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Abstract

:

The declining supply of available groundwater resources is increasing the importance of extraction wells. To maximize the yield of extraction wells, the operators do not always respect the sustainable use of groundwater resources. These efforts can affect water quality and impact the service life of an extraction well, mainly through the clogging process. As part of the INV-FLOW project, an apparatus for evaluating the functionality of an extraction well by measuring the vertical water flow through its screen and filter was designed and tested. The apparatus consists of two electromagnetic induction flowmeters, two pneumatic seals, and a pump with the possibility of regulation. After an initial laboratory verification of the fundamental concept, the apparatus was successfully tested in real conditions. Two extraction wells, HJ-3 and HJ-4, intended for water supply to an agricultural production plant, were measured at a pilot site in the Czech Republic using the INV-FLOW apparatus. Although the HJ-3 extraction well is at the end of its service life, the HJ-4 extraction well is a newly installed well. In the new extraction well, HJ-4, a high proportion of water flowing through the gravel pack relative to the total pumping flow (93–97%) was measured using the INV-FLOW apparatus at different pumping rates. In the case of the HJ-3 extraction well, screen and filter clogging contributed significantly to the limited water flow through the gravel pack. In the most affected parts of the extraction well (15–20 m b.g.l.), the proportion of water flowing through the gravel pack relative to the total pumping flow ranged from 10 to 20%. The pilot tests confirmed the functionality of the apparatus and the possibility of using it to evaluate the degree of clogging and incrustation of an extraction well. The pilot tests thus demonstrated the usability of the INV-FLOW apparatus. The extraction well operator can assess the level of clogging or incrustation of the extraction well and decide on the need for the rehabilitation of an extraction well, or the termination of its operation.
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1. Introduction


A well is a water management structure that may serve as a groundwater extraction source, a monitoring or remediation structure, or, optionally, an infiltration structure. In all cases, an extraction well is affected by several factors influencing its service life, which is largely determined by its design and how it is used in the geological environment.



The technical condition of extraction wells may be evaluated by a number of hydraulic and geophysical methods [1,2,3]. The advantage of hydraulics methods lies in their directness and lower equipment demands and costs. They are based on pumping and recovery tests that may be supplemented by measurements of the vertical component of the flow [1]. However, these methods provide only minimal information on the possible variability of the determined parameters along the vertical profile of the extraction well. Geophysical measurements designated as geophysical well logging require complex equipment. In contrast with the methods mentioned above, they only provide information on the vertical profile of the measured parameters for the evaluation [4]. Their advantages are a high resolution and the possibility of interpreting the operation properties of the extraction wells from the point of view of the physicochemical properties of the aquifer. In this case, the basic procedure is resistivity logging in its numerous variants. The list of methods used includes measurements of the real diameter of the well, acoustic logging, density logging, gamma logging, gamma–gamma logging, and neutron–neutron logging, in addition to camera inspection of the extraction well [5,6,7]. Geophysical methods can assess several properties and parameters of an extraction well, such as aquifer lithology, thickness, porosity, density, water quality, well diameter and deviation, flow within the extraction well, and mineralogy [4]. The filtration part of an extraction well is formed by a gravel pack located at the perforated part of the casing, called a well screen. In addition to a stabilization function, the gravel pack has a filtration function, consisting of reducing the entry of fine sediments into the extraction well. From a construction point of view, slit perforation (in comparison to circular perforation) is preferred, as it ensures a lower minimum cross-section of the openings while maintaining the same proportion of the open area. It is usually risky to construct an extraction well without a gravel pack. In principle, this is possible in the case of rocks having a low content of mobile sedimentary fractions; however, even in such cases, the gravel pack may have a stabilization function, and its use is recommended to achieve a long service life of the extraction well.



The main parameters of the gravel pack are the grain size, width, and material type [8]. These parameters are selected depending on the type of geological material that the extraction well penetrates, among other things. The correct choice of gravel pack has a decisive influence on the service life of the extraction well. The chosen fraction size must dimensionally exceed the internal cross-section of the perforations of the well screen while taking into account the presence and grain size of the mobile component of the transported sediment in the aquifer. The aim is to find a balance between maintaining maximum permeability, filtration capacity, and, simultaneously, accessibility for maintenance and regeneration work, and also during the long and intensive pumping of the aquifer in the case of extraction wells. It is recommended to determine grain size based on the surrounding geological material [9,10]. A grain-size analysis is also one of the first steps in selecting a well screen’s slit size [4]. In rocks, the gravel pack is mainly used for stabilization, and its grain size is selected according to the size of the inflow openings of the well screen [11].



Materials suitable for use in gravel packs are natural sands and gravels having rounded grain shapes; they should not be crushed materials. A suitable gravel pack is made of silica materials containing <4% of inhomogeneous components, such as clay, mica, feldspar, limestone, and iron. It is optimal to use drinking water filter materials, as they have a minimal impurity content [9,12].



Well clogging is defined as a decrease in the specific capacity of an extraction well over time [13]. In practice, the service life of an extraction well is limited, particularly by the impact of the clogging process, i.e., clogging of the porous area of the gravel pack, the well screen or, optionally, the part of the geological environment in the closest surroundings of the well screen [14,15,16,17,18,19,20]. The cause combines a physical clogging, i.e., the transport of mobile sedimentary particles due to transport abilities of flowing water, and a chemical–biological one, i.e., oxidative processes resulting in the precipitation of ions dissolved in groundwater. Usually, many microorganisms participate in this phenomenon, and, at the macroscopic level, the process results in incrustation on the surface and inside the screen [13,21,22,23].



Well clogging causes a reduction in the open area of the well screen and reduces the volume of effective pores in the gravel pack. The result is a decrease in the yield of extraction wells, which can also escalate over time if the operational response is pumping intensification and cause a subsequent increase in the hydrogeological gradient due to the decrease in groundwater level in the extraction well. Faster-flowing water entrains more sedimentary particles. A further decrease in the groundwater level leads to an expansion of the oxidative environment zone, causing mineral incrustation and promoting the growth of microorganisms [10,11,13]. Although few extraction wells fail completely due to clogging or direct incrustation, these phenomena always cause reduced well yield [15,22,24,25].



