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ABSTRACT

This study investigates water—gas displacement in
carbonate reservoirs via in situ X-ray micro-CT. Miniature
cores were scanned at staged conditions: connate water,
0.5 PV, 1 PV, and 50 PV. The images were processed to
track the pore-scale evolution of gas—water distributions.
Results show that during initial charging, gas
preferentially occupies large pores with lower entry
pressures, bypassing bound water in small throats. In the
early flooding stage (0—0.5 PV), the wetting phase forms
and thickens water films along pore walls, only
compressing gas slightly and vyielding limited
mobilization. With continued injection (0.5-1 PV), gas is
progressively removed from small to medium throats,
while macropore gas remains largely unchanged. After
substantial injection (1-50 PV), the water phase
percolates and invades macropores, causing a marked
drop in gas saturation and higher pore-scale
displacement efficiency; however, intensified water
blocking restricts gas flow, leading to diminishing
incremental gains. During post-flooding stage, residual
gas persists in blob-, cluster-, and dot-like morphologies
across scales. The in-situ CT evidence clarifies interfacial
evolution and trapping mechanisms relevant to mid-to-
late development of edge-/bottom-water carbonate gas
reservoirs. Corresponding mobilization strategies, such
as optimizing drawdown, increasing displacement
pressure, and reservoir depressurization, provide a
theoretical and technological basis for improving gas
recovery.
Keywords: carbonate gas reservoir, micro-CT, connate
water, residual gas, digital rock analysis

NONMENCLATURE
Abbreviations
Swi Connate water saturation
PV Pore volumes
CcT Computed Tomography

1. INTRODUCTION

Carbonate gas reservoirs with edge or bottom water
commonly suffer water invasion in mid- to late-life. The
advancing water front rapidly depresses well
productivity and traps substantial gas as a residual phase,
lowering ultimate recovery[1]. Multiscale, complex pore
systems and strong heterogeneity promote preferential
flow paths and localized trapping during two-phase flow,
complicating quantitative characterization of water—gas
displacement [2]. A pore-scale understanding of water-
displacing-gas mechanisms is therefore essential for
improving late-stage mobilization and optimizing
development.

In such displacement, water (wetting phase) spreads
along pore walls and preferentially invades fine throats;
gas (non-wetting phase) is readily governed by
capillarity, undergoing snap-off and immobilization as
residual gas[3,4]. Macroscopically, this yields reduced
displacement and sweep efficiency, a marked decline in
gas relative permeability, and operational issues (water
blocking, liquid loading), often causing premature water-
out and shut-in[5]. Field data report productivity losses
of 60-80% under nonuniform water invasion.

Conventional core-scale methods cannot directly
resolve pore-scale phase distributions and are prone to
non-uniqueness. X-ray micro-computed tomography
(micro-CT) offers nondestructive, 3D, in situ imaging to
quantify pore structure, saturations, and gas—water
interfacial morphology, capturing Haines jumps, snap-
off, and fingering, and clarifying controls of capillary
number, wettability, and pore-throat geometry on
residual-phase saturation and cluster morphology [6—11]
However, in situ observations on real carbonate cores
remain limited, and the linkage between gas evolution
(from connected bodies to clusters to microbubbles) and
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macroscopic mobilization lacks systematic experimental
support [12—-14].

To address these gaps, we develop a CT-coupled
water-displacing-gas workflow on carbonate cores.
Through in situ scanning and reconstruction, we (i)
delineate 3D distributions and connectivity changes of
gas and water, (ii) identify blob-, cluster-, and dot-like
residual gas and their formation mechanisms, and (iii)
discuss implications for mobilization and water-control
strategies. The results provide pore-scale evidence and
parameterization to support “water control and
stabilized production” in edge-/bottom-water carbonate
gas reservoirs.

