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2XWOLQH

■ 0RWLYDWLRQ�	�EDFNJURXQG

■ $HURG\QDPLF�VKDSH�RSWLPL]DWLRQ�SUREOHPV

■ 6HQVLWLYLW\���JUDGLHQW�FRPSXWDWLRQ�IRU�RSWLPL]DWLRQ
◗ $GMRLQW�EDVHG�VHQVLWLYLW\�FDOFXODWLRQ
◗ &RPSOH[�VWHS�IRUPXODWLRQ
◗ 5HGXFHG�RUGHU�PRGHOV�EDVHG�RQ�3URSHU�2UWKRJRQDO
'HFRPSRVLWLRQ

■ 6DPSOH�UHVXOWV�DQG�RWKHU�DSSOLFDWLRQV

■ &RQFOXVLRQV



'LVFODLPHU

■ $OWKRXJK�6WDQIRUG�8QLYHUVLW\�LV�KHDYLO\�LQYROYHG�LQ
$6&,�DV�DQ�$OOLDQFH�PHPEHU��WKLV�WDON�GHVFULEHV
VRPH�RI�WKH�ZRUN�ZH�DUH�GRLQJ�LQ�RXU�ODERUDWRU\
RXWVLGH�RI�$6&,

■ 2XU�$6&,�SURMHFW�LQYROYHV�WKH�SUHGLFWLRQ�RI�WKH
FRPSOH[�XQVWHDG\�IORZ�SK\VLFV�LQVLGH�MHW�HQJLQHV�
2XU�ZRUN�ZLWKLQ�WKH�SURMHFW�LQYROYHV�
◗ $GYDQFHG�DOJRULWKPV�IRU�XQVWHDG\�IORZ�LQWHJUDWLRQ
◗ (IILFLHQW�QRQOLQHDU�WLPH�KDUPRQLF�DOJRULWKPV�IRU�XQVWHDG\
SHULRGLF�IORZ�VLPXODWLRQV

◗ $GYDQFHG�WXUEXOHQFH�PRGHOLQJ
◗ ,QWHJUDWHG�FRPSUHVVRU�FRPEXVWRU�WXUELQH�VLPXODWLRQV
◗ /DUJH�VFDOH�KLJK�SHUIRUPDQFH�SDUDOOHO�LPSOHPHQWDWLRQV
◗ /DUJH�VFDOH�YLVXDOL]DWLRQ�XVLQJ�SDUDOOHO�UHQGHULQJ�LQ�FOXVWHUV



0RWLYDWLRQ

■ 2XU�HIIRUWV�DW�WKH�$HURVSDFH�&RPSXWLQJ�/DERUDWRU\
DUH�DLPHG�DW�GHYHORSLQJ�WKH�QHFHVVDU\�WRROV�WR
IDFLOLWDWH�WKH�PXOWLGLVFLSOLQDU\�GHVLJQ�RI�DHURVSDFH
V\VWHPV��DLUFUDIW��VSDFHFUDIW��HQJLQHV��GLVWULEXWHG
V\VWHPV�

■ ,Q�SDUWLFXODU��IRU�DLUFUDIW�WKDW�VSHQG�PRVW�RI�WKHLU�WLPH
LQ�WKH�FUXLVH�FRQGLWLRQ��WKH�GHVLJQ�RI�DHURG\QDPLF
VKDSHV�ZLWK�RSWLPXP�SHUIRUPDQFH�LV�DQ�DEVROXWH
QHFHVVLW\�WR�PHHW�UHTXLUHPHQWV�RI�
◗ 5DQJH
◗ &UXLVH�0DFK�QXPEHU
◗ 3D\ORDG���3DVVHQJHUV
◗ 7DNHRII���/DQGLQJ�ILHOG�OHQJWK



7UDGLWLRQDO�$LUFUDIW�&RQILJXUDWLRQV



7UDGLWLRQDO�'HVLJQ

■ )RU�WUDGLWLRQDO�DLUFUDIW�FRQILJXUDWLRQV�ZKHUH�D�ODUJH
H[SHULHQFH�GDWDEDVH�KDV�EHHQ�DFFXPXODWHG�RYHU�WKH
\HDUV��GHVLJQ�LV�HYROXWLRQDU\��D�VNLOOIXO�GHVLJQHU�FDQ
REWDLQ�FORVH�WR�RSWLPDO�VROXWLRQV�WKURXJK�WULDO�DQG�
HUURU

