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Abstract

:

A bubble irrigation system (BIS) is a subsurface irrigation method recently introduced that may provide a better mechanism in terms of flow regulation, as it involves mainly the exchange of water and air bubbles under slight negative pressure. The negative pressure flow was created using inverted closed plastic bottles (ICPB) that connected to an elevated closed tank. Understanding the characteristics of wetting fronts is key in designing this irrigation system. This paper mainly presents the principles of BIS, the experimental measurements and software simulation of BIS wetting patterns, and the development of statistical models for BIS wetting patterns dimensions estimation. Laboratory experiments were accomplished to measure the BIS’s sharp-wetting fronts variation with four diameters of contact areas of ICPB and two different soil types, namely SS1 and SS2. In addition, numerical simulations using a 2D HYDRUS were performed to explore the possibility of using the simulated non-sharp wetting fronts in predicting BIS wetting fronts. The experimental results and numerical simulations show that the soil properties and the area of contact have a significant impact on the bubble flow rate and the shape and size of the wetting patterns. The hydraulic conductivity and the density of soil SS2, which were 62 and 22 percent, respectively, higher than soil SS1, have resulted in average incremental ratios of wetted depth and width by 94 and 178 percent, respectively. Results also show that more than 50 percent of the growth of wetting fronts’ width and depth occurred rapidly at the early portion of irrigation time before flattening at the latter time, indicating the effectiveness of the air–water exchange in regulating the amount of water supplied and in controlling wetting fronts propagation. Furthermore, based on experimental and simulation results, regression models have been developed for estimation of bubble flow rates and the size of wetting fronts. The developed models can be reliably used to predict the bubble flow rate and size of wetting patterns with high accuracy.
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1. Introduction


Subsurface irrigation systems deliver water directly into the root zone either by free-flow or pressurized flow to reduce losses [1,2,3]. The movement of water in this irrigation system usually starts from the source to the emitters and then moves to the root zone. Researchers have classified the source as a point source [4], line source [5], or area source [6].



Free flow occurs when the intensity of application is equal to or less than the infiltration capacity of the soil [7,8] while pressurized flow is when the application intensity is larger than the infiltration capacity of the soil [9]. The performance of these techniques was widely discussed, analyzed, and modified by many researchers [10].



Recently, a new subsurface flow technique, named the bubbles irrigation system (BIS) was suggested by Alrubaye, et al. [11]. The main principle of BIS is using an air–water exchange mechanism between the voids in the root zone and the ICPB. This mechanism provides the control condition to BIS, which prevents the excessive supply of water into the root zone. In contrast to existing subsurface irrigation techniques, BIS flows under negative pressure, which will not allow the water flow to occur unless bubbles from soil voids come out. The behavior of wetting fronts propagation by this air–water exchange mechanism of BIS has been confirmed to be different from the conventional subsurface irrigation techniques [11].



The wetting front shows the region in which the irrigation water is distributed in the root zone of the soil. In the irrigated zone, the soil is saturated, and the wet region is enclosed by a sharp boundary [12] which is termed a sharp wetting front. According to Lu and Likos [13], the sharp wetting front spreads rapidly at first across the soil and gradually decelerates over time. Conversely, a non-sharp wetting front has a variable moisture content profile during water application [13,14].



Prediction of the size of the wetting patterns is essential for the efficient design, operation, and management of irrigation systems [15]. Moreover, application time, emission rate, and irrigation interval can be determined based on the size of wetting patterns [16].



Among popular models to estimate the size of wetting fronts produced by conventional subsurface irrigation systems are the Green and Ampt [17] and the Richards [18]. Ben-Asher and Charach [19] also introduced the equivalent radius of hemispherical shape that represents the shape of sharp wetting fronts, as in Equation (1):


   r  e q   =    [    1.5 * q * t    π     (  θ s − θ i  )     ]     1 3     



(1)




where: req is the equivalent radius of the wetting front, cm; q is the application flow rate, cm3/min; t is the time of application, min; θs is the saturated moisture content of the soil, cm3/ cm3; and θi is the initial moisture content, cm3/cm3.



Until now, research has revolved around the development of statistical, mathematical, or empirical models for wetting pattern prediction resulting from the emitters of drip irrigation systems [20,21,22,23,24]. Furthermore, laboratory measurements and simulations of wetting patterns have been conducted to design and evaluate the performance of the new improved techniques, such as line source irrigation [25], a vertical moistube-irrigation [26], ceramic emitters [27,28,29,30], subsurface membrane irrigation [31], and ring-shaped emitter for subsurface irrigation [32].



