Pre prints.org

Article Not peer-reviewed version

Validity of Linearized Colmation Models
for Methane Migration and Smart
Ventilation Design in Underground
Mines

Wiktor Filipek , Krzysztof Broda i , Barbara Tora Tora i

Posted Date: 23 March 2026
doi: 10.20944/preprints202603.1798.v1

Keywords: methane migration; methane mitigation; smart ventilation; colmation modeling; underground coal
mining; emission control; digital mine models; just transition

Preprints.org is a free multidisciplinary platform providing preprint service
r that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
(=] Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/5120951
https://sciprofiles.com/profile/1979074
https://sciprofiles.com/profile/237706
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 March 2026 d0i:10.20944/preprints202603.1798.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Article

Validity of Linearized Colmation Models for
Methane Migration and Smart Ventilation Design in
Underground Mines

Wiktor Filipek *, Krzysztof Broda * and Barbara Tora *

AGH University of Krakow, Poland
* Correspondence: victor@agh.edu.pl (W.F.); broda@agh.edu.pl (K.B.); tora@agh.edu.pl (B.T.)

Featured Application

The obtained findings provide a quantitative foundation for predictive modeling of methane
migration and permeability evolution, supporting the development of smart ventilation systems,
methane emission mitigation strategies, and digital mine-environment models. Consequently, the
proposed approach contributes to improved mine safety, reduced greenhouse gas emissions, and
data-driven decision-making processes that support the just transition of the mining sector.

Abstract

Colmation phenomena play a critical role in long-term gas flow through porous media, significantly
influencing methane migration, mine ventilation efficiency, and emission control in both active and
abandoned coal mines. In colmation modeling, three fundamental kinetic types are commonly
distinguished, with the third kinetic providing a generalized nonlinear formulation capable of
describing state-dependent and spatially variable permeability degradation. However, the strong
nonlinearity of the coupled transport—colmation equations prevents the derivation of closed-form
solutions, which necessitates the application of linearization techniques. In this study, gas flow with
colmation governed by third-kinetics is analyzed with particular emphasis on methane migration in
underground mining environments. Linearization of nonlinear kinetic terms is applied at the level of
the coupled mass balance and colmation equations, resulting in an approximate form of Darcy’s law
and an explicit analytical solution describing the evolution of the porous medium state. The primary
objective of the study is to quantify the error introduced by the adopted linearization and to analyze
its spatial and temporal propagation with respect to the nonlinear reference solution. A rigorous error
estimation based on Taylor series truncation is developed, yielding an explicit criterion that defines
the validity range of the linearized solution. The results demonstrate that the approximation remains
reliable within the regime of weak colmation, while the associated error is locally generated and
propagates through transport mechanisms without exhibiting uncontrolled growth.

Keywords: methane migration; methane mitigation; smart ventilation; colmation modeling;
underground coal mining; emission control; digital mine models; just transition

1. Introduction

Methane emissions from underground mining operations and abandoned coal mines remain
one of the major challenges in the context of climate policy, mine safety, and the just transition of the
extractive industries [1]. Effective methane mitigation requires not only advanced capture
technologies but also reliable predictive models of gas migration and flow resistance evolution within
the rock mass [2]. In this context, mathematical models describing long-term permeability
degradation processes, such as colmation, become a critical component of smart ventilation and
digital mine-environment systems.
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Colmation, in the scope of methane in coal seams, primarily refers to the phenomenon of
clogging (blocking) of pores, fractures, and drainage systems by fine coal particles (coal dust) and
waste rock. This phenomenon significantly hinders or prevents effective methane recovery (Coal Bed
Methane—CBM) and increases the methane hazard in mines. It is a phenomenon of key importance
for mining safety and the efficiency of methane drainage [3,4].

Key aspects of colmation in relation to methane in mines include:

* Colmation mechanism: Fine coal fractions (dust) are displaced by flowing gas or water,
depositing in fractures (cracks), which closes the escape routes for methane.

* Impact on Coal Bed Methane (CBM) extraction: Colmation of boreholes and their surroundings
(the near-wellbore zone) causes a decrease in the permeability of the deposit, which drastically
reduces methane production efficiency and may lead to pump clogging.

