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ABSTRACT 
In this work, a numerical analysis of heat transfer in a thermal storage system has been performed using enthalpy 
method. In this method, the solution is based on a fixed grid and the governing equations are modified, such that they 
are valid  for both phases. The heat transfer in the thermal storage system is the conjugate problem: phase change 
material and the transient forced convection between the fluid heat transfer and the wall. The system consists of two 
concentric cylinders, whose working fluid flows through inner pipe and its outer cylinder has been filled with the phase 
change material. The system works periodically and the governing heat transfer equations for the working fluid and for 
the phase change material are solved numerically. The differential flow equations and heat transfer have been 
discretized using the finite volume approach which, are solved using an iterative procedure. Temperature, enthalpy, and 
heat transfer coefficient inside the thermal storage system have been obtained and the results of the two cases have been 
compared, which are in relatively close agrements. 
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�=PCMG��* F��& � ).�HI�	 
;�� ���OA ���� ����� ���<��� � ���-5�6�� �F� ��F�'4 7
78��� ����y(PCM������ �����.PCM1�F?@� �#�F�

���6� 1���3 7��= %3 %&-� %= /-��0 �� -�3 �F�*-."F#� 
>��� %= �������'4 ��J�F! U��; /�� -� 78��� 7;�� -� 

1�� -��FB U��	F
�*+, ;� 7-��F6= %F&�A �-�F� ��'� 7��
%���D ���.����� ;�� ���OA ���� P����N ��F�N %�F�� *� %F= 

5�62A ������ .��c /�I�3�A �= ���� ��./�I�3�A �= ���� *
��.]|[.

�c /�I�3�A �= �������.�
�= %3 1�F��� �F�. ���� ;� �
�� (����= %F3 ���6� 7���� /�FI�3�A "=�F3 TF�3�A -�

 � ��' �F�-��.�F�' -� ���F� "F#� 7-�F3 �#�F� 7�F� -� *
��#�, �-��� 5M�� �#��� /����OA %3 �#�� (� ���<�F�� �-��

 �FFF� -��FFFB ��DFFF��.OHSONa 242 10.*OHCaCl 22 6.

%���� ;� �#�� ��c /�I�3�A �= ���� �F�. ���F6� .���F� "F#� 
=*4 %`2� 7�-����*�0 -� ^����F6?� %F&-� (�3�F��

 �AJ�= 7��� ;� U�6�� )#��.������=.PCM5� �� U�F�3�
 ���F3 ��F�, dF?�Z� #��F  -� ���*��� 7����=-�3 �F�� .�-

���� %��D "#� ;� %��zD7��=A Pu��3 7����=-�3 * �F$$Z
%FF���; -� _�FF' 7�FF�i�FFD �FF���� (;� �FF��= "�FF����	�
)�3�* �# * J�= 7��� -� ��7��= ��D*��� -� ���D ���'4 �F�

 �� ���<��� ��.* �#����F� #��F  :��6D �= U��3� 5�
��A%(�#�& T3�� ���� PCM�����<��� 7�F� -� 7��F#; 

* 7-�F�A 7����=-�3 ���, �#��� ���3 ��� -� Puh� (7-��6=
 ;� �-��� ;�PCM* e�F= #��  -� �A-��0 ��m U���N %= ��

 (���*�FF�H��5�6�� "��. * �A��=�Z� 7�� �-����F� 7�� 7�
�� ���<��� ��� ."��o��;�PCM��7��= FA n7�F��D "��

 ���<�F�� L�� ���H6� 1;��� ;��� �-�� �F� ��F�.PCM�F�
U��� -��F6= ��=-�F3 U�F�3� 5F� �� �-��� J�= -� %3 -�!

 �FF�-�� U�FF�& -� ���FF#; .CFF���� %FF= %FF&�A �FF=FF6�n%�
%���= �8�F�� j�F$� �;�� C'�F� *U���'�F� -� �F� ;� (
���N "#�A �� ���� "#� �����=-�3 �F��. ;� ���<�F�� %= U��A
-� 5�6�� ������'4 ����3 �8��� -�A C�&n* �F��D "��

��3 �-��� ���H6� 1;��� ;��� �-�� �8���.
>H� -��(?��3 %���� �;�5�6�� ��� ���'4 ��F��3

 CF�� ��F� ���� U�F
� %���; "#� -� ���<��� �-�� �8���.
�"#5�6�� ���OA ���� * �� ;�� ����� P��Fh3� ���. -� ��&�� 

U���'�F� >'�� -�)�F� dF3 P�F@�&�AU���' (���� -��FB
�� ���� .5�6�� ��U���'�� d3 -� ��� T$� �A-��0 7

��J�! ��N �*uN %= (��-�� T$� :*-(�-���	� * ��=-�3 
���. LF�� U�;-� * U�F�. CF��.�FD+#* ;� "F#� 7J�F= 7�F�

5�6�� �F� �F� U��FA U��F= U�;-� %F= �F��. �F= %F6#�2� -� 
C'�� �U��D �?�6� 7� (C��B �� ;� 7��D�?& U�� L3��
 � 7��� U���'�� >'�� -� �� * )#�F��D ;� 7��D�F?& (��
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F
�
A U��= "�= ;� (U���'�� -� b*���� )#���� 7�F�
U�#; U��= �`' 5y (-*.���. �#�� �= %6#�2� -� 5�6�� 7��

 ��- * T$� (�A-��0 * �F���A %F�#L� (U�;-� * U�F�. 7;����
 7;�F� ���'4 /-�B * ��J�! ��N (���y 7-���	� 7J�F= 

��y �-��� ���.]�[.
PCM%F#�, �= )�*+, "#� -� �=�Z���OHCaCl 22 6,

>��y -�! %= U. /�$Z
� * ���= &�� -�]�[��F� %q�-�
C�� .��o�� 7��= "�= l@= �-�� a�Q�� ��
�= ����Z�� 

�=�FZ��� >F��N 1��� (7-��A j-�$�(%F���D �FM� -� b. 
C�� ���./�$Z
� * ��= U*�= ���N� PCM�=�Z��� %F3

 %���D -��B ���<��� �-�� )�*+, "#� -� (��� 1*��F&-� W*
].��� ��-* ��� ]�.[

GK��>�
�� =1#.��" '	  	 PCM)�
K3� F'�!� �1 ��.

F����=M��N$ �2. O��. 1	�*	 .
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U= 1�* G- 
>�6���<#� /J����)�XW(%=�F6=�* 5F� ���F6� %�F#�= *

%= %?��*:*- ���F� >F0 U�F�L�� -�F! %F= 7��FN 7�� .
1�$<��/J���� e�� �*�@� 5�0 :*- %= >F0 %Fy ���=
���. =%��, %?��*-�H %q�-����C�� ]W�[.7��FN >0 7��=

 53�0 /J���� ;� >9��� 5�#-�	��W*/J��F�� >#�FIA -�
 7�I& /J���� %= >�6���<#� ;� L�� ���Q :*- ���<�F�� 

C�� ���.C#��� -�J����/F= 7�FI& %��F�. CF�� F=%
R' 7-��HA :*- %?��* %=>F0 R' ��F� �F��.�Fy4 >F=�B

 e�� 7��N >0 -� %y C�� ���F�; i�D �� -�(�#�F�-��HA 
= U���- �A %b��& ��� ��	�� 7��)%= �I6� 7�`' ��B*

W/�%���= (C�� i;J.�A��9��3 %����= ��� ���<��� 7-�
)�*+, "#�i�D 7��= ���F�; 7���/](�*W���F&� %F���G 

�F#�L� 5F� %F= -��6= %? �0 V#��� %H�#� %= %&�A �= * ��
 ����; i�D (����=�b�FZ��� T���� ����; i�D U����= %���G 

�� .����; i�D �� -� %����= dB�A f�� /-�F  "#� %= L��
 ��� p�� �� -��2� %3y�F=��= ���& ������B�= 5�#L|XW� *

��F��. /����OA 5�#L3�� -��2� �F=��= �9�XW� ��F� .HIF� %
���<��� �-�� a�� ;� )�*+, "#� -� %F���# U��;�F� CF��.

%�n6� �M� �-�� HI� �# -� ���=�%%��*� >0S9� * ���
 %�I� U�� �AL#- ;� S, %���� -�(>0U.-��HA ���F��.

