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Abstract

Supercritical CO2 (SC-CO2) acid fracturing injects an SC-CO2-acid mixture into carbonate for-
mations to create high-conductivity channels. It retards acid-rock reaction at high temperature,
creating long acid-etched fractures and facilitating CO2 transport and storage. Fracture con-
ductivity is critical for fluid transport; however, the influence of shut-in time on this property
remains poorly understood. In this study, we conducted SC-CO2 acid-etching experiments
and fracture conductivity tests on tight dolomite samples at shut-in times of 0, 30, 60, and
120 min. The interval-averaged acid–rock reaction rates during the 0–30, 30–60, and 60–120 min
shut-in periods were 2.23, 3.08, and 2.77 times those during acid injection, respectively. Be-
cause temperature increased while residual acid concentration decreased during shut-in, the
reaction-rate evolution reflects their combined effects. Fracture morphology exhibited a non-
monotonic response to shut-in time. After 30 min, pronounced flow-aligned channels developed
along the acid-flow direction, accompanied by a marked increase in surface roughness. At
60 min, channel prominence and roughness amplitude decreased despite continued surface
recession, whereas the 120-min fracture exhibited the highest roughness and stronger directional
differentiation, with the morphology tending toward flow-perpendicular channels. Fracture con-
ductivity was strongly dependent on closure stress. At 2.5 MPa, conductivity followed the order
30 min > 120 min > 0 min > 60 min, consistent with the ranking of mean and median fracture
apertures. In the 25–60 MPa range, the ranking changed to 30 min > 0 min > 120 min > 60 min,
indicating the increasing importance of persistent and connected residual flow pathways.
Although the 120-min fracture exhibited the highest roughness, its high-stress conductivity
remained lower than that of the 30-min fracture, demonstrating that roughness alone is in-
sufficient to determine fracture conductivity. Among the investigated conditions, the 30-min
shut-in exhibited the most favorable overall conductivity performance in the 25–60 MPa closure-
stress range.

Keywords: shut-in time; SC-CO2; conductivity; acid etching; carbonate rock

1. Introduction
Carbonate formations are characterized by complex and heterogeneous pore–fracture

networks and substantial potential storage space, making them promising targets for geo-
logical CO2 sequestration [1]. However, effectively using this storage capacity depends on
establishing highly conductive fluid-transport pathways that enhance CO2 injectivity and
improve connectivity among isolated pore systems, natural fractures, and other storage
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domains [2]. Acid fracturing is an important stimulation technique for carbonate reser-
voirs. During acid fracturing, acid is injected into hydraulic fractures, where differential
dissolution of the fracture walls produces non-uniformly etched channels and asperities.
These etched features can provide self-support after fracture closure and maintain fluid-
flow capacity. Therefore, the morphology of acid-etched fractures and their conductivity
under closure stress are important indicators of acid-fracturing performance in carbonate
reservoirs [3,4].

Deep carbonate reservoirs commonly exhibit high formation temperatures, in some
cases exceeding 100 ◦C. Elevated temperature substantially accelerates acid–rock reactions,
resulting in rapid acid spending near the wellbore and limiting the effective penetration
distance of reactive acid, which is unfavorable for generating sufficiently long and conduc-
tive acid-etched fractures [5]. To alleviate this limitation, CO2-energized or CO2-assisted
acid-fracturing technologies have been applied to the stimulation of high-temperature
carbonate reservoirs [6]. When the downhole temperature and pressure exceed the critical
temperature and pressure of CO2 (31.1 ◦C and 7.38 MPa, respectively), CO2 can exist in the
supercritical state [7]. Supercritical CO2 (SC-CO2) has low viscosity and a high diffusion
coefficient, which facilitate fluid penetration and reduce flow resistance, thereby favoring
the development of complex fracture networks [8]. Field applications of CO2-energized
acid fracturing in deep and tight carbonate reservoirs have also demonstrated its potential
to reduce the consumption of water-based fluids while improving reservoir stimulation
performance [9,10].

