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Abstract: Underground hydrogen storage represents an innovative approach to energy storage. To
ensure the secure operation of subterranean hydrogen storage strings, a computational fluid dynamics
(CFD) methodology was employed to devise an erosion assessment model tailored for high-velocity
conditions. The research delved into the erosion and abrasion dynamics of these storage strings when
subjected to high-speed gas flows. This study further examined the impacts of gas velocity, particle
size, pipe material, and pipe wall corrosion imperfections on flow patterns and erosion wear rates
across the column. The outcomes revealed several noteworthy trends. As fluid velocity increased,
the flow field’s maximum pressure augmented, while it decreased alongside enlarging pipe diameter
and particle size. P110 pipe material exhibited higher maximum pressure in comparison to N80. The
effect of centrifugal force induced pressure to surge from the inner to the outer portion of the column.
In the curved pipe section’s outer wall, the frequent occurrence of high-angle collisions engendered
elevated rates of erosion wear over time. Particularly noteworthy was the observation of the highest
erosion rate in curved pipes showcasing three corrosion defects, attributed to the backflow effects of
erosion pits.

Keywords: underground hydrogen storage; string; erosion; pressure distribution; maximum erosion rate

1. Introduction

Currently, the contradiction between energy supply and demand and environmental
pollution has become a global problem, ensuring energy supply security and clean green
development has become an important part of many countries’ energy strategies. Against
this backdrop, renewable energy has developed rapidly. For a long time, domestic and
foreign industry have continuously explored the large-scale storage of hydrogen as a
secondary energy system [1–3]. The use of underground gas storage for compressed
hydrogen storage is one of the development directions with great potential for large-scale
energy storage. Developed countries such as Germany, France, and the United Kingdom
have built underground hydrogen storage facilities to meet the needs of the chemical
industry and petrochemical industry [4]. China is also actively exploring the storage of
hydrogen energy using underground salt caverns.

The injection and extraction pipe string of the underground hydrogen storage reservoir
undertakes the important task of injection and extraction production. Considering the
protection of the storage layer and ensuring energy supply, it is required to extend the
service life of the injection and extraction pipe string as much as possible and reduce the
number of well repairs [5]. Compared with ground hydrogen storage, underground salt
caverns have the advantages of large storage capacity, low gas storage cost, and high
sealing performance, such as Jintan gas storage and Jianghan gas storage, which are the
main types of underground energy storage in China [6]. During the injection and extraction
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process of the hydrogen storage reservoir, a certain amount of sand grains are often carried
along. During saturated operation or peak shaving, with the continuous changes in the
flow velocity of the inclined section of the string, downhole pressure, and temperature, the
high-speed gas flow carrying sand grains will cause erosion and wear on the string [7–9].
The operation period of the salt cavern energy storage reservoir is usually 30 years. Some
early hydrogen storage reservoirs, such as the British salt cavern hydrogen storage group,
have been in operation for more than 25 years. When the erosion and wear exceed the load
limit of the string, it not only reduces the service life of the energy storage string, but even
causes malignant accidents such as deformation, crushing, rupture, and even scrapping of
the whole well [10]. Therefore, it is of great significance to construct a numerical model
of the erosion of the inclined section of the hydrogen storage reservoir string, analyze the
flow state and erosion and wear rules of the string along the way, to ensure the safe and
smooth operation of the high-speed hydrogen storage reservoir string.