In summary, the wetting front’s prediction for the free and pressurized flow of subsurface irrigation has been explored substantially. Since the BIS is still new and working with a different water application concept, the characteristics of the wetting front patterns created by this system need further investigation.



This paper presents the concept governing the BIS, laboratory measurements of wetting front patterns created by specially designed water–air bubble emitters, numerical simulations of BIS with non-sharp wetting fronts, and a statistical model to predict the size of the wetting patterns for the bubble irrigation system.




2. Materials and Methods


2.1. Experiments


Laboratory experiments were performed to measure the size and shape of wetting fronts created by BIS. The experiments present a 2D unsaturated flow profile in soil. The experimental setup comprised an elevated closed tank (ECT), soil container, and ICPB, as shown in Figure 1. Two soil types and four different diameters of contact area, Di, were evaluated to present the impact of soil properties with different infiltration areas on the shape and size of wetting fronts in the soil.



Main tools and equipment used in the experiments were: 20 liters ECT, mechanical flowmeter, vacuum pressure gauge, inlet and outlet valves, air valve, 4 sizes of ICPBs, and a glass soil container (60 cm long, 30 cm wide, 60 cm deep, and 5 mm thick).



The ECT and ICPB were connected via two tubes with check valves. One tube was for the air flow and the other for the water flow. To create a closed system, both ECT and ICPB were fully sealed by silicon and Teflon tape. The closed system allowed the air–water exchange and the control of the water supply into the ICPB. A slight vacuum was produced in the ECT during the air–water exchange process. The condition inside the ICPB is fully controlled by the condition in the closed tank. When water levels in the ICPB reach the air tube and block the air flow to the ECT, the ECT automatically stops providing water into the ICPB.



Experiments were performed in the Hydraulic Laboratory of the Department of Civil Engineering, UPM. The soil tank was first filled with soil, layer by layer, to ensure uniformity in compactness and density of the soil. Then, the ICPB was inserted 15 cm into the soil. Water was allowed to fill the ICPB by opening the water valve, generating vacuum pressure in the ECT equivalent to the head between the water table in ECT and ICPB. The discharge and wetting fronts propagations were recorded for every 10 minutes for the first hour and every 30 minutes for the rest of the test duration. During each test, the discharge was measured volumetrically and the wetting front dimensions with time were traced on a transparent sheet. The wetting front propagations were observed in two types of sandy soils, namely as SS1 and SS2. Details of experimental cases are summarized in Table 1.



Basic soil tests have been accomplished to measure hydraulic conductivity, ks, initial moisture content, θi, moisture content at field capacity,    θ  f c    , and the texture of the soils. The basic soil tests include the constant head test to measure the hydraulic conductivity, the digital moisture meter to measure the initial moisture content, the volumetric method to measure the moisture content at field capacity, and the sieve analysis to define the texture of the soil. The properties of the soils determined from the soil tests are presented in Table 2.




2.2. Description of Bubbles Flow from ICPB


In BIS, the irrigation application rate and the wetting front propagations are controlled by the air–water exchange in the ICPB. Water flows from ICPB and infiltrates into the soil through the ICPB opening which represents the source contact area with the soil. This process happens only when air bubbles are flowing out from the soil voids to ICPB. This mechanism produces slight vacuum pressure in the ICPB which controls the head of water in the ICPB. The irrigation application rate is highly dependent on the hydraulic properties of soil and the contact area of ICPB, which are the hydraulic conductivity of the soil and the source contact area at the opening of ICPB. Because the infiltration capacity of soil and the size of the wetting patterns varied with time, the water application rate also varied with time. Therefore, the variables that impacted the average flow rate of the bubble source for one hour of application time can be represented by the hydraulic conductivity of the soil,    k s   , and the diameter of the contact area, Di.



A model representing the size of BIS’s wetting fronts was developed by adding modification factors to Equation (1), which are based on the following assumptions: (i) the flow from the source area is radial flow; (ii) soil–water movement follows the strong wetting fronts that distinguish the saturated and unsaturated regions; (iii) soil is homogeneous and uniform; and (iv) soil is at its initial moisture content at the beginning of irrigation. Figure 2 shows the schematic of wetting fronts created by ICPB.



