CFD FOR POROUS MEDIA FLOW

UNDERSTANDING CFD For Porous MeDIA FLow

CFD FOR POROUS MEDIA FLOW REPRESENTS A SOPHISTICATED COMPUTATIONAL APPROACH TO SIMULATING FLUID BEHAVIOR
WITHIN MATERIALS CHARACTERIZED BY INTERCONNECTED VOID SPACES. THESE MATERIALS, RANGING FROM GEOLOGICAL
FORMATIONS LIKE SOIL AND ROCK TO ENGINEERED SUBSTANCES LIKE FILTERS AND CATALYST SUPPORTS, PRESENT UNIQUE
CHALLENGES DUE TO THEIR COMPLEX INTERNAL GEOMETRY. ACCURATELY MODELING FLUID DYNAMICS IN SUCH ENVIRONMENTS IS
CRUCIAL FOR A WIDE ARRAY OF SCIENTIFIC AND ENGINEERING DISCIPLINES. THIS ARTICLE DELVES INTO THE FUNDAMENTAL
PRINCIPLES, COMMON METHODOLOGIES, ADVANCED CONSIDERATIONS, AND DIVERSE APPLICATIONS OF COMPUTATIONAL FLUID
Dynamics (CFD) SPECIFICALLY TAILORED FOR POROUS MEDIA. WE WILL EXPLORE HOW CFD TECHNIQUES BRIDGE THE GAP
BETWEEN MACROSCOPIC FLOW OBSERVATIONS AND THE INTRICATE MICROSCOPIC INTERACTIONS OCCURRING WITHIN THESE
COMPLEX STRUCTURES.
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Key CoNcepTs IN CFD For Porous Mebia

THE SIMULATION OF FLUID FLOW THROUGH POROUS MEDIA USING CFD HINGES ON SEVERAL FUNDAMENTAL CONCEPTS THAT
DIFFERENTIATE IT FROM TRADITIONAL SINGLE-PHASE FLOW SIMULATIONS. AT ITS CORE, A POROUS MEDIUM IS DEFINED BY ITS
SOLID MATRIX AND THE INTERCONNECTED PORE NETWORK WHERE THE FLUID RESIDES AND MOVES. THE RESISTANCE TO FLOW IS A
PRIMARY CHARACTERISTIC, OFTEN QUANTIFIED BY PERMEABILITY. CFD MODELS MUST ACCOUNT FOR THIS RESISTANCE AT
VARIOUS SCALES.

PorosITY AND PERMEABILITY

POROSITY, DENOTED BY THE SYMBOL $\PHI$, IS A FUNDAMENTAL PROPERTY REPRESENTING THE FRACTION OF THE BULK VOLUME
THAT IS VOID SPACE. |T DIRECTLY INFLUENCES THE AMOUNT OF FLUID A POROUS MEDIUM CAN HOLD AND THE EFFECTIVE CROSS-
SECTIONAL AREA AVAILABLE FOR FLOW. PERMEABILITY, OFTEN DENOTED BY THE SYMBOL $K$/ QUANTIFIES THE ABILITY OF A
POROUS MATERIAL TO TRANSMIT FLUIDS UNDER A PRESSURE GRADIENT. |T IS A MEASURE OF THE EASE WITH WHICH A FLUID CAN
FLOW THROUGH THE PORE NETWORK. HIGH PERMEABILITY MEANS EASY FLOW, WHILE LOW PERMEABILITY INDICATES RESTRICTED
FLOW.



ToORTUOSITY AND PORE STRUCTURE

BEYOND SIMPLE POROSITY, THE CONNECTIVITY AND GEOMETRY OF THE PORE SPACES ARE CRITICAL. TORTUOSITY DESCRIBES THE
CONVOLUTED PATH A FLUID PARTICLE MUST TAKE TO TRAVERSE THE MEDIUM, DEVIATING FROM A STRAIGHT LINE. A HIGHER
TORTUOSITY IMPLIES A LONGER FLOW PATH AND INCREASED RESISTANCE. T HE PORE SIZE DISTRIBUTION, SHAPE, AND
CONNECTIVITY ALL CONTRIBUTE TO THE COMPLEX FLOW PATTERNS OBSERVED. CFD SIMULATIONS AIM TO CAPTURE THE
CUMULATIVE EFFECT OF THESE MICROSTRUCTURAL FEATURES ON THE MACROSCOPICALLY OBSERVED FLOW BEHAVIOR.

