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,I���\RX���FDQ���DQVZHU���DERXW������ ���RI���WKHVH����\RX¶UH���SUREDEO\���LQ���GHFHQW���VKDSH��
�

�� ���:KDW���LV ���WKH���ROGHVW���WXUEXOHQFH���PRGHO���VWLOO���LQ���XVH���WRGD\����DQG���ZKHQ���ZDV ���LW�
GHYHORSHG"�

�� :KR���GHYHORSHG���WKH���ILUVW���/(6���ZLWK ���DQ���HGG\���YLVFRVLW\���PRGHO���DQG���ZKHQ"�
�� :KDW���GLG���MRQHV���	���/DXQGHU���GHYHORS���LQ�������"�
�� :KDW���GLG���5KLH���	���&KRZ���GHYHORS���LQ�������"�
�� :KR���GHYHORSHG���WKH���N�RPHJD ���PRGHO���DQG���ZKHQ"�
�� :KR���GHYHORSHG���WKH���G\QDPLF ���HGG\���YLVFRVLW\���/(6���PRGHO���DQG���ZKHQ"�
�� :KR���GHYHORSHG���WKH���667���PRGHO"�
�� :K\ ���GR���ZH ���XVH���&)'����OLVW�������UHDVRQV"�
�� :KDW���GRHV ���&)'���VWDQG���IRU"�
��� :KDW���DUH���WKH�������VWHSV ���RI���3UH�SURFHVVLQJ"�
��� :KDW���DUH���WKH�������VWHSV ���RI���3RVW�SURFHVVLQJ"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���.QXGVHQ���QXPEHU"�
��� :KDW���LV���DQ���DSSUR[LPDWH���YDOXH���IRU���WKH���.QXGVHQ���QXPEHU ���LQ���FRQWLQXXP���PHFKDQLFV"�
��� :KDW���GRHV ���WKH���.QXGVHQ���QXPEHU ���UHSUHVHQW"�
��� :KDW���LV���WKH���GLIIHUHQFH���EHWZHHQ���D���/DJUDQJLDQ���DQG���DQ���(XOHULDQ���IUDPH ���RI���UHIHUHQFH"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���5H\QROG¶V���7UDQVSRUW���7KHRUHP"�
��� :KDW���LV���WKH���FRQWLQXLW\���HTXDWLRQ���LQ���GLIIHUHQWLDO���IRUP"�
��� :KHQ���GR���ZH ���XVH ���WKH���(XOHU ���(TXDWLRQV"�
��� :KHQ���FDQ���YLVFRXV ���HIIHFWV ���EH ���LJQRUHG"�
��� 3RWHQWLDO���IORZV���DUH"�
��� %DURWURSLF���)OXLGV ���DUH"�
��� :KDW���LV���WKH���GLIIHUHQFH���EHWZHHQ���ILQLWH���YROXPH����ILQLWH���GLIIHUHQFH����DQG���ILQLWH���HOHPHQW�

PHWKRGV"�
��� :KDW���ILQLWH���PHWKRG���LV���&);���EDVHG���RQ"�
��� :KDW���LV���WKH���LQFRPSUHVVLEOH���QDYLHU ���VWRNHV ���HTXDWLRQ"�
��� :KDW���LV���WKH���QXPEHU ���WKDW���UHSUHVHQWV���LQHUWLDO���IRUFHV���WR���YLVFRXV���IRUFHV"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���5H\QROGV���QXPEHU"�
��� :KDW���LV���WKH���QXPEHU ���WKDW���UHSUHVHQWV���DGYHFWLRQ���YHORFLW\���WR���VSHHG���RI���VRXQG"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���0DFK���QXPEHU"�
��� :KDW���LV���WKH���QXPEHU ���WKDW���UHSUHVHQWV���XQVWHDG\���IRUFHV���WR���VWHDG\ ���IRUFHV"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���6WURXKDO���1XPEHU"�
��� :KDW���LV���WKH���QXPEHU ���WKDW���UHSUHVHQWV���LQHUWLDO���IRUFHV���WR���JUDYLW\"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���)URXGH¶V���QXPEHU"�
��� :KDW���LV���WKH���QXPEHU ���WKDW���UHSUHVHQWV���LQHUWLDO���IRUFHV���WR���VXUIDFH ���IRUFHV"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���:HEHU ���QXPEHU"�
��� :KDW���LV���WKH���HTXDWLRQ���WKDW���UHSUHVHQWV ���YLVFRVLW\ ���WR���FRQGXFWLYLW\"�
��� :KDW���LV���WKH���HTXDWLRQ���IRU���3UDQGWOV���QXPEHU"�
��� :KDW���VLWXDWLRQV ���GHVFULEH���D���ODUJH���DQG���VPDOO���:HEHU ���QXPEHU"�
��� :KLFK���VLWXDWLRQV ���XVH ���D���6WURXKDO���QXPEHU"�
��� :KLFK���QXPEHU ���GHVFULEHV���K\GUDXOLF���MXPSV�
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��� :KDW���LV���WKH���5H\QROG¶V���QXPEHU ���IRU���FUHHSLQJ���IORZ"�
��� :KDW���GRHV ���WKDW���UHSUHVHQW"�
��� :KHQ���LV ���IORZ���ODPLQDU"�
��� :KHQ���LV ���IORZ���WXUEXOHQW"�
��� :KLFK���IRUFHV ���GRPLQDWH���FUHHSLQJ���DQG���WXUEXOHQW���IORZ���UHVSHFWLYHO\"�
��� :KDW���LV���WKH���GLIIHUHQFH���EHWZHHQ���WRSRORJ\���DQG���JHRPHWU\"�
��� 'UDZ���D���VWUXFWXUHG���JULG ���DQG���DQ���XQVWUXFWXUHG���JULG��
��� 'UDZ���D���K\EULG���JULG��
��� :KDW���LV���DQ���DGYDQWDJH ���DQG���GLVDGYDQWDJH���RI���D���VWUXFWXUHG���JULGH"�
��� :KDW���LV���DQ���DGYDQWDJH ���DQG���D���GLVDGYDQWDJH ���RI���DQ���XQVWUXFWXUHG���JULG"�
��� :KDW���DUH���WKH�������GLIIHUHQW���VWUXFWXUHG���JULG���WRSRORJLHV"�
��� 8VH ���'HODXQH\���WULDQJXODWLRQ���WR���FUHDWH���D ���QHZ���JULG ���WR���DFFRPPRGDWH ���WKLV���SRLQW��
��� 8VH ���DGYDQFLQJ���IURQW���WULDQJXODWLRQ���WR���IRUP���D���JULG ���IRU���WKLV���SLHFH��
��� :KDW���LV���QXPHULFDO���GLIIXVLRQ"�
��� :KDW���LV���WKH���LQFUHDVH���LQ���FRPSXWLQJ���WLPH���IRU���DQ���XQVWUXFWXUHG���JULG"�
��� +RZ���GRHV ���RQH ���GHWHUPLQH���JULG ���UHVROXWLRQ���DW���ZDOO���ERXQGDULHV"�
��� 6KRZ���DQ���H[DPSOH ���RI���KRZ���WKH���RFWUHH ���JULG ���PHWKRG���ZRUNV��
��� :KDW���LV���WKH���.HOYLQ�+HOPKROW]���LQVWDELOLW\"�
��� :KDW���FDQ���WXUEXOHQFH���EH ���XVHG���IRU"�
��� 'HVFULEH���WKH���WXUEXOHQFH���HQHUJ\���FDVFDGH"�
��� :KHQ���LV ���VFDOH���VHSDUDWLRQ���PRVW���SURQRXQFHG"�
��� 1DPH �������FKDUDFWHULVWLFV���RI���WXUEXOHQW���IORZV��
��� +RZ���GRHV ���RQH ���ILQG���WKH���FKDUDFWHULVWLFV���RI���WKH���VPDOOHVW���YRUWLFHV ���LQ���WXUEXOHQW���IORZ"�
��� *LYH ���WKH���HTXDWLRQV���IRU���.RPRJRURY���OHQJWK����WLPH����DQG���YHORFLW\��
��� :KDW���GRHV ���'16���VWDQG���IRU"�
��� +RZ���PDQ\���JULG ���SRLQWV ���DUH���UHTXLUHG���IRU���D���'16"�
��� :KDW���DERXW���LQ����'"�
��� +RZ���PDQ\���WLPHVWHSV ���DUH ���QHHGHG"�
��� :KDW���LV���WKH���WRWDO���FRPSXWDWLRQDO���FRVW���RI���D���'16"�
��� :KDW���GR���ZH���XVH���'16���IRU"�
��� :KDW���GRHV ���5$16���VWDQG���IRU"�
��� :KDW���LV���5H\QROGV���$YHUDJLQJ"�
��� :KDW���LV���WKH���16���HTXDWLRQ���LQ���GLPHQVLRQOHVV���IRUP"�
��� :KDW���LV���WKH���5H\QROGV���6WUHVV ���7HQVRU"�
��� :KDW���DUH���WKH���WHUPV ���IRU���WKH���5H\QROGV���6WUHVV ���7UDQVSRUW���(TXDWLRQ"�
��� :KDW���GRHV ���(90���PHDQ"�
��� :KDW���GRHV ���560���PHDQ"�
��� 1DPH �������(90V�
��� 1DPH �������560V�
��� 1DPH ���DQ���(90�������560�
��� :KDW���LV���WKH���HGG\���YLVFRVLW\ ���DQVDW]"�
��� :KDW���LV���WKH���WUDQVSRUW���HTXDWLRQ���IRU���WXUEXOHQFH���NLQHWLF���HQHUJ\"�
��� :KDW���LV���WKH���3UDQGWO���RQH�HTXDWLRQ���PRGHO���JRRG���DQG���EDG���IRU"�

Downloaded by José L. Costa (jlcostafernandez@gmail.com)

lOMoARcPSD|4121102



��� :KDW���LV���WKH���N�HSVLORQ���PRGHO���JRRG���DQG���EDG���IRU"�
��� :KDW���LV���WKH���N�RPHJD ���PRGHO���JRRG���DQG���EDG���IRU"�
��� :KDW���LV���WKH���6SDODUW�$OOPDUDV���PRGHO���JRRG���DQG���EDG���IRU"�
��� :KDW���GR���560V ���GLUHFWO\���VROYH ���IRU"�
��� :KDW���GRHV ���WKH���VORZ���WHUP���RI���WKH���SUHVVXUH���VWUDLQ���FRUUHODWLRQ���UHSUHVHQW"�
��� :KDW���GRHV ���WKH���UDSLG���WHUP���RI���WKH���SUHVVXUH���VWUDLQ���FRUUHODWLRQ���UHSUHVHQW"�
��� :KDW���GRHV ���/(6���VWDQG���IRU"�
��� :KDW���LV���WKH���OLIH ���F\FOH ���RI���WXUEXOHQFH"�
��� 1DPH �������FKDUDFWHULVWLFV���RI���ODUJH���WXUEXOHQFH���VFDOHV�
��� 1DPH �������FKDUDFWHULVWLFV���RI���VPDOO���WXUEXOHQFH���VFDOHV�
��� :KLFK���VFDOH���LV ���FRPSXWHG���GLUHFWO\"�
��� :KLFK���VFDOH���PXVW���EH���PRGHOHG"�
��� :KHUH���GRHV ���PRVW ���GLVVLSDWLRQ���RFFXU"�
��� :KLFK���LV ���FKHDSHU����D ���5$16���RU ���/(6"�
��� :KDW���LV���WKH���&RQYROXWLRQ���7KHRUHP"�
��� :KDW���GRHV ���WKH���ILOWHU ���NHUQHO���ORRN���OLNH"�
��� 'UDZ���D���WRS���KDW���ILOWHU ���NHUQHO���LQ���UHDO���DQG���VSHFWUDO���VSDFH��
���� 'UDZ���D���JDXVV ���ILOWHU ���NHUQHO���LQ���UHDO���DQG���VSHFWUDO���VSDFH��
���� 'UDZ���D���VSHFWUDO���FXWRII���ILOWHU ���LQ���UHDO���DQG���VSHFWUDO���VSDFH��
���� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���VXEJULG���VFDOH ���VWUHVV ���WHQVRU��
���� :KDW���LV���WKH���LQWHQGHG���FRQVHTXHQFH���RI���VXEJULG�VFDOH���PRGHOLQJ"�
���� +RZ���GRHV ���GLVVLSDWLRQ����WRR���PXFK���RU ���WRR���OLWWOH����DIIHFW���WKH���WXUEXOHQFH���HQHUJ\�

FDVFDGH"�
���� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���HGG\���YLVFRVLW\ ���PRGHO���VXEJULG���VFDOH���VWUHVV ���WHQVRU�

DV ���SURSRVHG���E\ ���6PDJRULQVN\"�
���� :KDW���LV���WKH���DSSUR[LPDWH���YDOXH���IRU���WKH���6PDJRULQVN\���FRQVWDQW���LI���D���IORZ���LV�

LVRWURSLF���WXUEXOHQW"�
���� :KDW���PXVW���EH ���GRQH���WR���FRUUHFW���D ���6PDJRULQVN\���PRGHO���QHDU ���ZDOOV"�
���� :KDW¶V���WKH���GLIIHUHQFH���EHWZHHQ���WKH���G\QDPLF ���DQG���UHJXODU ���6PDJRULQVN\���PRGHOV"�
���� 1DPH ���WZR���PHWKRGV ���ZKLFK���FRPELQH���5$16���DQG���/(6��
���� ,Q���WKH���)LQLWH ���9ROXPH���0HWKRG����ZKDW���GRHV ���WKH���VROXWLRQ���UHSUHVHQW"�
���� :KDW���LV���D���ILQLWH���YROXPH"�
���� :KDW���LV���TXDGUDWXUH"�
���� :KDW���LV���LQWHUSRODWLRQ"�
���� 'UDZ���VWDQGDUG���FRPSDVV ���QRWDWLRQ��
���� :KDW���LV���WKH���DSSUR[LPDWLRQ���RI���WKH���PLGSRLQW���UXOH"�
���� :ULWH���WKH���7D\ORU���6HULHV���([SDQVLRQ���RI���WKH���PLGSRLQW���UXOH��
���� 'UDZ���D���JUDSK���ZLWK ���WKH���ORJ�HUURU����YHUVXV ���FHOO���VL]H���IRU����VW�����QG����DQG����WK���RUGHU�

DSSUR[LPDWLRQ��
���� :KDW���GRHV ���WKH���RUGHU ���RI���D���PHWKRG���DIIHFW"�
���� :KDW���LV���WKH���WUDSH]RLGDO���UXOH"�
���� :KDW���LV���VLPSVRQV���UXOH"�
���� :KDW���GRHV ���8'6���VWDQG���IRU"�
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���� :KDW���DUH���WKH���HTXDWLRQV���IRU���8SZLQG���,QWHUSRODWLRQ"�
���� :KDW���GRHV ���&'6���VWDQG���IRU"�
���� :KDW���DUH���WKH���HTXDWLRQV���IRU���OLQHDU���LQWHUSRODWLRQ"�
���� +RZ���GRHV ���RQH ���ILQG���WKH���HUURU���RI���D���QXPHULFDO���VFKHPH ���XVLQJ���WD\ORU ���VHULHV"�
���� :KDW���LV���WKH���GLVFUHWH���HTXDWLRQ���IRU���WUXQFDWLRQ���HUURU"�
���� :KDW���LV���WKH���QXPHULFDO���HIIHFW ���RI���WUXQFDWLRQ���HUURU"�
���� +RZ���GRHV ���RQH ���FDOFXODWH���WKH���&)/���QXPEHU"�
���� :KDW���RUGHU ���PHWKRG���VKRXOG���EH ���XVHG���RQ���DQ���XQVWUXFWXUHG���JULG"�
���� :KDW���LV���DQ���DGYDQWDJH ���WR���D���KLJKHU���RUGHU���PHWKRG"�
���� :KHQ���VKRXOG���RQH ���QRW���XVH���D���KLJKHU ���RUGHU ���PHWKRG"�
���� 1DPH �������W\SHV ���RI���LQWHUSRODWLRQ���VFKHPHV ���DYDLODEOH���LQ���$16<6���&);���
���� :KDW���GRHV ���WKH���VROXWLRQ���RI���DQ���XQVWHDG\���SUREOHP���UHO\���RQ"�
���� :KDW���LV���WKH���VLPSOHVW���VROXWLRQ���IRU���DQ���XQVWHDG\���SUREOHP"�
���� :KDW���DUH���WKH���WZR���W\SHV ���RI���WLPH�PDUFKLQJ���PHWKRGV"�
���� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���HXOHU�IRUZDUG����H[SOLFLW�"�
���� :KDW���LV���WKH���HTXDWLRQ���IRU���WKH���HXOHU�EDFNZDUG����LPSOLFLW�"�
���� 1DPH �������LPSOLFLW���WLPH���PDUFKLQJ���PHWKRGV"�
���� :KDW���DUH���WKH���HTXDWLRQV���IRU���WKH���PLGSRLQW���UXOH���DQG���WUDSH]RLGDO���UXOH���LQ���WLPH�

PDUFKLQJ"�
���� +RZ���GR���ZH ���GHWHUPLQH���D���VXIILFLHQWO\���VPDOO���WLPHVWHS"�
���� :KDW���DUH���� ���EHQHILWV ���WR���WKH���H[SOLFLW���WLPH���PDUFKLQJ���PHWKRG"�
���� :KDW���DUH���� ���GHWULPHQWV"�
���� :KDW���DUH���� ���EHQHILWV ���WR���WKH���LPSOLFLW���WLPH���PDUFKLQJ���PHWKRG"�
���� :KDW���DUH���� ���GHWULPHQWV"�
���� :KHQ���VKRXOG���\RX���QRW���XVH���DQ���LPSOLFLW���PHWKRG"�
���� :K\ ���ZRXOG ���RQH���FKRRVH ���D���ORFDO���WLPH���VWHS"�
���� :KDW���LV���WKH���SK\VLFDO���WLPH���VWHS���OLPLWHG���E\"�
���� 1DPH ���WKH���IRXU���W\SHV ���RI���ERXQGDU\���FRQGLWLRQ���DQG���ZKDW���WKH\ ���LPSRVH��
���� ,Q���D ���QR�VOLS���ZDOO����ZKDW ���YDOXHV���DUH ���QXOO"�
���� )RU ���D���VXSHUVRQLF���LQIORZ����KRZ���PDQ\ ���ERXQGDU\���FRQGLWLRQV���PXVW���EH ���GHILQHG"�
���� )RU ���LQFRPSUHVVLEOH���LQIORZ����KRZ���PDQ\ ���ERXQGDU\���FRQGLWLRQV���PXVW���EH ���GHILQHG"�
���� )RU ���VXSHUVRQLF���RXWIORZ� ���FDQ���RQH���DVVLJQ���'LULFKOHW���ERXQGDU\���FRQGLWLRQV"�
���� +RZ���PDQ\���ERXQGDU\���FRQGLWLRQV���LQ���VXEVRQLF���RXWIORZ ���PXVW���EH���'LULFKOHW"�
���� :KDW���LV���WKH���HTXDWLRQ���RI���VWDWH ���IRU���D ���SHUIHFW���JDV"�
���� :KDW���LV���WKH���3RLVVRQ���HTXDWLRQ"�
���� ,Q���D ���GLUHFW���VROXWLRQ���ZLWK ���1���JULG ���SRLQWV����KRZ���PDQ\ ���HQWULHV���DUH���WKHUH"�
���� :K\ ���GR���SURJUDPV���JHQHUDOO\���QRW���XVH���GLUHFW���VROXWLRQ���PHWKRGV��
���� 1DPH �������GLUHFW���VROXWLRQ���PHWKRGV��
���� )RU ���*DXVV�HOLPLQDWLRQ����KRZ���PDQ\ ���RSHUDWLRQV���DUH���UHTXLUHG���IRU���GHQVH ���PDWULFHV"�
���� :KDW���DUH���WKH���VWHSV ���IRU���/8���IDFWRUL]DWLRQ"�
���� :K\ ���GRHV ���LW���QRW���PDWWHU ���WR���VROYH ���PDWULFHV���H[DFWO\"�
���� :KDW���LV���WKH���GHILQLWLRQ���RI���HUURU""�
���� :KDW���LV���WKH���GHILQLWLRQ���RI���UHVLGXXP"�
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���� :KDW���LV���WKH���UHODWLRQVKLS���EHWZHHQ���HUURU���DQG���UHVLGXXP"�
���� :KLFK���FRQYHUJHV���HDUOLHU����UHVLGXXP���RU ���HUURU"�
���� :KDW���LV���WKH���FRQGLWLRQ���IRU���FRQYHUJHQFH"�
���� :KDW���LV���WKH���JHQHUDO���HTXDWLRQ���IRU���DQ���LWHUDWLYH���VROXWLRQ���PHWKRG"�
���� :KDW���LV���WKH���VSHFWUDO���UDGLXV���HTXDWLRQ���IRU���DQ���1[0���JULG"�
���� ���:KDW���LV ���,/8���PDWUL[ ���IDFWRUL]DWLRQ"�
���� :KDW���VROYHU ���GRHV ���$QV\V�&);���HPSOR\"�
���� 1DPH �������PXOWLJULG���PHWKRGV��
���� :KDW���LV���WKH���JHRPHWULF���PXOWLJULG���PHWKRG"�
���� :KDW���LV���WKH���DOJHEUDLF���PXOWLJULG���PHWKRG"�
���� :KDW���LV���WKH���GLIIHUHQFH���EHWZHHQ���YHULILFDWLRQ���DQG���YDOLGDWLRQ"�
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I . Prandtl model in 1925
,

