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1 In situ 
2 Remediation 
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2015).
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��G�ND$��� e��\��� ���B� .(Mahmoodian 1985; 
Mohseni 1986; Naseri & Alijani 2002; Nanbakhsh 2001; 

Lalezari 2008) 
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- �=��S� ��*)�#1�� ��
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�*%
��1� ���� ��1�- 1��"���\
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 �� R!c�	 f	� �)���B �� ��1��- � �� ��<) _��+& � �D�2&��� "���
\%� �+H3�D��� �Y�)$�(Toyserkani 2007).3
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��
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��%8)*$��)��� ��1���
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��1��c"�1���"� �� ���W�F 3��� f����%� ������)1� "\���� �� D��F&��B�
��1B3
�B�(Zhao & Pei 2012) 3
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(USEPA 2014).
1�#�TND$%� ��� ��� e��1�- ����18 �
�YP �N ��,� �� RN �� ���

�*%
��1� � � D$� .��9
'H���� ��� � RN ����Y)� *�%
��1� D�
��N
� �
8� ��*$)��N� .3����Y)� ��� D�
�N��
 ��\��  �) �� 1�- ��
 O�<%�

'0��� �* 5�
0$%��\	 D*� $�� "� .$��+) ��� 3
&�G) "�1� _�B ��
sttr��)���B ��*� �) 9�) �� ��
 �<%#��*[�H�
F)1�s)PRB ( ^�$���

$�)��� .*� RN �#*%
��1� � �� D�
��N ���
 PRB �� ����18*�$���� 
��� ��
���*��
+
 ��
���N ����*�����N � D��� `%��#�� ��
��� ���� �� ����

 
1 Permeable Reactive Barrier (PRB) 
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E
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YP ���18 ."B ���&�
 ����"���N �SB D�
�� ��1�- �
���� ���18"8�1E �*�1B .+# ��\��%-�
$�� .3����� �Y=8
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� "�� "�E�
%;���� �� D��$)���,� ��
�%P4
��G'G&� ���
 _�$8 5�QG<�s1H.$� 

7>�3_`_$� �� �G'G&� 4
,� 5�QG<� D��F&B� ��
� "�� 
Table 1. Charateristics of the porous medium in 

different models  

No. Type of medium
Grain 

diameter 
(mm)

Porosity 
(n) 

Hydraulic 
conductivity 
(K) [cm/s]

1 Fine transparent
medium (i) 0.5-0.7 0.40 0.45

2
Average

transparent 
medium (ii)

1.7-2.4 0.38 1.8 

3 Coarse transparent
medium (iii) 2.4-3.4 0.36 5.6

�;�� �� �# �
S)�+�sD$�� D��� ���<) �,�4
����N`�����Y=8
��-*;� ��1��- $� D��� ��) �<H �8� �� ��%- �N �� �
) ���� ��;�� 

� �8� � (�u�� _$�3�1� :	� _$� ��)*��;�� ( [H1�*���+- �� .$��� 
� �
) � �1��5�
0�E�
%;� ��.��,F0 )��+
 Z�F�� ��E�� ���

 ��<
� ��Y=8 �� �
�YP �� v�H � D$�� ���� ��F,� "����� ��G'G&�
����3
���1Y�;P"�*�$.

^`^`�>� !�

^`^`\`#�D[��� �� I�3 7!G
0� 2B�!/���[K#K
� 
D��1�� _$�� ���B"$�=� ���"1-�1����#1H3��1�� ��\���"',- ��
 �

H`
*�%
� �1�� �� _
�',� _��:&)�4��*)�$�
 ��� � D�
�� ����� �
�i
�� !� ��"��_$� �� 1-1n "��.�$=�"��B� .(Fadaei et al. 
2015)

�)���B Yi "��*%
��1�� RN *=
 �B$%� 5�QG<� ���*�O�<%�
`%- � �	�� �N 1� ���� "�� H ��D$
�
 �� �1&��� �
i�D"������ ��

�b&� ����;�1��
 � �� .$%&����3��� ��1&��<
� H �u�����D$��
�
 �1��;'+P 
�)���B Yi "��*=
 � RN*%
��1� D�� ��# �� ',- ��  *�'
 ��� �$�)��$) 

