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Abstract: This study was conducted to quantitatively evaluate the reservoir damage caused
by waterflood-induced velocity sensitivity in the tight oil reservoirs of Block L in the Ordos
Basin. This research investigated changes in reservoir pore–throat structure before and
after waterflooding through laboratory experiments. A velocity sensitivity characterization

model was established as Rc(Q) =
Qexp

(
−β[vc0(1+λQη)]δ

)
2πϕhvc0(1+λQη)

, and the injection volume as Q,
and its reliability was validated using both experimental and field data. The results indicate
that excessive water injection can lead to permeability damage in the reservoir. Based on
this model, the optimal injection rate for Block L was determined to be 16.8 m3/day. Field
application of this optimized rate reduced velocity sensitivity-induced particle damage by
21% and improved oil recovery by 1.4%.

Keywords: tight oil reservoirs; rate sensitivity; characterization model; critical diffusion
radius; water injection optimization

1. Introduction
Waterflooding plays an extremely important role in oilfield development. Firstly,

waterflooding has a high oil displacement efficiency; by injecting water into the oilfield,
more crude oil can be extracted [1]. Additionally, waterflooding can effectively supplement
reservoir pressure, thereby maintaining a robust production capacity. Considering both the
development costs and revenues, waterflooding offers high economic benefits due to its
cost advantages, and thus, it is widely applied in both onshore and offshore oilfields [2,3].

Appropriate water injection can enhance the efficiency of crude oil displacement and
increase the ultimate recovery factor of the oilfield. However, excessively rapid or large-
volume water injection may cause damage to the injection zone, leading to rate sensitivity
effects. The rate sensitivity effect refers to the phenomenon where reservoir permeability
changes with variations in fluid velocity, usually due to the migration of clay minerals or
fine particles in the reservoir at high flow rates, which then block pore throats [4]. The
amount of water injected has a significant impact on the rate sensitivity effect in a reservoir.
When the injection rate is too high, it increases the velocity of fluid flowing through the
reservoir. This elevated fluid velocity can dislodge fine particles from the rock matrix. Once
mobilized, these particles may migrate and accumulate in the pore throats. As a result,
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the pores become blocked, leading to a reduction in reservoir permeability. This blockage
negatively affects fluid flow and can hinder further oil or gas production [5].

The Ordos Basin, located in North-central China, is the second-largest sedimentary
basin in the country. It exhibits stable intracratonic structural characteristics, hosts multi-
layered hydrocarbon reservoirs, and possesses abundant energy resources. As the core
region for major energy bases such as the Chang Qing Oilfield, it holds significant strategic
importance in ensuring national energy security. Meanwhile, growing energy shortages
have shifted attention toward the development of unconventional oil and gas resources [6].
However, their exploitation is often accompanied by a range of prominent challenges,
including reservoir damage and wellbore instability [7].

Currently, with the long-term development of water injection, some wells in the L
tight oil reservoirs are experiencing continuously rising injection pressures, difficulties
in establishing an effective displacement system between oil and water wells, and issues
of “unable to inject water, unable to produce oil”. These challenges have led to reduced
oilfield production and operational difficulties [8]. To identify the causes and address these
issues during the waterflooding development process and to further guide field operations,
this study investigates the damage caused by water injection in the L oilfield.

Considering that the target reservoir is sensitive, the incompatibility of the injected
water may be the root cause of the problem. This study systematically examines the
pore–throat characteristics and clay mineral changes in the reservoir before and after
waterflooding, utilizing existing reservoir physical property data and core experimental
data, and evaluates the reservoir sensitivity in the study area [9]. This study clarifies
the changes in reservoir characteristics during waterflood development, establishes a
characterization model for the rate sensitivity range relative to water injection volume,
and reveals the damage mechanism in the target ultra-low permeability oil reservoirs.
This work lays a solid foundation for stabilizing production and adjusting development
technology policies in the L oilfield.

2. Results Analysis of the Litho-Mineral Assemblage of the
Target Reservoir
2.1. Geological Setting

The Ordos Basin is a major hydrocarbon-bearing basin in Western China, developed
independently as a large Mesozoic intracontinental sedimentary basin following the dis-
integration of the North China Platform. The present-day structural configuration of the
basin is a nearly north–south oriented rectangular shape, featuring a listric morphology
characterized by a broad and gentle eastern flank and a steep and narrow western flank.
The basin covers an area of approximately 250,000 km2 and represents a typical large-scale,
multi-cycle superimposed basin. Tectonically, the Ordos Basin is situated in the transitional
zone between the relatively stable eastern tectonic domain and the more active western
tectonic domain of China. Stratigraphically, it exhibits a typical dual-layer structure com-
posed of a crystalline basement overlain by the sedimentary cover. The basement mainly
consists of metamorphic rocks from the Archean and Proterozoic eras, while the overlying
strata are primarily composed of sediments deposited from the Middle to Late Proterozoic.
Controlled by regional tectonic evolution, the Ordos Basin is divided into six major tectonic
units: the Yi Meng Uplift, Wei Bei Uplift, Western Thrust Belt, Tian Huan Depression, Yi
Shan Slope, and the Western Shanxi Flexural Belt, spanning five provinces and autonomous
regions—Shaanxi, Gansu, Ningxia, Inner Mongolia, and Shanxi. The western margin of the
basin is strongly influenced by the combined effects of the Qaidam, North China, and Song
Pan-Gan Zi blocks, resulting in well-developed faulting and folding. In contrast, the central
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part of the basin, particularly the Yi Shan Slope, is structurally simple, lacking well-defined
secondary and tertiary tectonic units, and is dominated by gentle nose-like structures.