The depth and width of the wetting front give major indications of its dimensions and they are the most relevant parameters to be included in the design and management of irrigation systems [33]. In addition, because water movement in the soil is non-isotropic, a change in the shape of the wetting front was produced to precisely anticipate the dimensions of the wetting front over time. The modification considers a non-isotropic soil in the estimation of depth, z, and the width, w, of the wetting front using linear regression analysis. The suggested models for depth and width of the wetting front are shown in Equations (2) and (3), respectively:


z = A + req. B



(2)






w = C + req. D



(3)




where: A, B, C, and D are the model shape modification factors (cm).



Shape modification factors are used to adjust and convert the equivalent wetting front radius to the BIS wetting front shape dimensions in terms of width and depth. The shape modification factors also take into consideration the hydraulic properties of the soil that affect the water and airflow in the soil voids [34] and hence the shape of water distribution from BIS and the variation of the contact area of ICPB that provides the variation of air–water exchange mechanism and different shapes of wetting fronts. The shape modification factors, A and B, were determined using the linear regression analysis method.



In order to use the equivalent radius of the BIS to find the w and z of wetting fronts, it is required to predict the bubble flow rate. In this paper, the diameter of the contact area and hydraulic conductivity of the soil were used as independent variables to predict the bubble flow rate. Linear relation form is proposed between the predicted bubble flow rate and these two independent variables. The statistical model of the predicted flow rate can be written as in Equation (4). The function of this equation is to estimate an average value of bubble flow rate to use it for finding the equivalent radius of wetting fronts:


  Q =  β o  +  β 1  .    D i  +  β 2  .  k s   



(4)




where: Q is the average predicted flow rate of ICPB, Lph;    D i    is the diameter of contact area, cm;    k s    is the hydraulic conductivity of the soil, cm/hr;    β o   ,    β 1   , and    β 2    are the statistical parameters. Linearized multi-regression analysis method has been used to find the parameters of the suggested statistical model for the bubble flow rate.




2.3. Statistical Evaluation of the Linear Regression Modelss


The accuracy of the linear regression models and modification factors established for Equations (2)–(4) has been assessed using a t-test with a 95 percent confidence coefficient. For instance, the null hypothesis assumed that the mean value of the predicted dependent variable is not equal to the mean value of the actual dependent variable. Moreover, other statistical evaluations using root mean square error (RMSE) and multicollinearity test using variance inflation factor, VIF, were performed using R-studio software. RMSE and VIF are presented in Equations (5) and (6):


  RMSE =     SSE  n     



(5)






  VIF =    (  1 −  R k 2   )    − 1    



(6)




where: SSE is the sum square of error, n is observations, and    R k 2    is the coefficient of multiple determination when the diameter of the contact area, D, is regressed on the hydraulic conductivity.




2.4. Estimation of Non-Sharp Wetting Fronts Resulting from ICPB by 2D HYDRUS


This study also explores the possibility of using 2D HYDRUS in predicting the BIS wetting pattern by introducing modification factors to the simulated results. The use of software enables tests in a wide range of conditions to be carried out in more detail and faster than is possible with experiments. HYDRUS is a software that provides a fast and accurate way for investigating soil water dynamics simulations. It has been widely applied in simulating various subsurface irrigation techniques, but its application in simulating BIS is yet to be tested. The soil–water distribution in 2D HYDRUS numerically solves the equation of Richards [18] for two-dimensional flow in soil by finite element method and used the model of Van Genuchten [35] for soil hydraulic properties. The unsaturated flow in soil from ICPB was simulated by the 2D HYDRUS utilizing the variable and constant bubble flow rate boundary conditions.



Wetting fronts behave as a sharp front when the infiltration flux is less than the transition flux, and as a diffused or non-sharp front when the infiltration flux is more than the transition flux, according to DiCarlo [36]. A sharp wetting front created by emission products is usually used for designing proposes [37].



Simulation of the flow of ICPB in 2D HYDRUS produced non-sharp wetting patterns. To relate sharp wetting fronts obtained from the experiment to the simulation results, it is vital to show the interception between sharp and non-sharp wetting patterns. The length of sharp wetting fronts measured from the experiments can be used to find the interception of moisture content of non-sharp wetting fronts that have been simulated by 2D HYDRUS. Figure 3 shows the schematic of interception between sharp and non-sharp wetting fronts.



