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maillage régulier triangle ou quadrangle.

I: calcul au sommet - pentes centrées
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}uhn`Wo j�hn`�o2m�xshnm&hnoghnj�o q Y8X*Y1esesxsY9Yj=��¥] q Y-j�tYlY1e q ��ckj�cfaªr^osYx q Y-o�thnX�m£hkxgepYX�Y-j�epo q xsckX*cfes]_�¥`�Y�7
X�Y-j�e q ]_©£�-xgY-j�epo
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oghnj�e
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] q Y-j�es]_�¥`�Y�X*cf]_o q ]ª©VxsY-j�e�osY`WaiYX�Y-j�e=m�ckx"a_Y�e¾rbm&Y q Y*X'c¤]_aªadcf�nY�os`�x�a_Y-�¥`�Ya¹]ªaio/hnm&V-xgY-j�e�«�t-hkj�ogeg]_es`��
q Y�epx�]dcfj��ka_Y-o�m£hk`�x9a � `�j�Ye q Y/�¥`�c q xsckj��ka_Y-olm&hn`�x9aH� ck`bepxsY;: �*<H§_§ª§
=�hnxsog�¥`�Yk¢ q ckj�o'`�j m�xghn¦Wa_V-X�Y�U�r^m&Y-xs¦&hkaª]i�¥`�Y?>H�-�¥`�c¤es]_hnj�o q �A@�`Wa_Y-x�B*¦W] q ]_X*Yj�og]_hnj�jWYa�Y1e']_j�ogepcfes]_hnj�7
j�cf]_xsYf¢�xs�oshka_` q Y �µc
Chnj#Y1vbmWaª]_t]ªepY/Y-j#�nhfai`�X�Yo ��jW]io�cf`#X*h�rkY-j q `�oshkaª�nY`�x q Y/��hbYD: ��<H¢Wj�hk`�o0m�ckx��nY�7
j�hnjWo q cfj�o�adc�t�ckmbep`�xgY q Y7m�UW�-j�hnX�Vj�Y-o2eshn`�xg¦W]_aªa_hnj�j�cf]_xsYoFE�GIH-JDKMLONP8 q Yo
oghka_`Wes]_hnj�o
ck`�ogog] q ]ª©�xsY-j�esY-o
>µeshn`�xg¦W]_aªa_hnj�o7ck¦�ogY-j�epo7Yj�esxg]ickj��ka_Yk¢km�xs�osY-j�eso?Yj*�¥`�c q xpckjW�kaiYOB1¢n`Wj�Y�ckj�cfaªr^osY q Yo¹YxsxgY-`�xgo�j^`WX*�xg]_�¥`�Y-o
Y-o�elj��-tY-ososcf]_xsYk§
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8'aH����¥`�cfes]_hnj q ��c q �kY-teg]ihkj¶¦W] q ]_X�Y-j�o�]ihnjWj�YaªaiY�thnX�X*Y=X�h q Va_Y�aª]ijW��cf]_xsY q � ]_j�t-hnjWj^`WY=ost�c¤adcf]_xsY�d�¢ q Y
X�h q `WaiY q Y��¥]ªepY-ogosY q � c q �nYtes]_hnjfe q ckj�o0aic q ]ixgY-teg]ihkjfg^§
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}uhk`�o?Yj q hkj�j�Y-xghnj�o7aiYo8��^`�cfes]_hnj�o¹�-�¥`W]ª�fcfaiYj�epY-o yz`Wos�¥` � 8	aH��hnx q xsYlZ	Ye¹aiYo?thnj q ]ªes]_hnj�o q Yuo�e�ck¦b]_aª]_es�-o§
}uhk`�o�ckj�cfaªr^osY-xghnj�o�cfa_hnxso a_Y-o�Y-xgxsY`�xso�j¥`�X��-x�]i�¥`�Yo2�¥`�Y7t-Yo�ogt�U��-X*cko
Y-j��kY-j q xgY-j�e�Ye�a_Y-o�t-hnX�m�cfxsY-xghnj�o§
@�j ��j ¢¬j�hk`�o�t-hnj�t1ai`Wxshnj�o�Yj q ���ck�nY-ckj�e q Y/j�hn`W�kYaªaiYo{m&Y-xsogm£Yteg]_�kY-o-§
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�lY1�nYj�hnj�o�`�j¶thn`�xgo/]_j�o�e�ckj�e	os`�x�a_Y�m�xshn¦baiVX*Y*m�U�r^og]_�¥`�YOc�r�cfj¥e	�1ep��adc#oshk`�xstY q Y�tYesesY��ep` q Y
c���j q � Y1vbmWaª]i�¥`�Yx{`�j�m&Yeg]_elm&Y-`�adc ���n`WxsY;E�G H-J K%L N1§
}uhk`�oOoshk`�U�cf]ªes]_hnj�oO]_jW]ªes]icfaiYX�Y-j�e�xsY-j q xsY(thnX�mWepY q ��`�j m�UW�-j�hnX�Vj�Y q Y�ephk`�xs¦W]ªaªaihnj q �e�cft�U��(]iogos`
q Y�a � �-thn`Wa_Y-X�Y-j�e�os`�¦�oghnjW]_�¥`�Y 8#a � ]_j¥es�-x�]iY`�x q Y-o	m�xshnmW`WaiogY-`�xgo�ogY-�nX�Y-j�es�-o q � �uxg]ickj�Y"!~> �nhk]_x ���n`�xgY
t] ¸ q Y-osoghn`�o�B1¢bc�rnckj�e9m&hn`�x7t-hkj�os��^`WY-j�tY{adc	m�xshkm�ck��cfeg]ihkj q � `�j�Ylhnj q Y{ckthn`�o�es]_�^`WY{�¥` � ]_a&t-hkj¥�kY-j�c¤]_e q Y
�¥`�ckj�es]���YxuYj � xg�-�¥`�Y-jWt-Y	YelY-jMckX�mWaª]_es` q Yk§

TUYERESEGMENTATIONTETE DE CHAMBRE

SENS DE L’ECOULEMENT

DEBIT DE PROPERGOL GAZEUX

TOURBILLONS HYDRODYNAMIQUESPAINS DE PROPERGOL SOLIDE

IMPACT

AXE DE SYMETRIE

ONDE ACOUSTIQUE

ARIANE V ET LE DETACHECHEMENT DE TOURBILLONS

~ujWYLog]_X�mWa_]���t-cfes]_hnj q YLtY=m�xshn¦baiVX*Y�t-hnX�mWa_Y1vbY*c��es�Lxs�-cfaª]iog�-Y >µ�khk]_x ���n`�xgYLos`b]_�fckj�epYOB{Y-j(thnj�og] q ��7
xpcfj¥e-«
V `�jWY	X�hk]ªes]_� q Y/�n�-hkX*�1epx�]iY/mWaickj�Yf¢
V `�jWY	�t-hn`baiYX*Yj�e"opcfj�o0�^]_osthnog]ªep�f¢
V `�j�osY`Wa���c$# >µm�cko q Y/t-hnX�¦�`�o�es]_hnjpB9m�ckx �µcf]_eI>µxsYosm&Y-tepckj�euaic=aihk] q ���1e�cfe�B1¢
V `�jWYuthn`�t�U�Y q Yut1]ioscf]_aªa_Y-X�Y-j�e0hn¦bepY-j¥`�Yum�ckx¹`�j q �-¦W]ªe9��c%#-Y-`^v q hnj�j�cfj¥e8`�j�mWxsh ��a q Y�aic	�¥]_esY-ogosY
a_hnj��k]ªep` q ]ij�cfaiY/Yj�epckj��nYj¥esY/U¥r^m&Y-xg¦£hkaª]_�^`WYk§
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x=0.46

u(y)