_$� .+# ��"�$P �� *;�\
	 "�
',- ��*$�%��+).(Bedient et 
al. 1994) 
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)a( )b(

)c( )d(
Fig. 1. Deployment of lab models inside the dark box 
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 5T���=�
�*'
�)�1F� ��) �� � �#� ��=-3

 b&�1
"��+=- � �#� �
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 �1� `GH ����=�"�1�4�_$� ���<� 	 "�� *�;�\
 

�3�.�B� D$� �u��� `��mH 

XB�`�LD |.'�"��0� 

"�1� .�)N fY%�*���.��\-h�H�&B

 ���'( �5$�� D��-
#C

�,F0 �� �S:) 1� ��x�y� ��*��
- �S��� .+# ��s�H`
*�%
� 
.�
+)λ(1⁄T) \]- }1)��� _�� �Y-1� ��*$���� �1	 .*�
� �F�
�

 ��8 �� �P1By� 1F0 �����8x��#1  ���8 ��� �&�B�� ��� �
TN � $����� �����18D$��%� ���� 5�
��0���{��w;� �� �� �"�&��B �
��,�

�
+P"�\-h��
�P1�B .�����18 \�
) ��$�� ��H �� D��F&�B� ���`�
�"�$P �
',- �� *)�$
 ��N �B� $�(Bedient et al. 1994) 
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)
� 
_�B ��stxr ' D��*��5�
0 �S���r"�1�� &��� *�1�� ��#4�

�H"��$� TN D�
- � $��� �#�  ���� �� �Y�) D$�%� )\�
 �H��$�� D$��
��) $���R�� ��'(C0�\- }1) �� h�� Q��u��� ( $��� .3�� ��  D��

)$%���
 �����#"1
 Ko �� �# �B� b- ��� f��- 5�
01

 �&	�� ^
)
 1F0 �Y-1� �� � 9��*� ��1=- �
�(Bedient et al. 1994).

)r(
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
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







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
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

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2
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Q0C
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f`f`f`��>!QD ������ �
��
TB� 

*�� �N .�+# �� �# �B� "$%��1	 �� 5��YP 1���Q- e���1H ��
�-
�Yn R
'S� 5�P!i� ��� .�
+) ��1G&B� �� 1���Q- �� D$� 5���YP
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�1��) ��
�� 4
�,� �� D$�� ��
�- 1����Q- e�� 3��� .+# �� 12��
91) �� �&��
2�� .� 4B
- �� "1-

w��# ��\	� "�$�P 1���:� 5�
0

*� ��1� �
',- ��
� 3��� .�1�
� ��'P $�%)�� ��'&G� 9
�'P �� e��
 � ��F) *�B$%�� ���
�� ��'P �.�
)�;� �1-

w��# �.
)�1&;�� �9
])

4
��,� ���� �1�����# ������.(Shafiefar & Ataei 2005; 
Schincariol et al. 1993) 

$%{1�*'P �(� �
'��� � ���� � �P1�B `��\	� �� D

� 3�� "��
�%�\� `��# �
�E KB�%� D�2��8 �� �
%� ��� ���\� .��B� D$
�B1)

 3���� �� D��F&��B� *'��0�e�� �� �����18 *��2��<����N ���=��S� ��
4
,� �)
+) �� �Y�) ��G'G&� "�� �N �`�����N 4
�,� �� "���1��

 �� K�B�%� ��� �� �� ~��&) �4
,� �� e�<&(� ��]�� ��$� �# �B�
f
B� D1&�� �� ���� � ��;� �� "1- *��B� ���N.(Inoue et al. 

