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Abstract

Transport phenomena in porous media play a central role in diverse scientific and
engineering applications in subsurface reservoirs, filtration and separation technologies,
energy devices, and microfluidic platforms. While classical Darcy-scale models adequately
describe pressure-driven single-phase flows, they do not account for the complex ways in
which externally applied electric and magnetic fields alter momentum transport, modify
flow pathways, and induce anisotropic behavior. Such field-driven mechanism, termed
electromagnetohydrodynamic (EMHD) effects, are increasingly exploited in applications
such as enhanced oil recovery, groundwater remediation, fuel cell design, and lab-on-a-chip
actuation. This thesis addresses this critical knowledge gap by developing a rigorous mul-
tiscale framework for EMHD flow through porous media and establishing electro-magneto
permeability, a field-dependent macroscopic property that quantifies how external fields
modify hydraulic transport. The work systematically addresses fundamental gaps related
to pore-scale EMHD mechanisms, their upscaling through multiscale homogenization, and
the resulting macroscopic constitutive laws applicable to engineered and natural porous
structures. The thesis considers both idealized model geometries and realistic porous
structures, examining how microstructural parameters, anisotropy, tortuosity, porosity,
and field orientation collectively influence EMHD-driven transport. Starting from the
fundamental microscale governing equations, including the Navier-Stokes equations cou-
pled with electrokinetic and Lorentz forcing, and ion transport laws, the thesis employs
multiscale homogenization to systematically upscale pore-scale EMHD physics into gen-
eralized Darcy-scale constitutive relations. The work first examines single-phase EMHD
flow in uncharged porous media, where electromagnetic fields act on conducting fluids
without electric double layer (EDL) effects. The resulting homogenized equations re-
veal field-induced corrections. The derived permeability tensor reflects both microscale-
geometry-induced and field-induced anisotropy, demonstrating that flow can be enhanced,
suppressed, or redirected depending on field orientation and microstructure. The frame-
work is then extended to charged porous media, where the presence of EDLs introduces
electroosmotic forces and charge density variations in addition to Lorentz forces. A new
generalized Darcy law is derived, and the corresponding permeability tensor explicitly in-
corporates these multiscale interactions. Building on these single-phase results, the thesis

then investigates two-phase EMHD flow through charged porous media. The presence
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of interfaces introduces additional complexities, including capillary pressure, saturation-
dependent relative permeability, wettability, and interfacial charge. A generalized two-
phase EMHD Darcy formulation is derived in which the classical relative permeabilities
are augmented by saturation- and field-dependent EMHD terms. The final part of the
thesis integrates the developed theoretical framework with real porous media, using paper
substrates as a representative natural fibrous material. Micro-CT based reconstructions
are used to simulate pore-scale EMHD transport and quantify permeability modifica-
tions. This thesis establishes a rigorous and unified multiscale approach for modeling
EMHD flow in porous media. The introduction of the electro-magneto permeability both
in tensor form and as a scalar equivalent measure offers a new paradigm for charac-
terizing field-driven transport in porous media. The framework developed here lays a
strong foundation for future studies on reactive EMHD flows, electro-magneto-chemo-
mechanical coupling, and optimization of field-assisted transport in both engineered and

natural porous materials.
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R

fagad Aregdl & ufkd@gd °ged (Transport phenomena) SUddel HeRI, Awic wd
JYGHIU WNRIfRal, Soll SUSRUT duT AIRHIHe® WewH oY fafdy afe ud
siftrnfe sy # ue Harg YfieT Ay 1 gaft uRufte sHif-waia Atsd are-
U Uehdl-aRUl TaT8 &1 YA 9UiF $Rdl §, d 3+ Slfed YTl &l 15| THIRd B dTd fod
HTeOH ¥ 917 U ¥ ¢ U faggd Ud gadia & Havl uRkde & uRkaiid ®Rd ¢, Warg
U} &) TN B & U fFavHfERI (anisotropic) TR I0H B & 1 U &=-0Rd 3,
% g HICIRIE SISTIAIH (EMHD) WHTA T SIdT §, 39 od GG, YoTd QeM,
W el FEeTe auT Ae-31T9-U- Ry Taegue S8 o) & dodr § ST § |e o 3
€| T8 TMY-YY T Hg@qul -3k P! AT Hral 8, Forad fegad Areqwi & mrey
¥ EMHD TaTg & ol U geg IR (multiscale) BT [aeRid foram Tam § auT Saide-
TIE] YR (electro-magneto permeability) 1 RITTHT &1 T3 8 S T 8-k =@
(macroscopic) 0T § 3R I8 AETH® ©U ¥ GRIdT & [ 91T &7 gTe3Iford URag &l [
PR MG Fd gl I8 P [BEWR & EMHD T, 3% SgeaRid THMIHRU]
(homogenization) GRT S{URBICHT, TUT SHTh Td UThfdidh feagdd eI tlR @ 8-
I R FauTe ol @ Feftd gayd SiaRTel & hHeg 0 9 J&fd HRarg |

