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�@36H|C6C I@36H|C�> 3�DK/@H ;�14, L � H|1WDKI93 H|Ci,.L D /@H�L@H|143*] ��1W<4H�>	�DK/@H�-|143 36,.HJ3 �4H|/@, -��.H �#/@H|L®1�C6DK>43 H
, CZL@>4D �@3 HJC HJL�D|8!Z/@H ��I214LMD , D01^DK, �4HU-|> ; �21436,.C >4L@CZ,.L	DK/9H�L9H�143�] �14<4H �HJ3 H 	 HtD �HJH|L�[)8 [=14L@5
�98�� � �@S4¶¾? �#/@,.-0/�, C �#, D /@,.L�DK/@H �:> ,.LMDQ1WD �#/@, -0/�D /@H¾36H�
2HJ-JDKHJ5 C6/@>¢-0<¢C �VH|36H �¢I@1	�., D01WD , � H�� �
� > I9L@5�D > ,.LMDKHJ3 C HJ-JD�� �@S4¶ � � �y8

� 	�� � � �
�� ����� ��
 ������ �

¸VH�� > 36H � > , L � � I936DK/9H|3%, D%, C%L@HJ-|HJC CK1W3 ��D >�5@HJC -|36, 	:HiDK/9HiH � H|-tDKCQD /@HiC6/@>)-0<�C �#, � �»/21 � H
> L �#, L@5©D I@L@L@H��lC > � I9DK, > L@CJ8�¶Q>��#L@C6D 3 H�1W; >	��D /@H�-�14363 , H|3�L@H|143*] ��1W<4H4?l36H�
2HJ-JD H|5ºC6/@>¢-0<¢C
�#, � �G,.LMD H|3 � HJ3 H �#, D /�DK/9H 
2>��U8#!Z/@H¾1W-|-|I93K14-����#, DK/��#/9,.-0/�D /@H|C6H¾C /9>)-0<�Cl1436H�-|1	�9D I@3 HJ5 �#, � �
H �{HJ-JD�-|> ; �21436,.C6> L@C 	:HJD �VH|HJL H����:H|36,.;=H|LMD01��¯14L@5 ¹�A ¶�521WDK198�&¢,.L@-JH � H|>4; HtDK3 , H|Cl1WL@5 
2>��
-J> L@5@, DK,.>4L@C /@1��4H 	:H|H|LiC HJD DK>Q; 1WD -0/iH�� �:H|36,.;=H|LMD01	�¢3 I9L@C|?4D /@H, LMDKH|36C HJ-JDK, > L¾>	�@C /@>¢-0<�C C /@>4I �.5
, 5@H�1	� � � >¢-|-JI@3#1WD�D /@HQCK1W; H �:> , L�D C|8�AB, � I@36Hl`
��C6/@>��#C �¢, C I21	� -|> ; �21436,.C6> L@C�>	�»D /@HQ3 H�
2H|-tDKHJ5
C6/@>)-0<�CJ8i¹�AB¶�C > � I9DK, > L@C%/@1��4H¾>�� HJ3*] �93 H|59,.-JD H|5�DK/9H �.HJL � DK/�1WD��#/@, -0/�DK/@Hi3 H�
@H|-JD H|5�-|>4L@,.-|1	�
C6/@>)-0<�14L95�36H�1WD6D014-0/@;=H|LMD½C /@>¢-0<	,.LMD H|3 C6H|-tD�8�( � 
2>��j-|> L95@, D ,.> L@C#1W3 HU,.5@HJLMDK,.-|1	� ?)DK/@H�-�14I9C H�,.C
;=> C6D �@36> 	21�	�� ��5@I9H=D >�D /@H , L �), C -J,.5 	 > I9L@52143 ��-|> L@59, DK, > L@CUC HtD � >43UD /@H DKI@L@L9H�� ��1�� �.CJ8�(RL
36H�1	� , D � ?»DK/9H|3 H �#, � � 	 H 1 	:> I@L952143 � �.1 � H|3 �@36H|C HJLMD �#/@,.-0/ C /@> I��.5 	:H D014<WH|L , L�D >�1W-|-|>4I@LMD�8
!Z/@, C �V> I � 5 /21 �4H�5@3 14;�1^DK,.-|1	� � ��, L@-|36H�14C6H|5 D /@H=L¢I9;
	 HJ3�>�� � 3 , 5 -JH�� �.CUL@H|HJ5@H|5 �#, DK/@, L D /@H
�#, L@5 D I@L@L@H�� 	21W-0< � 3 > I@L95 � 3 , 5 ? �#/@,.-0/ �V> I � 5�/21 �4HQ;�1W5@H½36I@L@L@, L � 1 � 143 � H#L�I@;
	:H|3'>	� DKHJC6D
-|14C HJC', ; �93K14-tDK,.-|1	� 8»!Z/@HZ, ; �@14-JD¯>��:D /@,.C �#/@H|L=-|> ; �21436,.L � ¹�A ¶ D >lH�� �:H|3 , ; HJLMD01	�@C6> �.I)DK,.>4L@C
, CQDK/@H ¹�A ¶�C >	�.I9D ,.> L@C �#, � � /21 � H=1	C �., � /MD � ��5@H�� 1 � HJ5 36H�14-tDK, > L�DK>�3 H�
2H|-tDKH|5 C /@>¢-0<�Ci1WCUD /@H
C*DK> 36H¾,.C½; >�� HJ5�5@>��#L@C6D 3 H|14;�8l!Z/9H�C /@>¢-0<�C �¢C6DKHJ; C /9> I �.5�3 H|; 14, L�DK/9H¾CK14;=H � > 3½5@, � H|36H|LMD
D I@3 	@I��.H|L9-|H%;=>¢5@H�� C�14CV, CVC6/@>��#L�,.L AB, � I@3 H½`
� 	:H|-�1WI@C HFDK/@HJC HQ1W3 HFL@>4D �), C -J> I@C'H � H|-JD C|8�!Z/@H
H����:H|36,.;=H|LMD01��14L95 ¹�A ¶�-�1WC H|C 1��.C >�C /@>��rDK/@HJ3 H�, CiL@>WD�1 �@36> L@> I9L@-|HJ5 5@, � H|36H|L@-JH�,.L D /@H
C6/@>)-0<	, LMDKH|36C HJ-JDK, > L �.>¢-�1WD ,.> L9C�5@I@HlDK> 14L�1�� D#-|1��¢, D � 	 HJ,.L � �@36H|C6H|LMD%>4L�D /@HU-�14363 ,.HJ3|8

