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ABSTRACT 

To address the issue of erosion in the control valves of blackwater flash systems 

in the coal chemical industry, this study investigates the dynamic erosion 

characteristics of one such control valve. Computational fluid dynamics is 

employed to compare the results obtained with a static mesh and an erosion-

coupled dynamic mesh, and the valve erosion is investigated by analyzing the 

erosion rate, the particle impact velocity, trajectories and angle. Moreover, the 

relationship between the deformation caused by erosion and the dispersion of 

the flash vapor phase in the valve is studied, focusing on the flow resistance 

coefficient. The results indicate that over a period of 9 × 106 s, the impact 

velocity and subsequent collisions of particles reduce, and the impact angle 

decreases with the accumulated deformation of the valve core. Notably, the 

valve core is influenced primarily by the cutting that results from low impact 

angles, leading to a substantial decrease in the overall erosion rate of the valve, 

amounting to a reduction of 56.4%. The region facing the flow is at significant 

risk of erosion, and as the opening decreases, the erosion zone extends gradually 

to the annular region of the valve core and valve head, leading to increased 

erosion deformation. Furthermore, as the flow resistance coefficient decreases, 

so does the vapor volume fraction inside the valve. This study provides a 

theoretical basis for predicting faults and developing online monitoring solutions 

for high-differential-pressure control valves in blackwater flashing systems. 
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1. INTRODUCTION 

The processing equipment used in the coal chemical 

industry is frequently exposed to complex multiphase 

flows in which a solid-containing medium repeatedly 

scours the surfaces of equipment and pipelines, thereby 

giving rise to erosion as a significant concern. Of 

particular importance in coal chemical systems are 

blackwater control valves, which are prime locations for 

erosion failure. Prolonged exposure to high differential 

pressure and flow rate leads to severe deformation of the 

valve core and to flash evaporation of the contained 

medium, and thus the overall lifespan of these valves is a 

mere four to six months (Ou et al., 2019). Therefore, it is 

imperative to research control valves extensively to 

uncover their failure mechanisms. 

As indispensable equipment for industrial production, 

valves have been subjected to many studies to solve the 

problem of valve erosion. Liu et al. (2023) conducted 

visual experiments to inspect the transient erosion process 

in a proportional valve; the results indicated the presence 

of “edge collapse” within the valve, with groove 

formation, spalling, and indentation identified as the 

underlying mechanisms, and it was observed that the 

viscosity of the medium and the concentration of particles 

contributed to an increased rate of spalling. Peng et al. 

(2021) used experimental and numerical simulation 

techniques to explore the gas–solid multiphase flow of the 

ball valve; it was found that the worn surfaces were 

influenced by multiple mechanisms, and a region of 

reduced flow velocity—commonly referred to as a 

stagnation zone—was observed in the sample center, with 

the erosion rate (ER) increasing with increasing impact  
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NOMENCLATURE 

CFD Computational fluid dynamics  v  vapor volume fraction 

ER Erosion Rate  facex
 mesh deformation of a single face 

ECDM Erosion-coupled dynamic mesh    flow resistance coefficient 

UDF User-Defined Function  MMt
 time step of the mesh motion 

 

angle and peaking at 30°. Li et al. (2022) studied the 

correlation between particle collision and failure 

morphology of a valve port, considering various factors; 

the findings revealed a significant association between the 

cone-angle within the valve and the service life of the 

valve, and gray correlation analysis was used to identify 

the three factors with the most impact on the valve, i.e., 

the pressure drop, the grain size, and the valve diameter. 

Liu et al. (2021b) conducted particle motion visualization 

experiments to discuss the particle movement 

characteristics of the valve. The findings indicate the 

presence of four distinct motion modes exhibited by the 

particles, namely displacement and rotate along the wall, 

displacement and rotation along the wall opposite to the 

flow, motion propelled by the fluid, and particle spinning 

within a vortex. The researchers have extensively 

explored the erosion failure morphology and influencing 

factors of valves, dedicating substantial efforts towards 

improving valve longevity. However, there is limited 

research on erosion failure in control valves specifically 

under high-pressure differentials and flash evaporation 

conditions. 

