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10.       
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(1)        
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h :   ,  

x, Ty :        x  y, 
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R:   /       

 

L:      

 

K z :       

 

b :     

 

hsource :    
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,     (1)         

hKT xX

 

 hKT yy . ,    (1)      
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.       

 

  

:  
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t

h
S

z

h
K
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h
K

yx

h
K

x SZyX

 

                         (5)  

:  

Kx, Ky, Kz :    ,  

SS :   ,  

R*:    /        
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) [1].   

 

  

  

  

(5)           

Darcy,                                     

.       

(Representative Elementary Volume - REV).    
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1.     (REV) 
                                                               [1]         

x y z        REV     

q    : 

                                               zzyyxx iqiqiqq                                                     (6)  

ix, iy, iz        x,y,z.                   

REV :  

                      -  =  

 

                            (7)     

q                 

x z           

:  

                                            zxqq INyOUTy ])()[(                                                    (8)   

,             

 

  

:  

                 

  

* zyxR
z

q

y

q

x

q zyx         (9) 
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t
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S

z

q

y

q

x

q
S

zyx                                    (10)  
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 [1].  

                                          

zzzyzx

yzyyyx

xzxyxx

KKK

KKK

KKK

K                                                    (11)    

2.2.2.  
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2.     

3.      

4.        

5.   
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2. 

  

a.     

 

b.     

 

c.          8  
[1]             

(2)        

(2.a)  : 

kjikjikjikjikjikjikjkji RHSHhGhFhEhDhChBh ,,,,1,,1,,,1,,,1,1,1,,1        (12)          

i, j, k (hi,j,k)               

.        

 

(B, C, 

D, E, F, G  )          

.           

.   RHSi,j,k          

 [1]. 
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2.3.     

  
2.3.1.   

  
o   (conceptual model)                     

.                                 

.                     

.       

 

                  

.      : 

1.    

 

2.   

 

3.    

  

1.   :          

,        

.               

.                

.                            

,    
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2.   

  
               

,               

( . .   ,    ,    

) 

  

  ( ,  

.).                 

.                         

.  

3.    

  

            

, ,              

. .    

(Ca2+, Mg2+, Na+)   (SO4
2-, HCO3

-, 

Cl-),   pH [1].   

2.3.2.  

  

          

,    ,    1,2  3  

.                

,  , -  

.  

1.   

  

    

4  : ,   

,    .   
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o  :

 
             

,   

.               

.                  

.  

o    :

 

                                            

.   

                                       Leakance = Kz /b                                                 (13)                           

.  

o  :

 

         

Dupuit               

.            

.           

,           

(elevation of the datum).           

Dupuit ,  -            

.  

o   :

 

        

.               

 

.  
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2. - 

  
        

( )      

.            

(Li,j)          
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3.      

  

  

,         

,                        

.   

,     ,             

.                      

 [1].   

2.3.3.  
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.              
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:  
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-  (mesh centered)         
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, 

 
    

 
    

 [1].  

2.3.3.3.   

  

    

,j,k     ,    

.  

 

     

x  y                

z.          

x, y, z          

.       . . .                 

. ,                      

. ,              

1,5 [1].  

2.3.3.4.   

  

              

.                           

.                      

.                              

 [1].   
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2.4. 

  
             

.                     

. .              

.               

.  

,       

 

       

Kx, Ky  Kz            

Kx   Ky         

Kx   Kz    .  

 

             

.       

(Bi,j)          

(bi,j),                 

: 

                                            
m

k ji

kjikji

jix B

bK
K

1 ,

.,,,

,                                                   (14)  

                                           
m

k
kjikji

ji

jiz

Kb

B
K

1
,,.,

,

,

/
                                                 (15) 

                                                       
m

k
kjiji bB

1
,,,                                                      (16)   

Hearne           
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. 

