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Abstract  
Granular media including rapid gravity sand filters are used in water and wastewater 
treatments. When sand filters are clogged due to deposits of particles and particul-bound 
pollutants, it will lead to head loss and under this situation it is necessary to perform 
filter backwashing. Prediction of sand filter head loss is the major focus of this study.  
To meet the primary ojective of this study, a single-layer rapid gravity filter with sandy 
media was tested with inflow water containing different concentrations of lead (Pb). 
The amount of deposited sediments and the resulting head loss were simulated in the 
filter media by combination of Karman-Cozeny, Rose and Gregory equations under 
different  discharges. The maximum time to reach the various amounts of head loss was 
obtained when the inflow lead concentration was lowest (25 ppm) and the surface filter 
leading was the highest (6.22 m3/m2/hr). The highest lead removal efficiency (92%) was 
obtained when the input lead concentration was 25 ppm and filter surface loading was 
3.11m3/m2/hr. Comparing the specific head loss under different operating condition it 
has been shown  that the time difference is less under lower head losses of 5 and 7 
centimeters. In addition, the slopes of filtration discharge under similar operating 
condition showed to be steeper verifying a higher filtration performance when the 
concentration of input lead and filter surface loading was lower. 

Keywords: Head Loss, Hydraulic Modeling, Sand Filter, Temporal Changes. 

www.SID.ir

www.SID.ir


Arc
hive

 of
 S

ID

dx.doi.org/10.22093/wwj.2017.43597.2068 79

����� ��� 	
�� Journal of Water and Wastewater 
��� ������ ����� ����� Vol. 29, No. 3, 2018 

��� ��� �	
�� ������ �����
�� ��� ��
� �� 

����� ������ �� �!��� �"�#� 	$�%���&��' ()*"+

��������	 
���� ���������� ���� �������� �������  !���" �� �  #��$%& #�� 
'��� �()����	 ��*����  ���	�( ������� �  ��	���  ��	���&#�� 

(,-.� ���.&�)daneshi 7883@yahoo.com 
0�#��&�  ��1���  ��1��� �������  2)����1 ��3����  ��"���� 

4������ � 5�� ����  ��"�����)����	 ��*����  !�( ����6 ���������  ����  ����&#�� 

������)	
/�/��������/��/�(

����:���
���� ����� ��� ���  �  !
"� #��  � $
%�� 
����� ���.�
�� ���� ��.��.� ����������� �"��� ��� ��� �� ��� �� ����  !�"��#$ ����"

"�%&'� ( %) *+,�-�)��(0�1�0.Doi: 10.22093/wwj.2017.43597.2068 

����� 
���� �� � 	
�� .�� ����� ����� ����� � �� ����� � ��� ���� ���� �����  !�" #����� �$%� � &��' ���() �����
�* +,� -�*,
. �/0�,* 1��2 � *�34� �$5�� 6,($%����"��7 8� ��� 9�� �$5�� 8� :;�<= 1�� � . 1�� >��?* ��� ��5@A

�B5C :;�D 6��� �%�5�" �� ��" &���$* 6�; ��D E� F��$�"� ��� ��$5�� >��?* � �5��G ��� ��� � �,"� ���@* .9� �$��H
I9*  �D�� 1*��D 6�;J) �)E,DKarman-Cozeny) 6�,L��H � E� #(Rose and Gregory ��� � ( �,��"��$5�� N�5$O* 6��;

��!� .9� 6E�" �$)�P��"&���$* ���@* �� �9�"� � ��*E 1��$(�� �D � ��() F9*� �E���3��* 1���$
D � #���(� ����
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&#.�1B=2�1�� 6-1; ��1�C�(Matteo et al. 2015) . D�1�� �1�

���#�-7�!��2%� �E�@" ���&���& '�� �*���1� &�1�� -" ���
&#.�B= A#�?� #�2�8� .�#� �� ���� �����>F.GH���$#� I�: 

���1! �1��.(Ghavidel and Moatar, 2014, Naddafi et al., 
2005) 
�/� A/" ��� ��� ��
� ��J��K �L�� �  �M� &� �8�1���1�
'�%� #��*� NO� �1�� .P.# �1�2M� &� ��1� A/1" Q1�!8� 1� �

�� �$��B� �	����!��� �1�"� �$���)�1; �	���-�*K� �$���)�; $
�B7
�$���)�; R�	C� ���8M� �$���)�;.�!S�� ��@?� �$7	� N!1*�� 2�1�

D	SC� �)�� ���TC7� �$!*�& '1�	� 6�1�� .���1B�.UV Q1�!8�
���1�� 6-; �!��: #�=.(Sarioglu  et al., 2005, Yu-Ting et al. 

