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Abstract

Foam is a process used for
mobility control in enhanced oil
recovery and aquifer remediation.
While simple in concept and
execution, it often is not optimally
applied because of limitations in
the understanding of how it
functions. This presentation
highlights some of the findings
discovered during 45 years of my
research with foam EOR and aquifer
remediation.
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Effect of permeability
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Figure 3. Apparent viscosity of CO, foam made with 2000 ppm of
Farajzadeh, etal., 2015, Energy & Fuels, 29, 30113018 (Chaser CD-1050 as a function of permeability.



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, physical, and biological stability
* Negligible partition into oil phase

Elhag, et al., 2014. |
Chen, et al., 2015. Rossen, W.R., Farajzadeh, R.,

Svorstoel, |, et al., 1996. and Hirasaki, G.J., (2022),



How does foam gain flow resistance?

Smooth capillaries

Contributors to flow resistance

Hirasaki and Lawson, 1985, SPEJ
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Flg. 1--Mechanisms affecting apparent viscosity in smoath
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Smooth capillaries

lD’I: e — & 103:
‘ - I = 0.83
: U=10cm/sec
! |
e 2
WITH SURFACE 10°¢
10 TENSION GRADIEWNT -
app
Fose > uir, cP
10 -
it . . .
WITHOUT SUREACE™" Apparept viscosity relative to
TENSION GRADIENT Poiseuille law
B :005cm |
T 0%l .
T Gl7em
1 i i s 3 asal 4 " I T | 10
10 1072 10! 1 V0
U' CI-'I'I.I’!&E IO'I I v gl T A a1
IO-I 1. 10 102
Fig. 10—Eifect of surface tension gradiant on apparant
visCosity.

r,/R

Hirasaki and Lawson, 1985, SPEJ Combined effects of bubble size and capillary radius



Effect of constrictions

Bubbles in smooth capillaries are power-law fluid.

Pore constrictions have increasing effect at lower
velocities and result in gas trapping

MOVING OR
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A.H. Falls, et al., 1989, SPERE
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Foam texture

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



Foam in sandpack with increasing foam quality
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Vavra, et al., 2022




Capillary pressure
as a function of
foam quality (gas
fractional flow)

Vavra, et al., 2022
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Mechanisms for foam generation

 Capillary snap-off

Pore body/throat contrast and water saturation

Capillary pressure for snap-off is < one-half of capillary entry pressure
Spontaneous migration of water from larger to smaller pores

Typical non-wetting phase residual saturation for:
Uniform bead pack: (B/T ~1) ~ 5%

» Sandpack (B/T ~1) ~10%
 Bentheimer (B/T ~1.2) ~20%
 Berea sandstone (B/T~5) ~40%
* Vuggy carbonates ~50%

Inference: Capillary snap-off occurs more readily with large B/T ratio

Permeability contrast and water saturation



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

Low pressure gradient Higher pressure gradient
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Fig. 5—How lameliae can dlvide at a pore branch.
A.H. Falls, et al., 1988, SPERE, Aug.




Mechanisms for foam generation
» Capillary snap-off

Pore constriction Permeability contrast
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Mechanisms for foam destruction

« Capillary pressure, P, 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 gas bubbles
mean value of bubble size
 Bubble density, i.e., number of bubbles per unit volume of gas
 Accumulation = -Divergence of flux + generation
 Mass balance for two phase flow
« Momentum balance; Darcy law
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lllustration of foam in homogeneous and heterogeneous sandpacks
(weakly foaming surfactant for aquifer remediation)

(a) Heterogeneous column
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Fig. 11—Location and shape of the gas displacement front dur-
ing transient foam experiments in (a) heterogeneous column
with alternating high and low permeabilities, and (b) homoge-
neous column with low permeability. f,=67% and u_=0.6 ft/day.

Tanzil, et al., 2002, June, SPEJ
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Fig. 12—Pressure drop during transient foam experiments with
f=67% and u=0.6 ft/day in the heterogeneous (thick solid) and
homogeneous (thin solid) columns. Arrows indicate the posi-
tions of gas front in the heterogeneous column at given times:

(1) gas enters the fine sand section, (2) gas enters the coarse
sand section and forms a strong foam front, (3) the strong foam
front enters the last fine sand section, and (4) gas breaks
through.



Minimum pressure gradient for foam generation

Transition from continuous-gas
foam to discontinuous-gas foam
has a jump in pressure gradient
when the minimum pressure
gradient is exceeded.

fg = 88%, C; = 0.3%
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Fig. 3—Schematic illustration of core geometry.

Yu, Vincent-Bonnieu, Rossen, 2020, Dec., SPEJ
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Foam apparent viscosity and

capillary pressure as a function
of foam quality, f; and flow rate

1% AOS 14-16
in 143 darcy sandpack,
Constant u, multiples

Vavra, et al., (2023), “Effects of
velocity on N2 and CO2 foam flow
with in-situ capillary pressure
measurements in a
high-permeability homogeneous
sandpack”, Scientific Reports
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Foam generation in a consolidated core
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Empirical foam model for reservoir simulation
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Figure 9. Data fit to STARS model for different gas type experiments,



Experiments for field application

Evaluation at: 120 °C, 3,400 psi CO,, 22% TDS, limestone
TTM is a C16 — C18 diamine, cationic surfactant
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Simulations for field application

Cross-sectional view with horizontal wells
CO,/TTM or CO,/brine: upper left
CO, only lower left; Producer; lower right

I 500 ft |

B 3

)
N
-
pu
—
O

44 ft

Jian, et al., 2020, E&F



Simulations for field application

CO, & brine injection
1, 2, 5, Oil
8, 10, 15 years saturation
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Simulations for field application

CO,& 1% TTM foam injection
1, 2, 5, Oil
8, 10, 15 years saturation
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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 P, and bubble generation

 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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