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Abstract: Check valves are used extensively in industrial piping systems. Based on dynamic mesh
technology, this study uses the RNG k-¢ turbulence model to numerically calculate the dual disc
check valve’s three-dimensional transient flow. The dynamic characteristics of the check valve in the
pipeline system are also experimentally studied. To this end, the two discs are opened synchronously
during the valve-opening process, including four stages: opening discs at a constant angular velocity,
opening slowing down discs, slowly returning discs to the balance point, and discs maintaining
oscillation. However, the movements of the two discs are asynchronous in the valve-closing process.
As the downstream pressure increases, the valve disc begins to close, and the flow gradually stops;
reverse flow takes shape, and the reverse flow stops until the discs are fully closed, and slamming of
the check valve occurs. The non-dimensional dynamic characteristic curve of this type of dual disc
check valve has a slope of about 1.624, which mirrors the response of the check valve closing to the
occurrence of the water hammer in the system. Knowing the dynamic behavior can be convenient in
designing and selecting a check valve and regulating piping system working conditions.

Keywords: dual disc check valve; dynamic characteristics; slamming of the check valve; dynamic
mesh; fluid-structure interaction; piping system

1. Introduction

In modern industrial production, fluid-related industries such as petrochemicals,
water conservancy, shipbuilding, and electric power are inseparable from complex piping
systems. The safe and stable operation of piping systems has always aroused general
interest. As an indispensable component of the piping system, the check valve can prevent
backflow and play a vital role in water hammer protection in the piping system. However,
the check valve increases the hydraulic loss of the piping system (resistance characteristics),
and instantaneous reverse flow occurs during the closing process of the check valve, which
may cause the valve to slam (dynamic characteristics) [1,2].

Scholars have conducted research on check valves. In 1980, G. A. Provoost conducted
experimental research on two types of check valves (ball valves and swing valves) and
pointed out that considering the dynamic characteristics of check valves, the fluid velocity
gradient with time is crucial [3]. In 1989, A. R. D. Thorley proposed a dimensionless
dynamic characteristic curve of a check valve based on a theoretical derivation method. He
believed that the acceptable maximum reverse flow velocity through the check valve could
be regarded as a controlling parameter in the valve calculation program.

In addition, the average deceleration of the fluid provides an indispensable foundation
for selecting the most suitable check valve [4]. In 1996, K. K. Botros et al. studied the
influence of the dynamic characteristic curve of the check valve on the circulation system
of a centrifugal compressor. They deemed that the maximum slope of the curve determines
the maximum tolerance the compressor/circulation system allows for reverse flow through
the check valve [5]. In 1999, Patrick J. Purcell investigated the “slamming” problem of the
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check valve in the chief pump-pressurization system with an air tank through experiments
and numerical methods. He proposed that throttling the outflow from the air container
can minimize valve slamming during the negative water hammer phase of the transient
cycle system. However, excessive throttling of the outflux may cause cavitation in the main
piping [6]. Guohua. Li and Jim C. P. Liou determined the influence of hydraulic torque on
the swing check valve disc on the valve—fluid dynamic interaction. They believed that the
hydraulic torque involved the torque induced by the flow around the stationary disk and
the torque generated by the rotation of the disk [7]. Based on the RNG k-¢ turbulence model,
Stefano Sibilla and Mario Gallati research the pressure drops and flow rate coefficient of
the valve during the steady-state flow of the nozzle check valve at different positions and
the unsteady flow in the valve plug transient opening. The researchers indicated that the
flow separation occurred downstream of the valve plug and lasted after the valve was
opened, which caused the valve to increase the additional pressure drop in the first half of
the stroke, which deviated from the quasi-steady-state characteristic curve of the valve [8].

K. K. Botros studied the effects of various spring characteristics and stiffness of the
nozzle check valve on the flow characteristics of the compressor station. The researcher
advanced that the valve disk will not be at the fully open position when the spring force is
higher than the maximum hydrodynamic force at the minimum flow rate. At this moment,
the disk may flutter, and the internal components of the valve cyclically impact each other at
high speed. That could lead to the check valve self destructing. He also proposed selecting
the spring force and stiffness according to the relationship between the flow characteristics
of the valve fully opened and the compressor performance curve [9].