DARcY’s LAW AND ITs EXTENSIONS

FOR MANY POROUS MEDIA FLOW PROBLEMS, PARTICULARLY AT LOW REYNOLDS NUMBERS, DARCY’s LAW SERVES AS A
FOUNDATIONAL MODEL. |T STATES THAT THE FLOW VELOCITY IS DIRECTLY PROPORTIONAL TO THE PRESSURE GRADIENT AND THE
PERMEABILITY OF THE MEDIUM. HO\X/EVER, DARCY’S LAW HAS LIMITATIONS. FOR HIGHER FLOW RATES OR MORE COMPLEX PORE
STRUCTURES, INERTIAL EFFECTS BECOME SIGNIFICANT, NECESSITATING EXTENSIONS LIKE THE FORCHHEIMER EQUATION, WHICH
ADDS A QUADRATIC TERM TO ACCOUNT FOR INERTIAL LOSSES.

MODELING APPROACHES FOR Porous MebpIA FLow

SIMULATING FLUID FLOW IN POROUS MEDIA USING CFD CAN BE APPROACHED THROUGH SEVERAL DISTINCT MODELING
STRATEGIES, EACH OFFERING DIFFERENT LEVELS OF DETAIL AND COMPUTATIONAL COST. THE CHOICE OF APPROACH DEPENDS
HEAVILY ON THE SPECIFIC APPLICATION, THE SCALE OF INTEREST, AND THE DESIRED ACCURACY.

ConTINuUM MopeLs (MACROSCOPIC APPROACH)

CONTINUUM MODELS TREAT THE POROUS MEDIUM AS A HOMOGENEOUS CONTINUUM, AVERAGING OUT THE PORE-SCALE DETAILS.
THIS APPROACH IS COMPUTATIONALLY EFFICIENT AND IS WIDELY USED WHEN THE MACROSCOPIC FLOW BEHAVIOR IS OF PRIMARY
INTEREST. DARCY'S LAW AND ITS EXTENSIONS ARE THE CORNERSTONE OF THESE MODELS. THE SOLID MATRIX IS REPRESENTED BY
EFFECTIVE PROPERTIES SUCH AS POROSITY AND PERMEABILITY, AND THE GOVERNING EQUATIONS ARE SOLVED ON A
COMPUTATIONAL GRID REPRESENTING THE BULK POROUS DOMAIN.

THESE MODELS ARE PARTICULARLY EFFECTIVE FOR LARGE-SCALE SIMULATIONS, SUCH AS GROUNDWATER FLOW IN AQUIFERS OR
OIL RESERVOIR SIMULATIONS, WHERE THE INDIVIDUAL PORE STRUCTURE IS NOT DIRECTLY RELEVANT TO THE OVERALL FLOW
PATTERNS. THE KEY IS TO ACCURATELY DETERMINE THE EFFECTIVE PROPERTIES THAT REPRESENT THE AVERAGE BEHAVIOR OF THE
POROUS MEDIUM.

Pore-ScALE MopeLs (Microscoric APPROACH)

PORE-SCALE MODELS ATTEMPT TO RESOLVE THE FLUID FLOW WITHIN THE ACTUAL PORE NETWORK OF THE POROUS MEDIUM.
THIS INVOLVES RECONSTRUCTING OR DIGITALLY GENERATING THE COMPLEX GEOMETRY OF THE PORE SPACES AND THEN APPLYING
STANDARD CFD TECHNIQUES TO SOLVE THE NAVIER-STOKES EQUATIONS DIRECTLY ON THIS INTRICATE GEOMETRY. THIS
APPROACH PROVIDES HIGHLY DETAILED INSIGHTS INTO LOCAL FLOW PHENOMENA, SUCH AS VELOCITY DISTRIBUTIONS, SHEAR
STRESSES, AND MIXING WITHIN THE PORES.

W/HILE OFFERING UNPARALLELED ACCURACY AND THE ABILITY TO STUDY PHENOMENA LIKE STAGNANT ZONES OR PREFERENTIAL
FLOW PATHS, PORE-SCALE SIMULATIONS ARE COMPUTATIONALLY VERY EXPENSIVE. THEY ARE TYPICALLY USED FOR
FUNDAMENTAL RESEARCH, VALIDATION OF CONTINUUM MODELS, OR FOR SIMULATING FLOW IN WELL-CHARACTERIZED,
RELATIVELY SIMPLE POROUS STRUCTURES.



