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Abstract. Correct estimation of the possible volume of replacement of conventional reservoir structures with com-
pacted sandstones/carbonates in existing fields and production areas is a controversial issue not only in Ukraine but also
abroad, due to parametric uncertainty and the impact of formation fluid filtration in unconventional reservoirs. This leads
to an overestimation of the forecasted development of compact gas-saturated reservoirs, a decrease in the replacement
rate, and an increase in the rate of production decline. Therefore, the aim of the study was to assess the influence of the
coefficient of additional filtration resistance, which occurs due to the high rate of upward fluid flow as one of the key un-
certain parameters, on the well productivity and the resulting accumulated gas extraction. A multi-stage hydraulic frac-
turing was performed in a synthetic horizontal well, which was created in the Petrel software. Using typical correlations,
the additional resistance coefficients (D-factor) are determined and a hydrodynamic model is constructed in the Eclipse
software. Simulations with different values of the D-factor were performed to determine its effect on productivity on ac-
cumulated samples for the same type of formations. The results of the study indicate that the revaluation can reach 40%,
which is significant when calculating the economic indicators of the feasibility of drilling and conducting multi-stage
hydraulic fracturing. The proposed selection and methodology for low-permeability formations encountered in the fields
of the Dnipro-Donetsk Basin of Ukraine can be used by gas and oil companies for a detailed analysis of uncertainties and
correct planning of stabilisation of the gas production decline

Keywords: coefficient of additional resistance; fluid filtration; multi-stage hydraulic fracturing; simulation; well
flow rate

Introduction

Correct determination of the forecast performance of hori-
zontal wells that penetrate compact reservoirs is critical
for development planning and optimisation. The risk of
revaluation of accumulated selections causes distrust of
investors and partners in joint field development schemes
and increases the payback period of projects. Detailed
analysis and assessment of such risks is one of the require-
ments when designing the development of non-traditional

collectors. Any minimisation of these risks and the validi-
ty of forecast performance indicators of expensive design
horizontal wells, with multi-stage hydraulic fracturing,
proves the relevance of this topic. J.-Q. Zhou et al. (2019b)
deduced the relationship between viscous inertial filtration
and permeability by synthesising the results of thousands
of laboratories and field filtration tests and modelling us-
ing a hydrodynamic simulator. Their research showed that

Suggested Citation: Lukin, O., & Kondrat, O. (2022). Determination of the D-factor and its effect on the stimulated volume of compact
gas-saturated reservoirs. Prospecting and Development of Oil and Gas Fields, 24(1), 10-22. doi: 10.69628/pdogf/1.2024.10.
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the permeability of a geological space can vary by several
degrees of magnitude under the influence of compression,
shear, decompression or fracture. Since these inertial ef-
fects are included in the viscosity and filtration compo-
nents of the Forchheimer equation, their correct descrip-
tion or the use of certain values to compensate for this
effect is critical for predicting filtration in cases where
filtration and media geometry (fracture formation) evolve
simultaneously. Researchers J.-Q. Zhou et al. (2019a) pro-
posed a theoretical expression for the definition of per-
meability as a function of pressure in fracture pore space.
Studies have shown that in order to adjust the theoretical
dependence on the actual data, the Forchheimer equation
and the coefficient of additional resistance were used,
since the dependence was characterised by overestimated
values on the graphs of the pressure dependence on the
flow rate. A.F. Hart & O.C. Omobolanle (2023) considered
the possibility of determining the coefficient of addition-
al resistance using the example of a core sample under
laboratory conditions for different temperatures — 38, 65
and 93°C. N, was used as the agent pumped through the
core sample at various temperatures. The results of this
study showed that with an increase in pumping tempera-
ture and pressure, the coefficient of additional resistance
increased, and a decrease in the permeability of the prop-
pant pack was also observed.

B.R. Jones et al. (2020) investigated the possibility of
predicting filtration at the limit of Darcy’s law using the
Forchheimer equation for different values of hydrocarbon
saturation. The authors have shown that the Forchheimer
equation is valid for predicting the flow rates measured
on the core. For all experiments, the difference between
measurements and predictions was no more than 5% for
any pressure interval from all tested models. However, the
authors noted that additional quantitative and qualitative
studies, both in the laboratory and in the field, are neces-
sary for better predictability. D.S. Berawala & P.@. Ander-
sen (2019) determined that the effect of filtering at the
Darcy’s law boundary is dominant in the cracks, not in
the matrix. Production itself is limited by the increased
gas content in the fractures as a result of additional re-
sistance due to gas mobility, and the final recovery factor
depends more on the size and shape of the fractures cre-
ated during hydraulic fracturing compared to Darcy’s law
filtration. Scientists A. Elsanoose et al. (2022), attempted
to derive a new correlation for determining the coefficient
of additional resistance at the limit of Darcy’s law using
laboratory studies and conducted 358 experiments on 7
large, artificially created prototypes of a porous medium.
However, at this stage of research, air and water were used
as fluids, and the authors noted the feasibility of repeat-
ing experiments using other injection agents, such as
CO, and hydrocarbon gas. The resulting logarithmic de-
pendence is planned to be used in forecasting the main
development indicators for its validation. Although there
is already a scientific body of work on this topic, the is-
sue of applying an additional resistance coefficient when
assessing the predicted performance of horizontal wells

Prospecting and Development of Oil and Gas Fields, 2024, Vol. 24, No. 1

with high upward flow rates using hydrodynamic simu-
lators in the Dnipro-Donetsk Basin (DDB) fields has not
been sufficiently considered, which leads to an overes-
timation of the predicted development indicators when
designing horizontal wells. The aim of this study was to
build a synthetic model of a compact gas-saturated res-
ervoir developed by a horizontal well with multistage hy-
draulic fracturing and bring it to the conditions encoun-
tered in the DDB fields in order to assess the effect and
perform sensitivity analysis on the resulting accumulated
samples, after applying an additional coefficient of resist-
ance that occurs due to filtering at the limit of Darcy’s law.

Theoretical Overview
The topic of describing fluid filtration in non-traditional
reservoirs when developed by horizontal wells in which hy-
draulic fracturing is carried out has always caused heated
discussions. One aspect of these discussions concerns an
additional resistance coefficient (D-factor), namely one of
its components 4, a factor that is also known by some other
names. For example, the turbulence factor in research by
D. Cornell & D.L. Katz (1953) or the inertia coefficient of
H. Ma & D. Ruth (1993). Since the flow rate in the modified
equation by P. Forchheimer (1901) is given in the second
degree, most researchers focused on high values of flow
rates, which usually occurs in the bottom-hole zone of gas
condensate wells. Research by F. Zeng & G. Zhao (2010)
showed that the use of reasonable values of additional pres-
sure losses due to filtration at the limit of Darcy’s law can
reduce the resulting well productivity by up to 50%, while
the conductivity of cracks after hydraulic fracturing is up
to 20%. A significant decrease in well productivity after hy-
draulic fracturing or in fractured formations has been con-
firmed by other authors. K.E. Olsen et al. (2004) emphasised
the importance of optimising the hydraulic fracturing de-
sign for wells operating in two or more phases (oil, gas, wa-
ter) and evaluated the validity of the Forchheimer equation
at very high well flow rates. The results showed an overes-
timation of the accumulated recovery after 400 days of well
operation in the range of 25 to 56%, with a suboptimal op-
erating mode and incorrect consideration of the addition-
al resistance factor. The correct description of filtration in
gas condensate reservoirs developed by high-flow wells is
complicated by the increase in fluid velocity and viscosity
due to phase transformations in the bottom-hole zone, as
noted by P. Ghahri et al. (2011), namely the formation of
a condensate shaft, which also affects the performance of
horizontal wells, after hydraulic fracturing, when the pres-
sure decreases below the pressure of the beginning of con-
densation. Also, in the work by D.D. Cramer (2004) it was
found that when stimulating low-permeable reservoirs us-
ing hydraulic fracturing technology, the effect of reservoir
fluid filtration at the limit of Darcy’s law also affects the re-
duction of the resulting semi-lengths (xf) formed fractures.
The issue was also highlighted in discussion by
D. Van Batenburg & D. Milton-Tayler (2005) on the pub-
lication of R.D. Barree & M.V. Conway (2004). This dis-
cussion essentially revolves around the limits of the
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applicability of the Forchheimer equation and the ade-
quacy of its description when filtering fluids in unconven-
tional reservoirs. R.D. Barree & M.V. Conway (2004) sum-
marised that new experimental data, under conditions
of high upstream velocity, convincingly showed that the
Forchheimer equation, just as Darcy’s law. (1865) has a
limited range of applications. In turn, D. Van Batenburg
& D. Milton-Tayler (2005), after conducting a number of
experimental studies, did not agree that the Forchheim-
er equation cannot be used to describe the dependence
of the additional coefficient of resistance on the rate of
upstream flow and presented data collected in two labo-
ratories that the proposed Forchheimer equation is valid
for most actual and physical ranges of real wells, while the
values at which the deviation is observed are far beyond
the real modes of well operation. D. Denney (2005) not-
ed that g (which is considered constant for all velocities)
can be a variable that depends on the speed. This makes
it possible to better describe and control pressure losses,
but makes it impossible to accurately predict the flow rate
as a function of the pressure gradient. As can be seen after
analysing the fundamental works, everything that follows
in newer publications refers to the original sources in one
way or another and does not directly describe their re-
search, using only the results. In Ukrainian publications,
there are almost no examples of the use of this coefficient
in the design of horizontal wells. This further confirms
the relevance of this study.

Materials and Methods

Modelling, design and successful application of methods
for improving oil and gas production directly depends on
the correctness of the description of their filtration fea-
tures. H. Darcy (1865) derived the fundamental law of res-
ervoir fluid flow dynamics in pore space:

ar _w
_dx_k’ (1)

where P - pressure, bar; x — flow direction; p - dynamic
viscosity coefficient, Pa‘s; k — permeability of the porous
medium, D; v — volume flow rate of liquid, m3/s. According
to the equation (1), the volume flow rate is directly pro-
portional to the pressure gradient. Later, experimentally,
P. Forchheimer (1901) derived a deviation from the linear
proportionality of Darcy’s filtration law for high volume
flow values. S. Ergun (1952) observed that for high flow
rates, the pressure drop is greater than predicted by Darcy’s
law. This phenomenon has been referred to in the litera-
ture as filtering outside of Darcy’s law. Forchheimer added
an additional pressure loss proportional to the square of
the volume flow rate. Therefore, the equation (1) has taken
the following form:

— e =t Bov?, @)

dx
where g — factor used by Forchheimer for correction, Pa’!;
p — fluid density, kg/m3. According to the equation (2), the
total pressure gradient (-dp/dx) can be considered as the

sum of the gradients required to overcome the viscosity
(uv/k) and liquid - solid interactions (8pv?). There is a gen-
erally accepted opinion that this effect occurs only in the
bottom-hole zone at a distance of up to several meters.
This is the main reason why most hydrodynamic simula-
tors describe this effect as an additional skin factor at the
well-formation level:

S

total

=s+Dq, 3)

where S, - total skin; s — permanent skin factor; D - skin
factor coefficient, depending on the filtration rate, D/thou-

sand m3. Coefficient D can be defined as:

_ 2.715X107 15X BMPs k
UTschry,

D ) 4)
where M - molecular weight, g/mol; P_ - pressure under
standard conditions, bar; k - permeability, mD; u - viscosi-
ty, centipoise; T, - temperature under standard conditions,
°C; h - reservoir capacity, m; rw — consolidated well radi-
us, m. In this study, a synthetic hydrodynamic model of a
single horizontal well with 5-stage hydraulic fracturing is
used. The model is based on compact reservoirs in the DDB.
A compositional simulator was used to take into account
the phase transformations that occur along the created
fractures. Typical correlations that were used in the study
are summarised below.

B= e 5)

B = (©)
B =5 %

p =10, ®)
p =120 ©)

p =201 (10)
p =220y, (n
p=2Saelet (12)
p =21 (13)
p =10 (14)
p =1 (15)
p=rm (16)

p =10 (17)

p = Lobar, (18)
p= R 19
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where g - Forchheimer correction factor, Pa™'; k — abso-
lute permeability, mD; ¢ — porosity, fractions of a unit. It
should be noted that several correlations can be applied
to the same formation types, while the resulting values
of additional pressure loss can differ significantly. In this
case, the averaging of D-factor values is often used. Below
are the average parameters of the synthetic hydrodynam-
ic model and the results of calculating the values g and
D-factor using correlations that are relevant for DDB for-
mations according to H. Saboorian-Jooybari & P. Pouraf-
shary (2015). The values shown in Table 1 are typical for
low permeability reservoirs of the DDB. The porosity of
0.24 corresponds to a permeability of only 0.02 mD.

Table 1. Average parameters
of the synthetic hydrodynamic model

k, mD 1) U, centipoise  h, m kW, m visc.

0.02 0.24 0.02 25 0.75 0.72

Source: created by the authors

The thickness of this reservoir is 25 m, and the res-
ervoir fluid viscosity was determined from the equation
of state. The resulting values in Table 2 were used in the
hydrodynamic modelling on the synthetic model. The 3D
hydrodynamic model was built on the basis of the synthetic
well W1, one of the DDB reservoirs.

Table 2. Results of calculations of # and D-factor for various correlation dependencies

Correlation D-factor
6) 5.34E+10 1.61E-04
9 3.68E+12 1.11E-02
(12) 1.71E+13 5.15E-02
(13) 2.80E+12 8.45E-03
(16) 1.92E+09 5.79E-06
(10) 6.14E+11 1.85E-03
8) 9.07E+12 2.74E-02
() 2.58E+07 7.78E-08
(18) 4.35E+11 1.31E-03
(19) 7.69E + 04 2.32E-10

Average value 1.02E-02

Source: created by the authors

This model was used to estimate the effect of addi-
tional pressure losses by applying the D-factors calcu-
lated in Table 2. A 5-stage hydraulic fracturing system
was modelled for this well. Parameters of the resulting

fractures, their height (h), thickness (Dw), half-length (Xf)
and the resulting permeability (K, ) are shown in Table 3.
Visualisation of simulated fractures for well W1 is shown

in Figure 1.

Table 3. Fracture parameters

h, m Dw, m

5 0.02

Xf, m

w, m K  ,md
prop

0.002 10,000

Source: created by the authors

Horizon 7/Segment 1
Elevation depth [m]

- -3050.00
--3100.00

| S3175.00

E -3250.00
-3325.00

W1

Figure 1. Visualisation of W1 well fractures

Source: created by the authors
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The simulation was performed with a downhole pres-
sure limit for well W1, at 180 bar. The initial pressure at
the beginning of the simulation is 400 Bar. The reservoir
developed by well W1 is composed of low-permeability

reservoirs with an average permeability of 0.02 mD, while
the average porosity is 0.26. The histograms of the porosity
and permeability distribution throughout the reservoir are
shown in Figure 2.

x |4 8 B 8 W A B ® ® M | 43 B K A A BT E S
15+ Porosity 15 Permeability
14 147
134 134
124 124
117 ] 111 I
104 ] 104
9] 9]
87 [] 87 ]
7] 71
6 r ] 6 = [
57 1 — 57 1 —
4] 4]
3] 3]
2] 2]
1] 19
0 005 01 015 02 025 03 035 04 0 0005 001 0M5 002 0025 003 0035 004
Ororo Crermx

Figure 2. Histograms of porosity and permeability distribution in the formations

Source: created by the authors

The equation of state consists of 15 components, of
which 3 are non-hydrocarbon. The composition is shown
in Table 4. The equation of state was selected and cali-
brated in accordance with the behaviour of reservoir fluids
under the relevant thermobaric conditions (Tpl — 133°C.

Pressure — 400 bar). The results of adjusting the equation
of state are shown in Figure 3.

The modified Peng Robinson equation was used as the
equation of state. The resulting phase diagram and initial
formation conditions are shown in Figure 4.

Table 4. Composition of the equation of state

No. Component %, mol
1 CO, 2.98
2 H,S 0.80
3 N, 0.12
4 C, 74.39
5 C, 7.94
6 C, 3.74
7 I-C, 0.87
8 N-C, 1.71
9 I-C, 0.71
10 N-C, 0.81
11 C, 0.99
12 C, 1.97
13 C, 2.13
14 C, 0.76
15 Cy, 0.08

Source: created by the authors

@ Prospecting and Development of Oil and Gas Fields, 2024, Vol. 24, No. 1



Lukin & Kondrat

7! Fluid 1- Char - Tuned(1): CCE .. X

| L7/ Fiuid 1 - Char- Tuned(1): WD ... X

VTot/VSat VLiq/VSat VLiq/VvSat Total gas recovery
30 009 " 03
\ ° \
008 ——0 ‘ 07
25 )
007
. ol || E“ \
N K 3 ‘ ‘ £ os
3 3 3 =
& K] & 005 ‘ g‘
< =) = 04
2 15 % % 002 | | H
3 k ; =
H E ERTS | o | o
X & oo
& ol |
001 ‘ ‘ 0.1
[T e m— w—(—— — S—— W ———————H
50 150 250 350 450 550 50 150 250 350 450 550 50 1 250 350
Pressure (bor) Pressure (bsr) Pressure (ber)
Gas density Gas Z-factor 2 phase Z factor
400 uo‘ ‘ “
50 us‘ ‘ ‘ ‘
120
- I \
@ us‘ ! ‘ _
3
s 5 3 5
& 250 g 10 3 ‘ H
= 3 et E
E] 3 Lol ‘ 3 &
5w 3w H | &
3 | \ s |
3 100
150 I |
09— ‘
@ = |
I | | |
50 085 I )
50 150 250 350 450 550 50 150 250 350 450 550 350 150 250 350
Pressure (bar) Pressure (bor) Pressure (bar) Pressure (bor)
Obs - Fluid 1 Sim - Fluid 1 - Char - Tuned(1) Obs - Fluid 1 Sim - Fluid 1 - Char - Tuned(1)

O CCE 133 degC

—- CCE 133 degC

constant composition expansion and constant volume depletion experiments

O CVD133degC  — CVD 133 degC

Figure 3. Results of equation of state adjustment,

Source: created by the authors

-120 -80 -40 0 40 80 120 160 200 240 280
° »
2] En
g g
° o
2] bR
g 3
° N
=87 [8
®©
L,
o _
Ok F3
3
[%]
g@- HS
o] b
© o
o4 N
- o
o+ Fo
;

Lhaand sated aand Maad Matel aanad iaang

20 80 40 0

UGRALAASS MM Mass M0t Mass MRt Aaaes Saaas hanag Matad)
80 120 160 200 240 280

0
Temperature, [degC]

Symbol legend
—*— Sample 1 Bubble Point Line ~——*— Sample 1 Vapour Fraction Line
—+— Sample 1 Dew Point Line —=— Sample 1 Iso-temperature
+  Sample 1 Critical Point

Figure 4. Phase diagram and initial formation conditions
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Relative phase permeabilities were used by analogy
and were unified for the entire reservoir. Since the deposit

is gas-condensate, condensate is taken as oil.

Prospecting and Development of Oil and Gas Fields, 2024, Vol. 24, No. 1

Figure 5 shows a single set of relative phase curves for
the oil-water and oil-gas systems used in the model.
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Results and Discussion

Initial gas reserves after initialisation of the model amount
to 2.7 billion m3, and initial condensate reserves — 1.05

Water saturation (SWAT)
Water saturation

1.00000

- 0:50000
~0.60000
o
=0.30000

= 0.00000

million m3. The gas-water contact was established at a
depth of -3,130 m. The initial distribution of water satura-
tion is shown in Figure 6.

Figure 6. Initial water saturation distribution

Source: created by the authors

The simulation was run for 10 years; for compari-
son, the baseline scenario (red line) was first considered
without taking into account additional pressure losses dur-
ing reservoir fluid filtration at the Darcy’s law limit (Fig. 7).

In this case, the initial flow rate of the well was 1 mil-
lion m3/day, but within 2-3 months it decreased and sta-
bilised at around 70 thousand m?/day. This is due to the
relatively small stimulated volume and the rapid pro-
gression of the pressure drop to the limits of this volume.

@ Prospecting and Development of Oil and Gas Fields, 2024, Vol

W1 almost immediately switches to 180 bar bottom-hole
pressure control, as its productivity and drainage volume
do not allow it to maintain a plateau for longer than 2-3
months with this fracture configuration. Projected accu-
mulated gas production over 10 years amounted to 101
million m?, which corresponds to approximately 3% of the
original gas volume. The resulting profiles of production,
reservoir pressure drop and gas condensate factor (GCF)
are shown in Figure 8.
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As a rule, additional pressure losses due to filtration
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The resulting accumulated gas production decreased from 2138
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The addition of the pessimistic D-factor value from <

Table 3 (5.1 E-02, blue line in Fig. 9) and the optimistic S ! ! ! !
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value (1.6 E-04, green line in Fig. 9) and the subsequent
sensitivity analysis result in a difference of 35 million m3
in accumulated gas production, with the resulting curves
of accumulated selections shown in Figure 9. This, in turn,
will have a huge impact on economic indicators when de- s o

signing a horizontal well in this field, for the purpose of T
its development. It should be noted that non-traditional
collectors are usually developed by a large number of hori-

Date

zontal wells with hydraulic fracturing, so the influence of T — —

the D-factor can have an accumulated effect and an incor-

rect assessment of it can cancel the implementation of the Figure 9. D-factor sensitivity analysis
project as a whole. Source: created by the authors
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Accumulated gas withdrawals range between 60.7 mil-
lion m® (a decrease of almost 40% from the baseline scenar-
io) and 95.7 million m3 (a 5% reduction from the baseline
scenario). The results of a scenario with an average value of
the D-factor are accepted as probable (P50), in order to cor-
rectly determine the optimistic (P10) and pessimistic (P90)
scenarios and the range between them, which should corre-
spond to the physical limits of the application of the D-fac-
tor, it is necessary to conduct a separate sensitivity analysis

and determine the minimum and maximum values at which
the change in the accumulated selections will not be no-
ticeable. There is also an effect on the resulting stimulated
volume and a significant difference between the baseline
and alternative scenarios. Figure 10 and Figure 11 show the
pressure distribution at the end of the forecast period of
the baseline and alternative scenarios, respectively. The
colour scheme clearly indicates a decrease in the area of the
drained volume and a lower degree of reservoir depletion.

