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Abstract: As the climate is changing, greater exploitation of groundwater reserves is becoming
evident; however, this would have been apparent even without climate change. Therefore, increasing
emphasis is given to maintaining well functionality. Wells are susceptible to aging, which reduces
their efficiency. Today, there exist several solutions for determining the size of additional resis-
tance (the skin effect), which indicates a well’s current state and that of its close surroundings.
The implementation of most of these solutions is often time-consuming. To improve our tools, a goal
has been set to accelerate and facilitate the method of determining the size of additional resistance.
In this study, we present new software that accelerates this process. It applies an innovative method
based upon a partial differential equation describing the radially symmetric flow to a real well,
which occurs under an unsteady regime, using the Laplace transform. Stehfest algorithm 368 is
used to invert the Laplace transform. Such software can be used to evaluate an additional-resistance
well, even when a straight section evaluated using the Cooper—Jacob method is not achieved in
the semilogarithmic plot of drawdown vs. log time during the pumping test. This solution is
demonstrated in the comprehensive evaluation of 10 wells and 3 synthetic pumping tests.
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1. Introduction

Pumping tests are conducted for the purpose of determining not only aquifer param-
eters (hydraulic conductivity, transmissivity and storativity), but also well parameters
(e.g., the coefficient of additional resistance, known as the skin factor, and well storage).
In 1935, Theis [1], on the basis of idealized conditions, published a solution to a basic equa-
tion describing an unsteady, radially symmetric flow to an ideal well in a saturated aquifer.
Theis used an analog equation describing thermal conduction in a solid environment to
describe groundwater flow through a permeable environment [2]. His solution is used to
determine an aquifer’s transmissivity and storativity in the case of a well without addi-
tional resistances and with a negligibly small radius, and is known as the Theis type-curve
method. Cooper and Jacob [3] built on this work by simplifying the Theis well function,
generating a straight section for longer pumping test times when plotting drawdown vs.
the logarithm of time and incorporating only the first two elements of the Theis well func-
tion, while omitting the others (the error in the calculations for the argument of the Theis
function is less than 0.01-0.25%). Pumping tests on actual wells are influenced first by
additional resistances (expressed by the skin effect). Van Everdingen [4] and Hurst [5]
were the first to incorporate additional resistances in a well and its close surroundings in
calculations for oil wells. Hawkins [6] inserted additional resistances into calculations in
the form of a zone around a well with altered hydraulic conductivity (K). In the initial phase
of a pumping (and drawdown) test, the well volume (well storage (WBS)) has a significant
effect on drawdown over time. Papadopulos and Cooper [7] were the first to take this into
account in underground hydraulics, while Ramey [8] and others [9,10] first incorporated
this factor in the oil sector. Kucuk and Brigham [11] addressed the issue of the impact
of a well’s volume on pumping tests in elliptical coordinates. Mathias and Butler [12]
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expanded upon Kucuk and Brigham'’s solution by factoring in well storage and horizontal
anisotropy. Yang et al. [13] and others [14,15] investigated this method in the Laplace
domain. In 1970, Agarwal et al. [16] published a basic solution to the equation for unsteady,
radially symmetric flow of a liquid to a complete well, taking into account additional
resistances and the effect of well volume. Subsequent authors derived various approaches
and methods, such as type curves, for determining additional resistances and well storage
using a pumping test [17-23]. Van Everdingen [24] was among the first to use the Laplace
transform to solve the basic partial differential equation for radially symmetric inflow into
a well under an unsteady regime. Several authors from oil and groundwater hydraulics
sectors [22,23,25] have commonly applied solutions using the Laplace transform. Even to
this day, Stehfest algorithm 368 [26] is often taken as the most suitable approach for in-
verting the Laplace transform in both groundwater hydraulics and the oil sector [27,28].
For example, several authors [25,29,30] have applied the Stehfest algorithm to real wells
(i-e., wells for which additional resistances and the effect of well volume are taken into
account). Software applications are also currently used for real wells. This article elaborates
a software solution for a real well, and the created software is used to evaluate the skin
factor of 11 wells. The results are compared using the classic Cooper—Jacob method [3],
which introduces a skin factor (application of the Cooper—Jacob method was possible
because the pumping tests were sufficiently long for a so-called second straight section to
be achieved in the semilogarithmic plot; Figure 1). An advantage of the presented software
solution is the possibility of also using it in cases when no Cooper—Jacob straight section is
achieved during the pumping test (i.e., for the early portion of pumping tests).
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Figure 1. Semilogarithmic plot of drawdown s vs. log t in a pumped well.