Computational fluid dynamics (CFD) is an 

established technology for fluid analysis and predicting 

particle erosion on surfaces (Koca, 2022). By using 

predictive analysis, enterprises can implement effective 

measures to mitigate failure issues and minimize 

economic losses (Alnak et al., 2022). Numerous scholars 

have conducted extensive research on valves using CFD. 

Hu et al. (2022) research the erosion properties of a check 

valve by CFD; the findings indicated that the bottom of 

the valve core’s sealing surface experiences the most 

extreme erosion damage, and the damage increases with 

increasing angle of the sealing surface. Zhao et al. (2023) 

conducted a thorough simulation analysis of the energy 

loss in a valve’s cavitation flow, using CFD to optimize 

the valve structure and obtaining remarkable results; it was 

discovered that using a valve sleeve with a V-groove 

configuration reduced the overall entropy production by 

an impressive 7.46%, thereby greatly enhancing the 

valve’s service life. 

The aforementioned scholars analyzed the flow 

behavior in valves using CFD based on a static grid, but 

with advancements in CFD technology, there have also 

been studies that used dynamic mesh techniques to solve 

the problem of material deformation. For instance, 

Nguyen et al. (2014) investigated the interplay between 

material surface deformation and multiphase flow 

characteristics, revealing that erosion-induced alterations 

in surface profile can significantly impact the erosion 

mechanism. Parsi et al. (2019) studied the erosion 

characteristics of an experimental jet process by coupled-

erosion-solver with a dynamic grid; it was found that as a 

pit on the surface of the sample deepened, the ER 

decreased. López et al. (2018) used an erosion-coupled 

dynamic mesh (ECDM) to predict the failure of the volute 

of a centrifugal pulp pump; high similarity was found with 

the actual failure situation, showing the applicability of 

this method for calculating the performance attenuation of 

the pump when it was eroded. 

Currently, the ECDM method is used predominantly 

to examine jet and elbow phenomena, but its use for valves 

is comparatively limited. In the present investigation, CFD 

in conjunction with ECDM technology is used to forecast 

the behavior of a blackwater control valve. Comparison 

shows that using a dynamic mesh is better for simulating 

real-world failure scenarios and exhibits superior 

performance in erosion prediction. The erosion 

characteristics are investigated at various time intervals 

and with different orifice sizes, with ER, particle velocity, 

trajectories and angle as the primary parameters. Then, 

based on the erosion deformation of the valve core, the 

flashing in the valve is studied. The present findings 

provide valuable insights for predicting the failure of 

blackwater flash control valves and devising effective on-

line monitoring strategies. 

2. NUMERICAL MODEL 

The finite-volume and Euler–Lagrange methods were 

used to emulate the internal erosion process of the 

blackwater control valve. The valve constitutes a vapor–

liquid–solid three-phase flow problem, with the vapor–

liquid phase considered as a continuous phase and the 

dilute solid phase described by the discrete phase model. 

The impact of vapor compressibility was not considered, 

and a user-defined function (UDF) was used for the 

vapor–liquid mass transfer. The ER was calculated using 

the Oka erosion model, while the surface deformation of 

the valve spool was determined using an ECDM. 

2.1 Governing Equations 

The mass-conservation and momentum-conservation 

equations of the fluid are as follows (Koca & Zabun, 2021): 

( ) 0v
t
 

→  
+ = 

  
,  (1) 

( )v v v p g F
t
   

→ →→ = → →    
+ = − + + +   

    
,  (2) 

where F
→

 is the external force and the source term, p is the 

static pressure,  is the fluid density, and 
=

is the stress 

tensor. 

The realizable model has been greatly improved 

compared with the standard model when calculating 

strong streamline bending and vortex, so the realizable 
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turbulence model is adopted. In order to save computing 

resources and improve the convergence of calculation, the 

Enhanced Wall Treatment method is adopted. (ANSYS, 

2020). 

