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ABSTRACT: Foam flooding in porous media is of increasing interest due to its numerous 

applications such as enhanced oil recovery, aquifer remediation, and hydraulic fracturing. 

However, the mechanisms of oil-foam interactions have yet to be fully understood at the pore 

level. Here, we present three characteristic zones identified in experiments involving the 

displacement of crude oil from model porous media via surfactant-stabilized foam, and we 

describe a series of pore-level dynamics in these zones which were not observed in experiments 

involving paraffin oil. In the displacement front zone, foam coalesces upon initial contact with 

crude oil which is known to destabilize the liquid lamellae of the foam. Directly upstream, a 

transition zone occurs where surface wettability is altered from oil-wet to water-wet. After this 

transition takes place, a strong foam bank zone exists where foam is generated within the porous 
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media. We visualized each zone using a microfluidic platform, and we discuss the unique 

physicochemical phenomena that define each zone. In our analysis, we also provide an updated 

mechanistic understanding of the “smart rheology” of foam which builds upon simple “phase 

separation” observations in the literature.  

	

	

1.  Introduction 

 There has been significant interest in viscosifying gas for mobility control in porous 

media applications. Previous experiments1,2 revealed that foam offered a significantly greater 

flow resistance in porous media as compared to solely gas and water two-phase flow. By 

trapping the gas phase in liquid, the mobility of the displacing fluids can be reduced by several 

orders of magnitude. This reduction of mobility makes the use of foam ideal for a variety of 

flooding applications in porous media such as improved oil recovery, aquifer remediation, 

hydraulic fracturing, and artificial lift3–10. These effects occur because lamellae that form 

perpendicular to the direction of flow provide significant capillary resistance; thus, the effective 

gas-phase viscosity increases dramatically. Moreover, a substantial fraction of the gas becomes 

trapped2,11–16 as stationary bubbles; thereby, reducing the foam flow path. The fraction of gas in a 

trapped state is found to be a monotonically decreasing function of total superficial velocity. This 

effect causes the head drop across the flowing foam to be nonlinear as a function of the total 

flowrate.17  

The success of utilizing foam for these applications relies on a thorough understanding of 

the interaction between the foam, solid surfaces, and fluids such as crude oil and dense non-

aqueous phase liquids (DNAPLs). Much research has been conducted to investigate the 

mechanisms of foam flow in porous media on different length scales. Traditionally, these 
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displacement experiments have been performed in rock and sandpack systems9,15,18–22. Still, little 

is understood about the pore-scale dynamics of these systems, and less is known about the fluid 

interactions between the displacing phase and displaced phase within the porous media. 

Typically, the connected pore networks of porous media are on the scale of micro- or nanometers. 

Fluid interactions are challenging to study on this length scale due to the high resolution required 

to accurately visualize mechanisms of concern. Microfluidic devices have recently been shown 

to be a promising tool for understanding the fundamental mechanisms of foam-oil interactions in 

porous media23–27. By combining microfluidic technology with optical microscopy and high-

speed visualization17,28–30, we are able to overcome these issues and provide detailed information 

about the pertinent fluid interactions at play on the pore level. 

An example of using microfluidics to probe the foam flow in porous media is done by 

Geraud et al.17 who measured bubble velocity and size in an oil-free water-wet model porous 

media as a function of various control parameters (mean velocity, initial mean bubble size, 

surfactant used). It was found that the local intermittency of foam flow in porous media resulted 

in strong fluctuations of the local pressure gradient which we believe has the potential to 

mobilize disconnected pockets of trapped oil. 

Another example was demonstrated by Conn et al. who successfully visualized foam flow 

in a paraffin oil saturated heterogeneous porous media24,25. The choice of oil and media material 

in these experiments resulted in several limitations. Paraffin oil did not result in significant foam 

destabilization, whereas the light hydrocarbon components in crude oil are thought to be 

detrimental to foam stability1,31,32. Moreover, the unstable surface-wetting properties of 

polydimethylsiloxane (PDMS) cause the initially hydrophilic surfaces of the microfluidic device 

to quickly and spontaneously become hydrophobic33. As surface wettability is thought to greatly 
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influence foam transport in porous media34–36, we chose to construct our micromodels from a 

material with a more predictable wetting profile.  

With these factors in mind, we argue that the mechanisms by which foam displaces crude 

oil remain largely unexplored. Furthermore, the high oil-recovery efficiency observed in 

paraffin-oil displacement studies does not necessarily guarantee the same success in a more 

realistic scenario involving crude oil. This is because foam has a much higher tolerance to 

paraffin oil than crude oil. Also, compositional complexity in crude oil could possibly result in 

more intriguing interactions with the foam lamellae and the porous media surface that are not 

seen in presence of the paraffin oil. Therefore, our experiments aim to compare the behavior of 

foam in the presence of crude oil to that which has been observed with paraffin oil.   

