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This paper studies three-dimensional convective regimes of a binary mixture in a system of three porous bent
layers, simulating a synclinal geological fold under the influence of a geothermal temperature gradient. The layers are
assumed to have identical porosities and different permeabilities. A mixture of tetralin and dodecane taken in equal
proportions is considered as the fluid saturating the porous medium. The components of the mixture represent the groups
of hydrocarbons found in oil fields. The numerical study is performed to evaluate the linear stability of the mechanical
equilibrium of a binary mixture in the inclined porous layer saturated with liquid in a gravity field under the influence of
a strictly vertical temperature gradient. The convection threshold found is compared with the threshold obtained for the
system with non-linear stability. In three-dimensional nonlinear calculations for a three-layer mixture, the permeabilities
of all three layers are varied. Here it is assumed that the permeabilities of the outer layers are identical and always lower
than the permeability of the inner layer. It was found that when the permeability of the inner layer is much higher than
the permeabilities of the outer layers, the flow is localized in the inner layer. When the permeabilities of the outer and
inner layers are sufficiently close, the flow is localized near the outer boundaries of the fold, even if the inner layer is
more permeable than the outer layers. As the supercriticality increases, the formation of longitudinal rolls is observed in
the initially plane-parallel flow (within each fold limb), and the flow becomes spiral. A further increase in supercriticality
leads to a predominance of the longitudinal roll component in the flow and an increase in the number of longitudinal
rolls along the fold limb (increase in the wave number of longitudinal rolls).
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1. Introduction

Geological structures are layered rock formations that differ in porosity and permeability. When rock strata undergo
plastic deformation, they are folded. A fold is called anticlinal (anticline) if the layers are bent convex upward (older
strata occur in the core, younger strata in the limbs) and synclinal if it is convex downward [1, 2].

Such fluid-saturated layered systems become natural subsurface reservoirs for naturally occurring convective
processes [3–6]. One of the commonly used approaches to modeling heterogeneous porous media is to consider a system
of layers with different porosity and permeability values, while assuming these properties to be homogeneous within
each individual layer [7–12].

Solving such problems requires topographic and geological data and is often performed either neglecting thermal
convection or assuming a single-component fluid [8, 10, 13, 14]. However, fluids and gases saturating porous media
generally have a complex composition. This necessitates accounting for diffusion, thermodiffusion, and related effects
[15–17].

Thermal convection in inclined porous layers saturated with fluids is usually studied in cases where the layer
boundaries are maintained at different constant temperatures and mechanical equilibrium is impossible. For arbitrarily
small temperature differences, a steady flow always exists; once the temperature gradient reaches a certain value, this
flow loses stability and a secondary flow arises in addition to the basic one.

In [18, 19], the onset and development of thermal convection in an inclined fluid-saturated porous layer in a
gravitational field under a strictly vertical temperature gradient were investigated. It was established that, for any angle of

©Authors 2026 Translation of the original article in Russian This is an open access article under the CC BY 4.0 license

http://doi.org/10.7242/1999-6691/2026.19.1.3
https://creativecommons.org/licenses/by/4.0


32 Shubenkov I.S., Lyubimova T.P. The onset and evolution of nonlinear convective regimes of binary mixtures... // Comput. Cont. Mech. 2026. Vol. 19(1)

inclination, longitudinal rolls (convective rolls with axes directed along the layer and perpendicular to the axis with respect
to which the layer is inclined) are the most dangerous type of perturbation. For inclination angles α<45◦, the critical
perturbations are long-wave, whereas forα>45◦ they are cellular. Two-dimensional perturbations (rolls with axes parallel
to the axis with respect to which the layer is inclined) are also possible in the system, but they are not the most dangerous.

In [20], the Soret effect was taken into account in the study of three-dimensional convection of a binary mixture in
a three-layer porous system simulating an anticlinal geological fold under a vertical geothermal temperature gradient.
The porosities of the layers were assumed equal, whereas their permeabilities were different. Within the framework
of linear stability analysis, it was found that for any layer inclination angle the most dangerous mode is represented by
cellular longitudinal rolls. Nonlinear calculations showed that, at low permeabilities of all layers, the resulting flow is
long-wave in character. As the permeability of the middle layer increases, the flow in the plane of the geological fold
limbs takes the form of cellular longitudinal rolls, in agreement with the results of linear stability analysis. The flow
is localized in the middle layer and substantially affects the impurity concentration field.

