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ABSTRACT  1 

Multicomponent gas transport in porous media and at the interface between porous media and 2 

free flow occurs in a wide range of technical and environmental systems. Modeling tools are 3 

required for the quantitative description of such coupled environmental compartments. We 4 

present a benchmark study to compare different diffusion models as well as different coupling 5 

concepts employed for the description of multicomponent gas flow and transport at the porous 6 

medium/free-flow interface. The benchmark problems allowed us to compare two diffusion 7 

models (Fickian and Maxwell-Stefan formulations) for predicting the transport behavior of 8 

multicomponent mixtures in porous media and in presence of a free flow. The examples 9 

highlighted the importance of interaction between different diffusing components by applying 10 

the Maxwell-Stefan formulation, as well as the impact of the free flow velocity on gas 11 

migration at the interface under diffusion- and advection-dominated conditions. The problems 12 

were solved using two simulation tools, incorporating different coupling concepts to describe 13 

the physics of flow and transport processes. In COMSOL Multiphysics, we implemented a 14 

single-domain Brinkman approach, whereas in the DuMuX simulator we used a two-domain 15 

approach with the Navier-Stokes equation in the free flow and Darcy’s law in the porous 16 

medium. Also, the formulation of the Maxwell-Stefan equation for multicomponent transport 17 

was different between the two codes. Despite the different modeling concepts, mathematical 18 

descriptions and numerical schemes implemented in the two simulators, their outcomes 19 

demonstrate excellent agreement for all benchmark problems, as well as the capability to 20 

reproduce the results of previous modeling and experimental studies. 21 

 22 

Keywords:  Multicomponent gas transport, Maxwell-Stefan equation, porous medium/free-23 

flow coupling, DuMuX, COMSOL Multiphysics 24 
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1. Introduction 25 

The investigation of gas transport and the characterization of the mechanisms affecting this 26 

process in porous media are of utmost importance in a wide range of environmental and 27 

industrial applications. For instance, degradation of organic compounds in the subsurface as 28 

well as in engineered systems like landfills leads to the formation and migration of greenhouse 29 

gases and volatile compounds in porous media and eventually their release to the atmosphere 30 

[1–4]. The understanding of gas transport mechanisms in porous media thus facilitates a better 31 

quantification of greenhouse gas emissions in such environmental systems [5]. CO2 and H2 32 

leakage from deep underground storage [6–10] and gas transport in porous catalysts [11, 12] 33 

are further examples where gas transport in porous media is important. Gas transport in many 34 

environmental systems is primarily influenced by processes associated with land‐atmosphere 35 

interactions [13–16]. For instance, continuous supply of atmospheric gases to the subsurface 36 

can change gas composition, concentration gradients and impact biogeochemical reactions in 37 

subsurface porous media [17–19]. Additionally, air flow and its velocity can affect the 38 

magnitude and direction of gas fluxes in the vicinity of the subsurface [20, 21].  39 

Multicomponent gas transport models are instrumental to quantitatively describe complex mass 40 

transfer processes in porous media as well as in coupled porous medium/free-flow domains. 41 

Such models provide a framework for expressing gas diffusion and advection processes in a 42 

multicomponent system. Multicomponent diffusion can be represented by Fick’s law or the 43 

Maxwell-Stefan equation [22]. Fick’s law linearly relates the diffusive flux to the mass or mole 44 

fraction gradient of each individual gas component in a mixture according to the chosen 45 

reference system. This indicates that Fick’s law describes gas diffusion of each component 46 

individually, meaning that the interaction between the components is not considered. The 47 

Maxwell-Stefan equation, instead, expresses diffusion as a non-separative process in which the 48 

mole or mass fraction gradients of all gas components in a mixture affect the diffusive flux of 49 
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each individual gas component [23]. The framework is similar to the coupled multicomponent 50 

ionic diffusion in pore water where the movement of each charged species is affected by the 51 

other ions in solution [24–26]. Several studies pointed out that the Maxwell-Stefan equation 52 

and Fick’s law do not provide similar predictions of diffusive gas fluxes in many cases [27–53 

29]. The extent to which the predicted fluxes by these two diffusion models may differ is 54 

heavily dependent on the factors including the number and properties of gas components as 55 

well as the dominant transport mechanism in a given problem. Therefore, the intercomparison 56 

of these two diffusion models using well-defined benchmark problems can help understanding 57 

the conditions under which differences in model predictions arise. 58 

Besides the description of diffusion processes, the application of multicomponent gas transport 59 

models in coupled porous medium/free-flow domains also needs an adequate formulation for 60 

gas flow. Two modeling concepts are generally used for describing gas flow in this coupled 61 

system: the single-domain approach and the two-domain approach [30]. In the former, a single 62 

set of equations is applied in the entire domain and the transition from the porous medium to 63 

the free flow is achieved by the spatial variation of material properties (i.e., porosity and 64 

permeability). In contrast to this, the two-domain approach employs different equations in each 65 

subdomain, and mass and momentum conservation at the interface are fulfilled by suitable 66 

coupling conditions. These two modeling approaches have been applied and analyzed in a 67 

variety of cases including single-phase flow, compositional multiphase flow and heat transfer 68 

[31–35]. The choice of effective parameters in the single-domain approach and the 69 

development of appropriate coupling conditions in the two-domain approach have been 70 

previously studied [36–40]. However, the application of these modeling concepts in the context 71 

of multicomponent gas transport has not been extensively investigated and, to the best of our 72 

knowledge, no benchmark study has been performed with different simulators to validate the 73 

numerical implementation of the different concepts and equations.  74 
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This study presents a set of benchmark problems illustrating different modeling concepts for 75 

the quantitative description of multicomponent gas transport in coupled porous medium/free-76 

flow systems. To this end, four examples with increasing complexity were devised to (i) 77 

compare Fick’s law with the Maxwell-Stefan equation in diffusion-dominated cases without 78 

and with the effects of free flow, (ii) demonstrate the capability of the Maxwell-Stefan equation 79 

to describe uphill or reverse diffusion, and (iii) evaluate the impact of free flow on gas transport 80 

behavior at the porous medium/free flow interface under diffusion and advection-dominated 81 

conditions by applying the single-domain and the two-domain modeling approaches. The 82 

benchmark problems are based on model scenarios as well as on the outcomes of previous 83 

laboratory experiments [41]. The simulations allowed us to benchmark two simulation tools 84 