* Safety hazard: Blocking the flow of methane in the seam can lead to methane accumulation,
increasing the risk of sudden gas and rock outbursts.

* Colmation in methane drainage systems: In underground methane drainage systems,
colmation (often combined with water condensation) blocks pipelines, lowering the effectiveness of
methane drainage and necessitating more frequent maintenance [5,6].

Detailed categorization of the causes, mechanisms, and effects of the colmation process includes
the following issues:

Hard coals possess a specific porous structure. Methane is trapped within them primarily
through adsorption (physicochemical bonding on the surface of micropores). For the gas to be
released, it must pass through a system of fractures (so-called cleats). Colmation is the process that
blocks these “highways” for the gas [7].

Main causes of colmation in relation to methane from coal mines:

* Strata pressure: As depth increases, the overburden pressure squeezes natural fractures in the
coal, drastically reducing its permeability.

* Matrix Swelling: Coal increases its volume under the influence of gas adsorption (especially
methane). Swelling coal grains constrict flow paths, hindering further gas outflow.

* Mechanical phenomena: Fine coal fractions (coal dust) carried by flowing gas or water can
settle in fracture constrictions, creating blockages.

* Chemical and biological deposits: Precipitation of minerals from mine waters (e.g., carbonates,
chlorides) or the development of bacterial biofilms in coal pores [8].

The phenomenon of colmation is associated with the flow of liquids or gases through porous
media, where the transported medium contains suspended solid particles capable of depositing
within the pore space [9]. This process leads to a gradual change in the structure of the medium,
specifically to a reduction in its porosity and permeability, and consequently to a significant
modification of the flow conditions. Colmation can be undesirable, such as in the case of reduced
efficiency of wells or filtration systems, or desirable, when the goal is to reduce the permeability of
the medium, for example, in sealing the rock mass or controlling the inflow of water into mine
workings. Therefore, the correct description of the mechanisms of colmation is of significant
importance both from a theoretical and engineering perspective [10].

The mathematical description of flow with colmation is based on a coupled system of partial
differential equations, including the transport balance equation, the colmation process kinetics
equation, and the equation of motion. The transport balance equation describes the behavior of the
concentration of particles carried in the flowing medium, accounting for their displacement and the
loss resulting from the deposition process within the porous structure [11,12]. The colmation kinetics
equation determines the rate of change of the state variable characterizing the porous medium, most
often porosity, as a function of local flow conditions and structural state. In turn, the equation of
motion, in the form resulting from Darcy’s law, relates the filtration velocity field or pressure gradient
to the current properties of the medium, which undergo continuous evolution during the colmation
process.
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The mutual coupling of these equations makes the description of flow with colmation strongly
nonlinear. Within the classical theory of colmation described by Trzaska [13] , three basic process
kinetics are distinguished:

* First kinetics assumes a constant rate of mass exchange between the liquid phase and the
porous skeleton, independent of the degree of colmation.

* Second kinetics accounts for the self-inhibiting nature of the process, where the rate of change
decreases as the available pore space decreases.

* Third kinetics is the most general formulation, where the colmation rate depends nonlinearly
both on the current structural state of the medium and the intensity of particle transport [6].

This approach allows for the description of processes in which colmation vanishes both in the
initial state and at full saturation of the medium, reaching a maximum for intermediate states, which
corresponds to the actual course of long-term filtration processes. It should be emphasized that the
term “vanishing of colmation” refers to the rate of its progression (the derivative of the state variable
with respect to time) rather than the existence of the process itself.

The application of the third kinetics, however, leads to a coupled system of differential equations
with a high degree of nonlinearity, for which an explicit solution is generally not known. In previous
works, this problem was most often solved by introducing linearization procedures for selected
terms, which allowed for the analytical determination of approximate distributions. Such an
approach raises the question of the range of applicability of the obtained solutions and the error
resulting from the adopted simplifications.

In this work, flow with colmation proceeding according to the third kinetics is analyzed [4]. The
considerations are conducted within a one-dimensional description of flow through a porous
medium where the coupled system of equations has a nonlinear form. For this reason, linearization
of the nonlinear terms was applied at the stage of solving the mass balance and colmation kinetics
equations. The resulting state variable serves as the basis for further analysis of Darcy’s equation in
an approximate approach.

