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Abstract: Groundwater wells are widely used in the energy sector, including for drinking water
supplies and as water source wells in the o0il and gas industry to increase production of natural
gas and petroleum. Water well clogging, which can happen to any well for various reasons, is a
serious problem that can lead to increased power costs due to a higher head to the pump, a reduction
in the flow rate and various drawdown issues. If rehabilitation procedures do not take place in
time, this can result in permanent loss of the well, and a new well must be drilled, which is not
a sustainable approach. Rehabilitation methods for water wells usually include mechanical and
chemical treatments, and even though these methods are well established and have been used
for many years we can still observe many abandoned wells which could be rehabilitated. In this
study, sets of cavitation generators are developed and used in combination with common conic
hydrodynamic nozzles. This combination reduces the pressure in the system and makes the cleaning
setup much lighter and more mobile. The designed nozzles were successfully used in hydrodynamic
cleaning of four water wells.

Keywords: turbulence; cavitation; cavitating jets; water wells; environment; energy reduction;
optimization; thermofluids

1. Introduction
1.1. Water Wells and Clogging Problem

Groundwaters contain a significantly larger freshwater volume than surface water [1],
and the energy sector interacts with groundwater in different applications. Groundwater is
used in geothermal heat pump systems; according to a 2015 estimation, 1.2 million ground
source heat pumps were installed residentially in the USA and nearly 10 percent used a
groundwater supply [2]. Water source wells of different depths are used in the oil and
gas industry to inject water into an underground formation to increase the production of
natural gas and petroleum. Water injection wells can help to generate higher oil recovery
in comparison with primary depletion alone [3]. Nuclear power plants use a lot of water
for cooling, firefighting, service and domestic purposes. The sources of water supply for
nuclear plants include both surface water (rivers, lakes, oceans, etc.) and groundwater
(aquifers and induced infiltration) [4]. The depths of wells used for household purposes
vary from 200 to 500 m; for mineral water wells this could be 1000-1500 m and depths
could reach several kilometers in the oil and gas industry.

Groundwater wells can suffer from clogging due to broken equipment, stuck pipes
and sometimes pipes with attached water pumps, bolts, nuts, various tools, etc. Other
reasons are sand leakage from damaged filters or cement plugs, growth of bacterial colonies
and precipitation of mineral deposits [5]. Well clogging is a serious problem [6-8]. It was
reported in [9] that most of the wells of the water supply company Hydron South Holland
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in the Netherlands have decreased to 50% of their original capacity, a few years after
construction. Such a significant decrease in the hydraulic head could affect production
capacity and disrupt the purification process in the treatment plant.

1.2. Water Wells Rehabilitation and Cavitating Jets

A combination of chemical and mechanical methods (hydrodynamic jets, scrubbing,
high-frequency vibrations) is the most common approach for water wells rehabilitation [5].
Each water well cleaning process needs the correct selection of rehabilitation techniques,
and incorrect selection or improper application of a certain technique can lead to an
opposite effect such as flow-rate reduction despite the invested time and resources. Conse-
quently, some water wells are being closed and new wells are being drilled, even though
effective rehabilitation was possible. It should be noted that it is impossible or commercially
not viable to rehabilitate water wells in only 5-10% of cases. Usually, these are sanding
wells with stuck pump equipment, very old casing and biological contamination. In all
other cases, it is feasible to rehabilitate an existing well without drilling a new one.

In this study, sets of hydrodynamic cavitation generators are proposed and used
in combination with common conic nozzles to improve hydrodynamic well cleaning.
Cavitation is a process of formation of vapor bubbles in the regions of the liquid where
the pressure drops below the vapor pressure of the liquid. When these bubbles move
to regions of higher pressure they start to collapse. This collapsing process involves the
appearance of shock waves and high-speed microjets near the wall, and a local increase in
temperature and pressure. This process leads to the so-called cavitation erosion of pipelines
and hydraulic equipment [10-12]. In high-speed hydrodynamic jets, cavitation starts in the
low-pressure cores of turbulent vortices in the mixing layer [13]. A special design of nozzles
is used to condition the jet’s shear zone to enhance cavitation and increase the erosion
capacity. A detailed review of the various applications of cavitation jets in the oil and gas
industry and the parameters that affect their performance can be found in [14]. Cavitation
can significantly increase the jet’s cleaning properties and improve existing methods of
high-pressure cleaning [15-17] by reducing the operational pressure and flow rate.