(COMSOL Multiphysics and DuMuX), which employ different modeling concepts, numerical 85 

schemes, mathematical description of the Maxwell-Stefan equation, and porous medium/free-86 

flow coupling approaches. 87 

2. Modeling approach 88 

2.1 Multicomponent gas diffusion 89 

Multicomponent gas transport models describe the diffusive and advective fluxes for each 90 

component in a mixture. In this framework, the diffusive flux can be represented by Fick’s law 91 

or the Maxwell-Stefan equation. Fick's law describes the motion of components relative to a 92 

reference velocity of the mixture. Depending on the reference system, several formulations of 93 

Fick's law are available. In a mass reference system, the diffusive mass flux 𝐣𝐝𝐢𝐟𝐟
𝐢  for a gas 94 

component i is described as [42]: 95 

where 𝜌𝑖 is the density of the gas component i, 𝐮𝐢 is the velocity of the gas component i and 𝐮 96 

is the mass average mixture velocity, which can be obtained as ∑ 𝜔𝑖
𝑛
𝑖=1 𝐮𝐢, with 𝜔𝑖 being the 97 

𝐣𝐝𝐢𝐟𝐟
𝐢 = − 𝜌𝑖(𝐮𝐢 −  𝐮) 𝑖 = 1,2, … , 𝑛 (1) 
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mass fraction of the gas component i. According to this reference system, 𝐣𝐝𝐢𝐟𝐟
𝐢  can be written 98 

as [42]: 99 

where 𝐷𝑖𝑗 are the binary diffusion coefficients of gas components in the mixture and 𝜌 is the 100 

mixture density obtained by the ideal gas law (𝜌 =
𝑝�̅�

ℛ𝑇
) with ℛ being the universal gas constant 101 

and 𝑇 the temperature. Similarly, based on the molar average mixture velocity, 𝐣𝐝𝐢𝐟𝐟
𝐢  can be 102 

written as [42]: 103 

where 𝑐𝑖 is the molar concentration of the gas component i, 𝑥𝑖 is the mole fraction of the gas 104 

component i calculated as: 105 

where 𝑀𝑖 is the molecular weight of gas component i and �̅� is the mean molar mass of the gas 106 

mixture written as:  107 

Using Eq. (4), the mass fraction-based form of Fick’s law as given in Eq. (2) can be rearranged 108 

to: 109 

Alternatively, the diffusive flux of components can be described by the Maxwell-Stefan 110 

equation. This equation can be expressed in various mathematical forms. Two different 111 

formulations are implemented in the simulation tools used in this study and are briefly outlined 112 

𝐣𝐝𝐢𝐟𝐟
𝐢 = − 𝐷𝑖𝑗∇𝜌𝑖 = − 𝜌 𝐷𝑖𝑗∇𝜔𝑖 (2) 

𝐣𝐝𝐢𝐟𝐟
𝐢 = − 𝐷𝑖𝑗∇𝑐𝑖 = − 𝑐 𝐷𝑖𝑗∇𝑥𝑖 (3) 

𝑥𝑖 =
𝜔𝑖

𝑀𝑖
�̅� (4) 

1

�̅�
= ∑

𝜔𝑖

𝑀𝑖

𝑛

𝑖=1

 (5) 

𝐣𝐝𝐢𝐟𝐟
𝐢 = − 𝜌 𝐷𝑖𝑗∇𝜔𝑖 = − 𝜌 𝐷𝑖𝑗  ∇ (

𝑀𝑖

�̅�
𝑥𝑖) (6) 
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in the following. The Maxwell-Stefan equation is implemented in the transport of concentrated 113 

species (tcs) physics of COMSOL Multiphysics. Such formulation is based on thermodynamic 114 

theory of irreversible processes, which allows the incorporation of pressure and thermal 115 

diffusion in the general multicomponent formulation of the diffusive flux [43]. Considering an 116 

isothermal system, the diffusive flux of the gas component i is expressed as:  117 

where �̃�𝑖𝑘 are the multicomponent diffusivities, which are obtained from the binary diffusion 118 

coefficients through a matrix inversion operation [44]. In Eq. (7), dk is the diffusional driving 119 

force written as: 120 

where 𝑝 is the total pressure. 121 

An alternative formulation of the Maxwell-Stefan equation, describing the same 122 

multicomponent physical processes, is implemented in DuMuX. Such a formulation is derived 123 

from balancing the diffusion driving force (i.e., gradient of chemical potential) and the friction 124 

between components. For a system of n components, this can be written as [22] :  125 

with 𝜇𝑖 being the chemical potential at constant temperature. The velocity can be replaced with 126 

the mass flux using Eq. (1). Thus, Eq. (9) can be rearranged to: 127 

𝐣𝐝𝐢𝐟𝐟
𝐢 = −𝜌𝜔𝑖 ∑ �̃�𝑖𝑘

𝑛

𝑘=1

𝐝𝐤 𝑖 = 1,2, … , 𝑛 (7) 

𝐝𝐤 = ∇𝑥𝑘 +
1

𝑝
[(𝑥𝑘 − 𝜔𝑘)∇𝑝] (8) 

−𝑥𝑖 𝛻𝜇𝑖

𝑅𝑇
=  ∑

𝑥𝑖  𝑥𝑘

𝐷𝑖𝑘 
  (𝐮𝐢  − 𝐮𝐤) 

𝑛

𝑘≠𝑖
𝑘=1

 𝑖 = 1,2, … , 𝑛 (9) 

−𝑥𝑖 𝛻 𝜇𝑖

𝑅𝑇
=  ∑

𝑥𝑖 𝑥𝑘

𝐷𝑖𝑘  
  (

𝐣𝐝𝐢𝐟𝐟
𝐢

𝜌𝑖
 −

𝐣𝐝𝐢𝐟𝐟
𝐤

𝜌𝑘
 ) =  ∑

𝑥𝑖  𝑥𝑘

𝐷𝑖𝑘𝜌 
  (

𝐣𝐝𝐢𝐟𝐟
𝐢

𝜔𝑖
 −

𝐣𝐝𝐢𝐟𝐟
𝐤

𝜔𝑘
)

𝑛

𝑘≠𝑖
𝑘=1

𝑛

𝑘≠𝑖
𝑘=1

 (10) 
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Only (n-1) of the n Eqs (10) are independent and this system of equations is closed by a 128 

constraint denoting that the sum of all diffusive mass fluxes is equal to zero (∑ 𝐣𝐝𝐢𝐟𝐟
𝐢𝑛