Zhida Yang et al. performed CFD transient calculations on the closing process of the
reverse check valve in the experimental loop of the nuclear power plant under the reverse
flow pressure difference. These researchers brought to light that the reverse check valve
can effectively suppress the water hammer phenomenon during the switching transition of
the parallel double pumps [10]. Zhounian Lai et al. numerically simulated the transient
opening of the dual disc check valve. They hold that the discs will not move until the inlet
velocity increases to a fixed value. The discs open with the flow velocity enhancing, and
the pressure drop begins to rise. When the valve flap reaches the maximum opening, the
pressure drop rockets, and the flow rate continues to boost [11].

Nam-Seok Kim and Yong-Hoon Jeong used four different dynamic grid techniques to
calculate the dynamic characteristics of the swing check valve during the closing period.
The results show that the velocity distribution at the outlet of each method is similar before
the valve is almost closed. When the valve has fully closed, the prediction of the inflow
fluid velocity is different [12]. Zhounian Lai et al. carried out a three-dimensional transient
state numerical simulation of a dual disc check valve and employed overlapping meshes to
ensure the disc’s complete closing and pressure fluctuations were accurately captured. They
explained the influence of the system outlet pressure, initial flow rate, and upstream pump
closing speed on the pressure fluctuation caused by the closing of the check valve [13].

The current study mainly focuses on the numerical calculation of the internal flow
characteristics of the check valves and their influence on the dynamic system. However,
there are few studies on the valve plate—fluid interaction during the opening and closing
process of the check valves and the dynamic characteristics of the check valves during
the transition process of the pipeline system. For the dual disc check valve, this study
adopts dynamic mesh technology to research the valve disc—fluid interaction caused by
the opening and closing of the check valve in detail; moreover, it discusses the dynamic
characteristic of the check valve during the transition process of the piping system by an
available test bench built. The paper reveals the development of the flow field during
the opening and closing of the double-disc check valve, as well as the pressure change
characteristics of the piping system upstream and downstream of the valve. The research
will provide some recommendations for engineers in the design and selection of check
valves, water hammer protection, and working condition adjustment of the pipeline system.
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2. Numerical Calculation Method
2.1. Scheme Design

This study has six opening schemes and four closing schemes of the dual disc check
valve. Table 1 shows the valve opening flow rate under each opening scheme. Table 2
shows the upstream and downstream pressure of the valve (opening the check valve, when
the fluid maintains a stable flow, in the direction of flow, the front of the check valve is
upstream, and the back is downstream). The upstream pressure is a constant value, but the
downstream pressure changes with the flow time.

Table 1. The valve opening flow rates under each opening scheme.

Valve Opening Scheme Flowrate/(m>/h)
Scheme 1 10
Scheme 2 30
Scheme 3 50
Scheme 4 70
Scheme 5 90
Scheme 6 110

Table 2. The upstream and downstream pressure of the closing valve.

Valve Closing Scheme Upstream Pressure/MPa Downstream Pressure/MPa
Scheme 1 0.14 p(t)=0.100 ¢ *
Scheme 2 0.14 p(t) =0.085 ¢
Scheme 3 0.14 p(t) = 0.080 ¢
Scheme 4 0.14 p(t) =0.076 ¢

* tis the flow time (0 <t < 55)

2.2. Geometric Model of Dual Disc Check Valve

The two discs of the dual disc check valve are fixed by a valve stem and springs and
can rotate around the stem. When installing the valve, ensure that the axis of rotation is
consistent with the direction of gravity. When the upstream fluid (the positive direction
of the y-axis in Figure 1 points upstream) washes out the front of the valve plate, the
check valve opens, as shown in Figure 1b. When the upstream piping system fails, the
downstream fluid will backflow, and the check valve will be closed (Figure 1a).

Figure 1. Schematic diagram of the dual disc check valve. (a) close valve; (b) open valve.

When the valve plate is in the fully closed position, the artificial gap between the valve
seat and the valve plate appends to ensure the continuity of the calculating flow domain.
The volume meshes at this gap become a porous medium, which can almost prevent fluid
flow [11,12].
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Figure 2 shows the schematic diagram of the valve disc movement. Because the motion

of the valve disc approximates a rigid body rotation, the disc is almost deformation-free,
ZOAD = ZOA'C.

