
Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate‑
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo‑
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

REVIEWS

Fattahi Nafchi et al. 
Journal of Engineering and Applied Science          (2023) 70:126  
https://doi.org/10.1186/s44147-023-00295-5

Journal of Engineering
and Applied Science

Evaluation of wetting front detector 
to estimate the dimensions of wetting front 
in the drip irrigation
Rouhallah Fattahi Nafchi1  , Milad Valiyari‑Eskandari1, Hamid Raeisi Vanani1, Kaveh Ostad‑Ali‑Askari2,3*   and 
Abbas Bahrami1 

Abstract 

In order to achieve proper water consumption efficiency in micro‑irrigation systems, 
the space and flow rate of the drippers should match the hydraulic characteristics 
of the soil and the time and amount of plant irrigation water. As a result, having proper 
information about the width and depth of the wetted soil (wetting volume) is essen‑
tial for the design, planning, and proper management of drip irrigation systems. The 
aim of this study was to obtain a set of semi‑empirical relationships for more accurate 
and easier estimation of the diameter and depth of the wetting front. Field data of drip 
irrigation systems were collected by wet front detector (WFD) installed in three differ‑
ent conditions in terms of soil texture and flow rates of 4 and 8 L/h. Due to the techni‑
cal problems and errors in the measurement of saturated hydraulic conductivity, which 
is the main representative of soil properties, the relationships presented here estimate 
the dimensions of the wetted soil volume based on the infiltration time and the vol‑
ume of water stored in the reservoir. No need for hydraulic conductivity of the soil. The 
equations obtained in this research predict the diameter and depth of the wetted soil 
volume with a correlation coefficient of 89 and 98%, respectively.

Keywords: Drip irrigation, Wetting front detector (WFD), Advance front, Hydraulic 
conductivity

Introduction
Design of drip irrigation system must be done based on the position of the wetting 
soil pattern under emission points and the instantaneous position of the wetting front 
depends not only on the hydraulic characteristics of the emitters but also on the physi-
cal properties of the soil such as texture, structure and hydraulic conductivity [15, 2, 4, 
7, 19, 20]. Dimensions of the wetting front are function of irrigation time, water volume, 
and soil type and it is necessary for determining optimum design parameters. Moisture 
distribution pattern in different soil is important for the following reasons: (a) Accurate 
design of irrigation system components,b) Improving irrigation efficiency and systems 
operation with an accurate distribution of water and fertilizer in root depth; (c) opti-
mization irrigation planning; (d) matching the time and location of wetting dimensions 
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with steps of plant root growth. Based on the soil wetting pattern, the length, width, and 
depth of the moisture front can be determined. Actually, in sandy soils emitters were 
considered more near because due to the vertical velocity of water and narrow dimen-
sions of wetted volume while in clay soils further emitters are needed because of hori-
zontal movement of water and wide wetted volume [12, 21]. Irrigation time depends on 
the traveling time of the wetting front to the depth of the roots or a fraction of it. Dis-
tance between emission points (Se), emission rate (qe), and irrigation time (Ti) should 
be determined in a way that wetted soil volume is shaped according to the plant’s root. 
Therefore, studying wetting soil patterns and volume beneath emission points is nec-
essary for providing the plant water needs, optimal managing of the water and nutri-
ents, and in particular increasing irrigation efficiency. Peter et al. [14] have concluded by 
examining the vertical and horizontal dimensions of the wetted soil by porous pipes in 
two groups of soils that in the first group of soils, with less preserved structure, increas-
ing the amount of clay particles, the shape of wetted soil is spherical and the diameter 
of spherical section increases downward the pipe position. In the second soil group, the 
dimensions of the wetting soil are independent of its texture and the wetted Section is 
amorphous. Therefore, soil texture is unreliable for predicting the wetting dimensions. 
Rahimzadegan [16] based on the movement of water in the soil, concluded that when 
the water starts to flow, the wetting pattern with lower flow deeper and with higher 
flow moves horizontally. The effect of emitter yield on moisture patterns and moisture 
distribution in sandy soils was investigated by Thabet and Zayani [25] that the vertical 
advance of water in emitters with lower yield is higher than those with higher yield. As 
the moisture radius increases, the yield increases, but after 180 min from the start of the 
experiment, the highest wetting radius was due to lower yield. Researchers have per-
formed different experiments to compare soil moisture content from a linear source in 
soils with different textures. They have studied the effect of different flow rates on the 
moisture distribution of soil under drip irrigation in fruit and citrus orchards and crops. 
They also concluded that the lateral movement of water in clay-textured soils is higher 
than in coarse-textured soils [3, 9, 13]. Determining and monitoring the moisture front 
in the root development area was very time-consuming and expensive. Therefore, many 
researchers have tried to predict the progress of the wetting front by presenting vari-
ous physical and numerical equations and models. Accordingly, simulation models can 
be a suitable replacement for issues related to the movement and distribution of water 
[22–24]. Using mathematical equations, Roth [17] obtained a relationship to determine 
the radius of wetting with the help of the soil moisture parameters caused by the dripper 
and the duration of irrigation.