A number of experimental studies further indicate that the effect of SC-CO2 on acid-
fracture performance cannot be described as a simple enhancement or deterioration but
instead depends on the coupled effects of acid–rock reaction, fracture morphology, and
closure stress. Previous studies have shown that blending SC-CO2 with acid reduces
the acid–rock reaction rate with increasing SC-CO2 content, thereby retarding acid con-
sumption during transport and extending the effective reaction distance; however, this
may also produce a flatter etched surface and lower conductivity at moderate closure
stresses [11]. Conversely, injecting SC-CO2 prior to acid can modify the fracture surface and
improve the resulting fracture conductivity [12]. More generally, acid system, acid–rock
contact time, injection rate, lithology, initial fracture morphology, etching pattern, rock
mechanical properties, and closure stress are important factors controlling acid-etched
fracture conductivity [13]. Post-injection shut-in has also been incorporated into CO2-based
well-treatment methods to allow the injected treatment fluid to remain in the formation
after pumping [14]. Previous studies have also indicated that well shut-in or prolonged
post-treatment residence can extend acid–rock interaction after pumping and modify the
resulting fracture morphology and conductivity [15–17]. After acid injection is terminated,
residual acid retained within the fracture may continue to react with the fracture walls,
causing the final etched morphology to evolve further. Acid–rock contact time has been
reported to enhance fracture conductivity, although the incremental benefit diminishes
after prolonged reaction [17].

Al-Saadoun et al. [18] reported a CO2-energized acid-fracturing treatment in a deep
carbonate gas reservoir in which the well was shut in for 24 h after stimulation. The shut-in
period was used to allow the downhole CO2 temperature to recover toward the in-situ
geothermal condition and to provide additional time for acid reaction and diffusion. This
field case demonstrates that shut-in has already been recognized as an operational stage in
CO2-energized acid-fracturing treatments. However, only a single shut-in duration was
employed, and the effects of systematically varying shut-in time on residual acid reaction,
acid-etched fracture morphology, and fracture conductivity were not evaluated.
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Although previous studies on SC-CO2-assisted acid fracturing have investigated the
effects of factors such as SC-CO2 fraction and SC-CO2–acid injection mode [11,12], previous
experimental work has also shown that well shut-in can alter acid-etched fracture mor-
phology and conductivity [16], while field applications have incorporated post-treatment
shut-in as an operational stage in CO2-energized acid-fracturing treatments [18]. However,
the effects of systematically varying shut-in duration under SC-CO2-assisted acid-fracturing
conditions remain insufficiently established. In particular, the coupled evolution of residual
acid–rock reaction, acid-etched fracture morphology, and stress-dependent conductivity
during shut-in remains insufficiently understood. This knowledge gap is important be-
cause, unlike the dynamic acid-injection stage, forced fluid flow ceases after shut-in, thereby
altering mass-transfer conditions within the fracture. Meanwhile, the residual acid con-
centration continuously decreases, and the fracture temperature gradually approaches the
formation temperature, jointly influencing the subsequent acid–rock reaction and the result-
ing fracture characteristics. Therefore, whether and how different shut-in durations modify
the post-acidizing fracture morphology and conductivity of tight dolomite formations
requires further investigation.

To address this knowledge gap, SC-CO2 acid-etching experiments were conducted on
tight dolomite samples at shut-in times of 0, 30, 60, and 120 min. Residual acid concentra-
tion measurements, three-dimensional laser scanning, and fracture-conductivity tests were
combined to characterize the evolution of acid–rock reaction, acid-etched fracture morphol-
ogy, and conductivity under increasing closure stress. The areal arithmetic mean height (Sa)
and root-mean-square height (Sq) were used to quantify surface-height variations of the
etched fractures, while directional profile tortuosity ratios (Tx and Ty), calculated following
Lu et al. [19], were used to characterize directional geometric differences in the etched
surfaces. By linking reaction, morphology, and conductivity responses across shut-in times,
this study clarifies the relationship between shut-in duration and SC-CO2 acid-fracture
performance and identifies a relatively favorable shut-in duration under the investigated
experimental conditions. The results provide an experimental basis for understanding
shut-in effects in SC-CO2-assisted acid fracturing and for optimizing shut-in strategies in
tight carbonate reservoirs.