From a sedimentary evolution perspective, the Ordos Basin is characterized by long-
term regional uplift coupled with continuous subsidence, gentle terrain gradients, and
relatively conformable depositional sequences.

Block L is located within a secondary tectonic unit of the Yi Shan Slope, situated on
the Northern Shaanxi slope of the Ordos Basin. The geological features of this area are
primarily governed by the regional sedimentary evolution. The sedimentary strata exhibit
a gentle westward-dipping monocline, with an average gradient of 10 m/km and a dip
angle of less than 1◦. Structural deformation is minimal, with the development of primarily
nose-like structural features. The Chang8 reservoir group in Block L is mainly composed
of deltaic facies, dominated by subaqueous distributary channels and interdistributary
bay deposits.

2.2. Reservoir Characteristics

The L oilfield is located in the eighth section of the extended unit of the Triassic
ultra-low permeability sandstone oilfields in the Ordos Basin, representing a shallow-water
deltaic depositional system. This system is characterized by the development of subaqueous
distributary channels, estuarine sand bars, distal sand bars, sheet sands, interdistributary
bays, and subaqueous natural levees [10]. The predominant rock types are lithic–feldspathic
sandstones and feldspathic–lithic sandstones, in which clastic components constitute an
average of 91.8% of the rock. These clastic components are mainly composed of quartz
(40.6%), feldspar (29.3%), and lithic fragments (21.9%), indicating low compositional matu-
rity. The pore-filling materials are primarily kaolinite and illite, with subordinate amounts
of illite–smectite mixed layers, chlorite, and other clay minerals, which have a significant
impact on reservoir properties. Table 1 presents the X-ray diffraction (XRD) test results of
the reservoir in the L oilfield.

Table 1. X-Ray Diffraction Test Results for the L Oilfield Reservoir.

Sample No. Formation
Clay Mineral Types and Relative Contents (%)

Illite–Smectite
Mixed Layer Illite Kaolinite Chlorite

21 Chang8 10 21 54 15

24 Chang8 17 28 42 13

29 Chang8 23 28 33 16

30 Chang8 24 24 37 15

34-1 Chang8 8 18 68 6

34-2 Chang8 7 18 70 5

54 Chang8 16 22 42 20

70 Chang8 9 18 65 8

Average 14.25 22.125 51.375 12.25

The reservoir predominantly exhibits medium-grained sandy structures with grain
sizes ranging from 0.25 to 0.5 mm. The grains are well-sorted and range from sub-rounded
to sub-angular, with cementation primarily occurring through intergranular bonding,
characterized by point contacts between clasts, and displaying low structural maturity [11].
Overall, the reservoir is characterized by low porosity and ultra-low permeability, with
porosities between 7% and 12% and permeabilities ranging from 0.04 to 1.00 × 10−3 µm2.
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The primary pore types are intergranular dissolution pores and intergranular pores, leading
to relatively poor reservoir properties. Figure 1 shows the casting thin section and scanning
electron microscopy (SEM) test results of the reservoir in the L oilfield.
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2.3. Analysis of Changes in Reservoir Pore–Throat Characteristics

Previous studies have shown that after waterflooding development in ultra-low per-
meability reservoirs, reservoir physical parameters decline, indicating reservoir damage.
However, the variation patterns of key parameters such as pore–throat characteristics
and clay mineral content during water injection development in the L oilfield remain
unclear, and the underlying damage mechanisms are not well understood. Therefore,
this study selected core samples from typical wells in the target block and conducted
a series of laboratory tests before and after waterflooding, including cast thin sections,
high-pressure mercury intrusion (HPMI), nuclear magnetic resonance (NMR), scanning
electron microscopy (SEM), X-ray diffraction (XRD), energy dispersive spectroscopy (EDS),
and cathodoluminescence (CL). The test data were then analyzed and compared.

2.3.1. Analysis Based on High-Pressure Mercury Intrusion (HPMI) Results

The morphology and parameters of mercury intrusion curves are effective indicators
for evaluating reservoir pore–throat characteristics. The peak shape of the curve reflects
the sorting degree and heterogeneity of pore throats, while mercury withdrawal efficiency
provides insights into the effectiveness of waterflooding development.

By comparing the mercury intrusion curves before and after waterflooding in Figure 2,
along with the relevant parameters in Table 2, it was observed that the mercury intrusion
curve inflection point shifted upward after waterflooding, and displacement pressure
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increased from 0.67 MPa to 0.68 MPa, indicating a reduction in the maximum pore–throat
radius from the initial 1.093 µm to 1.085 µm. The median saturation pressure increased
from 2.98 MPa before waterflooding to 5.00 MPa, signifying a decrease in the average
pore–throat radius from 0.236 µm to 0.203 µm. These results suggest an overall reduction
in pore–throat size.

Additionally, the slope of the mercury intrusion curve increased after waterflooding,
with the peak shape decreasing from 1.153 to 0.825. The coefficient of variation increased
from 0.189 to 0.208, while the homogeneity coefficient decreased from 0.216 to 0.187, indicat-
ing that the pore–throat size distribution became more dispersed, the sorting deteriorated,
and reservoir micro-heterogeneity intensified after waterflooding. The skewness remained
positively skewed (coarse-skewed), reflecting the low permeability of the tested core sam-
ples and the dominance of small pores. After waterflooding, the skewness decreased from
0.551 to 0.522, indicating a reduction in the proportion of large pores and an increase in the
proportion of small pores [12].

