
































 

[𝐿]
[M𝐿−3]
[−]
[𝐿2𝑇−1]
[𝐿2𝑇−1]
[𝐿]
[𝐿]
[𝐿2]
[𝐿𝑇−1]
[𝐿𝑇−1]
[𝐿3𝑇−1]
[−]
[𝐿−1]
[𝑇]
[𝐿𝑇−1]

α [𝐿]

𝜌 [M𝐿−3]
[−]









 

 
 

 

 

 

q =
𝑄

𝐴
= 𝐾 ∙ 𝑖 = 𝐾 ∙

𝑑ℎ

𝑑𝑙



 

 𝐿3/𝑇/𝐿2]

 𝐿3/𝑇]

 𝐿2]

 𝐿/𝑇]

 
𝑑ℎ

𝑑𝑙
) 𝐿/𝐿]

{
K α ρ,

K α 1 𝜇⁄ ,

 ρ 𝐿3

 μ



 

 

K α 𝑑2

 [𝐿]

v =
𝑞

𝑛𝑒
=
𝐾 ∙ 𝑖

𝑛𝑒

 [𝐿/𝑇]

 𝑛𝑒 𝐿3/𝐿3

𝐽 = 𝑣 ∙ 𝑛𝑒 ∙ 𝐶

 [𝑀/𝑇/𝐿2]

 [𝑀/𝐿3]

 𝑛𝑒 𝐿3/𝐿3

 𝐶 𝐿3



 

 

𝐽 =  − 𝐷𝑑 ∗
𝜕𝐶

𝜕𝑋

 [𝑀/𝑇/𝐿2]

 [𝐿2/𝑇]

 𝑀/𝐿3/𝐿

𝐷𝑑′

𝐷𝑑′ = 𝐷
∗ ∗ 𝐷𝑑

 𝐷𝑑′  [𝐿2/𝑇]

 𝐷∗

 𝐷𝑑 [𝐿2/𝑇]

𝐷𝑑
′ = 𝑤 ∗ 𝐷𝑑



 

 

 

 

𝐷𝐿 = 𝛼𝐿 ∗ 𝑉𝐿 + 𝐷
∗

𝐷𝑇 = 𝛼𝑇 ∗ 𝑉𝐿 +𝐷
∗

 𝐷𝑇 𝐷𝐿 𝐿2

  𝛼𝑇 𝛼𝐿

  𝑉𝐿

  𝐷∗ 𝐿2

𝜎2 = ∫ 𝑥2 ∗ 𝐶(𝑥)𝑑𝑥 = 2𝐷𝑡

∞

0



 

 𝜎2

 𝐶 𝐿3

 𝑡

 𝐷 𝐿2

 

𝐷𝑥
𝜕2𝐶

𝜕𝑥2
− 𝑣𝑥

𝜕𝐶

𝜕𝑥
=
𝜕𝐶

𝜕𝑡

 𝑥

 𝑣

 𝐷𝑥 𝐿2

 𝐶 𝐿3

 
𝜕𝐶

𝜕𝑡

𝐶

𝐶0
=
1

2
[𝑒𝑟𝑓𝑐 (

𝑙 − 𝑣𝑡

2√𝐷𝑥𝑡
) + exp (

𝑣𝑙

𝐷𝑥
) erfc (

1 + 𝑣𝑡

2√𝐷𝑥𝑡
)]



 

 

 𝑙

 𝑒𝑟𝑓𝑐

 𝑣

 𝑡

 𝐷𝑥 𝐿2

 𝐶 𝐿3

 





 

 
 

 

 



 

 

µ µ

Ss = ρg(α + neβ

𝜌 [𝑀/𝐿3] 𝛼 

[𝑇2𝐿/𝑀] 𝑛𝑒  𝛽 [1/𝐿3] 

1𝑥10−6𝑚−1



 

 

μ

 









 

 
 

 

 





 

𝐻 =

{
 
 
 
 

 
 
 
 

0°       ∀       𝐼𝑚𝑎𝑥 = 𝐼𝑚𝑖𝑛
𝑔 − 𝑏

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝑥60° + 0°   ∀   𝐼𝑚𝑎𝑥 = 𝑟, 𝑔 ≥ 𝑏