2.2 Phase Change Model  

Flash boiling is when saturated water becomes 

partially saturated water vapor because of the decreased 

pressure after high-pressure saturated water enters a low-

pressure container. Its generation principle is similar to 

that of cavitation, with both being pressure-driven 

evaporation accompanied by vapor–liquid phase transition 

(Jin et al., 2017). In this study, according to the cavitation 

model and the relationship between pressure and 

saturation temperature, a UDF was used for the vapor–

liquid mass transfer in the valve. The Zwart–Gerber–

Belamri cavitation model (Zwart et al., 2004) is as follows: 

( )( ) v v jv v
e c

j

u
R R

t x

   
+ = −

 
,  (3) 

where eR   is the vapor evaporation rate, cR   is the vapor 

generation rate, ju   is the cartesian velocity component, 

and v  is the density. 

As the vapor volume fraction increases, the 

nucleation density decreases, and v  vapor volume 

fraction can be replaced. In its final forms, the equation 

can be rewritten as  

nuc3 (1 ) 2

3

v v v
e v

B l

P P
R F

R

  



− −
=   (4) 

for evaporation and  

3 2

3

v v v
c c

B l

P P
R F

R

 



−
=   (5) 

for condensation, where the volume fraction of nucleation 

sites is taken as 
45 10nuc −=  , the bubble radius is taken as 

610BR −= , the evaporation ratio is taken as 50vF = , and the 

condensation ratio is taken as 0.01cF =  . The saturated 

vapor pressure of the liquid is defined by the Antoine 

equation (Thomson, 1946): 

vlog / ( )P A B t C= − + ,  (6) 

Where vP is the saturated vapor pressure of the liquid 

corresponding to temperature t, and A, B, and C are 

physical constants ( A   = 7.074, B   = 1657.46, C   = 

227.02). 

2.3 Discrete Solid Particle Phase 

The multiphase flow is processed using the Euler-

Lagrange method. The Navier–Stokes equation was 

employed to solve for the vapor–liquid two-phase flow, 

and the solid particles were considered as discrete phases. 

By calculating the momentum, energy, and mass transfer 

between the discrete phase and the fluid, the particle 

motion state was obtained. For the trajectories of the rigid 

particles, the linear momentum equations are 

pX

p

d
u

dt
= ,  (7) 

( )p p p

p p p

r p

gd u u u
m m m F

dt

 

 

→→ → →
→−−

= + + ,  (8) 

where pm is the particle mass, u
→

 is the fluid phase velocity, 

pu
→

 is the particle velocity, and F
→

 is the virtual mass force, 

pressure gradient force, and Saffman lift. Because the 

particle density is greater than the fluid density, the virtual 

mass force and pressure gradient force are significantly 

smaller than the drag force and so were not considered in 

this study (López et al., 2018). The Saffman lift effect is 

applicable for smaller particles and can be ignored because 

it does not significantly alter the particle flow (Duarte et 

al., 2017). The particle relaxation time r  is given by  

2
24

18 Re

p p

r

d p

d

C





= ,  (9) 

where  is the viscosity, pd  is the particle size, and Re p  

is the relative Reynolds number: 

Re

pp

p

d u u



→ →

−

 .  (10) 

As obtained by Morsi and Alexander (2006), the drag 

coefficient is 

32
1 2Re Re

d

p p

aa
C a= + + ,  (11) 

where 1a  , 2a  , and 3a  are associated with the relative 

Reynolds number as show in Table 1. 

2.4 Erosion Model 

Erosion is influenced by various factors, including the 

physical properties of particles, the mechanical properties 

of materials, impact angle and velocity, and ambient 

temperature. Based on experimental analysis, the erosion 

model given by Oka et al. (2005) takes various factors into 

account and is one of the most comprehensive (Liu et al., 

2021a). So that, the Oka erosion model was used in this 

study and is expressed as  

90( ) ( )E g E = .  (12) 

Here, ( )g   is a function of the impact angle and 90E  is 

the ER at the impact angle of 90°, expressed as 

1 2( ) (sin ) (1 (1 sin ))n n

vg H  = + − ,  (13) 

