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�������! �#"���$ �&%�" � ������� �  �' "����)(��!�+* �(�#"���� ,
- � - �;�!jL�@p�b�bS_�j�fSjLb�]U`�f@p��@]@p�b&�\c�� mzj�ke`&��� � � � � � � � � � � � � � � � � � � � � � � � � � � .
- � h �;lB_a`�f@��j�m�� cLfUb�pq[#� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � j

- � h � - � �9_acLf@] � �Hjhde`-�ScLmzj�f!fSjL��pzj�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � j
- � h � h � i?cL[#� � �Bj&de`-fSjL��pzj�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � � � � -�i
- � h � � � ��`�[a�@pq�#m�`>_a`hj�]0/ay�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � -�i
- � h � � � iRj�]U`�[9]W_a`hj�]1/ay�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � -
-
- � h �2. � lB_a`>b�v�b�m�`�c���]@_a`�f@��j�m��@]@fSj�]@p���bhj�]@p�cL[ � � � � � � � � � � � � � � � � � � � -
-
- � h � � � �9]Sj��#pqmqpq]�v�c�� �@]@fSj�]@p���bhj�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � � - .

- � � ��� pq[a�%jLb�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � - �
- � � �;� p���pq[#� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � h�i

- � � � - � � p���pq[#�Mpq[�]@_a`-�9y#f �+jLb&`�iRjhve`�f � � � � � � � � � � � � � � � � � � � � � � � h�i
- � � � h � � p���pq[#�Mpq[�]@_a`��A`�]Sj�mqpq�M[#p�cL[ � � � � � � � � � � � � � � � � � � � � � � � h3-
- � � � � � � p���pq[#�Mpq[�]@_a`54\v��YcLmqpq�M[#p�cL[ � � � � � � � � � � � � � � � � � � � � � � � h3-
- � � � � � � pzj���v�b�[�j�mR��p76�ya�@pqd9pq]uv�b&c9` )�b�p�`�[9] � � � � � � � � � � � � � � � � � � � � � h�h
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h � - ��� pq[a� � pq[a��yab&`&�%�@]U`hjL��v�b�pqfUb�y#mzj�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � h .

h � - � - � lB_a`>bhjL�U`�c�� _acL��cL�e`�[acLya�\mzj�ke` � � � � � � � � � � � � � � � � � � � � � � h�j
h � - � h � lB_a`>bhjL�U`�c�� [acL[ � _acL��cL�e`�[acLya�\mzj�ke` � � � � � � � � � � � � � � � � � � � � h�j

l?�Hc�mzjhve`�fU�WbhjL�U` � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � h �
� ���X`�mqmqpq[#��c�����`�]Sj�mqpq[a`�]@p�bE�Hj�]U`�f � � � � � � � � � � � � � � � � � � � � � �3-
� ���X`�mqmqpq[#��c���_9v9��cLmqpq[a`�]@p�b��Bj�]U`�f � � � � � � � � � � � � � � � � � � � � � ��h

h � h �4�XpqfUb�y#mzj�]@p�cL[Apq[a��yab&`&����v���p766`�fU`�[�]@pzj�mR_a`hj�]0/ay���`&� � � � � � � � � � � � � � � � � � ���
h � � �;�AcL]@p�cL[^fU`�mzj�]U`&�^]Uc pq[3/�c3�}�\j�[a�^cLy#]B/�c3�}� � � � � � � � � � � � � � � � � � � � � � � .
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�9� %�$�� �� ������ � �
� � - �4s�[9]@fUc9��yab�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��-
� � h �4lRc3de`�mRmzj�ke`1g fU`&�#�#`�[#pq[#� j�[a�^`�[�d�pqfUcL[#��`�[�]Sj�m b&cL[�]U`���] � � � � � � � � � � � � � � � �4h

� ����� ���( � $ � � � (���" � ��� ��!

� � - �4� `�]U`&cLfUcLm�cL�1p�bhj�m��aj�]Sj�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � - � - � � `hj�]@_a`�f\b&cL[a��pq]@p�cL[a��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � h �4s�[3/�c3�}�\j�[a�^cLy#]B/�c3�}� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � .
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, �#" "�
��� " � � �)( * ��
����� $ ��� < 
��� ���$��#* (�
� 
����� ,%$
. � - �4s�[9]@fUc9��yab�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � .1�
. � h �4lR`��M��`�fSj�]@y#fU`E�aj�]Sj � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��i

. � h � - �'& fUcL�Y`&� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��i
. � h � h � �X_�j�pq[a� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��i
. � h � � � �9y#�M��j�f@v c�� �aj�]SjMb&cLmqm�`&b�]U`&� � � � � � � � � � � � � � � � � � � � � � � � � �1�

�X_�j�pq[%� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �1�
�X_�j�pq[%� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
�X_�j�pq[A� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � .
�X_�j�pq[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �1�
�X_�j�pq[)( � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

. � h � � � i?c9bhj�m��aj�]Sj�j�[a��pq[a�@]Sj�[9]Sj�[a`&cLya�W�#fUc��am�`&� � � � � � � � � � � � � � � � � � � ��j
. � � �+*'`�m�c9b�pq]uv��aj�]Sj � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � -

. � � � - � & mqy�� ��`�]U`�f � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � -
. � � � h � �!b&cLya�@]@p�b>pq[a�@]@f@y#��`�[9]U� � � � � � � � � � � � � � � � � � � � � � � � � � � � � h

� � * � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � & � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� `hjL�@y#fU`���`�[9]U� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � .

. � � �4iRj��1fSj�[#�1pzj�[%��j�]@_ �aj�]Sj � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � j1�
. � � � - � � f@p*�o]U`�fU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � j1�
. � � � h � � `&�Upq�1[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � j1�
. � � � � � � `hjL�@y#fU`���`�[9] � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � j .
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� � - �;lR`��M��`�fSj�]@y#fU` � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � j �
� � - � - � �Bj�m�b�y#mzj�]@p�cL[ c�� ��jL�@pq[ � �!p��#`���p76�ya�@pqd�pq]�v � � � � � � � � � � � � � � � � � � �e�

� � h � *'`�m�c�b�pq]�v���`�m�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � -�i�i
� � h � - � � � � & j�[a�^� � * �@y#�M��`�f\�aj�]Sj � � � � � � � � � � � � � � � � � � � � � -�i�i
� � h � h �'*'`�m�c�b�pq]�v��aj�]Sj pq[�]@_a`�b&c�cLmqpq[#����`�f@p�c9� � � � � � � � � � � � � � � � � � � � -�i �

� � � � � f@p*��]U`�f\�aj�]SjMb�mqya�@]U`�f\j�[�j�mqv��@p�� � � � � � � � � � � � � � � � � � � � � � � � � � � � -
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��� �38��
��� - �4�Xf@pq]U`�f@pzj�� cLf!��c��#`�mR�U`�m�`&b�]@p�cL[ � � � � � � � � � � � � � � � � � � � � � � � � � � � -�h1�
��� h �;�Ac9�#`�m��Wj�[a�^��j�mzj�[ab&`&� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � -�h��
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cLmqpq�ecL]@fUcL�#_#p�b�mzj�ke` i � - � i � h
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p���]@_a`%�#`�[a�@pq]uv c��Ej�pqf n

ρA = 1.2kgm−3 w�r Cp
p���]@_a` �@��`&b�p���b�_a`hj�]|c��>�Hj�]U`�f

n
Cp = 4200Jkg−1◦C−1 w�r Ua

p��M]@_a` �!pq[a� �@��`&`&� j�]�]@_a` �Bj�]U`�f|�@y#f �+jLb&` pq[ ��� −1 r Ta
p���]@_a`

]U`��M��`�fSj�]@y#fU`Ec��'j�pqfhr
Ts

p��!]@_a`>]U`��M��`�fSj�]@y#fU`�c�� ]@_a`��@y#f �+jLb&`��Hj�]U`�f��
lB_a`&�U`B]@fSj�[a� �o`�f �#fUc�b&`&�U�U`&�'j�fU`!j�m��Uc�b&cL[�]@fUcLmqm�`&�M�9v-]@_a`H�!pq[a��j�[a��]@_a`!�@]Sj��#pqmqpq]uv�c��Y]@_a`Hc3de`�f@mqv9pq[#�

j�pqf�� � _a`�[^]@_a`��Hj�]U`�f\p��}b&c�cLm�`�f!]@_�j�[^]@_a`�chde`�f@mqv�pq[#�|j�pqfhr#]@_a`-j�pqf!p��}b&c9cLm�`&����fUcL� ��`�m�ch� j�[a�^_�jL�
]@_a`�]U`�[a�#`�[ab�v�]Uc-��`&b&cL��`>�@]Sj��#mqv��@]@fSj�]@p���`&�!�'lB_#p��}bhj�ya�U`&�}j-fU`&��yab�]@p�cL[%cLf!b&cL�M�#m�`�]U`�`�mqpq�Mpq[�j�]@p�cL[
c����!pq[a��jLb�]@p�cL[�cL[M]@_a`Bmzj�ke`1r1]@_a`�fU`���vM�#`&b�fU`hjL�@pq[#�E_a`hj�] ]@fSj�[a� �o`�f�� � _a`�[M]@_a`Bmzj�ke`Bp�� �Hj�f@��`�fI]@_�j�[
]@_a`Mj�pqf�j���chde`1r�b&cL[9de`&b�]@p�cL[�p���jLb�]@pqd1j�]U`&�Fj�[a�A�S`�[a�@pq�#m�`E_a`hj�] ]@fSj�[a� � `�f\p�� pq[9]U`�[a�@p���`&� no{\j��ecL]@~&k�p�`1r
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� ��
+��� � �0!�
	�� � ��	�!� �&� �
('dLj���cLfSj�]@p�cL[ p��-cL[a`�c��}]@_a`���j '@cLf-�ScLy#fUb&`|c��}_a`hj�]�m�c1�U� �ocLf�mzj�ke`&���%lB_a`|_a`hj�]�m�c1�U�-bhj�[4��`��#` �
]U`�f@�Mpq[a`&� ��fUcL� ]@_a`^�#`�[a�@pq]�v c���]@_a`^�Bj�]U`�f���`�pq[#�;`�d1j��YcLfSj�]U`&�6rH]@_a`�mzj�]U`�[9]|_a`hj�]�c��>]@_a`��Bj�]U`�f
j�[a� ]@_a` fSj�]U`>c�� `�dLj���cLfSj�]@p�cL[��'lB_a` mzj�]U`�[�]}_a`hj�]!c�� `�dLj���cLfSj�]@p�cL[�p��B�X`hj�k�mqv��#`���`�[a�#`�[�]}cL[��Bj�]U`�f
]U`��M��`�fSj�]@y#fU`1r9�!_#pqm�`B]@_a`Wj���cLy#[�]Hc��Y`�d1j��YcLfSj�]@p�cL[�p��'�#fUcL�YcLf@]@p�cL[�j�mt]Uc�]@_a`B�Hj�]U`�fId1j���cLy#f �#fU`&�U�@y#fU`
�1fSjL��p�`�[9]��Y`�]u�X`&`�[�]@_a`-�Hj�]U`�f>j�]@��c1�@�#_a`�fU`�pq[�]U`�f �+jLb&` no�Fj�f@]@pq[ j�[a� �Ab3�Xy#]UbU_a`&cL[?r - �1�1�ew �>�Bj�mq�
��`�]U`&cLfUcLm�cL�1p�bhj�m>b&cL[a��pq]@p�cL[a�^j�mqm�c3� ]@_a`%fSj��#p�� j�]@]Sj�pq[#��`�[9] c��E`��9y#pqmqpq�#f@pqy#� �Y`�]u�X`&`�[ ]@_a`%�Bj�]U`�f
d1j���cLy#fE�#fU`&�U�@y#fU`�j�[a� ]@_a`�j�pqfEpq�M��`&��pzj�]U`�mqv
j���chde`�]@_a`��@y#f �+jLb&`�c��!]@_a`��Bj�]U`�f��^lB_a`�[;]@_a`|fSj�]U`
c��'d1j���cLy#f\��p76�ya�@p�cL[Ajh�Hj&v ��fUcL� ]@_a`E�@y#f �+jLb&`�mzjhve`�f\�#mzjhv��>j�fU`��1y#mzj�]@pq[#�|fUcLm�`-pq[%]@_a`-`�dLj���cLfSj�]@p�cL[
fSj�]U`(��4 ch�H`�de`�fhr �!pq[a� pq[a��yab&`&�
]@y#f@�#y#m�`�[ab&`���cL]@_;pq[
]@_a`��Bj�]U`�f�j�[a�
pq[
j�]@��c1�@�#_a`�fU`�`�[#_�j�[ab&`&�
]@_a`�]@fSj�[a�@�YcLf@]���lB_a` ]@fSj�[a� �o`�fEfSj�]U`Mp��>]@_a`�[
j �oy#[ab�]@p�cL[;c��B]@_a`M�!pq[a� �@��`&`&��b�m�c1�U`M]Uc ]@_a`M�Bj�]U`�f
�Uy#f � jLb&`(�
iRj�]U`�[�]�_a`hj�]9/ay��

