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�Ï�R�Ô�ì�D�|����"�,Â�Û�Ñ�D	ª�Ô�û���Ê,X�D�|,��!8�Ê,X�Ô�ì6ÑG£�r,ž .
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���Z"�?·�Ô�ì�D�|,��G›* ü Lagrange �,�D"©�Î0Ÿ�Ô�ì2Ï4³.���n���V�ß�Y/Ã0NKÈ

�J�� ��0NKÈAu1k
³.��
Î�b!8�Y/Ã0NKÈ,��	Ã�¹�n� � HLNS 1k� $ L ,X��Lc1k� $ L*

�J�� �� ,X��Lc	åG£,���"���#��></��ÚF¼/Ã�ÚE›/ß�{*ó,XE•+ NM.���Í �ÚF¼/Ã

�Ú	Ã�k����Lc1k�$,X><E’�ã��

�J��

+9	•E•+ NM��,XP¬L
�ãG£,���J�Ô4œ�6�ã></���

�Í��Lc	åG£ 4­�nE•+ �5�Ê

	Ã� S �"���#����,X1��ÔNM� � 0,���k

�n��"¯�Ñ

���S,Â�Û�Ñ�D �Ô�û,��LÔ�Ï"�"¯�Ñ,XPO&•,��	G"¯�Ñ	¬�Ú

� � 0 ,X&•.��E­?U"� � ã (14) 	ÇE•�ø�þ�Y/Ã
� � � 0.��+� �• /ß 	Ã�k� ã (14) 	ÇE•,X1� �ÔNM� � 0.���Ú

� ã (9)��(12)��(13) �·�9� ã (14) 	ÇE•,X1��`NM,��	Ã�k
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+�� ã (15) ��1��ÔNM��LÊ,��	Ã�k

E­>•/Ä�0��L c HLNS �•/ß��(AHLNS)��.��LÔ?U�Û�Î,X��,��+��b��Lc�•/ß�â	s�Ÿ�•/ß�ûBü,X�Â�Ö,

AHLNS �•/ß���¹ �0��Au1k,X�9	·,���¹ �0��Au1k
³,X�Î	·.��E­�â	s� Ÿ HLNS �•/ß!7�Q,Ì	¡.��+�

� ã (15) ��1��`NM
`1��ÝNM� � 0,��	Ã�k�� 
` �Ø,X�Ô�ì�ê�5�Ê

+�!8�k��	s�Ÿ�D�|
`��Lc�D�|,X�ñ�Ÿ�5�Ê

�J� � �C0 
 ` �C1 �����D,���Í�b4“�ûKÂNl,��A¹���D,XEÝ	ª�á�î�E
¡Au1k4§�p.

��Lc�•/ß�J�þ4­�Î �ü�•M6�Ø,XE•+ �5�Ê,���è �ü�•M6�Ø�����Ö,X.����!8,���ü �Ø,X�•M6

G›*ü��Lc�•/ß�� C���.���ü �Ø,X�•M6�Ø,��� ã (18) 4­�Î,X,XE•+ �5�Ê�â�´$¥/ÏE•+ �5�Ê-¯,Ò,

	–' ; Tempelmann 1���(2010,��2012) ,X�ÎA‚,��	ª �¹$µC‡�´$¥/ÏE•+ �5�Ê.

EÁ�·"�? · HLNS �•/ ß (3)�ÃAHLNS �•/ ß (16) 
`�Ô�ì�ê�5� Ê (18),��	Ã9‹�k�Ô�ì�D�|	ž�J6ÑG£

�r,ž.��EÁ�·"�?·!9Px�V�ß:

(1)���üAu1k
³�9	· �ØLc��4­�n�ñ�Ÿ�D�| ;

(2)���ü	�KÈ "�? · HLNS �•/ß;

(3)��+�� ã (18) �k����Lc�D�|�ü �Ø,X�ñ�Ÿ�5�Ê ;

(4)���ü	�KÈ "�? · AHLNS �•/ß;

(5)��+�� ã (18) �k� � �X0 �Ø�„,X�D�|�ñ�Ÿ�5�Ê ;