oldest  and still used today .

Zo Smasorinshy 1963 : LES and eddy viscosity

3 . First  two - equation turbulence mood for Reynolds averaged Navier Stoles CRANS ) Simulation - oh - E model

4
. Methods for  sowing the pressure poisson  equation .

5
. Wilcox in 1988

Go Germano 1990

7 . Mater 2994

8
. Experiments can become  complicated , expensive , dangerous .

There is  uncertain flow boundary conditions  on Hee  experiment

There is measurement errors  on  experiments . Experiments give  a  view of a similar problem but  rarely He sane . .

All qualities  can be extracted everywhere without  error ,  is cheap and hat - od free .

9
. Computational fluid dynamics ,

Colors for directors

10
. Generate  computational grid , define boundary conditions

, define  models for fluids and tub dace
.

Is
. Visualize He results

, quantify uncertainties  and errors , analyze  and interpret results
.

12 . kn = IL X  = mean free path L -

- eensth of transport

13
.

hn  cc I for  contours mechanics

29 . Ratio between  a  molecule hitting another and he length of He transport .

23
. One is static  and sees th particles enter th reference frame and He other is dynamic and follows He fluid element

16 . It ,0dV= Sff II. out § olwinios

It
.

Ip
Jet Ope  = o

18 .
When

µ
=  o

,
viscous effects can be neglected at high Mach and Reynolds Ia .

20 .
Troi  said ad rotation free flows

r

21
.  Flows  where pressure depends  only on density .

22 . Finite volume
, average at each finite volume

.
Finite offence : discretization  at  center of vertex

.

Finite element : discretization of basis functions .

23
. Finite  volume discretization

24 . IF + 8. ( ka ) t I - Fz O . Ok = O Ok = O

Po Luo
'

25
. Reynolds Number 26 . The =

P 33
.

Webber number 34 .
We =gon27 . teach number 28

.

M = Ufo = ¥ 35
.

Prandtl number 36 . Pr  = Gie
✓ RT Ko

29 . Strouhal number 30
. St  

= f to  = f .

32 Froude number
32
.

Fr  =
I

. rdg



37 . Small
,

single drop of water on aaemcd medium
. high Turbulent water bubles

.

38
. In swimming or flying animals

,
Sound cylinders on th wind .

39
.

The froude number

40
. The cc I : Creeper  ng flow .

42
. Flow  where He viscous forces are dominant

, flows in porous media .

42
. When Re c Rcoit

43
.

When Re > Rea 't

44
. Creeping viscous forces .

Turbdut dynamic forces
Us

. Topology :  relations between neighboring elements
.