HysrID MODELS

HYBRID MODELS COMBINE ASPECTS OF BOTH CONTINUUM AND PORE-SCALE APPROACHES. THEY CAN INVOLVE USING PORE-SCALE
SIMULATIONS TO DERIVE EFFECTIVE PROPERTIES THAT ARE THEN USED IN LARGER-SCALE CONTINUUM SIMULATIONS.
ALTERNATIVELY/ THEY MIGHT INVOLVE A NESTED APPROACH \WHERE A SMALL, REPRESENTATIVE PORE-SCALE REGION IS
SIMULATED IN DETAIL, AND ITS RESULTS ARE UPSCALED OR HOMOGENIZED TO INFORM A LARGER CONTINUUM MODEL. THESE
MODELS AIM TO STRIKE A BALANCE BETWEEN COMPUTATIONAL COST AND ACCURACY, LEVERAGING THE STRENGTHS OF BOTH
MACROSCOPIC AND MICROSCOPIC VIEWPOINTS.

GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

THE SIMULATION OF POROUS MEDIA FLOW RELIES ON A SET OF GOVERNING EQUATIONS THAT DESCRIBE THE CONSERVATION OF
MASS, MOMENTUM, AND ENERGY, ADAPTED TO ACCOUNT FOR THE PRESENCE OF THE SOLID MATRIX. THE BOUNDARY CONDITIONS
APPLIED ARE EQUALLY CRUCIAL FOR DEFINING THE SPECIFIC PROBLEM BEING SOLVED.

CONSERVATION EQUATIONS

FOR SINGLE-PHASE INCOMPRESSIBLE FLOW, THE CONTINUITY EQUATION (CONSERVATION OF MASS) AND THE NAVIER-STOKES
EQUATIONS (CONSERVATION OF MOMENTUM) ARE FUNDAMENTAL. HO\X/EVER, IN POROUS MEDIA, THESE ARE OFTEN MODIFIED. For
CONTINUUM MODELS, THE VOLUME-AVERAGED NAVIER-STOKES EQUATIONS ARE USED, INCORPORATING SOURCE TERMS THAT
REPRESENT THE DRAG FORCES EXERTED BY THE SOLID MATRIX. THESE DRAG TERMS TYPICALLY DEPEND ON POROSITY,
PERMEABILITY, AND FLOW VELOCITY. FOR PORE-SCALE MODELS, THE STANDARD NAVIER-STOKES EQUATIONS ARE SOLVED
DIRECTLY ON THE COMPLEX PORE GEOMETRY.

FOR MULTIPHASE FLOW , ADDITIONAL TRANSPORT EQUATIONS FOR EACH PHASE ARE REQUIRED, ALONG WITH EQUATIONS
DESCRIBING PHASE INTERACTIONS, SUCH AS CAPILLARY PRESSURE AND RELATIVE PERMEABILITY. ENERGY CONSERVATION
EQUATIONS ARE ALSO INCLUDED WHEN HEAT TRANSFER IS A SIGNIFICANT ASPECT OF THE FLOW PROBLEM.

BouNDARY CONDITIONS IN Porous MeDIA

BOUNDARY CONDITIONS IN POROUS MEDIA SIMULATIONS CAN BE APPLIED AT THE MACROSCOPIC BOUNDARIES OF THE DOMAIN OR
AT THE SOLID-FLUID INTERFACES WITHIN THE PORE STRUCTURE. COMMON MACROSCOPIC BOUNDARY CONDITIONS INCLUDE:

VELOCITY |NLET/OUTLETZ SPECIFYING THE FLUID VELOCITY ENTERING OR LEAVING THE DOMAIN.

PRESSURE INLET/OUTLET; SPECIFYING THE FLUID PRESSURE AT THE BOUNDARIES.

No-SLip WALLS: FOr THE soLID MATRIX, A NO-SLIP CONDITION IS TYPICALLY IMPOSED, MEANING THE FLUID VELOCITY
AT THE SOLID SURFACE IS ZERO.

SYMMETRY BOUNDARIES: USED TO REDUCE COMPUTATIONAL DOMAIN SIZE WHERE FLOW IS SYMMETRICAL.

Porous BAFFLES: REPRESENTING A POROUS MEDIUM REGION WITH SIMPLIFIED PHYSICS.