2. Experimental Methods
2.1. Materials

Rock samples were collected from Ordovician carbonate outcrops in Linfen City,
Shanxi Province, China. All experimental samples were collected from adjacent locations
within the same outcrop, and each pair of rock slabs was cut from a single block. X-ray
diffraction (XRD) analysis of the four groups of rock powders yielded average mineral
compositions as follows: dolomite 94.6%, quartz 1.6%, calcite 3.1%, clay 0.3%, and po-
tassium feldspar plus plagioclase 0.4%. We processed the rock plates into smooth API-
standard dimensions (178 mm × 36 mm × 24 mm) to eliminate the influence of initial
fracture roughness, and performed X-ray fluorescence (XRF) measurements at six points on
each rock slab to further characterize dolomite content, as shown in Figure 1. The results
show that the dolomite content across all four groups ranges from 85% to 90%, indicating a
relatively uniform mineral distribution on the fracture surfaces and negli-gible interference
from other mineral phases (Figure 2). The average permeability of the samples is 0.15 mD.
The acid was a field-used gelled acid: 20% HCl + 1.5% corrosion in-hibitor + 0.15% citric
acid + 0.5% cleanup additive + 0.55% thickener + 0.5% foaming agent. At a shear rate of
170 s−1, acid viscosity is 14 mPa·s at 90 ◦C and 7 mPa·s at 120 ◦C (Figure 3). These acid
additives are sourced from Chengdu Lorepthum Technology Co., Ltd., Chengdu, Sichuan
Province, China.
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Figure 1. Acid flow direction and sampling locations (The yellow boxes are XRF test points).

Figure 2. Dolomite content at different sampling locations.

 
Figure 3. Rheological properties of acid.

2.2. Experimental Device

The experimental setup comprises three core devices: a self-developed SC-CO2 acid
etching device at Southwest Petroleum University, a 3D laser scanning device, and a
fracture conductivity testing device (Figure 4). The SC-CO2 acid etching device converts
gaseous CO2 into SC-CO2, achieves thorough mixing with acid, and simulates the transport
and etching of the mixed fluid in hydraulic fractures. 3D laser scanning device acquires
three-dimensional fracture surface data by laser scanning, with a scanning accuracy of up
to 0.052 mm. The fracture conductivity testing device applies effective closure stress to
the fracture through a hydraulic system and measures conductivity from gas permeability
in accordance with Darcy’s law, with a maximum load of 2000 kN and a maximum fluid
pressure within the fracture of 20 MPa.
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Figure 4. Physical diagram of the key experimental device.

2.3. Experimental Scheme and Procedure
2.3.1. Experimental Scheme

The experimental parameters were designed based on the results of numerical simula-
tions of acid fracturing. In the model, the formation temperature was set to 120 ◦C, and the
field injection rate was 3 m3/min. Upon completion of the acid-injection stage (120 min), the
temperature at the fracture inlet dropped to 84 ◦C, corresponding to an average temperature
of 90 ◦C during this stage (Figure 5). Therefore, the experimental temperature during the
acid-injection stage was set to 90 ◦C. The primary objective of this study is to investigate the
effect of shut-in on fracture morphology and conductivity in SC-CO2 acid-etching. Because
the slab-simulated fracture is small-scale and to ensure safe, stable laboratory operation, the
acid-injection duration was reduced to 30 min. The laboratory injection rate was determined
using the Reynolds-number similarity criterion for power-law fluid flow in fractures [20]. The
Reynolds numbers for acid-fluid flow at engineering scale and at laboratory scale are shown
in Equation (1) and Equation (2), respectively. Equation (3) can be obtained by equating the
two, and the displacement at the experimental scale can be calculated. The scaling procedure
accounts for differences in fracture geometry and the non-Newtonian rheological behavior of
the acid system, resulting in a laboratory injection rate of 200 mL/min. The parameters used
for the scaling calculation are summarized in Table 1. Applying the same 30-min acid-injection
stage to all specimens provided consistent pre-shut-in acid-rock interaction conditions, al-
lowing the effects of shut-in duration to be compared under the same injection protocol. As
shown in Table 2, four shut-in conditions of 0, 30, 60, and 120 min were investigated. One
independent fracture specimen, consisting of a matched pair of rock slabs cut from the same
rock block, was tested for each shut-in condition.