2. MATERIAL AND METHODS
2.1 Core samples and fluids

Two miniature cylindrical plugs (cored from two full-
diameter carbonate cores, IDs 39 and 99) were prepared,
each 5 mm in diameter and 10 mm in length. Sample 39
has a porosity of 17.47% and a permeability of 8.9531
mD; Sample 99 has a porosity of 10.8% and a
permeability of 0.0707 mD. The rock is predominantly
limestone and water-wet. To emulate reservoir fluids,
the injected aqueous phase was 30 wt% Kl brine and the
gas phase was air. The relatively high KI concentration
increases the X-ray attenuation of the water phase,
thereby enhancing gas—water grayscale contrast in
micro-CT images and facilitating subsequent phase
segmentation.

2.2 Experimental apparatus and scanning conditions

Pore-scale  displacement experiments were
conducted using a benchtop two-phase core flooding
system coupled to an X-ray micro-CT scanner (schematic
in Fig. 1). The setup comprised a high-precision syringe
pump, a carbon-fiber core holder (to ensure X-ray
transparency and avoid metal artifacts), and a
microfocus X-ray CT scanner. Cores were mounted
vertically on the scanner stage; the scanned volume was
centered 25 mm above the base of the core holder. To
minimize motion artifacts, flooding was paused during
each scan. The nominal voxel size was 3 um, with a field
of view of 4.5 mm x 4.5 mm x 3.5 mm, and each scan
required 35 min. Reconstructed tomograms provided 3D
digital sections of pore structure and in-situ fluid
distributions.

Fig. 1 Experimental setup for pore-scale displacement
and micro-CT scanning

2.3 Experimental procedure

(1) Dry-core scan. The dried core was mounted in the
holder and scanned to acquire the baseline pore
structure.

(2) 100% water saturation. Approximately 100 pore
volumes (PV) of Kl brine were injected at low rate to fully
saturate the core, representing the pre-gas-charge
reservoir state. A micro-CT scan was then performed to
record the water distribution.

(3) Preparation of the connate-water state (Swi).
Targeting the initial water saturation determined by
mercury intrusion (MICP), gas was injected to displace
part of the brine until the core water saturation reached
the irreducible level. The core was immediately scanned
to capture the connate-water gas—water distribution.

(4) Water displacing gas. Without moving the core,
brine was injected bottom-up at a constant rate of 0.02
mL min~"to displace the non-wetting gas phase. This low-
capillary-number flooding mimics slow edge-water
encroachment in the field.

(5) Staged micro-CT scanning. Injection was paused
at characteristic cumulative volumes and the core was
scanned at 0.5 PV, 1 PV, and 50 PV (near the end of
flooding). The resulting time-lapse 3D image set
documents the evolution from the connate-water state
through successive stages of water-displacing-gas.

2.4 Image processing and analysis

Because the reconstructed micro-CT volumes
contain three phases, i.e., solid matrix, gas, and water,
phase segmentation is required to distinguish voxels of
different phases. We adopted a grayscale thresholding—
watershed workflow.

(1) Histogram-based threshold preselection.
Grayscale histograms from the dry core and the
multiphase scans were analyzed to locate peak ranges
associated with each material, from which initial
threshold windows were selected.

(2) Watershed transform for separation of merged
regions. Using the preselected thresholds as priors, a
watershed transform was applied to the grayscale image



to split adjoining fluid regions along ridge lines, thereby
improving separation of contacting gas and water
bodies.

(3) Ilterative refinement and consistency check.
Phase thresholds were iteratively tuned, and
segmentation outputs were cross-checked against
experimentally measured saturations, until convergence
was achieved.

This procedure converts the CT grayscale volumes
into ternary phase maps (matrix skeleton / gas / water)
with clear phase labels. For post-segmentation, 3D
image-analysis tools were used to extract: (i) phase
volume fractions (i.e., gas and water saturations), (ii)
spatial connectivity (e.g., percolation and cluster
statistics), and (iii) gas—water interfacial morphology
descriptors. These metrics form the qualitative and
guantitative basis for the subsequent analysis.

