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Abstract i

Abstract

Knowledge of the horizontal and vertical distances by which water spreads in soils
under a point source is essential to the design of cost effective and efficient surface drip
irrigation systems. The size of this wetting pattern is influenced by soil properties as
well as emitter discharge rate and is a limiting factor determining the minimum number
of emitters along drip lines. Numerical simulations were carried out with Hydrus-2D/3D
to investigate the effects of volume of water applied, emitter discharge rate and initial
soil moisture conditions on the dimension of wetting patterns under point source surface
drip irrigation for a series of soils with different textures. In addition, the dimensions of
the wetting patterns estimated with Hydrus-2D/3D for three soils and various flow rates
were compared those observed with two-dimensional soil tank experiments. Finally, the
wetting pattern dimensions obtained numerically were also compared to values
estimated using a simple analytical model. Simulation results showed that at a given
volume of applied water the wetted radius tended to be larger for fine-textured soils and
smaller for coarse-textured soils. Conversely, the wetted depth was larger for coarse-
textured soils and smaller for fine-textured soils. The wetted depth increased more than
the wetted radius for increasing volumes of applied water. In the coarse-textured soils
the wetting pattern was elongated in the vertical direction, but in fine-textured soils the
wetting pattern lengths were about the same in both directions. In general, a decrease in
discharge rate resulted in a slight increase in the wetting pattern radius for all soils.
Conversely, emitter discharge rate had no effect on the wetted depth in the sand and
clay soils, but a small effect in the silt loam soil where lower discharge rates resulted in
lower wetted depth. Importantly, higher emitter discharge rates resulted in larger
saturated wetting pattern radius and depth for all three soils. Higher initial soil moisture
conditions caused larger wetting pattern sizes in both horizontal and vertical directions
but the increase was larger in the vertical direction. Hydrus-2D/3D predicted accurately
the vertical distribution of water for all three tank experiments, with RMSE values < 2.6
cm. Good predictions of horizontal distribution were also obtained for the sand for all
flow rates (RMSE < 2.2 cm) and the silty clay loam (RMSE = 5.0 cm) but the model
simulations did not match the horizontal spreading as well in the sandy loam (RMSE <
9.9 cm). A multiple linear regression analysis revealed that the volume of applied water,

V, the available pore space, ), the saturated hydraulic conductivity, Ks, and the van

MSc by Research, Cranfield University Bostjan Naglic (2011)



ii Abstract

Genuchthen retention parameter, a, explained 92 % of variability in the wetted radius.
On the other hand, 92 % of variability in wetted depth was explained by V, 6, Ks and
the emitter discharge rate, O, but this latter had a small effect. The Schwartzman and
Zur (1986) model was tested against the wetting depth and radius obtained with the
Hydrus-2D/3D simulations for the 11 soil textural classes, three different emitter
discharge rates and different initial soil moisture conditions. The values of the model
constants were fitted to the data. The predictive capability of the model was remarkable
considering that the only parameters used were V, Ks and O, It therefore provides a
simple analytical tool for estimating wetting patterns dimensions and emitter spacing
from readily available parameters without the added experimental complexity

associated with the characterisation of other hydraulic parameters.
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46 Average change in volumetric water content L/}
0 Volumetric water content L/’
0, Average water content L}
0, Free pore space L’
o Initial water content L/’
0, Residual water content L}
0, Saturated water content L/}
Abbreviations
2D Two-dimensional
3D Three-dimensional
AEi Improved Amin and Ehhmaj (2006) model
AEi Existing Amin and Ekhmaj model
ASAE American Society Of Agricultural Engineers
AW Available water
Aw Area wetted by one emitter
BC Boundary condition
BD Bulk density
DLL Dynamically Linked Library
DOS Disk operating system
E Existing Schwartzman and Zur model
E Evaporation
ET Evapotranspiration
ETc Crop water requirements (crop evapotranspiration)
ETo Reference crop evapotranspiration
FAO Food and agricultural organisation
FC Field capacity
GUI Hydrus graphical user interface
IC Soil moisture initial conditions
IR Irrigation requirement
Kce Crop coefficient
Le Existing Li ef al. model
Li Improved Li et al. (2003)
M Modified Schwartzman and Zur model
NSRI National Soil Resource Institute
PTF Pedotransfer functions
Pw Percentage of the wetted area
PWP Permanent wilting point
Qw Application rate
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RMSE Root mean square error

SDI Subsurface drip irrigation

Se Emitter spacing

SEISMIC  Spatial Environmental Information System for
Modelling the Impact of Chemicals

T Transpiration

UK United Kingdom

USA United States of America

VG van Genuchten

Vw Volume of water applied

X Wetted radius (horizontal direction)

Y Wetted depth (vertical direction)
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1 Introduction

1.1 Background and rationale

With the population increase in the last century and the increasing pressure on land,
land use has become more vulnerable to the effects of climatic events. Irrigated crops,
according to Fischer et al. (2007), present around 18 % of total cultivated land today
and produce about 40 % of total agricultural output. Since 1960 the area of irrigated
land worldwide has increased, at a rate of around 2 % per year, from 140 million

hectares (ha) in 1961/63 to 270 million ha in 1997/99.

Changes in availability and demand of water under climate change will affect security
of food and agricultural activities in the 21* century. Modified precipitation patterns and
water storage cycles will change annual, interannual and seasonal availability of water
for terrestrial and aquatic agro-eco systems. In the majority of world regions the climate
change will increase irrigation demand because of a combination of decreased rainfall
and increased evapotranspiration caused by higher temperatures. Climate change could

have a big effect on irrigation water requirements.

Worldwide about 70% of total water withdrawals is due to irrigation causes. That
represents more than 90% of consumptive water use. "For countries in development a
14% increase in irrigation water withdrawal is expected by 2030" in a study by
Bruinsma (2003) where the impacts of climate change were not taken into account. As
mentioned by Bruinsma (2003), the “practices that increase the productivity of
irrigation water use (crop output per unit water use) may provide significant adaptation
potential under future climate change”. Therefore, irrigation improvements in the future
(modified irrigation techniques or technology, including timing and amount) will play a
very important role. In other words, the water availability both for production of food
and for competing environmental and human needs will need to be assured (Bates et al.,

2008).

"Drip irrigation offers a great potential to improve water management by improving

crop yield and quality using less water, and by localising fertiliser and chemical
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applications to enhance their efficient use and to reduce pollution risk” (Fischer et al.,
2007). Drip irrigation systems consist of point or line source emitters which are usually
operated intermittently. The emitters sometimes interact, for instance, for irrigation of
row crops, emitters have to be closely spaced along the laterals to maintain the
necessary strip of wetted soil along the row. During irrigation (water infiltration) the
water content in the soil changes spatially and temporally. Water distribution in the soil
is strongly dependent on the design parameters of the irrigation system (drip lateral
spacing, system pressure, flow rate, trickle emitter type), climatic conditions, root
distribution, soil type, rates of water application and vegetation. For effective design of
drip irrigation systems, the water dynamics in the soil needs to be predited using all
above mentioned variables. Information about temporal evolution of the wetted volume
in specific soil can help in establishing the optimal spacing between the emitters and the
irrigation duration as a function of the soil volume where the crop roots are located

(Provenzano, 2007).

There are some guidelines published to help end-users operate, maintain and install
surface drip irrigation systems (for instance FAO, 2002a). Unfortunately there are few,
if any, clear guidelines helping to design surface drip irrigation systems taking into
account differences in soil hydraulic properties. Systems are, in engineering terms, often
designed to an economic optimum, which may result in excessive or insufficient
irrigation, which then fails to produce the desired output. Some irrigation manuals, such
as Vermairen and Jobling (1984), propose excavation of the soil beneath the emitter to
visually observe the geometry of the wetting pattern. This poses several problems since

it is not practically possible to test all the design parameters mentioned above.

On the other hand, models that simulate soil water dynamics beneath surface drip
emitters can help predict soil water movement, taking into account most of the above
mentioned variables. One such model is the numerical model Hydrus-2D/3D (Simtinek
et al., 2006), which solves the governing flow equation for soil water movement and
root water uptake. It has recently been used extensively to simulate water distribution
under surface and subsurface drip irrigation systems (e.g. Aussaline, 2001; Cote et al.,
2003; Skaggs et al., 2004, 2010; Lazarovitch et al., 2005; Provenzano, 2007; Bufon et
al., 2011; Kandelous et al., 2011; Phogat et al., 2011). Use of such models can save
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time, financial resources and laborious work in comparison to field experiments, which
would have to be undertaken to examine wetting patterns under different irrigation
strategies and field conditions. Once all the necessary soil parameters are measured,
Hydrus-2D/3D can simulate water distribution under drip irrigation systems for a wide
range of conditions, including different drip irrigation scheduling, flow rates, volumes

of water applied, pulsing irrigation and different initial soil moisture conditions.

1.2. Aims and Objectives

1.1.1 Aim
The aim of this study is to investigate numerically and experimentally the influence of
soil texture and hydraulic properties on the size of the wetted area and therefore emitter

spacing under surface drip irrigation.

1.1.2 Objectives

e To simulate water infiltration and measure depth and width of the wetted area
using the numerical model Hydrus-2D/3D for a series of soils with contrasting
textures;

e To compare numerical results with simple two-dimensional tank experiments for
three soils with different textures;

e To study the influence of emitter flow rates and initial soil moisture content on
wetted geometry;

e To investigate the relationship between design parameters, soil properties and

the geometry of the wetting patterns;
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2 Literature review

2.1 Drip irrigation

2.1.1 Principles

Microirrigation is a general, broadly defined term and means slow application of water
on or below the soil surface. It can be also called localised irrigation, to emphasize that
only part of the soil volume is wetted (Lamm et al., 2007). Microirrigation systems can
be classified as a surface drip, subsurface drip, bubbler and microsprinklers systems.
Drip irrigation is, according to ASAE, 2007, defined as a “method of microirrigation
wherein water is applied to the soil surface as drops or small streams through emitters.
Discharge rates are generally less than 8 L/h for single-outlet emitters and 12 L/h per
meter for line-source emitters”. In the literature, trickle irrigation is used

interchangeably with drip irrigation. In this work the term drip irrigation will be used.

After the World War 1II the technological development on an industrial scale came about
with the “plastic revolution”, initially it started in glasshouses in England, between
1945-1948 and later in Israel and in the USA (Dasberg and Or, 1999). Equipment for
installing subsurface drip had been developed by the 1970s. About the same time
surface drip irrigation systems, including fertilizer injection were being developed in
Israel. When tubing and drip emitters became more reliable, surface drip irrigation
systems grew at a greater rate than subsurface systems. This was because of problems
with root intrusions and emitter clogging of the latter (Camp, 1998). After Reinders,
2007, the area irrigated by microirrigation in the world increased from 436,590 ha in

1981 to more than 6.089,534 ha in 2006 (Table 2.1).

Table 2.1 The area of microirrigation in the world (after Reinders, 2007)

Year 1981 1986 1991 2000 2006
Area (ha) 436590 1030578 1826287 3201300 6089534
Increase (%) 136.1 77.2 75.3 90.2

2.1.2 Design
Drip irrigation systems are designed to transport water from source, to a crop, through a

delivery network of a pipes and emission water devices. The general goal of drip

MSc by Research, Cranfield University Bostjan Naglic (2011)



6 Literature review

irrigation system design is to provide irrigation water efficiently and uniformly to a
crop, to help meet the evapotranspiration (E7) needs. At the same time, maintaining
desired water content at a depth of the root zone, which is increasing the crop yield and

quality, is of great importance (Lamm et al., 2007; FAO, 2002a).

When the field is cropped, water can be lost from the soil surface and wet vegetation
through evaporation (E£). The process is affected by climatological factors such as solar
radiation, air temperature, air humidity and wind speed. The second process of water
loss is called transpiration (7), where liquid water from the plant tissues vaporizes into
the atmosphere through stomata, located on the plant leaves. Transpiration, like
evaporation, depends on the energy supply, vapour pressure gradient and wind. Air
temperature, air humidity, solar radiation, and wind speed should be considered when
assessing transpiration. Transpiration rate is also determined by many other factors,
such as crop characteristics, cultivation practices, environmental aspects, soil salinity,
waterlogging and the soil water content, and its ability to transport water to the plant
roots. When those two above mentioned separate processes, where water is on one hand
lost from evaporation from the soil surface and, on the other hand, when water is lost

from transpiration from a plant, combined they are called evapotranspiration (E7).

Evaporation and transpiration occur together, and distinguishing between them is not
easy. At the beginning of the crop growth, while the crop is small, the main process is
evaporation. Later in crop development, or when the crop is fully grown, it completely
covers the ground and then transpiration becomes the prevailing process. It has been
estimated that at crop sowing, 100% of the total E7 comes from evaporation. But when
the crop develops its full cover, evaporation accounts for only about 10% of ET and
transpiration for the remaining 90%. Crop water requirements encompass the total

amount of water used in evapotranspiration (FAO, 2002b).

Irrigation requirements (/R) refer to the water that must be supplied through the
irrigation system to ensure that the crop receives its full crop water requirements. In this
case the ET7, (crop water requirements) have to be calculated by multiplying ET,

(reference crop evapotranspiration), which is defined as the evapotranspiration from a
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reference surface, not short of water, with crop coefficient (K.), which varies with the
crop, its growth stage, growing season and weather conditions. If irrigation is the sole
source of water supply for the plant, the irrigation requirement will always be greater
than the crop water requirement to allow for inefficiencies in the irrigation system. If
the crop receives some of its water from other sources (rainfall, water stored in the
ground, upward seepage, etc.), then the irrigation requirement can be considerably less

than the crop water requirement. (Dorenbos et al., 1984; FAO, 2002b).

Once the crop water irrigation requirements are considered, irrigation scheduling can be
prepared. Scheduling has to integrate all elements of the system’s hydraulic design and
maintenance with various aspects of the soil and the crop characteristics with the
atmospheric evaporative demand. In short, drip irrigation scheduling is controlled by
measuring or estimating of crop water needs, soil water status and plant water status
property (Lamm et al., 2007). As noted in FAO (2002a), many factors influence the soil
water movement, its water holding capacity and plant ability to use water the drip

irrigation system used has to match most of them.

The primary objective of a drip system design is to choose appropriate components and
layout to achieve suitable water distribution over the field and, at the same time, meet
crop need with consideration of economical, operational, water quality and quantity.
Well designed drip irrigation systems should provide equal soil water availability to all
plants in the irrigated field at high irrigation efficiency (in ASAE, 2007 is defined “as
the ratio of the average depth of irrigation water that is beneficially used to the average
depth of irrigation water applied, expressed as a percentage”). Water distribution, by
drip irrigation systems, can be applied as a line source or point source applications for
both tapes and tubings. Line sources apply water in a continuous or near-continuous
pattern along the length of the lateral. In this category are soaker hoses or porous pipes
(line-source emitters) in which the entire pipe wall is a seepage (and filtration) surface,
as well as drip tapes with closely spaced (e.g., 15-30 cm) emission points whose water
application patterns overlap. Polyethylene drip tubing, with on line, or built in, or fused
drip emitters, is most commonly used. Thin walled collapsible emitting hoses, also

called drip tapes, are used to irrigate annual crops, but seldom used for irrigation of
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permanent crops because these drip lines don’t have the longevity required. Point source
emitters can be grouped based on their flow characteristics. Thin walled driplines with
periodically spaced emitters infiltrate upon pressurization. Emitter spacings are ranging
from about 50 mm to Im. The combination of emitter discharge rate and emitter spacing
determines the dripline discharge rate (L/h-100 m). Water discharge from the emission
points which are spaced more than 1 m apart (usually 1 m or more) is called point
source application. Water discharged from closely spaced outlets is called line-source
application. These devices apply water at discrete points, and overlap between wetting
patterns may or may not occur, depending on emitter spacing, irrigation duration, and

emitter flow rate (Evans et al., 2007; Lamm ef al., 2007)

Preliminary design steps therefore include: determination of crop water requirements,
irrigation requirements, leeching requirements, percentage wetted area, number of
emitter per plant and emitter spacing, irrigation frequency and duration, emitter

selection, design emission uniformity and allowable pressure variation (FAO, 2002a)

Surface drip irrigation (SD)

Surface drip irrigation systems have been primarily used for irrigation of widely spaced
perennial crops, but today they can be used for annual row crops too. Typical
components of surface drip irrigation systems are filters, control and system valves,
injection systems, underground pipelines and other components, as shown on Figure 2.1

(Lamm et al., 2007).

MSc by Research, Cranfield University Bostjan Naglic (2011)



Literature review 9

Air Valve:
Main LlnnT

¢ ~g— = 2 Y g, - i
s RakVelvam - 3 &~ Courtesy: Jain Irrigation

/
Lateral
Flush Valve

Polytube / Lateral Subsmain Line

Figure 2.1: Drip irrigation Layout and its parts (source:
http://en.wikipedia.org/wiki/File:Dripirrigation.gif)

Advantages and disadvantages of surface drip irrigation systems

As described by Lamm et al. (2007) and Keller and Bliesner (1990) surface drip
irrigation, when compared to other systems of irrigation, has many advantages, such as:
Increased water use efficiency, improved water management (surface drip irrigation has
lower evaporative losses than surface, sprinkler or microsprinkler irrigation, because a
smaller surface area is wetted), improved crop establishment (a surface drip irrigation is
ideal for establishing orchards and vineyards because the emitters can target water to the
limited root zone of the young trees), crop yield and quality (because surface drip
systems wet only a proportion of soil, the irrigation right up to time of harvest is
possible), improved weed control (weed control is much easier with surface drip
irrigation systems than with full coverage irrigation systems or sprinklers), improved
crop yields and quality (soil water content in the root zone is constant because water is
applied slowly and frequently), reduced nonbeneficial use (water requirements are
smaller than with traditional irrigation methods, because of irrigation of smaller soil
volume, decreased surface evaporation, reduced or eliminated runoff, and reduced deep
percolation), reduced deep percolation (drip irrigation offers great opportunities to
reduce the losses to a minimum), improved fertilizer and other chemical application
(fertilizers, herbicides, insecticides, fungicides, rodenticides, nematocides, growth

regulators and carbon dioxide can be efficiently applied to improve crop production),
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lower costs (surface drip irrigation systems are often less expensive when compared to
microsprinkler or sprinkler irrigation systems, reduced insects problems (surface drip
systems are less likely to be plugged by insects than microsprinklers, because of smaller
discharge openings) and decreased energy requirements (because the operating

pressures are low, the energy costs of pumping water can be reduced).