!¤> � HtD#14L�, 5@H�1¾>	� �#/@1WDZ,.LMD H|3 � HJ3 HJL@-|Hl36> �.HJC�C /@>¢-0<�C � � 1 �4?@AB, � I@3 HQ`��iC /9> �#C#1¾-J>)>43 5@, ]
L21^DKHlC I93 � 14-JH�>�� D /@Hl5@, � H|36H|L@-JHU,.L �
	 � 3 > ;rDK/@H � 36H|H 
2, � /MDZ-�14363 , H|3ZC I�� HJ3 	 � >)-0<�14L@5�-�14363 ,.HJ3

� �



Solid Experimental

B−L Solid

Cavity Experimental

DES Cavity

AB, � I@3 H�`
� � ¸�14C6H 
@> � �¢,.C I@1	�.,	��1WD ,.> L�-J> ; �2143 , C > L9C]���� � � � a�� ��[ �tSW;

� �



AB, � I@3 H�` � � ¶Q,��{HJ3 H|L9-|HU,.L �
	 	 HtD �HJH|L�� 36H|H 
2, � /MDF14L@5 �#,.L@5�DKI@L9L@H�� � L@> C6DK>43 H ��-|14C HJC

C6I � HJ3 	 � >)-0<�, L�DK/9H �#,.L95�DKI9L@L@H�� � L@> C6D ,.L � �ZI@C6,.L � ¶l$V&:8:!Z/9H �W1	�.I@HJC 	:HJD �VH|HJL�]�[98 [ [ � 14L@5
[98 [ [ ��/21 � H 	:H|H|L�36H|;=> �4H|5 8�!Z/@HU1W3 H�1 �#/@H|36HUD /@HQC6/@>)-0< ,.C�36H�
2HJ-JD H|5�,.C�H��¢,.5@HJL�D�5@I@HQDK>¾D /@H
-0/21WL � H=,.L �@3 HJC C6I@3 HW8�!Z/@H �@3 HJC C6I@3 H ,.L�DK/@H=1436H�1 	 HtD �HJH|L D /@H L@> C6H C6/@>)-0<�1WL@5 -|143 36,.HJ3l,.C
36H�� 1^DK, �4H�� �iDK/9HFC 14;=H 	:HJD �VH|HJL�DK/9H � 36H|H 
2, � /�DV14L95=D /@H½C*DK, L � �.HJC C �#,.L95=D I@L@L@H��:HJL �), 3 > L9; HJL�D|8
!Z/@, C�,.CH�� � HJ-JD H|5�C , L@-|HlC6/@>)-0<�C#1436HQ,.L �¢,.C6-|, 5 �@/@HJL@> ;=H|L2198�!Z/@H��@3 HJC C I93 H�143 >4I@L@5�DK/9HlC6DK>43 H
�#, � � D /�I@C 	:H�1�� H|-JD H|5�> L � � �#/@HJL�, D �214C C6H|CFDK/@36> I � /	DK/9H�36H�
2HJ-JD H|5�C6/@>¢-0<:8

