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¬&¤$± # �6� # %i¢�¦µ�(�6�O«l�=�b¨(� �q¦�¡ # �N²9�L�b¦§¡ # �j¬&¤L± # �6� # � � � # «l� # �N� # �N²9�L�b¦§¡ # �S¬&¤$± # �6� # �j�L�q¦I¨2¤`�b� ¤h«l� ¬ # � # ÀCl�6� ¤h�6¨ # � # ¦I¨ � �6����b«l¨j¡l�q¦§¤O�`¯o�q�L�(«l� # �j¡ # �$¬h¨L�b½l�6�6�S«l¦µ¦l�6Ý # �b«U¡ # ¡C� �$�(�6i�b¨(� �q¦�¬h¦ # �(²\¬h¨(� ³I« # �(«�sc�L�b¦I¨ # ¨j� # ¦C�T�q�$¤ # �S¡ # �c�b¦l� Ùh� #
¡C�6� # ¤h¨ # �=�w¡C� �L�(�6i�b¨(� �q¦ # ¦Æ�b«l²9� # ¦
¨L�b¦I¨y�=�wÝq�b� # «l��¡ # �=�µÝK� �$¤&�9�(�6¨$¬-% >$# l�6«§� � n�q«l�_��¯o�q�$ # ¤h¨_¦I«l�y¬h�(� ³
« # �=�



Ã.%��.% W �K¡l¬h�6� �L�b¨(� �q¦w¡ # �$�q«§�(·��c�b�6�6� # ®<�
ÝK� �$¤&�9�(�6¨$¬[¨(«l�(½l«l� # ¦
¨ #/# �(¨c¨(�$Ù&�c�b¨(¨(�L�&ÜI�b¦
¨ # l«l� �$³
«Q¯ # �6� # � # ¦C�T�q�$¤ # �=���(¨L�b½l�6�6�6¨$¬µ¡ # �c�$¤$±§¬h�c�q�c¦I«l�y¬h�(� ³
« # � # ¨
¦ # �T�b�6¨*i�q�O�bl # �p©[¡ # ¦§�q«lÝ # �b«CÀ|�qn¬h�L�b¨ # «l�$�*%0'm�[�M�q�(�z«l�=�b¨(� �q¦Â«l¨(�6�6� �$¬ #1# �$¨È�(�6�?�6�=�b�6� # ©[¤ # �6� # ¡l¬hÝ # � �qln¬ #
¡§�b¦§�z� # �O� # �(� # ¨(«l� # �_�(¨L�b¨(� �(¨(� ³
« # �z¡C«Çl� # �?� # �_�q�$¡C� # ½i�q�$¬ # �z�(«l�O��¯5ÕrüZÑCÊ\Ø<ÕCÚZÓ&¼µÏI¼32jÊ9ÍIÓZÓZº<Ë�¼ZÓ54w¡ # ÝK� �$¤&�9�(�6¨$¬
¨(«l�(½l«l� # ¦
¨ # �ONy� # ¨ # ¦§� # «l�4¡ # �v¤&�q¦I¨(�L�b�6¦
¨ # �N¡ # �$�q«§�0·��c�b�6�6� #,# �(¨�� # �6� ¬S�b«?¨ # ¦§� # «l�4¡ # �v¡l¬P�T�q�(�c�b¨(� �q¦§�p¡C«y¤L±i�b�?
�$¬&�L�q�6«µi�b�R«l¦ # � # �=�b¨(� �q¦U¡C«^¨BÜ
 # $

:�¬ Æ & G�é ì76 Wí>¬ Æ ÁTÃ.%oÞ9Þ\¿
' # ¨ # �(� # ì76 # �(¨�«l¦ # ÝK� �$¤&�9�(�6¨$¬p¡C« # ©j��¯o�b²9�6¨L�b¨(� �q¦�¨(«l�(½l«l� # ¦I¨ # % > �b¦§�~�=�R� # �(� # ¨(«l� # ¡C«z¨ # ¦§� # «l��¡ # ��¤&�q¦I¨(�L�b�6¦I¨ # �
¡ # �$�q«§�0·��c�b�6�6� # � �bli�b�L�ô� ¨y� # ¨ # �(� # : Ý�Ý ³
«l�R¦Q¯o��i�q�y¡{¯ # ª # ¨c¡CÜ
¦i�b�?� ³
« #8# ¨y³
«l�2¡l�q�6¨cÛh¨(� # ¤&�q�z½l�6¦§¬U©��=�l� # �L�(� �q¦ ¶ �6¨(�$¬ # n�q«l�O¡l¬ ¶ ¦l�6�È«l¦ # Ñ�Ó&¼PÍlÏ\ÊqÖ Ñ�Î(¼PÓLÓZºTÊqË9%~¢�¦ # ª # ¨ � ��q«l�z¤ # ¨�ÜK # ¡ # �y�
¡lÙh� # � �=��l� # �L�(� �q¦Â¡l�q�6¨Ûh¨(� # �y�K¡C� ¶ ¬ # � ¶ ¦�¡{¯o�q�$�$«l� # �S�=�]¤&�q¦I¨(�L�b�6¦
¨ # ¡ # ¡C�6Ý # �(² # ¦§¤ # ¦
«l�6� # ¡C«�¤L±i�b�?�©c²9�L�b¦§¡ # �*¬&¤$± # �6� # �:% A �q«l�È¡ # �
¬&¤&�q«l� # � # ¦
¨$�È�6¦§¤&�q�?l� # �$�$�6½l� # � � � # ¨ # �(� # í Ý�Ý �`¯o�b¦l¦I«l� # �b� �q�$�*³
« # : Ý�Ý ¦Q¯ # �(¨X¦I«l�v³
« # �$�~��¯°¬h¦ # �(²9� # ¤h�6¦§¬h¨(� ³
« #¡ # �$�q«§�0·��c�b�6�6� # ��¯ # �(¨8�b«§�L�(� � # ¦U¡{¯o�b«l¨(� # �8¨ # �(� # �S� �q�$�$³
« # �=�?¨(«l�(½l«l� # ¦§¤ # ¡ # �$�q«§�0·��c�b�6�6� #;# �$¨j�6¦ # ÀC� �(¨L�b¦I¨ # %�'m�¤&�q�?n�9�L�b¦
¨ # � �$�q¨(�$�q # ¡C«?¨ # ¦§� # «l�kí>¬ Æ # �$¨�¡l�q¦§¤S�~}0�q«l¨$¬ # ©8�=�8l� # �L�(� �q¦y¡ # �$�q�(¨ # ³
« # �=�Xl� # �$�(� �q¦ # �(¨��y�K¡C� ¶ ¬ #� # � �q¦V$

