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Abstract. The work validates a mathematical model for calculating parameters of the impulse impact on the bot-
tomhole zone of a well through a liquid with different physicochemical properties to increase gas extraction from the rock
mass. Existing calculation methods describing the hydrodynamics of the pulse propagation process in a liquid are de-
scribed and analyzed. A mathematical model is proposed for calculating hydrodynamic processes occurring in a well
during impulse impact, which includes quasi-linear hyperbolic-type gas dynamics equations with initial and boundary
conditions. A distinctive feature of the model is the consideration of the oscillation source pulsations. A block diagram of
the algorithm for calculating the hydrodynamic pulse parameters is presented. The linear flow of the liquid in the well
between its bottomhole and the impulse source is considered. It was established that the key parameters significantly
influencing the hydrodynamic processes in the well are its length, the pressure in the cavity of the oscillation source and
the coordinate of its boundary, as well as the pressure at the bottom of the well. The dynamics of pressure profile distri-
bution along the length of the well at different time points under varying initial parameters of the impulse impact was
established. The dependences of the pressure in the oscillation source and at the bottomhole and the change in the
coordinate of the boundary of the oscillation source cavity over time under different impulse impact modes were calcu-
lated and analyzed. The influence of the duration of the oscillation source impulse on the process parameters at different
distances to the bottomhole was studied. It was established that the state of the bottomhole zone of the well for the pur-
pose of gas extraction intensification can be effectively controlled both by adjusting the impulse impact parameters and
by using various physicochemical compositions as the working liquid. Varying the liquid composition during the impulse
impact leads to a change in the amplitude and time of impulse arrival at the bottomhole of the well.

The results of the research can be used to calculate hydrodynamic processes during impulse treatment of gas ex-
traction wells in order to intensify gas release by changing impulse impact parameters and by using different physico-
chemical compositions as the working liquid.

Keywords: gas extraction well, gas release intensification, impulse impact, hydrodynamic processes.

1. Introduction

Development of new methods for intensifying mineral extraction is a pressing
scientific challenge. To select and substantiate such methods, theoretical study is re-
quired to establish the main regularities of the underlying processes. When extracting
gas from rock mass, it becomes necessary to relieve stress from the rocks surrounding
the well [1, 2]. Currently, a number of methods are used for this purpose, ranging
from torpedoing the rock mass to its physicochemical treatment. However, none of
these methods fully meets modern production requirements. Some of them are ac-
companied by high risks, while others do not guarantee sufficient efficiency [3-5].
Due to the presence of aquifers, wells are often filled with water. Therefore, the use
of hydroimpulse impact appears to be a promising approach for this purpose. To de-
termine rational parameters of such an impact, it is necessary to evaluate the pressure
at the bottomhole under different operating modes of the oscillation source and with
different composition of the liquid filling the well.

The effectiveness of the impulse impact on the well walls during gas extraction is
primarily determined by the pressures that are generated within the liquid-filled vol-
ume, that is, they are ultimately governed by hydrodynamic processes in the well [6—

8]. Experimental studies of these pressures face challenges such as the difficulty of
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registering data at great depths and converting sensor readings into power parameters.
These studies are labor-intensive and do not always guarantee obtaining reliable re-
sults. All of the above necessitates theoretical research of the hydrodynamic process-
es that accompany the impulse impact in the well.

In hydrodynamic calculations, the most common models include: self-similar ap-
proximation, compressed liquid model, acoustic model, the Kirkwood-Bethe model,
and others [9-13]. The use of self-similar solutions is limited by the time interval,
since the assumptions about the constancy of the elastic wave propagation velocity
and the instantaneousness of the impulse impact on the flow towards the front of the
compression wave are only valid for short duration of the impact. The compressed
liquid model can give satisfactory results only in the region of immediate vicinity to
the impulse source. The acoustic model cannot describe such important hydrodynam-
ic processes as the formation of a compression wave and its interaction with waves
generated by the impulse source. The equations that describe the motion of the liquid
in the Kirkwood-Bethe assumption do not follow from the hydrodynamics equation
and are instead a successful experimental assumption, therefore the use of this ap-
proach is always questionable, and its results require additional verification.

