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ABSTRACT

The regulating valve applied in coal liquefaction systems becomes seriously worn and its service life decreases
because of a significant difference in pressure and solid—liquid flow. This study proposes a wear-resistant
multistage pressure relief string-regulating valve, and examines the characteristics of depressurization of flow
and the erosion of its throttle element by using computational fluid dynamics (CFD) simulations and the discrete
element method (DEM) combined with the E/CRC (Erosion/Corrosion Center) erosion model of the WC-Co
coating. The influence of different sizes of the opening of the valve and varying differences in pressure on the
characteristics of erosion is analyzed. Moreover, properties of collisions between particles (such as the particle
impact velocity and mass per second) are used to represent and analyze the characteristics of erosion. The
numerical results show that the cylinder, flat, and bevel of the valve are at high risk of erosion. The
characteristics of erosion of the multistage pressure relief string-regulating valve studied in this paper can

provide a reference for optimizing methods of erosion prevention.

Keywords: Multistage depressurization; Regulating valve; String valve; CFD-DEM; Erosion characteristic;

Solid-liquid flow.
NOMENCLATURE
AFC Annular Flow Channel Fs
Asurface surface area of cell geometry Fn
BO1-BO3  pevel orifice Ft
BH Brinell Hardness g
C erosion model empirical constant Mp
C1-C3 outer cylindrical wall of annular flow Np
channel

Cq coefficient of particle drag force 01-03
dp particle diameter 001-003
ER relative erosion rate R,R1, R2
Erosion general erosion rate Re
F~ additional acceleration u,, Vp
deg drag force on the particle u

VP
Greek letter
0 Particle impact angle ¢n
1 Dynamic  viscosity of liquid phase G

p

particle shape factor

normal contact force (N) tangential
contact force
gravitational acceleration

mass of single particle

number of particles hitting the cell
face

throttling flow channel
orthogonal orifice

particle radius

particle Reynolds number
particle velocity

fluid velocity

pressure gradient

normal overlap of particle
tangential overlap of particle
density of liquid phase
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1. INTRODUCTION

The control valve for the liquefaction of coal is
located at the bottom of a high-temperature and high-
pressure separator, and the medium of the valve
contains hard solid particles. There is a large
difference in pressure between the front and rear of
the valve, and flow changes rapidly at its throttle,
which is thus often seriously eroded (Charles et al.
1981; Krishnan 1984). Therefore, it is important to
accurately predict the distribution of erosion over the
throttling element of the control valve.

The multistage depressurization structure of the
valve can enable its smooth depressurization to
reduce the high-speed flow caused by the excessive
pressure gradient, thus protecting the throttling
element and the entire pipeline. A multistage
pressure-reducing valve has been designed that can
ensure high-speed flow and stable pressure relief (Du
et al. 2014). The characteristics of the drop in
pressure of a labyrinth disk valve have also been
investigated and the results show that it can avoid
cavitation (Wang et al. 2016). CFD simulations were
used to examine the depressurization characteristics
of a multistage orifice based on knowledge of
structural optimization and noise in a high-
temperature and high-pressure steam pressure-
reducing valve, and a better design of the parameters
of the orifice was proposed (Qian et al. 2016).

Computational fluid dynamics (CFD) simulation is
an efficient and economical mean of studying fluid
dynamics. Many researchers have used CFD to study
the flow field and characteristics of erosion of
complex throttling models to predict areas that are at
high risk of failure. The accuracy of erosion
prediction is affected by the accuracy of the erosion
model and simulation of the flow field (Paggiaro et
al. 2013). The Euler—Euler method and the Euler—
Lagrange method provide different predictions
pertaining to erosion (Messa et al. 2015), and the EL
method can save more computational resources
without sacrificing accuracy. Optimizations of the
throttle section based on CFD and the response
surface method can reduce the rate of erosion by 30.2%
(Wang et al. 2015). The erosion distribution of a jet
servo valve was investigated by using the RANS
combined with Oka’s erosion model, and the life
equation related to particle proportion was proposed
(YYan et al. 2020). The particle size and difference in
pressure have a significant effect on particle motion
(Liu et al. 2019). Regions with a high intensity of
turbulence can cause random particle collisions that
increase erosion (Darihaki et al. 2017). The erosion
morphology of the control valve in a steam turbine
with gas—solid medium and the critical size of the
maximum amount of erosion were obtained by the
Euler-Lagrange method (Cao et al. 2020). This
method when used with a large-scale dynamic mesh
delivers good performance in simulating the
characteristics of erosion of the control valve (Zheng
et al. 2019). Cavitation and erosion are also
significant in the butterfly valve (Liu et al. 2017).
The erosion characteristics of the nozzle flapper of a
servo valve have been examined by numerical
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simulations to calculate the service life of the valve
based on the predicted erosion in it (Chu et al. 2020).
The DPM model has been used to track particles by
parcels to reduce the cost of calculation, but this also
reduces accuracy.

