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Abstract: We solve the two - dimensional mixed form Kirchhoff transformed Richards
equation numerically using Crank - Nicolson scheme. This procedure has been integrated
using cylindrical coordinates in an axially symmetric diffusion of flow in a homogeneous,
isotropic porous medium. The soil has uniform hydraulic conductivity and no source or
sink. The framework is cylindrical with a finite difference structured mesh. This procedure
is particularly targeted at infiltration into dry soil, drainage, perched water table and flow
through homogeneous materials. However, it is also applicable to any process involving
flow through porous medium. The scheme we used is more accurate, comprehensive and is
computationally efficient. It may provide a suitable basis for the implementation in large

scale.
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1. INTRODUCTION

The unsaturated zone is the region between the soil surface and the groundwater table
where many physical phenomena, such as infiltration, evaporation, groundwater recharge,
soil moisture storage, and others, take place. In recent years, predicting fluid movement in
this zone has become an emerging problem in soil mechanics (rainfall-induced landslides,
floods, etc.), fluid mechanics, agricultural engineering, environmental engineering, and other
fields. The flow in the unsaturated zone involves a two-phase flow of air and water. Since
the air phase is continuous and at atmospheric pressure, we consider only the flow of water.
For transient two-dimensional flow in an isotropic and homogeneous medium, the governing
equations are Darcy’s law and the mass conservation law. Darcy’s law relates the flow
velocity of water to the gradient of hydraulic potential, and the mass conservation law
ensures that the total mass of water in the system remains constant. Additionally, we
neglect osmotic and thermo-osmotic effects and assume that water density varies only with
capillary pressure. Under these assumptions, the fluid motion obeyed the classical Richards

equation.
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Different forms of Richards equation can be written with ¢ (the pressure head), or
6 (the volumetric moisture content) as the dependent variable. We consider the Richards
equation in the following (mixed) form with no source as [1J.
00 0K
1.1 — — V- (K@®)V — =0
(1.1) o~V (K@)V) + 5 =0,
where 6 (the volumetric moisture content), 1 (the pressure head), K (1) is the unsaturated

hydraulic conductivity

We prefer the constitutive relationship between 0 = 0(x,y, z,t) and ¢ = ¥(z,y, 2, t)
due to by Haverkamp et al. [2] allows to express the Richards equation (1.1) with a single
dependent variable v or 6.

The hydraulic conductivity K (1)) describes the ease with which water can move through
pore space, and depends on the intrinsic permeability of the material and the properties of
fluid such as degree of saturation, density and the viscosity [3]. There are many empirical
formulations for the hydraulic conductivity K (1)) and the moisture content 6() functions.
We use the following popular model from groundwater hydrology due to Haverkamp et al.

[2] and express these constitutive relations as the continuous functions of .

A B a(fs — 0,)
Ksmv e(w)_gT—i_ Oé"‘"(/)‘ﬁ 9

where 65 = 0.287 and 6, = 0.075 represent the saturated and residual moisture content

(1.2) K(y) =

respectively, K = 34 corresponds to the saturated hydraulic conductivity, and A = 1.175 X
105, o = 1.611 x 106, B = 3.96, v = 4.74 are dimensionless soil parameters. These data are

used to describe the infiltration process in soil.

Richards equation is highly nonlinear partial differential equation. Because of its non-
linear behavior, analytic solutions are limited to some simplified cases with no practical
importance. Hence numerical approximations are used to solve the unsaturated flow equa-
tion. Approximated solutions are computed using discretization methods that depends on
approximation techniques for space and time derivatives, and the solution method for the
nonlinear system of discretization equations. The standard approximations that are applied
to the spatial domain are finite difference, finite element and finite volume methods. They
are usually applied on a fixed spatial grid and also in an adaptive approach. The standard
temporal derivative approximation method is the Euler method. Picard, modified Picard,
and Newton methods are the most frequently used methods to deal with the nonlinearity
of the Richards equation [4]. The linearization of Richards equation yields to a system of
linear algebraic equations which is typically solved by using direct method for one dimen-
sional problem and iterative approach for large linear systems arising from higher dimension

problems.

The numerical solution of Richards equation is still a subject of great interest, mainly,
on focusing to the reduction of computational cost to achieve the robust and more accurate
solution. In addition, real world application requires the combine analysis with soil moisture
dynamics with contamination transport, growth and decay of microorganisms in transport

phenomenon, energy balance and rain runoff which make the computational problem of
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solving the Richards equation more complex. To avoid such type of stumbling block the
solution techniques of Richards equation have to be extended, to much large computational

domains and implementing to high performance computing code.