NRe,f =
ρq2−n

f w2n−2
f

2 × 3n−1kh2−n
f

(︂
2n+1

3n

)︂n−1 (1)

NRe,1 =
ρq2−n

1 w2n−2
1

6n−1kh2−n
1

(︂
2n+1

3n

)︂n−1 (2)

ql =
qfhl
2hf

(︃
wf
wl

)︃ 2n−2
2−n

(3)

where NRe,f and NRe,l are Reynolds numbers for acid-fluid flow at engineering scale and
at laboratory scale, respectively, dimensionless; ρ is density of acid solution, kg/m3; qf

is injection rate at engineering scale, m3/s; wf is field fracture width, m; k is Power-law
coefficient, Pa·sn; hf is field fracture height, m; n is power-law flow-behavior index for
the acid, dimensionless, and is obtained from rheological experiments; ql is experimental
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injection rate, m3/s; wl is experimental fracture width, m; hl is experimental plate width,
m. The value of n used in the present scaling calculation was 0.146, obtained by fitting the
rheological data of the acid system to the power-law model.

Figure 5. Temperature change characteristics at the fracture entrance during the acid treatment stage.

Table 1. Experimental displacement calculation data.

qf (m3/min) hf (m) wf (m) n hl (m) wl (m) ql (mL/min)

3 90 0.0066 0.146 0.036 0.002 200

Table 2. Experimental scheme.

No.
Acid Injection Stage Shut-In Well Stage

Temperature
◦C

Pumping Rate
mL/min

Time
min

Temperature
◦C

Pumping Rate
mL/min

Time
min

1

90 200 30

/

0

0
2 90–110 30
3 90–115 60
4 90–118 120

2.3.2. Experimental Procedure

The experimental procedure is illustrated in Figure 6 and described as follows:

(1) Rock plates were dried, and fracture surface elevation data were obtained via a 3D
laser scanning device. The acid concentration was measured after preparation.

(2) The rock slabs were placed in the slab holder of the supercritical carbon dioxide
acid-etching apparatus. After the temperature was raised to 90 ◦C, the SC-CO2–acid
mixture was injected for 30 min. Subsequently, the injection of the mixture was
stopped, the holder was sealed, and the temperature of the core holder heating system
was set to the formation temperature of 120 ◦C to simulate heat conduction from the
reservoir to the fracture and the fluids within it. The acid-etching experiment during
the shut-in stage was then carried out, and internal temperature sensors recorded
real-time temperature data throughout the process.

(3) Acid-etched rock plates were removed and dried, and 3D laser scanning was per-
formed again to obtain three-dimensional data of the fracture surfaces. After cropping
the interpolated data outside the fracture surface, the elevation data of the fracture
surface were plotted as cloud maps to quantitatively characterize the roughness and
morphological features of the fracture surface, so as to reveal the effects of shut-in
time on fracture morphology.

(4) Fracture conductivity was measured using a conductivity testing apparatus with nitro-
gen as the test gas. Considering the relatively high closure stress applied during the test,
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the closure stress was increased stepwise in increments of 2.5 MPa to minimize the risk
of rock-plate damage caused by rapid loading and to ensure controlled stress application.
The closure stress was progressively increased to the reservoir closure stress of 60 MPa.
At each target closure-stress level, the applied stress was maintained for 30 min to allow
the pressure response of the fracture system to stabilize before conductivity measure-
ments were recorded. Fracture conductivity was then determined at three prescribed
nitrogen flow rates selected within the test range of 50–300 mL/min. For each flow
condition, the gas flow rate and pressure differential across the fracture were monitored
and used to calculate the corresponding fracture conductivity. Three conductivity values
were therefore obtained at each closure-stress level under different gas-flow conditions,
and their arithmetic mean was reported as the representative fracture conductivity at
that stress level. The same procedure was repeated as the closure stress was increased in
2.5-MPa increments until 60 MPa was reached.

Figure 6. Experimental testing procedure.

3. Results and Discussion
3.1. Acid-Rock Reaction Rate Under Various Shut-In Times

Acid–rock reaction rate is an important parameter characterizing the acid-etching
performance. In this study, the acid concentration was measured after each experimental
run, and the concentration difference between two consecutive runs was determined. The
average reaction rates for different shut-in stages were then calculated using Equation
(4). For example, the average reaction rate during the shut-in period of 0–30 min can be
obtained from the data of Experiments No. 1 and No. 2. The residual acid concentration
of the post-reaction solution was determined using a consistent analytical procedure. The
collected acid samples were diluted at a fixed ratio before pH measurement, and the
concentrations of Ca2+ and Mg2+ were subsequently determined after neutralization with
NaHCO3. To reduce measurement variability, the same sampling volume, dilution ratio,
neutralization procedure, instrument calibration procedure, and analytical conditions were
maintained throughout all tests.

d =
(Ci−1 − Ci)ρacid

100MHCl∆ti
(4)

where d is the interval-averaged acid–rock reaction rate, mol/(mL·s); Ci−1 is the acid
concentration after the reaction in the previous stage, wt%; Ci is the post-etching average
acid concentration, wt%; ρacid is the acid density, g/mL; MHCl is the molecular weight of
HCl, g/mol; ∆ti is the duration of the corresponding reaction interval, s.

