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Current state 
of the art: 
Measurements 
and modeling

Effect of permeability 

on apparent viscosity

( )
app
f

w g

k p

Lu u





+

Farajzadeh, et al., 2015, Energy & Fuels, 29, 3011-3018.

551 md

170 md

57 md

33 md



Choice of surfactant

• Reservoir: sandstone or carbonate, salinity, temperature

• Type of surfactant
• Anionic: sulfonate, sulfate, ethoxy- sulfate, ethoxy- carboxylate
• Nonionic: ethoxylated alcohol, glucoside
• Cationic: amine, diamine
• Zwitterionic: betaine, amido-betaine, sulfo-betaine

• Carbon number of surfactant, C12 C18

• Low adsorption on formation minerals

• Chemical stability

• Negligible  partition into oil phase

Elhag, et al., 2014.

Chen, et al., 2015.

Svorstoel, I., et al., 1996.



Smooth capillaries

Contributors to flow resistance

Hirasaki and Lawson, 1985, SPEJ

How does foam gain flow resistance?



Smooth capillaries 
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Effect of constrictions

A.H. Falls, et al., 1989, SPERE

Bubbles in smooth capillaries are power-law fluid.

Pore constrictions have increasing effect at lower 

velocities and result in gas trapping



Foam texture

A.H. Falls, et al., 1988, SPERE, Aug.

Continuous-gas foam Discontinuous-gas foam



Mechanisms for foam generation

• Bubble or lamella division

• Branch points in flowing train of bubbles offer opportunity for bubble or lamellae division

• Responsible for transition from continuous-gas foam to discontinuous-gas foam

A.H. Falls, et al., 1988, SPERE, Aug.



Mechanisms for foam generation
• Capillary snap-off

• Pore body/throat contrast and water saturation 

• Permeability contrast and water saturation

• Spontaneous migration of water from larger to smaller pores

• Capillary pressure for snap-off is < one-half of capillary entry pressure

A.H. Falls, et al., 1988, SPERE, Aug.



Mechanisms for foam destruction

• Capillary pressure, Pc exceeds maximum stable disjoining 
pressure. This limits bubble refinement.

• Mass transfer from small bubbles to large bubbles

• Spreading of oil at gas/water interface



Population balance of bubble sizes

• Flowing and stationary gas bubbles

• Size distributions or mean value of bubble size

• Bubble density, i.e., number of bubbles per unit volume of gas

• Accumulation = -Divergence of flux + generation – destruction

• Mass balance for two phase flow



Population balance
Generation only by snap-off

A.H. Falls, et al., 1988, 

SPERE, Aug.

Grain sizes, 4:1



Illustration of foam in homogeneous and heterogeneous sandpacks
(weakly foaming surfactant for aquifer remediation)

Tanzil, et al., 2002, June, SPEJ



Foam apparent viscosity and 
capillary pressure as a 
function of foam quality, fg
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in 143 darcy sandpack,
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Vavra, et al., (2022), “Measuring In-

situ Capillary Pressure of a Flowing 
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Minimum pressure gradient for foam generation

Yu, Vincent-Bonnieu, Rossen, 2020, Dec., SPEJ

Transition from continuous-gas 

foam to discontinuous-gas foam 

has a jump in pressure gradient 

when the minimum pressure 

gradient is exceeded.

fg = 88%, Cs = 0.3% 

Continuous-gas foam

Discontinuous-gas foam



Empirical foam model for reservoir simulation

• CMG STARS foam model

• Gas mobility function of:
• Water saturation (Sw)

• Velocity (Capillary Number)

• Surfactant concentration

• Oil saturation

Cheng, et al., 2000, SPE 59287 

Zeng, et al., 2016, Ind. Eng. Chem. Res., 55



Experiments for field application

1% TTM

Evaluation at: 120 °C, 3,400 psi CO2, 22% TDS, limestone

TTM is a C16 – C18 diamine, cationic surfactant

Jian, et al., 2020, E&F

Elhag, et al., 2014.



Simulations for field application

Cross-sectional view with horizontal wells

CO2/TTM or CO2/brine: upper left

CO2 only lower left; Producer; lower right

Jian, et al., 2020, E&F



Simulations for field application

Jian, et al., 2020, E&F

CO2 & brine injection
1,  2,   5,

8, 10, 15 years
Oil 

saturation



Simulations for field application

Jian, et al., 2020, E&F

CO2 & 1% TTM  foam injection
1,  2,   5,

8, 10, 15 years
Oil 

saturation



Conclusions

• Choice of surfactant is essential

• Bubble size and distribution governs foam viscosity

• Bubble generation is governed by capillary heterogeneity 
and/or exceeding minimum pressure gradient

• Foam strength is limited by Pc and mass transfer

• Empirical models are available for fitting measurements 
and applying in simulators

• Reservoir simulators are available to evaluate benefit of 
foam mobility control for enhanced oil recovery
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