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Abstract: In present study a mathematical model is developed in order to examine the effects 
of heat and mass transfer on removal efficiency of particulate matters in Venturi type 
scrubbers. The governing equations including the particulate concentration, gas temperature, 
droplets temperature, droplets diameter, and droplets velocity equations are obtained by using 
the conservation laws and solved numerically. To validate the mathematical model, necessary 
data was measured and collected in a commercial cement plant that uses this type of scrubbers 
for controlling of air pollution. A good agreement between plant data and the model 
predictions is noticed in general, and results obtained from the model reveal that the existing 
of temperature difference between gas and liquid droplets decreases the overall removal 
efficiency of particulate matters. This is due to very rapid reduction of relative velocity 
between droplets and gas, resulted from heat and mass transfer between them especially in 
throat section of Venturi. The effects of variation of various operating parameters on extent of 
reduction in removal efficiency were examined by using the model. This study confirms that 
in most industrial applications of Venturi scrubbers it is necessary to use a direct or an 
indirect cooling tower for decreasing of gas temperature before entering the Venturi. 
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�,� !#�,� %��

	� ���� �����&� ���&��� ���  >V� �������I -�$6 -��&�� !B ��` ���a�

	� ��@� !' �����&� -���' !#��"� �� &�2)  !#��"��( . 	����) �a#

H�I C��� �����; 	.�'  ���' (A�� � ��� ��� ����� �� !B 	��$6

(�� >V� ���,' &����.� ���. b�c# %�&'  !' K)'�� �1��"� !���� ��
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 C	���O ��� ����K xvw   C	������ HQ' �)*m  �v/h  
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��� ����� �2 �� !B

/���� ���&��� 	"6�� (�� � . H�I ��&
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 =?� �� -&� ��� (#�� �� ���' � ��)���v -&� -��� H��@� 

(�� . �)�� (�� -&D�L� ='�6 =?� %�� �� 	')O !' !B !�)j��@D

 �� ��Q4 �� 	��� ��� ���4 � ���$6 � ��� %�' ����� ���4

 -��)9� �)* �� ��� (A�� 	�2 � &�&� HD�B RA�' ��"��

� HD�B RA�' S)+)� %�� � -&���� ���$6 � ��� %�' 	4,� (A�

	� -��)9� HQ' ��  /� M&D ���&��� ����� !B �_�2 �� � ����

 %�� ��&
� -�)' ��� � ���$6 	4,� (A�� �� MN�O� m'� -�$6

(�� !�5�� HD�B 	9B ���&��� !_��� �� � ������I .  

 =?� �' J'�$��-&�&I �)k� �� M&D ���&��� HD�B   ��� ��
��� ��D

' ����� � m��� J��� !$
� �� ���@B !9<�5 �� � ��L�' ���,' n�� �

	� =<�� �)� .	� ���2���  HD�B �' -�$6 /� M&D ���&��� �)�

	� =�� ��< (@� !' ��� � -�$6 	4,� (A��  &.B) �1��"�v � � .(

 !B ��� � ���$6 %�' ����� � ��� ��
��� �)k� �� !B (�� 	"�4* �a#

m��� HD�B RA�' �&� � �	� ��5 �� 	4,� (A�� �&  =�� &��� C�)�

(�� m��� ��< (@� !' M&D ���&��� ���B . =?� ��v n#�� !,��
� 

 ��&@D��: � ��&@D ��?9@A (#�� �� ���$6 � ��� (A�� %�' 	V�)

(�� -&� -��� ��L� . ���' �&A ��5 ��&@D ��?9@A �� �)8.�

-&�&I 	� ����� � ��� ��
��� ��D &��' . %�� �� !B !�)j��@D (#��

	� -&D�L�  !�) ='�6 -��)@D ���$6 � ��� %�' (A�� MN�O� �)�

���� �)�� �1�' ���&��� ��8��� p����� � (�� . =?� ��� ���� �����; 

(�� -&� -��� ��L� -&.�)� �)* �� ���$6 � ��� .��@D  !B !�)�

	� -&D�L� !' ��� ���� -��)9� HQ' �� �)� � 	��V��� �)*  (c 

 ���$6 � �)O %�' &�&� 	��_'�� ����� ��
��� �� 	��� H�����

	� HD�B &'�� . ��� ��
��� n���+ � t�@ u$� ��)' 1�' ��� %�� =�#�

	� m��� � ��� %�' !�) ='�6 	4,� (A�� �� 	��� ����� � &��' .