2009).
P.# 2��6-; 6#�;� ���.-1%� . W��	7 2�#�� &� $��1� �1�)0 

�1�� -1��	� . X�1� 2Y�7� �� &��7 �W��7 A/" �1� $)1� 2�1��	� 1� -
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�RY (	=���.>7  
�� '
�� �� %7]� J�k� � ���Y���� .=�#�R�
>7  (G��	 �7  
��� �� �� �	 4�5 
���  � 7 ����� _2��P��2

  ��2 �����C �� � ���R� ������ =���� �#����� ���'-��0� � 7���H 
.(Daneshi et al., 2014, Katsumata et al., 2003) 

��U �� %�/#0� �7  x���0 7 
� T��. �� =	U ��(������
 ���RY �� 3�����G O[��5 (�	=��I	 ��/��)� ���� ����, �7=��� '-��0� 

(Daneshi et al., 2014, Yabe and Oliveira 2003).(��?,��� 
��� � '
� �2 2 
����` (,=�	 �K -0� ��� ���#��G �#R� �����

�,�� !�8	 �� �� (	  2 �7  (Noori and Ferdousi, 1999)'(	�� ����
�]HG  � 
�V�0 3���G O[5 ���� ��#��G 
�� %��D� ���� ��

-�IG�	 ��K %�/#0� ���	�(Muhammad et al., 2004).
�)�  � ���5�	 
���*� f̀ ���	 ���0��#��G�� ��/ �]�HG 7

-0� (��C� f̀ �C� 76��  � �� �� 3� � ���0�=U ���5�	 
����
��/)� -0� �,* (Monzavi, 2005) . ���#��G (�� =�� ��� 3 ��C
%��#RF � �]HG 7 �� ��/)� ���� ���(�	  2 =�,7 .�#�R� 3� �

����G N���, 
����#�'��	 %��=��,���Ps/r��� \^/r	����(���H 7 ���#	�J
�#*���B(s/WaZ/W� ��.(Daneshi et al., 2010) 

�G����#��G !0�� O[5 =��=�� (���� '�,B	 ����07 �R_���
MD� T��. �� (/�#$	 �� '���K  �<#,� '3� � ���0 �=�U '(���<, 7

d�2�7 (	 3 �C (����� �� �	���� ��� �2 '���F(-���0 =��,	
G�0��#��G �#�R� 3� � %��=,� '���� p���	 3� � %��=�,� '��#� 7 ��  

DVL O]#*�(V#R� �� � &,�(=, �� (Daneshi et al., 2010) . 
(	�V�� ����0��#��G 3����  �  � (G�2 %��=�,� ��� 3� � ��2

(	 �=�Y ��?� �#R� %��*� -�G�: '=��2 (	 T��B� �#R� ��0 '����
���8	  �  � -G� ��� T�� 
�G �#�R� !���#� (�	 ���� 
���L  � .

��<#R� =�� (�.��	 -�G� ��2 (	�V�� f̀ ����	 .���� +?,� �#��G
 �7=5 ��  <G^/W�� X��� ���#��G '=�0�� ��#	 ���<#R� ����07

(	 ���� 'm�B�	 .=,�� 
��G� ���  <G -G� d�� �� d�	 
���0�  ��9* '����3� �

F�GC �#R�  � %�#G� �(�� .� �� ���U7 4�I#,� �B��� �� �7 7 7Z
=C � /)� ������ '%=� ���<#R��GC(	 %�/#0� �(��� �[�D .

����5���(GC(���� =��(�� '	 O[5  �j�	�`� �P�%=�� ���
� 7 ��  � {*���i��� 
��� .� ��	� 
����<#R� p�'m��B�	

Y�d���(-0� +�`  <G -G� (Banejad et al., 2010) ������ .�

�  ��
d�7gY ����  �j�	 ��� 	 N��.7 ��	� 
���<G -�G� ��� �� ' 

4=	 �(���#	� Y �2���D7 =�B(�	���<, �   �<G -�G�  � �P
	(=��'=� %�/#0�.