Figure 2. Schematic diagram of valve disc movement.

In addition, to facilitate the test measurement, the valve disc opening angle is defined
as0,0=0, —0; = ZCED = ZAEA’, ZABO = ZA’BE.

In the triangle AOAB, ZAEA” = 180° — ZOA’'C—ZA’BE. In the triangle AOAB,
ZAOA’ =180° — ZOAD—-ZABO.

Therefore, ZAEA’ = ZAOA’; that is, § = A8 (angular displacement of valve disc).

When the initial opening degree is 0, the instantaneous opening angle of the valve
disc is equal to the instantaneous angular displacement of the valve disc movement.

2.3. Whole Fluid Domain Meshing

Using 3D modeling software pro/E constructs the whole flow passage of the dual disc
check valve. Numerical calculations were performed using ANSYS/Fluent software. To
ensure the availability of the numerical model, the upstream and downstream sections
of the valve, respectively, extend five times the nominal diameter of the valve. As shown
in Figure 3, adopting unstructured tetrahedral cells meshes the whole flow passage. The
meshes of the fluid domains of the great curvature transition flow passage and the near-wall
carry out refined processing. This numerical simulation uses a dynamic mesh technique,
where the valve disc is in rapid motion, causing constant changes in the fluid domain.
Unstructured meshes allow better mesh reconstruction and better adaptation to the fluid
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domains. In addition, it becomes easier to refine the local meshes. As shown in Figure 4,
the mesh cells of different sizes carried out mesh independence checks, considering the
calculation accuracy and efficiency of the computer, and the initial total number of cells
was determined to be about five million. The dynamic mesh whose generation method
adopts elastic smoothing and local reconstruction has a minimum cell size of 0.5 mm and
a maximum distortion rate of 0.75.

Valve Middle section
Imet — N-===- 1 Outlet

Figure 3. Mesh diagram of the whole 3D fluid domain.
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2.4. Governing Equation

The flow control equation of this dual disc check valve adopts a continuous equation
and Reynolds time average N-S (Navier-Stokes) equation. The flow channel of the valve
has a complex structure causing many vortex flows, so the RNG k-¢ turbulence model is
adopted [8,10-13]. The valve disc motion equation employs Newton’s second law. The
fluid domains swept by the discs use a dynamic mesh equation.

e Continuous equation

dp , 9(pui)

£ = 1

ot axi 0 ( )
where p is the fluid density, u is the fluid velocity. The subscript
nent of the tensor in the coordinate system.

ury
1

represents the compo-

e  Reynolds time average N-S equation [14]

d(pu;) | dlpuiny))  9p O du; Ouj 2 du 9 —
FYE o, ——371‘*‘871_ V(aij‘i‘ajci—gqafm)]‘f‘aij(—P”i”j) (2)

where p is the fluid pressure, y is the dynamic viscosity coefficient of the fluid, and J; is the
Kronecker number. The subscripts “i, j, 1” represent the components of the tensor in the
coordinate system.

;4 ouy

- ou; 2
oo = (2 Oy 2 ey 5.
oug = pe( ox L AR Pl ®)

where p is the turbulent eddy viscosity coefficient, k is the turbulent kinetic energy.
e  RNG k-¢ turbulence model [15]

d(ok)  d(pku;)) 0 ok
T o, ox (“kﬂeffaxj) + G+ Gp — pe — Ym + Sk 4)
d(pe)  I(peu; 0 o¢ . € €2
<apt ) + <gxi 1) a*xj(“e#effaij) + ClsE(Gk + C3:Gp) — C2£P? +Se )

. S . . _ _ _ o k2
where ¢ is turbulence dissipation rate; ay = ae = 1.39, pegr = p + pt, p, = pC,, ¢
Gy, is the production term of turbulent kinetic energy caused by buoyancy; Yy is
compressible turbulent pulsation expansion term; Gy is stress source term caused by
velocity gradient; Sy and S are user-defined source terms;

