Mathematics and Statistics 8(2): 152-165, 2020
DOI: 10.13189/ms.2020.080211

http://www.hrpub.org

Numerical Simulation of a Two-Dimensional Vertically
Averaged Groundwater Quality Assessment in
Homogeneous Aquifer Using Explicit Finite Difference
Techniques

Supawan Yena'?, Nopparat Pochai'~**

Department of Mathematics, Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang,Bangkok 10520, Thailand

2Centre of Excellence in Mathematics, Commission on Higher Education (CHE), Si Ayutthaya Road, Bangkok 10400, Thailand

Received November 21, 2019; Revised February 1, 2020; Accepted February 7, 2020

Copyright (©2020 by authors, all rights reserved. Authors agree that this article remains permanently open access under the terms of

the Creative Commons Attribution License 4.0 International License

Abstract Leachate contamination in a landfill causes of
pollution that flowing down to the groundwater. There are
many methods to measure the groundwater quality. Mathe-
matical models are often used to describe the groundwater
flow. In this research, the affection of landfill construction
to groundwater-quality around rural area are focused. Three
mathematical models are combined. The first model is a
two-dimensional groundwater flow model. It provides the
hydraulic head of the groundwater. The second model is the
velocity potential model. It provides the groundwater flow
velocity. The third model is a two-dimensional vertically
averaged groundwater pollution dispersion model.  The
groundwater pollutant concentration is provided. The forward
time centered technique with the centered in space, the forward
in space and the backward in space with all boundaries are
used to obtain approximate hydraulic head, the flow velocity in
x- and y- directions, respectively. The approximated ground-
water flow velocity is used to input into a two-dimensional
vertically averaged groundwater pollution dispersion model.
The forward time centered space technique with the centered
in space, the forward in space and the backward in space with
all boundaries are used to obtain approximate the groundwater
pollutant concentration. The proposed explicit forward time
centered spaced finite difference techniques to the groundwater
flow model the velocity potential model and the groundwater
pollution dispersion model give good agreement approximated
solutions.

Keywords Groundwater Model, Velocity Potential Model,
Groundwater Pollution Dispersion Model, Finite Difference
Method, Forward Time Centered Space, The Centered in
Space, The Forward in Space, The Backward in Space

1 Introduction

Industrial development often causes pollution problems.
Contamination of surface water causes pollution of chemicals
in water into groundwater, such as the removal of toxins in
landfills, solid waste into the ground. For example, ground-
water gets contaminated by leaching of nitrate generated from
fertilizer used on agricultural lands and waste dumps in ru-
ral and urban areas. The nitrate decrease ability of blood to
carry oxygen, resulting in oxygen deficiency in different body
parts linked to blue baby syndrome [1]. Salinity contamination
in groundwater in a rice field near marine shrimp aquaculture
farm leads to poor crop production[2]-[3]. As water percolated
down through soil and rocks, bacteria, fungi, and other such bi-
ological pollutants were naturally filtered out or diluted. But in
recent years, groundwater natural defence systems have been
vastly overextended. The sheer volume of pollutants sent un-
derground has escalated. Especially in the last century, when
the global population increased. There is a growing demand
of food and water. At the same time, the industry is quickly
advancing, in this way contaminating the environment. Rivers
and streams are also damaged by consumption and consump-
tion. Whenever the water is on the surface, it is damaged, and it
affects the quality of the groundwater. Since groundwater is the
water found under of the land that is accumulated on the ground
and sand, it is filtered from the ground, leaving the groundwater
clean. Groundwater exists mainly in an aquifer. The aquifer is
a body of saturated rock through which water can move. Since
underground water is moving in the underground, we cannot
tell the direction of groundwater movement where the ground-
water is. If we do not dig and drill underground. Henry Darcy
was interested in the description of groundwater flow. Until
nowadays, Darcy’s law is utilized describe in the mathematical
formulations in scientific disciplines concerned with measuring
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water flow. Therefore, we will be using groundwater modeling
of Darcy’s law. The groundwater modeling [5] describes phe-
nomena or to predict future behaviour. Groundwater systems
can be modeled using partial differential equations. The equa-
tion can solve by finite difference method and finite element
method. There have been studies of the groundwater modeling
simulation algorithm with finite difference method[6] by using
spreadsheets [7]-[8], MODFLOW [9].

In this research, a combination of three related groundwater
quality measurement models is proposed. The first model is a
two-dimensional vertically averaged groundwater flow model.
It is providing the hydraulic head of groundwater. The hy-
draulic head is transformed to be the groundwater flow veloc-
ity in the second model that is the velocity potential model.
The calculated flow velocity input into the third model. The
last model is a two-dimensional vertically averaged groundwa-
ter pollution dispersion model. The dispersion model provides
the pollutant concentration that is contaminated in the ground-
water. Explicit finite difference method, forward time central
space with a centered space technique, a forward space tech-
nique and a backward space technique on the boundary’s solu-
tion, are employed to approximate their solutions of all models.

2 Governing equation

The groundwater flow through soil is governed by the
Darcy’s law that be described by partial differential equation.

2.1 A two-dimensional vertically averaged groundwater
flow model

Groundwater flow can be described by a transient hydraulic
head flow model. The aquifer is assumed by a porous medium.
If we consider the homogeneous aquifer, the soil transmitting
will be uniform. The groundwater flow model is used to rep-
resent the behavior of hydraulic head. The transmission prop-
erty of geologic is hydraulic conductivity including the consid-
ered aquifer and their space. A primary tool for illustration of
groundwater flow is Darcy’s law. Assuming that the hydraulic
head in the considered area is vertically averaged. The domain
considered is assumed by Q = {(z,y) : 0 <2z <I,0<y <
J}. The governing equation of Darcy’s flow is [6],

0 oh 0 oh oh

where h(z,y,t)(m) is the hydraulic head, K,(m/day) is the
hydraulic conductivity in z-direction, K,(m/day) is the hy-
draulic conductivity in y-direction, W (day ') is the source
or sink function, S is the specific storage coefficient for all
(xz,y,t) € Q x [0,T] as shown in Fig. 1. If we consider ho-
mogeneous aquifer system, the hydraulic conductivity will be
constant K, = K, = K. Then (1) becomes

9’h  0°h oh

153

2.1.1 Initial condition

If the potential hydraulic head in the area is static, the initial
condition is assumed by

h(x,y,0) = ho, for all (z,y) € Q,
where hy (m) is a given averaged potential hydraulic head in
the considered area.
2.1.2 Boundary condition

The rates of change of the hydraulic head along the domain
boundaries are given by

h

g—(x,J,t):BhN, forall0 <z <I,t>0, 3)
Y

Oh

5o(@0,6) = Bys, forall 0z < 1,t>0, (&)
Y

Oh

%(O,y,t):BhW, forall0 <y < J,t >0, 5)