2. Materials and Methods

At present, pumping tests are most often used to determine aquifer parameters.
To evaluate hydraulic parameters, it is essential to know the timing of water-level draw-
down in the examined well and at least one observation well. In 1935, Theis [1] published
a solution to the basic equation for radially symmetric flow to a well in a confined aquifer.
The method of evaluating an aquifer’s hydraulic parameters for an ideal well is known as
the Theis type-curve method.

This method is seldom used in practice, because it is intended for an ideal well.
Another method used to determine an aquifer’s hydraulic parameters from pumping
and build-up tests is the Cooper—Jacob semilogarithmic approximation [3]. This method is
based on Theis’ solution. For 1/u values of >100 with an error less than 0.25%, the Theis well
function can be simplified by leaving out its third and subsequent elements. This method



Appl. Sci. 2021, 11, 3182

30f17

is used for the straight-line section (red line), as seen in Figure 1, where the WBS represents
well storativity and W represents the skin effect.
The final equation for drawdown in an ideal well is [3]

_Q, [2246Tt
v = 471Tln 28 @

where Sy is drawdown at a well (m), Q is the pumped amount of water (m3s71), Tis
aquifer transmissivity (m? s~1), t is time (s), and S is aquifer storativity (-).

2.1. Additional Resistances (Skin Effect)

Additional resistances cause most wells to lose their specific capacities over time.
This results primarily from well aging due to mechanical, chemical, and biological pro-
cesses. Mechanical degradation is most often caused by sedimentation of small particles
in the well’s close surroundings. Mechanical degradation may also occur when creating
the well itself. All methods of well boring result in compacting and re-distributing material.
Chemical degradation is most observed in areas where flowing water has higher amounts
of dissolved mineral substances. This type of degradation is caused by deposition of min-
eral substances in individual sections of the well. The most common substances are calcium
carbonate, magnesium carbonate, calcium sulfate, manganese, and iron. Biological degra-
dation is caused by bacteria that occur naturally in most aquifer strata. These bacteria
can be divided into three basic groups. The first and most widespread group consists
of iron-oxidizing bacteria. These bacteria oxidize iron compounds and produce iron (III)
hydroxide, an organic compound with a reddish color. This substance has a slimy character
and forms deposits on well walls and pump parts and in the well’s close surroundings.
If the substance is exposed to wind, it hardens and can then cause even greater damage.
The second group consists of sulfur-reducing bacteria. These bacteria can be found even
in extremely acidic waters, with pH levels as low as 1. These bacteria produce sulfuric
acid and hydrogen sulfide. The presence of these bacteria may be indicated by a foul odor.
The final group consists of slime-producing bacteria, which coexist with the aforemen-
tioned types of bacteria. The slime produced most often affects parts of the pump, but may
also block the well screen or pores in the aquifer stratum around the well. All forms of
well degradation described above alter the hydraulic conductivity of individual well parts
and the adjacent aquifer stratum. The aggregate of all these factors is called the skin effect,
a term first defined by van Everdingen. The term skin effect stems from the fact that these
additional resistances can, in practical applications, be replaced by an infinitesimally thin
zone (see Figure 2) that influences hydraulic conductivity. There are two types of skin
effects: positive and negative. A negative skin effect is caused by the elevated permeability
of the aquifer stratum in the well’s surroundings. Elevated permeability occurs most often
in environments featuring rifts. If individual rifts reach the well, a negative skin effect
may occur. In practice, however, positive skin effects are more common. Such skin effects
reduce the hydraulic conductivity in the near-well region [31-41].
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Figure 2. Diagram of a real well: an aquifer stratum with saturated water level.
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Based on [9], it is possible to calculate the coefficient of additional resistances, W (skin factor),
in the case of a real well, as in Equation (2).