■ $OWKRXJK�VXEVWDQWLDO�LPSURYHPHQWV�KDYH�EHHQ�PDGH
XQGHU�WKH�KRRG��WKH�IDFW�UHPDLQV�WKDW�DHURG\QDPLF
FRQILJXUDWLRQV�IRU�WUDQVRQLF�FRPPHUFLDO�WUDQVSRUWV
KDYH�UHPDLQHG�YLUWXDOO\�XQFKDQJHG�VLQFH�WKH�%����



%����YV��$���

■ 6HHPLQJO\�LGHQWLFDO
DLUFUDIW

■ ,PSURYHPHQWV�LQFOXGH
◗ $FWLYH�FRQWURO
◗ 1HZ�$LUIRLO�&RQFHSWV
◗ &RPSRVLWH�VWUXFWXUHV
◗ 3URSXOVLRQ
◗ 0'2

■ /DUJH�HFRQRPLF�ULVNV
LQWURGXFH�FRQVHUYDWLVP
LQWR�QHZ�GHVLJQV



5HYROXWLRQDU\�'HVLJQ

■ 0DMRU�DGYDQFHV�LQ�DLUFUDIW�SHUIRUPDQFH�FDQ�VWLOO�EH
REWDLQHG�ZLWK�D�FRPELQDWLRQ�RI�UHYROXWLRQDU\
FRQFHSWV�WKDW�FRPELQH�DGYDQFHG�WHFKQRORJLHV�RQWR
D�JLYHQ�DLUIUDPH

■ 7KH�ILHOG�RI�0XOWLGLVFLSOLQDU\�'HVLJQ�2SWLPL]DWLRQ
�0'2��ZKHUH�V\QHUJLVP�EHWZHHQ�WKH�SDUWLFLSDWLQJ
GLVFLSOLQHV�LQ�D�GHVLJQ�LV�H[SORLWHG�LV�QHFHVVDU\�WR
REWDLQ�GUDPDWLF�LPSURYHPHQWV�LQ�SHUIRUPDQFH



5HYROXWLRQDU\�'HVLJQV



5HYROXWLRQDU\�'HVLJQ

■ 7KLV�NLQG�RI�DLUFUDIW�KDV�WR�EH�GHVLJQHG�ZLWKRXW�WKH
EHQHILW�RI�\HDUV�RI�H[SHULHQFH�

■ :KDW�DUH�WKH�UHDOLVWLF�FKDQFHV�WKDW�D�GHVLJQHU�PD\
REWDLQ�DQ�RSWLPDO�GHVLJQ�WKRXJK�WULDO�DQG�HUURU"��0\
JXHVV�LV�DV�JRRG�DV�\RXUV«�

■ $XWRPDWLF�RSWLPL]DWLRQ�WHFKQLTXHV��DQDO\VLV�WRROV
FOHYHUO\�FRXSOHG�WR�FRQVWUDLQHG�QRQOLQHDU
RSWLPL]HUV��EHFRPH�QHFHVVDU\

■ +RZ�FDQ�ZH�GR�WKLV�HIILFLHQWO\"



9LVLRQ

■ (IIHFWLYH�VLPXODWLRQ

■ 6LPXODWLRQ�EDVHG�GHVLJQ



$XWRPDWLF�2SWLPL]DWLRQ�%DVHG�'HVLJQ

■ 7KH�UHTXLUHPHQWV�WR�DXWRPDWH�WKH�GHVLJQ�SURFHVV�DUH

◗ (IILFLHQW��DFFXUDWH��UREXVW�DHURG\QDPLF�DQDO\VLV
◗ /RZ�FRVW�VHQVLWLYLW\�DQDO\VLV�IRU�ODUJH�GHVLJQ�VSDFHV
◗ (IILFLHQW�QRQOLQHDU�FRQVWUDLQHG�RSWLPL]DWLRQ�WHFKQLTXHV