Considering the drawbacks of these approximations, determining liquid motion
under impulse impact requires solving the gas dynamics equations that strictly de-
scribe the compressibility of the medium. High pressures, the presence of compres-
sion waves, reflection of waves from boundary surfaces - all these factors necessitate
the use of numerical methods to calculate the created flows. The results of the initial
studies in this area are presented in the works [14, 15]. A similar approach to deter-
mining the hydrodynamic parameters of the impulse impact is further developed in
this work.

The purpose of this work is to validate a mathematical model for calculating the
parameters of the impulse impact on the bottomhole zone of the well through a liquid
with different physicochemical properties in order to increase gas release.

The task of this research is to develop an algorithm and to calculate the parame-
ters of the impulse propagation process in a well filled with liquids with different
physicochemical properties in order to intensify gas extraction.

2. Methods

The problem statement. Let us consider a linear model of impulse propagation in
the form of pulsations between the oscillation source 1 and the bottomhole 2, which
is located in the rock mass 3 and filled with liquid 4 (Fig. 1). The oscillation source is
a cavity filled with gas, into which energy is supplied according to a predetermined
law in the form of a decaying sinusoid. According to this law, the cavity oscillates,
generating compression and extension waves that propagate in the liquid.

Assumptions. We assume that between the impulse source and the bottomhole the
cross-section of the well is constant. Then, taking into account that the pulse genera-
tion duration ¢, is at least 0.1 ms and d/q,t, <10and d/L <10 (where d, L is diameter

and length of the well, ay is speed of sound in the liquid), the channel approximation
can be applied to hydrodynamic calculations [15].
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1 — impulse oscillation source; 2 — bottomhole; 3 — rock mass; 4 — liquid,
Xface — distance from the oscillation source to the bottomhole

Figure 1 — Scheme of hydroimpulse treatment of a gas extraction well

We further assume that the time dependence of the generated impulses is speci-
fied in advance, and at the initial moment of time the liquid is not yet disturbed. The
model does not take into account changes in thermodynamic parameters in the oscil-
lation source, energy losses due to thermal conductivity of the liquid and changes in
the stiffness of the well walls.

The pressure in the liquid during impulse impact does not exceed 100 MPa and,
therefore, the equation of the dependence of pressure P; on density p; in the Theta
form can be taken as the equation of state for it [16]

R:B(pl/po)n—B, (D)

where the initial liquid density is po=10° kg/m?, and the constants B and » are calcu-
lated based on the composition of the liquid (for technical water B=304.5 MPa,
n=7.15).

Then the one-dimensional unsteady flow of an ideal liquid - in the sense that its
viscosity and thermal conductivity are neglected — is described by a dimensionless
system of equations [17]:

— +£ u=0

ol e T

0 0

—pu+—I(P+pu’)=0, 2
2Pt P ) @)
P=p"-1.

Here, the following values are taken as a scaling parameters: densityp =p,, pres-
sure P = B, velocityu = a,, time ¢ =¢, (characteristic time equal to the duration of the
impulse impact), lengthx =a ¢, .

Initial conditions:
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p(XO,O) = (Po + 1)1/:1 > M(XO,O) =0, xe (’me’L)

u(x,0,0)=0,  plx,,.0)=(P,, +1)", (3)
where x,, 1s the coordinate of the boundary of the oscillation source cavity at the ini-
tial moment, Py is the initial pressure in the well, L is the length of the well (the dis-
tance from the source to the bottomhole), P, =P (0)is the initial pressure generated

by the impulse source.
The condition on the contact surface “boundary of the oscillation source cavity -
liquid™ is written as follows:

apm _(’Y—l)’N/Xm—'Y(pjn—l)'um (4)

- b

ot nx,p,’

where y=1.26 is effective adiabatic index, N = N(t) is specific power of the oscilla-
tion source per unit of  well  cross-section area  (scale @ is
N =Bayt,,p, =p(x ,t),u =u(x ,t)).

All well walls are assumed to be absolutely rigid. Therefore, the condition
u(L,t)=0 may be satisfied at the bottomhole.

The dependence N(t) was given as a piecewise linear function, with zeros at time
points ¢, =¢-k and local maxima at time points ¢, =¢-(k—0.5), where k=2,3,....s;
where s is the number of analyzed pressure impulses.