��@D  ��@D ���$6 	��V� ���� (�� -&D�L� ='�6 =?� �� !B �)*

�'���2 ���� n��.�� ��� %�� -��&�� !B (�� ����� ��� � ���� �� /�

	� ����� ��� ���� � (')*� �' &��' . TQL� =?� %�� �� !B !�)j��@D

	�  ��&
� !' /���� ���,' ���$6 ���' -&� 	.�' H�I ���� ����

-��&�� 	� �&� G���� (6� &��� ��� %�� � -�)' -&� ���� &��' . %�.U@D

 ��&
� �' J'�$� ��&� �� -&� �B3f -&D�L� 	���O ��� ���� ���' 

	� �' �'��' (��� ��&
� %�� !B ���� H�I ��&
�  !�5�� ��)< 	.�'

 =?� �� �&� 0�)�	�  &��'.  =?� ��� n,� �' -�$6 �$6 �����; 

(�� -&� -��� ��L� ��)��� �)* . (')*� ��)' 1�' =�#� !' �&�'� ��
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���� 
���� ���� ���� � ����	 ����!"����� 
���� ���� ���� � ����	 ����!"�#"$�%� 	& "��' (�	) �����"' *��"��	 
� (	�
� � +
' ,�#"$�%� 	& "��' (�	) �����"' *��"��	 
� (	�
� � +
' ,�  �	%��� ��-�	%��� ��-                                                                                    �.  

 
 ��Q' 	X�� ��L5 C����� ��� �� 	X�� ��L5 �� ��� -�) �� P2

 -&�&I =�#� !' ���$6 �$6 !_��� �� C(�� ��L�' -�$6 u$�

	� H���5� ��"�� &'�� . &��� -�$6 �$6 p��&_� 	&� �� �I

 !_��� �� � -�$6 ���� H���5� �2 =�#� !B !���� 	LD�B

 ��Q4 -&�&I ���' � -�$6 u$� �� P2 ��Q' 	X�� ��L5 H���5�

	� &��' .&' M&D ���&��� �� 	@V� H
� �����; %�� (�� 	V�

 -��&�� m'� �&� !' ������I %�� !B ��` ���� ���.� -�$6 /�

	� ���$6 &��' .  

 =?� �� %�.U@D�!,��
�   -�$6 �$6 � (')*� �����; %�' ��

(�� -&� ��_�� ��)��� �)* �� . -&� -��� ��L� !B �)$��@D

t)?"� (')*� � �$6 �����; &���	�  �'&� .  

	� H���5� �$6 !B 	����  %�� !B -��� ��L� HD�B (')*� &'��

���� H���5� (')*� !B 	�#�� �� � (�� ��"�� =�#� !' S)+)� ,

	� HD�B �$6  �&� !5�+� � ���$6 ��Q4 =�#� !' %�� !B &'��

(�� ��� (')*� ��)�)� !' �&�#) P2 ��Q' . G���� %�.U@D

�L� =?� %�� �� -&� !X���	� �  -&� 	.�' H�I ��&
� !B &D�

-��&�� ��&
� �' �'��' p�
�6� �&� 0�) 	���O ��� (')*�  ����

 -&�)����� ��� � � /LO ���� t��� �' ( &��� !' K)'��

 -&� !X��� �&� G���� (6� &��� ��� S)+)� %�� !B (�� 	��9@A

	� &��' .  

 =?� ��� ���' ��)��� �)* �� ���$6 �$6 �����; (')*�  ��D

(�� -&� -��� ��L� ������ !�#�� . 	���' =?� %�� !X��� �� M&D

(�� ���$6 ��Q4 �� &�� �' ����� ��� (')*� ����� ���� .  

 !' 1�' ����� ��D (')*� �� C(�� -&� TQL� !B !�)j��@D

 � ),?� �� 	��_'�� ����� ���4 ��� �� 	��V��� H����� =�#�

	X�� ��L5 ��)' �1�' � -��� �� ��"�� ��� -�) �� P2 ��Q' 

	� &�� ���$6  ���$6 ���� H���5� =�#� !' �2 �� �I � &.��@�

	� ��)< -�$6 ��Q4 ���� .	� ��L� =?� %�� %�.U@D  !B &D�

(')*� ��  	LD�B p�5�< ���$6 �$6 �����; �&�� !�#�� ��D

	� &��'.  =?� ��fw; �' ����� (')*� ����� ���� ���  �����

(�� -&� -��� ��L� 	
��� ���$6 � ��� ���� .  

