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Microfluidics for EOR 

Micromodel Capillary 

Core 

Pilot 

Reservoir 

Increasing size and complexity 



Foam EOR 
Foam reduces the apparent viscosity of the injected fluid by 
 
 

 → providing resistance to flow 
 → diverting injected fluids 
 → contacting more trapped oil 

How can we visualize foam in porous media? 

How does foam behave in heterogeneities (e.g. fractures)? 

How does foam quality and texture change in-situ? 

Guiding Questions: 

Farajzadeh, R., A. Andrianov, R. Krastev, G.J. Hirasaki, and W.R. Rossen 2012 Foam–oil Interaction in Porous Media: Implications for Foam Assisted Enhanced Oil Recovery. Advances in Colloid and 
Interface Science 183–184(0): 1–13. 



Length Scales in Foam 

Aqueous Foam 
macroscopic 

Dispersion of gas in a liquid 
microscopic  
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Foam is defined as a dispersion of gas bubbles in liquid such that the liquid 
phase is continuous and at least some part of the gas phase is made 
discontinuous by thin liquid films called lamellae. 



Foam Transport in Micromodels 

• 	  gas	  only	  displaces	  high-‐perm,	  
bypass	  of	  low-‐perm	  

• 	  foam	  displaces	  both	  high-‐
perm	  and	  low-‐perm	  regions	  
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Classic Mechanisms for Foam Generation 

Ref: Hiraskai, Kovscek and Radke  

Snap -off 

Leave-behind 

Lamella 
Division 



Pinch-Off 
When multiple bubbles enter a constriction, foam lamella is generated via a 
pinch-off mechanism 



Foam Flood with Oil 

1	  mm	  

Mechanisms 
•  Bubble blocking, lamellae resistance in high-perm zones 
•  Phase separation due to different capillary entry pressures 



Alternative Floods 

Surfactant flood Surfactant-Alternating-
Gas flood 

Low permeable regions are left oil-filled with either water or water/gas flooding 



WATERFLOOD	  (200x	  the	  liquid	  flow	  rate	  in	  the	  foam	  case!)	   red	  =	  oil	  |	  white	  =	  aqueous	  or	  air	  

Foam	  Performance	  Compared	  

‘WAG’	  ANALOG	  

FOAM	  FLOOD	  
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 Pore 
Throat 

Porosity Permeability Measured critical 
displacement 
pressure for air 

Measured critical 
displacement pressure 
for surfactant 

Fracture 380 x 50 
µm 

– 223 darcy <0.01 psi <0.01 psi 

High-
permeability 

105 x 50 
µm 

39.7% 47 darcy 0.13 psi 0.02 psi 

Low-
permeability 

20 x 50 
µm 

27.5% 24 darcy 0.23-0.46 psi 0.03-0.60 psi 

Table 1 – Relevant pore throat dimensions, porosity, permeability estimates, and experimentally measured 

critical displacement pressures at which oil began to be displaced from each permeability region. 

 

Prior to the experiment, pre-generated foam and dyed paraffin oil (Oil Red O, saturated, filtered 

0.45 µm) were injected from opposite ends of the micromodel so that both substrates flowed out the drain 

until stable foam developed in the transfer tubing.  Oil injection at this time provided a slight 

backpressure so that surfactant could not adsorb onto the porous media before the experiment 

commenced.  “Stable foam” was defined by a lack of visible liquid separation in the transfer tubing and 

the observation of consistent bubble sizes at the entrance.  Data collection began when the drain tubing 

was clamped and the outlet was opened to atmospheric pressure.  The output was collected using a glass 

vial.  A new micromodel was used for every experiment involving surfactant to eliminate possible 

alterations of the surface wettability due to surfactant adsorption.  Each experiment lasted approximately 

15 minutes. 

 

The surfactant solution comprised a 1:1 mixture of 1% alpha olefin sulfonate 14-16 (AOS) and 

1% lauryl betaine (LB), both adjusted to the ionic strength of seawater with NaCl.  This surfactant was 

chosen because it showed good foam stability even in the presence of paraffin oil, but it was not 

optimized for low interfacial tension with the oil.  Interfacial tensions (IFTs) between the three phases 

were measured using a pendant drop method (CAM 200, KSV)29 and found to be !!" =19.00 ± 0.13 

mN/m,  !!" =!21.76 ± 0.02 mN/m for oil-air, and !!"!!1.16 ± 0.01 mN/m, where the subscripts g, w, o, 

Foam was shown to mobilize significantly more oil than both water flooding and gas flooding 

(only 25.1% oil saturation after 4 min vs. 53.0% for WAG and 98.3% for water flooding).  These trends 

are consistent with similar micromodel and core32 studies, as well as with current understandings of foam 

behavior.33  These microscale observations at the pore-length scale help elucidate the mechanisms 

responsible for the large differences observed in recovery for water floods, gas floods, WAG, and foam 

floods on the macro-scale.  Additionally, we demonstrate superior performance by foam compared to 

water/air co-injection under the same conditions as the foam injection but without surfactant (analogous 

to WAG).  