Surface drip irrigation systems also have disadvantages (Lamm et al., 2007; Keller and
Bliesner, 1990). High system costs (extensive lateral networks and supportive
equipment, like valves, controllers and filters, make trickle irrigation systems initially
expensive. Actual costs may depend on the crop, specific system design attributes,
filtration equipment or automation. Operational costs are comparable to other
pressurized irrigation systems), limited wetting of crop root zone (difficulties may occur
with achieving sufficient wetted soil volume), cover crop limitations (if the rainfall is
low, surface drip irrigation may exclude the use of cover crops), persistent maintenance
requirements (drip emitters of surface drip irrigation systems have smaller flow
passageways than mikrosprinkler irrigation systems and are thus more easily clogged),
extensive maintenance requirements (complete or partial clogging still represents a
serious problem. Also the damages of pipelines and other components (rodent) or leeks
can occur), potential for excess deep percolation (because crop water demand is applied
to a small volume of soil, deep percolation losses can occur), difficulties in visual
inspection (clogging problems are difficult to detect through visual inspection), cleaning
difficulties (if the emitter gets clogged it is almost impossible to clean it), minimum
frost protection capabilities, salt accumulation near plants (if the high salinity waters are
used, salts tend to accumulate at the soil surface and along the borders of the wetting
patterns) and restricted root development (root development may be limited to the
wetted soil volume near each emitter or along each lateral line, because water is applied

to a specific part of a soil volume occupied by a plant).

Surface drip irrigation for row crops

Design and management of surface irrigation systems for perennial crops and for annual
row crops is different. For certain vegetable crops, flower beds or other density-planted

crops with limited lateral root zones, wetting of the entire area is needed by overlapping
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the soil volumes by each emitter. With row crops the aim is to wet the plat row
uniformly, while between rows the soil can be left dry. For perennial crops, like trees or
vines, a dry zone may separate each tree from its neighbour. Because of that, the
distance between, and along, the laterals must be adapted to crop water requirements.
Usually for irrigation of row crops the drip tape emitting hose is used, but also point
source emitters, which are usually used to irrigate trees in orchards, are used. Emitters
have to be closely spaced along the laterals to maintain the necessary strip of wetted soil

along the row.

Surface drip irrigation of row crops has some advantages, as discussed by Lamm et al.
(2007), when compared to the row crops subsurface drip irrigation:

Cultivation alternatives (Extensive cultivation is possible between crops because the
dripline is removed prior to harvest), reduced system damage (because the dripline is
removed prior to harvest, the damage to driplines during harvest is removed), salinity
(seedbed soil salinity can be better controlled by surface drip irrigation than by
subsurface drip irrigation), reuse of drippers (the driplines can be recovered and used
elsewhere), better leeching capabilities (leeching can occur from soil surface
downwards , but no leeching occurs above driplines of subsurface drip irrigation
systems), repairs (very easy to repair or replace damaged dripline), underground pests
(less damage because of burrowing rodents and insects), visual inspection (potential
clogging problems can be seen and quickly repaired), also the problems, such as
dripline crimping, root and soil intrusion like with subsurface drip irrigation systems,

are eliminated.

Surface drip irrigation of row crops also has some disadvantages (Lamm ef al., 2007).
This includes dripline installation and removal issues (installation and removal costs are
needed for each crop. Laterals have to be removed prior to harvest to prevent damage),
damage to driplines (surface installed driplines are more susceptible to damage during
cultural operations and also from animal pests compared with subsurface drip irrigation
systems), length limitations (lateral lengths may be limited because of the need to
extract driplines), clogging potential (clogging problems can be caused because of

temperature variations and accumulation of salts at the emitters).
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2.2 Characterization and modelling of wetting patterns

2.2.1 Introduction

Importance of wetted volume

As already mentioned, one of the important preliminary design steps, or planning
factors of surface drip irrigation systems, is to get more information about the

dimensions of the wetted soil zone or moisture distribution patterns.

In order to answer the question: "How many emitters per plant are required? " It is
important to know how big an area of the soil is wetted by one emitter and what is the
desired percentage of the wetted area (Pw), we want to achieve. As discussed by Keller
and Bliesner (1990) and FAO (2002a), the percentage wetted area (Pw) compared with
the entire cropped area depends on the volume and rate of discharge at each emission
point, spacing of emission points (drippers) and type of soil which is irrigated. Wetted
area at each emitter is at the soil surface usually quite small. It expands with depth and
forms an inverted bulb shaped cross section. Pw is determined from an estimate of the
average area wetted at a depth of 150 to 300 mm beneath the emitters, divided by the
total cropped area served. So far, no proper minimum value for Pw has been
established. A reasonable objective of design for widely spaced crops (vines, bushes,
trees) is to wet at least one-third, and as much as two-thirds, of the potential horizontal
cross-sectional area of the root systems (33%<Pw>67%). For widely spaced crops Pw
should be held below 67% to keep the strips between the rows relatively dry, for
agricultural practices. Low Pw values also reduce loss of water due to evaporation even
where cover crops are used. Also it is less costly to have a low Pw, because more
emitters per plant (and laterals) are needed to obtain a larger coverage. In closely spaced
crops, where rows or emitter laterals are spaced less than 1.8 m apart, Pw often
approaches 100%. In order to determine the number of emitters per plant, the desirable
Pw and area wetted by one emitter (Aw) must be known. The Aw along a horizontal
plane about 30 cm below the soil surface depends on the rate and volume of emitter

discharge, soil texture, structure, slope and horizontal layering of the soil.

The information, gathered from other drip irrigation systems cannot help in the

designing and operation of a drip irrigation system, because water distribution is
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dependent on soil type and specific design parameters. Conversely, design parameters,
such as Pw, location and emitter spacing, application rates, amount of water applied,
frequency of irrigation under surface drip irrigation are governed by the moisture
distribution patterns, or dimensions of the wetted area in the soil. Those have to be
carefully investigated because they indicate the boundaries of the irrigated soil volume

and therefore determine emitter spacing.

When installing the surface drip irrigation system, the placement of the emitter directly
above the soil surface enables infiltration within a very small area compared to the total
area, of the soil surface. The shape of the wetted volume of soil under single drip
emitter is, according to Cote et al. (2003), Vermeiren and Jobling, (1984), Skaggs et al.
(2010), Gardenas et al. (2005), influenced by soil texture, soil structure, soil hydraulic
properties, anisotropy such as horizontal and vertical permeability and impermeable
layers. Under field conditions when the wetting and drying are continuous processes,
patterns of soil water content depend also on water management (volume of water
applied per irrigation, the rate of application (irrigation frequency), emitter distance
(number of drippers), dripper placement (above or below soil surface), lateral
positioning with respect to the plant row and initial soil moisture content. Lamm et al.
(2007) mentioned that management, monitoring and modelling of soil water distribution
under cropped conditions, also requires information on water uptake patterns by plants.
Uptake patterns influence water distribution and are essential for obtaining reliable
predictions of water and matric potential distributions within the wetted soil volume.
Information on root water uptake is important for design purposes to match application
uniformity, emitter spacing and discharge with the extent of plant root systems, and to
ensure uniform root accessibility to wetted soil volume. Lubana and Narda (2001)
presented a review of modelling of soil water dynamics under drip emitter, and pointed
that still not much is known about the water movement in soil in response to surface
point sources. This is mainly because of the complex nature of the surface boundary
condition. There is also a lack of understanding of how the soil water distribution is
affected by the unsaturated hydraulic properties, which has sometimes resulted in non-

optimal management and low water-use efficiency in drip irrigation systems. A better
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understanding of the interactions of irrigation method, soil type, crop root distribution,

uptake patterns and rates of water applied, is needed to improve drip irrigation practices.

It not possible to test all possible drip irrigation scheduling strategies under different
field conditions because of the lack of time and necessary financial resources. A
practical approach is to use soil-water flow, root growth, and water uptake models to
simulate different irrigation strategies or to evaluate possible scheduling strategies.
Then, the most promising strategies could be selected and tested under field conditions.
This is a concept that is widely accepted to study and evaluate complex agricultural
systems and to select a technology that has best economic effect at the farm level. In
this context the adoption of drip irrigation technologies in combination with models that

describe water infiltration from a point source can play a major role.

2.2.2 Field and laboratory studies

Li et al. (2003) studied the effect of discharge rates and applied volume of water on the
shape of the wetted area, from a surface point source for a loam soil. The application
rates varied from 0.6 to 7.8 L/h. Results for surface and vertical wetting for all
experiments showed that the wetting front moved fast at the beginning and slowed
down with increasing time. The wetting front moved outward in a circular arc shape and
the surface saturated wetted radius increased with increase of application rate. The
surface wetted radius and wetted depth were proportional to the volume of water
applied. Saturated water entry zone radius become larger as time increased, and
approached a constant value after around 3.5 h. The bigger the application rate, the
faster the constant surface saturated wetted radius was reached. Higher application rate
resulted in faster wetting front movement in both, radial and vertical directions. Increase
in application rate after adding the same volume of water, resulted in an increase in the
horizontal direction and decrease in the wetted depth, which has been reported from
other studies (e.g. Khan ef al., 1996). In addition, the bigger volumes of water applied
produced higher water content within the wetted volume. Increase in the applied volume
of water increased the wetted depth and had little effect on horizontal wetted area. Li et
al. (2004) followed his work from Li et al. (2003) but this time he monitored the

wetting front movement in sand soil too and concluded that for the same volume
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applied, the increase in application rate allowed more water to be distributed in the
horizontal direction. A decrease in application rate allowed more water to distribute in
the vertical direction. They mentioned that further research is necessary to verify

whether those results are true in other soil types.

Similarly, Ah Koon et al. (1990) studied three emitter discharge rates (1, 2 and 3 L/h)
on the distribution and drainage of water beneath a sugarcane crop and fallow plot on
clay/silty clay soil. Results showed that higher emitter discharge rate (4 L/h) increased

lateral spread of water and are in agreement with Li et al. (2003, 2004) results.

Bar-Yosef and Sheikholslami (1976) studied the distribution of water in sand soil,
irrigated from a surface drip source. They found that, when adding identical amounts of
water, but increasing the emitter discharge rate, the wetting depth increased and

horizontal water movement decreased.

Bresler et al. (1971) studied the effect of surface emitter discharge rate on the water
content distribution in loam and sand soil. Laboratory and field experiments showed
that increase in emitter discharge rate resulted in increased wetted area in horizontal
direction and decreased soil wetted depth. Research done by Levin ef al. (1979) for sand
soil, confirmed the findings of Bresler ef al. (1971).

Study about effect of drip irrigation frequency on wetting pattern and potato growth was
done by Feng-Xin Wang et al. (2006). They used six different irrigation frequencies
(once every day (N1, once every two days (N2), once every three days (N3), once every
four days (N4), once every six days (N6) and once every eight days (N8)). They applied
equal amount of water for all studied frequencies. The results showed that irrigation
frequency affected water distribution, wetted soil depth and distance from the emitter.
Water distribution varied with the potato growing stage. The wetting pattern developed
under treatment N1, showed larger change than those for N4 and N8. In the middle of
the planting season, at the depth below 30 cm, water content variations increased as
irrigation frequency decreased. During the late growth stages the treatment N8 showed

larger variation at depth of 50 — 90 cm than other treatments. This was due to longer
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application duration, which led to larger wetted soil in the horizontal direction. Denser
root distribution at that depth depleted water more quickly. The higher the frequency,
the higher the root length density in 0 — 60 cm of soil depth and the lower root length
density at 0 — 10 cm of soil depth. Also the reduction in irrigation frequency from N1 to

N8 resulted in significant yield reduction.

2.2.3 Empirical models
For prediction of wetting patterns from a point source a number of models exist. We can

group them in empirical, analytical or numerical models.

Empirical models have been developed, based on field observations or regression
analysis. Keller and Karmeli (1974) presented a table which serves as a guide for
estimating an average percentage of wetted area (Pw). As already mentioned earlier, the
optimum value for Pw is unclear; but, considering the current state of knowledge, the
Pw for widely spaced crops should be held below 67%. But for closely spaced crops
(crops spaced less than 1.8 m apart) Pw can approach to 100%. Table 2.2 estimates Pw
for coarse (C), medium (M) and fine (F) textured soils at various emitter discharge rates
and spacings. The emitter spacings, suggested in the table, should provide a continuous
wetted strip of soil with uniform width approximately 30 cm beneath the soil surface.
The values presented in the table are valid for predictions of Pw for a single straight
lateral, with uniformly spaced emitters, when applying approximately 40 mm of water

per irrigation cycle.
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Table 2.2: Percentage of soil wetted by various emitter discharge rates and spacing for
emission points in a straight line applying 40 mm of water per cycle (after
Keller and Karmeli (1974).

Effective emission point discharge ratet

Effective under 1.6 lph
?;:Ch:: (0.4 gph) 2 1ph (0.5 gph) 4 Iph (1 gph) 81ph (2 gph) over 12 Iph (3 gph)
W n
laterals, Soil texture and recommended emission point spacing on the lateral - m3
m* c M F c M F C M F C M F C M F
(lom=33f) 22 0.5 09 03 0.7 __ 1.0 06 1.0 1.3 1.0 1.3 1.7 1.3 1.6 2.0
Percentage of soil wetted§
0.8 k13 88 100 50 100 100 100 100 100 100 100 100 100 100 100
1.0 33 70 100 40 80 100 B0 100 100 100 100 100 100 100 100
1.2 26 58 92 83 67 100 67 100 100 100 100 100 100 100 100
1.6 20 47 73 26 563 80 53 80 100 80 100 100 100 100 100
2.0 16 a6 656 20 40 60 40 60 80 60 B8O 100 B0 100 100
2.5 12 28 4 16 32 48 32 48 64 48 64 80 64 B0 100
3.0 10 23 37 13 26 40 26 40 53 40 53 87 53 67 ;
3.5 8 20 31 1n 23 34 23 34 46 34 16 57 46 57 68
4.0 B 18 28 10 20 a0 20 30 40 30 40 560 40 50 60
4.5 1 18 24 9 18 26 18 26 36 26 36 44 36 44 53
5.0 6 14 22 8 16 24 16 24 32 24 32 40 a2 40 48
6.0 5 12 18 7 14 20 14 20 27 20 27 34 27 34 40
* Where double ) Is (or laterals with multiple outlet emitters) are used in orchards, enter the table with both the spacing between outlets to
either side of the tree row and across the space between the rows and proportion th; percentages .
+ Where relatively short pulses of lrrigation area epplied, the effective emission 1:0int discharge rate should be reduced to i 1y hi
the instantaneous rate for safety i Y half ot
} The texture of the soil is desl d by C, M, di and F, fine, The emission point gprcing is equal to ap tely B0 t of
the largest dlameter of the wetted area of the soil underlying the point. (Closer spacings on the lateral will not affect the percentage area wetted)
§ The percentage of soil wetted is based on the area of the horizontal section approximately 0,30 m (1L.oft)b th the soil purface. Cauti

should be exercised where less than 1/3 of the sofl volume will be wetted.

Keller and Bliesner (1990) presented a table for estimation of wetted area (Aw).
Estimation is based on a standard 4 L/h emitter for different soil types and depths. They
state that the Aw, wetted by one emitter at the soil surface, is usually less than a half as
large as Aw measured at a depth of 15 to 30 cm. The values in Table 2.3 are given for
different soil texture classes, soil depths and degrees of soil stratification. The values
shown are based on daily or every-other-day irrigations, which apply sufficient volumes
of water to slightly exceed the water crops need. Wetted area is given as a rectangle; the
long dimension, w, is the expected maximum horizontal diameter of the wetted soil
volume caused by one emitter. Se is the short dimension and is representing 80 % of
maximum expected diameter. Se represents the emitter spacing, which should give a
continuous wetted strip of soil. If those two values are multiplied, the result is
approximately the same as the circular wetted area. It is clearly mentioned that this table

should serve for estimation purposes only.
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Table 2.3: Estimated wetted area by 4 L/h drip emitter operating under various field
conditions (after Keller and Bliesner, 1990).

] Degree of soil stratification and equivalent wetted soil area
Soil or root depth and

: (mxm)

soil structure -

Homogeneous Stratified Layered
Depth 0,75 m
Coarse' 0.4 x0.5 0.6 x 0.8 0.9 x 1.1
Medium 0.7x0.9 1.0x1.2 1.2x1.5
Fine 0.9 x1.1 1.2x1.5 1.5x1.8
Depth 1,5 m
Coarse 0.6 x0.8 1.1 x14 1.4x1.8
Medium 1.0x1.2 1.7x2.1 22 %27
Fine 1.2x1.5 1.6 x2.0 20x24

'Coarse includes coarse to medium sands; medium includes loamy sands to loams; fine includes sandy
clay to loam to clays.

Schwartzman and Zur (1986) developed a semi-empirical model for determining width
and depth of the wetted soil volume under the point source. Wetted soil volume was
assumed to depend on the hydraulic conductivity of the soil (Ks), on emitter discharge
rate (Q) and on the total amount of water in the soil (V). Using dimensional analysis,
analytical expressions for wetted depth and width were obtained as functions of the
above parameters. The equations coefficients were then obtained empirically based on
experiments carried out on two types of soils (Gilat loam and Sinai sand). This model is
one of the most practical for determination of soil wetted geometry for point sources.
However, using the model for a wide range of conditions is questionable because it was
calibrated only on two sets of experimental data, with only two soil types and two
emitter discharge rates. The Schvartzman and Zur (1986) model is presented in more

detail in the results and discussion part of this thesis (section 4.1.6.).

Amin and Ekhmaj (2006) presented an empirical model for estimating surface wetted
radius (X) and vertical (Y) distances of the wetting pattern front from the surface drip
emitter. Their model is based on average change of volumetric water content within the
wetted zone, total volume of water applied, application rate and saturated hydraulic
conductivity. In their work they verified and modified the Schwartzman and Zur (1986)
model, by adding volumetric water content as one of the parameters in their equation.
They used already published experimental data from Taghavi et al. (1984), Anglelakis
et al. (1993), Hammami et al. (2002), and Li et al. (2003), which include sand soil,
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loamy sand, loam, silty clay and sandy loam type of soil, to determine the coefficients

in their equation, using nonlinear regression:

— —0.5626 0.2686 —0.0028;, —0.344
X =46 Vi 026800, ks 1

Y = A9—0.383VW0.365QW—O.101k50.195 2

where 40 is the average change in volumetric water content of the wetted zone (L*/L%),
J'w is the total volume of water applied (ml), Q,, is the application rate (ml/h), Ks is the
saturated hydraulic conductivity (cm/h). They concluded, based on the experiments, that
the soil type, volume of applied water and emitter discharge rate are the most important

factors that affect the wetted zone width and depth.

Kandelous and Simtnek (2010a) compared the above two empirical models of
Schwartzman and Zur (1986) and Amin and Ekhmaj (2006) against field data, to
evaluate their accuracy in predicting wetted zone dimensions. Results showed better
prediction capability of the Amin and Ekhmaj (2006) model in comparison with the
Schwartzman and Zur (1986) model. In some cases the Amin and Ekhmaj (2006) model
predicted wetting pattern geometry even better than the numerical models results. The
better predictive capability of the Amin and Ekhmaj (2006) model can be explained by
its use of 4. Kandelous and Simtnek (2010a) concluded that soil water content plays

an important role when predicting wetted geometry for surface drip irrigation systems.