The erosion and wear rate of the underground hydrogen storage string is the key
factor limiting the injection and extraction capacity. High-speed airflow scouring causes a
certain amount of erosion damage to the string. Existing research mainly uses numerical
methods to study the erosion behavior of high-speed airflow on the string structure and the
analysis of the flow state along the way. Liu et al. [11] analyzed the feasibility and erosion
behavior evaluation of the Jiangsu hydrogen storage salt cavern from the aspects of stability
and applicability. Wu et al. [12] constructed a string erosion and wear prediction model
and optimized the anti-erosion structure design through experimental comparison. Meng
et al. [13] built a high-temperature and high-pressure erosion–corrosion coupling device to
analyze the erosion–corrosion coupling rate and the interaction relationship of the multi-
functional salt cavern hydrogen storage string. Sletfjerding et al. [14] designed a gas flow
state comparative experiment to analyze the basic law of near-wall pressure distribution
along the pipeline; Liu et al. [15] evaluated the effects of injection and extraction pressure
difference, well inclination angle, and tubing inner diameter on the near-wall pressure of the
string by numerical experiments. Zeng et al. [16] proposed the commonly used calculation
model and parameter range of high-speed pipe flow via construction of a fluid erosion
model of the curved pipeline. Mazumder et al. [17] utilized a discrete phase model (DPM)
based on CFD to simulate particle motion, investigating the influence of gas and liquid
velocities on the maximum erosion location within a U-shaped pipe. Tabakoff et al. [18]
conducted simulation-based research to investigate the effects of fluid properties and flow
conditions on erosion. Suzuki et al. [19] carried out a progressive series of studies using
CFD simulations to address the issue of fluid erosion in curved pipelines. They proposed
common computational models and parameter selection criteria for high-velocity pipe
flows. Assessing the utmost erosion and wear velocity in the pipeline section, as well as
comprehending the flow dynamics, constitutes a fundamental requirement for ensuring
the secure operation of hydrogen storage reservoirs during both saturated operation and
peak shaving [20]. Zhang et al. [21] introduced a digitized semi-empirical model for
time series degradation analysis, exemplified through an underground gas storage case,
effectively quantifying RUL and providing a robust tool for assessing degradation risk.
The erosive phenomenon could potentially hasten the loss rate of column wall thickness,
weaken internal pressure resistance, decrease production rates, and even result in leakage,
leading to secondary disasters and serious safety accidents [22]. Zhang et al. [23] used
uncertainty quantification to assess fault and cementation plane stability in UGS injection
and withdrawal wells under alternating cycles, employing multidimensional models,
geological data, and inversion techniques. Bai et al. [24] examined UGS as a means of
balancing energy supply and demand, focusing on international UGS distribution, ongoing
facilities in China, integrity issues, and advanced well completion technologies. However,
scant literature is presently available concerning the erosion characteristics of injection
and extraction pipeline sections within hydrogen storage reservoirs on an international
scale [25,26]. The existing research predominantly concentrates on the ramifications of
shifting erosion conditions on the erosion progression, often overlooking the erosive and
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abrasive effects induced by high-velocity gaseous flows on pipeline sections with inherent
corrosion anomalies [27]; gas well string erosion and wear research is mainly for high-
pressure gas extraction conditions of natural gas energy storage string erosion, and there
are no reports on the characteristics of underground hydrogen storage string erosion and
wear [28–30]. Furthermore, small-scale experiments play a crucial role in investigating
the erosion and wear characteristics of strings [31]. Given the intricate environment of
hydrogen storage strings, a multitude of experimental variables such as gas flow conditions
and physical properties of sand and gravel can significantly impact the precision of erosion
tests, presenting challenges for real-world control [32–34].

Based on the above analysis, this article fully considers the erosion characteristics
and research status of the underground hydrogen storage string, constructs a calculation
model of the erosion of the underground hydrogen storage string under high flow speed,
studies the near-wall pressure distribution inside the inclined section of the string under
the scouring action of high-speed airflow, analyzes the effects of gas flow speed, particle
diameter, pipe material, and pipe wall corrosion defects on the flow state and erosion and
wear rate of the string along the way, provides a theoretical basis and methodological
support for the study of the erosion and wear of the hydrogen storage string under high-
speed airflow, and further improves and enriches the risk assessment method system for
the erosion of the hydrogen storage string in China.

