Agricultural engineering programs as IRRIGATION AND DRAINAGE

related to employment requirements:
557 - 574

COMPUTER MODEL FOR THE PREDICTION OF
WETTING FRONT MOVEMENT
IN SOIL UNDER EMITTERS
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ABSTRACT

A two dimensional water flow model for predicating wetting front
movement and soil moisture distribution pattern from point and line
source of system drip irrigation was developed using Visual Basic of
Applications and the finite difference technique (Alternating Direction
Implicit).To determine the validity of the mathematically analysis, the
computer model was experimentally tested under different conditions.
Two types of flow were carried out in clay soils, the first was point
source model of discharge rates (2, 4, 8.56 and 16 l/hr), and the second
was line source model of discharge rates (4.6, 7.4, 9.23 and 20 Vhr/m) at
non linear operating pressure were used in this study. The results of the
modeling were good agreement with the experimental testes.
The coefficients of determination of linear regression analysis between
predicted and measured soil water content were (0.93, 0.81, 0.92 and
0.82) for (2, 4, 8.56 and 16 l/hr) respectively under point source.
And were (0.82, 0.82, 0.84 and 0.77) for (4.6, 7.4, 9.23 and 20 l/hr/m)
respectively under line source).So that the computer model could be
satisfactorily used to find out soil moisture movement and distribution
under different conditions of trickle irrigation.

INTRODUCTION

he fast population growth with a fixed annual quota from the Nile
River (55.5 billion cubic metre, where the Nile River is the main

source of irrigation water) is considered the major problem
blockade the horizontal expansion, the increasing economic growth and
the development trickle irrigation can help in this problem by improve
the water use efficiency.
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A well-designed trickle irrigation system loses practically no water to
runoff, deep percolation, or evaporation. Some important considerations
in the design of such a system include the percentage of the root zone
which should be watered, the spacing and location of emitters, and the
application rates, volumes, and frequencies necessary to attain the desired
coverage. The first step in obtaining the data needed to support this phase
of the design process is to measure the moisture distribution in various
soil profiles for applications of irrigation water of varying rates and
amounts (Marcos et al., 1994 ; El-shafei et al., 2008), aiso dimensions of
the wetted pattern, where the depth of wetted pattern should coincide
with the depth of the root system while width dimension of wetted
pattern should be related to the spacing between emitters and lines (Zur,
1996; Amer et al., 2010).There are many tools to predict soil moisture
movement and distribution in soil profile, one of the efficient tools is
mathematical modeling of the soil (Marcos et al., 1994; El-nesr et al.,
2006). Many dynamic systems, whether they are mechanical, electrical,
thermal, hydraulic, economic, etc., may be characterized by differential
equations. The equations can be obtained by utilizing physical laws
governing a particular system, for example, Darcy's laws for soil
moisture movement and distribution in the soil profile. The mathematical
description of the dynamic characteristics of a system is called a
mathematical model (Ogata, 2002). Computer tools and various
analytical can be used for analysis and synthesis purposes for a
mathematical model.

Consequently. the main objectives of this studyv are:
1- Developing a computer model under line-source (plane flow) to

simulate soil moisture movement and distribution in the soil profile.

2- Developing a computer model under point source (cylindrical flow) to
simulate soil moisture movement and distribution in the soil profile.

3- Studying the relationship between the wetting front movement and
different parameters (Application rate, Volume, Time, Type of flow)

4- Comparing between the predicted and observed, measured wetting
fronts and a moisture contents to checking the model validity.
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THOD

The experiments were carried out in Irrigation Laboratory at Tractor and
Machinery Testing Station at Alexandria, Agricultural Engineering
Researches Institute, Agricultural Researches Center.

Soil physical analysis:

A type of soil was used in this study clay soil {Abeis region). The soil
was brought from the top layer of 50 cm depth using a shovel .The soil
was placed in bags and transported to irrigation laboratory, a soil type
was analyzed to determine particle size distribution and field bulk density
(BD), electrical conductivity (Ec), pH, saturated hydraulic conductivity
(Ks), field capacity (FC), permanent wilting point (PWP), saturation
water content (Os). These tests were carried out according to the
procedure described in the methods for soil analysis (Black et al., 1982),
the results of the soil characteristics are presented in Table (1).

