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Abstract: Numerical analysis of the sediment erosion of the balance valve in a buoyancy regulation
system was performed. A numerical model for the two-phase flow inside the balance valve was
constructed based on the discrete phase model. The sediment erosion rate on the balance valve
was discussed, and the effects of five parameters were considered. The effects of the sediment
concentration and valve opening were found to be significant, while the effects of the pressure
difference, sediment density, and size were found to be moderate. The erosion rate, according to the
numerical results, increased linearly with the sediment concentration, so long-term operation of a
buoyancy regulation system in high-concentration areas should be avoided. The erosion rate was the
highest when the valve opening was 46.3%, so half-open operating conditions are not recommended.
The erosion rate was proportional to the square root of the pressure difference. However, adjusting the
pressure difference may not be an effective method for regulating the total erosion. The superposition
of the secondary flow and the main stream caused particles to spiral along with the fluid, resulting in
asymmetric erosion at the working edge. The erosion rate on the working edge decreased with the
increase in the sediment size. Conversely, the erosion rate on the valve ball surface increased with the
sixth power of the sediment size. Considering that large particles are more likely to cause a blockage,
it is recommended to install a seawater pretreatment device at the inlet to prevent large sediments
from entering the valve and to improve the working life of the buoyancy regulation system.

Keywords: sediment erosion; balance valve; buoyancy regulation system; multiphase flows

1. Introduction

Buoyancy adjustment of underwater submersibles is important in deep-sea operations.
The seawater hydraulic balance valve plays a role in the buoyancy regulation system, ensuring
the maneuverability of the submersible’s operation. However, the presence of a large number
of suspended sand particles in seawater can cause erosion of the buoyancy regulation system
balance valve port due to sand-laden seawater, leading to failure of the valve seal, increased
zero leakage, and reduced pressure gain, thereby decreasing the volumetric efficiency of the
buoyancy regulation system [1,2]. However, if high-precision filters are used to filter the
suspended sand, the seawater hydraulic system is prone to clogging and cannot operate
normally [3]. Therefore, studying the erosion characteristics of sediments on the balance valve
and optimizing the design of the valve are of great significance.

Previous research on the erosion of balance valves mainly focused on erosion induced
by impurity particles in the oil. Du et al. [4] carried out a numerical study of the erosion of
solid particles in hydraulic spool valves. They found that an increase in oil viscosity caused
a decrease in the erosion rate (ER), which was opposite to the conclusion obtained by Liu
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etal. [1]. Li et al. [5] developed a three-dimensional prediction model for the orifice erosion of
high-speed on/off valves. Their model takes into account the influence of a fluid vortex at the
valve orifice. They revealed that valve erosion is mainly caused by the combination of main
stream flow and valve cavity vortex centrifugal particle erosion. Particle motion visualization
tests and computational fluid dynamics (CFD) calculations were conducted by Liu et al. [1,6-9]
to study the particle motion and erosion morphology in an electro-hydraulic servo valve. The
research findings indicated that the predominant factors contributing to erosion wear were
microscopic scraping and the collision of particles with the working edges. The valve orifice
erosion resulted in the formation of fillets on the working edges, a phenomenon known as edge
collapse, and led to an increase in the dispersion of the circumferential distribution. The erosion
wear rate of the working edge was found to be proportional to both the pressure difference
and the non-roundness of the particles. Furthermore, it was observed that the erosion rate
of the working edge in the incident flow zone was approximately one time higher than that
in the backflow zone. In a previous study, Li et al. [10] developed a predictive model for the
orifice throttling coefficient and worn profile in engineering applications. This was based on
the E/CRC erosion wear model and took into account the probability of collision. The results
indicated that the number of solid particles and the hardness of the valve orifice material had
the greatest influence on the prediction results. The numerical results reported by Yin et al. [11]
showed that secondary damage resulting from particle fracturing may have an impact on the
outcomes of laboratory experiments. Furthermore, the data indicated that the maximum erosion
rate for particles of a diameter of 10 pm exhibited no significant variation with changes in the
spool opening.