As an explicit method for the numerical analysis of
discrete elements, the discrete element method
(DEM) can track single discrete elements, such as
rocks and small particles, and examine their dynamic
characteristics. It is often used to study particle
motion and collision, and to calculate the momentum,
mass, and heat of particles. The CFD-DEM has
delivered good performance in simulations of solid
transport in fractures of complex geometry (Akhshik
and Rajabi 2021; Chen et al. 2014). Lin et al. (2020)
simulated the characteristics of erosion and particle
distribution of the wall of a gate valve in case of
openings and particles of different sizes. Akhshik et
al. (2016) used the CFD-DEM and the Hertz—
Mindlin contact model to examine the influence of
three kinds of non-spherical particles—non-smooth
spherical, disk-shaped, and cube-shaped particles—
on a drill pipe, and the results showed that the
concentration of ideal spherical particles was slightly
higher than that of complex-shaped particles when
the inclination angle of the drill pipe was small. Zhou
et al. (2017) studied the influence of the shape of
particles and the intensity of turbulence in the flow
of a gas—solid mixture on the erosion of the elbow of
a pipe. Erosion distributions in bends at angles of 90°,
60°, and 45° were also studied by a Fluent-EDEM
coupled simulation (Chen et al. 2015). Verga et al.
(2013) used the CFD-DEM and experiments to
predict the erosion of a pipe in case of gas—solid flow.

Based on the failure analysis of a control valve in
service in the coal liquefaction process, Jin et al.
(2015) compared the results of the CFD-DPM
simulation with the empirically obtained failure
morphology, and found that the original structural
control valve of the plunger had a high rate of local
erosion as well as cavitation-induced erosion
because of a single-stage drop in pressure. This study
proposes a wear-resistant multistage pressure relief
string-regulating valve with a long service life. The
CFD-DEM is applied to study the erosion of
cylindrical particles over the elbow of the valve in
case of solid—liquid flow. The effects of different
particle sizes and radii of curvature of the elbow on
erosion and particle collisions are discussed. The
particle collisions, motion, and erosion are
accurately predicted (Liu et al. 2022). The numerical
simulation results of the liquid phase flow field and
discrete element in the throttling element are
calculated by CFD-DEM method, which can provide
reference and guiding opinions for preventing
erosion and optimization of the structure.

2. MODEL SPECIFICATIONS

2.1 Problem Description

The process of coal liquefaction is shown in Fig. 1.
The control valve for coal liquefaction is located at
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Fig. 1. Process of coal liquefaction.

the bottom of a high-temperature and high-pressure
separator that regulates the discharge flow and the
height of the liquid (its position is shown in the red
box in Fig. 1). The control valve of the plunger in the
system for coal liquefaction undergoes serious local
erosion that can lead to failure due to the mixture of
coal oil slurry and solid pulverized coal as well as the
large differences in temperature and pressure in it
(Jin et al. 2015).

2.2 Model Structure

The structural model of the multistage pressure relief
string-regulating valve is shown in Fig. 2. Figure 2(a)
shows the overall model, which is mainly composed
of a seat, cover, stem, core and sleeve for the core of
the valve. Figure 2(b) shows the direction of flow of
the internal flow channel from two sections. The
flow channel is mainly composed of four annular
flow channels and three pairs of throttling channels.
Each throttling channel is composed of two throttling
structures: namely, the bevel orifice (BO) and the
orthogonal orifice (OO). As shown in Fig. 2(b), each
throttling channel and annular flow channel is
referred to as O1-03 (the bevel orifices and the
orthogonal orifices are denoted respectively by
BO1-3 and O01-3) and AFC 1-AFC 4, respectively,
from the positive to the negative direction of the X-
axis. The direction of flow is indicated by the red
arrows in Fig. 2(b) (the blue part represents the flow
channel).