	� !8�N�  (�� �1�' ����� ��� (')*� !B 	$���� �� !B �)�

 ��)' �1�' �2 =�#� !B (�� �1�' ��� ��� � ���$6 	��V� ����

 ��� H����� ��B�&� � (�� ����� ��� S�4�� /��'���2 ����

	� ��)< ��� %�� � ��� ���aI ..U@D (')*� !B 	�#�� �� %�

 !B (�� ��"��� ��� ���$6 � ��� ���� �����; &��� (�� �1�'

-&�&I ����@D ���' ��� �2 =�#�  ����� ��
��� � ��"�� ��D

(�� 	��_'��.   

 =?� ����-��&�� �' ���$6 ���� �����;   ��L� y9�Q� ��D

(�� -&� -��� .-��&�� ���� 	���' =?� %�� !X��� �� M&D !�#�� 

�2 ���� �����; &��� �' ���$6 (�� �D .	� !8�N�  !B �)�

m��� ���,' ��?`)B -��&�� �' ���$6  ���� !' (��� ���$6 �� �

	� ('�� -&.�)� �)* �� ��� %�� � -&��� ('�� &��� .%�� %@+  ���� !B

-�$6 ��@ 	��V� (�� �'��' � ��,?� p�4��
 �D.   

 =?� ����!�#�� ���� ���  � ���$6 -��&�� �����; &��� �' 	
��� m��� 

 -&� -��� ��L� 	9B �����&� ���&��� � M&D ���&��� ���; !_��� ��

(�� .  

 �'��' ��� ����� ��� !�#�� (')*� =?� %�� ��z/� ��&
� !B -&� ��5 

(�� 	V�) ='�6 .	� ��L� =?� %�� �� -&� !X��� G���� !' 	D�j�  &D�

� !�#�� ���� !B -�$6 ��Q4 �� &�� �' 	V�) ='�6 ���� 	
��� m��

 ��� !�#�� (')*� ��)' 1�' >:��9A !B ��` ���� -��)9� ��&�'� �� p�<)YO

 -&���� ��"�� �� m��� C-�$6 ���� ��)' 1�' ��"�� -&�&I ���' ��@��� �

 ����� ���� ���' !B !�)j��@D �K�|� =B �� ���$6 -&� -��� ��L� 

�)��� �)*(��� &.D�)O -��&�� HD�B � . � ��� �D��� ���� ~)YO ��

���� �)�� &�� ��@��� ���$6 ���� 	5�B H���5� .  

 	
��� m��� H����� �� H����� ���# �' �&��� ��).A !' S)+)� %��

	@� ������ =��)A ���� =�#� !' !B ��` (,��  �)@� �NA� ������< ��)

 �V�2 ��Q4 �� ���$6 &�� !B �����&� ���&��� HD�B �� H���5� RA�'

	�����.   

 =?� �� %�.U@D�� ���&��� ��� �' ��� ����� ���� ��&
� ���� 

(�� -&� -��� ��L� �����&� .	� =?� !' !�) �'  �' !B (�� ��)

	� HD�B �����&� ���&��� ����� ��� ���� H���5� &'�� .  

 � ����� ���4 �&� H���5� ��� %�� =�#� ��� � ���$6 %�' 	��_'��

 ��� (A�� ��"��� HD�B � ����� ��
��� -&.��� ����� H���5� =�#� !'

(�� ��)��� -��)9� HQ' �� . !' ��) 	� =?� %�� G���� t��� �'

/.O W�' /� �)�� !B �)@� �NA� (���< �' � 	')O  �� =46 ��� -&..B

	� ��)��� -&.�)� ��B H���5� �� ����� H
� &��) !���� ��)��� 	��

 	�".< ��D��'��B �� ����,' ~)YO �� ��� %�� !?.�� �@B C&��'

-&.�)� (�� -&D�L� ='�6 ��)��� ��D.  

  

�.	
���  ���  

-&�&I ���� � ��� ��
��� ��D ��)��� -&.�)� !' ����� ��� %�' ����� 

 J�6� ��)@� b�c# �' � �&"' /� �&� /� t��� �' 	
��� m��� �

�1��"�(5�� ���6 	���' ��)� ����� � ��� ���4 .   

