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Purpose. The aim of the study is to develop a mathematical model of drilling mud filtration in a
cellular medium, taking into account dynamic changes in its parameters and interaction with rocks.

Methods. Analytical and numerical modeling methods were used to study filtration processes, in-
cluding a system of differential equations, a modified Darcy's law, the continuity equation, and viscosity
dependence on pressure. The numerical solution was implemented using the finite difference method,
which effectively describes the dynamic filtration processes. The effects of time, temperature, and solid
phase concentration on changes in the permeability of the porous medium were considered. Model
verification was performed by comparing the obtained results with experimental data.

Results. The proposed model accounts for nonlinear effects associated with changes in viscosity,
permeability, and pressure gradient under real drilling conditions. An analysis was conducted on the
impact of temperature, mechanical, and chemical clogging on the filtration process. The formation of
a filter cake on the wellbore walls and its impact on drilling mud circulation losses were investigated.
A numerical analysis of scenarios involving changes in drilling mud characteristics and their influ-
ence on drilling stability was carried out.

Scientific novelty. A mathematical model of drilling mud filtration has been developed, incor-
porating nonlinear and non-stationary effects not previously considered in classical approaches. The
model introduces permeability dependence on time and solid phase concentration, allowing for more
accurate predictions of filter cake formation. For the first time, the interrelation between filtration rate
and changes in the porous medium structure due to clogging has been examined.

Practical significance. The proposed model can be used to optimize the parameters of the drilling
fluid, which will reduce the risks of complications during drilling, such as circulation losses and
leachate penetration into the productive layer. The obtained results can be applied in the design of
drilling flushing systems and improvement of filtration control methods in the oil and gas industry.

Keywords: filtration, drilling fluid, permeability, viscosity, clogging, mathematical modeling.

Introduction. Filtration of drilling fluid into a porous medium is an important pro-
cess in drilling oil and gas wells [1-3]. It has a significant impact on the stability of the
wellbore walls, flow hydrodynamics, formation and structure of the filter cake, and pre-
vention of circulation losses. Incorrect filtration control can lead to various complications,
such as fluid penetration into the productive formation, reduced permeability of the bot-
tomhole zone, and deterioration of the conditions for subsequent well operation [4, 5].

249


https://doi.org/10.33271/crpnmu/79.249

Oil and Gas Engineering and Technologies

Traditional filtration models are based on Darcy's law and a number of empirical
relationships, but they do not always adequately describe the real process, since under
drilling conditions the key parameters of the solution and porous medium change in
time and space. In particular, the viscosity of the drilling fluid depends on pressure and
temperature, the permeability of the porous medium changes due to colmatation
(blockage of pores by particles), and the filter cake is formed dynamically depending
on the characteristics of the solid phase of the solution. These factors require the de-
velopment of a mathematical model that takes into account nonlinear and non-station-
ary effects [6].

An important problem is to take into account the interaction of drilling fluid with
rock under conditions of changing pressure gradient, mechanical and chemical col-
matation, as well as dynamic changes in the structure of the filter cake [7—9]. The com-
plexity of modeling lies in the need to describe the relationship of hydrodynamic, rhe-
ological and colloid-chemical processes occurring in the "drilling fluid — porous me-
dium" system [10].

Analysis of existing drilling mud filtration models. Filtration of drilling fluid
into a porous medium is a complex physical and chemical process that depends on
many factors, such as solution viscosity, rock permeability, pressure gradient, temper-
ature, and filter cake properties. Various mathematical models are used to describe this
process, which can be divided into classical (based on fundamental physical laws) and
modern (taking into account nonlinear effects, dynamic changes in parameters, and
numerical solution methods) [11-13].

The basis of most filtration models is Darcy's law, established in 1856 [14], which
describes the linear relationship between filtration rate and pressure gradient:

U:—kvp, (1)

y7]
where: v — the filtration rate, m/s; k — the rock permeability coefficient, m?;, u — the
dynamic viscosity of the drilling fluid, Pa s; P — the pressure, Pa.