2.2.4 Analytical models

Analytical models for prediction of geometry of wetting patterns, under surface point
source, usually solve the governing water flow equation under specific conditions.
Analytical models rely on assumptions, such as soil homogeneity, and they do not take

into account root water uptake.

Cook et al. (2003) developed a user friendly Microsoft Windows-based software
programme, WetUp, that provides visualisation of the wetting patterns (Figure 2.2). The

programme estimates dimensions of the wetting patterns, in different soil textures, with
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different soil hydraulic characteristics, for surface or subsurface point sources
(emitters). WetUp contains a database of predefined soil types, emitter flow rates (from
0.503 to 2.7 L/h), application times (1 — 24 h), initial soil moisture conditions (3, 6 and

10 m of suction) and emitter position (surface or subsurface).

& wetlp Py —— > - » vl i L‘il_l_J-ﬁ-

3
File Options Windows Help
A Slal 1] e i
{Print
4= WetUp Simulation 1 = [@ 52 || & WetUp Simulation 2 == [EeE =
Select Soil Type Select Soil Type
Averaged Loam Averaged Loam Averaged Loam Averaged Loam
(2 L/Hr) Moist (2 L/Hr) Moist
= 1 Hour == 1 Hour
Select Flow and Time 2 Hour Select Flow and Time 2 Hour
Flow (/hr. - = Jlrer Fow (/he) [z =] = 3 Hour
(/hr) 2 o 0
Time (hr) 3 - Time (hr) 3 -
0.14 0.14
Select Emitter Type 0.2+ Select Emitter Type 0.2+
Surface Emitter @ Surface Emitter el
0.3q 0.3
Buried Emitter el Buried Emitter g
0.44 0.4
Initial Water Conditions 0.5 Initial Water Conditions 0.51
Dry (10m Suction) ol Dry (10m Suction) el
Moist (6m Suction) & Moist (6m Suction) @ g ! ! ! ¥
-0.8-0.4 0 0.4 0.8 -0.8-04 0 04 08
Wet (3m Suction) el Wet (3m Suction) ol

Figure 2.2: WetUp window showing wetted patterns for loamy soil, at 2 I/h emitter flow
rate, 2 h of application and initial soil moisture content of 6 m, for surface and
subsurface irrigation

WetUp uses a Philip’s (1984) solution for flow from a surface and subsurface point
source. The solution determines the travel time of water and is based on a quasi-linear

analysis of steady three dimensional unsaturated water flow.

Kandelous and Siminek (2010a) compared WetUp to other empirical and numerical
solutions, for estimating the size of the wetting pattern. WetUp predictions of the
geometry of the wetting pattern were less precise compared to Amin and Ekhmaj (2006)
or numerical model Hydrus-2D (Simiinek ez al., 1999). Cook et al. (2003) also reported
that WetUp tends to underestimate horizontal wetting at large volumes of water applied

for coarse textured soils.

Other analytical solutions have been derived for steady infiltration from a buried point
source and from cavities (Philip, 1968, 1984), from a surface point (Warrick, 1974),
and, from shallow circular ponds (Wooding, 1968). Mmolawa and Or (2000) presented
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a semi-analytical model for calculating water flow and non-reactive solute transport

with and without plant uptake for a buried or surface point source.

Application of analytical models in trickle irrigation management is limited because the
solutions are based on limiting assumptions with regards to source configurations, the
linearization of the flow equation and homogeneous soil hydraulic properties. Most of

them also do not take into account root water uptake.

2.2.5 Numerical studies

There are a number of numerical models developed with the purpose of simulating the
surface and subsurface point source water infiltration. Brandt et al. (1971) developed a
model to analyse multidimensional transient infiltration from a trickle source. Bresler et
al. (1971) compared the theory, discussed by Brandt et al. (1971), with experimental
results. Calculated and measured locations of wetting fronts and soil water content
distribution were examined. They concluded that, despite the dissimilarity between the
theoretical and experimental results, the agreement is sufficient for the practical

implementation of the theory.

In 1975 Bresler reported a study about numerical model simulations for analysis of
multidimensional simultaneous transfer of a non-interacting water and solute transport,
applicable to the infiltration from a trickle source. Mostaghimi et al. (1982) studied
water movement in silty clay loam soil under single emitter source. They used the
numerical method of Bresler (1975) and compared it to laboratory experimental results.
The study showed that increasing discharge rate of an emitter results in an increase in
the vertical direction and decrease in horizontal direction of the wetted zone. Those
results are in contraindication with the results of Li er al. (2003), Bar-Yosef and
Sheikholslami (1976) and Khan et al. (1996). Bresler (1975) also found quite good
agreement between predicted and measured soil water content. Lafolie et al. (1989)
presented the numerical solution which allows predictions of water content distribution

under drip irrigation.
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Simanek et al. (1996) developed a software package, Hydrus-2D, which was updated to
provide a third dimension, now called Hydrus-2D/3D (Siminek et al., 2006). The
software enables implementation of three-dimensional water flow, solute transport, and
root—water and nutrient uptake based on finite-element numerical solutions of the flow
and transport equations. For the water flow module, the program numerically solves
Richards equation (Richards, 1931) for variably saturated flow. The flow equation also
incorporates a sink term to simulate water uptake by plant roots. In 2011 a 2.0. version
of Hydrus-2D/3D has been released. It includes many new features as compared to
version 1.0. The most important ones, which can be used for simulating drip irrigation
design and management, are various new boundary conditions (i.e. surface and
subsurface drip irrigation) and triggered irrigation (irrigation can be triggered by the
program when the pressure head drops below specified value) (Sejna et al. 2011). The
main unit of the programme is the Hydrus graphical user interface (GUI) which defines

the overall computational environment of the system (Figure 2.3).

|3 HYDRUS 2.01.0650 - [Sourcel, Results, Pressure Head] = | B e
®) File Edit View Insert Calculation Results Tools Options Window Help Developers HER
[N = N=R= o] R | e [w]:[E] FRAQ @&« & Elo s 4anaamsma
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), Project Data 000 Resubs
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W0 velociy Min 405228
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Figure 2.3: The main window of the Hydrus GUI, including his main components.

Soil-water flow and solute transport modelling are useful for water resources and
ecological management and, due to the increasing computer speed and availability of

more comprehensive numerical models, Hydrus-2D/3D is now increasingly being used
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for evaluating water flow in trickle irrigation systems. The number of such studies is
extensive and has been growing steadily in recent years (Assouline, 2001; Schmitz et
al., 2002; Cote et al., 2003; Skaggs et al., 2004; Lazarovitch et al., 2005, 2007;
Fernandez-Galvez and Simmonds, 2006; Dahiya et al., 2007; Provenzano, 2007; Patel
and Rajput, 2008; Elmaloglou and Diamantopolus, 2009; Kandelous and Simunek,
2010a, b; Rodriguez-Sinobas et al., 2010; Skaggs et al., 2010). Some of these studies
simulated subsurface drip irrigation (SDI) process as a line source (a lateral) (Ben-Gal
et al., 2004; Skaggs et al., 2004;Patel, 2008), while others simulated SDI by means of a
point source, as individual emitter (Lazarovitch et al., 2005; Provenzano, 2007;
Kandelous and Simunek, 2010a, b). While some other authors assessed the ability of
Hydrus to simulate water movement from surface drip irrigation systems (Assouline,
2001; Gardenas et al. 2005), the number of studies on surface drip irrigation has been
limited by the lack of appropriate boundary conditions (a problem which is now
resolved by the introduction of version 2.0 in 2011). All of these studies were done
using either planar or axisymmetrical two-dimensional models, which is valid as long as

the flow domain studied is not influenced by neighbouring emitters.

Kandelous et al. (2011) used Hydrus-2D/3D to analyse field data, assuming the
modelling approaches in which emitters were represented, either as a point source in an
axisymmetrical two-dimensional domain, a line source in a planar two-dimensional
domain or a point source in a fully three - dimensional domain. Results showed, that
SDI systems can be accurately described, using an axisymmetrical two-dimensional
domain, only before wetting patterns start to overlap, and a planar two-dimensional
domain, only after full merging of the wetting fronts from neighbouring emitters. Fully
three-dimensional model appears to be required to entirely describe the subsurface

trickle irrigation process.

Kandelous and Simiinek (2010a) compared numerical, analytical and empirical models
to estimate wetting patterns for surface and subsurface irrigation. They evaluated the
accuracy of several approaches used to estimate wetting zone dimensions by comparing
their predictions with field and laboratory data, including the numerical Hydrus-2D

model, the analytical WetUp software and selected empirical models (Schwarzman and
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Zur, 1986; Amin and Ekhmaj, 2006; Kandelous et al., 2008). They used the mean
absolute error to compare the model predictions and observations of wetting zone
dimension. Mean absolute error for different experiments and directions varied from 0.9
to 10.4 cm for Hydrus, from 1 to 58.1 cm for WetUp and from 1.3 to 12.2 cm for other

empirical models.

Skaggs et al. (2010) used numerical simulations with Hydrus-2D to investigate the
effect of application rate, antecedent water content and pulsed water application on
horizontal water spreading from drip irrigation emitters. Results showed that higher
antecedent water content increases water spreading from trickle irrigation systems, but
the increase is bigger in a vertical than a horizontal direction. Also, lower application
rates and pulsing, produced minor increases in horizontal spreading of water. Some
irrigation treatments were tested in field trials and they confirmed the simulation results.
Overall they found out that soil texture (hydraulic properties), and antecedent water
content largely determine the spreading and distribution of a given water application,

with pulsing and flow rate having very little effect.

Cote et al. (2003) also used numerical model Hydrus -2D to investigate the effect of
pulsed water applications on the size of the wetting pattern for subsurface drip irrigation
for sand, silty and silty clay loam soils. They found that soil hydraulic properties greatly
influence the geometry of wetting pattern. Irrigation frequency (pulsing) has slightly
increased the dimensions of the wetting pattern in highly permeable coarse textured soil.
Also, similarly to Skaggs et al. (2010), high discharge rates from a SDI tend to increase
vertical spreading more than horizontal. The simulations also highlighted that, in order
to achieve desired wetted volume, the drip irrigation system discharge rate has to be
regulated according to particular soil type and consequently its hydraulic properties are

of great importance.

Provenzano (2007) studied wetted soil volume for subsurface drip irrigation
numerically, with Hydrus-2D, and experimentally. He presented the dimensions of the
wetted soil volume as a function of duration of irrigation, Q and initial soil moisture

conditions as shown in Figure 2.4.
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Figure 2.4: Dimensions of the wetted soil volume for horizontal (X) and vertical (Y)
direction, as a function of flow rate (@), initial soil moisture conditions
(varying from 0.10 cm’/ ecm’® to 0.25 cm®/ em® and irrigation duration (min).
After Provenzano (2007)

Results clearly showed that, for fixed initial soil moisture content, wetting pattern
increased with irrigation duration. If a duration of application is fixed, the wetting

pattern increases with increase in initial soil moisture content.

Assouline (2001) presented a study about the effect of different emitter discharge rates,
including microdrip emitters (emitter discharge rate <0.5 L/h), on different water
regimes in drip irrigated corn. In his study, three emitter discharge rates (0.25, 2.0 and 8
L/h) were compared in field experiments and for numerical simulations using Hydrus-
2D. Field experiments showed that, under microdrip irrigation, the highest relative
water content occurred in the upper 30 cm of the soil profile and the lowest in the 60 to
90 cm layer. Numerical results showed that, under microdrip irrigation treatment,
wetted volume of soil was smallest in both, horizontal and vertical directions. The water
content gradients for microirrigation treatment were also less extreme in both directions,
compared to 2.0 and 8.0 L/h discharge rates. The saturated zone of soil was maintained
only beneath the 8.0 L/h dripline (Figure 2.5). The depth of the wetting front below the

dripline was shallowest under microdrip irrigation treatment.
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Figure 2.5: Simulated water content distribution beneath the dripline for three emitter
discharge rates at the end of application cycle. After Assouline, 2001

Those results are in agreement with findings of Mostaghimi ef al. (1982) but in

contradiction with Khan et al. (1996) and Li et al. (2003) which concluded that higher

emitter discharge rates extend soil water movement in a horizontal direction. This was

likely to be caused by the differences in hydraulic properties of different soils or water

uptake patterns of plant.
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3 Materials and methods

3.1 Hydrus-2D/3D model

The modelling of water flow under single drip surface emitter, in this research, was
performed using the numerical model Hydrus-2D/3D Version 2.0 (v.2) and v.1.0. This
Microsoft Windows based software, which was developed by Simtinek et al. (2006),
can simulate water, solute and heat flow in two and three dimensional variably saturated
media. The software package is a replacement and extension of Hydrus-2D (v. 2.0)
(Simtinek et al., 1999) and SWMS_3D. SWMS 3D is the Disk operating system (DOS)
computer programme for water and solute movement simulations in three dimensional
(3D) variably saturated media, developed by Siminek ez al. (1995). Recently, in 2011,
Hydrus-2D/3D v.1.0 was upgraded and replaced by Hydrus-2D/3D v.2.0. (Sejna et al.,
2011; Simuinek ef al., 2011). A notable new feature is new boundary condition, which
allows the dynamic evaluation of the wetted area for surface drip irrigation. Although
most of the simulations in this study had already been carried out with version 1.0. prior
to the release of version 2.0, the simulations of soil water movement in the tank

experiments were carried out with this new boundary condition (BC).

3.1.1 Soil hydraulic model and water flow parameters
The theory behind Hydrus-2D/3D is given by Simtnek ez al. (2006), and more recently
by Radcliffe and Simtinek (2010). This section only focuses on details which are

relevant to this research.

The description of variably saturated water flow in soils, as is the case when water
enters the soil surface in the form of precipitation or irrigation, is based on the equation
of Richards (1931), which combines the Darcy-Buckingham equation (Equation 3) for

unsaturated water flow with a mass balance or continuity equation (Equation 4):

oh
q; = K(h) (Kf%— + K@) 3
L 5] axj L
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—=—t_g 4
at axi

where, K(h) is the unsaturated hydraulic conductivity function (L/T), h is the soil water
pressure head (L), x; (i=/,2 for two-dimensional model and i=/,2,3 for three-
dimensional model) are spatial coordinates (L), K{? and K/ are components of a
dimensionless anisotropy tensor K (which reduces to the unit matrix when the medium
is isotropic), 6 is the volumetric water content (L*/L%), 7 is time (T), ¢; is the volumetric
flux density (L/T) and S is a sink term (LY/L°T), usually representing the root water
uptake.

Combining these two equations leads to the Richards equation (Equation 5):

K(h ah+I(A —-S 5
at (')xl K K ”a

The unsaturated soil hydraulic properties (k) and K(h) in Equation 5 are usually highly
nonlinear functions of the pressure head. The water retention curves are usually
expressed in terms of simplified analytical solutions to enable their use in numerical
models. The soil hydraulic properties in Hydrus can be determined using five different
analytical models. The Mualem-Van Genucten hydraulic functions (van Genuchten,

1980; Mualem, 1976), the most widely implemented functions, were used in this study

(Equation 6 and 7):
o, 45 O h<0
6(h) =1 T 1 + [ah]"]™ ¢
0, h>0
2
K(h) = KeSH1 — (1 = S/™)m] 7
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1
m=1-—— n>1
n

where 0, and 0, are saturated and residual water content (L3/L3 ), @ (1/L), n and [ are

shape parameters, and S, is the effective soil water saturation, given as:

The pore connectivity parameter / in Equation 7 is equal to 0.5 for most soils (Mualem,

1976; Simiinek et al., 2011).

Richards equation (Equation 5) is a nonlinear, partial differential equation governing
variably saturated water flow. Most practical applications of this equation require a
numerical solution. In order to solve it initial (/C) and BC have to be specified. In
Hydrus-2D/3D the initial conditions can be specified in terms of water content or
pressure head to characterise the initial state of the system. Two types of BC along the
boundaries of flow region can be specified. The first one is the system-independent BC,
for which the specified values does not depend on the soil system status. They are
usually used for simulations of ponded infiltration, to explain the hydrostatic pressure
between the soil, and standing or running water boundary and to define the position of
the water table, or when the flux along BC is known and does not depend on the soil
system (this is not the case in modelling precipitation and irrigation event, where the

flux may exceed the infiltration capacity of the soil).

Dirichlet or type-1 BC can be used when the pressure head at the boundary is known.
When the water flux across the BC is known, the Neumann or type-2 BC is used. The
second type of BC is a system-dependent BC for which the actual BC (as water content,
pressure head, water flux or gradient) depends on the system status and is calculated by
the model itself. System-dependent BC are: Atmospheric BC, Seepage face, Tile drains,
Special time-variable flux/head BC, Snow BC, Gradient-type BC, Subsurface drip
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characteristic function, Irrigation scheduling (triggered irrigation) and Surface drip

irrigation — dynamic evaluation of the wetted area.

Finite elements and finite differences are the two most common numerical methods
used to solve Richards equation (Radcliffe and Siméinek, 2010). Hydrus-2D/3D uses a
numerical finite element approach in space, and finite difference approach in time. The
Galerkin linear finite element method is used to obtain a solution of Richards equation
and can be used to solve two and three dimensional problems (Simtnek et al., 2011,
2006). The two-dimensional form of Richards equation can be also solved for three-
dimensional problems. In this case the z coordinate (vertical axis) must coincide with
the vertical axis of symmetry. These problems are then called axisymmetrical or quasi-

three-dimensional problems and are good to simulate water flow from a point source.

3.1.2 Dynamic boundary conditions for drip irrigation simulations

The new special BC for surface drip irrigation with dynamic evaluation of the wetted
area, which is now implemented in the recent version 2.0. of Hydrus-2D/3D, was first
used by Gérdenas ef al. (2004) who had access to the source code. With this BC, a
Neumann boundary condition (the discharge rate, Q) is applied to the node representing
the dripper. As the pressure head needed to maintain this constant flux at the node
exceeds 0, the BC is switched from a Neumann (flux) to a 0 pressure head Dirichlet
(head) BC and the actual flow rate (Qa) corresponding to this head is computed
(Simtinek et al., 2011). The excess flux (irrigation flux) (Q — Q,), again with a specified
Neumann BC, is then applied to the neighbouring node., This procedure is repeated
iteratively until the entire specified Q is applied over a radius corresponding to the
wetted area.

To implement this BC the Time-Variable flux at the surface boundary has to be
selected. The boundary length has to be sufficient to accommodate for the entire wetting
zone. As shown of Figure 3.1, the node where irrigation starts (position of the dripper)

has to be selected.