3. RESULTS AND DISCUSSION
3.1 Gas—water distribution at the connate-water state

As shown in Fig.2, voxel-based segmentation yields
connate-water saturations of 31.74% (39-1), 30.19% (39-
2), 33.32% (99-1), and 34.84% (99-2). Better
petrophysical quality corresponds to lower connate-
water saturation. Mechanistically, during charge and
accumulation the initial pore space is water-filled; upon
gas invasion, gas behaves as the non-wetting phase and
water as the wetting phase. Owing to the coupling
between interface curvature and capillary pressure, gas
preferentially occupies large pores with lower entry
capillary pressure, bypassing small throats where water
is retained as bound water. The resulting connate-water
state exhibits the following three canonical features.
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(b) 39-2, Sg=69.81%, Sw=30.19%
Fig. 2 Phase partitioning of gas—water under the
connate-water (irreducible water) condition: gray = pore
space, yellow = gas phase, blue = water phase.

(1) Macropore-connected gas and bound-water
clusters in micro-throats. Gas remains well connected
within larger pores, while water is trapped as local
clusters in fine throats and constrictions, rendering it
difficult to mobilize.

(d)99-2, Sg=65.16%, Sw=34.84%

(2) Blind-end/corner residual water. A small number
of isolated water voxels persist at dead-end pores and in
corner regions. Their size and persistence are governed
primarily by pore—throat micro-geometry and are poorly
addressed by conventional pressure gradients.

(3) Pore-wall water films. Driven by rock—water
affinity, thin water films form along pore walls. Under
limited displacement pressure differentials, portions of
these films persist and contribute stably to the connate-
water inventory.

(4) Reduced axial gas connectivity (snap-off). In
narrow necks connecting adjacent pores, capillary-driven
coalescence of the wetting phase induces snap-off,
severing pre-existing gas conduits. Gas becomes
segmented into discontinuous slugs, further stabilizing
the spatial pattern of bound water.

In summary, connate water is organized as a
composite of small-scale clusters/films plus blind-
end/corner residua. At the macroscale, this corresponds
to a two-region partitioning: gas-continuous macropores
versus bound water concentrated in fine throats[12].
This architecture preconditions the subsequent water—
gas displacement: preferential pathways in macropores
form readily, whereas bound water in micro-throats,
controlled by capillarity and wettability, remains difficult
to be swept, constituting a key constraint on pore-scale
mobilization and, consequently, on field-scale recovery.

3.2 Pore-scale flow characteristics during water—gas
displacement

As water is injected, the gas phase is progressively
displaced and its spatial organization evolves markedly
(Fig. 3). For each sample, panels from left to right show
the connate-water state, 0.5 PV, 1 PV, and 50 PV (PV =
pore volumes injected). The corresponding evolution of
gas saturation is plotted in Fig. 4. Based on these
observations, the displacement can be divided into three
stages.

Stage | (0—0.5 PV). The total gas saturation decreases
only marginally and the phase pattern is close to the
connate-water state. Water, as the wetting phase,
primarily spreads along pore walls and grows into thin
films, without immediately invading gas-filled
macropores in bulk. Film thickening gently compresses
adjacent gas, but under capillary-dominated conditions
gas preferentially resides in large, low-curvature pores
and is difficult to expel over short times. Although strong
capillary driving exists in fine throats, their higher viscous
resistance limits rapid advance of the water front. The
small gas bubbles observed under connate conditions
indicate a pronounced Jamin effect (capillary blocking),



which adds an extra capillary resistance and further
suppresses capillary fingering. Consequently, the
mobilized gas volume remains very limited up to 0.5 PV.