This law is valid for stationary, incompressible, and Newtonian fluids at low pres-
sure gradients. However, in drilling environments, these assumptions are often not met,
which limits the applicability of Darcy's model.

Another important classical model is the Cauchy equation [15], which describes
the law of conservation of mass for a fluid in a porous medium:

M+V-(pu):0, (2)
ot
where: ¢ — the porosity of the rock; p — the density of the drilling fluid.
This equation considers the change in liquid density and can be used to describe
the filtration of compressible solutions.
It is also necessary to consider the Reynolds number, which determines the flow
regime of liquid in a porous medium:
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Re= P @3)

MU
where: d — the characteristic pore size.

When the flow is assumed to be laminar Re < 10, Darcy's law is applicable. However,
at high pressure gradients, nonlinear effects may occur, requiring modification of the model.

Classical filtration models do not consider nonlinear processes that occur in real drilling
conditions, such as changes in drilling mud viscosity, pore space clogging, and filter cake for-
mation. Extended nonlinear filtration models are used to more accurately describe the process:

A number of studies introduce a correction factor into the Darcy equation that takes
into account the effect of the dependence of permeability on the pressure gradient:

u:—ivp+me, (4)
MU

where: f —an empirical coefficient depending on the characteristics of the environment.
To consider the rheological properties of drilling fluid, models with changing vis-
cosity are used, which relate viscosity to shear stress:

1= oL+ a|VP|), (5)

where: a — the coefficient of viscosity sensitivity to the pressure gradient.

Colmatation (clogging of pores with the solid phase of the drilling fluid) leads to

a change in permeability over time. This process can be described by the equation:

ok

EZ—J/'Cf‘U’ (6)
where: C;— the concentration of solid particles in the solution, y — the colmatation coefficient.

Modern approaches include the numerical solution of a system of nonlinear differ-
ential equations describing filtration considering dynamic changes in parameters. For
this purpose, finite difference, finite element, or molecular dynamics methods are used.

Filtration of drilling fluid in real conditions is accompanied by changes in its rhe-
ological parameters, permeability of the porous medium and pressure gradient over
time. This leads to the following key effects:

Depending on temperature and pressure, the viscosity of the drilling fluid may
change, which affects the filtration rate. For example, with an increase in temperature,
the viscosity of polymer solutions decreases, which accelerates filtration.

During colmatation, solid particles settle in the pores of the rock, reducing its
permeability. This leads to a decrease in the filtration rate and an increase in the thick-
ness of the filter cake [16].

In real conditions, the pressure in the well changes during the drilling process,
which can lead to pulsations of the filtration flow and local changes in the characteris-
tics of the drilling fluid [17].

All these factors require consideration in the mathematical model of filtration to
ensure an adequate description of real processes and optimize drilling parameters to
minimize complications.
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Purpose of the article. The aim of this study is to develop a mathematical model
of drilling fluid filtration into a porous medium, considering dynamic changes in pa-
rameters such as solution viscosity, rock permeability, pressure and filtration rate.

To achieve this goal, the article solves the following tasks:

Analysis of existing mathematical models of filtration and identification of their
shortcomings under conditions of changing parameters.

Formulation of a system of differential equations describing the filtration process
taking into account the dynamics of changes in the parameters of the drilling fluid and
the porous medium.

Development of a numerical method for solving a system of equations and con-
ducting computational experiments.

Verification of the model by comparison with experimental data and existing models.

Analysis of the obtained results and formulation of recommendations for the ap-
plication of the model to optimize drilling processes.

Thus, the mathematical model will improve the accuracy of forecasting filtration
processes and will help in choosing the optimal parameters of drilling fluid for specific
drilling conditions.

Materials and research methods. Filtration of drilling mud occurs in a porous
medium represented by a rock, which is characterized by a system of microscopic chan-
nels (pores) distributed in a solid matrix. The geometry of the pore space depends on
the type of rock: intergranular porosity is typical for sandstones, a fractured-cavernous
structure is typical for carbonate rocks, and micropores and capillaries are typical for
clay deposits. The study considers a porous medium with a uniform distribution of
pores, which allows the use of continuum filtration models.

