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Abstract

Single-phase turbulent flows through porous media is key to solid-catalyzed reactions such
as methane-steam reforming, methanol or dimethyl ether synthesis, water-gas shift reactions,
etc. Such a flow system is generally referred to as a packed bed reactor (PBR) in the literature.
The bed-scale performance of the PBRs, i.e., reactant conversion, yield, pressure drop, etc., is
significantly influenced by the particle-scale heat and mass transfer characteristics which in
turn are determined by the particle-scale turbulence characteristics. Therefore, particle-
resolved RANS simulations of a small section of PBR are extensively used to evaluate the
effects of particle shape, to analyze particle-scale heat and mass transfer, etc. However, despite
the extensive use of particle-resolved RANS simulations, the rigorous validation of the
predictions of these simulations is lacking to a great extent. In the present work, the RANS
simulations (with various two- and seven-equation turbulence models) and LES are performed.
Their predictions are compared with a state-of-the-art DNS to identify turbulence model
suitable for flow through packed beds. The reasons behind agreements/deviations of the
predictions of RANS and LES simulations compared to the predictions of DNS are identified.
Further, the DNS is utilized to identify the range of Reynolds number at which the flow transits

from laminar to turbulent regime.

Other than single-phase flows, two-phase flows through porous media are also important
to several applications. E.g., gas-liquid (G-L) flows in PBRs for hydro-desulphurization of
fuels, CO; adsorption, hydrogenation, etc., and liquid-liquid (L-L) flows through reservoir
rocks for oil recovery and ground-water remediation, etc. The performance of all the above
processes is a strong function of particle-/pore-scale flow phenomenon. The particle-/pore-
scale two-phase flow dynamics is influenced by fluid-fluid (i.e., interfacial tension,

viscosity/density ratio, etc.) and fluid-solid (governed by wettability) interactions as well as the



media structure (characterized by particle size/shape, pore topology/size distribution, and other
structural heterogeneities), other than operating conditions. In the present work, both G-L and
L-L flows through 3D pore-/particle-resolved mediums are investigated using the algebraic and
geometric Volume-of-Fluid (VOF) simulations implemented in opensource CFD code
OpenFOAM and commercial flow solver Ansys FLUENT, respectively. Before proceeding
with the two-phase flow through realistic mediums (created using Rigid Body Simulations),
the predictions of VOF simulations are rigorously validated with the aid of measurements

(performed by us as well as other researchers).

With respect to G-L flow through packed beds the dynamics of liquid spreading in gas
filled domain is investigated. With aid of dimensionless numbers [Ohnesorge, Weber, and AB;
(proposed in the present work)], the relative magnitude of governing forces at various stages
of liquid spreading influenced weakly, moderately, and strongly by gravitational force is
studied. The relationship between dimensionless numbers, lateral extent of liquid spreading,
and void-scale flow behavior is established and shown in the form of a regime map. Concerning
L-L flows, the effects of waterflooding velocity, interfacial tension (i.e., Capillary number
‘Ca’) and wettability on oil recovery, ganglia size distribution and their location, and forces
acting on the trapped ganglia are investigated. To develop fundamental understating of the flow
physics the pore-scale oil recovery mechanisms as a function of forces acting on the trapped
ganglia are investigated. Further, the relationship between pore-scale mechanisms, Ca,
wettability, and oil recovery is established. Finally, a regime map displaying the pore-scale

mechanism as a function of Ca and wettability is proposed.
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force. The boundaries of the regions of specific force dominance are specified based
on the AB; and We; values at t/t* = 1. Further work is required to specify accurate
force dominance boundaries as a function of AB; and Weg. Moreover, lines between
various void-scale behaviors are provided only as a visual guide and do not
represent the actual boundaries).

Figure 4.1. A schematic of the micromodel (Fluid domain is shown in orange and
solid (PDMS) domain in green).

Figure 4.2. Schematic of the experimental set-up.

Figure 4.3. PDMS micropillar in (a) absence of kerosene and (b) contact with
kerosene. (Black circle indicates the original size of micropillar while red circle
indicates swelling of micropillar).