Corrosion processes, which affect not only metal, but also plastic and rocks, cause enlargement of the openings in the well screen, thus reducing the strength of the well screen [26]. Metals suffer the most from corrosion. Corrosion is caused by a material reaction in an oxidation reduction environment (especially in contact with oxygen present in the air), which can be further enhanced by corrosive contaminants, for example, in remediation extraction wells.



In the event of clogging and incrustation, the extraction well can be regenerated. After the necessary diagnosis, a number of mechanical and chemical procedures can be applied [10,26,27].



Researchers from the Czech University of Life Sciences in Prague and the company DEKONTA, a.s., (Prague, Czech Republic) developed a new INV-FLOW apparatus, which can be used to directly assess the technical condition of the filtration part of an extraction well, i.e., the part of the extraction well that contributes to its proper functioning. Together with the apparatus, a new method for evaluating the degree of clogging and incrustation of a given extraction well, and thus its overall functionality, was tested.




2. Materials and Methods


2.1. Apparatus Design


The INV-FLOW apparatus is portable and consists of the parts described in the conceptual diagram in Figure 1. The main parts of the apparatus are:




	
Two pneumatic packers to seal the measured section of the extraction well. A through-flow pipe passes through the center of the packers. The packer’s bodies can accommodate three independent cables sealed at the flanges using watertight bushings. In the case of the INV-FLOW apparatus, these cables are used for (i) the electrical connection of the pump, (ii) the supply of compressed air for controlling the packers, and (iii) the electrical signal from the electromagnetic flowmeter.



	
A pump located in the area between the packers, enabling the smooth regulation of the output.



	
An electromagnetic flowmeter located at the ground surface for measuring the flow rate of water pumped from the extraction well.



	
An electromagnetic flowmeter located under the lower packer inside the extraction well to measure the flow rate of water pumped through the lower packer.









2.2. Methodology


The measured section of the extraction well is the center of the lower pneumatic packer, as shown in Figure 1. Here, a portion of the groundwater in the well flows around the packer through the gravel pack at a flow rate of Qo. After installing the apparatus into the measured section of the extraction well, the pneumatic packers are sealed with compressed air. Subsequently, by pumping and measuring the total pumping flow rate Qc and the flow rate through the lower packer Qp, the flow rate of water flowing outside the lower packer, i.e., the flow rate of water through the gravel pack Qo at a given depth level, is measured. By evaluating the contribution of Qo to the total pumping quantity Qc as a function of the pumping rate Qc, we can determine whether the well gravel pack is functional (no clogging or incrustation) in the measured section or whether the filtration capacity is reduced. Thus, the dependence Qo/Qc = f(Qc) is evaluated.



The water flow rate through the gravel pack at a given depth level is expressed by the main Equation (1) for the total quantity pumped:


   Q c  =  Q o  +  Q p  +  Q  i n    



(1)




from which Qo can be expressed:


     Q o  =  Q c  −  Q p  −  Q  i n    



(2)




where Qo is the quantity of water flowing through the gravel pack (l/s), Qc is the pumping quantity (measured) (l/s), Qp is the flow rate through the lower packer (measured) (l/s), and Qin is the inflow from the aquifer through the height L (l/s).



The only unknown in Equation (2) is the Qin inflow from the aquifer through the height L (Figure 2). There are two possible ways to determine this inflow. First, it can be measured using a borehole dilution technique [28]. For this purpose, resistivity logging is used. The mineralization of water in the extraction well is increased by diluting NaCl. The inflowing groundwater differs in electrical resistivity from the water in the extraction well. By repeatedly measuring the electrical resistivity of the water in the extraction well using resistivity logging, it is possible to quantify the horizontal inflows to the well at different depth levels.



The second option is to calculate it from the decrease in water level in the observation well during the measurement. The scheme is illustrated in Figure 2. Equation (3) for steady flow to the full well was applied (the Thiem equation) [29] Using the parameters at the pumped well and at the observation well PV1:


   h  V 1  2  −  h V 2  =    Q  a q     π K     l n    R  P V 1      r v     



(3)




where hV1 is the height of water in the observation well PV1 (m), hV is the height of water in the pumped well (m), Qaq is the inflow quantity of water from the aquifer (m3/s), rv is the radius of the pumped well (m), RPV1 is the distance of the observation well from the axis of the pumped well (m), and K is the hydraulic conductivity of the aquifer (m/s).



As the input parameter of Equation (3), the hydraulic conductivity of aquifer K is obtained from the pumping test performed before the start of the measurement using the INV-FLOW apparatus.



The inflow amount of water from the aquifer into the well can be expressed by Equation (4):


   Q  a q   =   π K  (   h  v 1  2  −  h v 2   )    l n    R  p v 1      r v       



(4)







The amount of water flowing into the extraction well through height L is:


   Q  i n   =    Q  a q      h V    L  



(5)







In addition to evaluating individual depth levels in the extraction well using the INV-FLOW apparatus according to the method described above, it is also important to assess the effect of the additional resistance of the extraction well using the pumping and recovery test. The test should be carried out before each measurement by the INV-FLOW apparatus, as described above, since the hydraulic conductivity of the aquifer is the basic input parameter for calculating the amount of water flowing from the aquifer into the extraction well (Qin).