As shown in Figure 7, after the reaction in the previous stage during the 120-min
shut-in period, temperature increases logarithmically, while the average acid concentra-
tion decreases nearly linearly. During the acid injection stage at 90 ◦C, the average acid
concentration is 19.3%, and the acid-rock reaction rate is 2.18 × 10−7 mol/(mL·s). During
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the 0–30 min shut-in period, temperature increased from 90 ◦C to 110 ◦C, with an average
acid concentration of 17.8%, and the reaction rate was 2.23 times that during acid injection.
During the 30–60 min period, the temperature increased from 110 to 115 ◦C, the average
acid concentration decreased to 14.3%, and the reaction rate reached its maximum value,
3.08 times that during acid injection. During the 60–120 min period, the temperature
increased further from 115 to 118 ◦C, the average acid concentration decreased to 10.5%,
and the reaction rate decreased to 2.77 times that during acid injection.

Figure 7. Acid-rock reaction rates at different well shut-in times.

During shut-in, temperature increased continuously, while average acid concentration
decreased due to ongoing acid consumption. The evolution of reaction rate therefore
reflected the combined influence of the changing thermal environment and acid availability.
Overall, the average acid–rock reaction rate during shut-in is substantially higher than
that during acid injection, implying that extended acid–rock contact in the shut-in period
influences fracture surface morphology evolution. Moreover, the reaction rates observed
across different shut-in intervals indicate that the 60–120 min period may exert a weaker
effect on acid dissolution compared with the 0–60 min period.

3.2. Acid-Etched Fracture Morphology

Acid-etched fracture morphology is an important indicator of the acid-etching per-
formance and plays an important role in determining fracture conductivity [13,21]. Three-
dimensional laser-scanning data were used to construct elevation maps of the acid-etched
fracture surfaces for qualitative characterization of surface morphology. The fracture sur-
faces were scanned with a spatial sampling interval of 0.1 mm. The areal arithmetic mean
height (Sa) and root-mean-square height (Sq) were calculated from the surface-height data
to quantitatively characterize the amplitude of surface-height variations. In addition, direc-
tional profile tortuosity ratios were calculated along the X- and Y-directions following the
method of Lu et al. [19]. For each direction, the actual length of each surface profile was
calculated by summing the distances between adjacent scanning points and was normal-
ized by its projected length. The directional tortuosity ratios Tx and Ty were then obtained
by averaging the tortuosity ratios of all profiles along the X- and Y-directions, respectively.
Thus, all profiles within the effective scanned area were included in the calculation. For
consistency, the X direction was defined as parallel to the acid-flow direction and is here-
after referred to as the flow-aligned direction, whereas the Y direction was defined as
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perpendicular to the acid-flow direction and is referred to as the flow-perpendicular direc-
tion. Larger values of Tx and Ty indicate greater geometric tortuosity in the flow-aligned
and flow-perpendicular directions, respectively. The directional tortuosity difference was
defined as ∆T. Thus, a positive ∆T indicates greater tortuosity in the flow-perpendicular
direction, whereas a negative ∆T indicates greater tortuosity in the flow-aligned direction.
Accordingly, channels extending preferentially along the X direction are referred to as
flow-aligned channels, whereas those extending preferentially along the Y direction are
referred to as flow-perpendicular channels.

The areal arithmetic mean height (Sa) and root-mean-square height (Sq) were calculated as:

Sa =
1

MN

M

∑
i=1

N

∑
j=1

⃓⃓
zij − z

⃓⃓
(5)

Sq =

⌜⃓⃓⎷ 1
MN

M

∑
i=1

N

∑
j=1

(︁
zij − z

)︁2 (6)

where M and N are the numbers of sampling points in the X- and Y-directions, respectively,
and zij is the surface height at point (i,j) relative to the mean plane.