■ )RU�DHURG\QDPLF�GHVLJQ�SUREOHPV��WKH�QXPEHU�RI
GHVLJQ�YDULDEOHV�LV�RIWHQ�YHU\�ODUJH��1�a��������������DQG
WKH�FRPSXWDWLRQ�RI�VHQVLWLYLWLHV�RI�FRVW�IXQFWLRQV�DQG
FRQVWUDLQWV��QHHGHG�IRU�JUDGLHQW�EDVHG�RSWLPL]HUV�
W\SLFDOO\�GRPLQDWHV�WKH�&38�WLPH�UHTXLUHG

■ 0XVW�GHYHORS�HIILFLHQW�DOJRULWKPV�IRU�VHQVLWLYLW\
FDOFXODWLRQ�ZLWK�ODUJH�QXPEHUV�RI�GHVLJQ�YDULDEOHV



$XWRPDWLF�'HVLJQ�%DVHG�RQ�&RQWURO�7KHRU\

■ 2QH�VXFK�PHWKRG�LV�WKH�FRQWURO�WKHRU\�EDVHG�DGMRLQW
PHWKRG

■ $�ZLQJ�LV�D�GHYLFH�WR�JHQHUDWH�OLIW��ZLWK�PLQLPXP�GUDJ�
E\�FRQWUROOLQJ�WKH�IORZ

■ $SSO\�WKHRU\�RI�RSWLPDO�FRQWURO�RI�V\VWHPV�JRYHUQHG�E\
3'(V��/LRQV��ZLWK�ERXQGDU\�FRQWURO��WKH�ZLQJ�VKDSH�

■ 0HUJH�FRQWURO�WKHRU\�DQG�&)'



'HVLJQ�IRU�6SHFLILHG�3UHVVXUH�'LVWULEXWLRQ

■ (QJLQHHUV�NQRZ�GHVLUDEOH�FKDUDFWHULVWLFV�RI�WKH�VXUIDFH
SUHVVXUH�GLVWULEXWLRQ��VD\��WR�SUHYHQW�ERXQGDU\�OD\HU
VHSDUDWLRQ��RU�GHOD\�WUDQVLWLRQ�WR�WXUEXOHQFH

■ 6SHFLI\�WDUJHW�SUHVVXUH

■ +RZHYHU��QRW�HYHU\�WDUJHW
SUHVVXUH�LV�DWWDLQDEOH��1R
ERG\�ZLWK�VWDJQDWLRQ
SUHVVXUH�HYHU\ZKHUH��

■ $Q�RSWLPDO�FRQWURO�EDVHG
PHWKRG�VKRXOG�VWLOO�ZRUN



&RQWURO�7KHRU\�$SSURDFK�WR�WKH�'HVLJQ�3UREOHP

■ 'HILQH�D�FRVW�IXQFWLRQ��IRU�H[DPSOH

■ RU

■ 7KH�VXUIDFH�VKDSH�LV�QRZ�WUHDWHG�DV�WKH�FRQWURO��ZKLFK
LV�WR�EH�YDULHG�WR�PLQLPL]H�,��VXEMHFW�WR�WKH�FRQVWUDLQW
WKDW�WKH�IORZ�HTXDWLRQV�DUH�VDWLVILHG�LQ�WKH�GRPDLQ�'



$XWRPDWLF�6KDSH�'HVLJQ�9LD�&RQWURO�7KHRU\

■ $SSO\�WKH�WKHRU\�RI�FRQWURO�RI�SDUWLDO�GLIIHUHQWLDO
HTXDWLRQV��RI�WKH�IORZ��E\�ERXQGDU\�FRQWURO��WKH�VKDSH�

■ )LQG�WKH�)UHFKHW�GHULYDWLYH��LQILQLWH�GLPHQVLRQDO
JUDGLHQW��RI�WKH�GUDJ��RU�RWKHU�SHUIRUPDQFH�PHDVXUH�
ZLWK�UHVSHFW�WR�WKH�VKDSH�E\�VROYLQJ�WKH�DGMRLQW
HTXDWLRQ�LQ�DGGLWLRQ�WR�WKH�IORZ�HTXDWLRQ