MSc by Research, Cranfield University Bostjan Naglic (2011)



Materials and methods 31

Center node 157

Boundary Conditions Options

| Time-Variable Head/Flux 1 BCs | Special Boundary Conditions | Triggered Imigation

Gradient Boundary Conditions {instead of Free Drainage BC)

[ Gradient in the x-direction {postive against the x-axis)

Gradient in the y-direction {positive against the y-a<is)
Subsurface Drip Characteristic Function for Time-Variable Flux 1 BC)
|| Dripper Characteristic Function 0
Surface Drip Boundary Condition for Time-Variable Flux 1 BC)
Surface Drip with Dynamic Wetting

() From left to right
(@) From the center
() From right to left

Center Mode: 157

[7] Seepage Face with Specified Pressure Head

Figure 3.1: The new surface drip boundary condition window

Three options are available; irrigation can start in the right, left or centre node. If the
centre node is selected, the wetting pattern will spread on both sides of the node (Figure

3.1).
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3.2 Numerical and experimental study of wetting patterns

3.2.1

Soil textural classes and hydraulic parameters

Numerical simulations for numerical soils

Study of water infiltration under drip irrigation was conducted for eleven hypothetical

textural classes from United Kingdom (UK) textural triangle. The percentages of sand,

silt and clay were determined from the middle of each texture class (Figure 3.2) and are

presented in Table 3.1.
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Figure 3.2: Middle values for each texture class (UK textural triangle)

Table 3.1: Percentages of sand, silt and clay determined from UK textural triangle

Determined from UK textural triangle

Sand (%) Clay (%) Silt (%) UK Texture
32.5 27.5 40.0 Clay Loam
93.0 3.5 3.5 Sand
82.5 5.0 12.5 Loamy Sand
65.0 10.0 25.0 Sandy Loam
35.0 10.0 55.0 Sandy Silt Loam
10.0 10.0 80.0 Silt Loam
10.0 27.5 62.5 Silty Clay Loam
62.5 25.0 12.5 Sandy Clay Loam
55.0 37.5 7.5 Sandy Clay
20.0 60.0 20.0 Clay
6.25 42.5 51.25 Silty Clay
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The Hydrus-2D/3D code is coupled with the Rosetta Lite DLL (Dynamically Linked
Library) v. 1.1. (Schaap et al., 2001). Rosetta implements five hierarchical pedotransfer
functions (PTFs) for prediction of van Genuchten (1980) water retention parameters and
saturated hydraulic conductivity (Ks) from soil textural class only, to soil textural
distribution, bulk density (BD) and water content at 33 or 1500 kPa as inputs (Figure
3.3). The program is based on neural network analyses, which is combined with the

bootstrap method.

n'fn‘t Rosetta Lite v, 1.1 (June 200 E

Select Model
() Textural classes () SSCBD+ water content at 33 kPa [TH33)
@ % Sand, 5ik and Clay [S5C) () Same + water content at 1500 kPa (TH1500)

() #Sand, Silt, Clay and Bulk Density (BD]

It Olutput

Textural Clazs Unknoin Theta r [em3/cm3)] 0 05473
Sand [%] M5 Theta # [cm3dcma] 0.4095
Silt [%] 445 Alpha [1/cm] 0.0073
Clay [%] 0 nl 1.6458
BD [arfcm3] K.z [cmdday] 14.85

TH33 [cm3dem3]

| TH1500 [em3/cm3] [ Help! ] [ Predict ” ficept ] [ Catcel ] I

Figure 3.3: The dialog window of Rosetta Lite (Neural Network Predictions).

The use of more input data (predictors) often leads to better predictions, but if only
texture is available, Rosetta can still be very useful (Schaap et al., 2001). In this case
only soil texture data, as presented in Table 3.1, was used as input. The hydraulic

parameters obtained for each soil texture class are listed in Table 3.2.

MSc by Research, Cranfield University Bostjan Naglic (2011)



34 Materials and methods

Table 3.2: Parameters for the van Genuchten—-Mualem model

UK Texture (cn?— 1 Os or n m (cgj d) l
Clay Loam 0.01 0.43 0.08 1.48 0.32 10.97 0.50
Sand 0.03 0.38 0.05 3.08 0.68 589.39 0.50
Loamy Sand 0.04 0.38 0.04 1.82 0.45 122.34 0.50
Sandy Loam 0.03 0.39 0.04 1.40 0.29 40.01 0.50
Sandy Silt Loam 0.01 0.41 0.05 1.65 0.39 40.44 0.50
Silt Loam 0.01 0.47 0.06 1.67 0.40 30.78 0.50
Silty Clay Loam 0.01 0.46 0.08 1.57 0.36 11.88 0.50
Sandy Clay Loam 0.03 0.38 0.07 1.31 0.24 14.28 0.50
Sandy Clay 0.03 0.39 0.08 1.23 0.19 14.93 0.50
Clay 0.02 0.49 0.10 1.21 0.17 17.73 0.50
Silty Clay 0.01 0.50 0.10 1.41 0.29 13.48 0.50

Hydrus-2D/3D setup

The time of irrigation was 31 days with 16 irrigation cycles. Each irrigation cycle lasted
for 15 hours and was followed by 33 hours of redistribution (Figure 3.4). Assouline
(2002) noted that effects of initial soil moisture conditions in the soil vanishes after 10
irrigation cycles. With these considerations in mind the size of the wetting pattern was
measured on the last (16“’) irrigation cycle to minimize the effect of initial soil moisture
content and study the wetting patterns under conditions close to field capacity (more
realistic soil moisture conditions were studied in the next set of numerical simulations

as presented in the next section).

0 (L/h)

0123456 7 8 91011121314151617 1819 2021 22 23 24252627 2829 3031

Time (days)

Figure 3.4: Irrigation cycles for period of 31 days for surface emitter discharge rate (Q) of
4 L/h.
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In Hydrus-2D/3D only the right side of axisymmetrical domain was simulated, as was
shown previously for subsurface drip irrigation (e.g. Guseppe, 2007) and surface drip
irrigation (e.g. Gardenas et al., 2005; Kandelous and Simtinek, 2010b). The measured
horizontal dimension (X) of the wetting patterns represents only half of the wetted
diameter and have to be therefore multiplied by 2 (Figure 3.5). Simulations were done
considering a 200 cm deep and 400 cm wide rectangular flow domain, where a single

drip emitter resulted in a specific infiltration area on top left side of the domain.

Symmetry axis

Emitter position

Wetting pattern

W OO S! UtewWwop [10s o yidag

Length of sail domain is 400 cm

Figure 3.5: Scheme of the flow domain used in numerical simulations

An unstructured mesh was automatically generated to discretise the flow domain into
between 1737 and 1892 nodes, depending on the infiltration area. Finite elements were
smaller around the emitter, where the hydraulic gradient is higher, and larger with
increasing distance from the emitter (Figure 3.6). The transport domain was assumed to
have uniform soil hydraulic properties and to be isotropic. It was also assumed to have
uniform initial conditions, which were expressed in terms of pressure heads. These were
selected to correspond to water contents close to field capacity, varying between -100

and -450 cm, depending on the soil type.
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Figure 3.6: Spatial discretization of the 2D axisymmetrical flow domain and its BC.

Absence of flux was considered along the upper boundary except on the left side along
the emitter boundary surface where a constant flux boundary condition (BC)
representing the dripper discharge rate (4 L/h or 96000 cm3/day) was used. A free
drainage BC was used along the bottom boundary and a zero-flux boundary for all

remaining boundaries (Figure 3.6).

As mentioned in section 3.1, the new boundary condition for surface drip irrigation
developed in the latest version of Hydrus-2D/3D (v 2.0) was not used for these
simulations. Since Hydrus-2D/3D v.1.0. cannot simulate surface flow, which occurs at
the onset of drip irrigation, as the discharge rate exceeds the infiltration capacity of the
soil, a constant flux boundary was applied to a fixed surface area representing the
infiltration area that is achieved at steady state, after water has spread across the soil
surface. In other words, this area represents the area that would be obtained with the
new BC in v 2.0 after all the fluxes have been redistributed, assuming a maximum
pressure head of zero (i.e. no ponding) at the soil surface (see section 3.1.2). The radius
of this surface area (Equation 13) is calculated by considering that, at zero pressure
head, the flow rate per unit area is equal to the soil saturated hydraulic conductivity

(Equation 8, 9, 10, 11):
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_Q 8
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= 11

r T X Ks

where O is the flow rate (cm’/h), 4 is surface area (cm?”), K, is saturated hydraulic
conductivity (cm/day), g is the water flux per unit area (cm/day) and 7 is the radius (cm)

of the infiltrating surface.

To investigate the possible discrepancy between the wetting pattern dimensions
obtained with the new boundary condition, and those obtained by assuming steady state
across the infiltration surface, subsequent simulations were carried out using v 2.0. This

1s investigated in subsection 3.2.4.

The location of wetted radius (X) and depth (Y) were defined as the point in the wetted
front where water content just exceeds the initial water content, as suggetsd by Bresler
et al. (1971). For this purpose the boundary line chart function in Hydrus-2D/3D was
used, resulting in a cross section graph, where water content was presented as a function
of length (Figure 3.7). As an example, Figure 3.7 shows that the wetted depth is

observed at 29 cm.
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Figure 3.7: Water content (¢) as a function of wetted depth (Y)

This procedure was repeated for every hour during water application (after every 4 L of

water applied) and in both directions (X and Y).

3.2.2 Numerical simulations for real soils from SEISMIC database

Soil textural classes and hydraulic parameters

Real soils, from arable land use, covering all texture classes according to the UK soil
textural triangle, were selected from the Spatial Environmental Information System for
Modelling the Impact of Chemicals (SEISMIC) database. The SEISMIC database was
developed by the National Soil Resource Institute (NSRI) at Cranfield University. It
provides soil data for 412 soil series of England and Wales. The data is available for
each soil layer to a depth of 1.5 m and for different land uses. The database provides
data of % total silt, % Total Clay %, Organic Carbon %, pH (1:25 H20), Bulk density
(BD), % volume water at 5 kPa, % volume water at 10 kPa, % volume water at 40 kPa.

The texture, particle sizes, BD (g/cm™), van Genuchten « (cm™) and » and sub-vertical
Ks (cm/day) from the SEISMIC database for each of the textural classes chosen are
summarized in Table 3.3. According to Mualem (1976) the / value was taken as 0.5 for

all soils.
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Table 3.3: Soil classification, texture, bulk density (BD) and van Genuchten (VG)

parameters
Particle size fraction BD VG K
. . o/ _ S
Soil series Texture Layer (%) (g/em’) a  (cm/day)
Clay Silt Sand (cm™)
Blackwood Sandy Loam A 11 19 70 1.3 0.08 1.32 242.6
Bridgnorth Loamy Sand A 8 8 84 1.48 0.11 1.4l 117
Isleham Sandy Clay 20 13 67 1.03 008 129 333
Loam
Bridgnorth Sand BWI 7 6 87 142 012 148 28938
Wittering Silty Clay A 38 49 13 088 003 121 141
Carswell Sandy Clay Bce 31 16 53 1.37 0.06 1.24 161.2
Fladbury Clay A 50 30 20 105  0.04 12 78.9
Chatteris Silty Clay A 30 54 16 083 003 122 1856
Loam
Coprolite Clay Loam A 25 52 23 138 004 123 479
washing
Rowton Silt Loam A 16 79 5 125 003 125  80.8
Poundgate Sandy Silt A 4 68 28 1.1 006 135 2269
Loam

For the numerical simulations performed for these soils, the different initial soil

moisture conditions are presented as % of depletion of the available water (AW) which

corresponds to the amount of water between field capacity (FC) and permanent wilting

point (PWP). % depletion represents the % of AW that is no longer available. A field

capacity corresponding to moisture content at 10 kPa (-100 cm) matric potential was

chosen for all soils. Soil water initial conditions for three most contrasting soil textural

classes, with which the simulations were done, are presented in Table 3.4.
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Table 3.4: Water content at different depletion rates for 11 soil types

Depletion (initial conditions)

Texture 30% 50% 70%
Sandy Loam 0.24 0.21 0.18
Loamy Sand 0.20 0.17 0.15
Sandy Clay Loam 0.30 0.26 0.22
Sand 0.15 0.13 0.11
Silty Clay 0.42 0.37 0.33
Sandy Clay 0.27 0.25 0.23
Clay 0.41 0.38 0.34
Silty Clay Loam 0.41 0.36 0.31
Clay Loam 0.32 0.28 0.25
Silt Loam 0.33 0.29 0.24
Sandy Silt Loam 0.30 0.25 0.21

Hydrus-2D/3D setup

Three distinct sets of numerical simulations were carried out. 20 L of water was applied

in all cases (sets). The first set of simulations, aimed at studying the influence of texture

alone, was performed for the eleven soils at a given discharge rate (Q) of 2 L/h and a

fixed initial soil moisture depletion rate of 50 % (Table 3.5).

Table 3.5: Emitter discharge rate, soil initial condition and soil textures used for first set of

simulations.

Initial conditions

Q (L/h (% depletion)

Soil texture

Sandy Loam
Loamy Sand
Sandy Clay Loam
Sand

Silty Clay
Sandy Clay
Clay

Silty Clay Loam
Clay Loam

Silt Loam

Sandy Silt Loam
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The second set of simulations aimed at illustrating the influence of initial moisture
content on wetting patterns and was carried out on three soils with contrasting textures
(sand, silt loam and clay) at one given emitter discharge rate of 2 L/h, on the three initial

moisture depletion rates of 30, 50 and 70% (Table 3.6).

Table 3.6: Emitter discharge rates, soil initial conditions and soil textures used for second
set of simulations.

Initial conditions .
0 (Vh) (% depletion) Soil texture

Sand
2 30 Silt loam
Clay

Sand
2 50 Silt loam
Clay

Sand
2 70 Silt loam
Clay

The third set of simulations aimed at studying the influence of three different emitter
discharge rates (1.5, 2 and 4 L/h). The initial soil moisture conditions were kept the
same and set to 50 % depletion for all cases. Measurements of wetting pattern
dimensions for these three emitter discharge rates were carried out for three contrasting

soil texture classes (sand, silt loam and clay) (Table 3.7).

Table 3.7: Emitter discharge rates, soil initial conditions and soil textures used for second
set of simulations.

Initial conditions .
Q (L/h) (% depletion) Soil texture

Sand
1.5 50 Silt loam
Clay

Sand
2 50 Silt loam
Clay

Sand
4 50 Silt loam
Clay
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Sizes of the wetting patterns in both directions were measured for every litre of applied
water. Hence, for simulations with 1.5 L/h, measurements were carried out every 0.03
days (40 min), for 2 L/h every 0.02 days (30 min) and for 4 L/h after every 0.01days (15
min). The total irrigation time was 0.56 days (13.3 h) for the 1.5 L/h emitter discharge
rate, 0.42 days (10 h) for the 2 L/h emitter discharge and 0.21 days (5 h) for the 4 L/h

emitter discharge.

Figure 3.8 shows the three different emitter discharge rates, used in Hydrus-2D/3D
numerical simulations, and the corresponding time of continuous water application

necessary for each emitter to apply up to 20 L of water.

4.5 A
4 -
3.5 A
3 -
<25 -
= ) ==1.51/h
° 1.5 =7 1/h
1 - 41/h
0.5 1
0 T T T T T T T T T T T ]
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (h)

Figure 3.8: Three emitter discharge rates (@) and corresponding time of application
needed to apply 20 L of water.

As for the numerical soils, only the right side of the axisymmetrical domain was
simulated and the measured horizontal dimension (X) of the wetting patterns represent
only half of the wetted diameter and have to be therefore multiplied by 2 (Figure 3.9).
Simulations were done using a 150 cm deep and 100 cm wide rectangular flow domain,
where a single drip emitter resulted in a specific infiltration area on the top left side of
the domain (Figure 3.9). The radius (X) and depth (Y) were measured exactly the same

way as presented in previous section (Numerical soils).
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Symmetry axis

Emitter position

Wetting pattern

-l ~
< -1
Length of soil domainis 100 cm

Figure 3.9: Scheme of the flow domain used in real soils simulations

WD QST st utewop [10s o yidaq

An unstructured mesh was automatically generated to discretise the flow domain into

between 1789 and 1917 nodes, depending on the infiltration area of the soil. Finite

elements were smaller around the emitter, where the hydraulic gradient is higher, and

larger with increasing distance from the emitter (Figure 3.10).

Absence of flux was considered along the upper boundary except on the left side, where

a constant flux boundary condition (BC), representing the dripper was used. A free

drainage BC was used along the bottom boundary, and a zero-flux boundary for all

remaining boundaries (Figure 3.10).
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Figure 3.10: Spatial discretization of the 2D axisymmetrical flow domain and its BC.

The radius of the constant flux BC corresponding to discharge rates between 1.5 and 4
L/h was calculated following the same procedure as presented in section 3.2.1 (Equation
11). The flow domain was assumed to have uniform hydraulic properties and to be
isotropic. Initial conditions were selected corresponding to Table 3.4. The size of the
wetting pattern was measured for every litre of water applied, for all emitter discharge

rates. For measurements the same boundary line chart function was used, as described

in the previous section.

3.2.3 Soil tank experiments

Experimental setup

The soil tank experiments were conducted in the Soil Laboratory at Cranfield
University. Experiments were carried out on a 40.3 cm long, 30 cm high and 2.45 cm
deep two-dimensional soil tank. The front wall of the soil tank was transparent and

made of tempered glass, back panels were made from stainless steel alloy (Figure 3.11).
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Figure 3.11: Soil tank experiment layout

Experiments were conducted for three different types of soils: sand, sandy loam and
silty clay loam. Soil physical properties are presented in Table 3.8. A thin 4 mm
diameter polyethylene pipe fitted with a water flow regulator, representing a surface
emitter, was installed at the upper boundary of the soil tank, 5 mm above the soil
surface. The pipe was connected to a Mariotte bottle filled with water, located above the
soil tank, providing a constant water pressure head of h = 92 cm. The soil was first
sieved through a 2 mm sieve and packed in the soil tank in 2 cm layers. The soil BD

was determined after packing, using a steel tube with known volume.

Table 3.8: Soil texture and bulk density for selected soils

Soil texture Sand (%) Silt (%) Clay (%) Soil BD (g/cm3)
Sand 99.52 0.32 0.16 1.58
Sandy loam 67.96 16.26 15.78 1.49
Silty clay loam 18.27 46.77 34.96 1.29
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Desired and averaged emitter discharge rates for different soil types are shown in Table
3.9. The total amount of water applied for 0.5, 1, 1.5 and 2 L/h emitter discharge was
around 0.4 L. For 0.1 L/h treatments, around 0.2 L was applied. However, all the
emitter flow rates could not be used with every soil type because of different infiltration
characteristics (determined by Ks) of the soils. In the sand soil, with high Ks value, all
the different emitter flow rates were tested. However, because of surface ponding and
water spreading to the sides of the soil tank, the experiments in sandy loam and silty
clay loam soils could only be conducted using emitter discharge rates up to 0.5 and 0.1

L/h, respectively.

