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�ûKÂNl:���£EÄ7¾+�#����D�|�V�)E¯�9E•+ ���J%”	¥��0��õ�Õ,XE›/ß;��(2) 4“�û��0�KÂNl:���£EÄ��0�

�õ�Õ���V�)�üE•+ �����Õ4Á�rKS,X;��(3) E@�=�ø�B:��.B�n4“�û�D�|3�/Ã���î�û�����ÊM24“�ûE@�=
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�z,X2k2­��	Ã�¹�—E¯CY�ÄEóE•+ ��E@�=;��5 à Fujii��(2006) 
 ` Fong��1���(2014) �Ú�ÿEîE›�rP`�â,È�y

�D �� �õ � ³ (direct��numerical��simulation,��DNS) 	¥ )„ �`4È2k2­ �� �ü �Ô �n �5 �Ê �ß 	Ã �¹ �SE@�= �|E³ .
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 (Zhao��et��al.

2019,��Liu��et��al.��2020,��Dong��et��al.��2020,��Dong��&��Zhao��2021).���rL��Þ,����F¼0U	¬�ÍE@�=,X�E
¡��?U�,
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���[EÝ	ª,X(=)Ú�õ
_���ú2k2­��,XP¬CY�ÄEó�G�SE•+ ��,���V� * 1 ��/�.���9#��5�Ê� â Fong��1�

(2014)�ÃZhao��1���(2019) 
 ` Dong��
`��Zhao��(2021) ,Ì	à,��P@C?�D�Ã�9#�#ý�z �â	)�!LËAÎ�D

�Ú�ÿ�� ,�� 
` .����A’�•M6�,�ü�Ý�þ#�	å�80Ÿ�Ã�)	å
��Ô�Ú�×�Ã�6(Š,Ì	à,X

2k2­��,���W�À���G�S�!4ì,XC±/•�Ú�ÿ�� ��mm,�� ��mm 
` ��mm.
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���û?·	Ã�¹��1k�ÎA¹�Ø,X�f/Ï	n�z ,�����[EÝ	ªE­�þ���0���´G£4†�ê,X	–5×KS�z.��E­
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�´ G£ 4† 
$ �Û �Ú �ÿ �� ,�� ,�� .�� �¸ !£ �þ 2k 2­ �� ,X �6 (Š �Ú �× ��

,���J�� ,�� 
` �Ú�ÿ�ÛAš!£�þ2k2­��,XP¬�z�â�‘�z.���ü���[,XAu

1k��,�� ,�� .���üAu1k���×5BC��'5%��,���V� * 2 ��/�,���J�Î0ŸC��'
$�Û2Ï .��Au1k
³

	ª ,�� ,�� ,��Au1k5%���D�� .��	Ø(=)ÚG£
��¹ �9

#�	–G£E¯> �´G£4†�ê,��E¯5à�n��LËAÎ�D ,���J�� 
` �Ú�ÿ���9#�#�	åEó

�z�âE¤�|T£�û2Ï�D.

�{�
 �•/ß��C��' 
$�Û�ß,X�Ý4È	Ã	_4 ý Navier�íStokes �•/ß4˜,��G›*ü�ÝL$�Â�Ú"©�Í�J/•�7.���ü

Au1k
Î��#��Ê,���Í#�NMG›*ü�hL 
 WENO��(weighted��essentially��non�íoscillatory) �Â�Ú���ã,��T£�ûNM

G›*ü�¯L
�� �—�Â�Ú���ã,���ÊKÈ�|E¯G›* ü LU�íSGS��(lower�íupper��symmetric��Gauss�íSeidel) �•"©;���ü

Au1k�D�|�Ê,���Í#�NMG›*ü�hL
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Runge�íKutta "©,���K�'/•�7E›/ß?•CI.ž��(2017).��Oj��Au1k�`4È�n��
Î��#�,��	G�ü� * 1 ,X�Ý4ÈAu1k


³��EÝ�½�Ô�þ ,X�Û(�.��Au1k
³�9	·4­�n��	Ã	_4 ý Blasius ?·,���ÞE•+ 
`�Î	·G›*ü�ê�|E•+ �5

�Ê,���•M6���´$¥/Ï�Ã�´0SEã�Ã1�#ý,XE•+ �5�Ê,���J���´G£4†�•M6#ý�z �� .���`4È
Î��#�Au1k�n

��	â,���^�W�)	å
��Ô
��×5B�ü�Ý4ÈAu1k
³��,��Au1k�Ý4ÈE@�=E›/ß.���ü�9	·�é�9 �þ(M�U�õ�Õ�D�|,

�6�ã�� ,���J���ß�Û ></�1� �þ�D�|;�� �Ú�ÿ></��š�z�Ã

#�	åEó�z�Ã"©	åEó�z�Ã�)	åEó�z
`#ý�z,X(M�U�Ñ�D;�� ��Ne)[,�� ���)	å"¶�D,�� ���D�|�ñ�Ÿ����,