 

4. Discussion 

4.1. Minimum capillary entry pressure 

Fluid transport in our micromodel is dominated by the capillary entry pressure (CEP), the critical 

pressure drop needed for fluid to move through a constriction (pore) and overcome interfacial tension34: 

!"! = 2! 1 !! −
1 !! ,                                                             (2) 

where δPC is the pressure drop across the pore of interest; γ is the displacing-displaced fluid interfacial 

tension; and R1 and R2 are the principal pore radii, the curvature of the confined fluid interface.  Pressure 

of the displacing fluid must be larger than the capillary pressure in order to displace the oil from the 

porous media. We treat foam as two distinct phases: gas and aqueous surfactant solution. For gas 

invading into oil-filled pores, the required capillary entry pressure is given by35: 

!!,!" =
!!!"!"#!!"

! ,                                                                    (3) 

where !!" is the gas/oil contact angle and r is the pore radius.  For air to enter the smallest oil-filled pore 

throat in the low permeable region, assuming a zero contact angle, the capillary entry pressure is at most 

4.4 x 103 Pa (0.63 psi).  Alternatively, for water to imbibe into oil-filled pores, the required capillary 

pressure is:    

!!,!" = !!!"!"#!!"
! ,                                                                   (4)                                                                                       

 

 Pore 
Throat 

Porosity Permeability Measured critical 
displacement 
pressure for air 

Measured critical 
displacement pressure 
for surfactant 

Fracture 380 x 50 
µm 

– 223 darcy <0.01 psi <0.01 psi 

High-
permeability 

105 x 50 
µm 

39.7% 47 darcy 0.13 psi 0.02 psi 

Low-
permeability 

20 x 50 
µm 

27.5% 24 darcy 0.23-0.46 psi 0.03-0.60 psi 

Table 1 – Relevant pore throat dimensions, porosity, permeability estimates, and experimentally measured 

critical displacement pressures at which oil began to be displaced from each permeability region. 

 

Prior to the experiment, pre-generated foam and dyed paraffin oil (Oil Red O, saturated, filtered 

0.45 µm) were injected from opposite ends of the micromodel so that both substrates flowed out the drain 

until stable foam developed in the transfer tubing.  Oil injection at this time provided a slight 

backpressure so that surfactant could not adsorb onto the porous media before the experiment 

commenced.  “Stable foam” was defined by a lack of visible liquid separation in the transfer tubing and 

the observation of consistent bubble sizes at the entrance.  Data collection began when the drain tubing 

was clamped and the outlet was opened to atmospheric pressure.  The output was collected using a glass 

vial.  A new micromodel was used for every experiment involving surfactant to eliminate possible 

alterations of the surface wettability due to surfactant adsorption.  Each experiment lasted approximately 

15 minutes. 

 

The surfactant solution comprised a 1:1 mixture of 1% alpha olefin sulfonate 14-16 (AOS) and 

1% lauryl betaine (LB), both adjusted to the ionic strength of seawater with NaCl.  This surfactant was 

chosen because it showed good foam stability even in the presence of paraffin oil, but it was not 

optimized for low interfacial tension with the oil.  Interfacial tensions (IFTs) between the three phases 

were measured using a pendant drop method (CAM 200, KSV)29 and found to be !!" =19.00 ± 0.13 

mN/m,  !!" =!21.76 ± 0.02 mN/m for oil-air, and !!"!!1.16 ± 0.01 mN/m, where the subscripts g, w, o, 

 

 Pore 
Throat 

Porosity Permeability Measured critical 
displacement 
pressure for air 

Measured critical 
displacement pressure 
for surfactant 

Fracture 380 x 50 
µm 

– 223 darcy <0.01 psi <0.01 psi 

High-
permeability 

105 x 50 
µm 

39.7% 47 darcy 0.13 psi 0.02 psi 

Low-
permeability 

20 x 50 
µm 

27.5% 24 darcy 0.23-0.46 psi 0.03-0.60 psi 

Table 1 – Relevant pore throat dimensions, porosity, permeability estimates, and experimentally measured 

critical displacement pressures at which oil began to be displaced from each permeability region. 