9 1 * * 3

90 10 ( ) ( / ) ( / )bk n k

v p pE K aH V V D D−= ,  (14) 

where 1n  , 2n  , and n  determined by the hardness of the 

target material and are given by 

0.14

1 0.71( )vn H= ,  (15) 

,  (16) 

                                                              (17) 

0.94

2 2.4( )vn H −=

0.0382.3( )vn H=
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Table 1 Drag coefficients 

Range    

 0.5191 −1662.5  

 0.46 −490.546  

 0.357 148.62  

  

The term  is the Vickers hardness of the material, this 

study takes  = 1.83 GPa. In Eq. (14), we have  = 

7990 kg/m3, and 1( )bk

vK aH  is determined by the nature 

of the erosion and the particles causing it and herein is 
0.1265( )VH − . The term 3k  is determined by the type of 

particles used; we used SiO2 particles and hence 3 0.19k = . 

The term V* is the reference velocity, which herein is V* 

= 104 m/s. The term D* is the reference diameter, which 

herein is D* = 326 µm. Finally, pV is the particle velocity.

pD is the particle size. 

Energy is lost during particle–metal collisions, so the 

reflection velocity is lower than the incident velocity; 

therefore, the normal recovery coefficient and the 

tangential recovery coefficient are usually used to describe 

these collisions. We used the wall rebound model 

proposed by Forder et al. (1998) and expressed as  

2 3 4

2 3 4 5

0.988 0.78 0.19 0.024 0.027

1 0.78 0.84 0.21 0.028 0.022

N

T

e

e

   

    

= − + − +

= − + − + −
  (18) 

2.5 Erosion-Coupled Dynamic Mesh 

To predict accurately the failure process within the 

valve, it is essential to consider the deformation caused by 

erosion of the valve core, and this can be achieved via the 

ECDM method (ANSYS, 2020). During the solution 

process, both the fluid and particle erosion are treated as 

being in the steady state, and the mesh evolves with the 

physical time step. In ANSYS Fluent, the mesh 

deformation for individual surfaces is calculated as  

MM
face face

wm

t
x ER




 = ,  (19) 

where faceER is the ER of the surface, MMt  is the time step 

of the mesh motion, and wm   is the density of the wall 

material. 

3.  DESCRIPTION OF VALVE AND METHOD 

3.1 Process Parameters 

The coal chemical blackwater system involves a 

three-stage flashing process, consisting of medium 

flashing, low flashing, and vacuum flashing. The solid-

laden blackwater from the gasification quenching furnace 

undergoes flashing and cooling before entering the flash 

tanks. Angle valves are installed in front of the flash tanks 

to control the liquid level and pressure between different 

tanks. These angle control valves are subjected to harsh 

conditions of high temperature, high different pressure, 

and dense particle concentration. Consequently, various 

failure issues are inevitable, making it crucial to 

understand the  

Table 2 Parameters of fluid medium for blackwater 

angle valve LV-0301A 

 
Liquid 

phase 

Vapor 

phase 

Solid 

phase 

Density 

[kg·m−3] 
919 3.5 2320 

Viscosity 

[kg·m−1·s−1] 
1.85e-4 1.45e-5 \ 

Average 

particle size 

[μm] 

\ \ 150 

Solid volume 

fraction [%] 
\ \ <12 

Saturated 

vapor pressure 

[kPa] 

415.6 \ \ 

 

 

Fig. 1 Basic structure of valve 
 

erosion characteristics of the angle valves in the 

blackwater system. This study was focused on angle valve 

LV-0301A located before the low-pressure flash tank. It 

operates at an inlet pressure of 0.6 MPa, an outlet pressure 

of 0.26 MPa, and a working temperature of 145°C. The 

parameters of the fluid medium are show in Table 2. 

 

3.2 Model Description 

Figure 1 shows the geometric structure of the 

blackwater angle valve, including the valve body, valve 

spool, bush, valve seat, and outlet buffer tank. The side of 

the buffer tank is connected to the outlet pipe, and the 

valve rod is connected to the top moving rod. When 

opened, a throttling section forms between the valve core 

and the bushing. The diameter of the inlet and outlet pipes 

is DN200, and the rated stroke of the valve stem is 60 mm. 