The value of H shown in Fig. 2(c) is the distance
between the plane of the core of the third throttling
section and the plane of the sleeve of the core. When
the valve is opened up to 80%, 65%, 50%, 35%, and
20%, the values of H are 3.96 mm, 6.93 mm, 9.9 mm,
12.87 mm, and 15.84 mm, respectively.

The model was meshed by using the poly-hexcore
method. The grid independence test is shown in Figs.
3(a) and (b), where the former shows the maximum
velocity distribution of the continuous phase along
the X-axis under different numbers of grids in Fluent.
The grids used in the EDEM are independent of
Fluent, whereas the grid size significantly influences
the calculated erosion. Figure 3(b) shows the
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maximum rate of erosion of the cylindrical surface
of the annular channel under different grid sizes of
the EDEM. The results included the velocity
distribution of the continuous phase calculated by
using varying numbers of cells. As they were
relatively close, we used 1.45 million cells for
calculation. The erosion model was compiled in the
EDEM by using its contact model API. It was called
every time the particles came into contact with the
grid surface. When the grid was larger, more
particles came into contact with its surface, and the
rate of erosion accumulated within one grid to lead
to a high rate of local erosion. For the EDEM grid,
we set 1.5 mm as the minimum grid size to ensure
the accuracy of the calculated erosion.
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Fig. 3. Grid independence test.

2.3 Numerical Model

2.3.1 Modeling the continuous phase

The incompressible RANS method is used to solve
for the continuous flow. RANS is a method to
transform the problem of unsteady and multiscale
turbulence into one of time-averaging flow. The
equations of continuity and momentum can be
written as:

Continuity:

.(,ﬁjzo

)
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Momentum :

o - - = - -

x PV [+V:| pVV |=-Vp+V:| T |+ pg—Fyy
@

5
T is a stress tensor and Farag is the drag force

between the continuous and the discrete phases.

RNG k-¢& isthe turbulence model used to solve for
continuous flow, and a standard wall function is used.
The effect of swirl on turbulence is included in the
RNG model to enhance the accuracy of modeling
swirling flows to a greater extent than the standard

k-6 model. Compared with another two-equation
model, k-w , the requirement for meshing the
boundary layer is looser in the standard wall function.

2.3.2 Discrete Phase Modeling

The coupled calculation process of the Fluent-
EDEM method is shown in Fig. 4. The EDEM is a
software established based on the DEM that can
track single discrete particles rather than parcels to
yield more accurate results. Its calculation of the
particle—particle contact force and the particle
geometry is based on the mechanics of the given
materials. The exchange of momentum between the
fluid and the particles is solved for by the DPM in
Fluent. The equation of the force balance of particles
can be written as:

q > -
u 2 u-u
m,—2=m, g+ PLF ©)
dt 7
Continuous phase calcolation done in
Fluent
Exchange particle and
fluid data
Force on Particle and Momentum
exchange calculated in DPM model of
Fluent
Particle information and Drag force and other
physical data sent to DPM forees
model in Fluent
Particle position ,physical
parameters , data and contact
computation done in EDEM
Particle generated in EDEM
Fig. 4. Coupled Fluent—-EDEM calculation.
—> - .. . - -
F is an additional acceleration (including the

virtual mass force, pressure gradient force, lift force,
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U=Up s the drag force

. Ed
and impact force), F irag =
g
per unit mass of particle, and

d2
T, = Pl —24 *)
184 C, Re
The drag coefficient C, has been given by Morsi
and Alexander (1972).
When a particle collides with another or the wall,
tangential and normal forces act on each other.
According to the Hertz—Mindlin (no-slip) model

(Johnson 1985; Landau and Lifshitz 1970; Mindlin
1949), the nonlinear normal force can be written as:

F, :EknRuz 312 ®)
3

where R=2RR,(R,+R,). Ry and R, are

the particle diameters, k,=4G/(1-v) is the

effective normal stiffness defined by shear modulus
G and the Poisson ratio v, and &, is the normal
overlap between grains.