Cle_ 1e 1+ B’ M= i iy ii_i(axj ox,

_ ou,

Cie =1.42,Cye =1.68, C3, =0.09, B =0.012, 179 = 4.377
e  Dynamic mesh equation

Concerning dynamic meshes, the integral form of the conservation equation for a
general scalar ¢, on an arbitrary control volume V, whose boundary is moving can be
written as:

d - = - -
E/Vpgde—i—/avp(p(u—ug)-dA—/aVFV4>~dA+/VS¢dV ©)

where 0V is used to represent the boundary of the control volume; 1 is the flow velocity
vector; U ¢ is the mesh velocity of the moving mesh; I' is the diffusion coefficient; Sy is the
source term of ¢.

e Newton’s second law

IdZG—T T T T
g = Ip+Tv+Tnv - Ty @)
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where 6 is the opening angle of the discs; I is the moment of inertia of the discs; Tp is the
moment of the hydrostatic pressure; Ty is the moment of the fluid impact force; Ty is the
spring torque. The torque is “—" when opening the valve and “+” when closing the valve;
Tris the friction torque between the discs and the stem, and it is relatively small compared
to other torques and can be ignored.

Tp = ApAR ®)

where Ap is the static pressure difference between the two sides of the discs; A is the area
of one side of the disc, and R is the distance from the center of mass of the disc to the axis
of rotation.

Ty = pquR cos 0 9)

where g is the flow rate; u is the flow velocity of the fluid.
/
In = Tpreloud +T60 (10)
where Tpreload 1S the spring pre-tightening torque; T' is the spring stiffness.

2.5. Boundary Conditions and Solving Methods

e Boundary condition of the opening valve

The inlet boundary condition adopts the mass-flow inlet (see Formula (11)), the value
is flowrate in Table 1, and the outlet boundary condition employs outflow.
i
Ain

PUn = (11)

° . . . . . .
where m is total mass flow; Ay, is inlet cross-sectional area; vy, is normal velocity.
e Boundary condition of closing valve

The inlet boundary condition adopts the pressure inlet (see Formula (12)), and the
value is the upstream pressure in Table 2. The outlet boundary condition employs the
pressure outlet, and the value is the downstream pressure in Table 2. The pressure change
with the flow time is realized through a user-defined function.

Pin = ps + 0.500;, (12)

where pj, is inlet total pressure; ps is static pressure; vy, is inlet velocity.
e  Wall condition

The wall condition adopts the no-slip and the standard wall function [16].
e  Solution methods

The coupling of pressure and velocity is solved using the SIMPLE algorithm, the time
step of the transient calculation is 10~# s, and each time step is iteratively calculated twenty
times. Figure 5 shows the change curves of the residual with the number of iterations. As
can be seen, the residuals of fluid velocity are all less than 10—, meeting the accuracy of
engineering calculation.
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Figure 5. The graph of the change of the residual with the number of iterations.

3. Experimental Apparatus and Procedures
3.1. Experimental Apparatus

As shown in Figure 6, the main components of the testing system of the dual disc
check valve include a high water pool Al (20 m from the tested valve), low water pool
A2, centrifugal pump CP (rated head: 50 m, rated flow: 200 m3/h), pressure sensor P1/P2
(range: —0.1-1.5 MPa, accuracy: 0.25%, the measured pressure points are set at a position of
5 times the diameter of the pipe (200 mm) from the tested valve), electromagnetic flowmeter
EF (specification: DN200, range: 0-300 m3/h, accuracy: 0.21%), data acquisition system
(sampling frequency: 6400 Hz), regulating valve RV, control valve CV, tested dual disc
check valve TV. Figure 7 shows the built experimental setup.

AVA A1— High water pool, A2—Low water pool

Al
RV—Regulating valve, TV—Tested valve

CV1-CV4—Control valve, CP—Centrifugal pump

@ P1/P2—Pressure Sensor, EF—Electromagnetic Flowmeter
P1

P2
CcVv1 QP TV @ EF CV2 RV

t Te=>> vy = =T A
' Nl -— < -_— @ 7

' I__CV3 &

Figure 6. Dual disc check valve test system.
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Data acquisition system Dual disc check valve
Figure 7. Physical picture of the dual disc check valve test bench.