Ql
bhj�[���` `����#fU`&�S�U`&��ya�@pq[#�!]@_a` � cLmqm�ch�!pq[#� �ocLf@�-y#mzj�n 4 j��Mpqmq]UcL[�j�[a�-��bU_#mzjL�#c3��r

- �1� � w�g

Ql = −ρa Lw CL Ua (ea − ew) ,
n - � � w

�!_a`�fU`
CL

p�� ]@_a`}mzj�]U`�[9]Xb&c�` )�b�p�`�[�]hr
ea
p��']@_a`}�Sj�]@y#fSj�]U`&��dLj���cLf'�#fU`&�U�Uy#fU`Wj�]']@_a`}�Bj�]U`�fX�@y#f �+jLb&`

]U`��M��`�fSj�]@y#fU`-j�[a�
ew

p��}]@_a`>dLj���cLf}�#fU`&�U�Uy#fU`Ej�]!]@_a`Ej�pqf}]U`��M��`�fSj�]@y#fU`1r
Lw

p��!]@_a`>mzj�]U`�[9]W_a`hj�]Wc��
`�d1j���cLfSj�]@p�cL[
n

Lw ≈ 2.4 · 106J Kg−1 wBj�[a� Ua
p��!]@_a`>�!pq[a�^de`�m�c9b�pq]uv �

� ��
+���+��� ��	 ����� 
�	 �	��� � 	�� �>�
 �#�
��!����
 �3!�
�����
lB_a`���j ' cLf@pq]uv�c�� mzj�ke`&�}�@_ac3�}�W�UcL��`>�#`��1fU`&`�c�� ]@_a`�f@��j�mR�@]@fSj�]@p���bhj�]@p�cL[ �ocLfWj�]!m�`hjL�U]W����cL[�]@_a�Wc��
]@_a`-ve`hj�f��WlB_a`�f@��j�m �@]@fSj�]@p���bhj�]@p�cL[�c�b&b�y#fU�\�!_a`�[A�Mp���pq[#����ya`E]Uc��!pq[a�Fj�[a�%pq[3/�c3�}��cLf cLy#]B/�c3�}�
��`&b&cL��`&���#cL�Mpq[�j�]U`&�
�9v �UcLmzj�f�_a`hj�]@pq[#� �%lB_a`�f@��j�mB�@]@fSj�]@p���bhj�]@p�cL[ ��j�pq[#mqv c9b&b�y#fU�-pq[
]@_a`�de`�f@]@p �
bhj�mB��pqfU`&b�]@p�cL[ nosu�E��`�f@�e`�fhr - �1� � w�r'�#y#]��@]@fSj�]@p���bhj�]@p�cL[ ��jhv
j�m��UcAc9b&b�y#f pq[4]@_a`�_acLf@pq~hcL[9]Sj�m!�#mzj�[a`
n ��]@_a`�f@��j�m�cL�a�@]SjLb�m�`����#_a`�[acL��`�[�j�rt�U`&` �a�1y#fU`�. � -
- w �
� `�[a�Upq]�v��@]@fSj�]@p���bhj�]@p�cL[%��`�]��H`&`�[%]@_a`>`��#pqmqpq�M[#p�cL[Fj�[a��_�v��YcLmqpq�M[#p�cL[Ac9b&b�y#fU�\jL�\j�fU`&�@y#mq]Wc�� ]@_a`

fU`�mzj�]@p�cL[a�U_#pq�%��`�]��X`&`�[ �Hj�]U`�fW�#`�[a�Upq]�v^j�[a��]U`��M��`�fSj�]@y#fU`-j�[a���Sj�mqpq[#pq]uvYg

ρ = ρ(S, T ).
n - � �1w

s�[ �ofU`&�@_��Hj�]U`�fW��j�mqpq[#pq]�v�bhj�[��Y`�[a`��1m�`&b�]U`&� j�[a��]@_a`��Hj�]U`�fW�#`�[a�Upq]�v��#`��Y`�[a�#�WcL[#mqv�cL[�]U`��M��`�f �
j�]@y#fU`�]@_#fUcLy#�1_^]@_a` � cLmqm�ch�!pq[#�|`����#fU`&�U�@p�cL[?g

-
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& pq�1y#fU` - � � �qg#{W`�mzj�]@p�cL[a�U_#pq�%��`�]��X`&`�[ �Hj�]U`�f}]U`��M��`�fSj�]@y#fU`-j�[a�%�#`�[a�@pq]�v

ρ (T ) = 999.84298 + 10−3
(
65.4891T − 8.56272T 2 + 0.059385T 3

)
,

n - � j w
�!_a`�fU`

ρ
p��Wpq[

kg m−3 j�[a� T pq[
C
 ]@_#p��\�Y`�_�jhd9p�cLy#f�p��\fU`&�@�YcL[a�Upq�#m�` � cLfW]@_a`�/�cej�]Sj�]@p�cL[Fc��'p�b&`

j�[a��]@_a`>pq[9de`�f@]U`&�^�!pq[9]U`�f\�@]@fSj�]@p���bhj�]@p�cL[��
�B`�]��H`&`�[ i �.�#`�[a�@pq]�v pq[ab�fU`hjL�S`&���!pq]@_ pq[ab�fU`hjL�Upq[#�;]U`��M��`�fSj�]@y#fU`  jL���Hj�]U`�f�]U`��M�Y`�fSj�]@y#fU`%pq[ �

b�fU`hjL�U`&�#�ofUcL� � � n���cLpqmqpq[#�9w�r6�#`�[a�@pq]�vA�#`&b�fU`hjL�U`&��[acL[#mqpq[a`hj�f@mqv �>� ]U`��M��`�fSj�]@y#fU`M��p76�`�fU`�[ab&` c�� � `��
�#`��1fU`&`&�\fU`&�@y#mq]U�!pq[ j �#fUcL[acLy#[ab&`&� �#`�[a�@pq]�v���p766`�fU`�[ab&`1ra�!_#p�bS_%p��\j��#m�`�]Uc�b�fU`hj�]U`��@]@fSj�]@p���bhj�]@p�cL[ pq[
mzj�ke`&��j�[a�4fU`&�U`�f@decLpqfU���;�9]@fSj�]@p���bhj�]@p�cL[ ]U`�[a�#� ]Uc ��`���cLfU`��#fUcL�Mpq[a`�[�]|��y#f@pq[#�F�Uy#�M��`�f�_a`hj�]@pq[#�
��`&bhj�ya�U`!�!pq[a��j�[a��b�y#f@fU`�[9]U� �ofUcL� pq[3/�ch�}�Bj�[a��cLy#]B/�c3�}�X�#c�[acL]'_�jhde`W�@y )�b�p�`�[9]X`�[a`�f@�1v ]Uc>`�fUc��#`
]@_a`��#`�[a�@pq]uv���p76�`�fU`�[ab&`&�W]@_�j�]\j�f@p��U`�no�Fj�f@]@pq[ j�[a�^�Ab3�Xy#]UbU_a`&cL[?r - �1�1�ew �
�9]Sj��#m�`Ide`�f@]@p�bhj�m��@]@fSj�]@p���bhj�]@p�cL[Ep���j�]@]Sj�pq[a`&�>�!_a`�[�]@_a` �Bj�]U`�f�b&cLmqy#�M[�p��6_a`hjhd9p�`�fR[a`hj�f?]@_a` ��cL]@]UcL�

]@_�j�[ [a`hj�f�]@_a`��Uy#f � jLb&`(� lB_#p����S`���j�fSj�]@p�cL[ c��\mzjhve`�fU��b&cL[a�@]@fSj�pq[a��]@_a`�de`�f@]@p�bhj�m}��cL]@p�cL[a���!pq]@_#pq[
]@_a`�mzj�ke`1rIj�mqm�ch�!pq[#��]@_a` /ay#p��4]Uc ��chde`�cLf �Mp��;de`�f@]@p�bhj�mqmqv
cL[#mqv
]Uc%]@_a` `���]U`�[�] ]@_�j�] ]@_a`�pq[#�#y#]
`�[a`�f@�1v bhj�[^chde`�fUb&cL��`>]@_a`�pq[9]U`�f@[�j�mR��p��U�@pq��j�]@p�cL[%j�[a� ]@_a` ��cL]U`�[�]@pzj�mR`�[a`�f@�1v�jL�U�Uc�b�pzj�]U`&���!pq]@_�]@_a`
�@]@fSj�]@p���bhj�]@p�cL[��XlB_a`>�@]@fSj�]@p���bhj�]@p�cL[%j�m��Uc �@y#�#��cLf@]U�Bpq[�]U`�f@[�j�m?�Bj&de`&�hr��!_#p�bS_ j�fU`>j��#m�`�]Uc-�#fUcL��j���j�]U`
chde`�f mzj�f@�e`E��p��U]Sj�[ab&`&�W��p��@]@f@pq�#y#]@pq[#��k9pq[a`�]@p�b-`�[a`�f@�1v%j�[a�^��cL��`�[9]@y#� �!lB_�ya�hrt]@_a`>��cL]@p�cL[A�!pq]@_#pq[
j4�@]@fSj�]@p���`&� mzj�ke`AfU`&�@y#mq]U� �ofUcL� ]@_a`Apq[9]U`�f@�#mzj&v �Y`�]u�X`&`�[ � cLy#f��#cL�Mpq[�j�[�]%��p��@]@y#f@��j�[ab&`&�
n��!pq[a�6r
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pq[3/�c3��r�cLy#]B/�ch��r#��p766`�fU`�[�]@pzj�m�_a`hj�]@pq[#�9w�r�]@_a`W��cL]U`�[�]@pzj�m�`�[a`�f@�1v�c��?]@_a`\fU`&�@p��#`�[�]B�@]@fSj�]@p���bhj�]@p�cL[?r�]@_a`
��j�]@_9v9��`�]@f@v^c�� ]@_a`>mzj�ke`�j�[a��]@_a`�`hj�f@]@_�% �}fUcL]Sj�]@p�cL[?rtp*� ]@_a`>mzj�ke`>p��W�Uy )�b�p�`�[�]@mqv�mzj�f@�e`�nosu�E��`�f@�e`�fhr
- �1� � w �IlB_a`>` 6�`&b�]!c�� �HcLf@p�cLmqp���% � �ocLfUb&`&�!bhj�[���` [a`��1m�`&b�]U`&���!_a`�[a`�de`�f}]@_a`�pq[a`�f@]@pzj�m?{\c1�U�@��v|fSjL��pqya�
Rr = ci

f

rB[�j���`�mqv ]@_a`%fSj�]@p�c
��`�]��X`&`�[ ]@_a`%�Hjhde`��@�Y`&`&�
ci

j�[a� ]@_a`%pq[a`�f@]@pzj�m#��fU`��9ya`�[ab�v
f =

2Ω sinΦ
n
Ω
�Y`�pq[#�M]@_a`>de`�m�c�b�pq]�v�c���(Ij�f@]@_%fUcL]Sj�]@p�cL[Aj�[a�

Φ
]@_a`�mzj�]@pq]@ya�#`3w�rap��}�EyabU_ mzj�f@�e`�f}]@_�j�[

]@_a`���jL�@pq[^��pq��`�[a�@p�cL[��
lB_a`|�Bj�]U`�fMb&cLmqy#�M[ c���j%mzj�ke`�p���b&cL[�de`�[9]@p�cL[�j�mqmqv �U`���j�fSj�]U`&�4pq[�]UcA]@_#fU`&`�mzj&ve`�fU�hg|`��#pqmqpq�M[#p�cL[?r