Q[ 2246Tt
0= 4nT n r2S

+ 2w> @)

where W is the skin factor (-).
From Equation (2), the coefficient of additional resistances (skin factor) is

T: .246T
_ 27t T5y _111122 6Tt 3)

W
Q 2 S

and the drawdown caused by additional resistances (steady flow) is [4]

_Q
SSKIN = 5 =W 4)
where Sgkjy is the additional drawdown (caused by the skin effect) (m).

2.2. Well Storage (WBS)

Well storage significantly impacts the initial phase of the pumping test (see Figure 1) in
the order of seconds from commencing the test. The reason is that, at the start of the pump-
ing test, water is pumped from the well itself. As the pumping test proceeds, inflow from
the surrounding aquifer increases until it equals the pumped amount. The amount of water
pumped from the well volume, on the other hand, decreases with time until it becomes
negligible. The degree of this impact depends on the well radius. Ramey and Agarwal [8]
addressed this issue and defined a per-unit well storage factor, as presented in Equation (5):

tj
c=0/, ®)
]

where C is the per-unit well storage factor (m?) and tj and s; are time and drawdown,
respectively, from the unit slope log-log graph, where WBC dominates (Figure 1) [8].
This article uses the following dimensionless parameters (see [16,42,43]):

- Dimensionless time

tp = 7’%075 (6)
- Dimensionless radius
r
'p = P )
w
- Dimensionless drawdown
2nT
sp(rp,tp) = ?(H —h(r,t)) 8)
- Dimensionless drawdown at a well
2nT
swp(rp =1, tp) = ?(H—hw(rw,t)) )
- Dimensionless well storage
C
Cp = W (10)

where 7 is the distance from the pumped well (m), H is the initial hydraulic head (m),
h(r,t) is the hydraulic head at distance r and time ¢ (m), and /1, is the hydraulic head
in the well (m).
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The method of determining the size of additional resistances used in this study was
published by Agarwal et al. [16] in relation to the oil sector. This solution is derived from
a drop in pressure across the impacted area surrounding the well, given an unsteady flow.
Several assumptions have been made for modeling [34,36]:

- The aquifer is confined and has a seemingly infinite areal extent.

- The aquifer is homogeneous and isotropic and of uniform thickness over the area.

- The flow is horizontal.

- Prior to pumping, the piezometric surface is horizontal over the area.

- The pumping rate is constant throughout the pumping test.

- The well penetrates the entire thickness of the aquifer.

- The well has a finite volume, and the well storage coefficient is constant throughout
the pumping test.

- Additional resistances in the well and its surroundings are non-zero.
For groundwater flow, in terms of dimensionless parameters, the well-known diffu-

sivity equation in the radial coordinates has the form [16,34,42,44]

2
J 52D 1 9sp — asl_ (11)
arD rp 9rp dtp

Initial and boundary conditions:
At time t = 0 and when applying the dimensionless parameters of Equations (6) to (8),
sp(rp,tp =0) =0. (12)
In the case of dimensionless well drawdown
sup(trp =1, tp=0) =0. (13)

For rp — oo, dimensionless drawdown is as follows:

sp(rp, tp) = 0 (14) (14)
The marginal condition for additional resistances in the well and its surroundings is
as follows [14]:

ds
SwD = Sp + (rDﬁ) 1W (15)
rp=

The outer condition for a pumped well when factoring in the impact of the well
volume on the pumping test in relation to Equation (15) is (see [24])

cp 2D (rD asD) — 1. (16)
D VD:l

Equation (11) is solved using a one-dimensional Laplace transform. The following type
of transform function is used to convert the partial differential equation in dimensionless
parameters into an ordinary differential equation [25]:

o]

/f(t)e_”tdt (17)
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The transformed solution in the Laplace domain for dimensionless drawdown is

_ KO (rD pO.S)
p{p*°K1(p®°) + Cpp[Ko(p*) + WpP2Ky (pO)]}

(18)
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The transformed solution in the Laplace domain for dimensionless drawdown at
a well (from Equations (16) and (18)) is

KO (pO.S) _ WPOEKl (p0.5)
p [P2Ki(p2%) + Cpp® (Ko(p*2) + Wp2Ky (p02))]”