2009) 
3��� �� D$�� ��u��� 1����Q- e���1�H �&��
�2�� _�+P� �� Z$�

`��mHv;P �� .� 1� �� ��'( �� M
SE 3

=- ���� "�� ��B�
`����N �� D$�N �� �� 5��=�1� 3�1�&+# ^
�+]� �&��
2�� ���H ��
%P

����B� 3����� �1������# .e�� �� ������18 *��2���<����N ����=��S� ��
4
,� ��G'G&� "�� �&�[� �� ��B� D$� *	1=� .(Shafiefar & 

Ataei. 2006) 
::,���D��$�)� "�SE $%&�)�
- �
E `��mH �� "1�
� ��� �� ���
�� 1&+#sp$%)�B1� $0��.(Schincariol et al. 1993; Rolle 

et al. 2012; Carlos et al. 2015) 
�# "1���Q- e���1H �&��
2��`��mH �� �� T�� "�� �D$� D�1� ��l 

��y*�.
;F- 9�� :�
� 

s�-�2) ��1# 3;B�
.+# �� ��
�1%;B� D�2&B� .
r��-
%,%� �*��2{ ���$)�&B�*�
)"�	�F�
�
q�$Y- � �$)�E1{���Q- D��$)� �����$)�&B� D��$)� �� 1
z����Q- ��1# �E�
%;��� D��F&B� �� 1�	 .
12)��+� 1&' 
��
Q- Z[ ��H 1���Q- �� �����N 1�`
�����Q- ��1# �E�
%;��� D��F&B� �� 1�	 .
12)��+� 1&' 
x�%,%� �YB�,�*��2{*�
)"�2)� D��� ��'(*
y�$Y-���2{ �*�
)"2)� D��� ��'( ��*

D��F&�B� ��
�� h�
:,- 3�� �� �# "1���Q- e���1H _$� |�B�
 *�+# ��� \�
) �&	1� ��1� _$�� ����<� �1�

b- ̀ ��m�H � *�'Y� "���

F� 4B
- D$� �u��� �&��
2�� |�B�1�*=
 4
�,� �� �����;+� � 1�	

91) ��\	�MATLAB *�.�� �� 1����Q- �$�� D����� ��)�%{ .$���
�+
) 4
,� D$� �
�- Z�F� ��<H �� ��E�
%;� �
�i ��� �
�) ��# $)�

 D$��)���- �N ���E�� ���� `������N 4
��,� *��� e���1��H �&��
��2�� .$���
 3�� �� D��F&B� ��
� 1���Q-`��mH *� �� �\�]� `�G� �B �� ��
-

) �� �� `�����N ���H 1�
Q- �# �B� *����1H _�� `G� ��	1� 1�
*� ��$Y- ���$)�&B� 91	 �� .$�%# �����1H 9�� `�G�*1�� ��# ��B�


Q-1����N`�
Q- Z[  ���� 9
B `G� � D$� _�+P�1��H��� ��

Q-1����N`��&) ��1G&B� �~���)*����) �B�r.(

Fig. 2. Schematic view of the transparent box model and 
its image processing 

[aAf`1���Q- e���1H �
',- � Z�F� �Y=8 _$� .
-�+� 

^`^`b`P!/��� O
�N� ���
�g �
��
TB�_

1&+# e��^
+]� 3� ��� 5�=�1�*�# �B� ���N �� 1&�<
� �1��"
-T��=� D�2&B� � *� ��# ��*��� �#�N �� �����=� ��$=- �� ���`

_
��]� ��$�=- �� ��B� ��� "�1�� e�� 3��� . &��G)3
_���B �� ����

6J/@ �"�!
 �u����� $�1&<
 ',- �� ��
 �B1���

 ���� �1����#.
3�1&+# ��� f��� �� 5�=�1�*�1�"e��1�rD��� e�� �� .�B� ��
1&+#3�1&�� �5�=�1�3�e��1� _$� ��P
+]� 1�� D$�� �"D��� �� ���
�$�*��� f�1� ^
+]� �N �� �# �B�*D$)�� +# ���%
 ��%� .$������


��� ��*D$)�� � Z!&E� ���3
D��� D$��<� "��$:� � D$� �� ��# �B�
�� _$� � �B�*$�N.