Oh

%(I,y,t):BhE, forall0 <y < J,t >0, 6)

where By, N, Bhs, Byw and By, g are the rates of change of hy-
draulic head on the north, south, west and east domain bound-
aries as shown in Fig. 2.
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Figure 1. Underground topography of the considered area
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Figure 2. The boundary condition of groundwater flow model

2.2 Velocity potential model in two-dimensional velocity
fields

Velocity potential is a powerful tool in analyzing irrotational
flows. The groundwater flows model provides the hydraulic
head. The velocity potential model is also provided by the
hydraulic head. The groundwater flow velocity in z- and y-
directions can be obtained by [6],

oh
oz’

U= —

(7
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oh
oy’
where u, v (m/day) are groundwater flow velocity in z- and y-
directions, respectively.

v =—

®)

2.3 A two-dimensional vertically averaged groundwater
pollution dispersion model

An advection-diffusion model provides a continuous de-
scription of groundwater pollutant transport in the groundwa-
ter. A two-dimensional vertically averaged groundwater pollu-
tion dispersion model is [10]

e
Y oy?

oC oC oC 0%*C
— +u—+v = Uy
Oz

D
ot ox dy +

+Ws,  9)

where C(z,y,t) (kg/m?) is groundwater pollutant concentra-
tion, u (m/day) is groundwater flow velocity in z-direction,
v (m/day) is groundwater flow velocity in y-direction, D,
(m?/day) is the diffusion coefficient of groundwater pollution
through specified soil in z-axis, D,, (m?/day) is the diffusion
coefficient of groundwater pollution through specified soil in y-
axis and W, (day~1') is groundwater pollutant sources or sink
function by contaminators.

2.3.1 Initial condition

If the potential groundwater pollutant concentration in the
consider area is described by

C(z,y,0) = Cy for all (x,y) € Q,
where Cyy (kg/m?) is a averaged potential groundwater pollu-
tant concentration in the considered area.
2.3.2 Boundary condition

The rates of change of the pollutant concentration along the
domain boundaries are given by

oC
a—y(x, J,t) = Boy, forall0<z < I,t >0,  (10)
oC
a—y(m,O,t)chs, forall0 <z < I,t >0, (11)
ocC
%(O,y,t):Bcw, forall0 <y < J,t >0, (12)
ocC
%(I,y,t):BCE, forall0 <y < J,t >0, (13)

where Beon, Bes, Bow and Bog are the rates of change of
the pollutant concentration on the north, south, west and east
domain boundary as shown in Fig. 3.

3 Numerical techniques

In this research, approximated solutions are obtained by fi-
nite difference techniques. A numerical solutions are based on
the concept that the partial differential equation can be replaced
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Figure 3. The boundary condition of pollution dispersion model

by a similar equation. We will propose explicit finite difference
technique, the forward time central space method.

We now discretize (2 ) by dividing the interval [0, ] into
M subintervals such that M Az = I, the interval [0, J] into N
subintervals such that NAy = J, and the interval [0, T into
P subintervals such that PAt = T. We can then approximate
h(xi,yj,tn) by hi;, value of the difference approximation of
h(z,y,t) at point x; = Az, y; = jAy and t,, = nAt, when
0<i<M,0<j< Nand0<n < P,inwhich M, N and P
are positive integers.

3.1 Explicit finite difference technique for a two-
dimensional vertically averaged groundwater flow
model

The approximated hydraulic head,
h(l’7y,t) ~ h(iszjAyanAt) = h?,]

3.1.1 Forward time centered space

We introduced the forward time centered space tech-
nique(FTCS) to a two-dimensional vertically averaged ground-
water flow model (2 ), we obtained that

n+1 n
Oh _ hij —hi;

5 At , (14)
0%h N hﬁl’j — 2h?’j + h?ﬁlyj s
o2 (Bz)? ! (15
0%h N hﬁjﬂ — Qh?;j + h?;j—1 6
o~ (By)? {10

Substituting ( 14 )- (16 ) into ( 2). It is obtained that

o (Mg = 2R Ry R = 20, R
(Ax)? (Ay)?

prtl _ pn
_ 2,] 2,7
+W =28 (At ) ,

foral0 <i<M,0<j<Mand0<n<P.
Rearranging ( 17 ), we have

hi Tt = a(h}y, j — 2R} + B}
+v+hi;

a7

(18)

im1,5) B — 20 + R

)
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KAt KAt

— WAt
S(Ax)?’ ﬁ T S(Ay)?

and v = =&+

where o« =

3.1.2 Forward time centered space technique with a cen-
tered space technique to approximate the bound-
aried solution

Fori = 0, j = 0 and n = 0, the approximated fictitious
points on the boundaries, are obtained by

hﬁl,o = thl,O - QBthLL‘, (19)
hg,—l = hal - 2BhSAy. (20)
Substituting ( 19 )- (20 ) into ( 18 ), it is obtained that
hi St = a(2h o — 2hg o — 2Brw Ax)
+ /8(2}18,1 — 2h370 —2Bp5Ay) 21

+ 7+ hgo-

Fori = 0,1 < j < J and n = 0, the approximated fictitious
point on the boundary, is obtained by

hﬁl,j = h?,j - QBthl’ (22)
Substituting (22 ) into ( 18 ), it is obtained that
hiht = a(2h} ; — 2hg ; — 2Burw Ax)
+ B(hg j41 — 2hg; +hi 1) (23)

+7v+hg ;-

Fori = 0,7 = J and n = 0, the approximated fictitious points
on the boundaries, are obtained by

(24)
(25)

hT_LLJ = h?,J - 2BhWA.T,
0,741 = hg,y—1 +2BunAy.

Substituting (24 ) and (25 ) into ( 18 ), it is obtained that

hitt = a2} ; — 2hg ; — 2Bpw Ax)
+ B(2BuNAY — 2hg 5+ 2hg 5 _4)
+v+hos

(26)

For1 <7 < 1,7 =0andn = 0, the approximated fictitious
point on the boundary, is obtained by

hi{_1 = hi’y — 2BrsAy. (27
Substituting ( 27 ) into ( 18 ), it is obtained that
h%“l = a(hiy10 =200+ hi"10)

+ B(2hi'; — 2Ry — 2BysAy) (28)

+7+hio-

For1 < i < I,j = Jand n = 0, the approximated fictitious
point on the boundary, is obtained by

wr41 = hi -1 +2BrsAy. (29)
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Substituting (29 ) into ( 18 ), it is obtained that
hZ,JJrl =a(hiy g — 20 +hiy ;)
+ B(2BrNAy — 2k} + QhZJ_l) (30)

+y+hl.