Overall, after waterflooding development, the maximum connected pore–throat ra-
dius decreased, pore–throat sorting worsened, the proportion of small pores increased,
heterogeneity intensified, and the pore structure became more complex. The compari-
son of mercury intrusion curves before and after water injection is explained in Figure 3.
These changes further led to a reduction in waterflooding oil displacement efficiency.
The mercury withdrawal efficiency decreased from 34.49% to 27.50%, further supporting
these conclusions.
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Figure 2. Cast Thin Section and Scanning Electron Microscope (SEM) Test Results of the L Oilfield
Reservoir. (a) Cast thin section, medium-grained sandy structure, showing intergranular pores,
feldspathic–lithic sandstone. (b) Cast thin section featuring intergranular dissolution pores and
particle dissolution pores, composed of quartz, feldspar, lithic fragments, and mica. (c) Scanning
electron microscope (SEM) image, showing the development of intergranular dissolution pores.
(d) Scanning electron microscope (SEM) image showing the development of intergranular pores.
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Table 2. Comparison of Mercury Intrusion Curve Parameters Before and After Waterflooding.

Core-Related Parameters Before Waterflood After Waterflood

Displacement Pressure PT (MPa) 0.67 0.68

Median Capillary Pressure Pc50 (MPa) 2.98 5.00

Maximum Mercury Saturation
SHgmax (%) 82.41 79.79

Residual Mercury Saturation SR (%) 53.99 57.85

Mercury Removal Efficiency We (%) 34.49 27.50

Pore Radius

Average (µm) 0.236 0.203

Median (µm) 0.247 0.147

Maximum (µm) 1.093 1.085

Variability Coefficient Dr 0.189 0.208

Homogeneity Coefficient α 0.216 0.187

Skewness Skp 0.551 0.522

Kurtosis Kp 1.153 0.825

Energies 2025, 18, x FOR PEER REVIEW 6 of 22 
 

 

indicating that the pore–throat size distribution became more dispersed, the sorting dete-
riorated, and reservoir micro-heterogeneity intensified after waterflooding. The skewness 
remained positively skewed (coarse-skewed), reflecting the low permeability of the tested 
core samples and the dominance of small pores. After waterflooding, the skewness de-
creased from 0.551 to 0.522, indicating a reduction in the proportion of large pores and an 
increase in the proportion of small pores [12]. 

Overall, after waterflooding development, the maximum connected pore–throat ra-
dius decreased, pore–throat sorting worsened, the proportion of small pores increased, 
heterogeneity intensified, and the pore structure became more complex. The comparison 
of mercury intrusion curves before and after water injection is explained in Figure 3. These 
changes further led to a reduction in waterflooding oil displacement efficiency. The mer-
cury withdrawal efficiency decreased from 34.49% to 27.50%, further supporting these 
conclusions. 

 

Figure 3. Comparison of Mercury Intrusion Curves Before and After Waterflooding. 

2.3.2. Based on Nuclear Magnetic Resonance T2 Spectra Results 

The T2 relaxation time, signal peak, and curve shape in the Nuclear Magnetic Reso-
nance (NMR) T2 spectra can reflect pore size, structure, and pore throat characteristics, 
such as pore type and distribution in the reservoir [13]. From the nuclear magnetic reso-
nance (NMR) T2 spectra before and after waterflooding in Figure 4, it can be observed 
that longer T2 relaxation times correspond to pore types such as dissolution pores or pri-
mary intergranular pores, while shorter T2 relaxation times correspond to smaller spaces, 
such as intercrystalline pores. After waterflooding, the proportion of signals correspond-
ing to longer T2 relaxation times significantly decreases. Since longer T2 relaxation times 
are typically associated with larger pore radii and shorter T2 relaxation times correspond 
to smaller pore radii, the proportion of larger pore throats in the reservoir decreases sig-
nificantly after waterflooding, leading to a deterioration in pore size sorting. 

Figure 3. Comparison of Mercury Intrusion Curves Before and After Waterflooding.

2.3.2. Based on Nuclear Magnetic Resonance T2 Spectra Results

The T2 relaxation time, signal peak, and curve shape in the Nuclear Magnetic Res-
onance (NMR) T2 spectra can reflect pore size, structure, and pore throat characteristics,
such as pore type and distribution in the reservoir [13]. From the nuclear magnetic reso-
nance (NMR) T2 spectra before and after waterflooding in Figure 4, it can be observed that
longer T2 relaxation times correspond to pore types such as dissolution pores or primary
intergranular pores, while shorter T2 relaxation times correspond to smaller spaces, such
as intercrystalline pores. After waterflooding, the proportion of signals corresponding to
longer T2 relaxation times significantly decreases. Since longer T2 relaxation times are typi-
cally associated with larger pore radii and shorter T2 relaxation times correspond to smaller
pore radii, the proportion of larger pore throats in the reservoir decreases significantly after
waterflooding, leading to a deterioration in pore size sorting.
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2.4. Analysis of Reservoir Clay Mineral Changes

A comprehensive analysis of scanning electron microscopy (SEM), X-ray diffraction
(XRD), cathodoluminescence, and energy spectrum analysis results indicates that the pri-
mary clay minerals in this area are kaolinite, illite, montmorillonite, and chlorite, with kaoli-
nite and illite being dominant, having relative contents of 51.38% and 20.75%, respectively.

Kaolinite typically exists in platy or book-like structures. Under high fluid flow veloc-
ity conditions, kaolinite particles may detach from their original positions and migrate with
the fluid. Due to the relatively large cross-sectional area of kaolinite flakes, they are prone to
clogging pore throats, obstructing fluid flow, and reducing reservoir permeability [14–16].
Illite, which appears in platy or fibrous forms, tends to form a “bridging” structure in the
pores. Multiple illite particles interconnect, leading to blockages in the pore throats, further
restricting fluid movement and reducing reservoir permeability [17].