*1*1:.;��7J
;� \;���(;! 

�U����������� �� �0 6� ���� +�V�� h��D 4 !��8	 ���	 �� 
T$�$#	 =�,	 �#��G#,  � 7 �B9C� � %�������,� -G� �?�.-�0�
4���	 ���4=	 
���%�/#�0� � ��	 ����� �  �<G -�G� ���08	

8	�!��4=	 'T$�$#	 ��
	 2 a,���2(W�  'X�F 7� ��V�Z

	(.=��� 

*1*1*1�(�{���D1$KS.D 
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GC T$�$#	('Vσ%���� _�?5 ���'���0  )I(-�G� ������F
 <G'oH∆� ��D7�  <G -G��&#,� 7 �=#�� 
������ �#�R� -�0� 7

oε	 ��D7� T$�$� � ��������0��#��G  � �P(	 �=��� .(Boller and 
Kavanaugh, 1995) 

*1*1"1	���/� S�

�� �  �9��  ��2 (#D�5 ����� (��� =��� ����#��G  � %�/#0�  �j�	
G �#R���� �#� �� =�� %=� �#G�F �j,  � 
V��  �� ���, ���� 3 �C

 �j,  �(	 �#G�F ��� (Tebbutt, 1998) 
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∆
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Sφ3� � TB�  �#2G-0� .DC
���, n� � J��H-0� �� ��2
 �D��	\��(	 -0� =�� 

)�(34.0)R/3()R/24(CD ++=

�KR-0� �=D���  �=�.

*1*1T1'�.u&78 �(� 
�� � �V��F 4=	 3 �C �D��	^-�0�.(Banejad et al., 2010; 

Daneshi et al., 2014) 

)�(
)1(
tCKVHH oS

o ε−
+∆=∆

� �2�
�D��	 

SV4�0 ���: -��0'ε�� �:��#	 T�$�$� ) �<G -�G�∆H('
t�I�.� JR5 �� �	�'C0-�G� ���� �2 ��7 7 4�0 �� (#j�k

(	 �#��G  �  <G ��� 7K� �V��F 4=	 J��H	(.=��� 

"13�� � ��.� �!
�� ��j�	 +�?,� d��	�� '�� 3�)$<	 �� ���#��G %=�� ��S� �  �

TB���W�� 7��<2 %=B��<,��  � ���.�7 �� -���/�2 %V��<�	��  �
(���� %V<,�� ��&� ��=�� ���0 =�(�IP ��` 6� �#��G ���� .Ws

×Ws(#,0 ���	 �#	 c	 ��`��� ��/)�  � �P -	$Hsr�#	 (#,0
(�� � � x����0 
� �� ����9. �~/W��\X/r(���	 ��#	c(D�VL
 (�.�7|^/X�� +�F (#,0 J�B	 �#	c	 %��=,���P'|/r(��	 7 ��#	

(#*������� J����H '�������^/W.�����:T	��� %=��, �=&V, ����` ����`
 -	$H �� (,#8�W^(#,0 ��#	 3� � ��9. 7^XaX|(���	 ��#	c

-	$�H ��� (,��	 ��`X^#,�0(3� � ��9. 7 ��#	X/WZas/|
(��	 �#	c-	$�H ��� (�`�� %=, �=&V, ��`Wr#,�0(��#	c��9.
3� � s^/\aZ|/X(�����	 ����#	 7�#���R� �`���� �� N���/� �
W^r(#,0 �#	��.�,�	(���(5��#��G�%��=�,� T	�� =��� (���

	�' �Ps/ra^/r��	(�H '�#	�J�#*���B(	 ��� �#R� 3� � ����� 
s/WaZ/W�� ����� �#R� p�� 's|/ra|W/r89�0  �� 7 ��#	(

X~/WXa^X/X����� .=�,��� -��0  � ����	 ��#	 ��� J��B	 �#	
_<L (��Y ��% ���� 3��P� ��� �#��G �9. -�R, '4�0 -2�5  � ��

�� �� !�8	 �9.=n �� �� ��^r=�� (Darby and Lawler, 1990) 