The present paper continues and extends the study of a system of porous layers simulating an anticlinal fold [20]. Here,
a synclinal fold is considered, and unlike [20], where the permeabilities of the outer layers were assumed to be below
the threshold value and, consequently, convective motion did not penetrate into these layers, a wider range of permeability
ratios is considered, including nearly equal permeabilities, when convection becomes possible in all three layers.

2. Problem formulation

We consider Soret-induced convection of a binary mixture of tetralin (50%) and dodecane (50%) in a porous
medium. These substances are typical representatives of hydrocarbons contained in crude oil. The viscosity and transport
coefficients are assumed constant. Barodiffusion and diffusion-thermal conductivity are neglected. The lighter component,
tetralin, is treated as the impurity, whereas the heavier component, dodecane, is regarded as the solvent. The mixture
density ρ is assumed to depend linearly on temperature T and impurity concentrationC:

ρ=ρ0(1−βT (T−T0)−βC(C−C0)). (1)

Here, βT =− 1

ρ0

∂ρ

∂T
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C

is the thermal expansion coefficient; βC =− 1

ρ0

∂ρ

∂C

∣∣∣∣
T

is the solutal expansion coefficient; ρ0
and T0,C0 are, respectively, the mean values of the mixture density and temperature, and the impurity concentration.

Fig. 1.Model of a synclinal fold

The mixture fills a cavity representing a system
of three layers of equal thickness hi = 25 m,
with a bend in the central part, thus simulating
a synclinal geological fold (Fig. 1). The length
of the computational domain is L = 200 m, and
the width is B = 100 m. Such dimensions are
typical of hydrocarbon-bearing strata. For these
geometric dimensions, the fold angle (the angle
between the inclined planes) is approximately 152◦.
Thegeometryandboundaryconditionsareanalogous
to those used in [20].

The modeling is performed within the Darcy–
Boussinesq framework [15], taking thermodiffusion
into account:
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∇·Vi=0. (5)

Here,V is the filtration velocity vector; P is the pressure; g is the gravitational acceleration vector; t is time;Ki is the
permeability of the ith layer; ν is the kinematic viscosity of themixture; λ∗ and (ρc)∗ are the effective thermal conductivity
and heat capacity of the porous medium; (ρc)f and ε∗ are the heat capacity and porosity of the mixture;D∗=D/τ2 and
D∗

T =DT /τ
2 are the coefficients of molecular diffusion and thermodiffusion of the mixture in the porous medium; τ is

the tortuosity factor of the porous medium [21, 22]. The index i=1,2,3 denotes the layer number (from top to bottom).
Bottom heating with a temperature gradient of A=3 ·10−2 K/m is considered (which corresponds to the average

geothermal gradient [23]). The value used in the calculations, T0=353.5K, is the mean temperature at an oil occurrence
depth of 2·103 m under the average geothermal gradient.

On the boundaries Γ of the computational domain, the following conditions are imposed:
– no-flow and zero diffusive mass flux conditions are prescribed on all external boundaries;
– on the upper and lower faces (indices T andB), the temperature corresponds to a strictly vertical geothermal gradient;
– on the vertical faces, the heat flux is zero;
– on the interfaces between the layers (indices 1 and 2), the pressure, temperature, and concentration, as well as the normal
components of the heat and diffusive mass fluxes and the normal projections of the velocity vector, are continuous:

x=0;L : Vi ·n=0,
∂Ti
∂n

=0,
∂Ci

∂n
=0, (6)
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Here, n is the unit normal vector,Θ=ψ(βT /βC), where ψ=C0(C0−1)βCDT /(βTD).
It is assumed that initially the fluid is at rest, the impurity concentration is uniform throughout the cavity, and the

temperature depends linearly on the vertical coordinate.