Figure 10. Pressure distribution at the end
of the forecast period for the baseline scenario

Source: created by the authors

The obtained average value of the D-factor — 0.01
does not contradict the values obtained during other stud-
ies. For example, in the work of M.P. Ekeregbe (2023) the
D-factor was determined by interpreting pressure recov-
ery curves and typical curves. Values ranging from 0.013
to 0.04 were obtained, which were determined for differ-
ent wells with different filtration and capacitive properties.
Additional resistance coefficients were determined in this
paper, compared with skin factors, and a number of flow
rate dependencies were constructed. The author came to
the conclusion that with an increase in the flow rate, the
value of the D-factor and, in turn, the skin factor increased.
The D-factor values for these dependencies varied from
0.04 to 0.07. The results of this study were supplemented
with the proposed graphical method for integrating the
dependence of the D-factor on the flow rate and skin fac-
tor, in order to determine the degree of fluid accumulation
at the bottom of wells. The author distinguished into two
separate categories the skin formed by the accumulation of
fluid on the bottom-hole and the skin that depends on the
speed of the upward flow. This methodology is interesting
for approbation and further testing based on the results
obtained in this study.

In addition to the parameters considered in this study,
the work of H. Mustapha et al. (2015), added another, name-
ly the effect of capillary pressure on deviation from filtra-
tion according to Darcy’s law. According to their observa-
tions, capillary pressure mainly influenced the mobility of
gas and water around fractures and significantly affected

Prospecting and Development of Oil and Gas Fields, 2024, Vol. 24, No. 1

Figure 11. Pressure distribution at the end
of the forecast period for the alternative scenario

Source: created by the authors

well productivity (up to 30%). However, in the case of the
study presented in this article, the design of horizontal gas
wells in low-permeability reservoirs is carried out with the
maximum distance from the GCF, which minimises the
appearance of water in the well production and ensures a
single-phase (gas) or two-phase (gas + condensate) flow. In
this case, the effect of capillary pressure on the phase dis-
tribution boundaries is minimal. However, the author not-
ed that the influence of capillary forces can also have an
impact on the level of matrix-fracture interaction, which
is relevant for fractured reservoirs. The author emphasises
the importance of a correct description of capillary forc-
es using the example of the influence of the D-factor not
only at the level of fractures but also in neighbouring cells.
The degree of deviation from Darcy’s law during filtration
in fractures at different capillary pressures was also com-
pared, and was up to 12%. However, the author noted that
the uncertainties associated with the effect of capillary
pressure are much larger than those associated with filtra-
tion at the Darcy’s law limit and require additional analysis.

Research by S. Alakbarov & A. Behr (2020) showed a
significant impact of the filtration effect on the boundaries
of Darcy’s law on a synthetic hydrodynamic model. Howev-
er, during the simulation, the values of gas flow rates were
around 750 thousand m3/day, while in this study the maxi-
mum flow rates reached only 250 thousand m3/day, and the
effect of the additional coefficient of resistance was deter-
mined by the period during which the working bottom-hole
pressure of the well reached the minimum values of 50 bar

(19)
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(for two or more years), while in this study this occurred
almost from the very beginning of the simulation, due to
the significantly lower permeability between hydrodynam-
ic models. Also in the article, S. Alakbarov & A. Behr (2020)
took into account the effect of the resulting condensate
shaft, when the pressure drops below the dew point pres-
sure, when part of the pore space is occupied by conden-
sate, and the resulting values of the gas filtration rate are
lower, due to the concept of relative phase permeability.

It should be noted that this effect is also found in oil
deposits with a high gas content, as demonstrated in the
work by D. Li et al. (2020), where the D-factor was also used
as one of the parameters for tuning the hydrodynamic
model to historical measurements of the operating bot-
tom-hole pressure. In other words, this parameter can be
used not only to estimate the performance parameters of
forecast wells, but also to adapt the operating bottom-hole
pressure. In this case, the sensitivity analysis of the mod-
el to various parameters, including the D-factor, is used,
the possible range of change of each parameter is deter-
mined, and the possible combined impact is estimated. A
similar effect of high values of the upward flow rate can
be observed in fractured reservoirs, when the matrix is
characterised by minimal permeability and natural frac-
tures satisfy high well productivity. Studies by L. Wang &
W. Yu (2019) showed that even with successive injection
and extraction of gas at high rates of both upstream and
downstream flows, the filtration effect at the limit of Dar-
cy’s law significantly affects both well acceptability and
productivity, and at some point, the dependence becomes
non-linear. In such a situation, it is necessary to have a
data set to calibrate the additional pressure losses arising
from the fluid flow rate in the hydrodynamic model. In all
of the above studies, the D-factor is one of the key param-
eters that affects productivity, but due to its uncertainty, it
is often ignored by reservoir engineers when predicting key
well performance indicators.

From the above, it is clear that ignoring the effect of
reservoir fluid filtration outside the Darcy’s law for both
conventional and unconventional reservoirs will lead to
an overestimation of production rates and accumulated
production. The results presented in this paper and those
of other authors once again emphasise the criticality of
taking into account the additional resistance factor when
predicting and drilling horizontal wells in low permeability
reservoirs. However, this analysis should be accompanied
by a set of additional parameters that will affect the re-
sulting cumulative production as indicated by the authors
and publications cited above. This should include such
parameters as reservoir filtration and capacitance param-
eters, their change and heterogeneity (lateral and vertical),
PVT (pressure, volume, temperature) fluid properties and
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condensation factor, capillary pressure, and projected well
production rates.

Conclusions

Summarising the research topic, it was possible to focus on
the feasibility of including such a parameter as the D-fac-
tor in the analysis when predicting the production profiles
of horizontal wells developing low-permeable deposits af-
ter hydraulic fracturing. Analysing the results obtained, it
is clear that ignoring additional pressure losses during res-
ervoir fluid filtration at the limit of Darcy’s law may lead to
the need to reassess the forecast indicators of field devel-
opment and the productivity of some wells characterised
by high upstream rates. As can be seen from the sensitivity
analysis on the example of W1, the revaluation can reach
40%, which is significant when calculating the economic in-
dicators of the feasibility of drilling an expensive horizon-
tal well or conducting a multi-stage hydraulic fracturing.

As expected, the greatest impact was observed at high
gas flow rate values, i.e. with an increase in gas flow rate,
the influence of the D-factor increases and vice versa, at
minimum flow rate values, the influence of the D-factor is
also minimal. As a result of sensitivity analysis, there is a
decrease in accumulated gas production from 101 million
m? to 83 million m? which is almost 18% less than the base-
line scenario. For other scenarios, accumulated gas pro-
duction ranged from 60.7 million m® (a decrease of almost
40% from the baseline scenario) and 95.7 million m® (5%
decrease from the baseline scenario). However, the choice
of correlation dependencies for calculating the D-factor
should be reasonably approached and sensitivity analysis
should be applied to cover the uncertainty field and gener-
ate scenarios such as P10 (optimistic), P50 (probable) and
P90(pessimistic).

This work is planned to expand and investigate the
influence of such parameters as PVT properties of fluids,
namely condensate factor and retrograde processes occur-
ring at the fracture level. Determine the component compo-
sition of condensate that falls out in the bottom-hole zone
and blocks part of the pore space. The combined effect of
D-factor and condensate shaft formation after multi-stage
hydraulic fracturing is one of the further areas of this study
that should be considered. It is also planned to implement
the use of the D-factor in predicting the main development
indicators onthe example of areal DDB field and supplement
this study. All these points are areas of further research.
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AHoTaL,if. KopekTHa OLliHKa MOXIMBOTO 06'€My 3aMilieHHs1 GOHIY CTPYKTYD TPaAMIiiHMX KOJEKTOPIB YIIiIbHEHUMM
MiCKOBMKaMM / KapboHAaTaMM iF0UMX POMOBMUIL i paifloHiB BMIOOYBHOI AiSITBHOCTI € MMCKYCIAHUM MUTAHHSIM He JIUIIIe
B VKpaiHi, a 7 3a KOpJOHOM, L0 BUKJIMKAHO IapaMeTPUUHOI0 HeBM3HAUEHICTIO Ta BIIMBOM OCO6aMBOCTel dinbrparii
macToBuX QIoifiB y HeTpaguuUiiiHuX KoleKkTopax. Lle Mpu3BOAUTh 4O 3aBUIEHHS ITPOrHO3HMX MMOKAa3HUKIB PO3POOKHU
VIIiIbHEHNX Ta30HAaCMUEeHMX KOJEeKTOpiB, 3MeHIIeHHs KoedillieHTY 3amilleHHs Ta 306ilbLIeHHS TeMIIiB MaJiHHS
BMUI0OYTKY. TOMy METOIO AOCTiIKeHHs Gy/ia OlliHKa BIUIMBY KoedillieHTa TOJAaTKOBOTO ornopy (iabTpariii, 1[0 BUHMKAE
Y 3B’$I3Ky 3 BeIMKOI0 HIBUAKICTIO BUCXiIHOTO MOTOKY (II0imy SIK OLHOTO 3 K/IIOYOBMX HEBM3HAUEHUX MapaMeTpiB, Ha
MPOAYKTUBHICTb CBEPIJIOBYH Ta pe3y/IbTyI0Ui HAaKOMMYeHi Binoopu rasy.[IpoBeseHo 6aratoctagiiiHuii ripopo3puB Iiacta
B CMHTeTMYHIili TOPM30HTaJbHIlt CBepIIOBUHI, 10 Oysia CTBOpeHa B IIporpaMHoMy 3abe3meueHHi Petrel. 3a mornomoro:o
TUIIOBUX KOpeJIsiLiii BU3HaUeHo KoedilieHT fogatkoBoro onopy (D-daxkropy) Ta mobyLoBaHO riipoaMHaMiuHy MOJeTb
y mporpamHoMmy 3abesmneueHHi Eclipse. IIpoBefeHo cumyssinii 3 pisHuM 3HaueHHSIM D-dakropy Ajs1 BUSHAUEHHST ioro
BIIMBY Ha MPOAYKTMBHICTh HAa HAKOMMYEHi BigbOpu [JIs1 OLHOTO TUITY MOPOLK. Pe3yabTaTy LOCTiAKeHHS CBifyaTh, 10
nepeoliinka Moxe csiratu 40 %, 1110 € CYyTTEBUM IIiJ] Yac MiApaxyHKy eKOHOMIYHMX [MOKa3HMKIB AOLIIbHOCTI 6ypiHHS Ta
MpoBeJleHHsI 6araTocTafifHOro TriApopo3puUBY IUIacTa. 3aIIPONOHOBAaHA BMOipKa Ta METOLOJOTIS AJis1 HU3bKOIIPOHUKHUX
TUIACTiB, IO 3yCTPiYalOThCS HA pOAOBMINAX [IHIMPOBCHKO-I[OHELbKOI 3amaAuHu YKpaiHu, Moxke OyTM BMKOPUCTaHA
ra3o- Ta HahTOBUIOOYBHMMM KOMIIAHISIMU JIJIS I€TaTi30BAHOTO aHAJIi3y HEBU3HAUEHOCTE! Ta KOPEKTHOTO IIAHYBAHHS
cTabinmizalii TemIIiB MafiHHS BUAOOYTKY rasy
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Abstract. The relevance of the study is determined by the ability of borehole jet pumps to increase the efficiency of
technological processes in difficult mountainous and geological conditions. The aim was to establish the laws of trans-
formation of the velocity profile in the production inlet chamber of a borehole jet pump based on the construction and
subsequent analysis of the distribution of kinematic parameters of the total working and injected flows. Simulation of the
operating process of the ejection system was performed in the ANSYS software and calculation module for four three-di-
mensional models of a borehole jet pump. The geometric models are constructed with an uneven density of calculation
elements in places of complex geometry and a high gradient of hydrodynamic parameters. For each of the studied models,
a series of velocity profiles placed at regular intervals at different distances from the pump throat section of the pro-
duction inlet chamber was constructed. The constructed velocity profiles include sections with uniform and nonlinear
distribution of kinematic parameters of mixed flows. It is established that the maximum values of the velocity of mixed
flows are present on the axis of the jet pump and are the same for all the studied models. The axial velocity of the mixed
flows decreases as the distance to the pump throat section of the production inlet chamber increases. The minimum axial
velocity was obtained for a jet pump model with a maximum production inlet chamber length. For two models of a jet
pump with a production inlet chamber length of 287 mm and 328 mm, stabilisation of the axial velocity values of the total
working and injected flows was obtained. The immutability of kinematic parameters for these jet pump models indicates
the completion of the process of equalising the velocities of mixed flows. Taking into account that if the required dimen-
sions of the kinematic stabilisation section are exceeded, hydraulic losses in the flow part of the ejection system increase,
its optimal design corresponds to a model with a jet pump production inlet chamber length of 287 mm. The practical value
of the study lies in the fact that this design provides the maximum efficiency of a borehole jet pump

Keywords: borehole jet pump; ejection system; production inlet chamber; velocity profile; kinematic parameter
distribution; flow stabilisation

Introduction

The rapid pace of global energy consumption has contrib-
uted to the search for alternative methods for the explora-
tion of hydrocarbon deposits, a special group of which in-
cludes technologies for using jet pumps. The main benefits
of using ejection technologies include preserving the nat-
ural permeability of productive horizons during their ini-
tial discovery, increasing the life of aging oil and gas fields,
increasing well productivity during bottom-hole cleaning,
implementing oil production stimulation methods, and
preventing environmental pollution in hydrocarbon ex-
traction and processing systems. The use of eddy current

pumps contributes to increasing the energy efficiency of
pipeline transportation of oil and petroleum products.
The inclusion of jet pumps in the technological pipeline
branching system helps to reduce the cost of transporting
high-viscosity oils with a significant formation fluid con-
tent. The prevalence of oil and gas ejection technologies
indicates their global importance and the relevance of re-
search aimed at improving the efficiency of operation of
borehole jet pumps.

V. Kotak et al. (2023) found that despite the simple
design, the jet pump’s operating process is based on the
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implementation of a complex mixing mechanism for co-
axial potential flows separated by a boundary turbulent
layer of variable structure with an uneven profile of hydro-
dynamic parameters. Significant complications in predict-
ing the operating process of jet pumps are also associated
with an increased tendency for cavitation phenomena to
occur in their flow parts. According to J. Gan et al. (2022),
the probability of loss of flow continuity increases with op-
erating ejection systems with a centrally located working
nozzle. Scientists Y.-D. Cho & U. Shrestha (2020) concluded
in their paper that cavitation phenomena can also occur
when using annular jet pumps. The solution of the system
of equations that characterise the interaction of mixed
flows is usually carried out by an approximate method by
neglecting the value of individual components, which re-
duces the efficiency of modelling the operating process of a
jet pump. Based on the research results of A. Kurniawan et
al. (2023), the use of numerical simulation modelling and
modern software packages makes it possible to increase
the reliability of the choice of design and operating param-
eters of borehole gas ejection systems. In particular, in the
process of modelling the interaction of gas flows, the opti-
mal ratio of the cross-sectional areas of the production in-
let chamber and the nozzle of the gas ejector is established.

Increasing the reliability of predicting the character-
istics of a jet pump is provided by using neural network
models, as indicated by K. Xu et al. (2021). In the process of
optimising the flow part of the jet pump, an increase in the
pressure created by it by 30.46% was obtained. By combin-
ing computational fluid dynamics (CFD) with the Kriging
correlation model, K. Xu et al. (2020) established an opti-
mal relationship between the flow configuration of an an-
nular jet pump and the ratio of injection and operating flow
rates. Based on the results of modelling a single-phase flow
vortex in a shear layer between the operating and injected
flow using a Reynolds-averaged system of Navier-Stokes
equations and experimental measurements, A. Morrall et
al. (2020) determined the influence of the nozzle diame-
ter and flow swirl on the performance of the jet pump. The
swirling of the flow due to centrifugal forces allows for an
increase in the injection coefficient of the jet device. Scien-
tists A. Rogovyi & S. Lukianets (2022) established the effect
of swirling mixed flows on the energy efficiency of using jet
devices. Based on the solution of the Reynolds, continuity
and Rayleigh-Plesset equations in the Ansys CFX software
package, it is shown that the swirling of mixed flows can
double the efficiency of the jet device. The use of SNAP-
type software to analyse the characteristics of a borehole jet
pump makes it possible to increase the efficiency of using
special application programmes, as described by E. Zafarul-
lahetal.(2021). The analysis of the relationship between the
productive horizon and surface equipment obtained using
this software helped to increase the well flow rate by 42.9%.

A significant amount of research is devoted to opti-
mising the design of borehole jet pumps. In the CFD pro-
cess of modelling the operating process of the gas ejector,
V. Kumar et al. (2019) found that the maximum ejection

coefficient corresponds to zero distance between the work-
ing nozzle and the production inlet chamber of the jet ma-
chine. In the process of numerical modelling, Z. Wang et
al. (2023) determined that the optimal value of the main
geometric parameter of an oil jet pump provides a 10% in-
crease in the efficiency of the borehole ejection system. The
obtained result was confirmed in the course of experimen-
tal tests of an oil jet pump using orthogonal lattices de-
veloped by the Taguchi method during the planning of the
experiment. By solving the Navier-Stokes equations of mo-
tion of a three-dimensional stationary flow for five models
of the ejection system, Y. Yang et al. (2023) established the
significant influence of the geometric dimensions of the
diffuser on the formation of inhomogeneous eddy reverse
currents in the flow part of the jet pump, which reduces its
performance. The conducted studies have determined the
optimal value of the production inlet chamber diameter
from the point of view of ensuring maximum performance
of the jet pump, which is 16-17 mm.

In the course of the analysis, it was found that when
modelling the operating process of a jet pump, the influ-
ence on its characteristics of the hydrodynamic parameters
of the environment, the physical properties of the mixed
flows, the configuration of the elements of the ejection sys-
tem, the ratio of the cross-sectional areas of the production
inlet chamber and the working nozzle, their relative orien-
tation, and the parameters of the diffuser part are usually
studied. At the same time, the influence of the nature of
the velocity distribution in the production inlet chamber
of a jet pump on the features of its operating process is
insufficiently studied. The analysis of the kinematics of
mixed flows for an incompressible working medium makes
it possible to optimise the borehole jet pump’s operating
process and increase the efficiency of oil and gas ejection
technologies. The study aimed to establish regularities of
transformation of the velocity profile in the production
inlet chamber of a borehole jet pump. This goal involved
performing the following research tasks: constructing ve-
locity profiles of the operating and injected flows along the
production inlet chamber of the jet pump; establishing the
nature of changes in the maximum velocities of the mixed
flows; determining the length of the velocity stabilisation
section in the production inlet chamber of the jet pump.

Materials and Methods

Determining the nature of the velocity distribution of the
operating and injected flows along the production inlet
chamber of the jet pump involved the following stages of
research: construction of a geometric model of a borehole
jet pump; selection of boundary surfaces of the design
volume and boundary parameters of the operation of the
borehole jet pump; construction of a grid (design) model
of the borehole jet pump; solving the system of equations
obtained using the finite element method. The construc-
tion of mixed flow velocity profiles was carried out for four
models of a jet pump with the following geometric char-
acteristics: diameter of the working nozzle d =14 mm;
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production inlet chamber diameter d,= 28 mm; basic ge-
ometric parameter of the jet pump K, =4.0; absolute length
production inlet chambers L, = 164 mm; L, = 246 mm;
L.=287 mm; L, =328 mm; relative length of the production
inlet chamber Lyy = 72=5.86; L, = “2=8.79; L;; = 22=10.25;
Lis= % = 11.71; diffuser diameter d,=71 mm; diffuser
lengthlLd =280 mm.

Due to the design features of the jet pump, the typical
cross-sections of the ejection system were used in the pro-
cess of allocating the calculated volume (Chen et al., 2020).
The calculated volume was limited to the surfaces drawn
at the inlet of the operating flow to the working nozzle, at
the inlet of the injected flow to the receiving chamber, and
at the outlet of the mixed flow from the jet pump diffuser.
When choosing the restrictions imposed on the allocated
design volume, the generally accepted ratio of hydrody-
namic parameters is used in the form of a combination of
flow rates and pressures of operating, injected and mixed
flows (Deng & Dong, 2021). The boundary conditions in
the process of modelling the operation of the four jet pump
models were set by the corresponding flow rates of the
mixed flows and pressures in the characteristic cross-sec-
tions of the borehole ejection system. Considering that for
a given jet pump design, the maximum efficiency (efficien-
cy factor) of the ejection system corresponds to the value of
the injection coefficient i= 1.0, when justifying the choice
of boundary conditions, the same values of the flow rates of
the operating and injected flow are assumed Q, = Q.. In the
studied models of the jet pump, the liquid velocity of the
injected flow at the inlet to the production inlet chamber
was 40 m/s, and the working flow was 100 m/s.

In the process of constructing a calculated model of a
boreholejet pump, the geometric model is divided into finite
elements according to the specified grid parameters. The
process of building a calculation model is implemented us-
ing the built-in grid creation module in the ANSYS software
product — ANSYS Meshing (Fig. 1). The constructed geomet-
ric model corresponds to zero distance between the working
nozzle and the production inlet chamber of the jet pump.

|

a)

Figure 1. Calculation grid
of a three-dimensional jet pump model

Note: a - internal volume of the jet pump model; b —its section
Source: created by the author
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In order to reduce the duration of calculation opera-
tions while maintaining the required accuracy, an uneven
density of the calculation grid was used when constructing
the geometric model. The higher density of the calculated
elements corresponds to the working nozzle and the re-
ceiving chamber of the internal volume of the jet pump,
and the lowest density corresponds to the output section
of the diffuser. For each of the studied models, a series of
velocity profiles for different distances X from the inlet
cross-section of the production inlet chamber in incre-
ments AX=20.5 mm is constructed. Due to the different
geometric dimensions of the studied models, the number
of constructed profiles increases with increasing length of
the production inlet chamber of the jet pump.

Modelling of the jet pump operation process was car-
ried out in the ANSYS software and calculation module
Fluent, which provides high accuracy in solving problems
related to the complex interaction of mixed flows. In the
process of creating the computational model, the following
parameters were chosen: the type of calculator is “pressure
based”,whichis developed and traditionally used for incom-
pressible media; the turbulence model is k-epsilon (stand-
ard) with standard wall functions. The adopted turbulence
model focuses on mechanisms that affect the turbulent ki-
netic energy, and allows us to take into account processes
in the boundary shear layer of variable width between the
operating and injected flow with a high degree of reliability.

