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ABSTRACT

Horizontal porous pipe method is one of the most efficient systems of irrigation in arid and
semi-arid areas. The main aim of this study is to simulate the subsurface horizontal porous
pipe irrigation under different conditions. By this method of irrigation, an optimum amount
of water is reached to the crop. Moreover, it saves more water than the other irrigation
systems. Simulation models by HYDRUS/2D are described the distribution of wetting shapes
in two different soil textures through the system of United States Department of Agriculture,
USDA, namely as loam and silt soils. The system is designed for three diameters of 6, 7, and 8
cm installed at 15, 20, and 25 cm below the soil surface under three application heads of 25,
50, and 75 cm. Horizontal and vertical advance of the wetting front shapes in loam are
greater than silt soil. The numerical values of horizontal and vertical advance are compared
with those of predicted by the formulas, showing that average relative error values not more
than 2 %. This indicated that the formulas may be used as a tool for designing and
investigating the subsurface horizontal porous pipe irrigation system.

Keywords: Wetting shapes, HYDRUS/2D, horizontal porous pipe system, simulation model,
subsurface irrigation.
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INTRODUCTION

Irrigation system with subsurface horizontal
porous pipe is a suitable method by reducing
deep percolation and evaporation through
applying a low level of water. To assess
irrigation system, researchers have studied
several methods including drippers, pots, and
porous pipes. Ashrafi, et al. (3) simulated the
infiltration from a subsurface clay pipe
irrigation by using a computer program and
validated with a laboratory experiment. They
found that the shape of the wetted zone is
sensitive to the applied water and the depth of
the installation. Qiaosheng, et al. (14) used a
subsurface porous pipe irrigation and
developed an analytical model for the soil
wetting pattern. A high accuracy was found
through  statistical comparison  between
observed and predicted soil  wetted
dimensions. Akhoond and Golabi (1) tested a
vertical installation instead of horizontal of the
porous pipe as a new idea of irrigation. The
system of subsurface irrigation is designed for
three lengths of the porous pipe of 30, 45, and
60 cm with 2, 4, and 6 m as applied heads.
The results showed a vertical expansion to the
about 200 % of the soil moisture content and
an acceptable horizontal expansion only for 6
m applied head. Kandelous and Simunek (8)
evaluated the distribution of water contents
around subsurface emitter by using the
HYDRUS in clay loam soil and compared the
results with laboratory experiments. Based on
The statistical parameters they found that the
corresponding  between  simulation  and
observation were very good. Siyal and Skaggs
(18) investigated the simulation of soil wetting
patterns with HYDRUS for subsurface porous
clay pipe irrigation. The simulations showed a
larger expansion in horizontal direction in fine
soils.  Siyal, et al. (19) assessed the viability
of the porous pipes irrigation as a technique of
water conservation.  They conducted an
experimental study on an area of sandy loam
with segments of 40 cm length of clay pipe
buried at a depth of 0.43 m. The experimental
results showed that with clay pipe irrigation
method, water saving up to 80 %when
compared with surface irrigation method.
Igbdun and Barnabas (7) presented the
hydraulic characteristics for three types of
porous clay pipes made of pure clay, clay-
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sand mixture, and clay- sand- sawdust mixture.
The clay pipes were buried at a depth of 25 cm
under the soil surface. They found that the
rate of seepage and the hydraulic conductivity
of the porous pipe are influenced by the
materials which use for making the porous
pipe. Khan, et al. (9) studied the effect of
porous pipe characteristics by carrying out
laboratory experiments under a system of
subsurface irrigation which is negative
pressure difference. This system is effective in
management of irrigation water and can be
used as alternative to other traditional methods
with efficiency ranges from 0.94 to 0.97.
Rasheed (16) used buried ceramic pipes
installed vertically in different soils textures of
USDA classification to develop empirical
formulas.  The empirical formulas were
function of pipe length, applied head, initial
soil water content, and pipe hydraulic
conductivity through different operation times.
Available measured data were used to compare
with those predicting from formulas which
were in a good accuracy. Al-Mhmdy and Al-
Dulaimy (2) conducted a field experiment to
evaluate the performance for drip irrigation
system. The experiment was included with
two factors, the emitter discharge with two
levels and the operational pressure with three
levels. A decrease values was showed in
emission uniformity  and  uniformity
coefficient. While the results showed with the
increase of operational pressure, variation
ratios and the rates of discharge have been
increased. Khattb and El-Housini (10)
evaluated some lentil varieties with using two
types of irrigation systems of dripping and
sprinkler in sandy soil. The two field
experiments were carried out which showed a
highest values for studied characters in drip
irrigation than sprinkler irrigation. Rahi and
Faisal (15) used a treatment system of
horizontal subsurface flow in the constructed
wetland. The system was filled with gravel
and planted for treatment purposes. The
results showed a good efficiency for the
treatment which was 84.2, 55.4 and 72.7 %.
Rasheed (17) simulated the wetted area on
subsurface  drip  irrigation by  using
HYDRUS/2D with two soil textures of sandy
loam and loamy sand. The system of
subsurface drip irrigation was designed
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through three diameters of dripper which was
1, 1.5, and 2 cm under different conditions.
The results of distribution of the soil water
contents are gathered to obtain formulas. The
formulas were good with average relative error
less than 3%. The aims of this research are to
improve management of irrigation system with
using of subsurface horizontal porous pipe, by
studying the distribution of water contents in
both axes and studying the involved parameters
of the empirical approaches such as the
hydraulic heads, pipe diameters, and the
installation depths through the running times.
MATERIALS AND METHODS