3.3 Grid Setup 

The meshing was done using Fluent Meshing 2020, 

with the full-size fluid domain obtained based on the solid 

part. An unstructured hexahedral mesh was used to refine  

1a 2a 3a

10000 Re 50000p  65.4167 10

5000 Re 10000p  55.787 10

1000 Re 5000p  44.75 10− 

vH

vH 
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Fig. 2 Meshing distribution 

 

 
Fig. 3 Validation of grid independence 

 

the mesh in the throttling section, and multi-layer 

boundary layers was used to capture the turbulence near 

the wall. Figure 2 shows a vertical section and local 

enlargement of the control-valve grid division. 

To mitigate the impact of mesh resolution on the 

simulation results, six different resolutions were tested for 

the throttle section of the valve. Under the same inlet and 

outlet pressure and 30% opening, the realizable k–ε model 

and the Oka erosion model were used to analyze the 

influences of the different mesh resolutions, and the 

results for valve flow and ER are shown in Fig. 3. Based 

on these results, we used a grid size of 0.58 mm for 

subsequent research, corresponding to a total of 1.7 

million grid points. 

3.4 Boundary Conditions and Solution Method 

The internal flow field of the valve was solved for 

using ANSYS Fluent 2020.R2. The inlet and outlet 

boundary conditions were pressure inlet and pressure 

outlet, with liquid water as the flow medium and its 

compressibility ignored. The turbulence intensity is 5%, 

and the valve inlet pipeline is extended to ensure the 

formation of fully developed turbulence at the inlet. This 

study incorporated the influence of gravity. Based on 

standard GB/T 17213.2, four models were established 

with openings of 20%, 30%, 40%, and 50% and 

corresponding Reynolds numbers of 6.12 × 106, 6.39 × 106, 

6.95 × 106, and 7.18 × 106, respectively. 

Pressure and velocity coupling was used to solve the 

problem. The second-order upwind scheme is employed 

to solve for the turbulent kinetic energy, turbulent 

dissipation rate, and momentum, and the QUICK 

algorithm was used to solve for the volume fraction. The 

flow-field residual was set to 10−6. After obtaining the 

stable phase-change flow field and ER, the ECDM 

solution was enabled with a smoothing number of 8 and a 

variable time step. 

3.5 Verification of Erosion Model 

To validate the accuracy of the CFD method, a case 

identical to that of Nguyen et al. (2014) was established. 

In their experiment, a jet test was conducted using a 6.4-

mm nozzle with an inlet velocity of 30 m/s for erosion 

tests lasting 5 min, 15 min, and 30 min, then the surface 

depth of the specimens was measured using a three-

dimensional surface profilometer. The parameter settings 

in our simulation were the same as those used by Nguyen 

et al. in their experiment. Using the ECDM method, 

simulations were conducted for 300 s, 900 s, and 1800 s, 

respectively, with Fig. 4(a) showing the experimental 

setup and Fig. 4(b) showing the curves of erosion depth 

versus radius. As can be seen, the simulated erosion  

 

 
(a) Computational domain 

 
(b) Erosion profile depth comparison along the radius 

Fig. 4 Comparison of calculated erosion profiles and 

experimental measurements by Nguyen et al. (2014) 
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(a) Static mesh                                                         (b) Dynamic mesh 

Fig. 5 Pressure distribution  
 

 
(a) Static mesh                                               (b) Dynamic mesh 

Fig. 6 Velocity distribution  
 

morphology and maximum erosion depth are close to the 

experimental results, showing the reliability of the CFD 

model and its suitability for subsequent simulation studies. 

