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Abstract: Film hole irrigation is a relatively low cost and high efficiency irrigation method, which can
significantly improve the efficiency of agricultural water use. In order to establish the quantitative
model of film hole irrigation between cumulative infiltration and the wetting body and the irrigation
volume model of crops, the infiltration process and wetting body characteristics of four different
soils (Xi’an silt loam, silt, silt loam and loam) were studied in laboratory experiments and numerical
HYDRUS simulation experiments. The relationship between cumulative infiltration and wetting
body radius was established using a mathematical method, and a crop irrigation volume model
was proposed based on the root distribution and the required water content of different crops.
The experimental results showed that the shape of the wetting body of film hole irrigation is
approximately half of the rotating ellipsoid, and the curve shape of the wetting front can be expressed
using an elliptic equation. From the center of the film hole to the surface of the wetting front, the
soil water content of the wetting body gradually decreases, and the change rate of water content
gradually increases, reaching its maximum value near the wetting front. Furthermore, the distribution
of water content in the wetting body can be accurately expressed using an elliptic curve equation.
The cumulative infiltration of film hole irrigation is proportional to the third power of the equivalent
radius of the wetting body, and the equivalent radius is equal to the geometric mean of the horizontal
and vertical migration distances of the wetting front. In addition, based on the distribution of crop
roots and the demand of crop roots on soil water content, the irrigation model of crops was established.
This study provides a theoretical basis for the calculation of the irrigation volume for film hole
irrigation under the condition of experiment, and has a guiding significance for the field experiment
and application of film hole irrigation in different crops in future.
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1. Introduction

Water resources are crucial for the production and preservation of human beings, and the shortage
of water resources throughout the world is becoming increasingly severe [1,2]. The arid and semi-arid
region in Northwest China has low rainfall and large evaporation capacity, so water resources,
particularly agricultural water, are scarce in this region [3,4]. To solve the problem of water shortage
in this area, water-saving irrigation technologies, such as sprinkler irrigation and drip irrigation, are
widely used. However, for farmers in poor areas, the cost of advanced irrigation systems is relatively
high, which is not conducive to their promotion and application. Therefore, a relatively cheap and
efficient irrigation technology is urgently required in poorer areas [5].

In recent years, mulch irrigation has become a high-yielding and efficient agricultural practice,
with global applications which can reduce water evaporation, maintain soil temperature and humidity,
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prevent weed growth, and reduce the use of chemical fertilizers [6-11]. Due to the advantages of
plastic film mulch, plastic film currently accounts for the largest proportion of agricultural surface
mulch [12,13]. Currently, China is the world’s largest consumer of plastic mulch, and has the world’s
largest mulch area [14]. With the development of mulching technology, film hole irrigation, a relatively
new irrigation method, emerged as the times required [15]. Film hole irrigation is similar to point
source irrigation. Using this method, plastic film is laid flat in a field, and water is transported
by plastic film and irrigated through crop holes and special irrigation holes [16]. Compared to
traditional surface irrigation methods, film hole irrigation significantly improves the efficiency of water
use [5,15-18]. Therefore, an in-depth study of film hole irrigation will have positive significance for
water-saving irrigation.