The primary objective of the study is to estimate the error resulting from the adopted
linearization and analyze its propagation in space-time.

Methane emissions from underground mining operations and abandoned coal mines remain
one of the major challenges in the context of climate policy, mine safety, and the just transition of the
extractive industries. Effective methane mitigation requires not only advanced capture technologies
but also reliable predictive models of gas migration and flow resistance evolution within the rock
mass. In this context, mathematical models describing long-term permeability degradation processes,
such as colmation, become a critical component of smart ventilation and digital mine-environment
systems.

2. Mathematical Model of the Coupled Transport and Colmation Process in the
Trzaska Model Approach [13]

This article considers a one-dimensional mathematical model describing the coupled process of
mass transport and colmation in a porous medium as proposed by Trzaska.

This model describes a phenomenon dependent on both the spatial variable x and time t, where
changes in the structure of the medium directly affect transport, and transport determines the rate of
further colmation. The mathematical description, encompassing the form of the balance equations,
the local kinetics equation, and the method for solving the corresponding system of partial
differential equations, is reconstructive and does not constitute the original contribution of the
authors. The presentation of the model aims to organize its assumptions and create a starting point
for further considerations.

The basis of the description is a system of partial differential equations in which the key role is
played by the function P(x,t), interpreted as a dimensionless state variable of the medium related to
the degree of its colmation, ranging from zero (uncolmated state) to a maximum value corresponding
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to full saturation of the pore structure. This system is written in the form of a balance equation and a
local kinetics equation.
The mass balance equation in the considered one-dimensional case takes the form:

—(q(t)N(x 1) + L&D a”(" 9 = 0(1)

where q(t) denotes the volumetric flow rate, while N(x, t) is a dimensionless function describing the
spatial distribution of particle concentration.
The evolution of the function P(x,t) over time is described by the kinetics equation III:

P@Y _

o = —a(P(x,t) = B)(P(x, 1) — &)q(t)N(0,t)(2)

where a, f and & are dimensionless constant parameters of the model: a is the proportionality
coefficient, 5 is an additional coefficient exclusive to kinetics III, and &. denotes the initial porosity.
It is assumed that at the initial time, the medium is in an uncolmated state, leading to the

condition:
P(x,0) = 0(3)
Additionally, at the boundary of the medium, the condition is specified:
N(0,t) = n(4)

describing the intensity of particle inflow from the environment, where n is the dimensionless,
normalized volumetric concentration of the colmatant.

The inflow condition specified at the boundary x = 0 (4) means that equation (2) at the boundary
takes the form of an ordinary differential equation with respect to time for the function P(0, t). Its
solution under the initial condition (3) takes the form:

1-exp|-na(z,-p) f, aaz| )
1—%"exp[—na(£o—[3’) fotq(‘r)dr]\

P(0,t) = ¢,

Formula (5) describes the boundary solution—i.e., the time course of P(0,t) at the inflow
boundary.

It provides an explicit expression for the value of P at the point x = 0 and allows to analyze the
influence of the model parameters and the forcing function q(t) without solving the full problem in
the entire spatial domain.

The aim of further considerations is the elimination of the product q(t)N(x,t) from equations (1)
and (2). From the kinetics equation (2), after algebraic transformations, the left side can be written as
a logarithmic derivative:

qON(x,t) = =

1 dP(x,t) _ _ 1 i |P(x,t)—s,,
a(P(x,t)-g0)(P(x,)-B) ot a(e—p)at P(x,t)-B

(6)

Substituting (6) into the balance equation (1) leads to a partial differential equation of the form:

92 P(x,t)—£o ap(x 0 _
atox |P(x,t)—ﬁ —ale—p) =5~ @
Following the approach proposed by Trzaska, an auxiliary function K(x,t) is introduced,

defined by relationship (8), which allows the equation to be brought into a form enabling separation
of variables:

_ P(x,t)—¢&o
K(x,t) = P(x,t)-B 8)
_ _ go+PK(xt)
P(x,t) = f(K(x’ t)) T 14K (xb)

After integrating equation (7) with respect to time at a fixed spatial variable x and considering
the initial condition (3), a differential equation for the function K(x,t)is obtained:

K (x,t)

CO e, — BK (x, 1) LKD)

so+ﬁ’ K(x,t)
1+K(x,t)

=0 )
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This equation is nonlinear and generally leads to an implicit solution, which complicates its
direct application. To obtain a form enabling further analysis, the equation is replaced by its
linearized form near the initial state P(x,t) = 0,, which corresponds to linearization with respect to
K(x,t) around the point Ko.