�A -�y "#�����; V#��� %3> �0 ;� HI�%�=�Z��� >2�F6� 
��y ����' ���, %���� (����.HI� :*- "#� -�%�= wI`�� 

;�� 7�FF�5�FF6�� CFF�� U�FF#�& CFF�& * �FF#L�� �FF= %FF3 
C�� T����� .��D > ��� %HI� -� �� =%L�� ��� ���= -�y 

�F��OA C�� ��#; ���. -� _��' ���OA %3 �0��� %= %&�A �=
�� ��3.dF?�Z� %�I� )� -� /�I��@� )�*+, "#� -� 

1*�F& w=�F`��CF��D i�F��� CF#��� -� *HIFF� ���F�A%
�=�Z�����*����� 7��=*� C��0 -� ��� b�Z]7. [

V=)��W(<��'� X<�I� >3<�?� 
(�F=��A V#�F�� ��&* i�N >��� %= :*- ��FH?�N C@F  

w#�! ;� )�*+, "#� i���� %3 �
#��;. * ;-*�F
3 RF��A 
U�-�H�� 7* i���� C��D ]�,ss[(-��B ��-�= �-�� %F���D

C�� .��� i���� )#��;.>��� =C��Q* ��-��#��� �# 

1-SIMPLE 
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��� ����	
� � ����������� �������� ����� �Y

���'4 ����3 �A-��0C�� %= ��� b. * i�D b. R��A %3 
�� 8-��� * 8-�� T�A�A ���.5�6�� ���'4 �-�F� ��F��3 

%3 C�� ��� >�H
A V��= S�& ;� %������ �# ;� )#��;.
`B��?'�� �=��= T�A�A %= U. �&-�' *�*������?�� *

�=��= L�� U. 1�!]�� ����?�� ��=��� .)#��;. "#� -� �F= 
%����F�� /�$�Z� ��I� "���D -��B p�� �*-* %F`2� -� 7�

 %= 1���5�6�� �;���� 7��D -�F�m -� ��� `2� FFFi�F��� 
�� ���.f�F2� "#� ;� �# �� -� RF��A -�F6�� %F� �F�� 

)>,�3���A (a�� ;�k(a��� -� /*�<�� 7��7��� %����F��
����= ! -� 1� U��; -��� * 8-�� �F� %���D �;���� 8��F�.

�;���� 7��= � 7��� 7��D �?'�� f�2(��-�� %����F�� 7*- �#�F�
 C�� ��� %�I�A ./-��F0 1�F2��� %FH�#� %= %&�A �= 5�F6�� -�

U-�2�� �N��� 7����-��(���= 7��=�;���� C���� 7��� 7��D
 d?�Z� f�2�5�6�� 1�! -� C=�G 7��(��-�� �#�� 7�F#�*; -� 

CFF�� ��FF� ��FF�#� /*�FF<�� . "�FF��zD -�FF3 ;� SFF, %����FF��
>,�3���A �� w#�N j��!� R�@� ;� �� ���.�F@��F= -�F3 %

�%3 C�� /-�  "# ���=� %������ 56& R�@� 7��� -� 7�
 -��B �� ����(��-�* i�FD b. S9F� 5�F6�� �F� ��F� *

%������ %�`B 7�= �- %�� 8-�� >��3 -�! ��3.-�1�! "#� 
* %����F�� dF?�Z� f�2� 7��� �A-��0 7��-�6�� %�*�,
 ��	�F�� %F= %FM@� �F� -� �- 7�*-* * �F&*�' b. 7���

 �� 1�2��� /�Nu!� �����D -�3zF� ��	�F�� S9� * ����(
%�F�� �- ���N� 7�F�= ���F3 �F� -� *W�%F= �- �F�� %F���G 

�� >2��� �A��9��3 ��3.-�>H�+*4%F�`B ;� 7�#�$A
 �-�FF� %FF= ��-�FF6�� 1�FF$A� �FF2#�! "�FF�o�� * )#�FF�;.

 ��A��� * �A��9��3i���� ��@� ��F� ���� U�F
� )#�F�;. 
C��.>H�A*�U�F
� �- �F?�N * 7-�F�A V#��� %6#�2�
�� ��� *U��� �� %M0u� %3 -�! ��w�I`A �b��F& �F�

 b�' -��6=C��.U�F
� %?F �0 V#��� >F=�B CFB� ��F���
��� ���<��� 7-��A 1�IB C�� ]�,ss[.

F����6I3�& Z���1 � Z��� O��' >3<�?� =>�[� �1  ��
\�IH�.