4. RESULTS AND DISCUSSION 

4.1 Analysis of Flow Behavior 

Here, we compare the results obtained using a 

dynamic mesh and a static mesh. Figure 5 shows the 

comparison for the pressure distribution. The pressure 

variation in the inlet and outlet pipelines of the valve is 

relatively minor, with the primary pressure variations 

occurring in the throttling region. Upon entering the 

throttling section, the pressure decreases rapidly to below 

the saturated vapor pressure, resulting in significant 

pressure fluctuations at the head and surrounding the 

spool. Figure 5(b) shows clearly that the area with 

significant surface deformation on the spool coincides 

with the location exhibiting the most pronounced 

variations in pressure, and the valve pressure drop 

calculated using the dynamic grid is smaller. Figure 6 

shows the comparison for the velocity distribution. It can 

be found that the maximum velocity with the dynamic 

mesh is 8.6 m/s lower than that with the static mesh. When 

flowing through both sides of the valve core, the velocity 

with the static mesh increases gradually from 36 m/s to 

49 m/s, whereas the velocity with the dynamic mesh is 

always maintained at ca. 38 m/s. 

By monitoring the outlet flow of the valve, it is 

determined that the flow rate simulated with the dynamic 

mesh is 2.24 kg/s greater than that with the static mesh. 

Consequently, it can be inferred that following the erosion 

of the core, the maximum velocity in the throttling section 

of the valve decreases, while the average velocity 

increases. This phenomenon arises primarily from particle 

erosion, which expands the throttling area and augments 

the flow area (Zheng et al., 2019), resulting in decreased 

flow resistance and increased flow rate. 

Figure 7 shows the comparison for the vapor-phase 

volume fraction of the valve longitudinal-sections. To 

understand the distribution pattern of the vapor-phase 

more intuitively, a cross-sectional analysis is conducted at 

the head of the valve spool. The liquid medium undergoes 

flashing at the valve spool because of the substantial 

pressure difference, resulting in a significant amount of 

flash occurring in the lower buffer tank. In Fig. 7(a), the 

vapor volume fraction is 74.3% at maximum and 11.6% at 

section A-A. In Fig. 7(b), the vapor volume fraction is 

70% at maximum and 4.7% at section B-B. Clearly, the 

surface deformation of the valve spool affects the flash at 

the outlet, resulting in a lower overall flash rate. 
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(a) Static mesh                                      (b) Dynamic mesh 

Fig. 7 Distribution of vapor volume fraction 

 

4.2 Analysis of Erosion Characteristics 

Using a static mesh results in a consistent ER that 

remains unchanged with time, thereby introducing 

inaccuracies in the estimation of valve failure. Therefore, 

the ECDM method offers an improved capability to 

forecast spool surface deformation and accurately capture 

particle motion. Figure 8 shows how the ER of the valve 

core changes with erosion duration for a valve opening of 

30%. During an erosion period of 9 × 106 s, the ER 

decreases with the erosion time, aligning with the result of 

Zheng et al. (2019). Compared with the ER obtained using 

a static mesh (represented by the initial data point in 

Fig. 8), the overall ER decreases by 56.4%. Considering 

this phenomenon, a further analysis of the erosion 

parameters is conducted. Figure 9 shows how the 

maximum particle velocity varies with the erosion time. 

After a long period of erosion, the throttling area in the 

valve expands, resulting in a downward trend in the 

maximum particle velocity. 

 

 
Fig. 8 Variation of erosion rate with time 

 
Fig. 9 Variation of maximum particle velocity with 

time 

 

 
Fig. 10 Comparison of particle trajectories before and 

after erosion deformation 

 

Figure 10 shows the particle trajectories, with each 

trajectory colored by particle’s velocity. As can be seen, 

there are two obvious higher-speed vortices at the bottom  
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(a) Before erosion deformation                                (b) After erosion deformation 

Fig. 11 Comparison of impact angles before and after erosion deformation 

 