ZONE DE DEBIT ZONE DE TOURBILLON

¡���ckm�xgV-o2a_Y-o ��¥`�cfes]_hnj�o q Y9�lc�r¥a_Y]_�nU ¢f`�jLepY1aWm�xgh ��a q Y?aicu�¥]_esY-ogosY9a_hnj��k]ªep` q ]ij�c¤aiY\>�� E��bN�Yoge�xgY-m�xg�-osYj�ep�
os`Wx�aic ���n`�xsY t1]ª¸ q Y-ogos`�o�B�Y-o�e�Yj X�Y-og`�xsY q Y �n�-jW�-xsYxM`Wj�Y ]_j�o�e�ck¦W]ªaª]_es�¶U�r q xsh q r^j�ckX=]_�¥`�Yk§"¨8YesesY
]_j�ogepck¦W]ªa_]ªep�{�fc	osY q �1�nY1aihnmWm£Yx8ephn`be0ck`*aihnjW� q Yuaic�t-c��^]ªep�{Ye8�kY-jW]_x8]_X�m�cktesY-x9og`�x?a_Y{thka q Yuaic�ep`brnV-xgY
Y-jW�nY-j q xpckj�elcfa_hnxso?`�j�Y�hnj q Y q Y"mWxsY-ogog]_hnj §¬¨8Y1esesY q Y-xgjW]iVxsY"�fcLosY{m�xshnm�ck�nY-x q ckj�o8eshn`WesY{adc�t�U�ckX�¦WxsY
m�`W]_os�¥`�Y�aH���t-hn`Wa_Y-X�Yj¥e�Y-o�e/os`�¦WoshnjW]_�¥`�Y > adcOmWxsY-ogog]_hnjDogY-xsc�X�Yos`�xg�-Y*os`�x"a_Y � hnj q c��fckj�e/Ye	ck¦�xg�-�n�Y
m�ckx�w�§��?§ ��§ B §
=�Y-o�oshka_`Wes]_hnj�o	Y-j�esxshnmW]_�¥`�Y-o q Y�tY'm�xghn¦Wa_V-X�Y�o�]iX�mWaª]����OxsYm�xs�osYj¥es�-Yo=m�ckx�adc ���n`�xgY E�GIH-JDKML�N�oghnj�e
og] q ]iogosYX�¦Waick¦Wa_Y-olosY1aihnj#aH��`Wopck�nY q ��`�jWY	�k�-hnX��esxg]_Y"epx�]dckjW�n`Waicf]ixgY"hn`#�¥`�c q xpckj��k`Wadc¤]ixgY��^`WY	jWhn`�o9j�hk`�o
xsY1epxsckj�t�U�Yxshnj�o q ckjWolaic*og`W]ªepY q Y/t-Yeu�-txg]ªe�¢�og`�xu`Wj�Y	ckj�cfaªr^osY q Y-olost�U��X*ckouesxg]ickj��ka_Y/Yel�¥`�c q xsckj��ka_Y
q ckjWol`WjMt-c q xsY/Yj�t-hnxgY/mWai`Wouo�]iX�mWa_Yk«�aH����^`�cfes]_hnj q � c q �nYtes]_hnj q hnj�j��Y	Yj?E L N1§
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}uhn`WolmWxs�-ogY-j�ephkj�ou]_t] q Y/X*ckjW]_V-xgY�cfososY #��k�-j��xpcfa_Y�adc=X��esU�h q hkaihk�k]iY q Y q ]_ostxs�1es]_opcfeg]ihnjMm£hk`�x�`�j
m�xghn¦Wa_V-X�Y�U�r^m&Y-xs¦&hkaª]i�¥`�Y��k¡�«

dih�jkGiq!E d NPjkJ\w,E d N x y >À�
B
w�`W]_o-¢¬j�hn`�o��1aiV1�nY-xghnj�o{aic=m�xs�t]_og]_hnj ogm�cfes]icfa_YI8�aH��hkx q xgY��Lm�cfx�aic�X*�1epU�h q Y��¶§�~�§ \£§ ¨{§A=�§ >À�MhnjWhkephnjWY
~um �0]_j q \bt�U�YX*Y � hnx"¨8hnj�ogY-xg�fcfeg]ihkj[=�c ��o�B1¢]_j�epxsh q `W]ªepY�m�ckx !¹cfj[=�YY-xD: � <
Ye��1epYj q `�Y�ck`(t-cko q Yo
�a_�-X�Yj¥eso ��jb]io�m�ckx	��Y #hn`W] : Z
<H§
}uhk`�ouY vbm£hnogY-xghnj�oua_Y-ol]ij�es�-�nxscfes]_hnj�o�epYX*m&hnxgYaªaiYo{`Weg]_aª]iog�-Yo-«X��1epU�h q Y-ouX�`Waªes] ¸¾m�cko q YL��`�j��nY�
�`Wesepc
q � hnx q xsY��Lhn`MZW§
@�j ��j ¢�j�hn`Wo q hnjWj�Y-xghnj�o�aH��Y vbm�xsYosog]_hnj q `��`bv ephkepcfa¹Y-j `Wj j�h^Y-` q¶q Y�t-cfait`Wa9Yj � hnjWtes]_hnj q Y�osYo
�nhf]io�]ij�o q ckjWo�a_Y/t�c q xsY q Y�a � �-�¥`�c¤es]_hnj q ��c q �kY-t1es]_hnj�¦W] q ]_X�Y-j�o�]ihnjWj�YaªaiYf§

����� ������������� �"!#��$
¨8hnj�o�] q �xshnjWo"`�j q hnX*cf]_j�Y&% q ]_ost-xg�eg]iog��Y-j('*) m&hk]_j¥eso �bvW�o{j�hfep�-o+)-, E H x L/.0'()�N1§&w2ckxlt-Yo

m&hk]ij�eso-¢¤j�hn`�o m�c��khnj�o2a_Y q hnX*cf]ijWY1%�¢¤oshk]ªe m�ckx q Y-o �¥`�c q xpckj��faiYo-¢koghk]ªe m�ckx q Y-o�epx�]dckjW�kaiYo-¢ q Y8X*ckjW]_V-xgY
�¥`�Y�aH��`WjW]ihkj q YLt-Yo � hnxgX*Yo"�n�hnX��epx�]i�¥`�Yo�t-hnjWoges]ªep`WYL`�j�YLm�ckxgeg]_eg]ihnj q ` q hnX*cf]_j�Yk§ \b`�xut�U�ckt-`Wj q Y
t-Yo0X*cf]_aªaick�nY-o¢�j�hn`Wo q � ��jb]iogoshnj�o0a_Y�X*cf]_aªaick�nY q `�cfa m�cfx8adc{yzhkj�teg]ihnj#og`�t-tY-ogog]ª�nY q Y-o0X=]_aª]_Y-`bv32 q Yo
osY�nX�Y-j�epo�]_osos`Wo q Y�)-,{c��nYt�aiYo0¦�ckxgr^tY-j�epxgY-o q Y-o � hnxgX*Yo0�n�-hkX*�1epx�]i�¥`�Yo-§£¨8Y-o�osY�nX�Y-j�epo q �1a_]_X=]_esY-j�e
a_Y-o�t-Y1a_a_`Wa_Y-o541,uckogosh^t]_�-Y-ouck`bv#oshnX�X�Yeso5)-, >µ�nhf]ix ���n`WxsY-o�m�cf�nY/os`W]ª�fckj�epY�B §
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��cf]ªaªadck�kY	�¥`�c q xpckjW�kaiY ��c¤]_aªadcf�nY�epxg]ickj��faiY

�{mWmWa_]_�¥`�hnj�o q cfj�o�`�j t�cfa_t-`ba¹ck`(oshnX�X�Ye-¢ adc
� hnxgX�`Wa_Y q Y���xsYY-j�8[E��#N q ckj�o/`�j�Y � hkxsX�`badcfeg]ihkj q Y
�nhfai`�X�Yo ��jb]iolos`�x�`�jWY	tYaªai`baiY 4 «����� d h	��
�� �\j ������ E d .�� ��N���� x y > �#B

h���� ��E � q . � w�N0Y-o�e"adc'j�hnxsX*cfa_Y�`WjW]_epcf]_xsY�a_hbt-cfa_Y'8*aic�tYaªai`Wa_Y 4�¢�� 4 aiYLthnj�ephn`Wx q Y�t-YegepYLtYaªai`baiY=Y1e� a_Y ��`bv q � ��jW]�m�ckx« � E d .�� � N x G�E d\N�K � qUjrJ�E d N�K � w >HZ,B
�{mWmWa_]_�¥`�hnj�oaE��,N)8L`�j�Y�tYaªai`baiY 41,0]_j�ta_`�ckj�e0a_Y�oshnX�X�Ye�)-,lcfa_hnxso0jWhbY` q#q Y�t�c¤ait`Wa §�¡"ckj�o9a_Y�t�cko q Y
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hk`�x/Y1vbm�xg]_X�Y-x E*�,N"os`Wx/aic�t-Yaªa_`WaiY 41,�oghn`�o	`�j�Y � hnxgX*Y q ]_ostxs�1es]_os�-Yf¢2j�hk`�o	c��khnj�o�xsY-thn`�xgo�cf`bv¶ckm�7
m�xgh�v^]_X*cfes]_hnj�olos`W]ª�fckj�epYo-«
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h�� � > q ]dcf�nhnj�cfaª]_opck¦Wa_Y/ck`bv��fcfaiY`�xso0mWxshnm�xgY-o0xg�-Yaªa_Y-o q ckj�o0a_Y"t�c q xsY q � `�j�m�xghn¦Wa_V-X�Y/U¥r^m&Y-xg¦£h 7
aª]i�¥`�YOB9Y-ogelaic�y�cft-hn¦W]_Y-jWj�Y q Y � m�xg]_osY/Y-j�`�j�Y��fcfa_Y-`�x��d ,)�LX�h�rnYj�j�Y q Y	�lh^Y;:���< §