Wetting front detector is a new, simple, and efficient device and is designed for accu-
rate and adequate irrigation and helps farmers to better manage water and fertilizer. The 
depth of water penetration in the soil and the pattern of moisture distribution in the soil 
are determined by this device. Therefore, by correcting the irrigation time and irrigation 
flow rate (accurate determination of the amount of water required), the loss of irriga-
tion and fertilizer, which includes deep infiltration and runoff, can be avoided [5, 6, 22]. 
Philip [15] with the analytical solution of Richards equation, has presented relationships 
for estimating the dimensions of the wetting front. However, some constraints such as 
homogeneity and heterogeneity of soil environment, irregular geometric shape of the 
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flow path, and nonlinearity relevant equations, caused excessive simplifications of phe-
nomena. By combining empirical field measurements and some soil hydraulic proper-
ties in numerical and analytical models, quasi-empirical models can be derived through 
mathematical modeling and the application of nonlinear multivariate regression, dimen-
sional analysis, or neural network. Abbas Pelangi and Akhund Ali [1] in the sand dunes 
area of Albaji region of Khuzestan investigated the parameters of the development of 
wetting dimensions and also evaluated the results of Schwartzman and Zor (1986) mod-
els. The results of their research indicate the inadequacy of the model in estimating 
sandy dimensions of wetting in the Al-Baji Region. The similarity of the conditions of 
some soils and the climatic suitability can never guarantee the appropriateness of the 
extracted relationships in other areas. Therefore, this issue indicates the need to achieve 
special relationships for the soils of each region with the conditions of its drip irrigation 
method. Using the volume of wet soil and Buckingham’s π theorem and dimensional 
analysis, quasi-empirical relationships were presented by Mirzaei et al. [11] and the val-
ues of the correlation coefficient (0.989 and 0.992) for the wet diameter and depth were 
in good agreement with the measured data. In addition, the proposed equation is a func-
tion of time, so that at any time it is possible to calculate wet diameter and depth. Using 
Buckingham’s π theorem and considering the amount of hydraulic conductivity of soil 
saturation, emitter flow rate, and irrigation time, the maximum depth, and diameter of 
wet soil were calculated by Khan-Mohammadi and Besharat [8]. The high correlation 
coefficient value and the low average absolute error in estimating the depth and diam-
eter of the wet soil show that the determination of the geometric dimensions of the wet 
front has been calculated with high precision with the help of quasi-empirical equations. 
In order to achieve quasi-empirical equations for determining the depth and diameter 
of wetting front in drip irrigation using simple wet soil detector tools, this research was 
carried out in the natural conditions of drip irrigation operations, in soils with different 
textures and water application flow rates.

The use of modern irrigation systems is one of the solutions to fight against the water 
crisis, especially in areas with hot and dry climates like Iran. Drip irrigation is one of 
these new systems of high rainfall many factors are involved to make it more efficient, 
such as design and implementation, maintenance, and proper operation. In the design 
discussion, it is very important to consider all the parameters of the soil, water, drip-
per, etc., in order to design more accurately and as a result to achieve an efficient sys-
tem. Observing and predicting the perimeter that the dripper wets in order to deliver 
water to the root perimeter can be very important. As a result, providing mathematical 
formulas and relationships and providing models in this field can make the design and 
implementation of drip irrigation systems more efficient. Therefore, this research has 
addressed this issue and presented this model and relationships.

Materials and methods
In this study, wetting front detector (WFD) was used in the drip irrigation to deter-
mine the dimensions of the Wetting Front in three regions with different soil textures 
such as coarse, medium, and heavy soils under two different flow rates. To conduct this 
research, the first area was the farm of the Agriculture College, of Shahrekord Univer-
sity; the second was the greenhouse of Isfahan Municipality and the third was selected 
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in the agricultural lands of Fereidan city. In this study, the flow rates of the emitters were 
considered in 4 to 8  L/h range from three types of soil texture and at three different 
regions. The saturated hydraulic conductivity of the soils was obtained by the inverse 
well method. Soil texture was determined by sampling from the fields and using the 
hydrometric method in the laboratory and from the soil texture triangle. The soil texture 
characteristics of the three regions are presented in Table 1.

