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Controlling the flow path of injected fluids in layered heterogeneous oil reservoirs
remains a critical challenge for enhancing the performance of gas-based enhanced
oil (EOR) recovery processes. Foaming the injected gas is a promising method to
address this challenge by creating selective flow resistance and improving fluid
diversion. Foam generates resistance in high-permeability layers, effectively
diverting injected fluids toward lower-permeability zones and improving sweep
efficiency. To optimize this process, a pore-scale understanding of foam flow
behavior and the underlying mechanisms of fluid diversion is essential. In this study,
the flow behavior of foam was investigated under two conditions: (1) in the absence
of oil (simulating aquifer conditions) and (2) in the presence of water-flood residual
oil. A micromodel with two interconnected layers of contrasting permeabilities was
designed to simulate layered heterogeneous porous media. Results demonstrated that
in the absence of oil, foam generation effectively diverted the injected fluid flow into
the lower-permeability layer. In the presence of oil, foam effectively controlled the
injected gas front, significantly increasing residual oil production from 3% to 75%.
These findings support the significant potential of foam to enhance gas-based EOR
processes and increase incremental oil recovery. This study also highlights foam
injection as an effective strategy for controlling fluid flow paths in layered
heterogeneous porous media and significantly boosting residual oil production. By
increasing fluid viscosity and flow resistance in high-permeability layers, foam
diverts fluids to low-permeability zones, thereby enhancing the efficiency of gas
Injection processes.

Keywords: Foam injection, Gas injection, Heterogeneous Micromodel, Fluid diversion,
Mobility, Enhanced oil recovery
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Figure 1- Schematic of the micromodel pattern.
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Table 1: Micromodel Physical Parameters.

7 Lenth Width Average Porosity Pore throat, FOL
one . (cm) volume

(cm) (cm) depth(cm) (%) (cmd)

A 8 1.6 0.02 27.29 0.073 0.142

B 8 1.6 0.02 21.7 0.035 0.113
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Table 2- Properties of the oil used in this study.

viscosity (1073 Pa-s) density (g/cm?®) IF T oitsorine(MN/m)
11.1 0.86 21.44

Oil
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Figure 2- Schematic of the micromodel injection system.
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Figure 3: Micromodel images during gas injection in the absence of oil at different times, in order
from Figures 1 to 4: 240, 480, 720, 1500 seconds.
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Figure 4: Micromodel images during foam injection in the absence of oil at different times, in the order of
Figure 1 to 4: 480, 720, 1200, 1560 seconds.

owilesdl i bl 5o 515 a5 -F-Y

355 (53 rey 50 JSE) o ST Joreg Koo 515 G35 conilo Bl i eledl 4y oy 9 2,5 51 o
5, Shas 4y 0dile S s jgua 10 55 Ga,y55 4T o sadlive (sl YE ) 0,5 TYL Slgl s LaY o,
B G5kl e 5 agea (8508 9 (4B FAY) weo 0 25 @ (G5B 5 0gb s 5 it
N U SUOWOS| I CAPRR WA I E 1 L SPVICSICR SR ¥ IO RUCSSUU S Sy | o IRV B PE R
2,3 8 0 Sles p (Real Jodin asre (0 Sl jgan pized (a8l VO g VY ) 0l 25 05y 00,5
oxiledly cii jga 5l .l ot Joeg ,Sin ;0 3 dge (59 by St LialEl 4y g 00 08 5T
‘U"‘ » 05)15 .o)lo sia.m) Jad7r.~o .Ia.;ozo Jaa‘).w 9 Y b_g‘w 9 é;.d (SLD(;)"B L LAA.C )lf ‘_'éa)f »
S 2ol b gblie 5l e a0 (bles Soe 55 15 090 6 5702b Blime 455 )5 50 oy i e

O ‘ ..:.LL;



3

B USCs 5l a 5 4 alidee leile 5o owile (Bb e lalysy0 5 5,5 Job 5o JoegSee pgbas -0 S

YY. fA. VY- QLA) :f

PRATIR

Figure 5: Micromodel images during gas injection under residual oil conditions at different times, in the

order of Figures 1 to 4: 240, 480, 720, 1500 seconds.
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Figure 6: Micromodel images during foam injection under residual oil saturation conditions at
different times, in the order of Figures | to 4: 480, 720, 1200, 1560 seconds.
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Figure 7: Pore- scale image during foam injection under residual oil
saturation conditions at a specific location at two different times, respectively:
480 and 2880 seconds.
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Figure 8: Breakthrough time during gas and foam injection scenarios.
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Figure 9: Effect of oil presence on foam and bubble size.
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Figure 10: Comparison of oil recovery factor during gas and foam injection.
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Figure 11: Comparison of foam generation in high-permeability and low-permeability layers in the absence and presence of oil

