K6�� ��74& �8+�:

-.[�� "�< �?� KQ���� �"-

p.[�� "�< ��KQ���� �"p
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w9�� ��� KA��< [�� �6?�H��8T� ����� KA��,"��+&�$b�7� ������8�,�8T �'��, .2�'z6�� 

[�� F�*�, [�� "�< �8T8� �67,�K,:

1 Zero Equation Model 
2 One Equation Model 
3 Two Equation Model 
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%�T�K6?�H Mk��� KA��,"�HF���!Q���� Q�46���
��?6�� 

�� �8�.

[��Spalart-Allmaras ��[�� �&KQ���� "�
��� 
�8, KA��!Q���� [�� ��� [�'46�� ����',"

K, ��� ����H tµ$: ����A .[�� �8,U� ��,"�<��,��A"�8<o�`V Kb��� 
�� ��� �*���+< i��6� 

,8; ���,"K�L �<"F��"KA������ ������@ ��
V �8���p���J M����� Kb��� 
��� ��� .*�'��+< 

*�� M[�� ��[�� �8+	���,"�<��,��A"*����8,�8& ���.

1 Zero Equation Models (Mixing Length Models) 
2 Adverse Pressure Gradient 
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�� $�� ����M�8; [��Spalart-Allmaras Q����uv� ��,"���	� F�Q8��� *�b�� 2875� ��M���@

�������?6�� �uv� F�*�� [�� ���& ���5� K,:�8��6���uF��TUQ ��$';�� !'�L F�'�"�:�8'��

K,�
�)�,��	 F�Q8��� *�b�� (����,�.*�� M[�� *��6�, K��U@ ��,"����� K,$:�<"D�;-�, ��"

R� �z�F �K�Q�p�� ���,.)K6%Q� ��,"�J�8��KAY�%��5� 3�J� ����� ����T K6?�H ��; ����9"


�8%� �W�< �A������ K,����6V� �A��%��4&�F�����T K6?�H ���.

J�$ ��� #�"L��i$ ��:

[�� "�< ��KQ���� "�K,��8�	 ��,��F"���7,"F�Y�4�45& n8,�� K,[�'� "F�'� Y�'����T K6?'�HM

�;L�, �����Q�� ��;� ���7, ��8� KT8& ���J K6V�@ ��� .
��� *��& [�� "�< $'��A �6?'�H�)K'A ��

*�	 ���,�J �<"ML�, ����"YL���� ��6%7� 
��� �"U�� ����,��(M[�� "�< ��KQ���� "���67'< K'A 

�� �H�<M$:��!Q���� [�46�� K��@��T ~'	�, *�'��& ��'� !�m467'� ��'�4� �	�'� �6?'�H�.�

���4� [8X �6?�H�0�� ��8�.

!j4� F��H D�+& [�� "�<Eddy – Viscosity ��KQ���� "�F�E���j;�M
��?6�� F�\��4& �7��F8, �

!Q���� [�46�� ��,"#���"
%�T��6?�H M�k�� ��,�.2�z6�� �'��6� D�� 
�8'zQ� 
�8', ��'& F��'�� 

���
��Y�� ���7,"��,"*�� 2�z6�� Kb��� 
�� ���]qp[:

"I��� 3�
�� J�� "I��� �/y�$ ���� ��
i$ �W�:/� 

Kolmogorov -t0p k
lω���A�V 

Rotta -tq- ll[8X ���4� 

Rotta -tr/ klkl

k��,�9 [8X 

���4� 

1 Crude Simulation 
2 Coarse Mesh 
3 Turbulent Velocity Scale 
4 Turbulent Length Scale 
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Harlow & 
Nakayama 

-tr/ 
3
2k
lε^�� [m5+9� kUQ

Spalding -trt 2

k
lω′Y����8� �6�7�&��

Nee & Kovasznay-trt l ktν"�� K6�F8�7�� 

Speziale -ttp l
kτ���F ���4� 

J�$ ���������k ε−:

�� [k ε−W���� *��& [�� ��KQ���� "�����,�.��S KA��V �H���H �
��?6�� F��H��K'����, 

7�8��
��� ����,�.��[�� "�<Eddy-Viscosityk ε−M����� K6?�H �,\7: �����6� ��'�, 

�� �8�:

_Q�(#���"
%�T�����T !6?�H k-

2(^�� [m5+9� F8�7�� #���"
%�T�!6?�H εp

)-q(1
2 i ik u u′ ′=
����

)-r(, ,i j i ju uµε
ρ
  ′ ′=    

�� [�� ������6��k ε−M����4� k�εB�8& YL���� �K+� �E&,�.��F ,K��� ���H��:

)-s(, ,
,

t
j j j

k j

k u k k G B
t

µρ ρ µ ρε
σ

 ∂  + = + + + −  ∂  

)-/(( )
2

, , 1 1 3 2
,

1t
j j j

j

u C G C C B C
t k k kε

ε µ ε ε ερ ρ ε µ ε ρ
σ

 ∂  + = + + + − −  ∂  

KA ���H1C�2C�3C%b��9�,�E&�
�8, �kσ�εσU�� K,\�&�& �	���$6���� ���+�� K6?�H 

�� ��,��.