��`�]Sj�mqpq�M[#p�cL[Fj�[a��_�v���cLmqpq�M[#p�cL[��
s�[A]U`��M�Y`�fSj�]U`Mb�mqpq��j�]U`1r?]�v��#p�bhj�m ]U`��M�Y`�fSj�]@y#fU` �#fUc��am�`&��pq[Fmzj�ke`&�#� cLmqm�ch� ]@_a`��X`�mqm � k�[ach�![;b�v�b�m�`

c�� �@]@fSj�]@p���bhj�]@p�cL[Fj�[a�^�#`&�@]@fSj�]@p���bhj�]@p�cL[%fU`���cLf@]U`&��pq[ �a�1y#fU` - �2.�nolRcL[acLmqmqp+r - � ��� w �
� _a`�[�_a`hj�]!`�[�]U`�fU�B]@_a` �Hj�]U`�f}�@y#f �+jLb&` � jL�@]U`�fH]@_�j�[ pq]Xp��H�Mp��#`&� chde`�fB]@_a`��#`��#]@_?r��U]@fSj�]@p���bhj�]@p�cL[

��`��1pq[a��� 4\`hj�]@pq[#� ya�Uy�j�mqmqv ��`��1pq[a��pq[ �@�#f@pq[#� cLf^`hj�f@mqv �@y#�M��`�f%j�]�]@_a`Fmzj�]U`&�U]�� lB_a`��@y#f �+jLb&`
mzjhve`�f^_a`hj�]U�^��cLfU`FfSj��#p���mqv j�[a� ��`&b&cL��`&��m�`&�U�%�#`�[a�U`F]@_�j�[ �#`&`���`�f��Hj�]U`�fU���.lB_a` pq[ab�fU`hjL�@pq[#�
de`�f@]@p�bhj�m � �#`�[a�Upq]�v;��p766`�fU`�[ab&`&� �oy#f@]@_a`�f-�#`&b�fU`hjL�S`�de`�f@]@p�bhj�mI�Mp���pq[#� �^�9]Sj��#m�`��@]@fSj�]@p*���obhj�]@p�cL[
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∂Fxx

∂x
+
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∂x
−
[
∂h

∂x
+ ζ

∂D

∂x

]
1

D

∂p

∂ζ
+

1

D

∂F
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�+j�pqf@mqv%fU`��1y#mzj�f-�@_�j��Y` ]U`�[a��pq[#��]Uc ��`Mb�pqfUb�y#mzj�f�� lB_a`�v mzjL�U] �ocLf�j��#fU`&��p�b�]Sj��#m�`Mm�`�[#�1]@_;c��H]@pq��`�jL�
]@_a`�v�j�fU`\�@y#�#�#mqp�`&�|�!pq]@_�mqpq�1_�]hr�bhj�mq� �@y#f � jLb&`W�Hj�]U`�f ��fU`&`\c���j�[�v��UcLmqp��|b&cL[�]U`�[9]��'lB_#p��Ip��X�!_�vM]@_a`�v
j�fU`E�Uc ]@fSj�[a�@��j�fU`�[�]��
Z\[a`Mc��X]@_a`&�U`�mzj�ke`&�hr6]@_a` l�chde`�m'mzj�ke`1r6p���j�m��Sc �X`�mqm � k�[ach�![
jL��]@_a` ��fU`&�Fmzj�ke`�� ��ya` ]Uc�]@_a` fU`&�

b&cLm�cLf\c���pq]U�!�Bj�]U`�f��
lB_a`!fU`&�#�#`�[#pq[#�Ec��6lRchde`�m % �Xmzj�ke`!�BjL�'b&cL[a�@p��#`�fU`&��cL[a`!c���]@_a`!��c1�@]'�Uy#�1�e`&�@]@pqde`![�j�]@y#fSj�ma_�j��#��`�[ �

pq[#�>]@_�j�]Xl?fU`�[�]@pq[ac-�Wmq]Uc>�!��pq�e`}fU`��1p�cL[�b&cLy#m���c 66`�f ]Uc�]@_a`�pqf ]UcLy#f@p��@]U�'pq[��@y#�M��`�f@]@pq��`1g�]@_a`!bhjL�U`!c��
l�chde`�m�mzj�ke`��BjL�W]@_a`-cL[#mqv�fU`&�#�#`�[#pq[#�|k�[ach�![A]Uc�_�j��#��`�[%ve`hj�f@mqv �!lB_a`EfU`&�#�#`�[#pq[#�|�BjL�W�#fUc���yab&`&�
�9v;j��U`hjh�X`&`&�4bhj�mqm�`&��� x m�`�[ac���pq[#pqy#� ��j�[#�1y#pq[a`�y#�	�Sr �@]@ya��p�`&�
j�[a�
bhj�]Sj�m�cL�1ya`&�;�9v �Aj�fUbS_a`&�UcL[#p �
lB_a`\�#fUc�b&`&�U�I�@ya�#�#`�[#mqv|b&`hjL�U`&��j �o]U`�fI]@_a`WmzjL�@]HfU`&�#�#`�f@pq[#��cL�a�U`�f@de`&�|pq[ �@y#�M��`�f - � ��� �X�9pq[ab&`W]@_a`�[
��j�[9v4�U]@ya��p�`&� _�j&de` ��`&`�[ �#`�de`�m�cL��`&� j�[a�4_�v��YcL]@_a`&�Up�� _�j&de` ��`&`�[ � cLf@�Ey#mzj�]U`&� ]UcA`����#mzj�pq[ ]@_a`
`���]@pq[ab�]@p�cL[%c�� ]@_a`>�#_a`�[acL��`�[�j ��4 ch�H`�de`�fhra]@_a`>�#fUcL�#m�`�� p��}�@]@pqmqm6y#[#fU`&�UcLmqde`&�!�
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& pq�1y#fU` � � - �qgYZ\de`�f@d9p�`�� cL[ lRchde`�m�dLj�mqm�`�v �

� ��� ��� �����$! !�
�#���� ��� � � � ����	� 
 ��� � ��� ���� � � � � ��
�! ��� � ��� � �

lRc3de`�m?mzj�ke`�p��}j-]U`��M�Y`�fSj�]U`1ra��`�fUcL�Mp�b�]@p�b�n��!pq]@_^��pq�Mp�b�]@p�b��Mp���cLmqpq�M[#p�cL[tw�r�cLmqpq�ecL]@fUcL�#_#p�b���cLy#[�]Sj�pq[
mzj�ke`1rabS_�j�fSjLb�]U`�f@pq~h`&�%�9v���j�f@ke`&�^�Hj�]U`�fWm�`�de`�m /ayab�]@y�j�]@p�cL[a���
lB_a` mzj�ke` p��>m�c�bhj�]U`&�Fpq[�lRc3de`�m *Ij�mqm�`�vA�!pq]@_#pq[�]@_a` [acLf@]@_a`�f@[;�HfU`�[�]Sj x fUcLy#� no�S`&`��a�1y#fU` � � - w�g

]@_a`-[acLf@]@_a`�f@[A�U`&b�]@p�cL[Fc��']@_a`E�HfU`�[9]Sj x fUcLy#�%p��\]@_a`E�!pqm��#`&�@]\��j�f@] c��']@_a`-�HfU`�[�]Sj�bU_�j�pq[?r � j���cLya��#cLm�cL�Mpq]U`&�  ��`&bhj�ya�U`>c���_#p��![�j�]@y#fSj�m6�Y`hj�y#]uver#]@_#p��!~hcL[a`�p��}j�fU`&�U`�f@de`1r�]@_a`>�!�aj���`�mqm�c � �HfU`�[9]Sj���j�] �
y#fSj�m�& j�f@k��
lB_a`|dLj�mqm�`�v�b&c3de`�fU� j^~hcL[a` �ofUcL� ]@_a`|b&cL[3/aya`�[ab&`�c��\��� ( ��`�fU`�[#~&pzj�[�jF�@]@fU`hj�� j�[a�
l?fU`&�U`�[#��j

�@]@fU`hj�� ]Uc�]@_a`��#cLm�cL�Mpq]@p�b �+��jL�U� x fUc1�@]���� � lB_a`�m�`�[#�1]@_�c���dLj�mqm�`�v|p��Bj���cLy#] - �Ek9�.j�[a��]@_a`�mzj�ke` p��
m�c�bhj�]U`&��[a`hj�f@mqv pq[�]@_a`>�Mp��#��m�`1rtj�] -
- � j � j�mq]@pq]@ya�#`(�
lB_a`>d1j�mqm�`�v `���]U`�[a�#� �ofUcL�.� cLf@]@_#(IjL�@]}]Uc���cLy#]@_ � `&�U]Wj�[a��p��Bmqpq�Mpq]U`&�6r#pq[^]@_a` � `&�@]U`�f@[%��j�f@]hr

��vFj�[��Wmq�#pq[a`�f@p����e`1r��!_ac1�U`-_a`�pq�1_�]>fU`hjLbS_a`&� ��i�i�i �^rtpq[F]@_a` `hjL�@]U`�f@[F��j�f@]���v j�[acL]@_a`�f��U��j�mqm�`�f
f@p����e`1ra�!_#pqm�`�pq[�[acLf@]@_a`�f@[ ��pqfU`&b�]@p�cL[^]@_a`>d1j�mqm�`�v�p��}cL�Y`�[��
lB_a`XdLj�mqm�`�vEp���bS_�j�fSjLb�]U`�f@pq~h`&� ��v�]@_a`X�#fU`&�U`�[ab&`Bc����U`�de`�fSj�m�mzj�[a�#�@mqp��#`&�hr1`�de`�[ c��afU`&b&`�[�] �ocLf@��j�]@p�cL[?r