5 steady-state
& Coarse foam texture



Sy axs - ¥

S0 S @l b sleaY e 4 Jlw Bl sl p9d Jeily 0 Shos oz aslllae Gl 5l Soa
L o5Xeal sl g0 Jowg Ko SO 5l cBan ol 4y oloiws sl .cwl 009 (Kaal slaY oo lae
Sz A6 0 eslital wiies Sl Lol o 0n b ol llseS 5 5 slo i 45 olgls Godes]
3 9 (Olezal kil alin) c@ jpas pae byl,d o Rl b )0 biolejl 00,5 (o) p ablite
b ateien oabplol slailas] 5 Slanlie pulul  wiad alsl T 5,5 dlawly 4 oaile b cis g
0l sloiion 3 Jlo il bl iablite ol 9 5o JSite Lame 5 o L5 agh a5

il 2 b @ g hel mls o)ls Laulyd 9o o 0 1) ol 50

oS ol GliS Lk jga pas g g ball 90 58 10 098 5 S 505 G ammlie dlole S Gillae @
@ e ol ol a5 WS Sl | a8 lsl b sblie a4 Jlos Bl caslys pigmas pad
A Y pl je og,l ool Ll

Ol Oy g g Wdlaie 5 ()5 55 Cd)0m g byl Y po JUIS obml 4 i 55 By @
gty onle Bl i Ly, s aliess ol sl alols zmls gllas i oS0

ol as clls oaile L s bl iolidl Cus 0 e 0 Sas G5 8,5 A ol ped B, @
g Lyl gl o Fanl Jows,Sen lgl 508 Lidk 5l e cdlil gl )| o 1) o GEE £5oge

Y (el Jaeg Soe ;9 58 5 51 dpex (590 3, 2 baetme )0 i g ol @l Gille @
ez Sedlys ()55 008 (o098 (Jlognll a5 (oSB0ke oy @l 4 ymie a5 s S
Losss 5l 5 51505 Y 3l ool Jaoma IS 355 0l 5 458 ooty 09305 S sige | 5 25
logas o Soal Jodsie Lo ;5 owlagdl s odgs L)l a4y yocie yol ol a5 0 413,500 psd
A% gl FeS Y o

& o0

1. Enick, R. M., Olsen, D., Ammer, J., & Schuller, W. (2012, April). Mobility and conformance
control for CO2 EOR via thickeners, foams, and gels-a literature review of 40 years of research and pilot
tests. In SPE Improved Oil Recovery Conference? (pp. SPE-154122). SPE. https://doi.org/10.2118/154122-
MS

2. Lake, L. W., Johns, R., Rossen, B., & Pope, G. A. (2014). Fundamentals of enhanced oil recovery
(Vol. 1, p. 1). Richardson, TX: Society of Petroleum Engineers.
3. Han, J., Lee, M., Lee, W., Lee, Y., & Sung, W. (2016). Effect of gravity segregation on CO2

sequestration and oil production during CO2 flooding. Applied Energy, 161, 85-
91.https://doi.org/10.1016/j.apenergy.2015.10.021


https://doi.org/10.2118/154122-MS
https://doi.org/10.2118/154122-MS
https://doi.org/10.1016/j.apenergy.2015.10.021

Pedroni, L. G. (2017). Experimental study of mobility control by foams: potential of a FAWAG process in
pre-salt reservoir conditions (Doctoral dissertation, Université Pierre et Marie Curie-Paris VI).

5. Ding, L., Jouenne, S., Gharbi, O., Pal, M., Bertin, H., Rahman, M. A,, ... & Guérillot, D. (2022).
An experimental investigation of the foam enhanced oil recovery process for a dual porosity and
heterogeneous carbonate reservoir under strongly oil-wet condition. Fuel, 313, 122684.
https://doi.org/10.1016/j.fuel.2021.122684

6. Wu, Q., Ding, L., Zhang, L., Ge, J., Rahman, M. A., Economou, I. G., & Guérillot, D. (2023).
Polymer enhanced foam for improving oil recovery in oil-wet carbonate reservoirs: A proof of concept and
insights into the polymer-surfactant interactions. Energy, 264, 126256.
https://doi.org/10.1016/j.energy.2022.126256