In three regions, water was transferred to the test site through a tube with a diameter 
of 32 mm and then was branched by a 16-mm lateral tube. The pressure was controlled 
by a barometer during the test. The drippers were used for flow rates of 4 and 8 L/h with 
the Euro drip type and were calibrated for these nominal flow rates. In the root area of 
each tree, five WFD devices placed (wetting front detector) radially and at three depths 
of 30, 50, and 80 cm for following the infiltrated water into the soil and determining the 
amount of deep flow rate.

As shown in the figure, two devices were installed at depths of 30 and 50 cm. In order 
to detect of wetting front, special sensors were made and then installed at the down of 
the water reservoir device. These sensors are sensitive to wet. When the water reaches 
a special depth, time is recorded by sensors. In order to stabilize the damaged soil, 
after installing of WFD device in the position, three times were irrigated and then the 
main experiments were performed to measure the parameters under study. The experi-
ment was performed in each area and three positions and three replications. Obtained 
results from the measurements were used to derive empirical equations to determine 
the dimensions of the wetting front and to estimate the transverse and depth progress of 
the wetting front.

Empirical equation for soil moisture wetting front
To achieve a practical equation for predicting the instantaneous dimensions of a wetting 
front, WFD data such as the volume of stored water in the reservoir and the time that 
water reaches the considered depth were used as the most important independent vari-
ables for determining the wetting front through the application of nonlinear multivari-
ate regression. For evaluating the equation, the results were compared with the obtained 
empirical equations by other researchers such as Schwartzman and Zur [18] and Naglic 
et al. [12] using the P-Buckingham theorem. While the soil hydraulic conductivity is a 
three-dimensional vector quantity, the shape and dimensions of the moisture below a 
point power supply depended on the ability to conduct water in three directions X, Y, 
and Z. On the other hand, determining the hydraulic conductivity in natural soil and 

Table 1 Some physical characteristics of soils in the three studied regions

Region Soil depth(cm) Bulk density Equivalent 
Saturation 
hydraulic 
conductivity 
(m/day)

Clay (%) Silt (%) Sand (%) Texture
(gr/cm3)

Shahrekord 0–90 1.41 3.6 35 65 15 Sandy clay loam

Isfahan 0–90 1.39 0.87 35 65 40 Clay loam

Fereidan 0–90 1.46 4.14 15 85 65 Sandy loam
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three directions is very difficult and it faces many uncertainties. Even the determination 
of this property in one direction is usually done in disturbed samples, which are different 
than natural soil conditions. Therefore, with the aim of developing and creating simple 
equations for accurate prediction and field measurements, the saturated hydraulic con-
ductivity was removed and the time of water reaching to device sensor and the volume 
of accumulated water in the reservoir were considered as parameters affecting the pro-
gress of the wetting front in the soils. Accordingly, the following functions were defined 
to determine the diameter and depth of wetting in the SPSS version 24 software as fol-
lows Eqs. 1 and 2:

In these equations, DW is the wetting diameter and Z is wetting depth, and V and t 
are introduced as the volume of accumulated water and the reaching time of the front 
to the detector at a certain depth, respectively. V50 and t50 are the volume of accumu-
lated water and the reaching time of the front detector at a depth of 50 cm, respectively, 
and  a1,  b1,  c1,  a2,  b2, and  c2 are the empirical coefficients of the equations. For obtaining 
appropriate relationships by using the empirical equations for investigating the dimen-
sions of the wetting front and statistical analysis, SPSS version 24 and Excel2014 sta-
tistical software were used. Coefficient of determination (R2) was used to evaluate the 
results. Comparison of the results of the equation with the obtained data from field 
experiments and evaluation of the accuracy degree of the equation was performed by t 
test 2 with a probability level of 95% and a significant level of 5%.

Results and discussion
The process of developing of wetting front was carried out by placing moisture detection 
sensors at the bottom of the water reservoir device and recording the wetting front time. 
The main purpose of using mathematical models in predicting soil–water relations is 
faster and less costly measuring. In fact, models are considered the best tools for empiri-
cal and laboratory research, because the results are obtained faster with less time and 
cost.

Equations for determining the position of wetting front

Hydraulic conductivity as a characteristic component of soil is one of the required 
parameters of the Schwartzman equation and other researchers. Due to the high dif-
ficulty and error of measuring this parameter, the probability of making an error in the 
results of the equation is increased. For this purpose, in this study, by placing the WFD 
device in the soil and using the obtained data from it on the farm, a quasi-empirical 
equation was introduced without the need to calculate hydraulic conductivity. The val-
ues of a, b, and c for wetting diameters (in Eqs. 1 and 2) were obtained 69.206, 0.272, 
and − 0.268, and for wetting, depths were 49.83, 0.522, and − 0.014, respectively and the 

(1)DW = a1 × V
b1

× t
c1

(2)Z = a2 × (
t

t50
)
b2

× (
V

V50

)
c2
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following equations were obtained using multivariate nonlinear regression to estimate 
the instantaneous diameter and wetting depth as follows Eqs. 3 and 4:

Note that in these equations t is equal to V/q, so the relationship of wetting pattern 
and flow rate is also considered. Values of the measured diameter in the farm and the 
estimated diameter from the quasi-empirical equation using t test and F tests are pre-
sented in Table 2.