Performing the pumping test in unsteady mode allows us to evaluate the hydraulic conductivity of the whole aquifer, K, and the coefficient of additional resistance, W [22,23,30,31,32,33,34]. Agarwal [35] solved the equation of unsteady radial flow to a real well in cylindrical coordinates, considering additional resistance (skin effect) and the actual well volume (wellbore storage) [35,36] at the beginning of the pumping test. Using Algorithm 368 [37], Equation (6) was derived in [38,39,40,41] for the slope of the first straight line of the pumping test (sD*) as a function of the skin factor, W (coefficient of additional resistance), and the dimensionless wellbore storage, CD [24,36], which precedes, in groundwater hydraulics, the standard Cooper–Jacob section—the Cooper–Jacob straight line [38] (Figure 3).


   s D *  = 0.166   W + 0.1908   ( log  C D  ) + 0.2681  



(6)




where sD* is the dimensionless drawdown for the first straight line (-), W is the coefficient of additional resistance (skin factor) (-), and CD is the dimensionless wellbore storage (the wellbore storage effect occurs at early pumping times, during which the water withdrawn is not derived from the aquifer but from the water volume originally stored in the well casing [36,39]).



After inserting the dimensionless parameters by expressing the coefficient of additional resistance, Equation (7) is obtained in the form [39,40]:


  W =  1  0.166    (      2 π   T    s *   Q  − 0.1908 log  C D  − 0.2681  )     



(7)




where Q is the pumped amount of water (m3/s), s* is the drawdown at the point of intersection between the “first straight line” segment with the time axis (m) (see Figure 3), and T is the aquifer transmissivity (m2/s).



The derived coefficient of additional resistance [42] directly characterizes how additional resistance is applied in the extraction well and its surrounding environment. The greater the degree of clogging in the gravel pack and in its close vicinity, the greater the coefficient of additional resistance, and the greater the probability that the filtration function of the extraction well is non-functional. Values of the coefficient of additional resistance close to zero indicate that additional resistance does not apply.



According to Hawkins [43], who defined a zone where additional resistance is applied to the radius ro (Figure 2), a relationship for the coefficient of additional resistance W for steady flow can be derived as Equation (8):


  W =  (   K   K o    − 1  )  l n    r o     r v     



(8)




where K is the hydraulic conductivity of the aquifer (m/s), Ko is the hydraulic conductivity of the gravel pack (m/s), rv is the radius of the pumped well (m), and ro is the radius of the zone of additional resistance (m). From Equation (8), it is possible to express the hydraulic conductivity coefficient of the part of the measured extraction well where additional resistance is applied as Equation (9). The coefficient of additional resistance is known from Equation (7).


   K o  =   K l n    r o     r v       (  W + l n    r o     r v     )     



(9)








2.3. Laboratory Experiments


To verify the basic hypotheses and assumptions and test the conceptual design of the INV-FLOW apparatus, experiments were carried out on a laboratory model of an extraction well. The laboratory model was theoretically designed, constructed, and subsequently tested. Laboratory measurements were carried out in the laboratories of the Faculty of Environmental Sciences of the Czech University of Life Sciences in Prague in November and December 2019.



The laboratory model used (Figure 4) simulates the vertical flow of groundwater induced in a partially hydraulically incomplete well, with the simultaneous maintenance of a constant piezometric water level. The groundwater flow can be then reduced to a one-dimensional component. In principle, this is a model of an ideal flow during groundwater pumping, which enables the comparison of the individual components of vertical flow.



The actual laboratory model (Figure 4) consists of a DN 300 flow profile connected by its bottom to an equalizing tank with adjustable overflow height, which ensures water circulation in the system using a circulation pump. Total flow can be controlled mechanically (mechanical valve) or using a frequency converter with which the pump is equipped. A reference flowmeter is also included after the pump to verify the total water circulation in the system.



The laboratory model of an extraction well was equipped with a well casing with an internal diameter of DN175 and slit perforation (1 mm width) for the laboratory test. The gravel pack was simulated in the following variants:




	
Without clogging: glass beads of fraction d = 3–5 mm;



	
Affected by clogging: a mixture of glass beads of fraction d = 3–5 mm and filter sand of fraction d = 0.5–1 mm.








A pneumatic packer was used as a sealing element to seal the extraction well with an inner diameter of 105–200 mm, having a maximum working pressure of 11 bar.



Table 1 shows the scenarios that were measured in the laboratory model. In Scenario A, only half of the well casing and the lower part of the gravel pack were installed to verify the basic functionality of the constructed laboratory model. Furthermore, Scenarios B and C were tested, in which the well casing was completed, and different types of gravel packs were tested. The testing was carried out within all the scenarios with different values of the total flow rate Qc.



From the point of view of groundwater hydraulic theory, the laboratory model of an extraction well (Figure 4) represents the standard scheme of Henry Darcy [44]. Thus, for each scenario tested, a direct measurement of the saturated hydraulic conductivity of the gravel filter casing in the laboratory model, K (m/s), was carried out according to the equation:


     K o  =    Q o     A o  ∗ I   =    Q o     A o  ∗  (   H 2  −  H 1   )  / L    



(10)







The monitored parameters of the laboratory experiment (Figure 4, Equation (10)) are as follows:



Constant parameters:




	
dm (m)—inner diameter of the laboratory model of a hydrogeological well;



	
dw (m)—outer diameter of the hydrogeological casing;



	
Ao (m2)—area of the flow profile of the gravel pack;



	
L (m)—height of the gravel pack.








Variable (measured) parameters:




	
Qc (l/s)—total water flow in circulation;



	
Qp (l/s)—water flow through the packer;



	
H1 (m)—piezometric level in the DN300 flow profile (laboratory model);



	
H2 (m)—piezometric level in the equalizing tank.








Calculated parameters:




	
Qo (m3/s)—component of vertical flow through the gravel pack;



	
I (-)—hydraulic gradient;



	
Ko (m/s)—hydraulic conductivity of the gravel pack.









2.4. Pilot Site, Geological and Hydrogeological Properties


The INV-FLOW apparatus was tested on a pilot scale from June to December 2020. Measurements were made on two extraction wells that were selected to meet the maximum of the initial test criteria:




	
The well is operated as an extraction well;



	
The results of pumping and recovery tests, geophysical logging and camera inspections of the extraction well are available;



	
The well screen is located at a depth of <25 m below ground level (the depth range of the functional INV-FLOW apparatus);



	
An observation well is in the vicinity of the measured extraction well;



	
The extraction well casing diameter is in the range DN 175–DN 300 (range of the used functional INV-FLOW apparatus);



	
There is variability between the tested extraction wells concerning the age of the extraction well and the well casing material.