In this work, we first describe the unique transport of foam in porous media in the 

presence of crude oil.  In particular, we compare and explain the displacement behavior of both 

paraffin and crude oil by foam within the novel context of the three characteristic zones that can 

be seen in Figure 1.  In the first zone, the displacement front, foam is destabilized by oil and 

bubble coalescence is observed. We explain these observations in terms of the entering and 

spreading coefficients of the oil and liquid lamellae of the foam. In the second zone, the 

transition zone, surface wettability is altered from an oil-wet to a water-wet state. We provide 

validation for this transition via the water receding contact angles, and several qualitative 

observations are made to further define this zone. In the third and final zone, the foam bank, 

destroyed foam is re-generated in-situ. We describe the mechanisms of foam generation that can 

occur in porous media and discuss those which did and did not appear in our systems. Lastly, we 

highlight our updated mechanistic understanding of the “smart rheology” behavior of foam in 

porous media as an improved explanation for what has previously been described as “phase 
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separation” in the literature24,37. Our three-layered model porous media design consists of a high-

permeability region, a fracture region and a low-permeability region from top to bottom. We 

observe that foam first enters the fracture region then diverts fluids to the high- and low-

permeability region consecutively. We discuss the driving force of this rheological behavior in 

terms of the capillary discontinuity between the three permeability layers.    

 

500μm 

2. Materials and Methods 

The surfactants we used were alpha olefin sulfonate C14-16 (AOS) (Stepan) and lauryl 

betaine (LB) (Mackam Lab). These surfactants are commonly used as strong foaming and foam 

 

Figure 1: Optical microscopy image highlighting the various zones that appear as foam 
displaces crude oil in a heterogeneous porous media.  Scale bar: 500µm. 

Foam Bank 
Zone 

Water-wet surface 
Bubble generation 

Transition 
Zone 

Wettability alteration 
Surfactant adsorption 

Direction of Flow 

Displacement 
Front Zone 
Oil-wet surface 
Foam coalesces 

High Permeability 
Region 

Foam exists as a dry phase 
Higher flow resistance 

Fracture 
Region 

Low Permeability 
Region 

Foam exists as a wet phase 
Lower flow resistance 



	

6	
	

boosting agents respectively11,37–39. Specifically, when LB is added to AOS solutions, a 

synergistic effect occurs in which the overall packing density of the surfactant molecules on  the 

interfaces increases resulting in greater resistance to distortion40. Both surfactants were diluted to 

1 wt% in deionized (DI) water. Blue food dye was added to help visualize the aqueous phase 

with negligible effect on the rheological and interfacial properties. An AOS/LB mixture was 

prepared by blending solutions of 1wt% AOS and 1wt% LB in a 1:1 ratio.  

A crude oil sample from the Middle East and a paraffin oil (BDH Chemicals, CAS: 8042-

47-5) were used as the oil samples in our experiments. The dark brown crude oil is easily 

differentiated from other phases using optical microscopy. Paraffin oil is naturally colorless; 

therefore, a red dye was blended into this oil (Oil Red O, Sigma) for visualization purposes. 

Several pertinent properties of both the crude and paraffin oil are listed in Table 1.   

 

 

 

 

Table 1: Properties of oil samples used in experiments. 

Properties Crude Oil Paraffin Oil 
API Gravity (o) 40 35 
Viscosity (cP) 5.4 40 
Surface tension (mN/m) 20.4 ± 0.9 28.6 ± 1.5 
IFT in DI water (mN/m) 22.2 ± 0.6 30.0 ± 1.1 
IFT in 1 wt% AOS/LB Mixture (mN/m) 1.1 ± 0.1 11.6 ± 0.8 
Saturates (wt%) 69.6 100 
Aromatics (wt%) 22.0 0 
Resins (wt%) 7.2 0 
n-C5 Asphaltenes (wt%) 1.2 0 
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To probe the viscosifying nature of foam, the device geometry was designed with 

extreme heterogeneity perpendicular to the primary direction of flow. Three regions of varying 

permeability were incorporated into this device: a high-permeability region, a low-permeability 

region, and a simulated fracture between the two regions, as shown in Figure 2(a). The porosity 

of the flow spaces was achieved by designing circular posts of two different sizes to obstruct the 

flow. The posts in the high permeability region have a larger radius, and those in the low 

permeability region have a smaller radius. The pertinent dimensions of this device are given in 

Table 2, and a constant flow channel thickness of 20-µm was chosen. 

	

Figure 2. (a) Photograph of microfluidic device used for experiments and 3-D CAD generated 
view of the micromodel illustrating permeability contrast.  Scale bar: 1 cm.                    
(b) Schematic of the microfluidic device illustrating port placements.  Data is 
captured at the entrance of the porous media as indicated by the optical microscopy 
images depicting 100% crude oil saturation initially followed by images upon foam 
injection. Microscopy images are image processed using Matlab where oil, surfactant 
solution, and gas are colored red, blue, and green, respectively.  Scale bar: 500 µm.  
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Previously, Conn et. al utilized polydimethylsiloxane (PDMS) to construct the 

microfluidic porous media devices24; however, PDMS swells considerably in the presence of 

light organic solvents, which causes unpredictable deformation of the microfluidic geometry. 