2. BACKGROUND

Numerical solutions of Richards equation has a significant history in the fields of soil
science and ground water hydrology. General overviews and thorough reviews of the liter-
ature may be found in the works of Nielsen et al. and Milly [5, [6]. Generally, numerical
solutions are either the h—based or 6-based form of Richards equation. A number of finite
difference, finite element and finite volume solution schemes [2][7, 8, 9], 10} 11} 12] have been
used for the simulation of these form of the equation. To drive the numerical simulation in
mixed form of Richards equation [4, 13] play an important role in the history of soil science.
They used collation approximation in space and an alternating-direction version namely a
”quasi-Newton” method and "modified Picard” method. Zarba, R.L. [14] used the modi-
fied Picard iteration method with both finite difference and finite element approximation in
space. Ross et al.[15] used the Kirchhoff transformation to simulate water flow. Gottardi
and Venutelli [I6] presented a computer program, which integrates the three standard form
of Richards equation using finite difference and finite element method. Huang et al. [17]
proposed a new convergence criterion for the modified Picard iteration method. Gottardi
et al. [I8] used moving finite element model for one-dimensional solution. The stability
analysis of fully implicit finite element scheme with Kirchhoff transform to this equation in
Radu et al. [19] and a linearized finite difference scheme is presented in [20] also a numerical
solution of Richards equation: a simple method adaptable in parallel computing is studied
n [2I]. An explicit stabilized Runge - Kutta - Legendre Super time - stepping scheme for

the solution of Richards equation is studied in [22].

In this paper, we use Kirchhoff integral transform to reduce the highly nonlinear equa-

tion to a functional linear parabolic equation and solve it numerically.

The purpose of this paper is to present a reliable and accurate numerical scheme which is
able to solve the two dimensional Kirchhoff transformed Richards equation, where numerical
solution converges rapidly to the theoretically correct solution. The numerical solution is

able to handle a short duration of infiltration and is relatively easier to implement.

This paper is organized as follows: In section 3, we present Kirchhoff transformation to
(spatially) linearize the Richards equation. In section 4, we present the numerical methods
based on finite difference method (CN). In section 5, we solve two test examples and compare

the results. Finally in section 6, we conclude our results.

3. MODEL DESCRIPTION

We consider Richards equation (|1.1]), a diffusion process taking place in a vertical ditch
with radius r. We assume axi - symmetry such that 6 is just a function of r, ¥, z and ¢, r
and z being the radial distance and axial distance from the center axis of the ditch to a

point. For axi - symmetry, we take the cylindrical coordinates, r,i, z where z is the axial
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direction and (r, ) are the polar coordinates in a cross section. From the relation x = rcosd,
y = rsind and z = z, Richards equation as cylindrical coordinates, in axi symmetry form

is:

. =12 (rrwBE) + 2 (w5 - 2L

where r and z represent radial and axial direction respectively.

Richards equation is typically used to simulate infiltration experiments (in both
laboratory and field scale). These experiments begin in a cylindrical ditch with a dry soil
and then water is poured on top of the ground surface, showing a clear connection with the
Darcy’s law. We assume that the infiltration with known surface flux does not exceed the
infiltration intensity, and does not generate runoff. That is, we use the following initial and

boundary conditions.

111(7”,2770) = 'QZJO(’I", 2)7 Ripn <r < Ryu, 0<2z< Ztop

K(W) = K@) 22 = (1), >0 220,10
(32) IJZ)(T‘, Zbotat) = B(ﬂ) > 07 t>0

8—szo, r=Rot ,2>0,t>0

or

\ w(RlTL?Z?t) = Bl(t), t > 0.

3.1. Kirchhoff Integral Transform. We use Kirchhoff integral transformation in equa-
tion (3.1)), for this, we let h = ¢ — z and define

h
(3.3) b(h) = /0 KA.

Since K(h) > 0 from (1.2)), the function ¢(h) is strictly increasing with K(h) = K(1).