𝑔 − 𝑏

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝑥60° + 360°  ∀   𝐼𝑚𝑎𝑥 = 𝑟, 𝑔 < 𝑏

𝑏 − 𝑟

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝑥60° + 120°    ∀    𝐼𝑚𝑎𝑥 = 𝑔

𝑟 − 𝑔

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝑥60° + 240°     ∀     𝐼𝑚𝑎𝑥 = 𝑏

𝑠 = {

0         ∀ 𝐼𝑚𝑎𝑥 = 0
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥
    ∀   𝐼𝑚𝑎𝑥 ≠ 0

𝑉 = 𝐼𝑚𝑎𝑥

 





 

 

 

 

 

 



 

(∅)

𝑎𝑖

𝑖

𝑎𝑖
(𝑡+1)

= ∅ [𝑎𝑖−1
(𝑡)
, 𝑎𝑖
(𝑡)
, 𝑎𝑖+1
(𝑡) ]

𝑎𝑖
(𝑡+1)

= ∅[𝑎𝑖−2,𝑗−2
(𝑡)

, 𝑎𝑖−2,𝑗−1
(𝑡)

, … , 𝑎𝑖,𝑗
(𝑡)
, … 𝑎𝑖+2,𝑗+1

(𝑡)
, 𝑎𝑖+2,𝑗+2
(𝑡)

 ]

 





 
α

𝒇𝒖𝒏𝒄𝒊ó𝒏 𝑒𝑠𝑐𝑜𝑔𝑒𝑟(𝑑𝑖𝑐𝑐𝑖𝑜𝑛𝑎𝑟𝑖𝑜 𝑟𝑒𝑔𝑙𝑎𝑠, 𝑖𝑛𝑡 [ ][ ] 𝑒𝑠𝑡𝑎𝑑𝑜, 𝑓𝑙𝑜𝑎𝑡 𝛼)

 𝒅𝒆𝒗𝒖𝒆𝒍𝒗𝒆 𝑖𝑛𝑡 

𝑒𝑛𝑡𝑟𝑎𝑑𝑎𝑠: 𝑟𝑒𝑔𝑙𝑎𝑠, 𝑑𝑖𝑐𝑐𝑖𝑜𝑛𝑎𝑟𝑖𝑜 𝑟𝑒𝑙𝑎𝑐𝑖𝑜𝑛𝑎 𝑒𝑠𝑡𝑎𝑑𝑜𝑠 𝑦 𝑡𝑟𝑎𝑛𝑠𝑖𝑐𝑖𝑜𝑛𝑒𝑠 

                     𝑒𝑠𝑡𝑎𝑑𝑜, 𝑚𝑎𝑡𝑟𝑖𝑧 𝑑𝑒 𝑖𝑛𝑡 𝑑𝑒 𝑙 × 𝑙 𝑞𝑢𝑒 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎 𝑢𝑛𝑎 𝑣𝑒𝑐𝑖𝑛𝑑𝑎𝑑 

                     𝛼, 𝑛ú𝑚𝑒𝑟𝑜 𝑟𝑒𝑎𝑙 ∈ [0,1) 

𝑠𝑎𝑙𝑖𝑑𝑎:      𝑒𝑛𝑡𝑒𝑟𝑜 𝑞𝑢𝑒 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎 𝑙𝑎 𝑡𝑟𝑎𝑛𝑠𝑖𝑐𝑖ó𝑛 

                    𝑑𝑒𝑙 𝑐𝑒𝑛𝑡𝑟𝑜 𝑑𝑒 𝑙𝑎 𝑣𝑒𝑐𝑖𝑛𝑑𝑎𝑑 

𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑_𝑎𝑐𝑢𝑚𝑢𝑙𝑎𝑑𝑎 ← 0 

𝑷𝒂𝒓𝒂 𝒄𝒂𝒅𝒂 (𝑡𝑟𝑎𝑛𝑠𝑖𝑐𝑖ó𝑛, 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑) 𝒆𝒏 𝑟𝑒𝑔𝑙𝑎𝑠[𝑒𝑠𝑡𝑎𝑑𝑜]𝒉𝒂𝒄𝒆𝒓 

         𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑_𝑎𝑐𝑢𝑚𝑢𝑙𝑎𝑑𝑎 ← 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑_𝑎𝑐𝑢𝑚𝑢𝑙𝑎𝑑𝑎 + 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑 