The directional tortuosity ratios in the X- and Y-directions were calculated as:

Tx =
1
N

N

∑
j=1

M−1
∑

i=1

√︂
(∆x)2 +

(︁
zi+1,j − zi,j

)︁2

(M − 1)∆x
(7)

Ty =
1
M

M

∑
i=1

N−1
∑

j=1

√︂
(∆y)2 +

(︁
zi,j+1 − zi,j

)︁2

(N − 1)∆y
(8)

where ∆x and ∆y are the sampling intervals in the X- and Y-directions, respectively. The
difference in directional tortuosity was defined as:

∆T = Ty − Tx (9)

where a larger Tx or Ty indicates greater profile tortuosity in the corresponding direction.
As shown in Figures 8 and 9, the fracture surface before acid etching was relatively

smooth, with a mean surface elevation of approximately 24.00 mm. At 0 min shut-in (No. 1),
the etched surface remained relatively flat, with only minor local protrusions near the edges
and natural fracture regions and no obvious dissolution pits. The mean surface elevation
decreased slightly to 23.57 mm. Correspondingly, Sa and Sq were only 0.07018 and 0.09428
mm, respectively, while Tx and Ty were 1.00306 and 1.00174, indicating limited surface
relief and geometric tortuosity.

After 30 min of shut-in (No. 2), pronounced flow-aligned channels developed pref-
erentially along the acid-flow (X) direction, accompanied by numerous dissolution pits,
and elongated etched features. Although the mean surface elevation decreased only
slightly from 23.57 to 23.51 mm, Sa and Sq increased markedly to 0.21574 and 0.26258 mm,
respectively, indicating that pronounced surface heterogeneity developed before substan-
tial overall surface recession occurred. Meanwhile, Tx and Ty increased to 1.00823 and
1.00925, respectively. The slightly higher Ty indicates greater geometric variation along
the Y-direction profiles. Because these profiles intersect the preferential grooves extending
along the X direction, this directional relationship is consistent with the development of
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flow-aligned (X-oriented) channels. Nevertheless, the small difference between Tx and Ty

indicates that the overall directional anisotropy remained relatively weak at this stage.

Figure 8. Elevation maps of acid-etched fracture surfaces under various shut-in times (left and right
are before and after acid-etching, respectively).

Figure 9. Quantitative morphological parameters of acid-etched fracture surfaces under different
shut-in times.

At 60 min of shut-in (No. 3), the mean surface elevation decreased markedly to
22.48 mm, indicating substantially greater material removal. In contrast, Sa and Sq de-
creased to 0.18547 and 0.24647 mm, respectively. This change is consistent with the elevation
map, in which dissolution became more broadly distributed over the fracture surface rather
than remaining concentrated within the previously developed channels, thereby reduc-
ing the overall height contrast. Meanwhile, Tx and Ty further increased to 1.01692 and
1.01224, respectively, and ∆T changed from 0.00102 to −0.00468. The sign reversal in ∆T
indicates a change in the directional characteristics of the etched morphology. Specifically,
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Tx > Ty indicates stronger geometric variation along the X-direction profiles, suggesting
that the preferential etched features increasingly tended to extend along the Y direction,
corresponding to a transition from the predominantly flow-aligned morphology observed
at 30 min toward a more flow-perpendicular morphology.

After 120 min of shut-in (No. 4), the mean surface elevation further decreased to
21.00 mm, while large and tortuous acid-etched channels became dominant and isolated
dissolution pits became less prominent. Both roughness parameters reached their maximum
values, with Sa = 0.23775 mm and Sq = 0.32519 mm, reflecting the pronounced surface relief
produced by these large-scale etched features. Tx increased further to 1.01791, while Ty

decreased slightly to 1.01170, resulting in the largest directional difference (∆T = −0.00621).
The larger magnitude of the negative ∆T indicates that the directional anisotropy became
more pronounced during prolonged shut-in. In conjunction with the surface morphology,
the higher Tx relative to Ty suggests a stronger tendency for the dominant etched channels
to extend along the Y direction, corresponding to a predominantly flow-perpendicular
channel morphology.