 
Fig. 12 Maximum impact angle under different 

surface deformations 

 

of the valve core (see the black dotted areas), and these 

change the particle trajectories. Prior to erosion 

deformation, many particles return, resulting in frequent 

secondary collisions on the valve-core surface and a high 

collision frequency. Following erosion deformation, the 

throttling area expands, leading to a reduction in 

secondary particle collisions and decreased kinetic energy 

loss (see the red dotted area). Therefore, there are more 

particles with higher velocity in the outlet bush. Figure 11 

shows a comparative analysis of the impact angles of 

particles on the valve-core surface before and after erosion 

deformation. During dynamic erosion simulation, the 

mesh undergoes deformation, leading to changes in the 

contact angle between the velocity vector of an incident 

particle and the deformed wall surface (Adedeji & Duarte, 

2020). Figure 11 shows that significant changes in erosion 

angles occur only within the erosion deformation zone of 

the core head. By extracting post-erosion surface-

deformation data from the valve-core head area, the 

correlation between surface deformation and the 

maximum impact angle is obtained, as shown in Fig. 12. 

Clearly, as the erosion deformation of the valve core 

increases, the particles’ impact angles on the wall surface 

decrease gradually.  

Figure 13 provides further insight into this 

phenomenon, where particles enter the throttling section 

alongside the fluid medium with an initial impact angle of  

 
Fig. 13 Schematic of change in law governing particle 

collision 

 

 
Fig. 14 Proportion of impact angle 

 

θ1. As the valve core undergoes erosion and deformation, 

the mesh topology shrinks inwardly and deforms, 

subsequently reducing the impact angle to θ2. 

The alteration of the erosion morphology of the valve 

core leads to a modification in the collision mechanism 

governing the interaction between particles and the wall 

surface. According to the theory of erosion wear, the 

vertical acceleration of particles at the wall surface 

induces impacts and cracks, while the tangential 

acceleration results in cutting and ploughing (Javaheri et 

al., 2018). Figure 14 shows the distribution of particle 

impact angles, and analyzing these statistics shows that the  
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(a) Simulation results with dynamic mesh                              (b) Actual failure results 

Fig. 15 Erosion morphology of valve core 

 

 
Fig. 16 Changes in erosion rate with time under 

different openings 

 

valve core primarily experiences erosion from particles 

with small angles (specifically below 30°) during the later 

stages of operation. Hence, the particles and the wall 

experience significant effects primarily from cutting and 

ploughing mechanisms. Figure 15(a) shows the erosion 

morphology and depth of the valve core obtained from 

ECDM simulation, while Fig. 15(b) shows the actual 

failure case of the valve core collected on site. The valve 

was at 30% opening and the operation time was three 

months. Both figures exhibit strip erosion morphology, 

with the erosion area concentrated at the valve core head, 

and this further confirms the favorable applicability of 

dynamic erosion simulation. 

4.3 Changes of Erosion Law Under Different Opening 

Degrees 

The valve opening was adjusted to 20%, 30%, 40%, 

and 50%, and the resulting mass flow rate was 32.2 kg/s, 

34.7 kg/s, 39.9 kg/s, and 42.1 kg/s, respectively. Figure 16 

shows the ER of the valve core with time for the various 

valve openings. The ER of the valve core varies 

significantly across the different openings, and 

comparison shows that it decreases by varying amounts 

over time. At 20% opening, the ER decreases by 2.21 × 

10−6 kg/(m2·s), which is the most. At 40% opening, the ER 

decreases the fastest, by 84.6% of that at the initial time. 

The flow characteristics of the control valve do not change 

linearly, at 50% opening, the flow area of the valve increases 

 
Fig. 17 Erosion deformation of different openings 

at 9 × 106 s 

 

noticeably. As a result, the flow suddenly increases, the 

blockage of fluid weakens, the maximum particle velocity 

decreases, and wall collisions are greatly reduced, 

resulting in a significantly decreased ER. This is why the 

overall ER is relatively small at 50% opening. 

Figure 17 shows cloud diagrams of the erosion 

deformation of the valve core at different openings after 

an erosion time of 9 × 106 s. The region facing the flow 

(which moves in the −Z direction) is consistently at high 

risk of erosion. Furthermore, as the opening diminishes, 

the erosion area extends progressively toward the annular 

region of the valve-core head. The side facing the flow 

experiences direct impacts from the majority of particles, 

resulting in higher collision frequency and greater erosion 

deformation. Conversely, the opposite side experiences a 

smaller erosion area and lower ER. This discrepancy 

arises because the medium must circumvent the valve 

stem, which significantly diminishes the particles’ kinetic 

energy and subsequently reduces their collision velocity. 