With the rapid development of computer technology, HYDRUS and other software types have
been widely used in the study of unsaturated flow in soil. Because the basic theory of film hole irrigation
is not mature, most of the research is still in the stage of laboratory and simulation experiments.
Although the laboratory and simulation experiments cannot fully reflect the real situation of the field,
they can help us to understand the infiltration process of film hole irrigation more intuitively due to the
limitations of many conditions in field experiments. For example, it is impossible to directly observe
the shape of wetting body in field experiments, and it is very difficult to determine the distribution
of soil water content of the wetting body. Therefore, it is necessary to carry out the laboratory and
simulation experiments before the field experiments, in order to study the infiltration mechanism
of film hole irrigation. Compared to laboratory experiments, the numerical simulation of film hole
irrigation using HYDRUS software can intuitively understand the infiltration process, such as the
shape of the wetting front, the distribution of water content in the wetting body, the change law of
infiltration rate and the cumulative infiltration with infiltration time. In the past two decades, China
has conducted a large number of laboratory and simulation experiments on film hole infiltration,
mostly focusing on the infiltration characteristics of single point source and multiple point source of
film hole irrigation, and established some empirical models [15,17-27]. Some scholars have discovered
that the relationship between cumulative infiltration amount and infiltration time was consistent with
the Kostiacov model under the condition of experiment [25]. However, an empirical model is mainly
based on soil infiltration experiment data, and different soil types often correspond to different fitting
parameters. Before using an empirical model, a large amount of real experiment data is required in
order to determine empirical parameters, which makes it difficult to popularize and apply an empirical
model. However, physical models can effectively solve this problem. Fei et al. [28] established a
3D infiltration model of film hole irrigation based on the Green-Ampt model, which has certain
applicability. However, there is no corresponding analytic equation for this model, and calculation
software is required to assist in calculating the cumulative infiltration, which, to a certain extent, limits
the use of this model.

In fact, the water content distribution characteristics of the wetting body under film hole can
more intuitively reflect the infiltration process of film hole irrigation. However, in recent years, most
studies on the water content distribution characteristics of the wetting body of film hole irrigation
have been qualitative studies, and some empirical models have been established [29,30]. However,
quantitative models between the cumulative infiltration and the wetting body are still lacking, but
different crops have different root distributions and different water requirements. In order to ensure
the reasonable application of irrigation water and ensure the accurate supply of limited irrigation
water to crop roots, it is necessary to understand the relationship between irrigation volume and
water content distribution of the wetting body, which will provide the irrigation basis for water-saving
irrigation. Based on this, in this paper, the distribution characteristics of the water content of wetting
body were analyzed in laboratory experiments and HYDRUS numerical simulation experiments, and
the quantitative relationship between irrigation volume and wetting body was established under
the condition of experiments in order to provide some useful insights for accurate irrigation using
film hole irrigation. It is expected that this study, under the condition of experiments, can provide
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some theoretical basis and references for the field experiment and application for film hole irrigation
in future.

2. Materials and Methods

2.1. Laboratory Experiments

The experimental setup for film hole irrigation is shown in Figure 1. The setup includes soil
box, Marriotte bottle, film hole device and connecting pipe. The length and width of the soil box are
30 cm, the height is 40 cm, the radius of the film hole is 3 cm, and the water depth in film hole is 5 cm.
During the experiment, the water depth in the film hole was controlled by adjusting the height of the
Marriotte bottle, and the cumulative infiltration and infiltration rate at different times was converted
by recording the change of water level in the Marriotte bottle. In order to study the distribution
characteristics of water content in the wetting body, at the end of the experiment, soil samples at
different locations were taken from the taking soil hole and their water content was measured by oven
drying method.

The experimental soil was taken from Xi’an, China, and the volumetric water content of the
soil after air drying was 0.1. The soil texture was determined using a Mastersizer-2000 particle size
analyzer. The soil type for this experiment was silt loam, according to the classification system of the
International Society of Soil Science (ISSS), and the volume percentage of clay (diameter < 0.002 mm),
silt (0.002 < diameter < 0.02 mm) and sand (diameter > 0.02 mm) were 7%, 45% and 48%, respectively.
The bulk density of the soil filling the soil box was 1.4g/cm3. The soil box was weighed layer by layer
and filled based on 5 cm. When filling the soil, attention was paid so that the soil was closely attached
to the side wall of the soil box in order to prevent the side wall from generating preferential flow.
During our laboratory experiments, in order to minimize the influence of side-wall flow, the soil was
filled carefully. At the end of the experiments, we took the soil samples out of the soil boxes to check
whether obvious side-wall flow appeared. In order to determine whether side-wall flow occurred,
we compared the wetted soil in the boxes and the wetting front which had observed outside the box.
If they are not consistent, it indicates that the side-wall flow occurred. The results of this experiment
would be discarded and replaced by a new experiment until the requirements are met.
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Figure 1. Experimental setup of film hole irrigation.
2.2. Numerical Simulation Experiments