■ 0RGLI\�WKH�VKDSH�LQ�WKH�VHQVH�GHILQHG�E\�WKH�VPRRWKHG
JUDGLHQW

■ 5HSHDW�WKH�LWHUDWLRQV�XQWLO�WKH�SHUIRUPDQFH�YDOXH
DSSURDFKHV�DQ�RSWLPXP



)RUPXODWLRQ�RI�WKH�&RQWURO�3UREOHP

■ ,Q�WKH�SUHVHQFH�RI�FRQVWUDLQWV�SURMHFW�J�LQWR�WKH�DGPLVVLEOH�WULDO�VSDFH�
$FFHOHUDWH�E\�XVH�RI�VPRRWKLQJ�DQG�4XDVL�1HZWRQ���.U\ORY�VXEVSDFH
PHWKRGV



7UDGLWLRQDO�$SSURDFK�WR�2SWLPL]DWLRQ



7UDGLWLRQDO�$SSURDFK�WR�2SWLPL]DWLRQ



$GMRLQW�%DVHG�'HVLJQ



$GMRLQW�%DVHG�'HVLJQ



$GMRLQW�%DVHG�'HVLJQ



$GMRLQW�%DVHG�'HVLJQ

■ 0DLQ�DGYDQWDJHV�

◗ 7KH�FRVW�RI�D�FRPSOHWH�JUDGLHQW�HYDOXDWLRQ��LQGHSHQGHQWO\�RI�WKH
QXPEHU�RI�GHVLJQ�YDULDEOHV��FDQ�EH�REWDLQHG�ZLWK�MXVW�RQH�IORZ
VROXWLRQ�DQG�RQH�DGMRLQW�VROXWLRQ

◗ $GMRLQW�EDVHG�JUDGLHQWV�UHTXLUH�ORZHU�OHYHOV�RI�FRQYHUJHQFH�LQ�WKH
IORZ�VROYHU�WKDQ�WKH�ILQLWH�GLIIHUHQFH�PHWKRG

■ 'LVDGYDQWDJHV

◗ $Q�DGMRLQW�HTXDWLRQ�PXVW�EH�GHYHORSHG�IRU�HDFK�QHZ�JRYHUQLQJ
HTXDWLRQ�VHW

◗ $�QHZ�ERXQGDU\�FRQGLWLRQ�PXVW�EH�LPSOHPHQWHG�IRU�GLIIHUHQW�FRVW
IXQFWLRQV



2WKHU�2SWLRQV�)RU�6HQVLWLYLW\�$QDO\VLV



)LQLWH�'LIIHUHQFH�$SSUR[LPDWLRQV



&RPSOH[�6WHS�0HWKRG



&RPSOH[�6WHS�0HWKRG

■ $OWKRXJK�WKH�FRVW�LV�VWLOO�OLQHDUO\�GHSHQGHQW�RQ�WKH
QXPEHU�RI�GHVLJQ�YDULDEOHV��ZLWK�D�SURSRUWLRQDOLW\
FRQVWDQW���WKH�JUDGLHQW�YDOXH�LV�VWHS�LQVHQVLWLYH

■ *UHDW�DGYDQWDJH�ZLWK�UHVSHFW�WR�ILQLWH�GLIIHUHQFH
PHWKRGV�LQ�WHUPV�RI�UREXVWQHVV�GXH�WR�VWHS
LQVHQVLWLYLW\

■ :H�KDYH�GHYHORSHG�DXWRPDWLF�SURFHGXUHV�WR
³FRPSOH[LI\´�H[LVWLQJ�)2575$1��&��DQG�&���FRGHV

■ 9HU\�XVHIXO�IRU�YDOLGDWLRQ�DQG�GHEXJJLQJ�RI�PRUH
FRPSOH[�DQDO\WLF�PHWKRGV



3URSHU�2UWKRJRQDO�'HFRPSRVLWLRQ



3URSHU�2UWKRJRQDO�'HFRPSRVLWLRQ



3URSHU�2UWKRJRQDO�'HFRPSRVLWLRQ



463�3URJUDP�2EMHFWLYHV

■ 7R�GHVLJQ�D�VXSHUVRQLF�VPDOO�DLUFUDIW�ZLWK�ORZ�HQRXJK
VRQLF�ERRP�WKDW�LW�FDQ�EH�DOORZHG�WR�IO\�VXSHUVRQLFDOO\
RYHU�ODQG