1 Turbulent Kinetic Energy (T.K.E.) 
2 Viscous Dissipation Rate of Turbulent Kinetic Energy 
3 Semi-Empirical 
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D�& "�< 1C G
k
ε    �

2

2C k
ερ
    

�� !Q����)qo-t(,K\�&�& ����'�, �<�'��H�V"�'�Q8& '��, �ε-�

�<���H�V"[m5+9� F8�7�� ε�� ��,��.D�& ( )1 31C C B
k
ε −   �����, Y��u� 7���8,�����,�.

J�$ "i��� (����k ε−�:

*�� [�'� ���'� ��8'& K', 
��'+< �'< �'� F�K'� !'j,�� '�����'��� �Launder MSpeziale �'� �

Boussinesq 
��?6�� �8+� .[��k ε−K��8& !6V�� ~5, '�
����'E��� B'�8&Chen �Kim)��

*& F�*�445� Y�����T K6?�H (���, 
�� ��� .[L�6�� �4j���KA���
� *�� [�� K6?�� M��� 

*�� ��� KA
�m	 �,���4� ���F��6?�H M�k
ε

M���4� ���F�����"K,Y�8� k
G
ρU�� �8T� ���� 

KA K,�+A �H����8& ^�� [m5+9� F8�7�� ��K,^�� R��A B�86� ������T B%&�� �;�'� .�', 

*�� [L�6�� �H�<!Q���� ��>� ε�� [�� ������6�� ��K,D�V $�� ����& �����:

)-t(( )
2 2

, , 1 1 3 2 4
,

1t
j j j

j

Gu C G C C B C C
t k k k kε

ε µ ε ε ερ ρ ε µ ε ρ
σ ρ

 ∂  + = + + + − − +  ∂  

��+< �8X KA
�<�
� ���8�M!Q���� ε�m�� ��� Chen �KimM$��� \��9 4CU�� �7< .*�� 

�� �?� 
�m	 �,����
�� ��,"���4� 4CM���� ����4� [�� �������6� ����8'� �m'�� ���,F�',����'J 


��� ���:

4C2C1Cεσkσ

pq/xt/--q/--q/-sq/x

�$ JRNGk ε−:

Y8;�� �R�����+<.!�8@ ���T"F�[�� k ε−�� K'b��� 
�8'+� �'�� K'A Y�l'z
� ��'@��� �'<"

����+	"�H��K7��4� �,[�� ������6�� K���, 
�� ���.

1 Shear Generation Processes 
2 Extended k-εModel 
3 Yakhot, et al 
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[�� ����
��"�H�<�,��%�"�8�&"Renormalized Group ���J K6��� ��F*�+< ��K,�HRNG 

K6?@ ���8� .[�� RNGk ε−�� $�� �<��"M�8; ���7, K�%� K', ��[�'� ������6'�� �B7', 

K6V�� ����,�.���� ����+< [�� B7, !6V�� k ε−M*�� [�� U�� F���D�'& V�'9����!'Q����ε

�8; 
��, ����, .KT8& K6��� ����, KA����4� \b��9 *�� [�� �%7� K,[�� B7', K'6V�� Y��'?6� 

�� ��,�.F�*�� [�� U�� ����8'& ����'�A K'� !'j,�� '���� �Boussinesq MSpeziale �Launder 


��?6�� �8+�.

D�V �A�YL���� ��[��RNGk ε−K, Y�8� ��F ���,��:
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�� ��8& ��
� ��� KAη�,�&�F��%7� 
Generation of k

Dissipation of k

�8, �����8& �H��K,Y�8� ��F ��'�, 

�8+�:

)p.(1 GCµη
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−=

J�$k ε−�/� �c/'#��#:�:

[�� !6?�Hk ε−��� M�����&�U�� Kz7� �"F�[�� ������6�� ��� KA$��� D�& �<b���!'Q���� ε

���KA*�� D�& �<n8,�� K,��6;�� ��� �����&�U�� ����� ����T K6?�H ����,��.*'�� D�'& �'< �', 

��%�"D�& "�<,K��A K6V� ��[�� R�& F�Q8���-Kb��� 
�� ��� .W�'< *'�� D�'& "�'< V�'9��M�8'%�, 

���,�J [�� ��R�� ���,Y��u� ��� �����&�U�� ��'��T �'�� K'A ��'+ ��8'& *'�� Y��'u� ��B'�8& 

1 RSM 
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[�� "�< ��KQ���� "�K,,8;�[�� �8+�.*�� Y��'u� ��Y�'����T 
�'���� �M$�
'� �'�>� Swirl M

Strong Curvature �U''�� Y�''����T ���� "Force Body)�''���� b�''E,�T���FH �Y�''����T �����''� 


;�S�(�Y�����T K�8��u-K, �
S ����8;.