Table 3.9: Desired and averaged emitter discharge rates

. Q (I/h)
Soil
Desired Average

0,1 0,11
0,5 0,49
Sand 1 0,99
1,5 1,51
2 2,05
0,1 0,09

Sandy loam
0,5 0,49
Silty clay loam 0,1 0,12

When the experiment started, the shapes of the wetting patterns in both directions were
recorded, taking pictures at different predetermined times. The interval between two
pictures depended on the emitter discharge rate and soil type. A scale was drawn on the
soil tank which enabled determination of the wetting pattern dimensions from the
pictures using the computer software programme ImagelJ 1.43u (National Institutes of

Health, USA).

Soil hydraulic properties

Water retention data for the sand soil were determined using a pressure-plate apparatus.
The RETC (Code for Quantifying the Hydraulic Functions of Unsaturated Soils)
software (van Genuchten et al. 1991) was used to fit the unknown van Genuchten -

Mualem equation parameters (a and #n) from observed water retention data. Results are
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presented in Table 3.10 and Figure 3.12. For sandy loam and silty clay loam the
laboratory evaporation method HYPROP® was used to determine water retention data

and to fit to van Genuchten-Mualem model.

Table 3.10: Parameters of van Genuchten-Mualem model for selected soils.

Soil texture 6,(VIV) 6.(VIV) a (1/cm) n K,(cm/min) l
Sand 0.459 0.018 0.029 3.437 0.481 0.5
Sandy loam 0.432 0.084 0.0228 2.077 0.057 0.5
Silty clay loam 0.52 0.13 0.0215 1.281 0.007 0.5

Hyprop is a registered trademark of the UMS Company (Germany). Evaporation
method is a fast and simple technique to determine the soil water retention curves. The
method was proposed by Wind, 1968 (cited in Peters and Durner, 2008). Hyprop uses
the simplified evaporation method, developed by Schindler, 1980 (cited in Peters and
Durner, 2008), where two pressure heads measurements, are carried out at two different
depths (two small tensiometers). The soil in between the two tensiometers represent the
volume of soil being characterised. The soil sample in a 250 ml soil sampling ring is
saturated, placed on the scale and closed on the bottom. The upper side of the sample is
open, so the water from the sample can evaporate to the atmosphere. The mean water
content is derived from the mean pressure head and column weight, and is assessed at
every time step, to get the water flow rate and volumetric water content. From the total
loss of water the initial water content (¢) can be determined. Average water content 6,
can be derived from the & and weight loss and the average water tension %, gives a
retention function value 6,'(h,) at every time step. The measurements lasts until the
tensiometers run dry or the change in mass becomes negligible. The procedure is based
on the assumption that water content and water tension distribute through the column
linearly. Another assumption is that the changes between the water tension and weight
of the sample are linear between two tensiometer heights. The data obtained with the

method was fitted with the van Genuchten-Mualem model (Table 3.10, Figure 3.12).

For all three soils K; was determined in the laboratory using a falling head method. All
soils used in soil tank experiment were air-dried and initial soil moisture content was

close to 6..
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Figure 3.12: Sand hydraulic properties for sand, sandy loam and silty clay loam

The hydraulic parameters obtained were used as inputs for the numerical model Hydrus-

2D/3D which was used simulate the experiments as described below.

Hydrus-2D/3D setup

The emitter discharge rates and total volumes of applied water for numerical
simulations are presented in Table 3.11 and are equal to those used in soil tank

experiments.

Table 3.11: Irrigation duration and volume of applied water for all trials

Soil Q (L/h) Irrlg?,::?;l) time Applle((; ;folume
0,11 84 0.15
0,49 50 0.41
Sand 0,99 28 0.47
1,51 19 0.48
2,05 13 0.44
Sandy loam 0,09 130 0.20
0,49 49 0.40
Silty clay loam 0,12 120 0.23

In Hydrus-2D/3D the planar two-dimensional geometry was selected because of the

nature of the soil tank shape. The dripper lateral on the soil surface was assumed to
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represent a 2.45 cm section of an infinite line source. Simulations were done
considering a 30 cm deep and 40.3 cm wide rectangular transport domain (Figure 3.13),

where a single emitter was placed at the centre of domain.

Constant flux BC No flux BC
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|
7 e —
40.3cm
No flux BC

Figure 3.13: Spatial discretization of the 2D flow domain and its BC.

An unstructured mesh was automatically generated to discretise the flow domain into
3733 nodes in all cases. Finite elements were smaller at the upper boundary of the
transport domain, where the hydraulic gradient is higher, and larger with increasing
depth. Absence of flux was considered for all boundaries, except at the centre of the
domain where a time-constant flux boundary condition (BC), representing the dripper,
was used (Figure 3.13). A new special BC for surface drip with dynamic wetting,
incorporated into recent second version of Hydrus-2D/3D, was used. This BC was

previously used by Gardenas et al. (2004).
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The constant water flux per unit area (g) is equal to the emitter discharge rate (Q) at the
modelled drip surface length (2.45 cm wide) (Equation 12), which varied from 0.1 to 2

L/h, and was calculated as below:

_ QL/h *1000
1= 50 2.45 cm

in cm3 /min 12
The flow domain was assumed to be uniform and isotropic. Initial conditions were
selected close to the 8, and were 0.02, 0.09 and 0.14 for sand, sandy loam and silty clay

loam, respectively.

3.2.4 Old and new Boundary condition

All simulations, except soil tank tests, have been done with version 1.0. of the Hydrus-
2D/3D, assuming that the flow rate per unit area was equal to the saturated hydraulic
conductivity of the soil (Ks) (constant flux boundary was applied to a fixed surface
area). The simulations comparing the soil tank experiments were carried out with new
surface drip irrigation BC which was included in Hydrus-2D/3D Version 2.0. To test, if
new BC causes different dimensions of wetting patterns, some randomly selected
simulations, where old BC was used, were rerun using new BC. The results are

presented in Figures 3.14 to 3.20.

a) b)
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0.54 Clay 1.5L/h, 30 % 0.54 §|ayI 1.5L/h,30%
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. \ Clay 1.5L/h, 30 % 0.52 \ y - )
0.50 \ depletion, Old BC 0.50 depletion, Old BC
S s
E 0.48 E 0.48 \
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Wetted radius X (cm) Wetted depth Y (cm)

Figure 3.14: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 1.5 L/h emitter discharge rate and 30 % depletion for clay
soil at the end of irrigation (20 L of water applied).
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Figure 3.15: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 1.5 L/h emitter discharge rate and S0 % depletion for silt
loam soil at the end of irrigation (20 L of water applied).
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Figure 3.16: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 1.5 L/h emitter discharge rate and 70 % depletion for sand
soil at the end of irrigation (20 L of water applied).
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Figure 3.17: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 2 L/h emitter discharge rate and 50 % depletion for silt loam
soil at the end of irrigation (20 L of water applied).
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Figure 3.18: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 4 L/h emitter discharge rate and 30 % depletion for silt loam
soil at the end of irrigation (20 L of water applied).
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Figure 3.19: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 4 L/h emitter discharge rate and 50 % depletion for clay soil

at the end of irrigation (20 L of water applied).
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Figure 3.20: Comparison of simulated wetted radius (a) and wetted depth (b) using old
and new BC for 4 L/h emitter discharge rate and 70 % depletion for sand soil

at the end of irrigation (20 L of water applied).

For 1.5 and 2 L/h emitter discharge rates and different initial soil moisture conditions

(depletions) for sand, silt loam and clay soils, no difference between old (constant flux
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applied to fixed surface) and new BC (dynamic evaluation of wetted area) in observed
wetted geometry at the end of irrigation was observed. For 4 L/h treatment some
differences occurred in all soils but were in general small. For silt loam soil at 30 %
depletion the radius of wetting pattern was 45 cm for old and 46 cm for new BC.
Observed wetted depth for old and new BC was 52 and 50 cm, respectively. In clay soil
at 50 % depletion the radius of wetting pattern was 39.5 cm for old and 40 cm for new
BC, the wetted depth was 51.5 cm for old and 44.5 cm for new BC. In sand soil at 70 %
depletion the radius of wetting pattern was 32.5 cm for old and 31 cm for new BC, no
difference between old and new BC in wetted depth was observed and resulted in 54 cm
in both cases. In general the differences between the position of the wetted front
between old and new BC was remarkably small. This is likely to be due to the fact that
spreading of water over the surface until the discharge rate can be accommodated for, as
modelled by the new BC, is fast and that infiltration after this proceeds as we have

assumed, at a steady rate equivalent to Ks.

3.2.5 Statistical analysis

A multiple linear regression analysis was done to identify whether soil texture, emitter
discharge rates (Q), volume of applied water (V) and soil hydraulic properties (o, n, Ks)
and free pore space (6y) can explain the variation in soil wetting pattern radius and
depth. The software package STATISTICA Version 10 (StatSoft, Inc., USA) was used
for this purpose.
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4 Results and discussion

4.1 Simulations of wetting patterns for all soil textural classes

4.1.1 Effect of soil texture and volume of applied water on horizontal and

vertical wetting pattern dimensions

Numerical soils with hydraulic properties predicted using Rosetta Lite v. 1.1

As mentioned in Chapter 3, the texture of the numerical soils was determined from the

middle of each texture class from UK textural triangle and their hydraulic properties

determine using Rosetta Lite v. 1.1. The time of irrigation was 31 days with 16

irrigation cycles. Each irrigation cycle lasted for 15 hours and was followed by 33 hours

of redistribution.

Hydrus-2D/3D simulations were carried out and the measurements of wetting patterns

in horizontal (X) and vertical (Y) direction were observed after every hour of irrigation

(after every 4 L of applied water) for the 16™ irrigation cycle.

Figures 4.1 to 4.3 show the 2D moisture content distribution obtained with the Hydrus-

2D/3D simulations for three of the eleven soils for the last (16“’) irrigation cycle after 10

h of irrigation (40 L of water applied).
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Figure 4.1: Simulated geometry of wetting pattern for sand soil after 15 irrigation cycles

and 10 h of irrigation (40 L of water applied).
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Figure 4.2: Simulated geometry of wetting pattern for silt loam soil after 15 irrigation

cycles and 10 h of irrigation (40 L of water applied).
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Figure 4.3: Simulated geometry of wetting pattern for clay soil after 15 irrigation cycles
and 10 h of irrigation (40 L of water applied).

The results in Figures 4.1 to 4.3 show that, at the high value of cumulative infiltration
(irrigation), the soil type importantly affects the size of the wetting pattern. The wetting
pattern in the coarser textured soils (sand) is elongated in a vertical direction (the
wetting pattern is elliptical), and the wetted depth is larger than the wetted diameter.
The contours show that there is not much water stored in the soil profile. In both fine-
textured soils, as silt loam and clay soil, the wetting pattern is elongated in a horizontal
direction and the wetted diameter is larger than the wetted depth, and has a more
circular shape. The contours show higher water storage capability of fine textured soils,
which is even more profound in clay soil. Further analysis and causes for this behaviour

are explained in the following section.
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The influence of soil type on the wetting patterns is shown in figures 4.4 and 4.5 which
are a plot of the dimension of the wetted soil in the horizontal (X) and vertical (Y)
directions, as a function of volume of water applied, for all soil texture classes. As it
was expected, both X and Y dimensions increase with increasing volume of water
applied. Wetted radius (X) at a given volume of applied water tends to be larger for
fine-textured soils (clay loam, clay, silty clay) and smaller for course-textured soils
(sand, sandy loam, loamy sand). The wetted depth (Y) tends to be larger for coarse-
textured soils (sandy clay, sandy clay loam and sand). The smallest wetted depth

occurred in fine-textured soils (silty clay loam, clay loam and silty clay).
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Figure 4.4: Dimensions of the wetted soil radius (X) as a function of volume of applied water.

MSc by Research, Cranfield University Bostjan Naglic (2011)



58 Results and discussion

160
e SandyLoam e SiltyClay | |
150 + e====sand e | 0amySand —
e ClayLoam s SandySiltLoam
140 -+ s SiltLoam s SiltyClayLoam
130 -+ SandyClayLoam e Clay |
120 SandyClay |
E 110 Z |
> 100 o~
] 90 /
g =0 > ‘?é =
T 70 //,/
£ 60 —
; 50 //
/ -~
40 "
~
30 A i
20 B2
10

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Volume of applied water (L)

Figure 4.5: Main dimensions of the wetted soil volume in vertical direction (Y) as a
function of volume of applied water.

For example, in order to irrigate the root depth (YY) equal to 40 cm, in sand soil and with
emitter discharge rate of 4 L/h, it is necessary to apply 7 L of water and to irrigate for
105 min. The wetted radius is equal to 34 cm, so the emitter spacing should be at least
68 cm to maintain a continuous wet strip of soil for irrigation of row crops. To irrigate
to the root depth of 40 cm in the clay soil it is necessary to apply 12 L of water and to
irrigate for 180 min. The wetted radius at that volume of water applied will be 63 cm, so

the emitter spacing should be at least 126 cm to maintain a continuous wet strip of soil.

The maximum X and Y obtained for each soil at the end of last cycle of irrigation are
compared in Figure 4.6. It can be seen that the maximum water spread in horizontal (X)
direction occurred for the sandy silt loam (99 cm), silt loam and sand but in horizontal
(Y) direction for sandy clay (152 cm) soil. Minimum water spread in horizontal (X)
direction can be observed for loamy sand (56 cm) soil and in vertical (Y) for silty clay
loam (86 cm) soil. The results show that the wetting patterns for coarse-textured soils
tend to extend in vertical (Y) direction more than in horizontal (X) direction. This is due
to high infiltration capacity of coarse-textured soils, where water drains easily through

the soil profile because gravity dominates. The opposite is observed for fine-textured
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soils, where, because of high capillarity forces, the wetting patterns tends to move more
in the horizontal (X) direction. The bigger storage capacity in fine-textured soils and
consecutive shape of the wetted radius can be explained by porosity, which is an index
of the relative pore space in the soils. Coarse-textured soils tend to be less porous than

fine-textured soils, which explains their lower storage capacity.
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Figure 4.6: Maximum horizontal and vertical wetting pattern dimension at the end of the
irrigation cycle (15 h).

To illustrate how soil texture affects the geometry of wetting pattern the Figure 4.7
shows the ratio of wetted depth (Y) to wetted radius (X) at the end of irrigation cycle
(60 L of water applied). The Y/X ratio of 1 means that wetted depth (Y) and wetted
radius (X) have about the same distance — the wetting pattern shape is round. Ratio
higher than 1 shows that the wetted depth is larger than the wetted diameter and values
lower than 1 show that the wetted diameter is larger than the wetted depth. Coarse-
textured soils (sand, sandy clay, sandy clay loam, loamy sand) have Y/X ratio above
1.64, showing that the wetting pattern depth is larger than the wetted diameter. The ratio
for fine-textured soils, as clay loam, silty clay loam, silt loam, sandy silt loam, clay and
silty clay, is just above or under 1, showing that the wetting pattern depth and diameter

have about the same length. The Y/X ratio gives information about the relative
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contribution of gravity and capillarity forces. Gravity dominates in soils with large Y/X

ratio whereas it is negligible compared to the capillarity forces in soils with a ratio close

to 1.
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Figure 4.7: The ratio of wetted depth (Y) to wetted radius (X) at the end of the irrigation
cycle (60 L of water applied).

PTF models, like Rosetta Lite v. 1.1 estimate water retention and Ks reasonably well
when more predictors, such as soil texture, bulk density and water retention points, are
used (Schaap et al., 2001). In the case of these numerical soils, only soil texture was
used as a predictor. It is therefore possible that the estimations of the hydraulic
parameters of these soils are not always accurate. Since the dimensions of the wetting
patterns simulated with Hydrus-2D-3D are likely to be highly dependent on these
hydraulic parameters, the above simulation results were not used for further statistical
analysis of the influence of soil texture and volume of applied water, on wetting pattern
dimensions. A second set of numerical simulations was run, where real soils,
corresponding to all soil textural classes from UK textural triangle, were used. These
were selected from the SEISMIC database, developed by NSRI at Cranfield University.
The database provided all the soil parameters needed for this study (soil texture, bulk

density, saturated hydraulic conductivity, and water retention parameters).
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Real soils from SEISMIC database

In this section the surface wetted radius and wetted depth are presented as a function of
volume of applied water (L), respectively. Volume of applied water is a product of the
application rate (L/h) and time (h). Figures show the relation between wetting radius
(X) and wetted depth (Y) with volume of applied water for all real soil texture classes

from SEISMIC database for 2 L/h discharge rate at 50 % depletion.

The influence of soil type on the wetting patterns is shown in Figures 4.8 and 4.9 which
are a plot of the dimension of the wetted soil in the horizontal (X) and vertical (Y)
directions as a function of volume of water applied, for all soil texture classes. As
expected, the size of the wetting pattern in both directions increases with the volume of
applied water. Wetted radius (X) at a given volume of applied water tends to be larger
for fine-textured soils (silt loam, silty clay, clay loam, sandy silt loam and clay) and
smaller for course-textured soils (sand, loamy sand, sandy clay loam and sandy loam).
The wetted depth (Y) tends to be larger for coarse-textured soils, as sand, loamy sand
and sandy clay. The smallest wetted depth occurred in fine-textured soils (silty clay

loam, silty clay and silt loam).
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Figure 4.8:

Dimensions of the wetted soil radius (X) as a function of volume of applied
water for 11 soil texture classes, emitter discharge rate of 2L/h and at 50 %

depletion.
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Figure 4.9: Dimensions of the wetted soil volume in vertical (Y) direction as a function of
volume of applied water for 11 soil texture classes, emitter discharge rate of 2
L/h and at 50 % depletion.
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Figures 4.8 and 4.9 also show that the wetting front in both directions (X and Y) moved
faster at the beginning of the application, due to large capillarity pressure gradients
(pressure difference per distance) between the water source and wetting front, and
slowed down with increase in volume of applied water, as the wetting pattern moved
away from the source. The increase was not linear. Later the pressure gradients get
smaller and gravity starts to dominate. The figures also show that with the increase in
volume of applied water, the wetted depth increased more than wetted radius, which is

due to the gravity effect.

The wetted radius (X) and wetted depth (Y) for the two most contrasting soil textures, at
the end of the application cycle, are compared in Figures 4.10 and 4.11. Horizontal and
vertical water content profiles, at the soil surface and along the axis of symmetry,
respectively, are plotted from the 2D moisture content distribution results obtained with
the numerical simulations. The wetting front location can be defined as the location
where the moisture content is greater than the initial moisture content (Bresler ef al.
1971). The wetting front location in radial (X) direction is observed at 34.5 cm for sand
and at 39 cm for clay. The wetting front location depth (Y) occurred at 57 cm for sand
and at 52 cm for clay. Maximum water gradient in depth (Y') occurred at 57 cm for sand
and at 52 cm for clay. The results show that the depth (Y) of the wetting pattern in the
slowly permeable clay is smaller than in the highly permeable sand. On the other hand,
the wetted radius of clay is bigger than that of the sand.
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Figure 4.10: Wetted radius (a) and depth (b) for sand and clay soil at the end of the
irrigation cycle (20 L of water applied).
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Figure 4.11: Water content distribution for sand and clay soil as simulated with Hydrus-

2D/3D, at the end of irrigation cycle.