AT THE PORE SCALE, THE NO-SLIP CONDITION AT THE SOLID-FLUID INTERFACE IS PARAMOUNT. (UNDERSTANDING HOW THESE
BOUNDARIES INFLUENCE THE FLOW IS KEY TO ACCURATE SIMULATION.



NUMERICAL METHODS AND DISCRETIZATION

TRANSFORMING THE GOVERNING PARTIAL DIFFERENTIAL EQUATIONS INTO A FORM THAT CAN BE SOLVED BY A COMPUTER
REQUIRES NUMERICAL DISCRETIZATION. V ARIOUS METHODS ARE EMPLOYED, EACH WITH ITS STRENGTHS AND WEAKNESSES IN
HANDLING THE COMPLEXITIES OF POROUS MEDIA.

Finie VoLuMe MeTHop (FVM)

THE FINITE VOLUME METHOD IS THE MOST PREVALENT TECHNIQUE IN COMMERCIAL CFD SOFTWARE AND IS WELL-SUITED FOR
POROUS MEDIA FLOW. [T WORKS BY DIVIDING THE COMPUTATIONAL DOMAIN INTO A FINITE NUMBER OF CONTROL VOLUMES
(CeLLS). THE GOVERNING EQUATIONS ARE INTEGRATED OVER EACH CONTROL VOLUME, TRANSFORMING THE DIFFERENTIAL
EQUATIONS INTO ALGEBRAIC EQUATIONS. THIS METHOD NATURALLY CONSERVES MASS, MOMENTUM, AND ENERGY AT THE
DISCRETE LEVEL, WHICH IS HIGHLY BENEFICIAL FOR COMPLEX FLOW SIMULATIONS.

For POROUS MEDIA, FVM CAN BE APPLIED TO BOTH CONTINUUM AND PORE-SCALE DOMAINS. [N CONTINUUM MODELS, POROSITY
AND PERMEABILITY ARE TYPICALLY ASSIGNED TO CELLS OR CELL FACES. IN PORE-SCALE SIMULATIONS, THE FVM MesH
CONFORMS TO THE INTRICATE PORE GEOMETRY.

FiNiTe ELeMENT MeTHoD (FEM)

THE FINITE ELEMENT METHOD DIVIDES THE DOMAIN INTO SMALLER, SIMPLER SHAPES CALLED ELEMENTS. W ITHIN EACH ELEMENT,
THE SOLUTION IS APPROXIMATED USING BASIS FUNCTIONS. FEM IS PARTICULARLY ADEPT AT HANDLING COMPLEX GEOMETRIES
AND IRREGULAR MESHES, MAKING IT A STRONG CANDIDATE FOR PORE-SCALE SIMULATIONS \WHERE THE PORE NET\WORK CAN BE
HIGHLY INTRICATE. |T ALSO PROVIDES EXCELLENT ACCURACY FOR STRESS AND STRAIN ANALYSIS, WHICH CAN BE RELEVANT IN
COUPLED FLUID-STRUCTURE INTERACTION PROBLEMS WITHIN POROUS MATERIALS.

LATTICE BoLTzMANN MeTHOD (LBM)

THE LATTICE BOLTZMANN METHOD IS A MESOSCOPIC SIMULATION TECHNIQUE THAT IS GAINING POPULARITY FOR POROUS MEDIA
FLOW. INSTEAD OF DIRECTLY SOLVING THE NAVIER-STOKES EQUATIONS, LBM SIMULATES THE BEHAVIOR OF FICTITIOUS FLUID
PARTICLES ON A LATTICE. |T EXCELS AT HANDLING COMPLEX BOUNDARY CONDITIONS AND MULTIPHASE FLOWS AND IS OFTEN
FOUND TO BE COMPUTATIONALLY EFFICIENT FOR PORE-SCALE SIMULATIONS, ESPECIALLY FOR PROBLEMS INVOLVING DIFFUSION
AND COMPLEX GEOMETRIES. LBM CAN NATURALLY INCORPORATE POROUS STRUCTURES BY DEFINING LATTICE SITES AS EITHER
FLUID OR SOLID.

CHALLENGES AND ADVANCED TECHNIQUES

SIMULATING POROUS MEDIA FLOW WITH CFD IS NOT WITHOUT ITS CHALLENGES. THE INTRICATE NATURE OF THE PORE
STRUCTURE, THE MULTI-SCALE ASPECTS, AND THE PRESENCE OF MULTIPLE PHASES OFTEN NECESSITATE ADVANCED TECHNIQUES
TO ACHIEVE ACCURATE AND EFFICIENT RESULTS.