Results

According to the classical scheme of interaction of sub-
merged jets, the operating flow flowing out of the working
nozzle gradually expands due to the addition of the inject-
ed liquid and connects to its walls at a certain distance from
the inlet section of the production inlet chamber (Fig. 2).
The jet boundaries are delineated by straight lines i-i, and
they have an unequal slope to the pump axis in the initial
and final sections.

N _
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Figure 2. Flow structure in the production
inlet chamber of a jet pump

Note: 1 — working nozzle; 2 — production inlet chamber
Source: created by the author

The i-i lines separating the working jet pass through
its pole (point O). In the central part of the operating jet
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there is a potential core I, bounded by the lines p-p, whose
width decreases with a constant rate along the flow and
takes on zero values at point A. The injected flow moving
in the production inlet chamber (area II) has the form of an
annular confuser. Areas I and II are zones of unbroken po-
tential flow with constant values of the axial velocity along
the length of the production inlet chamber. Between areas
I and II, a slow-motion zone is formed (area III) — a bound-
ary turbulent layer in which two flows mix). The most dif-
ficult area to analyse is area III, which is characterised by
an incoherently variable velocity profile. Area III ends with
the establishment of a fully developed current. Areas I, II,
and III thus form a three-layer flow structure, the outer and
central layers of which are marked by a close to uniform
velocity profile, and the internal shear flow is characterised
by intense eddy formation and an uneven distribution of
kinematic parameters.

In area IV, the alignment of the speed profiles contin-
ues, and the mixing process of the operating and injected
flows is completed. Depending on the geometric dimen-
sions of the elements of the flow part of the jet pump and
the hydrodynamic parameters of the mixed flows, point A
may be located to the right of the contact section of the line
i-i with the wall of the production inlet chamber. The flows
of the operating and injected medium enter the production
inlet chamber, where the velocity equalisation occurs, usu-
ally accompanied by an increase in pressure (Fig. 3).
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Figure 3. Dynamics of changing velocity profiles
in the production inlet chamber of a jet pump

Source: created by the author

The central (operating) jet enters the production inlet
chamber at a uniform speed V . The peripheral (injected)
flow also has a uniform V; but lower speed V,, <V . A signifi-
cant difference in velocities is the reason for the formation
of a boundary turbulent layer in which energy dissipation
occurs. Significant losses associated with mixing flows are
the reason for the low efficiency of the jet pump. The initial
velocity profile is marked by a uniform distribution of kine-
matic parameters of the operating and injected flow, which
characterises the potential flow movement. When moving
away from the inlet section of the production inlet cham-
ber, the profile section decreases with a uniform distribu-
tion of the operating and injected flow rates. Intermediate
velocity distributions are characterised by constant values
of the speed of the operating and injected flows, respec-
tively, in the central and peripheral parts of the production
inlet chamber. The final velocity distribution is parabolic in

nature and does not contain sections of a uniform profile.
The constant velocity profile is maintained until the initial
cross-section of the production inlet chamber (Fig. 4).
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Figure 4. Velocity profiles

for different distances X from the inlet section

Note: a) production inlet chamber length 164 mm: 1 -
0,2 -20.5mm, 3 -41 mm, 4 - 61.5mm, 5 - 82 mm, 6 -
102.5 mm, 7 — 123 mm, 8 — 143.5 mm, 9 — 164 mm; b) pro-
duction inlet chamber length 246 mm: 1 - 0, 2 — 20.5 mm,
3-41 mm, 4 - 61.5 mm, 5 - 82 mm, 6 — 102.5 mm, 7 -
123 mm, 8 — 143.5 mm, 9 - 164 mm, 10 — 184.5 mm, 11 —
205 mm, 12 - 225.5 mm, 13 - 246 mm; c) production inlet
chamber length 287 mm: 1 - 0, 2 — 20.5 mm, 3 — 41 mm,
4-61.5mm,5-82mm, 6 - 102.5 mm, 7 - 123 mm, 8 —
143.5 mm, 9 - 164 mm, 10 — 184.5 mm, 11 - 205 mm, 12 -
225.5 mm, 13 — 246 mm, 14 — 266.5, 15 - 287 mm; d) pro-
duction inlet chamber length 328 mm: 1 - 0, 2 — 20.5 mm,
3-41 mm, 4 - 61.5 mm, 5 - 82 mm, 6 — 102.5 mm, 7 -
123 mm, 8 - 143.5 mm, 9 - 164 mm, 10 — 184.5 mm, 11 -
205 mm, 12 - 225.5 mm, 13 - 246 mm, 14 - 266.5, 15 -
287 mm, 16 - 307.5 mm, 17 — 328 mm

Source: created by the author
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Alignment of the mixed flow velocity field is provid-
ed with the appropriate length of the production inlet
chamber of the jet device. If the length of the production
inlet chamber is insufficient, the deterioration of the pump
characteristics is associated with the incomplete flow mix-
ing process. If the required length of the mixing chamber is
exceeded, hydraulic losses in the flow part of the jet pump
increase and the pressure created by it decreases. Calculat-
ing the length of the mixed flow velocity field alignment
section allows to determine the optimal length of the pro-
duction inlet chamber of the jet pump from the point of
view of ensuring minimal energy consumption. Despite
the different distances to the inlet cross-section of the
production inlet chamber, the calculated velocity profiles
include several characteristic sections (Fig. 4). The central
part of the profile is marked by a uniform or eccentric dis-
tribution of kinematic parameters, and its peripheral part
has a uniform or nonlinear profile. Between the central and
peripheral parts is a section of a nonlinear profile with a
configuration that varies depending on the distance to the
entrance to the production inlet chamber.

The width of the central section of uniform velocities
decreases when the section under study is removed from

V. Mlc

the entrance to the production inlet chamber. For all the
studied profiles, the maximum values of the movement
velocity of mixed flows occur on the axis of the jet pump.
As the distance to the inlet section of the production in-
let chamber increases, the axial velocity of the mixed flows
decreases. Thus, the qualitative change in the configu-
ration of the velocity profiles of the total operating and
injected flows along the production inlet chamber of the
jet pump shown in Figures 2-3 is confirmed. For the stud-
ied jet pump models, the axial velocity of the mixed flows
varies in the range: for a production inlet chamber with
a length of 164 mm: from V=102 m/s to V. =68 m/s;
for a 246 mm production inlet chamber: from V =102
m/s to V. =52 m/s; for a production inlet chamber with a
length of 287 mm: from V. =102 m/s to V . =48 m/s; for
a 328 mm production inlet chamber: from V=102 m/s to
V ..=47 m/s. The maximum values of the movement veloc-
ity of mixed flows are the same for all the studied models,
and the minimum value of kinematic parameters decreas-
es with increasing length of the production inlet chamber.
The change in axial velocities along the production inlet
chamber for all the models under consideration is deter-
mined by an asymptotic relationship (Fig. 5).
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Figure 5. Change of the axial velocity along the production inlet chamber of different lengths
Note: 1 - L, =164 mm; 2 - L,=246 mm; 3 — L,,=287 mm; 4 - L, =328 mm

Source: created by the author

According to the results obtained for models with a pro-
duction inlet chamber length L, =164 mm and L,, = 246 mm,
the axial velocity of the mixed flow decreases from the inlet
to the output section. For these jet pump sizes, the speed
equalisation process is not completed, which reduces the
efficiency of the ejection system. For models with a produc-
tion inlet chamber length of L, =287 mm and L, =328 mm
when approaching the initial cross-section, the axial ve-
locity takes constant values, which indicates the alignment
of the velocity profile and the completion of the mixing
process. Thus, in order to reduce hydraulic losses in the
flow part of the jet pump, it is necessary to use a produc-
tion inlet chamber with a length of L, =287 mm (L, =0.25).

Discussion

Based on the study of the operating process of the ejec-
tion system using the ANSYS Meshing and ANSYS Fluent
software modules as part of the pressure-based calculator
and the k-epsilon turbulence model, velocity profiles of the
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total operating and injected flows were constructed for dif-
ferent distances to the inlet cross-section of the jet pump
production inlet chamber. The consistency of the results
obtained should be analysed in comparison with the re-
search materials of other authors. According to Y. Qian et
al. (2021), the maximum efficiency of the jet device corre-
sponds to the relative length of the production inlet cham-
ber , which varies in the range from 2.5 to 4.0. This range
of optimal ratios of the production inlet chamber length
of the jet device was obtained in the process of numerical
and experimental study of the features of transportation of
various operating media with a significant content of solid
inclusions. In the course of simulation modelling, a model
of a jet pump was used with the diameters of the output
cross-section of the working nozzle and the production
inlet chamber of 8 mm and 32 mm, respectively. The na-
ture of the interaction of mixed flows obtained in the CFD
modelling process confirms the existence of an extreme de-
pendence of the efficiency of the jet device on the length of

(27)




Study of the kinematic field of mixed flows

the production inlet chamber. The ratio of cross-sectional
areas of mixed and operating flows in a jet device for hy-
draulic transport is twice as high as the similar parameter
of the models studied by the author, as a result of which
the path required for levelling the velocity profiles of mixed
flows and the optimal length of the production inlet cham-
ber are reduced.

Ye.lI. Kryzhanivskyi & D.O. Panevnyk (2019) developed
a three-layer mathematical model of mixing flows in the
form of coaxial potential flows with a uniform velocity dis-
tribution and a variable structure with an algebraic veloci-
ty profile placed between them. Using the theory of a sub-
merged jet moving in a concurrent flow, the flow structure
at the inlet to the production inlet chamber of a jet pump
is analysed, and the possibility of modelling the process of
mixing coaxial flows in the form of automodel velocity pro-
files of potential and shear flows of variable cross-section
with a three-layer structure is shown. For the regions of
potential flows, a uniform velocity profile is assumed, and
for the shear flow placed between them, a nonlinear pro-
file is assumed, which retains approximate automodelici-
ty throughout the entire initial section of the submerged
jet. By integrating the accepted velocity profile taking into
account the transition conditions between potential and
shear flows, the theoretical velocity distribution for mixed
flows in the flow part of the jet pump is determined. The
mathematical model of flow mixing is supplemented with
computer modelling data using the SolidWorks program.
The presented research results made it possible to obtain
an analytical expression for determining the velocity pro-
file exclusively for the inlet section of the production inlet
chamber and cannot be used to analyse the dynamics of
changes in the kinematic field when the mixed flow propa-
gates in the direction of the jet pump diffuser.

Researcher S. Karabaev (2021) notes that the opti-
mal length of the production inlet chamber of a jet device
should be in the range from 20 to 22. The optimal design
of the jet device was obtained during bench tests of a
gas-liquid oil ejector. The diameters of the working nozzle
and production inlet chamber of the studied models were
3.3 mm and 5.4 mm, respectively. In the course of research,
three models of jet pumps with a relative length of the
production inlet chamber were used: L., =11.1; 20.37; and
29.63. Industrial water was used for the operating flow, and
atmospheric air was used for the injected flow. Bench tests
were performed for different pressure ratios of the injected
flow. The criteria for optimising the design of a gas-liquid
ejector were the efficiency value and the injection coeffi-
cient value. According to the author, a significant excess
of the optimal length of the production inlet chamber ob-
tained during bench tests in comparison with the results
obtained by the author is associated with the gaseous state
of the injected flow. Due to the different aggregate state,
the formation of a homogeneous gas-liquid emulsion re-
quires a longer path length than the alignment of velocity
profiles in a single-phase flow. The low density and viscos-
ity of the injected flow have a significant effect on the pro-
duction inlet length of the flow.

The nature of the distribution of axial velocities along
the flow part of the jet pump obtained by the author is
consistent with the results of studies conducted at Xi’an
University of Technology (China) by T. Cao et al. (2023).
In this paper, when analysing the operating process of an
ultra-long ejection system, the inverse nature of the de-
pendence of the operating flow rate on the distance to the
inlet section of the production inlet chamber of a jet pump
is confirmed. The increase in the operating flow rate at the
entrance to the production inlet chamber of a jet pump
is associated with the conical shape of its initial section,
in contrast to the cylindrical production inlet chamber of
constant diameter in the models studied by the author.
The decrease in the speed of the operating flow along the
production inlet chamber of the jet pump is explained by
a decrease in its kinetic energy, part of which is spent on
increasing the speed of the injected flow. Given that the na-
ture of changes in the kinematic parameters of the injected
flow is not presented in this paper, the conducted studies
do not allow us to determine the distance to the inlet sec-
tion of the production inlet chamber, which corresponds
to the alignment of the velocity profile of the mixed flows.

The formation of a parabolic velocity distribution in
the end sections of the production inlet chamber is con-
firmed by modelling the operating process of the NSFB
39/45 oil jet pump using the ANSYS software environ-
ment. A. Rogovyi et al. (2022). The speed of the injected
and mixed flow during the construction of the computer
model was assumed to be 16 m/s and 19.5 m/s, respectively.
In the course of research, a cavitation mass transfer model
based on the Rayleigh-Plesset equation was implemented,
which made it possible to take into account the possibility
of reducing the pressure in the flow part of the jet pump
to the pressure of saturated vapours of well products. The
article shows the velocity profiles of the mixed flows for
different distances from the inlet section of the production
inlet chamber, but the reverse flow of the liquid caused by
cavitation led to a shift in the transit flow and a distortion
of the kinematic field in the flow part of the jet pump. The
significant asymmetry of the obtained velocity profiles
made it impossible to determine the area of stabilisation
of kinematic flow parameters and establish the optimal
length of the production inlet chamber of the jet pump ob-
tained from the results of this study.

The nature of the relationship between the ratio of
the mixing path length of the flows, the axial dimensions
of the production inlet chamber, and the efficiency of the
ejection system is confirmed by the results of studies con-
ducted by J. Zheng et al. (2022) at the China Clean Energy
Research Institute. In the course of comparative studies,
the hydraulic characteristics of two models of jet devic-
es with different lengths of the production inlet chamber
were determined. In one of the studied models, the length
of the production inlet chamber was equal to the length of
the flow mixing path, and in another model, the alignment
of velocity profiles was completed at the initial section
of the diffuser. According to the results of the conduct-
ed studies, if the flow mixing process is completed in the
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diffuser part of the jet device, the flow rate of the mixed
flow is reduced by 15.6%. The disadvantage of the results
of the conducted research is the lack of an analytical ex-
pression that would combine the optimal length of the
production inlet chamber of the jet pump and the pressure,
cavitation and energy characteristics of the ejection sys-
tem. Insufficient geometric, kinematic and hydrodynam-
ic similarity of the working processes of ejection systems
does not allow us to generalise the results obtained and
effectively use them in the case of differences in the abso-
lute and relative geometric dimensions of the elements of
the flow part of the jet pump, the ratios of velocities, costs
and pressures of mixed flows.

Conclusions

Hydraulic losses during the mixing of flows are associated
with vortex formation in the shear boundary layer due to a
significant difference in the velocity of the operating and
injected flows and linear pressure losses in the production
inlet chamber of the jet pump. Linear pressure losses in
the production inlet chamber persist after the process of
levelling the profile of kinematic parameters is complet-
ed and are characterised by high velocity values and a tur-
bulent mode of mixed flow. Determining the length of the
production inlet chamber section that corresponds to the
completion of the speed equalisation process increases the
energy efficiency of the jet pump operating process. The
obtained velocity profiles of mixed flows at the entrance to
the production inlet chamber have a three-layer structure
with a predominantly uniform distribution of kinematic
parameters in the central region at the inlet sections of the
operating and injected flow and close to uniform distribu-
tion in the peripheral region. A section with a nonlinear
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Panevnyk

OdocnipkeHHs KiHEeMaTUYHOro Nons 3MillyBaHUX NOTOKIB

OnekcaHap MNaHeBHUK

[OKTOp TeXHIYHNX HayK, Npodecop

IBaHO-PpPaHKiBCbKMI HaLLiOHaNbHUI TEXHIYHWI yHiBepcuTeT HadTH i rasy
76019, Byn. KapnaTtcbka, 15, M. IBaHo-PpaHKiBCbK, YKpaiHa
https://orcid.org/0000-0003-2765-3776

AHOTaL,if. AKTyalbHICTh JOCTIIKEHHS BU3HAUAETHCS 3MATHICTIO CBEPAJIOBMHHMX CTPYMUHHUX HACOCIB MiABUINTH
edexTMBHICTh peanmizalii TeXHONOTIYHMX MPOILECIB Yy CKIAOHMUX TipCbKOTeoJoriyHMX yMoBax. MeTa mossrana y
BCTAHOBJIEHHI 3aKOoHOMipHOCTeli TpaHchopmauii npodigio MWBUAKOCTeN y Kamepi 3MillyBaHHSI CBepAJIOBMHHOTO
CTPYMMHHOT'O Hacoca Ha OCHOBi MOGYNOBM Ta HACTYITHOTO aHAIi3y PO3MOLiMY KiHeMaTUYHMUX NTapaMeTpiB CyMapHOTo
po60oUOro Ta iHKeKTOBAHOTO ITOTOKiB. MoJieTI0BaHHSI p060UYOTO IIPOoLiecy exkeKLiifHOI cucTeMu 37iliCHeHO B IPOrpaMHO-
po3paxyHkoBomy Mogyinai ANSYS mjis 4oTMpbOX TPUBMMIPDHMX MOZeneli CBepAJIOBUHHOTO CTPYMMHHOTO Hacoca.
TeomeTpuuHi Mofeni Mo6GymoBaHi 3 HepiBHOMIPHOIO y MICLSIX CKIagHOI reomerpii Ta BMCOKOTO rpajieHTa 3MiHU
riIpogMHaMiyHMX TapaMeTpiB IIJIbHICTI0O PO3MillleHHS PO3PaxyHKOBMX ejleMeHTiB. [l KOXKHOiI 3 AOCTiIyKyBaHUX
MoZeneii no6ynoBaHo cepito MpodiiB MBMUAKOCTE po3MillleHMX Yepe3 piBHI MPOMiKKM Ha Pi3HUX BiICTAHSIX BiJl BXiZHOTO
repepizy Kamepu 3MitryBaHHs. [To6ymoBaHi mpodini mMBUAKOCTEN BKIOYAKOTD Oi/ITHKY 3 pIBHOMiPHMM Ta HeJiHITHUM
PO3MOAiINIOM KiHEMaTUYHMX ITapaMeTpiB 3MilllyBaHMX MOTOKiB. BCcTaHOB/IEHO, 110 MaKCMMasbHi 3HaUeHHS LIBUAKOCTI
PYyXY 3MilllyBaHMX [TIOTOKiB MalOTh MicIie Ha OCi CTPyMMHHOTO HAacoca Ta € OAHAaKOBMMU [ BCiX AOCTiIKeHMUX MO eseii.
OcboBa WBUIKICTh PyXY 3MilllyBaHMX IOTOKIB 3MEHIIYETHCS MPY 36i/blIIeHH] BifcTaHi 40 BXiZHOrO Mepepisy kKamepu
3MilyBaHHs. MiHiManbHe 3HaU€HHS 0OCbOBOI LIBUAKOCTI OTPMMAaHO [J151 MOZeJli CTPYMMHHOI'O Hacoca 3 MaKCUMaJIbHOIO
IOBXMHOIO Kamepy 3MilllyBaHHS. [IJ1s1 ABOX MoJiesieil CTPyMMHHOIO Hacoca 3 JOBXMHOI0 Kamepy 3MillyBaHHS 287 MM
Ta 328 MM OTpMMaHO cTabini3allito 3HaUE€Hb OCbOBOI HIBMAKOCTI CYMapHOTO pPOGOYOro Ta iHKEKTOBAHOTO IMOTOKIB.
He3MiHHiCTh KiHeEMaTUUYHMX IapaMeTpiB /151 JaHUX MOJejieli CTPyMMHHOIO Hacoca CBiAYMThb PO 3aBeplLIeHHS IPOLecy
BMPiBHIOBaHHS MIBUIKOCTEH 3MilllyBaHUX MMOTOKiB. BpaxoByiouu, M0 y BUMAAKY [TePEBUIIEHHSI HEOOXiTHUX PO3MipiB
IOinssHKM cTabinizanii KiHeMaTMYHUX MapaMeTpiB 3pOCTAIOTh TifpaBiIiuHi BTPaTH B MPOTOYHIl YaCTMHI eXeKIiifHO1
CUCTeMHU, i1 omTUMMaabHa KOHCTPYKILis BifMOBiae Mozesi 3 JOBXKMHOIO KaMepu 3MilllyBaHHSI CTPYMMHHOTO Hacoca 287
MM. [IpakTHUHA [[iHHICT JOCTIIKEHHS MOJISITa€ B TOMY, 1[0 TaKa KOHCTPYKIIis 3a6e3meuye MakCMMaabHuil KoedilieHT
KOPMCHOI [1ii CBepIJI0BMHHOIO CTPYMMHHOT'O Hacoca

Knro4yoBi cnoBa: cBepmyioBMHHMI CTPYMMHHMII HACOC; €XeKIlijiHa CcucTeMa; Kamepa 3MillyBaHHS; Tpodiib
MIBUIKOCTE; PO3MOALT KiHeMaTUUHMX MTapaMeTpiB; cTabinisalis MoToOKy
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Abstract. The method of sequential pumping of various oil products separated by a diaphragm seal is one of the most
common and cost-effective. However, due to the difference in densities, significant oscillations of oil pipelines occur in
their overhead part. There are practically no studies of such oscillations and their impact on the strength and stability
of overhead oil pipelines, which makes this topic relevant. The aim of this article was to determine the oscillations of
the oil pipeline axis and the bending moments that occur at this time, without taking into account the inertial forces
of the pumped oil products for a single-span beam crossing without longitudinal deformation compensators. A mathe-
matical model of the sequential pumping of two different oil products through a pipeline was developed. The problem
was solved by decomposing the desired solution into a series of eigenfunctions of the problem of free oscillations of the
overhead part of the oil pipeline using the Fourier method. As a result of calculations based on the obtained solution
to the problem, it was found that in the overhead part of the oil pipeline, during the sequential pumping of various oil
products, there are familiar oscillations of the oil pipeline axis relative to the abscissa axis of the deflection function
of the oil pipeline axis. When the end cross-sections of the diaphragm seal enter the overhead part of the pipeline, the
largest deflections occur in one of the middle sections of the part in tenths of a second. The bending moments have
the highest values by modulus. The deflection curves of the oil pipeline axis and the bending moment curves for these
moments of time practically coincide. It was found that the largest modulus bending moments of the pipeline during
the sequential pumping of two different oil products are significantly higher than the bending moments of the same oil
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products when they are pumped separately. The obtained results of the study will be useful in practice for designers of
pipelines that will be used to pump oil products with different densities

Keywords: single-span beam crossing; pipe axis; eigenfunctions of the free oscillations problem; deflections of the

pipeline axis; separating medium; bending moment

Introduction

Overhead parts of oil pipelines are among the most heav-
ily loaded parts. In addition to the internal pressure of the
pumped product, they are exposed to changes in the ambi-
ent temperature regime (daily, seasonal). The weight of the
pipeline itself and the pumped oil products and the forces
arising from their movement cause deflections of the pipe-
line axis. The topography of the area where the pipeline is
laid (plain, mountainous), the length of the overhead part,
and soil types require consideration of the interaction of
the pipeline with the soil and its supports. In 2018-2023, a
number of papers appeared that investigated some of the
above problems, for example, M. Dutkiewicz et al. (2023)
investigated the interaction of an oil pipeline with its sup-
port built in a mountainous area. With the aim of taking
into account the properties of the soil base of the crossing
on the strength of the transition, a mechanical and math-
ematical model of an overhead crossing of an oil pipeline
laid in a mountainous area was developed in the study by
A.Velychkovych et al. (2019). On its basis, simple analytical
results were obtained that are suitable for practical engi-
neering calculations. The analysis of the stress state in a
damaged composite-coated pipeline was the subject of a
study by T. Fan et al. (2022).