For solving quasilinear hyperbolic equations, which include the gas dynamics
equations, the method of S.K. Godunov [18] has gained widespread use. Successfully
combining the advantages of the method of characteristics and end-to-end calculation
schemes, it suggests, in particular, the solution of a number of complex problems on
the calculations of unsteady water flows [19, 20].

By integrating the system of equations (2) over the region in the (x, ¢) plane
bounded by the closed curve G, and passing to contour integrals along the curve G
using Green's formula, we obtain:

§(pdx —pudt)=0

G

$(pex —(pu’ +(p™" = 1)/n)dt)=0 (5)

G

The solution of this system was carried out according to the well-known method
[17, 21] using a modified algorithmic scheme (Fig. 2), which differs by incorporating
the specific power of the oscillation source per unit of cross-sectional area of the well
and by performing a layer-by-layer calculation of the density and velocity of the lig-
uid during passing impulses of different durations.
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of grid nodes x; pir12_and uir1

v

calculation of parameter values at the
time point £ =f+71

calculation of the velocity | calculation of density and velocity at the | calculation of density and ve-
of the grid nodes moving internal boundaries at R, =¢,U, =¢ locity at the cell boundary

W = (xi —x )/T pi+1/2 and ui+l/2

v

time point £ =ty
construction of the calculation domain in the form of a grid with nodes at points with coordinates x;;
calculation of the density at the left boundary of the calculation domain (the boundary of the oscillation
source), calculation of this boundary based on the density;
the velocity of the grid internal nodes is determined equal to the velocity of the left boundary of the cal-
culation domain using the calculations of the discontinuity decays between the parameters in the cells;
calculation of the velocity of the right boundary movement within the calculation domain (compression
wave) and the parameters on it, followed with selection of the time step

time point f =7+ 7T
determination of the grid node coordinates and calculation of the parameters in the cells;
checking the width of the last cell and increasing the number of cells, if necessary; obtaining the distri-
bution of the flow parameters

recalculations for each layer
calculation of the values of the velocity u;+1/2 and density pi+12 inside each layer;
calculation of the values at the boundaries of the calculation domain and the velocity of the boundaries
themselves;
selection of the acceptable time step T;
calculation of the grid boundaries coordinates at the point time ¢ =¢ +1: x' =x, + Wt

time point # =¢, +1
calculation of the layer thickness x  —x;
calculation of values of the velocity u""*and density p™"* inside each layer;
calculation of the velocity of the i--th node w = (x" —x, )/r during the time step;

comparison of parameters in neighboring grid layers;
calculation of the parameters of the discontinuity decay at the i-th boundary R;, U;
determination of the velocity direction in the discontinuity decay region

selection of flow configuration
by the pressure-to-velocity ratio in neighboring cells — if the medium velocity in the analyzed node is
directed into the cell to be calculated, then the density corresponds to the state of decay behind the con-
tact surface in the direction of its movement

the time point of the compression wave arrival at the bottomhole
calculation of the flow along the entire domain between the boundary of the oscillation source and the
wall by the "through-flow calculation" method without isolating possible discontinuities; the values of
Ri, U; at the boundary of the last cell (adjacent to the wall) are determined as for the case of a stationary
impermeable wall (the velocity is equal in absolute value, but opposite in sign)

Figure 2 — Block diagram of the modified algorithm for calculating hydrodynamic parameters of
impulse propagation in the well
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3. Results and discussion

Calculations of hydrodynamic parameters generated by the oscillation source in
the well (including the coordinate of the boundary of the oscillation source cavity,
pressure at this boundary, pressure in different cross-sections along the length of the
well and pressure at its bottomhole) are given for different duration of the impulse
impact ¢; (Table 1). The pneumodynamic impulse was chosen as the impulse impact
on the liquid, in which multiple expansion and compression (pulsation) of the oscilla-
tion source cavity occurs.