=�����¥`�cfes]_hnj E*�,N8o��Y vbm�xg]_X�YLcfa_hnxso�thnX�X*Yf«
��d ,� 7 x
	5,�E d N > � B

c��nYtk«�	5,�E d N�x�� L1 3*465!E�41,�N " � 9\E d , .Fd;� .�( ,���N
����� � ��� ��� ��� ��� �
w
hn`Wx
hn¦bepY-jb]ix�aH��hnx q xsY?�9Y-j�Y-ogm�ckt-Yf¢±j�hn`�o�Y-o�es]_X�hnj�o
a_Y-o��fckx�]dck¦baiYo�d ,2Y1e d �8os`Wx�a_Y7¦£hkx q � 41,�� � 4��

ck` X�h±rkY-j q `¶t-cfa_t-`Wa q Y=a_Y-`�xgo��kxpc q ]_Y-j�eso	xgY-ogm£Ytes]�� o �� d ,�Ye �� d;� q ckj�o�a_Y-o/t-Y1a_a_`Wa_Y-o 41,	Ye 4��¥§
w�`W]_o8j�hn`Wo¹]_j�epxsh q `W]_oshkj�o¹a_Y-o¹�fcfaiY`�xsoUd ,)�"Y1evd;� ,8]_j�epY-xgm£hfai�Y-o q ckj�o7a � Y1vbm�xgY-oso�]ihkj q ` ��`^v 9 Y-j*a_]_Y-`bv
YelmWaicktY-o q Y d ,lYe\d;�¥§
}uhk`�o�`Wes]ªa_]_oshkj�olaic=X��epUWh q Y q ]ªepY q Y�� m&Y-j�esY-olt-Y-j�esxs�-Yo��/�¥`W]�o���t-x�]_e-«

d ,����� d ,)�\x d ,9j L� �� d ,�K �)-, ) �
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h�� a_Y �nxsc q ]_Y-j�e#os`WxO`�j�Y tYaªai`baiY 41,�Y-o�eOa_Y xs�os`Waªe�cfeOY-j epx�]dcfj��ka_Y t-hnX�X�Y(Y-j �¥`�c q xpckjW�kaiY q ��`Wj�Y
� hnxgX�`Wa_Y q Y �/xgY-Y-j q ckjWo�41,lY-o�es]_X��-Y�m�ckx-«

� d ,)x L1 3�4 5!E 41,�N " � d , j d �� ( ,)� > �#B

}�§"!{§ª«�@7j	epx�]dckjW�kaiYf¢±t-YegepY?ckm�m�xgh�vb]_X*cfes]_hnj q `��nxsc q ]_Y-j�e2m�ckx�t]_xst-`badcfeg]ihkj�Y-o�e2] q Y-j�eg]i�¥`�Y)8laH���1�kc¤ai`�c¤es]_hnj
q `M�nxpc q ]iYj¥eum�ckxlX�h�rnY-jWj�YLos`Wx"�µckt1]i�¥`�Y q Y�t�U�ck�¥`�Y��nxsc q ]_Y-j�euY-ogeg]iX��=cf`MX�h�rnYj q Y-ou�a_�-X�Y-j�eso ��jW]_o
w0��cfososh^t]_�I8Lephn`We�esxg]ickj��ka_Y/c�r�ckj�e5)-,um&hn`�x0oghnX�X*Y1e�§
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h�� � Yoge#aH� ]_j q ]_t-Y xsY1adc¤es]���cf` epY-X�m�o 7fx � ( 7 §0}uhn`Wo#`Wes]ªa_]_osYxshnjWo q Y-o#X��esU�h q Y-o q � ]ij�es�-�nxscfes]_hnj
epYX�m£hnxgYaªaiY q Y�e¾r^m£Yu�l`Wj��nY	
�`WesepcW¢�`�j�Y q � hnx q xgY"�D> �	
	�#B2Ye¹`�jWY{ck`bepxsY q � hnx q xsY�Z�>H��
�Z!B q hkj�j��-Yo
m�ckx9a_Y-olY1vbm�xgY-ogog]_hnj�o{og`W]ª�kcfj¥esY-o«
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d0/21�3, x d /, j ( 7���� E d / N >g�n� B
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	 � 3 E d0/!NPj ������E d0/!NPj ���� E d /,NPj�����E d0/!N�� >g�±�#B

c��kY-t «���� E d / NYx 	5,�E d / j ( 7����E d / N�N
���E d0/!NYx 	5,�E d /�j ( 7� ��� E d0/#NtN
���OE d / NYx 	5,�E d / j ( 7� � 3 E d / NtN� 3 E d / NYx 	5,�E d / N
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}uhn`Wo�j�hn`Wo�mWaic
C-hkj�o q cfj�o'a_Y�t-c q xsY q Y�a � �-�¥`�cfeg]ihkj q � c q �nYtes]_hnjJ�k¡ q hnj�jW�-Y�Yj E L�N�og`�x q Yo

X*cf]ªa_aick�nYo=xs�-�k`Wa_]_Y-xgo q Y#t-hkesY-o ( 
�. ( �¶h�� aiYo�U¥r^m&hkep�j¥`�osYo q Yo=epxg]ickj��faiYo=oshnj�e�hnx�]iYj¥es�-Yo*ogYa_hnj
aic�m�xsYX=]iVxsY=¦W]_osogY-tesxg]_t-Yf§('#Ye*)M�1e�ckj�e"a_Y-ou]ij q ]itY-o"xgYaicfes]�� o�ck`bvMthbhnx q hnj�jW�-Y-o q ` j�h^Y-` q(q Y�t�cfa_t-`ba
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 x+' ( 
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465#7�895;:�465#89<#=�7>5@?�:BADC =�7>A�7�5FE
AHGJILK MNGJO P�QSR3TUOJVWI X>Y � XHY �
Z�[\[\[ ]U^_ � ha`�bJc\dfehg 3 i
Z�[\[\j ]f^` � ha`kblc\d3`�g�dUmon6g 3 i
Zh[\jpj ]f^` � h ` blc\d�g�dUmon ` g 3 i
ZhjSjpj ] ^_ � h ` dLmon e g 3 i

qUrlsNt

465#7�895;:�465#89<#=�7>5@?�:BADC =�7>A�7�5vu
AHGJIaK MNGJO P�QSR3TUOJVWI XHY � X>Y �
Z�[\[\[\[ ]Lwx � h e bJc\dfyhg 3 i
Z�[\[\[\j ]Uw` � h e blc\d e g�dUmon6g 3 i
Zh[\[\jpj e ]Lwy � hze�bJc\dJ`�ghdLmon�`�g 3 i
Zh[\jSjpj ]Uw` � h e blc\d�g�dUmon e g 3 i
ZhjSjSjpj ]Lwx � h e dLmon y g 3 i
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465@7>895#:}:~<��@46��������A�C =�7�A�7�5FE
AHGJILK MNGJO P�QSR3TLOlV~I �HVWQS�WIUQS�~�\�oO 4kIaK�QS�W�\�oO
Z [\[\[ ]3� [N���L�3�\�� ` 3 3
Zh[\[\j ]3� [~� � [���� ���|� � j��L�3�\�|�� ` i 3
Zh[\jSj ]f� j�� � [k��� ���|� � jk�L�3�S�|�� ` i 3
ZhjSjSj ]3� jS����� ���� ` 3 3
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465@7>895#:}:~<��@46��������A�C =�7�A�7�5vu
AHGJILK MNGJO Z�[\[\[\[
P�QSR3TUOJVWI 7 ]f� [ ^� `�HV�QS�WILQS�W�\�oO ��� bJc\d�g �
4kILK�QS�~�\�oO �� �z� [� j dLmon6g 1 bJc\d�g � 1 �z� [� j dUmon�g 7 ��bJc\d�g � �
AHGJILK MNGJO Z�[\[\[\j
P�QSR3TUOJVWI 7 ]f� [ �� `�HV�QS�WILQS�W�\�oO i
4kILK�QS�~�\�oO ��� � � � q6dUmon6g 1 � w#blc\d�g � 1 � � q6dLmon6g(7 � � w blc\d�g � �
AHGJILK MNGJO Z�[\[\jSj
P�QSR3TUOJVWI 7 � [ � j� `�HV�QS�WILQS�W�\�oO i
4kILK�QS�~�\�oO �
	�� � � q�dUmon6g 1 � w#blc\d�g � 1 � � � q6dLmon>g 7 � w#blc\d�g � 1 � � q6dLmon6g(7 � � w;bJc\d�g � 
AHGJILK MNGJO Z [\jpjSj
P�QSR3TUOJVWI 7 ]f� j\�� `�HV�QS�WILQS�W�\�oO i
4kILK�QS�~�\�oO ��� � � � q6dUmon6g 1 � w#blc\d�g � 1 � � � q6dLmon>g 7 � w#blc\d�g � �
AHGJILK MNGJO ZhjSjpjSj
P�QSR3TUOJVWI 7 ]f� j ^� `�HV�QS�WILQS�W�\�oO ��� dUmon6g �
4kILK�QS�~�\�oO �� � dLmon6g 1 � j� [ bJc\d�g � 1 � ��dLmon6g 7 � j� [ bJc\d�g � �
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`�j*t�ckxgxs� q Y�t��fep�	�n§�}uhk`�o7m�xsYj q xshkj�o?m&hn`�x7X�h q `Wa_Y q Y�aic��^]ªepYosogY q ��c q �kY-teg]ihkj e�x LlYe q hkj�t�m£hn`Wx
m�cko q Y�esY-X�m�o ( 7 x L�y 79� Yj��	
	�=Y1e ( 7 x2��K%L�y 79� Yj��	
�Z�§
}uhk`�o0m�xsh^t-� q hnj�o�8 q Y-`bv#e¾r^m&Y-o q Y"esY-ogeso-«Wa_Y � t��nj�Y � > q Y�X�hk]ij q xsY"]_j�ep�-x �e�B8Ye0aic � ta_hbt�UWY �uY-j�xshfe�c�7
es]_hnj §