2.5. Hadačka Pilot Site


The Hadačka site (Figure 5) is located 25 km north of Pilsen in the Czech Republic. The tested objects, HJ-3 and HJ-4, are extraction wells intended for supplying drinking and service water for the company Kralovická zemědělská, a.s. The pumped yield during the operation has an average value of 0.8 l/s. Extraction wells HJ-3 and HJ-4 were selected for pilot tests as a pair. The HJ-3 well is a drilled extraction well at the end of its service life, with significant signs of clogging. In contrast, the HJ-4 well is a newly drilled extraction well, constructed in 2020 as a replacement for HJ-3.



The area of interest consists of crystalline rocks of the upper Proterozoic age, generally characterized by phyllitic shales, which have been documented by drilling HJ-4 to a minimum depth of 60 m below ground [45]. Geophysical logging in 2020 on the HJ-4 extraction well [46] showed that the shallow part of the aquifer (11–24 m b.g.l.), with the prevailing porous permeability of the weathered zone, has higher mineralization. In contrast, the deeper zone (35–47 m b.g.l.) is characterized by lower mineralization, with the presence of carbonates and prevailing fissure permeability. The area of the aquifer between these zones is, therefore, most predisposed to clogging processes. The groundwater level is semi-confined and mostly corresponds to the terrain’s morphology. The site is located in an erosion valley in an otherwise flat landscape. The direction of groundwater flow predominates from W to E. Qualitatively, there is the Ca-Mg-SO4-NO3 type of groundwater, with medium hardness, Fe = 2.3 mg/L, and Mn = 0.65 mg/L.



The extraction well HJ-3 was constructed by the company AGROPROJEKT, n.p. in 1975 [45]. It has a steel casing of 219/200 mm (outer/inner diameter), with a final depth of 31 m b.g.l. The well casing shows the following parameters [47]:




	
0–6 m b.g.l. steel well casing, DN 219/200;



	
6–27 m b.g.l. steel well screen, DN 219/200;



	
27–31 m b.g.l. steel well casing, DN 219/200.








The gravel pack is made up of clean gravel of 4–8 mm fractions in the section 6–27 m b.g.l. The outer diameter of the gravel pack is given by the drilling diameters 305 mm (0–8 m b.g.l.), 267 mm (8–16 m b.g.l.), and 245 mm (16–31 m b.g.l.). Well screen perforation consists of a 1 × 1 mm steel mesh.



At the start of the operation, the water extraction was tested to a yield of Q = 1.0 l/s, and the usable yield of Q = 1.4 l/s was subsequently recommended based on pumping tests. During the operation, it was shown that due to the very high mineralization of the extracted groundwater (especially with Fe and Mn), the extraction well was subject to chemical and biological clogging, which led to the blocking of the main inflows from the aquifer. For almost the entire service life of the extraction well, this fact was overlooked, and the operating company solved the extraction well yield reduction by bringing in water from a nearby subsurface notch, which probably further escalated the clogging process due to the development of an oxidative environment by the inflow of shallow groundwater with a higher O2 concentration. In 2017, mechanical–chemical regeneration was carried out, with a significant effect: the groundwater inflow was temporarily increased, to a level even greater than the value obtained when the extraction well was first put into operation. However, it was found that the technical condition of the extraction well was not suitable, and therefore, its long-term operation was not recommended. In addition, by 2019, the clogging of the extraction well reoccurred, and it was decided that it was necessary to install a new extraction well as a replacement.



Pumping and recovery tests of the HJ-3 extraction well were carried out within the framework of implementing mechanical chemical regeneration in 2017 [47]. The results of the pumping and recovery tests are summarized in Table 2.



In 2017, a camera inspection of the HJ-3 extraction well was carried out within the framework of regeneration work [47]. Camera inspections were repeated in 2019. The extent of the well clogging and the overall technical condition of the extraction well were assessed. The following observations were made:




	
Signs of severe well clogging were present in the entire well screen;



	
The well casing was damaged in the area 20.2–23.0 m b.g.l.








As part of the collection of reference data for the INV-FLOW apparatus pilot tests, complex geophysical logging [46] was carried out in 2020 on the HJ-3 extraction well.



The measurements indicated groundwater inflows at a level of 21.5 m b.g.l. and further, and confirmed a very high degree of clogging in the entire measured profile of the well screen. For the pilot test, two critical sections of well screen were identified [46]:




	
A low degree of compaction of the gravel pack at 12–13 m b.g.l.—this section was considered to be the most permeable part of the extraction well with the lowest degree of clogging;



	
Narrowing of the extraction well casing by up to 15 mm in section 17–17.5 m b.g.l., which was considered the area with the highest degree of clogging of the extraction well, showing the nature of incrustation.








The extraction well HJ-4 was constructed by the company VODNÍ ZDROJE, a.s. [48], in 2020, as a replacement for extraction well HJ-3, which was at the end of its service life. It has a PVC-U casing of 195/175 mm (outer/inner diameter) to a final depth of 54 m b.g.l.



The well casing shows the following parameters:




	
0–14 m b.g.l. PVC well casing, DN 175 (195/8.5);



	
14–27 m b.g.l. PVC well screen, DN 175 (195/8.5);



	
27–35 m b.g.l. PVC well casing, DN 175 (195/8.5);



	
35–50 m b.g.l. PVC well screen, DN 175 (195/8.5);



	
50–54 m b.g.l. PVC well casing, DN 175 (195/8.5).








The gravel pack is made up of clean gravel of 4–8 mm fractions in the section 9–54 m b.g.l. The outer diameter of the gravel pack is given by the drilling diameters 330 mm (0–8 m b.g.l.) and 305 mm (8–60 m b.g.l.) Based on pumping tests, the usable yield of the HJ-4 extraction well was recommended to be 0.89 l/s. The groundwater chemistry in this extraction well is comparable to that in the HJ-3 extraction well—in addition to a high Fe and Mn content, the presence of carbonates in the groundwater was identified at a level below 35 m b.g.l.