Glass and silicon-based micromodels are usually considered superior alternatives23; however, the 

fabrication of these devices involves hydrofluoric acid etching and can be both expensive and 

time consuming. As an alternative to traditional PDMS, we cast our porous media micromodels 

using a UV-curable epoxy: NOA 81 (Norland Products Inc.), which has previously shown 

chemical resistance to light organic solvents41–45. To fabricate our micromodel, we first created a 

PDMS mold. This procedure is described in the literature in detail24,25,33. NOA 81 was then 

poured onto this mold and exposed to UV light (Novascan PSD-UV) for 25 minutes. Once the 

NOA 81 micromodel was fully cured, it was peeled off the PDMS mold. Then, the casting was 

bonded to a flat piece of NOA 81 functioning as a base after treatment with oxygen plasma for 

30 seconds. Since NOA 81 is a relatively stiff material, the device was left undisturbed for 24 

hours to allow the internal stresses to relax.  

As shown in Figure 2(b), the micromodel was initially pre-saturated with crude oil by 

flowing from the outlet port to the drain port and then allowed to age for an additional 24 hours 

to allow NOA 81 to become oil-wet, which was confirmed used contact angle measurements 

described later in this section. A foam generator was utilized to mix the surfactant solution and 

gas to obtain foam of a desired quality24. The flow rate of surfactant solution was controlled with 

Table 2  Dimensions of the heterogeneous micromodel device 

 Diameter of post (µm) Pore size (µm) Porosity (%) 
High-perm 182 100 67 
Low-perm 62 37 65 
Fracture 0 398 100 

	
I I I I I 
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a syringe pump (Harvard® Pump 33).  A long capillary tube (length: 10 m ID: 25 µm, SGE 

Analytical Science) was used to connect the N2 gas tank to the foam generator. This system 

allows for ultra-low mass flow rates that are not achieved reliably with commonly used mass 

flow controllers. A pressure gauge and needle valve were set at the inlet of the capillary tube. 

The mass flow rate of N2 at the outlet of the tube was precisely controlled by tuning the inlet gas 

pressure. The mass flow rate was correlated with the inlet pressure by combining the ideal gas 

law with Darcy’s law, assuming laminar ideal gas flow, as shown in Equation (1). 

 
𝝆𝒖 = −

𝒑𝑴
𝑹𝑻

𝒌
𝝁
𝝏𝒑
𝝏𝒙

= −
𝒌𝑴
𝟐𝑹𝑻𝝁

∆ 𝒑𝟐

𝑳
= −

𝒌𝑴
𝟐𝑹𝑻𝝁

𝒑𝑶𝟐 − 𝒑𝑰𝟐

𝑳
 

Equation (1) 

where 𝜌 is density of the gas, 𝑢 is mean velocity, 𝑀 is molar weight of N2, 𝑅 is universal gas 

constant, 𝑇 is temperature, 𝑘 is capillary-tube permeability , 𝜇 is gas viscosity,  𝐿 is capillary-

tube length, 𝑝; is inlet pressure, and 𝑝< is outlet pressure. For all experiments, 𝑝; ranged from 

100-200 psig and 𝑝<  equaled the pressure from at the inlet to the micro-model which was a 

maximum of 20 psig. Considering 𝑝< was an order of magnitude smaller than	𝑝;, the mass flow 

rate was assumed to be a function of 	𝑝;  only. A characteristic Reynolds number of 0.9 

accurately described the flow in the capillary tube. 

Foam was initially injected into the micromodel from the inlet port to the drain port until 

steady foam flow was achieved. Then foam was directed into the porous media by closing the 

drain port. Displaced oil was collected from the outlet port. A high speed camera (Phantom v4.3) 

connected to an inverted microscope (Olympus® IX71) recorded the foam flooding process at a 

capture rate of 50 frames per second.  The inlet of the porous media was chosen as the region of 

interest to evaluate foam displacement of crude oil.  

( ) 
--- ----
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During video analysis, each frame of the experimental recording was extracted and the 

three fluid phases, gas, surfactant solution, and oil, were digitally identified using image 

processing methods. This data processing method was accomplished in MATLAB using the 

Image Processing Toolbox. In MATLAB, the RGB values of each pixel for every frame of a 

video were generated. Each pixel was assigned to a distinct phase: oil, surfactant solution, or gas. 

Consequently, the saturation of the micromodel flow channels by each phase was quantified in 

terms of the abundance of each pixel color.  Microscopy images were digitally enhanced to 

clearly identify each phase: crude oil is red, surfactant solution is blue, and gas is green. 

Contact angle measurements were performed in a transparent quartz cuvette (5 x 5 x 5 cm) 

using a goniometer system (KSV CAM-101). The cuvette was filled with the water or the 

surfactant solution. A block of NOA 81 (approximately 1 x 1 x 0.1 cm) was then immersed into 

the aqueous phase. A crude/paraffin oil droplet was injected from below the NOA 81 block using 

a hooked needle. The droplet attached to the underside of NOA 81 surface under the influence of 

buoyancy.  Sufficient time was allowed for the contact angle to stabilize, and the final value was 

recorded. All measurements were performed at ambient temperature and pressure.   