With the development of water hydraulic technology, seawater is gradually being
used as a pressure medium in hydraulic systems instead of mineral oil [12]. The viscosity
of seawater is smaller than that of oil, resulting in a greater flow velocity under the same
conditions and more severe erosion and wear compared to those with oil. A CFD-DEM
(discrete element method) was used by Lin et al. [13] to investigate the two-phase flow
and erosion characteristics of ball valves with varying valve openings and particle sizes.
Furthermore, it was postulated that the number of particles was a significant determinant
of the erosion rate. The maximum erosion value of the pipeline situated behind the
valve demonstrated an exponential decline with the increase in particle size, a finding
that contrasts with the results reported by Yin et al. [11]. Cheng et al. [14] studied the
solid-liquid flow inside a centrifugal pump by coupling Fluent and EDEM software, and
the numerical results were validated by particle image velocimetry (PIV) experiments. The
particle concentration at the pump inlet had a significant impact on the wall wear when
conveying large-sized particles. It may be reasonably assumed that an increase in particle
concentration will result in a proportional increase in wear severity.

Song et al. [15-17] conducted an analysis to investigate the impact of alterations in particle
distribution and trajectory on the erosion of the blade surface in a centrifugal pump operating
with a sediment-laden medium. The findings indicated that the erosion patterns on the impeller
surface of the centrifugal pump exhibited an asymmetrical distribution. The free surface vortex
(FSV) and the secondary flow in the impeller had significant influences on the particle movement,
which aggravated the local friction and erosion near the walls. The particle concentration exerted
a negligible effect on the morphology and location of the erosion process. However, it exerted a
pronounced influence on the erosion rate and the extent of the eroded area. They also found that
air entrainment by the FSV could reduce the surface erosion at some instants. The synergistic
erosion by cavitation and sediment is a complicated phenomenon [18-20] that should be further
discussed. They also investigated the sediment erosion (SE) in a Francis turbine [21-23], which
can be accurately predicted by the Tabakoff particle erosion model. As the guide vane opening
increased, the wear of the runner blade heads increased, while the friction and wear on the
outlet side of the blade surface decreased. They divided the SE of hydraulic turbines into general
SE and local SE, which were caused by sand-laden flow and deterioration flow, respectively. SE
can result in the dissipation of energy within the unit. The extent of this energy dissipation is
directly proportional to the severity of the SE.
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The erosion characteristics of T-pipes in offshore platforms were numerically investi-
gated based on a mixture model, the renormalization group (RNG) k- model, the discrete
phase model (DPM), and the Oka model by Shan et al. [24]. The particle size distribution
of sand in the Bohai oil field is consistent with the Rosin-Rammler function. The most
severe erosion is observed at the lower surface of the downstream branch, as well as at the
point of connection between the inlet and outlet branches. This is due to a combination
of gravitational and inertial forces exerted on the particulate matter in question. In their
investigation of the dynamic erosion characteristics of a control valve in blackwater flash
systems, Ou et al. [25] found that the valve core is predominantly influenced by low im-
pact angles, resulting in a 56.4% reduction in the overall erosion rate of the valve. Wang
et al. [26,27] studied the erosion characteristics of centrifugal pumps caused by mixed sand.
The study revealed a positive correlation between the average erosion rates on different
flow-through walls and the average mass concentration. Furthermore, sand diameter and
density emerged as the key factors influencing this phenomenon. Hu et al. [28] investigated
the erosion performance of a normally open arrow-type check valve spool. Their research
findings indicated that the most significant erosion damage was observed at the lower end
of the sealing surface, with the degree of damage increasing in line with the increase in
the sealing surface angle. Zheng et al. [29] investigated the evolution of erosion hot spots
under the higher particle flow rates of a drain valve and observed that the erosion hot spot
consistently shifted from the original region to nearby regions. Furthermore, the actual flow
rates were introduced in order to ascertain the failure route of the valve. Research on slurry
flow erosion by Graham et al. [30] pointed out that erosion caused by a vortex can reach
80 times that of background erosion. Perera et al. [31] studied the erosion characteristics
of Aluminium Oxide particle slurry flow on a butterfly valve using the DPM model and
found that a smaller valve opening led to larger wear at the leading and trailing edges.

In summary, the erosion of hydraulic valves in previous studies was mostly based on
particles in oil. There has been relatively little research on the erosion of balance valves in
which seawater is a continuous phase and suspended sediment is a discrete phase. The
properties of deep-sea sediments are also different from those of particles in oil. Therefore,
this study focused on the suspended sediment erosion characteristics of the balance valve
in a buoyancy regulation system, exploring the influences of various factors on the erosion
rate under operating conditions in order to improve the reliability of the balance valve in a
buoyancy-regulation system.

