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Abstract 

 

 The use of computational models to describe multiphase flow in low-permeability sedimentary rocks (“cap rocks”) 

has led to advances in oil extraction, CO2 sequestration, and aquifer management. Sedimentary rocks often exhibit transient 

geochemical and geomechanical couplings brought about from rock heterogeneity and the presence of embedded micro-scale 

porous media (i.e. clay minerals). Therefore, processes such as fracture and clay dynamics need to be accounted for if we are 

to predict the long-term trapping capability of cap rocks. Thus, we have developed a method through which we can model 

coupled fluid-porous media mechanics such as clay swelling/contraction and fluid-induced clay transport within Digital Rock 

Physics. Direct numerical simulations in these scenarios are implemented through the Darcy-Brinkman Equation, a 

formulation that approximates Navier-Stokes in a free fluid, and Darcy’s Law in a microporous (clayey) domain. Coupling 

with poromechanics is achieved by incorporating porous media conservation equations (with appropriate momentum sources) 

into this framework. This is an exciting development, since, to our knowledge, this is the first CFD model to capture dynamic 

chemo-mechanical couplings between a porous medium and a permeating fluid through DNS without the need of remeshing. 

Furthermore, due to formulation’s generality, this method can be expanded to applications beyond clay dynamics and cap 

rock modeling. Our model agrees with microfluidic experiments, hinting to its validity. Current work involves the integration 

of multi-phase flow dynamics into this framework.  

 

The Modeling Approach 

 The governing equations for the volume-averaged Darcy-Brinkman (DB) model are [1]: 
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 Were 𝜀𝑓 is the fluid volume fraction, 𝜌𝑓 is the fluid density, 𝑈𝑓 is the volume averaged fluid velocity, k is the porous 

medium permeability, and µ𝑓 is the fluid viscosity. The addition of a momentum sink (in red) creates a hybrid between the 

conventional Navier-Stokes equations and Darcy’s law. If the permeability of a domain is high, such as in a free fluid (k is 

large, 𝜀𝑓 ≈ 1), this term disappears and the DB formulation approximates Navier Stokes. Conversely, when the permeability 

is low, such as in a porous domain (k<<1, 𝜀𝑓 ≈ 0), the equation approximates Darcy’s law.  

 Furthermore, in order to reduce the number of parameters, we will tie in the permeability to the porosity through the 

Kozeny-Carman equation, leaving us with the following expression for the momentum sink term: 
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 Notice now that the transition between a porous medium and a free fluid is now only dependent on the fluid fraction 

𝜀𝑓, which can be expressed as a function of the solid fraction ( 𝜀𝑓 =1-𝜀𝑠). Therefore, if we treat the solid fraction as a passive 

conservative scalar and define an equation for its motion based on fluid characteristics such as ionic content and/or pressure, 

we will be able to create a coupled porous media-fluid dynamics model. 



 Clay swelling dynamics are incorporated through the following conservation and momentum equations: 
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 Where the “c” subscript represents the clay’s parameters. The main driving force for swelling/contraction is the 

swelling pressure, which in this case is defined as a momentum source (right hand side term).  Swelling pressure is modeled 

as a proportional (by 𝜎𝑝) to the difference between the current solid fraction and the equilibrium solid fraction “𝜀𝑠
𝑒𝑞”. Since 

the clay’s swelling capacity is dependent on the salt concentration of its surroundings, we define  𝜀𝑠
𝑒𝑞  as a function of the 

fluid’s ionic concentration [2]. The interplay between ionic concentration and clay swelling successfully couples the porous 

domain with the fluid domain (See Figure 1).  

 Porous media creeping flow dynamics are modeled in a very similar way: instead of having a swelling pressure as 

the clay’s momentum source we have the fluid’s drag force (previous term in red) be the driving force for clay movement. 

Furthermore, in order to capture representative dynamics, the clay is treated as a Hershel-Bulkley Non-Newtonian fluid [3]. 
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Figure 1: Effects of clay swelling and contraction on the rock’s matrix structure and the fluid’s velocity profile after a step 

change in the ionic concentration of the incoming fluid from the top boundary. Swelling only occurs in places where there is 

fluid flow (the only places where the concentration would change). Clay is orange, rock is gray, and the fluid is blue.  
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