������� � � � �>� �±¯�°�W°��µ¯D� E�e�x �iN
}uhk`�ouhk`W�^xshnj�ol]it1]2`Wj�Y�m�ckxsYj¥esU�V-ogYLt�cfxuj�hk`�o{j�hk`�ou�1aihf]i�njWY-xshkj�ou�khkaihkj¥epcf]_xsY-X�Yj¥e q ` t�cfolesY-oge{hnx q ]%7
j�cf]_xsY q ` t��nj�Y�Yj(xshkepcfes]_hnjMos`�xu`�j X*cf]ªa_aick�nY q YL�W� � �b� q Y��fcfa_Y-`Wx"��cf` oshnX�X�Ye E
	 � 3�4��	3� ��465��
G H�JDK 5!N8m£hk`�x9aiYouxscf]_oshnj�o�og`W]_�fckj�esY-o-«
� =�Y�j�hkX�¦�xgY q � ]_es�-xscfes]_hnj�o >Htr^t1aiYo q Y/epY-X�m�o�Blm&hn`�x q �-txg]_xsY�`�j�tY-xst1aiY q Y�xsc�rnhnj 3� j � Y-oge{m�ckolos` � 7
��osckj�eum&hn`�x�m&Y-xgt-Y�khk]_xlaH��YxsxgY-`�x q ]_osm&Y-xgog]ª�nY >H�n�L]_es�-xscfes]_hnj�o�Y-jM�	
��^¢�Z��=Y-jM��
�Z!B §
� =�c��fcfa_Y-`�x9X*c¤v^]_X*cfaiY/j � Y-o�e�m�cko�cfegepY1]ij�epY�mW`W]iog�¥` � ]ªa�j � Y1v^]_ogepY/m�cfo-¢�og`�x0`�j#epY1a X*cf]ªa_aick�nYf¢WaiY�jWhbY` q
q Y/t-h^hnx q hnj�j��Y-oa> 5W§ � � ¢.5W§ � B1§
� ~ujOt��nj�Yk¢bm�ckx¹opc q ]iogt-hnj�es]_j¥`W]ªep� q Yuopc q �xg]ª�n�Y 8�opc�¦�ckosY{Ye0cf`�oshkX*X�Y1e�¢WYoge8xsY-mWxs�-ogY-j�ep��m�ckx q Yo
X�h q Y-o q Y���hn`�xg]_Y-x�U�cf`WepY�� xs��¥`�Y-j�tYk¢&os`�ogt-YmWes]_¦Wa_Y-o q Y	mWxs�-ogY-j�epYx q YouYxsxgY-`�xgoljWhnjMxgYesY-j¥`�Y-oum�ckx9aic
epxghnj�t-cfep`�xgY/Y©£Y-tes`��-Y	os`Wx�aH� �-�¥`�cfeg]ihnjM�-�¥`W]ª�fcfaiYj�epYk§
� @�j ��j ¢j�hk`�o"j�Y�t�U�Y-xgt�U�hnj�o/m�ckou`�j�YLthnX�m�ckxscf]ioghnj(oshkX*X*cf]_xsYLc��kY-t q ��ck`WesxsYo"ost�U��X*cko�X*cf]io{`�j
Y1vWckX�Yj q �1e�cf]ªa_a_� q Y-o q ]ª©�xsYj�t-YouYj¥esxsY/aiY/ogt�U��-X*c'�¥`�c q xpckjW�kaiY/Y1ela_Y/ost�U��X*c*epx�]dcfj��ka_Yk§

¨8Y-m&Y-j q ckj�e�¢7j�hn`Wo q hnj�j�hnjWo�8 es]ªepxgY#]ij q ]it-cfes]��{aH� cfX*mba_]ªep` q YMX*c¤v^]_X'c¤aiY�hn¦�ogY-x��n�-Y�ckm�xgV-o�`�j�Y�xshfe�c�7
es]_hnjMY-j�es]_V-xgY q ckj�olaiY/e�cf¦WaiY-ck` t1]ª¸ q Y-ogoshn`�o{h��MaH��hkj�j�hkesY�`�jWYLckt1es]ª�^]ªep� q ]_osog]_m�cfeg]_�kYLmWa_`�o{]_X�m£hnx�e�ckj�esY
m&hn`�x0aiY	ost�UW�-X*c'epx�]dcfj��n`Waicf]_xsY;E��WN9�¥`�Y�tYaªaiY	hn¦�ogY-xg�k�-YLm&hn`�x0a_Y�ogt�U��-X*c��¥`�c q xpckjW�n`Waicf]ixgY E
� N0cf]_j�o�]
�¥`�Y"aH��Y1©Y1e�ckj�es] ¸ q ]_oso�]im�cfes]�� q ��`�jWY"]ij�ep��nxpc¤es]_hnjOepYX*m&hnxgYaªaiY q Y"��
	��m�ckx?xpckmWm£hnx�e�8�`�jWY"]ij�ep��nxpc¤es]_hnj
epYX�m£hnxgYaªaiY q Y	�	
/ZW§

� � � � � 5
� ��K > �6� �-K > L��
� ��K � � � �-K � � >

¨8Y�epYogelt-hnX�X�`�j ckogosY #�m&Y-`�xs�1�n�aicfesY-`�xl�epckj�eut1aihko-¢ � Y-xgX�hnj�o�adc=m�ckxgY-j�epUWV-osYf§