��6;�� ��� �����&�U�� Y�����T K6?�H ���& K,�+A ���F���!Q���� �����Speziale �Launder 

$,�J R�� ���, ��� .[�� !6?�H k ε−��� �����&�U�� ����'+ ��8'& ����'�A !'j,�� Boussinesq 


��?6�� M�8+� ��S KA*�� Kj,�� b���8&�[�� ��8+� �<��6;��"��� �'����&�U�� Y�'����T K6?'�H ��

�����.D�V �A�YL���� k ε−��� �����&�U�� ���� K�%� K,[�� ������6�� k ε−�� ���,:
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J�$ R��W0�#k ω−:

�Q�: �8+	�[�� "�<k ω−F� ���A�V �6?�H�ω,K�T"^�� [m5+9� kUQ ε��, "z
'��

���A �6?�H�
��?6�� ���A�.*��S [�� �<b�,K�8X 59���K,C�8�� [�� k ε−���U� �B%&�� 

�� ��,��.�����E��� K,���,�C8� Wilcox [�� k ω−����F����.

�� [�� Wilcox k ω−Mn�%&�� *�', ��'�4� �6?'�H�Q8'X��6	�'��'����tδ�tu�', k�

���A�V �6?�H�ωB�8& B,��� ��F 
��� 
�� ���:

)pr(t
kδ
ω

∝

)ps(
tu k∝

��+< �8X KA
��� ���8�M����&"��B,��� ������[8X ���4� �<�...
��� ��+�8�.

���''A�V �6?''�H�ω�� �''� ��8''& B''�8& Y��''%	kε ω=����''4� K'', k�ωn8'',�� �;�''� .�

!6�F8�7�� �6?�H�tµU�� B�8& !j,�� ��F ,K��� ����H:

1 Secondary Flows 
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J�$ J����� s
� ����k ω−_:

[��SST.k ω−B�8& �6��p�K,�8>�� *6z��H [8��V ��,"3�J� ��'�+&��J [�'� k ω−��

 �8�� (��U� �:�8� �, 
�[�� k ε−$467� F�����T §��FH��:�8����� F�
��8'�� K'b��� 
�'� �'�� .

����*�� [�� ,K�8X M���U+< b���8&�L�,"[�� k ω−�� :�8���,��	 F�Q8��� *�b�'� �b�'��8&�

L�,"[�� k ε−�� :�8���,��	 F�Q8��� L�, �������6;� K6V�@ ��� .��,"*'�� \'�A�& ��M[�'� 

���F��� �H��67< KA[8��V ��,"[��k ε−�� ,K$�� [�� k ω−������, �� .

[��SST.k ω−���7, K�%� K,[�� ������6��k ω−��� �*��Q $��� K���, "F�� �<"��F U�� 

�� ��,�:)DFL K,�A� ��� KA[�� ������6�� k ω−�, ��%�"[�� Wilcox k ω−���J ���� K'A 

��: "&�:m�����Y��u� ��	 F�Q8��� M*�b�� �A��& ����".�@��A��������T �,��0�� ��,�(.

_Q� ([�� ������6��k ω−�$�� $��%& !6V�� [�� k ε−�< ������I,�'& '�6z��H�q2�'9 


�� �
���H ��[�� �,������ I+T ����8�.

I,�& �6z��H��8X":��X�
�� ��� KA��:�8�����U� ��8�� ����"���4� ��)AK~'	�, [�'�V 

��� [�� k ω−�� �H:�8�����8� (���:�8����� F���8�� ����"���4� �?�)KA~'	�, [�'�V 

��� [�� k ε−�� �8� (����,�.KT8& �8� KA�@� KS*�� ]�� �����8& ���,�J �<"�<��[�� 

�� R��UV� $,�J �T8&�<�,M�*��Q K,!j��� ���H�V ��b8� ��� F���[�� K,[�� M���� *�� [�� 

1 Shear Stress Transport (SST) k-ω Model 
2 Menter 
3 Compressibility 
4 Shear Flow Spreading 
5 Blending Function 
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\��� �,�<��6V�"��������"���b���+<��<"?��9�KT�8� �����@.