Tangential force:

Fs =k (R‘fn )1/2 & (6)

& is the tangential displacement that takes place
since contact was established and k; =8G/(2-v)
is the tangential stiffness.

The E/CRC model for the WC-Co coating at 400 °C
was used as the erosion model (Zheng et al. 2016;

Wang et al. 2021). It was used in the EDEM software
as an API contact model:

ER=C(BH)*®F.V'F(6) @

BH is Brinell hardness, Fs is a constant shape factor,
Vp is particle velocity (m/s), n is the velocity
component, F (&) is the impact angle, C is an

empirical constant, 1.2x10™°, ¢(BH)% F, canbe
defined as a constant, and nis 2.3. F (@) is linearly
fitted as:

0.3591 -0.58H2 24992 A+
0.5766 -0.000184
(8)
NP
Erosion =" rr:ER
z=1 face (9)

Erosion is the general rate of erosion, in kg/m?-s2.
mp is the mass of a single particle impinging on the
wall, Arace is the area of the cell, and Np is the number
of particles in contact the cell face.

2.4 Case Study

2.4.1 Verifying the numerical method

Flow regulation was realized by using multiple
chokes in the multistage pressure relief string-

regulating valve. The applicability of the CFD-DEM
was verified through experimental data from
Mclaury (1996). The turbulence model used was the

standard k-¢ and the erosion model was
Mansouri’s model (Mansouri 2016) for 6061
Aluminum (Darihaki et al. 2017). The settings of
Fluent and the EDEM are listed in Table 1. The time
steps for the continuous phase and the discrete
element were 2e® s and 2e® s, respectively. A
schematic of the model, and a comparison between
the numerical results and experimental data are
shown in Fig. 5.

Table 1 Settings of Fluent and EDEM

Fluent:
Boundary Type Value
Inlet Velocity 2.5mls
Outlet inlet
Wall Outflow
No slip
Fluid material
density (water) 998.2 kg/m3
Fluid material 0.001003
density viscosity kg/(m-s)
EDEM:
Properties Silica sand 6061 Al
Density/ kg/m3 2650 2700
Poisson ratio 0.13 0.34
Young’s
modulus / GPa 73 69
Coefficient of
restitution 0.5 0.5
Coefficient of
static friction 0.6 0.4
Coefficient of
rolling friction 0.05 0.05
Velocity inlet autflow
15.875mm | ]15.875mm
53.975mm v 76.2mm l 66.675mm !
Choke geometry
300
= CFD-DEM simulation result (average value)!
e experimental data from (Mclaury,1996)
250
200 ‘
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Fig. 5. Model schematic and verification of
simulation.

2.4.2 Calculation settings

To investigate the characteristics of erosion of the
multistage pressure relief string-regulating valve, we
considered the effects of the size of its opening and
the difference in pressure. The settings used for
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Table 2 Settings for different cases

Case Valve Particle Inlet Outlet Particle Mass Fluid Fluid
Opening Diameter/ Pressure/ Pressure/ Flow Rate/ Density Viscosity

mm MPa MPa kg-s-1 / kg-m-3 ImPa-s

1 20%

2 35%

3 50% 0.2 18.671 2.947 0.006 731.8 0.212

4 65%

5 80%

6 50% 14.671

7 50% 0.2 16.671 2.947 0.006 731.8 0.212

8 50% 20.671

9 50% 22.671

different cases are shown in Table 2. The
propertiesof the materials for EDEM calculations are
listed in Table 3. The coal powder contained 38.3%
of silica sand particles. Silica sand was thus selected
as the abrasive particle for the simulation. The
properties of WC—Co were obtained from Bernt et al.
(1972). The size of the timestep of the Fluent
simulation was le-5 s and that of the EDEM
simulation was 2e-7 s.