< & ë Û ? KÖ : Ý�Ý ÁTÃ.%oÞTm9¿
A �q«l�O¡ # �*¬h¨(«§¡ # �X� # �=�b¨(�6Ý # �O©]�=�]l� # �$�(� �q¦ � �6�����b«§¡C�L��¤ #  # ¦§¡§�b¦
¨O� # �L�bl # � # �È³
« # �=�]l� # �$�(� �q¦�¦Q¯ # �(¨*¡l¬ ¶ ¦l� #³
«Q¯o©/: Ý�Ý è�Ö?l�$Ù&� � ½l� # ¦U³
« # ¤ # ¨ # �(� # � # �(¨ # ²\¬h¦§¬h�L�b� # � # ¦I¨X # ¨(�6¨j¡ # Ý9�b¦I¨ ë Û % ÿ �q¨$�q¦§� � # ¦U¤ # ³I«l�~¤&�q¦§¤ # �(¦ # � #¤L±i�b�?µ¡ # l� # �L�(� �q¦[i�b�(� ¬h¨L�b� # � ³
« # �=�O§� # «§¡l�b·�l� # �$�(� �q¦[i�b�(� ¬h¨L�b� # <=# �(¨E¬h²I�b� # ©O�=�ÈÝK�L�b� # l� # �$�(� �q¦�i�b�(� ¬h¨L�b� #¶ �6¨(�$¬ # ë Û l«l� �$³
« # �=��Ý
�6¨ # �L� # �`¯o�b¦l¦I«l� # ©_�=��i�b�$�q� # ¨2³
« # i�b�j¤&�q¦§�$¬&³
« # ¦I¨ : Ý�Ý &Xz>%
'~���y�
¡l¬h�6� �Z�b¨(� �q¦µ��q�(¨ # ¡l�q¦§¤È�(«l�R�=�_i�b�(¨(� # ¡l¬hÝK�=�b¨(�(� ¤ # ¡C«µ¨ # ¦§� # «l�2¡ # �j¤&�q¦I¨(�L�b�6¦
¨ # �S¡ # �$�q«§�0·��c�b�6�6� # $

:�¬ Æ G KÖ : Ý�Ý �0¬ Æ & G é ì76 Wí>¬ Æ ÁTÃ.%oÞ<®\¿
' # l�$�q½l� Ùh� # ¡ # � # �(� # ¨(«l� # ¤&�q¦§�(� �(¨ # ¡l¬&�$�q�(�c�b� �_©µ¡l¬ ¶ ¦l�6�O�=�[ÝK� �$¤&�9�(�6¨$¬c¨(«l�(½l«l� # ¦I¨ # ¡ # �$�q«§�0·��c�b�6�6� # ì 6 ³I«l�# �$¨j�T�q¦§¤h¨(� �q¦�¡C«U¨ # �?§� # ¨X¡ # ��¯ # �(i�q¤ # %�' # �8�y�
¡lÙh� # �X¡ # �$�q«§�0·��c�b�6�6� # � # ¡C�/ªn¬h� # ¦§¤h� # ¦
¨ # �$� # ¦I¨(� # �6� # � # ¦
¨Èi�b�
�=�?�M�q�(�z«l�=�b¨(� �q¦ # �?l� �`Ü\¬ # n�q«l�S¡l¬ ¶ ¦l�6�X¤ # ¨(¨ # ÝK� �$¤&�9�(�6¨$¬O¨(«l�(½l«l� # ¦I¨ # % A �6«§�(� # «l�$�S�T�q�(�O«l�=�b¨(� �q¦§� # ÀC� �(¨ # ¦I¨8�c�b� �
��¯ ±
Ü
n�q¨(±§Ù&� # �=�Sl�6«§�v¤&�q�?�z«l¦§¬h� # ¦I¨R�q¡C�?� � #?# �(¨v³
«Q¯ �6�l�(«�sy¨ � n�q«l��¡l¬ ¶ ¦l�6�4�=�8Ý
� �$¤&�9�$�6¨$¬E¡ # �L�q«§�0·��c�b�6�6� # � ¡{¯ «l¦ #¬&¤L± # �6� # ¡ # ¨ # �?§�Z� Ì # ¨E¡ # � �q¦l²9« # «l�A@ Ì ¤`�b�L�q¤h¨$¬h�(� �(¨(� ³
« # �N¡ # �4¨ # �(� # �E¡ # �L�q«§�0·��c�b�6�6� # % A �q«l�N¡ # �p¬&¤&�q«l� # � # ¦
¨$�
¨(«l�(½l«l� # ¦
¨$�?±§�q�y�q²\Ùh¦ # � � ��¯ ±IÜKn�q¨(±§Ù&� # ¡ # � �q¦l²9« # «l�?¡ # �y¬h�=�b¦l² # ¡ #RA �L�b¦§¡C�6¨ # �(¨�«l¨(�6�6� �$¬ # %('~�wÝK� �$¤&�9�(�6¨$¬�¡ #�L�q«§�0·��c�b�6�6� #  # «l¨S�b� �q�$�2�`¯°¬&¤h�(�6� # �L�q«§�R�=�z�M�q�(� # $

ì 6 & @ °Ì� Ì ÁTÃ.%oÞ<³\¿



®7B ´p±i�bl�6¨(� # Ã.%lß§�q�(�c�b�6� �$� # ¡ # �=���(�6�z«l�=�b¨(� �q¦U¡ # �R²9�L�b¦§¡ # �S¬&¤$± # �6� # �
������������� Ç4` a7Ðð4�C4Ê�`�4�`EDMa7b���Ð^c¾�Y���:F-G
´8¯ # �(¨O�Z�b¦§�O¤&�q¦I¨ # �$¨ # � # �y�K¡lÙh� # ¡ # �L�q«§�0·��c�b�6�6� # � # l�6«§�_�b¦§¤h� # ¦ # ¨È� # l�6«§�O¤&�q�?�O«l¦§¬h� # ¦
¨?«l¨(�6�6� �$¬y¡§�b¦§�O�=�
�6�6¨(¨$¬h�L�b¨(«l� # % i �m��¬h¨$¬È¬h�=�b½n�q�$¬ # ¨R«l¨(�6�6� �$¬ # ¦IH�³9Þ<�?i�b�8£
�c�b²\�q�(�6¦§�:UKÜUlJH`Þ<³�n # ¦w�y¬h¨$¬&�q�$�q� �q²9� # n�q«l�2�(�6�O«l� # �S� # �
�y�q«lÝ # � # ¦I¨$�8©È²9�L�b¦§¡ # �R¬&¤L± # �6� # �2¡ # ��¯o�b¨(�y�9�(l±§Ùh� # %>'m�z�y�K¡l¬h�6� �L�b¨(� �q¦µ¤&�q¦§�(� �(¨ # ©z�(«ll��9� # �N³
« # �=�O� �q¦l²9« # «l�
¡ # ¤&�q«ll«l� # W9��6�?��9�$¬ # i�b��� # ¶ �6¨(� #A# �(¨�¤`�b�L�q¤h¨$¬h�(� �(¨(� ³I« # ¡ # ��¨$�q«l�(½l�6�6� �q¦§�v¡ # �$�q«§�(·��c�b�6�6� #?# ¨�¡l�q¦§¤R¡ # ��¯°¬&¤$± # �6� #
¡ # � �q¦l²9« # «l�K@ Ì $