Taking derivative of both sides of the transformation with respect to r and z, we obtain:

0 0poh  _ . O — _ .0 0
Again taking derivative of with respect to r,
0? 0 0

(35) = oK)
and

0 opoh  _ O — 0 0
o) 2= 900 gy gy 2 = k)2 - k)
Again differentiating of equation ,
(37) o _2KOR) 0 iy,

022 0z 0z
Using the equations (3.4),(3.5) and (3.7]), the Richards equation ({3.1]), takes the form
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00 9% 1,00,  0%¢
3.8 S R e
(3.8) ot (’37‘2+7‘(8r>+3z2
with 8(¢) = (h). The corresponding initial and boundary conditions for the transformed

equation (3.8]) take the following form

¢(T7250) = ¢O(Ta Z)a Ry <1 < Royy 0< 2 < Ztop
gf:_(t),r>0z:(),t>0
(3.9) O(ry Zyor, t) = B(t), >0, t >0
%:0, r=Royt ,z2>0,t>0
or -
&(Rin, Z,t) = p1(t), t >0

The Kirchhoff transformation transformed the nonlinear equation (3.1]) to a nonlinear par-
abolic equation (3.8). Also we note that the Kirchhoff transformation preserves the unique-

ness of the solution for the transformed problem.

4. NUMERICAL METHOD

We have the transformed equation is in two different state variables. To solve the
transformed equation (3.8) numerically with the prescribed initial and boundary conditions
(3.9), it is feasible to have a single state variable. For this, # and ¢ are assumed as single

valued continuous functions of one another, and arranging these variables as

90 9009 1 .99 0o 9p0h

1
1) o “ooor o2V or 99~ onoo

Differentiating ((1.2)) with respect to h, we get

00

(4.2) o=

alfs — 0;)(a + |h|7)~2.8]n 7,

o -
o = K(h) = K(v)

Using (4.1) and (4.2)), the transformed Richards equation (3.8]) takes the form:

o6  P¢ 109 0%

3 Do = trar T o

where the functional coefficient ¢ depends on ¢ through h as

aB(ls — 0,) P!

(4.4) o) = L

4.1. Finite Difference Discretization. We set up a two dimensional (r, z) uniform grid
for an axi-symmetric problem in the cylinder geometry by subdividing the radial length
[Rn, Rout] into M, subintervals of width Ar = Heut=fin and the height [0, Z,] into M.

subintervals of width Az = Zj\ﬁ[—"zp We construct a grid (r;, z;,t,) with r; = iAr,i =
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0,1,2,...,M;, zj = jAz,j = 0,1,2,...,M,, and t, = nAt, n = 1,2,...., N. Let ¢Zj de
note ¢(r;, 2zj,t,). The partial dlfferentlal equation (4.3) can be approximated using forward

difference in time and central difference in space as [23]

1
¢ L0 0 e o Py — Oy
ot (r1,25,tn) At Coor (r1,25,tn) 24r
(1520 % i1y 200+ 9y 9% b1 — 200 + P
or2 (r1s2s ) Ar2 T 022 (ris2stm) Az2
09 24 o2

using a weighted average of the derivatives (— ) at a two time levels, t,, and ¢,1

’ 87‘2’ 822

using Crank - Nicolson (CN) scheme equation (4.3)) can be discretized as

oL — g 1
1, 1,
(46) J At J — 20 (AT) |:¢Z74+11] . 2¢n+1 qbzljllj +¢1 e 2(;52] +¢?+17j:|
7]
1 1 1 1
e ey P = 200+ G 60— 200+
%)
1 1 1
g B L = 0 By — o]

We collect the unknowns on the left hand side:

F
(4.7)-(F - *)¢?+11J (1+2F, +2F,)¢; " — (B + ;)#ﬁﬁj — F(0 + o)
7

F F
= (Fr — ;) i1t (1 =2F —2F,)¢;; + (Fr + ;) 1 — Fa(0rm1 + &7 54),
KA

)

— At _ At _ At
where I = 2c;;(Ar)2> I = 2c ;(Az)? = 4cf ;(Ar)*
Stability analysis of this equation (4.7)) can be found in our previous work Timsina, R.C.
et al. [22]. The equation (4.7) are coupled at the new time level n + 1. That is, we must
solve a system of (linear) algebraic equations, which we will write as B¢ = d, where B is

the coefficient matrix, ¢ is the vector of unknowns, d is the right hand—side.