According to the values in the table, the significance level (p value) of the Loon test for 
all three depths of 30, 50, and 80 cm is more than 0.05. This means that the variance of 
the measured and calculated values are as same and the value of the significance level is 
greater than 0.05. It can be said that there is no difference between the measured wetting 
diameter in the farm and the values estimated by the equation. In Table 3, the field data 
and the obtained data from the empirical equation related to the penetration depth are 
compared by t test which has equal variance, and considering the level of significance 
greater than 0.05, there is no significant difference between the measured values and the 
estimated values by the empirical equation for the wetting depth.

As in all models and obtained equations in this study be observed, irrigation time and 
consequently the volume of applied water is the most affected by the expansion of the 
wetting front because its exponential value in these equations is greater. Time exponen-
tial of reaching water to relevant depth for the wetting diameter and depth obtained were 
0.27 and 0.52, respectively, which is close to the values of Naglic et al. [12] and Malek 
and Peter [10] equations, which indicate the high adequacy of the model for predict-
ing the requested parameters. Also, the wetting depth equation relative to the wetting 
diameter equation shows that the deep infiltration of water is greater than its horizontal 
expansion, which corresponds with the results of Liu et al. Using Eqs. 3 and 4, it is possi-
ble to estimate Dw and Z, using the volume of accumulated water (m3/h) in the installed 
water reservoir device at the specified depth and the time of reaching of water (min) to 

(3)Dw = 69.205× t
0.272

× VWFD
−0.268

(4)Z = 49.83× (
t

t50
)
0.52

× (
VWFD

VWFD50

)

−0.14

Table 2 Comparison of measured diameter with calculated values

Significance level t Significance level (Leven’s 
test)

F Depth (cm)

0.81 0.24 0.44 0.614 30

0.81 0.24 0.47 0.52 50

0.54 0.63 0.30 1.127 80

Table 3 Comparison of measured depth with calculated values

Significance level t Significance level (Leven’s test) F

0.99  − 0.009 0.913 0.012
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the water reservoir of WFD device. Suitable agreement of the field experiments results 
with obtained equations in this study were showed so that the correlation coefficient of 
the measured and estimated values for the wetting diameter and the depth of water infil-
tration in the soil were 89 and 98%, respectively, which been shows the accuracy and 
precision of estimating the dimensions of wetting front by these equations. There is a 
slight difference between the correlation coefficients of diameter and measured depth 
estimated in this study, compared to the obtained coefficients by Mirzaei et al. [11] and 
Khan Mohammadi and Besharat. The reason for the difference in the value of the corre-
lation coefficient is the obtained equations from the empirical results or numerical simu-
lations which in comparison with the results of field experiments, more regular patterns 
and more accurate answers will be obtained, while the results of field experiments are 
more practical.

These are empirical equations that relate the parameter in question to the factors that 
affect it. Then, based on experimental results and field measurements, the amount of 
diameter and depth soaked two or more times and the volume of water consumed from 
the water supply source is measured and these parameters are obtained by software or 
even by the two-point method of these two equations and the validity of these equations 
was checked by regression, R2, and t test method to determine the real parameters. After 
determining the parameters and variables of the equations of the wetted diameter and 
the measured and calculated depth, they were compared and the validity of these equa-
tions was based on the regression method (R2) and t test method was checked. The units 
of the parameters are metric and the depth and width of wetting are in meters, time is in 
seconds and volume is in cubic meters.

Conclusions
The purpose of this study was to determine the quasi-empirical equations for easier and 
more accurate estimating of the dimensions of the wetting front in drip irrigation. The 
results of this study showed that by using a simple WFD device and installing it in natu-
ral soil conditions around the plant roots, the position and dimensions of the wetting 
front in the drip irrigation can be accurately traced and measured. The advantage of the 
WFD device in this test is the lack of need to determine the soil saturation permeability 
coefficient. The use of saturation hydraulic conductivity in the depth direction, in addi-
tion to considering one-dimensional flow, homogeneity of soil, and measurement errors 
due to the use of disturbed samples are the reason for the error in determining this 
important parameter for the optimal management of water and fertilizer in drip irriga-
tion. The dimensions of the wetting front are determined for the proper design and plan-
ning of the drip irrigation system by using the obtained equations by directly measuring 
the pattern of progress of the wetting front in the soil. On the other hand, irrigation time 
can be determined according to special soil and the need to a certain volume of wetting 
of soil for each plant.
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