3. Parameters and numerical implementation

The physical properties of the tetralin (50%)–dodecane (50%) mixture are listed in the table. It is important to note
that studies of heat and mass transfer in porous media [21, 22] have revealed the need to correct the effective diffusion and
thermodiffusion coefficients. Accordingly, the valuesD∗=2.81·10−10 m2/s andD∗

T =2.6·10−12 m2/(sK) were used in
the simulations. These values correspond to the following dimensionless parameters: the separation ratio ψ=0.694, and
the Lewis number Le=χ/D=150, where χ is the thermal diffusivity.

Table. Physical and thermal parameters of the tetralin (50%)–dodecane (50%) mixture

ρ0, kg/m2 ν, m2/s χ, m2/s βT , 1/K βC D, m2/s DT , m2/(sK)

840.70 1.81·10−6 9.70·10−8 8.95·10−4 0.270 6.46·10−10 5.94·10−12

The porosity values were taken equal to 0.1 for all layers. The permeabilities of the upper and lower layers were
assumed equal and always smaller than the permeability of the inner layer. The calculations were performed for layer
permeabilities in the range from 2·10−11 to 10−14 m2. Such medium properties are typical, for example, of fine-grained
sand, clayey sands, siltstones, microfractured limestones, sandstone, and shales [24–27].
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The computations were carried out using the ANSYS Fluent software package implementing the finite volumemethod.
A spatial mesh with poly-hexahedral cells and edge sizes ranging from 0.5 to 2.0mwas employed. Spatial discretization
was performed using the second-order MUSCL (Monotone Upstream-Centered Schemes for Conservation Laws) scheme.
At each time step, the convergence criterion for the velocity components was that the absolute residuals should be less than
10−3 (and less than 10−6 for the energy equation). The simulations were run up to times of the order of 104−105 years
with a time step of 107 s (0.317 years).

Under a strictly vertical geothermal temperature gradient, the system under consideration may admit a state with no
convective motion. To determine the stability conditions for this state, a simplified problem was solved, namely, the linear
stability of the no-convection state in an infinite inclined porous layer saturated with a binary fluid with the Soret effect
taken into account under a strictly vertical temperature gradient was investigated.

4. Linear problem: formulation and solution method

Consider an infinite horizontal layer of thickness 2h of porous medium saturated with a binary mixture and inclined
at an angle α to the vertical (Fig. 2). The system is placed in a gravitational field. We assume that the upper and lower
boundaries of the system are impermeable, rigid, and perfectly heat-conducting. At the system boundaries, we prescribe a
temperature distribution corresponding to a strictly vertical temperature gradient.

Assume that the mixture density, according to Eq. (1), depends linearly on temperature and impurity concentration.
The problemwill be solved using the equations of free convection of a binary fluid in a porous mediumwith the Soret
effect taken into account: (2)–(5).

To introduce dimensionless variables (with subscript ND) for length, velocity, time, pressure, temperature, and

concentration, we use the following scales: y=h·yND, V =
a

h
·VND, t=

h2(ρc)
∗

λ∗
·tND,P =

ρ0av

K
·PND, T =Ah·TND,

C=C0(C0−1)AhDT (D)
−1 ·CND. Here, a=λ∗/(ρc)f is the effective thermal diffusivity.

Fig. 2. Computational scheme of the linear
problem

The system of equations (2)–(5) in dimensionless form becomes

0=−∇P−V+Ra(T+ψC)γ, (12)

∂T

∂t
+V·∇T =∇2T, (13)

ε
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)
, (14)

∇·V=0, (15)

whereRa=
KgβTh

2A

av
is theRayleigh-number analogue for a porousmedium

(hereafter referred to simply as the “Rayleigh number”),ψ is the dimensionless

separation ratio introduced above, A is the value of the vertical temperature gradient, ε= ε∗
(ρc)f
(ρc)

∗ is the normalized

porosity, and γ is the upward unit vector.
At the systemboundaries, we impose the impermeability condition, prescribe a temperature distribution corresponding

toa strictlyvertical temperaturegradient in the layer, andassumezero impurityflux. Indimensionless form, theseconditions
read