1 Least Squares Sum Method (LSM) 
2 Fitting 
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^`b`@��>��� ��� > !� !�

�� ��� ���[�1
nO- "��1
b&� ���� ��$=- � *�$
�
H �
�� _
�+=� �
�i
_$��� D$���$H "����B 4Y-1��� "���� ���� ���G'G&� 4
��,� �� `��GH ����
�1	 "�� ���� ��'+8 �� .�B� D�1+� ���� "�SE � �$=&� 3��� 3�1�-

����$,� ��%�B � U��E 4
�,� �� `�GH D$��<� ��;�� 9$P ��
 e��1- ���18 �� �)
+) ����1� �� *��) ���18 5���<&(� 3
%�+�

 ��B� �� U���E *�=��� 4
�,� �� D��F&�B� "��]� 1�c�  ��=��S� �� .
�)�� ���<
� Z�F� "D��F&B� "������ ��'+8 �� �1	 3�� � $3�1�-

 ~��&) �� �SE ���
P�
� � 4
�,� ��
�� Z�F�� ��� ��8
- ��� ��&Y�� .
 �� D��F&B�e�� 4
�,� �� ��)
+) �����1� ��� ��
) �1���Q- e���1H

�	�� `��# ���$  �� �N �� M
�1� "�SE �[� � $� Z1i1�.

^`h`C�!��� P!QK�� !�

<� � 4��1�`����N 5�QG �&	1� 5�
0 "�����
�%� �� *��
&B�
 _�$8 �� `��mH 3�� Z�$��r.�B� D$� �u��� ���$
{ 3��

`����N `
H "1B .� |�B�1� �� �- $� * �1i "
,) �� `����N
D�1&�� D��$,� �� �� ~��&) ��
&� �`����N ��$=- ���$  �� "�

�� *=��� 4��1� 1� hYS%� ���N �B� .

e`c�!
0 d�� >
�� 1���:� "�� d,� �� �Y� 1&����H "�1� D$�N �B� "��

_�:&)� �� �Y�) �"1�[H �� ~��&) ��� � $� *]%B��Y&P� D$�N �B�
���<� 5�=��S� ����:� ���~��&) �,0�.�	1� ��1� *������ ��
�

 �]  ^
+]� � *:��\- D��� �]  ����:� e�� �� �*]%B��Y&P� 3��
 �� �
8
� D��� *��B�%� � _$� "�SE ��\
� 3

=- �� 9
'H

v;P 1���Q- �
'# �� �
�%� 3�� "�1� .$� D��F&B� e�$G� "��
 �� ����:� �� � �YB�,� 1���Q- �� �
8
� D��� �]  �e���1H ��
�

�� *:��\- D��� �]  �u��� _$� "�SE �� *QE�� ��
%P�3�� �� .$
�SE "1B �� K
-1- �� "�� # "�SE �D$�N �B� D�� 3
+G- _$� �

��1� .$��&) 3�� |�B��Y� ���� "�SE 1�#�$  ~�� ~��&) �� _
�_$

7>�3f``����N 5�QG<� 3�� �� D$� 9�])� "��`��mH 
Table 2. Specifications of the experiments conducted 

Injection type Model type Medium type Seepage velocity( m/d) Experiment  Code 

Pu
ls

e
in

je
ct

io
n

Vertical transparent box

Fine transparent medium (i) 

4 001
9 002

17 003
31 004
64 005
86 006

Average transparent medium 
(ii) 

8 007
16 008
34 009
66 010
85 011

Coarse transparent medium 
(iii) 

8 012
16 013
32 014
65 015
85 016

Horizontal transparent 
box 

Fine transparent medium (i) 
4 017
9 018

17 019
Average transparent medium 

(ii)
8 020

16 021
34 022

Coarse transparent medium 
(iii)