The surface tension and interfacial tension of different fluids were measured via the 

pendant drop method and/or a spinning drop tensiometer (KRŰSS SITE100). To perform the 

pendant drop method, a liquid (water, surfactant solution, or oil) drop was suspended in air from 

a vertically oriented needle. The profile was imaged using a goniometer system (KSV CAM-101) 

and fitted to the Young-Laplace equation to calculate the surface tension. For the interfacial 

tension (IFT between an aqueous phase and oil phase) measurement, an oil droplet was injected 

from a hooked needle into the bottom of a quartz vessel filled with the corresponding aqueous 

phase. The spinning drop tensiometer was used in when the IFT was on the order of 1 mN/m or 
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less. Before recording the final value, all the measurements were left for sufficient time such that 

no further changes were observed in the shape of the droplet.    

 

3. Results and Discussion 

3.1. The Displacement Front Zone: Foam Destabilization 

Foam was injected into the micromodel to recover paraffin oil, Figure 3(a), and crude oil, 

Figure 3(b) respectively. In presence of crude oil, foam coalesced into large gas slugs at the 

displacement front whereas the bubbles showed greater stability in the case of paraffin oil. This 

coalescence resulted in the large bubbles evident in Figure 3(b). The difference in the foam-oil 

interactions can be explained by calculating the entering and spreading coefficients for the two 

types of oil46. 

 

 

 

Figure 3: Optical microscopy images comparing foam displacement of (a) paraffin oil, which is not 
significantly detrimental to foam and (b) crude oil, which destabilizes the foam by rupturing 
the liquid lamella. Scale bar: 500 µm. 
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           To affect foam stability, oil must first enter the gas-water interface. The ability of oil 

droplets to enter the gas-water interface can be quantified via the entering coefficient E 47–51 in 

Equation (2) where 𝜎@A is the water-gas surface tension, 𝜎B@ is the oil-water interfacial tension, 

and 𝜎BA is the oil-gas surface tension. 

 𝑬 = 𝝈𝒘𝒈 + 𝝈𝒐𝒘 − 𝝈𝒐𝒈 Equation (2) 

As shown in Figure 4(a), a negative entering coefficient E implies that oil droplets prefer 

to stay in the aqueous phase to minimize the total free energy of the system. A positive entering 

coefficient E indicates that, thermodynamically, oil droplets are inclined to enter the gas-water 

interface and to increase the likelihood of rupturing lamellae.  The relevant interfacial properties 

of the oils tested have been listed in Table 1. Inserting these values into Equation (2), the 

calculated entering coefficient of crude oil, shown in Table 3, was found to be greater than that 

of paraffin oil. This result indicates crude oil more readily entered the gas-water interface than 

paraffin oil. 

 

After entering the gas-water interface, oil droplets can either spread or stay as oil lenses. 

Droplet spreading over the interface is governed by the spreading coefficient48 in Equation (3). If 

	S > 0, the oil will spread out onto the interface, replacing a gas-water interface with an oil-water 

interface, as shown in Figure 4(c).  

 𝑺 = 𝝈𝒘𝒈 − 𝝈𝒐𝒘 − 𝝈𝒐𝒈 Equation (3) 

Table 3. Entering and Spreading coefficients for paraffin and crude oil 

 Paraffin Oil Crude Oil 

Entering Coefficient 18±3 16 ±2 
Spreading Coefficient -5±3 14 ±2 
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Though these two coefficients, E and S, are relatively simply defined, the differences in 

the values of entering and spreading coefficients between paraffin oil and crude oil offer insight 

into the differences in the oil-foam interactions of the two systems. Paraffin oil has a negative 

spreading coefficient whereas this value for crude oil is positive. This case is illustrated by the 

cartoon in Figure 4(b). Simply put, paraffin oil will preferentially exist as a lens on the liquid 

lamella whereas crude oil will spread on the liquid lamella which tends to be more detrimental to 

the foam film stability. This is because the newly formed crude oil-water-gas asymmetric film 

may affect the disjoining pressure that counterbalances the capillary pressure. Specifically, crude 

oil can alter the charge distribution at the oil-aqueous interface by affecting the surfactant 

adsorption behavior; thus, the electrostatic repulsion between the two interfaces is reduced1,52,53. 

In addition, the van der Waals component of disjoining pressure, which is a strong function of 

bulk-phase density, can also be altered when one side of the lamella is replaced by oil54,55.   
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Some gas bubble coalescence was observed along the displacement front in the case of 

the crude oil, as shown in Figure 3(b), but there were slightly lower coalescence rates outside of 

the fracture. This is because the surfactant enters the high- and low-permeability regions in 

advance of the gas. The surfactant solution acts to partially protect the thin liquid lamellae from 

contacting the oil when the gas invades the porous media. The mechanisms for this fluid 

diversion and redistribution are the primary topic of discussion in section 3.4.  

