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Abstract

In long-distance natural gas transmission, installing an axial flow check valve at the com-
pressor outlet of a compressor station helps prevent backflow. Failure of this valve can
cause compressor reverse rotation, which disrupts gas delivery. This study models and
simulates the steady-state flow field at 100% valve opening and the transient flow features
during valve opening and closing. In addition, a failed axial-flow check valve from a
natural gas compressor station was disassembled, and initial observations of wear and
deformation were used to verify the model. The results show that the maximum fluid ve-
locity reaches 18.9 m/s at 100% valve opening, with a distinct vortex region forming in the
throttling passage between the valve seat and disk. During valve opening, the inlet-outlet
pressure difference decreases from 0.35 MPa at 0.001 s to 0.20 MPa at 0.080 s. At 60% relative
opening, the maximum amplitude of the transient hydrodynamic force fluctuation reaches
662 N. During closure under a pressure difference of 300 kPa, the maximum disk velocity
reaches 12.9 m/s. These transient flow and force characteristics, considered together with
the wear observed on the guide sleeve and disk, provide insight into the delayed reseating
of the valve.

Keywords: axial flow check valve; CFD simulation; flow-field characteristics; dynamic
behavior; failure analysis

1. Introduction

In long-distance natural gas transmission systems, booster stations must be installed
at intervals to compensate for head loss and maintain transport capacity. As a critical
protection component at the compressor outlet, the axial flow check valve prevents reverse
flow and reduces the risk of compressor reverse rotation, which is essential for pipeline
safety [1-4]. However, due to complex flow field effects, wear of mechanical components,
and fluctuations in operating conditions, axial flow check valves are prone to malfunctions
such as failure to reseat properly [5-8]. Once failure occurs, the compressor may require
shutdown and maintenance, and the resulting pressure fluctuations can cause supply
interruptions and secondary risks, leading to substantial economic losses [9-13]. Therefore,
clarifying the internal flow field characteristics and failure mechanisms of axial flow check
valves is of considerable theoretical and practical value for optimizing valve design and
improving operating reliability.
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Previous studies have examined valve opening, force balance, impact response, and
structural stability from complementary perspectives. Wu et al. [14] performed dynamic-
valve simulations and established a predictive relationship between the medium flow rate
and disk opening. Botros [15] identified spring stiffness as a governing design parameter
and showed that an imbalance between the hydrodynamic and spring forces can prevent
full opening and promote disk vibration. Wang et al. [16] evaluated collision-induced
stresses in an oil well pump valve, while Sun [17] investigated check valve core stability
using a fluid-structure interaction framework. Nilsson et al. [18] employed finite element
analysis to evaluate impact stresses in flapper valves. Himr et al. [19,20] experimentally
examined check valve behavior during pump trip and analyzed valve slam in a pumping
station, demonstrating the close relationship between valve motion and pipeline transients.
Transient CFD research has progressively developed from prescribed valve motion toward
dynamically coupled disk response and experimental validation. Li et al. [21] used a
dynamic mesh and user-defined function to simulate the transient behavior of a swing
check valve. Zhang et al. [22] analyzed disk acceleration and valve-seat loading during
axial flow check valve closure, while Zhang et al. [23] examined the stress evolution of
the disk during the closing process. Wang et al. [24] modeled the instantaneous collision
between the disk and valve seat. Li et al. [25] analyzed the internal flow field of a low-
flow-resistance axial flow check valve, whereas other CFD studies investigated spring-
loaded valve reclosure, check-valve dynamics, and CFD-based design validation [26-28].
Recent efforts have further addressed damping during axial flow check valve closure [29],
fluid-structure-interaction-induced vibration in sleeve control valves [30], experimentally
validated nozzle-check-valve dynamics and fluid-valve transient interaction [31], transient
fluid-structure interaction in high-pressure hydrogen decompression valves [32], and
impact-wear behavior of valve-seat pairs [33]. These studies demonstrate the increasing
emphasis on coupled transient, structural, and experimentally supported analyses.

Despite these advances, previous studies have mainly focused on flow characteris-
tics, disk motion, closing impact, or structural response under numerical or laboratory
conditions. The connection between these analyses and a documented in-service failure
at a compressor station has received less attention. The present study addresses this gap
through a case study of an axial-flow check valve that failed to reseat at a natural gas
compressor outlet. A three-dimensional model was established from measurements of the
actual valve, and the flow field at 100% opening and the transient opening and closing pro-
cesses were investigated. The pressure and velocity fields, disk motion, and hydrodynamic
force characteristics were analyzed. These numerical results were then considered together
with the wear observed during disassembly of the same valve to examine the possible
relationship between internal flow behavior and delayed reseating. The contribution of
this study therefore lies in combining steady and transient CFD analyses with evidence
from an actual valve failure case.