The unsaturated BIS flow was simulated using 2D HYDRUS software using varied and average constant flow rates as input data to observe the best way of predicting the moisture distribution. The moisture distribution in depth and in width have been produced using vertical and horizontal sections to the infiltration area. The four contact areas with the two types of soils, SS1 and SS2, that were used in the experiments have been used as a basis for the numerical simulations. The boundary conditions used for the simulation were variable or constant flux, atmospheric, non-flux, and free drainage boundary conditions. Figure 4 shows the boundary conditions of the flow region and the finite element meshes.



To simulate the experimental cases in 2D HYDRUS, initial moisture content,    θ i   , has been used as equal to the residual moisture content. Soil hydraulic parameters of Van Genuchten [35], such as residual moisture content, θr, and saturated moisture content, θs, empirical coefficients affecting the shape of hydraulic function, α and n, and pore connectivity parameter, l, were predicted using the neural network prediction option in 2D HYDRUS. Rosetta Lite v. 1.1 in 2D HYDRUS has been used to predict the soil hydraulic parameters of the soils according to the soil texture, bulk density, and moisture content at field capacity. The soil hydraulic parameters used in this simulation are shown in Table 3.





3. Results and Discussion


3.1. Experimental Results of BIS Wetting Patterns


BIS infiltration flow rates from the ICPBs have been measured for every 10 min in one-hour of testing duration. Figure 5 illustrates the variation in the infiltration rate for the BIS with time and with different contact areas. In general, the flow rate has been exponentially reduced over time. BIS flow rate in SS2 show higher values than the flow in soil SS1. Since the air bubbles raised from the soil to the ICPB through the contact area, the BIS water flow rate is highly impacted by the hydraulic properties of the soil type and by the opening of the ICPB, that is, the contact area. However, the flow rate was decreased by reducing the diameter of the contact area, and the downward exponential pattern of flow values for the four areas of contact was similar for both soil types. By reducing the area of contact, not only the average flow rate but also the variation of flow has been lowered. Average values of the bubbles flow rate result from using various diameters of contact area into soil SS1 and SS2 are presented in Table 4. The average values show that the flow rate has almost doubled between the two soil types for the same area of contact of diameters 2, 2.5, and 4 cm.



Wetting patterns generated by the bubble flow rates have been traced for each 10 min interval for soil types SS1 and SS2, as shown in Figure 5. The advancement of the wetted area was rapidly increased at the beginning of the test but then decreased towards the end of the test. Differences in the advancement rate during the experiment were due to the differences in air flow rate towards the ICPB from the surrounding soil. For instance, the airflow rate from the surrounding unsaturated soil started with high values, but the airflow rate decreased with the time of the experiment since the surrounding soil became saturated due to water emissions from the ICPB. The early time propagation of the wetting front was nonuniformly distributed, and the majority of flow was downward but, at the later time, the propagation was almost uniform and equal for all directions. The reason for the non-uniformity advancements of the wetted area is that the airflow towards the ICPB is not consistent, which depends upon the air paths in the body of the wetted area created by capillary and gravity actions.



The width and depth of the wetted areas were increased by increasing the diameter of the contact area. The width and depth of wetted fronts in soil type SS1 created by the diameter of the contact area of 2.5 cm were larger than that created by 3 cm due to the initial flow rate of 2.5 cm being higher than 3 cm, which gives a larger amount of water to be distributed. Upward infiltration was not more than 8 cm using the 4 cm diameter of the contact area.



The shape of the wetted patterns were horizontal ellipses in which the major axis lay parallel to the soil surface. Some of the shapes show the effect of soil uniformity, which impacted the smoothness of the ellipse shape. While the centroid of the ellipse, for some cases, started at the center of the contact area and moved downward during the time of the experiment, others started below the center of the contact area from the beginning of the experiments. Figure 6 and Figure 7 show the incremental width and depth of wetting fronts in soil SS1 and SS2, respectively.



Similar to the variation of advancement rates in soil SS1, the advancement rates of the wetting area in soil SS2 rapidly increased at the beginning and slowly decreased toward the end of the test duration. Due to the initial values of flow rate being higher in soil SS2 than the flow rate in soil SS1, the initial advancement rate was higher in soil SS2 than those in soil SS1. Moreover, the wetting patterns in soil SS2 have most of the distribution downward for the initial period of the experiment and equally distributed for the rest of the time. Since the hydraulic conductivity of soil SS2 was higher than soil SS1, the downward advancements were higher in soil SS2 than those in soil SS1.