3.2. The Transition Zone: Surface Wettability Alteration from Oil-wet to Water-wet 

Since the micromodel was aged in oil before foam flooding, it was initially oil-wet. In 

oil-wet systems, aqueous lamellae typically de-wet from the surface leading to foam 

	

	
 

Figure 4. (a) An oil droplet stays in the aqueous phase if 𝑬 < 𝟎 and (b) enters the gas-water 
interface if  𝑬 > 𝟎.  Paraffin oil has a positive entering coefficient but does not readily 
destabilize the foam lamella interface. (c) An oil droplet spreads on gas/water interface if 
𝑬 > 𝟎 and 𝑺 > 𝟎.  Crude oil has both a positive entering and spreading coefficient, which 
destabilizes the gas-liquid lamella of foam. 
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destabilization and coalescence. This phenomenon is enhanced by the surface-active components, 

such as asphaltenes and/or naphthenic acids, that were present in the crude oil but absent in the 

model paraffin oil. As can be seen in Table 4, the crude oil system had a larger water receding 

contact angle than the paraffin oil system in water. The more hydrophobic surface found in the 

crude oil system had a greater tendency to de-wet water films and rupture advancing lamellae 

impinging on the hydrophobic portion of the media making foam in this system less stable in the 

initial stages of foam flooding. However, as the flooding continued, surfactants adsorbed onto 

the hydrophobic surface making it more hydrophilic; thus, the foam soon became stable again. 

This wettability alteration has not been addressed previously in the work of Conn et al., for foam 

was not observed to exhibit significant coalescence. Because crude oil destabilizes the foam 

liquid lamellae upon initial contact, this wettability transition is a critical step in the current 

displacement study. All forms of in-situ foam generation require that stable aqueous films wet 

the porous media surface, and the success of foam flooding shows a strong positive correlation 

with the number of lamellae in the foam.  

Oil lamellae appeared at the displacement front when surfactant solution from the foam 

contacted and mixed with oil.  The oil lamellae formed via the leave-behind mechanism as 

surfactant solution invaded the hydrophobic NOA 81 microchannel. Comparing Figure 5(a) and 

(b), the paraffinic oil lamellae were generally thicker than those of crude oil lamellae. This is 

likely due to the higher viscosity of paraffin oil as compared to that of crude oil, which typically 

slows oil drainage as the aqueous phase invades the porous media; therefore, relatively thicker 

paraffin oil lamellae formed. The wettability alteration is partially evidenced by paraffin and 

crude oil lamellae that formed at the displacement front and were replaced by aqueous lamellae 

films in the transition zone, as shown in Figure 5(c) and (d). The aqueous lamellae that span 
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across the pore throats indicate removal of the oil that initially wetted the NOA 81 surface, likely 

due to surfactant adsorption. This competitive adsorption of the surfactant onto the surface 

creates a more favorable environment for foam generation and propagation through the porous 

media. 

 

The wettability alteration by surfactant is further validated by the water contact angle 

measurement in presence and absence of 1:1 AOS/LB surfactant solution as shown in Table 4. 

Both crude oil and paraffin oil in the AOS/LB solution have lower water receding contact angle 

than that in pure water. 

 

 

Figure 5.		Optical microscope images of initial stage of foam displacement of (a) paraffin oil and (b) 
crude oil.  The zoomed in highlighted region at the displacement from illustrate oil lamellae 
connecting pore throats, indicative of an oil-wet condition. Optical microscope images at a 
later time of foam displacement in the (c) paraffin oil and (d) crude oil) shows aqueous 
lamella bridges between pore throats, indicative of a transition to a water-wet system. Scale 
bar: 500µm.	

(a) 
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 Concurrent with the wettability alteration, oil emulsification took place in both oil 

systems.  Figures 6(a) and 6(b) demonstrate the typical oil solubilization and emulsification 

observed. The emulsification occurred because the surfactant decreases water-oil interfacial 

tension. At zero salinity, an O/W emulsion of low-oil content, formed by solubilizing trapped oil 

into the aqueous phase to then be swept out of the field of view with further foam flooding. Most 

of the emulsification took place in the matrix region where the relatively higher shear rate and 

greater agitation led to the creation of new oil-water interfaces. Most of these emulsified oil 

droplets were then transported to the fracture zone to minimize flow resistance in the system.     

Table 3.  Water receding contact angle measurement with water and surfactant solution 

Aqueous Phase Water 1:1  AOS/LB surfactant solution 
Oil Type Crude Oil Paraffinic Oil Crude Oil Paraffinic Oil 

Water Receding 
CA on NOA 81 

(°) 

 
71±4 

 
58±4 

 
34±4 

 
13±4 
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Figure 6.	Optical microscopy images of (a) paraffin oil and (b) crude oil being emulsified and 
transported in the fracture region. Scale bar: 500 µm. 

