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Controlling	Emergence

Contact	line	dynamics	 also	play	an	important	role	in	the	propagation	of	interface	fronts	in	
complicated	pore	networks	during	imbibition	 and	drainage	processes.	 	Accurate	
representation	of	these	moving	contact	line	problems	 is	imperative	to	understanding	and	
predicting	emergent	behavior	in	GCS.

The	complicated	two-phase	flow	physics	 in	subsurface	 reservoirs	must	be	modeled	 to	
determine	preferential	flow	paths	of	CO2 in	residual	 brines,	 thus	predicting	and	possibly	
controlling	emergent	behavior	of	these	systems.

We	investigate	the	influence	of	surface	roughness	 an	flow	slip	 along	the	two-phase	
immiscible	 interface,	where	residual	brine	or	CO2 can	be	trapped	in	roughness	 pores	and	
alter	the	permeability	characteristics	of	the	reservoir.
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Objectives and Methods

2

• Use computational fluid dynamics to simulate immiscible two-
phase flow
– Flow slip in rough pores
– Moving contact line of immiscible interface

Flow

Brine

CO2 Ganglion Pore Scale

Idealized Roughness

Flow	slip	in	rough	pores Contact	line	dynamics



Results – Flow Slip Through Rough Pores
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• Kucala, A., Martinez, M. J., Wang, Y. and Noble, D. R.., (2016). “Effect of surface roughness and wetting angle on geologic CO2 sequestration”, Water Resources Research
(in review).

• Kucala, A., Wang, Y., and Martinez, M. J., “Impact of mineral grain surface roughness on CO2 ganglion dynamics”, 8th International Conference on Porous Media & Annual 
Meeting, Cincinnati, Ohio, May 9-12, 2016.

Pore	Roughness	 (Hu	et	al.,	2013)
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For a drainage scenario, scCO2 invades trapped brine (µR = 0.05) and the brine will349

generally wet the rock (when considering sandstone or shale, for example) and thus yield a350

wetting angle in which ✓ < 90� (figure 2(b)). In an imbibition scenario, brine invades trapped351

scCO2 (µR = 20) and the trapped scCO2 will be generally non-wetting and thus yield wet-352

ting angles such that ✓ > 90� (figure 2(d)). The permeability curves of these two configu-353

rations are illustrated in figure 6, in which only portions of the full permeability curves dis-354

played in figure 4 are physically relevant. In a drainage scenario (blue curve in figure 6) the
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Figure 6. Effective permeabilities (KE) as a function of wetting angle ✓ for a scCO2-brine system under-

going imbibition and drainage processes in a fixed geometry (' = 0.63 and � = 1). Marked crosses represent

wetting configurations in which quartz or muscovite are the working minerals [Chaudhary et al., 2015] which

may be present in shales and sandstones.
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permeability is always enhanced in the presence of surface roughness, and is independent of356

the wetting angle from 0� < ✓ < 50�. From 50� < ✓ < 90�, the brine is less wetting and357

the permeability is enhanced although to a lesser degree than in a more extreme wetting case.358

In this drainage configuration, the neutral wetting case (✓ = 90�) exhibits zero slip at the in-359

terface and the permeability is unaffected by the surface roughness. However, in imbibition360

(red curve), the opposite is true for neutral wetting and the permeability is more enhanced com-361

pared to any drainage scenario, with a maximum permeability occurring at ✓ ⇡ 100�. The362

most interesting feature of an imbibition scenario is that surface roughness can affect either363

an enhanced or diminished permeability depending on the wettability of the system, where the364

delineation occurs at ✓ = 146�. To emphasize this, green and black crosses have been marked365
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Figure 2. Description of the various Cassie-Baxter configurations (a) Brine film dissolving into scCO2

ganglia during drainage, (b) Trapped brine in the surface roughness after brine is dissolved into scCO2, (c)

Configuration after “dryout” whereby the trapped brine has completely dissolved into the scCO2 ganglia, (d)