◗ &UXLVH�0DFK�QXPEHU� ����

◗ 72*:�a���������OEV

◗ 5DQJH� �������QPL

◗ 0D[LPXP�RYHUSUHVVXUH� �����SVI

■ &DQ�WKLV�EH�DFKLHYHG"��([WUHPHO\�GLIILFXOW�SURSRVLWLRQ�
PD\�OHDG�WR�UHOD[HG�GHVLJQ�UHTXLUHPHQWV

NLF Concept – Tracy, Kroo



&RQIOLFWLQJ�3URJUDP�5HTXLUHPHQWV

■ /RZ�ERRP�YV��DHURG\QDPLF�SHUIRUPDQFH�IRU�UDQJH
DQG�SD\ORDG

■ /RZ�ZHLJKW�YV��UDQJH�DQG�SD\ORDG�UHTXLUHPHQWV

■ +LJK�0DFK�QXPEHU�YV��ERRP�DQG�DHUR�UHTXLUHPHQWV

■ 2YHUDOO��WKH�PRVW�GHPDQGLQJ�UHTXLUHPHQW�LV�WKH�ORZ
ERRP�UHTXLUHPHQW�ZKLFK�KDV�EHHQ�VRPHZKDW
DUELWUDULO\�VHW�EDVHG�RQ

◗ (DUO\�����¶V�+65�DFFHSWDELOLW\�VWXGLHV��1$6$�/DQJOH\�
◗ *XOIVWUHDP�PDUNHWLQJ�DQDO\VLV



)XQGDPHQWDOV�RI�6RQLF�%RRP�7KHRU\

■ 6RQLF�ERRP�RQ�JURXQG�KDV�VLJQLILFDQW�ODWHUDO�LQIOXHQFH
�W\SLFDOO\����PLOHV�IRU�VPDOO�DLUFUDIW�DW��������IW�

■ 5HDO�DWPRVSKHUH�HIIHFWV�FUHDWH�D�UHJLRQ�RI�VLOHQFH�HDUOLHU
WKDQ�XQLIRUP�DWPRVSKHUH�UHVXOWV�EHFDXVH�RI�UD\
UHIUDFWLRQ�GXH�WR�FKDQJHV�RI�GHQVLW\�ZLWK�DOWLWXGH



2WKHU�3URSRVHG�&RQFHSWV

■ /DUJH�QXPEHU�RI�FRQFHSWV�SURSRVHG��EXW�QRQH�RI
WKHP�KDV�JRQH�WKURXJK�D�GHWDLOHG�RSWLPL]DWLRQ
SURFHVV�HYHQ�ZLWK�VLPSOLILHG�OLQHDU�WHFKQLTXHV

■ 8QIRUWXQDWHO\��IRU�VRQLF�ERRP��WKH�GHYLO�LV�LQ�WKH
GHWDLOV«



$PHV�+6&7���$,53/$1(



$PHV�+6&7���6<1����0%



$GYDQFHG�$OJRULWKPV
IRU�463�'HVLJQ

■ �0'2��$GGLWLRQDO�GLVFLSOLQHV�RI�FULWLFDO�LPSRUWDQFH

◗ 3URSXOVLRQ
◗ 6WUXFWXUH�:HLJKWV
◗ 0LVVLRQ�7UDMHFWRU\

High transonic regime
Sizes engines, structure Boom/wave drag tailoring

at start cruise

Multi-point optimization
includes boom, cruise
performance, off-design
constraints