 

Prior to the experiment, pre-generated foam and dyed paraffin oil (Oil Red O, saturated, filtered 

0.45 µm) were injected from opposite ends of the micromodel so that both substrates flowed out the drain 

until stable foam developed in the transfer tubing.  Oil injection at this time provided a slight 

backpressure so that surfactant could not adsorb onto the porous media before the experiment 

commenced.  “Stable foam” was defined by a lack of visible liquid separation in the transfer tubing and 

the observation of consistent bubble sizes at the entrance.  Data collection began when the drain tubing 

was clamped and the outlet was opened to atmospheric pressure.  The output was collected using a glass 

vial.  A new micromodel was used for every experiment involving surfactant to eliminate possible 

alterations of the surface wettability due to surfactant adsorption.  Each experiment lasted approximately 

15 minutes. 

 

The surfactant solution comprised a 1:1 mixture of 1% alpha olefin sulfonate 14-16 (AOS) and 

1% lauryl betaine (LB), both adjusted to the ionic strength of seawater with NaCl.  This surfactant was 

chosen because it showed good foam stability even in the presence of paraffin oil, but it was not 

optimized for low interfacial tension with the oil.  Interfacial tensions (IFTs) between the three phases 

were measured using a pendant drop method (CAM 200, KSV)29 and found to be !!" =19.00 ± 0.13 

mN/m,  !!" =!21.76 ± 0.02 mN/m for oil-air, and !!"!!1.16 ± 0.01 mN/m, where the subscripts g, w, o, 

Foam was shown to mobilize significantly more oil than both water flooding and gas flooding 

(only 25.1% oil saturation after 4 min vs. 53.0% for WAG and 98.3% for water flooding).  These trends 

are consistent with similar micromodel and core32 studies, as well as with current understandings of foam 

behavior.33  These microscale observations at the pore-length scale help elucidate the mechanisms 

responsible for the large differences observed in recovery for water floods, gas floods, WAG, and foam 

floods on the macro-scale.  Additionally, we demonstrate superior performance by foam compared to 

water/air co-injection under the same conditions as the foam injection but without surfactant (analogous 

to WAG).  

 

4. Discussion 

4.1. Minimum capillary entry pressure 

Fluid transport in our micromodel is dominated by the capillary entry pressure (CEP), the critical 

pressure drop needed for fluid to move through a constriction (pore) and overcome interfacial tension34: 

!"! = 2! 1 !! −
1 !! ,                                                             (2) 

where δPC is the pressure drop across the pore of interest; γ is the displacing-displaced fluid interfacial 

tension; and R1 and R2 are the principal pore radii, the curvature of the confined fluid interface.  Pressure 

of the displacing fluid must be larger than the capillary pressure in order to displace the oil from the 

porous media. We treat foam as two distinct phases: gas and aqueous surfactant solution. For gas 

invading into oil-filled pores, the required capillary entry pressure is given by35: 

!!,!" =
!!!"!"#!!"

! ,                                                                    (3) 

where !!" is the gas/oil contact angle and r is the pore radius.  For air to enter the smallest oil-filled pore 

throat in the low permeable region, assuming a zero contact angle, the capillary entry pressure is at most 

4.4 x 103 Pa (0.63 psi).  Alternatively, for water to imbibe into oil-filled pores, the required capillary 

pressure is:    

!!,!" = !!!"!"#!!"
! ,                                                                   (4)                                                                                       

Foam was shown to mobilize significantly more oil than both water flooding and gas flooding 

(only 25.1% oil saturation after 4 min vs. 53.0% for WAG and 98.3% for water flooding).  These trends 

are consistent with similar micromodel and core32 studies, as well as with current understandings of foam 

behavior.33  These microscale observations at the pore-length scale help elucidate the mechanisms 

responsible for the large differences observed in recovery for water floods, gas floods, WAG, and foam 

floods on the macro-scale.  Additionally, we demonstrate superior performance by foam compared to 

water/air co-injection under the same conditions as the foam injection but without surfactant (analogous 

to WAG).  

 

4. Discussion 

4.1. Minimum capillary entry pressure 

Fluid transport in our micromodel is dominated by the capillary entry pressure (CEP), the critical 

pressure drop needed for fluid to move through a constriction (pore) and overcome interfacial tension34: 

!"! = 2! 1 !! −
1 !! ,                                                             (2) 

where δPC is the pressure drop across the pore of interest; γ is the displacing-displaced fluid interfacial 

tension; and R1 and R2 are the principal pore radii, the curvature of the confined fluid interface.  Pressure 

of the displacing fluid must be larger than the capillary pressure in order to displace the oil from the 

porous media. We treat foam as two distinct phases: gas and aqueous surfactant solution. For gas 

invading into oil-filled pores, the required capillary entry pressure is given by35: 

!!,!" =
!!!"!"#!!"