As noted by Y. Ding et al. (2021) and J. Yu et al. (2022),
oil pipelines can be subjected to abnormal loads during
construction and operation, and, according to C.N. Vani-
tha et al. (2023), to various risks. Long-term operation of
pipelines leads to damage to pipeline steel at the micro lev-
el and can contribute to the emergence of macro defects,
as described by K.U. Amandi et al. (2019). Therefore, the
remaining service life of an oil pipeline is often associated
with the study of the corrosion situation, as in the paper
by M. Bembenek et al. (2022). The results of a study of the
corrosion situation are used to predict the remaining ser-
vice life of the pipeline and are a guide for establishing the
inspection cycle and maintenance strategy, as indicated by
A.Bi et al. (2022). Equally important are the issues of safe
operation of underground parts of oil pipelines in difficult
mining and geological conditions, as addressed by S. Dey &
S. Tesfamariam (2022) and M. Dutkiewicz et al. (2022). The
destruction of a single part of the pipeline can lead to a cat-
astrophic emergency, environmental problems and signif-
icant financial losses. Therefore, for pipelines with a long
history of operation, the problems of preventing the occur-
rence of pipeline wall defects are particularly relevant.

As can be seen from the analysis, researchers have not
yet determined the forces of inertia of transported products
in oil pipelines during their movement and their impact on
the strength and stability of open parts of oil pipelines.
This also includes the sequential pumping of different oil
products through oil product pipelines. This method is
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cost-effective and quite common in practice. Due to the
difference in the densities of the pumped products, this
method causes quite significant oscillations in oil pipelines
in their open parts, which is why this problem is the sub-
ject of this article. The purpose of this work was to study
the oscillations of the overhead part of the oil pipeline. To
achieve this goal, the following tasks needed to be solved.
The first task was to build a mathematical model of the
sequential pumping of two different oil products through
a pipeline with a diaphragm seal between them. The sec-
ond task was to find the displacements of the pipeline axis
points as different oil products separated by a diaphragm
seal pass through the overhead part of the pipeline. The
third task was to determine the bending moments caused
by the oscillations of the pipeline, which can only be found
after determining these oscillations.

Materials and Methods
The deflections of the oil pipeline axis and bending mo-
ments during the sequential pumping of various oil products
through an overhead pipeline crossing were determined by
the analytical method. A single-span beam crossing with-
out longitudinal deformation compensators with clamped
ends was considered. The pipeline is made of 13GS steel
(TU 14-3-1573-96) with an outer diameter of D, =529 mm,
wall thickness =10 mm, and tensile and yield strengths of
this steel of g, =510 MPa and o, =360 MP, respectively. The
pumped oil products are petrol and diesel fuel. The density
of petrol and diesel fuel is p, =750 kg/m* and p = 860 kg/m’,
respectively. The diaphragm seal between petrol and die-
sel fuel is a rubber piston with a length of Ax=0.763 m
and a rubber density of p =575 kg/m®. The deflections of
the pipeline axis were determined without taking into
account the inertial forces of the pumped oil products.

Since the problem was solved by the analytical meth-
od, it is necessary to note how the mathematical formula-
tion of the problem was formulated. Oil pipeline oscilla-
tions arise because oil products and a diaphragm seal with
different densities pass through the overhead part of the
pipeline. If a single oil product were being pumped, there
would be no oscillations in any of the crossings of the pipe-
line. At the boundaries between the oil products and the di-
aphragm seal, a density jump occurs, which is the source of
oscillations in each part of the pipeline. On the right-hand
side of the differential equation are the force loads created
by the pumped oil products and the diaphragm seal, which
are multiplied by certain unit asymmetric functions (Korn
& Korn, 1968), and for the diaphragm seal by the difference
of the asymmetric functions.

The asymmetric functions are chosen in such a way
that knowing the moment of time from the assumed initial

(33)
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moment and the specific cross-section of the pipeline, it
is possible to immediately tell which force factor at a giv-
en moment of time creates pressure on a given cross-sec-
tion of the oil pipeline. The boundary conditions in the
problem are determined by the fact that the ends of the
overhead part of the pipeline are clamped. This means
that the displacements of the endpoints of the axis of the
overhead part and the angles of rotation of the sections of
the pipeline passing through these points must be zero. At

the initial moment of time, the entire part of the pipeline
contains only petrol. This determined the initial task of the
problem. The problem was solved by expanding the desired
solution into a series of eigenfunctions of free oscillations
of the part of the oil pipeline (Fridman, 2018). The deflec-
tions of the oil pipeline axis in its overhead (open) section
(Fig. 1) were determined during the sequential pumping of
two different oil products separated from each other by a
diaphragm seal.

Figure 1. Schematic of an overhead crossing for sequential pumping of two different oil products

Note: 1 - oil pipeline; 2 - pumped petrol; 3 - diaphragm seal; 4 — diesel fuel

Source: created by the authors

Figure 1 shows the moment when the diaphragm seal
(its right part) is at the beginning of the abscissa axis X
(x=0). The pumped products move at a constant velocity
v. The axial length of the diaphragm seal is Ax. The ends of
the open part of the oil pipeline should be assumed to be
clamped. In this problem, the displacements of the points
of the oil pipeline axis in the direction perpendicular to the
initial (horizontal) position of the oil pipeline axis were
considered, taking into account the weights of oil products
and the diaphragm seal and without taking into account
their inertial forces during movement. In this case, the dif-
ferential equation describing the movement of the points
of the pipeline axis has the following form:

ZTZ+ az% = piA{qlsJ,(x —vt) + ¢ [S_(vt — x) —

=Syt —A) =)+ g5, (vt - A) =)}, (D)

In this case, the initial and boundary conditions will
be as follows:

= 0 (2L szz)a_u =0: 2
Use=0 = 5p; (12 s T2 ) /t=0=0; @)

i) i)
Um0 = 0,5 /xm0= O Upeey, = 0,5- /22, = 0, (3)

where u is the displacement of the points of the oil pipeline
axis in the direction perpendicular to its initial position;
a*=EI/(Ap); p, A, I, E are the density of the oil pipeline ma-
terial, its cross-sectional area, axial moment of inertia of
the cross-section of the oil pipeline pipes and the elastic
modulus of the material; x, t are the coordinate of the oil
pipeline axis and time from the beginning of the movement
of pumped products in the overhead crossing; g, (i=1, 2, 3)
are weights per unit length of the distributed load of petrol,
diaphragm seal and diesel fuel; v is the speed of movement

of oil products in the overhead crossing; At=Ax/v; L is the

length of the overhead crossing; S,(x) are the asymmetric
unit functions (Fridman, 2018).

_ (1, ifx>=0, _

5-() = {o, if x < 0, S+ =

’

{1, if x>0,
0, ifx<0.

The created mathematical model was used to find the
displacements of the oil pipeline axis points and bending
moments of the pipeline overhead crossing part. The Fou-
rier method was used to solve the problem.

Results
The value on the right-hand side of equation (1) in curly
brackets is denoted by q(x, t), i.e:

q(x, t)=q,S,(x—vt) +q,[S (vt-x) -
= S.(o(t - At)-X)] +q,S.(o(t - AD) - X). 4)

The formulated problem should be solved by decom-
posing the desired solution into a series of eigenfunctions
of the problem of free oscillations of an overhead crossing
(Fridman, 2018). To do this, it is necessary to represent g(x,
t) as a series:

A%, H=X,(0)S,(6) + X,()S,(t) + ...+ X ()OS *.... (5)

In the form of a series, it is necessary to find a solution

for deflections (displacements) of the centres of gravity of
the pipeline pipe cross-sections (Fourier method):

U@, =X, T, + X, T, O+ ... * X QT +...,  (6)

where X, (x), X,(x), etc. are eigenfunctions in the case of
free oscillations of the overhead part of the pipeline; S (t),
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S,(0), ..., T,(), T,(1), etc. are unknown functions. Using the
Fourier method, it can be shown that the eigenfunctions of
this problem are as follows:

X, () = Ky )Ks (x) = Ks (K (3x), (1)

where K (%x),l’(4 (%x) - are Krylov’s functions (Fil-

ippov, K, (% x) = i (ch (% ) cos (A" x)),
K, (% x) = ; (sh (% x) — sin (% x)); /. — are the roots of the
transcendental equation ch cos A=1. To determine the time
function 5(t), it is necessary to multiply both parts of equa-
tion (5) by the eigenfunction (7) and integrate the result
over the entire length of the overhead part of the oil pipe-
line. Due to the orthogonality of the eigenfunctions, only

1965):

4

S(®) =

A\ A
e aniar (K () — K (K )] = [Ku Ky (B0t) = Ks (oK, (2t

a4z {Ky ) [ (B0t) - K, (— w(t — At))] ~ Ky x [ (2vt) — Ky (% u(t — At))]} +

one term remains on the right-hand side, corresponding to
the number k, so that:

Si() = mf {q:1S (x —vt) + @z [S_ (vt —x) —
5, (0(t = At) = )] + 435, (v(t — AE) — 2)}
KoKz (%) = KoK, (Fx)|ax. ®)

Next, it is necessary to integrate the numerator and
denominator of equation (8). The value of the integral in
the denominator is known (Filippov, 1965):

Jy XEe0)dx = £ [Ky (A Ks () — Ks K ()1 (9)

The integrals of the numerator must be found. Once
they are found, the following is obtained:

)+

(10)

+a; [k, (20 - 20)) K00k (v - a0 )

In order to shorten the writing for further presentation
in (10), the following notation should be introduced:

4
AklKa (A Ky (Ag) —K3 (A K2 (Ag)]?

KZ (M) — K3 (L) Ky (Ag) = Ca.

= Cl:

Given that each term of series (5) causes a motion de-
scribed by the corresponding term of series (6), equation
(1) can be written in the following form:

XkSk

ek, (11)

Xk’rk + aZX;iVTk =
Dividing both parts of equation (11) by X, T,, the fol-
lowing is obtained:

v s
2 Xk Tk _ Sk

—q° k= .
X Tk pATk

12)
The left-hand side of equation (12) is equal to —p} (p, -

12

natural oscillation frequency, p, = L—f\/,% (Filippov, 1965).

uCot) =35 (G- +5)
sh(ivt) _ (Aiv)ssinpkt Sin(ﬂvt)
(o o) o)1) Ao )]

(%v) sinppt

—Ka(A) [

+q2{K, () X [ z T -

ch(ﬂvt) cos(ﬂvt) pZcos pit
-K (A )[ Lz - Lz i % £
T LG ) () ) () )

nl 2yt - ) i (A_k - ) A \2
s ( v(t-A4t) +sm v(t-A4t) _(fu) smpf(t—At)

() 0t)  we{() i)

( ) sh(—v(t At) Sm(—v(t At)) (Aiv)ssinpk(t—zlt)
+t— - -
R E(E () k) ee((0) 0t)

+ K3 (A) % 5

= K5 () %

Therefore, the differential equation for the function T, is
as follows:
. S
Ty + piTi = p_Z- (13)
The general solution of equation (13) is represented by
the analytical expression:
T (x) =

Ap f Sk () sinpy (t — 1) dr. (14)

p.
When substituting the analytical expression (10) into
(14), it is necessary to perform integration and, using (6),
find a solution to problems (1-3). It is necessary to take
into account the fact that the number of eigenfunctions is
infinitely large. It should also be taken into account that
at the initial time (t=0), the pumped petrol fills the en-
tire overhead part of the pipeline and causes a deflection of
its axis, which must be determined by revealing the static
uncertainty of the overhead part of the pipeline using the
method of forces (Gere & Goodno, 2012). In this regard, the
solution to problem (1-3) has the following final form:

+ %Zf:ﬂlﬁ(/lk) X K3 (%x) — K3(LK, (%X)] (q1 {;—% (1—cospyt) —
3(1,() [ ch(iut) _ cos(fvt) + P2 cospyt ]} +

2

(Bo) +n2) o) 07) (o) o)

—

( 2 ) (15)

c (Tkv(t At)) cos(—v(t At)) pkcos(pk(t—At))

) )
COS(_U(t At)) (%v)z cospk(t—At)]D

( ) (Ak ) -t

(@) ) o[ *
ch(—v(t —At) )
)

T
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Using the formula (15), the deflections u(x, t) of the oil
pipeline axis can be determined every 2 m along the overhead
part for different time points in the interval from O to 15 s, as
well as the bending moments M = —EI ‘;2712‘ The calculations

were performed for the following initial data: g, =1,497 N/m;
q,=1,148 N/m; q,=1,717 N/m; v = 2 m/s; E=2.05x10" Pa;
I=0.000549 m*; p=7,850 kg/m?;, At=0.3815 s; A=0.016305
m?; L =30 m. The results are shown in Figures 2-4.

u(x, t), mm

36 |
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16 20 24 28

Figure 2. Displacement of the oil pipeline axis points during sequential pumping of petrol
and diesel fuel for different time points

Note:a) 1=0s,2=15,3=45,4=75,5=9s;b)1=8s,2=10s,3=125,4=145s,5=15s

Source: created by the authors

The movements of the oil pipeline axis point every two
metres for different time points from t=0 s to t=9 s are
shown in Figure 2a. As can be seen from the graphs, when
different oil products are pumped sequentially, there are fa-
miliar oscillations of the pipeline axis relative to the X-axis
caused by the sequential pumping of different oil prod-
ucts. The largest of the displacements shown corresponds
to time t=1 s and u, . As time t increases, the deviation
of the points from the X-axis decreases. Larger deviations
from the X-axis correspond to positive values of u(x, t), and
smaller deviations to negative values. At larger time values

(from t=8 s to t=15 s) (Fig. 2b), the oscillation process of
the oil pipeline axis continues, but with a smaller devia-
tion from the X-axis. Figure 3 shows the bending moment
graphs for the same time points as for the displacements
in Figure 2. It can be noted that smaller time values cor-
respond to larger modulus values of bending moments. In
Figure 3a, for example, curve 2, corresponding to time t=1
s, has the largest modulus bending moment M=-140 kN-m.
The largest modulus value of the bending moment att>8s
is curve 10 (Fig. 3b), which corresponds to time t=15 s and
is equal to M=-95.3 kN-m.
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Source: created by the authors

Since small values of time correspond to larger dis-
placements of the points of the oil pipeline axis from the
abscissa axis X, the displacements and bending moments
at small values of time were calculated. The results are
shown in Figure 4. The displacements of the axis of the
30 m long overhead oil pipeline crossing in Figure 4a cor-
respond to the time points t=0.3 s, 0.35 s and 0.45 s. At
t=0.45 s, the displacement reaches a maximum equal to
u,. and the same maximum is obtained at t=0.15 s (this
curve is not plotted in Figure 4a, it almost coincides with
the displacement curve for t=0.45 s). Bending moments for
small values of time are shown in Figure 4b. At t=0.15 s
and t=0.45 s, the bending moment curves, similarly to the
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displacements, almost coincide. The largest modulus value
of the bending moments at t=0.45 s is M=-144.7 kN-m, and
for t=0.45 s M=-143.6 kN-m, and they correspond to the
final cross-section x=30 m of the part of the oil pipeline. It
is necessary to compare the largest bending moment mod-
ulus for the sequential pumping of petrol and diesel fuel
with the largest bending moment modulus of petrol and
diesel fuel for their separate pumping. When petrol and
diesel are pumped separately, the formula for their bend-
ing modulus is:
M=EI2Y =8 (x — L+ 5),i=1; 3;
6

0x? 2

¢, = 1,497N/m, g5 = 1,717 N/m. (16)
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Substituting g, and g, into the above formula, the
bending moments of the pipeline for petrol pumping are
obtained as M,=112.3 kN-m and for diesel fuel pumping
as M,=128.8 kN-m. The largest bending moment during
the sequential pumping of petrol and diesel fuel is 1.29
and 1.12 times higher than the bending moments dur-
ing their separate pumping, respectively. When the end
cross-sections of the diaphragm seal (rubber piston) en-
ter the overhead part of the oil pipeline, which occurs at
times t=0 s and t=0.38 s, at times t=0.15 s and t=0.45
s, the maximum (37 mm) deflections of the oil pipeline
axis in one of its middle cross-sections in the part occur,
and the end part of the pipeline section x=30 m has the
largest bending moments by modulus. This confirms the
fact that all changes in the deflection of the pipeline
axis and its bending moment in the part are caused by
density oscillations between the diaphragm seal and the
pumped oil products. The difference in density between
the diaphragm seal and the pumped oil products leads
to an increase in the deflection arc of the pipe axis at
the beam crossing. This, in turn, causes a loss of pipe-
line stability at this crossing due to the lower axial com-
pressive force of the pipes caused by changes in ambient
temperature.

Discussion

The absence of publications found by the authors that
would directly investigate the issue of sequential pump-
ing of various oil products on the overhead part of the
pipeline demonstrates the importance of current and
further research in this area. However, an in-depth
study of certain aspects of the topic can shed light on
the technological challenges in this process, so the fol-
lowing studies reviewed in this chapter are worthy of
attention. M.]. Brennan et al. (2018) investigated wave
propagation due to oscillations caused by a natural gas
leak from a damaged pipeline. The developed simulation
model of wave propagation includes two parts: a model
of amplitude damping and a model of wave propagation.
It is shown that this model can be used to determine
the location of a gas leak. A number of studies have fo-
cused on the behaviour of pipelines on soft ground, such
as the study by J. Tang et al. (2023), and on permafrost,
such as the study by K. Wang et al. (2023). The change
in pipe deformations and stresses over time has been es-
tablished, but these models do not take into account the
oscillations of the pipes during the transportation of hy-
drocarbons, which reduces the informational value of the
models. To improve the operating conditions of pipelines,
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P.O. Ayegba et al. (2021) used various design and tech-
nological measures but do not take into account the oc-
currence of pipe oscillations. As noted by Y. Zhang et
al. (2023), the safe operation of pipelines is currently the
main challenge for the pipeline industry. The results of
the conducted studies show that the assessment of the
vulnerability of oil and gas pipelines is at a preliminary
stage and does not take into account their oscillations.

The main causes of pipeline accidents are weld de-
fects, as described by F. Wang et al. (2023), and corrosion
damage, which is considered by T. Arumugam et al. (2023).
These phenomena are stimulated by pipeline oscilla-
tions during operation, which lead to the occurrence of
load cycles and acceleration of corrosion processes and
fatigue destruction of steels. Therefore, when design-
ing pipelines, in particular, overhead pipeline crossings,
it is necessary to take into account their oscillations to
ensure high performance. The peculiarities of stress and
displacement distribution in pipeline systems have been
studied in many works, including those by X. Wang et
al. (2022) and X. Li et al. (2022), and general approaches
to such problems can be divided into three global areas.
The first direction is based on analytical methods, such as
the studies by M. Witek (2021) and W. Zhang et al. (2022).
Studies in the second area, namely A. Tsatsis et al. (2022)
and X. Liu et al. (2022), are based on the finite element
method and use engineering software packages. The
third direction — P. Ni et al. (2023) - used laboratory and
field measurements or modelling experiments. The study
presented in this article develops the first, analytical di-
rection of research. It is worth mentioning the study of
the influence of vibration parameters during pipe weld-
ing on the state of pipeline systems, as in the study by
Y. Bao et al. (2023a), as well as the detection of defects in
them caused by these oscillations, as discussed by P. Ku-
mar & P.K. Mohapatra (2022). Mathematically, oscillatory
processes are described by hyperbolic equations or their
systems, whose solutions in the class of integer functions
often have the property of index boundedness in the di-
rection of oscillations (Bandura & Skaskiv, 2018) or in a
set of variables (Bandura & Skaskiv, 2019).

In the publication I. Chudyk et al. (2020) the relation-
ships between the parameters of unsteady longitudinal and
torsional oscillations of a drilling tool can be found and a
mathematical model to study their properties is developed.
As a result of solving this problem, it became possible to
select the optimal modes of dynamic loading of a drilling
tool in order to increase its energy efficiency. This indicates
the possibility of studying the oscillatory processes that
accompany various oscillatory processes. In the author’s
problem, the alternating oscillations during the sequential
pumping of two different oil products lead to an increase in
bending moments, which must be taken into account when
designing oil pipelines. Forced oscillations can accompany
certain technological processes and are harmful to them.
Their study makes it possible to obtain results that can be
used to reduce the magnitude of these oscillations. This
conclusion is confirmed by the work of V. Moysyshyn et
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al. (2021), in which experimental studies of the drilling
process on a drilling rig made it possible to provide prac-
tical recommendations for reducing the harmful effects of
drilling tool vibrations and reducing the energy intensity
of the drilling process. But there are also technological
processes that require specially created vibrations. In the
study by Y. Bao et al. (2023b) certain vibrations are set and
the transient characteristics of two-phase gas-liquid flow
in inclined pipes are found. It was found that inclined vi-
bration has the most significant effect on gas-liquid flow,
followed by horizontal and vertical vibration. The effect of
vibration on the secondary flow increases with increasing
vibration amplitude. This study should be applied to off-
shore oil and gas equipment.