����� ´ ¯�³�� � � ��� �±¯�°�W°�� ¯D�
}uhk`�o?jWhn`�o¹m�xshnm&hnoghnj�o q Yum�ckxgeg]ix q Y�adc/t-hnj q ]_eg]ihkj']_jW]_eg]dc¤aiY q Y q � ��jb]_eg]ihnj�Ye q ��ckosm&Y-t1e E
	 � 3�4��	3� ��4 5��
G H�JDK �#N8os`W]ª�fckj�epo«� x�� E.
 � ybK �#N � j E�� � y�K��#N � ¢!4 x y�K �
d i E.
�. �bN x2��j 3� E L�jrlnm#o E)���� N8o�]'����4^¢ d i E.
�. �bN x2�Log]�jWhnj §
¨8Ye��1e�cfe�]ijb]_eg]dcfa?�fc �epxgY�c q �kY-tes�#os`�x�`�j·t-Y-xgta_Y#Y©£Y-t1ep`��#Yj � 5 5 5Mm�cko q Y�esY-X�m�o=Y-j·�	
	�b¢2oghk]ªe
`�j#m&�-x�]iX�YesxsY q Y � 5Lt-hkxsxsYosm&hnj q cfj¥eU8�`�j#xpc�rkhnj q � Y-j��¥]ixghnj��Lt-hnX�X�Y{a_Y"X�hnj�epxsYuadc ���k`�xsY\G H-J K � §
}uhk`�o0xsYm�xs�osY-j�eshnj�o{og`�x0t�U�ckt`�j�Y q Y-o�m�UWhkephno9a_Y-o�o�]_es`�cfes]_hnj�o q Yo0]iogh±�fcfa_Y-`Wxso q Y	�b§ � 8'�^§ � q Yo�ost�U���7
X*cko=�¥`�c q xsckj��ka_Yk¢
epxg]ickj��faiYOY1e q YOaic oshka_`Wes]_hnj·Y1vWckt1epY�ckmWxsV-o=`Wj �¥`�cfxge�¢2`�j q Y-X=]H¢ epxghk]io��^`�ckxge�Y1e
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`�j:ephk`�xLt-hkX*mbaiY1e�§7¨8Yo�]_osh��fcfa_Y-`�xgo�oshnj�e�Y-j:X�Yos`�xgY q Y#xsY-mWxs�-ogY-j�epYx*aic q ]_oso�]im�c¤es]_hnj q Y-o=ost�UW�-X*cko
m�ckx	aiY`�xLj�hkX�¦�xgY#Ye�aic q ]_osm&Y-xgog]_hnj·m�ckx�a_Y-`Wx q �-tY-j�epxsck�nY#m�cfx�xpcfm�m£hkxge 8�adc oghkai`bes]_hnj Y1vWckt1epYf§7¨8Y
t�cfouepYogeuj�Y�m&Y-xgX�Ye"m�cko q Y �µcf]_xsY/`�j�Y��es` q Y��¥`�cfj¥eg]_epcfes]ª�nY�X'c¤]io q hnj�j�Y	`�j �t�U�hO�¥`�cfaª]ªe�cfeg]_�kY-X�Y-j�e
t-hkxsxsYte q ckj�o{a_Y�ogY-j�o�h��Madc�t1aih^t�U�YLxgY-m�xg�-ogY-j�epY�`�j�Y��kcfxg]_�ep��xpcf]_oshkj�j�ck¦Wa_Y q Y�X*h q Yo q Y ��hn`�x�]iYx{Y1e
aic�xghke�c¤es]_hnj�m�xsYj q YjMthnX�mWepY�ephk`WepYo�a_Y-o q ]_xsYteg]ihnjWoWg^§
�  #B�H�-�k�l W°�� ¯D�¹��!8Y-ck`�t-hk`�m�mWai`Wo � hnx�epY"Yj�esxg]ickj��ka_Y��¥` � Y-j��¥`�c q xpckjW�kaiYf¢Wa_Y	mWU��-j�hkX*Vj�Y q ]iogog]_m�cfeg] �
o-� hnm&V-xgY�esxsVo=xpckmW] q YX*X�Yj¥e'Ye=esxsVo � hnxgesY-X�Y-j�e*m£hk`�x�a_Y#ost�U��X'c epx�]dckjW�kaiY#ogYa_hnj:adc(m�xgY-X=]_V-xsY�¦W]_o 7
osYtesxg]_t-Y >Hhnx�]iYj¥epcfes]_hnj q Yo*U�r^m&hkep�j^`WosY-o q Y-o=esxg]ickj��ka_Y-o�BLck`·m£hk]_j�e q Y q � � hkxsX�Y-x � hnx�epYX*Yj�e*aH� �e�c¤e
]_jW]_eg]dc¤a §&}uhk`�oum&hn`W�khnj�olt-hnX�m�xgY-j q xsYLc¤aihnxgo0aiY	t�U�hk] v q Y q �-thn`�m&Y�cfaªepYxsj��Y q Yolesxg]ickj��ka_Y-oa>HX*cf]ªaªadck�kY
Y-j � q xpcfm£Y-ck`bv¶ckj��fadcf]_o���B1¢�m�xs�osYxg�fckj�e=opcfj�o q hk`WepY'mWai`Wo�aic � hnxgX*Y*X*cf]_o�j � Y-j�epxsc��kcfj¥eLm�cko/adc � hnxgesY
q ]_oso�]im�c¤es]_hnj §p=�Y�ost�U��X*c'�¥`�c q xsckj��ka_Y q ]_osog]_m&Y	mbai`�o �µcf]_¦Wa_Y-X�Y-j�elYe q Y	X*ckjb]iVxsY�osYX�¦Waick¦Wa_Y	osYa_hnj�aiYo
q Y`bv�¦W]_osogY-tesxg]_t-Yo-¢¥epxpcfj�o"� hnxgX*ckj�e�ai��nV-xgY-X�Y-j�e¹aiYo¹tY-xgta_Y-o7]ijW]ªes]ick`bvLY-j*t�ckxgxs�o?cf`bv�ckjW�kaiYo7�-X�hn`�ogos�-o§
� �#}�µ�� � �¤�k� ¯��7�-@ a_a_Y9m�ckxsc��ie osYX�¦Waick¦Wa_Y0Y-j�esxsY8a_Y-o�ogt�U��-X*cko��¥`�c q xpckj��faiY9Y1e epx�]dcfj��ka_Y8m�ckx�aiY8X'cfj��¥`�Y
q � hn¦�ogY-xg�fcfeg]ihkj mWxs�-t1]iogY��^`WY=m£Y`We�h^t-t�cfog]_hnj�j�Yx�t-Y=t�cfo"epY-o�e�§ |Àa2xsYososhkxge/t-Ym£Yj q ckj�e/epxgV-o"t1adc¤]ixgY-X�Y-j�e
q Yo"m�U�hkeshno�� 8�Z��¥`�Y�j�hn`�o{cfa_a_hnj�olephn`fyzhn`�xsoumWa_`�ou�¥]ªepYL�¥`�Y	adc'�¥]ªepYososY q � c q �nY-t1es]_hnj(Y-ogt-hnX�mWes�-Y=Y1e
�¥`�Y/a ��c��kcfj�t-Y/m�x�]iogY	YogeuY1vWckt1epY-X�Yj¥euxpc¤esepxsckm&�-Y/Y-j ��j q Y/m�ckxsthn`�xgo-§

CONDITION INITIALE

CONE
     2.8
     2.6
     2.4
     2.2

0

0.5

1 0

0.5

1

2

2.5

3

X

Y

U_0(X,Y)

CONDITION INITIALE

CLOCHE
     2.8
     2.6
     2.4
     2.2

0

0.5

1 0

0.5

1

2

2.5

3

X

Y

U_0(X,Y)
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TRACE EXACTE DU SOMMET DE LA CLOCHE

Parcours
photo 1
photo 2
photo 3
photo 4
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SOL-1-EXACTE

Q-RK2-1

T-RK2-1

mWU�hkeph�� >�gIx � # � B
SOL-2-EXACTE

Q-RK2-2

T-RK2-2

m�U�hfeph�� >�gIx � �iB
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SOL-3-EXACTE

Q-RK2-3

T-RK2-3

mWU�hkeph*� >�gIx � �� #� B
SOL-4-EXACTE

Q-RK2-4

T-RK2-4

m�UWhkeph�Z^>�g x���� . �iB
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� ®<¯ # ��	�� � �  ��� °��� �
�-´ W°��µ¯D�w2cfx�a_Y-ouY1vbm�xgY-oso�]ihkj�o q Yo{��^`�cfes]_hnj�ol�-�¥`W]ª�fcfaiYj�epY-o{YelX �-X�Y q Y�X*ckjW]_V-xgY�mbai`�olY1vWckt1epY�m�ckx0aiYo � hkj�t�7
es]_hnj�o?��cf]_j q Yo8ost�UW�-X*ckoI: �*< ¢^j�hn`Wo8oshkX*X�Yo9Y-j#X�Y-og`�xsY q ckj�o¹aiYut�c q xgY q � `�j�Ylepxpcfj�ogaicfes]_hnj q ckj�o8`Wj�Y
q ]_xsYtes]_hnj gb¢ q Y q hkj�j�Y-xI8#j � ]iX�m&hnxgesY��^`WYa7X�h q Y q Y ��hn`Wxg]_Y-x E
� . � N{oshkj q Y1�nYjW]ix�ck` t-hk`�xso q � `�j
epYX�m�o 7 §
}uhk`�o=j�hn`�o=mbadc
Chnj�o q ckjWoLaiYo=t-hnj q ]_eg]ihnjWo q Y#t�cfa_t-`Wa q `·t�ckoLesY-oge�mWxs�-t� q Yj�e�Y1e�xsY-mWxs�-ogY-j�ephkj�o�Y-j
� hnj�t1es]_hnj q YIgLm£hn`Wx q Y-o�X�h q Yo�og]_X*mbaiYo{hn`�t-hkX*m&hnog�-o-«

V a_Y q �-mWaicktY-X�Y-j�eOYxsxghnj�� q `·X�h q Y�> adc(�fcfaiY`�x#�n§�thnxsxgY-osm&hnj q opcfj�o�xsYaicfeg]ihnj q � �-t�U�Y1a_a_Y 8 aic
o�]_es`�cfes]_hnj m�ckx"�µcf]ªepYf§ �u` q Y-ogos`�o¢8a_Y ost�U��X*c q ]iogm£YxsosY c��kY-t(Y1vbtV-o-¢8Y-j q Yososhk`�o-¢8a_Y�ogt�U��-X*c
xgYe�cfx q Y/YeltYk¢ q `�t-Yxsta_Y*�n§�m&hn`�x0hnx�]i�k]_j�YOB1§�|Àa�Y-o�elt�cfa_t-`Wa_�	m�ckx9aH��Y vWmWxsY-ogog]_hnj «

L#K�� � � � E��#N �
� � j � � K 79h��#a_Y/og]_�nj�Y/Y-o�e{tYa_`W] q `�m�xsh q `W]ªe�«'� � E*�#N�K�E
�zl*m#opg�j � ots%uvg#N

V aH� c¤esep�j¥`�cfes]_hnj q Y/a ��ckX�mWaª]_es` q Y	Y-j��~>g�25 5�thnxsxgY-ogm£hnj q 8=`�j�Y	j�hnj q �es�-x�]ihnxscfes]_hnj q Y�a ��ckX�mWaª]%7
es` q Yk§ �{` q Yosog`�o-¢�a_Y"ost�UW�-X*c'cfj¥eg]ª¸ q ]_osog]_m&Yk¢�ck` q Y-ogoshn`�o0a_Y"ost�UW�-X*c=�-t-xsckosY"aH��ckX�mWa_]ªep` q Y�B §�@ a_a_Y
Yoge q hnj�jW�-Y	m�ckx-«