Figure 4.4. The surface mesh of micromodel consisting of elliptical pillars (average
minor axis = 1.21 £ 0.022 mm and average major axis = 1.23 + 0.028 mm) with
medium resolution i.e., 16 cells/d,,.

Figure 4.5. Experimental snapshots of breakthrough oil distribution at Ca = (a) 1.52
x 10, (b) 3.03 x 10™* and (c) 1.52 x 107, Images in (i)-(iii) show reproducibility of
experiments. (note: black color represents oil while, PDMS and water are
transparent).

Figure 4.6. Effect of grid resolution on simulated oil-phase distribution at t =~ 0.32 s
for (a) coarse, (b) medium, and (c) fine grids (Ca=1.79 x 1073, u,,/u, = 1).

Figure 4.7. Effect of grid resolution on (a) water saturation and (b) pressure drop (Ca
=1.79 x 1073, uy, /u, = 1).

Figure 4.8. Comparison of (a) measured and simulated [(b) OpenFOAM, (c) ANSYS
FLUENT] time-evolution of oil-water flow distribution (Ca = 1.52 x 10, (note:
Supplementary Video S1 (a), (b) and (c) display the time-evolution of two-phase flow
measured using high-speed imaging and predicted using OpenFOAM and ANSYS
FLUENT, respectively (Ca = 1.52 x 107*). The videos are 8X slower for the ease of
visualization).

Figure 4.9. Comparison of measured and simulated time-evolution of water
saturation (Ca = 1.52 x 10™%).

Figure 4.10. Comparison of measured and simulated (a) number of oil ganglia and
(b) oil ganglia volume distribution at the breakthrough at a Ca of 1.52 x 10,

Figure 4.11. Comparison of (a) measured and simulated [(b) OpenFOAM, (c)
ANSYS FLUENT] time-evolution of oil-water flow distribution (Ca = 3.03 x 10%).
Note: Supplementary Video S2 (a), (b) and (c) display the time-evolution of two-
phase flow measured using highspeed imaging and predicted using OpenFOAM and
ANSYS FLUENT, respectively (Ca = 3.03 x 10™*). The videos are 8X slower for the
ease of visualization.

Figure 4.12. Comparison of measured and simulated (a) time-evolution of water
saturation and (b) oil ganglia volume distribution at the breakthrough (Ca = 3.03 x
107%).
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Figure 4.13. Comparison of (a) measured and simulated [(b) OpenFOAM, (c)
ANSYS FLUENT] time-evolution of oil-water flow distribution (Ca = 1.52 x 10).
Note: Supplementary Video S3 (a), (b) and (c) display the time-evolution of two-
phase flow measured using highspeed imaging and predicted using OpenFFOAM and
ANSYS FLUENT, respectively (Ca = 1.52 x 107). The videos are 8X slower for the
ease of visualization.

Figure 4.14. Comparison of measured and simulated (a) time-evolution of water
saturation and (b) oil ganglia volume distribution at the breakthrough (Ca = 3.03 x
104).

Figure 4.15. Effect of water-flooding velocity on (a) oil recovery and (b) residual oil
ganglia size distribution predicted by the VOF formulation in ANSYS FLUENT.

Figure 4.16. Simulated Phase distribution at 1.5 PV of water injected at the Ca of (a)
1.52 x 10, (b) 3.03 x 10*, and (c) 1.52 x 107,

Figure 4.17. Capillary pressure saturation relationship determined using quasi-static
VOF simulations.

Figure 4.18. Effect of water-flooding velocity on the inlet pressure.

Figure 4.19. Effect of water-flooding velocity on A acting on oil ganglia surfaces at
1.5 PV of water-flooding.

Figure 4.20. Effect of water-flooding velocity on (a) strain rate and (b) interfacial
tension force acting on oil ganglia surfaces at 1.5 PV of water-flooding.

Figure 4.21. Effect of IFT on (a) oil recovery and (b) inlet pressure.

Figure 4.22. Effect of IFT on (a) oil ganglia size distribution and (b) distribution of
A acting on oil ganglia surfaces at 1.5 PV of water-flooding.