SwD = (19)

where p is the Laplace operator; Ky and K; are the zero- and unit-order modified Bessel
functions, respectively; 5yyp is the dimensionless well drawdown in the Laplace domain;
and syp is obtained by Stehfest numerical inversion [25]:

N
swo(in) = "2 Y visap(p) @0
i=1
p— llniZ) 1)
. min(i, %) s (Zk')
— (_ 74’1 -
Vi=(-1) e[ [(% —k)tt(k — 1)!(i — k)!(2k — i)!] (22)

3. Data

The data used for the analysis come from Serbia. The parameters of the aquifer
and the well can be seen in Tables 1 and 2. The parameters obtained from the pumping
test already include the anisotropy and inhomogeneity of the aquifer. In addition, most of
the aquifers can be considered uniform with constant thickness.

Table 1. Parameters of the aquifer.

Transmissivity T Storativity S
Name (m2s~1) )
Bl 0.00585 0.013
B3 0.00385 0.0123
B6 0.0036 0.00864

Table 2. Parameters of the well.

Name Iw Well Depth Well Storativity
(m) (m) )
Bl 0.149 87 996.6
B3 0.1615 120 689.7
B6 0.1615 110 2405.3

These data are limited by several uncertainties, which may occur because of several
reasons: (1) structural-technical, (2) methodological, and (3) hydrogeological.

1. In the first group especially, besides the construction design and use of material for
collection wells, the type of connection and handling of pumping technology, including
the drainage of water through the pipelines, one limiting factor is the initial phase of
pumping, at which point the measurement can be affected by the dispersion of the moving
elements of the submersible pumps. (This happens particularly in the case of high-capacity
water supply wells in systems that are usually regulated by safety features, especially
by frequency alternators.) As a result, there is a delay in reaching the originally set up
pumping output. Another potential effect can be caused by the pressure resistance of
the adjoining pipeline distribution system, including hydraulic shocks and the volume of
the water in the discharge pipe (especially where non-return valves are absent).

2. Methodological causes are related to the choice of the duration of the hydrody-
namic tests conducted, as well as to adjustments and interpretation of measurement data,
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which, in the case of horizontal inhomogeneity, tends to provide, with increasing time,
increasing variation in the evaluation of hydraulic parameters.

3. Hydrogeological causes of limitations and uncertainties of hydraulic parameters
are mainly related to the vertical inhomogeneity of the rock environment when, in per-
meable rocks, the water flow follows the principle of dual porosity, which means it has
a strong tendency to flow through preferential channels. Aquifers are usually divided
into several individual tributaries, and they can also have different levels of underground
water; moreover, the vertical direction of the water flow may also change. Then, if, dur-
ing the pumping test, the groundwater level falls below that of one of the tributaries
and the level of the latter also rises above the level of the saturated water flow, significant
changes in the dynamics of measured levels occur, which also contribute to uncertainties
in the interpretation of the resulting data.

As far as the overall effects of the abovementioned limitations and uncertainties are
concerned, the significance of errors of the sought-after parameters proportionally reflects
the significance and size of the total input parameters.