2. Flow Field Simulation of the Axial Flow Check Valve in a
Compressor Station

2.1. Valve Structure and Operating Principle

The principal components of an axial flow check valve include the valve body, disk,
spring, guide sleeve, and sealing ring [34]. During opening, fluid pressure drives the disk
to move linearly along the axial guide mechanism, forming a flow passage. When flow
stagnates or reverses, the spring preload pushes the disk back to its closed position. A
three-dimensional model was constructed based on measurements of the actual valve. The
structure of the axial flow check valve is shown in Figure 1.
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Figure 1. Structure and principal components of the axial flow check valve.
2.2. Mathematical Model for Three-Dimensional CFD Simulation
2.2.1. Governing Equations for the Three-Dimensional CFD Simulation
The continuity equation is:
dp | 9(pu;)
= = 1
ot T ox; 0 M
The momentum equation is:
d(pu;) a(puiuj) ap aTij
=——+— 2
T ox; oy @)
The energy equation is:
d(pE
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where p is the local gas density, kg/m?3; t is time, s; u; and u; are the Reynolds-averaged
velocity components in the 7 and j directions, respectively, m/s; x; and x; are the corre-
sponding Cartesian coordinates, m; p is the static pressure, Pa; and Tij is the effective stress
tensor incorporating the molecular and modeled turbulent stresses, Pa. Moreover, u is the
velocity vector, m/s; E is the total specific energy, ] /kg; T is the absolute temperature, K;
and A is the effective thermal conductivity incorporating both molecular and turbulent
heat transport, W/(m-K).

2.2.2. Turbulence Model

The standard k — € Reynolds-averaged turbulence model was used in all steady and
transient simulations. This model was selected for its robustness in industrial internal-flow
and dynamic-mesh calculations. Standard wall functions were employed for near-wall
treatment. The transport equations for turbulent kinetic energy k and its dissipation rate

€ are:
d(pk) | d(pku;) 9 ur\ ok
ot + ax] N 8_x] et O ax] + G —pe @
d(pe)  O(pewj) e\ oe € &
FTE o, a_x] #+;€ a_x] +C15%Gk Czspk )
where the production of turbulent kinetic energy is:
. du; au] ou;
Gk—,”t(a—xj+a—xi>a—xj (6)
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and the turbulent viscosity is:
k2
e =pCu @)

where k is the turbulent kinetic energy, m?/s?; e is its dissipation rate, m? /s>; y is the molec-
ular dynamic viscosity, Pa-s; y; is the turbulent viscosity, Pa-s; and Gk is the production
of turbulent kinetic energy, kg/(m-s®). The model constants were C;, = 0.09, Cy, = 1.4,
C=192,0,=10,0,=13.

2.2.3. Mathematical Model of Disk Motion

Based on the operating principle, only axial forces on the disk are considered. The net
axial force acting on the disk is (Figure 2):

Y F=F-EK-F (8)

F3 = ks . (Xo + X) (9)

where F; and F; are the fluid forces on the two sides of the disk, N; F3 is the spring force,
N; xp is the minimum spring compression at full closure, m; x is the axial displacement of
the disk to the right (x = 0 when fully closed), m; and k; is the spring stiffness, N/m.

Flow direction v

¢

(a) Opening process (b) Closing process

Figure 2. Force diagram of the valve disk.

The differential equation of motion is derived from Newton’s second law:

d?x

where m is the disk mass, kg; and ¢ is time, s.
The differential form of the momentum theorem is:

_ d(mv)
) F= pT (11)

The velocity and displacement increments are:

dv 01—

s o S 12

dt At (12)

dx X1 — %

at At
where v; and v;,; are disk velocities at times ¢; and t;,7, m/s; x; and x;,; are displacements,
m; and At is the time-step size.

(13)
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From the differential equation of a particle and the momentum theorem, we obtain:

Y F-At

Viy1 =0 + (14)

tit1
Xiy1 = X +/t o(t)dt (15)

2.2.4. Flow Passage Model Construction

The flow passage model was extracted from the product geometry. According to
national standards, the inlet and outlet pipe lengths are set to five and ten times the
nominal diameter to ensure full development of the flow. The three-dimensional flow-
passage model is shown in Figure 3, and the mesh configuration is shown in Figure 4.