2. Numerical Model
2.1. Governing Equations and Phase Interactions
The governing equations are as follows:
0 =
P 4 V-(pU) =0
ot (1)
9 - —— N = =
a(pu) +V(pUul) =—-Vp+pg+V-T+F

—
where U, p, p, g, T, and F are the velocity, pressure, density, dynamic viscosity, gravity,
viscous deformation tensor and capillary force, respectively.

The turbulent flow in the balance valve is described using the Realizable k-¢ model:
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k
where C; = max {0.43, ]715}, N = Sg, S = 1/2S;;Sij. Gy represents the generation of

turbulence kinetic energy due to the mean velocity gradients, G, is the generation of
turbulence kinetic energy due to buoyancy, and Y}, represents the contribution of the
fluctuating dilatation in compressible turbulence, which was zero in this study. The
enhanced wall function is employed to capture the fluid flow near the wall accurately.

The DPM model is used to track the particle movement, and the equation of the motion
of a sediment particle is:

au
mSTtSZFD-i-FG-l-Fp-i—FL-i—FVM 3)
where Fp is the drag force, Fg is the gravity, Fp is the pressure-gradient force, Fy, is the lift

force, and Fyy, is the virtual mass force. Fp, Fg, and Fp can be determined by:

18 uRe
FD = ECDmSPng(qu — us)
Fo =myg|1— L @)
Os
_ _ Prop
Fp= ms,os ox

where Cp is the drag coefficient described by the spherical drag model. Re; is the relative
Reynolds number. In the context of general hydraulic systems, the lift forces (Fr) and
virtual mass forces (Fyy) can be considered to be negligible.

The rebound coefficient with the collision angle is calculated according to the Grant
model [32]. The normal bounce coefficient and tangential bounce coefficient e, and e; can

be calculated as:
{en = 0.993 — 1.76a + 1.56a2 — 0.494°

er = 0.988 — 1.66a + 2.11a% — 0.67a3 ()

where « is defined as the angle between the particle and the wall at the moment of impact.

Surface erosion is caused in part by the impact on equipment walls by sea-sand
particles entrained within a fluid flow. Wall erosion leads to equipment degradation,
decreased performance, and reduced service life. The McLaury Erosion model [31] was
used to predict the erosion rate of sediment in the buoyancy regulation system:

ER = ABPV"f(a) (6)

where A and D are empirical constants determined by the material, B), is the Brinell’s
hardness number of the wall material, V is the particle impact velocity, and f(«) is the
impact angle function, which can be calculated as:

ba? + cu, fora < oy
fo =1 o Jore s i @)
xcos“asin(wa) + ysin“(a) + z, fora > ayy,
where wy;;, is the transition angle. The model constants for sand—steel erosion are given in
Table 1.

2.2. Physical Model and Mesh Generation

A seawater balance valve used to adjust the pressure of a deep-sea submersible was
designed as shown in Figure 1a, where the key dimensions were marked. The fluid domain
is shown in Figure 1b. Three mesh schemes were generated using ANSYS Meshing. A
mesh independent test was done when the pressure difference was 5 MPa, as shown in
Figure 2. Pressures at six slices were plotted, and the medium scheme with 354,457 cells
was selected for further calculations.
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Table 1. McLaury Erosion Model Constants.

Constants Values

15°
1.997 x 1077

—0.59
1.73
—13.3
7.85
1.09
0.125
1.0

2
g

S Raosx O

Inlet

(a) (b)

Figure 1. Structure of the balance valve: (a) sectional view and key dimensions, 1—valve seat,
2—guide sleeve, 3—valve core, 4—valve stem, 5—valve body. and (b) inside flow channel.

Pressure (MPa)

1 L |—=—73,499 cells | \ i
—m— 354,557 cells S—
—=— 1,242,675 cells \Iﬁl\l
0 - -
1 1 1 1 1 1
Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Slice 6

Figure 2. Pressure evolution for different grid schemes.

