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Abstract

Flow in porous medium refers to the movement of fluids through materials with inter-
connected pores, such as hydrocarbon reservoirs. Capillary driven flow, also called as
spontaneous imbibition (SI) occurs when a fluid-filled solid is brought in contact with an-
other fluid which preferentially wets the solid, therefore the wetting fluid is drawn into
a porous medium and displaces the resident non-wetting fluid by capillary action. It is
useful in many applications of soil science, geological carbon sequestration, 2-Dimensional
(2D) or 3-Dimensional (3D) paper microfluidics, and recovery of oil from naturally and

artificially fractured reservoirs.

In a single capillary, Lucas (1918) and Washburn (1921) observed that the capillary driven
flow phenomenon is characterized by diffusive dynamics. However, for a heterogeneous
porous medium consisting of two or more layers, the capillary-controlled displacement
cannot be simply explained using Washburn’s law. In this work, the effect of different pa-
rameters on the displacement of oil by water in layered porous media due to capillarity was
investigated. For two-layered media, the influence of varying layer properties on cross-flow
between the layers and the resulting changes in flow behavior was demonstrated. Specifi-
cally, a Darcy-scale model incorporating porosity (¢), permeability (k), relative permeabil-
ity (k,), and capillary pressure (P.) — saturation (S,,) relationships was employed as the
governing flow parameters within the layers of the porous medium. One-dimensional (1-D)
simulations were performed using the MATLAB Reservoir Simulation Tool (MRST), an

open-source simulator, to study co-current spontaneous imbibition in both homogeneous



and layered porous media. The study focused on the movement of wetting fluid satura-
tion and the evolution of the front location during the displacement process, wherein a

significant amount of residual non-wetting fluid remained trapped within the layers.

The numerical model for homogeneous porous media was validated under three different
wettability conditions by comparing the obtained saturation profiles with a semi-analytical
solution available in the literature. A close agreement between the numerical results and
the semi-analytical solution was observed only in the case of mixed-wet porous media.
These findings highlight the necessity of numerical simulations at the Darcy scale, as
the available analytical models for spontaneous imbibition in homogeneous porous me-
dia may not yield reliable results for arbitrary relative permeability and capillary pres-

sure-saturation functions.

The results demonstrate that cross-flow between the layers is not confined to the region
near the imbibition front as was believed earlier. Comparing imbibition in the interacting
and non-interacting porous layers, we show that (a) porosity or permeability variation
results in cross-flow, causing the saturation profiles of the layers to approach the satura-
tion profile observed in an averaged porosity or averaged permeability porous medium, (b)
capillary pressure variation results in cross-flow in different directions at different locations
to equalize P. between layers, (c¢) when both capillary pressure and permeability are cor-
related, an anomalous behavior is observed where the low permeability layer exhibits the
leading front, (d) when both capillary pressure and porosity are correlated, the high poros-
ity layer exhibits the leading front, (e) when porosity and permeability are correlated, the
flow is dominated due to the permeability of the layers; the interaction in layers causes the

fronts to come closer, (f) when porosity, permeability and capillary pressure are correlated,



a contrasting behavior is observed where the fluid front leads in the low permeability layer
except near the front, and (g) when different wetting porous layers interact, the cross-flow

causes the front in both layers to coincide at same location.

Overall, variations in either porosity or permeability—when considered independently—tend
to averaging of the flow behavior. However, porosity and permeability are often interre-
lated and exhibit a strong correlation with the capillary pressure—saturation relationship.
When these interdependencies are accounted for, a distinct flow behavior emerges that
cannot be accurately captured using averaged properties alone. Understanding this be-
havior is crucial, as it demonstrates that oil recovery estimates can change considerably
when the interactions between layers in a heterogeneous medium are incorporated. Fur-
thermore, the findings of this study provide valuable insights for developing a new model to
more accurately predict the overall dynamics of spontaneous imbibition in layered porous

media.
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WaeR Beea Areas § HfAwr Gonfod yaE 1 aor qoie

Oegerd ATCTH H YaTg T dlcqd ool YTl & 31 Yerd o AreaH & Hoolel 4 § st
mﬁrsgs‘gtrw (pores) Bl &, S foh gTSgIeRTelst HSX (reservoirs) | iR fShaT garT
gaTg, T8 Tafooe SFaT8e2e (spontaneous imbibition, SI) 3T FHgT SATAT &, A 81T & ST
foReT el & 41X O T U del & U H oITAT STl & Sl 39 O ! ITATHS §9 8 el
AT §; TROTHETE, I e ATl el b1 RIS Sel GaRT ATEH  F&adr & 3R gt ugar
8 His[g AR -frel aTel Y oA X ST & | T§ e TREE!-[aeT, shieiel HAGUT, 2D AT 3D
UTR ATSHIFeS TS, 3R TTehicieh A1 A &9 & Sherer fohT 91T SR & dIeT folehrolel o1
3ot # 3cd T 3TN |

Tehol hiUoRT & HeeT H, I (1918) 3R AT (1921) & IR & 58 YN T Y16
RO (diffusive) TIfARr ETAT & | &TlI R, ST ATETA H &l A7 T8 Rl 8lci o, oF arerdel
& T @ yaTg 1 T auTed HHT 781 81T | 36 A H, WAGR ATCIH H Ulell garT ool
T W TS ATIEET o THTG I 31ETIT TohdT 1T §| SI-TRT ATEIH & folv, Jg
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IagR HIRGdT laT & | 39 [T STl Tt a1 Ueh Afs ol 3uAeT & forar s g, forgs gar
(), TRETFACAT (k), HTUET TRIFAAT (k,), 3T HTRAeT Ga1a (Po) — FTT (S.) HTET T FaTg
HIUE ST o §9 H A fhaT =T g |

1D fAFIIT 8 MATLAB Reservoir Simulation Tool (MRST), Teh 39e-H1E AIFCIAT T
39T fohaT 31T, TS FHET (homogeneous) 3R IAER (layered) %achr ATCTH H
Tg-feencas os srasiaere &1 3regae fHar | e [AY &7 & ek ool
HeJfea h aTfer iR vrarg 3113 &t Feafel o faerrd TR ehiee T@T, ST81 Ueh Hgcd ot AT H 3T
ﬁﬂTWﬁFﬂTﬁHg‘U%ﬂTQ{d\i HBATEATE |

ATY ATETH & [T T&ITcHS ATsd Y died (Aot defafords fufaat & arfigcy & 3udswr
3CY-TARCIYUTIcHS HATETT & Jolell X HedTicl 1ohdT I1AT| shel TR A3 (mixed-wet)
HTEIH o ot A&t AR 3 y-faReoncaes aRomAT A Adear g 715 | Fggenarsg i
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