Table 1 — Correspondence between calculation variants and impulse impact parameters

No variant 1 2 3 4 5 6 7 8 9 10 11 12
ti, ms 4 3 2 4 3 2 4 3 2 4 3 2
L, m 1 1 1 3 3 3 5 5 5 20 20 20

The diameter of the well, in which the pulses were simulated, was chosen to be
105 mm, which is a typical size for gas extraction wells. The distance from the im-
pulse impact zone to the bottomhole varied within the range of 1-20 m. The initial
pressure in the well was taken to be 5 MPa, which corresponds to a depth of 200 m.
The correspondence between the numbers of the calculation variants and the impact
parameters is given in Table 1, where ¢ 1s duration of the impulse impact, L is the dis-
tance to the bottomhole. For the calculation, the maximum time was chosen to be not
less than the time corresponding to six reflections of compression waves from the
bottomhole and the boundary of the oscillation source cavity. As a rule, within this
time interval, the maximum pressure in the well is reached, which was confirmed by
the calculations.

The mechanism of pressure distribution in the liquid at different time points,
which characterizes the main hydrodynamic processes along the length of the well, is
given on the example of calculation variant No. 6 (see Table 1) and is described as
follows (Fig. 3).

P (MPa) /— 3

40 = \
/—\2
20 AN

0 1 2 3 x(m)
1-t=103mc;2-¢t=20mc;3-¢t=4.15mc;4-t=633mc;5—t=851mc; 6—-t=10.51 mc

Figure 3 — Pressure profiles in the well at different time points
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At the moment of the first impulse, a disturbance wave separates from the oscilla-
tion source. Since the impulses follow one after another, the pressure increases, and a
compression wave is formed in the liquid (¢ = 1.03 mc). After reaching the maximum
value, the pressure in the oscillation source drops, and it becomes a source of exten-
sion waves for the liquid.

Meanwhile, the distance between the maximum in the compression wave and the
disturbance front is reduced, and a shock wave is formed. The parameters of the
shock wave increase gradually with distance from the oscillation source, which is due
to the action of the catching-up compression wave (¢ = 2.0 ms).

Further, the shock wave and then the compression wave and the extension wave
arrive at the bottomhole. Pressure there increases, while reflected waves begin to
propagate back towards the oscillation source. Before the reflected waves return to
the bottomhole, a second compression wave, formed by the second impulse from the
oscillation source, starts travelling in the liquid towards the bottomhole. This second
compression wave arrives at the bottomhole after the extension wave and causes fur-
ther pressure increase (1 =4.15 ms).

The compression wave reflected from the bottomhole reaches the wellhead and is
reflected again by the extension wave, forcing the oscillation source to compress.
This extension wave travels through the well and reduce the pressure (z = 6.33 ms).

However, the compression of the oscillation source leads to pressure increase
within it. The oscillation source begins to expand again, and a new compression wave
1s formed in the liquid (¢ = 8.51 ms). Then the processes qualitatively repeat.

As it 1s seen from the calculation results in Fig. 3, the impact at the bottomhole
occurs as alternating pressure impulses (at £ = 2 ms the pressure is P =15 MPa; at ¢ =
4 ms the pressure is 43 MPa; at ¢t = 6 ms the pressure is 12 MPa; at ¢ = 8 ms the pres-
sure is 55 MPa). Such short-term high pressure fluctuations improve the filtration
properties of the bottomhole zone. After 10 ms of impact (curve 6), the pressure in
the well stabilizes and is equal to 50 MPa.

The dependence of the pressure in the oscillation source, the pressure at the bot-
tomhole, the coordinate of the boundary of the oscillation source cavity over the time
1s shown in Fig. 4. The graphs show that the gas-filled cavity expands and reaches 6
mm in size during the first impulse within 4 ms, then compressed to 4.5 mm, and dur-
ing the second impulse expands again to 8 mm. This behavior results from energy
supply to the oscillation source, causing pressure to rise during the first impulse up to
30 MPa, then decrease, and rise again during subsequent impulses up to 60 MPa.
Such pressure fluctuations at the cavity boundary cause corresponding pressure fluc-
tuations at the bottomhole from 55 MPa to 12 MPa.