The selection of the nozzle geometry is the most important step in cavitation jet ap-
plications [18,19]. In the present study, the cavitation nozzle design process was achieved
in two stages. First, the jet nozzle geometry was optimized using computational fluid dy-
namics (CFD). In the second step, the nozzles were manufactured and tested to investigate
their erosion properties experimentally. The designed nozzles and rotary nozzle holders
were successfully used for cleaning four water wells with depths from 109 m to 339.5 m. It
was shown that, in some cases, the well flow rate was even higher after cleaning than the
initial flow rate at the start of the exploitation (after drilling).

2. Materials and Methods

The geometry presented in Figure 1 was selected for water well cleaning applications.
The parameters shown (angles, lengths and diameter) are usually adjusted for a given
application, since each cleaning project needs an individual approach based on the pipe
diameters, the depth and the nature of the clogging.
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Figure 1. Geometry of cavitation nozzles (a) and conic hydrodynamic nozzles (b).

The position and quantity of the nozzles are also important, and it is crucial to design
optimal nozzle holders for each specific cleaning application. Two configurations of nozzle
holders were considered for water well cleaning in the present study (Figure 2). All nozzles
were oriented normal to the cleaning surface; some of the nozzle ports were plugged
depending on the water well parameters. There were 4 nozzle ports in each row in the
short holder. In the long holder, there were 3 nozzle ports in a row for cavitation nozzles,
in addition to 4 and 5 for the hydrodynamic nozzles. All were equally distributed around
the axis of the holder. The diameter of both holders was 65 mm.

Cavitation Nozzles

| yrodynamic Nozzles

Figure 2. Geometry of nozzle holders.

3. Numerical Simulations

A RANS (Reynolds-averaged Navier-Stokes) RNG k—¢ turbulence model with an
energy equation was used for the CFD analysis. It was developed using re-normalization
group (RNG) methods to re-normalize the Navier-Stokes equations in order to consider
the effects of smaller scales in the flow [20]. Such a model was successfully used in [21] for
the dynamic study of cavitation jets. The Autodesk CFD package was used for numerical
modelling. The eddy viscosity and eddy conductivity were calculated using:

K2 #Cp
pr=Cup—; ke = e
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where 0} is a turbulent Prandtl number, usually taken to be 1.0, and C; is an empirical
constant. In the RNG two-equation model the momentum equations are transformed to
wave-number space, and re-normalization group theory is used to derive the equations for
calculating eddy viscosity. The equation used for K (turbulent kinetic energy) is:

o+ oV e = () 3]+ [ (5 ) 5]+
(o] e (30 +2(3) 2 (B0 o
(%) 4 (9 4 a0 }[20]
The equation for ¢ (turbulent energy dissipation) is:
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All constants for the RNG model are defined in Table 1. C; is calculated using the
following expression:

where 7 is defined as:

oy 0z oy  ox 9z | ox oz Jdy

Table 1. RNG model constants used in the model.

Constant Value Result of Increasing Value

Cu 0.09 more mixing, mores shear, greater change in pressure
Co 1.44 less mixing, lower shear, smaller change in pressure

G 1.92 more mixing, more shear, greater change in pressure

B 0.015 more mixing, more shear, greater change in pressure

Mo 4.38 more mixing, more shear, greater change in pressure

oK 0.7179 (not available for user modification)

O 0.7179 (not available for user modification)

We slightly varied the constants in Table 1, except for ox and o, which are set as
0.7179 and cannot be modified in Autodesk CFD. The model described above is applicable
strictly only in the fully turbulent regime and does not apply to the inner layers or the
boundary layer. For the high-Reynolds-number turbulence models, we used wall functions
to model the turbulent flow next to the wall. The “wall functions” replace the turbulence
model in the wall elements and generally only require the placement of one node in the
boundary layer. The use of wall functions with high-Reynolds-number turbulence models
gives quite good results for most turbulent flows. The main purpose of the wall functions
is to enforce the law of the wall, which can be written as:

ut= %logyJr +B



Fluids 2021, 6, 444

50f 14

where k is the von Karman constant, ¥ = 0.41 and B = 5.1. The inner variables U and y* are
defined as:

ut =

Tw

P

Tw

n P
y v

where U; is the velocity tangent to the wall, Ty, is the wall shear stress, p is the density, J is
the distance from the wall and v is the kinematic viscosity.