2.3. Parameters and Boundary Conditions

The inlet and outlet were set as pressure boundaries, with the pressure difference
varying from 5 to 20 MPa. The distribution of sediment at the inlet was set as uniform. The
wall of the valve inside the flow channel was set as a non-slip wall boundary, with a reflect
condition for sediment particles according to Equation (5). The wear of suspended sea sand
in seawater is the most significant. Therefore, the erosion of the valve by sea sand was
mainly considered in this study. The physical parameters of the seawater and sea sand are
listed in Table 2. The sea sand particles were considered to be spherical, and the sea sand
properties were determined according to the literature [33,34]. The valve opening varied
from 27.8% to 100%. Sediment concentration refers to the mass of suspended sediment
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per cubic meter of seawater. The suspended sediment flow rate in the manuscript was
calculated based on seawater flow rate and mass concentration.

Table 2. Physical parameters of the seawater and sea sand.

Parameters Value
Seawater density 1040 kg/m3
Dynamic viscosity 0.001 Pa-s
Sediment densities 1800-3000 kg /m?
Sediment diameters 20-50 pm
Sediment concentrations 50-350 g/ (m3 seawater)

2.4. Numerical Methods

Numerical simulations were conducted in parallel using ANSYS Fluent 2021 software.
The fluid was assumed to be incompressible and steady when solving the pressure-velocity
coupling. The PRESTO! scheme was adopted for the pressure term, and the second-order
upwind scheme was used for the momentum terms. The first-order upwind scheme was
adopted for the turbulent kinetic energy and turbulent dissipation rate.

3. Results and Discussion

The sediment erosion rate on the balance valve was examined by considering the
effects of the valve pressure difference and openings, as well as the sediment density, size,
and concentration. The contact type between the valve core and valve seat was line contact.
Surface roughness and roundness errors of the valve core and valve seat can affect the
sealing performance of the valve port. The sealing force acting on the valve core should
first be sufficient to compensate for surface roughness and roundness errors between the
valve core and valve seat in order to avoid gaps between them. Erosion can exacerbate
roundness errors, so this study focused on analyzing the non-uniformity of the erosion-
rate distribution on the sealing working edge and valve ball, as shown in Figure 3. It is
worth noting that the guide sleeve was designed with a petal shape, meaning that the flow
channels in the upper, lower, left, and right positions (8 = 0, 7, —7t/2, and 71/2, respectively)
are larger than those in other positions.

Y-

-

Working edge

Valve ball

Figure 3. Working edge and its circumferential angle.

3.1. Effect of Pressure Difference

The pressure difference between the inlet and outlet of the seawater balance valve
was relatively high. Figure 4 shows erosion rate contours at different pressure differences,
ranging from 5 to 20 MPa. When the valve opening was determined, the seawater flow
velocity and flow rate increased with the increase in the valve pressure difference, resulting
in an increase in the inlet sediment mass flow rate. The movement velocity and kinetic
energy of the sediment particles suspended in the seawater were higher, so the erosion rate
at the working edge also increased accordingly.
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(©) (d)

Figure 4. Erosion rate contours at different pressure differences (ps = 1.8 g/ cm®, ds =20 um,
¢cs = 50 g/m?3, valve opening = 100%). (a) Ap = 5 MPa, Qs = 7.6 x 1072 kg/s, (b) Ap = 10 MPa,
Qs =1.087 x 107*kg/s, (¢) Ap = 15 MPa, Qs = 1335 x 107* kg/s, (d) Ap = 20 MPa,
Qs =1.544 x 10~* kg/s.

Figure 5a shows the erosion rates at the working edge for different pressure differences.
The erosion rate showed large values near the four petal positions, and the circumferential
distribution exhibited asymmetry. The erosion rates on the left and right sides were not
symmetric, due to the asymmetry of the seawater flow field on both sides. Overall, the
structure of the balance valve was close to a curved pipe, with changes in the flow direction
between the inlet and outlet. This not only caused vortex zones to appear on the inner and
outer sides of the flow channel (8 = 0 and 7, respectively) but also generated a secondary
flow phenomenon [35], as shown in Figure 6a. The fluid moving along the curved channel
experienced centrifugal force, which increased the pressure on the outer side and decreased
the pressure on the inner side. The pressure changes on the left and right sides (6 = —mt/2
and 7t/2) were not significant, so a pair of vortices were generated near the outlet [30]. The
superposition of this secondary flow and the main stream caused particles to spiral along
with the fluid, resulting in asymmetric erosion at the working edge.