𝑖=1 =  0). 129 

The left hand side of Eq. (10) can be represented in terms of mole fraction gradients with 130 

𝑥𝑖 𝛻 𝜇𝑖

𝑅𝑇
= ∑ Γ𝑖𝑗

𝑛−1
𝑗=1 ∇𝑥𝑗 in which Γ is the matrix of thermodynamic factors, which represents the 131 

dependency of the diffusion driving force on the activity coefficients of the components [22]. 132 

For ideal mixtures considered in this study, this matrix is equal to the identity matrix. 133 

Additionally, the binary diffusion coefficients of gas components are considered to be 134 

symmetric (𝐷𝑖𝑘 =  𝐷𝑘𝑖) [23]. Applying these assumptions to Eq. (10) leads to a convenient 135 

matrix form of the Maxwell-Stefan equation given by: 136 

This matrix form of the Maxwell-Stefan equation is implemented in DuMuX. Note that in 137 

addition to the different mathematical expressions of the Maxwell-Stefan equation, the 138 

incorporation of the driving force term differs in COMSOL Multiphysics and DuMuX. The 139 

effect of total pressure as the external driving force is included in the formulation of Maxwell-140 

Stefan equation in COMSOL Multiphysics (Eq. (7) and (8)), whereas it is neglected in DuMuX 141 

(Eq. (9)). 142 

The benchmark problems presented in this study were focused on gas transport in porous 143 

media, as well as on coupled porous medium/free-flow domains. The description of diffusion 144 

in porous media is different than in the free flow: in a porous medium subdomain diffusion 145 

only occurs in the pore space, and this effect can be accounted for by using effective binary 146 

diffusion coefficients defined as 𝐷𝑖𝑘
𝑒𝑓𝑓

= ɛ𝐷𝑖𝑘𝜏 with 𝜏 being the tortuosity and ɛ the porosity, 147 

 

 𝐣𝐝𝐢𝐟𝐟 = −𝜌[𝐵]−1[Γ](∇𝑥) 

𝐵𝑖𝑖 =  
𝑥𝑖𝑥𝑛

𝐷𝑖𝑛𝜔𝑛
+  ∑

𝑥𝑗𝑥𝑖

𝐷𝑖𝑗𝜔𝑖

𝑛

j=1 
j ≠i

 

 

𝐵𝑖𝑗 =  𝑥𝑖 (
𝑥𝑗

𝐷𝑖𝑗𝜔𝑗
−

𝑥𝑛

𝐷𝑖𝑛𝜔𝑛
 ) 

 

𝑖, 𝑗 = 1,2, … , 𝑛 − 1 
 

(11) 
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whereas in the free flow the binary diffusion coefficients 𝐷𝑖𝑘 can be directly adopted in the 148 

diffusive flux of gas components.  149 

2.2 Concepts for porous medium/free-flow coupling  150 

In multicomponent gas transport models that couple porous media and free flow, the advective 151 

flux of components in the two considered subdomains needs to be specified in addition to the 152 

diffusive fluxes. To this end, a combination of the momentum and continuity equations is 153 

employed. Two distinct approaches can be used to formulate the momentum equation in such 154 

systems: the single-domain approach and the two-domain approach, as depicted in Fig. 1.  155 

 156 

Fig. 1 Comparison between the single-domain approach using the Brinkman equation for gas 157 

flow and the Maxwell-Stefan equation for multicomponent diffusion (a), and the two-domain 158 

approach using two separate equations (Navier-Stokes and Darcy’s law) for gas flow in the 159 

subdomains with coupling conditions at the interface and the Maxwell-Stefan equation for 160 

multicomponent diffusive transport (b) 161 

The single-domain approach applies one set of equations throughout the entire domain and the 162 

interface is expressed as a transition zone from the porous medium to the free flow. The 163 

transition zone allows for a continuous or discontinuous variation of physical soil properties 164 

such as permeability and porosity across the interface, giving rise to sharp gradients in this 165 
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region. In the single-domain approach, flux and stress continuity is attained without specifying 166 

explicit coupling conditions at the interface and the momentum exchange in the transition zone 167 

is described by introducing the effective viscosity (𝜇𝑒𝑓𝑓 ). The momentum equation in the 168 

context of the single-domain approach can thus be expressed by the Brinkman equation, which 169 

combines Darcy’s law and the Navier-Stokes equation in a single equation [45]: 170 

where 𝜇𝑔  is the dynamic viscosity of the gas mixture and 𝐤 is the permeability of the porous 171 

medium. The effective viscosity concept proposed by Ochoa-Tapia and Whitaker [46] was 172 

employed in this work, which defines 𝜇𝑒𝑓𝑓 as 
𝜇𝑔 

ε
. The dynamic viscosity of the gas mixture is  173 

dependent on the mixture composition described as [47]: 174 

in which 𝜑𝑖𝑗 is given as: 175 

In addition to the momentum equation, the continuity equation needs to be considered:  176 

where 𝑄𝑚 is the source and sink term. Note that in this equation ɛ is the porosity which is 177 

specified in the porous medium, but it is unity in the free flow.  178 

The single-domain approach based on the equations outlined above (Eqs. 12-15) was 179 

implemented in COMSOL Multiphysics. 180 

1

ɛ

𝜕(𝜌𝐮)

𝜕𝑡
+  

1

ɛ2
𝛻 ∙ (𝜌𝐮𝐮) = −𝛻𝑝 +  𝜇𝑒𝑓𝑓 (𝛻2𝐮) −

𝜇𝑔 

𝐤
𝐮 + 𝜌𝒈 (12) 

𝜇𝑔 =  ∑
𝑥𝑖𝜇𝑖

1 + ∑ 𝑥𝑗𝜑𝑖𝑗
𝑛
𝑗=1

𝑛

𝑖=1

 (13) 

𝜑𝑖𝑗 =
1

√8
 (1 +

𝑀𝑖

𝑀𝑗
 )

−1
2

(1 + (
𝜇𝑖

𝜇𝑗
)

1
2

(
𝑀𝑗

𝑀𝑖
)

1
4

 )

2

 (14) 

ɛ
𝜕(𝜌)