HYDRUS software was used to conduct numerical simulation experiments, and the experiments
consisted of two parts. One was to repeat the laboratory experiment using the numerical simulation
method and to verify the reliability of the numerical simulation through error analysis (Experiment 1).
Secondly, in order to verify the universality of the test results (Experiments 2, 3, 4), HYDRUS software
was used to simulate the process of film hole infiltration for three typical soil textures (silt, silt loam
and loam), and the relationship between the water content distribution characteristics of the wetting
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body were studied. The relationship between the cumulative infiltration and the migration distance of
the wetting front was also analyzed. The design scheme of the numerical simulation experiment is
shown in Table 1.

Table 1. Scheme and parameters for numerical simulation experiment.

Hole Water « K
. . . S
Treatment Soil Type Radius Depth 0; Os o, (m-1) m n (cm/min)

(cm) (cm)

1 Xi’an Silt loam 3 5 0.10 0.45 0.09 0.009 0.33 1.49 0.006

2 Silt 3 5 0.10 0.46 0.03 0.016 0.27 1.37 0.004

3 Silt loam 3 5 0.10 0.45 0.07 0.020 0.29 1.41 0.008

4 Loam 3 5 0.10 0.43 0.08 0.036 0.36 1.56 0.017

The infiltration process of film hole irrigation can be regarded as a cylindrical symmetry problem
with the z axis as the axis of rotation, and therefore film hole irrigation can be simplified into
a two-dimensional infiltration problem. According to the infiltration characteristics of film hole
irrigation, and it can be generalized as point source infiltration. Any plane passing the z axis is taken
to establish a two-dimensional cylindrical coordinate system, as shown in Figure 2.

®
0 :3:3:31 F, B, ,
B : -
>
\
Z

Figure 2. The conceptual model of film hole irrigation.

Based on the characteristics of film hole irrigation, the mathematical model of film hole irrigation
can be established:

20 10 odh J dh .

9 = 12[rK(h) L]+ £[K()(L-1); 0<r<B,0<z<B.,0<t

h = hg; 0<r<B,0<z<B;,t=0

h = Hy; 0<r<R,z=0,t<0
K(m|Z-1|=0; R<r<B,z=0,0<t (1)
K(h)|2-1]=0; 0<r<B,z=B,0<t

K(h)%t = 0; r=00<z<B,0<t

K(h)%: =0; r=B,0<z<B,0<t

where 7 is the radial coordinate (cm), and outward is positive; z is the vertical coordinate (cm),
downward is positive; 0 is the soil water content (cm3/cm?); 1 is negative pressure water head (cm); t is
the infiltration time (min); K is hydraulic conductivity (cm/min); B, and B, are the width and height of
the soil box (cm); hy is the initial negative pressure water head (cm); Hy is the water depth in the film
hole (cm); R is the radius of the film hole (cm).
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Using HYDRUS software, the soil water retention was fitted by the Van Genuchten model, and
the relationship between soil water content, unsaturated hydraulic conductivity and soil diffusivity
can be expressed as:

0(h) = 0, + —%=0

(1+|ah|”lr'l” )
K(6) —Ks[l_(1_(gs—_%3)m) } (g—_%;)f 2
D(0) = K(0) 4%

where 0, is the residual water content (cm3/cm?); 0; is saturated water content (cm3/cm?); K; is
saturated hydraulic conductivity (cm/min); & is the parameter related to air-entry value (cm™1); n and
m are the shape coefficients, = 1 - % ; D(h) presents soil diffusivity (cm?/min). The soil parameters
used in this study are shown in Table 1.

3. Results and Discussion

3.1. Verification for Numerical Simulation Experiment

Figure 3a shows the comparison between the simulated and the measured values of cumulative
infiltration for Xi’an silt loam, and its determination coefficient R> > 0.99. Figure 3b shows the
comparison between simulated and measured values of the migration distance of the wetting front, and
its determination coefficients of horizontal and vertical directions are greater than 0.99. The coefficients
are all close to 1, which proved that it was accurate to simulate the infiltration process of film hole
irrigation using HYDRUS. Therefore, HYDRUS could be used in order to simulate the infiltration
process of film hole irrigation in different soils.
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Figure 3. Comparison of simulated and experimental results: (a) Cumulative infiltration (b) Migration
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distance of the wetting front.