Figure 5b shows the average erosion rate at the surface of the valve ball. The erosion
rate increased with the pressure difference. When the concentration of sediment was
constant, it was mainly caused by an increase in the flow rate. As shown on the right
axis, the sediment flow rate was directly proportional to the square root of the pressure
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difference. Therefore, the erosion rate of the valve ball surface was also proportional to
AP, Tt is not difficult to find from Figure 5a that the erosion rate at a certain point on the
working edge also followed this characteristic.

22 T T

Erosion Rate (10-*kg/(m*s))
x 3 B £ &
—

N
T

T T T
—e—5MPa ' ' ' l - 1.6E-04
20 - —=—10MPa . 1.6
—A— 15 MPa
|—=<—20 MPa
T 4 1.4E-04 &
2 14F %
4 =z 2
£ £
4 B 2L - 1.2E-04 2
T E
=% =
4 P =
£ 10804 §
- A *-vE @
1 g £
2 k]
0.8 - - 8.0E-05
4L L 1 L L 0.6 L : 1 L 6.0E-05
n 2 0 w2 n 5 10 15 20
Circumferential Angle 6 Pressure Difference AP (MPa)
(a) (b)

Figure 5. Erosion rates at the working edge and surface of the valve ball at different pressure
differences: (a) working edge distribution and (b) valve ball surface.

¥ Vorticity

12909.1
10000

7090.91
4181.82
1272.73
-1636.36
-4545.45
-7454 .55
-10363.6
-13272.7
-16181.8
-19090.9
-22000

Velocity Magnitude

(a) (b)

Figure 6. Flow field and its secondary flow: (a) vortex at the section near the outlet and (b) typical
particle trajectories.

3.2. Effect of Valve Opening

The valve opening refers to the position of the valve ball when changing the throttling
area of the flow channel, and it is usually related to valve flow coefficient (Cv). The larger
the valve opening is, the stronger the overcurrent capacity is. In this study, the valve stem
positions x = 0.15, 0.25, 0.35, 0.45, and 0.57 mm corresponded to 27.8%, 46.3%, 64.8%, 83.3%,
and 100% valve openings, respectively.

Figure 7 shows erosion rate contours at different valve openings. When the valve
opening was small, the erosion mainly occurred near the working edge. As the valve
opening increased, the erosion rates at the front face of the valve ball and the guide sleeve
wall increased, resulting in a more uniform distribution of the erosion rate. Regardless of
the opening size, the maximum erosion rate occurred at the working edge, but the location
of the maximum erosion rate was uncertain. The erosion rate at the working edge was
much higher when the valve opening was 46.3% than at other openings. Except for the
lower erosion rate at the four petals, the high erosion rate areas were almost connected
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into four arcs. At a working edge with a 6 of approximately 60°, the erosion rate reached
1.93 x 1077 kg/(m? x s), which was much higher than the ER value at the other openings.
Figure 8b also shows that the erosion rate of the valve ball was the highest when the
valve opening was 46.3%. At this valve opening, the sediment flowing through the valve
has both high flow velocity and high flow rate [36]. As the valve opening increased, the
erosion rate first increased and then decreased, which was consistent with the experimental
observations of Liu et al. [1]. When the pressure difference was determined, the amount of
suspended sediment passing through the valve increased linearly with the valve opening
(as shown on the right axis of Figure 8b), thereby increasing the collision rate with the
valve ball. As the valve opening further increased, although the particle mass flow rate
was relatively high, most particles followed the main stream of the liquid flow and moved
downstream from the middle area of the valve opening, resulting in a decrease in the
number of collisions between particles and the working edge and an increase in the number
of secondary collisions with the wall surface. As shown in Figure 7e, the erosion rates on
the wall surface (outer circle) and the side of the valve ball were greater when the valve
opening was larger. Therefore, the erosion rate of the valve ball slightly increased when the
valve was fully open, compared to that at an opening of 83.3%.
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Figure 7. Cont.
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7.27273E-08
6.36364E-08
5.45455E-08
4.54545E-08
3.63636E-08
2.72727E-08
1.81818E-08
9.09091E-09

(e)

Figure 7. Erosion rate contours at different valve openings (Ap = 5 MPa, ds = 20 um,
0s=18 g/cm3, cs =50 g/m3). (a) valve opening = 27.8%, Qs = 2.2 x 105 kg/s, u;, = 5.61 m/s,
(b) valve opening = 46.3%, Qs = 3.51 x 107> kg/s, u;, = 8.95 m/s, (c) valve opening = 64.8%,
Qs =4.74 x 10"° kg/s, uj, = 12.06 m/s, (d) valve opening = 83.3%, Qs = 6.05 x 107> kg/s,
uj, = 154 m/s, (e) valve opening = 100%, Qs = 7.57 X 105 kg/s, uj; =19.29 m/s.