UPSCALING AND HOMOGENIZATION

A SIGNIFICANT CHALLENGE IS BRIDGING THE GAP BETWEEN PORE-SCALE PHYSICS AND MACROSCOPIC CONTINUUM MODELS.
UPSCALING IS THE PROCESS OF DERIVING EFFECTIVE MACROSCOPIC PROPERTIES (LIKE PERMEABILITY OR DISPERSION COEFFICIENTS)



FROM DETAILED PORE-SCALE SIMULATIONS OR EXPERIMENTAL DATA. HOMOGENIZATION TECHNIQUES AIM TO FIND A SINGLE SET OF
MACROSCOPIC EQUATIONS THAT REPRESENT THE AVERAGE BEHAVIOR OF THE UNDERLYING HETEROGENEOUS MICROSTRUCTURE.

THIS IS CRUCIAL BECAUSE DIRECT PORE-SCALE SIMULATION OF LARGE DOMAINS IS OFTEN COMPUTATIONALLY PROHIBITIVE.
EFFECTIVE UPSCALING ALLOWS FOR THE USE OF EFFICIENT CONTINUUM MODELS FOR PRACTICAL ENGINEERING APPLICATIONS.

MULTIPHASE FLOW AND INTERFACIAL PHENOMENA

MANY REAL-WORLD POROUS MEDIA APPLICATIONS INVOLVE MULTIPLE FLUIDS (E.G., OIL AND WATER, GAS AND LIQUID) FLOWING
SIMULTANEOUSLY. SIMULATING MULTIPHASE FLOW REQUIRES CAPTURING COMPLEX INTERFACIAL PHENOMENA SUCH AS
CAPILLARY PRESSURE, SURFACE TENSION, AND PHASE TRAPPING. TECHNIQUES LIKE VoLUME oF FLuib (VOF) or LeveL SeT
METHODS ARE OFTEN EMPLOYED TO TRACK INTERFACES, WHILE MODELS FOR RELATIVE PERMEABILITY AND CAPILLARY PRESSURE
ARE ESSENTIAL FOR CONTINUUM APPROACHES.

CoupLED PHYsIcs AND NON-NEWTONIAN FLUIDS

POROUS MEDIA FLOW PROBLEMS OFTEN INVOLVE COUPLED PHYSICAL PHENOMENA. FOR INSTANCE, FLUID FLOW CAN BE COUPLED
WITH HEAT TRANSFER (E.G., GEOTHERMAL RESERVOIRS), MASS TRANSPORT (E.G., POLLUTANT DISPERSION), OR EVEN
DEFORMATION OF THE POROUS MATRIX (E.G./ SOIL CONSOLIDATION). SIMULATING THESE COUPLED PHYSICS REQUIRES SOLVING
MULTIPLE SETS OF GOVERNING EQUATIONS SIMULTANEOUSLY. FURTHERMORE, MANY FLUIDS ENCOUNTERED IN POROUS MEDIA ARE
NON-NEW TONIAN (E.G., POLYMERS, SLURRIES), REQUIRING SPECIALIZED RHEOLOGICAL MODELS TO ACCURATELY DESCRIBE THEIR
FLOW BEHAVIOR.

Low PerRMEABILITY AND HIGH VELOCITY FLOWS

SIMULATING FLOW IN VERY LOW PERMEARBILITY MEDIA CAN LEAD TO NUMERICAL CHALLENGES DUE TO VERY SMALL VELOCITY
GRADIENTS AND POTENTIAL FOR ILL-CONDITIONING. CONVERSELY, HIGH VELOCITY FLOWS CAN LEAD TO TURBULENCE AND
SIGNIFICANT INERTIAL EFFECTS, REQUIRING APPROPRIATE TURBULENCE MODELS AND ACCURATE REPRESENTATION OF FORCHHEIMER
TERMS OR DIRECT TURBULENCE SIMULATION AT THE PORE SCALE.

APPLICATIONS oF CFD IN Porous MebDiA

THE ABILITY ofF CFD TO MODEL FLUID FLOW WITHIN COMPLEX POROUS STRUCTURES HAS LED TO ITS WIDESPREAD ADOPTION
ACROSS NUMEROUS INDUSTRIES AND SCIENTIFIC FIELDS. THESE SIMULATIONS PROVIDE CRITICAL INSIGHTS FOR DESIGN,
OPTIMIZATION, AND UNDERSTANDING OF VARIOUS PHENOMENA.