Fori =1 ,j = 0 and n = 0, the approximated fictitious points
on the boundaries,

€29
(32)

hivi0="hi10+2BreAx
7.1 =hi1—2BrsAy.

Substituting (31 )and (??)into ( 18 ), it is obtained that

h}ﬁgl = a(2BrpAz — 2h7 o + 2074 )
+ B(2h} | — 2} — 2BjsAy)
+v+hio-

(33)

Fori=1,1 < j < Jandn = 0, the approximated fictitious
point on the boundary, is obtained by

?Jrl,j = h?—l,j + 2BRrgAx. (34)
Substituting ( 34 ) into ( 18 ), it is obtained that
Wit = a(2BypAx — 207 ; + 207}, ;)
+ B(hT j41 — 2h7; +hY ;1) (35)

+ v+ h?,j'

Fori = 1,7 = J and n = 0, the approximated fictitious points
on the boundaries,, are obtained by

T+1,0 = hi_1,; +2BreAxz,

hY j41 = hY 1 +2BpyAy.

(36)
(37

Substituting (36 ) and (37 )into ( 18 ), itis obtained that

h’}L:rjl — Oé(QBhEAx — 2h?7j + Zh?—l,J)
+ B(2Bpn Ay — 2h7 5 +2 ?,Jfl)
+y+hi

(38)

3.1.3 Forward time centered space technique with a for-
ward space technique to approximate the bound-
aries solution

For¢ = 0,7 = 0 and n = 0, the approximated fictitious
points on the boundaries, are obtained by

"o = hio — BuwA, (39)
h87,1 = hg,o — BrsAy. (40)
Substituting ( 39 )- (40 ) into ( 18 ), it is obtained that
hog' = a(hio = hio — BwAx)
+ B(hgy — hgo — BsAy) 41

+9+hgo-
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For: =0,1 < j < Jand n = 0, the approximated fictitious
point on the boundary, is obtained by

hr_ll’j = hij — BthLL‘ (42)
Substituting (42 ) into ( 18 ), it is obtained that
hott = a(hi; — hg j — Baw Ax)

+ B(hg j+1 — 2hg; + ho j—1) (43)

+7+hg ;-

Fori =0, j = J and ¢t > 0, the approximated fictitious points
on the boundaries, are obtained by

n n
h—l,J = hO,J - Bthl‘,

0.5+1 = hg y + BanAy.

(44)
(45)

Substituting ( 44 ) and (45 ) into ( 18 ), it is obtained that

hott = a(hf ; — by ; — Buw Ax)
+ B(BrunAy — hg y+ b y_q)
+v+hg g

(46)

For1l <4 < I,j = 0 and n = 0, the approximated fictitious
point on the boundary, is obtained by

hi_y = hiy — BrsAy. “47)
Substituting ( 47 ) into ( 18 ), it is obtained that
hig" = alhiiro = 2050 + iy o)
+ B(hily = hily — BasAy) (48)
+7+ hio-

For1 < i < I, j = J and n = 0, the approximated fictitious
point on the boundary is obtained by

h?,J-H = hZJ—FBhNAy. 49)
Substituting (49 ) into ( 18 ), it is obtained that
h?:rrl =a(hiyy; —2h;+hiy y)

+ B(BrnAy — hi y +hi 1) (50)

+y+h,.

Fori =1, j = 0 and n = 0, the approximated fictitious points
on the boundaries, are obtained by

T+1,0 = hio + BreAw,
?,71 = h?,o — BrsAy.

(5D
(52)

Substituting (51 ) and (52 )into ( 18 ), itis obtained that

h?gl = a(BreAz — h7o+hi_1p)
+ B(hf1 — hio — BrsAy)
+v+hTo

(53)

Quality Assessment in Homogeneous Aquifer Using Explicit Finite Difference Techniques

Fori =1,1 < j < Jandt > 0, the approximated fictitious
point on the boundary, is obtained by

h?+1,j = h}z’j + BrpAw. (54)
Substituting ( 54 ) into ( 18 ), it is obtained that
Wittt = a(BupAz — Y+ hi_y ;)

+ B(hT j41 — 2h7 ; +hY ;1) (55)

+y+h7 ;.

Fori =1, 7 = J and n = 0, the approximated fictitious points
on the boundaries, are obtained by

hi 1.5 ="h};+ BapAxz,

7g+1 = h7 ;+ BuvAy.

(56)
(57)

Substituting ( 56 ) and (57 ) into ( 18 ), it is obtained that

Wit = a(BupAz — b} 5+ b, )
+ B(BunAy — h7 ;+hi ;1)
+y+h7

(58)

3.1.4 Forward time centered space technique with a back-
ward space technique to approximate the bound-
aries solution

For: = 0, j = 0 and n = 0, the approximated fictitious
points on the boundaries, are obtained by

Iy o = hio — BuwAx, (59)
hy_y = hil o — BusAy. (60)
Substituting (59 )- (60 ) into ( 18 ), it is obtained that
hos' = a(hiy — hi o — Baw Ax)
+ B(hg 1 — hg o — BrsAy) (61)

+ v+ hgyo‘

For: =0,1 < j < J and n = 0, the approximated fictitious
point on the boundary, is obtained by

Substituting ( 62 ) into ( 18 ), it is obtained that
hitt = a(hi; — hi ; — Baw Ax)
+ B(hG j41 — 2hg; + ho j—1) (63)

++hg ;-

Fori =0, j = J and ¢t > 0, the approximated fictitious points
on the boundaries are obtained by

n n
hy ;= hg y — BawAu,

ho, 741 = hg, 5 + BanAy.

(64)
(65)
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Substituting ( 64 ) and (65 ) into ( 18 ), it is obtained that
hg:r]l = O‘(h?,J - hg,J — BpwAz)
+B(BunAy — hg y + by y_q)
+v+hg g

(66)

For1l <7 < 1,7 = 0 and n = 0, the approximated fictitious
point on the boundary, is obtained by

hzn,fl = h?,o — BrsAy. (67)
Substituting ( 67 ) into ( 18 ), it is obtained that
h?ﬂl = a(hiy10 = 2hilo + hiz1 )

+ B(hi'y — hi'y — BrsAy) (68)

+7+h20.

Forl < i < I,j = J and n = 0, the approximated fictitious
point on the boundary, is obtained by

hi ji1 = hi'y + BanAy. (69)
Substituting ( 69 ) into ( 18 ), it is obtained that
Bt = alhin g = 200+ by )

+ B(BunAy — hi y + hi ;1) (70)

+y+h,.

Fori¢ =1, j = 0and ¢ > 0, the approximated fictitious points
on the boundaries, are obtained by

hii10=hio+ BreAx,
h?,—1 = h?,o — BrsAy.

