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�e��¦(�e�i¡|¢W��¥������D�±�	��¦( ��±�|�fº»�I��¥3�I�w�eº«�e�����e����¥��w�F�=��¥��ÉÌ	�e�D���w¤e�	�¨¤e¡(º«¹`¡	���e�����¾�	���É�	�D��¡u¤e�±�k���e�»���F��¥
��¥����F¡j�¾�I�=¥�¡(���F°e¡(���n�|��¢P�	¤e��¡	¢¶��¥����I�w�Iº»�I�����F�K��¥���¤�|����¡	¢v¥�§u���D¡(�D���|���F¤�¹����e�D�� ��D�)�|���� �º»¹����w¡(��½

�©�â�Í ��É�F������¡u�� �¤I�Ë�D¡(º»��¢\ ���¤â���F¡(���	�R�D¹��	¤e�I�Í��¥��|�����w�w�Rêa�� ����I�×�w�à��¥��F�=�M¡(�Dïa½��R�â� U§¦©¨«ª ���¥��e��� ¬
« ã U äÑb®°¯�� x²± ¯ « � U ��³µ´ ãPÃR��ä

n Ä ã U ä¿b·¶Q¯ñ�
¬

« ã U äº� s ~:¸N¯��
¬

« ã U äÅe���b�ª0eQ³Q³�³�e���¹ ãPÃ�®(ä
��¥��0¢\¡(�w�F¡j���w��¦»��¹��	¤I�Á¡	¢;Ì(�e¤â��¡(�D��¥��Ì(�Áê`�I�e�%�w������¡u�� �¤e�I����¡K���I���FÌ	�0��¥��´�M��	ïÐ¢\¡(��ºÏ¡	¢;��¥��

æ� ��	�D�Å�xÃ	·�¥�§u����¡u��§u���	º«�w¤íº«¡u���e�{�
n l"{ º`ãU} � �$< U äKb �,» � » � Ç

¬
« ã U ä Ê « eS} � � » �

¬
« ã U äÅe » u é bë¬Á¡(�a^�º � ãPÃ(Ò�ä

��¥��I����^�º$���I��¡	������¥���Ì	�e�l���w¤e�	�R��¡	�w�w�3�¾�	�F�S½
�¨¡	�f�IÌ(�I�D§»�w�����I¦(�e�w¼e½é¬í�¾�=���I��¡	���Éê�§�¾1¿jãNÀÍäv��¥��=��¹��	¤e�=¡	¢W¹a¡(�Å§?��¡(º»�w�	�w�v¡	¢W���I¦(���I�YÁ�¼í¡	�

��|¤n¥«�����±�|��¦(�w�fÀ �Â¥(�)ãP�D�e��å�¦( ����=Ä(äA�	���«¤I¡(���D�w���I�;��¥���Î=�jÌu�w�	�D�l����¥�¡(º»�	�vÌ	�e¤â��¡(�få����Å���i�I�w�Iº»�I���
��¹��	¤e��¡	¢£�w¡j�¾�I�D�=¡(�D���e�ËãP�D�e���ñªÃ�U�ê� Ä(®@qä��

ªj¬



¨fÃ � ãNÀÍäKbùã<¾ � ãNÀÍä�ä «>Ä�Å ¾ � ãNÀÍäKbÆ��qb �ÈÇ© � oÈÉ � W X � eOÉ�e Ç er©�� ¨ ´a³ ãPÃ�Ó(ä
�©�â�� ��=�w�����D¡?�� �¤e�¸��¥���¢\¡	�w�w¡j���F��¦)å����Å���í�I�w�eº«�e���=��¹��	¤e�I���Ê � b �9Ë ��È � { ºXã\���FÌ�< U ä�� ËÍÌ � � ¨ÍÃ � ãNÀÍäX�=ÎiÀ �Â¥(� � e�ì�Ib � ¯ñ�

¬
« ã U ä���¯ Ì � �Ï¾ � ãNÀÍä � erÂÐEÑ b �ÓÒ �×È Ä ã*�ÖôÔ¬efcÁ±äÝ� Ò[Ì Õ�Ö �×¾'Äâã�£ � ä � ³ØYÙ b �,Ú �

¬
« ã U ä�� ÚÛÌ Ù �Ü¾ � ã y ä�eÝÎ y �èç�;���F�w�	�	¹�¹��D¡já?�Fºì�|���$óí�	����%¶ê�§í¹��F�e¤I�I���w�D�;¤e¡(���l�n�	���¶¢\ ���¤â���w¡	���R¡(����	¤n¥�¹����F��ºë¹W�|�D�e�D¹`�I¤I���ÅÌ(�I�F§(½

�R�I�Í ��Í¤I¡(�����F���e�É�»¦	�e���I���w¤Ë¤n¥��	���	¤I���e���F�D���w¤�¢\ ���¤I���w¡(� Ú ¢\¡(����	¤n¥�¹����w�Dº �� �¤n¥s��¥��|� Ú � ØÙ ½��¶¡�	¹�¹���¡á?�wº»�|������¥��´�l§?�l���Iº ¡	¢M�fæ��e½»ã���äX�;ãSÄ|Ã��fãU®(äÉ�	���� ����F��¦3��¥��)���FÌ	�e��¦	�e��¤I�0¢\¡(��º0 ��±�ì�|���×��¥��
êa¡( ������|�D§K¤I¡(�����Å���w¡	���i¢\��¡(º �eæ¨½wãlªjÃ�äX�¶ãSÄ?ªjäM��¥���¹��D¡(ê��w�Iº÷�D���|���Iº»�I���É�F����¡j�.�
�v�F���È��� � �eÞ rÂÐEÑ �P� � ØÙ �#cA� ØÙ �aóA� ØÙ �$%L� ØYÙ ���D �¤n¥s��¥��|�.�

x � Ù � û Ñ } � b x � Ù � u é ~r�â��ß�e Î y ãPÃ(Ñ�ä

x²± s cs [ ¯$� U o xH± � w ~r� uLxÈy|Hà �$��Y � ¯$� U b6¬ Îá¯ñ�â��� ãPÃ0"�ä
x²±OxÈy|Hà Ò �����[ u » ��Y	� U b � xH±«xzy|Hà Ò c w ~r� u » ��Y	� U o �@� x � ±«xÈy|Hà Ò w ~r�·� u » ��Y	�Jß

ô �@	 xJ±«xzy|Hà » u s �s Y s Òs Y �PY	� U o xH±Kxzy|Hà Ò |UãÝä u » ��Y	� U
o xH± �Åã xQosp7q ÉsrvÉsr u »fÒ ä Ì y ôå����ø u »ÍÒ[Ì à j� U
ô � x�æLçAèLæLéHxÈy|Hà Ò c » u é �PY	�H�êe Î » � Ê � eÝÎ Ò � rêÐUÑ

ã\��¬�ä

��¥��I��� é ~r��e û Ñ �	���$���I��¹a�e¤I���FÌ	�e�F§í��¥��$¥�¡(���F°e¡(�����	���	����Ì(�e�l���F¤�	��¤e¡	º»¹a¡(���I�����£¡|¢���¥��¾��¡(�Dºì�|�	Ì(�I¤I��¡	�é ½·¸�e��¡	���F��¦´ê�§%ëÏìL}»�	��� ë×ì ú ��¥��Í�u �º0ê`�I��¡	¢¶¡(���F�e�����I�à�e��¦(�I�5ì � �	���3�����w�	��¦(�F�e�fÀ²í=�w�3��¥��íº»�I��¥W�
��¥��Ë�|¹�¹���¡á?�wº»�|���í��¡(�F ����F¡(�3¢\¡(�i��¥���¥�¡(���F°e¡(���n�|��Ì(�I�w¡u¤e�F��§ì�w�����I¹����I���I�����e���|�i¢\¡(�w�F¡¯�����

�}b îï�Fð²� çCñ1ò ªï �óð Ä ã�ô � ä � » � ã Å ä Ò � ã{Y�ä ã\��ª¯ä

ª(ª



z

z

y

x

x

z = η(x,y,t)

z 
=

 -
h
(x

,y
)

Γs

Γb õ÷öùøÝöÝõ<öÝú/ûÝöplane

õ÷öùøÝöÝõ<öÝú/ûÝöplane

physical domain

δzK

δzK

δzko

δzko

ü
kü
k-1

ü
k+1

vk

vk+1

vk-1

ýIþ/ÿNþ���� ��� �<ý�� ý����	�
���� ���� þ����Ýÿ��

unstructuÿ����
triangular mesh

(the same mesh isÿ��<ý eated in the

middle of each layer)

longitudinal cross section

triangular

meshes

� �
ll

column of fluid associated

to the triangle 
� deg �������  of f ������� om and

definition of layer thicknesses

Face 
�

l associated

to the edge l

ü
kü
k-1

ü
k+1

δzk
zk

zk-1

zk+1

δzk-1

δzk+1

δ
z k

+
1
/2

δ
z k

-1
/2

v = (u, v)
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èç�à�	¹�¹��D¡já?�Fºì�|���»��¥��3�e�F�IÌ|�|���w¡(��ê�§g¹��w�I¤e�I���F���K¤I¡(���D���	���´¢\ ���¤â���w¡	���0¡(��e�	¤n¥�����w�	��¦(�F�	�£��¡×�M�
¤�|�Ð���D�F�����

cR�Mã Å ä'b ñ�ò �ï í ð Ä c�í/¯CíAã Å äÅe ã\��Ä(ä
��¥��I��� ãAô � ä � b  ò"! � � u é �P�Åe ú b ª0eQ³Q³�³�eFëÏìL}ë� » � � Ê � �	��� Ò � � rÂÐEÑ � Å b ãkW`efX�äX½c�í�b)cR� Ì �$# e�%gb�ª0eQ³ ³�eSëÏì ú �|���×¯CíI� �ì��½
��¥��Ë�	¹�¹��D¡á��Fºì�k���í��¡	�w ����w¡(���M¢\¡(�=óÐ�|���a%��¨�	�D�í¦(�FÌ	�e�Ðê�§K��¥������I�±�|���w¡(���I�

ó0�¾ã Å erY�ä'b ñ Ùï í ð Ä óLí Ú ífã Å erY�ä ã\��Ã�ä
%*�¾ã Å efY�ä'b ñ Ùï í ð Ä % í Ú ívã Å efY�ä ã\�0��ä

��¥��I��� ë y �w�;��¥��=��¡	���	�¨�� �º0êa�e�¾¡|¢©�	¤I���FÌ	�Í¹��D�w��º«�M�	��� Ú í����e��¡	���I�M��¥��Í¤n¥��	���	¤I���e�D�w�D���w¤=¢\ ���¤I���w¡(�
¡	¢¶��¥��&% � � ¹����w�Dºs½

�������e¦(���|���F��¦«�fæa½wã{"(ä��|���çãlªj¬�ä¾¡jÌ	�e����¥���¹��D�w��º÷�	���à ����F��¦�9��	 �������¥��I¡(���Iº÷¡(����¤e�	�Ð���D�F���R�
Ì m Ì �3ó>���[ o Ì À Ì ¾ ©rª ó¬«�%*� w ó0� À u é b Ì y Ì � ©rª ó¬«�%*� Â ô�%*� � e Î y ã\��®(ä

Ì m Ì ��%*��O[ ô Ì À Ì ¾ ©�Ã ó¬«�%*� w %?� À u é b Ì y Ì � ©QÄ�ó0� Â ô}© « %*«�
ó0� � e Î y ã\��Ò�ä