] 1.0 . . y — 8E-05
[ ]
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1
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Figure 8. Erosion rates at the working edge and surface of the valve ball at different valve openings:
(a) working edge distribution and (b) valve ball surface.

3.3. Effect of Sediment Density

Figure 9 shows erosion rate contours with different sediment densities, ranging from
1.8 to 3.0 g/cm3. The impact of the suspended sediment density on the erosion rate was
not significant. The erosion rate at the working edge and at the surface of the valve ball
in Figure 10 also prove this. The higher the density was, the greater the inertia of the
particles became, causing them to be less affected by other forces, thereby reducing the
probability of collision between the particles and the working edge and surface of the valve
ball. However, due to the low density of the sediments, the impact of density on the erosion
at the valve ball surface was not significant, with a variation rate of only 1.29%.
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Figure 9. Erosion rate contours with different sediment densities (Ap =5 MPa, ds =20 um, ¢ =50 g/ m3,
valve opening = 100%). (a) ps = 1.8 g/cm3, (b) ps = 2.2 g/cm3, (c) ps = 2.6 g/cm3, (d) ps = 3.0 g/cm3.
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Figure 10. Erosion rates at the working edge and surface of the valve ball with different sediment
densities: (a) working edge distribution and (b) valve ball surface.
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3.4. Effect of Sediment Diameter

Figure 11 shows erosion rate contours with different sand diameters, ranging from 20 to
50 um. As the sediment size increased, the erosion rate of suspended sediments on the front
surface of the valve ball increased, and it also increased the secondary collisions on the guide
sleeve wall and the valve ball. As shown in Figure 11d, significant erosion rates were observed
on the wall at circumferential angles of 0°, —60°, and 140°. In contrast, the probability of
sediment collision with the working edge decreased slightly as the sediment size increased
when passing through the valve port. Overall, the erosion rate on the working edge was
relatively uniform, not exceeding 10 kg/(m? * s). Figure 12b shows that the erosion rate on the
valve ball increased with the increase in the sediment size, and the erosion rate was roughly
proportional to the sixth power of the sediment diameter. The cubic power of the diameter
corresponded to the mass of the particles. Therefore, an increase in the particle diameter not
only had a mass effect but also an increase in collisions with the wall. The following behavior
of large particles was worse, resulting in a smaller reflection angle after the first impact on the
front of the valve ball and increasing the probability of colliding with the wall and the side of
the valve ball again. Based on the power-law relationship between the valve ball erosion rate
and the particle diameter, as well as the fact that large particles were more likely to cause a
blockage in the flow channel, it is recommended to install a seawater pretreatment device at
the inlet to prevent large sediments from entering the valve.
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Figure 11. Erosion rate contours with different sediment diameters (Ap = 5 MPa, ps = 1.8 g/cm?,
cs =50 g/m3, valve opening = 100%). (a) ds = 20 um, (b) ds = 30 um, (c) ds = 40 um, (d) ds = 50 pm.



J. Mar. Sci. Eng. 2024, 12, 1344

13 of 18

Erosion Rate (10"*kg/(m?s))

[——20 um|
|—#—30 um
|—A— 40 pm
[—*—50 um|

-

DPM Erosion-1
3E-07
2.72727E-07
2.45455E-07
2.18182E-07
1.90909E-07
1.63636E-07
1.36364E-07
1.09081E-07
8.18182E-08
5.45455E-08
2.72727E-08

-/2

T T T
n T T T T T T T7
L /|
0.0 = Num. n
4 - - —ER = 1.0875*10°"'*D6+0.7225, R?=0.9998| ,
~085 / E
= /
4 ~ ’
g y
080 e .
o 7
| S [ 2
sosk 7 -
- é _ »- - -
e - - - - -
g
4 2z 0.70 - _
=
=
. 0.65 | _
! ’ : 1 1 1 1
0.60 . . L
Circllmfere::tial Angle 6 . i 20 30 40 30
Sediment Diameter d; (um)
(a) (b)

Figure 12. Erosion rates at the working edge and surface of the valve ball with different sediment
diameters: (a) working edge distribution and (b) valve ball surface.