G¡�á!9P x 2���a��5,��,È�� ,Â�Û�Ñ�D�
 �/ ,��	G .��Eî�� 	¾L Ô 3���a��4  õEÁ�· 	G	Ã

�
�/.��

2.3.3��������HLNS � D AHLNS �ï0A,º/ñ�™

+ � 2.3.1 � â 2.3.2 	Ã-¹,��HLNS � â AHLNS �•/ß�üE°
��â�•M6�ØG›*ü�Z	à��,XE•+ �5�Ê,���ü	Ø7¾

,XAu1k 
³ �9 	· 
�4­ �n �D �| ,X �Ú�× �Ñ�D,���ü 	Ø7¾,XAu1k 
³ �Î 	· 
�G›*ü �Î#�E•+ �5 �Ê .��HLNS �â

AHLNS �•/ß��,X�#�Ð�DNMG›* ü 5 &•�¯L
2’�z, X Lagrange /•�71k�$E¯> �D��/•�7,��Aº4š�µ�C	Ã	–

5 × Zhao��1���(2019)��,XL�� ) B.���Í	s� Ÿ HLNS �•/ß	ž��Lc�•/ß,X�D��/•�7�Ô4œ
��{*ó�Ô�þ�·�D�•/ß

4˜2Ï4³,���6�ã��

�J�� �� 4È-½L	,��></� 4È-¶G£,�� 
` ��#�	å	ž"©	å,X5%��&•�D,�� ��+�
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�9	·�5�Ê��( �ê )���{*ó,XM2U$ õ%”�…NM.��G›*ü�´(M�è�D�:���—�g��(MKL)��"�?·4“�û2Ï4 ³ (19).��

3��������A×1Í5	�Ò
��<�Æ
��

3.1��������A×1Í	ø�¦
�#w�ÞGƒ5¤

EÝ�½%”"¶N¢"ò�rP`��(�"��1 � 2020)��,X#�
�	–�D,��P@C?�D� � 5.96,��	)�!LËAÎ� D �2�Eu��=��3.34���î��107m�í1,

�9#�M-#ý ��=��87��K.��+��bN¢"ò�rP`,XE¤> �ÊKÈEW-Á,�����•M6#ý�z	ª�x#ý ��=��290��K.�����Z�•�“Au

1k,���ü�Í�Ñ,X�¤?¦�Ø�.��$¥�Ø)Ú,���J�6(Š�Ú�×��

�J��,��� ( ���Í�Ñ,X#Å�z,��� $ ���Í�Ñ,X�‘�z,�� ���Í�Ñ,X���—�!5B,�� ���n��,X��$¥�´�$,��E­G 

	ª .�����kAÈ�â,X��,���Í�Í�Ñ�6(Š�.�Ž����$¥�îL!�"��F¼�7�Ø,X���h,���è C^�û�E
¡C^�û.

���[,XAu1k<Q'
�á6Ñ�`�<	¡�ô�rP`��,X�¹�‰,����	H6Ñ�¢	s)Ú�Þ�Ú�d��F¼�7�Ø���h�Í�5�ú,X�E
¡.

Au1k�Í�Ñ�0*ü�ß,X
Î��#��Ê,��	ª#�	åAu1k
³�� ,��"©	åAu1k
³�¢�•M6�Ø�Ê����%”"¶

�ê.��#�	å5%��&•� E 1401 �þ,���è�ü�Í�ÑL�E¥�t�š;��"©	å5%��&•� E 301 �þ,���è�ü�•M6�ØEW�šLš.��� * 2 �)

/��Z�Í�ÑL�E¥,X5%��2Ï4³/��ã�Ò,���Ò���™�)/�� Z 1/2 ,X#�	å5%��&•� â 1/5 ,X"©	å5%��&•.���ü