8 023
16 024
32 025

C
on

tin
uo

us
in

je
ct

io
n

Vertical transparent box

medium (i) 8 026
16 027

medium (ii) 8 028
16 029

medium (iii) 8 030
16 031

Horizontal transparent 
box 

medium (i) 8 032
16 033

medium (ii) 8 034
16 035

medium (iii) 8 036
16 037
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Fig. 3. Comparison of the values of Dt/Dm for 
different Péclet numbers obtained in the present study 

with those reported by Branko et al. 2007 
[aAe`����:�DT/Dm�� �'&G� �';H ��$P� ��`��mH 1c� 

 ~��&) �`��mHBranko  ����;+� �_�B ��LAAJ 

_����=� ��)��\�� 4
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��,� �� � $�0��
 _��=� �)�� 4B
&�x1�� ��)�� ����� � $0�� ����� yD�
�� $�0��

 �� ��)��\�� � ��)�� ����� 4
�,� �� �B� 1#� �� 9�T .�B��1i��E
 ��
Y) �B$;��)�� �)� e���1�H �� "1&�<
� "�SE � "��
�� ���

 �Y�B�,� � *:��\- D��� �]  ����:� 1� D�!P .���� �
8� 1���Q-
 918���� �;�� �� �# �
S)�+� �*��
�Nq�����:� �D$�� D��� ���<)

 ��� ~��&) ���<) ����<� 5��:
:,- ��� D$��N ��B� � *)�
�G+� D$�%��
 ��&	�� ��� ��
�� �����B ���<� 5��:
:,- "��� ���B�.(Branko & 

Martin 2007; Robert & Paul 1991) 
�&	�� �� ~��&) 3�� ����:� `��mH "�� ��<) 1c�  *;��\) D$%��

 5�1

b- $)�� ��
� ���;� � ���<� 4��1� "�1� "���%<
H 1���:�

1
b&� ���B.�� �;�z�)
+) �"8�1E ��*��)*�_�+P�
�
2����&1&+#�31-�� 1� 5�=�1��v8�1E*��Q- e���1H�1

� .�B� D$� �u�����1	 3��1� $%"��+-*8�1E*��"���B�
�N���Q- e���1H �� D$��])� 1�b&� � 9�
�1��"�����',- 4
'*�

Fig. 4. Sample final result of the least squares algorithm applied  to the image processing output matrix  
[aAi`�)
+) ��) *8�1E �� "��1���Q- e���1H *8�1E v�1-�� 1� 5�=�1� 3�1&+# �&��
2�� _�+P� *
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(b)(a)

(d)(c)

Fig. 5. Analysis of the results obtained for diffusivity coefficients 
[aA p``GH Ku�1c �� M
�1� ~��&) �
',- 

�) `GH
� Ku�1c 1
���$���%
;*1c `GH�E�- K
�1� 1"
1�����N �� .�`� ����&) �# $�N �B���;� �� �N ~��u���
�.�B� D$ 

�
',- 1
�F- �� � ~��&) 3
%�+� � "�$P "����� D$�N �B�

~��&) *��2<����N _$� �B� 1#� ���� 1��:

e`_`CK� +��% �B
8 ���:� 

`��GH K�1��c ) *�
��i "1�[��HαL4
��,� 5���QG<� �� *=����- (
�)�� D��$)� 1
�) �G'G&� ��)�� �;� ��� ���=�� 3
�%�+� � ��G'G- ����
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�
;<- `�GH K�1�c ��$�:� ���G'G&� 1&�� D$%�� "1�[�H 1-�����

*� `GH K�1c 3
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H �
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)>(α L = 0.287d+0.001 

e`f`�%�, > �B
8 CK� +���% 

��� *�
�i `�GH K�1�c 5�
�0DL = Dm+│V│×αL*�c1P �
��� 5�
�0DT = Dm+│V│×αT*�� ���1=- �
��.(Rolle et al. 

2012; Carlos et al. 2015) 
1� �� ~��&) |�B� ��� *2&�� 1� D�!P K�1c 3�� D$�N �B� ����
P
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nO- �� *=��- �"1�[H 4
�,� �� ����18 5�QG<�
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b- �=��S� 3�� �� .�
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