(71
(72)
Substituting (71 ) and (72 ) into ( 18 ), it is obtained that
h?,gl = a(BppAz — hj o+ hi_10)
+ B(h71 — hio — BrsAy)
+7+ R

(73)

Fori =1,1 < j < J and n = 0, the approximated fictitious
point on the boundary, is obtained by

T+11 = D71 + BhpAz. (74)
Substituting ( 74 ) into ( 18 ), it is obtained that
Wit = a(BupAz — Y+ hi_y ;)

+ B(hT j41 —2h7 ; +hT ;1) (75)

Fori =1, 7 = J and n = 0, the approximated fictitious points
on the boundaries, are obtained by

hYi1.5 = hY ;+ BheAx, (76)
hY j41 = hY ; + BanAy. )
Substituting (76 ) and (77 ) into ( 18 ), it is obtained that
Wit = a(BypAz — b} 5+ b, )
+ B(BunAy — h7 ;+hY ;1)
+y+h7

(78)
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3.2 Finite difference technique for groundwater flow ve-
locity approximation

We introduced the centered space method to the velocity po-
tential model in two-dimension velocity field (7 )- ( 8 ), we
have

A X

n it1,5 =1,
N 79
ula] QACL' ’ ( )

hno o hn

n 4,j+1 1,j—1
I e 80
o ny (80)
where 7 is the approximated hydraulic head, Ef ; ~ hi;, for

al0<i<I,0<j<Jand0 <n < P.

3.3 Explicit schemes for a two-dimensional vertically av-
eraged groundwater pollution dispersion model

3.3.1 Forward time central space

Taking the forward time centered space technique in a two-
dimensional vertically averaged groundwater pollution disper-
sion model (9 ), we get the following discretization,

C(x,y,t) = C(zing, Z/jAyvtnAt) = Cﬁj

n+1 n
86’ - Czj _Ci,j

oC iy % 1
ot At ’ 1)
aC Oy —Citay
_ 2
ox 2Ax ’ (82)
oC _ Clin — ij_1’ (83)
oy 2Ay

02C ~ in+17j B 201??]' + Cin—laj’ (84)

Ox? (Az)?

620 ~ Cg,ljJrl B 20:?] + Zj*l ) (85)

oy? (Ay)?

Substituting ( 81 )- (85 ) into (9 ). it is obtained that

n+1 n n n
Cig =Cl _ _n (G — gy
At 2 (2Ag)
_on 4(Cffj+1 - Cffj—l)
” (2Ay)

no_90m. 4 CT (86)
i+1,7 2, i—1,j

+ Dal (Bz)? )

Cno L —20n 4+
D i,J+1 %,J 4,j—1
R 7
+ W.

Rearranging (86 )for0 <i < M,0<j< Nand0<n<
P, we have

n A n n
Cz’,;'rl = (5 +p)Ciq; + (1= 2p—29)C};
A
+ (_5 +p)Ci,; + (_g +a)Cy BD
+ (g +q)CF 1 + W



Numerical Simulation of a Two-Dimensional Vertically Averaged Groundwater

158
where p = (Ax)Q’ q = (Ay)Q’ L= “As and n; =
ijAt

Ay

3.3.2 Forward time centered space technique with a cen-
tered space technique to approximate the bound-
aries solution

For¢ = 0, j = 0 and n = 0, the approximated fictitious
points on the boundaries, are obtained by

021)0 = O{L)O - QBCV[/AJJ,
C(T)L’,l = C(T)L,l — QBcsAy.
Substituting ( 88 )- (89 ) into ( 87 ), it is obtained that

(88)
(89)

A
Oyt = (5 +p)(—2BowAx) + (1 - 2p — 29)CF

2
+(2p)CYy + (20)C5, + (5 + ) (~2Beshy) O
+ Ws.

Fori =0,1 < j < J and n = 0, the approximated fictitious
point on the boundary, is obtained by

Cry ;= CF, — 2BowAx. o1
Substituting (91 ) into (87 ), it is obtained that
A :
Cot' = (5 +p)(-2BewAa) + (1 - 2p — 20)C
n n n n n
+ (2p)CT; + (_5 +q)CG 41 + (5 +q)Cy
+ Ws.
92)

Fori =0, j = J and n = 0, the approximated fictitious points
on the boundary, are obtained by

Cmy., =Cp, —2BowAx, (93)
O{)L,J-f—l = C&J—l + 2BCNAy (94)
Substituting ( 93 )and (94 ) into ( 87 ), it is obtained that

mn )\ n
Oojl = (5 +p)(—2BewAz) + (1 —2p — 2¢)Cy
+(2p)CY + (=3 + )(2BonAy) + (20)C5 5,
+ Ws.
95
For1l < i < I,j = 0andt > 0, the approximated fictitious
point on the boundary, is obtained by

Ci—1 = G — 2BosAy. (96)
Substituting (96 ) into ( 87 ), it is obtained that
n )\ n n
Ci,o“ = (5 +p)Ci1 0+ (1 —2p—2q)C7
A
+ (=5 +P)CTa 0 + 20)C, oD

2

U
+ (3 +)(~2BosAy) + W..
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For1l < i < I,j = Jand n = 0, the approximated fictitious
point on the boundary, is obtained by

71 = Ci'y_1 +2BcsAy. (98)
Substituting ( 98 ) into ( 87 ), it is obtained that
mn >\ n n
Cift = (5 +p)Ciy, + (1 —2p—29)C},
A n 99
(=5 + POl s+ (— 3 +@)(2Boshy) )

+(29)Cf 51 + Ws.

Fori = I, j = 0 and n = 0, the approximated fictitious points
on the boundaries, are obtained by

Cli10=Cr10+2BceAx (100)
Cl_, =Cr1—2BcsAy. (101)

Substituting ( 100 ) and ( 101 ) into ( 87 ), it is obtained that

Ort = 20)07_1 0+ (1= 2p = 29)CF

A
+ (=5 +P)2Bepda) + 20CE,  (102)

+ (3 +)(~2BosAy) + W..

Fori =1,1 < j < Jandt > 0, the approximated fictitious
point on the boundary, is obtained by

C1q=Cp 1 +2BopAa. (103)
Substituting ( 103 ) into ( 87 ), it is obtained that
Cpt = (0)CF -y + (1 - 2p — 2)CF,
(-5 P)@BesBa) + (-2 4900 (04
+ (g +q)CT 1 + Ws.

Fori =1, 7 = J and n = 0, the approximated fictitious points
on the boundaries, are obtained by

(105)
(106)

Ciy1,0 = Ci_1,y + 2BcEpAx,
Cl 41 =Cr -1 +2BenAy.