GEOSCIENCES AND ENVIRONMENT AL ENGINEERING

IN GEOSCIENCES, CFD IS INDISPENSABLE FOR SIMULATING GROUNDWATER FLOW, CONTAMINANT TRANSPORT IN SOILS AND
AQUIFERS, AND OIL AND GAS RESERVOIR ENGINEERING. |T HELPS IN PREDICTING WELL PERFORMANCE, OPTIMIZING ENHANCED OIL
RECOVERY TECHNIQUES, AND ASSESSING THE ENVIRONMENTAL IMPACT OF INDUSTRIAL ACTIVITIES. MODELING DARCY FLOW AND
ADVECTION-DISPERSION PROCESSES ARE COMMON TASKS.



CHEMICAL ENGINEERING AND PROCESS DESIGN

CHEMICAL ENGINEERS UTILIZE CFD FOR DESIGNING AND OPTIMIZING PACKED-BED REACTORS, CATALYTIC CONVERTERS, AND
FILTRATION SYSTEMS. UNDERSTANDING FLOW DISTRIBUTION, MASS TRANSFER RATES, AND PRESSURE DROPS WITHIN THESE
POROUS COMPONENTS IS CRUCIAL FOR REACTOR EFFICIENCY AND PRODUCT YIELD. SIMULATIONS OF FLOW THROUGH CATALYST
PELLETS OR MEMBRANES ARE ROUTINE.

BiIoMEDICAL ENGINEERING

IN BIOMEDICAL APPLICATIONS, CFD IS USED TO STUDY BLOOD FLOW THROUGH BIOLOGICAL TISSUES (E.G., TUMOR
MICROVASCULATURE), DRUG DELIVERY THROUGH POROUS IMPLANTS, AND FLUID EXCHANGE IN ORGANS LIKE THE LUNGS AND
KIDNEYS. THE COMPLEX MICROVASCULATURE OF TISSUES OFTEN BEHAVES LIKE A POROUS MEDIUM, AND ACCURATE SIMULATION
IS KEY TO DEVELOPING NEW THERAPIES.

MATERIALS SCIENCE AND MANUFACTURING

CFD AIDS IN THE DEVELOPMENT AND CHARACTERIZATION OF POROUS MATERIALS FOR VARIOUS APPLICATIONS, INCLUDING
ADVANCED CERAMICS, FILTERS, INSULATION, AND ADDITIVE MANUFACTURING. UNDERSTANDING HOW FLUIDS INTERACT WITH
THESE MATERIALS DURING THEIR PRODUCTION AND IN THEIR END-USE IS CRITICAL FOR THEIR PERFORMANCE. SIMULATING
INFILTRATION PROCESSES IN ADDITIVE MANUFACTURING IS A PRIME EXAMPLE.

ENERGY SYSTEMS

CFD PLAYS A VITAL ROLE IN THE DESIGN OF POROUS MEDIA APPLICATIONS WITHIN THE ENERGY SECTOR, SUCH AS FUEL CELLS
(GAS DIFFUSION LAYERS)/ SOLAR THERMAL COLLECTORS (ABSORBER MATERIALS)/ AND GEOTHERMAL ENERGY SYSTEMS. EFFICIENT
FLUID DISTRIBUTION AND HEAT TRANSFER ARE PARAMOUNT FOR THE PERFORMANCE OF THESE SYSTEMS.

FUTURE TRENDS IN POrRoOUS MEDIA FLOW SIMULATION

THE FIELD oF CFD FOR POROUS MEDIA FLOW IS CONTINUOUSLY EVOLVING, DRIVEN BY ADVANCEMENTS IN COMPUTATIONAL
POWER, NUMERICAL ALGORITHMS, AND A DEEPER UNDERSTANDING OF COMPLEX PHYSICAL PHENOMENA. FUTURE TRENDS ARE
POINTING TOW ARDS MORE INTEGRATED, ACCURATE, AND EFFICIENT SIMULATION CAPABILITIES.