2([��SST (� "���� Damped Cross Diffusion Derivative!Q���� �� ω���.

k(_���& !6�F8�7�� �6?�H �tµK, �8>�� K,2�7: ����H Y��u� [�'46�� R�'& �'<"'��,��'���

����T K6?�H ��8� ����& ���J K6V�@ ���.

�(�,�8u [�� �%7� K,[�� ������6��k ω−����& K6V�� ���.

*�� Y���8l; ~	�, 
�� ��� K'A [�'�SST.k ω−��',"!6'�� ��'���F�Y�'����T)�'���+< 

Y�����T ��:"������@ ��
V M�8��� $�8V��� �<�k8� �8� ���@-(�%7� K,[�� ������6�� k ω−

���7, 3�J� �&�*�+j� �&���,.

J�$ J����� s
� ��� ��L�
����� J�$ RSM:

R�� F�*�� ��[�� �<"�6?�H�
��� ��KA�,
��?6�� F�!j,�� �����Eddy-Viscosity �� ��8'& 

K?Qv� �<"R�& F�Q8��� ��K,������@ �<"�	�� ����� ����T B'�86� B%&�'� �8'+� .�'�� ��[�'� 

RSM "��,!%��5� �<��F�D�& �<"R�& F�Q8��� F���!Q���� Q�'46����'+A K'6V�@ �'� �8'� .

K����S K,�87��& R�& ��F�Q8� ��,"��Q�7�!K'� �'�,"K'T8& M�8'� ���'�& R�'& "�'< F�'Q8��� 

�467��KA67��,���,"��Q�7�!K���,"$:M�8� r��	 ��,M��� *���,��, ��,"*�'��& 3'�J� 

I�F8& R�& "�< F�Q8��� ����Q�7�!K���, "K,r!Q���� Q�46���F��� �����, .���Q�: KA����

Q�7�!K���,"MK����S �8z,��< F�Q�������� [�� ��K'Q���� �"k ε−
��?6'�� M��b�'+� ��*'�� 

Y�8� F�*�, rR�& F�Q8��� [8�E� ��8� �>� ���& ����8& *�+j� �8, KA�'��& ��R�'& K', �8'X 

3�J� K%��5� �4,���K,Y�8� ��� 3�J� K%��5� 
�� ���.

*�� [�� �5& *����	 ����"�8�+< Second Order Closure ��'� Second Moment Closure �

�� Second Order Modeling U�� K6;��� ����8�.

K6%Q� F8�< �<��,"*���& [8X ���4�.M�<���Q�: ����,"��<���Q�: K���,"M
�m'	 �', 

1 Transonic Shock Waves 
2 Reynolds Stress Transport Model or RSTM 
3 Length Scale 
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YL���� �8A�� F��� K,$:��!Q���� V�9������ U�� �����, .��Q [�'� RSM F�[�'� �'<"i'��� 

Eddy-Viscosity 
����� �&�����,.*�� M[�� _��8& K,\&��� 3�J� �&"F��6?�H���K'b��� 
��� �

�, ��"_�X ���7, I��� �	8�6��F�Y�����T �������%6�� ������, .*�� [�� �����8& ���7',"

F� Y��u� ������ Y�����T �����%X ������������,M����@ F��HK�+T ����8& K,&�����T���>� 

"Y�����T ����"n8j; ����T��5���-"���Y�'����T ���� "R;�'Sp������.Y�'����T b�'E,�T�

��FH0Y�����T ����8,q
���� �8+� KA*�� [�� ��[�� F��"�H�<F����,�J ,8;�����8;�, ���.

\��� Y�����T K6?�H K,Y�� �,$��r���� �&�U����s'��M��'��, '����
�m'	 �', K'��H ����'4� 

R�& "�< ��� �2 2 2, ,u v w′ ′ ′_Q�z� �?� ��M����, ����4� �&�&�'���	 *'�� R�'& "�'< �'���

K6?�H �,������ Y��?& $,�J K>:m� �"�'����.*���,�'�, 
��?6'�� F�[�'� �'< "Eddy-Viscosity ��

�b�<�T KA�,Y�����T K,Y�� ��������&�U�� ��A��� M����� �����"Y�����T K,Y�'� 
';�S�/"�
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1 Streamline Curvature Flows 
2 Swirl Flows 
3 Rotational Flows 
4 Free Convection Flows 
5 Buoyant Flows 
6 Highly Skewed 
7 Anisotropic 
8 Highly Swirling Flows 
9 Stress Driven Secondary Flows 
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