]@_�j�]}�#pqm�`>y#�%]@_a`>cLm����1mzjLb�pzj�m?��cLfSj�pq[a`&�\j�[a�%cLf@pq�1pq[�j�]U`�]@_a`>�#_a`�[acL��`�[acL[Ac�� �+��j�fUc�b&bU_a`�� �
lB_a`-cLf@pq�1pq[ c�� mzj�ke`El�chde`�m�p��W��ya`>]Uc�]@_a`>]@_a`E�#`���c1�@pq]@p�cL[ c��'b&cLmqmzj��a�U`&�%��j�]U`�f@pzj�mHn �+��j�fUc�b&bU_a`�� w

pq[^]@_a`�b&`�[9]@fU`�c�� dLj�mqm�`�v ��f@pqmqm?]@_�j�]}��jL�#`>��c1�U�@pq�#m�`�]@_a` �ocLf@��j�]@p�cL[%c�� ]@_#p��W�U]@fU`�]UbU_%c�� �Hj�]U`�f��
lB_a`Emzj�ke`�_�jL�\j�[ cLy#]@m�`�]hr�l?fU`&�S`�[#��j�f@pqde`�fhr�]@_�j�]W��p��Sj��#��`hj�fU�\b�m�c1�U`�]Uc x mzj�fU`�d�pqmqmzj��e`>y#[a�#`�f\]@_a`b&cLmqmzj��a�U`&����j�]U`�f@pzj�m�j�[a�MfU`hj��#��`hj�fU� ��y#f@]@_a`�fH�#ch�![a�@]@fU`hj��^r�b�fU`hj�]@pq[#���ScL��`}�@��j�mqma��c9cLm��I�!_#p�bU_ j�fU`

ya�U`&��]Uc+� `&`&��]u�XcMpqf@f@pq��j�]@p�cL[ �#mzj�[�]U���

�4h
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& pq�1y#fU` � � h �qg�lB_a`�f@pqde`�fWl?fU`&�U`�[#��j�cLy#]@m�`�] �ofUcL�.mzj�ke`>lRc3de`�m �

lB_a`�]@f@pq�#y#]Sj�f@p�`&�\c�� lRchde`�m�mzj�ke`Ej�fU`�]@_a`�{Wp��@mz��b�fU`&`�kYr#]@_�j�]}cLf@pq�1pq[�j�]U`&� j��Hj�]U`�f � j�mqm ' ya�@]B�Y` � cLfU`
]@_a`F`�[9]@fSj�[ab&`�]Uc4]@_a` mzj�ke`�j�[a� ]@_a`Fl?fU`&�U`�[#��j b�fU`&`�k�r\]@_�j�] cLf@pq�1pq[�j�]U`&�^pq[ j
�ecLf@�e`�j�] - � i�i �
j�mq]@pq]@ya�#`1rX��p��Sj��#��`hj�fU��j�[a� �o`&`&�#� ]@_a`�mzj�ke`���v4y#[a�#`�f@�1fUcLy#[a� pq[3/�ch�}���;lB_a` bhj�]UbU_#��`�[9]�j�fU`hj p��
�Umqpq�1_�]@mqv m�`&�U�!]@_�j�[ �4i k9� 2 j�[a��]@_a`���`hj�[ `�m�`�d1j�]@p�cL[%c�� ]@_a`��@y#f@fUcLy#[a��pq[#��fUc�bUk�v b�fU`&�@]U�!p��\j���cLy#]
h . i�i � j � � � ��� m �
lB_a`�jhdLj�pqmzj��#m�`���j�]@_#pq��`�]@f@v%pq[a��p�bhj�]U`&� p��UcL��j�]@_a`&� y#�A]Uc ��j ��`�]U`�f��#`��#]@_A�!pq]@_AfU`&�@��`&b�]\]Uc|]@_a`

~h`�fUc m�`�de`�m+ra�!_#p�bU_^b&cLf@fU`&�@��cL[a�#�!]Uc�j�mzj�ke`�decLmqy#��`�c��
7.367.600m3 raj�[^j�fU`hjMc�� 382.000m2 j�[a�

b&cejL�U] mqpq[a`M`���]U`�[a�@p�cL[ c��
3480 m

�Esu]�p���pq�M�YcLf@]Sj�[9]>]Uc [acL]U` ]@_�j�]�]@_a` �Yc�cLm p��>bU_�j�fSjLb�]U`�f@p��U`&���9v
��j�f@ke`&� �Hj�]U`�f m�`�de`�m /ayab�]@y�j�]@p�cL[a�

(3 ÷ 5m)
�!lB_a`Emzj�ke`E��p��@�#mzjhv��>j m�`�[#�1]@_Fc��'fUcLy#�1_#mqv - k�� pq[

]@_a`E��( � �
� ��pqfU`&b�]@p�cL[Aj�[a� j��!p���]@_%c�� j���cLy#]
750 m

pq[^]@_a`>� � � ��( ��pqfU`&b�]@p�cL[��
lB_a`>��`hj�[%�#`��#]@_^p��

zm =
V

A
= 19.28m,

�!_#pqm�`>]@_a`�bU_�j�fSjLb�]U`�f@p��U]@p�b�m�`�[#�1_�] c���mzj�ke`�p��

L =
√

2A = 874m.

s�[��a�1y#fU` � � � ]@_a` decLmqy#��`�j�[a� ]@_a`�j�fU`hj c�� lRc3de`�m6mzj�ke`�j�fU`\�#m�cL]@]U`&�^jL� �oy#[ab�]@p�cL[a�}c��R]@_a`��Bj�]U`�f
m�`�de`�m �
�.��`�]@]U`�f bS_�j�fSjLb�]U`�f@pq~3j�]@p�cL[ c�� ]@_a` mzj�ke`|p��McL�#]Sj�pq[a`&� ��pqd9p���pq[#��]@_a`�mzj�ke` pq[ ]@_#fU`&` ��j�f@]U���;su[

�+jLb�]MlRc3de`�m!mzj�ke`��U_ach�}��j [a`hj�f@mqv;]@f@pzj�[#�1y#mzj�fM�#mzj�[#pq��`�]@f@p�b��@_�j���`1r �!_#pqm�`�]@_a`���j�]@_#pq��`�]@f@p�b���j��

���
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& pq�1y#fU` � � � �qg *'cLmqy#��`�j�[a�^j�fU`hjMc�� i�j�ke`�lRc3de`�mRde`�fU�@ya�\�#`��#]@_��

l�j��#m�` � � - �qgt�X_�j�fSjLb�]U`�f@p��@]@p�b&� c�� ]@_a`>��j�pq[%�@y#� � ~hcL[a`&�}c�� mzj�ke`�l�chde`�m �
~
max [m]

~
mean [m]

j�fU`hj [
m2
] decLmqy#��` [

m3
]

�H`�[�]@fU`-iRj�ke` � � - � � ��� ��j�h�i�i�i � ��-
-�� � �
�ecLpq[#pq[#� x y#m*� � � � - � ���1��h�i -�j3-�j����
{W`&���!jhv � �2. h � ��� h��4h�i�i ���4i3-�j

j�mqm�ch�}�!cL[a`\]Uc���p��@]@pq[#�1y#p��@_ � ��p766`�fU`�[�]B��`�_�j&d�p�cLy#fU�!c��R�UcLy#[a��pq[#�ag ]@_a`��#Z �1y#m*�Hnobhj�mqm�`&� �+fU`&�|��j&v � w
�#fU`&�U`�[9]U�\j���j���pq�Ey#� �#`��#]@_ �@��j�mqm�`�f!]@_�j�[ � � j�[a� �Mpqm��^�U_acLfU`&�hr��!_#pqm�`>pq[�]@_a`��#y#mqk ��j�f@]Eno��(
��j�f@]�w\]@_a` mzj�ke`�fU`hjLbU_a`&�Ej �#`��#]@_�c�� � ��� j�[a�F�@_acLfU`&��j�fU`M�U]U`&`����E�\[Apq[9]U`�f@��`&��pzj�]U`M~hcL[a`#'@cLpq[a�
]@_a`��#Z �1y#m*�W]Uc%]@_a`��#y#mqk;mzj�ke`�]@_#fUcLy#�1_ j��afU�U]E��j�f@]�[a`hj�f@mqv /tj�] j�[a� j �U`&b&cL[a�;�!pq]@_ j^�U_�j�f@�
�@m�cL��`1r�jL�}�@_ac3�![^pq[ �a�1y#fU` � � � �
lB_a`!�@_�j�mqm�c3�![a`&�U� c��t]@_a`HfU`&� ��jhv-�U`&`���`&� ]Uc �#mzj&v j\��jL�@p�bHfUcLm�`Bpq[�]@_a`HfU`&�#�#`�[#pq[#�>�#_a`�[acL��`�[acL[��
su[��+jLb�]hra]@_a`>�#fUc�b&`&�U�}�BjL�WfU`�mzj�]U`&�%]UcM]@_a`Eb&cL[ab�y#f@fU`�[ab&`�c�� ]��Hc���p��@]@pq[ab�] ` 6�`&b�]U�hgI]@_a`>�afU�@]\cL[a`1r

�#p�cLm�cL�1p�bhj�m+r���ya`X]Uc ]@_a`I[�j�]@y#fU`!c��tj�mq��jL`!j�[a��]@_a`B�U`&b&cL[a��cL[a`1r1�e`&cL�#_�v��@p�bhj�m+rebhj�ya�U`&�-��v-]@_a`I�#fU`&`�~h`(�
lB_a`\��pq[ac /tj��e`�mqmzj�]U` � x m�`�[ac���pq[#pqy#� ��j�[#�1y#pq[a`�y#� �Fj�fUbU_a`&�UcL[#p �}p��Xj���cLmqv9��cLf@�#_acLya�Hj�mq��j�g ��y#f �

pq[#� ]@_a`;�@y#�M��`�fhr>��`&�@p��#`&��]@_a` bS_#m�cLfUcL�#_�v�mqm-pq[ �#p�c1�@v9[9]@_a`&�@p��hr�pq]^�#fUc���yab&`&� j�[a� jLb&b�y#�Ey#mzj�]U`&�
bhj�fUcL]U`�[acLp��#� n jL�@]Sj��#j�[9]@_#pq[ � mqpqke`-b&cL�M��cLy#[a��w�r#]@y#f@[#pq[#�|fU`&�!�
lB_a`XmzjL�@]��#fUc9b&`&�U�3r�bhj�mqm�`&� bhj�fUcL]U`�[acL�e`�[a`&�@p��3rLfU`���y#pqfU`&���Hj�f@� ]U`��M��`�fSj�]@y#fU`>n���cLfU`X]@_�j�[
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& pq�1y#fU` � � � �qgalB_a`�]@_#fU`&`��@y#� � ~hcL[a`&�\c�� iRj�ke`ElRchde`�m �

�U]@fUcL[#����pqfU`&b�]}mqpq�1_�] �ocLf}`�[acLy#�1_ ]@pq��`(�'lB_a`&�U`�b&cL[a��pq]@p�cL[a�3ra]�v��#p�bhj�mRc�� �@y#�M��`�fW�ajhv��hr�� jhdecLy#fW]��Hc
�oy#f@]@_a`�f�pq�M�YcLf@]Sj�[9]��#_a`�[acL��`�[�j�gW]@_a`��#_acL]UcL]@fUcL�#p��@�^r��!_#p�bS_AfU`&�Uy#mq]U��pq[ ]@_a`-y#���Bj�fU����chde`���`�[9]
c��6fU`&� j�mq��jL`Wbhj�ya�U`&�|��v��#`�[a�Upq]�v���p766`�fU`�[ab&` j�[a�|]@_a`}��jL�U�Upqde`}]@fSj�[a�@��cLf@]X��f@pqde`�[���vMd1j�mqm�`�vM�#fU`&`�~h`(�
lB_a`���j&vF�BjL�E]@_a`�p��#`hj�m'~hcL[a` � cLf�]@_#p��-�#fUc9b&`&�U��]Uc%c�b&b�y#fhgE]@_a`��U_�j�mqm�ch� �Hj�]U`�f-b&cLy#m��;fU`&b&`�pqde`

��cLfU`-[�y#]@f@p�`�[9]U�#��fUcL� y#[a�#`�f@�1fUcLy#[a�F�@�#f@pq[#�ar��Bj�f@� y#� ��cLfU`E��`&bhj�ya�U`-c��I�@��j�mqmR]@_a`�f@��j�m�pq[a`�f@]@pzj
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Wind Direction and Intensity (27-31 July 2003)
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Wind Direction and Intensity (17-24 August 2003)
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Wind Direction and Intensity (13-17 October 2003)
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0.3 m chain A 1.0 m chain A
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kz (z) =

∫ z
0 A (z′) ∂T (z′)