Subsonic performance
key to noise acceptability



7ZR�'LPHQVLRQDO�6RQLF�%RRP�0LQLPL]DWLRQ�
XVLQJ�WKH�$GMRLQW�0HWKRG

Euler Solver

Adjoint Solver

Calculate Gradient

Modify Grid

■ )/2���IORZ�VROYHU
◗ 0RGLILHG�5XQJH�.XWWD�WLPH�VWHSSLQJ
VFKHPH

◗ -DPHVRQ�6FKPLGW�7XUNHO��-67�
VFKHPH�IRU�DUWLILFLDO�GLVVLSDWLRQ

◗ /RFDO�WLPH�VWHSSLQJ��LPSOLFLW�UHVLGXDO
VPRRWKLQJ��PXOWLJULG

■ $GMRLQW�PHWKRG
◗ 'HYHORSPHQW�RI�DGMRLQW�PHWKRG�IRU
FDOFXODWLRQ�RI�QRQ�FROORFDWHG
VHQVLWLYLWLHV

■ &RVW�IXQFWLRQ
◗ 1RUP�RI�WKH�SUHVVXUH�GLIIHUHQFH
EHWZHHQ�FXUUHQW�DQG�WDUJHW�SUHVVXUH
GLVWULEXWLRQV



7ZR�'LPHQVLRQDO�6RQLF�%RRP�0LQLPL]DWLRQ�
XVLQJ�WKH�$GMRLQW�0HWKRG

���)ORZ�&RQGLWLRQ���0DFK�1XPEHU� ����
���7HVW�&DVHV

ª��&DVH�$���8QLTXH�1HDU�)LHOG�7DUJHW�3UHVVXUH
$�EXPS�LV�SODFHG�RQ�WKH�ORZHU�VXUIDFH�RI�WKH�ELFRQYH[
DLUIRLO��7KH�QHDU�ILHOG�SUHVVXUH�GLVWULEXWLRQ�RI�WKH�QHZ
DLUIRLO�LV�WKHQ�XVHG�DV�WKH�WDUJHW�SUHVVXUH�GLVWULEXWLRQ�IRU
WKH�GHVLJQ�RI�WKH�RULJLQDO�DLUIRLO

ª���&DVH�%���6PRRWKHG�1HDU�)LHOG�7DUJHW�3UHVVXUH
1HDU�ILHOG�WDUJHW�SUHVVXUH�REWDLQHG�E\�LPSOLFLWO\�VPRRWKLQJ
WKH�H[LVWLQJ�SUHVVXUH�



7ZR�'LPHQVLRQDO�6RQLF�%RRP�0LQLPL]DWLRQ�
XVLQJ�WKH�$GMRLQW�0HWKRG

���$LUIRLO�*HRPHWU\�DQG�0HVK�6L]H
ª�%LFRQYH[�$LUIRLO�ZLWK����7KLFNQHVV�5DWLR�
ª��)LQH�0HVK�6L]H�������E\����&�PHVK

Near Field Plane

Location of Target Pressure
Approximately 6 chord lengths



*HRPHWU\�DQG�1HDU�)LHOG�3ODQH�'HVFULSWLRQ

Near Field Plane

    Target Pressure
    Initial Pressure 6 Chord Lengths

Biconvex Airfoil

Fine Mesh 256 by 96 C-mesh
Mach Number = 1.8



       Initial Airfoil 

        Target Airfoil 

    Initial Pressure 

    Target Pressure 

Initial and Target Airfoil Geometry Initial and Target Near Field Pressure Distribution

Pressure Contour Plot Near Field Pressure Contour Plot

,QLWLDO�1HDU�)LHOG�3UHVVXUH�&RQWRXUV
DQG�$LUIRLO�*HRPHWU\����&DVH�$����0DFK�1XPEHU� �������%LFRQYH[�$LUIRLO�



       Initial Airfoil
      Current Airfoil 

     Target Airfoil 

      Initial Pressure 

       Target Pressure
       Pressure after 3 
        Design Iterations

Initial, Current, and Target Airfoil Geometry Initial, Current, and Target Near Field Pressure Distribution

Pressure Contour Plot Near Field Pressure Contour Plot

3UHVVXUH�&RQWRXUV�DQG�$LUIRLO�*HRPHWU\�$IWHU
��'HVLJQ�,WHUDWLRQV����&DVH�$����0DFK�1XPEHU� ��������%LFRQYH[�$LUIRLO�



       Initial Airfoil
      Current Airfoil 

     Target Airfoil 

      Initial Pressure 

       Target Pressure
       Pressure after 20 
        Design Iterations

Initial, Current, and Target Airfoil Geometry Initial, Current, and Target Near Field Pressure Distribution

Pressure Contour Plot Near Field Pressure Contour Plot

3UHVVXUH�&RQWRXUV�DQG��$LUIRLO�*HRPHWU\�$IWHU
���'HVLJQ�,WHUDWLRQV����&DVH�$����0DFK�1XPEHU� ��������%LFRQYH[�$LUIRLO�



     Current Airfoil 

        Initial Airfoil 

    Initial Pressure 

    Target Pressure 

Initial and Target Airfoil Geometry Initial and Target Near Field Pressure Distribution