From the condition

go+PK(xt) _

€o
P(x,t) =0= TKGeD 0=>K, = - (10)

Follows the value of the function K(x,t) corresponding to the initial state, which is the reference
point for the linearization procedure.
Linearizing the expression:

go+BK(x,t)
1+K(x,t)

(11)
around point Ko, the following approximation is obtained:

gotBK(xt) B2 _
K SD_B[K(x,t) K] (12)

Substituting (12) into (9) yields the simplified equation:

AK(x,t)

ox

+af’K(x, )[K(x,t) —K,]=0  (13)
whose general solution is given by the formula:
5 1-1
K(x,t) = K, [1 - F()e ™ oaP™s] — (14)

To determine the function F(t), the condition at point x = 0 is used. Since the course of P(0,t) is
known from equation (5), and the relationship between the functions K(x,t) and P(x,t) is given by
equation (8), this condition can be rewritten in a form relating directly to the function K(0,t).

K(0,¢t) = —%"exp [—na(so -B) fot q(r)dr] (15)
After substituting into (14), we obtain:
F(t) =1 exp|na(e, = B) [y a(@dz|  (16)
Ultimately, the solution for function K(x, t) takes the form:
K(x,t) = — %"{1 — [1 —exp (na(sa -B) fot q(‘t)dr)] exp(soaﬁx)}_l 17)

while the function P(x, t) is given by:

exp(na(eo=p) fy a(xdr)-1

? exp(na(eo=p) fy a(ar)-222E

P(x,t) =¢ (18)

exp(nagyx)—1

Knowing P(x,t), the function N(x,t). can be uniquely determined. This closes the transport and
colmation kinetics model. From an engineering perspective, the presented model constitutes a
simplified yet computationally efficient representation of permeability degradation processes,
suitable for integration into ventilation simulations and digital mine models used for methane
control.

3. Character and Sources of Error Resulting from Linearization of the Model

The application of the linearization procedure for the nonlinear term in the equation for K(x,t)
enabled an explicit solution but introduced an approximation which is the primary source of error.
The linearization was performed around the initial state P(x,t)=0, defining its formal correctness
range, corresponding to an uncolmatized porous medium, which clearly determines the scope of its
formal correctness.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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It should be noted that this linearization is performed in the state variable space P, not with
respect to independent variables x and t; its correctness therefore concerns the neighborhood of the
state P = 0, and not a specific point in space-time.

Mathematically, it corresponds to truncating the Taylor expansion of the nonlinear kinetics
function to the first-order terms. Omitting higher-order components leads to an error that increases
as the state variable P(x,t) deviates from the reference point. in which linearization was performed.

Consequently, the resulting solution is a local approximation, the accuracy of which depends on
the current degree of colmation of the medium.

Physically, this means the linearized solution correctly describes only the early stages of the
colmation process or areas with small structural changes. As colmation progresses, the influence of
omitted nonlinear components becomes significant.

An important feature is the propagation of the error in time and space. The error generated at
the kinetics stage is carried by the transport equation, this causes its accumulation in space-time and
can lead to noticeable differences in the predicted state distributions.

It should also be emphasized that the function F(t), appearing in the solution of the linearized
equation for K(x,t), was determined based on the explicit solution of the kinetic equation at x = 0,
without using linear approximations. This means that the boundary condition in time is satisfied
exactly, eliminating the possibility of error initiation at the boundary of the medium. Consequently,
the error resulting from linearization is generated exclusively in the internal region of the medium
and is subject to propagation in space, but its growth is not uncontrolled.