−1⩽y⩽1: Vy=0, T =−A(x−x0)cosα−A(y−y0)sinα,
∂C

∂y
− ∂T

∂y
=0. (16)

The problem under consideration admits a solution corresponding to the no-convection state:

Ṽ =0, ∇T̃ =−γ, ∇C̃=−γ, ∇P̃ =Ra(T0+ψC0)γ. (17)
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We now perform a linear stability analysis of state (17). To this end, all fields are represented as sums of the basic-state
fields and a small perturbation:

V = Ṽ +V ′, T = T̃+T ′, C= C̃+C ′, P = P̃+P ′. (18)

Substituting these expressions into Eqs. (12)–(15) and linearizingwith respect to the perturbations, we express the velocity
field through its components in all equations and write the equation of motion (12) in projected form on the coordinate
axes. Eliminating Vx, Vz , and P from the resulting equations, we introduce normal perturbations periodic in the x and z
directions (written in complex form):

V ′=φ(y)ei(kxx+kzz),

T ′=θ(y)ei(kxx+kzz),

C ′=ξ(y)ei(kxx+kzz),

kx, kz are the wave numbers in the x and z directions, respectively.
As a result, we arrive at a system of equations for the perturbation amplitudes of the velocity component — φ(y),

temperature — θ(y), and concentration— ξ(y). For convenience, we introduce a new function: η= ξ−θ, which is a
combination of the concentration and temperature perturbations. Then the system of equations for the amplitudes φ,θ,η
takes the form

∆φ+iζ kRacosα ·[θ′(ψ+1)+ψ ·η′]+k2Rasinα ·[θ(ψ+1)+ψ ·η]=0, (19)

∆θ+φsinα +i
ζ

k
φ′ cosα +

(
1−ζ2

)
Racos2α [θ(ψ+1)+ψ ·η]=0, (20)

∆η+Leφsinα+iLe
ζ

k
φ′ cosα+Le

(
1−ζ2

)
Racos2α [θ(ψ+1)+ψ ·η]=0, (21)

where k2=k2x+k2z , ∆=∂2yy−k2, ζ=kx/k is the three-dimensionality parameter.
The boundary conditions for φ,θ,η are

y=±1: φ=0, θ=0,
∂η

∂y
=0. (22)

Next, the problem described by system (19)–(21) with boundary conditions (22) will be solved numerically. To this
end, we construct a fundamental system of solutions consisting of six first-order differential equations, implemented using
the fifth-order Runge–Kutta method. The zero of the determinant of the matrix of the fundamental system of solutions is
found by the secant method. Detailed information on the solution procedure can be found in [28].

5. Estimation of the critical Rayleigh number

Unlike the conventional linear model, in which oil-bearing formations are represented by infinitely extended layers,
the geometry considered in the present study is more complex. Therefore, the linear model is used only for a preliminary
estimate of the critical Rayleigh number, while the main focus is placed on the investigation of the nonlinear dynamics of
the system.

Let us estimate the critical Rayleigh number for the inner layer under the assumption that convection does not penetrate
into the outer layers (for example, when their permeability is substantially lower). Calculations performed at the Lewis
number Le=150 and the separation ratio ψ=0.694, corresponding to the tetralin (50%)–dodecane (50%) mixture, yield
the critical Rayleigh number Ra = 0.0142. The most dangerous perturbations are those at ζ = 0 (longitudinal rolls),
whereas the least dangerous ones correspond to ζ=1 (plane perturbations) (Fig. 3). This Rayleigh number corresponds
to the permeability value at which convection in the outer layers becomes possible, namely,K=6.02·10−16 m2. In the
nonlinear study of the system, however, convection was found to start at a permeability of the order ofK≈10−15 m2.