LOy#ybK 5 
 �iE ��-E*�,N�K 7�N
UNE CONDITION INITIALE

MODE(1,1)
     2.5
       2
     1.5

0

0.5

1 0

0.5

1

1

1.5

2

2.5

3

X

Y

U_0(X,Y)

CONDITION INITIALE DANS LE PLAN DE COUPE

MODE(1,1)

1

1.5

2

2.5

3

U_0 (X,Y)

~uj�Y/t-hkj q ]ªes]_hnj�]_jW]ªes]icfa_Yk§ª§_§ §_§ª§ q ckj�oloshnj�mWaickj q Y/t-hn`�m&Yk§

¡{Yo ���n`WxsY-o	t] ¸ q Y-osog`�o-¢�xsYX*ckxs�¥`�hnjWo��¥`�Y*tk� Y-oge q ckjWo	a_Y'mbadckj q Y*t-hn`Wm£Y*m£Yxsm&Y-j q ]it`Wadc¤]ixgYOck` mWaickj
E��(.	�'N	Ye�hnx�]iYj¥es�Om�ckx�adc j�hkxsX*cfa_Y#ck`:X�h q Y q Y ��hn`�x�]iYxL�¥`�Y#j�hn`�o=Y vbm�xg]_X�hnj�oLa_Y q �-mWaicktY-X�Y-j�e
m&Y-xstY-mWeg]i¦baiY q � `�j�Y/]iogh±�fcfa_Y-`Wx-§
}uhk`�o q ]_osoghbt1]ihkj�o-¢&aiYo{Y-xgxsY`�xso q Y�j�c¤ep`�xgY�osm�cfes]icfa_Y�YeuepYX*m&hnxgYaªaiYf¢£tYesesY q YxsjW]_V-xgYLosY	a_]_X=]_epckj�e�¢¥yz`�o 7
�¥` � 8�aH��hkx q xgY	ZW¢�osY`WaiYX�Y-j�e\8=`�jM��
	�b§

Vz=|@¹\M� �/¡W@?\M\b|���w�=|@¹\
|Àa_oum&Y-`b�nY-j�e �1epxgY q Y q Y`bvMj�cfep`WxsY-o¢£hkxg]_Y-j�ep�o{os`b]_�fckj�ela ��c¤vbY
��hn`��*§¬|Àaiouj�Y�oghnj�e{thnj�tY-xsjW�-o
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�¥`�Y/m�ckx9aH� `�j q Y-o � �=2 �¹h�� 1 �Ux yW§�=�YolY1©Y1epo q ]_osm&Y-xgog]�� olY1e q ]iogog]_m�cfeg] � o�oshkj¥e q hkj�t"] q Y-j�es]_�¥`�Y-o
Yj � thnX�X*Y'Y-j �*¢�]_a?os` %�e q Y'xg��cfaª]_osY-x	adc�epxpcfj�o"� hnxgX*cfes]_hnj q Y*aicMm�xghnm�x�]i�1ep�#��>Ho�rbX��1epxg]_Y
c¤v^]icfa_Y�m�ckx9xsckm�m&hnxge�8LaicLm�xsYX=]iVxsY/¦W]_ososYtesxg]_t-Y�B0m&hn`�x0m�ckogosYx q Y"a � `�j 8�a ��ck`WesxsYf§�}uhn`Wolt�UWhk]io�]%7
xghnj�o q hnj�t q Y/m�xg�-ogY-j�epYxu`�j�X�h q Y	o�]iX�mWa_Y	Y-j �:«Wa_Y	X�h q Y >À�b¢"5,B §
�  #B�H�-�k�l W°�� ¯D� E�GIH-JDK � N �?ogY-o*Y©£Yeso=oshnj�e*X*c¤v^]iX�`�X q ckjWo�aic q ]_xsYtes]_hnj t-hkaª]_j���cf]_xsY 8�aic
j�hkxsX*cfa_Y q `¶X�h q Y q Y �¬hk`�xg]_Y-x;>µ]_t]H«igfx y�hn` �|B1§�w
hk`�x�`�jWY'epY1a_a_Y q ]ixgY-t1es]_hnj ¢�aiYo�ost�UW�-X*cko
�¥`�c q xpckj��faiY'Ye�esxg]ickj��ka_Y q ]iogog]_m£Yj¥e�¦&Y�cf`�t-hn`Wm X*cf]io q Y�X*ckjW]_V-xgYO�-�ncfaiY ��epckj q ]_o��¥`�Y'a � `�opcf�nY
q � `�jM��
	�Lm&Y-xsX�Y1e q Y	thnX�m£Yj�osYxuYjMm�ckxgeg]iY/t-Y1esesY q ]iogog]_m�cfes]_hnj >µ�nhf]ix�og]_X�`badcfeg]ihkjD� B §
~lj�Y7�-j�hnxgX�Y q ]_©£�-xgY-j�tY9ckm�m�ckxpc��ie�Y-j�esxsY�aiY7ogt�U��-X*c{�¥`�c q xpckj��faiY7Ye�a_Y7ost�U��X'c�epx�]dckjW�kaiY�a_hnxsog�¥`�Y
aH��hkj �µc¤]_e0�fa_]_osogY-x9a_Y-o0]iogh��kc¤aiY`�xso q `�X�h q Y q Y ��hn`�xg]_Y-x8os`�x�Yaªa_Y-o0X �-X�Y-o E�gIx � # � N1§ �laihnxgo0�¥`�Y
a_Y�ost�U��X'cM�^`�c q xpcfj��ka_Y'j ��ckm�m&hnx�epY*m�cko q Y q ]iogog]_m�cfeg]ihnj ephn`be�thnX�X*Y�aH��`�osck�nY q � `�j �	
	�b¢ $��
�������� � ��	����
�!�#$�� �
��� ����"��\+
	t�
� �
����(*"����������9$ Z �
��� $]�&��"�+-� +
"����*+-� +-� � ��"-	�����	�. >µ�khk]_x8og]_X�`badc�7
eg]ihnjM�#B
´  #}�µ�� � �¤�k� ¯�� E�G H-J K > N1�bYaªaiY �µcf]ªe�ephk`kyzhn`�xgo?c¤a_a_Y-x�a_YlX�h q Y q Y	��hn`�x�]iYx¹mbai`�o7xsckmW] q Y-X�Y-j�e?�¥`�Y
aH� c q �nYtes]_hnj�Y-j��¥]_opck�n�YD>µ�khk]ix8og]_X�`Waicfes]_hnj � B §b@ aªaiY"Yoge0] q Y-j�eg]i�¥`�Y�m&hn`�x¹aiYo0�^`�c q xpcfj��ka_Y-o9Y1e9aiYo
esxg]ickj��ka_Y-o�Yelj�Y1esesY-X�Y-j�eumWai`Wo�]_X�m£hkxge�cfj¥esY/�^`WY	aH��Y1©Y1e�]ij q `W]_elm�cfx9a � `�opcf�nY q ��`�jM�	
��^§

Vz=|@¹\M� �/¡W@?\M¨��/��w��	\�@?\
|Àa_oOoshkj¥e#cf©Ytes�-oOm�cfx�ephn`Wo'a_Y-o � �=2 � �µc¤]iosckj�eO]ij�esY-xg�kY-jW]_x�X*cf]ij�esY-j�ckj�eOa_Y-o q �-x�]_�k�-Y-o�txshk]_os�Y-o
thnX�X*Y�Y-j hkj¥ela_Y�ost�UW�-X*c'epx�]dcfj��ka_Y�YelaH��`�osck�nY q ��`Wj(��
	�b§¬w�hnj q �xs�Lm�ckx q Y-o{mW`W]iogopckjWt-Y-o q Y� Ye q Y � q ckj�oLa_Y-o=t-cfa_t-`Wa q Y � � E*�#N�Y1e����-E��,N1¢�aiY`�x=t-hkX�¦W]_j�cf]_oshnj:aª]ijW��cf]_xsY�j�YOxgY���e*mWa_`�o
aicMm&hnoso�]i¦b]_aª]_es� q Y�m�ckosogY-x q � `�j X�h q Y[E�� . � N/ck` X�h q Y E�� .�� � N�m�ckx	og]_X�mWa_Y#ogr^X��epx�]iYf§ @�j
thnj�os��¥`�Y-j�tYk¢7j�hn`WoLY1vWckX=]_j�hnj�o=m�cfxges]_t-`ba_]_V-xgY-X�Y-j�e*os`�x�aiYo=X*h q Yo >g�n¢ª� B/Ye >��n¢ ¸p� B q hnj�eLaiYo
j�hkxsX*cfa_Y-o�oshnj�elxsYosm&Y-t1es]ª�nY-X�Yj¥e"os`W]ª�fckj�euaic=m�xsYX�]_V-xgY�Y1e�adc q Y`bv^]iVX*Y�¦W]_ososYtesxg]_t-Yk§