	� ��L� 	���' %�� G����  ���$6 ��Q4 �� &�� ���� ��)@� b�c# &D�

	� ���$6 �' 	��_'�� ����� ���4 �� 	��� (A�� HD�B �  �_.� &��)

H�I �� 	L��5 ��$O !'  -&.�)� /� 	9B �����&� ���&��� 	.�'

���� ��)��� .��� t��� �' %�.U@D W�' /� �� -������ !"#�$� %�� G�

/.O 	� -&.�)� !' �2 ���� �� =46 ��� H����� (V� %B  ���� &��)

 � �� ��)��� ^&.�)� �����&� ���&��� �' ��� � ����� ���4 	�.�

&D� HD�B %?@� &� . �' 	��9@A y9�Q� ��D������I ���� %�.U@D

-&�&I ���a���� ����� �?9@A �� -&� ��� ��D-&.�)� �  ��)��� ��D

&���� 	���'.  
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78' 3.  ��9 �" ���� (��: ������� ������� (�1��;-

�<&�� � ���$�� = "��� >�
 � "��� �? @�?1� A&�$�

#�&�B �$�� ��C � >1� �(��1D  

  

78'E . ��9 �" #1�F G& �? @�?1� H�C ������� (�1��;-

�<&�� � ���$�� � >�
 � "��� �? @�?1� A&�$� "��

#�&�B (��1D � >1� ��$�� ��C  
  

 
 78'I . � ���$�� ��9 �" #1�F � ��� J
1� (�1��;-

 ��C #�&�B "��� >�
 �& "��� �? @�?1� A&�$� �<&��

(��1D � >1� ��$��  

 
 78'K .���$�� ��9 �" #1�F � ��� ���" (�1��;-  

  

  

 78'L .���$�� ��9 �" #1�F1�F (�1��;-  

  

 
 78'4 . (�1��;-���$�� ��9 �" J?�9� � 1�F  
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 78'M . �" #1�F 1�F 1? �"��� ��� J?�9� (�1��;-1�NO-

���$�� ��9  
 

  

 78'�5 . ��� ���" 1? �"��� ��� J?�9� ��P�� 1��;- 1�NO-

���$�� ��9 �" #1�F �  
  

  

 78'�� . ��9 �" #1�F ���" 1? #1�F 1�F 1��;- 1�NO-

���$�� 

  

 78'�Q .�� ���" 1��;- 1�NO-#1�F 1�F (�1��;- 1? �"��� �&  

 

 
  78'�3 . ������� ������� 1? �"��� ��� ���" 1��;- 1�NO-

,RS�� 

 
������� ���� � ������ 

A  ��� ����	 
�� ��� �m2   

DNC  ��� ������� ���� � 

pC   ����� ����K.kg/J  

dD  ���� ��� � m  

diD  ����� �!"�# ���m  

sdD   �$#��� �!"�# %��& ���m  

E  ���� '� ����#�( ���)#�  

DF ��� ���!) �N  

G  ���� *+,- *��s/m3  

H  ����&)� .�/0�# 12)m  

h  �*��,��( $�#�- 3��&)# ����K.m/W 2  

k  �*0�#�- 4�#�5 ����K.m/W  

H,M 6�( 3��&)# � $�#�- 3��&)#  

jk  �6�( 3��&)# ����s.N/kmol   
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L  �
�� *+,- *��s/m3   

vM   ���7� *"�8"� 6�(grmol/gr  

gm�  �( *�� ���� *s/kg   

dm�   �
�� *�( *��s/kg  

n   ��9�:; $#�< �#��0  

dn  
�� $#��� �#��0  

Nu  ��� ���� �4=��) ��	  

P  ���>?Pa  

satP   ����� ��� �� @; .��A# ��7� ��>?Pa 

bP   ���� ���0 �� @;��7� *BC( ��>?Pa 
Re  ��� ���� ���"�9�� ��	  

Sc  ��� ���� �4!+A# ��	  

Sh  ��� ���� �����A ��	  

t   ����s 

dT   ����� ���K  

gT   ���� ���K  

refT  ��9� ��� K  

gV   ���� 4	��s/m  

dV   ����� 4	��s/m  

gthV  ����=� �� ��� 4	�� �s/m 

rV   ����� � ��� *�D) 4	��)( dg VV − �s/m 

W   ����&)� E�	m 
x   ���F 3�G �� �=H�?m  

saty  ���� ��� �� @;��7� .��A# *"� �DI  

by  ��� ���0 �� @;��7� *"� �DI  

lρ  
�� �&!D)#� �3m/kg  

gρ    ���� �&!D)#�3m/kg  

gμ   ���� �&���8D��s.m/kg  

lμ   �
�� �&���8D��s.m/kg  

λ  ��!7�0 ��J) ����kg/J  

η  ���)#�  
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