        𝒔𝒊 (𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑_𝑎𝑐𝑢𝑚𝑢𝑙𝑎𝑑𝑎 > 𝛼) 𝒆𝒏𝒕𝒐𝒏𝒄𝒆𝒔 

                𝒅𝒆𝒗𝒐𝒍𝒗𝒆𝒓 𝑡𝑟𝑎𝑛𝑠𝑖𝑐𝑖ó𝑛 

        𝒇𝒊𝒏 𝒔𝒊 

𝒇𝒊𝒏 𝒉𝒂𝒄𝒆𝒓

 

𝒇𝒖𝒏𝒄𝒊ó𝒏 𝐴𝑐𝑡𝑢𝑎𝑙𝑖𝑧𝑎𝑟𝑅𝑒𝑡𝑖𝑐𝑢𝑙𝑎

(
𝑖𝑛𝑡 𝑠𝑎𝑛𝑑𝑏𝑜𝑥[ ][ ], 𝑑𝑖𝑐𝑐𝑖𝑜𝑛𝑎𝑟𝑖𝑜 𝑟𝑒𝑔𝑙𝑎𝑠,

 𝑖𝑛𝑡 𝑛, 𝑖𝑛𝑡 𝑚
)

 𝒅𝒆𝒗𝒖𝒆𝒍𝒗𝒆 𝑖𝑛𝑡[ ][ ] 

𝑒𝑛𝑡𝑟𝑎𝑑𝑎𝑠: 𝑠𝑎𝑛𝑑𝑏𝑜𝑥,𝑚𝑎𝑡𝑟𝑖𝑧 𝑑𝑒 𝑖𝑛𝑡 𝑑𝑒 𝑛,𝑚 𝑑𝑜𝑛𝑑𝑒 𝑠𝑎𝑛𝑑𝑏𝑜𝑥[𝑖][𝑗]  ∈ {0,1,2}, 0 ≤ 𝑖, 𝑗 < 𝑛 

         𝑟𝑒𝑔𝑙𝑎𝑠, 𝑑𝑖𝑐𝑐𝑖𝑜𝑛𝑎𝑟𝑖𝑜 𝑞𝑢𝑒 𝑟𝑒𝑙𝑎𝑐𝑖𝑜𝑛𝑎 𝑒𝑠𝑡𝑎𝑑𝑜𝑠 𝑐𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑖𝑐𝑖ó𝑛 

         𝑛, 𝑒𝑛𝑡𝑒𝑟𝑜 𝑞𝑢𝑒 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎 𝑒𝑙 𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑓𝑖𝑙𝑎𝑠 𝑑𝑒 𝑠𝑎𝑛𝑑𝑏𝑜𝑥 

        𝑚, 𝑒𝑛𝑡𝑒𝑟𝑜 𝑞𝑢𝑒 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎 𝑒𝑙 𝑛ú𝑚 𝑑𝑒 𝑐𝑜𝑙𝑢𝑚𝑛𝑎𝑠 𝑑𝑒 𝑠𝑎𝑛𝑑𝑏𝑜𝑥 

𝑠𝑎𝑙𝑖𝑑𝑎:       𝑚𝑎𝑡𝑟𝑖𝑧 𝑞𝑢𝑒 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎 𝑙𝑎 𝑟𝑒𝑡í𝑐𝑢𝑙𝑎 𝑎𝑐𝑡𝑢𝑎𝑙𝑖𝑧𝑎𝑑𝑎 

𝑒𝑠𝑡á𝑡𝑖𝑐𝑎𝑠: 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑑𝑜,𝑚𝑎𝑡𝑟𝑖𝑧 𝑑𝑒 𝑛, 𝑛 𝑑𝑜𝑛𝑑𝑒 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑑𝑜[𝑖][𝑗]  ∈ {0,1,2}, 0 ≤ 𝑖, 𝑗 < 𝑛 

𝑷𝒂𝒓𝒂 𝒄𝒂𝒅𝒂 𝑖 𝒆𝒏 0 → 𝑛 − 1 𝒉𝒂𝒄𝒆𝒓 

        𝑷𝒂𝒓𝒂 𝒄𝒂𝒅𝒂 𝑗 𝒆𝒏 0 → 𝑚 − 1 𝒉𝒂𝒄𝒆𝒓 

                𝑒𝑠𝑡𝑎𝑑𝑜 ← 𝑣𝑒𝑐𝑖𝑛𝑑𝑎𝑟𝑖𝑜(𝑠𝑎𝑛𝑑𝑏𝑜𝑥[𝑖][𝑗])                