In summary, surface modification during the acid-injection stage was relatively limited,
whereas shut-in substantially altered the etched morphology and promoted the develop-
ment of heterogeneous, channelized fracture surfaces. At 30 min of shut-in, Sa and Sq

increased markedly despite only a small decrease in mean surface elevation, indicating
that pronounced surface relief developed with relatively limited material removal. The
slightly higher Ty than Tx is consistent with the preferential development of flow-aligned
channels along the X direction, while the small difference between Tx and Ty indicates
that the overall directional anisotropy remained relatively weak. With further shut-in to
60 and 120 min, material removal became more extensive, and the increasing difference
between Tx and Ty indicated progressively stronger directional anisotropy. In particular,
the reversal from Ty > Tx at 30 min to Tx > Ty at longer shut-in times suggests a shift in the
dominant orientation of the etched features from the flow-aligned X direction toward the
flow-perpendicular Y direction.

3.3. Effect of Shut-In Time on Conductivity

To quantitatively characterize the fracture aperture, the mean aperture w, median
aperture w50, and coefficient of variation CVw were calculated as:

w =
1
N

N

∑
i=1

wi (10)

w50 = median(wi) (11)

CVw =
sw

w
× 100% (12)

where wi is the local fracture aperture, N is the number of measurement points, and sw

is the standard deviation of the aperture distribution. The mean and median apertures
characterize the overall and representative fracture openings, respectively, whereas CVw

reflects spatial heterogeneity in the fracture aperture. The calculated results are summarized
in Table 3.

Figure 10 presents the variation in fracture conductivity with closure stress; Figure 11
presents the distribution of fracture aperture under different shut-in times. At 2.5 MPa, the
conductivity follows the order No. 2 (30 min) > No. 4 (120 min) > No. 1 (0 min) > No. 3
(60 min), consistent with the ranking of the mean and median fracture apertures summarized
in Table 3. In particular, No. 2 exhibits the largest mean and median apertures of 2.80
and 2.70 mm, respectively, with a moderate CVw of 29%, whereas No. 3 has the smallest
corresponding apertures of 0.82 and 0.73 mm and the highest CVw of 36%. This quantitative

https://doi.org/10.3390/pr14182988

https://doi.org/10.3390/pr14182988


Processes 2026, 14, 2988 12 of 15

correspondence indicates that available fracture opening is the dominant geometrical control
on conductivity under low closure stress, consistent with findings from conventional studies
on acid-etched fracture conductivity [13]. The higher heterogeneity and smaller representative
aperture of No. 3 also suggest poorer continuity of effective flow pathways.

Table 3. Statistical parameters of fracture aperture at different shut-in times.

Fracture Shut-In Time (min) Mean Aperture w (mm) Median Aperture w50 (mm) CVw (%)

No. 1 0 1.39 1.33 24
No. 2 30 2.80 2.70 29
No. 3 60 0.82 0.73 36
No. 4 120 2.04 1.91 33

Figure 10. Conductivity of SC-CO2 acid-etched fractures under various shut-in times.

Fracture 
aperture

mm

(a) No. 1–0 min (b) No. 2–30 min

(c) No. 3–60 min (d) No. 4–120 min

Figure 11. Distribution of fracture aperture under different shut-in times.

As closure stress increases, the conductivity of No. 2, No. 3, and No. 4 decreases
more rapidly than that of No. 1. The transition from rapid to slower conductivity decline
occurs at approximately 10, 12.5, 15, and 17.5 MPa for No. 2, No. 4, No. 3, and No. 1,
respectively. This difference reflects the combined influence of fracture aperture and acid-
etched morphology on the closure response. Pronounced surface relief and locally narrow
regions promote preferential asperity contact and deformation during initial loading,
whereas the relatively weak relief of No. 1 leads to more gradual closure. Therefore, a rapid
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initial conductivity reduction does not necessarily indicate poor conductivity retention at
elevated closure stress.

The conductivity ranking changes to No. 1 > No. 2 > No. 4 > No. 3 at approximately
12.5–15 MPa and subsequently to No. 2 > No. 1 > No. 4 > No. 3 above 25 MPa. This
evolution indicates that the dominant control shifts from fracture opening at low closure
stress toward the persistence and connectivity of residual flow pathways at higher closure
stress. Notably, No. 4 exhibits the highest roughness (Sa = 0.23775 mm and Sq = 0.32519 mm),
but its conductivity above 25 MPa remains lower than that of No. 2, demonstrating that
roughness amplitude alone cannot determine fracture conductivity. Instead, conductivity
is governed by the combined effects of fracture aperture, aperture heterogeneity, surface
relief, directional morphology, and residual-channel connectivity.