∂t dz′

A (z) ∂T (z)
∂z

,
n � � h w

�!_a`�fU`
A (z)
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lB_a`&�U`\��chde`���`�[9]U�}j�fU`\bhj�ya�U`&�|��v��#c3�![��Bj�fU� �#mqy#��`&�Hc��Rb&cLm��|_a`hj&d�vM�Hj�]U`�fhr#cLf@pq�1pq[�j�]U`&�|��v�_a`hj�]
�@y#��`�f ��b�pzj�m m�c1�U�hrt�!_#p�bU_ �ocLf>j|�@_acLf@]\]@pq��`��@��j�[Amzj&v y#[a�#`�f\pq[a�@]Sj��#m�` `��9y#pqmqpq�#f@pqy#� j��Yc3de`��Umqpq�1_�]@mqv
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& pq�1y#fU` � � h3- �qg%*'`�m�c9b�pq]uv ��`hjL�@y#fU`&� j�]��Upq]U` h rHcL[ �1y#mqv ��i ]@_ ]@_#fUcLy#�1_ ]@_a`%� � � & j�]���p76�`�fU`�[9]
�#`��#]@_a�hgIjew - �2. - �  �tw h � h .��  b3w � � h�i � �

& pq�1y#fU` � � h�h �qg%*'`�m�c9b�pq]uv>��`�m��E��`hjL�Uy#fU`&��j�]�]@_a`I��cL]@]UcL� j�]��@pq]U` h ��v>]@_a`H� � * n jew?j�[a�-]@_a`X� � � &
n��tw - � j��Yc3de`�]@_a`���j�pq[^y#[a�#`�f@�Bj�]U`�f bS_�j�[#[a`�m �

�Bj�f@��`�f\�Bj�]U`�f�� x `�[a`�fSj�mqmqv�]@_a`-�#mqy#��`&� � j�mqm��#ch�![A�e`�[a`�fSj�mqmqv%��y#f@pq[#�|]@_a`E[#pq�1_�]hrY�!_a`�[%]@_a`E_a`hj�]/ay��#`&�}cLy#]@�ecLpq[#����fUcL� mzj�ke`Ej�fU`��1fU`hj�]U`&�@]��
& pq�1y#fU` � � h .��@_ac3�}�B]@_�j�]B�#c3�![��Bj�fU�^�#mqy#��`&�!`���_#pq�#pq]H_#pq�1_a`�f!de`�m�c�b�pq]@p�`&�B]@_�j�[ y#���Bj�fU� �#mqy#��`&�hr

jL� �ocLy#[a��pq[^cL]@_a`�f}��`�m��^cL�a�U`�f@d1j�]@p�cL[a�-nolRcL�#pzjL�\`�]\j�m �qr h�i�i�h w �
lB_a` `�[#_�j�[ab&`���`�[�]Fc���]@_a`F�#_a`�[acL��`�[acL[ c�b&b�y#f@f@pq[#� ��y#f@pq[#� ]@_a`�[#pq�1_9]Aj�[a� j�]^�Mp��#�ajhv c��

Z b�]UcL��`�f j ]@_Fp���fU`�mzj�]U`&� ]Uc�j��@_acLf@]�fSj�pq[�vA`�de`�[�]Ej�[a� j�[�j��#[acLf@��j�m'�!pq[a�F�@��`&`&�6rty#�F]Uc h � ���hr
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& pq�1y#fU` � � h1� �qg *'`�m�c�b�pq]�v^��`hjL�Uy#fU`&�%�9v^� � * j�m�cL[#�|]@_a` (XjL�@]U`�f@[ �@_acLfU`-��y#f@pq[#�|]@_a`��U`&b&cL[a�%�X`&`�k
c��I��`��#]U`��E��`�f��

lB_a`���p��@]@f@pq�#y#]@p�cL[Fc��'de`�f@]@p�bhj�m�de`�m�c�b�pq]�v�p���jL�@v��M��`�]@f@p�b1rYjL� �@_ach�![Apq[%]@_a`E_#p��@]UcL�1fSj�� c�� �a�1y#fU`
� � h1� jew6pq[-]@_a`I�@y#��`�f ��b�pzj�m9mzjhve`�f'jL�R�H`�mqm�jL��pq[-�#`&`���`�f�~hcL[a`&����lB_a`I��`hj�[-d1j�mqya`Xc��ay#�9�Hj�fU��de`�m�c�b�pq]�v
p�� - � - ÷ - � - .��M� ���B�!_#pqm�`1r�pq[��#ch�![9�Hj�fU�%��pqfU`&b�]@p�cL[%j-�1fU`hj�]U`�f!d1j�mqya` p��!cL�a�U`�f@de`&�6r�fSj�[#�1pq[#��j��YcLy#]- � � ÷ - � j �M� �������AcLfU`&chde`�fhrR�a�1y#fU` � � h1� �tw ��p��@�#mzj&v����#`&b�fU`hjL�@pq[#�^d1j�mqya`&�>c��X�#mqy#��`&�Ede`�m�c9b�pq]uvFjL�
]@_a`��#`��#]@_^pq[ab�fU`hjL�S`&���
lB_a`�de`�f@]@p�bhj�m?b&cL[9de`&b�]@pqde`>�#mqy#��` de`�m�c9b�pq]uv�bhj�[ ��` `&�U]@pq��j�]U`&� ]@_#fUcLy#�1_�]@_a` � cLmqm�ch�!pq[#�M]@_a`&cLf@p�bhj�m

� cLf@�Ey#mzj�g

w = 1/3

√
αghH

cpρ
,

�!_a`�fU`

α =
h �2.e� ·10−4◦C−1

g =
� � j � ��� 2

h =
� �

H =
� - � i � ��� 2

b
p =

��- �L� � ��� −1◦C−1

ρ =
�1� j k�� ��� 3

�H`�cL�#]Sj�pq[Aj���j���pq�Ey#� ]@_a`&cLfU`�]@p�bhj�mRd1j�mqya`>`���y�j�m?]Uc
w = 8mm/s

�
� y#f@pq[#��]@_a`Wb&c�cLmqpq[#�-��`�f@p�c9��]@_a`\� � � &;��`hjL�@y#fU`&�Bj�b�y#f@fU`�[9]!��pqfU`&b�]U`&��]Uc-� ( j�]H]@_a`}��cL]@]UcL�^r

-
-�i



� � � j�]SjMj�[�j�mqv��@p��
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& pq�1y#fU` � � h�j �qgalB_a`Ei6pq]@]UcLfSj�m��\y#�E��`�f}��jL�U`&�^cL[�]@_a`EcL�a�U`�f@dLj�]@p�cL[a�W�Y`�f � cLf@��`&� pq[AZ b�]UcL��`�fhr h�i�i1�

lB_a`Bde`�m�c9b�pq]uv�c��Y]@_#p�� ��j�fUc9b�mqpq[#p�b!b�y#f@fU`�[9]Ibhj�[M�Y`B�#`&��yab&`&��`��9y�j�]@pq[#�>]@_a`HdLj�mqya`!c��Y]@_a`B�YcL]U`�[9]@pzj�m
`�[a`�f@�1v m�c1�U�S`&�}j�[a��]@_a`>k�pq[a`�]@p�b�`�[a`�f@�1v|��j�pq[a�\c���]@_a`���jL�U� /�ch� no{WcL�e`�]Wj�[a� �HcLm�cL��`�fhr - �1� � w�g

u =
√

2α ∆T gh,

�!_a`�fU`
∆T

p��}]@_a`-��p76�`�fU`�[ab&`-c�� ]U`��M��`�fSj�]@y#fU`-�Y`�]u�X`&`�[F]@_a`�]u�Xc|m�cL�Y`&� j�[a�
h
p��}]@_a`�de`�f@]@p�bhj�m

��p��U]Sj�[ab&`>�Y`�]u�X`&`�[ ]@_a`>b&`�[�]@fU`Ec�� ��jL�U�}c���]@_a`�b&cLm�����j�f@]\j�[a� ]@_a`E�#`��#]@_^�!_a`�fU`>]@_a`>b�y#f@fU`�[�]\_�jL�
��`&`�[���`hjL�@y#fU`&�!�
lB_a`-b&cL�M��j�f@p��UcL[A��`�]��X`&`�[�`&�@]@pq��j�]U`&�Fj�[a� ��`hjL�@y#fU`&�%d1j�mqya`&� c��']@_a`Ede`�m�c�b�pq]�v^c��'�1fSjhd9pq]uv b�y#f �

fU`�[9]U�}p��!fU`���cLf@]U`&��pq[ �a�1y#fU` � � h � �
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� � � ��� ��� ����� ��
 ��
 � ! � ������� 
 � 
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lB_a`M��f@p*�o]U`�fU��j�fU`�ya�U`&�A]Uc bU_�j�fSjLb�]U`�f@pq~h`�]@_a`��Uy#�Y`�f ��b�pzj�m b�pqfUb�y#mzj�]@p�cL[a�>]@_�j�]>�#`�de`�m�cL��pq[F]@_a`�mzj�ke`(�
su]�% �Xb�m�`hj�fX]@_�j�]H��y#f@pq[#�-]@_a`\�ajhver��!pq]@_�j�b&`�f@]Sj�pq[|mzj��ar��Bj�]U`�fU�Xpq[|]@_a`��
� ��j�f@]hr ��fUcL� ]@_a`\�Sc � bhj�mqm�`&�
� '@cLpq[#pq[#�E�@m�cL��`��H~hcL[a`Wj�fU`}��f@pqde`�[��9v�b�y#f@fU`�[9]U�']Uch�Bj�fU��{\`&�M�Bjhverey#[#mqpqke`!�Bj�]U`�fU�'pq[�]@_a`B��j�pq[���j�f@]
]@_�j�]![a`�de`�f}fU`hjLbS_�]@_a`E�
� ~hcL[a`Ej�[a��j�fU`>bhj�mqm�`&����jLbSk��ofUcL� �!pq[a� pq[�de`�fU�@p�cL[ j�[a� m�c�bhj�m6decLf@]@p�b�pq]�v �
su[�]@_#p��Xj�[�j�mqv��@p��I�X`}��j�pq[#mqvMb&cL[ab&`�[9]@fSj�]U` cLy#fHj�]@]U`�[�]@p�cL[ cL[�`�����`�f@pq��`�[�]B� j�[a�6r�pq[���j�f@]@p�b�y#mzj�fhr

�X` � c9b�ya�\cL[ ]@_a`-�1fUch�!]@_ j�[a�A�#` �ocLf@��j�]@p�cL[Fc��']@_a`��@y#f � jLb&`�c��']@_a`-_acLf@pq~hcL[�]Sj�m b&cL[�de`��A_�y#mqm!n�]@_a`
�@��j�mqm�`&�@]\b&cL[�de`����YcLmqv��ecL[tw � cLf@��`&����v ��f@p*�o]U`�fU���
� p��@��`�fU�@p�cL[Mb&c9` )�b�p�`�[9]U�Ibhj�[M��`B`&�@]@pq��j�]U`&�McL[ab&`B]��Hc � ��pq��`�[a�@p�cL[�j�mt�@]Sj�[a�aj�fU�M�#`�d�pzj�]@p�cL[a�'c��Y]@_a`

��f@p*�o]U`�f�% �W��p��@]@f@pq�#y#]@p�cL[Fj�fU`>b&cL�M�#y#]U`&�!�
su[��+jLb�]hra_acLf@pq~hcL[�]Sj�m de`�m�c�b�pq]@p�`&�\c��IjM��f@p*�o]U`�f

j
bhj�[%��`�`����#fU`&�U�U`&�%��v%jMl�j&v�m�cLf `�����j�[a�@p�cL[%�!pq]@_

fU`&�@��`&b�]E]Uc%]@_a`Mde`�m�c9b�pq]uv
j�[a����c1�@pq]@p�cL[
c��!]@_a`|b&`�[�]@fUcLp��6r'j�]�j�[9vF]@pq��`��@]U`��
t
r�pq[ ]@_a` � cLmqm�ch�!pq[#�

� cLf@�^g

ut
j = ut +

∂ut

∂x

(
xt

j − xt
)

+
∂ut

∂y

(
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j − yt
)

+
∂ut

∂z
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j − zt

)
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n � � � w
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+
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∂y
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+
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)
+R2,
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�!_a`�fU`|{ j�fU`|]@_a`�fU`&�@p���y�j�mHde`�m�c�b�pq]@p�`&����ya`|]Uc^]@f@y#[abhj�]@p�cL[ `�f@fUcLfMj�[a� [
xt, yt, zt