Comparisons of the maximum X and Y obtained for each soil at the end of last cycle of

irrigation is shown in Figure 4.12.
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Figure 4.12: Maximum radius (X) and depth (Y) of wetting pattern at the end of irrigation

cycle for all soil texture classes.
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It can be seen that the maximum water spread in horizontal (X) direction occurred in silt
loam soil (41.5 cm) and in horizontal (Y) direction for sandy clay (152 cm) soil.
Minimum water spread in horizontal (X) direction can be observed for loamy sand (56
cm) soil and in vertical (Y) for sand soil (57 cm). The results show the same trend as
that of the numerical soils as discussed in the previous section. The wetting patterns for
coarse-textured soils tend to extend in vertical (Y) direction more than in horizontal (X)
one. This is due to high infiltration capacity (or Ks) of coarse-textured soils, where
water infiltrates easily through the soil profile and the domination of gravity forces. On
the other hand, in fine-textured soils, where, the wetting patterns tends to move more in
horizontal (X) than in vertical (Y) direction because of high capillarity forces, especially

at the beginning of water application.

To illustrate how soil texture affects the geometry of wetting pattern, Figure 4.13 shows
the ratio of wetted depth (Y) to wetted radius (X) at the end of irrigation cycle (20 L of
water applied). The Y/X rate of 1 means that wetted depth (Y) and wetted radius (X)
have about the same distance — the wetting pattern shape is round and capillarity forces
are dominating. Ratio close to 2 shows that the wetted depth is larger than the wetted

diameter and that the gravity forces dominate.
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Figure 4.13: The ratio of wetted depth (Y) to wetted radius (X) at the end of the irrigation
cycle (20 L of water applied).
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In Figure 4.13 the coarse-textured soils (sand and loamy sand) have Y/X ratio above
1.6, showing that the wetting pattern depth is larger than the wetted diameter. Gravity
has a profound effect in these soils. The ratio for fine-textured soils (silty clay loam,
silty clay and silt loam), is 1.1, showing that the wetting pattern depth and diameter

have about the same length and in that case the capillarity forces dominate.

4.1.2 Influence of discharge rates
Measurements of dimensions of wetting patterns for three contrasting soil texture
classes, as a function of volume of applied water (irrigation duration) for the three

different surface drip emitter discharge rates (Q), are given in Figure 4.14.
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Figure 4.14: Measured simulated wetting pattern dimensions in three texture-contrasting
soils as a function of volume of applied water for different water application
rates.
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In the silt loam and clay soils the higher emitter discharge rate (4 L/h) produced a bigger
wetted radius at the beginning of irrigation. This was not true for the sand soil, where
differences between different emitter discharge rates had minimal or almost no effect on
the wetted radius at the beginning of irrigation, or up to 9 L of water applied. Therefore,
in the sand soil, differences only occurred at the end of irrigation, where the lower flow
rate resulted in a slightly larger wetted radius, as discussed earlier. Conversely, at the
end of water application almost no differences in the size of the wetted radius occurred
in silt loam and clay soil. The wetted depth increased with a decrease in emitter
discharge rate in the silt loam and clay soils. However, this effect vanished after 15 L of
applied water in the clay. In the sand soil emitter discharge rate had almost no effect on

the wetted depth.

Because it is hard to see the differences in wetting pattern dimensions in Figure 4.14,
the wetted radius (X) and wetted depth (Y) are at the end of water application for the
three discharge rates and the three soils plotted in Figure 4.15.
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Figure 4.15: Wetted radius X (cm) (a) and wetted depth Y (cm) (b) at the end of water
application (20 L of water applied) for three different emitter discharge rates
and different soil textures.

At the end of water application (20 L) the emitter discharge rate slightly affected radial
water movement in all cases. Decreased discharge rates resulted in a slight increase in
the wetting pattern radius for all soils. In the silt loam soil the discharge rates of 2 L/h
and 4 L/h produced the same wetted radius of 41.5 cm, whereas the discharge rate of 1.5
L/h produced a slightly larger radius (42.5 cm). Similarly, in the clay soil, 1.5 L/h

resulted in a radius of 40 cm in comparison to radii of 39 and 39.5 c¢m for the 2 L/h and
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4 L/h treatments, respectively. In the sand the difference was larger, with emitter
discharge rates of 1.5, 2 and 4 L/h producing a wetted radius of 36, 34.5 and 33 cm,
respectively. Conversely the discharge rate had no effect on the wetted depth in the sand
and clay soils. The only effect of discharge rates was observed in the silt loam where
1.5, 2 and 4 L/h resulted in wetted depth of 48, 47.5 and 45.5 cm respectively. The
findings of Cote et al. (2003) for subsurface drip irrigation suggested that, when the
emitter discharge rate decreases, both the wetted radius and depth increase. This is
contradictory to the findings of Skaggs et al. (2010) who concluded that, for subsurface
drip irrigation investigated with numerical simulations and field experiments, emitter
discharge rates had no significant effect. In our case, the discharge rates, under surface
drip irrigation, only affected the wetted radius in the sand soil and the wetted depth in

the silt loam.

The moisture content distribution obtained with the numerical simulations of water
infiltration from surface emitters in the silt loam, sand and clay soils is shown in Figure
4.16. The wetting patterns for three contrasting soil types and the three emitter
discharge rates are compared at the end of irrigation cycle (at 20 L of water applied).
Note that the water content distribution is represented by colour scales which are
different for each soil texture. The initial moisture content, corresponding to 50 %

depletion, is represented by the red colour and varies between 0.128 and 0.377.
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Figure 4.16: Simulated water distribution around the surface drip emitter for three
emitter discharge rates of 1.5, 2 and 4 L/h and 20 L of water applied for
three soil texture classes.

The different flow rates had a small effect on the final size of the wetting pattern as can
be seen on Figure 4.15 and figure 4.16, but large differences in the position of the

saturated (dark blue colour) wetted front were observed as shown in Figure 4.17
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Figure 4.17: Wetting front close to saturation in X (cm) (a) and Y (cm) (b) direction at the
end of water application (20 L of water applied) for three different emitter
discharge rates and different soil textures.
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The saturated moisture content &, in the sand is 0.377. The radius of the wetted front
close to saturation (> 0.354) was 9.5, 11 and 14.8 cm for the 1.5, 2 and 4 L/h emitter
discharge rates, respectively. The observed depths were 25.5, 32 and 43 cm for the three
discharge rates, respectively. The saturated moisture content é; in the silt loam is 0.483.
The radius of the wetter front close to saturation (>0.465) was 19, 20.75 and 25.55 cm
for the 1.5, 2 and 4 L/h emitter discharge rates, respectively and observed depths were
28.6, 30.9 and 34.6 cm for the three discharge rates, respectively. For clay soil the
saturated moisture content 6, is 0.540. The radius of the wetted front close to saturation
(> 0.525) was 21.1, 22.3 and 26.43 cm for the 1.5, 2 and 4 L/h emitter discharge rates,
respectively. The observed depths were 37, 39.5 and 41.9 cm for the three discharge
rates, respectively. It is therefore apparent that flow rate has a much larger effect on the
position of the saturated front compared than on the position of the wetting front. When
only the wetted front close to saturation is taken into account, higher QO (L/h) result in
larger saturated radius and depth. This was more pronounced for wetted depth in the

soils with coarser texture and can be clearly seen for sand soil (Figure 4.17).

Additional insight into any other possible effects of different discharge rates on soil
water distribution can be gained by plotting wetted depth and wetted radius against

water content (6) (Figure 4.18).
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Figure 4.18: Wetted radius and wetted depth for three soils with different emitter
discharge rates at the end of irrigation (20 L of water applied).

These water content profiles correspond to the end of water application (20 L of water
applied). From Figure 4.18 it can be seen that, at the saturated front, larger water
content gradients are produced with the higher emitter discharge rate. This results in a
sharper front and larger changes in water content over smaller distances. This is true for
all soil textures and in both directions. As mentioned earlier, the results also show that
the radius and depth of the saturated zone increased with emitter discharge rate. These
results are in agreement with Mostaghimi et al. (1982) and Bar-Yosef and
Sheikholslami (1976) in horizontal (X) direction for a sand soil, where for a given
volume of water applied, the higher emitter discharge rates produced slightly smaller
wetted radius. For silt loam and clay soil, 2 and 4 L/h emitter discharge rates had no
effect on wetted radius and a 1.5 L/h discharge rate produced a slightly larger wetted
radius. This is probably due to the longer application time needed for the 1.5 L/h emitter
to apply the same amount of water, therefore allowing more time for soil moisture to
redistribute in a radial direction due to capillary forces. Higher emitter discharge rates
caused faster horizontal (X) water spreading and shorter application time, allowing less
time for water to redistribute, through capillarity. Emitter discharge rate had no effect

on wetted depth (Y) of sand and clay, but small effect for silt loam, where a higher
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emitter discharge rate resulted in smaller wetted depth, which is in agreement with
Bresler et al. 1971, Li et al. (2003, 2004), Levin ef al. (1979) and Khan et al. (1996),
but in disagreement with studies of Mostaghimi et al., 1982 and Bar-Yosef and
Sheikholslami, 1976, where increase in emitter discharge rate resulted in increased

wetted depth.

When only the wetting pattern close to saturation is considered, the influence of emitter
discharge rate had a bigger effect on radius and depth of wetting pattern in all soils. An
increase in emitter discharge rate resulted in increase in depth (Y) and radius (X) of the
saturated wetting pattern. This is similar to the results of Levin et al. (1971), where the
highest emitter discharge rate resulted in the furthest wetting pattern advance in both
directions for sand soil. However, the discharge rates they used were higher (8 L/h) and
their initial water content of the soil was chosen close to field capacity. These results
also agree with Bresler et al. (1971), Levin et al. (1979), Khan et al., (1996) and Li et
al. (2003, 2004), but just for wetted radius (X). In their case the wetted depth decreased
with increase of emitter discharge rate, which was not true in this study. The differences
in saturated wetted radius occurred because of the nature of the surface boundary
condition, which was calculated as presented with Equation 11. The radius of
application was bigger for a bigger emitter discharge rate for a given soil. All the
changes therefore occurred in the radius of application, which resulted in calculated
length as presented in Table 4.1. In general, the radius of saturated wetting pattern

depends on the Ks of the soil and discharge rate of the emitter.

Table 4.1: Radius (X) of application for different soils and emitter discharge rates (Q)

0 (L/h) Radius (X) (cm)
Sand Silt loam Clay
1.5 6.28 11.91 12.05
2 7.26 13.75 13.92
4 10.27 19.45 19.68

The differences in the length of application radius for different emitter discharge rates
are very similar to the measured changes in radius (X) of saturated wetting patterns

achieved with different emitter discharge rates. A higher emitter discharge rate resulted
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in increase in the soil wetted depth close to saturation. This is in agreement with

Mostaghimi et al. (1982) and Bar-Yosef and Sheikholslami (1976).

It has to be noted, that wetting patterns were observed in both directions immediately
after termination of irrigation, allowing no time for redistribution of soil moisture
content. According to Levin et al. (1977), the advantage gained by using high emitter
discharge rates to extend wetting pattern lateral movement in sand (Nahal Sinai soil and
Gilat loam) is valid only for a short time during the first irrigation cycle and after 24 h
of moisture redistribution this difference is reduced to negligible amount. Also, in the
study of Skaggs et al. (2011) it was concluded that none of the studies for sandy loam,
testing different emitter discharge rates and pulsed irrigation produced a wetting pattern

that was different from any others.

In order, to establish the proper spacing between the emitters, to give complete lateral
soil wetting, the shape of the wetting pattern has an important role. For example, in sand
soil the emitter spacing for emitter flow rate of 4 L/h should be at least 60 cm (2X)
(Figure 4.18). At that spacing, the soil in the middle, between 2 successive emitters will
be too dry and plants will experience a certain degree of stress. Therefore it is important
to know the desired soil moisture content (or % depletion) at which plants easily extract
water from the soil. If the emitter spacing is too close, the neighbouring emitters overlap
and the water content adds up and can, in this case, exceed the field capacity of the soil,

resulting in drainage and therefore lost water.

4.1.3 Influence of initial conditions

Different initial soil moisture conditions are, in this study, presented as % of depletion
of the available water (AW) which corresponds to the amount of water between field
capacity (FC) and permanent wilting point (PWP). % depletion represents the % of AW
that is no longer available. A field capacity corresponding to a moisture content at 10
kPa (-100 cm) matric potential was chosen for all three soils. The size of the wetting
pattern in a horizontal (X) and vertical (Y) direction was measured for three soils (sand,
silt loam and clay) and three different initial soil moisture conditions corresponding to

depletions of 30 %, 50 % and 70%.
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The dimensions of the wetting patterns for the three soils as a function of the volume of
applied water (irrigation duration) and for the three soil moisture depletions are

represented in figure 4.19.
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Figure 4.19: Measured simulated wetting pattern dimensions in three texture-contrasting
soils as a function of volume of applied water for different soil water initial
conditions (represented as depletion in % of selected FC).

Silt loam soil resulted in the biggest wetted radius for all depletions, followed by clay
and sand soil. Just the opposite is true for wetted depth, where sand resulted in the
biggest wetted depth for all depletions, following by clay and silt loam soil. Higher soil

moisture initial conditions (lower depletions) caused an increase in spreading in a radial
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direction and wetted depth for all soils. This data agree with results of previous studies
of subsurface drip irrigation (e.g. Provenzano, 2007; Skaggs et al., 2010) and surface
drip irrigation (e.g. Li ef al., 2003, 2004).

Figure 4.20 shows the maximum wetted radius and wetted depth, reached at the end of
water application for the three depletions and three different soils. 30, 50 and 70 %
depletion produced a wetted radius of 47, 41.5 and 39 cm in silt loam soil, 42.5, 39 and
37 cm in clay soil and 36, 34.5 and 34 cm in sand soil, respectively. A wetted depth for
30, 50 and 70 % depletion was equal to 60, 57 and 54 cm for sand soil, 58.5, 52 and 48
cm for clay soil and 55, 47.5 and 43 cm for silt loam soil, respectively. Increase of the

wetting pattern is larger in a vertical (Y) than in a horizontal (Y) direction.
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Figure 4.20: Wetted radius (X, cm) and wetted depth (Y, cm) in three soils for three initial
soil moisture conditions (% depletions) at the end of water application (20 L of
water applied).

Soil depletion had a larger effect on fine-textured soil (clay and silt loam) in both
directions. The explanation for this effect can be found in soil’s particle size, and
consequently, air-filled pore spaces. Because depletion (%) was calculated, based on FC
of each soil at -100 cm suction (matric potential), the sand soil had, at that suction, more
air-filled pore space (or less available water) than other fine-textures soils. Therefore,
applying different percentages of depletion to an already dry sand soil did not cause
much difference in initial water content. Changes between 70 % depletion and 30 %
depletion resulted in initial volumetric water content differences of 0.0085, 0.068 and

0.042 in the silt loam, clay and sand, respectively as presented in Figure 4.21. Therefore

MSc by Research, Cranfield University Bostjan Naglic (2011)



76 Results and discussion

the small variation in initial soil moisture content in the sand, explains the smaller effect

on wetted dimensions in both directions.

0.45
0.4 0.4034._ =—30% depletion ——
0.35 _—0_30' == 50% depletion o
: .
70% depletion
—~ 0.3 .
< 025 :
=2 Y 0:2449
0.15
0.1 01068
0.05 T T )
Clay Silt Loam Sand
Soil texture class

Figure 4.21: Values of water content corresponding to % depletion for three different
soils.

Simulated water distribution in the sand, silt loam and clay soil, using 2 L/h emitter
discharge and the three different initial moisture contents, are presented on Figure 4.22.
It is obvious, that the wetting pattern increased with an increase in initial soil moisture

content (or a decrease in % depletion).
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Figure 4.22: Simulation of water distribution in sand, silt loam and clay with 30 %, 50 %
and 70 % depletion at the end of water application (20 L applied).

Additional insight into any other possible effects of different soil moisture initial
conditions on soil water distribution can be gained by plotting wetted depth and wetted
radius against 6 (Figure 4.23). The figures show that the wetting pattern for all soils and
in both directions increased with higher initial soil moisture (or lower depletion
percentage). This was expected, because with higher soil moisture content less pore
volume is available for water which has to infiltrate a larger soil volume. Water content
gradients were in general sharper (steeper) in Y (depth) direction compared to X (radial)
direction. In both directions water content gradients at the wetting front got sharper with

decrease in initial soil moisture content.
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Figure 4.23: Simulated wetted radius and wetted depth for three soils with different initial
soil moisture conditions (depletions) at the end of irrigation (20 L of water
applied).

Overall, an increase in initial soil moisture content resulted in an increase in the size of
the wetting pattern in both directions, and produced a less sharp water content gradient
at the wetting front. Results confirm the conclusions of Skaggs et al. (2010), where
higher initial soil water content increased water spreading from shallow subsurface and
surface drip irrigation systems, with larger spreading in the vertical than in the
horizontal direction. The larger overall spreading is due to a decrease in the available
pore space at higher moisture content while the lower horizontal than vertical spreading
can be explained by lower capillary forces at larger initial moisture content (smaller
depletions).However, the rate of increase in the wetted depth and wetted radius on

Figure 4.19 is not higher for dryer soils (70 % depletion) as it would be expected
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because of higher capillary forces at the wetting front. This is because the rate of
wetting pattern increase is governed by the infiltration rates at the soil surface, which is
constant at 2 L/h in this case. Also, as can be seen in figure 4.23, less sharp water
content gradients at the wetting front are produced in the soils with higher moisture

content due to lower capillary pressure gradients.

4.1.4 Comparison with soil tank experiments

Figure 4.24 to 4.26 show the comparison between the experimental and simulated
wetting patterns for the sand, the sandy loam and the silty clay loam for continuous
applications with surface drip emitter discharge rates (Q) of 0.1, 0.5, 1, 1.5 and 2 L/h.
Note that for the sandy loam and the silty clay loam Q higher than 0.1 or 0.5 L/h could
not be used. This because these higher rates resulted in water spreading across the entire

soil surface area of the tank before any meaningful measurements could be achieved.
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Figure 4.24: Measured and simulated wetting patterns for sand at the end of the water
application with Q variation from 0.1 to 2 L/h.
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Figure 4.25: Measured and simulated wetting patterns for sandy soil at the end of water
application with Q from 0.1 to 0.5 L/h.
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Figure 4.26: Measured and simulated wetting patterns for silty clay loam at the end of
water application with Q of 0.1 L/h.
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It is clear from the comparisons above that, in general, the depths and diameters of

simulated and measured wetting patterns are in good agreement for the sand and silty

clay loam soils. However, despite a relatively good agreement between measured and

simulated wetted depth in the sandy loam soil, the discrepancy between measured and

simulated diameters is larger.