Substituting ( 105 ) and ( 106 ) into ( 87 ), it is obtained that
Cryt = @p)Croy g + (1 - 20— 20)CF

A
+ (=5 +P)(2BopAa) + (- +q)(2BenAy)
+(29)CF j_1 + W,

(107)

3.3.3 Forward time centered space technique with a for-
ward space technique to approximate the bound-
aries solution

For: =0, 5 = 0att > 0, the approximated fictitious points
on the boundaries, are obtained by

021,0 = 06170 - Bch:E,
0.-1=Coo— BosAy.

(108)
(109)



Mathematics and Statistics 8(2): 152-165, 2020

Substituting ( 108 )- ( 109 ) into ( 87 ), it is obtained that

Cog' = (5 +p)(—=BewAz)+(1—-p—q+ 5~ g)oo,o
A n n n
+ (*5 +p)CTo + (*5 +a)C6a
+ (3 + ) (= BosAy)" + Wi
(110)

Fori =0,1 < j < Jandt > 0, the approximated fictitious

point on the boundary, is obtained by
CELj = 0617] - BchJJ. (111)

Substituting ( 111 ) into ( 87 ), it is obtained that

A A
O&;‘rl = (5 +p)(—=BewAx) + (1 —p—2q+ E)C&f
A . . )
+ (=5 +P)CT + (-5 +9C0,n
n n
+ (5 + q)Co,j_l + Ws.

(112)

Fori =10, 5 = J and ¢t > 0, the approximated fictitious points
on the boundaries, are obtained by

C"y ; =Cy ; — BewAr, (113)
Cy 41 = Cg. s+ BonAy. (114)
Substituting ( 113 ) and ( 114 ) into ( 87 ), it is obtained that

n A A .
Cojf1 = (5 +p)(—=BowAz) + (1 -p—q+ 5~ g)CO,J

A
+ (=5 +P)CLy + (=3 +9)(BonAy)

n n
+ (5 +9)Cg -1+ Ws

(115)

For1l < i < I,j = 0andt > 0, the approximated fictitious
point on the boundary, is obtained by

CZ—l = Clno - BcsAy. (116)
Substituting ( 116 ) into ( 87 ), it is obtained that
Ci,o“=(§ +p)Ci71,0+(1_2p_qu—§) 4,0
A n g n 117
+ (_5 +p)Cilyr 0 + (_5 +q)Ci (117)
n

+ (5 + ¢)(—BesAy) + Wi,

For1l < i < I, j = J and n = 0, the approximated fictitious
point on the boundary, is obtained by

Cl'yi1=C}'y+ BesAy. (118)
Substituting ( 118 ) into ( 87 ), it is obtained that
n )\ n mn
iyt = (5 +p)Ci, + (-2 —q= )L,
A
(=5 POy + (-5 +a)(BesAy) - (19)

2

1
+ (5) +q)Ciy_q + W

2
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Fori =1, 5 = 0 and ¢t > 0, the approximated fictitious points
on the boundaries, are obtained by

Ci'y1,0 = Cro + BepAw,
I—1=Clo— BosAy.

(120)
(121)

Substituting ( 120 ) and ( 121 ) into ( 87 ), it is obtained that

n A n AN
CI,JOrl = (5 +p)Cl 1o+ (1 —p—q-— 5 + 5)0170

A
(-5 +PBepda) + (-5 +a)Cf, (12

+ (g + q)(—BesAy) + W.

Fori =1,1 < j < J and n = 0, the approximated fictitious
point on the boundary, is obtained by

Cly1; =Cr,; + BeeAx. (123)
Substituting ( 123 ) into ( 87 ), it is obtained that
crt = (X )+ (1 p—2— D)y
1j = (5 +p)Clq;+(1—p—2q— 5) T
A n .
+ (_5 +p)(BopAzx) + (—5 +9)CF (124)

’rl n
+ (5 + Q)C[’jfl + Ws.

Fori =1, 7 = J and n = 0, the approximated fictitious points
on the boundaries, are obtained by

(125)
(126)

Cl1,5 = Cl.y + BepAx,
C?,J-}-l = C?,J + BCNAy.
Substituting ( 125 ) and ( 126 ) into ( 87 ), it is obtained that

. A " A\
Cry' =G0y + (A —p—q=5 = 35)CL,
)
+ (=5 +p)(BopAx) + (—g +4q)(BenAy)

+ (g +q)CT 1 + Ws.

(127)

3.3.4 Forward time centered space technique with a back-
ward space technique to approximate the bound-
aries solution

Fori = 0,7 = 0 and ¢t > 0, the approximated fictitious
points on the boundaries, are obtained by

Cﬁl,o = C&O - BCWA$7
061,—1 = O{Jl,o - BCSAZJ~
Substituting ( 128 ) and ( 129 ) into ( 87 ), it is obtained that

(128)
(129)

Cog' = (5 +p)(=BewAz)+ (1 —p—q+ 5~ %)6'07O
A n U n
+ (*5 +p)CTo + (*5 +q)Cgy
+ (3 + q)(~BosAy)" + Wi
(130)
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Fori =0,1 < j < J and n = 0, the approximated fictitious

point on the boundary, is obtained by
c ; =Cy; — BowAz. (131)

Substituting ( 131 ) into ( 87 ), it is obtained that

A A
Cg,}rl = (5 +p)(—=BewAz) + (1 —p—2q+ E)C&j
A n n n
+ (*5 +p)CT; + (*5 +9)C4 41
n n
+ (5 + q)COJ'_l + WS'

(132)

Fori =0, j = J and ¢t > 0, the approximated fictitious points
on the boundaries, are obtained by

Cty ;=0Cy; — BewAxz,
Cy 41 = Cgy. g+ BonAy.

(133)
(134)

Substituting ( 133 ) and ( 134 ) into (87 ), it is obtained that

n >\ )\ mn
Coit = (5 +P)(~Bowla) + (1—p—gq+5 - )Ci.,

A
+ (=5 +PICLy + (=3 + ) (Bondy)

+ (g + q)C&J_l + W@-

(135)

Forl < ¢ < I, 7 = 0and n = 0, the approximated fictitious
point on the boundary, is obtained by

C:}Ll = CZO — BcsAy. (136)
Substituting ( 136 ) into ( 87 ), it is obtained that
mn A n n
Cq',,oH = (5 +p)Cilio+(1—2p—q+ g) 4,0
A
(=5 D)0l + (=5 + 00 137

+ (3 +)(~BesAy) + W..

For1l < i < I,j = J and n = 0, the approximated fictitious
point on the boundary, is obtained by

03J+1 = CZ?J + BcsAy. (138)
Substituting ( 138 ) into ( 87 ), it is obtained that
n A T
Cijl = (5 +p)Ciy,+(1—=2p—q— g) i
A . n
+ (‘5 +p)Ca, s + (—5 +q)(BesAy)  (139)
(500, 1+ W

Fori = I, j = 0 and n = 0, the approximated fictitious points
on the boundaries,are obtained by

Cr._1 =Clo— BesAy.