%�I� ����A 5�6�� 8-�� U��; �=
%���G T60 

5�6�� 8-��� U��; �=
%���G T60 

s�*s�� s�� s�~ 
s�*s�� ~�� s�� 
~�*~�� ~s~ ~�� 
~�*~�� ~~� ~s� 
��*��� ~~� ~~� 
��*��� ~~� ~~� 

GK��=�
� >2]^ G$
"
�#R  #�_�	#^ �
`� � M<��'� 1��.

GK��=>a
.#� @	b�:cR � M<��'� d�R��� .

Inlet Water Temperature=70(c) & Inlet Water Velocity=0.135(m/sec)
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Experimental data at z=195mm & r=17.5mm

Experimental data at z=100mm & r=12.5mm

Experimental data of outlet water temperature

Numerical solution of outlet water temperature

Numerical solution at z=100mm & r=12.5mm

Numerical solution at z=195mm & r=17.5mm

GK�D=e	
� f�. >3<�?� �  1�*  �� )��W(<��'�[7,11].
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Inlet Water Temperature=50(c) & Inlet Water Velocity=0.155 (m/sec)
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Experimental data of outlet water temperature
Numerical solution of outlet water temperature
Experimental data at z=100mm & r=12.5mm
Numerical solution at z=100mm & r=12.5mm
Experimental data at z=195mm & r=17.5mm
Numerical solution at z=195mm & r=17.5mm

GK��-e	
� f�. >3<�?� )��W(<��'��  1�*  ��[7,11].

�= 1�* X<�I� 
�� >�����>H� -� %��6� JCF�� ��� ���� U�
�.-�

FQ�� %F= %F&�A �= )�*+, "#�/�� (%F��*� 8-�F� CF��0 -�
 ����� ;�� ���OA ���� b*4 7���=-� R�F@� 7��� ;� �AJ�

 %���D �M� C�� ��� .%F3 �#���. ;� %F��*� 7�F�� LF�� %F= 
R�F@� 7��� �= 1����� /-�  CF��("#��=�F�= CF��0 -� 

a*����#.�� ��F��& /-�F  %= ����� ;�� ���OA ���� 8-�
�� ���=.a*�� -� T�A�A "��� %= ��#.�� U�m L�� 8-��� 

%��*� 7���5�6�� R�@� 7��� ;� �AJ�= (C�� %= ���� "#� 
��= ����' #�� >��.

GK�U=3� >&�!� hM��N$ f<	 �1 )&�#. 1�
� >i.

8-�� >�N a*�� �=(;�F� �F��OA ���� %3 ����; ��F���
 �FF� b*4 %FF= a*�FF� >FF��N 1��FF� ;�FF� -*�FF�� �FF�y (

�	�6H� >��*�, -� �#�� 7����� =%�F� ��F&* �F#.."F#� 
�	�6H� >��*�, -� �� 7�� ��. FF6@� �9��F���FA CF��.

�	�6�� ��� ���#� 7�� 7�F�� )#�LF�� * U��; C�zD �= 
�FF�=�& (�����;�� ���OA ���� F���gF��3 b*4 ;� SF, F>(

�	�FFF6H�PuFFFF��3 �FFF� "�FFF= ;� �*- .CFFF��0 "FFF#� -� 
�*�,FF>��M� �-�� 7�� >��y -�! %= �H# FFF * ��F� C'�� 
C��0 �� ��' %= 7���� ��D��.%=�F
� LF�� 8-��� C��0

 8-�� C��0C��.>H� -� 7�� �jPY>F��*�, * �F�� 7�F�
 �9����. -� ;�F� �F��OA ���F� ;� _�' `2� �# ��F���(-�
C��0 � U�
� 8-��� * 8-�� 7��C�� ��� ���.

TEMPERATURE DISTERBUTION IN PHASE CHANGE 
MATERIAL IN CASE CHARGE AND WITH WALL AND Z*=0.5
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GK�V=Z��� 9i�- �1 ��1 k<'
R.

ENTHALPY DISTERBUTION IN PHASE CHANGE MATERIAL IN CASE 
CHARGE AND WITH WALL AND Z*=0.5
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GK��=Z��� 9i�- �1 )li�I�� k<'
R .
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TEMPERATURE DISTERBUTION IN PHASE CHANGE 
MATERIAL IN CASE DISCHARGE AND WITH WALL AND Z*=0.5
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GK�n=Z���1 9i�- �1 ��1 k<'
R .