My-vEy 7 sreRffed Arsa sonffadl aur gurfard) faged SRl St &1 st
fopan o g, Fo T er-TRarTes Arcs!, favmfexitad, rduRict, fosar aur e &t fa=m
%1 EMHD-IRT TRaeT R Tgad uya faxafd fear m 81 09 ger-wsig s
BN IR - I THIHRUT, e dblIgAed Ud AN adl aul 31a- ulkag- gl &
T Iigd-¥ 3RY ®Rd 8T, 39 MY T Tg&RIT JHMIBIU BT STAT IR f&5-TR Bt
EMHD Hifde! &) Imfierd STif-wasia daenfe Teet & afed 0 ¥ Fuiaid faar
T

ST BT UGl U SR fSagad ATeqw § Uehd-a=0l EMHD Va8 &1 Siid &xdl §, STal
faggd feeR (epL) THTEl & oA 9 Gal R fagga-da®id &9 &1 & gl W
TG THIHRUT &F-SId SN T SR &xd 6 | Fhuia: U TRl SR g&a-
SfAfa-Ofka aut &7-0Rd ST UeR 3 favafe=iadr & g=ifdr § ok a8 wifdd wxar g
f3 TaTg P &F Pt I TS Y& WA & SMYR W T, TS T GAMHGIRIG faar ST
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T 8| SHP UYTd T8 GiaT AR fsagad ATeaw db fawaiid a1 7 8, ST EpL
IUfRUS gAT AN Fit 3R SHTAR T-Tcd B URAdHI Bl ARl g6l & Ty Shsat ¢ | Uk
a1 A d ST Faw e farar et €, Ford IRl SR WY ¥ ¥ 31 g%
3ic-foransft & TETied FRaT B |

3 U d-aRuT URUMHT & STYR WR, IMY-TEY BT SATAT HIT AR fyagad areqd # fg-
TRUT EMHD UdTE &1 USATd Bl § | Sy &) SUrRIf sifafted sifedan S &l g,
S BT a4, TIe-SM3T el TR, AU (wettability) TUT SIRTEI STa|
T JMIpd fg-=aR0r emHD STEf TR g fbar mar 8, forad urulke gmier
TR &1 U3 Td 8-k emup Ul @ 99 fear man |

Me-vEY FT Hfad T AR Sgifae aie & arafas fSaged Tt & Iy Thidgd
T §, STET BITST SR Fetee P Udh UMY Wi IRER a1 & U § SO
T 8 | ATgehl-Het anenia GAAmon &1 STt #R f5E-aR EMHD URTg &1 3fIHRul
3T 7T § T URITRIeT | B9 aTel SReHT 1 aREToiexuT fan T § | 99T ¥4 9, I8
MYy-gae fessgdd arerdl § EMHD UdTE & HisaH oq Uh TTd Ud HSR Jg& g ePh 0l
RTUT FRAT |1 SRR FY U7 ITb YA WheR AT gl # Sadel-Hie] TR &
YR, fsgad qreadl § &9-URa uRdg & aiaie- & e U a1 =fBHiur uvda
TRl 81 g8 oral Hfaw § et EMHD UdTE, Sade-Hiel-GBH-aifAd g auT
ST Td Midhiad foagad Uardl 8 &F-Tgiid uRagd & 3G ag I=Iad HTUR
TG HRAT 5|
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ng Net charge density

nw Non-wetting phase

P Pressure

T Temperature in Kelvin

U, V, W Velocity along x,y and z directions, respectively

\% Velocity vector

V Electric potential

X Macroscopic cordinate system

X, Y, 7, Coordinates in macroscopic scale

T, 2 Coordinates in microscopic scale

Y Microscopic coordiante system

Ze Valency of ion
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Greek Letters

Q Aspect ratio of elliptical solid phase
Qo Fluid phase within the periodic domain
I6] Solid phase within the periodic domain

Surface tension of fluid-fluid interface

r Boundary of the periodic domain

[s Fluid-solid boundary

| . Fluid-fluid interface

4] Fluid-fluid interface thickness

€ Electrical permittivity of the electrolyte

€ Small parameter for asymptotic homogenization
¢ Zeta potential of the surface

n Coefficient of cell problem in the potential corrector equation
0 Orientation angle of solid inclusion

K Debye parameter, inverse of Debye layer thickness
AD Debye layer thickness

1 Dynamic viscosity of fluid

W Magnetic permeability

&p, v, &y Coefficients of cell problem in the pressure corrector equation
Ep, 2V, Sy Average pressure corrector coefficients

11, 1Ty, IL,, Average potential corrector coefficients

p Density of the fluid

Pe Free charge density

o Electrical conductivity of the fluid

0] Phase field variable

P Auxiliary phase field variable

v Electrical double layer potential

Qy, Qg Periodic domain of fluid and solid phases.
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