(140)
(141)
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Substituting ( 140 ) and ( 141 ) into ( 87 ), itis obtained that

n >\ n A /]7 n
01,31 = (5 +p)Cr_1 0+ (1 —p—q— 57 5)01,0
A
+ (=5 +P)(Bepha) + (—5 +q)CFy  (14D)

+ (3 + ) (~Besdy) + W..

Fori =1,0 < j < J and n = 0, the approximated fictitious
point on the boundary, is obtained by

Cllypa = Ciy + BopAy. (143)
Substituting ( 143 ) into ( 87 ), it is obtained that
it = (5 +P)01;+ (A —p =20 - 5)CF;
A n .
+ (_5 +p)(BcpAzx) + (—5 +q¢)CT 41 (144)
n n
+(5+ 90T + W

Fori =1, 7 = J and n = 0, the approximated fictitious points
on the boundary, are obtained by

C?,J+1 = 0?70 + BesAy. (146)

Substituting ( 145 ) and ( 146 ) into ( 87 ), it is obtained that

. A " A 9\m
01:91 _ (5 +p)Cl 1 +(1—-p—q— 5~ §)CI,J
A
T (_5 +p)(BegAx) + (—g +q)(BenAy)

+ (g +q)CF_y + W,

(147)

4 Numerical simulations

The demonstration analyzed the behavior of groundwater
flow, hydraulic head, vector velocity and pollution dispersion
of groundwater. The experimented area has homogeneous
aquifer.

4.1 Simulation 1: Groundwater pollution measurement
in an area close to 3 land fill sites

The considered area is surrounded by a landfill site as shown
in Fig. 4. The area has dimension, 10 km. x 10 km. The phys-
ical parameters are the rate of change of hydraulic head along
the north boundary, the west boundary, the south boundary and
the east boundary is -5 m., -5 m., -5 m. and 5 m. respectively.
The potential hydraulic head is 10 m. The hydraulic conductiv-
ity is 15 m./day and the storage capacity is 100. The simulation
parameters are shown in Table 1.

The grid spacing is taked by Ax = Ay = 50 m and At =1
day. The stationary simulation time is 10 years. In this simu-
lation, the forward time centered space with a centered space
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Figure 4. An area close to 3 land fill sites

Table 1. Parameters of a two-dimensional vertically averaged groundwater
flow model in simulation 1

K S W h(x,y.0)
15 100 0 10

Bpw BhE Bp, B,
5 5 E 5

technique on the boundaries solution ( 19 )- ( 38 ), a forward
space technique on the boundaries solution ( 39 )- ( 58 ) and
a backward space technique on the boundaries solution ( 59 )-
(78).

We get the approximated hydraulic head by using 3 different
techniques that are shown in Tables 3 and Fig. 5. Next, the
groundwater flow velocity is also simulated. The groundwater
velocity is approximated by using ( 79 )- ( 80 ). The approxi-
mated flow velocity is shown in Tables 4, 5 and Fig. 6. Finally,
the approximated groundwater flow velocity will be input into
the groundwater pollution dispersion model as field data. The
rate of change of groundwater pollutant matter along the north
boundary, the west boundary, the south boundary and the east
boundary is -0.05 m., -0.05 m., -0.05 m. and 0.05 m. respec-
tively. The potential groundwater pollutant is 0.01 m., The
diffusion coefficient of groundwater pollution in x-, y-axis is
1(m.2/day), 1(m.2/day) respectively. We can summarize their
groundwater pollutant matter parameters as shown in Table 2
by using the forward time centered space with a centered space
technique on the boundaries solution ( 88 )- ( 107 ), a forward
space technique on the boundaries solution ( 108 )- ( 127 )
and a backward space technique on the boundaries solution (
128 )- ( 147 ). We get the approximated groundwater pollutant
concentration as shown in Table 6 and Fig. 7.

4.2 Simulation 2: Groundwater pollution measurement
in an area close to 3 land fill sites and pumping term

We consider an area in simulation 1 that have system of wa-
ter pumping, sink is —50 m/day and 2 sources are 25 m/day
as shown in Fig. 8. We can summarize their groundwater pol-
lutant matter parameters as show in Table 7. We get the approx-
imated hydraulic head by using centered space techniques are

Table 2. Parameters of a two-dimensional vertically averaged pollution dis-
persion model in simulation 1

Dy D, Ws Cxy0) Bow _ Bcg  Bc Bon
1 1 0 0.01 -0.05 0,05 0,05 0.05
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Table 3. Hydraulic head at 10 years by using FTCS with CS, FC and BC

h(ij,n)

CS y \ 0 2 4 6 8 10
0 36.91 29.14 24.93 22.05 17.84 10.06
1 3251 24.74 20.53 17.65 13.44 5.67
2 29.29 21.51 17.30 14.42 10.21 2.44
3 27.12 19.35 15.14 12.26 8.04 0.27
4 25.89 18.12 13.91 11.03 6.81 -0.96
5 25.50 17.73 13.51 10.63 6.42 -1.36
6 25.89 18.12 13.91 11.03 6.81 -0.96
7 27.12 19.35 15.14 12.26 8.04 0.27
8 29.29 21.51 17.30 14.42 10.21 2.44
9 3251 24.74 20.53 17.65 13.44 5.67
10 36.91 29.14 24.93 22.05 17.84 10.06

FS y\ T 0 2 4 6 8 10
0 34.93 27.67 23.81 21.19 17.31 10.04
1 30.81 23.55 19.69 17.07 13.19 5.92
2 27.81 20.56 16.69 14.07 10.19 291
3 25.82 18.56 14.69 12.06 8.18 091
4 24.69 17.43 13.56 10.93 7.04 -0.23
5 2433 17.07 13.19 10.56 6.67 -0.60
6 24.69 17.43 13.56 10.92 7.03 -0.25
7 25.82 18.56 14.69 12.05 8.15 0.87
8 27.81 20.55 16.69 14.05 10.14 2.83
9 30.81 23.55 19.69 17.05 13.12 5.77
10 34.93 27.67 23.81 21.17 17.23 9.74

BS y\ x 0 2 4 6 8 10
0 35.10 27.83 2392 21.26 17.34 10.05
1 30.98 23.70 19.80 17.13 13.21 5.92
2 27.98 20.70 16.79 14.12 10.20 291
3 2597 18.69 14.78 12.10 8.18 0.89
4 24.84 17.55 13.64 10.96 7.04 -0.26
5 24.47 17.19 13.27 10.59 6.66 -0.63
6 24.84 17.55 13.64 10.96 7.02 -0.27
7 2597 18.69 14.78 12.09 8.15 0.85
8 27.98 20.69 16.79 14.10 10.15 2.82
9 30.98 23.70 19.80 17.11 13.14 5.77
10 35.10 27.83 23.92 21.23 17.25 9.74