Pumping and recovery tests of the HJ-4 extraction wells were carried out in 2020 before the extraction well was put into test operation [48]. The pumping and recovery test results are summarized in Table 3.



In June 2020, after completion of the HJ-4 extraction well, a camera inspection of the extraction well was carried out. The images from the camera inspection correspond to the newly installed extraction well. The photographs show no visible signs of incrustation, clogging, or damage to the well casing [46].



As part of the collection of reference data for the INV-FLOW apparatus pilot tests, complex geophysical logging [46] was carried out in 2020 on the HJ-4 extraction well.



The measurements indicate several groundwater inflows (levels 13.4, 20–26, 39–43, and 48–49 m b.g.l.) with significant zonality, especially between the shallowest inflow (13.4 m b.g.l.) and the others. Total inflows are estimated to be of the order of hundreds of liters per day. The shallow inflow shows significant oxygenation, represented by an increase in conductivity. At the contact between this shallow inflow and deeper groundwater, the oxidation of dissolved forms of Fe and Mn occurs with the help of chemolithotrophic microorganisms, which are probably also more abundant in the shallower inflow. The extraction well currently shows no signs of clogging, but floating bacterial iron sludges are forming and sinking to the bottom of the extraction well.




2.6. Pilot Test Experiments


The first pilot test of the HJ-3 and HJ-4 extraction wells occurred on 2 July 2020.



This test aimed to verify the basic functionality of the newly constructed INV-FLOW apparatus. The measurement of the HJ-4 extraction well using the INV-FLOW apparatus was carried out in the following mode:




	
One profile was measured—17.05 m b.g.l.;



	
Eleven different flow rates Qc were set, from 0.18 l/s to 1.11 l/s.








The measurement of the HJ-3 extraction well using the INV-FLOW apparatus was carried out in the following mode:




	
Two profiles were measured—11.75 m b.g.l. and 15.75 m b.g.l.



	
In each profile, 13 different flow rates Qc were set, from 0.1 l/s to 0.8 l/s.








The subsequent pilot measurement was carried out on the HJ-3 extraction well on 28 July 2020. Based on the results of the previous testing, measurement of the entire depth profile of the HJ-3 extraction well was carried out, showing a high degree of clogging.



The measurement of the HJ-3 extraction well using the INV-FLOW apparatus was carried out in the following mode:




	
Nine profiles were measured, from 11.45 m b.g.l. to 19.45 m b.g.l.



	
In each of the profiles, seven different flow rates Qc were set, from 0.06 l/s to 0.61 l/s.



	
According to the logging measurements [46], the water inflow from the surrounding aquifer was zero (Qin = 0) in the entire measured profile, mainly due to a high degree of clogging and incrustation of the well. Logging measurements showed only an upward flow of groundwater in the extraction well.



	
Three pressure sensors were attached to the INV-FLOW apparatus to check the correct installation and operation of the apparatus. One sensor was located above the upper pneumatic packer, one in the space between the two packers near the pump, and the third below the lower pneumatic packer.










3. Results and Discussion


3.1. Laboratory Experiments


Table 4, Table 5 and Table 6 show the values obtained by measurements under the individual measurement Scenarios A, B, and C (Table 1). The measured data were then plotted on graphs (Figure 6), where the X axis represents the total flow rate Qc (l/s) and the Y axis represents the proportion of water flow through the gravel pack relative to the total flow rate—Qo/Qc (%). The measurement results are detailed in the following subsections.



3.1.1. Scenario A


The values of hydraulic conductivity, K, of the gravel pack varied between 2.56 × 10−2 and 3.31 × 10−2 m/s at different total flow rates, Qc. This corresponds to the used mixture of glass beads of fraction d = 3–5 mm. As the Qc circulation flow rate increased, the water flowing through the gravel pack increased linearly from 55 to 65%. The correlation coefficient of 0.98 indicates a very good degree of Qo/Qc parameter dependence on the total flow rate Qc.



Only half of the well casing was used in Scenario A, and thus only the lower part of the gravel pack. This measurement aimed to verify the basic functionality of the laboratory model constructed prior to its full completion. The measurements of this incomplete model confirmed the relevance of the conceptual model, and the functionalities of the individual parts of the model were verified. After the measurement, the model was completed, i.e., the complete well casing and the gravel pack were installed.




3.1.2. Scenario B


The values of hydraulic conductivity, K, of the gravel pack varied between 2.83 × 10−2 and 3.21 × 10−2 m/s at different total flow rates, Qc. This corresponds to the mixture of glass beads of fraction d = 3–5 mm used. This was also in accordance with the previous results obtained within the framework of Scenario A, with half the volume of the gravel pack. As the Qc circulation flow rate increased, the water flowing through the gravel pack increased linearly from 44% to approximately 57%. The smaller proportion of Qo flow in the total flow corresponds to the fact that the gravel pack was installed in the entire extraction well profile under Scenario B. Therefore, the resistance of the gravel pack to water flow increased slightly. The correlation coefficient of 0.98 indicates a very good degree of linear dependence of the Qo/Qc parameter on the total flow rate Qc.




3.1.3. Scenario C


The values of hydraulic conductivity, K, of the gravel pack varied between 7.08 × 10−3 and 9.2 × 10−3 m/s at different total flow rates, Qc. The reduced hydraulic conductivity value corresponds to the mixture of glass beads and filtration sand used, that is, a mixture that simulates reduced permeability, for example, due to clogging. As the circulation flow rate Qc increased, the proportion of water flowing through the filter packing increased linearly. However, in this case, the proportion of this flow to the total flow was lower by an order of magnitude, ranging from 2.99% to approximately 5.04%. The fundamentally lower proportion of Qo flow to total flow corresponded to the fact that, in Scenario C, a gravel pack with lower permeability was installed. Thus, the resistance of the gravel pack to water flow increased. The correlation coefficient of 0.63 indicates a lower level of correlation of the Qo/Qc parameter with the total flow rate Qc compared to Scenarios A and B, where gravel pack clogging was not simulated.