�Ø�Ú�á	ÿ�Í�Ñ,X��$¥Jq�G�S
Î��#��¦����!8�Ø�0���9	·�5�Ê.��

3.2���������0�b#w5	�Ò

�Î�n�Í�Ñ�‘� z �$��=��2,��EÝ�½�¯/¡�L
_,X�Í�Ñ#Å�z��(�(��=��0.1�Ã0.15�Ã0.2�Ã0.4)��Au1k
Î��#�.��5%��

�´�G�ûP`A•?•L�� ) A.��� * 3 ���)/��Z�Í�ÑL�E¥,X�G
�#�	_�o1���4“�e�Ò.���Í�Ñ�Í�G
�#�	_�o,X�Â

!7���¹	_4ý7|6”"¶2Ï,X�6�ã�,�ü.��:±8F	�
³></�7|6”"¶,��4v8F	�
³></�	_4ý"¶.��Lc-�#Å�z,X�r�û,

7|6”"¶���zEä#ä�£�ã,��5à	_4ý"¶���z���£�ã�a�r�û.

� * 4(a) �) /� �Z�á	à#Å�z�Í �Ñ�ß�•M6Eó�z�>�Û)[ ,X#�	å�Ú�×,�J� � �3� W �ã� b 0

�·><#��|�{*ó�Ú/•.���Ò��4­�Î,X�¯�þ�¹�‰
��Î)„�Z�Ú/•;��Lc- � � ( ,X�r�û,���3w Eä#ä�£�ã,���è�U�ã��

��

��

�*����

�%�)KpDý+°4}�h.f�;�*
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���Î)„,X#�	å�!5B	å�ß$�/Ï�|.��� * 4(b) E¬�)/��Z�•M6	_�o "“#�	å,X�Ú�×.��Lc- � � ( ,X�r�û,��	_�o

�U�ã��Eä#ä�£�ã,��5àEÚ	_�ƒ�z	ž	_�o�Ä��Eä#ä�r�û.

��

��

�*����

�Ÿ�s"m�·�Ç0u�h3ë�*.��(a)���(�Å=��0.1,��(b)���(�Å=��0.15,��(c)���(�Å=��0.2,��(d)���(�Å=��0.4

��

��

�*����

�9	8#��Ò�%�)�7
íLŽEK�Ò�–�3( ³ (a) ���ö
íLŽ�·� Ç (b) +°"m	=�2�/
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� * 5 ���)/��Z	¥*ó�Ú/•,X�¯/¡�L
_#Å�z,X�Í�Ñ�Y#�	åEó�z,X1���4“�e�Ò�¹	ž#�4“.���Í�bEW

#�,X�Í�Ñ,���Ú/•"µ���—M4E¥�Í�Ñ�º�{,���è�Ú/•"µ���ÌEW�ã;��Lc-��Í�Ñ#Å�z,X�r�û,���Ú/•"µ���ÌEä#ä

�r�û,���è�Ú/•"µ,X���—�3	å�ß$�/Ï�|.��E­�Ô)„B5�â-½�6�Í�Ñ,X�™�‰��(Dong��&��Li��2021)��2O��.
��

3.3��������4õ�]�6�N�¦�Þ

J\�Í �� �[ ,X(=)Ú�õ
_	ž	–�D,��N¢"ò�rP`��(�" ��1� ��2020)��#�G£�� ��$¥�•M6�™�‰,XE@�=�!5B�ü

Mack �õ�Õ4“�û��0�	�,X�Þ$�.��E­AÈ�âE­�ÔE@�=E›/ß�2�b�n��+ E@�=,���½�ó�5�ú,X$è�ê	Ã*ü�Ô�ì

�D�|E¥���£EÄ.��Tumin��
`��Reshotko��(2001)�ÃParedes 1���(2018) ,X-è0J	¥)„,���n���5�ú�K�Ý�Ô��,X

-€�Õ�rKS6Ñ�o,���´!8,�����[	¾-è0J�n���5�ú,X$è�ê.��� * 6 ��4­�Î�Z�ü��$¥�•M6�™�‰�ß,���á	à	�KÈ�Y

�Ô�ì6ÑG£�r, ž � ' Lc�)	å"¶�D ,X	¬�ê�™�‰.��8¹Au1k
³,X�9	·�Î�n,���ÊKSAu1k
³�Î	·� S � ' ,X�Ä���r