Likewise, in the wetting patterns in soil SS1, the width and depth of wetting patterns were increased by increasing the diameter of the contact area. Furthermore, the shape of the wetting patterns in SS2 were horizontal ellipses and the major axis lay parallel to the soil surface. Since the pressurized or free flow in sandy soils is affected by gravity more than capillary action, wetting patterns are performed in vertical ellipses in sandy soils. Although the typical shape of wetting patterns in sandy soils is a vertical ellipse [15,38], the observed wetting patterns for BIS are horizontal ellipses with the major axis laid on the horizontal axis since the wetting fronts are controlled by the air–water exchange mechanism. For instance, water application of bubble flows required airflow from the soil to ICPB, which permits a gentle enlargement of wetting fronts for each emission of water. To explain, the enlargements of width were slightly higher than the depth, airflow from the depth of the wetted zone towards the contact area was subjected to resistance to water flow due to gravity, while airflow from the side of the zone was relatively not subjected to this resistance. Therefore, the wetted zone expanded from the sides a little more than in the depth. Thus, the wetted area has formed as a horizontal rather than vertical ellipse.



It can be seen from the Figure 6 and Figure 7 that, in general, the incremental rate of width and depth of flow is highly reduced through time. Moreover, a small area of contact produced a reduction in the size of the wetting pattern, since a smaller area of contact allows lower air–water exchange than the larger area. The size of wetting patterns indicated by width and depth are highly affected by hydraulic conductivity. For instance, wetting patterns in SS1, which have a relatively low hydraulic conductivity, are smaller than those in SS2. Clearly, for all diameters of contact area, the size of wetting fronts created in soil SS1 was smaller than those in soil SS2, because soil SS1 has a smaller value of hydraulic conductivity. The depth and width of the wetting fronts did not exceed 9 cm in soil SS1, while the depth and width of the wetting fronts in soil SS2 did not exceed 16 cm. Figure 8 and Figure 9 show the variation of width and depth respectively of wetted area for SS1 and SS2.



The hydraulic conductivity and the density of soil SS2, which were 62 and 22 percent, respectively, higher than soil SS1 have resulted in average incremental ratios of wetted depth and width of 94 and 178 percent, respectively. The hydraulic conductivity of the soil has a direct effect on the advances of the wetting fronts which produce the air paths in the wetted body of the soil. The density of the soil affects the porosity of the soil which controls the air and water spaces in the water body in the soil. Typical free flow in soil produces an incremental ratio of depth higher than the width, due to the gravity action. On the contrary, the incremental ratio of the depth was lower than that of width in the BIS flow technique.



Maximum wetting advancement happened in the first segment of the time. Growth ratio can be used to represent the enlargement as a percent of the total width and depth in wetting patterns. Figure 10 and Figure 11 show the growth ratio of the wetted area in width and depth during the time of the experiment. The growth ratio of the wetting size is generally reduced over time since, the air bubble flow rate is decreased. For the first ten minute segment time, growth ratios were higher than 50 percent but for the rest of the time segments, they were lower than 10 percent. Different diameters of contact area show the same behavior with some variations due to the variation in bubble flow rate, which produces the variation in the size of wetting patterns. Initial emissions from ICPB have a significant effect on the shape and size of the wetted area. In soil SS1, the average initial growth rate of width and depth of the wetted area were 53 and 62 percent, respectively, while in soil SS2, the average initial growth rate was 73 and 71 percent from the total width and depth.



The soil at initial moisture content has a considerable void which is filled with air. Thus, initial emission of the flow from ICPB are significant observations since the air around the area of contact is available for the air–water exchanging mechanism.




3.2. Results of the 2D HYDRUS Model


The simulations using 2D HYDRUS were conducted under two conditions with flow rates that were varied and constant. For the varied flow condition, the varied flow rate presented in Figure 5 was used while for the constant flow rate condition, the average of that flow rate was used. Moisture content distribution created by constant and varied flow rates was observed and, for example, simulations of constant and varied flow from ICPB with a contact area diameter of 2.5 cm in soil SS2 are given in Figure 12 and Figure 13, respectively. In the case of varied flow rates, the moisture content patterns changed according to the flow rate variation. Due to the high intensity of the bubble flow during the first portion of time, the moisture content distribution increased rapidly. The air bubbles flow significantly reduced with time as the majority of the moisture content was already distributed by the soil, which was when the applied flow became lower than the hydraulic conductivity of the soil.



In the case of constant flow rate conditions, the moisture content patterns were advanced in a consistent shape. When the flow rate used was constant, the intervals of moisture content contour had varied enlargements because the flux emissions were distributed on the perimeter of the wetted area, which increased in size with time.