𝜕𝑡
+ 𝛻 · (𝜌𝐮) = 𝑄𝑚 (15) 
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An alternative formulation to describe gas flow in a coupled porous medium/free-flow system 181 

is the two-domain approach. Such formulation is based on two different model concepts 182 

applied in the two subdomains and suitable coupling conditions describe the processes at the 183 

interface. In the free flow, the Navier-Stokes equations are implemented, whereas in the porous 184 

medium Darcy’s law is applied. The subdomains are linked by a sharp interface assuming a 185 

local thermodynamic equilibrium.  186 

In the porous medium, the gas flow can be described by the combination of Eq. (15) and 187 

Darcy’s law as the momentum equation: 188 

In the free flow, the continuity equation can be written as: 189 

and the momentum equation takes the form of the Navier-Stokes equation:  190 

in which the shear stress tensor (𝛕) is defined as  𝛕 =  𝜇 (𝐮 + 𝐮𝐓). The two-domain approach 191 

needs suitable coupling conditions at the interface as two different model concepts are used in 192 

the subdomains. The interface conditions described here are based on previous works [32, 34, 193 

48] and simplified for the single-phase flow case, which is of interest in this study. Assuming 194 

a sharp interface and local thermodynamic equilibrium, the continuity of fluxes between the 195 

free flow (ff) and the porous medium (pm) yields:   196 

𝐮 = −
𝐤

𝜇𝑔 
(∇𝑝 − 𝜌𝐠) (16) 

𝜕(𝜌)

𝜕𝑡
+ 𝛻 · (𝜌𝐮) = 𝑄𝑚 (17) 

𝜕(𝜌𝐮)

𝜕𝑡
+ 𝜌 𝛻 · (𝐮𝐮𝐓) −  𝛻 · (𝛕) + ∇𝑝 − 𝜌𝐠 =  0 (18) 

[(𝜌𝐮) ⋅ 𝐧]ff = −[(𝜌𝐮) ⋅ 𝐧]pm  (19) 
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where 𝐧 is the outward-pointing normal vector at the interface of each subdomain. For the 197 

momentum balance, two coupling conditions have to be specified to fulfill mechanical 198 

equilibrium. The tangential part of the momentum balance is set according to the Beavers-199 

Joseph-Saffman condition [49]: 200 

in which 𝛼𝐵𝐽 is the dimensionless Beavers-Joseph coefficient, 𝒕 is a tangential vector, 𝐤 denotes 201 

the permeability tensor of the porous medium and 𝝉 the shear stress tensor. The normal part of 202 

the momentum balance is set to a continuity of normal stresses: 203 

with 𝐈 being the identity matrix. Additionally, based on the assumption of chemical 204 

equilibrium, we apply a continuity of mole fractions at the interface:  205 

and a continuity of mass fluxes as:  206 

The two-domain description of gas flow in a coupled porous medium/free-flow system Eqs. 207 

(15-23) was implemented in DuMuX. 208 

Considering the definition of the diffusive and advective fluxes of gas components using 209 

different concepts, the transport equation in the porous medium subdomain can be defined by 210 

applying the mass balance for each component:   211 

[(𝐮 −
√(𝐤𝒕) ⋅ 𝒕

𝛼𝐵𝐽𝜇𝑔
𝝉𝐧) ⋅ 𝒕]

ff

= 0  (20) 

[((𝜌𝐮𝐮𝐓 − 𝝉 + 𝑝𝐈)𝐧) ⋅ 𝐧]ff = [𝑝]pm (21) 

[𝑥𝑖]ff = [𝑥𝑖]pm (22) 

[(𝜌𝜔𝑖𝐮 + 𝐣𝐢) ⋅ 𝐧]ff = [(𝜌𝜔𝑖𝐮 + 𝐣𝐢) ⋅ 𝐧]pm . (23) 

ɛ
𝜕(𝜌𝜔𝑖)

𝜕𝑡
+ 𝛻 · (𝐣𝐢) + 𝛻 · (𝜌𝜔𝑖u) = 𝑅𝑖 (24) 
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A similar equation in which the porosity is excluded can be applied to describe the transport 212 

equation in the free flow subdomain. Eq. (24) can be solved for (n-1) component and the mass 213 

fraction of nth component can be obtained as: 214 

2.3 Numerical implementation  215 

The numerical implementation of the two modeling concepts presented in the previous section 216 

was performed using two simulation tools: the proprietary software COMSOL Multiphysics 217 

(version 5.4) and the open-source simulator DuMuX [50]. In COMSOL Multiphysics, the 218 

governing equations were spatially discretized based on a first-order Lagrangian finite element 219 

method with a discretization based on a non-uniform triangular mesh. In the different 220 

benchmark problems considered, mesh refinement was performed near the boundaries and at 221 

the interface of the porous-medium and free-flow subdomains. A graphical illustration of the 222 

mesh for two 2D problems is available in the Supplementary Information (Figure S1, panels a 223 

and b). An implicit time-marching scheme (backward differentiation formula) was employed 224 

for the time discretization and the corresponding nonlinear, fully coupled system of equations 225 

was solved using a direct linear solver (PARDISO) and a damped Newton method. DuMuX 226 

uses a locally mass-conservative finite-volume scheme and the implicit Euler method for the 227 

space and time discretization, respectively. The porous-medium subdomain was discretized by 228 

a cell-centered two-point flux scheme and the discretization of the free-flow subdomain was 229 

performed by a staggered grid scheme (Marker and Cell scheme, as shown in Figure S1, panels 230 

c and d) [51]. Both domains are solved fully monolithically with Newton’s method to solve the 231 

system of non-linear equations in combination with a direct linear solver (UMFPACK). The 232 

codes used for the simulation in this study with the open-source simulator DuMuX are publicly 233 

available (https://git.iws.uni-stuttgart.de/dumux-pub/heck2020b). In both simulators grid 234 

𝜔𝑛 = 1 − ∑ 𝜔𝑖

𝑛−1

𝑖=1

 (25) 

https://git.iws.uni-stuttgart.de/dumux-pub/heck2020b
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refinement was evaluated and the size of elements and time-steps were varied until their effect 235 

on the solution outcomes was insignificant (i.e., relative difference <0.01%). Such evaluation 236 

for the most complex case is presented in the Supplementary Information (Figure S2).  237 

3. Benchmark problems 238 

The different concepts for multicomponent gas transport in coupled porous medium/free-flow 239 

domains were tested in four problems with increasing complexity. The considered 1-D and 2-240 