Figure 3. Three-dimensional flow-passage model of the axial-flow check valve.

Figure 4. Mesh model of the axial-flow check valve.

2.2.5. Boundary Conditions and Parameter Settings

Natural gas at 293 K was used as the working medium. The absolute operating
pressure for the main valve simulations was set to 8 MPa, based on the ideal gas eq
temperature using the ideal gas equation of state. The energy equation was enabled
to account for temperature variation and its effect on gas density. The thermophysical
properties used in the calculations are listed in Table 1.

Table 1. Thermophysical properties of natural gas used in the numerical calculations.

Reference

. . . o Thermal Molecular
Temperature (K) Density at 293 K Viscosity Specific Heat Conductivity Weight
and 8 MPa (kg/m-s) (J/kg-K) (W/m-K) (ke/kmol)
(kg/m?) g
293 55.8 1.0 x 1072 2100 0.033 17

All pressures specified for the main valve calculations are gauge pressures relative to
the absolute operating pressure of 8 MPa. Thus, a gauge pressure of 0 kPa corresponds
to an absolute pressure of 8 MPa rather than a vacuum condition. Because the flow
direction reverses during valve closure, the two ends of the computational domain are
identified according to their fixed physical locations as the compressor-side boundary and
the pipeline-side boundary. The boundary and initial conditions used for the different
simulation cases are summarized in Table 2.
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Table 2. Boundary and initial conditions used for the different simulation cases.

Simulation Case In1t1a1.]?1sk Compressor-Side Pipeline-Side Temporal Condition
Condition Boundary Boundary
Mass flow inlet
Experimental Fixed at 100% corresponding to th.e Static pressure outlet:
A . measured volumetric Steady
validation opening 0 kPa
flow rates of
230-480 m3/h
Full-open steady Fixed at 100% Total pressure inlet: ~ Static pressure outlet: Constant
state opening 150 kPa 0 kPa
Linear increase
Fully closed; initial Mass flow inlet: Static pressure outlet: during 0-0.08 s,

Transient opening

Transient closing

velocity of 0 m/s

Fully open; initial
velocity of 0 m/s 0 kPa

0-30kg/s 0 kPa followed by a
constant value.
Linear increase from
0 to the specified
pressure during
0-0.005 s, followed

by a constant value

Static pressure outlet: ~ Total pressure inlet:
100, 200, or 300 kPa

For the experimental validation calculations, the measured volumetric flow rates
were converted into mass-flow rates using the gas density at the experimental pressure
and temperature. The measured flow rate was prescribed, while the pressure drop was
retained as an independent CFD output. The opening calculation was initialized from a
converged zero-flow solution with the disk fully closed, whereas the closing calculations
were initialized from the corresponding fully open steady-state solution. The 200 kPa
closing condition was used for the grid- and time-step-sensitivity assessments.

All stationary surfaces were treated as hydraulically smooth, no-slip, adiabatic walls.
The disk was defined as a no-slip moving wall constrained to axial translation, with the
remaining degrees of freedom fixed. Its spring force was calculated using the motion
equation in Section 2.2.3. Gravity was neglected because the valve axis was horizontal. At
the inflow boundaries, the gas temperature, turbulence intensity, and hydraulic diameter
were set to 293 K, 5%, and 0.20 m, respectively. The same values were specified for possible
backflow at the pressure outlets.

A three-dimensional, double-precision, pressure-based solver was selected because
the operating conditions corresponded to low-Mach-number internal flow; the calculated
maximum local velocity of 23.1 m/s (Ma < 0.06) confirmed this flow regime. Double
precision was used to resolve pressure and force variations that were small relative to
the absolute operating pressure of 8 MPa. The standard k—¢ model with standard wall
functions was adopted, and the energy equation was enabled to account for pressure-
and temperature-dependent gas density. Pressure was interpolated using a second-order
scheme, while the momentum, k, ¢, and energy equations were discretized using second-
order upwind schemes to reduce numerical diffusion in the throttling and recirculation
regions. SIMPLE was used for pressure-velocity coupling. The residual limits were
1 x 1072 for continuity, momentum, k, and ¢, and 1 x 10~ for energy, with a maximum
of 50 iterations per time step. Hydrodynamic force and disk displacement were also
monitored to confirm convergence.