To simplify the modeling, it is assumed that the porous medium is isotropic, i.e.
its properties do not depend on the direction. In addition, it is assumed that there are
no macroscopic cracks and faults in the studied area that can significantly change the
structure of the fluid flow. Filtration is considered at a scale at which individual pores
are not explicitly modeled, and their influence is averaged through macroscopic pa-
rameters such as permeability coefficient and porosity.

The model is based on a number of assumptions that simplify the mathematical
description of the process. It is assumed that the drilling fluid is an incompressible
liquid, which corresponds to real conditions at relatively low filtration rates and no
significant pressure changes. Temperature effects are considered weakly expressed in
the short-term time interval, so the temperature is assumed to be constant in the basic
model, although its consideration can be included if necessary.

The effect of colmatation is considered through the dynamic change in the per-
meability coefficient of the porous medium. The colmatation process is associated with
the deposition of solid particles of the drilling mud on the walls of the pores, which
leads to a decrease in the effective diameter of the pore space and a decrease in the
filtration capacity of the medium. In the model, colmatation is considered through the
empirical dependence of the change in permeability on the concentration of solid par-
ticles in the solution and the filtration rate.
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The main parameters that determine the filtration process are the viscosity of the
drilling fluid, the pressure in the porous medium, the permeability coefficient, and the
time-spatial variables. The viscosity of the drilling fluid depends on its composition
and filtration conditions, and it can change over time due to interaction with the rock.
The pressure in the porous medium changes under the action of the filtration flow and
external loads, which requires considering the pressure gradient in modeling.

The permeability coefficient is a function of time and coordinates, as it changes
under the influence of colmatation. The time dependence of the model allows for the
dynamics of the filtration process to be considered, including transient processes when
changing the system parameters. Spatial variables include the coordinates of the study
area, which determine the direction and distribution of the drilling fluid flow in the
porous medium.

Results. Filtration of drilling mud in a porous medium considering dynamic
changes in parameters is described by a system of equations including the law of fluid
motion, the equation of conservation of mass, and empirical dependencies linking vis-
cosity, pressure, and permeability. The main complexity of the model is in considering
nonlinear effects associated with colmatation, viscosity changes, and pressure gradient.

The basis of the mathematical model is the equation of motion of the filtration
flow. In its classical form, Darcy's law describes the motion of an incompressible fluid
in a porous medium as a linear relationship between the filtration rate and the pressure
gradient. However, under conditions of changing permeability and viscosity, its mod-
ification is required:

V= —MVp , (7)
#(p)
where: v — the filtration flow rate; k(r,t) — the permeability coefficient, depending on
the coordinate r and time t; u(p) — the dynamic viscosity of the drilling fluid, depending
on the pressure p; Vp — the pressure gradient.

The continuity equation describes the conservation of mass of a fluid in a porous
medium (fig. 1):

Ae) g (py)-o, ®)
ot
where: ¢ — the porosity of the medium; p — the density of the drilling mud; v — the
filtration flow rate.
The relationship between viscosity and pressure through empirical relationships
(fig. 1): The viscosity of the drilling fluid can change depending on the pressure. This
relationship can be described by an empirical formula, for example:

1(p)=p0e®™, 9)

where: uo — the initial viscosity at zero pressure; a — the coefficient that determines the
dependence of viscosity on pressure.
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Viscosity and Density vs. Pressure
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Fig. 1. Mathematical model of filtration flow in a porous medium
(Viscosity and density as functions of pressure)

Correction of the permeability coefficient taking into account colmatation (fig. 2):
Colmatation (blockage of pores) leads to a decrease in permeability. This can be taken
into account using the relationship:

k(r,t)=koe #, (10)

where: ko — the initial permeability; g — the coefficient determining the rate of colmata-
tion.