The above considerations are qualitative in nature and serve to identify the mechanisms
responsible for the generation and propagation of the error resulting from model linearization. The
next subsection will conduct a quantitative analysis of this error, allowing for an assessment of the
scope of applicability of the obtained approximate solution.

3. Estimation and Propagation of the Error Resulting from Linearization

To quantitatively estimate the error resulting from the assumed linearization, an error function
E(x,t) is introduced, defined as the difference between the linearized solution and the reference
solution. The linearized solution is defined as the function Pin(x,t) obtained by linearizing the
nonlinear term of the process kinetics. The reference solution Pret(x,t) is assumed to be the solution of
the full, nonlinear model of coupled transport and colmation, uniquely defined by an implicit
equation relating the function P(x,t), the spatial variable x, and time t. In the special case of the
medium boundary (x = 0), this solution is reduced to an explicit form resulting directly from the
kinetic equation, which allows for the unambiguous determination of the function F(t) occurring in
the linearized solution.

To quantitatively estimate the error, the error function E(x, t) is introduced, defined as the
difference between the linearized and reference solutions: Thus, the error function is defined as:

E(x,t) = Pin(x,t) = Pres(x, 1) (19)
and, due to the way the function F(t) is determined based on the exact kinetic solution, the boundary
condition in time is satisfied exactly. This leads to the property:
EQ,t)=0,vteR (20)
which means that the error resulting from linearization is not initiated at the edge of the medium, but
generated only in its interior and is subject to further propagation in space.

The linearization procedure used in the previous chapter consists in replacing the nonlinear term
in the equation for K(x,t) with its Taylor expansion restricted to first-order terms in the neighborhood
of the reference point KO (corresponding to the state P(x,t) = 0). From Taylor’s theorem it follows that
the omitted term has quadratic order with respect to the deviation from the reference point, i.e., it is
proportional to (K — Ko)?> (up to a factor depending on the second derivative of the considered
nonlinear function). This means that the local error resulting from the truncation of the Taylor
expansion can be treated as:

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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AG(K) = O((K — K,)?) (21)

Since the variables K and P are related by a unique transformation (8), and in the reference state
P =0 < K = Koholds, then in the range of small values of P the relationship K — Ko = O(P). holds.
Consequently, the linearization error, and thus the difference between the linearized and reference
solutions, is of second-order nature in the initial range of the process with respect to the state variable:

E(x,t) = 0(P(x,t)*)(22)

It provides an explicit expression for the value of P at the point x = 0 and allows us to analyze
the influence of the model parameters and the forcing function g(t) without solving the full problem
in the entire spatial domain.

The above qualitative considerations can be supplemented with a quantitative estimate of the
error resulting from truncating the Taylor expansion of the nonlinear dependence present in the
model, leading to an explicit criterion for the applicability of the approximate solution. For this
purpose, the fact that the linearization was performed with respect to the auxiliary function K(x,t),
related to the state variable P(x,t) by relationship (8) is used. The reference state corresponding to the
uncolmatized medium, defined by the condition P = 0, corresponds to point K0, defined by equation
(10).

By introducing the deviation of function K(x,t) from the reference point:

AK(x,t) = K(x,t) — K, (23)
we can proceed to a quantitative estimation of the error resulting from the truncation of the Taylor
expansion of the function f(K). From Taylor’s theorem it follows that the expansion of the function
f(K) in the neighborhood of the point Ko has the form:

FIKGD) = FUK) + F/(K)AK (x,6) + 3 (AK (x, )€ € (Ko, K(x, 1) (24)
where, due to the property f(K0) =0, the linearized solution takes the form:
Kin(x,t) = f'(K)AK(x,t)  (25)

The second-order component omitted in the linearization procedure is a local approximation
error and can be written in the form:

Ee(x,t) =5 £ (©)[BK (x, O (26)
The derivatives of the function f(K) are given by the formulas:

, Y ’r — _M
f'(K@0) = graar [ (K& O) = e @)

In order to formulate a quantitative criterion, the relative linearization error is introduced,
defined as the quotient of the approximation error and the linear solution error:

IEk(xrt)I (28)