2. Establishment of Numerical Model
2.1. Control Equations

Underground hydrogen storage technology employs subterranean salt caverns for
extensive hydrogen storage. During peak demand reduction periods, hydrogen gas is
generated in an electrolysis facility and subsequently introduced into the storage cavern
through a compressor. During periods of low demand, or valley periods, the hydrogen gas
from the storage cavern is expanded, then passed through a turbine to drive a generator to
produce electricity. Because the pipeline column in the hydrogen storage cavern undergoes
unidirectional fluid impact during the injection and extraction process, it is assumed that the
fluid moving within the column is a single-phase compressible fluid. The renormalization-
group (RNG) κ-ε turbulent viscosity model is chosen for numerical calculation. It follows
the mass, energy, and momentum conservations, shown as follows:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

∂
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where ρ is the density; ui is a velocity component; t is the time; p is the pressure; µ is the
molecular viscosity; µt is the turbulence viscosity; g is gravity; h is the average enthalpy of
density; λ is the laminar thermal conductivity; T is temperature; Prt is the turbulence Prandtl
number; Di is the dispersion coefficient of component i; hi is the enthalpy of component i;
SE is the energy source. Corrections for actual compressible fluids are as follows:

p = p0 +
2
3

ρk +
2
3

µe f f
∂Uk
∂xk

(4)

In the equations, p0 is the static pressure when the fluid is incompressible, correspond-
ing in this article to the inlet pressure in the computational conditions, measured in mega
pascals (MPa).
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According to the gradient diffusion hypothesis, the Reynolds stress ρuiuj in the above
viscous eddy model can be expressed by the fluid velocity gradient and the turbulent viscosity:

ρuiuj = −µe f f

(
∂Ui
∂xi

+
∂Uj

∂xj

)
+

2δij

3

(
ρk + µe f f

∂Uk
∂xk

)
(5)

In the equations, the Kronecker integral term δij is a normal stress when i = j, and a
shear stress when i 6= j, ρuiuj measured in mega pascals (MPa).

The turbulent energy k and the turbulent energy dissipation rate ε are obtained
from the transport equations described by Equations (6) and (7), respectively. With this,
Equations (1)–(3) are closed.
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∂t

+
∂
(
ρkUj

)
∂xj

=
∂

∂xj

[(
µ +

µt

σkRNG

)
∂k
∂xj

]
+ Gk + Gb −YM − ρε (6)

∂(ρε)

∂t
+

∂
(
ρεUj

)
∂xj

=
∂

∂xj

[(
µ +

µt

σεRNG

)
∂ε

∂xj

]
+

ε

k
(Cε1RNGGk − Cε2RNGρε + Cε1RNGGεb) (7)

In the equations, i and j represent coordinate directions; k represents turbulent energy
per unit mass of gas; ε represents the relative turbulent energy dissipation rate; σkRNG is a
constant in the k equation for the turbulence model, and is set to 0.7179; σεRNG is a constant
in the ε equation for the turbulence model.

The discrete phase model (DPM) is used to track the particles in pipeline. The trajectory
of particles is solved by the differential equation of particle force in the integral Lagrangian
coordinate system. The force balance equation of particles in Cartesian coordinates is
shown in Equation (8), i.e., the inertia of particles is equal to various forces acting on
particles, including buoyancy, drag force, and additional mass force.

dub
dt

=
g(ρb − ρ)

ρb
+ FD + FVM (8)

where ub is the velocity of particles, m/s; g is gravity acceleration, m/s2; ρ is the density of
continuous phases, kg/m3; ρb is the density of particles, kg/m3; FD is drag force, N; FVM is
virtual mass force, N; the drag force FD of particles is defined as follows:

FD =
18

ρbd2
b

CDRe
24

(ub − u) (9)

where db is the diameter of bubble particles, m; Re is relative Reynolds number; CD is
coefficient of drag force; ub is the velocity of particles, m/s; u is transient velocity of
continuous phase fluid, m/s, and the transient velocity includes average velocity U and
turbulence fluctuation u’. The turbulent velocity fluctuation in the drag force produces
turbulent dispersion, which results in an additional drag force that does not include the
additional drag force caused by the turbulent velocity fluctuation.