The research of D. Guan et al. (2019) is devoted to
the experimental study of the interaction between flow
fields, scour and forced vibrational pipelines in a calm
water environment. In reality, a pipeline lying on the
seabed is subjected to scour around it under the influ-
ence of current fields. On the other hand, the same scour
occurs under the influence of quite specific vibrations
of the pipeline itself, if there are no flow fields around
the pipeline. This means that there is a definite connec-
tion between the scour of the channel in which the pipe-
line is located and the vibration of the pipeline itself.
Damping oscillations at energy facilities such as pump-
ing stations is important, as oscillations from pumping
stations are added to the oscillations of oil pipelines
caused by the process of pumping oil products. More
and more refurbished oil pipes are being used in oil and
gas transmission pipelines in China. In the publication
by S. Zhang et al. (2023), the case of cracks in a repaired
oil pipe after eight months of operation is investigat-
ed. As a result of a series of experiments, the authors
concluded that during the repair work, an external weld
was made at the end of the external thread of the pipe,
which resulted in the formation of a martensitic metal
structure, and cold cracks appeared in the zone of ther-
mal influence, which were detected after a rather long
operation as part of the pipeline. The authors do not
indicate the conditions of its operation. If the pipeline
was pumping oil, this process would be accompanied by
pipeline oscillations. These vibrations, in turn, would
stimulate the process of cracking.

Summarising all of the above in relation to the cited
literature, the following should be noted: there are tech-
nological processes that generate oscillations (vibrations)
of pipes in oil pipelines and other pipelines. These oscilla-
tions are harmful, and their reduction would improve the
technological process and ensure the trouble-free opera-
tion of pipelines. In this case, they should be taken into
account when calculating the strength and stability of
pipelines. Less common are the technological processes
in which certain vibrations are required to produce them.
In this case, vibrations are not harmful. The authors of
the study did not find any publications on the sequential
pumping of two different oil products through pipelines,
which shows the need to study this issue.

(39)
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Conclusions

A mathematical model of the sequential pumping of two
different oil products with a diaphragm seal between
them through an overhead pipeline crossing has been
developed to determine both the deflection function of
the pipe axis at the crossing and their bending moments
relative to the horizontal coordinate axis X. The model
takes into account static forces (weights of oil products
and the diaphragm seal) and the initial condition of the
problem, which corresponds to the stationary state of
oil products in the pipeline. The weight of pipes at the
crossing, inertial forces of oil products, the diaphragm
seal and oil pipeline pipes are not taken into account.
As a result of the implementation of the mathematical
model, it was found that from the moment one of the end
cross-sections of the diaphragm seal enters the overhead
crossing of the oil pipeline, which at the initial moment
of time was on the border with the overhead crossing, the
alternating oscillations of the oil pipeline axis begin. At
the same time, smaller values of deviations from the ab-
scissa axis X correspond to negative values of the axis
deflection function, and larger values correspond to its
positive values. The obtained function of deflections of
the oil pipeline axis at the overhead crossing was used to
find the function of bending moments, which, like deflec-
tions, continuously change both in modulus and sign. The
entry of each of the end cross-sections of the diaphragm
seal during the sequential pumping of two different oil
products into the overhead part of the pipeline causes
maximum positive displacements of its axis points and
the largest modulus values of bending moments, which
occur literally in a tenth of a second after the entry of
the end section of the diaphragm seal into the overhead
crossing of the pipeline. At the same time, for a 30 m long
overhead crossing, the vertical displacement reaches a
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AHoOTaLig. MeTos MOCTiMOBHOIO MEPeKauyBaHHS PisHUX HA(TOMPOAYKTIB, PO3MIIEHNX MiX CO60I0 PO3AITBHUKOM
CepefoBUILl, € OOHMM i3 HAOIMbII MOIIMPEHMX Ta €KOHOMIYHO BMTiZHMX, MPOTe, BMHMKAIOTh 3HAUHI KOJMBAHHS
Ha(TOMPOBOAIB Ha iX HAN3eMHMX [OUITHKAX yepe3 Pi3HUIIO TYCTUH. [IOCTiIKeHHSI TaKuMX KOJIMBaHb i iX BIUIMBY Ha
MiLIHiCTb Ta CTiMKiCTh Ha[J3e MHUX IiITHOK HADTOMPOBOiB MPAKTUYHO BiICYTHI, 1[0 POOUTB 1110 TEMY aKTyaIbHOI0. MeTol0
IaHoi cTaTTi 6y/10 BU3HAUEHHST KOMMBaHb OCi HaTOMpoBOAy Ta 3TMHAIBHMUX MOMEHTIB, SIKi BOZHOYAC BUHUKAIOTH, 6€3
BpaxyBaHHS CUJI iHep1LIii mepekayyBaHUX HaTOMPOLYKTIB AJIsI OLHOMPOTiHHOTO 6a/IKOBOrO Mepexony 6e3 KOMIIEHCATOPiB
MOB3I0BXHIX Hedopmariiit. [TobynoBaHO MaTeMaTUUHy MOJe/b MOCTiLOBHOTO MepeKauyBaHHSI TPYOOIPOBOLOM JIBOX
pisHMX HadTOMpPOAYKTIB. 3amava poO3B’sSI3yBajacs MeTOLOM pPO3KIaJAHHSI HIYKAHOTO PO3B’SI3KY B DS 1O BIACHUX
(byHKIIiSIX 3a1a4i BiIbHMUX KOJMMBaHb HAI3€MHOI IITHKM HAaTOMPOBOMY 3i 3acTOCyBaHHAM MeTony dyp’e. V pesynbrati
BMKOHAHHS OGUMCIEHb 38 OTPMMAHUM PO3B’SI3KOM 3aJjaui 6y/JI0 BCTAHOBJIEHO, 10 B HAJ[3eMHil iIsHII HabTOMPOBOAY
Mif, yac MoCIiZ0BHOTO IlepekauyBaHHs pi3HUX HADTONPOLYKTiB BUHMKAIOTh 3HAKO3MiHHI KOMMBaHHS Oci HaTOmpoBoLy
BimHOCHO oci a6cryc dyHKIii nporuHy oci HadgTompoBoay. Ilim yac BXOMKEHHsS KiHIEBMX TepepisiB po3nilbHUKA B
HaJI3eMHY JiISTHKY HadTOIMpPOBOLY Yepe3 MecsTi Joji CeKyHAM B OJHOMY i3 cepefHix IepepisiB OUITHKM BUHUKAIOTh
Hali6iMbII TporrHK. 3rMHaIbHi MOMEHTHM MalOTh Halt6iIbIN 3HaUeHHS 3a Moay/ieM. Kpusi mporuuy oci HahTompoBoay Ta
KPMBi 3TMHAJIbHMX MOMEHTIB JJISI [IMX MOMEHTIB 4acy MpakTUYHO CIiBIaAal0Th. BcTaHOBIEHO, 1110 Halt6i/blIi 38 MoAyIeM
3TMHaJbHI MOMEHTM TPYOOIPOBOAY IMiJ, Yac MOCIiJOBHOIO MepeKayyBaHHS IOBOX Pi3HMX HATONPOLYKTIB € CYTTEBO
GLTBLIVIMY, HIK 3TMHATbHI MOMEHTM LIMX ke HaTOMPOAYKTIB P iX OKpeMoMy repekauyBaHHi. OfepskaHi pe3ynbTaTu
IOCIiIKeHHS 6YIyTh KOPMUCHI Ha MPaKTUILi TPOEKTYBaJIbHUKAM TPYOOIIPOBOIIB, MO SIKMUX ITOC/TiJOBHO ITepeKauyBaTUMYTh
HaTOMPOAYKTH 3 Pi3HOIO TYCTUHOIO

Knro4oBi cnoBa: opHomnporinumuii 6aakoBuii mepexiz; Bick Tpyou; BaacHi GyHKIii 3a7aui BITbHUX KOMMBAHb; IPOTMHN
oci Tpy6oIIpOBO/TY; PO3/iJIbHE CEpPEeIOBUIIE; STUHATbHIIT MOMEHT
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Abstract. The growing need to increase production of natural hydrocarbons makes hydraulic fracturing technology one
of the key methods of production stimulation, so the need to improve the efficiency and cost-effectiveness of hydraulic
fracturing, which can be achieved by optimising the fluid composition, is becoming an urgent issue. The aim of the study
was to find effective formulations of hydraulic fracturing fluid that would have the structural and rheological properties
necessary for successful hydraulic fracturing in wells with temperatures above 80°C. An empirical method of conducting
laboratory studies of hydraulic fracturing fluid formulations is used. To substantiate the rheological properties of hydraulic
fracturing fluids, they were tested. This method involved systematic testing of various combinations of fluid components
to select the optimal composition that would meet the requirements of efficient and economical fracturing at elevated well
temperatures. The main types of fracturing fluids and their formulations are analysed, and the results of laboratory studies
on the selection of optimal parameters of fracturing fluid in a well with a formation temperature of 85°C are presented. The
relationship between the chemical composition (formulation) of the fracturing fluid and its rheological properties at a tem-
perature of 85°C is experimentally established. Using the method of formulation selection, the composition of the fracturing
fluid was found that can withstand landslide pressures, is stable and does not collapse prematurely. The article proposes a
formulation of a fluid that can be used during hydraulic fracturing in gas and oil fields. Practical implementation of the re-
search results will improve the efficiency of hydraulic fracturing technology and increase the productivity of oil and gas wells

Keywords: bottomhole formation zone; well; fracking; linear gel; laboratory fluid tests; polymers

Introduction

Hydraulic fracturing is a widely used technique to stimu-
late hydrocarbon production by creating a network of high-
ly conductive fractures in the area around the wellbore and
in the remote reservoir zone. The created network of frac-
tures not only improves the conductivity of the reservoir
rock, but also increases the filtration surface area, which
helps to intensify hydrocarbon production. This method
can be used in both vertical and horizontal wells. Oil and
gas companies are working to develop the most effective
fluid composition to achieve the best possible reservoir

conductivity after the operation. Linear or cross-linked
guars are the most commonly used fluids in traditional
fracturing operations (Zhao et al., 2020). The main func-
tions of these fluids are to form or open a crack (a fracture)
and transport propane through the crack (Almubarak et
al., 2020). To maintain gel stability at the end of the frac-
turing process, various chemicals are used. During fractur-
ing in high temperature wells, conventional guar-based
polymer systems degrade faster than at low temperatures
and require more guar to maintain stability, as indicated by

Suggested Citation: Mykhailyshyn, B., & Kuper, 1. (2022). Improving the formulation of hydraulic fracturing fluid. Prospecting and
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Y. Huang et al. (2024). However, increased concentrations
of guar in the fluid lead to an increase in residual decay
products after destruction and, as a result, to contamina-
tion of the bottomhole formation zone and the formation
as a whole, as reported by S. Liu et al. (2020). To solve these
problems, various high-temperature stabilisers are added
to improve the thermal stability of these fracturing fluids
at temperatures above 85°C.

The chemical composition of hydraulic fracturing flu-
ids mainly includes polymer systems, cross-linking agents,
bactericides (biocides), breakers, buffers, clay stabilisers,
deflectors, friction reducers, gel stabilisers, surfactants
and demulsifiers, and temperature stabilisers (Wang et
al., 2022a; 2022b). To obtain a high viscosity of the line-
ar gel, polymers are used. L. Moroz et al. (2023) empha-
sised the importance of each chemical in the gel structure.
Cross-linkers are used to bind polymer molecules together.
Destructors (breakers) are added to break the bonds be-
tween the polymer molecules in the formation and cause
its dehydration. Clay stabilisers are used to prevent clay
swelling. Demulsifiers are used to prevent emulsion for-
mation and reduce surface tension. Buffer solutions are
used to control the pH, acidity or alkalinity of the solution,
which affect the hydration of the polymer, the quality and
the cross-linking time. For high temperatures, temperature
stabilisers are used. Defoamers prevent foam formation.
Friction reducers are used to reduce pressure losses dur-
ing pumping. Insulating agents are also used to isolate the
processing interval at the top and bottom.

To select fracturing fluid compositions for specific well
conditions, it is important to experimentally determine the
stability of their rheological characteristics, as indicated by
H. Xu et al. (2023) over the expected period of hydraulic
fracturing operations and their post-operational decompo-
sition time, simulating reservoir conditions. This process
involves taking into account the geological and operation-
al characteristics of the well, including reservoir filtration
properties, reservoir temperature, pressure and sensitivity
of the reservoir rocks to fracturing fluid. In fact, according
to A.K. Quainoo et al. (2022), this process highlights the
need for a comprehensive understanding and tailored ap-
proach to hydraulic fracturing operations, emphasising the
critical role of adapting fluid formulations to the unique
conditions of each well. By carefully evaluating the rheo-
logical properties of fracturing fluids under conditions that
mimic the surrounding formation properties, engineers
can improve the efficiency and effectiveness of the fractur-
ing process. This approach not only improves hydrocarbon
production, but also minimises potential negative effects
on reservoir performance and environmental impact. Ex-
perimental determination of fluid stability and rheological

properties requires sophisticated laboratory equipment
and methodologies that can accurately reproduce the high
pressure and high temperature conditions in deep under-
ground reservoirs. In addition, understanding the sensitiv-
ity of the reservoir rock to fracturing fluids is paramount
to avoiding a reduction in permeability that could impede
hydrocarbon flow to the wellbore, as discussed in paper by
S. Al-Hajri et al. (2022).

Overall, optimising the fracturing fluid based on de-
tailed reservoir characteristics and precisely executing
fracturing operations is fundamental to maximising oil and
gas production. An analysis of various studies indicates
that although considerable work has been done to develop
and optimise hydraulic fracturing fluids, the aspect of cre-
ating effective fluids without the addition of temperature
stabilisers with minimal polymer loads and studying their
rheological effects remains insufficiently researched. This
indicates the potential for further research in this area,
especially given the growing demands for environmental
safety and efficiency of hydrocarbon production processes.
This work is aimed at finding a combination of chemical
elements to create fracturing fluids without the addition
of temperature stabilisers at minimal polymer loads and
studying their rheological effects.

Materials and Methods

Laboratory tests were carried out, with a combination of
different formulations of chemicals and their quantities.
The following equipment was used in the laboratory: an
aerometer designed to determine the density of the lig-
uid; a blender used to mix chemicals; electronic scales
for accurate measurement of the amount of chemicals; an
acidity meter with a temperature sensor for determining
pH and temperature; an Ofite viscometer (800S model,
Ofite Company, USA) for determining viscosity; a Brook-
field rheometer (PVS model, Brookfield Company, USA) for
determining viscosity under specified reservoir conditions.
All instruments in the laboratory are certified and period-
ically calibrated. Laboratory tests were carried out to find
the optimal formulation parameters aimed at reducing and
avoiding formation contamination with additional poly-
mer degradation products. The aim was to achieve the re-
quired rheological properties of hydraulic fracturing fluids,
in which the system would be stable, restore its rheological
properties after phase loads and not be prematurely de-
stroyed. This article describes the step-by-step formulation
tests for fracturing fluids. The article considers the most
common chemical composition of water-based fracturing
fluid in Ukraine (Table 1). A test was carried out in the lab-
oratory to select the optimal parameters of the fracturing
fluid at a temperature of 85°C.

Table 1. Names of chemicals used in the study

S Salt stabiliser Sodium D-gluconate (80%), crystallised silicon dioxide (20%)
w Accelerated cross-linker Ethylene glycol (30%), sodium tetraborate (30%), water (40%)
D Slow cross-linker Ulexite (55%), diesel fuel (45%)
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Table 1. Continued

B Bactericide 2, 2-dibromo-2-cyano acetamide (80%), sodium glucate (10%)
N Gelling agent Guar gum/resin, guar

G Clay stabiliser Ethylene glycol (30%), choline bicarbonate (50%), water (20%)
X Demulsifier of surfactants Mixture of surfactants (75%), water (20%), ethylene glycol (5%)
© Liquid destructor Ammonium persulfate

Z Encapsulated destructor Encapsulated ammonium persulfate

Source: created by the authors

The water tests were conducted, which were used to
prepare the fracturing fluid. The next step was a test to
increase the viscosity of the linear gel and a cross-link-
ing test. After that, the fluid was tested on a rheometer,
which performed stability, shear and fracture tests. The
water was tested for compatibility with the chemicals
used in the process according to API RP 45: Recommend-
ed practice for analysis of oilfield waters (1998), according
to which water was tested for chemical and mechanical
impurities, which included the following items, and API
RP 39: Recommended practices on measuring the viscous
properties of a cross-linked water-based fracturing fluid
(1998). Determination of water purity, colour and trans-
parency. Determination of the salt content: the percent-
age of salt in water should not exceed 1.5%, otherwise the
gel will quickly dehydrate. Determination of iron content
(Fe): the amount of iron in the water should not exceed
10 mg/l, if this amount is exceeded, partial cross-linking
of the polymer is recorded, and the overall quality of the
cross-linked gel deteriorates. Determination of sodium
(Na*), potassium (K) and chloride (Cl") content: if the
water content is high, the gel is cross-linked; the value
should be less than 500 mg/l. Determination of alkalini-
ty, bicarbonate content (HCO,): it affects the hydration of
the polymer and increases the cross-linking time of the
gel at high rates. Determination of rigidity: determined
by the content of calcium (Ca?") and magnesium (Mg*) in
the water, with a large amount affects the gel cross-link-
ing time, increasing it. Determination of the content of
sulfates (S07): the high content of sulfates contributes to
the formation of dense insoluble mineral deposits. Deter-
mining the pH level, which should be between 6.0 and 8.0:
if the pH is below 6.0, this leads to a lack of cross-link-
ing, if it is above 8.0, then the linear gel cross-links too
quickly. The test is carried out by dipping a strip of lit-
mus paper, a universal indicator, into water. After one or
two minutes, the changed colour of the indicator paper is
compared with the colour of the scale provided in the kit.

In order to thicken the water to form a linear gel (linear
gel viscosity test), 4 tests were performed, including 3 tests
with a gelling agent loading of 2.8 kg/m® and one test with
a loading of 3.0 kg/m3. The research (test) methodology is
as follows: pre-selected water for hydraulic fracturing was
heated to a temperature of 50 degrees. Then it was trans-
ferred to a blender cup in a volume of 0.5 m3. The gelling
agent was added and hydration was carried out for 6.5 min
with the blades in the blender rotating at 300 rpm. The gel
was then transferred in a volume of 400 ml to an Ofite vis-
cometer. During the test, the temperature, pH of the water
and gel, hydration time, and viscosity before and after the
addition of guar were recorded. The methodology for the
linear gel cross-linking test was as follows: the linear gel
was transferred to a 0.5-litre blender cup. A cross-linker was
added and hydration was carried out with the blades in the
blender rotating at 2,000 rpm. After adding the cross-link-
er and chemical reagents to the linear gel, the temperature,
dome formation time, funnel closure time, and cross-linking
time were recorded. A combination of a slow and fast bo-
rate cross-linker was used for cross-linking. The shear rate
(cross-linked gel shear test) has units of rpm. A Brookfield
rheometer was used to measure the shear rate. The rheom-
eter uses a rotating cup and a fixed rod with a gap between
them to simulate a flow transition. The speed of rotation of
the cup provides the shear rate, and the rod measures the
shear load or resistance force acting on the walls of the cup
and rod (Montgomery, 2013). This is determined by measur-
ing the torque on the rod. The shear rate is the relative veloc-
ity between the stationary rod and the rotating cup divided
by the separation gap. In the test, after the cross-linking test,
the sample was transferred to the cup and sheared at a con-
stant speed of 100 rpm until the temperature was brought
to equilibrium. After heating the liquid, the speed increased
to 500 rpm. This was repeated at least 4 times in the range
of 100-500-100-500 rpm. The chemical composition given
in Table 1 was used for the study and Tests 1, 2, 3, 4 were
performed with the chemical reagent loads given in Table 2.

Table 2. The chemical reagent loads, Tests 1-4

Value Test 1 Test 2 Test 3 Test 4
N, kg/m? 2.8 2.8 2.8 3.0
G, l/m? 2.0 2.0 2.0 2.0
X, l/m? 1.0 1.0 1.0 1.0
S, kg/m’ - 0.6 0.5 0.5
D, l/m? 2.5 2.5 2.2 2.2
W, I/m3 1.0 1.0 1.0 1.0

Source: created by the authors
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The main stages of testing the stability of the cross-
linked gel were as follows. A sample of the cross-linked gel
was taken and transferred to a Brookfield rheometer. The
sample chamber recreates reservoir conditions, pressure and
temperature that are as close as possible to those that occur
during hydraulic fracturing. During the exposure, it is neces-
sary to monitor changes in the structure and properties of the
gel, whether the system behaves consistently for 1 hour. At
the end of the exposure, the test results should be analysed.

If the gel remains stable and retains its properties, it can be
used in the hydraulic fracturing process. If signs of destruc-
tion are found, it is necessary to change the gel formulation
and retest. Since this fluid was selected for high-tempera-
ture wells, 3 stability tests (5, 6, 7) were performed at 85°C
with the parameters given in Table 3. The cross-linked gel
destruction test is carried out in the same way as the stability
test, but with the addition of a destructor. Liquid (Z) and en-
capsulated (C) breakers were used for destruction (Table 4).