3.5. Effect of Sediment Concentration

Figure 13 shows erosion rate contours with different sediment concentrations. The
erosion rate on the surface and working edge of the valve ball increased with the increase
in the sediment concentration. Figure 14a shows that when the concentration increased
from 50 to 350 g/m?, the peak erosion rate at the working edge increased from 10 to
70 kg/(m? * s). Figure 14b reveals that the erosion rate at the valve ball surface increased
linearly with the sediment concentration. Considering that there was more sediment near
the deep-sea seabed, there would be significant turbid currents during deep-sea operations
in this area [37], where the concentration of suspended sediment would increase expo-
nentially. In addition, the higher the current velocity was, the higher the concentration of
suspended sediments became. Therefore, the long-term operation of a buoyancy regulation
system in high concentration areas should be avoided as much as possible.
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Figure 13. Cont.
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Figure 13. Erosion rate contours with different sediment concentrations (Ap = 5 MPa,
ps = 1.8 g/cm3, ds = 20 um, valve opening = 100%). (a) cs = 50 g/m3, Qs = 7.6 x 107> kg/s,
(b) ¢s = 150 g/m3, Qs =2.28 x 107* kg/s, (c) ¢s = 250 g/m>, Qs =3.8 x 1074 kg/s, (d) ¢s = 350 g/m?,
Qs =5.32 x 1074 kg/s.
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Figure 14. Erosion rates at the working edge and surface of the valve ball with different sediment
concentrations: (a) working edge distribution and (b) valve ball surface.

3.6. Parameter Significance on Sediment Erosion

The effects of five investigated parameters (Pm) on sediment erosion have been dis-
cussed above. Here, we define an index called the relative significance (RS) to compare the
significance of the investigated parameters on sediment erosion:

_ ERmax/ ERmin

RS = ,
Pimax / Piimin

®)
where ERmax and ERpjy are the maximum and minimum erosion rates at the working edge,
respectively, and Pmax and Py, are the larger and smaller values of the parameter when
the erosion rates at the working edge were the highest and the lowest, respectively. The
index represents the proportion of parameters that need to be changed for an equivalent
improvement in the sediment erosion rate. Table 3 lists the relative significance values
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and assessments of the investigated parameters in descending order. RS,y and RSpax are
the relative significances of the average and highest erosion rates at the working edge,
respectively, because the determination of the valve sealing force should take into account
both the maximum and average erosion of the working edge.

Table 3. Relative enhancement and assessment of investigated parameters on sediment erosion at the
working edge (listed in descending order).

Investigated Parameters RSave RSmax Overall Effect Assessment
Sediment concentration (1) 1.033 1.032 Significant
Valve opening (1 then ) 0.921 0.963 Significant
Sediment density ({) 0.630 0.668 Moderate
Pressure difference () 0.559 0.535 Moderate
Sediment diameter (| 0.437 0.401 Moderate

We considered an RS smaller than 0.8 to correspond to a moderate effect and an RS
larger than 0.8 to correspond to a significant effect. As shown in Table 3, the RS,sye and
RSmax values were very close for each investigated parameter. Hence, RS,y is used to
discuss the effects on sand erosion. The maximum relative significance was 1.032 for the
elevated sediment concentration. The buoyancy regulation system should avoid long-term
operation in environments with high concentrations of suspended sediments. Another
significant effect is the valve opening, which suggests that the buoyancy regulation system
should avoid half-open operating conditions. The pressure difference is another operating
parameter that had a moderate effect on the working edge erosion. Reducing the pressure
difference can reduce the erosion rate by reducing the flow rate. However, if a balance
valve is used in a buoyancy regulation system, its total flow rate is determined when the
regulation target is set. Reducing the pressure difference will prolong the adjustment time,
resulting in longer erosion times. Therefore, adjusting the pressure difference may not
be an effective method for regulating total erosion. The decrease in the particle diameter
and density increased the erosion of the working edge, with RS,ye values of 0.437 and
0.630, respectively. Considering that sediment particles with smaller diameters and lower
densities are more likely to be suspended in seawater, the effect of the sediment properties
cannot be ignored. It is worth noting that the sediment density had little effect on the
surface of the valve ball, while the sediment diameter had a significant effect on the erosion
of the valve ball surface. Therefore, it is necessary to consider strengthening the wear
resistance of the valve seat and valve ball surface that constitute the working edge, in order
to improve the working life of the valve.