Simultaneously, it is observed that at 9 × 106 s, the erosion 

deformation diminishes as the spool opening increases, 

thereby indicating a decrease in the overall ER. This can 

be ascribed to the augmented opening of the valve core, 

leading to an expanded throttling area, enhanced fluid 

flow stability, reduced particle velocity, and diminished 

interaction between particles and the wall surface. 
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Fig. 18 Changes in vapor volume fraction and flow 

resistance coefficient with erosion time 

 

4.4 Flash Vaporization Law 

Because of prolonged exposure to high differential 

pressure, the flow channels adjacent to the valve core 

undergo sudden contraction, resulting in decreased 

pressure. When the fluid exits the throttling section, the 

pressure recovers rapidly, but despite this, as the flow 

persists, the liquid pressure is in places still lower than the 

saturated vapor pressure. Therefore, to restore 

equilibrium, the liquid phase absorbs latent heat, leading 

to flash vaporization. The quantity of flash vaporization is 

correlated directly with the longevity of the valve. To 

investigate the connection between flash gasification and 

flow characteristics within the valve and considering the 

erosion time, a flow resistance coefficient ξ is introduced. 

This is determined primarily by the pressure loss and is 

calculated as: 

2

2000 vp

v





=


,  (20) 

where vp  [kPa] is the pressure difference between the 

valve inlet and outlet, ρ [kg/m3] is the fluid density, and v 

[m/s] is the fluid velocity. 

Through the above analysis, the erosion deformation 

of the valve spool will cause the pressure change in the 

valve, and the pressure change will directly affect the flash 

gasification efficiency (Liao & Lucas, 2015). Figure 18 

illustrates the distribution of pressure and vapor volume 

fraction at the valve outlet under varying erosion 

durations. It is evident that the pressure loss within the 

valve diminishes gradually as a result of prolonged 

erosion, while the fluid density and velocity exhibit 

minimal changes. Consequently, the flow resistance 

coefficient demonstrates a declining pattern, leading to a 

gradual reduction in the amount of flash gasification 

within the valve. 

5.  CONCLUSION 

Reported herein was a numerical investigation of the 

erosion failure of a high-differential-pressure control 

valve in a blackwater flash system. The ECDM method 

was used to forecast the erosion in the valve, with surface 

erosion deformation induced by altering the mesh 

topology. The outcomes obtained with a dynamic mesh 

and a static mesh were compared, the erosion parameters 

were analyzed to determine how they vary with erosion 

time and opening degree, and the flash evaporation 

occurring in the valve was investigated based on the 

erosion deformation. The results show the following. 

(1) Comparing the results obtained with dynamic and 

static meshes showed that using a dynamic mesh gives 

lower maximum flow rate, pressure drop, and flash vapor-

phase volume fraction. Over a simulation period of 9 × 

106 s, the ER with the dynamic mesh decreases by 56.4%, 

and this reduction can be caused by the fact that erosion 

induces significant surface deformation on the valve core, 

resulting in decreased particle velocities, reduced 

secondary particle collisions, and decreased maximum 

impact angle. The erosion process primarily involves 

small-angle particle cutting, accounting for 87.8% of the 

total. 

(2) As the erosion time increases, the ER for each 

opening diminishes gradually, and the ER of the valve 

core varies depending on the opening size. The region 

facing the flow (which moves in the −Z direction) is at 

higher risk of erosion. As the opening decreases, the 

erosion area expands progressively toward the annular 

region of the valve-core head. At 9 × 106 s, the erosion 

deformation decreases as the valve opening increases. 

(3) The findings of this study indicate that as erosion 

time increases, the vapor volume fraction in the valve 

decreases, accompanied by a decrease in the flow 

resistance coefficient. These results offer valuable insights 

for the monitoring of valve conditions. 
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