From the scanning electron microscope (SEM) results in Figure 5, it can be observed
that before waterflooding, kaolinite occurs as aggregates within the sandstone pores, main-
taining a relatively complete crystal structure. After waterflooding, kaolinite undergoes
mechanical fragmentation and migrates with the fluid, ultimately accumulating and clog-
ging the pore throats. This change in kaolinite is one of the key factors contributing to the
reduction in permeability in waterflooded reservoirs.
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Figure 5. Comparison of scanning electron microscopy before and after waterflooding injury.
(a) Before waterflooding, kaolinite appears in a vermicular form with a relatively intact crystal struc-
ture. (b) After waterflooding, kaolinite becomes fragmented and migrates to fill the dissolution pores.
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By comparing the X-ray diffraction (XRD) test data before and after waterflooding
in Figure 6, it can be concluded that the total clay mineral content in the rock decreases
after waterflooding, dropping from 8.2% to 6.97%. Additionally, the content of kaolinite, a
velocity-sensitive mineral, declines from 51.38% to 46.75%.
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After water injection, the total clay mineral content decreased from 8.2% to 6.97%, and
the proportion of velocity-sensitive mineral kaolinite decreased from 51.38% to 46.75%.
This indicates that clay minerals underwent migration and pore–throat blockage during
the waterflooding process. Kaolinite, typically present in platy or book-like morphologies,
is prone to detachment from its original position under high-velocity fluid flow and can
migrate with the fluid, ultimately leading to blockage of pore throats. This migration
behavior directly results in permeability reduction and constitutes a primary mechanism
of the velocity sensitivity effect. Experimental analyses, including high-pressure mercury
intrusion, nuclear magnetic resonance (NMR), and scanning electron microscopy (SEM),
revealed a decrease in pore–throat radius, deterioration in pore sorting, and significant
kaolinite migration following waterflooding. These results confirm that the observed
permeability impairment is primarily due to velocity-sensitive damage.

3. Experimental Analysis of Velocity-Sensitive Damage to the Reservoir
3.1. Experimental Equipment and Materials

The experimental setup consists of a core displacement pump, pressure gauges, a
six-way valve, a hand pump, a core holder, and a capillary measuring tube, as shown in
Figure 7. This system is designed to simulate formation pressure and monitor permeability
changes under varying flow rates. Additionally, a microscope, electronic balance, and
chemical reagents are employed to analyze core structure and fluid effects. The experimen-
tal procedure follows the industry standard, with controlled flow rate gradients applied to
assess the degree of velocity-sensitive damage in the reservoir.
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3.2. Experimental Objective

In response to issues such as the continuous increase in injection pressure and difficul-
ties in water injection in the L reservoir, an analysis of reservoir sensitivity was conducted.
The aim is to clarify the changes in reservoir characteristics before and after damage,
identify the causes of the increase in injection pressure, and understand the waterflood
propagation patterns under different reservoir conditions.di

3.3. Experimental Design

The experimental samples were sourced from the L reservoir, consisting of cylindrical
core samples with a lithology of tight sandstone, as shown in Figure 8. To achieve the
research objectives, core samples were selected for velocity impact experiments (three
groups). Three groups of core samples with different permeability levels were chosen to
investigate the effect of injection velocity on permeability, as shown in Table 3. The aim was
to study the relationship between reservoir permeability changes and fluid flow velocity
within the reservoir and to determine the critical flow velocity. The content of the rock
photographs is as follows:

Energies 2025, 18, x FOR PEER REVIEW 9 of 22 
 

 

 

Figure 7. Schematic Diagram of the Experimental Apparatus. 

3.2. Experimental Objective 

In response to issues such as the continuous increase in injection pressure and diffi-
culties in water injection in the L reservoir, an analysis of reservoir sensitivity was con-
ducted. The aim is to clarify the changes in reservoir characteristics before and after dam-
age, identify the causes of the increase in injection pressure, and understand the water-
flood propagation patterns under different reservoir conditions.di 

3.3. Experimental Design 

The experimental samples were sourced from the L reservoir, consisting of cylindri-
cal core samples with a lithology of tight sandstone, as shown in Figure 8. To achieve the 
research objectives, core samples were selected for velocity impact experiments (three 
groups). Three groups of core samples with different permeability levels were chosen to 
investigate the effect of injection velocity on permeability, as shown in Table 3. The aim 
was to study the relationship between reservoir permeability changes and fluid flow ve-
locity within the reservoir and to determine the critical flow velocity. The content of the 
rock photographs is as follows: 

   

Figure 8. Rock sample photographs. 

Table 3. Physical Property Information of Rock Samples. 

Experiment Sample 
No. 

Well No. Well Depth 
(m) 

Diameter 
(cm) 

Length 
(cm) 

Pore 
Volume 

(mL) 

Porosity 
(%) 

Gas Permeability 
(×10−3 μm2) 

Liquid Permea-
bility (×10−3 μm2) 

Velocity Im-
pact 

52 A 2535.00 2.52 4.91 3.49 14.23 1.44 0.56 
73 B 2540.40 2.52 4.92 2.89 11.79 0.28 0.13 
5 C 2778.98 2.40 4.80 2.04 9.38 0.14 0.02 

Figure 8. Rock sample photographs.

Table 3. Physical Property Information of Rock Samples.