(d) 99-2
Fig. 3 Micro-CT images of the water-displacing-gas process.
For each sample, panels from left to right show: connate-
water state, 0.5 PV, 1 PV, and 50 PV (PV = pore volumes

injected).
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Fig. 4 Evolution of gas saturation

Stage Il (0.5-1 PV). Gas saturation begins to decline
appreciably, implying a modest increase in displacement
efficiency relative to Stage |. The mechanism remains
capillary-controlled: continued film growth squeezes gas
toward the outlet, but bulk invasion of macropores is still
limited. Image comparisons between 0.5 PV and 1 PV
show that the gas volumes that disappear are
predominantly those residing in small and medium
throats, whereas gas in larger pores changes little. Under
intermediate viscous—capillary balance, gas in smaller
conduits is incrementally removed, while macropore gas
with longer initial gas columns and lower capillary entry
requirements can temporarily persist without being
overtaken by water.

Stage Il (1-50 PV). With further injection, gas
saturation drops sharply, indicating significant
displacement of gas from macropores. Water
connectivity increases and stable flow pathways form,
allowing the front to invade regions previously occupied
by gas. By 50 PV, gas is fragmented into numerous small

blobs and microbubbles, and many macropores formerly
filled with gas become water-filled and interconnected,
yielding a water network that percolates the core.
Although pore-scale displacement efficiency is highest in
this stage, the incremental efficiency gain is the smallest:
once a continuous water network is established, gas
locking intensifies. Remaining gas persists as isolated
bubbles subject to wettability hysteresis and the Jamin
effect, causing a sharp decline in gas relative
permeability. Hence, even with large injected volumes,
the incremental gas produced per unit PV diminishes.

3.3 Residual-gas
mechanisms

identification  and  formation

Upon completion of water—gas displacement, a
substantial fraction of gas remains trapped as residual
gas, whose spatial distribution reflects the combined
influence of pore structure and displacement history.
Using the segmented micro-CT volumes, post-flooding
gas bodies were clustered by connected-component
volume, allowing classification into three types, as shown
in Fig. 5.

(c) Cluster-type residual gas  (d) Dot-like residual gas
Fig. 5 Residual gas classification

(1) Blob-type residual gas. These are the largest, fully
enclosed gas bodies, often spanning multiple adjacent
macropores through interconnecting throats. Two
primary mechanisms dominate their formation:
bypassing flow and capillary snap-off. The former arises
from selective breakthrough during flooding: at low
pressure gradients (i.e., capillary-dominated), water
advances preferentially through finer throats, leaving gas
in larger pores; at higher pressure gradients (i.e., viscous-
dominated), water sweeps larger conduits first, leaving
gas stranded in finer parallel throats. In both cases, the
bypassed gas becomes isolated into macroscopic blobs.
Snap-off occurs in narrow necks when opposing wetting
films grow and coalesce, severing a continuous gas
filament into separate bubbles and destroying gas
connectivity. Snap-off is a direct driver of the Jamin
effect, raising the threshold pressure for bubble motion



and hindering reconnection. Although few in number,
blob-type residues host the largest gas volumes (55% of
the total residual gas volume) and thus dominate
unrecovered gas. Mobilization strategies include (i)
increasing displacement pressure to overcome capillary
barriers, and (ii) pressure drawdown to promote gas
expansion—both aimed at mitigating Jamin resistance
and wettability hysteresis.

(2) Cluster-type residual gas. Intermediate in size and
more dispersed, these appear as either columnar
(slender filaments lodged within connected throats) or
lamellar (sheet-like bodies occupying portions of larger
cavities). Columnar clusters often reflect the same
selective breakthrough mechanism in a parallel throat
network: water first conquers the lower-resistance
conduits, leaving gas stranded in neighboring throats
that cannot evacuate rapidly enough. A second cause is
geometric off-axis positioning: conduits that are
misaligned with the main flow path experience near-
symmetric pressures at both ends and thus lack a net
driving gradient, preserving gas columns. Lamellar
clusters can derive from bypass analogous to blob
formation (e.g., water favoring large conduits while
small-throat regions retain thin, sheet-like gas) or from
large blind-end cavities decoupled from the main flow.
Gas in such dead ends is mainly compressible rather than
displaceable; even higher displacement pressures are
ineffective, whereas bulk pressure reduction can
mobilize part of it via expansion. In general, the genesis
of cluster-type residues is intermediate between blobs
and dots; mobilization follows similar principles to blobs
(higher pressure or controlled drawdown).