Fig. 1. Actual image of the filtration system employed 
in this study 

45�*1_#R�0 (�.�7 ���)� �#��Gd�7gY  � %�/#0� � �	 

���� =��I	 'd���	�� 4����8	 ����&�  ���j�	 �X^'s^'WX^ 7Ws^ 
(��	 +�F ��� (��� ��� '��G 3��#�, 6�, ���2 �GH� � '��0 �#�D
pH �������� ^/saX/s3 7=���2 'NTU^/W(#$���0 'W~r =���5�7
(� (�B��#BD� -��=� '(����2 µs/cm\^s ��	� 'X^��XZ��U � 

���l� ��	�� 
�� .=� %�/#0� ��2  ��5 �7=� 7 m��R�03�-�j�k
 ������RY  � �������G � �� �������U7 �=������	 7 (#�������C ������� 

)(Daneshi et al., 2010.4��8	 �� � ��� ���Y !�0�� ��,F�=U  ���

� �#R� �`� ����� ��#��G �#�R� �� (�U7�* (��� 7 =�� %�#�0�G

 ���I	^/W'X'^/X7Z89�0  ��) �I�.� �� �#�D(WW/Z'W^/\'
X/^7XX/|(-�0  � ���	 �#	 �� J�B	 �#	 .=�� _�j�� xv�0 

�,��, ��#��G (�U7�*  � %=� J), ��� �� �#R� � ��� 4��8	 ��
 -�����=���	� 3=�	 .=�� (,�=�0� 6��#�, =�0� � ��CG]� 7

������� -����� 7� 
WX.��� �2 '��� �I �� �	 
m�0� ��� ��	� 3=
��� +�` �	� T.�=5��U  ��� �� ��#�2  � �#�R� �� ��	 
���� ���

��(G�0��#��)��^/WD�.� ��� �#�4���� (��I =�� ��,��, . !�0�� ��
���	 � (��� �<, �#	�#�v0� %V#0� ICPW+�=�2 �� ���� .=� -S��.

-j�k �� (���  � '��7 7 ��  �&L  � ����0��#��G '"��#$	 ���
 ��B� !0�� O[5 (�� 2 .=� +?,��D��	 s��08	=�

1 Inductively Coupled Plasma (ICP) 
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)�(100
1C

2C1C
(%)R ×

−
=

��  � �2 
R'O[�5 =�C �C1�G -�j�k ��� 7 ��7 7  � �C2 � ���G -�j�k

G �#R� �� (U7�*��#� -�0�.-�0� ��2� ��� +�` ��2 +�?,� (��  �
�� 'd�	�� 3 ��C 4���8	 �7�5 ���$	  � (�	� � �� (,��� T

7 -G�F d��	�� �� ��5�	 �� +?,� �� =�� '>7  ��� ��#��G !��8	
�R���� ��� 7 �� !0�� m�B�	 ��<#.=� 

"1*17Z�� 4X
X- :�];� � ��9� =�� {;, `�F-�� 

�� ��  �j�	��� e�� � 
�G �#R�  �  <G -G� 
�`) ��#� �� �	 �� � �P
/)��	 7 '(��G  � �P��	 T�$�$� �����0��#���  � '�� �� 
d�7g�Y ��


	 2 4=	a-G� 
#G�F �j,  � � .=� %�/#0� (,��2 %��� �  ���
G �#R�  ���#�(h) � 7����  �  <G -G� �����F ����	 �� 7� -0�

�	� (I) ���D��	s
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Fig. 2. Steps to calculate the required time to reach a specified head loss 
45�"1 <G -G� �� ;$<	 ����	 �� �=�0  �	� 
���� ��08	 T5��	 

��(6 *1� �����F '
���, n� � J��H '�P�	 T$�$� ���I	(��  �  <G -G� 7 �=D���  �=� '4�0 ���: -��0 ' <G ��D7 "�#$	 �� 
Table 1. The values of effective porosity, Newton Drag coefficient, Primary gradient pressure, apparent velocity 

of fluid, Reynolds number, and Head loss under different fluxes 
f0CDReI

0
h

0
(cm)V(m/s) Q (lit/min) 