Sectional profiles in width and depth directions as presented in Figure 14, Figure 15, Figure 16 and Figure 17 have been extracted to show the variation in moisture content in both directions. In general, the slope of moisture distribution in soil SS1 for all cases was steeper than those in soil SS2, since not only the hydraulic conductivity of soil SS1 was lower than soil SS2, but also the field capacity of soil SS1 was higher than that in soil SS2. Because the BIS flow rate was controlled by the water–air exchange, the differences between moisture distribution in width and depth directions were not significant.



In varied flow rate condition, the slopes of moisture distribution along width and depth directions were consistently steep from saturated to residual SMC. This happened because the hydraulic conductivity of the soil was lower than the accumulated flux. For    D i    = 2.5 cm, the maximum variation in moisture distribution in soil SS1 was 0.4 cm3/cm3 along 3.8 cm of depth at a time of 10 min. On the other hand, the slope of the moisture distribution profile in soil SS2 in width and depth directions was milder since the applied flux was sometimes lower than the hydraulic conductivity of the soil. Sometimes, the applied flux becomes lower than the hydraulic conductivity of the soil because the applied flux depends on the airflow received by ICPB, which is gradually reduced according to the air–water exchange mechanism. Moreover, since the intensity of flow is reduced with time, the latest moisture distribution patterns become flatter than the earliest patterns. Thus, some of the latest patterns of moisture content variation had started lower than the saturated moisture content. The flatter variation in the moisture distribution pattern of case 2 was 0.3 along 23 cm in the depth direction at a time of 60 min.



In constant average flow rate conditions, variations of moisture content in SS2 were more regular than those of varied flow since the inflow was steady. The average flow rates used in case 2 were 0.183 and 0.291 Lph for SS1 and SS2, respectively. The moisture variation became flatter with time since the area of distribution became larger. In contrast with the patterns of varied flow rate, moisture distribution in soil SS2 produced from constant average flow rate at the beginning and end of the test duration were started from the same point of the saturated zone at 0.415 cm3/cm3 since the flow intensity is constant and has a higher value than the hydraulic conductivity of the soil.



Sharp and non-sharp wetting fronts have been intercepted to show the distance representation of the wetting front in the moisture content distribution. The interception of the sharp and non-sharp wetting fronts for all cases using actual varied and average applied discharge are shown in Figure 18 and Figure 19.



In the case of soil SS1, results of interception of sharp and non-sharp wetting fronts using varied and the constant average bubbles flow showed that the average intercepted soil moisture content, SMC, was 0.46 and 0.44 percent, respectively. Using various and constant bubble flow rates, more than 75% of the intercepted points of SMC were above the average of SMC. Because the variation of moisture content in soil A has a steep profile as shown in Figure 14, Figure 15, Figure 16 and Figure 17, most of the intercepted SMC were near the saturated state. In conclusion, the properties of soil SS1 may indicate that the sharp wetting front can be predicted to be near the saturated zone of the soil.



Intercepted SMC for soil SS2, shows that the average intercepted SMC for sharp and non-sharp wetting fronts using varied and average bubble flow conditions were 0.3 and 0.26 percent, respectively. For actual varied conditions, 60 percent of the intercepted SMC were above the average while, for a constant average flow rate, 58 percent were above average. Because the variation of moisture content in SS2 has a flat profile as shown in Figure 14, Figure 15, Figure 16 and Figure 17, the intercepted SMC were distributed in a wide range of moisture content. This indicates that the sharp wetting fronts in soil SS2 can be predicted to be in the range between the saturated state and the average intercepted SMC. The distribution of the interception between sharp and non-sharp wetting fronts is highly dependent on the soil type.




3.3. Statistical Analysis


Based on experimental and numerical simulation results, statistical multiple regression models were derived using R-Studio software to predict the average BIS flow rate and the width and depth of the wetting fronts. The independent variables used to generate this statistical model were the diameter of the contact area and the hydraulic conductivity of the soil.



For constant    β o   ,    β 1   , and    β 2   , in the bubble flow rate equation (Equation (4)) the statistical model’s parameters were −1.07, 0.22, and 0.613, respectively. This model had a multiple R-squared of 0.69, a correlation coefficient of 0.836, and a root mean square of error RMSE of 0.17. A statistical t-test was performed to check that the null hypothesis of the mean difference was zero. Results of the t-test show that the value of t statistics was 0.00025 and the t-critical two-tail was ±2.36 which means the null hypothesis is accepted, meaning that there are no significant differences between the obtained and the predicted average bubble flow rates. In addition, the multicollinearity of the independent variables has been evaluated using the variance inflation factor, VIF. Values of VIF for both the diameter of the contact area and the soil hydraulic conductivity were 1, which means there is no relation between these variables. In conclusion, this model can be efficiently used to predict the average bubble flow rate.