! ,                                                                    (3) 

where !!" is the gas/oil contact angle and r is the pore radius.  For air to enter the smallest oil-filled pore 
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!!,!" = !!!"!"#!!"
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where !!" is the oil/ surfactant solution/ contact angle. For the surfactant solution to enter the smallest 

pores in our system, the capillary pressure is only 2.3 x105 Pa (0.03 psi). We distinguish between the 

capillary entry pressure for a single pore (CEP), which is difficult to measure empirically, and the critical 

displacement pressure, a measurable pressure drop across the entire micromodel at which injected fluid 

begins to invade the region of interest.  Note that these calculated values for the capillary entry pressure 

match well with the experimentally measured critical displacement pressure listed in Table 1. 

 

A control experiment with increasing water flow rates (increasing a pressure drop across the 

micromodel) demonstrated critical displacement pressure intuitively: as an oil-filled micromodel was 

injected with water, the fracture was swept first, then the high-permeability region, and finally the low-

permeability region at extremely high pressure drops.  Air floods behaved similarly to water floods but 

required higher critical displacement pressures.  

 

Figure 5 shows a time series of the water flood control experiment.  Note that the low-

permeability matrix is invaded only in a grid pattern of slightly wider pores.  The relationship between 

fluid transport and capillary entry pressure is emphasized by the flooding of these microfractures before 

the rest of the low-permeability pores are swept.  Pore-throat size irregularities necessitated denoting 

critical displacement pressures in Table 1 as a range for the low-permeability region instead of the single 

critical displacement pressure expected for a homogeneous matrix.  In more heterogeneous porous media, 

we would also expect a range of critical displacement pressures due to the variety of pore sizes and 

capillary entry pressures. 

 

Foam as a surfactant delivery tool 

The liquid phase can more easily enter small pores than gas  
because of its lower capillary entry pressure 



1.2ml/hr N2 through 
capillary with 0.4ml/hr 
1%wt LB:AOS(1:1), 
sweep crude oil 

Phase Behavior: Changing to a 
Crude Oil 

Phase behavior is 
altered by different 
oils and alters 
transport 



Screening Foam Formulations 
AOS C14-16/ lauryl betaine ratios  



Determining Foam Quality 
Scanning for Foam Strength as a Function of Foam Quality 
typically requires tedious measurements  



Micromodels to Scan for 
Foam Strength 
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The pressure drop across the micromodel as a 
function of gas fraction in the foam behaves 
similar to that observed on larger length scales 



Heterogeneous Porous Media  
Foam generation in-situ can be used to tra 



How do we quantify foam texture? 



Results – Texture Histograms 
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Results – Texture Histograms 
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Results – Texture Histograms 
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Results – Texture Histograms 
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Results – Texture Histograms 
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Each histogram represents 
over 100,000 bubbles 



Texture vs. Flow Rate 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

10 70 130 190 250 

N
um

be
r o

f B
ub

bl
es

 

Bubble Size (pixels) 

0.23 mL/hr 
0.46 mL/hr 

Average of 30 independent images over 1 hr 

90% Foam Quality = ratio of gas/liquid 

Higher flow rate, finer texture 

fewer large bubbles 

more small 
bubbles 

double flow 
rate 



Conclusions and Acknowledgements 

–  Foam can significantly increase the solution 
viscosity, effectively offering mobility control 

–  Microfluidic models provide an unique method 
by which we can gain better understanding of 
the flow behavior in confined systems 

 

Charles Conn, Scarlet Xiang, Siyang Xiao, Daniel Vecchiolla, 
Yongchao Zeng, Kun Ma, Rachel Liontas  

Soft Matter, 9, 10971-10984 (2013) 
Lab on a Chip, DOI: 10.1039/C4LC00620H (2014) 

We acknowledge financial 
support from  Department 
of Energy and Abu Dhabi 
National Oil Company ISSN 1744-683X

www.rsc.org/softmatter Volume 9 | Number 46 | 14 December 2013 | Pages 10933–11144

1744-683X(2013)9:46;1-X

PAPER
Sibani Lisa Biswal et al.
Neighbor-induced bubble pinch-off : novel mechanisms of in situ foam 
generation in microfl uidic channels