@ Ì & ùAL W9 ÁTÃ.%¦mOµ\¿
�ON ùAL # �$¨2�=��¤&�q¦§�(¨L�b¦I¨ # ¡C«^�y�
¡lÙh� # ³I«Q¯ �6�Q� # �$¨ # ©?¡l¬h¨ # �(�?�6¦ # �*%
'm�Æ¡l¬h¨ # �(�?�6¦i�b¨(� �q¦ ¡ # ��¯°¬&¤$± # �6� # ¡ # ¨ # �?§�µ¤`�b�L�q¤h¨$¬h�(� �$¨(� ³I« # � Ì � # �T�b�6¨^�$�q«§�µ��¯ ±IÜK��q¨(±§Ù&� # ³
«Q¯ �6� # ÀC� �(¨ # «l¦
¬&³
«l�6�6�6½l� # � �
¤`�b� # ¦
¨(� # � # ¨L�b«CÀ[¡ # l�$�K¡C«§¤h¨(� �q¦w¡{¯°¬h¦ # �(²9� # ¤h�6¦§¬h¨(� ³
« # � � # ¨L�b«CÀ[¡ # ¡C� �$�(�6i�b¨(� �q¦µ¡ # ¤ # ¨(¨ # ¬h¦ # �(²9� ## ¨R� # ·§«CÀ^¡{¯°¬h¦ # �(²9� # ¤h�6¦§¬h¨(� ³
« # ©�¨(�L�`Ý # �$�2�=��¤&�q«ll«l� # �6�?n�9�$¬ # i�b�2� # ¶ �6¨(� # %
'm��l�$�K¡C«§¤h¨(� �q¦w¡{¯°¬h¦ # �(²9� # ¤h�6¦§¬h¨(� ³I« # ¡ # �$�q«§�0·��c�b�6�6� #M# �(¨2¡l�q¦l¦§¬ # i�b�#$

< &¤G :�¬ Æ Wí>¬ Æ & é ì76 Wí>¬ Æ Wí>¬ Æ ÁTÃ.%¦mNH@¿
'm�?¡C� �L�(�6i�b¨(� �q¦w¡{¯°¬h¦ # �(²9� # ¡§�b¦§�2�=�h¶`�q¦ # �6¦ # �(¨(� # �6� #;# �(¨R� # l�$¬&� # ¦I¨$¬ # i�b��$

O & ùQP ��Q �(� �7R $@ ÁTÃ.%¦mqÃ\¿
�ONÏQ �(� # �(¨R��¯°¬h¦ # �(²9� # ¤h�6¦§¬h¨(� ³
« # ¨(«l�(½l«l� # ¦I¨ # ¡ # �$�q«§�0·��c�b�6�6� # ¡l¬ ¶ ¦l� # i�b� Q �$� & L  ¬ L  ¬> �b¦§��¤ # �z¤&�q¦§¡C�6¨(� �q¦§� � � # ¨ # �?§�_¤`�b�L�q¤h¨$¬h�(� �$¨(� ³I« # ¡ # ��¬&¤$± # �6� # ��¦§�q¦Å�$¬&�$�q�6« # � # �(¨_¬h²I�b�R©U¤ # �6«l�E¡ # �_¬&¤$± # �6� # ��$¬&�$�q�6« # �*% i � # �(¨2¡l�q¦l¦§¬Èi�b�2� # ¨ # �?§�j¡ # � # ¨$�q«l�(¦ # � # ¦
¨8¡{¯ «l¦ # ²9�$�9�L� # �(¨(�(«§¤h¨(«l� # $

K� Ì &TS é Wí�¬ Æ Wí>¬ Æ> ¯o�bl�$Ù&�]ÁTÃ.%oÞ<³\¿*�=�^ÝK� �$¤&�9�(�6¨$¬?¡ # �L�q«§�0·��c�b�6�6� #U# �(¨*l�$�qn�q�(¨(� �q¦l¦ # �6� # �b«Â²9�L�q¡C� # ¦I¨_� �K¤`�b�4¡ # ÝK�6¨ # �$� # ©[²9�L�b¦§¡ # �
¬&¤$± # �6� # ��$

ì76�&Ù� ùAL @D� ° S é íM¬ Æ íM¬ Æ & � ùAL @D� °AVV í VV ÁTÃ.%¦mO�\¿
@�¬h¨L�b¦I¨S��¯°¬&¤$± # �6� # ¡ # � �q¦l²9« # «l�8¡ # �jl�6«§�j²9�L�b¦§¡l�j¨$�q«l�(½l�6�6� �q¦§�8¡ # �$�q«§�0·��c�b�6�6� #W# ¨ ùAL �=�?¤&�q¦§�(¨L�b¦
¨ # ¡ # £
�c�b²\�b·
�(�6¦§�:UKÜX%



Ã.%��.% W �K¡l¬h�6� �L�b¨(� �q¦w¡ # �$�q«§�(·��c�b�6�6� # ®<;
'~�ÂÝ9�b� # «l�[¨(±§¬&�q�(� ³I« # ¡ # �=�Å¤&�q¦§�(¨L�b¦I¨ # ¡ # £
�c�b²\�q�(�6¦§�:UKÜ ù L # �$¨[�q½l¨ # ¦
« #Y# ¦ �(«ll��9�Z�b¦I¨[«l¦ �( # ¤h¨(� # ¡ #RS�q�6�y�q²\�q�$�`Ýµ�6¦ # �(¨(� # �m�6¦ ¶ ¦l�Z$