To solve the above system of linear equations, we have a matrix system Bc = d, where
the solution vector ¢ must have one index. For this, we need a numbering of the unknowns
with one index, not two as used in the mesh. We introduce a mapping position(i,j) = v(i, j)

from a mesh point with indices (4, j) to the corresponding unknown u in the equation system.
u:v(z,]) :.7(‘/;"—’_ 1) +Z7 fOT’ i = 071727"' 7‘/:I”7j = 071727"'7V2a

With this mapping, we number the points along the radial direction starting with z = 0

and then filled one mesh line at a time. In another way
u=v(i,5) =i(Vo,+1)+7, fori=0,1,2,---,V,,7=0,1,2,--- V..
with » = 0 and then filled one mesh line at a time. From this we can get the general feature

of the coefficient matrix obtained from the discretized equation (4.7]).

Now B,, be the value of element (u,v) in the coefficient matrix B, where u and
v are the numbering of the unknowns in the equation system. The then B,, = 1 for

u = v corresponding to the all known boundary values. u be v(i, j), i.e., the single index
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corresponding to the mesh point (7,7). Then, for interior mesh along with boundary, we

have

By ) i) = Buu =1+ (F + F2),
Buw(i-1,5) = Buu—1=—F,
Buy(it1,j) = Buut+1 = —F;
Byw(ij-1) = Buu—(v.+1) = —F
Buw(ij+1) = Buutvitr) = =L
The corresponding right hand side vector in the equation system has the entries d,, where
P numbers the equations with the given boundary values.

The above mention algorithm can be used to update the transformed variable ¢;'; to its

value in the next time level ¢71?

Z7j
?jQ without evaluating the function c(¢?j1) which requires computing the intermediate

variable hZ;rl. For this, we employ the equation 1} which can be approximated as

. But we cannot advance the algorithm to the next time level

ot — g
4.8 prtl — o T8 7D
(4.8) i Wt TR (h;)

5. SIMULATION RESULTS

5.1. Experimental Setup. The numerical procedure developed in the previous section is
written in python and ran on a laptop with 2.8 GHz Quad—Core Intel Core i7 processor. We
considered two specific infiltration experiments and inspect the behavior of the numerical
scheme presented above. For the first case the setup consisted of an annulus ditch having
length 70 cm in the axial direction and 100 c¢m in radial direction. The annulus was filled
completely with sandy soil. We use the soil parameters and characteristics relationship
between the soil moisture content #(¢) and the hydraulic conductivity K () from the work
of Haverkamp et al.[2].

A 34 x 1.175 x 108
K == KS =
W) a+ |7 1175 x 106 + |44
a(fs —6,) 1.611 x 10% x (0.287 — 0.075)
5.1 0(y) = 0, + ——= = 0.075
(5-1) () L |¥]8 * 1.611 x 106 + [¢|3-96

The simulation starts with a uniform saturation § = 0.1 cm?3/em? and a constant water
head ¥» = —61.5 cm is maintained at the bottom boundary z = Zp,. For the upper
boundary z = Zy,, at the soil surface, a constant flux ¢(¢) = 13.69 cm/hr for ¢ < 0.7hr and
zero normal flux condition for ¢ > 0.7 hr and for curved surface of the annulus zero flux
boundary condition is maintained. For second case we considered that the same wetting
flux for » > % and a constant drainage flux ¢(t) = —.0099 cm/hr for » < . To compute
the approximate solution using the Crank—Nicolson scheme, we have used a uniform spatial
step size Az = 2 cm on axial direction and a step size of Az = 2 cm on radial direction and

the simulation was run for 0.75 hr.
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5.2. Result and Discussion. The Kirchhoff transformed one dimensional model was em-
ployed to simulate vertical water infiltration into an unsaturated homogeneous porous
medium. Numerical experiments were carried out by using sand column (proposed by
Haverkamp et al.) with finite difference schemes (FTCS, BTCS, CN and RKL). Since we
do not have exact solution we use numerical solution obtain from above (RKL) finite dif-
ference scheme for one dimensional as the reference solution Timsina, R. C. et al. [22] for
numerical experiment of two dimensional water infiltration. Fig. (1) shows the variation of

volumetric moisture content in sand for one dimension, as discussed in [22]. In this numer-
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FIGURE 1. Variational trend of moisture content in depth (one dimension case)

ical experiment, the functions used for the hydraulic conductivity and the water content as

in one dimensional case were taken from Haverkamp et al. [2]