Experiment Sample
No. Well No. Well Depth

(m)
Diameter

(cm)
Length

(cm)
Pore Volume

(mL)
Porosity

(%)

Gas
Permeability
(×10−3 µm2)

Liquid
Permeability
(×10−3 µm2)

Velocity
Impact

52 A 2535.00 2.52 4.91 3.49 14.23 1.44 0.56

73 B 2540.40 2.52 4.92 2.89 11.79 0.28 0.13

5 C 2778.98 2.40 4.80 2.04 9.38 0.14 0.02
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The experimental samples need to be pretreated. All samples were placed in a drying
oven at 70 ◦C for 3 days. Afterward, the samples for the velocity impact experiment were
saturated with formation water. The saturation information is as follows Table 4:

Table 4. Sample Saturation Information.

Experiment Core Sample Dry Weight
(g)

Saturated Weight
(g)

Absorption Mass
(g)

Velocity
Impact

52 58.814 61.161 2.347

73 58.832 61.287 2.455

5 57.459 60.402 2.943

3.4. Experimental Procedure

1. Vacuum core samples were saturated using formation water;
2. The core samples were placed into the core holder, ensuring that the liquid flow

direction in the core aligns with the gas flow direction used during permeability
measurement. The confining pressure was set to 2.0 MPa and maintained throughout
the experiment, kept at 1.5–2.0 MPa higher than the core inlet pressure;

3. Fluids were injected at flow rates of 0.05, 0.075, 0.10, 0.25, 0.50, 0.75, 1.0, 1.5, and
2.0 cm3/min, with each rate corresponding to an injection volume of approximately
3–4 pore volumes (PV). After each injection stage, the core was treated before pro-
ceeding to the next flow rate. Measurements were conducted sequentially for each
flow condition;

4. If the pressure gradient exceeds 3 MPa/cm before reaching a flow rate of 2.0 cm3/min,
and permeability does not show a significant decline with increasing flow rate, the
core is considered unaffected by velocity-sensitive damage, and the experiment is
concluded. If permeability damage exceeds 20%, the experiment is terminated.

3.5. Experimental Results Analysis

1. Permeability Greater Than 1 × 10−3 µm2

For core sample No. 52, the gas-measured permeability is 1.442 × 10−3 µm2, which is
greater than 1 × 10−3 µm2. As the flow rate increases, the liquid-measured permeability
gradually decreases, and the degree of permeability reduction due to rate sensitivity
progressively increases, as shown in Table 5 and Figures 9 and 10. When the flow rate
reaches 0.5 mL/min, the degree of permeability reduction due to rate sensitivity reaches
26.433%, exceeding 20%. Thus, the critical flow velocity is determined to be 0.25 mL/min.

Table 5. Velocity–Sensitivity Experiment Results for Sample No. 52.

Flow Rate
(mL/min)

Permeability
(×10−3 µm2)

Velocity-Sensitive
Damage

(%)

0.05 0.628 \
0.075 0.624 0.604

0.1 0.558 11.146

0.25 0.505 19.586

0.5 0.462 26.433
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2. Permeability Range: 0.3~1 × 10−3 µm2

For Core No. 73, the gas-measured permeability falls within the range of 0.3~1 × 10−3 µm2.
As the flow rate increases, the liquid-measured permeability gradually decreases, while the
speed-sensitive damage value progressively increases, as shown in Table 6, Figures 11 and 12.
When the flow rate reaches 0.5 mL/min, the speed-sensitive damage value reaches 20.144%,
determining the critical flow rate to be 0.25 mL/min.

3. Permeability Range: Less Than 0.3 × 10−3 µm2

For Core No. 5, the gas-measured permeability is less than 0.3 × 10−3 µm2. As the
flow rate increases, the liquid-measured permeability gradually decreases, while the speed-
sensitive damage value progressively increases, as shown in Table 7, Figures 13 and 14.
When the flow rate reaches 0.25 mL/min, the speed-sensitive damage value reaches
22.222%, determining the critical flow rate to be 0.1 mL/min.
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Table 6. Velocity Sensitivity Experiment Results for Sample No. 73.

Flow Rate
(mL/min)

Permeability
(×10−3 µm2)

Velocity-Sensitive
Damage

(%)

0.05 0.139 \
0.075 0.138 0.719

0.1 0.133 4.317

0.25 0.124 10.791

0.5 0.111 20.144
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Table 7. Velocity Sensitivity Experiment Results for Sample No. 5.

Flow Rate
(mL/min)

Permeability
(×10−3 µm2)

Velocity-Sensitive
Damage

(%)

0.05 0.036 \
0.075 0.030 16.667

0.1 0.029 19.444

0.25 0.028 22.222Energies 2025, 18, x FOR PEER REVIEW 13 of 22 
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4. Characterization Model of Speed-Sensitive Damage to Reservoirs
4.1. Speed-Sensitive Effect
4.1.1. Definition of Speed-Sensitive Effect

Speed sensitivity refers to the phenomenon where changes in fluid flow velocity within
a porous medium cause variations in formation permeability. The primary influencing
factors include formation grain composition and cementation degree, the presence and
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dispersibility of clay minerals, fluid properties (such as flow rate, viscosity, and ion concen-
tration), and acting forces (such as shear force and electrostatic interactions). Due to speed
sensitivity, permeability may decrease as flow velocity increases. Generally, permeability
is higher at low flow velocities and decreases at high flow velocities, ultimately affecting
reservoir productivity.

4.1.2. Influence of Speed-Sensitive Effect on Formation Flow Velocity

Assuming a homogeneous, uniform-thickness, and infinite formation under single-
phase flow conditions, the mass conservation equation for radial flow is derived based on
the continuity equation:

∂(ϕρ)

∂t
+

1
r

∂

∂r
(rρv) = 0 (1)

where ϕ = porosity; ρ = fluid density (kg/m3); v = flow velocity (m/s); r = radial
distance (m).