Measured and simulated depth and diameter, as a function of time, for three different

soil types and various emitter discharge rates, are shown in figures 4.27 to 4.29.
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Figure 4.27: Measured and simulated wetted diameter (right side) and depth (left side) as
a function of time for sand soil at different Q.
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Figure 4.28: Measured and simulated wetted diameter (right side) and depth (left side) as
a function of time for sandy loam soil at different Q.
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Figure 4.29: Measured and simulated wetted diameter (right side) and depth (left side) as
a function of time for silty clay loam soil at different Q.

Measured and simulated wetting pattern dimensions for the sand and silt clay loam soils
are in very good agreement, from the start to the end of water application. As mentioned
above a large discrepancy occurs between the measured and simulated wetting pattern
diameter for the sandy loam soil, where Hydrus-2D/3D overestimated the wetted
distance. This discrepancy is unlikely to be due to errors in the characterisation of the
hydraulic parameters of the soil, since these are comparable to those of other sandy
loams found in both the Hydrus and SEISMIC databases. The lack of lateral spreading
reflects low capillary pressures at the wetting front, and further numerical simulations
(data not shown) show that large increases in the parameter a, to a value well above that
of sands, are needed to match the wetted diameter observed experimentally. The
photographs of the tank show, what appears to be, a layer of material made of coarser
particles at the soil surface which may reduce the initial lateral spreading of water. Why

such a segregation of particles has occurred during packing remains unclear.

Calculation of the root-mean-square-error (RMSE) for the measured and simulated
wetting pattern dimensions represents the mean distance between measured and
simulated depth and diameter of wetting pattern. The RMSE (Equation 13), as given by
Kandelous et al. (2011) and Phogat et al. (2011), is given as:

n

1
—E Mi — Si)2 13
n ( ! l)

i=1

RMSE =
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where Mi and Si are observed and simulated values and » is the number of observations.

The RMSE values for each trial are given in table 4.2.

Table 4.2: Root mean square error (RMSE) between measured and simulated wetting
pattern diameters (X) and depths (Y) for Q (L/h) ranged from 0.1 to 2 L/h.

RMSE (cm)
Soil texture Q
0.1 L/h 0.5L/h 1L/h 1.5L/h 2 L/h
X Y X Y X Y X Y X Y
Sand 0.8 2.6 1.0 1.3 1.0 0.7 22 13 1.9 04

Sandy loam 99 14 99 1.0 - - - - - -
Silty clay loam 50 0.8 - - - - - - - -

The RMSE values ranged from 0.4 to 2.6 cm for the sand, from 1.0 to 9.9 cm for the
sandy loam and from 0.8 to 5.0 for the silty clay loam soil. Overall the error was smaller
for the wetted depth (YY) than the wetted diameter (X). The comparison in Table 4.2
shows that the model predicted correctly the vertical distribution of water (wetted depth)
for all soils, with RMSE values < 2.6 cm. Good predictions of horizontal distribution
were also obtained for the sand with RMSE values < 2.2 cm over the four flow rates.
However, as noticed above the model simulations did not match the horizontal
spreading in the sandy loam and resulted in RMSE values of 9.9 cm for both emitter

discharge rates. The error was smaller in the silty clay loam with a RMSE of 5.0 cm.

Figures 4.30 and 4.31 show the wetted diameter and wetted depth as a function of
volume of applied water for different emitter discharge rates as measured during the

tank experiments.
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Figure 4.30: Measured wetted diameter in sand soil as a function of volume of applied
water for different emitter application rates.

Figure 4.30 shows, that O (L/h) had influence on soil wetted diameter. As Q (L/h)

decreased, the wetted diameter increased. The wetted diameter at 0.15 L of water

applied varied from 18.9 to 31.9 cm depending on the O (L/h). These results are in

agreement with the results observed for the sand soil from the SEISMIC database

presented in section 4.1.2.
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Figure 4.31: Measured wetted depth in sand soil as a function of volume of applied water
for different emitter application rates.

Figure 4.31 shows that O (L/h) in the sand influenced the wetted depth. In general, as
the emitter discharge rate decreased the wetted depth increased but the influence was
smaller than in the horizontal direction. At 0.15 L, the wetted depth for the O of 0.1,
0.5, 1, 1.5 and 2 L/h was 15.9, 13.5, 13, 12.5 and 12 cm, respectively. These results are
in contradiction with the results for sand soil from SEISMIC database, where Q (L/h)
had no influence on the wetted depth in the sand soil. However, the emitter discharge
rates used for SEISMIC soils were several orders of magnitude higher than those used
in soil tank simulations but only varied by a factor of 2.7 (from 1.5 to 4 L/h) whereas
for the soil tank simulations they varied by a factor of 20 (from 0.1 to 2 L/h). When the
emitter discharge rates of the same magnitude (1.5 and 2 L/h) are used to compare both,
SEISMIC and soil tank numerical simulations, the results show almost the same trend
(Y for 1.5 and 2 L/h in SEISMIC soils is 57 cm for both cases and in soil tank
simulations 1.5 L/h produces 12 cm and 2 L/h 12.5 cm deep wetting pattern).
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4.1.5 Correlations between soil texture, hydraulic properties and horizontal
and vertical wetting pattern dimensions

To analyse the effect of the soil texture, emitter discharge rates (Q), volume of applied
water and soil hydraulic properties (a, n, Ks and free pore space, 6y) on wetted radius
and wetted depth, multiple linear regression analyses were carried out. 6y was calculated
subtracting initial soil moisture content from 6. The purpose of the analysis was to
identify if any of the above parameters can explain the variation of soil wetting pattern
radius and depth. Analysis was performed for the Hydrus-2D/3D simulations results for
SEISMIC soils with all different emitter flow rates and initial soil moisture conditions

(% depletion), presented in Tables 3.5, 3.6 and 3.7 in section 3.2.2.

All above soil parameters were used in multiple linear regression analysis and their
effects on wetting pattern radius (X) and depth (Y) were examined. Pareto chart of
effects was used to represent the effects of soil texture and hydraulic properties on X
and Y (Figure 4.32 and 4.33). The Pareto chart’s purpose is to highlight the most
important parameters, among typically, a large set of parameters. The p value of 0.05
indicates which parameters are statistically significant. z-test checks the significance of

individual regression coefficients.
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Pareto Chart of t-Values for Coefficients; df=691
Variable: X (cm)

Volume of applied water !89.507

Free pore space 21.27302

Ks (cm/h) ]3.70926
Alpha (cm-1) ]3.566608
n | [/2.543599

Q (I/h) | |2.146962

%Clay |[1.171927

I=——

%Sand }17178684

p=.05

t-Value (for Coefficient;Absolute Value)

Figure 4.32: Pareto chart showing the relative frequency of soil parameters, affecting the
radius (X) of wetting pattern.

Pareto Chart of t-Values for Coefficients; df=691
Variable: Y (cm)

Volume of applied water !95.63388

Free pore space 21.76372

Q (I/h) 10.94525

Ks (cm/h) 17.2561 38

n 4.709803
%Sand ]4.403824

Alpha (cm-1)

%Clay ]3.860714
]3.62478

p=.05

t-Value (for Coefficient;Absolute Value)

Figure 4.33: Pareto chart showing the relative frequency of soil parameters, affecting the
depth (Y) of wetting pattern.
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Figure 4.32 shows that volume of applied water (L), 6 Ks (cm/day) and o (cm™) have
the highest significance in predicting the wetted radius (X) and are therefore used to
build a model. All parameters, except % of clay and % of sand, are statistically
significant. In figure 4.33 the volume of applied water, 6y, O (L/h) and Ks (cm/day)
have the highest significance in predictions of wetted depth (Y) and, although all the
other parameters are statistically significant, they add very little to wetted depth
explanation. In both cases the parameters with lower or without statistical significance

were removed from the model and new predictions, presented in Table 4.3, were made.

Table 4.3: Multiple regression equations describing the relationship between soil
parameters and soil wetted radius (X) and depth (Y).

Dependent Independent Equation Adj.

variable variable quatio R’ P
Volume of water

_ x =—57.9%q¢ —34.14*%0,+ 0.94*V +

X(em) (V)(L),a(cm’), 0.09%Ks +31.57 4 0.92 p<0.001
9,", Ks (cm/h) ) )
Volume of applied _ —— N e

Y(em) water(V)(L),Q Y22 Ks—1.270—90.8% 6+ 0.92 p<0.001

*
(L/h), 6, Ks (cm/h) 1.87*V +31.8

The volume of applied water (L), 65 Ks (cm/day) and « (cm™) explained 92 % of
variability of the wetted radius (X). Volume of applied water (L), 6, O (L/h) and Ks
(cm/h) explained 92 % of variability of wetted depth (Y). Analysis showed that
independent variables, presented in Table 4.3, sufficiently explained the variability of X
and Y. The full model, including all variables from Figures 4.32 and 4.33, explained 92
% of variability of X and 94 % of variability of Y.

Figure 4.34 shows observed vs. predicted values for relationship X and volume of
applied water (L), 6, Ks (cm/h) and « (cm™). Predicted values cluster closely and
homogeneously around the 1:1 line, indicating a good fit of the linear model. On that
basis it can be concluded that the volume of applied water (L), 65, Ks (cm/h) and a (cm’
1 provides a good fit for the dependent variable of X (wetted radius). Figure 4.35 shows
observed vs. predicted values for relationship Y and Volume of applied water 6, O

(L/h) and Ks (cm/h). Predicted values cluster quite closely and homogenously around
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the 1:1 line. It can be concluded that volume of applied water, free pore space (6)), O

(L/h) and Ks (cm/h) provide a good fit for wetted depth (Y).

Observed Values vs. Predicted
Dependent variable: X (cm)

Predicted Values

10 15 20 25 30 35 40 45 50 55

Observed Values

Figure 4.34: Observed values of X (cm) against those predicted from the relationship
between X and volume of applied water (L), 05 Ks (¢cm/h) and a (cm™).

Observed Values vs. Predicted
Dependent variable: Y (cm)

Predicted Values

0 10 20 30 40 50 60 70

Observed Values

Figure 4.35: Observed values of Y (cm) against those predicted from the relationship
between Y and volume of applied water, free pore space, QO (L/h) and Ks

(cm/day).
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Empirical models for predicting wetting patterns dimensions

Several models proposed that wetting pattern radius (X) and depth (Y) are mostly
influenced by volume of applied water, as suggested by Li et al. (2003), emitter
discharge rate (Q), saturated hydraulic conductivity (Ks) but also changes in volumetric
water content (46) (Amin and Ekhmaj, 2006). In all these models, the radius (X) and
depth (Y) of the wetting patterns are power functions of the above parameters rather
than linear functions. In order to take this into account, the multiple regression analysis
was run again, but now looking at log X and log Y against logarithm of volume of
applied water (V), emitter discharge rate (Q), saturated hydraulic conductivity (Ks) as
well as changes in water content (46). This allows assessing the predictive capabilities

of these existing empirical models.

Li et al. (2003) model

Li et al. (2003) suggested that the surface wetted radius (X) and wetted depth(Y) are
simply controlled by emitter discharge rate (Q) and time (t), which product is equal to
the volume of water applied. On the basis of correlative analysis they suggested the
following equations for the duration of irrigation necessary to achieve a desired radial

and vertical wetting at a given emitter discharge rate:

x = 13.85(Q x t)02° 14
y = 8.69(Q x t)%53 15
These equations, however, were based on experimental results obtained for only one
loam soil. Here, this simple model is tested against the data obtained with the Hydrus-

2D/3D simulations. The relations obtained with the multiple regression analysis are

presented in Table 4.4 and Figure 4.36.
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Table 4.4: Multiple regression equations describing the relationship between log of volume
of applied water (L) and log of soil wetted radius (X) and depth (Y).

Dependent Independent . Adj.

variable variable Equation R’
Volume of applied _ 024

X (cm) water (L) x=182xV 0.75 p<0.001
Volume of applied B 047

Y (cm) water (L) y=12.9xV 0.88 p<0.001

The volume of applied water explained 75 % and 88 % of variability in wetted radius
(X) and wetted depth (Y), respectively. Figure 4.36a and 4.36b show that observed vs.
predicted values are quite scattered around the 1:1 line, indicating a poor fit of the

simplified model proposed by Li et al. (2003).

a) b)

Observed Values vs. Predicted Observed Values vs. Predicted
Dependent variable: log X (cm) Dependent variable: log Y (cm)

Predicted Values
Predicted Values

1.8 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Observed Values Observed Values

Figure 4.36: Observed values of log X (cm) (a) and log Y (cm) (b) against those predicted
from the relationship between X and Y and log of volume of applied water.

Amin and Ekhmaj (2006) model

The model of Amin and Ekhmaj (2006) is presented is section 2.2.3. The results of the
multiple regression analysis are presented in Table 4.5 and Figure 4.37. The change in
volumetric water content (46) was calculated to be half of the 6; as suggested by

Kandelous and Simunek (2010).
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Table 4.5: Multiple regression equations describing the relationship between log of volume
of applied water (L), ¢ (L/h), Ks (cm/h), 40 and log of soil wetted radius (X)

and depth (Y).

Dependent Independent . . 2

variable variable Equation Adj. R P
Volume of applied _ 0.146 ., ~0.018

X (cm) water (L), O (L/h), X K2S7_£292 11\11%2“4 QT 092  p<0.00l
Ks (cm/h), 40
Volume of applied _ 0265 , (10.131

Y (¢cm) water (L), O (L/h), Ifﬁf}?’sffgo.m QT 092 p<0.001
Ks (cm/h), 40

The of volume of applied water V' (L), Q (L/h), Ks (cm/h) and 46 explained 92 % of
variability in both wetted radius (X) and wetted depth (Y).). Figure 4.37a and 4.37b
show that observed vs. predicted values cluster quite closely to the 1:1 line, indicating a

good fit of the model.

Observed Values vs. Predicted Observed Values vs. Predicted

Dependent variable: log X (cm) Dependent variable: log Y (cm)
19

1.8

1.7

1.6

1.5

1.4

Predicted Values
Predicted Values

1.3

1.2

Ul

1.0

B 0.9
1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Observed Values Observed Values

Figure 4.37: Observed values of log(X) (a) and log(Y) (b) against those predicted from the
relationship between X and Y and log volume of applied water, log O, log Ks
and log 46.

The size of the wetting pattern is a function of the available pore space into which water
can infiltrate and therefore depends on both saturated water content, 6, (equivalent to
total porosity), and initial moisture content 6;. In the model of Amin and Ekhmaj (2006),
this is not accurately represented by the parameter 46 since the available or free pore
space is 0y = 0, — 0; and not 6/2. Using 6ras opposed to 46 in the multiple regression
leads to an improvement in the predictions where the model now explains 93 % of

variability in wetted radius (X) and 95 % of variability in wetted depth (Y).
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The linear multiple regression analysis presented above found that the combination of
volume of applied water (L), free pore space 0;, a (cm™) and Ks (cm/h) are the most
important parameters, affecting wetting pattern movement in horizontal direction
(radius — X). In vertical direction (depth — Y) the most important parameter are volume
of applied water (L), free pore space (6y, Ks (cm/h) and QO (L/h). However, the analysis
of log transformed values showed that prediction can be improved with less parameters
(volume of water applied, QO and Ks) providing that indicators of available pore volume
such as 460 or 0 are included. This is important, because as opposed to complex
hydraulic parameters such as the van-Genuchten parameters, the parameters in these
models are readily available or easy to measure. These findings corroborate the study of
Kandelous and Simtinek (2010), where the empirical model of Amin and Ekhmaj
(2006) provided better results than the Schwartzman and Zur (1986) model, discussed in
section 4.1.6. It can be therefore concluded that the influence of initial water content
should be included in empirical models for estimating surface drip irrigation wetting

patterns.

Comparison with exiting experimental data

The adopted models of Li ef al. (2003) and Amin and Ekhmaj (2006) were compared to
experimental results published by Li et al. (2003) (Figure 4.38). The positions of the
wetted fronts are shown for different emitter discharge rates of 2.0, 5.0, and 7.8 L/h.
The soil was a loam with 54 % sand, 34 % silt and 12 % clay and with Ks of 1.85 cm/h.

Approximately 13.3 L of water was applied in all cases
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a) b) c)
r (cm) r (cm) r(cm)
S 10 15 20 25 30 35 40 i 101520 3 30 35 4

Z (cm)

©

(b)
Exp.No.14 Exp.No.l6
q=5.0L/h q=7.8]_{h
=162 min r 3 t=102 min

Exp.No.10
15 q=2.0L/h
t=393 min

p—— 400 ———

Figure 4.38: Change in volumetric water content distribution for 2.0 (a), 5.0 (b), and 7.8
(¢) L/h emitter application rates after adding approximately 13.3 L of water.
After Li et al. (2003)

These data are compared to predictions of modified Amin and Ekhmaj (AE) and Li et
al. (2003) (L) model in Table 4.6.

Table 4.6: Observed wetting pattern geometry in Li et al. (2003) paper compared to
predicted wetting pattern geometry of modified Amin and Ekhmaj (2006)
(AE) and Li et al. (2003) (L) models.

Wetted radius (X) (cm) Wetted depth (Y) (cm)
Q(L/h)  Observed' AEi® AEe’ Li' Lé’ Observed AEi AEe Li Le
2 30 39 27,7 339 293 34 417 292 435 342
5 32 39.7 27,7 339 293 32 37 266 435 342
7.8 34 40 27.6 339 293 32 35 254 435 342

' Observed geometry of wetting pattern in Li et al. (2003)

* Improved Amin and Ehhmaj (2006) model using 0,

? Existing Amin and Ekhmaj model

* Improved Li et al. (2003) model fitted to the data from this study
* Existing Li e al. model

Table 4.6 shows that the wetted radius and wetted depth predicted from the models with
coefficients obtained by fitting them data from this study were not in good agreement
with Li ef al. (2003) results from laboratory experiments. Note that Li et al. (2003)
model provides more accurate predictions simply because the coefficient of the model
were obtained for a single soil using the data presented in Figure 4.38. It is likely that
the Amin and Ekhmaj (2006) model can predict wetting pattern geometries for a wider

range of soils and emitter discharge rates under surface point source emitter.
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4.1.6 Comparison with existing simple analytical model

According to Schwartzman and Zur (1986), the wetted soil volume under a point source
is mainly dependent on the hydraulic conductivity of the soil (Ks), the emitter discharge
rate (Q) and the total volume of applied water (V). They used dimensional analysis to
develop an analytical model to predict horizontal and vertical wetting pattern positions
under surface drip irrigation. The following functions were considered for wetted soil

dimensions under point source:

x=fi(V,Q,Ks) 16

y:fz(V,Q,KS) 17

where y (cm) is depth of the wetting and x (cm) is diameter of the wetted soil volume at

its widest point.

In order to reduce the number of variables, the dimensionless forms of the above

parameters were presented as below.