Table 3 Properties of the materials for EDEM

Properties Silica WC-Co
sand
Density/ kg/m3 2650 14600
Poisson ratio 0.13 0.18
Young’s modulus / GPa 73 575
Coefficient of
restitution 0.5 0.5
Coefficient of static
friction 0.6 0.4
Coefficient of rolling
friction 0.05 0.05

3. RESULTS AND DISCUSSION

3.1 Opening
3.1.1 Characteristics of continuous phase flow

The maximum velocity contours of the two sections
under openings of different sizes are shown in Fig. 6.
The maximum velocity of the XY section was 142.9
m/s when the opening of the valve was at 65% of its
maximum size. When liquid passed through the
throttles and then impinged on the outside wall of
annular flow, strong swirls were generated in the
annular channels, especially at openings of the valve
of 35% and 20%. As the size of the opening
increased, the position of impact of the flow moved
upstream. For the AFC sections, the fluid zone above
the flat surface (defined in Section 3.1.2) had a
stagnant velocity with openings of 35% and 20%
because the part of fluid entering the AFC zone from
the throttling zone tended to flow along the annular
channel, and formed a shock owing to the
symmetrical AFC. Moreover, the velocity of the
fluid near the flat surface was lower than that in case
of openings of other sizes (an opening of 80%
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yielded the highest velocity). When the size of the
opening was increased, the stagnation in velocity
was not prominent, and this can be attributed to a
reduction in the space in the zone before the BO,
called the buffer zone, which reduced energy loss.

Figure 7(a) shows the maximum velocity of the fluid
along the direction of flow. When the opening of the
valve was larger than 50% of its maximum size, the
point at which the acceleration of the fluid was high
was located at the OO. When the size of the opening
was 50%, it occurred both at the BO and the OO.
Moreover, the flow resistance and energy loss in the
throttling channel were not large enough for 50%,
which is why the velocity of fluid with an opening of
50% increased along the direction of flow. When the
opening was smaller than 50%, a high-velocity
gradient occurred at the BO because more pressure-
induced energy was converted into kinetic energy in
the narrower flow channels.

Figure 7(b) shows the distribution of the turbulence
intensity, from which it can be concluded that strong
turbulence developed after O1, and points with a
high turbulence intensity appeared in the cavity
between the BO and OO, and the annular flow
channels. This led to the dissipation of a large
amount of Kkinetic energy, corresponding to the
velocity in Fig. 7(a). Figure 7(c) shows the pressure
distribution under openings of different sizes. The
difference in pressure between the BO and the OO
was large, which led to a significant drop in pressure
when the fluid passed through them.

Figure 7(d) shows the mass flow distribution at the
outlet of each size of the opening. Flow through the
outlet decreased with the size of the opening of the
valve. However, flow through the outlet with the
opening was 80% was lower than those at 65% and
50% owing to the smaller area of flow of the OO,
which increased the flow resistance. The mass flow
rates of outlets 1 and 3 were higher than those of
outlets 2 and 4. After passing through the throttling
section, the high-velocity fluid was subjected to a
strong shear stress when it came into contact with
several corners around the boundary wall. Therefore,
many vortices were formed before flow through
outlets 2 and 4, leading to the dissipation of more
kinetic energy. Almost no swirls were created in
flows through outlets 1 and 3 after the last throttling
section, and the high-velocity region was relatively
stable.
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Fig. 6. Velocity contours in sections XZ, XY, and AFC of the valve with openings of different sizes.
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Fig. 7. Comparison of the parameters of flow with openings of different sizes.

3.1.2 Erosion distribution

To examine the area at high risk of erosion, certain
parts of the throttling sections and the annular flow
channels were selected for analysis. The erosion-
related performance of the three parts of the valve
shown in Fig. 8 was analyzed: bevels 1-3, flats 1-3
(wall of the core of the valve) and cylinders 1-3
(inner wall of the sleeve of the valve).

L L. Wwere the minimum and

maximum values, of the coordinates respectively.
The length ratio is introduced to express the scale of
lengths of the distributions of erosion on the cylinder,

and

min

1006

bevel, and flat of the throttling section. it is expressed
as follows:

L- I‘mirl
Lmax - I‘min

L is the X coordinate of the cylindrical surface, and
the coordinate in the Z or Y direction in the abscissa
of the flat plane. The ordinate is the X direction
coordinate. For the surface of the bevel, L is the Z
or Y coordinate in the abscissa, and the ordinate is
the longitudinal width of the surface.