] �#`�[acL]U`�]@_a`
jhde`�fSj��e`�d1j�mqya`&�}c�� ��f@p*��]U`�f�% �W�Yc1�@pq]@p�cL[a���
lB_a`��@]Sj�[a�aj�fU�^�#`�d�pzj�]@p�cL[a�Wc�� ��f@p*��]U`�f�% �W��p��@�#mzjLb&`���`�[�]U�\fU`hjL�6g

[
σ2

x

σ2

y

]
=

1

n− 1




n∑

j=1

(
xt

j − xt
)2

;

n∑

j=1

(
yt

j − yt
)2


 , n � � � w

�!_#pqm�`}]@_a`!de`�m�c�b�pq]�vM�1fSjL��p�`�[9]U�hr9b&cL[9de`�[#p�`�[�]@mqv�b&cL�E�#pq[a`&�6r��#fUchd�p��#`W��p766`�fU`�[�]@pzj�mYk9pq[a`���j�]@p�bW�#fUcL� �
`�f@]@p�`&�3r#[�j���`�mqvYg

ζ =
∂vt

∂x
− ∂ut

∂y

decLf@]@p�b�pq]uver n � �2.ew

δ =
∂ut

∂x
+
∂vt

∂y

��pqde`�f@�e`�[ab&`1r

a =
∂ut

∂x
− ∂vt

∂y

�U]@fU`�]UbU_#pq[#�|�#` � cLf@��j�]@p�cL[?r

b =
∂vt

∂x
− ∂ut

∂y

�U_a`hj�f@pq[#���#` �ocLf@��j�]@p�cL[?r

lB_a`>]��Hc � ��pq��`�[a�@p�cL[�j�m��U]Sj�[a�aj�fU�^�#`�d9pzj�]@p�cL[ ]Sj�ke`&�!]@_a` � cLmqm�ch�!pq[#� � cLf@�^g

σxy =
(
σ2

x + σ2
y

) 1

2 .
n � � � w

4\`�[ab&`1r�j�[^c3de`�fSj�mqm���p��@��`�fU�@p�cL[^b&c�` )�b�p�`�[�] bhj�[^�Y`>�#`��a[a`&�^pq[^]@_a` � cLmqm�ch�!pq[#� � cLf@�^g

kxy =
1

2

dσ2
xy

dt
.

n � � �1w
lB_a`'fU`&�@y#mq]@pq[#�>j&de`�fSj��e`XdLj�mqya`Xc�� �

xy
p���� j�pqf@mqv��@��j�mqm+rLjL���@_ach�![-pq[ � � ��i ��s�[ �+jLb�]hr�]@_a`Xj�[�j�mqv��@p��Rc��

]@_a`\k�pq[a`���j�]@p�b\�#fUcL��`�f@]@p�`&�Bc��?]@_a`W_9y#mqm6�@_ach�}�H]@_�j�]H]@_a`\��pqde`�f@�e`�[ab&` p��X�Yc1�@pq]@pqde` nocL[�]@_a` jhde`�fSj��e`3w�r
�#y#]�]@_a` decLf@]@p�b�pq]�v p����#cL�Mpq[�j�[�]�� � cL]@p�b&` ]@_�j�]|pq[a��p�bhj�]UcLf�c��E]@_a` fU`�mzj�]@pqde`%pq�M��cLf@]Sj�[ab&`Fc��E]@_a`
decLf@]@p�b�pq]uv �!pq]@_ fU`&�U�Y`&b�]�]Uc4]@_a`��@]@fSj�pq[ ��`�m�� no�@]@fU`�]UbS_#pq[#� j�[a� �@_a`hj�f@pq[#� �#` � cLf@��j�]@p�cL[a��w�p�� ]@_a`
k�pq[a`���j�]@p�bhj�mRdecLf@]@p�b�pq]uv [�y#�E��`�fhr��#`��a[a`&�%��v l?f@ya`&�U�#`�mqm+rYjL�hg

Tk =

[
ζ2

a2 + b2

] 1

2

.
n � � j w

� _a`�[
Tk > 1

]@_a` decLf@]@p�b�pq]�v���`�m���p��!�@]@fUcL[#�e`�f!]@_�j�[�]@_a`��@]@fSj�pq[���`�m��^j�[a��`&�#��v|�U]@f@yab�]@y#fU`&�Wj�fU`
�#fU`&�S`�[�]�� s�[�]@_#p�� bhjL�U`X]@_a`X��p��@��`�fU�@p�cL[�p���m�ch� �Y`&bhj�ya�S`I]@_a`X�1fUch�!]@_�c��a]@_a`Bb�m�cLya��p�����ya`H]Uc\decLf@]@p�b�pq]�v

-
- .



� � � j�]Sj�j�[�j�mqv��@p��

& pq�1y#fU` � � ��i �qga�\fU`hj�ra�@]Sj�[a�aj�fU�^�#`�d�pzj�]@p�cL[a�\j�[a�%��p��@�Y`�fU�Up�cL[^b&c9` )�b�p�`�[9]U�\c�� ]@_a`>b&cL[�de`��^_9y#mqm �

j�[a� [acL]-]Uc^]@_a`���pqde`�f@�e`�[ab&`�c��}�@]@fSj�pq[ ��`�m��!� ('�U]@pq��j�]U`&�;d1j�mqya`&� �ofUcL� `����Y`�f@pq��`�[9]U�E��`�f � cLf@��`&�
�!pq]@_%iRj��1fSj�[#�1pzj�[F��f@p*�o]U`�f!pq[%lRc3de`�mRmzj�ke`Ej�fU`�fU`���cLf@]U`&�^pq[ � � �3- �

-
-h�



� � � j�]SjMj�[�j�mqv��@p��

& pq�1y#fU` � � �3- �qg�iRj��1fSj�[#�1pzj�[���f@p*�o]U`�fU�hg�j�fU`hj �1fUc3�!]@_?r���p766`�fU`�[�]@pzj�m#k�pq[a`���j�]@p�bB�#fUcL�Y`�f@]@p�`&�Ij�[a� lRf@ya`&� �
�#`�mqm?[�y#�-�Y`�f��

-
- �



� � � j�]Sj�j�[�j�mqv��@p��

-
-�j



� IY<R? � � ���

� � � � 
������	� ����� ��� �����

-
- �





lB_a`Xj�pq� c��#]@_#p��?�U`&b�]@p�cL[Ep��?]@_�j�]Rc���jL�Ub&`�f@]Sj�pq[#pq[#�W]@_a`'�Uy#pq]Sj��#pqmqpq]�v�c���[�y#��`�f@p�bhj�m���c9�#`�m��R]Uc!fU`��#mqp�bhj�]U`
cL�a�S`�f@de`&� �#_a`�[acL��`�[�j ���9pq[ab&`���p766`�fU`�[�]E�#_a`�[acL��`�[�j^fU`���y#pqfU`���p76�`�fU`�[9]E[�y#��`�f@p�bhj�m!j��#�#fUcejLbU_a`&�3r
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��`!��c���p���`&���9vMm�cejL����p��@]@f@pq�#y#]@p�cL[?r�fU`&�@ya�U�Y`�[a�@p�cL[ j�[a��]@fSj�[a�@��cLf@]B` 6�`&b�]U�XcL[�]@_a`\�#p�cL�e`&c9bS_a`��Mp�bhj�m
b�v�b�m�`�n 4 c9���e`&�}`�] j�m �qr h�i�i�i w �
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]@_a`�mzj�ke`(�

� ����� � �� �������
  ��� � � ���$! � �$!��$� ���� �

lRfSj�[a�@��cLf@] j�[a�
�Hj�]U`�f ��y�j�mqpq]uv pq[4mzj�ke`&�-bhj�[4�Y`|c���]U`�[ j 6�`&b�]U`&�
��v;]@_a`���`&b�y#mqpzj�f-��`�_�j&d�p�cLy#f�c��
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��c��#`�mX��pq��`�[a�Up�cL[�j�mqpq]�ver'�#fUc�b&`&�U�-�#`&�Ub�f@pq�#]@p�cL[a� �ocLf-�Mp���pq[#�ar'j�[a�;]@_a`�fU` �ocLfU`��UcLmqy#]@p�cL[ j�mq�ecLf@pq]@_#���
� cLf!�Hj�]U`�f ��y�j�mqpq]uv��@pq�Ey#mzj�]@p�cL[a���
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j�[a��p�b&` � cLf@��j�]@p�cL[ c��o]U`�[+�ocLf@��� jW]U`�f@fSjLb&`}j�m�cL[#��]@_a`H�U_acLfU`&��c��Ymzj�ke`&� j�[a�-fU`&�S`�f@decLpqfU�hr1]@_a`H`�����c1�U`&�
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su[ ]@_a`%~hcL[a`F]@_#fUcLy#�1_ �!_#p�bU_ mqpq�1_9]��Y`�[a`�]@fSj�]U`&� n�]@_a`F`�y#�#_acL]@p�bF~hcL[a`3w�r\]@_a`Fb&cL�E�#pq[�j�]@p�cL[ c��

pq[�]U`�f@[�j�mt�#fUc9��yab�]@p�cL[�j�[a�M�@y#f � jLb&`B��jL�I`���bS_�j�[#�e`!��j&v ��j�pq[�]Sj�pq[|c&��p�b}b&cL[a��pq]@p�cL[a��� su[�]@_a`}j��#_acL]@p�b
~hcL[a`1r}�#`��1fSjL�aj�]@p�cL[ �#fUc�b&`&�U�U`&���#cL�Mpq[�j�]U`1r}fU`&�@y#mq]@pq[#�
pq[ c&��v9�e`�[ �#`��#m�`�]@p�cL[ j�[a� �#fUc���yab�]@p�cL[ c��
fU`&��yab&`&�^��j�]U`�f@pzj�m����
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�\[�v%��c��#`�m+r�fU`���j�fU��m�`&�U�>pq]U��b&cL�M�#m�`���pq]�ver�bhj�[A��`��UbU_a`���j�]@pq~h`&� `&�S�U`�[�]@pzj�mqmqv pq[A]u�Xc �oy#[a�aj���`�[�]Sj�m
b&cL�M��cL[a`�[�]U�hg

• ]@_a`��Bj�]U`�fW��j�mzj�[ab&`�n���jL�S�hr#��cL��`�[�]@y#�|w

• ]@_a`���jL�S�!��j�mzj�[ab&`|n�[9y#]@f@p�`�[�]U�hr��YcLmqmqy#]Sj�[9]U���"� w

su[�j�[�v bhjL�U`!j}�afU�U]�m�`�de`�mac��Yy#[a�#`�fU�@]Sj�[a��pq[#�Ebhj�[ ��`BjLbS_#p�`�de`&�M]@_#fUcLy#�1_�chde`�fSj�mqm���j�mzj�[ab&`&�hr1�!_#p�bU_
��j&v���p��Ub�m�c1�S`>]@_a`���j�pq[%��v�[�j��Mp�b&�}pq[�decLmqde`&�!�XlB_a`�b&cL[�]@pq[9y#pq]�v%`��9y�j�]@p�cL[%bhj�[^��`>`����#fU`&�U�U`&� ��v�g

dS

dt
=
∑

I −
∑

O + (P −E) As ±G,
n+��� - w

�!_a`�fU` dS
dt
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ρ(T, S, P ) =
ρ(T, S, 0)

1 − P
K(T,S,P )

,
n j � �1w

�!_a`�fU`

ρ(T, S, 0) = A+B S + C S3/2 +D S2,
n j � j w

j�[a�

K(T, S, P ) = E + F P +G P 2.
n j � �ew
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Ct+1
i∗ =

Ct
i ∆M t

i + Ct
i+1 ∆M t

i+1

∆M t
i + ∆M t

i+1

,
n j � -�i w
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Tem perature profile: 21 May
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field data