Z ��Q��Z& ù Ý O ° ½ 2 Q ,9[ ½ 2 Q5ÊD� z4��?§}¡� ÁTÃ.%¦mB
¿ù Ý ¬h¨L�b¦I¨j�=�?¤&�q¦§�(¨L�b¦I¨ # ¡ # Rj�q�6�y�q²\�q�$�@Ý�%
'Q�6�6�6ÜÉlJH-Homônll�$�qn�9� # «l¦ # �b«l¨(� # �T�q�(�O«l�=�b¨(� �q¦c¡ # �=�8ÝK� �$¤&�9�(�6¨$¬E¨(«l�(½l«l� # ¦I¨ # ¡ # �$�q«§�0·��c�b�6�6� #,# ¦_���b� �L�b¦I¨��6¦
¨ # �(Ý # ¦l�6�
¦§�q¦wi�q�R�=��Ý9�b� # «l�R�6¦§�(¨L�b¦I¨L�b¦§¬ # ¡C«µ¨L�b«CÀ[¡ # ¡l¬P�M�q�(�c�b¨(� �q¦U�c�b� �2�L�_Ý9�b� # «l�2�y�`Ü # ¦l¦ # $

ì76§&Ù� ùQP 97� °Q\ S í>¬ Æ í�¬ Æ^] ÁTÃ.%¦mO;\¿
'4¯°¬h²I�b�6� �L�b¨(� �q¦µ¡ # �E¨ # �(� # �R¡ # l�$�K¡C«§¤h¨(� �q¦ # ¨R¡ # ¡C� �$�$�6i�b¨(� �q¦[�$«ll��9� # �6�?l�6� ¤h�6¨ # � # ¦I¨S³I« # � # ¦§�q�O½l� # ¡{¯°�q¦§¡ #
¡ # ¤&�q«ll«l� # ¡C« ¶ �6¨(� # ¡§�b¦§�E��¯ # �(i�q¤ # ¡ # ß§�q«l�(� # �=Q5SF& ! èO9�� # �$�6¨(« # ¡§�b¦§�p�=�§¶`�q¦ # �6¦ # �(¨(� # �6� # ¡ # ¡l¬&¤h�$�q� �L�L�b¦§¤ #
¬h¦ # �(²\¬h¨(� ³
« #;# ¦ Q ,9[ ½ 2 ¡C«U�( # ¤h¨(� # ¡ # Rj�q�6�y�q²\�q�$�`Ý�%�'m��Ý9�b� # «l�R¨(±§¬&�q�(� ³I« #W# �(¨2¡l�q¦l¦§¬ # i�b�#$

ù L`_ K! - Ö ù Ýé 0 , 2 ½ � ÁTÃ.%¦mqÞ\¿
W �b�6± # «l� # «§� # � # ¦
¨ � �=�?Ý9�b� # «l�8¡ # �=�y¤&�q¦§�(¨L�b¦
¨ # ¡ # £
�c�b²\�q�(�6¦§�:UKÜµ¦Q¯ # �(¨8i�q�j«l¦l�6Ý # �$� # �6� #W# ¨X¡l¬h # ¦§¡�¡C«w¨BÜ
 #¡{¯°¬&¤&�q«l� # � # ¦
¨U¬h¨(«§¡C� ¬¾ÁM¡ # �=�Ç�T�q�(� # ¡C« �( # ¤h¨(� # ¡{¯°¬h¦ # �(²9� # ¿&%8£
«l�6Ýq�b¦
¨µ� # �^¤&�q¦ ¶ ²9«l�L�b¨(� �q¦§�µ� # ¦§¤&�q¦
¨(�$¬ # � # ¨
� # ¨BÜ
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ĉ

E(k)

sous-maille

u’