Table 3. The chemical reagent loads, Tests 5-7

Value Test 5 Test 6 Test 7
N, kg/m® 2.8 3.0 2.8
G, l/m? 2.0 2.0 2.0
X, l/m? 1.0 1.0 1.0
S, kg/m? 0.5 0.5 0.6
D, I/m3 2.2 2.2 2.5
W, I/m? 1.0 1.0 1.0
Source: created by the authors
Table 4. The chemical reagent loads, Tests 8-10

Value Test 8 Test 9 Test 10
N, kg/m? 2.8 3.0 2.8
G, l/m? 2.0 2.0 2.0
X, /m? 1.0 1.0 1.0
S, kg/m? 0.5 0.5 0.6
D, l/m? 2.2 2.2 2.5
W, I/m? 1.0 1.0 1.0
Z, kg/m® 0.2 0.2 0.2
C, kg/m3 0.035 0.015 0.07

Source: created by the authors

Results

Water testing for compatibility with the chemicals
used. Hydraulic fracturing requires a large amount of water.
It is necessary that the water from a particular source meets
certain acceptable parameters. For this purpose, before each
hydraulic fracturing operation, water from each source is
delivered to the laboratory and a number of tests are carried
out. Figure 1 shows the colour of the indicator (arrow on the
left) after reacting with water and comparing it to the colour
of the scale (arrow on the right). The results of the content of
calcium and magnesium bicarbonates, sulphates, chlorides,
phosphates and iron ions in the liquid used in the following
tests are shown in Table 5.1t can be concluded that this water
is suitable for the preparation of hydraulic fracturing fluid
after conducting the following tests according to API RP 39:
Recommended practices on measuring the viscous proper-
ties of a cross-linked water-based fracturing fluid (1998).

Figure 1. Testing water for substances

Source: created by the authors

Table 5. Testing water for impurity content

Value Unit of measurement Result Norm
Density (25°C) g/cm’ 0.998 1.005
pH - 7.7 5-8.6

Na*, K* mg/1 378.8 <500
Ca% mg/1 12 <500

Mg?* mg/1 1 <500
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Table 5. Continued

Value Unit of measurement Result Norm
Fe mg/1 0 <8
SO* mg/1 80.3 <100

Cl- mg/1 310.5 < 1,000
HCO, mg/1 410.7 <600

Source: created by the authors

Test for increasing the viscosity of a linear gel.
Traditionally, polymer systems based on guar are used
to give fracturing fluids the necessary rheological prop-
erties. Despite their widespread use, such systems have
disadvantages associated with changes in viscosity during
pumping. An urgent problem is the insufficient viscosity
recovery rate after changing the flow regime (from tubing
to production string, from the string to perforations) and
premature gel destruction. There is a problem of forma-
tion contamination with polymer degradation products.

This is especially true at high reservoir temperatures in
the well. Linear gel is a water-based liquid that is artifi-
cially thickened with guar-based chemicals. Guar is a long
polymeric chain made up of mannose sucrose and galac-
tose, called polysaccharides. After adding it to water, the
viscosity of the liquid increases. Increasing the viscosity
is necessary to ensure the effective ability of the linear gel
to carry proppant. Table 6 shows the results of the study of
four samples to increase the viscosity of a linear gel after
adding guar to it.

Table 6. Linear gel test on a blender, Tests 1-4

Value Test 1 Test 2 Test 3 Test 4
Water temperature, °C 50 49.7 52 53
Water pH level 7.70 7.9 7.9 7.8
Linear gel pH level 8.10 8.1 8.1 8.2
Viscosity, cP 13 13 13 14.5
Hydration time, min 6.5 6.5 6.5 6.5
Viscosity after 2 hours, cP 16.5 16.7 16.5 18

Source: created by the authors

The results of these studies show that this guar
gains the required viscosity at these loads and this con-
centration can be used for subsequent tests. Due to the
high temperature and well conditions for which this gel
was prepared, it was necessary to increase the viscos-
ity and add a cross-linker to avoid premature propane
settling on the bottom hole and producing a stopper.

Linear gel cross-linking test. A cross-linked gel con-
sists of the same materials as a linear gel, but a cross-link-
ing agent is added to increase the viscosity of the linear gel
from less than 10 cP to the range of 100 or 1,000 cP. Higher
viscosity increases the fracture width so it can accept higher

propane concentrations, reduces fluid loss to improve fluid
efficiency, improves the fluid’s ability to transport propane,
and reduces friction pressure. Based on the experience of
preparing liquids, if premature formation/disappearance of
the funnel occurs or this time does not last longer than 40
seconds, the experiment should be carried out with other
concentrations, as the gel will not be stable. The test was
conducted according to the methodology described in the
relevant section (Table 7). The cross-linking time of the frac-
turing fluid is an important element in the pumping process,
as the cross-linking time must be shorter than the time it
takes for the fluid to travel from the surface to the formation.

Table 7. Linear gel test on a blender, Tests 1-4

Value Test 1 Test 2 Test 3 Test 4
Formation/disappearance of the funnel/cross-linking time, s 12/15/1.15 25/30/3.30 20/25/3.15 15/20/1.50
Cross-linked gel temperature, °C 40 40.5 42 40
Cross-linked gel pH level 8.41 8.49 8.42 8.45

Source: created by the authors

Cross-linked gel shear test. This test is carried out
to determine the stability of the system under shear loads
during the pumping process. Namely, the gel flows out of
the tubing into the production string and passes through
the perforations into the formation. The fluid shear stress
is equal to the force of resistance on the plates divided
by the area of the plates and has units of voltage or pres-
sure (e.g. psi). The shear rate (or velocity gradient) is the

relative velocity of the two plates divided by the distance
between the plates.

The Brookfield rheometer used in the study is de-
signed for measurements under elevated pressure and
temperature conditions and is used for quality control and
management in rheological testing. The rheometer is de-
signed to measure the viscosity of liquid Newtonian me-
dia, as well as to construct and record rheological curves of
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non-Newtonian media at high pressures and temperatures.
After the shear test, the fluid should have a low shear sen-
sitivity. The time to restore the gel viscosity to 400 cP, after
reducing the shear rate, should not be: the beginning of

viscosity recovery is 5 seconds and the full viscosity recov-
ery is 1 minute. Figure 2 shows the gel flowing from the
tubing into the production string (Section 1) and the gel
entering the fracture through the perforations (Section 2).
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Figure 2. Cross-linked gel shear tests

Source: created by the authors

The first experiment showed a negative result, as the
gel did not regain its rheological properties after changing
the speed at section 2 (Test 1).

After the addition of the salt stabiliser, the system be-
gan to restore its characteristics and gained the required
viscosity (Test 2, 3, 4). Since Test 3 is the best at restoring
its characteristics, a gel stability study was conducted with
this formulation.

Cross-linked gel stability test. The cross-linked gel sta-
bility test is performed to ensure that the system will behave
consistently and not lose viscosity during the pumping process.
During hydraulic fracturing, the viscosity of the fluid should
not drop below 400 cP, as this is the minimum viscosity of the
fracturing fluid that can hold the proppant in suspension. The
results of the test are shown in Figure 3. The values obtained
before installation on the rheometer are shown in Table 8.
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Figure 3. Cross-linked gel stability tests
Source: created by the authors
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Table 8. Blender test, Tests 5-7

Value Test 5 Test 6 Test 7
Water temperature, °C 53.4 52.2 54
Water pH level 7.70 7.8 7.78
Linear gel pH level 8.08 8.1 8.2
Viscosity, cP 13 15 13
Hydration time, min 6.5 6.5 6.5
Time of cross-linking/formation/disappearance of the funnel, s 17/19/2 17/22/1.40 17/20/2
Cross-linked gel temperature, °C 43 42 43
Cross-linked gel pH level 8.40 8.4 8.4

Source: created by the authors

From this graph, it can be concluded that these sys-
tems behave stably over time in the range of 350-600 cP,
while Test 5 showed that a low concentration of guar leads
to a drop in viscosity of 100 cP. Increasing the guar con-
tent in Test 6 results in an increase in viscosity at the be-
ginning, but a decrease in viscosity over time of 150 cP.
In Test 7, a smaller drop in viscosity (only 50 cP) was achieved
with a lower concentration of guar, by increasing the salt
stabiliser from 0.5 to 0.6 kg/m3 and the concentration of
slow crosslinker from 2.2 1/m? to 2.5 I/m3. These systems
are stable, so the following destruction tests are carried out.

Destruction test of cross-linked gel. This test is an
important stage in the process of preparing for hydraulic
fracturing, making sure that the gel will break down after
the work is completed and will not remain in a viscous
form in the formation.

There are slow-acting (encapsulated) and fast-act-
ing (live) destructors. The active ingredient is ammo-
nium persulfate. Often it is necessary to carry out a
combination of fast and slow action to achieve the de-
sired result. Table 9 shows the parameters of Tests 8-10
on the blender.

Table 9. Blender test, Tests 8-10

Value Test 8 Test 9 Test 10
Water temperature, °C 42 45 46
Water pH level 7.90 7.96 7.92
Linear gel pH level 8.04 8.16 8.11
Viscosity, cP 13.5 13 13
Hydration time, min 6.5 6.5 6.5
Time of cross-linking/formation/disappearance of the funnel, s 16/18/1.40 12/15/1.30 17/20/2
Cross-linked gel temperature, °C 37 40 43
Cross-linked gel pH level 8.30 8.32 8.3

Source: created by the authors

Figure 4 shows that the time for complete gel degrada-
tion is 20 min, 30 min and 1 hour and 20 min (Tests 8-10).
Depending on the amount of proppant per 1 m® and the
pumping volume, the time required to ensure that the gel

does not prematurely break down during the pumping pro-
cess is set to a value that is sufficient. Also, after the gel is
pumped into the formation, it is necessary for it to imme-
diately begin to degrade.
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Figure 4. Performing a destruction test on a rheometer

Source: created by the authors
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In Table 9, with a guar loading of 2.8 kg/m3 and the
addition of a live breaker of 0.035 kg/m® in Test 8, a small
amount of pumping can be performed. For larger pump-
ing volumes, it will be necessary to increase the guar con-
centration to 3.0 kg/m® according to Test 9 and reduce the
live breaker concentration. A high content of live breaker
(Test 10) reduces the pumping time and the risk of prema-
ture degradation. Fluid control is the most critical aspect of
hydraulic fracturing and must be carried out continuously.
For these reasons, fluid tests are carried out not only in the
stationary laboratories of contractors, but also directly at
the well, in the field laboratory. If the water has passed all
the criteria, a polymer and other chemicals are added to
it, reagents are used to produce a linear gel, and a bacteria
test is carried out, as there are cases when water in wells
becomes unsuitable for gel formation. The linear gel sam-
ple should not lose viscosity by more than 2 cP/hour. If this
drop is recorded, it is necessary to determine from which
container the water for this sample was taken and replace
it with a new one. Fluid quality control continues during
operation. A sample of the linear and cross-linked gel is
taken from each stage, the viscosity and cross-linking time
must be without deviations, in case of deviations during
fluid pumping, it is necessary to re-inject the fluid into the
formation, stop, find the cause and repeat the stimulation
work. The fluid was required to have a viscosity above 450
cP, not to drop during the pumping period, and to restore
its viscosity to this value after shear stress. A well-chosen
formulation of chemicals ensured a stable viscosity. Thus,
formulations using chemicals from Tests 8-10 can be suc-
cessfully used for hydraulic fracturing planning.

Discussion

The fracturing fluid must meet the following requirements:
compatibility with the formation and formation fluid; min-
imum friction values; gain of the required viscosity and
maintenance of the viscosity index during all stages of
hydraulic fracturing; low percentage of filtration into the
formation; maximum decomposition of reagents after hy-
draulic fracturing with minimal formation colmatation;
sufficient economic efficiency; ability to transport the
unclogging agent into the depth of the fracture; ability to
create the required fracture width; possibility of rapid flu-
id extraction after fracturing and destruction (destruction)
of the gel; in the case of clays, preventing their swelling;
possibility of preventing re-crosslinking after destruction
(Moroz et al., 2021). The study was aimed at analysing the
chemical composition and effectiveness of hydraulic frac-
turing fluids, in particular, the impact of polymer systems,
cross-linking agents, biocides, and other components. The
obtained results indicate the importance of optimising the
fluid composition to increase the efficiency of hydraulic
fracturing, which correlates with the data of current re-
search in this area.

By analysing the effect of guar concentration on the
viscosity of the linear gel, it was found that an increase
in guar concentration increases the viscosity of the gel,
which in turn provides more efficient transportation of

Prospecting and Development of Oil and Gas Fields, 2024, Vol. 24, No. 1

proppant. These results are confirmed by the research of
J. Song et al. (2020), which also highlights the importance
of accurate polymer dosing to achieve optimal rheological
properties of the liquid. The author’s observations on the
rate of recovery of gel viscosity after changing the flow re-
gime partially contrast with the conclusions of the study by
A.N. El-hoshoudy et al. (2020), which indicates a less sig-
nificant effect of guar concentration on the rate of viscosity
reduction. This may be due to differences in testing meth-
odologies and the characteristics of the water samples used.

The addition of a salt stabiliser was found to be effec-
tive in improving the stability of the gel at high temper-
atures, consistent with the work of H. Khan et al. (2021).
This underscores the importance of an integrated approach
to formulating the chemical composition of fracturing flu-
id. Also interesting is the opinion of researchers X. Cao et
al. (2021), who conducted a comparative study of hydrau-
lic fracturing fluids for high-temperature formations with
a high salt content, synthetic polymer-based fluids with
liquids derived from guar gum. They found that guar gum-
based fluids exhibited better shear and temperature resist-
ance, as well as the ability to carry proppant in such chal-
lenging conditions. However, the presence of solid residues
after the destruction of the gel of guar gum liquids prevents
their use in the oil industry. The study shows the prospects
of polymer-based synthetic fluids with improved rheolog-
ical characteristics as an alternative to guar gum systems.

Another aspect of the study involved the analysis of
cross-linked gel destruction. It has been established that
the use of a combination of fast-acting and slow destruc-
tors allows achieving controlled gel disintegration that
meets the requirements of efficient hydraulic fracturing.
These results are consistent with data from the study by
Z.Quet al. (2021), which also demonstrates the importance
of choosing the type and concentration of destructors to
optimise the gel degradation process. In this study and in
the study by W. Kang et al. (2020) it is shown that in addi-
tion to the main reagents that are present in the hydraulic
fracturing fluid contains stabilisers, friction reducers and
surfactants, which makes it resistant to high temperatures,
improves penetration into the pores of the reservoir, pre-
vents the formation of stable emulsions, minimises capil-
lary effects, protects against corrosion and deposits. These
properties make the gel a more efficient and versatile tool
for working with oil and gas reservoirs.

An important contribution of this study is the empha-
sis on the need for an individual approach to each well, tak-
ing into account its unique conditions, which is also noted
in the paper by T. Jatykov & K. Bimuratkyzy (2022), which
considers the problem of optimising the composition of
hydraulic fracturing fluids in high-temperature oil and
gas fields on the example of the Jurassic oil and gas fields
located in the west of Kazakhstan. The study conducted a
series of laboratory tests to select appropriate chemicals
based on scientific and practical approaches. Tests includ-
ed checking the thermal stability of the fluid, shear and
stability tests. Additionally, emulsion breakdown tests, wa-
ter analysis, cross-linking time, pH measurements and gel
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tests were performed. Based on these tests, gelling agents,
cross-linkers, breakers and various additives such as demul-
sifiers, pH buffers, clay inhibitors and biocides were select-
ed. Each component had its own chemical equivalent with
the desired concentration. The developed fracturing fluid
was successfully used in a 20-tonne fracturing operation in
Jurassic sandstones with bottomhole temperatures of up to
105°C and permeability of about 3 mD. The operation was
successful and resulted in increased production and en-
couraging long-term effects. Comparing the results with the
presented study, the authors agree with the conclusions of
T.Jatykov & K. Bimuratkyzy (2022) who said that the choice
of hydraulic fracturing fluid composition at high tempera-
tures requires a careful approach and the use of special-
ised laboratory tests. Adapting the composition of chemi-
cals to the specific conditions of the field can significantly
improve fracturing results and increase well productivity.
This confirms that, despite the general trends and recom-
mendations, each fracking case requires a detailed analysis
and may differ in terms of the optimal fluid composition.

P. Sharma & V.K. Kudapa (2021) found a decrease in
cross-linking time with an increase in the concentration of
cross-linking agents. These studies were conducted with a
different purpose of creating a fluid to block water in the
oil wellbore, but the methodology for creating the gel cor-
relates with the findings of this study. Research by G.G. Var-
gas et al. (2020) focused on the rheological characteristics
of a cross-linked water-based guar gum gel. It was found
that the gel behaves like a viscoelastic liquid and is slippery
even on rough surfaces. This characteristic is important for
the fracturing process because it facilitates the movement
of the gel along the wall. Particular attention was paid to
the maximum stress above which the gel slips, indicating its
practical significance for estimating the total pressure drop
during hydraulic fracturing. These studies are relevant and
it is necessary to conduct additional tests of the rheological
properties of the resulting formulation in future studies.

Some studies, like the one by X. Cao et al. (2021), fo-
cused on optimising water-based gel formulations for hy-
draulic fracturing to ensure efficient crack formation while
minimising environmental impact and reservoir damage.
For example, the development of high-temperature resist-
ant, clean and environmentally friendly fracturing fluid sys-
tems aims to address reservoirs with conditions that rapidly
degrade conventional fracturing fluids. Systems have been
developed to maintain efficient rheological properties and
stability at extreme temperatures, providing better fracture
formation and proppant transport in tight sandstone for-
mations. In the same study, similar results were obtained,
but the method of achieving the result was different.

The study proved that with a lower guar content, the
required viscosity can be maintained, which in turn will
lead to a reduction in formation contamination after gel
breakdown. Therefore, the found formulations, namely the
number of chemicals in Tests 8-10, can be used to create a
hydraulic fracturing design. The next step is to perform hy-
draulic fracturing and analyse the impact of this formulation
on the formation and production after hydraulic fracturing.

The discussion not only analysed the results in detail in
the context of current research, but also emphasised the
importance of an individual approach to each case of hy-
draulic fracturing, identifying ways to further improve the
technology. Based on the comparative analysis, it can be
concluded that the authors’ research makes a significant
contribution to understanding the interaction of chemical
components in hydraulic fracturing fluids and their impact
on process efficiency. However, the identified differences
indicate the need for further detailed research to develop
optimal liquid formulations, taking into account a variety
of reagents.

Conclusions

A comprehensive study was carried out to analyse the main
requirements for fracturing fluids and optimise their for-
mulations for use at a formation temperature of 85°C. This
work contributes to a deeper understanding of the impor-
tance of selecting appropriate chemical components and
their concentrations to improve the efficiency of the frac-
turing process. The aim set at the beginning of the study
was achieved. Particular attention was paid to optimising
the fracturing fluid formulation, which would not only
achieve the required viscosity and rheological properties
but also ensure their stability during the operation. The re-
sults of the study showed that the selection of water com-
patible with chemicals is critical to the preparation of an
effective fracturing fluid. Testing of different types of guars
has shown that choosing a higher quality guar allows you
to achieve the desired viscosity at lower concentrations,
which has a lower impact in terms of degradation products.
Experiments aimed at analysing the rheological character-
istics of cross-linked gels under shear loads confirmed the
ability of three specific concentrations to restore the re-
quired viscosity above 450 cP.

Further study of the stability of these gels showed that
the two selected formulations effectively retained their
properties for one hour without reducing their viscosity to
below 450 cP. The study and destruction of the cross-linked
gel highlighted the importance of choosing the right con-
centration of destructors to ensure rapid gel disintegration
after the fracturing procedure and faster cleaning of the
wellbore, including deeper destruction of the gel without
the formation of lumpy clots during its disintegration.
These findings highlight the need for detailed monitoring
of fracturing fluid parameters not only at the laborato-
ry stage but also during well operations. Further research
should focus on the development of new gel and fracturing
agent formulations with improved environmental perfor-
mance and higher stability at extreme temperatures, pav-
ing the way for optimisation and increased hydrocarbon
recovery after hydraulic fracturing.
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AHoOTaL,ig. 3pocraroya nmoTpeba B HAPOIyBaHHI BUIOGYTKY PUPOSHIX BYIIIEBOAHIB POOUTH TEXHOIOTIIO TiPpaBIiuHOoro
PO3pUBY II7IaCTa OOHMM i3 KITIOUOBUX MeTO/IiB iHTeHcHDikallii BUZOOYTKY, TOMY aKTyaabHUM MUTAHHSIM CTa€ HEOOXiJHICTh
MiBUIIEeHHS e(eKTUBHOCTI Ta EKOHOMIYHOCTI TiIpOPO3PUBY, L0 MOKe OYTM AOCSITHYTO 3@ PAaXYHOK ONTMUMIi3allii cKiamy
pizyHM. MeTa HOCIIIKeHHS TOJsrana B MOIIYKY edeKTUBHUX PelenTyp TeXHOJOTIYHOI piiMHM ISl TifpaBiIiuHOTO
PO3PUBY ILIACTA, SIKi 6 MaJIM CTPYKTYPHO-PEOJIOTiUHI BIACTUBOCTI HEOOXiHI /ISt YCIIIIHOTO TPOBEIEHHS IiJPOPO3PUBY
y cBephjioBMHAxX i3 Temmeparypoio Ginbire 80 °C. BuxkopucraHo eMmipuuHy MeTOOMKY IPOBeIeHHs 1abopaTOpHUX
IOCTiIKeHb PelenTyp PifuH Tigpopo3puBy. [jiss 06IPyHTYBaHHS PEOJIOTiUYHMX BJIACTMBOCTEN PiIMH IS TiApaBIiuHOTrO
po3pMBY IUIacTa 6YJI0 POBEEHO iX TecTyBaHHSI. Lleit MeTo[ epe6auaB CUCTEMATHYHE TECTYBAHHS Pi3HUX KOMOiHAITii
KOMIIOHEHTIB PigMHM 3 MeTOl0 MifO60py ONTMMAalbHOIO CKIaAdy, SIKMii 6u BipmosimaB BumMoram edeKkTMBHOTO Ta
eKOHOMIYHOro TifpopO3puBY 3a IiJIBUILEHOI TemIlepaTypyu CBepaJoBMH. [IpoaHanizoBaHO OCHOBHI BUAM piIuMH
TiIpOPO3pUBY i iX pelienTypu, HaBeeHO Pe3yabTaTH JJAb0PATOPHMX MOCTIIKEHb i3 MiA60py ONTUMAaIbHUX MapaMeTpiB
piAVHY TiApOPO3PUBY y CBEPJIOBMHI 3 INIACTOBOIO TeMIiepaTyporo 85 °C. EkcrieprMeHTalIbHO BCTAHOBIEHO B3a€MO3B’SI30K
MK XIMIYHMM CK/IaZOM (PeLlenTypOoIo0) PiiMHM AJis TifpOpo3puBY i ii peosorivHMMM BIACTUBOCTSIMU 3a TeMIiepaTypu 85
°C. MeTopmoM mif60opy pelenTyp 3HaiIeHO CKIa/l PiIMHY TiIpOPO3PUBY, IKa BUTPUMYE 3CYBOBi HAaBaHTaKeHHSI, CTa0i/IbHA
Ta He PyJHYETbCS MepeAvyacHO. 3allPOIIOHOBAHO peLenTypy PiAMHM, SIKy MOXKHa BMKOPMUCTATM IIif, yac MpOBeHeHHS
rifpaBliyHOTO PO3PUBY IUIACTa Ha ra3oBuX i HaQTOBMX pomoBuiLax. [[pakTUUHA peasti3allis pe3ynbTaTiB JOCTiAKEHHS
NO3BOJIUTb MiABUIINTY e(PEeKTUBHICTh TEXHOJOTii riIpopo3puBy IUlacTa i 36iMbIIMTK TPOAYKTUBHICTh HadTOBUX i
ra3oBMX CBEPIJIOBUH