��¥��I��� Ì m Ì �|��� Ì À Ì ���e��¡	���e�É���e�D¹`�I¤I���FÌ(�I�F§K��¥���Ì	¡(�w �º»���	���à��¥��Ë�D ��D¢P�	¤I�Ë¡|¢v��¥��Ëê��|���e�Ð���D�±�	��¦	�w�¡	¢¶��¥���¹��D�w�Dº÷¹W½
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' ( E=G � þ«ÝfÞ�H ÿ��ÛAß=Ý'EÉÜK��¡=ÞËÜ��eþ ý
�R�I�Ð ��Ð�w�����D¡?�� �¤e����¥��%¢\ ��w�F§ ���F��¤e�D�I���ç�D¹��	¤e�X�d���wº«�%�	¹�¹��D¡já?�Fºì�|���w¡(���ì¢\��¡(º ��¥��"�fæ¨½±ãPÃ(Ñ�ä��Xã���¬(äâ�
ã���®(ä��Xã���Ò�äX½

��¥���¡¯Ì	�e���	�w�W���wº«�¸���w�D¤e�D�I���F°�|���w¡(�Kº«�I��¥�¡u�Ð�F��ê��	�D�e�9¡	�à��¥��í¢\¡(�w�F¡j���w��¦´�|���� �º»¹����w¡(�����
�R��¥��iÌ(�I�D���F¤�	�����Fø` ����ÅÌ(�i���e��º«�A�F�0��¥����	�?Ì(�e¤â���F¡(�?�����Fø` ����F¡(�0�eæ� ��k���w¡	�Á�	�������F��¤I���I���w°I�e�´�wº«¹��F�w¤e�Å���Å§h<
�;��¥����D¡( ��D¤e�����e�Dº»�=�	�D�í���w�D¤e�D�I���F���I�s�Xá�¹��w�w¤I�F���F§(�u��¥��w�F�¸��¥����D�w��ï«���e�Dº»�=�	�D�í�w�F����	�D�w°I�e�W½
�M�©�	¦(���	��¦(�X�;9��	�w�I��ï��w�%ã\¡(�i¤n¥��|���	¤â���e�D�w�l���w¤I��9��	�F�e�Dïu�F�¨äM�|¹�¹���¡(�	¤n¥s�F�i ��D�e�gãP���I���ÖªjÃ@S�ê�Öª¯Ä@±äM��¡Á���F�l�
¤e�D�I���w°e�A��¥��;ºì�k���e�D�±�	�k���I���FÌ|�|���FÌ	�A�w���fæ��e½wã���¬(äâ��ã���®(ä`�	���»ã���Ò(ä`�� �¤n¥���¥��|��) ã+* � ä¿b,) ã�öPe$*ùãköÅ<*[�e Å äDäÎ�ö �}��[ � e*[ � þ Ä S½

�©�â�� ��=¤e¡(���D�w���I����¥��í��¡|�n�	�W���e���ÅÌ|�|���ÅÌ(�R�
�3ó�O[ ã\[�e Å äKb s ós [ oëã tvu�w ä�ó:b ss ö óWã\ö(e$*"ã\öÅ<*[�e Å äDä ã\��Ó(ä

��¥��I���-*"ã » <*[�e Å ä¾�w�i��¥����D¡(�w ?���w¡	�K¡	¢v��¥��í¢\¡(�w�F¡¯���F��¦)¹���¡(ê��F�eºa�. }/*ùã4ö�<*[�e Å ä}>ö b t ã\ö(e$*ùãköÅ<*[�e Å äDäK¢\¡(��öa� ãP¬(e*[Dähe*ùã�[�<*[�e Å äKb Å ³ 0 ³ ã\��Ñ�ä
�¨�D¡(º÷�Á¦(�I¡(º»�â���D�w¤í¹a¡(�w����¡	¢£Ì?�F�I�,*1ã u ä'b,*ùã u <*[�e Å ä¾�F����¥���¹��	���	º»�â���D�w¤í���I¹����I���I�����|���F¡(�9¡|¢