4. Results
Software

Part of the process of developing the software was to analyze the limits of the computa-
tional method used. The analysis consists of two parts. The first part examines the accuracy
of the sought parameters, depending on the pumping test duration, being 10%, 20%, 30%,
and up to 100% of the total duration. The obtained parameters are then compared with
the value that most corresponds to reality. This cross-sectional value for individual runs of
pumping tests was obtained by applying the computing method at the core of the software.
All pumping tests were examined by the same computing method. Different values of
the non-dimensional additional resistance and non-dimensional storativity of the drilling
well were applied until a near 100% match in the runs of the simulated and real pump-
ing tests occurred. This article presents the analysis of a single well before and after
regeneration. This analysis represents the trend observed for all pumping tests analyzed.
Figures 3 and 4 depict the percentage variance of well storage and additional resistances
relative to optimal values. As is evident from Figures 3 and 4, the variance in the case
of the skin effect when using only 1% of the total pumping test data is around 30% from
the optimal value. When using 3% of the data, the variance is less than 5%. When using
more than 5% of the data, highly accurate results are achieved that may be taken as au-
thoritative. With increasing use of section data, the variance shows a slightly declining
trend. With regard to the sought parameter of well storage (see Figures 3 and 4), using
0.5% of the data in both cases corresponds to a very small variance, not exceeding 2%.
The variance shows a clear increasing trend for data use of up to 6% and a declining trend
thereafter. This is because well storage affects only the initial phase of the pumping test,
in the order of minutes at most, but more likely seconds. This analysis indicates that it is
expedient to use data covering 10% of the test for two reasons: (1) the time-consuming
nature of the calculation process, which should be minimized to the greatest extent possible,
and (2) the high accuracy of the resulting parameters already achieved at this stage.
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Figure 3. Plot depicting the percentage error for the skin effect and well storage parameters for the well
Serbia B3 before regeneration dependent upon the percentage of data used from the pumping test.
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Figure 4. Plot depicting the percentage error for the skin effect and well storage parameters for the well
Serbia B3 after regeneration dependent upon the percentage of data used from the pumping test.

The second part of the analysis examines the accuracy when using a combination of
individual sections of the pumping test. This approach may be suitable when a measure-
ment error or brief outage of the pump occurs during the pumping test or when a portion
of data is missing. Figure 5 shows the division of the pumping test into individual sections.
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Figure 5. Plot showing division of the pumping test into individual sections.

All analyzed pumping tests were divided in a similar manner into sections, whose shapes
were influenced by specific parameters (see Figure 1). A pumping test is divided into the initial
section, the first straight section, the section between the first and second straight sections,
the second straight section, and the final section. As stated above, the sought parameters
of additional resistances and well storage are obtained using an optimization method of
differential evolution, where it is necessary for the user to enter a range of values that he or
she finds most likely to be optimal. This analysis was conducted both for the optimal limit
(i.e., the limit at which the optimal values were found) and for the double limit. For example,
if the optimal limit is in the range of 0 to 100, then the double limit is in the range of 0 to
200. In the case of this optimization method, the range entered by the user is crucial for
achieving accurate results. Figure 6 shows the additional parameter resistances evaluated.
Again, in this case, the poorest estimate was given by the combination of the first and second
sections. The combination of the first and fourth sections shows an overestimate, albeit only
for the double limit. Once again, this trend was observed also in other analyzed wells,
and the error for all combinations did not exceed 2%. The main information obtained from
this analysis is that all combinations of sections for both optimal and double limits give
highly accurate values for the sought parameters. This is important in terms of practical use,
when a situation may occur in which it is necessary to omit some sections of the pumping
test. Figure 7 shows the evaluated parameter well storage for individual combinations of
sections. The red horizontal dotted line indicates the optimal value. As the figure shows,
the poorest estimate for the optimal and double limits was given by the combination of
the first and second sections, followed by the combination of the third and fourth sections.
Of course, the maximum error is up to 3%.
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Figure 6. Resulting values of the parameter additional resistances.
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Figure 7. Resulting values of the parameter well storage, depending on the combination of sections used.

Now, we present a description of the software. A block diagram of the software
is shown in Figure 8. This software primarily determines the parameters” additional
resistances and well storage. It also evaluates an aquifer’s hydraulic conductivity, the range
of the cone of depression, and transmissivity. The user may also use the program to plot
the results on a graph or to store them in a special format for use in another environment,
such as the R programming language. However, all settings, including for data may also be
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opened directly in the software. The software also enables automatic generation of a final

report, which may be partly modified according to the user’s needs.
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‘ Load ¥ (“New =
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3 == 3 Qr,, S, T, bottom PN ‘
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Figure 8. Software diagram.
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Next, we describe the user interface. The software is divided into three main tabs:
Input file, Input parameters, and Report. Each of these tabs comprises two to three levels.
Below, we describe how to use the software. Start-up (see Figure 9) loads the introductory
menu, where the user may select whether to start a new project or make changes to or
continue a project already created. If the user chooses to work on a new project, he or she
is prompted to upload a file containing the pumping test data. Files may be in txt or xlsx
format. If a different file format is selected, the software shows a warning and takes no
action. If an xIsx file is uploaded, the user must then select the respective sheet within which
the data can be found. After uploading a file and, if necessary, selecting the appropriate

worksheet, the program proceeds to the next tab: Input file.