The equivalent radius formula introduced by Ben-Asher (Equation (1)) was used to create a set of equations to predict the width and depth of wetting fronts by introducing modification factors A, B, C and D (Equations (2) and (4)); the factors were determined using linear regression analysis. The parameters of these equations and the coefficient of determination, R2, for each equation are presented in Table 5. Also, a comparison of the predicted and actual size of wetting patterns can be presented in Figure 20.



The BIS flow rate was tested in 2D HYDRUS using varied and average flow rates to produce non-sharp wetting patterns. The results of the non-sharp wetting patterns were tested using a two-tail paired t-test to check the hypotheses if there were no significant differences between the result of using varied and average bubbles flow rates. T statistics were −1.464 and −3.59, and t critical was ±2.01 for both tests. Thus, the results of the test accept the null hypothesis for SS1 and reject it for SS2 which means there are no significant differences between using varied and average bubble flow rates for SS1, but there are significant differences for SS2. Therefore, the average bubble flow rate can be used to simulate the flow in 2D HYDRUS for SS1 but cannot be used for SS2.





4. Conclusions


The concept governing the BIS is presented in this paper, as well as laboratory measurements of wetting fronts patterns created by a specially designed air–water bubbles emitter, numerical simulations of the BIS with non-sharp wetting fronts, and a statistical model to predict the size of wetting patterns for the bubbles irrigation system.



The experiments and the numerical simulations show that the soil type and the area of contact have a high impact on the bubbles flow rate and on the shape and size of wetting patterns. In addition, most of the size of the wetting pattern is produced in the first portion of time, which presents the impact of the bubbles flow technique. In the first portion of time, more than 50 percent of width and depth have been performed in SS1 and more than 70 percent have been performed in SS2.



Bubbles flow in the soil can be represented in 2D HYDRUS using the actual varied flow rate. Unlike the actual varied flow, the average constant bubbles flow rate can be used to simulate the flow in 2D HYDRUS for SS1 but cannot be used for SS2 since there are significant differences with the obtained results. Moreover, using a constant head in 2D HYDRUS was not representative [39] since the constant head pressurized the flow in soil, unlike the bubble technique.



Statistical tests show that the average flow rate can be predicted efficiently to represent the bubbles flow. In addition, 2D HYDRUS can be used accurately to locate the sharp wetting front using a suitable reduction ratio. The sharp wetting fronts in SS2 can be predicted to be in the range between the saturated state and the average intercepted SMC. The distribution of the interception between sharp and non-sharp wetting fronts is highly dependent on the soil type.



The findings from this study provide insight on the workability and effectiveness of BIS in controlling the growth of the wetting patterns in subsurface irrigation. BIS adopts a unique air–water exchange technique to provide control on the applied amount of irrigation water. The amount of water supply is controlled based on the soil moisture deficit, i.e., based on the actual water consumption by the plants. Moreover, reliable equations for estimating the BIS wetting dimensions using simulated non-sharp wetting fronts have been successfully developed. Further investigation on the design criteria for the bubbles subsurface irrigation system and its practicality are ongoing.
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Figure 1. The setup model of laboratory experiments for tracing wetting patterns created by bubbles. Source using ICPB in the soil profile. 
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Figure 2. Schematic of the wetting front varies with the time generated by ICPB according to the equivalent radius. 
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Figure 3. Schematic of moisture content distribution in the length of flow for sharp and non-sharp wetting fronts. 
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Figure 4. Boundary conditions and finite element mesh created for HYDRUS-2D simulations are shown in the domain geometry. 
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Figure 5. Variation of BIS flow rate for SS1 and SS2. 
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Figure 6. Size and shape of wetting patterns created by BIS flow rate in SS1. 
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Figure 7. Size and shape of wetting patterns created by the bubbles flow rate in SS2. 
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Figure 8. Width of wetted area for SS1 and SS2 throughout the test duration. 
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Figure 9. Depth of wetted area for SS1 and SS2 throughout the test duration. 
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Figure 10. Growth ratio of wetted width in soil SS1 and SS2 for diverse contact areas. 
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Figure 11. Growth ratio of wetted depth in soil SS1 and SS2 for diverse contact areas. 
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Figure 12. Distribution of soil moisture content for varied flow from the ICPB of the contact area. D = 2.5 cm in soil type SS2. 
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Figure 13. Distribution of soil moisture content resultant of constant flow from the ICPB of the contact area. D = 2.5 cm in soil type SS2. 
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Figure 14. Variation of moisture content in width direction for case 2 using actual varied flow rate. 
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Figure 15. Variation of moisture content in depth direction for case 2 using actual varied flow rate. 
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Figure 16. Variation of moisture content in width direction for case 2 using constant average flow rate. 
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Figure 17. Variation of moisture content in depth direction for case 2 using constant average flow rate. 
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Figure 18. Interception of sharp wetting fronts in the distribution of moisture content for soil SS1 using actual varied and constant flow rate. 
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Figure 19. Interception of sharp wetting fronts in the distribution of moisture content for soil SS2 using actual varied and constant flow rate. 
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Figure 20. Comparison of the predicted and actual size of wetting patterns. 
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Table 1. Experimental Details.
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Cases