!Z/9H � 3 HJH 
2, � /MD��#,.L95�DKI@L9L@H�� -|> ; �21436,.C >4L�,.C#DK/9H¾-�� H�14L@HJC6D%H��914; � �.Hi14C � 143½14CQ, LMDKH|3�]
� HJ3 H|L9-|H#H � H|-tDKC � >@8B!Z/9H½1W5@5@, D ,.> Li>	� D /@H#C6D ,.L � �#, � �9-|14I@C6HFH�� HJL�;=> 3 H 
@> � �2H�� 5 5@,.C63 I �9D ,.> L{8
AB, � I@36HQ`4\�C /@>��#C#1i-J> ; �@143 , C > L >	�GDK/@H%C /@>¢-0< HJL �), 3 > L9; HJL�D�>	�GDK/@H �#,.L@5�D I@L@L@H��{-|14C H��#, DK/
1	C6D ,.L � 36H�� 1^DK, �4H¾DK>	DK/9H�1WD ; >4C �@/@HJ3 , -¾-�14C6H I9C ,.L � ¶l$'& 8�¸ �.I9,.C /�-J> �.>43 Cl3 H��@3 HJC HJL�D�DK/@H=1WD*]
;=> C �9/@H|36,.-��93 H|C6C I@36Hl-|> LMD > I@3 C#1WL@5�3 HJ5)]R>43K14L � HQ-|> � > 3 CV1436H��#,.L@5 DKI@L@L9H�� �@36H|C6C I@36Hl-|> LMDK>4I@3 C
�#, DK/�DK/@H�C6D ,.L � 8V!Z/@H�-|>¢> 3 5@, L21WD H�C6I@3 � 1W-|H ��14C � �.14-|HJ5�> L�DK/@H ��] � � �.14L@H�14L@5 	:>4DK/�-�14363 ,.HJ3
;=>)59H��.C½1436H¾C > � ,.5 8½P%CQ>4L@H¾-�1WL�C HJH4?G3 H|1WD DK14-0/@;=H|LMDlC6/@>)-0<�CU1436H¾L@> � > L � HJ3%C �);=;=HJDK36,.-�5@I@H
D >�D /@H�C6D ,.L � , LMDKH|3 � H|36H|L@-JH48�!Z/@, C �#, � �¤-�1WI@C H � > 36-|H 14L@5�;=> ;=H|LMDl5@,��{HJ3 H|L9-|H|CU> L�D /@H C6DK>43 H
C6,.L@-JH�DK/9H 
2>�� �2H��.5�,.CFL@> � > L � HJ3FC �¢; ;=HJD 3 ,.-�1�	:> I9DFDK/@H ��] � � � 14L9H48#AB, � I@3 H�` � C /@>��#C%D /@H
C 14; H	5@1WD01�> L 1�/@>43 , �J> LMD01	� � � 14L9H48 !Z/@H�CK14;=H	-|> LMD > I@3�5@HtD014, �.C�1	��� � � DK> AB, � I@3 H�` � 14C
�VH|36H�1	��� �., H|5 DK> AB, � I@36H�`4\98 !Z/@H�36H�1WD6D014-0/@;=H|LMD=C /9>)-0<�C 1	� �:H�143�DK> 	:H	C �¢;=; HtDK3 , -�14L@5
; 1WDK-0/�I � �VH�� � �#, DK/	D /@H � 3 H|H 
2, � /MDZ-�1WC H48'!Z/@HUC /9>)-0<�>���>	�¤DK/@HU-|>4L@HU5@>)HJCZL@>4DF; 1WDK-0/�I �
	:H|-|14I@C H�>	�#, D C�, L�D H|3 14-JD ,.> L �#, DK/ DK/@H > 	 �.,���I@H C6/@>¢-0< � 3 >4; DK/@H�C*DK, L � 8�&),.L@-JH D /@H �.H|145@, L �

�M\



Reattachment Shocks

Conical Shocks

A , � I@36HU`4\ � ¶l$V&	C /9>)-0<�, LMDKH|3 14-JD ,.> L9C �#, DK/�C6D ,.L � �@36H|C6H|LMD � ��] � � �.14L@H �

Conical Shocks

Symmetric Reattachment

AB, � I93 HU` � � ¶l$'&�C6/@>)-0<�,.LMDKHJ3K14-tDK,.>4L@C �#, D /�C*DK,.L � �93 H|C6H|LMD
� ��] � � �.14L@H �

� �



C6/@>)-0<�, C�H|C C6H|LMDK,.1	� � � �VH�14<WH|3|?¢DK/@H½_�1W-0/�L�I@;
	:H|3V1WD�DK/@H 	21WC HF,.C�/@, � /@H|3 D /214L=, D �>4I �.5=/21 � H
L@>43 ; 1	� � � 	:H|HJL , L � 36H|H 
2, � /�D|? �#/@,.-0/ -|3 H|1WDKHJCi1	C*DK3 >4L � H|3�H�� �21WL@C , > L 8=!Z/@,.CU,.CUH��), 5@H|LMDi14C
D /@H%36H|5�-J> LMDK> I@3 �., L@H|C'C /@>��«D /@H%H����@14L@C , > L�36H � , > L�, C'D /@,.-0<WH|3|8'&¢,.L@-JH½DK/9H 
2>�� ,.C�DKI93 L@HJ5	1WD
1�C*DKHJH��:H|3U14L � �.H�D /@H 
2>�� 3 H|1WD DK14-0/@H|Cl, DKC6H�� � �¢I9,.-0<4HJ3|? �#/@, -0/�,.C%C6/@>��#L 	 ��1�-�� > C HiI � �¢,.H��
>	�¤DK/9H�L9H�143�] �14<4H�,.L�AB, � I@3 Hl`��98

Reattachment Shocks

Expansions

AB, � I@36HU`�� � ¹ � > C Hy]RI ��>	� H�� �214L9C ,.>4L�36H � , > L�14L@5�3 H|1WD DK14-0/@;=H|LMDFC /@>¢-0<�C � ��] � ��� 14L@H �

¶Q3 1 � 1WL@5 �@36H|C C6I@3 H	H �{HJ-JD C¾DK/21WD �#, � � 	:H � H�� D 	 � D /@H�C6D > 3 H�143 H DK/@36H|H�59,.;=H|L@C6,.> L21��
14L95 -|14L@L@>WD 	:H � I � � ��H�� � � 1W,.L@HJ5 	 ��D �V>�-|>¢> 3 5@, L21WD H � � 14L9H|C|8i!Z/@H�DK/@36H|H 5@,.;=H|L9C ,.>4L21	� 1WC*]
�:H|-tDQ>	� D /@H �93 > 	 � H|;n-|14L 	:HiC6H|H|L�,.L�A , � I@36H�`4a �#/@HJ3 H¾, C >W] C I@3 � 14-|HJC½>�� �@3 HJC C6I@3 H � 3K145@, H|LMD
; 1 � L@, DKI@59H �HJ3 H=-0/@> C6H|L�DK>�C /@>�� 	:>4D / C6/@>¢-0<¢C�14L@5�H����@14L@C , > L@CJ8=!Z/9H=-J> L@, -�1	� C*DK36I@-JD I@3 H
	:H|/@, L@5 DK/9H�; >¢5@H��,.C�DK/@H�3 H�1^D D01W-0/@; HJLMD C /@>¢-0<O8 !Z/@H�D /@3 HJH�5@, ; HJL@C , > L21	�'L21WD I@3 H�>��FD /@H
C6/@>)-0<	, LMDKH|3 14-JD ,.> L9C �#, � � �@3 HJC H|LMD%5@, �=-|I�� D �	, L�H��914; , L@,.L � D /@HUC6D ,.L � S DKI@L@L9H��GH � H|-tDKC½> L�D /@H
C*DK> 36H�I9C ,.L � -JI9D � � 1WL@H|CJ8

� �



AB, � I@36H=`4a � ¶l$'&�DK/@36H|H 5@,.;=H|L9C ,.>4L21	� C6/@>)-0<�, LMDKH|3 14-JD ,.> L9C�, L �#,.L@5�DKI@L9L@H���H|L �¢,.36> L@;=H|LMD
�#, DK/�C6D ,.L �

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

���
��� � -�� � �'� � � �"��� � � 0! � 0!�* ����!.!$�"� �,0��
 ���20! �	� ¹�A ¶ 14L@5 H�� � HJ3 ,.;=H|LMDK1	�

521^D01 -|14L 	:H�-|>4; �21W3 H|5�5@,.36H|-JD � � � > 3 -�14C6H|C �#, DK/«1 C6DK, L � �93 H|C6H|LMD�8jP½C �¢;=; HtDK3 � >	�lD /@H