></��á�EEA.���ü�Ý4ÈM2�n���D���õ�³��,���Þ�ßE•+ �5�Ê�âAu1k
Î��#��Ê,Ì	à,�����Î	·�
*ü� E•

E•+ �5�Ê,���¹�±A•�D�|�´	¡�Ø
��ô�ÎAu1k
³.���)	åG›*ü
<�óE•+ �5�Ê.���ü4­�n,X 
` �ß,�� +�	Ã	_

4 ý Orr-Sommerfield��(O-S) �•/ß4­�Î.���ü���[Au1k�¹�‰��,��EÝ	ª, X 5 �þ�õ�Õ�D�|,X	–�D�V= ” 1 ��/�.

� * 3 �)/��ZAu1k
³�9	·�Ø,���á	àNe)[�D�|,X�rKS)[ ,���Ò��,X�³ �´�ÛAš���[�é�9,X�D�|.�����nG£

��+�2k2­�� �ÍE@�=,X�E
¡,���� �[Au1k�Z��$¥�G�S�â�ú2k2­�•M6,X�ø/¡�¹�‰,���Ú�ÿ�ÛA„� � Case��1

� â Case��2.

����
>ž��1�������� W�7�¦�Þ	ø�¦

1 0.6 0.7972 0.001

2 1 0 0.001

3 1.6 0 0.0005

4 1.8 0 0.0005

5 2.2 0 0.0005

����

3���������™�:*<Að,º�Ê+^�öPÂ

� * 4 � � Case��2 ,X�G
�#�	_�o,X1���4“�e�Ò.��!£�þ2k2­���Í�G
�#�,X�Â!7�ü�´T£�“#�	�><)„

�� 	_4ý�í7|6”"¶2Ï,���JP@C??¦�� .��� * 5 E¯�Ô!9�)/� �Z L�E¥,X	_�o1�

��4“�e�Ò
`#�4“,��	Ã�¹#Ù�.
�,ß���ü2k2­���Þ$�,XP¬	_	��â�ß$�,X�"	_	�,��#�4“�3�ü�ÌCKL�E¥�â

���� �Æ,���� �ü2k2­���! 	â
��þ�Î)„�Ú/•,���J�ª2k2­��L�E¥,X#�
��32O��.���¢�nG£�Þ,ß,��A¹4§�p�â

Zhao��1���(2019) �[��,X� Ò 4(c)��
�	Ü�\�Q.���üC±/•0U	¬C‡�óE°,X�Þ�ß$�,���G
�#��3C_E¥�b�þ	«�D�|

, X Blasius ?·.

�Í�b�n�ÄEóE•+ ����,XT£� û Tollmien�íSchlichting��(T-S) �õ�Õ,��2k2­���T�T�—E¯�D�|,X�rKS,

�¢5à�SE@�=�¤� ! (Wu��&��Dong��2016);�����üP¬CY�ÄEóE•+ ����,��Fujii��(2006) EîE›�rP`	¥)„�Z,Ì	¡,X

4§AŽ.���t�²�û�:"ï��-Ê�Ú�õ, X Zhong AÒNl4˜,X�Ô2Ï�ë�D���¹� 0 (Duan��et��al.��2013;��Fong��et��al.��2014,

2015) ><�â,��2k2­ �� 	¾�î �—E¯Ne)[ �" �b 	à !9Ne)[ ,X�D�| �rKS,��5à�ÍP¬Ne�D�| �Ý�e �
 �0*ü.��Zhao

1� ��(2019) G› *ü "�?·Aä"¶ 
_4“ �û � ê Navier�íStokes �• / ß (harmonic�� linearized��Navier�íStokes��equa-
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�ÍM24“�ûE@�=L
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�Í+ � DNS �k��,X#�
�E¯> �YG 	Ê	¬�6

�J�� ��Ne)[ �� �Ã���) 	å"¶�D�� , X Fourier �ÚG£,�� �� 
ÎNe,�� �� 
Î"¶

�D,�� ���ÊKÈ
<�ó,�� ���)	åAu1k
³KS�z,�� ��-€�Ê�D�|G£.��� * 6 4­�Î�Z��$¥

�•�™�‰�ß�L
_1��`�õ�Õ�D� | (= ” 1 ��,X�D� | 3,��4 
 ` 5,���W�À���Í�h,X ���Ú�ÿ� � (8,��0),��(9,��0) 
`

(11,��0)) ,X�YG 	Ê�ÚG£,X��� � (�YG 	Ê�ÚG£,X�õ,X"©	å�Ô�û��) �â4“�û0��n�û)ÚAŽNX#�4§�p,X�Í

!¨.��	Ã�¹,ß�Î�ü ��=��0 �¹�!,���� �� �Ô�û,X�D� | (11,��0) �´�"4“�û�rKS,���ü����E’� � 0.01 ,XG£4{	âE¯