Pumping test | Inputﬂlol Input parameters  Report

Wellcome

(o) (o)

Accepts only files in format - txt/xIsx

Browse ... B3 after regeneration - project.wt

( Upload completed )

Figure 9. Start-up menu: illustrative image.

Now, the user selects how many rows to display from the uploaded file. The default
setting is to display only 20 rows, mainly for reasons of computational demand. This tab
also offers options for the choice of separators to divide individual columns. There are
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three options: Comma, Semicolon, and Table The final choice is the decimal separator:
Comma or Period. The Preview file button to the right allows the user to inspect the data
(see Figure 10). The user then proceeds to the next step by clicking Next. At this stage,
the user must select the respective columns representing time and drawdown in the well.
Here, the user may also choose any section of the data to be used in the calculations.
The section can be selected by entering its beginning and end. Clicking the Graph button
on the right displays a plot of the selected data (see Figure 11). The plot shows the section
of data selected for calculation in red and the rest of the pumping test data in black.

Pumping test Imnl Input parameters  Report
T
O Head [te) sm [ te sm |
& A 000 0.0 1300 125
110 004 1400 142
Sepatos 200 008 1500 154
O Comma 3.00 0.10 16.00 1.68
O semicolon 400 018 1700 182
& Tab 5.00 0.27 18.00 194
6.00 036 1900 207
Decimal separator 700 048 2000 212
800 059
O cmfm 900 071
D Period 1000 085
100 097

Figure 10. Data display and choice of separator: illustrative image.

 Pemping test P-ml Input parameters  Repont

Il
Sebect miniemm

]

1 [ e ] L]
—— e
i LB G G

Oradcnn (=)

Data range for Bt
W o

s

L

]

Figure 11. Checking the pumping test and choice of the data section for calculation: illustrative image.

As mentioned above, the software may also be used to evaluate an aquifer’s transmis-
sivity, hydraulic conductivity, and the range of the cone of depression. If the user wishes
to evaluate one of these parameters, he or she must click the Evaluate parameters button,
after which a menu of parameters appears. In the case of evaluating transmissivity, a plot
is displayed, for which it is necessary to select the data found in the second straight section.
Data selection is done as in the case of selecting data for calculations (see Figure 12).
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Figure 12. Data range for transmissivity evaluation: illustrative image.

In the case of evaluating the range of the cone of depression or hydraulic conductivity,
the user must enter the aquifer thickness. The user may then proceed to the second tab:
Input parameters. The first step in this tab is to enter the required parameters: the pumped
amount, the well radius, storativity, and transmissivity. If these parameters are available
in a file, the user may upload the file and display the data using the Preview file button,
as in the case of uploading a file with pumping test data. The next step in this tab is to
set the lower and upper limits between which the software will search for the optimal
storativity and dimensionless additional resistance values. Before running the calculation,
the user may also select the number of processor cores to use and whether to save the project.
After completing the calculation, the user may inspect the resulting simulation by clicking
the Graph button (see Figure 13).
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Figure 13. Plot of a real (black) vs. simulated (red) pumping test: illustrative image.

If the simulated pumping test mirrors the real test, this indicates that the calculated
parameters are optimal. In the case of a bad fit, the user may select different lower
and upper limits and repeat the calculation. As previously mentioned, the software also
allows storage of the final report in pdf, html, or docx format. Clicking the Report tab
loads a menu where the user can select the type of graph to be included in the final report
(see Figure 14). Here, the user may also enter the well’s location and depth. The final step
is to select the format for the final report.
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The pumping test was evaluated to obtain the parameters of the aquifer and additional

resistances. During the pumping test the pumped quantity was constant and the value was

0.018 m¥/s. The well parameters are shown in Table 1 and aquifer parameters in table 2
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Figure 14. Output report: illustrative image.

5. Discussion

The created software was used to evaluate several real pumping tests, and the resulting
additional resistance values were compared with those from another calculation method.
The resulting skin effect values were compared with the solution presented by Equation (3).