��¥��0�����
VD�e¤I��¡(���F�e���&*"ãkö�<*[�e Å äÉ�w�=��¥��)¹`¡(�D�F���w¡(�9�|�Í���wº«��ö�¡	¢$�3¹��	�D���w¤e�F����¥��w¤n¥�¥��	�Íê`�I�e�%�����ÅÌ(�I�
ê�§K��¥��íå��I�w� t ã��`ef�$ef�íä$�	���à��¥��k��¡?¤I¤e �¹��F�e�à��¥���¹a¡(���Å���F¡(� Å �|�����Fº»�I[X½
³ ��¡(ê��w�eº ã\��Ñ�ä��F�0�Ð�D§u�D���eº'¡|¢�¡(�����F���	�l§ç���Fø`�e���I�����±�|�$�Iæ� ��|���F¡(���I½×��¡(���F���Ë���w�D¤e�D�I���F°�|���w¡(�ç�F�Ë�w�
¹a¡(���D�wê��F����¡» ��D�0�«ê��	¤nï��i�|���%�f ��w�I����¤n¥��Iº»�|��¡(�É�«º«¡(�D�)�	¤I¤e ����|����¢\¡( ��l��¥?�d¡(�����e�ÉÎ= ���¦(�â��$� ?���n�
��¤n¥��eº«�	½9�?�w��¤I�×ã\��Ñ�äí�w����¡(�u���w�F����|�e�R��¡s¤e¡(º«¹� ����1*ùã\[ � <*[ � þ Äre Å ä¸�¾�«���w�w�f ����»��¥��»Ì	�e�F¡?¤I�F��§"�|�
���Fº»�I[ � ½��¥��í��¡	���	�W���I���FÌ|�|���FÌ	�í¤�	�Ðê`�����F��¤I���I���w°I�e�s�	��¢\¡(�w�F¡¯�����

�Kó�O[ ã\[ � þ Ä�e Å ä32 óíãk[ � þ Ä�e Å ävôöó�ãk[ � e�*1ã�[ � <?[ � þ Ä�e Å ä�ä�ÿ[ ³ ã\�>"�ä
����¡(º.��¥��ì�D�eº«�Å�d���w�D¤e���â���´¢\¡(�Dº ¡	¢i��¥��3�	êa¡jÌ(�ì¹��	�D���±�	�f���Åø��I���I�����±�	�f�Iæ� ��|���F¡(���)�	���g ����w��¦så��D�D�D�
¡(�D���e�=�f ��w�I���wº«¹��w�F¤e�F�$�D¤n¥��eº«���M��¤�	�à�����Å���R�

�v�w���A�ñ� � �YÞ rêÐUÑ ��� � ØÙ �Æc�� ØÙ �¨óÈ� ØYÙ �P%L� ØÙ ���D �¤n¥s��¥��|�.�
x � Ù � � þ Ä û Ñ } � b x � Ù � � þ Ä u é ~r�â��ß�e Î y ãU®	¬�ä

x ± c � þ Ä ôjc ���[ ¯$� U o x ± � w ~r� u9x y�4|Hà � � þ Ä ��Y � ¯$� U bë¬ Îá¯ñ� �ì� ãU®?ª¯ä
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x ± x y�4|Hà Ò � � þ Ä ô��×ã Ø � ä��[ u » ��Y	� U b � x ± x y�4|Hà Ò c � þ Ä w ~r� u » ��Y	� U
o � �� x � ±KxÈy�4|Hà Ò w ~r��� � þ Ä u » ��Y|��ß
ô � �	 x ± x y 4|Hà » u s � � þ Äs Y s Òs Y ��Y	� U o x ± x y 4|Hà Ò |65ã"ä u » ��Y|� U
o x ± �Pã xQo/p7q Ésr Ésr u »fÒ ä Ì y 4 ôj� � þ Äø u »fÒ5Ì à � � U
ô � x�æLçAèLæ é x y 4|Hà Ò c � þ Ä » u é ��Y	���ìe Î » � Ê � eÝÎ Ò � rÂÐEÑ