Configuration of trapped non-wetting scCO2 after re-imbibition of brine at aft-end of scCO2 gangla.
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properties of geologic media at large [Wang, 2014]. These processes often happen simultane-64

ously. It is well-known that surface roughness affects surface wettability [Wenzel, 1936; Cassie65

and Baxter, 1944; Herminghaus, 2000] and can induce apparent slip flow along the rough sur-66

face [Hyväluoma and Harting, 2008; Rothstein, 2010]. Therefore, mechanical and reaction-67

induced surface roughness on mineral grains in reservoir rocks can alter the apparent contact68

angle along a wetting line, impacting wettability, and the apparent permeability of the reser-69

voir rocks by introducing slip flow. Intriguingly, the permeability and wettability character-70

istics of a reservoir can change as CO2 induced mineralization occurs, where the configura-71

tion of the surface roughness becomes progressively extensive due to the dynamic chemical72

reactions taking place within the reservoir.73

In this work we focus exclusively on the impact of roughness on CO2 ganglion migra-74

tion at low capillary number (see section 2.1), where capillary forces are dominant over vis-75

cous forces. The impact of surface roughness is manifested when the resident phase is trapped76

in roughness pockets as depicted in figure 1, first by drainage of brine then ultimately by re-77

imbibition once injected CO2 rises by buoyancy. As we shall see below, our theoretical model78
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Hydrophobicity	 introduces	 slip Possible	 flow	configurations	in	CO2-brine	
system

Permeability	can	be	enhanced	 or	diminished	with	respect	to	surface	wettability
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in figure 6 that indicate two possible wetting conditions of a scCO2-brine system. The green366

mark represents a wetting configuration for a scCO2-brine system in muscovite or shale sam-367

ple [Chaudhary, Guiltinan, Cardenas, Maisano, Ketcham, and Bennett, 2015] where ✓ = 60�368

(relative to trapped brine). The black mark indicates a more extreme wetting condition that369

may exist in which ✓ = 20� (again relative to the brine) when the pore is composed of quartz370

(abundant in sandstones) [Chaudhary et al., 2015]. It is demonstrated then, that in scCO2-brine371

imbibition, wetting configurations dictated by mineral composition can enhance or diminish372

the permeability characteristics of a rough pore.
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Figure 7. Effective permeabilities (KE) as a function of surface roughness (�) and roughness spacing (')

for muscovite and quartz minerals; (a,b) represents an scCO2-brine drainage scenario, (c,d) represents an

scCO2-brine imibibition scenario.
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This is further illustrated in figure 7 which demonstrates the dependency of the perme-374

ability on the roughness ratio � and spacing parameter ' for the contact angles marked in fig-375

ure 6. For a drainage scenario (figure 7(a,b)) both wetting configurations show enhanced per-376

meability, with the more-wetting ✓ = 20� (quartz) exhibiting higher permeability enhance-377

ment for all � and '. This is attributed to the increased convexity of the interface (which ex-378
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Permeability	is	enhanced	or	diminished	with	increasing	
roughness



Results – Moving Contact Lines
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Hydrodynamic	models	(Blake,	2006)
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Interface

Our	 recently	developed	model

𝜃 = 150∘𝜃 = 30∘
Capillary	Pressure	Curve Capillary	Rise

Ca =	5.2e-3
(low)

Ca =	4.4e-2
(high) Sancitizer	405	(𝜃( =67∘) Amdex	760	(𝜃( = 69∘)

Capillary	Injection



Results – Moving Contact Lines
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(a)
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3D	Interface	Shapes Flow	Through	a	Pore	Network

Imbibition

Drainage

• Kucala, A., Noble, D.R., and Martinez, M. J., “Pore-scale modeling of moving contact line problems in 
immiscible two-phase flow”, AGU Fall Meeting, San Francisco, California, Dec. 12-16, 2016.

• Noble, D. R.., Kucala, A., and Martinez, M. J., (2016). “Modeling of moving contact line problems using the 
conformal decomposition finite element method”, (in preparation).



Planned Manuscripts and Future Work
• Moving contact line problems

– Run full 3D simulations in geometry of Boise 
sandstone CT scans (collaboration with 
David DiCarlo’s group at UT)

– Simulate two-phase flow through fracture 
with external stresses 

• Macroscale Darcy flows
– Model sandbox experiments from Bob Glass 

(circ 2001)
• Compare IP model results

– Model sandbox experiments of Prasanna

2D	multiphase	simulation	of	flow	through	a	fracture

3D	micro	CT	scan	of	sandstone	
sample

Compare	 results	with	experimental	data