Tem perature profile: 21 June
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Tem perature profile: 21 July
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Tem perature profile: 21 Augus t
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Tem perature profile: 21 Septem ber
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Tem perature profile: 21 October
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ph(x, y, z, t) = pa (x, y, t) +
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2
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∆zn
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ŵn+1
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2
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ηn+1
i,j − ηn

i,j

∆t
+

∑Kt
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un+θ
i+ 1

2
,,j,k

∆zn
i+ 1

2
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−
∑Kt
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un+θ

i− 1

2
,,j,k

∆zn
i− 1

2
,j,k

∆x
+

n � � h�j w

+

∑Kt
k=Kb

vn+θ
i,j+ 1

2
,k

∆zi,,j+ 1

2
,k −∑Kt

k=Kb
vn+θ
i,j− 1

2
,k

∆zn
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2
,k

∆y
= 0,
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un+θ = θun+1 + (1 − θ)un,
n � � h �ew

vn+θ = θvn+1 + (1 − θ) vn.
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∆t2θ2
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∆z

T
A
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)n
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2
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(
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(
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T
A
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∆z
)n
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2
j

(
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i,j − hn+1
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+

+
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Fr2∆y2



(
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2

(
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(
∆z

T
A
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∆z
)n
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(
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i,j − hn+1
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 =
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∆x
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∆z

T
A

−1
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−
(
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T
A

−1
G
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i− 1

2
j

]
−
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∆z

T
A

−1
G
)n
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2

−
(
∆z

T
A

−1
G
)n
ij− 1

2

]
−

− (1 − θ)
∆t

∆x

[
∆z

T
U

n
i+ 1

2
j
−∆z

T
U

n
i− 1

2
j

]
−
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∆t

∆x

[
∆z

T
V

n
ij+ 1

2

−∆z
T
V

n
ij− 1

2

]
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un+1
i+ 1

2
,j,k

= ũn+1
i+ 1

2
,j,k

− ∆t

∆x

(
qn+1
i+1,j,k − qn+1

i,j,k

)
,

n � � ��h w

vn+1
i,j+ 1

2
,k

= ṽn+1
i,j+ 1

2
,k
− ∆t

∆x

(
qn+1
i,j+1,k − qn+1

i,j,k

)
,

n � � �1� w

wn+1
i,j,k+ 1

2

= w̃n+1
i,j,k+ 1

2

− ∆t

∆x

(
qn+1
i,j,k+1 − qn+1

i,j,k

)
.
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un+1
i+ 1

2
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∆zn+1
i+ 1

2
jk

− un+1
i− 1

2
jk

∆zn+1
i− 1

2
j

∆x
−
vn+1
ij+ 1

2
k
∆zn+1

ij+ 1

2
k
− vn+1

ij− 1

2
k
∆zn+1

ij− 1

2
k

∆y
+wn+1

i,j,k+ 1

2

−wn
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∆t

(
qn+1
i+1,j,k − qn+1

i,j,k

)
∆zn+1

i+ 1

2
jk

−
(
qn+1
i,j,k − qn+1

i−1,j,k

)
∆zn+1

i− 1

2
jk

∆x2
+

n � � �1� w

+

(
qn+1
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)
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ij+ 1

2
k
−
(
qn+1
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i,j−1,k

)
∆zn+1

ij− 1

2
k

∆x2
+

+

(
qn+1
i,j,k+1 − qn+1

i,j,k

)

∆zn+1
ijk+ 1

2

−

(
qn+1
i,j,k − qn+1

i,j,k−1

)

∆zn+1
ijk− 1

2

=

=
ũn+1

i+ 1

2
jk

∆zn+1
i+ 1

2
jk

− ũn+1
i− 1

2
jk

∆zn+1
i− 1

2
j

∆x
+

+
ṽn+1
ij+ 1

2
k
∆zn+1

ij+ 1

2
k
− ṽn+1

ij− 1

2
k
∆zn+1

ij− 1

2
k

∆y
+ w̃n+1

i,j,k+ 1

2

− w̃n+1
i,j,k− 1

2
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∆x
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i+ 1
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2
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]
+
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[
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n)j − vn+θ
ij− 1
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k
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+ ∆t

[
wn+θ
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2

(
Sn+θ
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)
k
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(
Sn+θ
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)
k

]
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(Slow)k = (Sup)k−1 , (Sw)i = (Se)i−1 , (Ss)j = (Sn)j−1 .
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k+ 1

2
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+
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2

∣∣∣∣
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+
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θ
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·
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·
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2

−
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2
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2
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β =





0 |cmax| ≤ 1
(|cmax|−1)

4|cmax|
1 ≤ |cmax| ≤ 3

(|cmax|−2)
|cmax|

|cmax| > 3




,
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(u, v) > 0
]@_a`}`��9y�j�]@p�cL[
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pq[
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� ��pqfU`&b�]@p�cL[ bhj�[���`>b&cLf@fU`&b�]U`&� jL� � cLmqm�ch�}�hg

Gi,j− 1

2
,k = Gi,j− 1

2
,k − 1

2

∆t

∆x
un

i− 1

2
,j,k
vn
i− 1

2
,j,k

(
Sn

i,j,k − Sn
i−1,j,k

)
− n � � � �1w

−Φi− 1

2
,j,k

1

2

∆t

∆x
vn
i− 1

2
,j,k
un

i− 1

2
,j,k

(
1 − ∆t

∆x
un

i− 1

2
,j,k

)(
Sn

i,j,k − Sn
i−1,j,k

)

& pq[�j�mqmqver���p76�ya�@pqde`�]U`�f@��� j�fU`>��p��Ub�fU`�]@pq~h`&�^ya�@pq[#�M]@_a`��XfSj�[#k � �\p�b&cLm��UcL[^��`�]@_ac��!�

� ��� ��� �$��� � 
����$�

su[ cLfU�#`�f ]Uc bU_a`&bSk ]@_a`�b&cLf@fU`&b�]�pq�M�#m�`���`�[9]Sj�]@p�cL[ c��-]@_a`A��c��#`�m>�UcL��`A]U`&�@]�bhjL�U`&��_�j&de`F��`&`�[
b&cL[a��yab�]U`&�6ra]@f@v�pq[#��]UcMfU`��#fUc���yab&`>�H`�mqm � k9[ac3�![A�UcLmqy#]@p�cL[a���
lB_a`}�afU�@]']U`&�@]Ib&cL[ab&`�f@[a`&�X]@_a`WbhjL�S`}c��Rj>�@��j�mqmYj��M�#mqpq]@ya�#`W[acL[ � �#fU`hj�k9pq[#���Hjhde`1r��!pq]@_�fU`�mzj�]@pqde`�mqv

mzj�f@�e` fSj�]@p�c;��`�]��H`&`�[ ]@_a` ]UcL]Sj�m\�#`��#]@_ j�[a� ]@_a`%�Hjhde` m�`�[#�1]@_�� s�[ ]@_#p��|bhjL�U`%]@_a`^_9v���fUc1�@]Sj�]@p�b
j��#�#fUc&��pq��j�]@p�cL[F�#c9`&�![acL]W_acLm��%j�[a� ]@_a`>�Hjhde`Eb&`�m�`�f@pq]uv bhj�[%�Y`>`����#fU`&�U�U`&� �9vYg

c =

√
gλ

2π
tanh

(
2πH

λ

)
,

n � � �4j w

�!_a`�fU`
λ
p��!]@_a`��Bj&de`�m�`�[#�1]@_Aj�[a� 4 p��}]@_a`>]UcL]Sj�mR�#`��#]@_��

lB_a`Bb&cL�M�#y#]Sj�]@p�cL[�j�m��#cL��j�pq[Mp�� �#`&�Ub�f@pq��`&����v-j b�y#��`Hc��tm�`�[#�1]@_ -�i �^r���p��Ub�fU`�]@pq~h`&���!pq]@_�fU`��1y#mzj�f
b&`�mqm��H�!pq]@_

∆x = ∆y = ∆z = 0.5m
� lB_a` �ofU`&`W�@y#f �+jLb&`\c��?]@_a`Wpq[�d�p��Ub�p�� /ay#p���]@_�j�]X�amqm��H]@_a`}��jL�@pq[

p��!pq�M��c1�U`&���!pq]@_ j b&cL[a�U]Sj�[�]\�Um�cL�Y`
η = 0.02x − 0.1

� �
lB_a`���p��@�#mzjLb&`���`�[�]>c�� ]@_a` ��fU`&`-�@y#f � jLb&`�j�]W]@_a`-`�[a� c�� ]@_a`-��jL�@pq[%p��\�@_ach�![Apq[^�a�1y#fU` � � h gH]@_a`

�Hjhde`X�U�Y`&`&�>bhj�m�b�y#mzj�]U`&�-�!pq]@_�]@_a`'_9v���fUc1�U]Sj�]@p�bXj��#�#fUc&��pq��j�]@p�cL[ �#c9`&�@[�% ]�b&cL[ �ocLf@� ]Uc}]@_a`Ij�[�j�mqv9]@p�bhj�m
�UcLmqy#]@p�cL[ `����#fU`&�U�U`&� �9v ]@_a`���p��@�Y`�fU�Up�cL[
fU`�mzj�]@p�cL[ n � � �4j wE�!_#pqm�`�]@_a`��UcLmqy#]@p�cL[ cL�#]Sj�pq[a`&�
]@_#fUcLy#�1_
]@_a` �9y�jL�@p � [acL[ � _�v���fUc1�@]Sj�]@p�b-��c9�#`�m6fU`��#fUc���yab&`&�}]@_a`-j�[�j�mqv9]@p�bhj�mR�ScLmqy#]@p�cL[�� j�pqf@mqv��X`�mqm �
lB_a`B�U`&b&cL[a��]U`&�@]�fU` �o`�fU��]Uc>j�[�y#[#p � [ac9�aj�ma�@]Sj�[a��pq[#���Bj&de`Bpq[MjWfU`&b�]Sj�[#�1y#mzj�f ��jL�Upq[?rL�!pq]@_�pq[9d9p��Sb�p��

/ay#p��%j�[a�^�Umqpq�^b&cL[a��pq]@p�cL[Aj�]}]@_a`���`&�!�
lB_a`>�ec3de`�f@[#pq[#�|��p766`�fU`�[�]@pzj�m�`���y�j�]@p�cL[a� j�fU`1g

∂Q

∂t
= g (h+ η)

∂η

∂x
,

n � � � �ew

∂η

∂t
+
∂Q

∂x
= 0,

n � �2. i w
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& pq�1y#fU`-� � h �qg & fU`&` � �@y#f �+jLb&`��Bj&de`&�Wc�� �@��j�mqm�j��M�#mqpq]@ya�#`(�

∂U

∂t
+ g

∂η

∂x
= 0,

n � �2. - w

∂W

∂z
+
∂U

∂x
= 0,

n � �2. h w
�!_a`�fU`

Q
p�� ]@_a`-��p��SbU_�j�f@�e`�j�[a�

U
]@_a`�jhde`�fSj��e` de`�m�c9b�pq]uv � lB_a`��@]Sj�[a��pq[#� �Hjhde` p��Wpq[9]@fUc9��yab&`&�

jL�>j��1pqde`�[A�Bj�]U`�f>`�m�`�dLj�]@p�cL[ j�]�cL[a`-��cLy#[a�aj�f@v�gWj�b&c1�Upq[a`E�Bj&de`��!pq]@_ j�[Fj��M�#mqpq]@ya�#`Mc��
0.4m

j�]
]@_a`�m�` ��] � _�j�[a����cLy#[a�aj�f@ver#�!_a`�fU`>]@_a`�de`�m�c9b�pq]uv�p��W�U`�]}`���y�j�mR]Uc ~h`�fUc��
lB_a`Ej�[�j�mqv9]@p�bhj�m��UcLmqy#]@p�cL[?r#pq[^]@_#p��}bhjL�S`1r�p��!�1pqde`�[^��v�g