4. Conclusions

Numerical analysis of the sediment erosion of the balance valve in a buoyancy reg-
ulation system was performed. A numerical model for the two-phase flow inside the
balance valve was constructed based on the discrete phase model. The sediment erosion
rate on the balance valve was discussed, and the effects of five parameters were considered.
The effects of the sediment concentration and valve opening were found to be significant,
while the effects of the pressure difference, sediment density and size were found to be
moderate. The erosion rate, according to the numerical results, increased linearly with the
sediment concentration, so long-term operation of a buoyancy regulation system in high-
concentration areas should be avoided. The erosion rate was the highest when the valve
opening was 46.3%, so half-open operating conditions are not recommended. The erosion
rate was proportional to the square root of the pressure difference. However, adjusting
the pressure difference may not be an effective method for regulating the total erosion.
The superposition of the secondary flow and the main stream caused particles to spiral
along with the fluid, resulting in asymmetric erosion at the working edge. The erosion
rate on the working edge decreased with the increase in the sediment size. Conversely, the
erosion rate on the valve ball surface increased with the sixth power of the sediment size.
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Considering that large particles are more likely to cause a blockage, it is recommended to
install a seawater pretreatment device at the inlet to prevent large sediments from entering
the valve and to improve the working life of the buoyancy regulation system.

Author Contributions: Conceptualization, H.L. and EY.; methodology, C.Y.; software, Y.L. and L.M,;
validation, H.L. and FY,; investigation, H.L.; resources, S.Y.; data curation, L.W.; writing—original
draft preparation, H.L.; writing—review and editing, F.Y.; visualization, Y.L.; supervision, C.Y.; project
administration, C.Y.; funding acquisition, H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of China
(No. 2021YFC2800600), the National Natural Science Foundation of China (No. 12172152), and the
Jiangsu Key Laboratory of Advanced Food Manufacturing Equipment & Technology (FMZ202305).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

List of Symbols

A material constant

By, Brinell’s hardness number of wall material (N/mm?)

Cs sediment concentration (g/ m?)

Cp drag coefficient

Cy valve flow coefficient

ds sediment diameter (um)

D material constant

en normal bounce coefficient

et tangential bounce coefficient

E energy (J)

F capillary force (N)

fy) impact angle function

Fp drag force (N)

Fg gravity force (N)

Fp pressure-gradient force (N)

Fp lift force (N)

Fom virtual mass forces

g gravity acceleration (m/s?)

e generation of turbulence kinetic energy due to the mean velocity gradients
Gy generation of turbulence kinetic energy due to buoyancy
k turbulence kinetic energy

P pressure (Pa)

Qs sediment flow rate (kg/s)

T viscous deformation tensor

v velocity (m/s)

\% particle impact velocity (m/s)

Ym contribution of the fluctuating dilatation in compressible turbulence
Greek Symbols

o angle between the particle and the wall when it hits the wall (rad)
o density (kg/m?3)

0s sediment density (kg/m?)

U dynamic viscosity (N-s/ m?)

T viscous deformation tensor

€ turbulent dissipation rate (m?/s3)

o stresses (Pa)
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0 circumferential angle (rad)

0% angle of impact (rad)

Abbreviations

CFD computational fluid dynamics

DEM discrete element method

FSV free surface vortex

DPM discrete phase model

ER erosion rate

ERyax maximum erosion rate at the working edge (kg/(m?-s))
ERin minimum erosion rate at the working edge (kg/ (m?2-s))
Oka Oka model

RNG renormalization group

MM Mixture Model

larger values of the parameter when the erosion rate

Pritmax at the working edge is the highest
smaller values of the parameter when the erosion rate
Prtyning at the working edge is the lowest
RS relative significance
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