6. Three-dimensional nonlinear calculations
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Fig. 3. Dependence of the criticalRa on ζ at α=76◦,ψ=0.694

Fig. 4. Planes inwhich the results of the nonlinear calculations
are presented

Below, the results of nonlinear calculations performed
in the ANSYS Fluent software package are presented for
a synclinal fold with different layer permeabilities. The
permeabilities of the outer layers were taken equal. The
dimensional parameters of the system corresponded to the
tetralin (50%)–dodecane (50%) mixture (see the Table in
Section 3). Figure 4 shows the planes in which the fields
obtained in double precision using the nonlinear model for the
unsteady problem formulation will be presented below. The
planes are arranged as follows:
–A cuts the fold in half perpendicular to the z axis;
–C separates the left limb of the fold from the right one and is
perpendicular to the x axis;
–D is located in themiddle of the right limb and is perpendicular
to the x axis.

Example 1. First, let us examine the flow in layers with low permeabilities and, accordingly, small supercriticalities
(that is, near the convection threshold):Kin=10−13 m2 in the inner layer andKex=10−14 m2 in the outer layers. For
this permeability ratio (Kp=Kin/Kex=10), a large-scale plane-parallel flow arises, concentrated predominantly in the
central layer but also involving the less permeable outer layers (see Figs. 5–7). There is no fluid motion along the z axis.
The flow noticeably distorts the impurity concentration isolines in planeA (Fig. 7).

(a) (b)

Fig. 5. Fields of the velocity component Vx [m/s] atKp=Kin/Kex=10 in planesA (a) andD (b)

Example 2. Let us see how the system responds to a twofold decrease in the permeability of the inner layer, namely,
Kin=5·10−14 m2,Kex= ·10−14 m2,Kp=5. This makes the permeabilities of the outer and inner layers closer, but, as
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(a) (b)

Fig. 6. Fields of the velocity component Vy [m/s] atKp=Kin/Kex=10 in planesA (a) andD (b)

(a) (b)

Fig. 7. Impurity concentration fields atKp=Kin/Kex=10 in planesA (a) andD (b)

expected, leads to a decrease in the overall intensity of convection. Under these parameters, a flow qualitatively similar to
that in Example 1 is observed; however, the fluid fluxes in the less permeable outer layers become more intense than those
in the inner layer. Because of the overall decrease in flow intensity, the impurity concentration isolines are distorted to a
lesser extent. In this case, the concentration distribution approaches its linear vertical gradient.

Example 3. Next, let us further reduce the permeability of the inner layer so that it becomes only twice as large as
the permeability of the outer layers (Kin=2·10−14 m2,Kex=10−14 m2,Kp=2). As can be seen from Figs. 8–10, the
main fluid flow occurs in the outer layers, although they are less permeable than the inner one. This is because the flow
within each fold limb becomes large-scale, unlike in Examples 1 and 2: one convective roll occupies all layers of the limb.
At the same time, the flow is most intense near the upper and lower boundaries of the fold. However, on the whole, the
flow intensity decreases again because of the reduced permeability of the inner layer. As a consequence, the impurity
concentration isolines (Fig. 10) are distorted even less than in Example 2.

(a) (b)

Fig. 8. Fields of the velocity component Vx [m/s] atKp=Kin/Kex=2 in planesA (a) andD (b)

Example 4. Now let us examine the effect of increasing the permeability of all layers by one order of magnitude
comparedwithExample 1:Kin=10−12m2,Kex=10−13m2. In this case,Kp=10 still holds and, as inExamples 1 and 2,
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(a) (b)

Fig. 9. Fields of the velocity component Vy [m/s] atKp=Kin/Kex=2 in planesA (a) andD (b)

(a) (b)

Fig. 10. Impurity concentration fields atKp=Kin/Kex=2 in planesA (a) andD (b)

a large-scale plane-parallel flow is observed, concentrated predominantly in the central layer but also involving the less
permeable outer layers. However, unlike the cases with lower layer permeabilities (Examples 1 and 2), the flow becomes
more intense, and the peaks of its intensity along the y axis shift toward the center and the edges of the fold. For the
system with smallerKp (that is, with close permeabilities of all layers), behavior qualitatively similar to that already
discussed in Examples 1–3 is observed. The only exception in Example 4 is that, owing to the increased flow intensity, the
concentration field isolines are now distorted even more strongly (Fig. 11).