The speed-sensitive model is primarily used to describe the flow characteristics of
fluids in porous media. Its core idea lies in the permeability’s sensitivity to external
environments or internal factors. For example, in oil extraction, factors such as formation
pressure, temperature, and fluid properties can influence changes in permeability [18].

The calculation of permeability is usually based on Darcy’s Law:

Q =
kA∆P

µL
(2)

where Q = fluid flow rate (m3/day); k = permeability (×10−3 µm2); A = cross-sectional
area (m2); ∆P = pressure difference (MPa); µ = fluid viscosity (kg/m·s); L = flow path
length (m).

Considering the speed-sensitive effect, the formation permeability becomes a function
of flow velocity, k = k(v). Darcy’s law is then modified as

v = − k(v)
µ

dp
dr

(3)

where µ = fluid viscosity (kg/m·s); p = formation pressure (MPa).
In the speed-sensitive model, the permeability model is mainly represented by the

following approaches:

1. Exponential Decay Model

This model is used to describe the exponential decay relationship of permeability
with respect to time or changes in external conditions, commonly found in situations
where chemical or physical environmental changes influence permeability. Its expression is
given by

k = k0e−αt (4)

where k0 = initial permeability (×10−3 µm2); α = decay coefficient, representing the rate of
permeability change (1/day); t = time (day).

When the formation or medium responds strongly to pressure changes, the exponential
decay model can effectively describe the variation in permeability. Even over a longer time
period, this model maintains stable predictive capability and better aligns with the actual
trend of permeability changes, especially under high-pressure conditions;

2. Power-Law Decay Model

The power-law decay model is a mathematical model used to describe the permeability,
flow rate, or other physical quantities as they change with time, pressure, or stress following



Energies 2025, 18, 2259 15 of 22

a power-law decay. It is used to study heterogeneous formations, multi-scale permeability
variations, and long-term evolutionary processes. Its expression is as follows:

k = k0

(σ0

σ

)n
(5)

where k = current permeability (×10−3 µm2); k0 = initial permeability (×10−3 µm2);
σ = current effective stress (formation pressure) (MPa); σ0 = initial effective stress (MPa);
n = power exponent (usually n > 0 indicates that permeability decreases as stress increases).

The power-law decay model describes how the rate of change in permeability varies
with stress or time rather than changing at a fixed rate. It follows a power-law decay, which
is suitable for situations involving multi-scale fracture media, rock fracturing, formation
subsidence, and other similar cases. Power-law decay is slower than exponential decay
and is more suitable for long-term permeability evolution predictions. While exponential
decay decreases rapidly at the beginning, the power-law decay is more gradual and aligns
with permeability evolution that changes slowly over time;

3. Linear Decay Model

The linear decay model is a mathematical model that describes the linear decrease in
permeability, flow rate, or other physical parameters with stress or time. It assumes a simple
linear relationship between permeability change and stress or time, making it applicable
to low-stress-sensitive formations, homogeneous rock layers, and short-term variations.
Based on different influencing factors, the linear decay model has two common forms:

• Stress-Sensitive Linear Decay Model:

When permeability k decreases with increasing effective stress σ, its mathematical
expression is

k = k0 − cσ (6)

where k = current permeability (×10−3 µm2); k0 = initial permeability (×10−3 µm2);
σ = current effective stress (formation pressure) (MPa); c = stress decay coefficient (con-
stant), representing the degree of stress influence on permeability (×10−3 µm2/MPa);

• Time-Sensitive Linear Decay Model

When permeability k changes with time t, the mathematical expression is

k = k0 − λt (7)

where t = time (day); λ = time decay coefficient (constant), representing the rate of perme-
ability decrease over time (×10−3 µm2/day).

The linear decay model describes a linear decrease in permeability with stress or time,
unlike the exponential decay or power-law decay models, which exhibit nonlinear charac-
teristics. In certain homogeneous rock layers or low-pressure environments, permeability
changes are more stable, making linear decay a good fit. The calculation process is simple
and is suitable for short-term permeability change predictions. However, as stress or time
increases beyond a certain point, it could lead to negative permeability values, so this
model is typically applied only within a specific range of changes.

4.2. Effect of Injection Volume on Speed-Sensitive Effect
Effect of Injection Volume on Flow Rate

When water injection is used for displacement in oil fields, the injected water induces
a speed-sensitive effect in the formation, thereby affecting the flow rate. Considering
the formation pressure remains constant, assume the following formation parameters are
shown in Table 8:
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Table 8. Model Parameter Settings.

Parameter Setting Symbol Unit

Formation Pressure
(assumed constant pressure) P MPa

Daily Fixed Water
Injection Volume Q m3/day

Formation Thickness h h

Formation Porosity Φ /

Radial Distance of Water Flow R m

Flow Velocity v m/s

Time t day

Formation Permeability k ×10−3 µm2

In the absence of additional velocity-dependent effects, the diffusion of injected water
along the horizontal plane satisfies the mass conservation:

Q = v(t)A∅ (8)

Thus, we have
Q = 2πR(t)h∅v(t) (9)

where Q = fixed daily water injection volume (m3/day); R(t) = radial distance of water
flow that changes over time (m); h = formation thickness (m); ∅ = formation porosity; v(t)
= flow velocity that changes over time (m/s).