@) = e

After substituting the dependencies (25)-(27) and simplifying, the approximation is obtained:

r(x,6) ~ 3EEBllak (0] (29)
By assuming the permissible tolerance of the relative error p (e.g., p = 0.05 or p = 0.1), the
condition for the applicability of the approximate solution is obtained in the form of the inequality:
r(x,t) <p (30)
After taking into account the derivative forms at Ko, this leads to an explicit criterion:

AKGe D] < pel - (31)

Inequality (31) provides a quantitative estimate of the range within which the solution obtained
by linearization maintains the specified accuracy in terms of relative error.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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The error analysis of the approximate solution was performed solely for the variable K(x,t),
which is the variable with respect to which the nonlinear dependence in the model was linearized.
The resulting criterion (31) results directly from the estimation of the residual of the Taylor expansion
of the function P = f(K) and constitutes the basic, primary result of the error analysis.

The state variable P(x,t) was not the linearized variable, but a function of the variable K(x,t).
Consequently, the transition from the criterion in variable K to the notation in variable P does not
lead to a new error estimate, but is merely a local approximation resulting from the first term of the
Taylor expansion of the relationship P = f(K) in the neighborhood of the reference point K0. In this
sense, the change in variable causes the deviation P(x,t) from the reference state P = 0 to be of the
order of:

AP(x, t)~f"(K,)AK (x,t) (32)
which allows us to estimate the error in the state variable by the relationship
IAP(x,0)] < pIBI (34)

The obtained estimate is of auxiliary nature and is valid only locally, i.e., in the weak colmation
regime, in which the neglected higher-order components of the Taylor expansion remain secondary.
After, taking into account, the explicit dependencies between variables P and K and the linearization
applicability criterion resulting from the analysis of the Taylor expansion residual, this estimate
simplifies to a form independent of the parameter €o. Consequently, the local error in the state
variable P is, in the first approximation, controlled solely by the adopted tolerance p and the kinetic
parameter 8, which is consistent with the local nature of the adopted linearization procedure and
does not change the range of applicability of the approximate solution.

Since the error estimate concerns the nonlinear relationship P = f(K), used to obtain the
linearized form of the differential equation, the obtained explicit solution remains reliable only within
the range of independent variables where criterion (31) is satisfied. Outside this range, no new error
occurs, but the condition for the correctness of the adopted approximation is violated.

The error resulting from the linearization of the nonlinear kinetic term is local in the space of the
state variable values and, as previously discussed, is not initialized at the boundary of the medium.
This is because the function F(t), appearing in the solution of the linearized transport equation, was
determined based on the explicit solution of the kinetic equation at the point x = 0, without using
linear approximations. Consequently, the condition of consistency between the linearized solution
and the reference solution is satisfied at the boundary of the medium, leading to the disappearance
of the error at the point x =0.

Despite the zero error at the boundary, its presence in the internal region of the medium is
unavoidable. The source of the error remains the local approximation of the nonlinear kinetics of the
process, whose accuracy decreases as the solution moves away from the reference state. This error,
generated locally in the kinetic equation, is then transmitted spatially through the transport equation,
which acts as an operator propagating information along the flow direction.

The spatial dependence of the error is therefore not primary in nature but is a consequence of
the coupling of local kinetic dynamics with the transport process. This means that the error
distribution as a function of variable x reflects the spatial distribution of the state function P(x,t), not
the mere existence of a spatial variable in the model equations. In particular, the maximum error may
occur in regions distant from the boundary, even though the temporal boundary condition is
perfectly satisfied.

A significant consequence of this model structure is the absence of uncontrolled error growth in
space. Exactly meeting the boundary condition at x = 0 eliminates the possibility of error initiation at
the boundary of the medium, and its further evolution is determined solely by the local properties of
the solution and the transport mechanism. As a result, error propagation is orderly and closely related
to the dynamics of the colmation process, rather than to the consequences of the adopted
approximation.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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The explicit error bounds obtained for the linearized solution are particularly relevant for smart
ventilation control algorithms, where inaccurate predictions of methane migration may lead to either
excessive energy consumption or increased safety risks.