(a) (b) (c)

Fig. 11. Impurity concentration fields atKp=Kin/Kex=10 in planesA (a),D (b), andC (c)

Example 5. Relative to Example 4, let us increase the permeability of the outer layers by one order of magnitude:
Kex = 10−12 m2, while taking the permeability of the inner layer to be five times larger than that of the outer layers:
Kin=5·10−12 m2, that is,Kp=5. As can be seen from Figs. 12–15, a large-scale plane-parallel flow with superposed
longitudinal rolls is observed (a flow with a four-vortex structure). The fluid velocity along the z axis is now nonzero, that
is, the flow becomes three-dimensional. The main fluid motion occurs in the outer layers, despite the fact that they are less
permeable than the inner one. It is noteworthy that when all layers forming the fold are more permeable, redistribution of
the regions of high flow intensity occurs in a similar way at higher values ofKp. The flow along the x axis is most intense
near the upper and lower boundaries of the fold, whereas the flow along the y axis is most intense at the ends of the fold
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(a) (b)

Fig. 12. Fields of the velocity component Vx [m/s] atKp=Kin/Kex=5 in planesA (a) andD (b)

and in its center. Owing to the influence of the longitudinal rolls, the impurity concentration isolines become strongly
curved (Fig. 16), both in planeA and in planesD andC.

(a) (b) (c)

Fig. 13. Fields of the velocity component Vy [m/s] atKp=Kin/Kex=5 in planesA (a) andD (b)

(a) (b) (c)

Fig. 14. Fields of the velocity component Vz [m/s] atKp=5 in planesA (a),D (b), andC (c)

Example 6. Let us increase the permeability of the inner layer tenfold and that of the outer layers fivefold compared
with Example 5:Kin=5·10−11 m2,Kex=5·10−12 m2,Kp=10. In this case, the flow is large-scale with superposed
longitudinal rolls (with a five-vortex structure) (Fig. 17), and the main contribution to the fluid motion comes from the
longitudinal rolls. The flow is intense throughout the whole volume; however, zones of localization can be distinguished
near the ends and around the center of the fold. The concentration field isolines (Fig. 18) are curved even more strongly
than in Example 5. At the outer-layer permeabilityKex=5·10−12 m2 and smallerKp (that is, for close permeabilities of
all layers), the system behavior is qualitatively similar to the cases considered above.

Thus, the convection threshold obtained in the nonlinear calculations turns out to be close to the convection threshold
revealed by the linear stability analysis performed in Section 5.
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Fig. 15. Velocity vector fieldV [m/s] in planeA atKp=5

(a) (b) (c)

Fig. 16. Impurity concentration fields atKp=5 in planesA (a),D (b), andC (c)

(a) (b)

Fig. 17. Fields of the velocity component Vz [m/s] atKp=10 in planesD (a) andC (b)

(a) (b) (c)

Fig. 18. Impurity concentration fields atKp=10 in planesA (a),D (b), andC (c)
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7. Conclusion

As a result of nonlinear three-dimensional modeling, the following has been established:
– when the permeability of the inner layer is significantly higher than that of the outer layers, the flow is localized in the
inner layer;
– when the permeabilities of the outer and inner layers are sufficiently close, the main flow shifts to the outer layers and
concentrates near the fold walls, even though the inner layer remains more permeable than the outer ones;
– as the supercriticality increases, a longitudinal-roll component begins to appear in the initially plane-parallel flow (within
each fold limb), and the flow becomes spiral;
– with a further increase in supercriticality, the longitudinal-roll component starts to dominate the flow, and the number of
longitudinal rolls within a fold limb increases (for the longitudinal rolls, their wave number becomes larger);
– the appearance of the longitudinal component of the convective flow significantly affects the distribution of impurity
concentration throughout the fold;
– in a synclinal geological fold, flow structures qualitatively analogous to those characteristic of an anticlinal fold are
observed, except for the impurity concentration distribution over the fold.

The work was carried out as part of a major scientific project funded by the Ministry of Science and Higher Education
of the Russian Federation (Agreement No. 075-15-2024-535 dated April 23, 2024).
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