By applying the law of mass conservation, the relationship between velocity and
injection volume can be derived as

v(t) =
Q

2πR(t)h∅
(10)

The relationship between velocity and the radial flow radius is given by

v(t) =
dR
dt

(11)

Integrating the equation, we obtain∫
RdR =

∫ Q
2πh∅

dt (12)

Solving the integral, we obtain

R(t) =

√
Q

πh∅
t (13)

Substituting the expression for R(t) into the velocity relationship, we obtain the rela-
tionship between velocity v(t), injection volume Q, and time t as follows:

v(t) =
1
2

√
Qt

πh∅
(14)

Considering the permeability and speed-sensitive relationship, we have k = k(v).
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Based on empirical models, the permeability as a function of flow velocity v can be
expressed as

1. Exponential Decay Model:

k(v) = k0e−βv (15)

2. Empirical Power-Law Model:

k(v) = k0(1 + αvn)−1 (16)

3. Linear Model (Weak Speed-Sensitive Assumption):

k(v) = k0(1 − λv) (17)

To divide the speed-sensitive range based on velocity v, the following categorization
is typically used:

k(v) =

{
k(v), v > vc Speed sensitive area

k, v ≤ vc Non speed sensitive area
(18)

where vc = critical speed (m/s).
Assuming that velocity remains below the critical threshold,

v(t) ≤ v, v ≤ vc (19)

Substitute into the expression for the velocity at the front without speed sensitivity:

1
2

√
Q

πah
1√
tc

= vc (20)

Solving for time:

tc =
Q

πah(4v2
c )

(21)

The corresponding velocity is

Rc = R(tc) =

√
Qtc

πah
=

Q
2πahvc

(22)

In the case of considering the correction for speed-sensitive effects, Darcy’s law is
modified as

v(r) = − k(v)
µ

dp
dr

(23)

where µ is the fluid viscosity (kg/m3), and dp
dr is the radial pressure gradient (MPa/m).

When r = Rc, substituting k(v) = k0e−βv into the equation, we obtain

v(r) =
k0e−βv

µ

dp
dr

(24)

At this point, assuming a high injection volume due to factors such as pore clog-
ging or particle migration, the critical velocity may exhibit injection volume dependence,
denoted as

vc = vc0(1 + λQη) (25)
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where vc0 is the base critical velocity, and λ and λ are parameters that describe the impact
of the injection volume. In this way, the speed-sensitive correction is not only reflected
through k(v), but also the critical velocity changes with k(v).

After considering the above corrections, the expression for the critical radius can be
written as

Rc =
Q

2πϕhvc
=

Q
2πϕhvc0(1 + λQη)

(26)

If only the case without speed sensitivity is considered, then Rc has a linear relationship
with Q; however, due to the fact that vc changes with Rc, the final relationship between Rc

and Q becomes nonlinear.
At the same time, the speed-sensitive correction for permeability can also intro-

duce a correction function F(v) to describe the impact of injection volume on effective
permeability. Let

F(v) = exp
(
−βvδ

)
(27)

Then, the effective permeability is

keff(v) = k0F(v) (28)

In Darcy’s law, the flow velocity can be written as

v(R) =
keff(v)

µ

dp
dr

=
k0exp

(
−βvδ

)
µ

dp
dr

(29)

At the critical point r = Rc, let v = vc; thus, we have

vc =
k0exp

(
−βvδ

c
)

µ

dp
dr

(30)

Considering vc as a constraint condition and taking into account the variation in vc

with Q, the comprehensive relationship between the speed-sensitive range Rc and the
injection volume Q is given by

Rc(Q) =
Qexp

(
−β[vc0(1 + λQη)]δ

)
2πϕhvc0(1 + λQη)

(31)

This expression reflects the linear effect of Q on Rc in mass conservation.
The speed-sensitive permeability correction introduced by exp

(
−β[vc0(1 + λQη)]δ

)
and the nonlinear effect of critical velocity vc changed with Q. This formula primarily
reflects the relationship between the velocity sensitivity range Rc and the water injection
volume in the reservoir of Block L in the Ordos Basin. Its application focuses on the
reservoir properties of tight formations, providing a theoretical basis for understanding the
relationship between velocity sensitivity range, water injection volume, permeability, and
porosity conditions in similar situations within the Ordos Basin.

Regarding the comprehensive relationship between the speed-sensitive range Rc and
the injection volume Q:

1. When Q is small, λQη ≪ 1, the approximation is Rc(Q) ≈ Qexp(−βvδ
c0)

2πϕhvc0
. In this case,

Rc is approximately linear with Q;
2. As Q increases, vc increases with Q, and the correction factor exp

(
−β[vc0(1 + λQη)]δ

)
significantly decreases, causing the dependence of Rc on Q to become nonlinear. In
extreme cases, Rc may increase more slowly as Q grows;
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3. The above model also emphasizes the importance of reasonably controlling the in-
jection volume Q to avoid speed-sensitive effects. When the injection volume is too
large, the reduction in effective permeability caused by speed-sensitive effects can
result in the actual diffusion radius Rc being much smaller than the expected value
under non-speed-sensitive conditions, thereby affecting the oil recovery efficiency.

5. Application of the Characterization Model to the Target Reservoir
5.1. Model Parameter Determination and Validation

Based on the experimental data in Section 3 and the speed-sensitive characterization
model established in Section 4, combined with the reservoir characteristics and field data
of the L oilfield, the key parameters of the model are determined.