 

3.3. The Foam Bank: In-Situ Lamella Generation in Water-wet Conditions 

The longevity and strength of foam depends on the stability of the liquid lamellae films, 

which form between individual gas bubbles in the foam. According to bulk foam observations, 

foam undergoes constant coalescence due to liquid drainage, diffusion coarsening, capillary 

suction, and thermal/mechanical fluctuations14,56–60. Concurrent with coalescence processes, 

foam flowing through porous media can be regenerated in-situ due to complex dynamic foam-

solid interactions within the porous media. There are three conventional mechanisms described 

in literature for foam generation in porous media. The first mechanism, called snap-off26,27,61,62, 
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occurs when liquid is drawn upstream due to capillary forces and accumulates in a constricted 

region until a bubble breaks off from the gas phase. The second mechanism, called lamella-

division2,63,64, occurs when a single lamella divides into two new lamellae because the local 

pressure gradient is strong enough to push a single lamella through a branching point and is large 

enough for the bubble train to have multiple branch points. The third mechanism, called leave-

behind46, occurs when liquid drains from a local region of porous media and leaves behind thin 

lamellae parallel to the direction of flow. Finally, a fourth unconventional mechanism, called 

pinch-off25, was first identified and introduced in a smooth capillary microfluidic device with a 

constriction point. This mechanism refers a bubble-bubble interaction that occurs when two or 

more bubbles squeeze through a constriction in the direction of flow. One or both of the bubbles 

can be pinched into multiple bubbles that add new lamella, which in turn leads to a stronger foam 

in the foam bank region.  

Previous studies have focused on systems with large pore body to pore throat aspect 

ratios for which snap-off readily occurs; however, in this study we decreased this parameter to 

better resolve the subtle fluid interactions. Roof et. al.65 investigated the formation of oil droplets 

in 3-D capillary tubes. Based on their findings, the time for snap-off to occur in our pattern 

design approaches infinity. Therefore, snap-off is inherently prohibited from taking place in our 

micromodel, and the reader should interpret the following discussion with this constraint in mind.  

Lamella-division and pinch-off are the two mechanisms responsible for in-situ foam 

generation in NOA 81 micromodels given our experiment conditions. This observation marks the 

first time that the pinch-off mechanism has been visually identified as a mechanism of in-situ 

foam generation in patterned porous media.  
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As shown in Figure 7(a), lamella division took place in areas of relatively dry foam in 

which foam bubbles exhibited polyhedral geometry and each bubble was larger than a single 

pore. It is important to recognize that lamella division can only generate bubbles no smaller than 

the void space between obstructions. Unlike lamella division, neighbor-induced pinch-off can 

generate bubbles much smaller than the pore size. Pinch-off is observed in relatively wet regions 

where bubbles can deform easily. As can be seen in Figure 7(b), a pink bubble pinned a green 

bubble against a post and stretched it until two points on the interface of the green bubble met 

and the bubble broke into two separate bubbles. Neighbor-induced pinch-off differs from lamella 

division in its driving force and in the size of bubbles it produces. The driving force for 

neighbor-induced pinch-off is the tensile stress that originates from the morphology change of 

individual bubbles whereas the driving force for lamella division is the pressure difference across 

the liquid film, and no significant bubble deformation is observed.  

The observation of pinch-off in patterned porous media is notable because this 

mechanism offers a route to foam generation even at conditions under which the conventional 

mechanisms do not take place. Moreover, the size of bubble generated by pinch-off can be 

smaller than the characteristic dimension of the pore as shown in Figure 7(b). This new finding is 

intriguing because bubbles smaller than the pore-throat radius cannot be generated from the three 

previously described foam generation mechanisms. Theoretical calculations66 have shown that 

diffusion coarsening does not contribute to foam behavior in porous media. This theory rests 

upon the hypothesis that foam bubbles in porous media always occupy the whole pore structure. 

However, diffusion coarsening occurs at significant rates among small bubbles. Our observation 

of bubbles smaller than the pore structure sheds light upon the governing mechanisms that 

weaken foams residing in porous media. The previous finding20 that foam strength is correlated 
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with the diffusion rate of gas molecules across thin liquid films is also in line with the generation 

of small bubbles by pinch-off. 

 

Aqueous foam lamellae formed by the leave-behind mechanism was rarely observed at 

the selected experimental conditions.  Since the porous media is initially saturated with only oil, 

and both gas and liquid are injected simultaneously into our micromodel, the leave-behind 

mechanism does not readily take place. However, as mentioned previously, oil films formed by 

the leave-behind mechanism were indeed observed which suggest the model is more oil-wet after 

being equilibrated with oil. 

A sharp transition metric was not quantified between the three characteristic regions. The 

evolution from the displacement front zone to the foam bank region was instead illustrated by 

tracking the change in average bubble effective radius as a function of total pore volumes of 

	
 

 
 
Figure 7. Time series of microscopy images taken to illustrate mechanisms by which new liquid 

lamellae is formed in the water-wet foam bank region. (a) Lamella division was observed as 
a gas bubble invades a pore throat and divides to generate new liquid lamellae. (b) 
Neighbor-bubble- pinch-off was observed to generate new liquid lamellae. Scale bar: 
200µm. 
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injected fluids. As shown in Figure 8, at small injected pore volumes (PV) values, the average 

bubble size is large due to coalescence of foam in the highly oil-saturated environment. This is 

indicative of a displacement front zone. With increasing PV, the average bubble size decreases in 

a manner signifying a transition whereby the wettability alteration of the channels begin to 

stabilize the foam. When the bubble size reaches a local equilibrium value, and most of the oil is 

displaced, the system is considered to be a foam bank in which the foam generation rate balances 

the foam coalescence rate.   