Table 4. Groundwater flow velocity(m/day) in x-direction by using FTCS with
CS, FC and BC

u(iyj,n)

CS y\ @ 0 2 4 6 3 10
0 0.16 0.16 0.16 0.16 0.16 0.00
1 0.14 0.14 0.14 0.14 0.14 0.00
2 0.10 0.10 0.10 0.10 0.10 0.00
3 0.06 0.06 0.06 0.06 0.06 0.00
4 0.03 0.03 0.03 0.03 0.03 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.03 -0.03 0.03 -0.03 -0.03 0.00
7 006 -0.06 0.06 006 -0.06 0.00
8 010 -0.10 0.10 010 -0.10 0.00
9 014 014 0.14 014 014 0.00
10 016 016 0.16 016 016 0.00

FS v\« 0 2 4 6 3 10
0 0.66 0.66 0.66 0.66 0.66 0.00
1 0.49 0.49 0.49 0.49 0.49 0.00
2 033 033 0.34 0.34 0.34 0.00
3 0.20 0.20 0.20 0.20 0.20 0.00
4 0.08 0.08 0.08 0.08 0.08 0.00
5 -0.03 -0.03 0.03 -0.03 -0.03 0.00
6 014 -0.14 0.14 014 -0.14 0.00
7 026 026 0.26 026 -0.26 0.00
8 -0.41 -0.41 0.41 -0.41 -0.41 0.00
9 0.57 0.57 0.57 057 -0.57 0.00
10 066 -0.66 0.66 0.66  -0.66 0.00

BS y\=x 0 2 4 6 B 10
0 0.66 0.66 0.66 0.66 0.66 0.00
1 0.57 0.58 0.58 0.58 0.58 0.58
2 041 0.41 0.41 041 0.41 041
3 0.27 0.27 0.27 0.27 0.27 0.27
4 0.14 0.14 0.14 0.14 0.14 0.14
5 0.03 0.03 0.03 0.03 0.03 0.03
6 0.08  -0.08 -0.08 008  -0.08  -0.08
7 020 -0.20 0.20 020 020  -0.20
8 034 034 0.34 034 -0.33 033
9 049 -049 0.49 049 049 -048
10 0.66  -0.66 -0.66 066 066  -0.63
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Surface of hydraulic head
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Table 5. Groundwater flow velocity(m/day) in y-direction by using FTCS with
CS, FC and BC
h=)
[
@
v(ij,n) =
S y\«x 0 2 4 6 3 10 g
0 000 000 0.00 000 000 000 E
1 0.17 0.11 0.06 0.06 0.11 0.17 -
2 0.17 011 0.06 006 011 017 £
3 017 011 0.06 006 011 017
4 017 011 0.06 006 011 017
5 017 011 0.06 006 011 017
6 017 011 0.06 006 011 017
7 0.17 0.11 0.06 0.06 0.11 0.17
8 0.17 0.11 0.06 0.06 0.11 0.17
9 0.17 0.11 0.06 0.06 0.11 0.17
10 0.00 0.00 0.00 0.00 0.00 0.00
S y\=w 0 B 7 6 3 10
0 0.00 0.00 0.00 0.00 0.00 0.00
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6 066 036 020 023 043 067 Figure 5. Surface of hydraulic head at 10 years by using FTCS with CS, FS
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Table 6. Approximated groundwater pollutant(kg/m?) at 10 years by using
FTCS with CS, FC and BC

Figure 6. Groundwater flow velocity at 10 years by using FTCS with CS, FS

Clijon)

G v\= 0 7 7 5 B 0 and BS
0 07 097 0.86 076 065 055
1 102 092 0.81 071 061 051
2 099 088 0.78 067 057 047
3 096 0386 0.75 065 054 044 Surface of Pollution
4 094 084 0.74 063 053 043 10 =
5 094 084 0.73 063 052 042 |
6 094 084 0.74 063 053 043 17
7 096 086 0.75 065 054 044 9 i
8 099 088 0.78 067 057 047
9 102 092 0.81 071 061 051 8 4 16
10 107 097 0.86 075 065 055 L
FS v\« 0 2 3 6 8 0 71—
0 71 .60 .48 136 125 [BE ]
1 1.66 1.55 143 1.32 121 L1 = 1.5
2 1.63 1.52 1.40 1.28 117 1.07 6 1
3 160 149 1.37 125 115 1.05 W .
4 1.58 1.47 1.35 1.24 113 1.03 'i._ﬁ 5 [ 1.4
5 1.58 147 135 123 112 L0 I'.
6 159 147 135 124 113 1.03 =
7 160 149 137 126 115 1.05 4 —igm
8 1.63 1.52 1.40 129 118 1.08 I 1.3
9 1.67 1.56 1.44 132 122 L1l 3
10 171 1.60 1.49 137 126 115
BS y\=w 0 2 4 6 8 10 il 1.2
0 175 .64 152 T40 128 .18 2 i )
1 171 1.59 1.47 135 124 L14
2 1.67 1.56 1.43 131 120 110 1
3 1.64 1.53 1.40 1.28 1.17 1.07 o 1.1
4 1.62 1.51 1.38 1.26 115 1.05 |
5 161 1.50 1.38 1.26 L5 1.04 0
6 1.62 1.50 1.38 1.26 115 1.05 0 2 4 6 8 10
7 1.63 1.52 1.40 128 117 1.06 x-axis
8 166 155 142 130 119 1.09
9 169 158 1.46 134 123 L13
10 174 163 1.50 138 127 117

Figure 7. Surface of groundwater pollutant at 10 years by using FTCS with
CS, FS and BS
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Figure 8. An area close to 3 land fill sites

Table 7. Parameters of a two-dimensional vertically averaged groundwater
flow model in simulation 2

K S W W hxy0)  Bpw Bhe Bhg BN
(sink) (source)
15 100 -50 25 10 -5 -5 -5 5

shown in Table 9 and Fig. 9. Next, The groundwater velocity as
shown in Table 10, 11 and Fig. 10. Finally, the approximated
groundwater flow velocity will be input into the groundwater
pollution dispersion model as field data. The system of water
pumping, We can summarize their groundwater pollutant pol-
lutant matter parameters as show in Table 8. The approximated
groundwater pollutant as shown in Table 12 and Fig. 11.