ENTHALPY DISTERBUTION IN PHASE CHANGE MATERIAL 
IN CASE DISCHARGE AND WITH WALL AND Z*=0.5
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GK��o=�1 )li�I�� k<'
R Z���1 9i�-.

%���� -� /����OA ��@� /-��0 1�2��� T#�Q �#�F�=�& 
-�5�6�� -��B ��-�= �-�� ����3 ���'4 C�� %���D .-�

>H����#�F�=�& /-��0 1�2��� T#�Q #;�A %F= CIF6� 
�! -� U��;��#.�� ;� _�F' `2� %� -� 8-�� 5�F6�� 

C�� ��� ���� U�
� �M� �-�� .��@�� "#� 7�-�� �F� %F� 
%FF?0�����FF6�./-��FF0 1�FF2��� T#�FFQ 1*� %FF?0�� -�

 �-�� 7���  ��� 7��A �?�' T�� �= �#��=�& ."#� C?N
 �-��#� �= >��N 1��� ���A )#�L�� 7����� �-��& CF��.

/*�<A C?N %= �= 7�*-* 1��� 7��� ��#; 7����-��#�("#� 

�� ���, )#�L�� /�� %= T#�Q ��3.(i*� %F?0�� a*�� �= 
7��� CF�� %F��- J�= b*4 7��� �A ����� ;�� ���OA ���� .

7�*�F0 �FA ��F��� ;�F� ���OA ���� -� ��� (b*4 U��; -�
 �� C=�G ����."#� ��� �� lN�= /-��F0 1�F2��� T#�Q ���

 ��= %���� ��=�G -��2� L���.%F���� ���F�; �FA %F?0�� "F#�
�� %3 �=�# T��c f�F2� �'J�F= ��F��� ;�F� �F��OA ���F� 
�L� b*4 >��N 1��� ;�� %= �# ���F�.�FH#�L� >F��� %F= 

b*4 7�F�� %= %��*� 7��� i*� %F?0�� (e�F<A� CN�F� %F= 
�� ���� .CN�� >��� %= 4 >F�Nb*(-� ��F#; %F?0�� "F#� 

CF6�� ��F6@� >H�.�F�@�� T�F� i�F� %F?0�� -�(
�� ���, )#�L�� �3��� ��3 8-�F� U�F�; �FA )#�LF�� "F#� *

C��� ����' %���� >��3 .%?0��-� (�M� �-�� 78�F�� ���=� 
;�� ���OA "��o�� * #�� ;�� U��3 i�D j�  >��N 1���

 �F� #�� ;�� %= ���& C�6B ��F� b*4 ;� SF, S9F� *
���OA ���� >��3 ;�� #�F� ;�F� U��F3 i�FD j�F  (�����

�� ���.

LOCAL NUSSELT NUMBER DISTRIBUTION ALONG 
THE INNER WALL CASE CHARGE AND WITH WALL
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GK���=�1 )<�c.�� @�	#- F�?I�	 %<#0 k<'
R �&6I3 
�#�T�  Z#�	 ��!!" Z��� O��' >. 9[3�.

>H� -��+�#�F�=�& /-��0 1�2��� T#�Q #;�A L�� 
;� _�' `2� ��m -� 8-��� U��; %= CI6�5�6�� �-�� 

C�� ��� ���� U�
� �M� .%F?0�� -��m 7�-�� ��@�� "#�
�� ���=.1�F2��� T#�FQ 8-�� C��0 ������ 1*� %?0�� -� 

�= �#��=�& /-��0 7��A �?�' T�� (�-�� 7���F  ��� .
�-��F#� �F= >��N 1��� ���A ()#�L�� "#� C?N i�FD 7�F�
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Jj ��� ����	
� � ����������� �������� ����� 

�-��&C��.;� SF, >F��N 1��F� (i*� %F?0�� a*�F� �F=
 %�F���, ��F��� ;�F� �F��OA ���F� ;� �A-��0 78��� "���D

i�D �� �A U�� ��� %= a*�� ����� ;�� ���OA ���� * ���
�� ��3 ."#� ��. �A U�� ��� �F� ��F�, %���� �#� %F3 �F�3
�;�� ���OA ��� ���FF7��� %= �� �F#�L� ��F���� ��F� .-�

/-��0 1�2��� T#�Q %?0�� "#� F� �F= �#��=�& P��IF6� T�
 �� ���, )#�L�� 1*� C��0 %= CI6� 7���3 ��3 .�=�#�L�

 * ��F���� 7�F�� %F= ����� ;�FFF� ���OA ���� 7�F�� U��
 �� T#�FQ (������ >�N a*���� C=�G /-��0 1�2� ����.-�

%������#.�� �� a*�� i�� %?FF0�� (��� .CF��0 "F#� -�
 U�F�� 7�FF��D ;� 78�FFF�� "���FD %= a*�� ��FF� 1�F��

 ���� b*4 �� ����� ;�� ���OA ��y.%3 %?0�� "#� -� T��c
 ����� ;�� ���OA ����=%/-� ����� ��� CF��(1��F� 

�� i���� �- >�N *� ��� ���(��� �H# �F��& ;�F� U��3
 C�F6B U��3 ����� 7�	#� * �����;�� ���OA ���� 7�F�

 U. #�F� ;�F� ��F��� �B�=.1�F2��� T#�FQ %F?0�� "F#� -�
 �= �#��=�& /-��0 P��I6� T���� ���, )#�L�� �#J�= ��3.

�� a*�� i-��m %?0�� C#��� -� ���.%?0�� -� �M� �-��
 ��OA ���� ;� 7��
�= CI6� %3 ��F� �F���� ��F��� ;�� �

;�F� �F��OA ���� ���& ;�� ;� 7��#; )Z= ��� 1��� (C��
 C�6B ;� ��3 -��2� * ����� �B�= 7�� �- #�F� ;�F� ��F���

 �A������ �� ��� >��3 ��3 .���� >��3 ������ �A >�N "#�
 �� ���, %���� ����� ;�� ���OA ��3 .T#�FQ %F?0�� "#� -�

 = �#��=�& /-��0 1�2��� %F?0�� %F= CI6� 7���3 T�� �
�� ���, )#�L�� i�� �3�.

�F#�= %F3 ���� %�H� -��F���� /*�F<A CF��� �FM�
 8-��� * 8-�� 7����#�, 7��-���-C��.CF�& "�F�� %F= 

%���= 7��= 7;��5�6�� (:�F���� �F#�I� �- 8-��� %?0�� 
��3 .=%F2�2@A ;� �FH# -� 1�h� U���N/��F?IB ]�[RF2�

 8-�� %?0��6��5�%F= %&�A �= %3 ��= ��� %���D �M� -� 
)�*+, V#��� �� lN�= -�y "#� %y �� �Z
� (��� R2� 

b��& ;� C�6B �# 6� 7��nw�2@A �-�� %����= C�-�.

n=�<�$ ����(� �'�� #��QR 
7��= >�?@A��#.�� -� ;�� ���OA ��F���;�� �F��OA ���F� ;�
 �# 7��N :*- =%i�� �9����. :*- F6B -� %F3 C�7�F�

 ���<��� (�� ���� K�Q�A >IB C�� ���]|[.�F?y -�! %=

 i�	�� -���#.�� ���OA ;�� -�HF�. -�F! %= ;�� *� U��� ;��
 �� �Z
�C6("#��=��= )�*+, "#� -� ;�� ����
� 7��=

 ;�� ���OA(Q= �I#� %i��FractionLiquid F= %3 -�F$�'� %
β�����������(=%/-�  %`=�- )]^(�� d#��A ��F�.
-� ;�� -����3 -� * ���= �# �=��= T#�Q "#� #�� V#�F�� �F= 
-L��B �� �� d#��A ���.-� T#�FQ "#� ;�F� �F=��= �F��& 

�< C�� -����3 -� *V#��� �=. ��- �= �� �Z
� ��F�.
�� -��B �# * �<  "�= T#�Q "#� 7;�� *� %�0�� -�%�� *

-����3 -���V#� ��- d?�Z� a���� �= ���� ���� )#��� ��� 
T#�Q "#� 7��= ��N �# �	���= ��- �� %y CF�� .-��F2�

 �<F  "�F= LF�� ����� ;�� ���OA ���� U��� 7���D)CF��0
���&(*

Lq)#�� C��0(�#; /-�$=�� ��O�� ���=:

)]^(
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-� >H��4����3 �	�- 7��-  #�� CI6�W-� -�
U��; U�
� 8-�� ��#�, ;� �<?�Z� 7��C�� ��� ����.
U��� -�!>H� -� %3 �� ��#� �M� �-�� b*4 R' (���

�� J�= ����� ;�� ���OA ���� -� ���6H# T�� �= �*-.