Among the four tested conditions, the 30-min shut-in fracture provides the most fa-
vorable combination of large fracture opening, developed surface relief, limited directional
differentiation, and persistent residual flow pathways. Consequently, No. 2 maintains the
highest conductivity above 25 MPa despite its relatively rapid initial decline. Therefore, 30 min
is identified as the most favorable shut-in duration under the present experimental conditions.

3.4. Research Limitations and Future Perspectives

This study experimentally investigated the influence of shut-in duration on the evolution
of acid–rock reactions, acid-etched fracture morphology, and conductivity in SC- CO2-assisted
acid fracturing. Under a fixed acid-injection time of 30 min, a favorable shut-in duration
was identified within the range of 0–120 min. It should be noted that, owing to the inherent
heterogeneity of natural carbonate rocks, only a limited number of specimens with similar
and uniformly distributed mineral compositions could be obtained, which constrained the
implementation of systematic replicate experiments. However, because this work focuses on
shut-in duration as the only variable, mineralogical differences among the rock samples were
minimized to highlight the effect of shut-in time. In addition, the laboratory specimen dimen-
sions, acid-treatment scale, and maximum shut-in duration are considerably smaller than
field conditions; thus, the trends under longer shut-in periods and reservoir-scale conditions
require validation through numerical simulations and pilot tests. Meanwhile, carbonate rocks
are typically characterized by anisotropy, which can significantly affect acid-etching behav-
ior [21,22], and the reaction properties involving SC- CO2 are known to be strongly influenced
by temperature and pressure [23–25]. The present study, however, did not reveal the changes
in various physicochemical properties of SC-CO2 during shut-in. Therefore, future research
should explore the roles of mineral composition, distribution, and SC-CO2 properties such as
permeability, heat-transfer performance, and wettability during the acid-etching process to
elucidate the underlying mechanisms.

Overall, the present results provide experimental support for the optimization of
shut-in strategies, while extending the shut-in period and conducting multi-field coupled
simulations remain key priorities for future research.

4. Conclusions
In this study, SC-CO2 acid etching experiments and fracture conductivity tests under

different shut-in times to investigate their effects on acid–rock reaction behavior, fracture
morphology, and conductivity. The following conclusions are drawn:

(1) The interval-averaged acid–rock reaction rates during the 0–30, 30–60, and 60–120 min
shut-in periods were 2.23, 3.08, and 2.77 times those during the acid-injection stage,
respectively. Because temperature increased while residual acid concentration decreased
during shut-in, the observed reaction-rate evolution reflects the combined changes in
thermal conditions and acid availability.
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(2) Shut-in time induced a non-monotonic evolution of the acid-etched fracture morphology.
Without shut-in, the fracture surface remained relatively uniform. After 30 min of
shut-in, pronounced flow-aligned channels developed preferentially along the acid-flow
direction, accompanied by a marked increase in surface roughness. At 60 min of shut-in,
these channels became less prominent despite continued surface recession. After 120 min,
the fracture surface exhibited greater roughness and stronger directional differentiation,
with the dominant etched features gradually shifting from the flow-aligned direction
toward the flow-perpendicular direction.

(3) Fracture conductivity was strongly dependent on closure stress. At 2.5 MPa, con-
ductivity followed the order 30 min > 120 min > 0 min > 60 min, consistent with the
ranking of the mean and median fracture apertures, indicating that fracture opening is
the dominant geometrical control under low closure stress. In the 25–60 MPa closure-
stress range, the conductivity ranking shifted to 30 min > 0 min > 120 min > 60 min,
indicating that the persistence and connectivity of residual flow pathways become
increasingly important as the fracture closes. Although the 120-min fracture exhibited
the highest surface roughness, its conductivity remained lower than that of the 30-min
fracture under high closure stress, demonstrating that surface roughness alone is
insufficient to determine fracture conductivity. Among the investigated conditions,
the 30-min shut-in exhibited the most favorable overall conductivity performance in
the 25–60 MPa closure-stress range.

These results clarify the relationship between shut-in-induced fracture morphology
and conductivity and provide experimental support for optimizing SC-CO2 acid fracturing
in tight carbonate formations. However, because only one independent fracture speci-
men was tested for each shut-in condition, inter-sample variability was not quantified.
Further replicate experiments and scale-up studies are therefore needed to evaluate the
reproducibility and broader applicability of the observed trends.
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