η = A cos (kx) cos (ωt) ,
n � �2. � w

U =

(
A
Co

h

)
sin (kx) sin (ωt) ,

n � �2. � w

�!_a`�fU`'k�p��?]@_a`I�Hj&de`X[�y#�-�Y`�f (
= 2π

L

) r
L
p��R]@_a`'�Bj&de`Xm�`�[#�1]@_?r

Co
p��?]@_a`'�Bj&de`Hb&`�m�`�f@pq]�v (

=
√
gh
)

j�[a�
ω = k Co

��lB_a`�b&cL�M��j�f@p��ScL[;pq[�]U`�f@���Ec��B]@_a`�`&�@]@pq��j�]U`&�;dLj�mqya`&�Ec��H�Bj�]U`�f-`�m�`�d1j�]@p�cL[4j�[a�
de`�m�c�b�pq]�v cL[%j �#cL��j�pq[ � � ��h � m�cL[#��j�[a� -�i �.�#`&`��?r#�!pq]@_%j���`�f@p�c���c�� b&cL�M�#m�`�]U`�c1�Ub�pqmqmzj�]@p�cL[^c��
j�i�i �hr���p��@�#mzjhv��!j �+j�pqf@mqv��ec9c���j��1fU`&`���`�[�]!��`�]��H`&`�[^[�y#��`�f@p�bhj�mRj�[a�^j�[�j�mqv�]@p�bhj�m6�UcLmqy#]@p�cL[?r�]@_acLy#�1_
[9y#��`�f@p�bhj�m fU`&�@y#mq]U���U`&`�� ]Uc|��pqde`�f@�e`���cLfU`�fSj��#p���mqv �ofUcL� ]@_a`�`��ajLb�]��UcLmqy#]@p�cL[ jL�\]@_a`��@pq�-y#mzj�]@p�cL[
�#fUc�b&`&`&�#�X]@_�j�[�]@_a`W�ScLmqy#]@p�cL[��#`�de`�m�cL��`&���9v & j�m�b&cL[a`�f}j�[a���Hc&� n - � j�j wWno�U`&`!�a�1y#fU`&�B� � � j�[a��� � � w �
lB_a`I]@_#pqfU��`��#j��M�#m�`Hp���]@_a`Xb�mzjL�S�@p�bhj�m ��m�c�bUk � `��#bU_�j�[#�e`��H�#fUcL�#m�`��^g j}fU`&b�]Sj�[#�1y#mzj�f ��jL�@pq[ h � m�cL[#�
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& pq�1y#fU`E� � � �qg � [#p � [ac9�aj�mF�@]Sj�[a��pq[#� �Hjhde`1g b&cL�M��j�f@p��UcL[ �Y`�]u�X`&`�[ [�y#��`�f@p�bhj�m;j�[a� j�[�j�mqv9]@p�bhj�m
�#fU`&��p�b�pq]@p�cL[a� c���de`�m�c�b�pq]�v �

j�[a� i � � � �#`&`�� p���pq[#pq]@pzj�mqmqv��amqm�`&���!pq]@_ ]��Hc�/ay#p��#� bS_�j�fSjLb�]U`�f@pq~h`&�M��v-��p76�`�fU`�[9]'�#`�[a�@pq]�vere�S`���j�fSj�]U`&�
��v%j�de`�f@]@p�bhj�m��aj�� �!lB_a`5/ay#p��^m�c�bhj�]U`&�%pq[%]@_a`�m�` �o]W��j�f@]Wp��\b&cLm��4n j�[a�%�#fU`&�U`�[�]U��j��#`�[a�Upq]�v^`��9y�j�m
]Uc

999.97 kg m−3 w �!_#pqm�`Mpq[�]@_a` f@pq�1_9]E��j�f@]�]@_a` ��c&�Fp����amqm�`&���9v�j��Bj�f@� /ay#p����!pq]@_;�#`�[a�Upq]�v
`��9y�j�ma]Uc

979.77 kg m−3 �AlB_a`!pq[#pq]@pzj�made`�m�c�b�pq]@p�`&�Ij�fU`!~h`�fUc#r�`&�#��v-d�p��Ub&c1�@pq]uv υt = 10−4m2/s
r�j�[a�

]@_a`���p��Ub�fU`�]@pq~3j�]@p�cL[F��j�fSj���`�]U`�f�j�fU`
∆x = ∆y = 0.07 m

j�[a�
∆z = 0.01 m

ra�!pq]@_
∆t = 0.01s

�
Z\[ab&`�]@_a`E�aj�� p��!fU`���c3de`&�6r�]@_a`-�UcLmqy#]@p�cL[%��p��@�#mzjhv���j ��cLfU`���p��Ub&cL[9]@pq[�yac1��bU_�j�fSjLb�]U`�f pq[^]@_a`�bhjL�S`
c�� ]@_a`>_�v���fUc1�@]Sj�]@p�b-jL�S�@y#�M�#]@p�cL[
n��a�1y#fU`E� �2.ew �
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& pq�1y#fU`E� � � �qgY�HcL�M��j�f@p��UcL[F�Y`�]u�X`&`�[F[�y#��`�f@p�bhj�mIj�[a�Fj�[�j�mqv9]@p�bhj�m �#fU`&��p�b�]@p�cL[a�>c�� �ofU`&`E�Uy#f � jLb&`���p�� �
�#mzjLb&`���`�[�]��

& pq�1y#fU`E� �2. �qg��Bj�fUc�b�mqpq[#p�b�b�pqfUb�y#mzj�]@p�cL[?gWn jewIpq[#pq]@pzj�m?b&cL[a��pq]@p�cL[  n��twI_�v���fUc1�@]Sj�]@p�b�j��#�#fUc&��pq��j�]@p�cL[
nob3w
_�v���fUc9��v�[�j��Mp�b>�#fU`&�U�@y#fU`Eb&cLf@fU`&b�]@p�cL[?rtj �o]U`�f

t = 9s
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 ���� �

lB_a`|�#_�v��@p�bhj�mX�#cL��j�pq[ c��}lRchde`�mBmzj�ke`�_�jL�E��`&`�[;fU`��#fUc���yab&`&�;ya�Upq[#�Aj �1f@p��
��jL�#`�y#�
��v
Nx =

104 · Ny = 86 · Nz = 50
fU`&b�]Sj�[#�1y#mzj�f b&`�mqm���bU_�j�fSjLb�]U`�f@pq~h`&� ��v4�#�#`&� m�`�[#�1]@_

∆x
j�[a� �!p���]@_

∆y
`��9y�j�mR]Uc

10m
r�j�[a�%�!pq]@_ ]@_#p�bUk�[a`&�U�

∆zk
dLj�f@pzj��#m�` ��fUcL� h � pq[%_�v���cLmqpq�M[#p�cL[A]Uc h�i b�� pq[

`��#pqmqpq�M[#p�cL[Aj�[a�^��`�]Sj�mqpq�M[#p�cL[��
lB_a`>��j�]@pq��`�]@f@v�c�� ]@_a`>mzj�ke`>p��!fU`��#fU`&�S`�[�]U`&�^pq[ �a�1y#fU`�� � � g

& pq�1y#fU`E� � � �qgaiRj�ke`-lRc3de`�m�b&cL�M�#y#]Sj�]@p�cL[�j�m��#cL��j�pq[��

lB_a`\{W`&�M�!j&v p��'m�c�bhj�]U`&�Mpq[�]@_a`}f@pq�1_�]I��j�f@]Xc��Y�a�1y#fU` � � � gRpq]Ip�� �X`�mqmY��p��@]@pq[#�1y#p��@_�j��#m�`�jL� �X`�mqm�jL�
]@_a`>�1y#m*� m�c9bhj�]U`&�^�Y` � cLfU`>]@_a`>�@m�cL��`�]@_�j�] '@cLpq[a�!]@_a`��@_�j�mqm�c3� ��j�f@]}�!pq]@_^]@_a`��#`&`���`�f!pq[�]U`�f@p�cLf\mzj�ke`(�
su[%]@_a` �ocLmqm�c3�!pq[#�|�H` � c9b�ya�W]@_a`-j�]@]U`�[9]@p�cL[FcL[ ]@_a`�_9v���fUc���v9[�j��Mp�b-��j�]@]U`�f@[Apq[a��yab&`&�%�9v��!pq[a�6g

pq[^��j�f@]@p�b�y#mzj�fhr��X`>pq[9de`&�@]@pq��j�]U` /�c3� `���bS_�j�[#�e`&�W��`�]��H`&`�[ {\`&���Bjhv j�[a�^]@_a`>��j�pq[^mzj�ke`(�
lB_a`|[�y#��`�f@p�bhj�m!�@pq�-y#mzj�]@p�cL[a��b&c3de`�f-]u�XcA��p76�`�fU`�[9]-��`�f@p�c��#�hr b&cLf@f@p��@�YcL[a��pq[#�A]Uc^]@_ac1�S`�b&chde`�fU`&�

��vA��`�m�����`hjL�Uy#fU`���`�[�]U�-]@_#fUcLy#�1_;� � � & nobS_�j��#]U`�f .ew�rRpq[ cLfU�#`�f�]Uc^bU_a`&bSkF]@_a`M�Y`�f � cLf@��j�[ab&`�c��
]@_a`>��c��#`�mRcL[^b&cL�M�#m�`���]UcL�YcL�1fSj��#_9v �
lB_a` �!pq[a�F��`�m��F_�jL����`&`�[�pq�M��c1�U`&�Fya�@pq[#� .|�X`hj�]@_a`�fE�U]Sj�]@p�cL[a�  ]u�Xc^c��H]@_a`�� b&cLf@fU`&�@��cL[a�F]Uc

-h���



� � ��� � � c��#`�m

jLb�]@y�j�m��@]Sj�]@p�cL[a�-n���`�m�cL[#�1pq[#��]UcM]@_a` � [#pqde`�fU�@pq]uv^c�� lRfU`�[�]Uc|j�[a�^]UcM]@_a` ��s �@]@pq]@y#]Uc��\�1fSj�f@p�c���p���j�[
� p�bU_a`�m�` j�mqm % �!��pq�e`��Lr�fU`&�U�Y`&b�]@pqde`�mqvaw�r��!_#pqm�`}]@_#fU`&`\j�fU`Wj�fU`B��b�]@pq]@p�cLya�Hj�[a�|j�fU`!ya�S`&�M]Uc��@pq�-y#mzj�]U`}]@_a`
�#fU`&�S`�[ab&`�c�� �U_a`�mq]U`�fU`&��~hcL[a`&�-no�U`&` �a�1y#fU`-� � �1w �

& pq�1y#fU`-� � ���qg#iRj�ke`El�chde`�mR�#mzj�[#pq��`�]@f@p�b-�#cL��j�pq[%��p��Ub�fU`�]@pq~h`&�%pq[^b&`�mqm����

��� �+� �9��� � � � � � ��� � 
���������
lB_a` �afU�U]}�@pq�Ey#mzj�]@p�cL[%b&cLf@fU`&�U�YcL[a�#�!]Uc�j���`�f@p�c���c�� �@]@fUcL[#���@]@fSj�]@p���bhj�]@p�cL[?ra�!_a`�[�]@_a`#��fU`&`>�@y#f �+jLb&`
m�`�de`�mRp��}�@]@pqmqm6_#pq�1_
n�fUcLy#�1_#mqv -
- �1��r2. � j � � � ��� m � wMj�[a��]@_a`��!pq[a���#m�c3�}���9y#pq]U`��@]@fUcL[#�1mqv �
lB_a`\�@pq�-y#mzj�]@p�cL[��@]Sj�f@]U�XcL[ �1y#mqv -�j ]@_?r#j�]H�Mp��#�aj&ver#j�[a���a[#p��U_a`&�Bj �o]U`�fB� h _acLy#fU�hr�cL[ �ey#mqv h3- �@]��
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