Table 1: Some soil physical and chemical characteristics of the soil type

Depth Particle size Texture FC PWP BD Ks 6s pH EC
(cm) distribution % % % gom® ms % ds/m
Sand Silt Clay vol. vol. vol.

0-50 12.15 3455 533 clay 444 241 095 0.0091 0.54 7.9 1.36

Experimental apparatus:

Experimental studies were conducted on a glass rectangular soil box (50
length x 50 width x 60 depth cm), used glass to observe the wetting front
and simulate a soil section in the field (dimensions of wetted pattern).
The emitter line (16mm diameter PE) was laid on the surface and
consisted of a single emitter in the comner of the soil box for simulate
point source (cylindrical flow) and consisted of the number of emitters
were laid beside the front side of the soil box for simulate line source
(plane flow). The emitter line was closed tightly and the other end
connected to pressure gauge, control valve (to find the discharge rate
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corresponding to the emitter pressure), an electric pump (Calpeda, 0.75
Kw) to supply a several discharge rates for all experiments, and water
tank (416Litters).

Experimental procedure:

The soil was sieved through 2mm mesh number size sieve and air-dried
to certain water content dry weight basis. The soil was placed into the
soil box in 10 cm layers and compacted for arrive to the certain bulk
density (0.95 g/ cm®) up to the soil box was filled.

This study was conducted on two different types of the flow, the first
type (point source) were conducted with the emitters Netafim (PCJ,
Pressure compensating) at flow rates (2, 4, 8.56, 16 1/hr) where Pressure
compensating for the working pressure range (0.5 — 4 bar). And during
the experiments the operating pressure values were (1, 1.3, 1.5 and 2 bar)
respectively. The second type (line source) were conducted with numbers
of emitters per meter (Netafim, Button, Non pressure compensating)
were the operating pressure values (0.5, 0.7, 1 and 1.5 bar) and the
number of emitters per meter were (4, 5, 5, 9) to supply the different
discharge rates (4.6, 7.4, 9.23, 20 I/hr/m) respectively.

During each experiment, the wetting front contour was drawn each 60
minutes on the transparent paper sheet for all direction. And at the end of
the experiment (after 2 and 4 hr), the soil samples were taken from
different depths to determine the moisture distribution.

Procedure of first modeling ( Point Source) ;

Consider a number of nozzles spaced far enough apart to prevent
overl(single emitter). The flow called "cylindrical flow" and involving
the cylindrical coordinate's r and z.The differential equation that governs
the cylindrical flow according to Brandt et al. (1971) as:

09 aDeae 169D9)+6 (969 6K9 .
— e — — e — —— m— i) —— e
5 BP0 TR PO PO D KO-

Where:
0: the soil water content based on volumetric (m3/ m3)
t: irrigation time (s)
D (8): the soil water diffusivity (m*/ s)
K (8): the hydraulic conductivity of the soil (m / s)
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r: the radial coordinate. B
Z: the vertical coordinate which is considered to be positive downward.
e ini dary conditions

The initial condition at starting time according to Brandt et al. (1971)
assumed that the water content is a constant value at any point of a grid as
0i,j =0im i=0,1,2,.......N,N+1 ,and j=0,1,2,....... MM+1

The boundary conditions are:

1- At the soil surface according to Brandt et al. (1971) and by used the
finite difference method obtains:

il n+l n+l
is-1 a1 w1 -3S30+485i1—-Si2
;ZEI'iAl'(Ki‘o+Ei.o- )=Q=F; .cccuiadd (2)
=1 2 Az

From previous equation we can define the margin of a saturated zone
(i =) and divide the soil surface of two parts, the first part according to
Brandt et al. (1971) as:

Az

K@ +E®,0-Q/II(Ari))

ei.0=9i'[-
D(®;0)
for 0<i<im and j=0 ... 3)

And the second part according to Brandt et al. (1971) as:
Az

0i0=0;,. (K(B,-,D)+E(9,-,o)) ........ 4)