Length ratio = (10)
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Fig. 8. Parts of the valve analyzed the erosion-related performance of which was analyzed.

3.1.2.1 Annular flow channel

Figure 9(b) shows a diagram of erosion distribution
on the cylindrical surface of the annular channel for
cylinders 1-3 (C1-3). The throttling channels (O1-
3) for them are marked in red in Fig. 9(b). the erosion
profiles of C1 and C3 were similar in shape and
location but the erosion morphology of C1 was
clearer. However, as the size of the opening
decreased, the angular range of the area of high
erosion decreased gradually from 180° to 60°. the
area subjected to serious erosion gradually moved
upstream along the X-axis.

The results show that the maximum erosion occurred
at C1 owing to the higher velocity gradient and
difference in velocity between particles at O1
compared with those at O2 and O3, where this
generated a larger drag force and higher fluid flow.
The maximum depths of erosion at C1 and C3
occurred at 80° and 280°, respectively. The angular
position of the area of serious erosion in C2 was
different from those of the other two cylindrical faces
by 90°. However, when the size of the opening was
80%, the erosion morphology was different. In C2
and C3, erosion occurred at the location deviating
from the throttling channel by 90°, where the
particles were concentrated. Moreover, with an
opening of 80%, the point of acceleration of the
particles occurred at the OO, but the buffer zone
between the OO and the BO led to the dissipation of
a large amount of kinetic energy. This means that
when the particles impacted the surface of the
cylinder for the first time, their velocity decreased
significantly.

A plot of erosion of the cylindrical surface under
openings of the valve of different sizes is shown in
Fig. 10. Figure 10(a) shows that the most severe area
of erosion was located at the exits of the orifice
(throttling channel). Because of the impact angle
function term in WC-Co erosion model is in linear
form which has higher value with bigger impact
angle. When impact velocity and impact angle are
both large, it will induce more serious erosion. But
when the opening was 65% or 50%, the erosion was
more dispersed and occurred at several points owing
to high particle concentration at 90° with respect to
the throttling channel.

Figures 10(d)—(f) show that vortical flow in the
annular channels induced the residence of and
repeated collision among particles. More particles
stayed in the annular channel and fewer particles
entered the next stage of a drop in pressure.
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Therefore, the trends of distributions of the average
rate of erosion and particle mass were clearer for C3
than for C1 and C2. This is because after three stages
of a drop in pressure and the dissipation of
mechanical energy, the intensity of turbulence was
much lower at the exit of O3 and the stream of
particles was stabler. This caused the concentration
of erosion on points with a high impact velocity.

3.1.2.2 Throttling the flow channel

The erosion diagram of the flat part is shown in Fig.
11. Figure 12 shows the erosion plots of the three
flats. The maximum depth of erosion occurred with
an opening of the valve of 80%, and was
concentrated. The erosion profile over flat 1 with an
opening of 80% was different from those of other
openings, and featured the maximum wear. Figure
7(a) in Section 3.1.1 shows that there was a
maximum velocity at OO1 upstream of the flat,
which caused the particles to suddenly speed-up and
gather. This led to the concentration of particles near
the wall at flat 1, resulting in concentrated wear. In
Fig. 12, flat 2 with an opening of 80% had the
maximum concentrations of particle mass and
impact velocity, giving rise to aggressive erosion.

The erosion morphologies with openings of sizes of
65%, 50%, and 35% were similar. The former size of
opening yielded the most severe erosion, and flat 2
underwent the most serious erosion followed by flat
3. Compared with openings of other sizes, the local
severe erosion area of the 35% opening moved
upward in the longitudinal direction and was
narrowed. As the size of the opening decreased, the
area of flow of the OO increased and caused the
velocity of the particles to decrease significantly.
This reduced erosion and the mass flow rate of the
particles. Most particles impacted the flat surface
from both sides, resulting in an extension of the
erosion morphology along the transverse direction
owing to the large area of flow through the orifice of
the OO.