2.2. Physical Model

As shown in Figure 1, the hydrogen storage column model consists of three sections:
the inlet section, the outlet section, and the bend pipe section. A three-dimensional model-
ing software, Design Modeler, is used to build a three-dimensional physical model of the
inclined string. The model uses a 60◦ bend pipe with an internal diameter D. To ensure
sufficient development of the fluid before entering the bend pipe section, the inlet and
outlet sections are both taken as 10 D, with an initial bend ratio of R/D = 2.
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Figure 1. Model of string for underground hydrogen storage.

The three-dimensional physical model of the hydrogen storage column is imported
into the pre-processing software Gambit, where it is divided into tetrahedral meshes.
Considering that the bend pipe section is the main object of study, it is locally densified.
The simulations are conducted using a set of grids with different numbers (2.6 × 105,
3.7 × 105 and 4.8 × 105). The simulations are performed initially using the grid with the
smaller number, then reducing the grid size and increase their number. The difference in
results between the mesh models with a grid number of 2.6 × 105 and 3.7 × 105 is about
4.8%, whereas the difference in results between the mesh models with a grid number of
3.7 × 105 and 4.8 × 105 is about 1.8%. Overall, the results from three grids are consistent,
but the difference between them is a grid number of 3.7 × 105 and 4.8 × 105, which is
smaller. Eventually, the grid number in the model is 481,771.

The pressure–velocity steady-state solver is chosen to solve the boundary conditions,
using the SIMPLE algorithm. In order to achieve better convergence, second-order upwind
algorithms are used for pressure, momentum, and turbulent energy. The range of residuals
in the monitor is set to 10−4. The model boundaries and conditions are set as shown in
Table 1. Gas movement is directed top-down. The material is considered by the coefficient
of elasticity in no-slip boundaries.

Table 1. Setting of model and boundary conditions.

Boundary Continuous Phase Discrete Phase

Model κ-εModel DPM Model
Inlet Velocity Inlet Escape

Outlet Free Outflow Escape
Wall No-slip Boundary Reflection

2.3. Computational Parameters and Working Conditions Setting

Taking an underground gas storage salt cavern in China as an example, the design
pressure for injection and production of the casing is 13.77–12.5 MPa, the diameter is
divided into two types: 0.27 m and 0.34 m, the maximum storage gas pressure is 17 MPa,
the hydrogen flow rate at the wellhead is 276.3 T/h, the diameter of the sand particles is
50–200 µm, and it has characteristics such as high sand content ratio and long usage period.
Therefore, factors such as gas flow speed, particle diameter, pipe material, and corrosion
defects are considered to analyze their impact on the flow state along the casing and the
erosion wear rate. The specific simulation conditions are shown in Table 2. It presents the
cases for simulation that can implement the factorial analysis of the impact of different
factors on the erosion rate of the tube.



Processes 2023, 11, 2894 6 of 12

Table 2. Parameters of string erosion simulation condition.

Number Pipe Diameter (m) Pipe Material Particle Diameter (µm) Flow Speed (m/s) Corrosion Defect Factors

1 0.27 N80 200 48 No corrosion defects
2 0.34 N80 200 48 No corrosion defects
3 0.27 P110 200 48 No corrosion defects
4 0.27 N80 50 48 No corrosion defects
5 0.27 N80 100 48 No corrosion defects
6 0.27 N80 500 48 No corrosion defects
7 0.27 N80 200 24 No corrosion defects
8 0.27 N80 200 36 No corrosion defects
9 0.27 N80 200 60 No corrosion defects

10 0.27 N80 200 72 No corrosion defects
11 0.27 N80 200 84 No corrosion defects

12 0.27 N80 200 48 Double corrosion defects
in the bent pipe section

13 0.27 N80 200 48 Triple corrosion defects in
the bent pipe section

14 0.27 N80 200 48
Large area corrosion
defects in the bent

pipe section

2.4. Model Validation

An experiment reported in Chen et al. (2015) [35] is used to validate the numerical
model. In order to compare the consistency between experimental results and erosion
simulation results, it is necessary to establish a simulation model with the same parameters
as the physical experimental system. The inner diameter of the experimental column is
0.32 m, and the total length and height of the experimental system are 2 m and 0.8 m,
respectively. A three-dimensional model with the same dimensions as the experimental
system was created using Design Modeler software, and then imported into Gambit for
mesh generation of the geometric physical model.