D@0

2- Along the vertical side under emitter source (at i=0 and j=1, 2, 3
..... M), the flow equation is according to Smith (1985) as:
00 o0 %0 9k (0)

— =2 D (0) mm + D (0) e - e (5)
at ar’ o oz

The last equation can be transformed to finite difference according to

Selim and Kirkham (1973) as:

n a+l n o+l n o+l n
8i,j0i,jutbi j0i,;+ci 0, m=¢i,j S ()}
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Where:

ai,j = -uD@O;.a2)

n n ’ n
bi,j=1+puD®@;jnr) + pD®O;jan)

ci,j = -uD(®j+12)
n n n o n n
ei,j=[14pD@is1n, PI0i,; +4RDOi+12,;) 0i41,;-BK (O 1)

n
-K(©045-1]
The main solution of the first modeling
The alternating direction implicit (ADI) method for parabolic partial
differential equations is described by Brandt et al, (1971) and Chapra
and Canale (2002). The ADI method utilizes two simultaneous systems
of difference equations. The two systems together represent the partial
differential equation of flow, equation (1) .when a given problem is
solved on the computer; the two systems are utilized alternately until the
desired simulation time is reached
The first stage:
During the first stage the solution is advanced from time (t ") to an
intermediate time (¢ **1y by the finite difference. Where r-direction is
explicit, while z-direction is implicit, thus and transformed the
equation (1) to finite difference format according to Selim and Kirkham

(1973) as:

n n+l n nt+l n n+l n
a;,j0i,j.1tbi,j0i,jt cij0ijn=ej,; ..(N
Where:

1 n n

aj,j, bi,jand c; ; asthe equation (6)

n n }"’ n n .n
€i,i =MD ®@i.12, ) -=—=DO;, )] 0i1,;+[1-pDOi+1p, j}-

2i
n n B n n n
pD®i 1z )0:; + KD @i+, ) +=—D®O;, D10 ,; -
21

BIK(O;,j1)-K(©; ;.1
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The second stage: )
During the second stage the solution is advanced from time (t ™) to an

intermediate time (t ™%) by the finite difference. Where z-direction is
explicit, while r-direction is implicit, thus and transformed the equation
(1) to finite difference format according to Selim and Kirkham (1973)
as:

ntl n+2 o+l a2 ol né2 otl
25,j Oi1,y+bi 00,5+ Ci,jOur,=€i,j e (8)
Where:

w+l Kn wH n+l
aj,j = 7D(9i.j }-pD Oy, ;)
i

n+l ¥l o+l

bij=1+uD®un;) + uDOi-12;)

o+l o+l 2 n+l

ci,j = -mDO@i+1n,j) - '?D(Gi.j )
1

n+l ntl nt+l ntl o+l ml
ei,j=nuDOi, ;) i ;-1 +[1-pD@;, jan)-rDO,;1r)] 04+
n+l1 n+l o+l o+l

[BD®,+12) 104,541 -BIK(®,j1)-K(©5;.1)]

Procedure of nd modeling (Line source

i r lane model :
Consider a set of trickle sources that are spaced at equal intervals along
an infinite straight line. If the sources are spaced very close to each other
( Y— 0), the flow becomes independent of the ( y ) coordinate. The flow
called "plane flow" and involving the Cartesian coordinates x and z
The differential equation that governs the plane flow according to
Brandt
et al. (1971) as:

08

— D (0 aDB aKG 9
= — — + — —_— . —  eenaaes
ot Bx(()ax) ©® ) 0z () @

The initial and boundary condmon
The initial condition at starting time according to Brandt et al. (1971)

assumed that the water content is a constant value at any point of a grid

as
Gi,j =0;yu i=0,1,2,.......N,N+1 ,and j=0,1,2, ........ MM+1
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The boundary conditions are:
1- At the soil surface according to Brandt et al. (1971) and by used the
finite difference method obtains:

n+l o+l n+l
is-1 ol o1 =3S0+485;,;,-Siz
Z 2Ax (Kjp+ Ejpo - )=Q=F ..... (10)
=l 2 Az

From previous equation we can define the margin of a saturated zone (i
sa) and divide the soil surface of two parts, the first part according to
Brandt et al. (1971) as:

Az

D (6;,0)

8:0=0;.. K({@;0)+E(®©;0—-Q/2Axi)

for 0<i<izz and j=0 .. (1)
And the second part according to Brandt et al. (1971) as:
Az

0,0=041. (K(@,0+E@;0)) -..(12)
D (6,0)

The main solution of the second modeling

As the main solution of the first modeling except used the equation (9)

The first stage:
As the first stage of the first modeling except x-direction is explicit, and

transformed the equation (9) to finite difference format according to
Selim and Kirkham (1973) as:

n n+1 o o+l n o+l a
8i,j0i,j.1tb;,;j0i,j+t cij0i,ju=¢y,; ... (13)
Where:

n n n

aj,j, bi,jand ¢, asthe equation (6)

n n

n n n n
€i,j =MD ®i.12, )0i.1,; T[1-pDOi+12,;)-uDO i1, )] 05 ;

+ [UD(@i+12,)0iv1,j -BIK@4,j+1)-K (04 ;.1)]

The last equation used also along the vertical side of section except but

(©i+1,j= 0i.1,j) and the new equation name (equation 13").
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The second stage:

As the second stage of the first modeling except x-direction is implicit,
and transformed the equation (9) to finite difference format according to
Selim and Kirkham (1973) as:

ol 042 oH 2 2 a4l
3i,j 9i1,;+tbi,j0i,j+ ci,jOn1,j=¢€i,j ... (14)
Where:
a+] i
aj,ji = -uwD®Oi-1n )
o+l n+l ol
bi,j =1+[J-D(9i+ll2,j ) + HD(Bi-lﬂ.j)
n+l ol
ci,i = -uD@®@iin;)
] ntl o+ n+l o+ a+l
€i,j= RD(@;,;an)0; ;.1 +[1-pDB, ;) -RD(O;, ;)] 0 4;+
n+l n-+l m o+l

(WD (®i,;+12)10i 541-BIK(® ;1)-K(©4;-1)]

Steps of modeling solution;

1- Determine for stage 1:

Assume (i=1) and calculate the accumulated flow (Fi) from equations
(2 or 10) for point and line source respectively, if the accumulated flow is
less than the emitter flow rate (Q), put (i=i+1) and calculate the
accumulated flow until (Fi > Q) then the current column I is I ( L =1)
for stage 1.

2- Calculate the first row of the grid;

Calculate 00" at 1< i < Is, from equations (3 or 11) for point and
line source respectively and Calculate BI,o“Jrl at Is+1< 1 £ rpax, from
equations (4 or 12) for point and line source respectively.
3-Calculate the first column of the grid at i=0:

Calculate coefficients a;;", by;", ;" ,ande,;" from equations
(6 or 13") for point and line source respectively, now have tri-diagonal
system solve with Thomas algorithm to find the first column of grid
(e n+l i,j)

4- Calculate the several columus for stage 1:

Form I= 110 I= ry , Calculate coefficients a;;", bi;", c¢i;" ,and
ei,j from equations (7 or 13) for point and line source respectively, now
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have tri-diagonal system solve with Thomas algorithm, to find the
several columns of grid (6™ ;) for stage 1. '
all points of the prid are know for stage 1:

And put Time now = Time now + step time

- rmine ( L,,) for e2:
Recalculate as step (1)

- late the first row of the grid:
Recalculate as step (2)

8-Calculate the first column of the grid at i=0:
Recalcutate as step (3)

9- Calculate the several rows for stage 2:

Form J=1to J= zmax , Calculate coefficients a;;", bi;", c¢i;",
and ¢; ;" from equations (8 or 14) for point and line source respectively,
now have tri-diagonal system solve with Thomas algorithm, to find the
several rows of grid (0 ™; ;) for stage 2.

10- Now all points of the grid are know for stage 2:

And put time now = time now + step time.

If time now < irrigation time then go to step (1), except end simulation.

RESULTS AND DISCUSSION

The theoretical results are obtained from the model under discharge rates
(2, 4, 8.56 and 16 V/hr) with point source model and under discharge rates
(4.6, 7.4, 9.23 and 20 1/ hr/m) with line source model to simulate wetting
front movement and water content distribution, and are compared with
results obtained from a laboratory experiment where the conditions are
similar to those assumed in the theoretical line source model and point

source model.