Knro4oBi cnoBa: npusubiiina 30Ha 11acTa; CBepaIOBMHA; TiApaBIiuHmii pO3pUB [IACTA; JIHIHMIA resib; 1abopaTopHi
TeCTU PiAVHMK; ToniMepu
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Abstract. Increasing hydrocarbon production from reservoir rocks of complex structure within the Neogene system
of the Bilche-Volytske zone of the Precarpathian trough is a rather multifaceted problem that needs to be substantiated
by conducting comprehensive geophysical, petrophysical and petrographic studies. The aim was to substantiate the
physical-mechanical, electrical acoustic and petrophysical parameters based on the results of geophysical studies in
a thin-layered Neogene section of gas and gas condensate fields within the Bilche-Volytske zone of the Precarpathian
trough. The methodology for studying the complex Neogene sediments within the Bilche-Volytske zone of the Pre-
carpathian trough was based on the quality of geophysical and petrophysical data obtained directly during drilling of
exploration and development wells. In addition, the dominant role was played by the results of laboratory experimental
studies of core samples, reflecting reservoir thermobaric conditions. Based on the results of such comprehensive geo-
logical and geophysical studies, it was established that the readings of geophysical methods are significantly affected
by the thin-layered structure of the geological section, which is lithologically represented by the interlayering of sand-
stones, siltstones and mudstones. It has been found that the downhole instruments used in geophysical expeditions
have a significant impact on the readings of geophysical methods. Accordingly, the research results are aimed at im-
proving the efficiency of hydrocarbon exploration and control of their extraction. Therefore, the availability of high-
ly informative integrated geophysical surveys, in particular, multi-probe acoustic logging, high-frequency induction
logging isoparametric probing and repeated neutron logging, allows optimising conclusions regarding the prospects
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for hydrocarbon discovery in complex thin-layer sections. The introduction of new approaches to the identification of
such layers and strata will improve the information content of geological and geophysical methods and increase the
hydrocarbon yield within the Bilche-Volytske area of the Precarpathian trough

Keywords: lithotypes; reservoir; porosity and permeability coefficients; electrical resistance; pores; acoustic impedance;

electrical and acoustic probes

Introduction

The issue of increasing hydrocarbon production in the
western region of Ukraine is linked to the known oil and gas
bearing zones where commercial oil and gas reserves have
already been proven. These zones include the Krukenytsia
sub-zone of the Bilche-Volytske zone of the Precarpathian
trough, where a number of gas fields have been discovered.
These deposits are confined to anticlinal structures of the
Upper and Lower Dashava sediments of the Neogene sys-
tem, inherited and covering the uplifted areas of the Mio-
cene basement, the erosion relief of which is controlled by
the gypsum anhydrite horizon. The study of such complex
reservoir rocks by geophysical methods of well logging is
sometimes difficult. This applies to the interpretation of
electrical and acoustic readings, which do not fully corre-
spondtotheactual geophysical parametersofthe formations
that fill the Neogene section. Establishing the influence of
rock matrix skeleton composition, type of fluid saturating
them, presence of bound water and the other characteris-
tics on physical and petrophysical values of reservoir rocks
allows to increase the efficiency of geophysical surveys.
Increasing the information content of the results of com-
prehensive geophysical surveys of complex reservoir rocks
will help identify additional promising hydrocarbon accu-
mulation sites, which will allow increasing their reserves.

Many scientists have been studying the deep structure
of the sedimentary layer and determining the prospects for
oil and gas in the Krukenytsia Basin. In particular, Y. Krup-
skyi (2020) pointed out the peculiarities of the geodynamic
development of the Bilche-Volytske zone and outlined the
prospects for oil and gas content of the stratigraphic sec-
tion. He also highlighted a new interpretation of the main
regularities in the location and formation of hydrocarbon
deposits from the perspective of the geodynamic develop-
ment of the Carpathian Region. S. Anikeyev & S. Rozlovs-
ka (2021) analysed in more detail the features of the deep
geological structure of the subsoil of the western region of
Ukraine based on seismic surveys and proposed further di-
rections for oil and gas exploration based on seismic data.
In addition, the geological informativeness of the mor-
phology of anisotropic transformations of potential fields
in the study of fault tectonics of the Ukrainian Carpathians
and adjacent depressions was clarified. The work of M. Pav-
lyuk et al. (2021) substantiates the formation of tectonic
faults and the creation of structural objects with prospects
for hydrocarbons. The main attention is paid to hydroge-
ological criteria for assessing oil and gas prospects on the
example of substantiation of new prospecting objects in
the platform autochthon under the Pokuttia-Bukovyna
Carpathians thrust.

In the works of S.S. Kurovets et al. (2018) and
O.M. Karpenko et al. (2021), low-porosity productive rocks
of the Sarmatian sediment reservoirs of the Precarpathian
trough were identified, their petrophysical parameters
were substantiated, and the patterns of deviation of flu-
id filtration parameters through low-porosity rocks from
Darcy’s law were established. Based on the data from the
well logging and using statistical methods of studying the
lithological and facies dissection of the oil and gas reser-
voir, statistical relationships between natural radioactivity
and organic carbon content were established. Y.M. Koval &
1.0. Fedak (2022) identified promising areas with favoura-
ble structural, tectonic and paleohydrodynamic conditions
for the formation of hydrocarbon deposits in the sediments
of the Lower Dashava and Upper Dashava sub-suites. Also,
M. Yershov et al. (2022) conducted research on the study of
temporal patterns of time series trends of data from hydro-
geological monitoring stations located in the Carpathian
Region, which is a cross-border territory of Ukraine. Based
on the results of the studies, the researchers found that the
low resistivity of the reservoir layers of Neogene sediments
is caused by the electrical conductivity of the grains of
rock-forming minerals, namely pyrite and chlorite.

In the process of saturation of complexly constructed
thin-layered sediments of the Sarmatian, Badenian and
Helvetian stages of the Neogene system, the results of well
studies using traditional methods are affected by an am-
biguous assessment of the nature of saturation with po-
tentially oil and gas-saturated reservoir rocks. Accordingly,
the purpose of the study was to identify the factors that
cause ambiguity in the thin-layer section and to unambig-
uously identify productive horizons in the course of well
logging, which leads to the omission of productive gas-sat-
urated reservoir rocks. Accordingly, the task was to evalu-
ate the quality of the results of the geophysical survey used
to dissect a thinly layered geological section, taking into
account the mineralogical structure of the rock matrix, the
nature of their saturation and their impact on the readings
of geophysical methods. In addition, it was necessary to
substantiate and adapt filtration and capacitance param-
eters to similarly complex reservoir rocks in neighbouring
exploration and production fields.

Materials and Methods

In the course of prospecting and exploration of reservoir
rocks formed under different conditions of sedimenta-
tion in lithological and stratigraphic sections and hydro-
carbon-saturated traps within the Krukenytsia depres-
sion, a number of tasks arise that are solved by means of

@ Prospecting and Development of Oil and Gas Fields, 2024, Vol. 24, No. 1




Fedoryshyn et al.

geological logging. Given the complexity of the geological
structure of the prospecting and exploration areas of the
Bilche-Volytske zone, it became necessary to substanti-
ate the geological structure of the gas and gas condensate
fields that are promising for hydrocarbons (Kurovets et
al.,2021).In the course of the study, it was necessary to take
into account and detail the project for drilling exploration
wells, including reference wells with maximum core sam-
pling. On the basis of the selected core, an experimental
collection of samples was formed that meets the require-
ments of mathematical statistics (GSTU 41-00032626-00-
025-2000, 2001). Rock studies included determination of
the chemical composition of rock-forming minerals, their
structure, establishment of conditions of their formation,
quantification of the content of basic minerals, structur-
al features and presence of micro-impurities. To identify
the main radioactive elements (U(Ra), Th, and K), nucle-
ar-physical studies were used to determine the distribution
of radioactive isotopes in a thin-layered section with sand
layers from 0.15 m to 0.45 m thick in Neogene deposits of
gas condensate fields in the Bilche-Volytske zone of the
Precarpathian trough (Fedoryshyn et al., 2015).

Taking into account the geological heterogeneity of
the Neogene sediments of the Bilche-Volytske zone of
the Precarpathian trough, the core material was studied
by comprehensive petrophysical research. First of all, a
granulometric analysis was carried out to separate sand
(> 0] mm), siltstone (0.1-0.01 mm) and clay (< 0.01 mm)
fractions. The granulometric analysis is based on the dis-
tribution of clay and sandy-siltstone fractions in the core,
which is carried out by washing and settling in water and
sieving the fraction > 0.01 mm on sieves. A particular fea-
ture of particle size analysis is the need to destroy the rock
structure to separate it into mineral grains, fragments and
cementing particles. Core testing for carbonation (C) was
carried out using hydrochloric acid. The volumetric meth-
od was used for the study. It is based on determining the
volume of carbon dioxide (CO3), which was released after
the reaction of the carbonate component with hydrochlo-
ric acid (HCI). Absolute permeability (K, ) is measured on
cylindrical samples by the method of stationary filtration
at different differential pressures. Open porosity meas-
urements were also carried out (K) by the weight method
by saturating cylindrical core samples with kerosene. The
residual gas saturation was modelled on the core samples
using the centrifugation method by obtaining a capillary
pressure curve for the sample with residual water saturated
with kerosene. The specific electrical resistivity of fully and
partially water-saturated rocks and the specific electrical
resistivity of formation water (model) were also measured
to calculate the porosity parameter P, and the saturation
parameter P. These parameters are the main character-
istics for constructing petrophysical dependencies of the
type P, =f(K), P = f(K), which were used for operational
interpretation of the geophysical methods of well logging.

The results of the research are the basis for the future
identification and evaluation of specific productive gas and
gas condensate-saturated reservoirs within the lithological
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and stratigraphic exploration sections (Ivaniuta, 1998). It
should also be noted that the effectiveness and reliability
of the established geophysical and petrophysical parame-
ters will be affected by the value of reservoir pressure, tem-
perature and physical and mechanical parameters of the
stratified rocks. In addition, the structure of lithotypes is
influenced by the presence of a rift structure that stretches
along the Krakovets Fault, from the Polish-Ukrainian bor-
der, in a strip of several to 10 km. Thus, to solve the tasks
set, the results of well logging in the wells of the Vizhom-
lia gas field were analysed, namely the section of Neogene
sediments, where intervals of gas and condensate saturat-
ed formations, which are mainly represented by sandstones
and siltstones, were identified. The completed geophysical
survey consisted of a mandatory set of well logging data,
which allows to successfully solve both general geological
tasks of lithological dissection and correlation of geolog-
ical sections and to establish industrial and geophysical
characteristics (identification of reservoir rocks, determi-
nation of their porosity, effective thickness, oil and gas sat-
uration, and contact mapping).

Processing and interpretation of the source mate-
rials of the well logging data begins with the division of
the geological section into layers and strata, which starts
with the identification of the boundaries of the layers and
determination of their reservoir characteristics. The task
is solved with the help of computerised Geoposhuk tech-
nology (Krasnozhon et al., 2003). The processing process
consists of several successive processing stages: section
splitting into layers and interlayers, determination of the
resistivity of these layers and the flushing fluid, quality as-
sessment of well logs, evaluation of the filtration capaci-
ty of rocks, identification of reservoir and cover rocks and
determination of their saturation. The construction of a
correlation geological section begins with the formation of
an integrated working database, which is loaded into a win-
dow for operational interpretation. The next stage is the
construction of geophysical data sheets, where the section
was divided into layers and interlayers and the quality of
logging materials was assessed. Comprehensive interpre-
tation begins with an assessment of the filtration and res-
ervoir properties of rocks and reservoirs using a universal
formula interpreter, and a geophysical conclusion is gener-
ated based on the results of logging interpretation. As a re-
sult of the consolidated interpretation of the logging data,
a correlation geological profile was built along a given well
line. The porosity coefficient, physical and mechanical pa-
rameters, and rock matrix compression ratio are calculated
using the following formulas:

Brm — %(%) Prtp§
%

ﬁpor = _ﬁ(dP)Pptora (1

where 8, and j,  are, respectively, the compression ratio
of the rock matrix and its void space. Taking into account
that rock-forming minerals are characterised by a low val-
ue of the compression coefficient in the rock matrix, the
most informative is the void compression coefficient. This

(57)
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coefficient changes with depth according to the hyperbolic
law (Dentith et al., 2020). The porosity parameter of reservoir
rocks decreases at a reservoir pressure of 150 MPa to 17-18%.
With the increase of saturation of gas-saturated reservoir
rocks with water under conditions of increasing effective
pressure and temperature, the specific electrical resistivi-
ty increases. In this case, the calculation of the resistivity of
the rock is performed by the following differential equation:

1 |dpp 0
™ pp[dP ]prdPef
d
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where K- coefficient of relative change in specific electri-
cal resistance per unit of effective stress determined by iso-
thermal pressure; p, - electrical resistivity; Pt — reservoir
pressure with temperature at a given depth; P, - effective
pressure within the reservoir; K, - coefficient of change
in electrical resistivity of water per unit change in reser-
voir pressure; at, p — coefficients determined by isobaric
heating or cooling of water-saturated rock with tempera-
ture change. In an approximate form, the equation for the
relationship between the resistivity of reservoir rocks in
Neogene deposits, taking into account reservoir pressures,
will be as follows:

0
Pros=Prrp % Prrp xp_gf

Pp(Prpt®)
PacPrp Pac’

14 Pac

&)

where PP, to) the resistivity of the rock in reservoir con-
ditions; p,_- the resistivity of the rock under atmospheric
Condltlons, %, P and %’;—) relative changes in the
resistivity of the rock under effective and reservoir pres-
sures Pef - P,p = const; pr,, pr, = resistivity at the initial and
current pore pressures. In order to exclude the influence of
the resistivity of the free fluid on the porosity parameters,

the following formula can be used:
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where Ppp"’t - the parameter of rock porosity with specified
thermodynamic conditions; P, — similar parameter at ini-
tial atmospheric conditions; 11';_1;’ - aratio that characterises
a partial change in the porosity parameter due to the influ-
ence of temperature.

Results and Discussion

The effectiveness of productive reservoir identification and
tapping and interpretation of the logging results large-
ly depends on the study of lithological and petrophysical
characteristics of reservoir rocks, physical and chemical
properties of fluids, technological conditions of drilling,
reservoir pressures and temperatures, and the reliabili-
ty of stratigraphic sectioning of the studied sections. The
geological structure of gas fields in the Bilche-Volytske
zone is based on Miocene terrigenous sediments that are
inconsistently located on terrigenous carbonate platform
Mesozoic complexes. These sediments differ in terms of
sedimentation conditions and physical and petrophys-

ical characteristics of reservoirs and bedrock. The main
difficulties that arise in the process of studying Miocene
sediments by geophysical methods are their thin-layered
structure, high clay content of sandstones and polymictic-
ity. Such structure and physical and petrophysical features
of rocks are inherent mainly in the deposits of the Neogene
system, which is represented by overburdened rocks of the
Stebnytsia and Balytska formations, as well as autochtho-
nous deposits of the Carpathian, Badenian and Sarmatian.
A characteristic feature of the sediments that make up the
Carpathian stage is the low resistivity of sandstones and
the diversity of their mineralogical composition. In order
to study the rocks and their characteristic features, com-
prehensive studies allowed to develop a classification of
these sediments and determine their geophysical and
petrophysical characteristics.

According to the mineralogical description of pol-
ished sections made from the core samples of the Car-
pathian sediments and the analysis of the results of nu-
clear-physical studies, the following classification types
can be distinguished. Sandstones are represented by the
following types: gravelly sandstones with chlorite-calcite
and chlorite-clay cement, sandstones of different grains
with chlorite-clay cement, medium-grained sandstones
with calcite cement containing single grains of glauconite,
fine-grained sandstones with chlorite-clay, chlorite-cal-
cite, calcite-clay and calcite cement containing single
glauconite grains, and siltstone with clay-calcite cement.
Siltstones are gravelly-sandy with clay-calcite and chlo-
rite-clay quartz cement. The mudstones are calcareous.
In most of the exploration areas, oil, gas and condensate
deposits are confined to quartz, feldspar sandstones, silt-
stones, clay shales, limestones and dolomites cemented
with clay-carbonate, halite and mixed cements (Bulakh et
al., 2022). The void space of this type of terrigenous, thin-
ly laminated rocks of complex structure is represented by
intergranular pores and cracks, which were obtained from
the created collection.

The identified rock types mostly differ in the ratio of
clastic components and cement composition, which is due
to ancient changes in the supply of clasts, which now de-
termine the reservoir properties of the rocks. Fine-grained
sandstones with hydromica-clay cement formed during
this period (well 5-Letnia 1,607.3 m deep) consist mainly
of wedge-shaped and semi-rounded quartz fragments (70-
80%) with a size of 0.3-0.1 mm. Most of the quartz particles
have wave attenuation and traces of compression, which
indicates that they were removed from ancient metamor-
phosed rocks. Among quartz, there are single fragments
of zircon and muscovite. The fragments are cemented by
an unevenly hydro-mica-clay aggregate, which has a filmy
structure, and the pore space structure is clotting. Hydro-
mica in the form of clumps up to 0.1 mm in size (5-8%)
covers quartz fragments with films or sticks to them, rarely
forming a mixture with a fine clay substance containing,
in some cases, small pieces of illite. In the authors’ opin-
ion, such layers were formed in a coastal environment with
good sorting of debris against the background of rapid
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bottom sinking and sedimentation, which kept the debris
from rounding. Although the porosity of the rock is low,
there may be good collector rocks alongside these rocks,
which were formed on ancient bars, beaches, and shoals.
Fine-grained sandstones with chlorite-glauco-
nite-clay cement contain fewer fragments deposited
during the formation period. Compared to the sandstone
described above, the bulk of the rock is composed of an-
gular and semicircular quartz fragments with 65-75%
quartz, often closed to each other. Particles with a size of
0.3-0.5 mm make up approximately 10-5%, 0.3-0.1 mm,

40-50%, and 0.1-0.05 mm, approximately 3-8%. The
distribution of fragments is chaotic (Fig. 1). The cement of
the rock is mainly clayey, finely dispersed, and striped. In
the bulk of the clay substance, fragments of hydrochloride
(2-3%) are sometimes found near quartz fragments. In ad-
dition, there are dark green chlorite-glauconite inclusions
of irregular shape, rarely in the form of round peas, the
size of which is close to the size of the fragments, between
the fragments. There is an indentation of the fragments
into green clots of glauconite inclusions, which indicates
their consedimentary nature.

Figure 1. Fine-grained sandstone with chlorite-glauconite clay cement

Source: created by the authors

Sandstones with chlorite-calcite cement are similar
in composition to siltstone types. They are composed
mainly of quartz fragments (55-70%), with less wedge-
shaped fragments than clayey varieties. The sorting of
fragments in such rocks is better; in cement, chlorite and
glauconite are closely fused together to create irregular-
ly shaped clots. Pyrite inclusions are observed alongside
and within these clots. The distribution of chlorite and
glauconite is uneven, with their content reaching 1-5% in
different areas. The calcite in the cement is granular and
well crystallised. The grain size is 0.1-0.3 mm. In some
areas, the grain size reaches 1 mm and a poikilite struc-
ture appears; in some places, quartz grains are intensively
destroyed by calcite on the periphery and along individu-
al cracks. Such sandstone is a poor reservoir, as calcite is
additionally subject to partial recrystallisation and com-
paction. Increased porosity of such rocks can be expected
in places where various fragments of siltstone are found
among quartz fragments. The latter may indicate consed-
imentary erosion of the shoal, hydrodynamic activity of
water, and better sediment washing.

According to the description of the grinds, a silty,
multigrained sandstone with clay-calcite cement formed
under the same conditions consists of quartz fragments
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that differ significantly in size and grain sorting. Individ-
ual grains do not touch each other and are often unevenly
scattered. The amount of fragments and cement is 45-55%;
the cement is fine-crystalline and crystallised and uneven-
ly distributed. In some places, calcite grains are 5-7 mm
in size, round or amoebic in shape, and usually fill the in-
tergranular space of large pores (about 5%) and cement a
number of quartz fragments to form poikilite structures. In
some cases, single inclusions of pyrite are found in such
sandstones, and there are areas where its content reaches
1-5%. The rock has uneven porosity. The pores are mostly
intergranular and distributed along microcracks; their size
reaches thousandths of a mm. There are also large pores
of 0.1-0.2 mm in size, rarely larger. The rocks were formed
mainly in shallow lagoonal conditions, which resulted in
their good reservoir properties.

At the same time, silty sandstone with chlorite-calcite
cement is mostly composed of 50-70% quartz fragments,
the particles of which are mostly angular, poorly sorted
and have a size of 0.6-0.1 mm. A small part of this type
of rock consists of semi-angular, semi-rolled fragments,
which usually do not touch each other. Some of them have
a wave-like extinguishment and are intersected by quartz
veins. The rock contains single fragments of zircon, albite

(59)
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and staurolite. The cement is mainly calcite of the basal
type; the pore space is filled with grains of crystallised
calcite. In addition, single pyrite clots are present in the
cement. The rock was formed in lagoonal conditions in a
low-reducing environment with rapid sedimentation. As a
rule, it has poor reservoir properties, but in the horizons
closer to the shore, rocks with high filtration properties

can be expected. In the core samples taken from the Sar-
matian deposits, there is a hidden, uncoordinated overlay
of siltstone with calcite cement (light areas) on sandy silt-
stone with calcite-clay cement (dark areas) (Fig. 2). Clumps
of clay (dark) are observed at the boundary of these rocks,
with quartz fragments more massive than the bulk of the
overlying sandstone.