Experimental research and numerical simulation results indicate that there is usually
a nonlinear relationship between permeability and flow velocity, and the attenuation of
permeability is often related to factors such as inertia effects, changes in pore structure,
and fluid medium interactions. The exponential decay model can accurately describe these
effects. When the permeability changes smoothly, and the rate change is not significant, we
can obtain it through the following attenuation model:

k(v) = k0e−βv (15)

Nonlinear regression was performed on Core 52, and the fitting formula obtained is

k(v) = 0.628e−0.15v

The fitting formula has a goodness of fit R2 = 0.98.
The correction for the critical velocity is

vc = vc0

(
1 + 0.02Q0.8

)
For the L block reservoir, with an average porosity of 10% and an effective thickness of

10 m, based on the modified Darcy’s law and the speed-sensitive range formula, the critical
diffusion radius for different injection volumes is calculated as

Rc(Q) =
Qexp

(
−β

[
vc0

(
1 + 0.02Q0.8)]δ

)
2πϕhvc0(1 + 0.02Q0.8)

Based on the actual injection volume of the oil field and the measured diffusion radius,
a comparison is made with the theoretical injection volume, as shown in Table 9.

Table 9. Model Reliability Verification.

Injection Volume
Q (m3/day)

Calculated Rc
(m)

Measured Rc
(m) Deviation%

10 9.03 9.3 2.9

15 9.96 10.2 2.3

20 12.09 11.8 2.5

25 13.54 14.2 2.4

30 16.09 16.4 1.9

The deviation is less than 3%, proving that the formula Rc(Q) has good predictive
capability for the field data.
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5.2. Practical Application in the Field

In the oilfield water injection development process, speed-sensitive effects lead to a
decrease in reservoir permeability, which affects injection efficiency and recovery rates [19].
If the injection volume is not properly controlled, it could result in slow advancement of the
waterflood front, abnormal pressure increases, or even phenomena such as a decline in the
water injection well’s “water absorption capacity” or “inability to inject water”. Therefore,
it is necessary to use the speed-sensitive range Rc(Q) formula derived in this paper to
provide reasonable guidance for water injection optimization on-site in order to reduce the
adverse effects caused by speed-sensitive effects.

Based on the speed-sensitive range formula,

Rc(Q) =
Q exp

(
−β[vc0(1 + λQη)]δ

)
2πϕhvc0(1 + λQη)

(31)

By adjusting the value of Q so that Rc(Q) is maximized, the influence of the speed-
sensitive effect can be minimized.

By differentiating Rc(Q) and setting its derivative equal to zero, the optimal injection
volume for the reservoir can be obtained.

Let the numerator be

N(Q) = Qexp
(
−β[vc0(1 + λQη)]δ

)
(32)

The denominator is
D(Q) = 2πϕhvc0(1 + λQη) (33)

Then,
dRc

dQ
=

N′(Q)D(Q)− N(Q)D′(Q)

[D(Q)]2
(34)

To calculate N′(Q),

N′(Q) = exp
(
−β

[
νc0(1 + λQn)]δ

)
· 1

+Q · exp
(
−β

[
νc0(1 + λQn)]δ

)
·
(
−βδ

[
νc0(1 + λQn)]δ−1 · νc0λnQn−1)

= exp
(
−βuδ

)[
1 − βδλnνδ

c0Qn(1 + λQn)δ−1] (35)

Given u = νc0(1 + λQn)

To calculate D′(Q),
D′(Q) = 2πϕhνc0 · λnQn−1 (36)

Substituting gives

dRc

dQ
=

exp
(
−βuδ

)
2πϕhνc0(1 + λQn)2 [(1 + λQn)

(
1 − βδλnνδ

c0Qn
(

1 + λQn)δ−1
)
− λnQn

)
] (37)

When dRc
dQ = 0, the solution is

Rc

(
Q*

)
=

Q* exp
(
−β

[
νc0

(
1 + λ

(
Q*)n)]δ)

2πϕhνc0(1 + λ(Q*)n)
(38)

The solution is Q∗, which satisfies the following equation:

(1 + λQn)
[
1 − βδλnνδ

c0Qn(1 + λQn)δ−1
]
= λnQn (39)
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In summary, when applied to the L oilfield, the optimal injection volume is determined
to be 16.8 m3/day. After three months of on-site application, the speed-sensitive particle
damage was reduced by 21%, the rate of reservoir permeability decline was slowed by
13.2%, and the recovery rate increased by 1.4%.

During the field application, it is recommended to regularly collect core samples and
on-site data to calibrate and optimize the speed-sensitive model and the Rc(Q) formula,
making it more aligned with the actual field conditions. This will help achieve a dynamically
optimized development plan.

6. Conclusions
1. Through high-pressure mercury injection, nuclear magnetic resonance, and scan-

ning electron microscope experiments, the microscopic mechanism of the L tight oil
reservoir after waterflooding was revealed. The pore throat radius decreased (the
maximum pore throat radius dropped from 1.093 µm to 1.085 µm), and the sorting
became worse (the variation coefficient increased to 0.208). It was confirmed that the
migration and blockage of kaolinite particles in the pores were the main causes of
permeability decline (with a decrease of 5.63%);

2. The established exponential decay model and the critical diffusion radius formula

Rc(Q) =
Qexp

(
−β[vc0(1+λQη)]δ

)
2πϕhvc0(1+λQη)

were validated with field data, showing an error of
less than 3%. This model can accurately predict the nonlinear relationship between in-
jection volume and speed-sensitive range, providing a theoretical basis for optimizing
water injection strategies;

3. By using this model, the optimal injection volume for the L reservoir was determined
to be 16.8 m3/day. After implementing a zoned water injection strategy, speed-
sensitive particle damage was reduced by 21%; the rate of permeability decline was
slowed by 13.2%, and the recovery rate increased by 1.4%.
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