It should be noted that a comparison of the experimental data obtained in [21] and
the calculation results using the proposed method showed that the calculated mini-
mum coordinate of the boundary of the oscillation source cavity (corresponds to the
time ¢ =5.7 ms in the figure) may be underestimated by up to 20%. However, the dif-
ference between the experimental [21] and the theoretical values of the second max-
imum (/=9.1 ms) does not exceed 10%.
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It should be expected that the value of the second maximum pressure at the bot-
tomhole (4.8 ms), caused by the arrival of the second compression wave, and the
values of the following local maxima may be overestimated because the mathemati-
cal model of the oscillation impulse propagation in the liquid does not account
changes of thermodynamic parameters in the oscillation source, energy losses due to
the liquid thermal conductivity, and changes in the stiffness of the well walls.
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Figure 4 — Dependences of the pressure at the boundary of the oscillation source Py, the pressure at
the bottomhole Pr and the coordinate of the boundary of the oscillation source cavity x,, over time
for variant No. 6

To assess the impulse impact through the well on the surrounding rock mass, it is
important to determine the pressure changes in cross-sections of the well located at
different distances from the oscillation source. Such dependencies for variant No. 6
are shown in Fig. 5. The pressure in the first compression wave is 30 MPa, and then
decreases to 25 MPa. In the next wave, the pressure increases to 50-55 MPa and de-
creases again. Notably, as the wave approaches bottomhole, the pressure fluctuations
in the first impulse decrease, and in the second impulse, on the contrary, increase.
This is explained by the influence of waves reflected from the bottomhole.

These pressure fluctuations are caused by the hydrodynamic processes described
above. Pressure maxima after # = 6 ms should be considered overestimated for the
reasons mentioned earlier. As the distance from the oscillation source to the bottom-
hole increases, the pressure-time dependencies in the different cross-sections change
not only quantitatively but also qualitatively.

Fig. 6 shows similar curves for variant No. 12 (see Table 1), where the distance
from the oscillation source to the bottomhole was 20 m. In this case, the expansion of
the cavity lasts 27 ms, and its maximum size does not exceed 3.2 mm, after which it
decreases. Pressure fluctuations at the cavity boundary are also weakly expressed: the
maximum pressure is 33 MPa after 2 ms from the beginning of the impact and then
slowly decreases to 13 MPa at the time point 26 ms. The compression wave arrives
at the bottomhole after 13 ms, reaching 50 MPa, after which pressure decreases with-
out fluctuations. That is, at large distances from the oscillation source, the impulse
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impact on the bottomhole is just a single event, which is not enough to improve the
filtration properties of the bottomhole zone. This necessitates repeating the impulse
treatment.
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l-x=06M;2—-x=12M;3—-x=18M;4—x=2.6 M
Figure 5 — Pressure dependence on time in different cross-sections along the length of the well for
variant No.6
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Figure 6 — Dependences of the pressure at the boundary of the oscillation source Py, the pressure at
the bottomhole Prand the coordinate of the boundary of the oscillation source cavity x,, over time
for variant No. 12

Therefore, this study investigated the influence of the duration of the oscillation
source impulse on the process parameters at different distances to the bottomhole.
The key parameters significantly determining the hydrodynamic processes in the well
are the pressure in the oscillation source cavity and the coordinate of its boundary, the
pressure on the bottomhole and the distance to it. Analysis of the obtained data shows
that the differences in the pressure maxima that arise in the well due to the changes of
the impulse duration are insignificant for the studied distances to the bottomhole. For
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example, when the distance to the bottomhole was 20 m at /=2 ms, the maximum
pressure at the bottomhole was 51 MPa, and at /=4 ms — 57 MPa. That is, the differ-
ence did not exceed 12%. At shorter distances, the difference is even smaller. This is
explained by the fact that the oscillatory processes in the oscillation source have a
low decay decrement in the implemented impulse impact mode. Thus, there is no
point in spending energy on increasing the duration of the impulses.

At the same time, as the distance from the oscillation source to the bottomhole in-
creases, the change in the pressure at the bottomhole does not have a pronounced os-
cillatory character (single impulse). This necessitates repeating the impulse treat-
ments of the rock mass to intensify gas release from it.

Modeling of physicochemical impact is implemented by changing the initial con-
ditions of the model. For instance, when surfactants or polymers are used as the
working liquid, the initial liquid density po and the speed of sound in it ay decrease or
increase, respectively, which affects the hydrodynamic parameters of impulse propa-
gation in the well.

For example, the use of surfactants as a working liquid under the impulse impact

creates the following initial conditions: Po =950-990 kg / m>,

a, = |P™ _1480-1510m/c, and the use of polymers — p, =1010—1100 kg/m’ ,

" e
a, =1410-1470 m/c[22].