Pressure Contour Plot Near Field Pressure Contour Plot

,QLWLDO�1HDU�)LHOG�3UHVVXUH�&RQWRXUV�DQG
$LUIRLO�*HRPHWU\����&DVH�%����0DFK�1XPEHU� �������%LFRQYH[�$LUIRLO�



      Current Airfoil 

      Initial Airfoil 

      Target Pressure 

       Initial Pressure
       Pressure after 3 
        Design Iterations

Initial, Current, and Target Airfoil Geometry Initial, Current, and Target Near Field Pressure Distribution

Pressure Contour Plot Near Field Pressure Contour Plot

3UHVVXUH�&RQWRXUV�DQG�$LUIRLO�*HRPHWU\�$IWHU
��'HVLJQ�,WHUDWLRQV�����&DVH�%����0DFK�1XPEHU� ��������%LFRQYH[�$LUIRLO�



      Current Airfoil 

      Initial Airfoil 

      Target Pressure 

       Initial Pressure
       Pressure after 20 
        Design Iterations

Initial, Current, and Target Airfoil Geometry Initial, Current, and Target Near Field Pressure Distribution

Near Field Pressure Contour Plot

3UHVVXUH�&RQWRXUV�DQG��$LUIRLO�*HRPHWU\�$IWHU
���'HVLJQ�,WHUDWLRQV����&DVH�%����0DFK�1XPEHU� ��������%LFRQYH[�$LUIRLO�

30% dp/p Reduction

Pressure Contour illustrates the
Reduction in Shock Strength on 
Lower Surface 



$SSOLFDWLRQ�RI�9LVFRXV�$GMRLQW�'HVLJQ

■ 3URSRVHG�GHVLJQ�IRU�D�5HQR�$LU�5DFHU

■ &RQVWUDLQW��SLVWRQ�HQJLQH���SURSHOOHU

■ &XUUHQWO\�ZRQ�E\�::,,�DLUFUDIW��%HDUFDW��3����+DZNHU
6HD)XU\�H[WHQVLYHO\�PRGLILHG�

■ 7\SLFDO�WRS�VSHHG� �����PSK



$SSOLFDWLRQ�RI�9LVFRXV�$GMRLQW�'HVLJQ

■ &XUUHQW�'HVLJQ�����PSK

■ ³&UXLVH´�0DFK�QXPEHU� �����

■ /DUJH�DLUIRLO�WKLFNQHVV�DQG�ORZ�VZHHS

■ &B/� �������IRU�D��J�WXUQ�

■ $HUR�GHVLJQ�FDUULHG�RXW�E\�VPDOO�WHDP



�'�9LHZV



'HVLJQ�3URFHGXUH

■ ,QLWLDO�PXOWLSRLQW�(XOHU�GHVLJQ��DW�D�YDULHW\�RI�&B/V�
◗ 6WURQJ�QRUPDO�VKRFN�LQ�ZLQJ�LQERDUG�UHJLRQ�LQGLFDWHG�D�QHHG�WR
PRGLI\�WKH�IXVHODJH�ZLQJ�LQWHUVHFWLRQ