                                                     
AR

R

K

K

y

x
2cos)1(1

                                        (17) 
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: 

Kx :       x [L/T] 

Ky :       y [L/T] 

R :  

 
     x       

y  

:    

  

,                                  

.                      

 

   

.      

,             

 [1].    

2.5.  

  

2.5.1.  

  

       

,     

.            

( )   ( )    

.    

:    (physical boundaries)     

(hydraulic boundaries).                  

.             

.                 

. 
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3   

: 

1.      ( Dirichlet) - 

 
       

2.    

 
( Newman) -         

 

3.        

 

( 

 

Cauchy) -      

 

           

.      [1].  

2.5.2.  :                     

,                

. 

,                          

.                       

(no flow 

boundary)   .                   

.                               

.                  

:  

.   (distant boundaries).                         

.                     
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.   ,               

.  

. 

 
 ( hydraulic boundaries).           

.   

 

     .        

.             

.                            

 [1].   

2.5.3.   

  

      

-
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.  

o  

 

  :    

 

                                        

.  
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.                      

.   

o        :                                       

.             

 

: 

                                 )('// ' hhbKAQL sourceZL                                     (18) 

: 

QL :   

 

:          

 

hsource :     

 

h :      

 

K z :          

 

    

 

b :      [1]   

2.5.4.  

  

               

,       

.                                      

. ,           

 

               

 

[1].   
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3.  

  
3.1. 

  
 

 
            

 [2]: 

 

 

(Advection):                      

(seepage velocity)       Darcy    

. 

 

   

(Diffusion and Dispersion):       

.                     

,                 

. 

 

 

(Adsorption) :               

,         

. 

 

 

(Biodegration):             

 

. 

 

     

NAPLs                                

.   

3.2.    

  

         

:      - .              
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-        

.                      

[3].              

(advection-dispersion equation)   :  

                                         i
ii

ij
i

cv
xx

c
D

xt

c
                                          (19)   

Dij    

 

vi       

 

 

c  

  

         

(REV)       Fick                    

.                             

 

       

Rd            

.      :  

                                              )/(1/ nKvvR bdcd                                          (20) 

                                                        cdtdc /                                                         (21)   

v    

 

vc    

 

d   

 

b    

 

 (bulk density)   

 

 

n  
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,                 

-           

(19) 

 
    

(20)        :  

                           
e

ddi
ii

ij
i n

WC
cR

t

c
Rcv

xx

c
D

x

*'
                         (22)   

c  

 

C    

 

vi      

 

W*   -

 

 

ne   .      

, 

 

           

.           

 

     

- .                  

.                  

.           

: SEFTRAN, CFEST, HST3D   SUTRA          

FTWORK [1].    
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4. 

 
PTC  

4.1.  

  
 

PTC           

.     :  

-   h (hydraulic head) 

                       0Q
t

h
S

z

h
K

zy

h
K

yx

h
K

x zzyyxx                (23)  

-      

 

                              
x

h
KV xxx      

y

h
KV yyy        

z

h
KV zzz                      (24)  

-               

c  

01
t

c
cEccQ

z

c
V

y

c
V

x

c
V

z

c
D

y

c
D

x

c
D

z

z

c
D

y

c
D

x

c
D

yz

c
D

y

c
D

x

c
D

x

w
zyxzzzyzx

yzyyyxzzyyxx

 

                                                                                                                                  (25)                

Darcy.             

(23),         

Darcy Vx, Vy, Vz   (24)     (25)       

c [4].   
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4.2.     PTC           

 
   

 
         

.   

 

     

 PTC     

 

  

.               

.                                

.                

.                           

 

    

 

[4].  

4.3.   

  

4.3.1.  

  

PTC                   

: 

0
1

iii

r

i
i

zzyyxx

zzyyxxQ

t

h
S

z

h
K

zy

h
K

yx

h
K

x

 

                                                   (26)  

: 

h :    [L] 

Kxx, Kyy, Kzz :        x, y  

z  [LT-1] 

S :     [L-1] 
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Qi :    /   i [L3T-1] (    

) 

( ) :     Dirac 

r :     /

  

:           Q.         