û
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F H Ô èAå â è²ã â ÞPx Ù èAÞ�×C×AÞ�ä�Þ�ç Ý�â x�Þ�çPè Ù	Ý�â ä Ý�â;âLÔ Þ Ü"K Þ'ç $�Ý�Ù 6 ä�Þ-æ�åyx Ù èAÞ�×C×£Þ-ä�Þ¨ç Ý�â x�Þ�çPè Ù	Ý�â ×AÞPÚAåÛä Ù ×AçPã;è Ô ä�å â ×²æ¤Þ�×q�å%ÚAå & ÚAå"q $ Þ�×�×nã Ù x�å â èC× Ü¢dÞ�×yç Ý�â ä Ù è Ù	Ý�â ×�×AÞ�ÚAå vL'Pâ Þ â è�ä Ý�â çM2!ä�Þ�×Rç Ý�â ä Ù è Ù	Ý�â ×Rä�ãÛè � qàÞ Ö Ù Ú Ù ç $ æ¤ÞPèÜq Ý ã;Ú�æ�åÊx Ù èAÞ�×C×£Þ«å�x�Þ�ç«ä�Þ�×�ç Ý�â ä Ù è Ù	Ý�â ×ä�Þ-è � qàÞPpkÞPã v å â;âN$�Ý�v~Ý�&('Pâ Þ¨×Cã;Ú«æ�åÛç Ý ÚnÚAÞ�çPè Ù	Ý�â ä�ÞPq;ÚAÞ�×C× Ù	Ý�â a Ü ¢dÞ�×«ç Ý�â ä Ù è Ù	Ý�â ×²× Ý�â è Ô çPÚ Ù èAÞ�×²ä Ù ÚAÞ�çPèAÞ v Þ â è×nã;Ú�æ¤Þ�× â�Ý ÞPã�ä;×�ä�Þ x Ù èAÞ�×C×AÞ�×Aå â ×ñã;è Ù æ Ù ×AÞPÚ�æ�åÅèAÞ�ç $;â;Ù 8 ãLÞ ä<: ÙQâ èAÞPÚSq Ý æ�å%è Ù	Ý�â vÛÙ ×AÞ¨Þ â Ý ÞPã.x4ÚAÞ�ç Ý�â ç%ÞPÚ â å â èØæ¤Þ�×B Ú Ý�â è ÙE' ÚAÞ�×Hä�ã�ä Ý�v å ÙQâ Þ�ä�Þ�çkå%æ	çPã;æ Ü
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K å'ä Ù ×AçPÚ Ô è Ù ×Aå%è Ù	Ý�â èAÞ v q Ý ÚAÞPæQæ¤ÞjÞ�×CèVz�å�× Ô Þ!×nã;Úbã â ×Cç $LÔBv å'ä<: Í ã;æ¤ÞPÚ;Þ=6�q;æ Ù ç Ù èAÞ Ü � âØÝ z;è Ù Þ â è«ä Ý�â ç!æ¤Þ�× Ô 8 ã�å%è Ù	Ý�â ××Cã Ù x�å â èAÞ�×jq Ý ã;Ú¨æ¤Þ�×'ç Ý�v q Ý ×Aå â èAÞ�×îä�ÞÛæ�åÑx Ù èAÞ�×C×AÞ ò Ô çPÚ Ù èAÞ�× Ù ç Ù ×£ÞPã;æ¤Þ v Þ â èdq Ý ã;Ú'ã â Þeä�Þ�×¨ä�ÞPã76 B Ú Ý�â è ÙE' ÚAÞ�×9ä�Þ× Ý Únè Ù Þ � �
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K Þ-ç $�Ý�Ù 6�ä�Þ�æ�å{x Ù èAÞ�×C×AÞ!ä�Þ!ç Ý�â x�Þ�çPè Ù	Ý�â xKå%Ú Ù Þ!×nã Ù x�å â è+æ¤Þ�×«å%ã;èAÞPã;ÚC×0ÞPè+ä�Þ�×bènÚAå Ù èAÞ v Þ â èC×H×Cã.q.q;æ ÔBv Þ â èAå Ù ÚAÞ�×H× Ý�â è× Ý ã.x�Þ â è âLÔ ç%Þ�×A×Aå Ù ÚAÞ�×Nq Ý ã;Ú²å�×C×nã;ÚAÞPÚ+æ�åî×nèAå"z Ù æ Ù è Ô ä�ã ×Cç $LÔBv å â ã vßÔ Ú Ù 8 ãLÞ Üg!å â ÞPè�å%æ Ü�Ï �EÓ Ð ã;è Ù æ Ù ×AÞ â è�ã â Þ�x Ù èAÞ�×C×AÞHä�Þ�ç Ý�â x�Þ�çPè Ù	Ý�â F"H 8 ã Ù ç Ý ÚnÚAÞ�×Kq Ý�â äX2-æ�åjx Ù èAÞ�×A×AÞ â�Ý Ú v å%æ¤ÞY2�æ�å B Ú Ý�â è ÙE' ÚAÞå%ã�q�å�×�ä�ÞbèAÞ v q�×�ç Ý ã;ÚAå â è Ü ¢dÞPènèAÞ B Ý Ú v ã;æ�å%è Ù	Ý�â qàÞPã;è�x Ù	Ý æ¤ÞPÚ�æ;: Ô 8 ã�å%è Ù	Ý�â ä�Þ+ç Ý�v q�å%è Ù z Ù æ Ù è Ô ò p�Ü � p � Ü ¬ Ù æ�åÊx Ù èAÞ�×C×AÞä�ÞRç Ý�â x�Þ�çPè Ù	Ý�â Þ�×nè�ã â Þ B Ý�â çPè Ù	Ý�â ä�Þyæ;:sÞ�×Sq�å�ç%Þ+*uÞPæQæ¤Þ â Þ & å%ÚAå â è Ù è°q�å�×�æ�å+ç Ý�â ×£ÞPÚSx�å%è Ù	Ý�âZ& æ Ý z�å%æ¤ÞRä�ã'ä Ô z Ù è[2+ç $ å 8 ãLÞq�å�×�ä�Þ�èAÞ v q�× Ü ¢dÞPènèAÞ9ä Ù�\ çPã;æQè Ô qàÞPã;è�}PènÚAÞ'ç Ý�â è Ý ã;Ú âLÔ ÞZÞ â v ã;æQè Ù q;æ Ù å â è3*tq�å%ÚkÞ=6�Þ v q;æ¤Þ+*gæ�å�x Ù èAÞ�×C×AÞPÞ â × Ý Únè Ù Þä�ã ä Ý�v å ÙQâ Þ¨q�å%Ú9æ¤ÞeÚAå"q.q Ý ÚnèÛä�ã�ä Ô z Ù è4Þ â ènÚAå â è^]�`_Û×nã;Ú9æ¤Þñä Ô z Ù èÛ× Ý ÚnèAå â èa]�Nb ò K Þ�ÞPèdc Ý�ÙQâ Ï Ý Ú Ó Ð � Ü ¢dÞPènèAÞå"q.q;Ú Ý ç $ Þ â :sÞ�×Cèbç%ÞBqàÞ â ä�å â è;Þ \ çkå�ç%Þ 8 ãLÞ²× Ù æ�å9ä Ù��¦Ô ÚAÞ â ç%Þ�ä�Þ�×+ä Ô z Ù èC× l ]�`_ � ]�Nb l Þ�×nè B å Ù z;æ¤Þ Ü Ö Þ�×�èAÞ�×nèC× v Þ âLÔ ×q�å%ÚZg!å â ÞPèÛå%æ ÜVÏ �EÓ Ð * K ÞoÞPèec Ý�ÙQâ Ï Ý Ú Ó ÐbÝ�â è v~Ý�â ènÚ Ô 8 ãLÞñç%Þñä Ô × Ô 8 ã Ù æ Ù z;ÚAÞ�ä�Þ�×'ä Ô z Ù èC× v å�×C× Ù 8 ãLÞ�×{q Ý ã.xKå Ù èå%ã &
v Þ â èAÞPÚ0ÞPèfÞ â ènÚAåRv â ÞPÚbä�Þ�× ÙQâ ×nèAå"z Ù æ Ù è Ô × â ã vßÔ Ú Ù 8 ãLÞ�×b× Ù æ�å~x Ù èAÞ�×C×AÞ«ä�Þ²ç Ý�â x�Þ�çPè Ù	Ý�â ä�ÞBx�Þ â å Ù è âLÔ.& å%è Ù x�Þ Ü Ö å â ×ç%Þ+çkå�×�*%× Ù æ�åÊx Ù èAÞ�×C×AÞ ÙQâ ×nèAå â èAå âLÔ Þ;Þ â × Ý Únè Ù Þ+ä�ã~ä Ý�v å ÙQâ Þ0Þ�×nè âLÔ.& å%è Ù x�Þ+*�æ�åFx Ù èAÞ�×C×AÞbä�Þ+ç Ý�â x�Þ�çPè Ù	Ý�â F H Þ�×Cè B Ý ÚCç Ô Þ2 ,JÔ Ú Ý�ÜM Ô ä7f Ï ÝJ¯Kë Ð ã;è Ù æ Ù ×£Þbã â ÞVx Ù èAÞ�×C×AÞbä�Þbç Ý�â x�Þ�çPè Ù	Ý�â ç Ý�â ×nènÚnã Ù èAÞM2�q�å%Únè Ù ÚRä�Þ�æ�å�ç Ý�v q Ý ×Aå â èAÞ â�Ý Ú v å%æ¤ÞM2�æ�å B Ú Ý�â è ÙE' ÚAÞä�Þ¨× Ý Únè Ù Þ-ä�Þ-æ�ådx Ù èAÞ�×C×AÞ v~Ý f�Þ â;âLÔ Þ'ä�å â ×«æ�åîä Ù ÚAÞ�çPè Ù	Ý�âg$�Ý�v~Ý�&('Pâ ÞÕ�

Ð FIH � Ï ´ ¿ P Ã ¤ ØZ¤ Â ¡ � « Ðih Ü7j � � Ï ´ ¿ P Ã ¤ ØZ¤ Â ¡ ¼ à ® Çlk ³ ò p�Ü Ó`Ó`�
K 2PÞ â ç Ý ÚAÞ+*4ç%ÞPènèAÞHÚAÞPæ�å%è Ù	Ý�â q�ÞPÚ v ÞPèbä<: Ô x Ù èAÞPÚRæ¤Þ�×Vq;Ú Ý z;æ 'Bv Þ�×�ä<: ÙQâ ×CèAå"z Ù æ Ù è Ô × â ã vßÔ Ú Ù 8 ãLÞ�× 8 ã Ù qàÞPã.x�Þ â èb×nã;ÚSx�Þ â;Ù Úæ Ý ÚC× 8 ãLÞ9æ�å x Ù èAÞ�×A×AÞ'ä�Þîç Ý�â x�Þ�çPè Ù	Ý�â ä�ÞBx Ù Þ â è âLÔ.& å%è Ù x�Þ ò Þ â ÚAå Ù × Ý�â ä�Þ¨æ�åñÚ Ô=) Þ â ènÚ Ô Þeä�Þ í ã Ù ä�Þdq�å%Ú!æ�å B Ú Ý�â è ÙE' ÚAÞä�Þñ× Ý Únè Ù Þ~ä�ã�ä Ý�v å ÙQâ Þñä�Þ~çkå%æ	çPã;æ � Ù�v q;æ Ù 8 ã�å â èÛå%æ Ý ÚC×�ã â ç Ý Þ \ ç Ù Þ â èîä<:
å v q;æ Ù /�çkå%è Ù	Ý�â ä�Þ�×¨ç Ý�v q Ý ×Aå â èAÞ�×9ä�Þx Ù èAÞ�×C×AÞ-×Cã.q Ô Ú Ù ÞPã;Úm2 Ý Ü



Ý p:Ú ¢ $ å"q Ù ènÚAÞ p�Ü c Ô è $�Ý ä�Þ â ã vßÔ Ú Ù 8 ãLÞ
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K Þ\q;Ú ÙQâ ç Ù qàÞ�ç Ý�â × Ù ×CèAÞ�2 v~Ý ä Ù /�ÞPÚ?æ¤Þ�× Ô 8 ã�å%è Ù	Ý�â ×uä�ã v~Ý ã.x�Þ v Þ â è�q Ý ã;Ú 8 ãLÞ�ç%ÞPæQæ¤Þ�× ) ç Ù ä�ÞBx Ù Þ â;â Þ â è�q�å%ÚAå"z Ý æ Ù 8 ãLÞ�×ä�å â ×«æ�å ,kÝ�â Þ-èAå v q Ý�â å0/ â ä�Þ�Ú Ô ä�ã Ù ÚAÞ¨æ¤Þ�×Fq $LÔPâ�Ý�vL'Pâ Þ�×²ä�Þ¨Ú Ô$í Þ=6 Ù	Ý�â ä�å â ×«æ�åÛä Ù ÚAÞ�çPè Ù	Ý�â ènÚAå â ×Sx�ÞPÚC×Aå%æ¤Þ Ð;� J �Ï Ý`ÝJÓ Ð�Ü�K å v~Ý ä Ù /�çkå%è Ù	Ý�â ä�Þ�×ZèAÞPÚ v Þ�×�x Ù × 8 ãLÞPã76�ènÚAå â ×Sx�ÞPÚC×�å%ã76�Þ�×nèZÚ Ô å%æ Ù × Ô Þ�2«æ;:
å Ù ä�Þbä<: ã â Þ B7Ý�â çPè Ù	Ý�âL �v~Ý�â�Ý è Ý�â Þä Ô çPÚ Ý�Ù ×C×Aå â èAÞ ò �m¡ à � *%ç%ÞPæQæ¤Þ ) ç Ù�Ô èAå â è�å"q.q;æ Ù 8 ã Ô Þbå%ã76�èAÞPÚ v Þ�×^x Ù × 8 ãLÞPã76�ènÚAå â ×Sx�ÞPÚC×Aå%ã76 Ü�K : ÙQâ�í ãLÞ â ç%Þ«å v~Ý�â è?ä�Þ�×èAÞPÚ v Þ�×|x Ù × 8 ãLÞPã76�ènÚAå â ×Kx�ÞPÚC×Aå%ã76¨Þ�×nè!å ÙQâ × Ù q;Ú Ý�& ÚAÞ�×C× Ù x�Þ v Þ â è-Ú Ô ä�ã Ù èAÞ9ä�å â ×�æ�å ,kÝ�â Þ9èAå v q Ý�âmÜAK Þ'ènÚAå Ù èAÞ v Þ â èä�Þ�× v~Ý ä�Þ�× ÙQâ ×nèAå"z;æ¤Þ�× 8 ã Ù qàÞPã.x�Þ â èe×1:
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Um/U0 = (H/e)-1/2 [4.9(1-x/H)1/2]

Um/U0=(H/e)-1/2[2.2(x/H)-1/2]

Maurel
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Re=3000 -plan (xOy) en z/e= π
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Re=7500 -plan (xOy) en z/e= π
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Re=13500 -plan (xOy) en z/e= π

Ì�Í Î�ÏzÐÒÑ�Ó�ÔIÕ�å�×�æ�ä�Ûsð`ç Û_å�ß$Û�í�è;èçÛsð;Û9è ê#Ý�î�Ú�îRè îì�æçÛ0ð;Û9è�ç á�Ü$îzä�èçÛ�í(Û_å"Ý�é�Ü_ó�ê�í9ÚRß0æçå�ß_Ý�ê�å"Ý�ê�å;á�ß0ð;Û�ò$Û�ÜÝWÛä�ÞMò$æTÝWÛ�ß¶ß$Û*Ú
Þ~î²ê�Û�ÝWáÇß0ð�ê�å�ß
èçÛfÚ�è ê�åYë�ômìnüDí9Û�å\î�ï�Û�ð�ñ!ò�ó�ö9÷nô�ý;ý�ý�õ�ö�û�ý;ý<Û�Ý�÷bôRû�ý;ý