7. Shahmarvand, S., & Ameli, F. (2021). A Review on Recent Studies on the Simulation of Foam
Flooding in Porous Media. Iranian Chemical Engineering Journal, 20(116), 64-83.
https://doi.org/10.22034/ijche.2021.260314.1074

8. Sanders, A. W., Jones, R. M., Linroth, M., & Nguyen, Q. P. (2012, October). Implementation of a
CO2 foam pilot study in the SACROC field: Performance evaluation. In SPE Annual Technical Conference
and Exhibition? (pp. SPE-160016). Spe. https://doi.org/10.2118/160016-MS

9. Roman, S., Abu-Al-Saud, M. O., Tokunaga, T., Wan, J., Kovscek, A. R., & Tchelepi, H. A. (2017).
Measurements and simulation of liquid films during drainage displacements and snap-off in constricted
capillary tubes. Journal of colloid and interface science, 507, 279-289.
https://doi.org/10.1016/j.jcis.2017.07.092

10. Hosseini-Nasab, S. M., Gholipour Sangelaji, K., & Hormozi, F. (2025). Evaluation of Enhanced
Oil Recovery Mechanisms Using Foam Stabilized by Surfactant-Nanosilica Hybrid. Iranian Chemical
Engineering Journal. https://doi.org/10.22034/ijche.2025.488822.1466

11. Lv, M., Liu, Z., Ji, C., Jia, L., & Jiang, Y. (2018). Investigation of pore-scale behaviors of foam flow
in a polydimethylsiloxane micromodel. Industrial & Engineering Chemistry Research, 57(44), 15172-
15180. https://doi.org/10.1021/acs.iecr.8b03366

12. Nguyen, Q. P., Currie, P. K., & Zitha, P. L. (2005). Effect of crossflow on foam-induced diversion
in layered formations. SPE Journal, 10(01), 54-65. https://doi.org/10.2118/82270-PA

13. Yang, W., Lu, J., Wei, B, Yu, H., & Liang, T. (2021). Micromodel studies of surfactant flooding
for enhanced oil recovery: a review. ACS omega, 6(9), 6064-6069. https://doi.org/10.1021/acsomega.0c05750

14, Kong, D., Li, Y., Yu, M., Ma, R., Guo, H., Peng, Y., ... & Yan, H. (2019). Experimental
investigation on block and transport characteristics of foam in porous media for enhanced oil recovery
processes. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 570, 22-31.
https://doi.org/10.1016/j.colsurfa.2019.02.067

15. Singh, R., & Mohanty, K. K. (2017). Foam flow in a layered, heterogeneous porous medium: A
visualization study. Fuel, 197, 58-69. https://doi.org/10.1016/j.fuel.2017.02.019

16. Conn, C. A., Ma, K., Hirasaki, G. J., & Biswal, S. L. (2014). Visualizing oil displacement with
foam in a microfluidic device with permeability contrast. Lab on a Chip, 14(20), 3968-3977.
https://doi.org/10.1039/C4LC00620H

17. Guo, F., Aryana, S. A., Wang, Y., McLaughlin, J. F., & Coddington, K. (2019). Enhancement of
storage capacity of CO2 in megaporous saline aquifers using nanoparticle-stabilized CO2 foam.
International Journal of Greenhouse Gas Control, 87, 134-141. https://doi.org/10.1016/j.ijggc.2019.05.024
18. Jian, G., Fernandez, C. A., Puerto, M., Sarathi, R., Bonneville, A., & Biswal, S. L. (2021).
Advances and challenges in CO2 foam technologies for enhanced oil recovery in carbonate reservoirs.
Journal of Petroleum Science and Engineering, 202, 108447. https://doi.org/10.1016/j.petrol.2021.108447
19. Aveyard, R., & Clint, J. H. (1996). Foam and thin film breakdown processes. Current Opinion in
Colloid & Interface Science, 1(6), 764-770. https://doi.org/10.1016/S1359-0294(96)80079-3


https://doi.org/10.1016/j.fuel.2021.122684
https://doi.org/10.1016/j.energy.2022.126256
https://doi.org/10.2118/160016-MS
https://doi.org/10.1016/j.jcis.2017.07.092
https://doi.org/10.1021/acsomega.0c05750
https://doi.org/10.1016/j.fuel.2017.02.019
https://doi.org/10.1016/j.ijggc.2019.05.024
https://doi.org/10.1016/S1359-0294(96)80079-3