�t,���è�Ô�ì�)	å"¶�DL!�"��("¶KS�r�t)��.��E­��+��bE•+ ��Lc-�	å�ß$�,X	¥�)5à�r	n,���W���Í�h,X�Ô

�ì�5�ú,X�)	å���z�3,Ì�h�r�û.��8¹Au1k
³,X�Î	·�Î�n,���Ô�ì6ÑG£�r, ž � ' Lc-��9	·�!5B,X	â/Ï���r

�t	â�£�ã.���Í�b��-è0J,X�¹�‰,���Ô�û�r,ž���Í�h,X	�KÈ� � [65,150],���J�Ô�ì�)	å"¶�D ,��!8�Ê

� ' 4z� � 1970.

��

��

�*����

�%�)�±"m	=EK�Ò0u�h3ë�*�ö"m3ë�*.��(a)���(�Å=��0.1,��(b)���(�Å=��0.15,��(c)���(�Å=��0.2,��(d)���(�Å=��0.4
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EÝ�½�Ô�ì	�K È [65,150] ��-è0J	�KÈ,��� * 7 4­�Î�Z�)	å"¶�D ,X�Ô�ì�D�|�üAu1k
³�9	·�Ã

�Î	·�Ø,X(M�U�*M6,���J���r4“��(M�U�Ñ�D,X�rF¼,��<.4“��(M�U�Ñ�D,X<.F¼.���Ò���*M6�Æ4£*ü�9	·

�Ø,X"©	åEó�z6Ý�|,X�Ô�û��E¯> �&�Ô�ê.���ü�9	·�Ø,��#�	åEó�z�D�| EW�ã,��5à�)	åEó�z�D�| �Ô�û;

5à�ü�Î 	· �Ø,��#� 	åEó�z�D�| � ü lift-up �� �
 �ß4£	Z�Z�� :+,X�� �û,���J �� ��E°�û�b 
` ,��><)„ �� �V

Zhang 1���(2018) �õ�³��,X�5�ú4§�X.��EÝ�½�)	å"¶�D ,X�Ô�ì�D�|,��G›* ü DNS �•"©Au1k�D�|

,X$è�ê.��+ � HLNS 2Ï4³NX#�,X�5�ú$è�ê� â DNS 4§�p
�	Ü�\�Q,���V� * 8(a) ��/�,��� * 8(b) �)/��Z#�

	åEó�z�D�|,X0NKÈ4§�X.��

3.4���������vG��/ 3�/�6�N�¦�Þ,º�§��

�Î�nAu1k
³	�KÈ� � [65,150],��G›*ü
Î� b HLNS 	 ž AHLNS 2Ï4³,X�Ô�ì�D�|)ÚAŽAu1k�á	à#Å�z

�Í�Ñ�0*ü�ß,X�Ô�ì�D�|6ÑG£�r,ž.���V� * 9(a) ��/�,��	Ø�þ�¹�‰���Í�h,X�Ô�ì�)	å"¶�D 4z� � 2.7���a

2.8,����F¼�Í�Ñ�S�yE¥�Ô�ì�)	å"¶�D,X�Ô�ì�D�|,X6ÑG£�r,ž�r�t,��5à�ÍE°/•�Ô�ì�)	å"¶�D,X�Ô�ì

�D�|,X6ÑG£�r,ž�E
¡�\�ã.��� * 9(b) �)/��Z�)	å"¶�D� ü 2.6���a��2.9 8×�È�Y6ÑG£�r, ž � ' Lc�Í�Ñ#Å�z,X

��

��

�*����

�&�Æ�‘	 � (a)���&	 � (b) �"�9	8@Í0Ã
��7�,�D6)Fû
Ê+öK»�•	="��œ+°	��B

��

��

�*����

�,�D�œ�Ô�T�‘	 � (a)���&	 � (b) �0+°'¥�­�)�œ�‚L Ž ( )
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	¬ �ê,��Lc-�#Å�z,X�r �û ,��� ' �� �r �û 	â �£ �ã.���ü#Å� z �(��=��0.2 �Ê,��� ' E’ �� �Ä � � 2170.��EÝ�½�) 	å"¶ �D