 �"g¾]" é úmþ;*�¥Uû('VûHÿ �-0�ã ÿ 0�� '�*�*<' 5 ð_ð
ø *<' � '3ÿ�í ý *<)Qû ã Å �	� )Uÿ è 57¾$¤;éëê��WÅ ý
� þ�û:'3ÿZí ý *<)Qû ã Å �	� )Uÿ è 5y¦$¦�é � '3ÿHÿ('3ú7ÿ�'3úN2 ,1� )�'3ú ã '$ê�) � QaþBú�û ü * 0 û`ÿ�þ � )Hê ã 'ã!ý
�iüFý
� ÿ(' � '3ú7ÿ:'3ú9) � þ ü '�þ 0 ) 0 [\'3ÿ7" ø ¯�û8' �-, 2Vú ý ÿ�þ �	� '3ú7ÿZ)�þBú�ûÆ*Òþ	Ñ ý ú�'�)�'�û ���	� * � ÿ 0 )�' üfý
0�� *<'!û�[-'3ÿû ü *ÒþBú�û* � ¯ � '!ûyê � * � 2!û 0 *Lÿ('�) 0 )�2 , '�* ý�üQü ' � '3ú#ÿWþ;*Lÿ(' � ú�2Z)�'!û�ûÿ �-0�ã ÿ 0�� '!û�ÿ ý
0�� ¯ � *�* ý úQúmþ ��� '!ûÄò 0�� úmþ � ûû('3ú#ÿ�)�' ã Åmþ
ò 0 ' ã!ö ÿ(2) 0 [\'3ÿ7"�ù ý
0�� )�'!û�[\'3ÿû�'3ú ���iü þ ã ÿ ü��ý:ã Å�'$ê ã ' ã!ý
�iüFý
� ÿ(' � '3ú7ÿ|'3ú) � þ ü '�þ 0Ùü ' 0 ÿ�þ üQü þ � þ;:Kÿ � ' ü * 0 ûXÿ ö ÿ7êF) ® û
Ü à Þ � Ô " é ú#ÿ ý ú � þÊ'3ÿ�þ;*ñ" è ¾�énû ý
0 * ��� ú�'3ú#ÿ='3ú ý
0 ÿ � '+ò 0 '|*<' ô ¯mþBÿHÿ(' � '3ú7ÿ�õ^þ üQü þ � '3ú#ÿÂ) 0 [-'3ÿ � 2!û 0 *Lÿ('	¯ � '3ú�) 0
ü þ�û�û�þ � '�þ;*Lÿ(' � ú�2�)�'VûHÿ �-0�ã ÿ 0�� '!ûWÿ ý
0�� ¯ � *�* ý úQúmþ ��� '!û:'3ÿ�ú ý ú>)Hö 0 ú>)�2 ü *Òþ ã ' � '3ú7ÿ:) 0Rü��ý O�*F)�' ,�� ÿ('!ûû('$"

y/e

x/
e

-5 -4 -3 -2 -1 0 1 2 3 4 5

0

1

2

3

4

5

6

7

8

9

10

Re= 3000 -plan (xOy) en z/e = π
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Re= 7500 -plan (xOy) en z/e = π
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Re= 13500 -plan (xOy) en z/e = π
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Re= 3000 -plan (yOz) en x/e= 0,5
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Re= 3000 -plan (yOz) en x/e= 4,2
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Re= 7500 -plan (yOz) en x/e= 0,5
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Re= 7500 -plan (yOz) en x/e= 4,2
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Re= 13500 -plan (yOz) en x/e= 0,5
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Re= 13500 -plan (yOz) en x/e= 4,2
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Re= 13500 -plan (yOz) en x/e= 9,9
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5 6 ±�8 /@? 6 ±�8=A 6 ±�8 ? 6 ±�8 ?BA ÿ 5 6 ²>8 /B? 6 ²:8CA 6 ²:8 ? 6 ²>8 ?BA D ètRSR��QP
¹&® A 6 ±�8 e�m A 6 ²:8 gc¹âDm ·�e�gSåML�m{º{çbn�e�gt·<çoL3�#¹â�L�¸be�g n�¹å�æ0¹Qgfã�e�g�·�e�g^ëQL�¸be�ä�ºfgSæ�ºf¹æ�ºfe�gFE 6 ±�8> e�mFE 6 ²>8þ ·�e 5 6 ±�8 e�m5 6 ²>8 RHG e�g_åML�m{º{çbn�e�gI? 6 ±�8 e�mJ? 6 ²:8 gf¹âVm]n�¹â>g{m{º{ä�ç�mfe�gHæ�æ�L�º{m{ç�º]·�e�¸be�ä�ºfg�ë#e�n�mfe�ä�ºfg]æ�ºf¹æ�ºfe�g_ºfe�g{æ0e�n�m{ç�û
g R
³ â¬e��<æ�º{ç�åML�âDmK+µn�¹å�å�eML

+ñ/@? 6 ±�8:N+ D ètRSR$�#P
D ? 6 ±�8 ·�ã�æ0e�â>·>L�âDm]ä�â�çFªVä>e�å�e�âDmI·�eKO P
e�m_e�â�å ä�¸�m{ç�æ�¸�çoL�âDm D è�RSR ] P æ4�DL�ä>n �>eBæ�L�ºI? 6 ±�8 ?BA ¹â¬¹&p�m{çbe�âDmPL

N+25§ö4ø1&ù^ú ( A 6 ±�8 N+ C N+ 5 6 ²>8�; * /@? 6 ±�8 ?BA ù D ètRSR N P
³ â¬ã�n�º{çSëQL�âDmQL

N+ï/ NN+P? 6 ²>8�; D ètR é ##P
e�m�e�âtåSä�¸�m{ç�æ�¸�çoL�âVm	æI·<ºf¹ç�mfe D ètRSR N P æ�L�º9? 6 ²>8 ? ; ëâ>¹ä>g6¹&p�mfe�â>¹â>gÝ¶>â�L�¸be�å�e�âDm�¸=� ãmªVä�L�m{çb¹â�åML�m{º{çbn�çbe�¸�¸be_gfä�çSëL�âVmfeKL

NN+ 5§ö4ø1&ù^ú � A 6 ±�8 NN+ C NN+ A 6 ²>8�; � /�R D ètR é R�P
Lmë#e�nML

R2/@? 6 ±�8 ?BA ùK? 6 ²>8 ? ; D ètR éQé P
L�ç�â>g{ç3æ0¹ä�ºÔ-ÝëQL�º{çoL�âDmI·�e é æ43�±W5�7Që>æ,¹ä�ºòð ëL�º{çoL�âVm]·�e é æ�3k²Ô5\1SL

NN+ > ý þ E;A�� T 5 ö�ø1&ù^ú � I E 6 ±�8> C E 6 ²:8þ L NN+ > ý þ E;A�� T�� /@T > ý þ E;A�� T D ètR é e#P
n�e^ªVä�ç.n�¹â>·<ä�ç�m�æ�¸oLtºfe�¸oL�m{çb¹â¬gfä�çSëL�âVmfeML