D domains are illustrated in Fig. 2.  241 

 242 

Fig. 2 Setups for the considered benchmark problems: (a) 1-D domain used in benchmark 243 

problem 1 focusing on the diffusive transport of a binary mixture; (b) 2-D domain in benchmark 244 

problem 2 leading to uphill diffusion in the ternary mixture; (c) 2-D setup used in benchmark 245 
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problems 3 and 4 focusing on the multicomponent gas transport in a coupled porous 246 

medium/free-flow domain 247 

The gas properties such as the binary diffusion coefficients and the viscosities used in all 248 

benchmark problems are summarized in Table 1. 249 

Table 1. Gas properties used in the simulation of the benchmark problems [52, 53] 250 

Binary diffusion coefficients and viscosity of gas components  

 Dij [m2/s]  µi [Pa s] 

CH4-O2 2.26× 10-5 CH4 1.09× 10-5 

CH4-CO2 1.71× 10-5 O2 2.05× 10-5 

CH4-N2 2.14× 10-5 CO2 1.47× 10-5 

O2-CO2 1.64× 10-5 N2 1.76× 10-5 

O2-N2 2.08× 10-5   

CO2-N2 1.65× 10-5   

H2-N2 8.33× 10-5   

H2-CO2 6.80 × 10-5   

 251 

In benchmark problem 1, 1-D migration of two gas components (CH4 and N2) in a homogenous 252 

porous medium with a length of 90 cm was investigated. This problem was originally presented 253 

by Fen and Abriola [54].  The porous medium was initially filled with N2 and then CH4 diffused 254 

in the domain from the boundary at x=0 m. Diffusive processes in this binary mixture were 255 

described with Fick’s law and with the Maxwell-Stefan equation. Fick’s law was expressed 256 

with the gradient of both molar concentrations and mass fractions, which allows a comparison 257 

between different forms of Fick’s law and the Maxwell-Stefan equation in describing diffusive 258 

transport of gas components in binary mixtures. Based on these equations, 1-D simulations 259 

were performed with the two codes using the parameters, initial and boundary conditions 260 

summarized in Table 2.  261 



16 
 

Table 2. Model input parameters for the 1-D simulation of a binary mixture 262 

Model geometry and parameters   

Length, L [m]   0.9 

Temperature, T [K]   298 

Porosity, ε [-]   0.4 

Tortuosity, τ [-]   0.736 

Permeability, k [m2]   1 × 10-10 

Initial and boundary conditions 
 Initial x=0 m x=0.9 m 

𝑥𝐶𝐻4
, [-] 0 1 0 

𝑥𝑁2
, [-] 1 0 1 

𝑝 , [Pa] 105
 105

 105
 

 263 

Benchmark problem 2 focused on the transport of three gas components (H2, CO2 and N2) in a 264 

2-D homogenous porous medium. This problem was adapted from an experiment originally 265 

presented in [55]. The 2-D setup shown in Fig. 2b consists of a rectangular domain equally 266 

divided into two parts. The porosity and permeability of the domain was considered to be 0.4 267 

and 2 × 10-10 m2, respectively. In the left part of the domain, a mixture containing a CO2 mole 268 

fraction of 0.499 and an N2 mole fraction of 0.501 was initially present. In the right part, the 269 

initial mixture included H2 with a mole fraction of 0.501 and N2 with a mole fraction of 0.499. 270 

The total pressure was initially 105 Pa, the temperature was 308 K, and the system was assumed 271 

to be closed (zero flux boundary conditions for all boundaries). At time zero, the barrier 272 

separating the two mixtures was removed and diffusion of the three gas components was 273 

allowed to take place. This problem was designed to show the capability of the Maxwell-Stefan 274 

equation to describe reverse or uphill diffusion, where components diffuse in the opposite 275 

direction of their concentration gradients (i.e., from low concentrations towards higher 276 

concentrations). 2-D multicomponent simulations based on the Maxwell-Stefan equation were 277 

performed and the spatial and temporal profiles of the gas components were calculated with 278 

the two different simulators.   279 
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Benchmark problem 3 addressed the 2-D migration of CH4, O2, CO2 and N2 in a coupled porous 280 

medium/free-flow domain. The setup used for this example was inspired from column 281 

experiments performed to evaluate gas transport in landfill biocovers. The column was 282 

simulated as a 2-D domain with 95 cm length and 20 cm width (Fig. 2c).  The lower 85 cm of 283 

the column were filled with gravel and the upper 10 cm were used as headspace, where a 284 

constant airflow with different flow rates (0.1 and 109 mL/min) was injected through an inflow 285 

port at the top of the column. A gas outflow port was symmetrically placed 5 cm from the air 286 

inflow port on the column top. This configuration created an air recirculation in the headspace 287 

above the porous medium, which continuously supplied a gas mixture similar to the 288 

atmospheric composition. A mixture containing CH4, CO2 and O2 diffused into the porous 289 

medium from the bottom part of the column. The objective of this benchmark problem was to 290 

compare Fick’s law and Maxwell-Stefan equation for assessing the exchange of gas fluxes 291 

across a coupled porous medium/free-flow domain. Table 3 summarizes the model input 292 

parameters for this benchmark problem.  293 

Table 3. Model input parameters for the 2-D simulation of multicomponent gas transport 294 

under diffusion-dominated conditions in a coupled porous medium/free-flow domain 295 

(benchmark problem 3) 296 

Model geometry and parameters   

Column length, L [m]   0.95 

Column diameter, D [m]   0.2 

Temperature, T [K]   293.15 

Porosity, ε [-]   0.399 

Tortuosity, τ [-]   0.4 

Permeability, k [m2]   2 × 10-13 

Initial and boundary conditions 
 Initial Top inflow boundary Bottom boundary 

𝑥𝐶𝐻4
, [-] 0 0 0.2 

𝑥𝑂2
, [-] 0.21 0.21 0.02 

𝑥𝐶𝑂2
, [-] 0 0 0.02 

Volumetric flux, Q [mL/min] - 0.1/109 - 

 297 
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The same setup and configuration was used in benchmark problem 4. Here we considered the 298 

settings of a recent experimental investigation [41], performed under advection-dominated 299 

conditions. Vertical advective flow was imposed in the porous medium, causing the upward 300 

migration of CH4, O2, CO2 and N2 in the porous medium and across the interface to the free 301 