MACHINE LEARNING AND Al INTEGRATION

THE INTEGRATION OF MACHINE LEARNING (ML) AND ARTIFICIAL INTELLIGENCE (Al) INTo CFD WORKFLOWS IS A SIGNIFICANT
EMERGING TREND. ML MODELS CAN BE TRAINED ON LARGE DATASETS FROM PORE-SCALE SIMULATIONS OR EXPERIMENTS TO
RAPIDLY PREDICT EFFECTIVE PROPERTIES OR EVEN SOLVE FLOW PROBLEMS DIRECTLY, DRASTICALLY REDUCING COMPUTATION
TIME. THIS COULD LEAD TO REAL-TIME OPTIMIZATION AND DIGITAL TWINS FOR POROUS MEDIA SYSTEMS.

MuLTISCALE MODELING ADVANCEMENTS

DEVELOPING MORE SEAMLESS AND ROBUST MULTISCALE MODELING TECHNIQUES WILL BE A KEY FOCUS. THIS INVOLVES CREATING



METHODOLOGIES THAT CAN INTRINSICALLY COUPLE PORE-SCALE PHYSICS WITH CONTINUUM-SCALE BEHAVIOR, ALLOWING FOR
SIMULATIONS THAT SPAN MULTIPLE ORDERS OF MAGNITUDE IN LENGTH AND TIME SCALES WITHOUT SIGNIFICANT LOSS OF
ACCURACY OR COMPUTATIONAL EXPLOSION. HIERARCHICAL MODELING APPROACHES WILL BECOME MORE SOPHISTICATED.

HIGH-FIDELITY PORE-SCALE SIMULATIONS

W/ ITH INCREASING COMPUTATIONAL POWER, DIRECT NUMERICAL SIMULATION (DNS) AT THE PORE SCALE WILL BECOME MORE
ACCESSIBLE FOR MORE COMPLEX GEOMETRIES AND PHENOMENA. THIS WILL ENABLE A DEEPER UNDERSTANDING OF FUNDAMENTAL
TRANSPORT MECHANISMS, TURBULENCE IN POROUS MEDIA, AND COMPLEX INTERFACIAL DYNAMICS, WHICH CAN THEN BE USED TO
REFINE CONTINUUM MODELS.

ExPERIMENTAL VALIDATION AND DATA ASSIMILATION

CLOSER INTEGRATION BETWEEN CFD SIMULATIONS AND EXPERIMENTAL VALIDATION WILL CONTINUE TO GROW. ADVANCED
IMAGING TECHNIQUES AND IN-SITU MEASUREMENT TECHNOLOGIES WILL PROVIDE RICHER DATASETS FOR CALIBRATING AND
VALIDATING CFD MODELS. DATA ASSIMILATION TECHNIQUES WILL BE INCREASINGLY USED TO INCORPORATE EXPERIMENTAL
OBSERVATIONS INTO ONGOING SIMULATIONS TO IMPROVE THEIR ACCURACY AND PREDICTIVE POWER.

CoupPLED MULTIPHYSICS AND MULTICOMPONENT FLOWS

THE ABILITY TO ACCURATELY SIMULATE HIGHLY COUPLED MULTIPHYSICS PROBLEMS INVOLVING MULTIPLE INTERACTING PHASES
AND CHEMICAL REACTIONS WILL BECOME MORE REFINED. THIS IS PARTICULARLY RELEVANT FOR APPLICATIONS LIKE CARBON
CAPTURE AND STORAGE, ADVANCED CHEMICAL REACTORS, AND REACTIVE TRANSPORT IN THE ENVIRONMENT. NEwW
COMPUTATIONAL FRAMEWORKS WILL EMERGE TO HANDLE THESE COMPLEX INTERACTIONS EFFICIENTLY.

FAQ

Q: WHAT ARE THE PRIMARY CHALLENGES IN SIMULATING POROUS MEDIA FLOW USING
CFD?

A: THE PRIMARY CHALLENGES INCLUDE ACCURATELY REPRESENTING THE COMPLEX PORE GEOMETRY, UPSCALING PORE-SCALE
PHYSICS TO CONTINUUM MODELS, HANDLING MULTIPHASE FLOW AND INTERFACIAL PHENOMENA , AND MANAGING THE
COMPUTATIONAL EXPENSE ASSOCIATED WITH RESOLVING FINE-SCALE DETAILS.

Q: How poes DArcY’s LAw RELATE To CFD SIMULATIONS OF POROUS MEDIAP

A: DARCY's LAW IS A FOUNDATIONAL EMPIRICAL MODEL FOR LOW-VELOCITY FLOW IN POROUS MEDIA. IN CFD, IT IS OFTEN
IMPLEMENTED AS A SOURCE TERM IN THE MOMENTUM EQUATION FOR CONTINUUM MODELS, REPRESENTING THE MACROSCOPIC
RESISTANCE TO FLOW DUE TO THE POROUS MATRIX. EXTENSIONS LIKE THE FORCHHEIMER EQUATION ARE USED TO ACCOUNT FOR
INERTIAL EFFECTS AT HIGHER FLOW RATES.