As is evident from Tables 3 and 4, in most cases, the resulting values were nearly
identical, differing in the vast majority of cases by only tenths. In the case of Obrtka O9B,
the evaluated skin factor was higher (+2), representing a 27% divergence. The calculation
stemming from Agarwal’s solution requires a pair of initial parameters representing time
and corresponding drawdown in the second straight section. For this reason, there exists
a set of combinations that may be used in the calculation, thereby generating divergent
results. For this calculation, it is, of course, necessary to have available pumping data up to
the time when the inflow into the well approaches a steady flow. The software, on the other
hand, can evaluate the skin effect with high accuracy, even when using a considerably
shorter section of pumping test data. Highly accurate results may be achieved using around
5% of the total pumping test data. Well storage, as mentioned, impacts the initial phase of
the pumping test on the order of seconds and, in a few cases, tens of seconds (depending
on the well radius). Thanks to the calculation method used, it is possible to determine
well storage even when using an early time section of the pumping test data that was not
impacted by well storage. As found in the analysis of the limits of the calculation method
used, accurate results for additional resistances and well storage are obtained when using
any combination of pumping test sections. Therefore, this method is suitable for use with
pumping tests in cases when, for example, there has been a pump outage or there are
missing data in some sections of the test.
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Table 3. Resulting additional resistance values.

w
. rw T S Cp W . Percentage
Locality and Well Name @3s-1) (m) (m-2s-1) © © Software Cooper' Jacob Divergence (%)
Equation (3)
Serbia B-1 0.0102  0.1500 0.0058 0.0130 990 5.41 5.25 3
Serbia B-3 0.0180 0.1615 0.0026 0.0441 50.0 5.45 5.29 3
Serbia B-6 0.0118 0.0118 0.0036 0.0863 148 3.03 3.56 15
Serbia EB-1 0.0122  0.1615 0.003 0.0023 2360 4.84 474 2
Drnovec CV-2 0.0588 0.1625  0.00241 0.0011 900 1.01 0.95 6
Radoun RD-1 0.019 0.15 0.0098 0.00066 160 1.6 1.45 9.4
Radoun RD-2 0.142 0.15 0.00106 0.00018 180 2.66 2.68 1
Kolin KV-2 0.0022 017 0.0245 0.076 16 5.72 517 10
Kolin KV-9 0.00416 0.17 0.023 0.076 10 4.98 5.01 1
Obrtka O9A 0.0026  0.186 0.0234 0.00038 5500 7.2 7.31 1.5
Obrtka O9B 0.0097  0.125 0.00186 0.0419 160 7.21 5.23 27
Table 4. Synthetic tests.
Synthetic Q I T S C W W w Percentage
\ D _
Test (m3s—1) (m) (m—2s-1) ) ) ) Software Coopel: Jacob Divergence (%)
Equation (3)
Test 1 0.005 0.20 0.0120 0.010 100 10 9.998 9.97 0.24
Test 2 0.003 0.25 0.0015 0.002 100,000 20 20.0003 19.99 0.0017
Test 3 0.012 0.40 0.0030 0.0025 100,000 50 50.007 49.99 0.0141

6. Conclusions

The result of this work is a functional piece of software that considerably reduces
the time demand when determining the magnitude of additional resistances and well
storage. One of the advantages of this software is that it is available for free upon request
to the authors (ficaj@fzp.czu.cz). It can also be downloaded from the following website:
https:/ /github.com/Ficaj/ Wtest (accessed on 23 March 2021). Compared to most other
similar software programs (AQtesolv, AquiferTest, MLU), which might take many years
to develop, this one can be handled easily and almost intuitively. As a result, there is no
need for time-consuming training. Most other software programs also lack the unique
computing method used here. As mentioned above, the key benefit of this method is
that it is based on the initial straight-line tract. Thanks to this method, dozens of minutes
can be saved in real-life tests. Moreover, other benefits could be added, such as reducing
the time needed for evaluation so that it is not much longer than one minute, as well as
the preparation of a (predefined) report. This software is capable, among other things, of
evaluating the following parameters: an aquifer’s transmissivity, storativity, the range of
the cone of depression, and hydraulic conductivity.
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