4. Discussion

The obtained results allow us to clearly determine the extent to which the linearized solution of
the III kinetics model maintains reliability for methane migration predictions. It was demonstrated
that the error resulting from linearization is local in the state variable space and is directly related to
the current stage of the co;mation process, not to the spatial position or process duration.

An important aspect from the perspective of engineering applications is that the solution error
is not initiated at the boundary of the medium, which results from the exact fulfillment of the
boundary condition in time. This means that any discrepancies between the approximate solution
and the nonlinear reference solution are generated exclusively within the internal region of the
medium and propagate according to the gas transport mechanism. This error structure eliminates the
risk of uncontrolled error growth and increases the stability of the solution in the analyzed regime.

From the perspective of modeling methane migration in mines, the explicit criterion for the
applicability of the linearized solution, based on the estimation of the Taylor expansion residual, is
particularly important. This criterion allows for a clear definition of the range of parameters and
medium states within which the simplified model can be safely used in predictive analyses, including
simulations supporting the design of ventilation and methane drainage systems.

The results of the analysis confirm that in the weak clogging regime, the linearized solution is a
computationally effective tool for describing permeability changes affecting methane migration. At
the same time, they indicate the need for caution in applying this approach in later stages of the
process, when nonlinear kinetics begin to play a dominant role.

The results allow for the unambiguous determination of the range in which the linearized
colmation model (III kinetics) maintains reliability for methane migration forecasts. It has been shown
that the linearization error is local in the state variable space and is directly related to the current
degree of colmation rather than spatial position or time duration.

A significant aspect for engineering applications is that the error is not initiated at the boundary,
ensuring stability. The explicit criterion based on the Taylor expansion residue allows for the safe use
of the simplified model in simulations supporting the design of ventilation and methane drainage
systems. While effective for early process stages, caution is required in later stages when nonlinear
components become dominant.

5. Conclusions

The analysis demonstrated that the solution obtained by linearizing the nonlinear III kinetics
model of methane clogging can be effectively used to describe the early stages of the process and to
assess its impact on methane migration in porous media. The developed applicability criterion allows
for a clear definition of the range within which the approximate solution maintains the desired
accuracy.

It was demonstrated that the error resulting from linearization is local in the state variable space
and is not initiated at the boundary of the media, which ensures the stability of the solution in
predictive analyses. In this approach, the explicit solution acts as a closing element of the coupled
flow model based on the differential form of the Darcy equation, enabling practical computational
applications.

From the perspective of hard coal mining, the obtained results are directly relevant for assessing
the effectiveness of methane drainage and designing ventilation systems, as the clogging process
affects pressure distributions and methane fluxes in the areas of excavations and drainage holes. The
proposed approach enables the informed use of simplified kinetic models in mining safety and
methane emission reduction.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Thanks to the computationally efficient and controlled description of methane migration with
changing medium permeability, the presented model can be a predictive element in intelligent
ventilation systems and digital models of the mine environment. Consequently, it contributes to
efforts to reduce methane emissions, improve occupational safety, and achieve the goals of
decarbonization and just transition in mining regions.

This work demonstrates the error introduced by the commonly used linearization of nonlinear
type III colmation kinetics and the extent to which such simplification is still acceptable. An explicit
criterion is proposed to assess when a linearized solution can be considered a reliable predictive tool
and when it loses its physical meaning.

This provides the familiar mathematical model with information relevant to engineering
practice, particularly modeling methane migration and the design of methane drainage and
ventilation systems in mines.

The analysis conducted has shown that the linearized solution of the nonlinear third-kinetic
colmation model can be effectively used to describe the early stages of the process and evaluate its
impact on methane migration. The developed criterion allows for the definition of the range where
the approximate solution maintains specified accuracy. The error is local and not initiated at the
boundary, ensuring prognostic stability. In this context, the explicit solution serves as a closing
element for the coupled flow model based on the differential form of Darcy’s law. For coal mining,
these results are directly relevant to methane drainage effectiveness and ventilation system design.
The proposed approach enables the informed application of simplified kinetic models in mining
safety and emission mitigation. Consequently, it aligns with efforts to reduce greenhouse gas
emissions and support the just transition of mining regions
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