                𝛼 ← 𝑎𝑙𝑒𝑎𝑡𝑜𝑟𝑖𝑜(0,1) 

                𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑑𝑜[𝑖][𝑗] = 𝑒𝑠𝑐𝑜𝑔𝑒𝑟(𝑟𝑒𝑔𝑙𝑎𝑠, 𝑒𝑠𝑡𝑎𝑑𝑜, 𝛼) 

       𝒇𝒊𝒏 𝒑𝒂𝒓𝒂 

𝒇𝒊𝒏 𝒑𝒂𝒓𝒂 

𝒅𝒆𝒗𝒐𝒍𝒗𝒆𝒓 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑑𝑜



 

 





 

0.0

0.2

0.4

0.6

0.8

1.0





 

 
 

 

 

 



 

 

𝑑{𝑢}

𝑑𝑡
= −𝑅𝑥{𝑢}

𝑢 𝜆𝑖

𝑅𝑥



 

𝑢𝑗(𝑡) =∑𝑣𝑖𝑒
−𝜆𝑖𝑡𝑢𝑖(0)

𝑁

𝑖=1

𝑣𝑖 𝑢𝑖(0) 𝜆𝑖

det(𝑅𝑥 − 𝐼{𝜆}) = 0

𝐼 𝑅𝑥

𝑇 =

[
 
 
 
 
𝑙2 𝑙3
𝑙1 𝑙2 𝑙3

⋯

⋮ ⋱ ⋮

⋯
𝑙1 𝑙2 𝑙3

𝑙1 𝑙2]
 
 
 
 

𝜆𝑖
∗ 𝑖 =

1,2, … ,𝑁

𝜆𝑖
∗ = 𝑙2 + 2(𝑙1𝑙3)

1/2𝑐𝑜𝑠 (
𝜋𝑖

𝑁 + 1
)

𝜆𝑖
∗  

𝜆𝑖 𝑅𝑥 𝜆𝑖
∗

𝜆𝑖 𝑁 𝑁 = 15 𝜆𝑖
∗

𝜆𝑖 𝑙1 = −(
𝐷
Δ𝑥2⁄ + 𝑣 2Δ𝑥⁄ ) 𝑙2 =

2𝐷
Δ𝑥2⁄

𝑙3 =
−𝐷

Δ𝑥2⁄ + 𝑣 2Δ𝑥⁄ 𝑅𝑥

𝜆𝑖 =
2𝐷

Δ𝑥2
+ [1 + {1 + {

𝑃

2
}
2

}

1/2

𝑐𝑜𝑠 (
𝜋𝑖

𝑁 + 1
)]

𝑖 = 1,2, … , 𝑁



 

𝑃 =
𝑣Δ𝑥

𝐷

𝑃 ≤ 2

∆𝑥

∆𝑥

 

𝑚3



 

 

𝐾 = 220.4
𝑚

𝑑𝑖𝑎
𝑆𝑠 =

1𝑥10−6𝑚−1

 

𝑚2

 

 



 

𝐷 = 0.64𝑥10−9𝑚2/𝑠

 

𝛼 𝛽

𝑑50

𝛼 = 𝛽𝑑50

𝑐 𝜎

𝛼 = 𝑐𝜎𝑑50

𝑐 𝜎

𝛼 = 1.75𝑑50



 

𝐶

𝐶0
=
1

2
[𝑒𝑟𝑓𝑐 (

𝑙 − 𝑣𝑡

2√𝐷𝑥𝑡
) + exp (

𝑣𝑙

𝐷𝑥
)erfc (

1 + 𝑣𝑡

2√𝐷𝑥𝑡
)]

5.29 ∗ 10−4 𝑚2 𝑐𝑚2

 

 

 



 

 

𝑆𝑠 = 1𝑥10
−6𝑚−1

𝐾 = 165.6 𝑚 𝑑𝑖𝑎⁄ 𝐾 =

330.59 𝑚 𝑑𝑖𝑎⁄

𝐾𝑒𝑞 = 220.53 
𝑚
𝑑𝑖𝑎⁄

K =

220.4 𝑚 𝑑𝑖𝑎⁄

 