	
Diameters of Contact Area, Di. cm

	
Soils






	
1

	
2

	
SS1 and SS2




	
2

	
2.5




	
3

	
3




	
4

	
4
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Table 2. Results of basic experiments of soil properties.
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Soil Type

	
Texture

	
ks, cm/h

	
Bulk Density, gm/cm3

	
θi

	
θ fc




	
Sand

	
Silt

	
Clay






	
SS1

	
92%

	
8%

	
0%

	
1.19

	
1.19

	
5%

	
58%




	
SS2

	
97%

	
3%

	
0%

	
1.85

	
1.45

	
5%

	
33%
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Table 3. Soil hydraulic parameters used for 2D HYDRUS simulations.
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	Cases
	Soil

Type
	Di,

cm.
	θr,

cm3/cm3
	θs,

cm3/cm3
	α
	n
	ks,

cm/min
	l





	1
	SS1
	2
	0.1053
	0.5071
	0.05
	2
	0.01979
	0.5



	2
	SS1
	2.5
	0.1053
	0.5071
	0.05
	2
	0.01979
	0.5



	3
	SS1
	3
	0.1053
	0.5071
	0.05
	2
	0.01979
	0.5



	4
	SS1
	4
	0.1053
	0.5071
	0.05
	2
	0.01979
	0.5



	5
	SS2
	2
	0.0473
	0.415
	0.0032
	2.7
	0.03087
	0.5



	6
	SS2
	2.5
	0.0473
	0.415
	0.0032
	2.7
	0.03087
	0.5



	7
	SS2
	3
	0.0473
	0.415
	0.0032
	2.7
	0.03087
	0.5



	8
	SS2
	4
	0.0473
	0.415
	0.0032
	2.7
	0.03087
	0.5
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Table 4. Average infiltration values of bubble flow rate (Lph).
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Diameters of the Contact Area (cm)

	
Soil Type




	
SS1

	
SS2






	
2

	
0.296

	
0.567




	
2.5

	
0.183

	
0.291




	
3

	
0.144

	
0.955




	
4

	
0.571

	
1.004
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Table 5. Parameters and the coefficient of determination resultant from regression analysis between the equivalent radius and the actual size of the wetting pattern.






Table 5. Parameters and the coefficient of determination resultant from regression analysis between the equivalent radius and the actual size of the wetting pattern.





	
K

	
Diameters

	
Width Parameters (w)

	
Depth Parameters (z)




	
C

	
D

	
R2

	
A

	
B

	
R2






	
SS1

	
2

	
0.50

	
0.11

	
0.96

	
2.49

	
0.09

	
0.98




	
2.5

	
5.23

	
0.19

	
0.98

	
3.75

	
0.23

	
0.94




	
3

	
1.06

	
0.23

	
0.89

	
2.87

	
0.16

	
0.98




	
4

	
5.76

	
0.09

	
0.95

	
5.10

	
0.12

	
0.94




	
SS2

	
2

	
6.06

	
0.12

	
0.96

	
6.20

	
0.09

	
0.96




	
2.5

	
8.48

	
0.15

	
0.99

	
8.10

	
0.12

	
0.98




	
3

	
8.90

	
0.14

	
0.95

	
7.26

	
0.16

	
0.99




	
4

	
9.93

	
0.17

	
0.99

	
7.67

	
0.17

	
0.99
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