3.2. Wetting Front Shape

Figure 4 shows the variation process of the wetting front with time in five tests (one laboratory test,
four numerical simulation tests). It can be observed from this figure that the wetting front continues
to advance as the length of time increases, and the curve shape of the wetting front remains close
to the elliptic curve at different times. Assuming that the migration distances of the wetting front
in horizontal and vertical directions are respectively the semi-major semi-minor axis of the ellipse,
the equation of the elliptic curve can then be expressed as:

2 2

T z
R ©

where F, and F, are respectively the horizontal and vertical migration distances of the wetting front.
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In order to further determine the fitting degree of the wetting front and the elliptic curve,
a correlation analysis was conducted on the test results of five groups, as shown in Table 2.
The determination coefficient R? of five tests at different times ranges from 0.94 to 1.00, which
is close to 1, indicating that it fitted well, so the shape of the wetting front could be expressed using the

elliptic equation.

Table 2. Determination coefficients between wetting front and elliptic curve.

Experiment Type Soil Type 10 min 30 min 60 min 120 min 240 min 360 min
L . .
aboratory Xi‘ansiltloam  0.97 0.99 0.99 0.99 0.99 0.99
experiment
Numerical Xi'an silt loam 0.96 0.98 0.99 0.99 1.00 1.00
simulation silt 0.94 0.98 0.97 0.99 0.99 0.99
. silt loam 0.98 0.99 1.00 1.00 1.00 1.00
experiment
loam 0.99 1.00 1.00 1.00 0.99 0.99
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Figure 4. Fitting diagram of wetting front and elliptic curve: (a) Experimental results of Xi'an silt loam;
(b) Simulated results of Xi’an silt loam; (¢) Simulated results of silt; (d) Simulated results of silt loam;

(e) Simulated results of loam.

3.3. Distribution Characteristics of Water Content in the Wetting Body

In order to calculate the cumulative infiltration of the wetting body, both the shape of the wetting
body and the distribution of the water content in wetting body should be known. In order to study the
distribution characteristics of water content in the wetting body of film hole irrigation, a contour map
of soil water content in Xi’an silt loam test was drawn (Figure 5). It can be seen that the soil water
content gradually decreases from the center of film hole to the surface of the wetting front, and the rate
of change of water content increases gradually, which is consistent with the results of Fei et al. [28] and
Fan et al. [29].
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Figure 5. Contour map of soil water content of Xi'an silt loam after irrigation for 360 min.

The water content contour map cannot be used to directly represent the distribution of water
content through mathematical functions, but the distribution function of moisture content in the
wetting body can be obtained by studying the distribution law of moisture content in the wetting
body radius.
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Suppose in Figure 2 that “OF” is the wetting body radius, f8 is the angle between the wetting body
radius and horizontal direction. The water content distribution of the wetting body radius may be
affected by f, irrigation duration and soil type. Therefore, the control variable method was used to
study the influence of various factors on water content distribution. As shown in Figure 6, when f
takes different values, R? ranges from 0.99 to 1.00, all of which are close to 1, indicating that the water
content distribution is well fitted to the elliptic curve. As shown in Figure 7 and Table 3, with different
soil types and irrigation durations, the water content distribution of the wetting body radius is well
fitted to the elliptic curve. Wang et al. [31] showed that the distribution of soil water content under
one-dimensional vertical infiltration can be represented by elliptic curve, and we discovered that the
water content distribution of film hole irrigation has similar properties.

0.50 0.50
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‘?E 0.45 e)e) O Measured value ?_ 045 O Measured value
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Figure 6. Water content distribution of the wetting body radius of Xi’an silt loam after irrigation for
360 min: (a) g =0°; (b) f =45 (c) p =90°.