2.2.6. Mesh Generation and Grid- and Time-Step-Sensitivity Assessment

A hybrid meshing strategy was adopted for the computational domain. The inlet and
outlet pipes were discretized using hexahedral elements, whereas tetrahedral elements
were used in the valve flow passage because of its geometric complexity. Local mesh
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refinement was applied around the disk, valve seat, and throttling region, where large
pressure and velocity gradients were expected. The resulting mesh is shown in Figure 4.

Both spatial and temporal discretization may affect the calculated flow field and
disk motion during valve opening and closing. Therefore, grid- and time-step-sensitivity
assessments were conducted before the subsequent simulations. The closing time was
defined as the interval from the initiation of the prescribed reverse-flow condition to the
instant at which the disk reached the closed position. The closing velocity was defined as
the axial velocity of the disk immediately before it reached the closed position.

For the grid-sensitivity assessment, three meshes containing 693,084, 853,052, and
1,035,486 elements were examined under the same transient closing condition at a pressure
difference of 0.2 MPa. The same boundary conditions, convergence criteria, dynamic-mesh
settings, and time step were applied to all three meshes. To minimize the influence of
temporal discretization on the grid comparison, the smallest tested time step of 0.00001 s
was used for all three grid cases. The closing velocity and closing time were selected as the
monitored quantities. The results are summarized in Table 3.

Table 3. Grid independence test for the flow passage of the axial flow check valve.

Element Closing Closing Time
Mesh Type Node Count Count Velocity (m/s) (s)
Mesh 1 1,562,304 693,084 10.9151 0.0322
Mesh 2 2,135,786 853,052 10.8351 0.0299
Mesh 3 2,864,375 1,035,486 10.8260 0.0292

The changes between two successive mesh levels were evaluated to determine whether
the calculated disk response approached a grid-stable range. When the number of elements
increased from 693,084 in Mesh 1 to 853,052 in Mesh 2, the closing velocity and closing time
changed by 0.74% and 7.69%, respectively. A further increase to 1,035,486 elements in Mesh
3 resulted in changes of only 0.08% in the closing velocity and 2.40% in the closing time.

The substantially smaller changes observed during the second refinement indicate that
the calculated disk response approached a stable range. Increasing the element count from
Mesh 2 to Mesh 3 by 21.4% produced only a minor change in the closing velocity, while
the change in closing time was markedly smaller than that observed between Mesh 1 and
Mesh 2. In addition, Mesh 2 contained 17.6% fewer elements than Mesh 3. Therefore, Mesh
2 was selected for the subsequent steady and transient simulations as a balance between
spatial resolution and computational cost.

After the grid-sensitivity assessment, the effect of the time-step size was examined
using Mesh 2. Three time steps were tested under the same transient closing condition at
a pressure difference of 0.2 MPa. The boundary conditions, convergence criteria, spatial-
discretization schemes, and dynamic-mesh settings were kept unchanged. The closing
velocity and closing time were again used as the monitored quantities. The results are
presented in Table 4.

Table 4. Time-step sensitivity results for the transient closing process.

Case Time Step (s) Closing Velocity (m/s)  Closing Time (s)
Case 1 0.002 10.6752 0.0224
Case 2 0.001 10.8367 0.0281
Case 3 0.00001 10.8396 0.0284

The changes between successive time-step cases were compared to evaluate the sensi-
tivity of the calculated disk response to temporal discretization. When the time step was
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reduced from 0.002 s to 0.001 s, the closing velocity and closing time changed by 1.49% and
20.28%, respectively. When the time step was further reduced by two orders of magnitude
to 0.00001 s, the corresponding changes decreased to 0.03% and 1.06%.

The substantially smaller changes obtained after the second reduction indicate that the
calculated closing velocity and closing time approached a time-step-stable range. Reducing
the time step from 0.001 s to 0.00001 s requires approximately one hundred times more time
steps for the same simulated duration but produces only minor changes in the monitored
quantities. Therefore, a time step of 0.001 s was selected for the subsequent transient
simulations as a balance between temporal resolution and computational cost.

Based on the grid- and time-step-sensitivity assessments, Mesh 2 and a time step of
0.001 s were used for all subsequent transient simulations.