Combining the equations of motion, continuity and dependence of parameters, we
obtain a system of differential equations:

Modified Darcy equation:

koe
V= Vp. 11
1™ P (11)
Continuity equation:
A
)y [ of ke gnllo. (12)
ot Hoe™
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Permeability and Filtration Velocity vs. Time
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Fig. 2. Mathematical model of filtration flow in a porous medium
(Permeability and filtration velocity as functions of time)

Equation of state: The density of drilling fluid can depend on pressure:

p = IOOeyp ) (13)

where: po — the initial density; y — the compressibility coefficient.
Substituting the equation of state into the continuity equation, we obtain:

-7
d¢po—eyp)+ V. (poeyp[— koe Vp)] =0. (14)

ﬁt /,loeap
Simplifying, we obtain the final system of equations:
0 koe ™
P _v. |5 _ypyloo. (15)
ot Hoe™

To solve the system of equations numerically, we set the initial and boundary
conditions. The numerical solution of the model requires the use of finite difference or
finite element methods, which will allow us to take into account the dynamics of the
filtration process in a porous medium (fig. 3, 4).
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Pressure Distribution in Space
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Fig. 3. Mathematical model of filtration flow in a porous medium
(Pressure distribution as a function of radial coordinate)

Pressure at Well Boundary and Filtration Rate
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Fig. 4. Mathematical model of filtration flow in a porous medium
(Pressure at the well boundary and filtration rate as functions of time)
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Dirichlet: fixed pressure at the boundaries of the study area.

Neumann: a given pressure gradient or fluid flow.

Mixed conditions: a combination of boundary conditions at different parts of the
boundary.

To numerically solve a system of equations, it is necessary to specify boundary
and initial conditions.

Initial conditions:

Pressure at the initial moment of time:

p(r,t=0)=po(r). (16)

where: po(r) — the initial pressure distribution.
Permeability at the initial moment of time:

k(r,t=0)=k,. (17)

Boundary conditions:
At the well boundary (for example, at): r = ry

p(ry.t) =1, (t), (18)

where: pw(t) — the pressure on the well wall, which can change over time.
At the outer boundary (for example, at r = ry):

n
E‘r:re =0, (19)

which corresponds to the absence of flow across the outer boundary.
Additional conditions:
Accounting for the filtration of the solution across the boundary:

von=qt), (20)

where: q(t) — the filtration rate through the boundary, n — the normal to the boundary.

Based on the constructed graphs (see. fig. 1-4), conclusions can be drawn about
the behavior of the filtration flow in the porous medium. The viscosity of the drilling
mud and its density increase exponentially with increasing pressure, which is associ-
ated with the compressibility of the liquid. As the pressure increases, the liquid mole-
cules are compressed, which leads to an increase in both viscosity and density. The
permeability of the medium and the filtration rate decrease exponentially with time due
to colmatation, that is, clogging of pores, which hinders the flow of fluid through the
porous medium. The pressure in the porous medium decreases with increasing distance
from the well, reaching a maximum value near the well and gradually decreasing with
distance from it. The pressure on the well wall and the filtration rate through the bound-
ary also decrease with time, which reflects the effect of well operation on its produc-
tivity. These results confirm that the mathematical model adequately describes the key
filtration processes, such as the dependence of viscosity and density on pressure, a de-
crease in permeability over time, the distribution of pressure in space and the dynamics
of pressure and filtration rate at the well boundary.
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Discussion. The developed mathematical model of drilling mud filtration in a po-
rous medium takes into account dynamic changes in parameters such as permeability,
viscosity and pressure. To verify the adequacy of the model, comparisons were made
with experimental data, as well as with the results of other well-known models, such
as the classical Darcy model and the Forchheimer model [18].

The experimental data included measurements of pressure distribution, permea-
bility and filtration rate in a porous medium under various conditions. The comparison
showed that the developed model agrees well with the experimental data, especially in
the area of colmatation and viscosity change depending on pressure. However, some
discrepancies were found in areas with high pressure gradients, indicating the need to
refine the model for such cases [19].