As part of the laboratory measurements at the end of Scenario C, a tracer test was performed to document the water flow through the gravel pack in the place where the laboratory model was sealed with the packer. Sodium fluorescein (uranine) was used as a tracer and applied to the equalizing tank. As water circulated through the entire model, the tracer progressively stained the gravel pack around the pneumatic packer (Figure 7). In this way, the function of the INV-FLOW apparatus was visually verified.



Due to the tests performed on the laboratory model of an extraction well, the conceptual model of the INV-FLOW apparatus was successfully verified by reproducing the one-dimensional vertical groundwater flow into the extraction well. The actual flow rate was divided into a component flowing through the well casing Qp and a component flowing through the gravel pack Qo. The Qo/Qc ratio was significantly correlated with the values of the total flow rate, Qc, and the hydraulic conductivity, K, of the gravel pack. In the case of a flow through the gravel pack without clogging, the Qo/Qc ratio was approximately 44–57%. In the case of the gravel pack showing clogging, it was only approximately 3–5%.





3.2. Pilot Test Experiments


For the pilot tests, the INV-FLOW apparatus was constructed based on previous knowledge and results of measurements. A picture of the constructed apparatus is shown in Figure 8.



3.2.1. Pilot Tests Carried Out on 2 July 2020: HJ-4 Extraction Well


The measurement record and the plot of the ratio Qo/Qc = f(Qc) for the HJ-4 extraction well are shown in Table 7 and Figure 9, respectively. It can be seen that 93 to 97% of the pumped groundwater flowed through the gravel pack. This confirms that the HJ-4 extraction well was newly installed at the time of measurement and the gravel pack had an ideal permeability for the pumped water. Here, the total pumped flow rate equation Qc (Equation (1)) also included water flowing from the surrounding aquifer (Qin). To be able to insert a specific value of Qin into the balance equation, it was necessary to calculate this value according to Equations (4) and (5). During the fieldwork, the following values were measured:




	
Hydraulic conductivity of the aquifer in the surroundings of the HJ-4 extraction well: K = 1.75 × 10−6 m/s (Table 3);



	
Radius of the HJ-4 casing: rv = 0.0875 m (Figure 2);



	
Distance between the observation well (HJ-3) and the pumped extraction well (HJ-4): RPV1 = 20 m (Figure 2);



	
Distance between pneumatic packers: L = 2.1 m (Figure 2);



	
The thickness of the aquifer in the measured extraction well HJ-4 at the maximum pumping Qc = 1.11 l/s: hV = 49.1 m (the aquifer was calculated by subtracting the measured groundwater level in the extraction well HJ-4, 4.9 m b.g.l., from the total depth of the extraction well HJ-4 that reaches the base of the aquifer, 54 m b.g.l.);



	
Aquifer thickness in the observation well HJ-3 at the maximum pumping Qc = 1.11 l/s: hV1 = 50.31 m (the aquifer thickness was calculated by subtracting the measured groundwater level in the HJ-3 observation well, 3.69 m b.g.l., from the total depth of the HJ-4 extraction well that reaches the aquifer base, 54 m b.g.l.); due to the small distance between extraction well HJ-4 and observation well HJ-3, the base of the aquifer can be considered to be approximately the same depth.








After inserting these values into Equations (4) and (5), the value Qin = 0.0047 l/s was obtained. Because the changes in Qin were minimal compared to the changes in the total pumped flow Qc, the same values of Qin for all pumped flows Qc were considered for simplification at a given measured depth.




3.2.2. Pilot Tests Carried Out on 2 July 2020: HJ-3 Extraction Well


The measurement record at two depth levels of the HJ-3 extraction well is shown in Table 8 and Table 9 and Figure 10. In this case, the contribution of groundwater to the surrounding environment of the aquifer was assumed to be zero (Qin = 0.0 l/s) because the HJ-3 extraction well showed a high degree of clogging in the measured sections, as confirmed both by the geophysical logging and the camera inspections [46]. With the increasing pumping flow rate Qc, a rapid decrease in water flow around the pneumatic packer through the gravel pack can be seen. At the measurement depth of 11.75 m b.g.l., 40–50% of the pumped water flowed through the gravel pack at the maximum pumped flow rate. At the depth of 15.75 m b.g.l., only 30–40% of the pumped water flowed through the gravel pack. Thus, it is evident that clogging contributed significantly to the limited water flow through the gravel pack. The INV-FLOW apparatus during the pilot testing on the HJ-3 extraction well is shown in Figure 11.




3.2.3. Pilot Tests Carried Out on 28 July 2020: HJ-3 Extraction Well


Within the framework of the pilot tests on the HJ-3 extraction well, measurements using the INV-FLOW apparatus were carried out at nine depth levels to determine the vertical profile of the degree of well clogging. A plot Qo/Qc = f(Qc) was constructed (Figure 12). Subsequently, the overall depth profile H = f(Qo/Qc) could be constructed (Figure 13).



From the assessment of the measured data, it is evident that a gradual decrease in the proportion of water that was able to flow through the gravel pack occurred in sections 11–15 m b.g.l., from a value of 50% down to a value of 20%. Thus, the filtration ability decreased with the growing depth in this section, and the well clogging increased. In sections 15–20 m b.g.l., the proportion of water that could flow through the gravel pack was permanently below 30%. In this section, the well filtration function was considerably reduced by the influences of clogging and incrustation.



The results of the pilot measurements on the HJ-3 extraction well agree with both the geophysical logging [46] and the camera inspection of the measured extraction well HJ-3 [47], where incrustation on the inner side of the extraction well was easily recognizable. Examples of camera inspection pictures are shown in Figure 14, comparing images from the new extraction well HJ-4 and the extraction well HJ-3.