PTC            

[4].  

4.3.2.      

  

     

PTC       

(26)          x  y       

.                      

.       

: 

                                yxwtzhtzyxhtzyxh i

N

i
i ,,,,,,,,

1

^

                              (27) 

: 

h :    [L] 

^

h :     h [L]  

hi :      [L] 

wi :    ( )  ( ) 

 

 

:         

   

             

.        wi,     

hi         
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(x,y,z).                               

.         

,  PTC           

.             

L    h     ,          

.      

:  

L(h) = 0  L(h) = R  R   

  

     

(27)             

R [4].          

wj.    R          

wj,  R           

 (27).  :  

L(h)=L(h)  R=0.     

4.3.3.      

  

                    

x  y   

.  

 

   z                     

 

    

(3).     

z o     

 

  

 

[4].   
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3           
,    

 

 
[4]    

4.3.4.  

  

 

PTC        .     

: 

 

1

  

     Dirichlet (  

) 

 

2

  

     Newman ( ) 

 

3    

 

( )               

.             

.          

.               

.   

-     

  

              

.       
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( )       

. ,               

(N x M - Nc)   (N x M - Nc)    

Nc                

.  

-    

  

                 

.     

Green         

 

qn 

 

       

( x )    

.    qn 

 

        

L     

 

         

(4). ,                      

.           

.   

 

 

4.     q     L.  
[4]  



 

36

 
-    

  
               

 
kL. 

 
           

. 

,     

 

kL            

 [4].  

4.3.5.  :                              

.              

.              

),,(1 zyxzz M

 

            

),,( zyxzz WT .             

MWT zz

 

        Mh .     

: iMiWT hz .                     

.   PTC                 

hM    1MMM zhz        

.            

.          . 

                                                   R
z

h
K

t

h
S zy                                                  (28) 

: 

Sy :       

 

R:                                                                                            [4]   
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Z = ZM+1

Z = Zwt = hM

Z = ZM

Z = ZM-1

Z = Z2

Z = Z1

Layer M

Layer M-1

Layer 1
1 2

 

 

5.        .        
z = z1, z = z2  

 

      

.          

 

1MWT zzz . [4]    

4.4.   

  

4.4.1.  

  

     

: 

01
t

c
cEccQ

z

c
V

y

c
V

x

c
V

z

c
D

y

c
D

x

c
D

z

z

c
D

y
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D

x

c
D

yz
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D

y

c
D

x

c
D

x

w
zyxzzzyzx

yzyyyxzzyyxx

                                                                                                                                   (29)           

:  

MzVyTxLxx DVVaVaVaD /222

                                                                      (30) 
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MzVyLxTyy DVVaVaVaD /222

                                                                      (31) 

MzLyVxVzz DVVaVaVaD /222

                                                                      (32) 

VVVaaDD yxTLxyyx /
                                                                                  (33) 

VVVaaDD zyVLzyyz /
                                                                                   (34) 

VVVaaDD xzVLxzzx /                                                                                    (35) 

: 

DM :    ,   [L2/T], 

La :     [L], 

Ta :      [L], 

Va :      [L], 

V :       [L/T], 222
zyx VVVV , 

C :      (x,y,z)    [M/L3]  

:    

 

( ), 

)(cE :          , 

Q :     [1/ ], iiii zzyyxxQQ )( 

Qi :    / [L3/T]   ),,( iii zyx 

cw :        ),,( iii zyx  

:     Dirac       

0iQ ,        

( ) cw         

.         ccQ w

 

 

(29)    .          

Q  (29)       0iQ ,    

cw       

 

[4].     
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4.4.2.  

 
  

PTC          

:     (specified nodal 

concentration)             

(specified convective flux)           

 [4].            
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5.    

 
5.1.    

  
               

: , ,  

,        :     

.        

.             