Numerical model have been developed for
simulating subsurface porous pipe irrigation.
Water Flow Equation

The equations govern the water flow can be
listed below. First writing the general form of
Darcy's law which can be states as [Hillel (6)]:

q = —K(6)VH (1)
In three dimensional flow, the continuity
equation will be:=

20

= V.4 )
Water flow in a general form can be written as
[Kirkham and Powers (11)]:=

e = V.[K(6)VH] 3)
The above equation must be solved for H,
which is the sum of pressure head and
gravitational head. The general form can
identify as of Richards' equation:=

2 = V. [K(h)Vh +K(h)] 4)

The flow in a two dimensional porous media
will be:

00 dK(h)

2= L KM ]+ [K(h) ]+ (5)

0z

Wherei========0 = volumetric soil
water content, L3 /L3,

t =time, T

q = the flux density of water, L/T

h = pressure head, L

K(6) = the wunsaturated soil water

conductivity, L/T, and

K(h) = the unsaturated hydraulic conductivity
of the soil as a function of pressure head, L/T.
Numerical and analytical solutions to solve the
differential equation became feasible. For
estimating the hydraulic properties in
HYDRUS/2D several analytical models are
used: [Brooks and Corey (4); van Genuchten
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(20); Vogel and Cislerova (21); Kosugi (12);
and Durner (5)].

The Van Genuchten relationships are used for
modeling the soil hydraulic properties as
follows:=

05-0;
oy =1 O T Wrianmm 1 <0 (6)
8, h>0
2
K(h) = K, SL[1- (1 —s/™m| ()
0-6,

Se = es_er (8)
m=1—-1/n 9)
Where:

0(h)= water content as a function of pressure
head, L3 /L3,

0,  =residual soil water content, L3 /L3,
6, = saturated soil water content, L3 /L3,
a = the air entry inverse, L™ ,= K,
saturated hydraulic conductivity of the
soil, L/T,

3
S, =the effective saturation,= L3,

[ = the pore conductivity parameter,
dimensionless, and
n = the pore size distribution index,

dimensionless.

Numerical models in HYDRUS/2D can use to
solve the flow problem. Suitable conditions
are required to solve equation (5); these are
known as the Initial and boundary condition.
The HYDRUS simulation of horizontal porous
pipe is occurring by using a rectangular model
with a horizontal dimension of 60 cm and a
vertical dimension of 80 cm with a semicircle
shape that representing the horizontal pipe.
Initial soil water contents are used as initial
conditions which are specified inside the
model.  The boundary condition at the
horizontal pipe is a variable head boundary
condition, while a free drainage boundary
condition is used at the bottom of the model.
Fig. 1 shows a section of the model that
considered for simulation. The model is
described as two parts of cells; the first part is
indicted to the cells along the soil surrounding
the horizontal pipe, thereby the second part of
cells is the horizontal porous pipe.
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Fig. 1. Section of model
Main assumptions
The most direct assumptions for solving the
problem of flow can be specified as; the
evaporation across the soil surface can be
significantly negligible, so it is set to be zero.

During this period of work, soil is
homogeneous and isotropic. Moreover, the
distribution of water contents around a
subsurface pipe is regular.
Initial and boundary conditions
Due to symmetrical about the vertical line of
subsurface pipe, half of soil profile is
simulated. = The model consists of two
dimensions using the soil water content as
initial condition. A variable head boundary
condition is used along the horizontal pipe.
Along the boundary that representing the
bottom of the model a free drainage boundary
condition is used, while all other parts are
specified as no flux.
Numerical simulations
HYDRUS/2D is used to simulate water flow
around the horizontal pipe by using (USDA)
system of soil classification. Table 1 show the
hydraulic parameters of the two soil textures
used in the simulation.