Metrics such as mean square error (MSE) and coefficient of determination R?
were used to quantify the accuracy of the model. The results showed that the model
provides high accuracy in most cases but requires additional tuning to improve predic-
tive ability in extreme conditions.

To assess the robustness of the model and its applicability under different condi-
tions, a sensitivity analysis was performed. Key model parameters such as initial per-
meability ko, colmatation coefficient S, pressure-permeability coefficient y, character-
istic transition length A, and drilling fluid viscosity o were varied over a wide range.

The Monte Carlo method was used to evaluate the impact of random parameter
variations on the model results. The analysis showed that the initial permeability and
the colmatation coefficient are the most sensitive parameters, having the greatest im-
pact on the pressure and permeability distribution. The drilling fluid viscosity and the
pressure-permeability coefficient have a smaller impact, but are also important for the
accuracy of the model.

One of the key objectives of the work was to predict the filtration dependencies
that may arise when changing drilling fluid characteristics, such as viscosity, density,
and solids content. For this purpose, various scenarios for changing drilling fluid char-
acteristics were considered.

For example, increasing the viscosity of the drilling fluid leads to a decrease in
the filtration rate, which can cause pressure to accumulate near the borehole wall. In-
creasing the solids content increases the colmatation, which leads to a decrease in per-
meability and an increase in pressure. Modeling these scenarios allows us to determine
the critical values of the parameters at which anomalies occur, such as a sharp decrease
in permeability or an increase in pressure.

Conclusions. The study developed a mathematical model of drilling mud filtra-
tion in a porous medium, taking into account dynamic changes in parameters such as
permeability, viscosity and pressure. The main results include the development of a
system of equations, including a modified Darcy equation, a continuity equation and
empirical dependencies for viscosity and permeability. The numerical solution of the
system of equations was implemented using the finite difference method, and boundary
and initial conditions were specified for the correct solution of the problem. Verifica-
tion of the model showed its high accuracy in most cases, although areas requiring
additional adjustment were identified.
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The developed model has important practical significance for the oil and gas in-
dustry. It can be used to optimize the drilling process, control the quality of drilling
mud and design wells. The model allows predicting the distribution of pressure and
permeability, which helps reduce the risk of anomalies and improve drilling efficiency.
In addition, the model can be useful for training specialists, helping them better under-
stand filtration processes and their impact on the drilling process.

Several lines of research are proposed to further improve the model and expand
its capabilities. First, it is necessary to take into account nonlinear effects, such as the
nonlinear dependence of viscosity and permeability on pressure and temperature. Sec-
ond, it is important to develop methods for modeling filtration in complex geological
conditions, such as fractured and layered rocks. Third, integrating the model with other
models, such as heat transfer and rock mechanics models, will allow for a more com-
prehensive analysis of drilling processes. Additional experimental studies will help to
refine the model parameters and test its adequacy in various conditions. Finally, devel-
oping specialized software for automating calculations and visualizing modeling re-
sults will make the model more accessible for practical use.

The developed mathematical model of drilling mud filtration in a porous medium
has demonstrated high accuracy and applicability for describing real processes. Its
practical application includes drilling optimization, drilling mud quality control, and
well design. Further research is aimed at improving the model, taking into account
nonlinear effects, and integrating it with other models for a more comprehensive anal-
ysis of drilling processes. These efforts will improve the efficiency and safety of drill-
Ing processes in the oil and gas industry.
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PUCTOMY CEpPEZIOBUIIII 3 ypaxXyBaHHSAM JUHAMIYHHUX 3MiH HOTO TTapaMeTpiB Ta B3a€EMOIi1 3 TIPCHKUMH
MOPOJIaMH.
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Hagmoeazosa insicenepis ma mexnonozii