LOCAL NUSSELT NUMBER DISTRIBUTION ALONG THE INNER WALL 

CASE DISCHARGE AND WITH WALL

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6 7 8
TETA

LO
C

A
L

N
U

S
S

E
LT

N
U

M
B

E
R

Z*=1
Z*=0.6
Z*=0.2

GK���=�1 )<�c.�� @�	#- F�?I�	 %<#0 k<'
R 6I3�& 
T��#� O��' >. 9[3�  Z#�	 ��!!"1Z���.

C�F6B C�F� %= ;�� "#� U��; C�zD �= �AJ�F= 7�F�
 %������%��- ���F3 �;���� %= U��; /�� �D� *��F#; (�F��= 

%������ �&-�' a��� %= ;�� "#� ��F�- ����'(CF#��� -� 
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��� ����	
� � ����������� �������� ����� J�

�� ����' #�� %= >#�IA ����� ;�� ���OA ���� i��A.
-� >HF��A-����3 LF�� �F	�- 7�F� #�F� CIF6� -�
U��; U�F
� 8-��� C��0 ;� �<?�Z� 7�� CF�� ��F� ����.
U��� �� ����
� %3 -�! ;�����OA ���� ������ ��� ��F���

 %= b*4 C��0 ju' �=  %�I& /-� �� /-�  7� ��F�D *
FF= b*4 RFF' ju'�FF= ��FF���� RFF' %* 5M���FF� /-�FF 

7���� -�*�����;�����OA ���� -� (�� ���OA 3��.

�o=>c�I�  #�_ 
%y ��� ���� U�
� (w�2@A "#� -�:

sF�F��OA ;�� -� �!�� ��� C6�� i;J �9����. :*- -�
 1��N� ;�� "��o�� * ��� >F@� wF�B� "���A %= ��*L�

�-��� ��&* U. U��3 1�I�� * ;�� ���OA.
]F�0��F� "���FD �FM� -� %F= �&���0� �9����. :*- -� 

OA ;�� j�! *� -� d?�Z��-��� ��&* ;�� ���.
^FF#�= %F3 �F��� %�H��-��F���� /*�F<A CF��� �FM�

 8-��� * 8-�� 7����#�, 7��-���-C��."��� %= >F���

 %���= 7��= 7;��5�6�� (:����� �#�I� �- 8-��� %?0�� 
��3.

}F�=i;J -��FHA ����A (���' C#��� a�� ;� >q�6� ju'
 %� ����; i�D �� -� �#��	�� 7��= U�F�; C�zD �= ���A 

��� )��3 �=�#(���F��� Pu��3 %H?= CF�� .%F= �F�� "F#� 
%`FF��* ;�FF� �FF��OA  �FF#�, �FF`' �FF�c CFF��I! CFF��(

%F?0�� a*�� * %?0�� �� U�#�, ;� S, "��o�� 7�F�= 
�� )#�L�� i;J 7��-��HA ����A F= LF�� ��� "#� %3 �=�# %
7;�� R#��� ����D�� ���OA �!�'C��.

�F7����� -� U�� ���' C��0 (�� ��#� ���F�A %F3 ��F�
 �� )��3 U��; C�zD �= i;J 7��-��HA ;� 7�FG� * �=�#

 ��� ��#� U. -� U���� ���.F6� "F#� nF= %� %U. �!�F'
 1��F� "�F= 7�F�� ju�F'� U�F� 53 C?N %= %3 C��

 ;�� ���OA ���� * >��N *� "F#� "�= /-��0 1�2��� (�����
�� )��3 R�@� �=�#.

TETA=0 

TETA=0.159 

TETA=0.478 

TETA=0.637 

TETA=0.796 

TETA=1.061 
GK���=#��QR �1�� Z��� G-	#� '�� ��!�1.
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TETA=0 

TETA=2.123 

TETA=3.716 

TETA=6.778 

TETA=5.15 

TETA=6.371 

GK��D=#��QR �1�� Z���1 G-	#� '�� ��!�1 .
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