4. Conclusions


In 2020, a functional INV-FLOW apparatus was constructed to assess the filtration function of an extraction well by measuring the vertical flow of water in the extraction well. The apparatus was tested at a pilot site on two extraction wells that differed in their technical condition. The testing of extraction wells HJ-4 and HJ-3 confirmed previous laboratory results. The tests also showed good agreement of the measurement results with the geophysical logging in these wells.



It was shown that, in the case of a functional extraction well, most of the water was able to flow through the gravel pack during the measurements taken using the INV-FLOW apparatus. The ratio Qo/Qc was above 0.5, and the dependence Qo/Qc = f(Qc) had an approximately linear shape with a positive gradient. In the event that only a limited amount of pumped water flowed through the gravel pack, this indicated increased clogging and incrustation and the limited function of the extraction well. Then, the ratio Qo/Qc was below 0.5 and decreased with the increasing total amount of pumped water Qc.



With regard to the application area of the INV-FLOW apparatus, it may be primarily used by water supply companies operating extraction wells. Based on direct measurement by the INV-FLOW apparatus, the extraction well operator can evaluate the level of clogging or incrustation of the extraction well and decide on the need to regenerate the extraction well, or potentially end its operation. The INV-FLOW apparatus was tested in a shallow part of the aquifer with the prevailing porous permeability of the weathered zone. The applicability of this apparatus in a fractured environment is, in principle, possible, as its technical arrangement is not dependent on the type of permeability of the aquifer. It is then recommended to use the borehole dilution technique to determine the groundwater inflow from the aquifer to the measured extraction well.
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Figure 1. Conceptual diagram of the INV-FLOW apparatus. 
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Figure 2. Scheme for determining the amount of groundwater inflow into the extraction well through height L. 
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Figure 3. Graph showing wellbore storage and skin effects on pumping test (sD-dimensionless drawdown, tD-dimensionless time). 
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Figure 4. General scheme of laboratory tests of the INV-FLOW apparatus. 
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Figure 5. The location of the Hadačka site. 
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Figure 6. Dependence of the Qo/Qc parameter on the total flow rate Qc—Scenario A, B, and C. 
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Figure 7. The laboratory tracer test carried out in Scenario C visually indicated the measuring area of the INV-FLOW apparatus. 
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Figure 8. The constructed INV-FLOW apparatus used in the pilot tests. 
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Figure 9. Pilot test on the HJ-4 extraction well on 2 July 2020. 
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Figure 10. Pilot test on the HJ-3 extraction well on 2 July 2020: (a) measured profile 11.75 m b.g.l.; (b) measured profile 15.75 m b.g.l. 
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Figure 11. The INV-FLOW apparatus during installation in the measured extraction well HJ-3 at the pilot site. 
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Figure 12. Pilot test on the HJ-3 extraction well on 28 July 2020—measurements at various depth levels. 
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Figure 13. Pilot test on the HJ-3 extraction well on 28 July 2020-the overall profile of the HJ-3 extraction well. 
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[image: Water 14 02005 g013]







[image: Water 14 02005 g014 550] 





Figure 14. Camera pictures of the well casing: (a) HJ-4 extraction well, depth 19.8 m b.g.l.; (b) HJ-3 extraction well, depth 15.1 m b.g.l. 
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Table 1. Scenarios measured in laboratory tests on a model of an extraction well.
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	Scenario
	Measurement No.
	Scenario Description





	A
	1–4
	Only one segment of the screen (lower part) was installed, a sealing packer located at the top of the installed laboratory model, and a gravel pack without clogging simulation.



	B
	1–4
	Two segments of well screen and one sealing packer installed between them, and a gravel pack without clogging simulation.



	C
	1–6
	Two segments of well screen and one sealing packer installed between them, and a gravel pack with clogging simulation.
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Table 2. Results of pumping and recovery tests for extraction well HJ-3 [47].
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Well Yield (l/s)

	
Initial GW Level Below Terrain (m)

	
GW Level Dropdown (m)

	
Specific Yield

(l/s/m)

	
Transmissivity

(m2/s)

	
Hydraulic Conductivity

(m/s)






	
Before

well regeneration

	
Pumping test

	
1.33

	
2.57

	
14.7

	
0.09

	
6.43 × 10−4

	
2.26 × 10−5




	
Recovery test

	
1.52 × 10−5

	
5.36 × 10−7




	
Afterward

well regeneration

	
Pumping test (1)

	
1.33

	
4.33

	
4.39

	
0.3

	
6.4 × 10−4

	
2.41 × 10−5




	
Pumping test (2)

	
3.43 × 10−4

	
1.29 × 10−5




	
Recovery test

	
5.46 × 10−4

	
2.05 × 10−5
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Table 3. Results of pumping and recovery tests for extraction well HJ-4 [48].
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Well Yield

(l/s)

	
Initial GW Level Below Terrain (m)

	
GW Level Dropdown

(m)

	
Specific Yield

(l/s/m)

	
Transmissivity

(m2/s)

	
Hydraulic Conductivity

(m/s)






	
Pumping test

	
1.25

	
3.86

	
6.33

	
0.2

	
4.33 × 10−5

	
8.64 × 10−7




	
Recovery test (1)

	
1.05 × 10−4

	
2.19 × 10−6




	
Recovery test (2)

	
1.05 × 10−4

	
2.19 × 10−6




	

	
Average: 1.75 × 10−6
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Table 4. Scenario A on a laboratory model of an extraction well.
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	No.
	Qc (l/s)
	Qp (l/s)
	Qo (l/s)
	Ha (m)
	L (m)
	I (-)
	Ko (m/s)
	Qo/Qc (%)





	1
	0.09
	0.04
	0.05
	0.045
	1.05
	0.04
	3.30 × 10−2
	55.6



	2
	0.15
	0.06
	0.09
	0.081
	1.05
	0.08
	3.31 × 10−2
	60.0



	3
	0.21
	0.08
	0.13
	0.143
	1.05
	0.14
	2.71 × 10−2
	61.9



	4
	0.26
	0.09
	0.17
	0.198
	1.05
	0.19
	2.56 × 10−2
	65.4







a H = H2 − H1 (Figure 4).
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Table 5. Scenario B on a laboratory model of an extraction well.