2>�� �2H��.5�5@I@HUDK>�DK/@H�C6D ,.L � -�1WL�1	� C > 	:H�C*DKI@5@, H|5 8VAB, � I@3 H � [�C6/@>��#C 	214C6H �93 H|C6C I@36H �@36> � � H|C
� > 3B1WDK;=> C �@/@H|36,.-V14L@5 �#, L@5iDKI9L@L@H���� �#, DK/¾C*DK,.L � �»-|14C HJC|?M-J> ; �@143 HJ5iDK>QH�� � HJ3 ,.;=H|LMDK1	�)36H|C6I � D C|8
!Z/@H'H�� �:H|36,.;=H|LMD01	� �W1	� I@H|C¤1436H1 � I@, 5@H�� ,.L@H � > 3GD /@HV¹�A ¶�C6> �.I9D ,.> L9C|8¤( D C6/@> I � 5�	:H�L@>4DKHJ5�D /21WD
D /@H �@3 HJC C6I@3 HU,.C � HJ3 � � > �©C6> �@3 HJ-|,.C6HU³'&9³�521^D01¾-|>4I �.5	L@>WD 	 H%H��¢DK3 14-JD H|5 8V"½>��VH�� HJ3|?:1WD�D /@H
-JH|LMDKHJ3%>	� D /@H 	214C H�DK/@H �@36H|C C6I@3 H ��14CFD014<WH|L�I9C ,.L � 1=C6D01^DK,.- �@36H|C6C I@36H � >436D�? �#/@, -0/�36H�
2HJ-JDKC
D /@H½;=> C*D1W-|-|I93K1WD H%H�� �:H|36,.;=H|LMD01	�25@1WD01 � > , LMD�8 A236H|H 
2, � /MD �W1	�.I9H|C �#, � � 	 HF3 H�� H|3 HJL@-|HJ5 �#/@H|L
-J> ; �9I9DK, L � � HJ3 -JH|LMD%-0/@14L � HJC½5@I9HUD >=D /@HUC6D ,.L � 8

�Ma
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B−L Vertical − Sting

B−L Horizontal − Sting

DES  Vertical − Sting

DES Horizontal − Sting

Jung Vertical

Jung Horizontal

Theoretical − vR and vO

Empirical − L and O

AB, � I@36H � [ � _�H|14L 	214C H �@36H|C6C I@36Hi-|>¢H��=-J,.H|LMDF-|>4; �21W3 ,.C6> L@C �#, DK/�C6D ,.L �

¸�]�E	-|> ; �@I9D H|5 1%59H|-|36H�14C6H#,.L¾;=H�14L�	214C H �93 H|C6C I@36HZ>	� � � 8�� � �#/@H|L=1%C*DK, L � ,.C �@3 HJC HJL�D
14L95	¶l$'&�-|> ; �@I9D H|5	1i59H|-|36H�14C6Hl>	� � � 8�����8¯NFC ,.L � AB, � I@3 H � � > 31i3 > I � /�H|C*DK, ;�1WD H%>	�{DK>4DK1	�
5@3 1 � C /@>��#C�1^D�_�14-0/ ��DK/@H 	214C6H�5@3 1 � 14-|-J> I@LMDKC � > 3 1	� �@36> �9, ;�1^DKH�� � � � ��>	�%D /@H	DK>4DK1	�
5@3 1 � � > 3 1 C �.HJL@5@H|3=-|>4L@H48 �UHJH��@, L � DK/@, C=, L®; , L@5 ?V1 � � 8 ����5@H|-J3 H�1WC H�, L 	214C H �@36H|C C6I@3 H
�V> I � 5 C6, � L9,��2-|14LMD � � H � H|-tD=D /@H	DK>4DK1	��5@3 1 � , �#DK/9,.C�521WDK1 ��14C D01W<4H|L 5@I@36,.L � �#, L@5 DKI@L@L9H��
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B−L Atmospheric Re = 3.9x10 8

B−L Tunnel Re = 3.9x10 8

B−L Atmospheric Re = 1x10 9

B−L Tunnel Re = 1x10 9
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B−L Atmospheric −− Solid
B−L Tunnel −− Solid
DES Atmospheric −− Solid
DES Tunnel −− Solid
B−L Atmospheric Cavity
B−L Tunnel −− Cavity
DES Atmospheric Cavity
DES Tunnel −− Cavity
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B−L Atmospheric

B−L Tunnel

DES Atmospheric

DES Tunnel
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