When the size of the opening of the valve was 20%
of its maximum, fewer erosion points occurred on the
flat surface. But for flats 2 and 3, local erosion was
observed in the locations marked in red. Figure 12(c)
shows that the velocity of particle impact was low,
thus, the trend of following fluid for particles is
obvious. What’s more, the near-wall fluid can bring
a protection for the wall, which slow down the small
and low-velocity particles. Therefore, few particles
hit on the wall and cause serious erosion.
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The erosion diagram of the bevel is shown in Fig.
13. Figure 14 shows the characteristics of erosion
of the three bevels under openings of different
sizes. When the opening was larger than 50% in
bevel 1, the OO orifice played an important role.
High-speed fluid at the OO impacted the flat at a
large angle and then flowed along the boundary,
driving the particles to impact the bottom of the
bevel. A significant amount of erosion was thus
concentrated at the bottom. With a reduction in the
size of the opening and the area of flow in the BO,
throttling was mainly realized by the BO section.
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Figure 14(a) shows that the particle stream with a
high mass concentration at the top of the bevel
impinged on it at a high speed. The erosion
distribution thus gradually moved up along the
longitudinal direction. When the sizes of the
opening were 50% and 35%, for bevel 1, the
turbulence intensity of flow in O1 was small, as
was energy dissipation, and thus the effect of the
vortex on the particles was slight. In case of bevel
2 or 3, the turbulent effect induced a large
reduction in particle velocity, because of which the
location of erosion changed and its value
decreased.
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Fig. 15. Comparison of erosion profiles and particle impact velocities of cylinders with varying
differences in pressure.

For bevels 2 and 3, when the sizes of the opening
were 80%-35%, the area of high erosion was
concentrated at the bottom and the range of erosion
expanded in the longitudinal direction. Particles
started to decelerate, and did not have a sufficiently
high velocity to reach the top of the face of the bevel
because of collisions, rebounding, and the decay in
kinetic energy caused by turbulence in the AFC.
Moreover, the difference in velocity between phases
decreased compared with that of bevel 1, resulting a

lower impact velocity of the particles as shown in Fig.

14 (c). The particle impact velocity at the top of bevel
was higher, and was contrary to the erosion
distribution there. Figure 14(b) shows that the mass
concentration of the particles was consistent with
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that of erosion, which means that the mass of the
impacting particles was the dominant factor
influencing erosion.

3.2 Pressure difference

In this section, we study the influence of varying
differences in pressure between the front and back of
the valve on the characteristics of erosion of the
valve at a fixed size of the opening of 50%. The
differences in pressure were 11.724 MPa,13.724
MPa, 15.724 MPa, 17.724 MPa, and 19.724 MPa.

3.2.1 Annular flow channel
Figures 15 (a)—(f) show the erosion morphology of
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the cylinder under annular flow and varying
differences in pressure between the front and back of
the valve. Figure 15(a) shows that five points at
which severe erosion occurred were obtained under
the five magnitudes of differences in pressure. This
is because the greater difference in pressure
contributed to the velocity of particle impingement
and reduce the thickness of the protective fluid film,
which caused more significant erosion even at a
point of high mass concentration deviating by 90°
from the exit of the throttling channel. Figures 15(b)
and (c) show that with the increase in the difference
in pressure, erosion gradually deepened. The
difference in the rates of erosion between various
values of differences in pressure is higher in Fig. 15
(c). This can be attributed to greater pressure and the
dissipation of kinetic energy after the two throttling
processes, because of which erosion was
concentrated at the exit of the throttling section.

Figures 15(a)—(c) show that erosion became more
concentrated along the direction of flow, and the
number of points at which significant erosion
occurred decreased from five to two after the first
throttling channel. In Section 3.1.1, we reported a
higher turbulence intensity in the annular flow
channel and a cavity in the throttling section (O2 and
03), which led to more particles undergoing random
motion and a deceleration in their impact velocity.
Figures 15(d)—(f) shows the curves of distribution of
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the particle impact velocity. For cylinders 2 and 3,
they had no clear pattern, and the magnitude of
velocity of particles in cylinder 2 was lower than that
of cylinder 1.