ãU®(Ä(ä
��¡(����¥��3êa¡( ������	�D§"¤I¡(�����Å���w¡	�g�|�Ë��¥��»ê`¡|����¡	º ��¥��ì��¡(�?���F�w���e�	�í���I��º«�)�w�ç�w�g�;æ¨½wãS®(ÄÐ¥��	�)êa�e�I�
�w�F����|���w°I�e�K¤I¡(�����F���e�D�w��¦´��¥���º»¡u�� ��F ���¡	¢¶��¥��íÌ(�I�w¡u¤e�Å��§K�|�����Fº»�Í�W½
��¥����� ��Dê� ��F�e����Ì?�F��¤I¡(���Å��§a�@	Í�w��¤e¡	º»¹� ?���e�s�	¤I¤e¡(�D���w��¦´��¡Á��¥��í¢\¡(�w�F¡j���w��¦0�Xá?¹����I�����F¡(�

� � þ Ä	 � y b&©rª ãSó � þ Ä ä «% � þ Ä ãU®	Ã�ä
��¥������w�D¤e���â���í¢\¡(�Dº÷¡	¢v�;æ¨½wã���®	ä��|���çã���Ò�ä¾�D��	�����

Ì m Ì Ç ó � þ Ä� ôó>�Mã+* � ä Ê�ÿ[ b Ì À Ì ¾ ©rª ó �� «% � � w ó>� � þ Ä À u é
o Ì m Ì � ©�ª ó �� «%?� Â � ô % � �

ó �� ó � þ Ä� � ãU®���ä

Ì m Ì Ç % � þ Ä� ô}%*�¾ã+* � ä Ê��[ b Ì À Ì ¾ ©�Ã ó¬«� �% � � w % � þ Ä� À u é o Ì m Ì � ©QÄ�ó �� Â � ô}© « % � �
ó �� % � þ Ä� � ãU®(®(ä

·¸ ��´��¡s��¥��«¤e¡(�����D�wê� ?���w¡	�ç¡	¢M��¥��«¹��D¡?�� �¤I���F¡(�ç�	���g���Fø` ����ÅÌ(�Á���e�Dº»����¥��|��¤�	�ç¦(�FÌ	�»�D�w���Á��¡
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figur  5    Steady uniform flow over open− channel 
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figure 6   Comparison between steady−state solution  and initial water surface
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figure 7b.      Comparison betwween computed and measured distributions of velocity,  

     

                      eddy viscosity and shear stress

x=0.01[m]      x=9.23[m]                    x=19.04[m]               x=28[m]                     x=37.8[m]

figure 7a.        Steady state velocities distributions at selected sections
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figure 8.       Steady state solution and  initial water surface  along the channel 

b)   shear stress

(a )            (b)

figure  9.   Comparison between computed and measured distributions  at  Inlet (x=0.01[m])

                                                                                                            a )  eddy viscosity
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figure 10.        Steady state velocities distributions at selected sections

     

figure 11.      Comparison betwween computed and measured distributions of velocity,  

                      eddy viscosity and shear stress

x=0.01[m]      x=9.23[m]                    x=19.04[m]               x=28[m]                     x=37.8[m]
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figure 12    Unsteady  open−channel

figure 13   Triangular hydrograph
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                                                                  figure 14a.                                                                                                       

Comparison between numerical  and experimental time variation of depth of water :

                                                                 figure 14b.

                                                                                                        a) x=10.78 [m]

                                                                                                        b) x=14.08 [m]
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figure 15b.

figure 15a

                                                                                                                                     b) x=14.08 [m]

                                                                                                                                     a) x=10.78 [m]

     Comparison of numerical (−) and experimental (o) results for velocity, eddy viscosity and  shear stress:
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figure 17    Computed and measured turburlent energy dissipation distributions at selected sections

                           x=10.78[m]                                                                          x=14.08[m]

figure 16  Computed and measured turburlent kinetic energy distributions at selected sections
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