I-Wetting front movement

The experimental results and the theoretical results obtained from the
computer program for the wetting front movement under the same
conditions are illustrated in Figures (1) through (8).Where in each test, a
laboratory experiment was conducted and its results of wetting front
movement were compared with the theoretical results obtained from
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running the computer program under the same mitial and boundary
conditions of the laboratory experiment.

Contour lines of wetting front for the defined at different times
60,120,180 and 240 min were plotted. A comparison are illustrated

a good agreement between the predictions of the theoretical mode! and
experimental results was obtained.

{ws3) yidep pog

T T T ) T T T T 3 30
Fig 1: Comparison between observed and predicted wetting frontas a
function of the time (min) under (point source, 2 I/hr)

Soll surface (cm)
50 40 30 20 10 0 -0 20 30 40 -50

{wo) yidep 108

|
1 L
é

- T T T T T T T T T ] 60
Fig 2: Comparison between observed and predicted wetting front as a
function of the time (min) under (point source, 4 I/hr)
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Fig 3: Comparison between observed and predicted wetting front as a
function of the time (min) under (point source, 8.56 Vhr)
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Fig 4: Comparison between observed and predicted wetting front as a
function of the time (min) under (point source, 16 1/hr)
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Fig 5: Comparison between observed and predicted wetting front as a
function of the time (min) under (line source, 4.6 /h/m)
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Fig 6: Comparison between observed and predicted wetting front as a
function of the time (min) under (line source, 7.4 1/h/m)
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Fig 7: Comparison between observed and predicted wetting front as a
function of the time (min) under (line source, 9.23 /h/m)
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Fig 8: Comparison between observed and predicted wetting front as a
function of the time (min) under (line source, 20 1/h/m)
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2-Linear regression analvsis
The coefficients of determination of linear regression analysis between

predicted and measured soil water content were (0.93, 0.81, 0.92 and
0.82) for (2, 4, 8.56 and 16 V/hr) respectively and simulation times (2 and
4 hr) under point source are presented in figures (9) through (12). And
were (0.82, 0.82, 0.84 and 0.77) for (4.6, 7.4, 9.23 and 20 1/hr/m)
respectively and simulation times (2 and 4 hr) under line source are
presented in figures (13) through (16). The coefficients of determination
for this comparison indicating that the model prediction can be depended
upon the simulation to evaluate the soil water content under several
conditions.

Bgs 8l

wiind)

10

Praciciec! aell water cortert

0+ T T —
aQ 10 20 0 -0 S0 L

< noll water /)

Fig 9: Linear regression analysis between predicted and measured water
content for the 2 U/hr discharge rate (point source)
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Fig 10: Linear regression analysis between predicted and measured water
content for the 4 /hr discharge rate (point source)
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Fig 11: Linear regression analysis between predicted and measured water

content for the 8.56 L/hr discharge rate (point source)
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Fig 12: Linear regression analysis between predicted and measured water
content for the 16 L/hr discharge rate (point source)
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Fig 13: Linear regression analysis between predicted and measured water
content for the 4.6 1/h/m discharge rate (line source)
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Fig 14: Linear regression analysis between predicted and measured water
content for the 7.4 I/ht/m discharge rate (line source)
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Fig 15: Linear regression analysis between predicted and measured water
content for the 9.23 I/hr/m discharge rate (line source)
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Fig 16: Linear regression analysis between predicted and measured water
content for the 20 I/hr/m discharge rate (line source)

C SION. (8) NS

. d m the Its that:
The finite differences technique followed in modeling and the
alternating direction implicit (ADI) method for solving unsteady two-
dimensional water flow equation under surface trickle irrigation have
been proved to be accurate and dependable.

Itc r d is study that:
1-This model can be used to predict the wetted front movement and
the soil moisture distribution under surface trickle irrigation.
2-This model can be extended to predict the wetted front movement

and the soil moisture distribution under subsurface trickle irrigation.
3- The model can be tested for different soil types.
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