The problem was solved in a two-dimensional axisymmetric geometry, which is quite
a common approach to the solution of various problems related to axisymmetric jets.
In Autodesk® CFD, the finite element method is used to reduce the governing partial
differential equations (pdes) to a set of algebraic equations. In this method, the dependent
variables are represented by polynomial shape functions over a small area or volume
(element). These representations are substituted into the governing pdes and then the
weighted integral of these equations over the element is taken, where the weight function
is chosen to be the same as the shape function. The result is a set of algebraic equations for
the dependent variable at discrete points or nodes on every element. With the exception of
the continuity equation, the governing equations describe the transport of some quantity
(e.g., U, V, T) through the solution domain. The governing equations take the form:

0P 0P od d 0® d 0d 0 0P

This method is used directly on the diffusion and source terms. However, for nu-
merical stability, the advection terms are treated with upwind methods along with the
weighted integral method. We used one of the variations of the Petrov—Galerkin method as
an upwind method. The magnified mesh structure is shown in Figure 3. The only option
in this package for the element geometry in 2D is a triangular geometry.

Figure 3. Mesh structure near nozzle exit. Size of elements: 0.1 mm, 0.2 mm, 0.5 mm.

A grid independence study was performed to define the number of cells for numerical
analysis. The mesh was split into five regions and was refined in the jet region. The optimal
number of cells was found to be between 210,000 and 270,000 (Figure 4). Convergence was
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considered to have occurred when the residual was reduced to a value less than 1076, The
mesh structure and geometry can be found in Figures 5 and 6 for the cavitation jet and the
hydrodynamic jet, respectively.

Mesh Study. Nozzle Exit Section.
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Figure 4. Mesh study. Average cavitation vapor volume fraction at the nozzle exit.
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Figure 5. Geometry and mesh structure for cavitation nozzle. Domain size: 150 cm x 20 cm.
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Figure 6. Geometry and mesh structure for conical nozzle. Domain size: 150 cm x 20 cm.
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The cavitation model in Autodesk CFD is introduced as the presence of constant-
radius vapor bubbles; these bubbles are formed from non-condensable gas particles present
in the fluid. Therefore, cavitation flow contains three components: non-condensable gas
(denoted by the subscript “g”), a liquid phase (denoted by the subscript “1”) and a vapor
phase (denoted by the subscript “v”). It was assumed that the mass fraction of the non-
condensable gas was fixed and it was well mixed in the fluid. With this assumption, the
liquid phase and the non-condensable gas can be combined into a single volume fraction
fig- This volume fraction is tracked using the following scalar transport equation:

%(Plgflg) + aax] (Plngflg) =5 = -5

where:

® (g is the density of the combined non-condensable gas and liquid phase;
e V] is the velocity vector;

S; is the source of liquid phase (this is the vapor region condensing);

Sy is the source of vapor phase (this is the liquid phase evaporating).

The liquid phase source term S; is written as:
_ %00 21— Pol oy v S0fefig P < po
=, \/755’”(” PO\ 0.01f, > p > po

pv is the density of the vapor phase;

1y is the average bubble radius;

Pv is the vapor pressure of the liquid;

p is the local pressure;

p; is the liquid density;

f¢ is the volume fraction of the non-condensable gas;
fv is the volume fraction of the vapor phase.

where:

Once the volume fraction f}, is calculated, the density of the mixture can be calculated.
This density is then used to solve the continuity, momentum and other scalar equations [22].

The temperature was set to 15 °C, which is a common temperature for water in a
well. A value of 300 atm was used as Pj,, whereas three cases of Pyt were considered:
atmospheric (0 gauge), 10 atm gauge (which corresponds to approximately 100 m depth)
and 30 atm gauge (which corresponds to 300 m depth).

4. Experimental Setup

A series of experiments were performed to test the erosion properties of cavitating
jets. The experimental setup is shown in Figure 7.
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Figure 7. Experimental setup. 1: Water tank; 2: centrifugal booster pump; 3: filter (5 um); 4: flowmeter; 5: plunger pump; 6:

high-pressure hose; 7,17: safety valves; 8,20: needle valves; 9,15: Bourdon tube pressure gauges; 10: test chamber; 11,12: lids;

13: sight glass: 14: nozzle; 16: microphone; 18: test plate; 19: holder; 21: return line.