Figure 4.23. Phase distribution at 1.5 PV of water injected at the Ca of (a) 1.52 x 10"
4 (b) 7.6 x 10*, (¢) 7.6 x 10, and (d) 7.6 x 102 on (i) central plane and (ii) top
plane.

Figure 4.24: Effect of IFT on (a) strain rate and (b) interfacial tension force acting
on oil ganglia surfaces at 1.5 PV of water-flooding.

Figure 4.25. Effect of successive step changes in IFT on oil recovery process.

Figure 5.1. (a) Particle pack of 100 particles of 100 pm diameter packed randomly
using rigid body simulation, (b) recreated particle pack with 5 % radial swelling, and
(c) pore structure of the particle pack with € = 0.256.

Figure 5.2. (a) Stack of 2D images representing the porous medium (red color
represents individual plane), (b) 2D plane located at Z = 20 um showing pore-
topology on a cut-plane, and (c) pore-bodies identified using the watershed
algorithm.

Figure 5.3. Computational domain with (a) coarse grid resolution and (b) boundary
conditions.

Figure 5.4. 2D PSD along the direction of flow.
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Figure 5.5. Effect of grid resolution on (a) oil recovery and (b) pressure drop (Ca =
6 x 107", 6,, = 140°).

Figure 5.6. Effect of grid resolution on (a) oil volume fraction distribution on mid-
plane (X =250 um) and (b) (i) oil volume fraction and (ii) velocity on Line 1 (located
on mid-plane as shown in the inset) (Ca = 6 x 107!, 6, = 140°, 0.4 PV of
waterflooding).

Figure 5.7. (a) Pore-structures of (i) spherical particle pack (Pack 1) with random
particle size distribution (50 < d, < 150 um) and (i1) Pack 1 with domain length
reduced by a factor of 2 and (b) effect of the volume of the porous medium on single-
phase flow properties.

Figure 5.8. (a) Pore-structures of digital porous medium with different domain
lengths (i) L = 0.5 mm and (ii) L = 0.25 mm and (b) Effect of the REV of porous
medium on oil recovery by the process of imbibition (8, = 40°, Ca = 1.2 x 107).

Figure 5.9. Effect of wettability on (a) oil recovery [Square symbols indicate
breakthrough point. Quantities in bracket indicate pore volume (PV) of water
injected (X) and fraction of oil recovered (Y)] and (b) ganglia size distribution at 4
PV of waterflooding depicting the inverse proportionality between oil recovery and
ganglia size (Ca = 1.2 x 107).

Figure 5.10. Residual oil occupancy (a) in the porous domain (brown color represents
oil whereas, water and porous medium are transparent) and (b) on the XZ plane at Y
=250 pm (oil and water are colored red and blue, respectively) at a 6,,, of (i) 140°,
(i) 90°, (iii) 40°, and (iv) 0° (Ca = 1.2 x 1073, 4 PV of waterflooding).

Figure 5.11. Effect of wettability on inlet pressure (Pi,) at Ca = 1.2 x 107 [to capture
fluctuation in P;, due to Haines jump events (as shown in the inset), the frequency of
storing data was increased to 1x10* Hz from 5x10% Hz], displaying the increasing
dominance of viscous force as the medium wettability changes from water- to oil-
wet (Pi, 1s the area-averaged pressure at the inlet and the square symbols indicate
breakthrough points).

Figure 5.12. Dynamics of two-phase flow (represented by iso-volume of «,, = 0.5)
at (a) 0.14, (b) 0.28 and (c) 0.42 PV for Ca of 1.2 x 107 through oil-wet porous
medium (blue color indicates water whereas the oil-phase and porous medium are
transparent), depicting the pore-by-pore filling mechanism.

Figure 5.13. Phase distribution on the plane perpendicular to flow direction (i.e., XZ
plane) at distance of (a) 40, (b) 50, (¢) 60 and (d) 70 um from inlet displaying pore-
by-pore filling mechanism (oil and water are colored red and blue, respectively)
(8, = 140°, Ca=1.2 x 103, 0.07 PV of waterflooding).