The calculated pressure results at the bottom of well 20 m long during impulse
impact, using liquids with different densities, are shown in Figure 7. Increasing liquid
density raises the pressure at the bottomhole from 55 MPa to 60 MPa, while the im-
pulse arrival time increases from 12 ms to 17 ms correspondingly. In the example
considered (distance of 20 m), the oscillatory processes are weakly expressed, but at a
shorter distance, repeated pressure fluctuations from maximum to minimum increase
by a factor of 4.5.

P (MPa)

N

40

L=/

0 10 20 30 1 (mc)

1 — surfactants; 2 — water; 3 — polymer
Figure 7 — Pressure at the bottomhole when using different working liquids
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The graphs show that as a result of using different chemical compositions as a
working liquid, the amplitude and the arrival time of the impulse at the bottomhole
change. Specifically, when using surfactants, the impulse amplitude at the bottomhole
is lower, and the time of its arrival is shorter compared to using technical water. The
use of polymers gives the opposite result — later impulse arrival at the bottomhole,
though its amplitude is 5-10% higher than when the impulse propagates in water.

5. Conclusions

1. A mathematical model and an algorithm are substantiated and proposed for cal-
culating the parameters of hydroimpulse treatment of gas-extracting wells to intensify
gas release using different physicochemical compositions of the working liquid. The
approach differs by taking into account the specific power of the oscillation source
per unit of the well cross-sectional area and by the layer-by-layer calculation of the
liquid density and the wave velocity during the passage of impulses of different dura-
tions. The calculations showed a 10-20% discrepancy between the known experi-
mental and obtained theoretical values.

2. The mechanism of pressure distribution in the liquid at different time points is
established, which characterizes the main hydrodynamic processes along the length
of the well. Its essence lies in the fact that a disturbance wave is separated from the
oscillation source and a compression wave is formed in the liquid. After reaching its
maximum, the pressure in the oscillation source cavity drops and becomes a source of
extension waves for the liquid. A shock wave is formed in the compression wave.
First, the shock wave, then the compression wave and the extension wave arrive at
the bottomhole, while the reflected waves propagate towards the oscillation source.
These processes qualitatively repeat with subsequent pulses.

3. The influence of the duration of the oscillation source impulse on the parame-
ters of the process of hydrodynamic treatment of the well at different distances from
the bottomhole is researched. It is found that differences in pressure maxima generat-
ed in the well at different pulse durations are insignificant. For example, at a 2 ms
impulse duration, the maximum pressure at the bottomhole is 51 MPa, and at 4 ms -
57 MPa. Therefore, there is no point in spending energy on increasing the pulse dura-
tion. However, with increased distance from the oscillation source cavity to the bot-
tomhole, the pressure variation loses its oscillatory character (single impulse), neces-
sitating repeating impulse treatments for effective gas release intensification.

4. As a result of using different chemical compositions as a working liquid, the
impulse amplitude and time of its arrival at the bottomhole change. When using sur-
factants instead of water, the impulse amplitude and time of its arrival at the bottom-
hole decrease. The use of polymers gives the opposite result - the time of impulse ar-
rival at the bottomhole increases and its amplitude is 5-10% higher compared im-
pulses in water.

5. The results of the calculations demonstrate that during hydroimpulse treatment
of a gas extraction well with the aim to intensify gas extraction, it is advisable to con-
trol the state of its bottomhole zone both by adjusting the impulse impact parameters
and by using different physicochemical compositions as a working liquid.
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PO3POBKA MATEMATUYHOI MOZENI | AIFOPUTMY PO3PAXYHKY MAPAMETPIB
raPOOUHAMIYHOI IHTEHCU®IKALI FTA3OBUOINEHHSA I3 CBEPONIOBUH
Makees C., KypHocoe C., lNununeHko K., Puxos I., Kypdromos /.