The experimental operating temperature is 20 ◦C, and the medium inside the pipe is
air with a flow rate of 53 m3/h and a pressure of 0.8 MPa. The sand particle size is 250 µm,
and the sand production rate in the experimental system is 1 g/s. The experiment uses
Q235 steel samples. The calculated erosion weight loss is compared with the measured
weight loss from the experiment as shown in Table 3, and the maximum numerical error
between the two does not exceed 5%. Therefore, it fully demonstrates the reliability and
accuracy of using numerical models for erosion simulation.

Table 3. Experimental and numerical simulation results of string erosion.

Cumulative
Duration (h)

Experimental Erosion
Weight Loss (mg)

Simulated Erosion
Weight Loss (mg) Error (%)

1 1.56 1.65 4.2
2 3.16 3.29 4.3
3 5.45 4.94 1.7
4 6.66 6.58 1.2

3. Results and Discussion

A bend pipe with Φ0.27 × 0.02 is selected, the volume fraction of solid particles
is chosen as 1%, and the particle diameter is 2 × 10−4 m. Figure 2 shows the pressure
distribution in the 60◦ bend pipe under flow rates of 24 m/s. The pressure in the vertical
pipe section is basically stable, because when the fluid passes through the bend, the solid
particles collide and rebound, and the fluid generates centrifugal force at the bend, the
traction on the inner side of the bend changes the flow direction, causing negative pressure
on the inner side. From the inner side to the outer side, the pressure value increases
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progressively, and the maximum value of the flow field pressure increases with the increase
in the fluid velocity.
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Figure 2. Pressure distribution inside string.

Figure 3 shows the particle’s track in the bend pipe. The figure shows that the particle
moves along the pipe bend path and is subject to a certain centrifugal force. It can be
analyzed that more collision and friction will occur at the bend, and the particle’s residence
time gradually increases from the pipe bend to the pipe exit. Figure 4 shows the erosion
degree and erosion distribution on the bent pipe surface. This shows the erosion degree in
different colors, with the most severe erosion at the pipe’s red dots.
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Figure 3. Particle trajectories in tube.

(1) Flow Rate: A bend pipe with a diameter of Φ0.27× 0.02 is selected, the volume fraction
of discrete phase particles is 1%, and the particle diameter is 2 × 10−4 m. The maxi-
mum erosion wear rate curves are obtained at six flow rates of 24 m/s, 36 m/s, 48 m/s,
60 m/s, 72 m/s, and 84 m/s. The maximum erosion rates are 1.12 × 10−4 kg/m2·s,
3.06× 10−4 kg/m2·s, 5.67× 10−4 kg/m2·s, 1.10× 10−3 kg/m2·s, 1.71× 10−3 kg/m2·s,
and 2.42 × 10−3 kg/m2·s, respectively. As shown in Figure 5, the maximum erosion
rate increases with the increase in flow rate. As the particle speed increases, the degree
of erosion also increases, the erosion rate gradually increases, and the erosion rate
increases significantly at high flow rates.
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(2) Particle Diameter: A bend pipe with a diameter of Φ0.27 × 0.02 is selected, and the
volume fraction of discrete phase particles is 1%. At a speed of 48 m/s, four different
particle diameters of 5× 10−5 m, 1× 10−4 m, 2× 10−4 m, and 5× 10−4 m are added to
perform numerical simulations, and the maximum erosion wear rate curve is obtained.
As shown in Figure 6, when the speed and other external conditions are fixed, the
maximum erosion wear rate of the string is the smallest at 4.63 × 10−4 kg/m2·s when
the particle size is 50 µm; when the particle size is 500 µm, the maximum erosion
wear rate of the string is the largest at 1.10 × 10−3 kg/m2·s. Under the particle size of
100–200 µm, the maximum erosion rate has a small increase, and it can be seen that
the maximum erosion rate increases with the increase in particle size.