6.     .  [12]  

5.1.1.  

  

 

 

            

54 km   .                    

 

             

 

       

 

.              

 

.        

. 

  

 

2 km        

.              

. 
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.    

 
              

.          

.  

 

               

.               

 

                

[12].  

5.1.2.  

  

     

 

           

 

            

 

  

. 

,                            

.    

 

                     

 

,    ,          

.       

 

    

.     

 

               

,      .             

 

         

. 
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,               

.          

 [5].  

5.1.3.  

  
   

,              

. ,             

 

        

 

   

 [14].  

5.1.4. 

 

                 

 

-         

. .            

5.6  6.6    

Richter [5].  

5.1.5.  

 

        

 

    

. ,                      

, ,             

.                      

.  
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5.2.   

  
          

790 km2,    - ,        

 
               

.                       

- ,     

-               

.                              

 [6].                       

.           .      

 

              

.                        

 [5].         

1969  «    

»      

 

[13].          

300       .            

,      .           

, ,   

,   ,  

,   ,  , 

,    [7].        

.  (1998) «                 

»     
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9.495 m3.         

 
   

.             

[5].       

 
 

, ,   

.                  

[7].     

1.   

   

. 

 

  

(km2) 7    

(km2)  
796  

 

(km) 
60 

-

-

 

  

,    

, 

 

 

[9] 
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5.3.  

 
                  

,         

,      

1986-1992,        

 
      

2006-2007.   

2.         1986-1992.  

 

  

(oC)   (%)    (mm) 

 

7.4 77 64.5 

 

8.2 74.5 49.9   
10.3 72.7 49.2 

 

14.6 66.3 27.9 

 

19.9 58.9 21.7 

 

25.1 49.4 12.8 

 

27.3 47.5 6.9 

 

26.6 49.3 10.3 

 

22.3 58.7 20.4 

 

17.2 68.7 50.5 

 

12.9 75.7 58.8 

 

9.4 77.5 74.9 

      

447.8  
[5]   

3.         2006-2007.  

 

  

(oC)   (%)    (mm) 

 

10.15 72.5 31.5 

 

10.5 69.5 59.8   
13.35 63.5 86.6 

 

16.85 60 20.2 

 

21.55 58 55.8 

 

27.35 54 25 

 

28.4 49.5 22.2 

 

29.35 51.5 3.05 

 

23.95 57 40.85 

 

19.6 68.5 80.3 

 

13.95 70.5 58.8 

 

10.6 73 27.55 

      

511.65  
[11] 
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. ,             

 
      

. ,             

.      

,        

,                      

500 mm.   

5.4. 

  

               

.                         

. ,                  

.           

:  

1.    - 

 

  

-                         

.    

 

            

.           

,            

( ,      ,            

( ).  
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2.  -

 
      

-             

.                

50 cm       

1 m  .   

3.   

 

                

.        

,      

,    ,     

.   

 

         

.           

.   

4.  

 

                    

 

                       

.   

5.  

 

                        

,         .                   

.                 

,  .  
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,         

.   

6.  ,    

 
                    

.   

7. ,    

 

  

, -  ,        

.                 

.    

8.  

 

-      ,        

,         

 

.                 

.           
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(m/sec)   (m/d)    

- 

 
Ms.t 1*10-4 8.64  

-

 

Ms. ft.c 2*10-4 17.28   

 

Ms.m 1*10-6 0.0864  

 

Pt 1*10-4 8.64  

 

H.al 5*10-4 43.2  

,    

 

H.sl,s 1*10-4 8.64 

 

,    

 

Tm-Ji.k 1*10-5 0.864  

 

Tm-Ji.k1 1*10-5 0.864 

   

5.5. 

 

 

 

                        

.                          

.                                 

.                     

 [5].    
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5.6.  

   
o 

 
      

(coridothymous capitatus)                  

.          

(Phragmites australis)          

(platanus orientalis)                 

. ,                    
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