The first two dimensional example is an unsaturated flow into a region of sandy soil.
For this we suppose the domain is specified to be an annulus, Tjpner < 7 < Toyter With
Tinner Strictly greater than zero, other than a disk. The annular domain consists of 70 ¢cm
in length with 100 cm of annular radius. We suppose it vertically downward where z axis
taken as downward positive with a constant water head ¥ = —61.5¢m at left (Dirichlet)
boundary condition r = R;, as dummy. A constant flux boundary condition (Neumann)
on the right r = R,y is taken and a constant water head vy = —61.5 cm at the bottom
boundary z = Zpsttom. At the upper boundary z = 0 (the soil surface), a constant flux
q(t) = 13.69 cm/hr for ¢t < 0.7hr and zero normal flux condition for ¢ > 0.7hr. The solution
domain was meshed using a spatial step size of Az = 2¢m on axial direction and a step size
of Ar = 2.5 cm on radial direction and the simulation was run for 1 hr. The longitudinal
water contain profiles and radial water contain profiles at time 0 hr and some others time
are shown in figure (2)top. From this figure it is possible to note that the residual water
contain at the bottom of the annulus is reached when time ¢ is about .50 hr The moisture
content contours are shown in figure (4)and corresponding surface plots of moisture content
is in figure (3) left.

For the second example we considered the annulus with same dimensions and the

numerical set up are the same for inner, outer and bottom of the domain. But, at the
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FIGURE 2. Longitudinal profile of soil moisture 6(z) at r= 50 cm(top left),
radial profile of soil moisture 6(z) at z= 35 cm(top right), Longitudinal
profile of soil moisture 6(z) at r= 25 cm(bottom left), radial profile of soil
moisture (z) at z= 35 cm(bottom right)

top, i.e., on the soil surface we make a constant flux of drainage ¢(t) = —0.0099c¢m /hr for
t < 0.7hr and zero normal flux condition for ¢ > 0.7hr in half of the domain (for r = )

and for the rest a constant flux of ¢(t) = 13.69cm/hr for ¢t < 0.7hr and zero normal flux
condition for ¢ > 0.7hr. The longitudinal water contain profiles and radial water contain
profiles at time 0 hr and some others time are shown in figure (2) bottom. From this figure
it is possible to note that the residual water contain at the bottom of the annulus is reached
when time t is about .30 hr for inner half circular part of the annulus. The moisture content

contours are shown in figure (3) left and corresponding surface plots of moisture content
are shown in figure (5).
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FIGURE 3. Soil Moisture 6(r, z) at t = 0.75sec for r = R,y (left), Soil Mois-
ture O(r, z) at t = 0.75sec for r = Ryt /2(right)
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F1curE 4. Soil Moisture 0(r,z) at t = 0.1875sec for r = Ryu( top left),
Soil Moisture 6(r, z) at ¢t = 0.375sec for r = Ry (top right), Soil Moisture
O(r,z) at t = 0.5625sec for r = Royi(bottom left), Soil Moisture 6(r, z) at
t = 0.75sec for r = Ryyi(bottom right)
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FIGURE 5. Soil Moisture 0(r, z) at t = 0.1875sec for r = Ryt /2( top left),
Soil Moisture 6(r, z) at t = 0.375sec for = Ryt /2(top right), Soil Moisture
0(r, z) at t = 0.5625sec for r = Ryt /2(bottom left), Soil Moisture (r, z) at
t = 0.75sec for r = Ry /2(bottom right)

6. CONCLUSION

In this work, we considered two dimensional Richards equation (a highly nonlinear
degenerate parabolic partial differential equation) and solved it numerically. Also this work
is based on two illustrative numerical examples in two dimension, with realistic parame-

ters. We implemented Crank - Nicolson finite difference scheme. The work presented here
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describes and verifies the employment and accuracy of Crank—Nicolson scheme to simulate
flow in unsaturated porous media in axi symmetrical cylindrical sand ditch. However, this
work presented a versatile numerical model which was able to solve the two dimensional
Richards equation and the findings are converges to the theoretical analysis also the find-
ings are in line with one dimensional approaches [22]. Figures 1 and 2 depicted that the
numerical simulations results for the same infiltration experiment as in one dimension im-
posing, zero flux boundary conditions in the lateral boundary mimic the results from the
one dimensional model. That is the longitudinal profile are in line with that of the one
dimensional model. The numerical method was able to handle short duration infiltration
and was relatively easy to implement. This work can be extended to achieve to accurate

solution to heterogeneous soils with abruptly changing wetness conditions.
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