(3) Dot-like residual gas. These are the smallest, most
numerous, and highly dispersed microbubbles, typically
occupying only a few voxels, and are commonly found in
pore corners, micro-asperities, and nano-scale throats.
They arise from heterogeneous local interface advance:
as the water front slowly traverses constrictions, tiny gas
pockets are left behind where the interface cannot
proceed. Being disconnected from the principal flow
network, they exhibit canonical capillary trapping. Owing
to their minute size, viscous pressure drop along these
dot-like bubbles is limited; raising displacement pressure
has negligible effect, and they are rarely mobilized by
conventional flooding. The only practically viable
approach is reducing the mean reservoir pressure to
harness gas expansion against local capillary
confinement.

4. DISCUSSION

At the pore scale, gas—water distributions and flow
are governed strongly by pore-throat geometry and
wettability.  Macroscopically, these mechanisms
manifest as productivity loss and difficulty in mobilizing
residual gas after water flooding. To enhance recovery in
edge-/bottom-water gas reservoirs, measures should be
type-specific:

(a) Control drawdown to delay water breakthrough
and limit blob formation during early stage (water-
control strategies);

(b) In the post-water-invasion stage, increase
drawdown or apply intermittent production/gas-lift to
perturb the pressure field, enabling bubbles to surmount
capillary barriers and reconnect;

(c) In late life, implement depressurization to exploit
gas expansion, sweeping dead-end and corner-trapped
residues.

These actions map directly onto the distinct
formation mechanisms of blob-, cluster-, and dot-like
residual gas. In concert with CT observations and
mechanistic analysis, they provide a pore-scale basis for
optimizing field-scale schemes to mitigate water effects
and maximize mobilization of residual gas.

5. CONCLUSIONS

Based on micro-CT scanning experiments, this study
conducts an in-depth investigation of the pore-scale
evolution of gas—water distributions and the controlling
mechanisms during water-displacing-gas in carbonate
cores; the main conclusions are as follows:

Connate water persists as (i) contiguous patches
within small pore throats due to bypass during gas
charge, (ii) droplets trapped in dead-end pores and
corners, (iii) adsorbed wall films on mineral surfaces, and
(iv) coalesced water retained at narrow necks, all of
which resist subsequent mobilization.

The water—gas displacement can be partitioned into
three stages. The poorer-quality core (99) yields a higher
residual-gas saturation than core 39. In Stages I-ll, gas
mobilization arises mainly from small-to-medium throats
via film thickening (squeeze-out) and capillary invasion.
In Stage lll, gas in macropores is mobilized, however,
water blocking intensifies and the gas relative
permeability drops sharply.

Post-flooding gas can be classified by occurrence
and aggregation scale into blob-type, cluster-type, and
dot-like residues. Distinct formation mechanisms give
rise to different aggregation scales and spatial
distributions.



Type-specific mobilization strategies. Residual-gas
types warrant different field strategies: (a) optimize early
drawdown and water management to delay
breakthrough and mitigate formation of large blobs; (b)
in the post-water-invasion stage, increase drawdown to
perturb the pressure field and overcome capillary
barriers for blobs/clusters; (c) in late life, reduce average
reservoir pressure to exploit gas expansion and sweep
dead-end/corner residues.

These findings link pore-scale trapping architectures
to macroscopic recovery limitations and provide a
mechanistic basis for water control and residual-gas
mobilization in edge-/bottom-water carbonate gas
reservoirs.
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