2.3. Dynamic-Mesh Formulation and Numerical Implementationl
2.3.1. Dynamic Mesh Mathematical Model

The mesh is updated automatically at each time increment according to boundary
displacements. The conservation equation is:

d
E./‘/prd‘/*/aqub(”*”g)'dz‘\I/BVFqudAJr/VS(PdV (16)

where p is the fluid density; ¢ is a generic transported scalar; u is the fluid velocity vector;
Ug is the grid-velocity vector; I' is the diffusion coefficient associated with ¢; S¢ is the source
term; V is the moving control volume; 0V is its boundary; dV is the differential volume
element; and dV is the outward differential area vector.

Using a first-order backward differencing scheme, the temporal derivative becomes:

d _ (V)" = (opV)"
E/v ppav = At 17

where the superscripts n and n + 1 denote the current and next time levels.
The control volume V"*! at time step n + 1 is:
av
Vil — g T A (18)
dt
To satisfy the conservation of mesh volume, the time derivative of the control volume
is:
N
dv /
dt_/avug-dA_;ug,j-Aj (19)

where Ny is the number of faces of the control volume, 1 ; is the grid velocity at face j, and
Aj is its area vector. For each face:
v,

where §V; is the volume swept by face j during the time interval At.

2.3.2. Dynamic Mesh Method and Parameter Settings

The disk surface was defined as a rigid moving boundary, the surrounding tetrahedral
fluid zone as a deforming zone, and the remaining walls as stationary boundaries. As
shown in Figure 5, the Spring/Laplace/Boundary Layer smoothing method was used
with a spring constant factor of 0.4, a convergence tolerance of 0.001, and a maximum of
30 iterations. Local cell remeshing was enabled with cell-length limits of 0.965-2.531 mm, a
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maximum cell skewness of 0.8, and a remeshing interval of 5 to prevent excessive mesh
distortion during disk motion.

Mesh Methad Settings X E Mesh Met
Smoothing Layerin Reneshing Smoothing eri Remeshing
Method Femeshing Methods Sizing Options
# Spring/Laplace/Boundary Layer ¥/ Local Cell v Sizing Function
Diffusion Loté]‘. Face Resolution (1 a
Linearly Elastic Solid Region Face
CutCell Zone Variation 2.13
Parameters v "
Rate 0.6

Spring Constant Factor 0.4
Default‘

Convergence Tolerance 0.001

Nusber of Iterations 30 & Paranstors
Elements Minimum Length Scale (mm) |0.965217
@ Tet in Tet Zones Maximun Length Scale (mm) 2,531975

Tet in Mixed Zones
ALl

Maximun Cell Skewness 0.8
0.7

Laplace Node Relaxation 0.5 Size Remeshing Interval 5 *

Mesh Scale Info... | IDei‘ault|

io 0.45

[l B [ct] (5]

Figure 5. Smoothing and local remeshing settings used for the dynamic-mesh calculations.

2.3.3. UDF-Based Disk Motion Implementation

The disk motion was implemented using a compiled UDF based on the DE-
FINE_CG_MOTION macro. At each time step, the axial pressure force and spring restoring
force were used to calculate the disk acceleration, velocity, and displacement according to
Equations (9), (10), (14), and (15). Only axial translation was permitted, while the transverse
and rotational motions were constrained. The resulting disk velocity was transferred to the
dynamic-mesh module, where mesh smoothing and local remeshing were performed using
the settings shown in Figure 5. Disk travel was limited to the physical interval between the
fully closed and fully open positions.

2.4. CFD Model Validation

To validate the CFD model, steady-state pressure-drop measurements were conducted
on the axial flow check valve investigated in this study. The pressure drop was determined
from the difference between the pressures measured at the upstream and downstream
sections of the valve. Corresponding CFD calculations were performed at the measured
volumetric flow rates using the same valve geometry, opening position, working medium,
and operating conditions as those employed in the experiments.

Figure 6 compares the calculated pressure drops with the experimental measurements.
The pressure drop increases continuously with increasing volumetric flow rate, and the
numerical results reproduce the variation observed in the experiments. The two curves
remain close throughout the investigated flow rate range, with only small discrepancies
at several intermediate flow rates. This agreement indicates that the adopted CFD model
can reasonably predict the steady-state pressure-loss characteristics of the axial-flow check
valve and provides support for the subsequent flow-field analysis.
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Figure 6. Comparison of CFD-predicted and experimentally measured pressure drops for the fully
open valve.

