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1. Overview
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¢ Research background
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e Challenges

Reactive Transport &
Multi-phase flow

Carbonate rock partially
saturated with
hydrocarbon phase.

0 Oil  Brine " Rock

Carbonate rock saturated with oil and brine

-

Heterogeneity
Hydrocarbon phase will
change the transport
heterogeneity and may block
the CO, equilibrated brine
from reacting.

~
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2. Objective:
Reactive Transport in Multiphase Flow
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e Objective

* The impact of changes in transport heterogeneity caused by the introduction of
hydrocarbon phase on flow mechanisms and dissolution patterns.

« A permeable Ketton oolitic limestone (99% calcite).
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3. X-ray Tomography Experiments and the Impact
of Transport Heterogeneity
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e Experimental apparatus

Measurement System
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Sample1

Rock Sample $1 S2
Length, mm 120 120
Diameter, mm 60 60
Permeability(Darcy) | 2.46+0.10 | 2.74%*0.18
w‘;rfcocgoﬂg;?ts;;y 0.147 0.163
Oil Saturation 39.8% 31.1%

Sor= 39.8% Sample2 Sor=31.1%

 Water-wet Ketton limestone saturated with oil
and brine in different saturations.

« Quantitatively characterize transport
heterogeneity based on their velocity distribution.
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e Pore-scale heterogeneity

2000m 20004m Dual heterogeneity:
5 r | « Pore-scale structural heterogeneity.
» Residual oil distribution.

100
80

60

: Sample 1:

) « A well-connected network of
intergranular macropores leads to a
dispersed distribution of residual oil.

o Porosity

Sample 2

* A dual-porosity system with
intergranular macropores and poorly
connected intermediate-sized pores
leads to localized residual oil clusters.

Gray:Rock
Blue:Brine



IMPERIAL

e Pore-scale heterogeneity

 Afinite volume solver implemented in OpenFOAM solves the Navier-Stokes and
volume conservation equations simultaneously.

» Obtained voxel velocities U and then calculated probability density functions (PDFs).
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e Pore-scale heterogeneity

\’|Vi?t'?°|Ut ?”{totg! hote space \éVi_th Oirli | Using the tortuosity of streamlines to
(Initial ve Oé'tY istribution) - Brine phase only characterize transport heterogeneity.

-,“lf . A 4D 1000 pm
iy . b ——

ls » Lower tortuosity: Flow pathways are

e simpler and less obstructed.

[o « Higher tortuosity: Oil restricts brine

|ul/Uav flow, making pathways more
g, 1000um complex.

L.

-6 « Sample 1: Tortuosity increased by
d B 10.4%; Sample 2: Tortuosity

lz increased by 11.6%.
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e Dissolution |
Sample1 ‘

atterns:hannel formation

Channel widening

Sample2

Gray: Rock
White: Brine
Black: Oil
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Sample1: Before Reaction

A positive feedback loop:

* Displacement-driven channel
growth and widening are
enhanced by dissolution, which
further increases displacement.

ud »
CO, Acidified Brine Injection L2

Interstitial particles:

poorly connected

intermediate-sized
pores

A suppressed regime:

* Fine-scale heterogeneity in low-
connectivity regions limits
channel formation, while oil
blockage prevents dissolution
and channel breakthrough.

CO, Acidified Brine Injection
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e Porosity and remaining oil saturation

Time points
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Direction of Flow

« Sample 2 shows only
modest and localized
changes at the inlet,
confirming a spatially
confined reaction.

Sor (Sample 1)

Depth (mm)
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e Additional oil recovery
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e Flow field evolution
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Sample1

Fast-flow channels emerged,
breaking the initial flow uniformity.

Velocity heterogeneity increased,
with more stagnant regions
observed.

Sample 2

Bottom-localized channels, with
dispersed flow at the top.

Velocity distribution in Sample 2
changed less over time.
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e Pore occupancy and permeability
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e Effective reaction rate at low flow rate

%1075 %1075
23 —e— Sample 1 12 K Sample 2
2.0 10
Eis goe : «  Sample1: a sharp initial reaction
S g 06 .
£ 10 £ oa S _ rate increase followed by a
o o .
05 02 decline.
0.0 -
° % Time(rﬁiﬁﬂlte) 270 ° % Time (rr::isnoute) 270 ® Sample 2: a Stable but |0W6I‘
Condition Reaction Rate (mol/m?s) reaction rate
Ketton limestone multiphase Sample 1 Sample 2 . Reaction rates in mu|t|ph ase flow
-6 6 o
Low flow rate 80107 39107 are significantly lower compared
High flow rate 3.0x10™ 4.2x107 inal h f h
Silurian dolomite single-phase Heterogeneity A Heterogeneity B to single-phase flow and batc
Low flow rate 3.15x10°6 1.35x 100 experiments.
High flow rate 5.47x107° 10.6x10°
Ketton limestone single-phase 5.0x107

Batch reaction rate® 6.9x10
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e High flowrate vs. Low flow rate

(0.05 ml/min)

06 Sample 1 (0.05 ml/min) 06

o B . oamn | os ‘ T oeme | * Sample 1: a sub-linear, three-fold
204 [” 8 )4 [ reaction rate increase.
o 08 o 0.8
Eé b ~06 % 03 ~0.6
E 0.2 04 E 0.2 04 . .
2.0 |°-2 2 o [0-2 . Sample 2: a near-linear reaction rate

0 0
00 po] ool ML increase, surpassing Sample 1.
10 10 10 10 10 10 10 10 10
|u|/Uay
Sample 2 (0.5 ml/min)

e --- 315min % S o v --- 315min
. — ersmn | &5 — o%smn | Higher injection rates narrow
€06 S gos i . C . .
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3¢ oo | 3% jas voxels, and produce symmetric
§o2 Ioz §o2 [0‘2 streamlines.
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4. Observations and Conclusions
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Observations and Conclusions

« Heterogeneity of pore structure, hydrocarbon distribution and re-
mobilization control dissolution patterns and effective reaction rates.

* We capture micron-resolution displacement dynamics, leading to channel
formation that enhances CO, transport properties.

« Two-phase flow reaction rates are transport-limited and lower than single-
phase or batch rates

* Injecting CO,-saturated brine facilitates the recovery of residual oil.
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5. Future Work
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o Wettability

Before Reagtive ™

—

’
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The reaction rate was noticeably slower compared to the water-wet samples.

«  For the first time, we have captured the wettability alteration in rocks caused
by CO,-acidified brine injection.
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e Physical heterogeneity

Residual oil Acidified brine Acidified brine
Dry scan saturation scan injection 10 h injection 20 h

Gary: Rock Black: Oil
Black: Pore White: Brine
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