The water from tank 1 was pumped to the electric centrifugal booster pump 2 after
the booster pump water passed through the filter to a plunger pump. Several pumps were
available: 1-22 kW, 21 MPa/50 1/min (pressure/flow rate); 2-30 kW, 50 MPa/30 1/min;
3-90 kW, 63 MPa/75 1/min. A high-pressure hose was used (line 6); the pressure on the
nozzle inlet was regulated with valve 8 based on the pressure gauge reading from 9. The
test chamber consisted of the main body 10, with an outside diameter of 203 mm and an
inside diameter of 100 mm, and two lids 11 and 12. Test plates (18) were located inside
the test chamber and were attached to the plate holders. Cavitation and hydrodynamic
nozzles (14) were placed in front of the test plates. The test chamber was designed to test
plates with diameters from 30 mm to 80 mm and to change the distance from the nozzle to
the plate between 10 mm and 150 mm. The pressure in the chamber was regulated using
valve 20. The maximum operating pressure in the chamber was 30 MPa. The line (21) was
a return line, which was used to transfer water back to the tank. The windows (13) were
used to observe cavitation inside the test chamber.

5. Results and Discussion
5.1. Numerical Results

After slight adjustments of parameters and a preliminary CFD study;, the following
parameters were selected for the nozzles (Figure 1a): the inlet cone angle was 100°, the
throat diameter was 1.5 mm and the outlet cone angle was 13° with length 20 mm. For the
conical hydrodynamic nozzles, similar parameters were selected: the inlet cone angle was
13° with length 20 mm and the diameter of the throat was 1.5 mm.

The cavitation vapor volume fraction is shown in Figure 8.
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Figure 8. Cavitation vapor volume fraction for cavitation nozzle. Py, = 300 atm: (a) Poyut = 0 (gauge), (b) Pout = 10 atm
(gauge), (c) Pout = 30 atm (gauge).

It can be seen that in the first two cases, the cavitation zone propagated through the
entire domain, and in the last case it propagated up to 87 mm; therefore, this nozzle can
effectively produce cavitation in well depths up to 300 m. It is also shown that cavitation
clouds are formed inside the nozzle; they continue developing downstream and then
expand. The experimental results presented in [21] demonstrate that cavitation jets consist
of three zones: growing, shedding and collapsing. When a cavitation cloud propagating
from a nozzle reaches a specific location, the downstream part is shed from the initial cloud.
After the shedding, the cavitation cloud starts to collapse.

The idea behind the hydrodynamic nozzles was to combine hydrodynamic cleaning,
which utilizes the energy of the jet, with cavitation. Converging hydrodynamic nozzles do
not produce any cavitation at large depths but, as can be seen from Figure 9, the jet core
propagates much further from the nozzle exit, while in the case of the cavitation nozzle
almost the entire core is located inside the nozzle.
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200 6

Figure 9. Velocity (m/s), Pout = 30 atm, Pj, = 300 atm. (a) Hydrodynamic nozzle, (b) cavitation nozzle.

5.2. Experimental Erosion Tests

When all parameters were optimized, the nozzles were manufactured and tested for
erosion properties. The erosion pattern was studied by placing 35 mm aluminum plates for
10 min in front of the cavitation jets (Figure 10). The distances from the nozzle to the target
were selected based on the CFD results presented in Figure 8. We placed the test plates
in the zones where cavitation bubbles were starting to collapse. The following distances
from the nozzle to the plates were selected: 65 mm for the case of atmospheric surrounding
pressure, 50 mm in the case of 10 atm and 30 mm in the case of 30 atm. The pressure on the
inlet of the nozzles was maintained at 300 atm and the pressure in the test chamber was
adjusted from atmospheric pressure to 10 atm and 30 atm.

()

(a)

Figure 10. Erosion pattern on aluminum plates. (a) Pressure in the test chamber is atmospheric, (b) pressure in the test
chamber is 10 atm, (c) pressure in the test chamber is 30 atm.