Figure 5.14. Time-evolution of two-phase flow on the mid-plane (Y = 250 pum)
perpendicular to the flow direction at a 8,, of (a) 140°, (b) 90°, (c) 40° and (d) 0° (oil
and water are colored red and blue, respectively) revealing the inversion of invading-
phase occupancy from pore-body in oil-wet medium to pore-throat in water-wet
medium (Ca = 1.2 x 1073).

Figure 5.15. (a) Distribution of (i) pressure and (ii) ‘Y on residual oil ganglia (Ca =
1.2 x 107 and 6,, = 140°) and (b) effect of 8,, on (i) pressure and (ii) ‘Y acting on
the residual oil ganglia (Ca = 1.2 x 107, 4 PV of waterflooding) [the X-axis
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represents the bins of a specific size (e.g., the bin size in Fig. 9(b)(i) is 500 Pa) and
the Y-axis represents the % of cells with values specific to a bin. E.g., the bin with
pressure range -2500 to -2000 Pa in Fig. 5.15 (b)(i) consists of approximately 0.1 %
of cells for 6, = 0°], describing the increasing dominance of interfacial tension force
as the medium wettability changes from oil- to water-wet.

Figure 5.16. Phase distribution on the mid-plane (X = 250 pum) along the flow
direction at (a) 0.49, (b) 0.56, (¢) 0.63, and (d) 0.7 PV displaying the time-evolution
of co-operative filling event (oil and water are colored red and blue, respectively)
[6,, =40°, Ca=1.2 % 107].

Figure 5.17. Phase distribution on the mid-plane (X = 250 pum) along the flow
direction at (a) 0.77, (b) 0.84, (c) 0.91, and (d) 0.98 PV displaying the time-evolution
of corner flow events (oil and water are colored red and blue, respectively) [6,, = 0°,
Ca=12x107].

Figure 5.18. Time-evolution of two-phase flow in drainage mode (6,, = 140°) on
the mid-plane along the flow direction at a Ca of (a) 1.2 x 10, (b) 6 x 107, (c) 6 x
102 and (d) 6 x 10! (oil and water are colored red and blue, respectively), depicting
the change in pore-scale mechanism from pore-by-pore filling to finger-like
invasion.

Figure 5.19. Effect of y,,,, on inlet pressure at 6,, of (a) 140°, (b) 40°, and (c) 0° [to
capture fluctuation in P;, due to Haines jump events, as shown in the inset of Fig.
13(a), the frequency of storing data was increased to 1x10* Hz from 5x10% Hz],
revealing that the corner flow events are a characteristic of controlled imbibition.

Figure 5.20. Effect of y,,, on oil recovery at the 6,, of (a) 140°, (b) 40°, and (c) 0°
[Square symbols indicate breakthrough point. Quantities in bracket indicate PV of
water injected (X) and fraction of oil recovered (Y)](Ca = 1.2 x 1073).

Figure 5.21. Residual oil occupancy (a) in the porous domain (brown color represents
oil whereas, water and porous medium are transparent) and (b) on the mid-plane (i.e.,
at Y =250 um) (oil and water are colored red and blue, respectively) at Ca values
of (i) 1.2 x 1073, (ii) 6 x 1073, (iii) 6 x 10 and (iv) 6 x 107! (8,, = 140°, Ca = 1.2 x
1073, 4 PV of waterflooding).

Figure 5.22. Effect of y,,, on the trapped oil ganglia size distribution at 4 PV of
waterflooding at 6,, of (a) 140°, (b) 40°, and (c) 0°.

Figure 5.23. Effect of y,,, on (a) pressure force and (b) ‘Y acting on the residual oil
ganglia at 0, of (i) 140, (i1) 40 and (1) 0°.

Figure 5.24. Effect of wettability and IFT on the pore-scale mechanism of oil
recovery at 0.35 PV of waterflooding (water is colored blue; oil is transparent, and
the two-phase interface is colored with ‘Y”), revealing the relation between pore-
scale mechanisms and the balance between capillary and viscous forces.

Figure 5.25. The two-phase flow mechanism map displaying the transition between
different pore-scale mechanisms at M = 1 (lines are provided only as visual guide
and do not represent actual boundary between different mechanisms).
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