In summary, the water content distribution of wetting body radius can be expressed using an
ellipse equation. Therefore, according to the characteristics of the ellipse, the water content at any
point in the wetting body can be expressed as:

0=0;+(0s—0,)/1-= 4)

where 0 is the water content at any point in the wetting body (cm3/cm=3); x is the distance between this
point and the center of the film hole (cm); [ is the radius of the wetting body (cm); and function image
of Equation (4) is shown in Figure 8b. If the F, and F; of the wetting front are known, the equivalent
radius can be expressed as the geometric mean value:

1 = JJF,2F, (5)
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Table 3. Fitting results of water content distribution curve of wetting the body radius.

Fitting Curve Equations of Water Content

Coefficient of

Soil Type Duration (min) ((66:991'.):2 +JIC_22=1 Determination R2
(6-0.1) 2
Xi’an Silt loam % ( 0‘352>2 + 6;42 =1 0.97
6-0.1 2
120 ( 0'352>2 + 10)f082 =1 0.99
0-0.1 2
%0 0.352 Bew = | 1.00
(6-0.1) 2
Silt % ( 04362)2' +taom =1 0.94
6-0.1 2
120 0362 + g =1 0.97
360 (0-01° | ¢ _ 099
0.367 8.92
(6-0.1)% 2
Silt loam % —( 0.352)2 +552 =1 0.95
6-0.1 2
120 (903532 + 75 =1 0.98
-0.1 2
%60 R ﬁw = 1.00
(6-0.1) 2
Loam % ( 0-332)2 + 5oz =1 0.97
6-0.1 2
120 90‘3322 + 550 =1 0.99
-0.1 2
360 : 0,332> + ]2)'5402 =1 0.99

3.4. The Relationship between Cumulative Infiltration and Migration Distance of the Wetting Front

9of 14

The shape of the wetting body can be expressed using Equation (3), and the water content
distribution of the wetting body can be expressed using Equation (4). Therefore, the cumulative
infiltration of the wetting body can be calculated by integrating and establishing the coordinate system
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as shown in Figure 8a. An element with a volume of 4V in the wetting body can be chosen, and then
the water content change in the element can be expressed as:

dl = (6 -6,)dV (6)

where dV is element volume (cm?); dI is the water content change in the element (cm?®). The cumulative
infiltration can be obtained by integrating Equation (6):

1= [ (0-0nav @)

where () represents the integral range, i.e., the range of wetting body, Substitute Equation (4) into
Equation (7) and calculate the integral result to obtain:

1
I= gnz(es -6,)P 8
Equation (8) represents the relationship between the cumulative infiltration of film hole irrigation
and the equivalent radius of the wetting body. Substitute Equation (5) into Equation (8) to obtain:

_1

I
8

7-[2(95 - Qi)FrZFz 9
Equation (9) is the relationship between the cumulative infiltration of film hole irrigation and
the migration distance of the wetting front. When the horizontal and vertical migration distances of
the wetting front are known, cumulative infiltration can be calculated using Equation (9). In order to
verify the accuracy of Equation (9), five test results were calculated, as shown in Figure 9. It can be seen
in Figure 9 that the cumulative infiltration calculated by Equation (9) fits well with the experimental
results, and the R? are all close to 1, which indicates that the cumulative infiltration of film hole
irrigation can be accurately calculated using Equation (9) under the condition of experiment.

At present, the Kostiacov model is most widely used in film hole irrigation [24,26,27], but the
Kostiacov model was used to calculate the cumulative infiltration changing with time, while Equation (9)
indicates the relationship between the cumulative infiltration and the size or shape of the wetting body.
In addition, the Kostiacov model is chiefly based on soil infiltration experiment data, and different soil
types often correspond to different fitting parameters. Before using the Kostiacov model, a large amount
of real experiment data is required in order to determine model parameters. However, Equation (9) is a
physical model for calculating cumulative infiltration, and for different soils, Equation (9) can be used
directly without fitting parameters. Although this study is currently in the stage of laboratory and
simulation experiment, the conclusion has obvious advantages over the traditional empirical model.

In addition, due to the differences of the different crops in different growth periods, the water
distribution characteristic of the wetting body has played a critical role in the growth of crops, and its
effect is far greater than the effect of irrigation time. Therefore, under the condition of experiment,
Equation (9) is superior to traditional empirical models such as Kostiacov model, to some extent, in
calculating the irrigation requirement of crops.