 

^

m2

^

m2

3.93 ∗ 10−4 𝑚2

𝑐𝑚2

5.23 ∗ 10−4 𝑚2 𝑐𝑚2













 

 
 

 





 

𝛼𝑖(𝑡) = ∫𝑝(𝑥, 𝑡)𝑥𝑖𝑑𝑉

𝛼𝑖(𝑡) 𝑥𝑖

𝑝(𝑥, 𝑡) =
𝑐(𝑥, 𝑡)

∫ 𝑐(𝑥, 𝑡)𝑑𝑉

∆𝑖𝑗(𝑡) = ∫𝑝(𝑥, 𝑡)(𝑥𝑖 − 𝛼𝑖)(𝑥𝑗 − 𝛼𝑗) 𝑑𝑉













 

 









 

 

 





 

 





 

˗ ˗



https://netbeans.org/features/index.html


 

7. Bibliografía 61 

Rothman, D. H. (1988). "Cellular-automaton fluids; a model for flow in porous media." Society of 

Exploration Geophysicists 53: 509-518. 

Rutherford, A. and N. Amundson (1957). "Sorne remarks on longitudinal mixing or diffusion in fixed 

beds." A.1.Ch.E. Journal: 280-283. 

Salamon, P. (2006). On modeling contaminant transport in complex porous media using random walk 

particle tracking. PhD Program, Universidad Politécnica de Valencia. 

Sanchez, J. (2011). Transporte de Contaminantes- Universidad de Salamanca, Universidad de 

Salamanca. 

Sanchez Tria na, E., E. Carrasquilla Cañozales, B. Salas Silva and U. y. S. Corporacion Autónoma Regional 

de las cuencas de los ríos Bogotá (1995). Licencias ambientales evaluación del impácto ambiental: 

instrumento de la planificación. Santa fe de Bogotá. 

Santos Rocha, A. C. and N. O bregan Neira (201 0). Implementación De Un modelo De Autómata Celular 

Para El Pronóstico De La Precipitación Espacial. Caso De Estudio Ciudad De Bogotá (Colombia). Master 

Degree, Universidad Nacional de Colombia. 

Schiegg, H. O. (1990). Laboratory setup and results of experiments on two dimensional multiphase 

flow in porous media. Richland, Washington, US Department of Energy by Battelle Memoriallnstitute. 

Selim, H. M. and R. S. Mansell (1976). "Analytícal solution ofthe equatíon for transport of reactive 

salutes through soils." Water Resources Research 12(3): 528-532. 

Takumi, M., l. Ryuichi, T. Toshiaki, l. Moríaki andO. Hideto (2013). "Laboratory experiment of tracer 

test with vertical two dimensional porous medía." Procedía Earth and Planetary Science 6: 121-130. 

Van Neumann, J. (1967). "Theory of self-reproducing automata." American Documentatíon 18(4): 63-

87. 

Watanabe, N. andO. Kolditz (2015). "Numerical stability analysís of two-dimensional salute transport 

along a díscrete fracture in a porous rack matrix." Water Resources Research 51:5855-5868. 

Weimar, J. R. (1997). Símulatíon with cellular automata. Berlín, Lagos. 

Weimar, J. R. (2003). Símulatíon with Cellular Automata, lsd, 2003. 

Wen, L., C. Xu, L. Tao and T. Zeng (2013). "lmplementation of RGB to HSV Color S pace Conversion with 

Xilinx System Generator" Advanced Materials Research: 527-534. 

Wolfram, S. (1983). "Statistical mechanics of cellular automata." Rev. Mod. Phys. 55(3): 601-644. 

Wolfram, S. (1984). "Universality and complexity in cellular automata." Physica 1-35. 

Woods, J. A., M. D. Teubner, C. T. Simmons and K. A. Narayan (2003). "Numerical error in groundwater 

flow and salute transport simulation." Water Resources Research 39(6). 

Xu, M. and E. Y ora m (1997). "Statístícal analysis of the relationships between dispersivíty and other 

physical propertíes of porous media." Hydrogeology Journal5(4): 4-21. 