NN+ > ý þ E;A�� T / T > ý þ E;A�� T7�5 I ö4ø y&1&ù^ú L I E 6 ±�8> C E 6 ²>8þ L D ètR é �VP



Q�â�â>e���e è�R'U ã�gf¹¸�ä�m{çb¹â�·�e�g�ãmªDä�L�m{çb¹â>g_·�eS��e�¸�å��>¹¸�mWVSe�m�·�e�ì"¹çbgfgc¹â éU] N
X â�â>¹mfe�ºcL ªVä>eBg{ç"¸beS·�ã�â>¹å�ç�â�L�mfe�ä�ºke�g{m�ãp�DL�¸ZYFVOã�ºf¹�ë�¸oL�gf¹¸�ä�m{çb¹â NN+ > ý þ E;A�� T e�g{mRû�¹ºfn�ã�eQY[VOã�ºf¹M·>L�â>g�¸=� e�g{æ�Ln�em{ºcL�â>g!û
¹º{å�ã R
G e�gÔëQL�¸be�ä�ºfg_·>L�â>gi¸=� e�g{æ�Ln�e�æP���1gfçFªDä>eB·�e î > ý þ E;A�� T gf¹âDmiºfe�m{ºf¹äPë#ã�e�gIe�âxä�m{ç�¸�çbgcL�âDm�¸be�giåML�m{º{çbn�e�g\? 6 ±�8 e�mI? 6 ²:8 L

î > ý þ E;A�� T /^] 6 ±�8>`_ N Nî _ ý a E;A�� T ] 6 ²>8aKþ D ètR éQê P
D ¸be�g_¸�ç�å�ç�mfe�g]·�e�g_gf¹å�åML�m{çb¹â>gIgf¹âVm_·�ã�¶>â�çbe�g_æ�L�ºPLcb[/�1MY43�±W5�7Be�mJd�/u1MY43�²g5\1 P
e ¹å�å�e]¸be�g6åML�m{º{çbn�e�g^·<çoL3�#¹â�L�¸be�g A 6 ±�8 e�m A 6 ²>8 L�ç�â>g{çdªVä>eJ? 6 ±�8 e�mf? 6 ²>8 ·�ã�æ,e�â>·�e�âVm�ä�â�çFªVä>e�å�e�âDm�·�ei¸=� e�g{æ�Ln�eQë¸be�ä�ºfgpnOL�¸bn�ä�¸bgMgc¹âDmXe>g3e�n�m{ä>ã�gXä�â>e û�¹çbg�æ0¹ä�º�mf¹ä�mfe�L�ä�·�ã�p�ä�mX·�e�¸oLg{ç�åSä�¸oL�m{çb¹â R Q]ç�â>gfçIYnb��L&ªDä>e¬æ�LgM·�e
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¹º{åML�âVmfg gf¹âVmBä�m{ç�¸�çbgfã�g D ·�e�ä��}æ�ºf¹1·<ä�ç�mfgSgc¹âDm e>g3e�n�m{ä>ã�gS·>L�â>gS¸be�gfe�n�¹â>·qå�e�åkp�ºfeMe�mS·�e�ä��
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SIMULATION DES GRANDES ÉCHELLES TURBULENTES D’UN JET PLAN EN IMPACT

Résumé : Ce travail concerne l’étude d’un jet plan turbulent en impact par simulation des grandes
échelles turbulentes. Le jet plan en impact est très largement utilisé dans le milieu industriel et couvre
des domaines d’application aussi variés que les procédés de fabrication et de traitements des matéri-
aux, le refroidissement ou le réchauffement de surface. Le contexte de cette étude concerne plus par-
ticulièrement l’écoulement du jet plan utilisé comme séparateur d’ambiances climatiques ou comme
élément de sécurité pour la prévention et la protection de pollution gazeuse ou solide. Une méthode
numérique hermitienne, à pas fractionnaire est utilisée pour résoudre les équations de Navier-Stokes
incompressibles. La fermeture des équations filtrées repose sur le concept de viscosité turbulente.
Le modèle de sous-maille de Smagorinsky, initialement mis en oeuvre a révélé son caractère exces-
sivement dissipatif. Ce modèle a été abandonné au profit du modèle de Smagorinsky dynamique
apte à traduire les effets locaux d’anisotropie. Dans un premier temps, les résultats statistiques sont
validés avec les mesures de la littérature. L’effet du nombre de Reynolds (3000 ≤ Re ≤ 13500) sur le
développement cinématique du jet est discuté : les grandeurs moyennes et turbulentes sont présen-
tées. Une attention particulière est portée sur la dynamique des structures cohérentes présentes dans
l’écoulement à l’aide de visualisations instantanées des champs de vitesse et de vorticité. Cette étude
révèle le caractère fortement tridimensionnel de l’écoulement dans la zone d’impact et la présence
de structures contrarotatives qui traversent l’axe du jet. Une approche complémentaire à l’aide de
traceurs lagrangiens est également effectuée. Enfin, l’étude des transferts de masse à l’aide d’un
scalaire passif montre que ces transferts s’opèrent préférentiellement dans la zone d’impact.

Mots clés : Simulation des grandes échelles turbulentes, Turbulence, Jet plan turbulent en impact,
Structures cohérentes, Transferts de masse.

LARGE EDDY SIMULATION OF A PLANE TURBULENT IMPINGING JET

Abstract: This work deals with the study of a plane turbulent impinging jet using large eddy
simulation. Plane impinging jets are widely used in industrial domain, they find many applications
in materials processing and manufacturing, heating and cooling surfaces. The aimed applications
concern in particular air curtains devices used as climatic ambience separation or security elements for
prevention and protection against gas and solid pollution. A hermitian fractional time step numerical
method is used to solve the incompressible Navier-Stokes equations. The space filtered equations are
closed using the eddy viscosity assumption. The Smagorinsky model is tested as a first approach
but reveals its excessive dissipation. This model is rejected in favour of the dynamic Smagorinsky
model able to take into account the anisotropy of the flow. The statistical results are first validated
with the measurements of the literature. The effect of the Reynolds number (3000 ≤ Re ≤ 13500)
on the kinematic development of the jet is discussed: mean and turbulent quantities are presented.
We also focus on the dynamics of the coherent structures present in the flow using instantaneous
visualizations of the velocity and vorticity fields. This study reveals the strong three-dimensional
nature of the flow in the vicinity of the impingement and the existence of counter-rotating vortices
extending from both sides of the symmetry plane of the jet. This approach is completed with particle
tracking. Finally, an investigation of mass transfers using passive scalar is carried out and exhibits
that these transfers occur for the most part in the impinging region.

Key words: Large eddy simulation, Turbulence, Plane turbulent impinging jet, Coherent structures,
Mass transfer.