Table 1. Hydraulic parameters of the two

soil textures

Soil C’:j 0, 0, a .
texture cm’/cm?® cm®cm?® cm?

Loam 1.04 0.078 0.430 0.036 1.56
Silt 0.25 0.034 0.460 0.016 1.37
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According to the recommended values for
mean soil water contents at wilting point for
the two soils in the USDA soil texture
classification [Meyer et al.,(13)], the initial
soil water contents for loam and silt soil
respectively are 0.094 cm’/cm® and 0.089
cm®cm?®, so for the initial condition that used
in the model is 0.1 cm®cm? for the two soils.
Variable head boundary conditions are used of
25, 50, and 75 cm. The porous pipe is buried
at depths of 15, 20, and 25 cm. Additionally,
the system is designed for three pipe diameters
of 6, 7, and 8 cm as outer diameter with wall
thickness of 1 cm. The predicted distribution
of water contents are recorded for 0.5, 1, 1.5,
2, 2.5, and 3 hours as the running time. As can
be seen later the wetted width and depth to
which the wetting patterns are moved during
the irrigation event.

RESULTS AND DISCUSSION

Influence of different parameters

The distribution of water contents around the
subsurface porous pipe is affected by several
parameters. These parameters include soil
texture (loam or silt), running time, applied
heads, depths of installation, moreover the
diameter of porous pipe.

Effect of soil texture

To see the effect of soil texture simulation
shown in Figure 2 is extended to three hours as
the running time using two soil textures of
loam and silt. The simulation shows that
water contents distribution in loam soil is
increasing more than silt soil as time
progresses although use the same saturated
hydraulic conductivity of the porous pipe.
During the same conditions of maximum pipe
diameter of 8 cm, maximum applied head of
75 cm, installation depth of 25 cm, and with
0.1cm®/cm?® as the initial soil water content for
both soils, the soil profile water content is
deeper in loam soil than silt with more than 10
% . Similarly, is wider more than 20 % also in
the loam than silt soil.

Effect of installation depths or buried
depths

It is important to realize the effect of buried
depths as to be shallow or deep, so the water
content must not be closer to the soil surface.
Water content profile would have large
expansion in vertical direction as compared
with horizontal. Figure 3 shows the effect of
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15, 20, and 25 cm as installation depth of the
porous pipe.

Effect of running time

In discussing running time, Figure 4 refers to
the water content distribution with increment
of time. It is apparent increase water contents
through the profile for a loamy soil textural
after 1, 2, and 3 hours, installation depth of 15
cm, and with pipe diameter of 7 cm.

Effect of pipe diameter

The same conditions used in water contents
profiles as shown in Figure 5, but these
profiles consist of 6, 7, and 8 cm pipes
diameters. The distribution of water contents
has approximately the same percentage of
increment for the x- and z- axes.

Effect of applied heads

The percentage of increment of the x-axis is
approximately twice the y-axis as the applied
head changes from 25 c¢cm to 75 cm as seen
later in  Figure 6.

0100 0132 018E O1ET 020 0282 0204 0328 0IEF 02F 0421 D468

a)L.oam soil.

QA Q13 0188 018E OB 0.ES4 0288 O3ZE D282 0206 D4ZT 048D

b)Silt soil.

Fig. 2. Modeling of porous pipe irrigation in a) loam and b) silt soils with 8 cm porous pipe
outer diameter, installation depth of 25 cm, and after 3 hr running time
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DA Q432 0486 QST 0235 0282 0284 0338 0268 038 0421 04E2

‘Waler Confent -#h[-], Min=0.100, Max=04E68

de;=15cm

QASY D432 0186 GAST 0235 0282 0284 0325 0265 02E1 042 0462

Wafer Confent - [l Min=0.100, Max=0453

de, =20 cm

oA G122 0186 08T 023 0 2EF O PB4 0338 026D 028 042 D4

‘Wafsr Confent -#h[] Min=0 100, Mao=04E8

de;=25cm

Fig. 3. Modeling of porous pipe irrigation in loam soil with 6 cm pipe diameter, running time
of 3 hr, and with 15, 20, and 25 cm as installation depths
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OA0D 0432 G486 0187 0225 0282 0294 0328 0360 0% 042 0488