Q: WHAT IS THE DIFFERENCE BETWEEN CONTINUUM AND PORE-SCALE MODELING IN CFD
FOR POROUS MEDIA?P

A: CONTINUUM MODELS TREAT THE POROUS MEDIUM AS A HOMOGENEOUS MATERIAL WITH AVERAGED PROPERTIES LIKE POROSITY



AND PERMEABILITY, SOLVING EQUATIONS ON A MACROSCOPIC GRID. PORE-SCALE MODELS RESOLVE THE FLOW WITHIN THE
ACTUAL INTRICATE PORE NETWORK, SOLVING THE NAVIER-STOKES EQUATIONS ON A DETAILED GEOMETRY.

Q: W/HEN WouULD ONE cHOOSE A FINITE VoLUME MeTHoD (FVM) over A FINITE
ELeMENT MeTHoD (FEM) FOR POROUS MEDIA FLOW SIMULATION?

A: FVM IS GENERALLY PREFERRED FOR ITS INHERENT CONSERVATION PROPERTIES AND ROBUSTNESS, MAKING IT SUITABLE FOR A
\WIDE RANGE OF FLOW PROBLEMS, INCLUDING THOSE WITH COMPLEX INTERFACES OR DISCONTINUITIES. FEM IS OFTEN FAVORED
FOR ITS ABILITY TO HANDLE HIGHLY IRREGULAR GEOMETRIES AND FOR PROBLEMS WHERE STRESS/STRAIN ANALYSIS IS ALSO
CRITICAL.

Q: How 1s POROSITY INCORPORATED INTO CFD SIMULATIONS?

A: IN CONTINUUM MODELS, POROSITY IS TYPICALLY ASSIGNED AS A PROPERTY TO THE COMPUTATIONAL CELLS OR APPLIED AS
A VOLUME FRACTION. |T INFLUENCES THE EFFECTIVE AREA AVAILABLE FOR FLOW AND THE MOMENTUM SOURCE TERMS. IN PORE-
SCALE MODELS, POROSITY IS AN INHERENT CHARACTERISTIC OF THE DEFINED GEOMETRY.

Q: WHAT ARE SOME COMMON APPLICATIONS OF CFD IN POROUS MEDIA BEYOND OIL
AND GAS?

A: OTHER COMMON APPLICATIONS INCLUDE GROUNDWATER HYDROLOGY, FILTRATION AND SEPARATION PROCESSES IN CHEMICAL
ENGINEERING, BLOOD FLOW IN BIOLOGICAL TISSUES, HEAT EXCHANGERS WITH POROUS INSERTS, AND THE DESIGN OF CATALYTIC
CONVERTERS AND FUEL CELL COMPONENTS.

Q: How Do INTERFACIAL PHENOMENA AFFECT CFD SIMULATIONS IN MULTIPHASE
POROUS MEDIA FLOW?

A: INTERFACIAL PHENOMENA LIKE SURFACE TENSION AND CAPILLARY PRESSURE ARE CRITICAL FOR DETERMINING THE DISTRIBUTION
AND MOVEMENT OF DIFFERENT FLUID PHASES WITHIN THE PORE NETWORK. CFD SIMULATIONS MUST ACCURATELY MODEL THESE
FORCES, OFTEN USING TECHNIQUES LIKE VoLUME oF FLUID (\/OF) OR BY INCORPORATING RELATIVE PERMEABILITY AND
CAPILLARY PRESSURE MODELS.

Q: WHAT IS THE ROLE OF TORTUOSITY IN CFD SIMULATIONS OF POROUS MEDIA?

A: TORTUOSITY DESCRIBES THE CONVOLUTED PATH FLUIDS TAKE THROUGH A POROUS MEDIUM. W/HILE NOT ALWAYS DIRECTLY
MESHED IN CONTINUUM MODELS, ITS EFFECT IS IMPLICITLY CAPTURED BY PERMEABILITY AND DISPERSION COEFFICIENTS. IN PORE-
SCALE SIMULATIONS, THE ACTUAL TORTUOUS PATH IS RESOLVED BY THE GEOMETRY.
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