◗ ([WHQGHG�IXVHODJH�HOLPLQDWHG�SUREOHPV�LQ�LQERDUG�ZLQJ
■ 6LQJOH�SRLQW�IXOO�YLVFRXV�GHVLJQ�XVLQJ�WKH�IXOO�16
DGMRLQW

■ 3UHVVXUH�GLVWULEXWLRQ�FOHDQXS�XVLQJ�16�LQYHUVH�GHVLJQ
◗ )DYRUDEOH�SUHVVXUH�JUDGLHQW�WR�SURPRWH�ODPLQDU�IORZ�UXQ

■ 5HVXOW��6KRFN�IUHH�SUHVVXUH�GLVWULEXWLRQV�ZLWK�YHU\
JRRG�RII�GHVLJQ�EHKDYLRU



5HVXOWLQJ�3UHVVXUH�'LVWULEXWLRQV



5HVXOWLQJ�3UHVVXUH�'LVWULEXWLRQV



5HVXOWLQJ�3UHVVXUH�'LVWULEXWLRQV



5HVXOWLQJ�3UHVVXUH�'LVWULEXWLRQV



&RPSOH[�&RQILJXUDWLRQ�'HVLJQ

■ 0XOWLEORFN�YHUVLRQ�RI�DGMRLQW�EDVHG�16�GHVLJQ�H[LVWV
■ ([WHQVLYH�GHYHORSPHQW�UHTXLUHG�IRU�DQ�LQGXVWULDO
VWUHQJWK�GHVLJQ�PHWKRG
◗ 5HZULWH�RI�FRGH�LV�DOUHDG\�XQGHU�ZD\

■ $ELOLW\�WR�UHGHVLJQ�DUELWUDULO\�FRPSOH[�FRQILJXUDWLRQV
LQFOXGLQJ�ZLQJ��IXVHODJH��S\ORQV��QDFHOOHV��GLYHUWHUV
�667�

■ *ULG�JHQHUDWLRQ�LV�WKH�PDMRU�ERWWOHQHFN
■ 3DUDOOHO�LPSOHPHQWDWLRQ�LV�DEVROXWHO\�QHFHVVDU\�WR
UHGXFH�ZDOO�FORFN�WLPH



&RPSOH[�6WHS�0HWKRG�)RU
$HUR�6WUXFWXUDO�'HVLJQ



&RPSOH[�6WHS�0HWKRG�$FFXUDF\



&RPSOH[�6WHS�0HWKRG
)XOO�*UDGLHQW



&RPSOH[�6WHS�0HWKRG
1DWXUDO�/DPLQDU�)ORZ�$LUFUDIW



&RPSOH[�6WHS�0HWKRG



3URSHU�2UWKRJRQDO�'HFRPSRVLWLRQ



3URSHU�2UWKRJRQDO�'HFRPSRVLWLRQ



&RQFOXVLRQV

■ 7KHUH�DUH�PDQ\�PHWKRGV�WR�FRPSXWH�VHQVLWLYLWLHV�WR
V\VWHPV�JRYHUQHG�E\�WKH�(XOHU�DQG�1DYLHU�6WRNHV
HTXDWLRQV��EXW�WKH�DGMRLQW�PHWKRG�LV�WKH�PRVW
FRPSXWDWLRQDOO\�HIILFLHQW�E\�IDU

■ 2WKHU�DSSURDFKHV�FDQ�EH�XVHG�IRU�VPDOO�GLPHQVLRQ�GHVLJQ
SUREOHPV�RU�WR�YDOLGDWH�PRUH�VRSKLVWLFDWHG�HIIRUWV

■ 0XFK�ZRUN�UHPDLQV�WR�EH�GRQH�LQ�WKH�IROORZLQJ�DUHDV
◗ &RXSOHG�V\VWHP�VHQVLWLYLW\�DQDO\VLV��HVSHFLDOO\�LI�WKH�EDQGZLGWK�RI
FRPPXQLFDWLRQ�LV�ODUJH�VXFK�DV�LQ�DHUR�VWUXFWXUDO�GHVLJQ�

◗ 5REXVWQHVV�DQG�DFFXUDF\�RI�VHQVLWLYLW\�FDOFXODWLRQ�SURFHGXUHV
◗ $SSOLFDWLRQV�WR�LQQRYDWLYH�GHVLJQ�FRQFHSWV



&XUUHQW�DQG�)XWXUH�:RUN

■ /RZ�VRQLF�ERRP�DLUFUDIW

■ 0'2�DQG�DHUR�VWUXFWXUDO�GHVLJQ

■ 5HGXFHG�RUGHU�PRGHOLQJ

■ ([WHQVLRQV�WR�XQVWHDG\�IORZV��DHURHODVWLFV�DQG
WXUERPDFKLQHU\�

■ 32'�IRU�EDQGZLGWK�UHGXFWLRQ�LQ�FRPSOH[�PXOWLGLVFLSOLQDU\
GHVLJQV



8QVWHDG\�)ORZ�6LPXODWLRQ�RI
3:�����7XUELQH��7)/2�

Relative Mach Number

HPT (1,2,3)

LPT (5,6,7)