3. Flow-Field Simulation and Failure Analysis of the Axial Flow
Check Valve

3.1. Pressure and Velocity Characteristics Under Steady-State Flow at 100% Opening

Using FLUENT, a numerical model of the failed axial flow check valve was constructed
to simulate the steady-state pressure and velocity fields at 100% opening. The inlet pressure
is set to 150 kPa and the outlet pressure to 0. The resulting pressure and velocity distri-
butions are shown in Figure 7; they indicate that the internal flow field exhibits complex
hydrodynamic behavior at full opening. When the medium enters the throttling region
between the valve seat and the disk, the abrupt reduction in cross-sectional area produces
significant velocity variation. The maximum velocity reaches 18.9 m/s. These rapid changes
in velocity generate a distinct vortex region within the throttling region, which reflects
energy loss as the fluid passes through this area. The presence of the vortex increases
turbulence intensity and may induce local pressure fluctuations that affect valve perfor-
mance. The pressure-gradient distribution shows that the pressure peak is concentrated
near the inlet. As the flow enters this region, the sudden contraction of the passage and
the deflection of the flow trajectory convert kinetic energy into pressure energy, forming a
local high-pressure zone. Downstream of the throttling element, the streamlines become
nonuniform, pressure decreases markedly, and velocity rises. This combined decrease
in pressure and increase in velocity reflects the flow-acceleration effect induced by the
throttling geometry and the flow passage’s shape. The highest velocities occur primarily
at the interface between the throttling element and the valve body, where the flow area is
smallest and the fluid is forced to accelerate, forming a high-speed jet region.

Pressure(Pa) Velocity(m/s)

194750 1995
166725 17.955
138700 1596
110675 13.965
82650 1197
54625 9975
26600 798
-1425 5.985
RES0 399
-57475 logs
-85500 s

(a) Pressure contour (b) Velocity contour

Figure 7. Steady-state pressure and velocity contours at 100% valve opening.
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3.2. Pressure and Velocity Characteristics During Valve Opening
3.2.1. Pressure Distribution During the Opening Process

Figure 8 presents the pressure contours within the valve domain at different times dur-
ing the opening process. Analysis of these contours provides insight into the hydrodynamic
behavior at various opening positions and its effect on system performance. At t =0.001s,
the opening is minimal, allowing only a small portion of the fluid to exit through the outlet.
This restricted flow produces a pronounced pressure difference of up to 0.35 MPa between
the inlet and outlet. A stable high-pressure region forms at the inlet. After the fluid passes
the disk, the pressure drops sharply and negative-pressure zones appear within the valve
chamber and near the outlet. Figure 8b—d shows the pressure evolution from t = 0.009 s to
0.042 s. During this period, the disk is driven rightward by the fluid, gradually enlarging
the opening. This expansion releases the previously constrained pressure, and stratification
of the pressure field becomes more evident. The pressure in the central valve chamber
increases progressively, whereas the inlet-outlet pressure difference decreases. Att=0.023 s
and t = 0.042 s, the inlet—outlet pressure differences are 0.24 MPa and 0.22 MPa, respectively.
Figure 8e,f shows the pressure contours at t = 0.057 s and 0.080 s, representing the late stage
of opening. The flow becomes increasingly stable, and the inlet-outlet pressure difference
continues to decrease, with the pressure field approaching steady-state conditions. At these
times, the pressure differences are 0.21 MPa and 0.20 MPa, respectively.

Pressure(Pa) Pressure(Pa)
300700 161500
217280 135850
133860 110200
50440 84550
-32980 58900
-116400 33250
199820 7600
-283240 -18050
-366660 -43700
-450080 -69350
-533500 -95000
(a) t=0.001s (b) t=0.009 s
Pressure(Pa) Pressure(Pa)
161500 175500
138700 152550
115900 129600
93100 106650
70300 83700
47500 60750
24700 37800
1900 14850
-20900 -8100
-43700 -31050
-66500 -54000
(c)t=0.023 s (d) t=0.042's
Pressure(Pa) Pressure(Pa)
180000 184500
158400 162450
136800 140400
115200 i 118350
93600 96300
72000 74250
50400 52200
28800 30150
7200 8100
-14400 -13950
-36000 -36000
(e) t=0.057 s (f)t=0.080's

Figure 8. Transient pressure contours at selected times during valve opening.