Waler Confent - #h[-] Min=0.100, Max=0.4 628

DADD G132 0486 OAET 023 0282 0284 0238 038% 038 042 04ER

Walsr Confent - [l Min=0100, Max=0.4 628

t1=1 hr t2=2 hr

DA 0432 048E G487 0228 O 2&2 0284 0238 0368 028 04X 04ES

‘Walsr Confent -#h[-] Min=0_100, Max=0468

t3 =3 hr

Fig. 4. Modeling of porous pipe irrigation in loam soil with 7 cm pipe diameter, installation
depth of 15 cm, and after 1, 2, and 3 hours
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A Q132 0486 QST 0220 0282 0284 0238 026D 028 0423 0458

‘Walsr Confent - fh[-] Min=0_100, Max=0 468

di ;=6 cm

QADD 0432 0486 0487 022 0282 0284 0138 0.1ER 02F1 D43 0463

watsr Confent - L MInS0U100, Mam=0.4 68

di ;=7 cm

QA 0432 0186 0487 0220 0282 0204 0238 0255 028 0433 0463

‘Walsr Confent . hi-] Min=0.100, Max=0468

di 3=8 cm

Fig. 5. Modeling of porous pipe irrigation in loam soil with 15 cm installation depth, 3 hr
running time and with 6, 7, and 8 cm as pipes diameters.
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0400 04%F O18E O1ST 0236 0.28F 0284 0038 0068 0.081 0431 0458 QA Q13E 0186 0187 OEES ORSE 0204 0238 026D 028 Q43I D465

wasr Content - 1 Min=0.108, Mar=0.463 Walsr Confeni - JL1L Min=0.900, Max=04£3

h;=25cm h,=50cm

QADD 0132 0186 01T ORES O2&2 OZ04 0238 026D 02F1 D421 0465

‘Walsr Confent - S [-], Min=0.100, Max=0.4 68

h;=75cm

Fig. 6. Modeling of porous pipe irrigation in loam soil with 20 cm installation depth, 3 hr
running time, 6 cm pipe diameter, and with 25, 50, and 75 cm as applied heads
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Empirical approach

The formula can be used to predict the
distribution of water content. To do this,
approaches in table 2 and table 3 are
indicated for both the silt and loam soil textures
and how to find the width on the x-axis and
depth on the y-axis. So the formulas are
usually a method of expressing soil water
contents in centimetre units. Each formula
includes the depth of installation, diameter of
porous pipe, and applied head at a period of
time an. The approaches are obtained by
gathered the data in STATISTICA software.

Table 2. Empirical approaches to find the
width in both soil textures.

Soil texture Wetted Width, X, cm
Ioam 1. 295 t0.339di0.496de0.083h0.212
Sllt 1.277 t0.34-2di0.4—35de0.073h0.194—

Table 3. Empirical approaches to find the
depth in both soil textures

Soil texture Wetted Depth, Z, cm
loam 2.544 t0.14-2di0.281de0.579h0.084
silt 2.565 t0.106di0.262de().6()6h().058

Three statistical measures are used to indicate
the approaches performance. These measures
are coefficient of determination (R?), maximum
relative error (Max. RE), and mean or average
relative error (Av. RE) based on comparison of
data from water contents profiles of
HYDRUS/2D and data where determining from
approaches. These statistical measures are
described as [(Willmott (22)]. Table 4 shows
the statistical measures for the width in both
soil textures while Table 5 shows the measures

for the depth.

Table 4. Statistical measures for the width
Soil texture R2 Max. RE% Av.RE %
loam 0.995 8.089 1.482
silt 0.994 7.824 1.424
Table 5. Statistical measures for the depth
Soil texture R2 Max. RE% Av.RE %
loam 0.985 7.329 1.488

silt 0.991 6.848 1.087

Acceptable performances of approaches are
recorded in both Table 4 and Table 5. As a
result the accuracy of the approaches which
extracted from the data to predict the wetted
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width and the wetted depth should be well with
coefficient of determination, R? not less than
0.990. The maximum relative error ranges
between 6.848 % and 8.089 %. Moreover, the
average relative error is not more than 2 %. So,
in a general greater spreading occurs in loam
soil than silt soil. The water content in soil
profile is deeper in loam soil than silt with
more than 10 % and is wider more than 20 %.
Thus the numerical studies are carried for
improving management of irrigation system by
studying the distribution of water contents in
both axes and studying the involved parameters
of the hydraulic heads, pipe diameters, and the
installation depths through the running times.
Therefore, the empirical approaches are
functions of these parameters to design
appropriate system using porous pipe.
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