3.5. Irrigation Requirement for Crops

The distribution law of the water content of the wetting body and the calculation formula of
cumulative infiltration has been obtained, but the root distribution range of different crops is different,
and the required water content of different crops is also different. If the crop roots are distributed
within a radius of [, (Figure 8c.), and the water content required by the root of the crop is greater than
0y, then the equivalent radius of the wetting body should be greater than the radius of the crop root
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distribution. Therefore, according to Equation (4), when x = lp and 0 = 6, , the equivalent radius r
can be calculated as follows:

I
P —r (10)
1 (8t 2
=
when | = I’, substitute Equation (10) into Equation (8), in order to obtain the irrigation requirement for
crops under the film hole irrigation:

0, - 0,\2] 2
I, = %#(95 - 91-)1,,3[1 _(BZ— 9;) ] (11)
where [, represents the irrigation requirement when the root radius of the crop is I, and the required
water content of the crop roots is 0. Equation (11) is applicable for calculating the irrigation volume of
the film hole irrigation under the condition that the basic characteristics of crops are known. As the
current film hole irrigation is mostly experimental research under bare land conditions, Equation (11)
has certain guiding significance for the promotion of the application of film hole irrigation in different
crops, which can be popularized and applied to research into different crop conditions in the future.

So far, there exist few quantitative studies on the wetting body characteristics, and there are no
reports on the application of film hole irrigation in different crops. Under conditions of the experiment,
an ideal model was proposed in this paper, which can calculate the water requirements of different
crops in different growth periods. Although Equation (11) is presented under the ideal condition of
experiment, it will provide some useful insights for accurate irrigation using film hole irrigation. It is
hoped that this study under the condition of experiments can provide some useful theoretical basis
and reference for field experiment and application for film hole irrigation in the future.

F'i]-:i-hole 9, ’) 05

v

X

element

\ Wetting front
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Figure 8. (a) Film hole irrigation profile; (b) Water content distribution curve of wetting body radius;
(c) Root distribution of crops.
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Figure 9. Comparison of cumulative infiltration calculated using Equation (9) and of the Experiments:
(a) Xi’an silt loam; (b) Silt; (c) Silt loam; (d) Loam.

4. Conclusions

Film hole irrigation is an efficient and water-saving irrigation method which has a wide application
prospectin agricultural production. In this paper, using laboratory experiments and HYDRUS numerical
simulation experiments, the water infiltration characteristics of film hole irrigation in four different soil
types were studied, and the following conclusions were obtained:

(1) HYDRUS software can be used for simulating the process of film hole infiltration under the
condition of the laboratory experiment. The simulated values of the cumulative infiltration amount
and the migration distance of the wetting front fit well with the measured values, and the coefficient of
determination between the simulated values and measured values is close to 1.

(2) For the four different soil types (Xi’an silt loam, silt, silt loam, loam) and different irrigation
durations, the shape of the wetting body formed by film hole irrigation is similar to the ellipsoid of
rotation, and therefore the curve of the wetting front can be expressed using the elliptic curve equation.

(3) For the four different soil types and the different irrigation durations, the water content
distribution of the wetting body radius is approximately the elliptic curve. The cumulative infiltration
model was established using the integral method under the condition of experiment. The model
provides a theoretical basis for determining the irrigation volume of film hole irrigation and is superior
to traditional empirical models such as the Kostiacov model, to some extent, in calculating the irrigation
requirement of crops.

(4) Considering the different distribution ranges and the different water content requirements
of crop roots, a calculation model of irrigation requirement under the condition of experiment was
established, which could be used to calculate crop irrigation volumes based on the radius and required



Water 2020, 12, 1226 13 of 14

water content for crop roots. This conclusion has some useful implications for promoting the application
of film hole irrigation in different crops.

(5) These conclusions are drawn based on the condition of the laboratory and simulation
experiment, and the field experiment and application of film hole irrigation needs further in-depth
study in future.
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