 

Figure 8. Characteristic bubble size and oil recovery efficiency with respect to total injected pore 
volumes (PV) as dimensionless time. The bubble size increased dramatically in the displacement 
front zone and started to decrease in the transition zone. The average bubble size leveled off in 
the foam bank zone where most oil was displaced.  

 

3.4. The Smart Rheology of Foam 

 A comparison among water flooding, gas flooding, and foam flooding is shown in Figure 

9. The oil saturation is plotted as a function of pore volume (PV) in Figure 9(d). For the purposes 

of our analysis, we define one PV as the volume of fluid required to saturate the total void space 

in the visualized portion of the porous media. From the plot in Figure 9(d), it is clear that foam 

flooding outperforms either water flooding or gas flooding.  We also note that foam flooding is 
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the only system where the three characteristic zones arise. Due to the low density and viscosity 

of N2, gas almost exclusively swept oil from the fracture region and left the oil in the two matrix 

regions largely untouched. Gas failed to enter the matrix because of the relatively high capillary 

entry pressure required to do so compared to the pressure drop across the device. As shown in 

Figure 9(a), using gas as the displacing fluid, over 70% oil was left in the device after 1 PV of 

gas injection. As shown in Figure 9(b), water flooding is better than gas flooding at displacing oil. 

This is because the IFT between water and oil is lower than that of gas and oil. Water can enter 

both the low-permeability and high-permeability regions but failed to sweep oil trapped in small 

pores as efficiently as foam. Thus, the sweep efficiency of water is still low compared to that of 

foam. As shown in Figure 9(c), after 1PV of foam injection, almost all the oil in the fracture and 

high-permeability regions was displaced, and a large fraction of the oil in low-permeability 

region was also displaced. For this comparison study, the injection foam quality was 87.5%.  
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Figure 9. Optical microscopy images comparing crude oil displacement after injecting (a) N2 gas, (b) 
water, and (c) foam after breakthrough. (d) Graph depicting crude oil saturation (%) versus pore 
volume injected, a nondimensional measure of injected fluid volume. Scale bar: 500µm. 
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To better understand the mechanism of foam transport in our system, we calculated the 

gas fraction of the foam (%) during the foam flooding experiment as shown in Figure 10(a). The 

red curve shows the gas fraction in the low-permeability region whereas the green curve shows 

that of the high-permeability region. The gas invaded the high-permeability region before the 

low-permeability region. After approximately 1.5 PV of injection, the system reached local 

equilibrium. At capillary equilibrium, the gas fraction in the high-permeability region was 

considerably higher than that in the low-permeability region. 

 

Figure 10. (a) Evolution of the foam gas-fraction in the high-perm and low-perm regions. Gas enters the 
high-perm region first followed by the low-perm region. At steady-state, the gas content in the 
high-perm region is significantly greater than that in the low-perm region; (b) Capillary pressure 
schematic in the high- and low-perm regions. The differences in capillary entry pressure and 
equilibrium water saturations are responsible for the smart rheological properties of foam. 

 

The reasons for the superior oil removal efficiency of foam are twofold. First, as 

described thoroughly in the literature15,61,67–69, the overall apparent viscosity of foam is greater 

than that of a single-phase displacing fluid. Second, foam displays responsive rheology when 

flowing through porous media. Foam rheology is self-tuning in response to reservoir 

heterogeneity in that the bulk fluid will separate into relatively dry and wet foam phases in the 
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higher and lower permeability regions respectively. As shown in Figure 10(b), at equilibrium the 

water saturation in the low-permeability region is considerably larger than the high-permeability 

region. In this way, a higher flow resistance occurs in regions of high permeability which diverts 

fluids to lower permeability regions.  

The driving force behind foam responsive rheology is partially explained by the 

difference in capillary entry pressures between the different permeability regions as described in 

Conn. et. al.24 The capillary entry pressure 𝒑𝒈,	𝒆𝒏𝒕𝒓𝒚 is inversely proportional to the radius of pore 

constriction 𝒓𝒑𝒐𝒓𝒆V𝒄𝒐𝒏𝒔𝒕𝒓𝒊𝒄𝒕𝒊𝒐𝒏 as shown in Equation (4).  

𝒑𝒈,	𝒆𝒏𝒕𝒓𝒚 = 	 𝟐𝝈𝒘𝒈 𝒓𝒑𝒐𝒓𝒆V𝒄𝒐𝒏𝒔𝒕𝒓𝒊𝒄𝒕𝒊𝒐𝒏 Equation (4) 

The value of 𝒑𝒈,	𝒆𝒏𝒕𝒓𝒚 is higher in regions of lower permeability where the neighboring 

posts were closer as shown in Figure 10(b). In other words, 𝒓𝒑𝒐𝒓𝒆V𝒄𝒐𝒏𝒔𝒕𝒓𝒊𝒄𝒕𝒊𝒐𝒏 is smaller in the 

lower permeability region; thus, gas does not enter into this region as readily as it does in the 

high permeability region.  