,X�Ô�ì�D�|,��G›* ü DNS �•"©Au1k�J� ü �(��=��0.2 ,X�Í�Ñ�0*ü�ß,X$è�ê,��+ � HLNS 2Ï4³NX#�,X

�5�ú$è�ê� â DNS 4§�p
�	Ü�\�Q,���V� * 10(a) ��/�,��� * 10(b) E¬�)/��Z�Í�Ñ�E
¡�ß,X#�	åEó�z�D

�|,X0NKÈ4§�X.

*ü� ã (5) ,X6ÑG£8×�D �zG£M2�õ�Õ�D�|,X6ÑG£,��� * 11(a) �)/��ZM2�õ�Õ�D�|,X6ÑG£ "“

#�	å,X$è�ê.��M2�õ�Õ�D�|�ü�Í�ÑL�E¥	¥*óEW�¿Eó,X+L	¬,���J6ÑG£�ü��F¼�â���r�t;����Lc-�	å�ß$�

,X$è�ê,���5�ú�ü�ß$��6�á���Í�Ñ�!,X�rKS(Š�Õ,��������	¥*ó�Z	¬�ê.�����Z�zG£E­�Ô	¬�ê,���é�9�&�Ô

�ê6ÑG£ ,���J�� ����$¥�•M6�™�‰�ßM2�õ�Õ�D�|,X6ÑG£$è�ê.��� * 11(b) �)/��á

	à#Å�z�Í�Ñ�ß,X�&�Ô�ê�D�|6ÑG£.���ü�Í�Ñ�Þ$�,���&�Ô�ê�D�|6ÑG£4z� � 1,��><�â�Í�Ñ�Í�9	·�Ø,X�Ô�ì

�D�|	ž�D�|�ü�Þ$�,X$è�ê�´�""u�Ý�E
¡;��5à�ü�Í�Ñ,X�ß$�,���&�Ô�ê�D�|6ÑG£C_�b���D.��A¹����	Ã

�nG£
���+��Í�Ñ�ÍM2�õ�Õ�D�|$è�ê,X�E
¡.���ó* ü Wu��
`��Dong��(2016),��Zhao 1���(2019) 4“�û�õ�Õ��

F¼�7�Ø,X�V�É,���n��A¹���D��6ÑG£���û�´�$ .�� ></��Í�Ñ�—E¯�ZM2�õ�Õ�D�|,X	¥�),�� ><

��

��

�*����

(a)��HLNS � : DNS @Í0Ã+°�q� h �!� U �%!�,��(b) �ö"m	=EK�Ò�œ�Ô+°/¦K 3ÿ� ° ( )

��

��

�*����

(a) �9	8#��Ò�%�)�7+°�,�D6)Fû
Ê+öK»�•	="��œ+°	��B,��(b) �,�D6)Fû
Ê+öK»�%�)#��Ò+°	��B
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/��Í�Ñ�e�
�ZM2�õ�Õ�D�|,X	¥�).��� * 12 �)/��Z�Í�Ñ#Å�z�Í���û�´�$ ,X�E
¡.���á	à#Å�z,X�Í�Ñ


��—E¯M2�õ�Õ�D�|,X�rKS;��Lc-�#Å�z�r�û,���Í�Ñ,X�—E¯�0*ü���r�û	â�£�ã,���è� ü �(��=��0.2 �ÊE’���Ä

� � 1.1.��

4��������5	�<Að

�� �Á/���F¼0U	¬�ÍM2�õ�Õ�D�|$è�ê�E
¡,X(=)Ú��)Ú�J	¥�)�nG£NX#��•"©,���� �[ 
Î � b HLNS

	ž�J2Ï4³,��	¥�)�Z�Ô�+�£EÄM2�õ�Õ�D�|��(�5�ú)��$è�ê,X�Ô�ì�D�|"�?·���Š.��A¹���Š�±+-� Z N-S �•

/ß2Ï4³,X���Ú�û,���´5à,���W�á��EÖ*ü�b�£EÄ��$¥�•M6,X�5�ú	¥�)E›/ß,��E¬6Ñ�£EÄ�5�ú�ü��F¼0U	¬

L�E¥,X�¿Eó+L	¬?˜�_,��E­���ì�b�ô4³�Ô�ì�D�|"�?·�•"©��(Parades��et��al.��2016)�����Ø.