3.2.2 Throttling flow channel

Figure 16 shows the erosion distribution along the
direction of flow at the flat and the bevel. With the
increase in the difference in pressure, the zone of
severe erosion in bevels 1-3 (Figs. 16(a)-(b))
gradually became concentrated at the bottom and its
maximum value gradually increased. When the
difference in pressure was less than or equal to
15.724 MPa, the rates of erosion were close to one
another, especially at 13.724 MPa and 15.724 MPa.
When the difference in pressure was greater than
15.724 MPa, the amplitude of erosion increased
prominently and the change in it was more rapid
along the direction of flow. This was due to an
increase in the difference in pressure when passing
through the throttling section. As the velocity of fluid
increased, the Stokes number did as well, and the
effect of the drag force on the particles decreased.
This caused the particles to tend to gather and strike
the wall directly, thus producing a more concentrated
erosion on the bevel. When the difference in pressure
was smaller, the flow velocity of the continuous
phase was lower, which means that the Stokes
number was small and particles tended to disperse
with the fluid, resulting in extensive wear.
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Fig. 16. Distributions of erosion and particle impact velocity with varying differences in pressure.
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It is clear from Figs. 16(c) and (d) that when the
difference in pressure was lower than 19.724 MPa,
the increases in the rate of erosion and particle
impact velocity of the flat were not in direct
proportion to it, and were even lower than those at
11.724 MPa and 13.724 MPa. In addition, the
difference in the rates of erosion among the four

conditions was small for flat 2, except at 19.724 MPa.

Figure 16(d) shows that particles hitting the top of
the flat had a higher impact velocity than that those
striking the bottom because the fluid carrying
particles hitting the top accelerated when flowing
through the corner at the end of the annular flow
channels.

4. CONCLUSIONS

In this paper, the authors used the CFD-DEM to
simulate the characteristics of erosion of a multistage
pressure relief string-regulating valve by considering
the influence of the size of its opening and
differences in pressure on the erosion distribution.
The conclusions are as follows:

1. In case of openings of different sizes, the effects
of throttling and depressurizing of the BO and OO
were different. The locations of the throttling and
depressurizing points gradually changed from the
OO0 to the BO with the increase in the size of the
opening. A large amount of mechanical energy of the
fluid dissipated in the three throttling channels with
a stair and slope-type structure, which contributed to
the high turbulence intensity. The annular flow
channel (AFC), and the cavity between the BO and
OO provided space for the formation of a zone of
high turbulence intensity and a buffer zone.

2. For openings of 80% and 20%, the area of flow of
the orifices of the OO and BO decreased, resulting in
more concentrated erosion. With a reduction in the
size of the opening, the areas where a large amount
of erosion had occurred decreased in the flat. The
particles eroded the entire surface in the region with
a large velocity gradient on the face of the bevel
owing to different flow patterns. With the
development of a high turbulence intensity, the
particles lost some of their kinetic energy and erosion
became more concentrated at several fixed points
downstream.

3. With an increase in the differences in pressure, the
depth of erosion significantly increased in each part
of the valve. The velocity of flow was higher, and
caused some particles to break away from the fluid.
This led to the aggregation of particles and more
concentrated erosion. A large difference in pressure
enhanced the instability of the particle distribution,
causing random particle collisions and an increase in
the range of erosion, especially on the faces of the
flat and the cylinder.

The proposed multistage depressurization string
structure can disperse erosion in all parts of the
throttle element, and does not cause excessive local
wear. Moreover, the multistage pressure-relief
structure can ensure the stability of depressurization
and a higher accuracy of flow regulation. However,
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while it reduces erosion, this causes more serious
erosion in the first throttling section than the other
sections. Future research should thus seek ways to
increase its wear-resistance. Moreover, because the
WC-Co material eroded severely when the angle of
incidence of the particles was larger than 75°,
research should also focus on reducing the impact
angle of the high-speed fluid or particles by as much
as possible. The buffer zone in the throttling channels
can provide a high turbulence intensity, which should
be used for more efficient energy dissipation.
However, excessive turbulence can cause low local
pressures and an increase in the threshold pressure
for phase change, which may result in severe
cavitation.
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