Surface of hydraulic head

\‘I-\\‘k
= o “ =
=SS S

Hydraulic head

Figure 9. Surface of hydraulic head at 10 years by using FTCS with CS in
simulation 2

5 Discussion

In simulation 1, the computed hydraulic head moves from
the higher hydraulic head to the lower hydraulic head when the

Table 8. Parameters of a two-dimensional vertically averaged pollution dis-
persion model in simulation 2

Do Dy Ws Ws
(sink) (source)
1 1 -5 2.5 0.01 -0.05 -0.05 -0.05 0.05

Cxy0  Bow  Bcogm
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Table 9. Hydraulic head at 10 years by using FTCS with CS in simulation 2

hij;n)

CS y\ x 0 2 4 6 8 10
0 35.65 28.01 23.40 20.73 17.52 10.59
1 31.74 24.01 19.02 16.35 13.52 6.68
2 29.26 21.40 15.29 12.62 10.90 4.19
3 28.10 20.43 11.73 9.05 9.92 3.02
4 27.93 21.95 7.60 4.92 11.44 2.84
5 28.06 26.71 3.79 L1l 16.19 2.96
6 27.93 21.95 7.60 4.92 11.42 2.82
7 28.10 2043 11.73 9.04 9.89 2.98
8 29.26 21.40 15.29 12.60 10.85 4.11
9 31.74 24.01 19.02 16.33 13.45 6.52
10 35.65 28.01 23.40 20.71 17.44 10.27

Table 10. Groundwater flow velocity(m/day) in x-direction by using FTCS
with CS in simulation 2

u(iyj,n)

CS y\ @ 0 2 4 6 8 10
0 0.64 0.65 0.69 0.69 0.65 0.00
1 0.53 0.55 0.63 0.63 0.55 0.53
2 0.32 0.34 0.54 0.54 0.34 0.32
3 0.13 0.07 0.54 0.54 0.08 0.13
4 0.00 -0.35 0.65 0.65 -0.35 0.00
5 -0.01 -0.78 0.46 0.46 -0.78 -0.01
6 0. 0.65 -0.68 -0.68 0.65 0.03
7 -0.05 0.11 -0.59 -0.58 0.11 -0.05
8 -0.22 -0.22 -0.53 -0.53 -0.22 -0.21
9 -0.42 -0.45 -0.58 -0.58 -0.44 -0.41
10 -0.64 -0.65 -0.69 -0.69 -0.65 -0.61

Table 11. Groundwater flow velocity(m/day) in y-direction by using FTCS
with CS in simulation 2

V(iyon)

CS y\ x 0 2 4 6 8 10
0 0.00 0.00 0.00 0.00 0.00 0.00
1 0.68 0.49 0.31 0.15 0.29 0.65
2 0.68 0.52 0.41 0.08 0.24 0.65
3 0.66 0.53 0.67 -0.14 0.16 0.67
4 0.61 0.33 1.37 -0.86 0.23 0.72
5 0.57 -0.56 245 -2.89 2.98 0.77
6 0.61 0.33 1.37 -0.86 0.23 0.72
7 0.66 0.53 0.67 -0.14 0.16 0.67
8 0.68 0.52 0.41 0.08 0.24 0.66
9 0.68 0.49 0.31 0.15 0.30 0.66
10 0.00 0.00 0.00 0.00 0.00 0.00

Table 12. Approximated groundwater pollutant(kg/m?) at 10 years by using
FTCS with CS in simulation 2

Clij,m)

CS y\ x 0 2 4 6 8 10
0 2.10 1.99 1.86 1.73 1.61 1.51
1 2.07 1.96 1.83 1.69 1.58 1.48
2 2.05 1.95 1.81 1.67 1.56 1.46
3 2.05 1.96 1.81 1.66 1.58 1.47
4 2.06 2.02 1.83 1.66 1.64 1.49
5 2.07 2.11 1.84 1.66 1.75 1.50
6 2.07 2.03 1.84 1.67 1.65 1.49
7 2.06 1.97 1.82 1.67 1.59 1.47
8 2.05 1.95 1.81 1.68 1.57 1.47
9 2,07 1.96 1.83 1.70 1.58 1.48
10 2.10 1.99 1.86 1.73 1.62 1.51
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Figure 10. Groundwater flow velocity at 10 years by using FTCS with CS in
simulation 2
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Figure 11. Surface of groundwater pollutant at 10 years by using FTCS with
CS in simulation 2

time has been passed for 10 years. The velocity vector gives the
fields groundwater flow directions in the considered area. The
groundwater pollutant along the landfill has been flowing into
the considered area. The groundwater pollutant in the area will
be growing up as well. The pollutant concentration in around
landfill vicinity will be higher than another area. This means
that the groundwater pollutant is introduced by groundwater
flow and its hydraulic head. The pollutant will be flowing out
through the east boundary.

In simulation 2, the system of water pumping and injection
are considered. There are 1 water pumping well and 2 water
injection well. The water injection well can be maintained the
hydraulic head level entire the consider area. The water pump-
ing well will be reduce the hydraulic head around them along
10 years. This means that the water injection well system can
be used to reserve groundwater levels as nature groundwater re-
sources. The groundwater pollutant around the injection wells
will be increased due to the groundwater flow velocity. On the
other hand, the groundwater pollutant around the pumping well
will be reduced due to the removal mechanism. These means
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that the groundwater quality can be induced by the pumping or
injecting system.

6 Conclusion

A two-dimensional groundwater flow model that gives the
hydraulic head level is introduced. The techniques of the ini-
tial condition and boundary conditions of the groundwater flow
model are proposed. The groundwater flow velocity model is
also introduced. It gives groundwater flow directions. The for-
ward time centered technique with the centered in space, the
forward in space and the backward in space with all bound-
aries are used to obtain the approximated hydraulic head, the
flow velocity in x- and y- directions, respectively.

The approximated groundwater flow velocity are used to in-
put into a two-dimensional vertically averaged groundwater
pollution dispersion model. The groundwater pollution due to
a landfill around a considered area is focused. The techniques
of the initial condition and boundary condition setting is pro-
posed. The forward time centered space technique with the
centered in space, the forward in space and the backward in
space with all boundaries are used to approximate the ground-
water pollutant concentration. The proposed explicit forward
time centered spaced finite difference techniques to the ground-
water flow model the velocity potential model and the ground-
water pollution dispersion model give good agreement approx-
imated solutions. They are economical finite difference tech-
niques due to our proposed techniques are explicit methods. It
is not produced any large system of linear equations. In both
simulations, the hydraulic head is depends on the hydraulic
head level on their boundaries. The groundwater flow veloc-
ity is also induced by the hydraulic head. The water pumping
and injecting system a can be change the hydraulic head and its
groundwater flow direction. The groundwater pollutant con-
centration can be induced by the water pumping and injecting
system.

Furthermore, If a landfill project is planned to construct in
an area the environmental impact assessment should be con-
sidered to the simulated groundwater quality assessment in the
future as well.
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