Typical cavitation erosion patterns were observed in all three cases. The patterns of
erosion were different. In case (a) we can observe a ring-shaped pattern with a central part
corresponding to the jet impingement region. In this case, cavitation bubbles were carried
out by the vortex rings and thus collapsed further from the center. Case (b) is similar; the
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impact region is observed in the center but the pattern is not circular. This could be related
to the non-symmetric development of cavitation inside the nozzle or the deformation of
the vortex ring as it advects downstream [23-25]. In case (c), it can be seen that cavitation
bubbles were collapsing in the center, which could mean that the effect of impingement
was smaller and cavitation bubbles were not carried along the wall by the vortex rings.
These results show that the designed cavitation nozzles were efficient at water depths up
to 300 m, and bubbles would collapse on the water wells” walls producing a significant
cleaning effect.

Pictures of cavitating jets inside the test chamber can be seen in Figure 11. The same
nozzle geometry and pressure conditions as in the CFD cases were used in the experiments.

Figure 11. Cavitating jet inside the test chamber. P, = 300 atm: (a) Pout = 0 (gauge), (b) Pout = 10 atm
(gauge), (c) Pout = 30 atm (gauge).

Figure 12 shows the CFD results with the axis and scale for comparison.

It can be seen from the experiment that the RNG k-¢ model predicts the propagation
of the cavitation cloud quite well. However, the expansion of the jet occurs significantly
closer to the nozzle exit than in the case of the numerical prediction. For our applications,
the propagation factor is much more important, and erosion tests show that the cavitation
erosion is efficient at the distances predicted by CFD.
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Figure 12. Cavitation vapor volume fraction for cavitation nozzle. Pj, = 300 atm: (a) Pout = 0 (gauge), (b) Pout = 10 atm
(gauge), (c) Pout = 30 atm (gauge).
5.3. Water Wells Cleaning

For water wells cleaning applications, several sets of cavitation and hydrodynamic
nozzles using the design parameters presented above were manufactured (Figure 13).

(2) (b)

Figure 13. Sets of nozzles ready for well cleaning. (a) Cavitation nozzles, (b) hydrodynamic conic nozzles.

Once all the nozzles and holders were manufactured and tested in the experimental
setup, on-site tests were performed for cleaning four water wells. The diameters of the
wells ranged from 100 mm to 200 mm. A 95 kW plunger pump was used for the studied
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operating regimes (75 1/min, 630 atm). The operating pressure was 500 atm since we
used a pump regulator and usually run this pump at 70-80% of the maximum available
power to avoid overheating. The estimated losses through the system were around 200 atm,
providing 300 atm pressure at the nozzles. As mentioned above, the setup was mobile
and can be mounted on one truck, so no heavy drilling equipment was needed. Flexible
high-pressure hoses for hydrodynamic cleaning were used and, if needed, chemicals could
be supplied through plastic pipes for combined chemical-mechanical cleaning. Plastic
pipes were also used for pumping out cleaning products. The advantages of the proposed
approach include simple operations, less time required for cleaning and eco-friendly
reagents (Figure 14). The results of cleaning can be seen in Table 2.

Figure 14. Well rehabilitation operations: (a) cleaning setup, (b) mixture pumped out of the well during the cleaning,
(c) submerged nozzle holder on high-pressure hose.

Table 2. Cleaning results.

No. of Water Well, Year of Drilling. All Depth (m) Flow Rate Before/After Cleaning, m3/h Flow Rate Increase,
Wells are Located in Krasnodar Krai, Russia P Before After (m3/h)/(%)
14 (6940) ]
1989 (year of drilling) 3395 50 67 17/34%
16 (7302) ]
1989 (year of drilling) 331 55 85 30/54%
211 10.2.
. 306 6.9 After 2 months went up 3.3/47.8%
2007 (year of drilling) 1013 m3 /h
1 (o)
2002 (year of drilling) 109 24 53 2.9/121%

6. Conclusions

A multilevel design procedure was developed for water well cleaning applications.
First, the nozzle geometry was designed and CFD simulations were performed to study
the development of cavitation in the flow. Test nozzles were manufactured, and the erosion
characteristics were tested experimentally at different ambient pressures. It was shown
that cavitation nozzles could produce efficient erosion at water depths up to 300 m. Several
sets of nozzle holders were then developed for water wells cleaning applications.

The designed nozzles and nozzle holders were successfully used for cleaning water
wells and showed excellent results by increasing the wells’ flow rates from 34% to 121% of
the flow rates measured before cleaning. The proposed technology can rehabilitate water
wells in 2-3 days without any heavy drilling equipment. The rehabilitation cost is equal to
just 20-40% of the cost of drilling a new well.
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