(3) Pipe Material: A bend pipe with a diameter of Φ0.27 × 0.02 is selected, and the
volume fraction of discrete phase particles is 1%. At a flow rate of 48 m/s, N80 and
P110, two different materials are added, respectively, for numerical simulation, and
the maximum erosion wear rate histogram is obtained. The maximum erosion rate of
the P110 material is 5.67 × 10−4 kg/m2·s, and the maximum erosion rate of the N80
material is 1.03 × 10−3 kg/m2·s. As can be seen from Figure 7, under the hydrogen
medium, the N80 pipe material is more prone to corrosion than the P110 pipe material.
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(4) Corrosion Defect Factors: A bend pipe with a diameter of Φ0.27 × 0.02 is selected,
the volume fraction of solid particles is 1%, the flow rate is 48 m/s, and the particle
diameter is 2× 10−4 m. Different corrosion defects such as double corrosion defects in
the bend pipe section, three corrosion defects in the bend pipe section, and large-area
corrosion defects in the bend pipe section are added to the bend pipe model for
numerical simulation. The maximum erosion wear rates under different corrosion
defects are 7.39 × 10−4 kg/m2·s, 1.02 × 10−3 kg/m2·s, and 5.06 × 10−3 kg/m2·s,
respectively. As can be seen from Figure 8, the maximum erosion rate caused to the
pipeline varies under the influence of different numbers of corrosion defects. Among
them, the bend pipe with three corrosion defects has the highest maximum erosion
rate, and the risk of failure is relatively high at this time. Therefore, regular inspections
should be carried out to see whether there are multiple corrosion defects inside the
pipeline and timely protection measures should be taken to avoid leakage accidents.
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4. Conclusions

(1) Drawing from an analysis of injection and extraction methods for underground energy
storage pipelines and factors influencing erosion, a high-velocity gas flow model and
an erosion-wear model were developed for strings. This paper examines the influence
of variables like internal flow velocity, particle size, pipeline material, and wall
corrosion defects on the pressure distribution near the inclined pipeline section wall,
as well as the maximum erosion wear rate caused by high-speed airflow scouring.

(2) The maximum erosion rate increases with the increase in particle speed, and the
degree of erosion becomes larger and larger, and the erosion rate gradually increases.
The maximum erosion rate of the P110 pipe material is 5.67 × 10−4 kg/m2·s, and
that of the N80 pipe material is 1.03 × 10−3 kg/m2·s. The N80 pipe material is more
susceptible to erosion than the P110 pipe material.

(3) Under the influence of corrosion defect factors, the maximum erosion wear rates of
the double corrosion defects in the bend pipe section, the three corrosion defects in
the bend pipe section, and the large-area corrosion defects in the bend pipe section are
7.39 × 10−4 kg/m2·s, 1.02 × 10−3 kg/m2·s, and 8.57 × 10−4 kg/m2·s, respectively.
Among them, the bend pipe with three corrosion defects has the highest maximum
erosion rate, and the risk of failure is relatively high at this time. Therefore, regular
inspections should be carried out to see whether there are multiple corrosion de-
fects inside the pipeline and timely protection measures should be taken to avoid
leakage accidents.
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Abbreviations

CFD Computational fluid dynamics
DPM Discrete phase model
RNG Renormalization-group
SM Body force
ρ Relative density
µeff Effective dynamic viscosity
µt Turbulent viscosity
p Static pressure
p0 Static pressure fluid incompressible
ρuiuj Reynolds stress
δij Kronecker integral term
k Turbulent energy
ε Turbulent energy dissipation rate
D Internal diameter
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