3.2.2. Velocity Distribution During the Opening Process

Figure 9 shows the velocity contours within the valve domain at different times during
valve opening. At t = 0.001 s (Figure 9a), the opening is small, allowing only a narrow jet of
fluid to pass through the slit between the disk and the flow passage. A high-velocity region
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forms along the disk edge, with a maximum velocity of 12 m/s. The inlet, outlet, and
valve chamber show low velocities of approximately 1 m/s. As the fluid passes the disk,
flow disturbance occurs and vortices form inside the chamber, as indicated at positions a
and b. These vortices cause additional energy loss and further disturb the local flow field,
which may affect disk motion. At t = 0.009 s (Figure 9b), the high-velocity region remains
concentrated near the disk, with a maximum velocity of 20 m/s. Compared with the earlier
stage, this high-speed area expands, and small vortices form on the left side of the disk, as
shown at positions ¢ and d. These vortices further affect disk motion. From t = 0.023 s to
0.057 s (Figure 9c—e), as the valve continues to open, a larger volume of fluid flows through
the chamber, driving the disk to move axially to the right. Velocities within the chamber
and at the outlet increase steadily. The vortices at positions a and b shrink, and flow speeds
within the vortex regions remain low. At t = 0.080 s (Figure 9f), the valve is fully open. New
small vortices appear along the outer edges of the chamber at positions e, f, and g, and the
maximum velocity reaches 22.5 m/s.

Velocity(m/s) Velocity(m/s)

135 209
1215 1881

| 108 16.72
945 1463
81 1254
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(e) t=0.057 s (f)t=0.080's

Figure 9. Transient velocity contours at selected times during valve opening.

3.2.3. Comparison of Hydrodynamic Forces During Valve Opening

Figure 10 compares steady-state and transient hydrodynamic forces during valve
opening. The hydrodynamic force decreases overall as the opening increases. At the same
time, the magnitude of transient-force fluctuations increases with opening. When the valve
reaches 60% relative opening, the transient-force fluctuation becomes pronounced, with a
maximum amplitude of 662 N. This behavior occurs because, during transient opening, the
disk moves with finite acceleration. Pressure fluctuations inside the valve cause the disk to
oscillate, generating fluctuations in transient hydrodynamic force.
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Figure 10. Steady-state and transient hydrodynamic forces on the disk.

3.3. Pressure and Velocity Characteristics During Valve Closure
3.3.1. Pressure Distribution During the Closing Process

Figure 11 shows the pressure contours within the valve domain at different time steps
during the closing process. At t = 0.005 s (Figure 11a), the valve is in the initial stage
of closing. The pressure distribution inside the chamber is relatively uniform, with the
high-pressure region concentrated within the chamber. The maximum pressure reaches
0.17 MPa. After passing the disk, the fluid experiences a gradual pressure decrease, and
the inlet-outlet pressure difference is 0.12 MPa. Figure 11b—d shows the pressure evolution
from t = 0.015 s to 0.025 s. During this period, the medium begins to reverse flow, causing
the inlet pressure difference to increase progressively. Att=0.021 s and t = 0.025 s, the
inlet-outlet pressure differences are 0.14 MPa and 0.16 MPa, respectively. The increasing
pressure difference drives the disk toward the valve seat, accelerating the closing motion.
Figure 11e,f shows the pressure distribution at t = 0.027 s and t = 0.029 s. As the valve
approaches full closure, the reverse-flow rate decreases sharply, and the high-pressure
region becomes more stable and concentrated near the outlet. When the fluid passes the
disk region, the pressure drops abruptly, forming a negative-pressure zone near the inlet.
Despite these local variations, the overall pressure field remains relatively uniform. At
t = 0.029 s, the inlet-outlet pressure difference reaches 0.19 MPa.
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Figure 11. Cont.
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Figure 11. Transient pressure contours at selected times during valve closure.

3.3.2. Velocity Distribution During the Closing Process

Figure 12 presents the velocity contours during valve closure. At t=0.005s, as closing
begins, the velocity distribution at the outlet is relatively uniform. When the medium
enters the chamber, its velocity decreases and continues to decrease as the distance to the
wall becomes smaller, reaching approximately 2.1 m/s. High-velocity regions appear on
the left side of the disk, with a maximum velocity of 20.5 m/s. Multiple small vortices form
at positions a, b, ¢, d, and e in the chamber. Figure 12b—d shows the velocity distribution
from t = 0.015 s to 0.025 s. As reverse flow develops, the pressure difference drives the
disk leftward. The reverse-flow velocity increases, while the high-velocity region remains
concentrated near the left side of the disk. Vortex ¢ disappears, although other vortices
remain, and the flow in these regions stays at low velocity. Figure 12e,f shows the velocity
contours at t = 0.027 s and t = 0.029 s. At this stage, the valve is nearly closed. The small
opening creates a jetting effect, producing a sharp increase in velocity at the throttling
region. Att=0.029 s, the maximum velocity in this region reaches 23.1 m/s. Once the valve
fully closes, the reverse-flow path is completely blocked.
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Figure 12. Cont.
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Figure 12. Transient velocity contours at selected times during valve closure.