0.4751.030.510.15220.0008651.5
0.4938.950.680.1825.90.001152
0.5031.520.850.2028.90.001442.5
0.5127.440.990.2231.40.001672.9
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Fig. 3. Relationship between head loss and effective 
porosity 
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Fig. 4. Lead removal efficiency vs. Initial Pb 
concentration under various filtration discharges 

 45�[1-j�k  � ��0 O[5 �	=,�  (�� 7 � "�#$	 �� 

��(6"1���I	K-j�k 7 ���0��#��G (�� �� 37/#	 ���I	  �
��0 �)�� 

Table 2. K values for different filtration discharge rates 
and lead concentrations 

Q
(lit/min)

Pb initial conc. (mg/L)
25 75 125 175

1.5 0.0076 0.0029 0.0018 0.001512
2 0.0028 0.0012 0.0008 0.00069

2.5 0.00174 0.00076 0.00057 0.00045
2.9 0.00106 0.00043 0.0003 0.00029

���U7�* =�C � �	� '=�	� -0�(G �#�R� �� ���G -�j�k�'��#�
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��G����d(G�0��#��, ���&��<	 =�,7  �(.� �� ���U7 ��	� ���
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GC �#R�('��0 �	���� �=  <G -G��RB��(�	 �#0�K '��� 

Fig. 5. Relationship between filtration time and head 
loss under different Pb concentration for  Q=1.5 l/s 

 45�c1(��  �  <G -G� 7 �	� ���I	 
�� �9�� �/���,P �� �#�D  

Fig. 6. Relationship between time and head loss 
under different Pb concentration for   Q=2 l/s 
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Fig. 7. Relationship between time and head loss under 
different Pb concentration for   Q=2.5 l/s 

 45�i1�9��  (��  �  <G -G� 7 �	� ���I	 
���/���,P �� �#�D 

���� ��G� ���7 7 -j�k d�%=���2 ���U d���Y T��. w9�0 '��
��G��	 d(���,�� 7 3� � � ��0 ��G m�� �B	� 7 =� ����#�R�
GC((	 �#<�� ��� � [G�	 7��#<�8	 ����#R� !�0�� ��3� � !

76
78
80
82
84
86
88
90
92
94

25 75 125 175

R
em

ov
al

Ef
fic

ie
nc

y
(%

)

Pb initial Concentration (mg/L)

Q = 1.5 (lit/min)
Q = 2 (lit/min)
Q = 2.5 (lit/min)
Q = 3 (lit/min)

y = 57.268x - 5.5851
y = 52.307x - 5.132

y = 51.76x - 4.9866
y = 51.348x - 3.6995

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25

T
im

e
(m

)

Head Loss (cm)

Concentration = 25 (mg)

Concentration = 75 (mg)

Concentration = 125 (mg)

Concentration = 175 (mg)

y = 113.33x - 10.292

y = 92.526x - 8.3982

y = 84.951x - 7.675

y = 72.752x - 6.5578

0

500

1000

1500

2000

2500

0 5 10 15 20 25

T
im

e
(m

)

Head Loss (cm)

Concentration = 25 (mg)
Concentration = 75 (mg)
Concentration = 125 (mg)
Concentration = 175 (mg)

y = 146.2x - 12.776

y = 113.65x - 9.9331

y = 93.012x - 8.1273

y = 85.171x - 7.4613

0

500

1000

1500

2000

2500

3000

3500

0 5 10 15 20 25

T
im

e
(m

)

Head Loss (cm)

Concentration = 25 (mg)
Concentration = 75 (mg)
Concentration = 125 (mg)
Concentration = 175 (mg)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

www.SID.ir

www.SID.ir


Arc
hive

 of
 S

ID

����S�� 	 +���  7��...dx.doi.org/10.22093/wwj.2017.43597.2068 
85

����� � �� 	
�� Journal of Water and Wastewater 
��� ������ ����� ����� Vol. 29, No. 3, 2018 

Fig. 8. Relationship between time and head loss under 
different Pb concentration for   Q=2.9 l/s 

 45�f1(��  �  <G -G� 7 �	� ���I	 
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#,  ���� ��?'	���)$<	 ���(��#�2 ��	�  �  �<G -�G� ���� 
	(=�� (Banejad et al., 2008, Mokari et al. 2010) �?,� �� �#�D� .
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