Geometry
, shape and She of cells

.

46
. 47

.

EE¥¥¥
I¥¥¥

Structured
Instructed

48 . Simple data structure  and access
,

also efficient .
Disadvantages : less  complex  and  automated

49
.

Strain forward applicator to complex  shapes . Disadvantages :  complex to  access data
.

50 . C.go , o . grid , U - grid

51222. 51 .

53
. The truncation error of discrete approximations of He continuous opperahons affects He numerical solution

.

54
. The increase in time It  tales to  converge to  a  solution .

SS . The wall shear can be computed accurately and reliably only if He first  cell is within Yt e 2
56 .

57
. Appears  if there is a  velocity difference between two fluid elements or

across 1h born dog .

58
. To  enhance mixing or to  increase wall fiction

59 .
Turbulence is generated an He largest scales , transferred to  medium - Small

scale vortices and diss gated in  micro - scale vortices
.

60
.

More pronounced differences
at high The

.

61 . Unsteady ,
rotational ,

Viscous
,

Chaotic
,

break , of symmetries.

62
.

With He holmogomorouequations

63
.

64 .
Direct Numerical Simulation

.



65 . Nc  n than Re
"

" 66
. → 3 Dimensions NP N Re

"
"

67 . Nt N NL 68 . Re = Nt . Nc - Re 's

69
. Useful for fundamental turbulence  research but  not for every - day agreeing flow simulations

.

70 . Reynolds - Averaged hauler  stole equations .

72 .
Is  an  creasing procedure applied to  variable  quantities  such as speed writ . lame

.

72
. 73

.

Eiji .
 - Cui

'

Uj 's matrix  containing all He ohess forces on

=

tensor He fluid element .

74 .

75 . Eddy viscosity model
to . Reynolds stress models

.

Tones I Launder
77 3€00 es .

78 .
Wallin and Johansson

Wilcox models LRR ad 586
h - w

,
h . E

, promote

79
.

EAESM

80
.

8A . k -

- Zani '
Ui 's -

- I scuiui
's

82 . Good for external flows and attached b. C
.

Bad for intend flows  and flow separation

83
. Good for external flows and not  strong pressure gradients , or separation .

Bad for predicting anisotropic

influences .

84
. Good for boundary laser flows and with high pressure gradients and separation .

Bad
, sensitive on  inflow  ad

free steam boundary conditions
. Over estimates  turbulence production at  stagnation point .

85
.

Good for : simple attached flows and for flow separation location
. Dad

, flow reattachment  and fee  shear

Cages .

86
.

RSM directly solve transport  equations for all components og He unknown The tensor
.

87
. Is Here relation to isotopic  equilibrium state

88
.

Imre date effects of mean flow graders  and extend flow .

89
. Large eddy simulation

GO
. Turbulence sets produced in He higher  scales and is transmitted to He medium - small

scales ad finally it gets dissipated in He micro  scales . Backscatter produce torbdhce  again .

-



91
. Produced by external energy input

.
depend on geometry and bound as conditions

, inhomogeneous  and

Mr SOHO pic . Large and long living .
Ugh energy content

.

Modell is is difficult .

92 . Receive energy through cascade from Cage scales .

Similar in all turbulent flows . homogeneous and

isotropic Usually . Easy to model .

93
. Large scales 94

. Small scales 95
.

Small scales 96 . DANS is cheaper

Gt
.

Convolution  in He real space Cphysical I corresponds to multiplication in fourier Cspectral ) space

98
.

has different looks

C- so 2 : Tij  

= hint - Trini

0-203 : Model He effect of the turbulence

an He ease resolved scales
.

Qsoy : Too  much dispatch : energy oops before
Too little dis nation : eines grows

Autos :  Cig .  = Iz Tua fig.  - 2 Usos Ij

Q 206 : Cs = 0.14 - O
. 25Q 99 : Qsoo: Q 202:

Gsoa .

.
Correct the Cs by Van - driest damping .

0208 : Dynamic males Cs vary depending on the location and time
.

Qsos : Zonal coupling
,

detached edge simulation C ICES )

Asso : The cell center average value of all He cells
.

Gass
.