N (%f 18
Ks\Z

y*=y <FS) 19
L

g 20

Then the dimensionless parameters, as V* x* and y* were extracted from experimental
or simulated results. It was assumed, that the relationship between the dimensionless

parameters was:

x* = AlV*nl 21
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y* — AZV*TIZ 22

where, A;, A, n; and n;, are constants for the cylindrical flow model.

Then, to convert dimensionless equations to dimensional ones, the relationship in

equations 18, 19 and 20 are used, which results in following equations.

Ks a2
_ ny (22
X—A1 Vit (Q) 23
Ks 32ﬂ_ 1/2
y=A, V"2 (F) 24

Based on results, presented by Bresler (1978) for a point source surface dripper they
estimated the model’s constants through regression analysis to obtain the equations 25
and 26. The soils used in Bresler (1971) were Gilat loam (48 % sand and 20 % clay),
which is a clay loam according to UK textural triangle, and Sinai sand (97 % sand and 1
% clay). Both soils come from Israel. The Ks was 2.4 x 10" m/s for Gilt loam and 7.6 x
10° m/s for Sinai sand soil. Two emitter discharge rates used were 1.1 x 10 m’/s (4
L/h) and 5.6 x10° m’/s (20 L/h). Therefore, the combined effect of emitter discharge
rates, soil hydraulic properties and water application times on wetting pattern geometry,
used to develop this model, are based on Bresler’s (1978) results and are presented on
Figure 4.39. The figure shows computed contours which represent the position of the

wetting front for various times for above mentioned soils and emitter discharge rates.
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Figure 4.39: Wetting front position as a function of emitter discharge rate (Q) and
cumulative infiltration (L) for two soils. After Bresler (1978)

With converting dimensionless equations using equations 23 and 24 to dimensional

ones, the result was as follows.

-0.17

x=1.82 V022 (§)
Q 25

0.45

It is worth noting, that the predicted values using this model were not compared to those

obtained with laboratory or field experiments.

In this section the Schwartzman and Zur (1986) analytical model is tested against the

data obtained with the Hydrus-2D/3D simulations presented in section 4.1.2.

The dimensionless wetted radius (x*), wetted depth (y*) and amount of water applied

(V*) were calculated from the X and Y data obtained with the numerical simulations for
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each volume of applied water V, using the appropriate values of Ks for each soil texture

and the known emitter discharge rate.

Figure 4.40 and 4.41 show the relationship between V* x* and y* for the results
obtained with the 11 soil textures, the three flow rates and the three different initial

moisture contents.

35
3 N
2.5
2
*
x
15
X* = 1.5066V*02577
1
R2=0.9665
0.5
0 T T T T T T T 1
0 2 4 6 8 10 12 14 16

v*

Figure 4.40: Relationship between J* and x* obtained from simulated results for at

treatments.
6
5 — @
4
*> 3
2 y* =1.7186\*04184
R%?=0.9598
1
O T T T T T 1
0 2 4 6 8 10 12 14 16

V*

Figure 4.41: Relationship between FV* and x* obtained from simulated results for all
treatments.
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The relationship between dimensionless V* and x* from Figure 4.40 resulted in

following power equation with value R of 0.97.

x* = 1.517*%26 27

Similarly, the relationship between dimensionless V* and y* from Figure 4.41 resulted

in following power equation with value R* of 0.96.

y* — 1.7zv*0.42 28

Values of constants A4;, 4, n; and n,, regarding to equations 21 and 22 from the model,
were 1.51, 1.72, 0.26 and 0.42, respectively. With converting dimensionless equations
27 and 28 to dimensional ones, using equations 23 and 24, resulted in the following

relation (equations 29 and 30).

-0.113

x=1.51 026 (%) 29

0.128

y:172 V0.4-2 (%) 30

The performance of improved Schwartzam and Zur model is illustrated on Figures 4.42
and 4.43. Observed and predicted values for wetted radius and depth were transformed,
using logarithmic transformation. Linear regression analysis of the results was done and
correlation coefficient (R?) of 0.95 for wetted radius and of 0.89 for wetted depth, were

observed.
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Figure 4.42: Logarithmic observed and simulated wetted radius (X) under surface drip
emitter using improved Schwartzman and Zur model.
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Figure 4.43: Logarithmic observed and simulated wetted depth (Y) under surface drip
emitter using improved Schwartzman and Zur model.

Predicted radius and depth of the wetted soil around a point source surface emitter,
based on improved Schwartzman and Zur model were in good agreement with observed
(measured) data. For further analysis, the RMSE (Equation 13, section 4.1.4) and EF
(Modelling efficiency) (Equation 31) statistical parameters were used to test the
performance of the improved model against observed values and the existing model.
EF, as given by Smith et al. (1996) "provides a standard method for assessing the

accuracy of simulations by comparing the variance of predicted from observed values
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to the variance of observed values from the mean of the observations.” In other words,
this is a comparison of the efficiency of the selected model (improved Schwartzman and
Zur) to the efficiency of a very simple predictive model - the mean value of the

observations.
The EF is given as:

_ (Z?=1(Mi B M) 2~ ?=1(Si - Mi)z)

— 31
?=1(Mi - M)Z

EF

where, Mi and Si are measured and observed values, M is the mean of the observed

(measured) data and 7 is the number of observations.

EF value has the maximum at 1, in which case the predicted values perfectly match with
the observed ones. When EF value is less than 0, the simulated values are worse than

simply using the observed mean. In that case model is not performing well.

RMSE and EF values were compared separately for the improved and existing
Schwartzman and Zur (1986) model and for each of the simulated combinations, as
given in Table 4.7. The RMSE values between measured and predicted wetted radius
ranged from 0.41 cm to 4.71 cm for the improved model and from 2.63 to 11.69 for the
existing model. Values between measured and predicted depth ranged from 0.74 to 9.95
for improved model and from 1.76 cm to 63.29 cm for existing model. EF values
between measured and predicted wetted radius varied from 0.99 to 0.32 for the
improved model and from 0.82 to -6.18 for model. EF for wetted depth varied from 0.99
to -0.19 for the improved model and from 0.98 to -43.97 for the existing model.
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Table 4.7: Statistical analysis of improved model performance in comparison to existing

model.
Wetted radius (X, cm) Wetted depth (Y, cm)
o' 1¢* RMSE’ EF* RMSE EF
Soil (L/h) (%) r E° I E I E I E
ﬁ‘;‘g 2 50 041 444 0.99 0.32 232 4729 0.95 -20.37
LS":;‘(;Y 2 50 297  9.07 055 -3.19 440 20.44 087 -1.75
Cl:;'i‘gm 50 077  3.08 098 0.67 569 6226 0.65 -41.49
Sand 2 50 083  4.72 098 021 0.74 50.73 0.99 -17.73
Silty Clay 2 50 220 3.86 0.88 0.63 293 32.15 0.90 -11.17
Sandy Clay 2 50 050 520 099 0.17 1.74 31.48 097 -8.04
Clay 2 50 131 858 094 -159 322 13.59 0.92  -0.47
Silty Clay 50 253 320 0.86 0.77 6.04 4273 053 -22.62
Loam
Clay Loam 2 50 162 9.99 089 -3.10 496 435 0.83  0.87
Silt Loam 2 50  1.03 652 097 -0.12 078 17.35 0.99  -2.00
Sandy Silt 50 192 3.07 090 0.75 442 4726 0.80 -22.42
Loam
Siltloam 1.5 50 259  4.19 0.85 0.60 1.07 23.84 0.99  -4.83
Sand 15 50 112 263 096 0.78 0.83 63.29 0.99 -29.66
Clay 15 50 081 5095 098 -0.09 223 2048 0.95 -2.87
Silt loam 4 50 171 1061 0.88 -3.62 244 3558 095 923
Sand 4 50 379 941 032 -3.19  3.15 2683 093  -3.85
Clay 4 50 262 1169 0.64 -6.18 522 176 0.84 098
Silt loam 2 30 471 3.6 0.59 0.82 495 1232 082 -0.13
Sand 2 30 083 3.90 098 0.56 296 48.41 0.94 -13.97
Clay 2 30 167 586 0.92 0.03 831 9.15 054  0.44
Silt loam 2 70 124 846 095 -1.45 995 61.09  -0.19 -43.97
Sand 2 70 177 572 0.89 -0.16 521 11.90 0.77 -0.18
Clay 2 70 254 984 074 -2.92 .12 16.24 099 -137

" Emitter discharge

* Soil moisture initial conditions (% depletion from FC)
3 Root mean square error

* Modelling efficiency

> Improved Schwartzman and Zur model

¢ Existing Schwartzman and Zur model

Total performance of the improved model was good, with average EF of 0.85 for wetted
radius and 0.82 for wetted depth. Average EF of existing (unimproved) model was -0.84
and -11.12 for wetted radius and depth, respectively. The RMSE values indicated the
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same differences between each model’s performances. The improved model resulted in
average RMSE values of 1.80 cm for wetted radius and 3.68 cm for wetted depth.
Average RMSE values for the existing model were 6.22 cm for wetted radius and 30.46
cm for wetted depth. Overall, both improved and existing models predicted soil wetted
radius better than wetted depth. Statistical analysis of the improved model showed some
discrepancies between simulated and observed wetting pattern predictions in sand, silt
loam and clay soils with higher emitter discharge rates and lower soil moisture initial
conditions. The reason for this can be found in the higher number of soils with the same
emitter discharge rate and initial soil moisture conditions used in the model
modification procedure. The model can be used for wide range of soil types, initial soil
moisture conditions and emitter discharge rates (from 1.5 to 4 L/h) and up to maximum

20 L of water applied.

The values of the constants A;, 4> n; and n;, of the Schwartzaman and Zur (1986) model
when fitted to the data of this study were 1.51, 1.72, 0.26 and 0.42, respectively. In
comparison, the same parameters, of 4;, A, n; and n; of existing Schwartzaman and Zur
(1986) model, were 1.82, 2.54, 0.22 and 0.63, respectively. Existing model of
Schwartzman and Zur is based on two soils and two different emitter discharge rates of
Bresler (1978) research and is as such unlikely to represent the best fit for all soils from
textural triangle. The new model constants result from the best fit for many more soil
textural classes, three different emitter discharge rates and different initial soil moisture
conditions. The Schwartzaman and Zur (1986) model results, using both our new and
the old model constants, were compared to experimental results published by Li ef al.

(2003) (Figure 4.44) as described below (Table 4.8).
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Figure 4.44: Change in volumetric water content distribution for 2.0 (a), 5.0 (b), and 7.8
(c) L/h emitter application rates after adding approximately 13.3 L of water.
After Li et al. (2003)

The predicted and observed wetted depth and radius are compared in Table 4.8.

Table 4.8: Observed wetting pattern geometry in Li et al. (2003) paper compared to
predicted wetting pattern geometry of improved Schvartzman and Zur model
(M) and existing Schwartzman and Zur model (E).

Wetted radius (X) Wetted depth (Y)
0 (L/h) Observed' M? E? Observed M E
2 30 38 48 34 37 45
5 32 42 56 32 33 30
7.8 34 44 61 32 31 24

' Observed geometry of wetting pattern in Li et al. Paper
2 Schwartzman and Zur model with new constants
3 Schwartzman and Zur model with old constants

The results show that the wetted radius and wetted depth predicted with Schwartzman
and Zur model were in better agreement with Li et al. (2003) results when using the

new model constants.

To get an equation for the radius of the wetted soil volume, the equations 29 and 30 can

be combined as follows:

0.25

x = 1.08 y°62 (%) 32
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Above equation 32 can be used to get the relationship between soil wetted radius (X)
and depth (Y) and Q for given soil type (Ks). Wetted radius (Y) represents half of the
emitter spacing and has to be multiplied by 2, to get emitter spacing for continuous non-
overlapping geometry (wetted strip of soil). Wetted depth (Y) in this equation is not an

independent parameter, but represents the rooting depth of the specified crop.
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5 Conclusions and recommendations

5.1 Conclusions

The influence of the soil texture, soil hydraulic properties and irrigation system design
parameters on the size of the wetted area under point source surface irrigation was
studied numerically with the model Hydrus-2D/3D, and experimentally with simple

two-dimensional soil tanks experiments.

The influence of soil type (texture) and volume of applied water on soil wetting pattern
dimensions, for all soil texture classes from SEISMIC database, was investigated. As
expected, the size of the wetting pattern in both directions increased with the volume of
applied water. The increase was not linear and the wetting front in both directions
moved faster at the beginning of the water application, and slowed down with increase
in volume of water applied, as the wetting pattern moved away from the source. The
wetted radius for a given volume of applied water tended to be larger for fine-textured
soils (silt loam, silty clay, clay loam, sandy silt loam and clay) and smaller for coarse-
textured soils (sand, loamy sand, sandy clay loam and sandy loam). The wetted depth
tended to be larger for coarse-textured soils such as sand, loamy sand and sandy clay.
The smallest wetted depth occurred in fine-textured soils such as silty clay loam, silty
clay and silt loam. As the volume of applied water increased, the rate of increase in
wetted depth was larger than that in wetted radius, which was due to the gravity effects.
In the coarse-textured soils (sand and loamy sand), where gravitational flow tends to
dominate, the wetting pattern depth was larger than the wetting pattern diameter. In
fine-textured soils (silty clay loam, silty clay and silt loam), the wetting pattern depth

and diameter had about the same length.

The study of influence of different emitter discharge rates was conducted to investigate
the influence on dimensions of wetting patterns for three contrasting soil texture classes.
At the end of water application, the emitter discharge rates slightly affected radial water
movement in all cases. Decreased discharge rates resulted in a slight increase in the
wetting pattern radius for all soils. Conversely emitter discharge rate had no effect on

the wetted depth in the sand and clay soils. The only effect of discharge rates was
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observed in the silt loam. The different flow rates had a small effect on the final size of
the wetting pattern in all experiments conducted, but large differences in the position of
the wetted front close to saturation were observed. Higher emitter discharge rates
resulted in larger saturated wetting pattern radius and depth in all experiments. The
effect was even more pronounced for wetted depth in the soils with coarser textures
(sand soil). At the saturated front, larger water content gradients were observed with the
higher emitter discharge rates treatments. This was true for all soil textures and in both
directions. However, those results are based on numerical simulations and for only three
emitter discharge rates. In addition, the results of discharge rates influence on the
wetting pattern dimensions were analysed at the end of the irrigation cycle and may
have been different at the early stages of irrigation (i.e. different volume of water
applied). In the soil tank experiments with the sand soil, a decrease in emitter discharge
rate resulted in an increase in wetted diameter and wetted depth. These results were in
agreement with the simulated wetted diameter of the SEISMIC database sand, but not
with the simulated wetted depth. However, the emitter discharge rates used in the

numerical simulations were much larger than those used in the soil tank experiments.

The study of the influence of different initial soil moisture conditions on the size of the
wetting pattern in horizontal and vertical directions were studied for three contrasting
soil textures. Higher initial soil moisture conditions caused larger wetting pattern sizes
in both horizontal and vertical directions for all soils. Different initial soil moisture
conditions had larger effect on the fine-textured clay and silt loam soils in both
directions. Also, an increase in initial soil moisture content resulted in less sharp water

content gradient at the wetting front for all soils.

The performance of the Hydrus-2D/3D model was tested by comparing it to simple two-
dimensional soil tank experiments. In general, the depths and diameters of simulated
and measured wetting patterns were in very good agreement for the sand and silty clay
loam soils. However, despite a relatively good agreement between measured and
simulated wetted depth in the sandy loam soil, Hydrus-2D/3D overestimated the wetted
diameter and the discrepancy was large. The RMSE values ranged from 0.4 to 2.6 cm

for the sand, from 1.0 to 9.9 cm for the sandy loam and from 0.8 to 5.0 for the silty clay
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loam soil. Overall the error was smaller for the wetted depth than the wetted diameter.
Why a large discrepancy occurred between the measured and simulated wetting pattern
diameter for the sandy loam soil was unclear, but is unlikely to be due to errors in the
characterisation of the hydraulic parameters of the soil. They may be due to a thin layer
of material made of coarser particles at the soil surface which may reduce the initial

lateral spreading of water.

The linear multiple regression analysis found that the combination of volume of applied
water, free pore space (), a and Ks are the most important parameters, affecting
wetting pattern movement in horizontal direction. They explained 92 % of variability of
the wetted radius. In vertical direction the most important parameters are volume of
applied water, free pore space (89, Ks and Q, they explained 92 % of variability of the
wetted depth. The analysis of log transformed values showed that prediction can be
improved with less parameters (volume of water applied, Q and Ks) providing that
indicators of available pore volume such as 46 or 6, are included. The multiple
regression showed that the of volume of applied water, Q, Ks and 460 explained 92 % of
variability of wetted radius and 92 % of the variability of wetted depth. Using 6, as
opposed to 46 in the multiple regression leads to an improvement in the predictions
where the model now explains 93 % of variability in wetted radius and 95 % of
variability in wetted depth. It can be therefore concluded that the influence of initial
water content should be included in empirical models for estimating surface drip

irrigation wetting patterns.

The simple analytical model of Schwartzman and Zur (1986) was tested against the data
obtained with the Hydrus-2D/3D simulations. The values of the model constants 4;, 4>
n; and n, of the Schwartzaman and Zur (1986) model when fitted to the data of this
study were 1.51, 1.72, 0.26 and 0.42, respectively. In comparison, the same parameters,
of A;, A> n; and n; of existing Schwartzaman and Zur (1986) model, were 1.82, 2.54,
0.22 and 0.63, respectively. The existing model of Schwartzman and Zur is based on
two soils and two different emitter discharge rates and is as such unlikely to represent

the best fit for soils from all textural classes. The new model constants result from the
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best fit for many more soil textural classes, three different emitter discharge rates and

different initial soil moisture conditions.
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5.2

Recommendations

Further improvements of this work can be done in the means of practical integration

into field work and additional modelling and irrigation scenario analysis. Below the

areas, that need particular attention, are listed:

Further study and simulations are needed to include the missing interactions
between surface drip irrigation and specific plant root water uptake and
transpiration.

Analysis of Hydrus-2D/3D simulations using the new surface drip boundary
condition which allows dynamic evaluation of the wetted area.

Analysis of wider simulated range of emitter discharge rates (e.g. 0.1 to 12 L/h)
and initial soil moisture conditions (depletions), would contribute to
amelioration of current analytical models and therefore better predictions of
emitter spacing under different irrigation systems operating conditions.

Analysis of wetting pattern sizes after allowing water to redistribute after
irrigation cut off (e.g. for period of 24 h).

Comparisons with field experiments (effect of soil layers, soil structure and soil
management such as tillage).

Soil tank experiments with more soil types are necessary to test further the
predictive capability of Hydrus-2D/3D.

Analysis of the effect of irrigation scheduling (time of day (night, day), pulsed
irrigation) on the geometry of the wetting pattern.

Numerical studies of subsurface drip irrigation using Hydrus-2D/3D new

subsurface drip boundary condition.
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