flow. A mixture of methane and air was injected at different flow rates (5 and 50 mL/min) into 302 

the porous medium from a port in the center of the column bottom. The mole fraction of CH4 303 

in the injected gas at both flow rates was 0.05 and the mole fraction of O2 was 0.148 and 0.22 304 

at the flow rate of 5 and 50 mL/min, respectively. The rate of air recirculation in the headspace 305 

was the same as in the previous problem (0.1 and 109 mL/min). The model input parameters 306 

including the initial and boundary conditions are summarized in Table 4. Note that in the third 307 

and fourth problem, outflow boundary conditions (i.e.,−𝐧 ∙ 𝐣𝐝𝐢𝐟𝐟
𝐢 = 0 , 𝑝 = 105 Pa) were 308 

prescribed at the gas outlet of the column. 2-D simulations were performed to capture the 309 

spatial profiles of the gas components in the porous medium and to assess the effects of free 310 

flow velocity on the transport behavior of the gas components across the interface.   311 
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Table 4. Model input parameters for the 2-D simulation of multicomponent gas transport 312 

under advection-dominated conditions in a coupled porous medium/free-flow domain 313 

(benchmark problem 4) 314 

Model geometry and parameters   

Column length, L [m]   0.95 

Column diameter, D [m]   0.2 

Temperature, T [K]   293.15 

Porosity, ε [-]   0.399 

Tortuosity, τ [-]   0.4 

Permeability, k [m2]   2 × 10-13 

Initial and boundary conditions 
 Initial Top inflow boundary Bottom boundary 

𝑥𝐶𝐻4
, [-] 0 0 - 

𝑥𝑂2
, [-] 0.21 0.222 - 

𝑥𝐶𝑂2
, [-] 0.01 0.01 - 

CH4 influx, [kg/(m2 s)] - - 𝜌𝜔𝐶𝐻4
𝐮a 

O2 influx, [kg/(m2 s)] - - 𝜌𝜔𝑂2
𝐮a 

Volumetric flux, Q [mL/min] - 0.1/109 5/50 
a Calculated based on the mass fraction of components at the injection location using Eq. (4) and Eq. (5) and considering the 
injected mole fraction of methane and oxygen in each case.  

 315 

An overview of the benchmark problems with the key features addressed in each problem is 316 

presented in Table 5. Further detail, including number of grid cells, number of degrees of 317 

freedom, and simulation time of the considered benchmark problems are provided in the 318 

Supplementary Information (Table S1).   319 
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Table 5. Overview of the multicomponent gas transport simulations performed with 320 

COMSOL Multiphysics and DuMuX 321 

Benchmark Problem        Description of key features 

1 

1-D diffusion of two 

gas components in a 

porous medium 

- Diffusive transport of binary mixtures (CH4 and N2) in a porous 

medium 

 

- Comparison of molar and mass fraction based formulations of Fick’s 

law 

 

- Comparison of the Maxwell-Stefan formulation with Fick’s law in a 

binary mixture 

 

2 

2-D diffusion of three 

gas components in a 

porous medium 

- Diffusive transport of ternary mixtures (H2, CO2 and N2) in a porous 

medium 

 

- Uphill diffusion of N2 

 

3 

2-D multicomponent 

gas transport in a 

coupled porous 

medium/free-flow 

domain: diffusion-

dominated conditions 

- Diffusive migration of CH4, O2, CO2 and N2 in a column setup 

 

- Air circulation at different flow rates in the headspace of a column 

setup 

 

- Comparison of the Maxwell-Stefan formulation with Fick’s law in a 

mixture of multiple gases  

 

4 

2-D multicomponent 

gas transport in a 

coupled porous 

medium/free-flow 

domain: advection- 

dominated conditions  

- Advection-dominated migration of CH4, O2, CO2 and N2 in a column 

setup 

 

- Application of single-domain and two-domain approaches for 

modeling multicomponent gas flow in a coupled domain of porous 

medium and free flow 

 

- Comparison with experimental data from gas transport in landfill 

biocovers [41] 

 

 322 

4. Results and discussion 323 

4.1 1-D diffusion of two gas components in a porous medium 324 

In the first problem, the migration of CH4 and N2 in a 1-D porous medium was simulated using 325 

Darcy’s law for the gas flow and Fick’s law and the Maxwell-Stefan equation as diffusion 326 

models. Two versions of Fick’s law were employed: the molar-based and the mass-based 327 

formulations. The spatial profiles of CH4 calculated at t=100 and t=500 min are shown in Fig. 328 

3.  329 
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330 

Fig. 3 CH4 mole fraction profiles calculated by COMSOL Multiphysics and DuMuX using the 331 

molar-based/mass-based formulations of Fick’s law and the mass-based Maxwell-Stefan 332 

(MS) equation at t=100 min (a) and t=500 min (b). Symbols show the simulation results 333 

performed by Fen and Abriola [54].  334 

The predicted CH4 profiles at both times lagged slightly behind when the molar-based form of 335 

Fick’s law was used. This difference can be explained by considering the different flux 336 

components in the molar and mass based formulations. Eq. (6) shows that when the molar 337 

masses of all components in the system are the same, the average molar mass (�̅�) calculated 338 

in Eq. (5) is equal to 𝑀𝑖 and in this case the molar and mass based formulations are equivalent. 339 

However, since the gas components considered in this example (CH4 and N2) do not have the 340 
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same molar mass, using the mass-based form of Fick’s law led to differences in the simulated 341 

CH4 spatial profiles at both time steps compared to the molar-based formulation.  Additionally, 342 

the results demonstrate that the Maxwell-Stefan equation (mass based) and Fick’s law (mass 343 

based) provided the same predictions, indicating the equivalency of both formulations in binary 344 

systems. Fig. 3 also shows that the CH4 spatial profiles obtained by COMSOL Multiphysics 345 

and DuMuX are in an excellent agreement for each respective simulation and time step.   346 

4.2 2-D diffusion of three gas components in a porous medium 347 

The diffusive migration of three gas components in a closed system was simulated using the 348 

Maxwell-Stefan equation in benchmark problem 2. The simulation results highlight an 349 

interesting diffusion behavior in the ternary mixture, which cannot be easily reproduced by 350 

Fick’s law. Fig. 4a shows the breakthrough of the calculated gas mole fractions at the left and 351 

right boundaries of the domain.  352 

353 

Fig. 4 (a) Simulated breakthrough curves of H2, CO2 and N2 at the left (x=0 m) and right 354 