. Control volume ( CV ) for  which we compute He evolution of He mean  values
.

QIIZ : Surface integral of fluxes is  a sum of discrete  wales at  one or several points  at the cell sofar .

Q2 23 : Values of y at the cell su faces are reconstructed from he values 4 at che cell center .

Qssu :

Nw N we
QAS : The averse value  is simply He center point of her function .

w is E
Q1 IG : 1h = Yo  t YI . 7¥10

Sw S SE

Gss 7 :

0-228 : The convergence speed of tee  model
.

erol
hrh order

1st  order
0129 : The intention is done by measuring the  area

between two

points when this two
compose  a trapezoid wth th X axis .

2nd order QIN ! The integration  is done  with parabolas instead of trapes- ads
.

cell she



0-222 : Upwind differencing scheme Qs 23 : Central differencing scheme

As 22 :
Qs 24 :

Qs 25
'

. Dy analyzing it  with the taylor expansion . why company it wth th initial equation the cc

on extra tem of higher order
.

This is He error
.

0-226 :

Qs 27 :

Qs 28 : with equation CFL = DEVI
,

→ VITE- VII = o UAE  = Sx

CFL = VAI
Sx

QI 29 : Ist order method should be used .

Qs 30 : Convergence with second order , faster convergence .

Qbs : when He cells are bys .

Qs 32 : 1st order ODs , 2nd order CDS

2nd oedr UD S2

GI 33 : Solution depends on initial conditions and boundary conditions
.

QI 34 : Euler forward , because it is explicit .

0135 : Mid point rule I implicit and Ele backward C implicit )

QIJG ; Q2 37
,

Q2 38,0239

Qso : Using CFL = SEUL CO
.

S good enough .

asus : Efficient , low memory requirements
, robust , Simple .



6142 : Unstable for large time steps ,
not so exact

Gaus : Stable for lose time steps , more exact
,

0-244 : Large memory resentments
, complex  implementation .

QAYS : With LES

GIGG : Because on some points you
would need different time steps ,

nor efficient and finally He steady

stele result  is he same .

Qsut : Dy He smallest all in th domain
.

Qs48 : Dri Chet : value of ooicble y 0149 : ¥y/wµ=o pressure gradient
Neumann : gradient of variable ( DIN )
Robbin : combination of both ¥×/wµ=o Viscous  stress = O

Periodic :
same values at two  walls

.

normal

QI so : S independent  variables Qs S2 :
No

.  only neumann

Gass : U independent  variables 0-253 : I variable as Dirichlet

Ossa : Pcp , e ) .

 - PRT .

- pr I = pen - 2)

QI 55 : FP = fca )
, equation used to determine pressure since  it  is not  independent anymore .

GSSG : NZ

QSSF : Because  modelling ad discretization errors are much large than computer round - of error
.

↳ 58 : Gauss elimination
,

Lower -

upper factorization
0259 : O C N 3)

QIGO : decompose matrix  in two triangular  matrices Land U
. Solve each system

0262 : Because modelling ad discretization errors are much large than computer round - of error
.

0262 : Deviation from exact solution

£163 : Deviation of equation that  
's sowed

. { 0279 : having a close look at he transition point
QTGU : If

"  
= -1 E

" and using LES for it
.

QSGS Rest Oum
converges before

QIGG : For  convergence p ( E ) as spectral radius 8 iteration matrix I= I
 '

I
0-167 : y

" s
-

- N ?(E . centb.) as 68 :p (E) =  I - ( Fort In)
QI 69 : Incomplete lower  upper factorization . Qs7u .

. Verification , comparison  with brown  solutions

QI to : Coupled Iw solve for  u
, u

, w  and p
.

Validation
.

 com poison  with experimented data .

Qsth : Algebraic  much grid
, geometric muefynd

0275
. Insufficient spatial discretization  convergence

AH :

coarsening is based on use input Insufficient temporal dsoethahrn oversee
Q2 73 : coarsening based on coefficient  mattix Computer round off
0177 .

Run simulation for different  mesh resolutions QITG : Bias  is  a systematic  error  and can be calibrated

Qs 78 : Less than so
-3 Precision  is  random  and can  cancel win averages .