�  #B�µ���k�J W°��µ¯D�7�
VJ� �/¡W@ >g�n¢ª� B\E�G H-J K � N

�laihkxso��¥`�Y9a_Y0ost�U��X'c��¥`�c q xpckj��faiY q ]_oso�]im&Y q Y9X*ckjW]_V-xgY0]ioghkepxghnm£Yf¢k�¥`�Y9aH��`Wopck�nY q ��`�j*�	
	�
cfj¥eg]ª¸ q ]_osog]_m&Y{epxgV-o��µcf]_¦Wa_Y-X�Y-j�e q ckj�o?aic q ]_xsYteg]ihnj q Yuaic�m�xgY-X=]iVxsY"¦b]iogosY-t1epx�]itYk¢ $��v�������� �
��	����
�!�#$��;�� +
������&�!�#"p� ���
	�"-�0�;��	 �� *O��	�� � +
����� ���
�������r+,�
�b;$%��+
�&	������������ g x # � ¢��^`b]
Yoge-¢&xsckm�m&Ya_hnj�o0a_Yk¢�aH��hnx�]iYj�e�cfeg]ihnj q Y q �t-hn`�m&Y q Y-olU�r^m£hkes�-j¥`�ogY-o'> �nhk]_x�og]_X�`Waicfeg]ihnj��,B1§

VJ� �/¡W@ >g�n¢ ¸�� BWE�G H�JDK%L�y,N
�laihkxso��¥`�Y"aiY�ogt�U��-X*c*�^`�c q xpcfj��ka_Y q ]iogog]_m£Y/ephk`kyzhn`�xgo q Y/X*ckjW]_V-xsY"]_oshfepxshkm£Yf¢��^`WY"a � `�opcf�nY
q ��`�j���
	�=ckj�es] ¸ q ]iogog]_m£Y�ephk`kyzhn`�xgo�esxsVo �µc¤]i¦Wa_Y-X�Yj¥euX*cf]_oltYegepY � hk]ioz¸¾t1]�osY1aihnj�adc=ogY-t-hkj q Y
¦b]iogosY-t1epx�]itYk¢8a_Y�ogt�U��-X*cDepx�]dcfj��ka_Y��-m&hn`�ogYMa_Y�thnX�m£hnx�epYX*Yj�e q ` ogt�U��-X*c �¥`�c q xpckj��faiYf¢
�khk]_xsY X �-X�Y�c��kY-t `Wj ai��nY-x*X=]iY`bv m£hn`Wx*aic q ]_xsYteg]ihnj gkx # � epckj�e q ]_oso�]im&� q cfj�o'aic
thnj ���k`�xpcfeg]ihkjMm�xg�-t� q Yj¥esY > �nhk]_x�og]_X�`Waicfes]_hnj�Z!B1§

�  #B�µ�� � �f���µ¯D�7�
VJ� �/¡W@ >g�n¢ª� B\E�G H-J K �,N

�laihkxso#�¥`�Y a_Y(ost�U��X'c·�¥`�c q xsckj��ka_Y c `�j�Y q ]iogm£Yxsog]_hnj q ckj�oOa_Y ogY-j�o q ` X�hn`W�kY-X�Y-j�e
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ogY-X�¦Wadcf¦WaiY)8�aH� `�opck�kY q ��`�j��	
��^¢ $����������� �W��	����
�!�#$��)+
�� �p��	���)+-��"#/ *O���� � $]", q Y¹m�ckxge�osYo
q �-xg]ª�n�Y-o9txshk]_os�Y-o?�^`b]c q�q ]ªes]_hnj�j�Yj¥e?aiY`�xso7]_j���`�Yj�t-Yo q ckj�o7aic q ]_xsYteg]ihnj q Y�adc	m�xsYX�]_V-xgY
¦b]iogosY-t1epx�]itY >µ�khk]_xlo�]iX�`Waicfes]_hnj �#B1§

VJ� �/¡W@ >g�n¢ ¸�� BWE�G H�JDK%L#L N
¡{ckj�o�t-Y�t�c q xgY�h�� aic q ]_osm&Y-xgog]_hnj(X*c¤v^]iX*cfa_Y=Y-o�e�m&Y-xtC`�YLogYa_hnj adc'osY-thnj q Y=¦b]iogosY-t1epx�]itYk¢
a_Y-o�Y-xgxsY`�xso q ]_osm&Y-xso�]_�kY-o q Y(eshn`WepYo�a_Y-o�j�cfes`�xsYo�xsY-o�epYj¥e��µcf]_¦WaiYoMY1e�osY-X�¦Waick¦Wa_Y-o c��kY-t
X �X*Y#`Wj�YO�-�ncfa_]ªep��Y-j�epxgYOadc q ]iogm£Yxsog]_hnj q `:ogt�U��-X*c(�¥`�c q xsckj��ka_Y > q �-j¥`�� q Y q �xg]ª�n�Y-o
txshk]_os�Y-o�B0Y1e9a_Y�ost�U��X'c=epx�]dcfj��ka_Y > ck`^vOY1©Y1epo q Yo q �-x�]_�k�-Y-o�txshk]_os�Y-o�o-��ckj�j¥`Waickj�e q ckj�o9tY
t-cko�m�ckx�es]_t-`Waª]iYx�B §

MODE SIMPLE EN X (2,0)-THETA=0

SOL EXACTE

1

1.5

2

2.5

3

U(50,X,Y) RK2: Q & T
RK4: Q & T

MODE SIMPLE EN X (2,0)-THETA=PI/2-RK4

SOL EXACTE & Q

1

1.5

2

2.5

3

U(50,X,Y) T

\¥]iX�`Wadc¤es]_hnjD�n«�gax y \^]_X�`Waicfes]_hnj �b«�gIx # �
MODE COMPOSE (1,1)-THETA=PI/4-RK4

SOL. EXACTE

1

1.5

2

2.5

3

U(50,X,Y) Q
T

MODE COMPOSE (1,-1)-THETA=PI/4-RK4

SOL. EXACTE

1

1.5

2

2.5

3

U(50,X,Y) T
Q

\^]_X�`Waicfes]_hnj��W«�gIx�# � \^]_X�`Waicfes]_hnjMZ�«�gIx # �
}	§ !u§_«�a_Y-o�ai��nY-j q Y-oloshnj�e q ckjWo�aH� hnx q xgY q �-txshk]_ososckj�e q ��ckX�mWaª]_es` q Yf§
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REPRESENTATION POLAIRE DE LA DISSIPATION - MODE(2,0)

100.
RK2

QUADRANGLE
TRIANGLE

1.5

1

0.5

0

0.5

1

1.5

1.5

REPRESENTATION POLAIRE DE LA DISPERSION - MODE(2,0)

1.
RK2

QUADRANGLE & TRIANGLE

�2|��=§ ��¡u]_oso�]im�c¤es]_hnj�X�h q Y >À�b¢"5,B �2|���§ � ¡u]_osm&Y-xso�]ihkj�X�h q Y;> �b¢"5,B
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100
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0

50

100

150

150

REPRESENTATION POLAIRE DE LA DISSIPATION - MODE(1,1)

100.
RK2

QUADRANGLE
TRIANGLE

1.5

1

0.5

0

0.5

1

1.5

1.5

REPRESENTATION POLAIRE DE LA DISPERSION - MODE(1,1)

1.
RK2

QUADRANGLE
TRIANGLE

�2|��=§ ��¡u]_oso�]im�c¤es]_hnj�X�h q Y >g�n¢ª� B �2|���§���¡u]_osm&Y-xso�]ihkj�X�h q Y;>��n¢ª� B

150

100

50

0

50

100

150

150

REPRESENTATION POLAIRE DE LA DISSIPATION - MODE (1,-1)

100.
RK2

QUADRANGLE
TRIANGLE

1.5

1

0.5

0

0.5

1

1.5

1.5

REPRESENTATION POLAIRE DE LA DISPERSION - MODE (1,-1)

1.
RK2

QUADRANGLE & TRIANGLE

�2|��=§_�25=¡l]iogog]_m�cfes]_hnjMX*h q Y >g�k¢ ¸p� B �2|��=§_�n�	¡u]_osm&Y-xgog]_hnj�X�h q Y >g�n¢ ¸���B
&('i{�&*)



���������
	��
�������������	���������������	���� ��	����
�!�#"�$%�
�&	��'���)(*"��,+
	��
�!�#"-$%�
�&	�� �k�

� � 3 / ��� 5 � 5 3 / �

����� �����%& ��� 	 �0(�$��
|Àa�xsYososhkxge q Y/t-Y1esesY	�1ep` q Y q Y��nxshnogosYo q ]ª©£�-xsYj�t-YouYj�epxsY/`�j�ogt�U��-X*c'`bes]ªa_]_opckj�e q Yol�¥`�c q xpckjW�kaiYo

m�ckx0xsckm�m&hnxgelcf`MX �-X�Y/ost�UW�-X*c�`Weg]_aª]iosckj�e q Y-o�epx�]dckjW�kaiYo-§
=�Y-o�m&hk]ij�esolYosogY-j�es]_Ya_o"oshkj¥e-«
VJ~lj�Y � hnxgesY q ]_oso�]im�c¤es]_hnjMY1e q ]_osm&Y-xso�]ihkjMoghnj�e�hn¦WepYj¥`�Y-o�m&hn`�x9a_Y�ost�U��X'c=epx�]dcfj��ka_Y"aihnxgos�¥`�Y�j�hk`�o
c q �nY-t1ephnjWo"`�j�X�h q Y q Y ��hn`�x�]iYx q hnj�e{aic'j�hkxsX*cfa_Y�Yoge"thkaª]ij��-cf]_xsYLcf`bv�U�rbm&hkes�-j¥`�osYo q Y-olepx�]%7
ckjW�kaiYo-§
� �"xg]_Y-j�epYx9aiYo0U�rbm&hkes�-j¥`�osYo q Yo9epx�]dckjW�kaiYo0m�ckxscfa_a_Va_Y-X�Yj¥euck`^vO]_osh��fcfaiY`�xso q `#X�h q Y�m�x�]ij�t1]%7
m�c¤a�og]_j�hnj*m�xsYj q xgYu`�j�X*cf]ªa_aick�nY�Yj � q xpckm&Y�ck`^v�ckj��fadcf]_o�� > q �t-hn`�m&YlcfaªepY-xgj��-Y q Yo¹�¥`�c q xpckjW�kaiYo
q Y q �m�ckx�e�B1§

T T

OUINON

DISPERSION

ADVECTION

DISSIPATION

ISOVALEURS

Vz=�Y�ogt�U��-X*c�esxg]ickj��ka_YOc�m£hn`Wx��nxghno q � �µck`We q Y q ]iogog]_m£Yx � hnxgesY-X�Y-j�eLa_Y-o�X�h q YoLog]_X�mWa_Y-o q cfj�o
`�jWY�c q �nYtes]_hnj �µcf]iosckj�el�ka_]_osogY-x0a_Y-o�]iogh±�fcfa_Y-`Wxsolos`�x�Yaªa_Y-o�¸ÀX �-X�Yk§
� w�hk]ij�e �µcf]_¦Wa_Y q `=t-cko epYoge q � ]_j�epxsh q `�t1es]_hnj=os`Wx aiYo2ephn`Wxs¦W]ªa_a_hnj�o¢kj�hk`�o7ckX�Y-j�cfj¥e 8{t-hnjWog] q �-xgY-x
`�j�ost�UW�-X*c'mWa_`�o�m�xg�-t]_o : �*<�: � <H§

T

w2cfxuc¤]_aªaiY`�xso¢�j�hn`�olt-hkj�ogepcfephnjWol�¥`�Yf«
V aH��`Wopck�nY q � `�jM��
	�=ckj�es] ¸ q ]iogog]_m£Y/ephn`fyzhn`�xso��µc¤]i¦Wa_Y-X�Yj¥eu�¥`�Ya��¥`�Y/oshf]_e�a_Y	X�h q Y/Y-j��¥]iosck�n�f§
Vz=�Y-o'ost�U��X*ckoOt-hkj�og] q �-xg�-o#c¤]ij�o�]{�¥`�Y�a � `�osck�nY q ��`Wj ��
	� > c��nYt X�hk]_j q xsY � hnxstY�B q ]_osm&Y-xsogY-j�e
eshn`kyzhn`�xgo q ckj�o7aiYuosY-jWo q Y�a ��c q �kY-t1es]_hnj «�cf`�t-`�j q Y-o?ost�U��X'cfo9t-hnjWog] q �-xg�-o9j�YlxsY1e�ckx q Yl`�jOX�h q Y
q Y���hn`�x�]iYx-§

V a_Y-o�ost�UW�-X*ckol�^`�c q xpcfj��ka_Y	Y1e0epx�]dckjW�kaiY�xg��cfaª]_osY-j�e-¢ q Y	X*ckjb]iVxsY�] q Y-j�es]_�¥`�Yk¢¬`�j�Y�esxsV-o � hnx�epY q ]iogog] 7
m�c¤es]_hnj#Ye q ]_osm&Y-xgog]_hnj�m£hn`Wx9`�j�X�h q Y�o�]iX�mWa_Y q hnj�e0aicLj�hnxsX*cfa_Y�Y-o�e�t-hkaª]_j���cf]_xsYI8�aic q ]_xsY-t1es]_hnj
q ��c q �kY-t1es]_hnj §
� ost�U��X*cko{mWa_`�o�m�xg�-t]_o : �*<�: � <H§

T & Q

Vz@�j ��j¢�Y-j/t-Y7�¥`W]¥t-hkj�t-Yxsj�Y�a_Y7esY-X�m�o q Y7t�c¤ait`Wa ¢]_a¥Yoge�m�xg� � �-xsck¦Wa_Yk¢�m&hn`�x�tY-o�ost�U��X*cko-¢ q � `Wes]ªa_]_osYx
`�jM�	
��=c��nYt � x � � h� x 3� §
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¨8YegepY cfm�m�xsh^t�U�Y�¦W]_Y-j �¥`�Y�aª]ij��-cf]_xsY�m&Y-xgX�Ye q Y q �-j�hnjWt-Y-x�a_YMthnX�m£hnx�epYX*Yj�e�epxghnm q ]iogog]_m�cfeg] �

q ` ogt�U��-X*cDesxg]ickj��n`Waicf]_xsYMY-osogY-j�es]_Yaªa_Y-X�Y-j�e^8 aH�����ckx q q � `�j�Y�]_j ��X�Y�m&Y-x�ep`�xg¦�cfeg]ihnj Y-j��:m&hn`�x'`�j
q �mWadcft-Y-X�Yj¥e�osY1aihnj 
�§*!?]_Y-j �¥`�Yk¢�m&hn`�x"a_Y-o q Y-`^v ost�U��X'cfo-¢�j�hn`�o/m�cfxges]_hnj�o q � `�j X �-X�Y'mWxsh ��a q Y
�¥]_esY-ogosY�a_hnj��f]_es` q ]_j�cfa_Yk¢

         COUPE U(Y) EN X=0.46                                                                  
                                                                                

 

Y adimensionne

m
/s

  .100  .087  .075  .062  .050  .038  .025  .013  .000   
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00
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00
.

  6
00

.

T�xg]ickj��faiY�Y1e �"`�c q xpckjW�kaiY ¸�¨8hn`Wm£Y q Y�aic=�¥]ªepYososY	aihkj��k]ªep` q ]_j�cfa_YI8 
 x ybK 5 �
`�j�Y¶epYaªa_Y·cfeseg]_es` q Y:c YX�m �t�U��:aiY q ��nY1aihkm�m£YX�Y-j�e q YDaH� ]_j�ogepck¦W]ªa_]ªep�:U�r q xgh q r^j�cfX�]_�¥`�Y·m£hk`�x�a_Y
ost�UW�-X*c epxg]ickj��faiY Y1eOm�cfx��nhk]_Y q Y�t-hnj�og�-�¥`�Yj�t-Y j�hn`�o�j � c��khnj�o#Y-jWxsY-�f]io�epxs� ck`�t-`Wj�Y(m£Yxges`�xs¦�c¤es]_hnj
ckthn`�ogeg]i�¥`�Y >Hm�xgY-oso�]ihkj(os`�xlaiY�� hnj q c��fckj�e"j�hfep��w
§ �8§ ��§ B ¢£tYL�¥`W]
j ��Yoge{¦W]iYj(o � xum�ckolaiY�t�ckoum£hn`Wxua_Y
ost�UW�-X*c'�¥`�c q xpckj��faiYf§

460000

462000

464000

466000
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470000

0.108 0.109 0.11 0.111 0.112 0.113 0.114 0.115 0.116 0.117 0.118
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n
 
P
a
s
c
a
l

temps dimensionne en seconde

LA PRESSION DU FOND AVANT AU COURS DU TEMPS

QUADRANGLE
TRIANGLE

�"j q Y�ckt-hk`�ogeg]i�¥`�Y;> w�§��8§ ��§ ¸�@ e�cfe��1e�ck¦ba_] B
¡{Y/t-Y	t-hkj�ogepcfelYe�m�ckxgt-Y	�¥`�Y�adc��n�-hkX*�1epx�]iY�epx�]dcfj��n`Waicf]_xsY/Y-o�el]_j�ep�xsY-ogopckj�esY >HX*cf]ªaªadck�kY	xsc %*j��k¢¬c q ckm�7
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