(x=0.5 m) boundaries of the domain. (b) Simulated spatial profiles of the N2 mole fraction 355 

along the entire length of the domain at five different time steps 356 

In the right half of the domain, the mole fraction of CO2 gradually increases during the first 70 357 

minutes, whereas a gradual decline in the mole fraction of CO2 is observed at the left boundary 358 

of the domain in this period. At later time, the CO2 mole fractions approach steady-state 359 
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conditions at both sides. The mole fraction gradient of H2 results in the migration of this 360 

component from the right to the left side of the domain, reaching an equilibrium after almost 361 

20 minutes. The diffusive transport of CO2 and H2 in this problem follows an expected behavior 362 

as both components migrated toward the direction imposed by their mole fraction gradients. 363 

The behavior of N2, instead, is more complex since the diffusion of this component appears to 364 

follow four different stages [53]. In the first stage (t=0), N2 migrates from left to right, although 365 

the mole fraction gradient of this component is zero (osmotic diffusion). In the successive 366 

period (between t=0 and t=10 min), the migration of this component occurs in a direction 367 

opposite to its mole fraction gradient (reverse or uphill diffusion). The N2 migration 368 

successively stops in the third stage (at t=10 min) although its mole fraction gradient is nonzero 369 

(diffusion barrier). Finally, in the fourth stage N2 migrates from the right to the left half of the 370 

domain in accordance with its mole fraction gradient and reaches equilibrium at almost t=80 371 

min (normal diffusion). 372 

The complex diffusion behavior observed in the multicomponent system is also reflected in the 373 

simulated spatial profiles of N2 shown in Fig. 4b. In the initial time steps, uphill diffusion leads 374 

to non-monotonic N2 spatial profiles, but at later times the diffusive process proceeds regularly 375 

according to the mole fraction gradients resulting in monotonic profiles until a uniform 376 

distribution is obtained across the entire length of the domain (t=100 min). Despite 377 

implementing different descriptions of the Maxwell-Stefan equation, both COMSOL 378 

Multiphysics and DuMuX could capture very well the uphill diffusion behavior in the ternary 379 

mixtures and resulted in almost identical breakthrough curves and spatial profiles for the three 380 

gas components.   381 
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4.3 2-D multicomponent gas transport in a coupled porous medium/free-flow domain 382 

Benchmark problem 3 presents the first case on multicomponent transport in a coupled porous 383 

medium/free-flow domain. A mixture containing CH4, CO2 and O2 diffused in the porous 384 

medium and air was recirculated in the free flow with different flow rates (0.1 and 109 385 

mL/min). The effect of different free-flow velocities on the transport behavior of the gas 386 

components at the interface was evaluated. To assess if the components interact with each 387 

other, a comparison between Fick’s law and the Maxwell-Stefan equation was made. Fig. 5 388 

shows this comparison by evaluating the flux of each component across the interface of the 389 

porous medium and free flow for the different free flow velocities.  390 

 391 

Fig. 5 Simulated fluxes of O2, CH4 and CO2 across the porous medium/free-flow interface 392 

computed using Fick’s law and Maxwell-Stefan (MS) formulations. Results for a top flow rate 393 

of 0.1 mL/min (a-c) and 109 mL/min (d-f) 394 

The simulated flux of components shows that O2 migrates into the porous medium (downward), 395 

whereas the CH4 and CO2 migration was towards the free flow (upward). As the free flow 396 
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velocity became stronger, a higher flux of gas components from the porous medium enters the 397 

free flow. This is due to the fact that the higher free-flow velocity leads to more mixing in the 398 

free flow and a thinner boundary layer, thus resulting in steeper concentration gradients and 399 

enhanced diffusive fluxes from the porous medium into the free flow. For both tested velocities, 400 

Fick’s law and the Maxwell-Stefan equation predict a similar behavior for CH4 and CO2. 401 

However, the simulated O2 fluxes deviate both in the transient and in the successive steady-402 

state phase for the two diffusion formulations. The predicted flux of O2 by Fick’s law is almost 403 

12 percent lower than of the calculation based on Maxwell-Stefan equation. The difference in 404 

the O2 fluxes is particularly interesting since a wide range of biochemical reactions in porous 405 

media is governed by the availability of O2 [5, 56–58]. The results obtained by COMSOL 406 

Multiphysics and DuMuX show a consistent agreement between the two simulators.   407 

Benchmark problem 4 illustrates the most complex case in which advection-dominated 408 

transport of the multicomponent mixture is considered in the coupled porous medium/free-flow 409 

domain. A mixture containing CH4 and O2 was injected with two different flow rates (5 and 50 410 

mL/min) at the bottom of the porous medium and air was recirculated in the free flow (109 411 

mL/min). In this example, diffusion was described with the Maxwell-Stefan equation and the 412 

advective flow in this coupled system was represented using the single- and two-domain 413 

approaches. These simulations mimic the conditions of recent laboratory experiments on gas 414 

transport in landfill biocovers [41] and the model outcomes are compared to the experimental 415 

data for both tested flow rates at day 7 (Fig. 6).  416 
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 417 

Fig. 6 Comparison between the simulated (lines) and measured (symbols) spatial profiles of 418 

CH4 and O2 in the porous medium at day 7, considering a bottom flow rate of 5 ml/min (a) and 419 

50 mL/min (b)  420 

The spatial profiles show that the CH4 mole fraction decreases toward the interface, whereas 421 

the O2 mole fraction has a relatively uniform spatial profile at both tested flow rates. This is 422 

because CH4 was diluted in the headspace and was not supplied in the top part of the column, 423 

whereas O2 was supplied with similar mole fractions at the top (free flow) and bottom of the 424 

porous medium domain. The CH4 removal at the top also resulted in a concentration gradient 425 

at the interface, which was steeper and more pronounced at the higher flow rate (50 mL/min). 426 

The simulated spatial profiles obtained by COMSOL Multiphysics and DuMuX agree very well 427 

for both tested flow rates. In particular, the relative difference between the simulated CH4 mole 428 

fraction obtained by COMSOL Multiphysics and DuMuX is approximately 0.01%. 429 

Furthermore, the comparison between the simulation outcomes and the experimental data 430 

demonstrates the capability of both modeling concepts (single domain and two domain) to 431 

capture the trends in the porous medium, as well as in the transition zone from the porous 432 

medium to the free flow, observed with the different injection rates.  433 

We also performed additional simulations considering two different recirculation flow rates 434 