Î�bA¹�•"©,�����[-è0J�Z�9#�P@C?�D� � 5.96,����?¦���í4�ƒ,XP¬CY�ÄEóJq�SE•+ ������F¼�Í�Ñ�Í

�n��+ E@�=,X�E
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Study��on��the��evolution��of��non-modal��disturbances��in��hypersonic
boundary��layer��based��on��HLNS��approach

SUN��Peicheng1,3����ZHAO��Lei1,*����DONG��Ming2

1��Department��of��Mechanics,��Tianjin��University,��Tianjin��300072,��China
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Beijing��100190,��China
3��State��Key��Lab.Aero.,��China��Aero.��R��&��D��Center,��Mianyang��621000,��Sichuan,��China

Abstract����Laminar-turbulent��transition��in��hypersonic��boundary��layers��is��of��fundamental��importance��in

the��design��of��aerospace��vehicles.��Subcritical��transition,��occurring��upstream��of��the��linear��instability��region,

appears�� frequently�� in�� conventional�� wind-tunnel�� experiments.�� The�� subcritical�� transition�� is�� usually

triggered��by�� the��evolution��of��non-modal��disturbances��and�� their��subsequent��secondary�� instability.�� In��or-

der��to��reveal��the��inherent��mechanisms��governing��the��impact��of��abrupt��changes��on��hypersonic��subcritical

transition,��a��numerical��framework��describing��the��evolution��of��non-modal��disturbances��based��on��the��har-

monic�� linearized��Navier-Stokes��(HLNS)��equation��and�� its��adjoint��system��is��developed.��The��advantage��of

this��framework��is��that��the��elliptic��nature��of��the��original��system��is��retained,��leading��to��the��ability��to��deal

with�� the�� rapid�� distortion�� of�� the�� non-modal�� disturbances�� (streaks)�� in�� the�� vicinity�� of�� the�� abrupt�� local

changes.��For��a��hypersonic��blunt-plate��boundary��layer��with��an��oncoming��Mach��number��5.96��and��an��angle

of��attack�� ,��the��impact��of��the��cavities��with��different��depths��on��streak��amplitude��is��studied.��Numerical

solutions��indicate��that��streaks��are��enhanced��by��the��cavities,��which��agrees��with��the��experimental��observa-

tions��in��quantity.��Moreover,��the��enhancement��effect��peaks��at��a��particular��cavity��depth.

Keywords��hypersonic��boundary��layer,��cavity,��optimal��perturbation,��subcritical��transition

��

��

Received:��13��January��2022;��accepted:��24��February��2022;��online:��4��March��2022

*����E-mail:��lei�Bzhao@tju.edu.cn

�‹��2022���	�&�8�#�0�%�'�5���+�0�����'�%�*�#�0�+�%�5.��

�Â�ÂCI.ž,���ý"ù�û�:���„�¹/ß�:L6�})Ú�-�\,��.)�¿*ó�Ð�Ü.����?U-è0JNZ
³��

#��|0��n�û�ÃE•+ ��E@�=1�.��9‹�Ñ�Š7¾'
/¥�:
ÎG¥M&�H
ÎG¥C��},��	–�â�Ñ

�Š7¾'
/¥�:
ÎG¥G¡&•
ÎG ¥ 1 NM.

1� ��1���ó �-
Í�ä �
��CI.ž �
��:7�â ������
Î � b �'�+�- � 2�•"©�ÍP¬CY�ÄEóE•+ ����M2�õ�Õ�D�|$è�ê,X-è0J 195


	1 引　言
	2 数值方法