�9M24“�ûOE
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!‰.��5à�D� | (8,��0) 
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$è�ê?˜�_.��P¬Ne1��`�õ� Õ ( ��=��8,��9,��11) �üM24“�ûOE
`	âE™Eó>D�£.���"Ne,X1��Ô�õ� Õ (��=��1,��2,��3)

�ü�!�ó�rKS)[EW�",�����W�À	Ã�¹�Õ4Á�rKS�� �º	Ç.���ü �¹	â,��	ØL
�D�|,X6Ý�|���zC_

�b0� �n ,���W�À,X�� �� � ü 0.01 � � 0.02 ��KÈ"¶�| ,��E­AÈ�âE@�=	G�Ú�` �ä .��E­ �ÔE›/ß� â Dong��
` ��Luo

(2007) �ÍP¬CY�ÄEó�êJùE•+ ��7¾'
E@�=,X?˜�_,Ì	à:��+��b1��`�õ�Õ,X4“�û�rKS)[EWP¬,���W�À��E@

�=�!,X���Ð�D�|;������,��	¾�Ý�Ý4È,X�"Ne�õ�Õ,X����3�/Ã��M24“�û(Š�Õ,X�Ê�í,��E@�=�!6Ñ>•?º	¥;

1��`�õ�Õ�Í1��Ô�õ�Õ,X�rKSCK���³�€�ê�´�0*ü.

� * 7 ��,X�r4“></ � Case��2 ,X4§�p,���W�À� â Case��1 ,X��?U	��ÿ��:���ü2k2­��L�E¥,���D�|,X����

�,�ü�â��,X�³CÇC—�´,��E­E¯�Ô!9�E
¡�D�|�ü�ß$�,X$è�ê����.���é�9Eã�Ø2Ï�D (Wu��&��Dong��2016) �9

G£�êE­�ÔCÇC—,���J�n�����ß$��â�Þ$�#äE¥������!¨,��E­G ,X#äE¥����	ÃEîE › Case��1 ,X4§�p�k��.

�Í�b!£�þNe)[�Ã�)	å"¶�D4˜	Ü ,X�D�|,���ü�Ý�þ2k2­���Ø,XEã�Ø2Ï�DA„�0 ,��


` .

Zhao��1���(2019) EîE › HLNS,���k��,Ì	àP@C?�D
` ��26��307 �¹�‰�ß,XEã�Ø2Ï�DLcNe)[,X�Ú

�×.��Dong��
`��Zhao��(2021) E¯�Ô!9*ü#äE¥)ÚAŽA|AŽ�ZE­�Ô4§�p	«,X�E
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2­���� �Ø�!5B�Í�h,XLËAÎ�D �Ú�ÿ� � 21��648,��26��307 
 ` 30��228;��5à� ¢ Dong��
`��Zhao��(2021) ,X4§
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)[�ß,X ,�� ���â�� ;��E­G �ÍNe)[G¡�„�&�Ô�ê,��!8�Ø��G›*ü,X(M�UKS�z��2k2­�����—�Ø�Í�h,X��$¥
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¡,

A¹4§�p�â��F¼�7�Ø)ÚAŽ,XNX#�
Î��
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¡.��+�A¹���
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Verification��of��local��scattering��theory��as��is��applied��to��transition
prediction��in��hypersonic��boundary��layers
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Abstract��The��eN��method�� is�� one��of�� the��most��widely�� used�� transition-prediction��approaches��with�� clear

physical��meaning,��which��however��fails��to��take��into��account��the��effects��of��surface��abrupt��changes,��such��as

roughness��elements,��gaps,��steps,��etc.,��in��boundary-layer��flows.��However,��the��latter��appears��frequently��on

the��surface��of��flying��vehicles.��A��recently��developed��local��scattering��framework��provides��an��effective��means

to��address��this��issue.��Based��on��the��physical��mechanisms��of��transition,��the��theoretical��framework��quantit-

atively��describes��two��regimes,��the��local��receptivity��and��the��linear-mode��scattering,��leading��to��a��modifica-

tion��of��the��transition��criterion��by��the��parameterized��receptivity��and��transmission��coefficients.��In��order��to

confirm��the��effectiveness��of��the��theoretical��framework,��a��set��of��direct��numerical��simulations��of��hypersonic

boundary-layer�� flows�� are�� designed,�� namely,�� introducing�� the�� same�� inflow�� modal�� perturbations�� for�� two

cases��with��a��smooth��surface��and��a��rough��surface,��respectively.��The��transition��processes��are��simulated,��and

the�� roughness��effect��on�� transition�� is��quantified.��The��numerical�� results��are�� found�� to��agree��well��with�� the

theoretical��predictions��of��the��linear-mode��scattering��regime.

Keywords�� hypersonic�� boundary�� layer,�� transition�� prediction,�� linear�� stability�� theory,�� local�� scattering

theory
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