Table 5. Scenario B on a laboratory model of an extraction well.





	No.
	Qc (l/s)
	Qp (l/s)
	Qo (l/s)
	Ha (m)
	L (m)
	I (-)
	Ko (m/s)
	Qo/Qc (%)





	1
	0.26
	0.11
	0.15
	0.228
	1.52
	0.15
	2.83 × 10−2
	57.7



	2
	0.09
	0.05
	0.04
	0.065
	1.63
	0.04
	2.84 × 10−2
	44.4



	3
	0.14
	0.07
	0.07
	0.100
	1.62
	0.06
	3.21 × 10−2
	50.0



	4
	0.19
	0.09
	0.1
	0.154
	1.58
	0.10
	2.91 × 10−2
	52.6







a H = H2 − H1 (Figure 4).













[image: Table] 





Table 6. Scenario C on a laboratory model of an extraction well.






Table 6. Scenario C on a laboratory model of an extraction well.





	No.
	Qc (l/s)
	Qp (l/s)
	Qo (l/s)
	H a (m)
	L (m)
	I (-)
	Ko (m/s)
	Qo/Qc (%)





	1
	0.24
	0.23
	0.01
	0.076
	1.47
	0.05
	5.48 × 10−3
	4.2



	2
	0.134
	0.13
	0.004
	0.026
	1.48
	0.02
	6.45 × 10−3
	2.9



	3
	0.178
	0.17
	0.008
	0.042
	1.48
	0.03
	7.79 × 10−3
	4.4



	4
	0.226
	0.215
	0.011
	0.067
	1.47
	0.05
	7.09 × 10−3
	5.0



	5
	0.09
	0.087
	0.003
	0.016
	1.48
	0.01
	7.08 × 10−3
	3.0



	6
	0.139
	0.133
	0.006
	0.026
	1.48
	0.02
	9.20 × 10−3
	4.1







a H = H2 − H1 (Figure 4).
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Table 7. Pilot test on the HJ-4 extraction well on 2 July 2020.






Table 7. Pilot test on the HJ-4 extraction well on 2 July 2020.





	No.
	Pump Performance (%)
	Qc

(l/s)
	Qp

(l/s)
	Qin

(l/s)
	Qo

(l/s)
	Qo/Qc

(%)





	1
	10
	0.18
	0.0073
	0.0047
	0.1680
	93.3



	2
	15
	0.31
	0.0098
	0.0047
	0.2955
	95.3



	3
	20
	0.41
	0.0125
	0.0047
	0.3928
	95.8



	4
	25
	0.63
	0.0185
	0.0047
	0.6068
	96.3



	5
	30
	0.88
	0.0248
	0.0047
	0.8505
	96.7



	6
	35
	1.00
	0.0280
	0.0047
	0.9673
	96.7



	7
	40
	1.08
	0.0300
	0.0047
	1.0453
	96.8



	8
	45
	1.09
	0.0305
	0.0047
	1.0548
	96.8



	9
	50
	1.09
	0.0306
	0.0047
	1.0547
	96.8



	10
	60
	1.10
	0.0306
	0.0047
	1.0647
	96.8



	11
	70
	1.11
	0.0310
	0.0047
	1.0743
	96.8
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Table 8. Pilot test on the HJ-3 extraction well on 2 July 2020 (measured profile 11.75 m b.g.l.).






Table 8. Pilot test on the HJ-3 extraction well on 2 July 2020 (measured profile 11.75 m b.g.l.).





	No.
	Pump Performance (%)
	Qc

(l/s)
	Qp

(l/s)
	Qin

(l/s)
	Qo

(l/s)
	Qo/Qc

(%)





	1
	10
	0.10
	0.028
	0
	0.072
	72.0



	2
	15
	0.22
	0.077
	0
	0.143
	65.0



	3
	20
	0.26
	0.087
	0
	0.173
	66.5



	4
	25
	0.37
	0.150
	0
	0.220
	59.5



	5
	30
	0.58
	0.260
	0
	0.320
	55.2



	6
	35
	0.72
	0.350
	0
	0.370
	51.4



	7
	40
	0.79
	0.390
	0
	0.400
	50.6



	8
	45
	0.79
	0.428
	0
	0.362
	45.8



	9
	50
	0.79
	0.440
	0
	0.350
	44.3



	10
	60
	0.79
	0.440
	0
	0.350
	44.3



	11
	70
	0.79
	0.450
	0
	0.340
	43.0



	12
	80
	0.79
	0.455
	0
	0.335
	42.4



	13
	100
	0.80
	0.460
	0
	0.340
	42.5
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Table 9. Pilot test on the HJ-3 extraction well on 2 July 2020 (measured profile 15.75 m b.g.l.).






Table 9. Pilot test on the HJ-3 extraction well on 2 July 2020 (measured profile 15.75 m b.g.l.).





	No.
	Pump Performance (%)
	Qc

(l/s)
	Qp

(l/s)
	Qin

(l/s)
	Qo

(l/s)
	Qo/Qc

(%)





	1
	10
	0.14
	0.030
	0
	0.110
	78.6



	2
	15
	0.24
	0.067
	0
	0.173
	72.1



	3
	20
	0.31
	0.100
	0
	0.210
	67.7



	4
	25
	0.48
	0.227
	0
	0.253
	52.7



	5
	30
	0.58
	0.326
	0
	0.254
	43.8



	6
	35
	0.68
	0.430
	0
	0.250
	36.8



	7
	40
	0.75
	0.483
	0
	0.267
	35.6



	8
	45
	0.76
	0.492
	0
	0.268
	35.3



	9
	50
	0.76
	0.500
	0
	0.260
	34.2



	10
	60
	0.76
	0.501
	0
	0.259
	34.1



	11
	70
	0.76
	0.502
	0
	0.258
	33.9



	12
	80
	0.76
	0.503
	0
	0.257
	33.8



	13
	100
	0.76
	0.504
	0
	0.256
	33.7
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