AHortauis. Pobota npucesyeHa OBIPYHTYBaHHIO MaTeMaTM4HOI MOZENi Po3paxyHKy napameTpiB iMMynbCHOro
BNAMBY Ha npuBMBIiHY YacTUHY CBEPANOBUHW Yepes3 PiauHy 3 PisHUMM (i3NKO-XIMIYHUMW BACTUBOCTAMM NS NigBu-
LLEHHS BUIYYEHHS rady 3 ripcbkoro mMacmey. [poaHaniaoBaHo iCHyoui METOAM po3paxyHKy, LLO OMUCYIOTb rigpOANHaMIKY
npoLecy MOLMPEHHs iMNYIbCiB B PigMHI. 3anponoHOBaHO MaTeMaTUyHy MOLENb PO3PaXxXyHKY rigpogMHaMiuHuX npoLe-
CiB, WO NpOTiKaloTb Y CBEPANOBUHI NPM iMNYNbCHOMY BRAMBI, SIka BKMIOYAE KBA3iNiHINHI PiBHSHHS ra3oBoi AWHaMIKK rine-
pboniyHOro TUMy 3 NOYATKOBMMM | FPAHUYHUMM yMOBaMK, 0COBIMBICTIO SKOI € BpaxyBaHHS Mynbcallil Axxepena Konu-
BaHb. Po3pobneHo Brok-cxemy anroputMy po3paxyHky napameTpiB rigpoanHaMivHUX iMnynbCiB. PO3rnsHyTO NiHinHWA
nepebir pianHN y CBEPASIOBUHI MiX IXXepernom iMnynbCiB Ta ii BnboeM. BctaHOBNEHO, LWO BU3HAYaNbHUMK napameTpa-
MW, SIKi 3HAYHOK MIPOIO BNIMBAKOTL Ha rigPOAMHAMIYHI NPOLECH B CBEPAIOBUHI € Ti JOBXWHA, TUCK B MOPOXHUHI xepe-
na KonuBaHb Ta KoOpAMHaTa ii MeXi, a Takox TUCK Ha BUOOT cBepafioBuHi. OTpUMaHO AUHAMIKY PO3nOoAineHHs npodinis
TCKY MO AOBXWHI CBEPANOBUHU B Pi3Hi MOMEHTW Yacy npw 3MiHi BUXiOHUX NapaMeTpisB iMnyNbCHOrO BnnBYy. Pospaxo-
BaHi 3aNeXHOCTi TUCKy B [pKepeni KonmBaHb, Ha BUOOI CBEPANOBMHM i 3MiHWM KOOPAMHATI MEXi NMOPOXHWHU DKepena
KONMMBaHb Bif, Yacy npy PisHUX pexumax iMnynbCHOrO BMAMBY Ta BUKOHAHO X aHanis. [JocnigkeHo BnnMB TpMBanocTi
iMNynbCy [Xepena KonvBaHb Ha napameTpu NpoLecy 3a pisHoi BiAcTaHi A0 BUOOI0. BCTaHOBMEHO, L0 KepyBaTh CTaHOM
NpMBMBINHOT YaCTUHW CBEPAJIOBMHI 3 METOK iHTEHcudiKkaLli BuaoOYTKy rady AOUINbHO SK napameTpamu iMnynbCHOro
BMIMBY, TaK i LLNSAXOM BUKOPUCTAHHS Pi3HUX (Di3WKO-XIMIYHMX CKnafiB B SKOCTi poboyoi pignHW. BapitoBaHHs cknagom
PigyHY NPU iMNYIECHOMY BNMMBI NPU3BOAMTL O 3MiHW aMMAITy AW Ta Yacy NpUXoay iMMynbCy Ha BUOIN CBEPATNIOBUHMN.

PesynbTat gocnigxeHb MOXyTb OYTW BUKOPUCTaHI ANs po3paxyHKy rigpognHaMiuHux NpoueciB npu iMnyrbCHil
006pobui razogobyBHNX CBEPANOBMH 3 METOH iHTEHCUdikaLlii BUOOOYTKy rasy 3a paxyHoK 3MiHM NapameTpiB BrAMBY Ta
BUKOPUCTAHHS Pi3HNX i3nKO-XiMiYHMX CKMagie poboyoi pignHu.

KnioyoBi cnoBa: rasonobyBHa CBEpAnOBKHA, iHTEHCMADIKALS ra30BUAINEHHS, iMMYNbCHUIA BNNWB, TiAPOANHAMIYHI
npouecwu.
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