Figure 2. Sandy siltstone with calcite-clay cement

Source: created by the authors

The facies transition at the interbeddedness of
silty sandstone with hydromica clay cement into silty
mudstone (Fig. 3) clearly shows a gradual decrease in
the amount of small fragments at the sandstone-silty
mudstone interface. Quartz fragments are well sorted,

fine-grained, and up to 0.5 mm in size, accounting for
1-2%. The sandstone cement, like the bulk of the mud-
stone, consists of a finely dispersed, poorly crystallised
hydromica-clay aggregate. The hydromica clay mass is
enriched with pyrite by 5-15%.

Figure 3. Silty sandstone with hydromica clay cement

Source: created by the authors
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Along with small pyrite cubes, there are more massive
rounded clots 0.001-0.005-0.03 mm in size. In some plac-
es, there are brownish clots, fragments of montmorillonite
with a weakly pronounced concentric and compression-de-
formed structure. Judging by the slight difference in the
size of the fragments, it can be assumed that the coastline
moved a short distance, and changes in rock formation were
determined by the submergence of the basin floor and an
increase in its depth in this area. With regard to the miner-
alogical composition and structure of the siltstone, it was
found that the sandy siltstone with glauconite-clay-calcite
cement consists mainly of fragments of well-sorted siltstone

material. This feature of the structure indicates sedimentary
consedimentation and the demolition of more massive frag-
ments to the place of rock formation by currents. The sand
fraction in the rock is insignificant and amounts to 1-5%.
Comprehensive geophysical surveys performed both in the
open hole and in the cased hole allowed to highlight a num-
ber of physical and petrophysical factors that significantly
affect the readings of radioactive, acoustic and induction
methods (Ganat, 2020). As can be seen from the correlation
profile (Fig. 4), a number of reservoir rocks with characteris-
tic petrophysical and geophysical parameters are observed
within the complexly constructed Neogene sediments.
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Figure 4. Correlation profile along the line of wells 36-Vzh-28-Vzh-30-Vzh-33-Vzh

Source: created by the authors

When constructing the correlation profile, the results
of the well logging were taken into account, as were the
established petrophysical capacitive and filtration param-
eters, which allowed to assess the prospects for oil and gas
condensate reservoirs. Given that the presence of physi-
cally bound water, including crystalline bound water and
residual oil, was found in reservoir rocks, it can be argued
that their content will also affect the readings of electrical,
acoustic and radioactive methods (Kuzmenko et al., 2019).
This is especially true for sandstones and siltstones in
the geological sections of the Svydnytsia, Vizhomlia and
Lypovets fields (Ftemov et al., 2021). The rock types that
were identified are mostly distinguished by their charac-
teristic structure, the ratio of fragmentary components and
cement composition, which determine reservoir properties
(Dubei et al., 2022).

It should also be noted that fine-grained sandstones
are mainly characterised by the presence of chlorite-glau-
conite cement, which will also affect, along with the coef-
ficient of bound water and residual oil, the electrical and
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radioactive parameters of geophysical methods. Sand-
stones with chlorite-calcite cement, which are similar in
composition to siltstone varieties, are also gas and con-
densate reservoirs (Cannon, 2015). Their structure is simi-
lar to sandstones and consists of 55-70% quartz fragments,
mostly semicircular and angular. This is mostly typical for
the Letnia field (well 5 Letnia, depth 1,988.5 m; 1,579.0 m;
1,592.5 m), where wedge-shaped quartz fragments are less
abundant than clay minerals of various types. The sorting
of this type of fragment is better, but the cement material
consists of chlorite and glauconite, which are closely fused
together to create irregular shapes. Pyrite inclusions also
appear in the middle of these clusters. The distribution of
chlorite and glauconite is uneven, but their content reach-
es 1-5% within the Neogene sediments. Thus, in addition
to the above, the readings of complex geophysical surveys,
in particular electrical and radioactive, will be affected by
the above minerals and the coefficients of physically bound
water and residual gas and oil saturation. In addition, de-
pending on the structural structure of the reservoir rock
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and the value of the porosity coefficient, the physical and
mechanical parameters will be deformed under the influ-
ence of the pressure gradient and the matrix compression
ratio (Dubei & Dubei, 2023).

The value of the coefficient K is determined provid-
ed that P and t° - const. Taking into account the shal-
low depths of Neogene sediments, as well as insignificant
compression of the solid phase of reservoir formation
in the processes of hydrocarbon accumulation, it can be
stated that in the zones of reservoir pressure depression,
it does not significantly change the coefficient K_. In this
case, the value of the coefficient K for sandstones and
siltstones is determined by the established value of the
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P lpwr

1.4

effective stress that causes a change in the tortuosity of
pore channels and, accordingly, their moisture content
(Fig. 5). It should be noted that the coefficient (at) will
depend on changes in the electrical conductivity of free
and physically bound water in reservoir rocks, pore geom-
etry and volume, temperature changes, and the presence
of thermally conductive inclusions. Based on the results
of laboratory petrophysical studies of the selected core
samples, graphs of the relative electrical resistivity were
constructed (Cannon, 2015) versus pressure change for
polymict and monomict pressure rocks.

As can be seen from the plots for individual resistiv-
ity ratios, changes in pressure will not affect changes in
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Figure 5. Relative change of relative electrical resistivity
with pressure for polymict-type reservoir rocks

Note: 1 - fine-grained quartz-feldspar sandstone with carbonate-clay cement; 2 — fine-grained quartz-feldspar sandstone
with clay cement; 3 - medium-grained quartz sandstone with clay cement; 4 — medium-grained quartz sandstone with

clay-carbonate cement

Source: created by the authors based on O. Trubenko & S. Fedoryshyn (2011)

relative electrical resistivity. However, in the range of res-
ervoir pressure changes from 20 MPa to 60 MPa, which is
typical for the structure of Neogene deposits, the relative
resistivity will increase with increasing reservoir pressure
as well as with changes in temperature at a given depth.
Thus, it was found that a pressure change of up to 50 MPa
has virtually no effect on the porosity parameter P, (Dubei
& Dubei, 2023). Considering the above, the following can
be written:

n (5)
Pp Pp

By substituting expression (4) into formula (5), an ex-
pression was obtained that allows to estimate the relation-
ship between the porosity parameter and the value of the
rock resistivity depending on the nature of its saturation.
Summarising the results of the core material studies, the
following expression can be stated:

Prpt Pe
PyTP sz f

P, P,

PpPin IE (6)
PpPTp Pef )

Pe Pin . . .
where P’}J f,ﬁpprp are, respectively, the ratios that high-

light the partpial changes in the rock porosity parameter
under the action of the effective stress under the condi-
tions P, =const, P,=0, t=const. The obtained equations de-
scribe the relationship between the rock porosity param-
eter and its resistivity within the Neogene deposits of the
Bilche-Volytske zone of the Precarpathian trough and can
be used to evaluate the results of electrical studies, as well
as to increase the informativeness of petrophysical param-
eters of mathematical and statistical correlations in the
process of calculating hydrocarbon reserves. In the process
of searching for hydrocarbons in thin-layered Neogene
formations using integrated geological and geophysical
methods, there is often a problem of identifying reservoir
rocks, assessing their saturation, determining porosity, and
permeability. As a result, a significant proportion of hy-
drocarbons is lost, which leads to a decrease in actual gas
and condensate production within the exploration areas at
the stage of exploration drilling. Experimental studies of
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the core collection of rocks that fill the Neogene section
allowed to determine their structural structure, petrophys-
ical parameters, cement type and mineral composition of
clay cement. In most cases, within the exploration geolog-
ical areas filled with the Sarmatian formation, significant
fracturing, bulk and interlayer clay, polymicticity are ob-
served in some places, and in some intervals, significant
residual water saturation is noted in the rocks.

Based on this, the existing search complex of well log-
ging data is not informative in some cases. In particular,
this applies to acoustic and electric well logging, which are
basic in the process of identifying reservoir rocks and as-
sessing their hydrocarbon saturation. Acoustic surveys of
thinly layered Sarmatian sediments are mainly carried out
with single-probe and dual-probe probes (DALT-4, 6, 8, 9).
Taking into account that the dependence of the interval
time of acoustic oscillations does not allow obtaining ac-
curate information about the type of porosity (granular,
cavity, fracture), as well as the nature of saturation, the
morphology of the results obtained loses its informative
value. In this case, the Willy-Gregory formula, as well as
the constructed two-dimensional petrophysical depend-
ence of the AT=f(K) type, does not give reliable results,
and the recorded acoustic logging curve is not informative;
therefore, the indicated constructions based on theoretical
calculations showed significant differences in the porosity
curves, despite the same initial data.

Such a discrepancy is explained by the fact that the
time of the ultrasonic longitudinal wave travel through
the rock, depending on the change in the porosity value,
obeys the minimum law at a conditional value of 40-45%;
the wave propagation speed in the rock is equal to the wave
speed in water. Therefore, the relationship (Vp = Vw) has
a rather complex shape and is usually not linear. Thus,
when the rock porosity is higher (30-35%), the longitudi-
nal wave velocity will be close to its propagation in water.
In real conditions, the propagation speed of an ultrasonic
wave obeys a different law, i.e. it depends on the density of
rock grains, mineralogical composition and type of poros-
ity. Based on the above, it is recommended to use acoustic
borehole devices in the process of complex acoustic sur-
veys DAT-1, BAL-4,6. In some cases, it is not possible to
determine the gas or oil saturation of reservoir rocks using
standard electrical methods. Physically, this occurs when
different concentrations of drilling mud come into contact
with a constant rock solution, which changes the diffusion
potential (U,) and increases the resistivity according to the
formula:

Ua = Kq x 1922, ™

where p, - a resistivity of the NaCl solution; p, - resistivity
of the solution formed in the rock; K, - diffusion coeffi-
cient. Therefore, an increase in the concentration of chem-
ical reagents in the drilling mud causes sharp changes in
the diffusion-adsorption potential, such as an increase in
the concentration of NaCl. Therefore, chemicals are used
in the drilling process (CSC, CMC and hypan), which are
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weakly alkaline or alkaline in nature and have a much lower
oxidation capacity, and, accordingly, the potential of clays,
which leads to changes in the potentials of sandstones
and siltstones. In this case, the informative value of direct
methods, in particular, spontaneous potentials (PS).

A widespread set of electrical geophysical survey
methods that solve the problem of hydrocarbon explora-
tion are the standard methods (BKZ, BC, IR, PS), which are
called isoresistive interpretation methods. The most effec-
tive is the method of high-frequency induction logging iso-
parametric sounding (HFILS). Unlike the above-mentioned
set of electrical methods, the principle of operation of the
HFILS method is based on high frequencies and provides
high-resolution recording of electrical properties of the
borehole zone and rocks of the geological section in the
radial and vertical directions of the well. Therefore, the use
of high frequencies makes it possible to obtain clear signals
even in a low-conductivity environment (up to 120 ohms).
This method of determination is not affected by the con-
centration and composition of chemicals used in the well
completion process.

G. Sun et al. (2023) described the results of a detailed
study of a thin section core, thin section analysis, mineral
analysis and geochemical analysis to investigate thin lay-
ers and nodules of dolostone in the Qingshankou Shale
in Gulong Sag. The geological structure and development
of thin layers and nodules of dolomite is associated with
the dry and hot climate of the sediments and was formed
under the influence of hydrothermal fluids. These studies
were carried out on the example of thin layers and nodules
for dolomite deposits. Neogene deposits of gas fields in the
Bilche-Volytske zone also have a thin-layered structure but
are represented by a terrigenous section and, accordingly,
the research methodology is somewhat different from that
for a carbonate section. Considering the work of X. Qiu &
Y. Wang (2024), attention should be paid to the study of
sedimentary rocks, the characteristics of the reservoir of
which are described and studied in detail using conven-
tional grinds, cast grinds, graphical representations of
particle size and scanning electron microscopy experi-
ments. These studies were conducted using sedimentology
and sedimentary geology, which are used to analyse the
sedimentary environment of the basin. These studies have
made little or no use of the logging data, and therefore
such sedimentary models should be supplemented with
geophysical characterisation.

F. Olita et al. (2023) carried out a geological analy-
sis based on the results of new lithological and structur-
al data obtained during a detailed geological survey and
supplemented by logging data obtained during hydrocar-
bon exploration. The geophysical surveys were carried out
at a depth of up to 1 km (deep electroresistive tomogra-
phy), which revealed the buried structural and geological
characteristics of the study area. By combining surface
and subsurface data, a forecast of the structural situation
and the presence of geofluids at a depth of up to 1 km was
made. Geological and structural cross-sections were also
constructed to clarify the geometry of structures in the
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subsurface, facilitating early hydrocarbon recovery and
circulation of hypothermal fluids and associated gases
rising from deeper reservoirs. These studies have been
carried out to a depth of 1 km, while hydrocarbon deposits
in the Bilche-Volytske zone of the Precarpathian trough
lie at somewhat deeper depths and require a different ap-
proach to their study.

The core material from 28 wells in the central part of
the Dnipro-Donetsk Basin was studied by L. Stryzhak et
al. (2020) using lithological and petrographic methods. The
results of the study confirmed the processes of lithogenetic
transformations of the rock matrix that occurred in deeply
submerged sandstones (more than 5,000 m). Based on the
nature of structural and mineralogical transformations, the
secondary (post-sedimentation) processes of lithogenesis
of terrigenous rocks-collectors of hydrocarbons were es-
tablished, and their influence on the reservoir properties
and, accordingly, on the reflection in geophysical param-
eters was revealed. Such studies need to be linked to the
geological logging data to fully understand the processes
of secondary transformation of the reservoir rock matrix.

Similar studies were conducted for the lithological
and facies dissection of ore deposits based on geological
and well data to clarify the genesis of the formation of
deposits and hydrocarbon sources within the Yablunivska
structure of the Dnipro-Donetsk Basin by O.M. Karpenko et
al. (2021). The authors used cluster and factor analyses, as
well as the method of interpreting K. Passy’s well log data,
to quantify the organic carbon (OC) content in the rock.
The results of the studies made it possible to establish cer-
tain regularities in the geological structure and identify
lithological heterogeneities in the spatial distribution of
sedimentary and facies rock lithotypes, as well as facies
rock types, thickness of their radioactive layers and organic
carbon content. Such studies should be complemented by
laboratory core studies, which will allow for a deeper and
more comprehensive assessment of the reservoir structure.

Such studies are informative for the needs of rapid
analysis of poorly studied geological sections where the
parameters are determined directly from the logging dia-
grams. The inclusion of information on petrophysical prop-
erties of reservoir rocks from selected core samples can
provide reliable information on the potential productivity
and characteristics of the reservoir rock, which will lead to
an increase in the accuracy of their assessment. However,
to assess the impact of the structure of lithological and
stratigraphic sections and capacitance-filtration parame-
ters on the readings of the logging results, new methods
and techniques should be introduced to create reliable
petrophysical models of complex thin-layer geological sec-
tions to improve the efficiency of their interpretation.

Conclusions

According to the results of the description of the polished
sections, the porous rock is enriched with foraminifera re-
mains and turns into a silty marl. The amount of foraminifera
shells reaches 30-50%. Pyrites and brown organic matter
are located around the foraminifera. The cementing sub-

strate is sharply enriched with clay substance, in which
glauconite is closely fused with pyrite. The fragments
contain single particles of amber, staurolite, and zircon
with black and brown borders, which indicates that the
fragments were removed from the weathering crust of the
neighbouring land of the platform, which was being erod-
ed. Clay clots contain almost no foraminifera, but pyrite
inclusions are present. Such features of the rock structure
suggest that Neogene sediments were formed in the under-
water part of the delta of the ancient river flow. They may
be associated with rocks with good reservoir properties.

It has also been established that siltstones with
quartz-clay cement consist of well-sorted quartz fragments
0.1-0.5 mm in size, which are in contact with each other.
There are single inclusions of zircon and garnet, washed
glauconite. Clay cement is localised in some pores and does
not always completely fill them. About 5% of intergranu-
lar large pores are filled with rounded or amoebic calcite
clots. The rock was formed in a coastal shallow water en-
vironment, which determines its good reservoir properties.
Changes in the rock cement led to changes in its structure
and deterioration of reservoir properties. Accordingly, the
productive intervals in Miocene sediments are filled with
highly porous, medium-porous and low-porous reservoirs,
which are characterised by significant facies, lithological
and petrophysical changes that significantly affect the re-
sults of the well logging.

As a result of laboratory experimental studies of core
material taken from Neogene sediments, a complex struc-
ture of reservoir rocks was established, taking into account
the influence of tectonic structure on the formation of
sandstones, clays and siltstones. Based on the obtained
parameters of porosity and permeability of productive res-
ervoir rocks, the graphs of interrelationships and relative
electrical resistivity with changes in reservoir pressure
were constructed, in particular for polymict and monom-
ict reservoir rocks. From the graphs established by the
results of experimental studies, it is clear that for certain
relative electrical resistivity ratios, pressure does not af-
fect the change in the electrical conductivity of reservoir
rocks. However, with an increase in reservoir pressure in
the range from 20 to 60 MPa, the relative resistivity will
increase as the dynamics of rock compaction increase. To
exclude the influence of the resistivity of the free fluid on
the porosity parameters, the derived formula (4) can be
used. The task of further research is to test the results in
neighbouring fields, the geological section of which is rep-
resented by similar rocks. Also, in the future, it is necessary
to develop consolidated petrophysical models for this type
of reservoir rocks and improve them.
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AHoTauig. IligsuuieHHsT BUIOOYTKY BYIIIEBOAHIB i3 MOPiZ-KOMEKTOPiB CKIafHOI 6ymOBM, B MeXax HEOTe€HOBOI
cucremu Binbue-Bonuubkoi 30Hu [lepenkapnaTcbKOro MpOTMHY, € JOBOJIi 6araTOrpaHHO MPOGIEMOI0, IKY HEOOXiTHO
OOGIPYHTYBATU LUISIXOM IMPOBeNeHHS KOMIIEKCHUX Teodi3muHux, netrpodisnyHmux Ta nerporpadiyHmMx OOCTiIKeHb.
MerToto Gyno o6rpyHTYBaTH (hisMKO-MexaHiuHi, eleKTpUYHi, aKycTUUHi Ta neTpodisMyHi mapamMeTpu 3a pesyibTaTaMu
reodisMyHMX AOCIIIKEeHb Y TOHKOIIAPYBaTOMY HEOTeHOBOMY PO3pi3i ra30BUX Ta ra30KOHAEHCATHUX POFOBUIL Y MeXax
Binbue-Bonmuupbkoi 30HM IlepeqKapmaTchbKoro MpoOrMHY. MeToaMuKa BMBUEHHSI CKIaJHOTOOYZOBaHMX HEOT€HOBUX
BigkianiBy mexxax Binbue-Bonuubkoi 301 [lepeikapriaTchKOTo MPOrMHY 6a3yBajacs Ha IKOCTi pe3y/bTaTiB reodismyHmx
Ta TeTpodi3MUHUX MOCTIIKEeHb, OTPUMAHUX 6Ge3MOocepefHbO B Mpolleci GypiHHS MOUIYKOBUX i DPO3BiLyBaqbHUX
cBepaaoByH. OKpiM I[bOTO TOMiHYIOUY POJIb BifjirpaBaiu pe3yabTaTu Ja60paTOPHUX eKCIIepUMeHTaIbHUX AOCTiIKeHb
B3ipLiB KepHY 3 BiJoOpakeHHSM IIJIACTOBMX TePMOOGAPUMUYHMX YMOB. 3@ Pe3yabTaTH TaKUX KOMILIEKCHUX Teo0sIoro-
reodisMyHMX JOCTiAKeHb BCTAaHOBJIEHO, L0 Ha IOKas3M reodisMyHMX METOJIB CYTTEBO BILIMBAE TOHKOIIApyBaTa
6yZoBa reoJIOTiYHOTO PO3Pi3y, IO JIITOTOTIYHO MPeICTaBIeHa TepellapyBaHHsIM ITiCKOBMKIB, aJleBPOJIITiB Ta apTiMliTiB.
3’s1COBaHO, 1110 3HAYHMI1 BIUIMB Ha [10Ka3¥ reodi3sMuHMX MeTOAiB MalOTh CBepAJIOBMHHI TPUIaJH, SIKi BUKOPUCTOBYIOTHCS
y reodisMuHMX ekcreauiisx. PesynbraTu OCTiAKeHDb CIIPSIMOBaHi Ha MifgBuUIeHHS e(eKTUBHOCTI IIOLTYKiB BYyIJIEBOLHIB
Ta KOHTPOJIIO IXHbOTO BUIYUYeHHS, TOMY HasiBHICTb BMCOKO iHDOpPMaLiiiHMX KOMILIEKCHUX reo@i3sMuHMX LOCTiIKeHb,
30KpeMa 6araTo30HA0BOTO aKyCTUUYHOTO KAPOTaKy, BUCOKOUACTOTHOTO iHIYKIIIIfHOTO KAPOTaskHOTO i3011apaMeTPUIHOTO
30HAYBaHHS Ta [IOBTOPHOTO HEJITPOHHOTO KapOTaXXy A,03BOJISIE ONTUMi3yBaTy BUCHOBKY Ha MpeMeT IepCIeKTUBHOCTI
BUSIBJIEHHSI BYIVIEBOLHIB Yy CKJIAZHOMOOYIOBAaHMX TOHKOIIAPYBATUX pO3pi3ax. BNpoBaKeHHS HOBUX MiAXOAiB IO
BUIiIEHHS TaKUX IUIACTiB Ta MPOLIAPKiB JO3BOMMUTh MiABUIIMATK iHPOPMATUBHICTH reosoro-reodizsuuHux MeTOLiB Ta
MIpUPICT BYIJIEBOAHIB Y MeXXax IMOUTYKOBUX Ioly binbue-Bonuipkoi 30HM [lepenkaprnaTchbKOro IporuHy
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