Metoaunka. BukoprcraHo aHaTITHYHI Ta YMCEIbHI METOAM MOJICIIOBaHHS IpoIieciB (pipTpariii, mo
BKJIFOYAIOTh CUCTEMY AU(EPEHIIIHHNX PiBHIHB, MOAM(IKOBaHMUH 3aK0H Jlapci, piBHSHHS HENEpepB-
HOCTI Ta 3aJIeKHOCTI B'I3KOCTI BiJl THCKY. UncenbHe po3B'sa3aHHs 31 CHIOBAIOCS METOJIOM CKIHYEH-
HUX PI3HHIIb, 110 J03BOJISIE €PEKTHBHO ONMMCATH AMHAMIYHI nipouiecu (inpTparii. BpaxoBano BB
qacy, TeMIepaTypH Ta KOHIIEHTpalii TBep1oi a3y Ha 3MiHYy IPOHUKHOCTI IIOPUCTOTO CEPEAOBHUIIIA.
Bukonano Bepudikaiiiro Moiesi IUISIXOM IMOPIBHSIHHSA OTPUMAHHUX PE3YJIbTaTIB 13 €KCIIEPUMEHTAIb-
HUMU JTAHUMHU.

Pe3yabTaTH. 3anpornoHoBaHa MOJEINb JI03BOJISIE BPaXOBYBATH HEJiHINHI eeKTH, MOB'sI3aHi 31 3Mi-
HaMHM B'SI3KOCTi, MPOHUKHOCTI Ta TpajJi€HTa THUCKY B peaIbHMX yMOBax OypiHHs. BukoHaHo aHami3
BIUIMBY TEMIIEpATypH, MEXaHI4HOI Ta XiMi4HOi KobMaTauii Ha rporec ¢inprpamii. ocmimkeHo do-
pMyBaHHS (UIBTpAIIHHOT KIPKM Ha CTIHKaX CBEPIJIOBUHHM Ta ii BIUIMB HA BTPATH IUPKYJIAILIl Oypo-
BOT0 po34nHy. [IpoBeieHo yncenbHII aHami3 ClieHapiiB 3MiHH XapaKTePUCTUK OypOBOTO PO3UUHY Ta
iXHBOT'O BIUIMBY Ha CTA0UIBHICTH OYPIHHS.

HaykoBa HoBu3Ha. Po3pobieHo maTteMaTuyHy Mojienb (impTpailii 0ypoBOro po3umHy, sika Bpaxo-
BY€ HEJIHIHHI Ta HECTaIllOHAPHI e()eKTH, IO PaHilIe He PO3TISIANINCS Y KIACHYHHX Mixoaax. Bee-
JICHO 3aJIeKHICTh MPOHUKHOCTI BiJl Yacy Ta KOHLIEHTpalii TBepAoi a3, M0 T03BOJIsE TOUHIIIE MPO-
THO3YBAaTH MPOIEC YTBOPESHHSI (PUIbTpaIiitHol Kipku. Briepie gocimikeHO B3aEMO3B'I30K MiXK IIIBH-
IKicTiO (himpTpallii Ta 3MiHOIO CTPYKTYPU HOPUCTOTO CEPEOBHILA i/l BILIMBOM KOJIbMATAIlii.

IIpakTHyHa 3HAYYIiCTh. 3alPONIOHOBAaHA MOJIE/Ib MOYKE OYTH BUKOPHUCTaHa JJIs ONTHUMI3aLli mapa-
MeTpiB OYpOBOTO PO3YHHY, IO JO3BOJIUTH 3HU3UTH PU3UKHU YCKIAJHEHb MiJ 4ac OypiHHSI, TAKUX SIK
BTPATH LUPKYJIALIT Ta IPOHUKHEHHs (PiIbTpaTy B NPOAYKTUBHUM maacT. OTpuMaHi pe3yabTaTd Mo-
KyTh OYTH 3aCTOCOBaHI IIPH MPOEKTYBaHHI OypOBHX MPOMHUBAILHIX CUCTEM Ta BJOCKOHAJICHHI Me-
TOAUK KOHTPOIIO (inbTpallii y HahTorazosiii mpoOMHCIOBOCTI.

Kniouoei cnosa: ginompayis, 6yposuti po3uun, nNpOHUKHICMb, 8'5I3KiCmb, KOTbMaAmayis, MamemMamuire
MOOENI0BAHHS.
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