Beyond the initial points of entry into either the high- or low- permeability regions, fluid 

redistribution is dictated by the capillary discontinuity between these two regions. Specifically, 

given equal gas saturation between the regions, bubbles in the low-permeability region have a 

higher pressure than those in the high-permeability region. This is because the capillary pressure 

between gas and water is inversely proportional to the square root of the permeability as shown 

in Equation (5), in which 𝑱(𝑺𝒘) is the Leverett J function70, 𝜽 is the contact angle, 𝝓 is porosity 

and 𝒌 is permeability. 

𝒑𝒈 = 𝒑𝒘 + 𝑷𝒄 = 𝒑𝒘 + 𝑱(𝑺𝒘) ∙ 𝝈𝒘𝒈 ∙ 𝒄𝒐𝒔𝜽 ∙ 𝝓 𝒌 Equation (5) 

This discontinuity in capillary pressure will drive the gas phase from low permeability 

region to high permeability region. Therefore, at capillary equilibrium, the gas content in the 

I 
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low-permeability region is expected to be less than that in high-permeability region. As can be 

seen in Figure 9(c), foam in the high permeability region was readily observed to be drier than 

that in the low permeability region. 

Fluid redistribution ultimately resulted in morphological disparity between bubbles in the 

two matrix regions. Foam bubbles exhibit a more spherical shape on average in the low 

permeability region due to a higher liquid saturation. Conversely, a more polyhedral bubble 

shape in the high permeability region was observed due to the relative dryness of the foam here. 

From a rheological perspective, the increase in foam apparent viscosity originated from the 

liquid lamellae that blocked the flowing path of the gas phase. Therefore, foam showed a higher 

apparent viscosity in high-permeability region because of a higher lamella density compared to 

that in the low-permeability region. Consequently, foam was able to mitigate the reservoir 

heterogeneity because of this smart rheology. 

The smart rheology of foam (which is the trend observed in the direction perpendicular to 

the primary direction of flow) ties into the discourse of the three characteristic zones we present 

here for the foam flood. In a homogenous porous media with an isotropic permeability, one 

would observe the same characteristic zones; however, these zones imply various degrees of 

mobility control which would not be observed in such a system. In our experiments, we are able 

to observe the relative diversion into the porous media matrixes from the fracture region as a 

function foam destabilization. In the foam front zone, we see little diversion from the fracture to 

the matrix as the foam is destabilized and the mechanisms of smart rheology break down along 

with the mobility control. In the transition zone, we observe this diversion into the matrix 

beginning to occur as the foam starts to stabilize along with the “ smart” rheological 

mechanisms. In the foam bank zone, we observe complete diversion into the matrixes.  
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The rheological properties of foam differ notably from other yield-stress fluids, such as 

emulsion flows, particularly in terms of mitigating the reservoir heterogeneity. In quality scan 

experiments, foam strength maximizes at a transition water saturation and decreases as the water 

saturation decreases. This is because the relatively high water/gas surface tension leads to foam 

coalescence at low water saturation. However, emulsions do not coalesce as readily as foam. 

Instead of observing a maximum in the apparent viscosity, the emulsion can transition from 

water-external phase to oil external phase as the water saturation decreases from our previous 

experience,. The water-in-oil emulsion can be very viscous and ultimately block the flow instead 

of diverting fluids to improve the displacement conformance.     

  

 

4. Conclusion 

Characterization of foam flooding of oil-wet porous media has been successfully 

explored using an NOA 81 microfluidic platform. Three distinct flooding zones: the 

displacement front, the transition zone, and the foam bank were characterized and rationalized in 

detail. Coalescence of the foam was observed upon first contact with crude oil, yet the foam 

remained intact upon contacting the paraffin oil. Insights into these differences in foam stability 

can be gained from the entering/spreading coefficients. Crude oil more readily to enters and 

spreads on the gas-aqueous interface. Oil lamellae formation and emulsification also occurs. In 

the transition zone, surfactants alter the wettability of NOA 81 surface and stabilize foam bank. 

The wettability transition from hydrophobic to hydrophilic was verified by contact angle 

measurements on the NOA81 surface. In this last region, lamella-division and pinch-off were the 
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two mechanisms for in-situ foam generation in our experiments. For the first time, bubbles 

smaller than the characteristic pore size were observed forming in situ in a model porous media.  

Despite the detrimental effect of the crude oil on the foam, the displacement efficiency 

was not diminished as guaranteed by the “smart rheology” of the foam. The foam quality of each 

region of permeability was quantified via image analysis, and foam was shown to respond to the 

porous media heterogeneity by separating into a relatively dry and wet regime in the high- and 

low-perm regions respectively. Due to the capillary discontinuity between the layers of different 

permeability, the phase separation induced morphology disparity between the layers which 

resulted in responsive flow resistance. 
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