3.3.3. Valve-Disc Motion Characteristics During the Closing Process

This section examines the dynamic behavior of the disk during valve closure under

Velocity (m/s)

pressure differences of 100 kPa, 200 kPa, and 300 kPa. As shown in Figure 13, the velocity,
acceleration, and hydrodynamic force acting on the disk increase with time. At the early
stage of closure, the pressure difference across the disk is small, resulting in a nearly linear
change in velocity with a low slope. As the opening continues to decrease, the pressure
difference increases, causing the velocity curve to transition into a parabolic form and rise
rapidly. Under a 300 kPa pressure difference, the maximum disk velocity reaches 12.9 m/s
at the moment of closure. This occurs because, as the valve approaches full closure, the
slopes of the acceleration and hydrodynamic-force curves increase, producing a parabolic
rise. Near the end of closure, medium pressure becomes unstable. The disk undergoes
oscillatory, variable-acceleration motion, which significantly increases the amplitude of
acceleration and force fluctuations.
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Figure 13. Disk motion and hydrodynamic force during valve closure under different

pressure differences.

3.4. Disassembly and Failure Analysis of the Axial Flow Check Valve

Figure 14 shows the disassembled axial-flow check valve used at the compressor-
outlet pipeline of a compressor station in western China. During a start-up test on
14 September 2024, the valve operated normally; however, during shutdown, the disk
failed to reseat in time, causing the compressor to rotate in reverse. Inspection of the
failed valve revealed clear wear marks on both the support seat and the disk. The velocity
contours show vortex formation within the valve chamber, while the transient simulations
show hydrodynamic force fluctuations and oscillatory disk motion. Considered together,
the numerical results and disassembly observations suggest a possible relationship between
the unsteady flow, component wear, and delayed reseating. This interpretation is limited
to the valve geometry and operating conditions described in Sections 2.1 and 2.2.5. Similar
valve geometries may also generate vortices near the valve seat; however, changes in valve
diameter, pressure, flow rate, or gas composition can alter the vortex characteristics and
disk motion. Therefore, the same wear and delayed-reseating behavior should not be
assumed under other conditions.

https://doi.org/10.3390/pr14152407


https://doi.org/10.3390/pr14152407

Processes 2026, 14, 2407

16 of 18

Velocity(m/s)

Velocity(m/s)

Figure 14. Localized wear observed on the support seat and disk of the failed axial-flow check valve.

4. Conclusions and Recommendations

Based on steady-state flow-field simulations and failure analysis of the axial flow
check valve, the following conclusions and recommendations are proposed:

(1) When the medium enters the throttling region between the valve seat and the
disk, the abrupt change in flow-passage cross-sectional area produces a significant velocity
change. This sharp variation generates a distinct vortex region, reflecting energy loss as the
fluid passes through the constricted area. The presence of the vortex increases turbulence
intensity and may induce local pressure fluctuations that affect overall valve performance.

(2) During transient valve opening, a sudden pressure drop occurs as the fluid passes
the disk. Flow disturbance near the disk leads to vortex formation inside the valve cham-
ber. As the opening increases, the number of vortices also grows. Pressure fluctuations
during opening cause the disk to oscillate, producing transient fluctuations in hydrody-
namic force. These fluctuations, considered together with the disassembly observations,
suggest a possible relationship between unsteady disk motion, the observed wear, and
delayed reseating.

(3) During transient valve closure, the pressure decreases progressively after the fluid
passes the disk. At the early stage of closure, multiple small vortices appear in the chamber
center and near the pipe wall. As the opening decreases, the number of vortices gradually
reduces until disappearing completely, whereas fluid velocity increases.

(4) Based on the abrupt changes in flow area, vortex formation, and observed com-
ponent wear, potential design improvements include refining the valve-seat geometry
and smoothing its transition to the adjacent flow passage, improving the stem and guide
support, and considering wear-resistant materials or surface treatments for the guide sleeve
and disk contact surfaces.

(5) To reduce failure risks under operating conditions, multiple operating scenarios
should be evaluated, and the technical specifications for check valve procurement should
be optimized to ensure suitability for the intended service conditions. Routine inspections
should also be conducted to identify wear and potential reseating problems.
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