(0.1 and 109 mL/min) in the free flow and one injection flow rate in the porous medium (50 435 
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mL/min). In these simulations we also tested the influence of gravity on the transport processes. 436 

The results showing methane distribution and fluxes and allowing the visualization of the flow 437 

field (i.e., velocity vectors and streamlines) in the coupled domain are illustrated in Fig. 7.  438 

 439 

Fig. 7 2-D simulated velocity vectors, 2-D map of CH4 mole fractions and calculated total and 440 

diffusive fluxes of CH4 across the interface considering a recirculation flow rate of 0.1 mL/min 441 

(a-c) and 109 mL/min (d-f)   442 

The simulated velocity vectors in the coupled domain and the computed streamlines at the 443 

interface and in the free flow headspace (insets in Fig. 7a and 7d), illustrate the effect of the 444 

different recirculation flow rates. The lower free-flow velocity (0.1 mL/min) results in limited 445 

mixing in the headspace and exerts less influence on the velocity field at the interface (Fig. 7a). 446 

The higher free flow velocity, instead, causes enhanced mixing in the column headspace and 447 

such perturbation considerably impacts the upward flow of gas from the porous medium (Fig. 448 

7d). The effect of the differences in the flow patterns on the CH4 transport is also reflected in 449 

the simulated 2-D maps of CH4. At the higher flow rate (109 mL/min), a lower CH4 mole 450 
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fraction in the headspace and steeper gradients close to the interface are observed in 451 

comparison to the lower flow rate (0.1 mL/min). This is due to the strong mixing in the 452 

headspace, which (i) dampened the advective transport of CH4 toward the headspace, and (ii) 453 

enhanced the concentration gradients of CH4 and, thus, the diffusive transport of this 454 

component toward the headspace.  455 

Comparing the diffusive and total fluxes of CH4 across the porous medium and free flow 456 

interface allows highlighting further aspects of the transport processes. As the total flux of CH4 457 

at the interface is governed by the injection rate at the bottom of the setup (50 mL/min in both 458 

cases), the calculated total flux was similar for both cases (Fig. 7b and e). However, steady 459 

state was reached faster for the case of the high flow rate (109 mL/min) in the headspace. The 460 

calculated diffusive and advective fluxes (i.e. the difference between the total and diffusive 461 

flux) at the interface show that the CH4 transport from the porous medium to the free flow is 462 

diffusion-dominated in both cases (Fig. 7c and f). The relative contribution of advection to the 463 

CH4 transport from the porous medium to the free flow became even less important for the top 464 

flow rate of 109 mL/min. Including the gravity term in the simulations had no influence on the 465 

predicted CH4 diffusive fluxes for the top flow rate of 109 mL/min, but it leads to an increase 466 

in the CH4 diffusive flux by 15 percent when the top flow rate is small (0.1 mL/min). This can 467 

be explained by considering the effect of buoyancy on the transport processes. CH4 is lighter 468 

than the other components in the mixture, resulting in a density difference between CH4 and 469 

the bulk phase, which leads to a buoyancy-generated mixing in the headspace. This mixing 470 

process enhanced the driving force for the CH4 diffusive transport from the porous medium to 471 

the free flow and thus higher diffusive flux of this component across the interface (Fig. 7c). 472 

The contribution of this buoyancy-driven mixing for the top flow rate of 109 mL/min is less 473 

pronounced due to the stronger mixing already created in the headspace at this high 474 

recirculation flow rate. Furthermore, there is a very good agreement between the total and 475 
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diffusive fluxes of CH4 (with and without gravity) calculated with COMSOL Multiphysics and 476 

DuMuX. The maximum difference between the calculated CH4 fluxes was observed for the case 477 

of diffusive flux without gravity and the top flow rate of 109 mL/min (Fig. 7f), and was found 478 

to be 4.5%. This indicates the capability of both the single- and the two-domain approaches, 479 

implemented in the two simulators, to capture the multicomponent transport behavior in the 480 

considered problem of coupled gas transport at the interface between porous medium and free 481 

flow.   482 
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5. Conclusions 483 

In this study, we presented a set of four benchmark problems with increasing complexity to 484 

compare different diffusion models (i.e., Fick’s law and the Maxwell-Stefan equation) and 485 

coupling concepts (i.e., single-domain and two-domain) applied for describing single-phase 486 

multicomponent gas transport in a coupled domain of porous medium and free flow. Two 487 

simulation tools, namely COMSOL Multiphysics and DuMuX, with the capability of simulating 488 

multicomponent gas transport in such a coupled system were employed to solve the benchmark 489 

problems. The two codes include the implementation of different coupling concepts between 490 

porous media and free flow (i.e., single- and two-domain approach) and different mathematical 491 

descriptions of the Maxwell-Stefan equation for multicomponent diffusive transport. Despite 492 

these differences, the simulation outcomes allowed us to benchmark the codes and to 493 

demonstrate their capability to consistently simulate the considered transport problems as well 494 

as to match recent experimental data. In addition to the code intercomparison, the simulation 495 

of the benchmark problems allowed us to assess the impact of key physical processes on gas 496 

transport under different conditions. In particular, the effect of diffusive coupling between 497 

different gas components and the impact of different free-flow velocities on their transport 498 

behavior in diffusion and advection-dominated systems were addressed.  499 

This benchmark study and the demonstration of the codes’ capability to simulate 500 

multicomponent gas transport processes in coupled porous medium/free-flow domains can lead 501 

to their further development in order to address more difficult problems. These could include 502 

3-D systems with more complex geometries and presence of physical and chemical 503 

heterogeneities that may significantly affect gas transport [17, 59, 60]. Furthermore, the 504 

investigated multicomponent diffusion concept can be extended to predict gas transport 505 

processes in multiphase systems (e.g., partially saturated porous media coupled with free flow) 506 

in presence of different atmospheric forcing and boundary conditions. Another envisioned 507 
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direction for development is the coupling of these complex flow and gas transport simulators 508 

with chemical and thermodynamic databases allowing great flexibility to simulate a wide range 509 

of equilibrium and kinetically-controlled chemical reactions that can affect the dynamics of gas 510 

transport as well as the pore water chemistry [61–63].  511 
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