3.2. Experimental Procedures
e  Resistance characteristics experiment

It is necessary to measure the flow rate, maximum opening, and pressure drop when
the check valve opens and draw other relationship curves with the flow rate. Figure 8 is
a test flowchart of the dual disc check valve in the opening process.

Close all valves

Is there enough
water for A1?

Start the CP

When A1 has enough » OpenCV1, CV2
water, close CV4 l

Slowly turn on and
Stop the CP
adjust the RV

Observe and record the TV opening
and the indications of P1. P2 and EF

Figure 8. Test flowchart of the resistance characteristics of the dual disc check valve in the

opening process.
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e  Dynamic behavior test

The water hammer has been generated since the valve is closed, but when the valve is
fully closed, the reverse flow stops, and the amplitude of the water hammer reaches the
maximum. The water hammer pressurization satisfies the Joukousky equation [2,17,18]:

AH = _ a8y (13)
8
AP = pgAH = —paAv (14)
Av =0—ogR (15)
According to Formulas (13)—(15):
or = AP/ (pa) 16)

where AP is the pressure difference between the initial pressure and the peak water hammer
pressure; Av is the change of fluid velocity; p is the fluid density; a is the water hammer
wave speed, when the ratio of pipe diameter (200 mm) to pipe wall thickness (2 mm) is 100,
taken as 1000 m/s in the steel pipe [19]. vR is the maximum reversal flow velocity.

The fluid deceleration of piping system dv/dt:

do/dt = (0 —vg)/to| = vo/ty = 4Qo/ rttod? (17)

where vy is the flow velocity of steady flow in the initial state; Qp is the flow rate of steady
flow in the initial state; ¢ is the time for the fluid velocity to decrease from vy to 0; d is the
diameter of the downstream pipeline.

It is almost impossible to accurately measure the maximum reversal flow velocity
using an electromagnetic flowmeter [20]. This study indirectly measures vg by Formula (16)
to measure AP. The measured Qp and t calculate dv/dt by Formula (17). The (dv/dt-vR)
curve drawn is the dynamic characteristic of the check valve. Figure 9 is a test flowchart of
the dynamic behavior of the valve-closing process.

Close all valves

Is there enough
water for A1?

Start the CP

Open CV4

When Al has enough » Open CV1, CV2
water, close CV4 l

Slowly turn on and
he CP
wdjstthe RV

Observe and record the TV opening
and the indications of P1. P2 and EF

Figure 9. Test flowchart of the dynamic behavior of the dual disc check valve in the closing process.
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4. Results and Discussion
4.1. The Opening Process of the Check Valve
4.1.1. Resistance Characteristics

When the fluid in the upstream pipeline flows through the check valve and acts on the
valve discs, the valve discs are opened against the restraining force of the spring, resulting
in the hydraulic loss (resistance characteristics). Figure 10 shows the relationship between
pressure difference and opening with the flow rate when the dual disc check valve opens.
As can be seen, when the flow rate is higher than 50 m?3/h, the numerical calculation
results are very consistent with the test results. However, when the flow rate is less than
50 m3/h, the calculated value of valve opening is slightly larger than the test value, and
the maximum error is less than 2°. That is because the numerical calculation ignores the
mechanical friction between the valve discs and the stem, or the systematic test error is
relatively large when the valve opening is small under a small flow. In general, compared
with the tested value, this calculation result is reliable and meets the engineering calculation
requirements. It was demonstrated that the established numerical model is quite reliable in
calculating the study.

—_ N
o O

[E—
(@)}

[— [— [
o0 () [\ AN
| | | |

Pressure drop/kPa

| O Pressure drop tested value
| —@— Pressure drop calculated value A 1

A Valve opening tested value
—A— Valve opening calculated value

60

50

40

30

Valve opening/°

20

10

\) -~ @)
T

| L | L | L | L | L O
20 40 60 80 100 120

Flow rate/( m*/h)

Figure 10. The relation curve between pressure drop and opening with the flow rate the dual disc
valve opened.

As shown in Figure 10, the pressure drop increases significantly as the flow rate grows.
That is because when the flow rate increases, the average flow velocity escalates; namely,
the kinetic energy loss grows when the fluid passes through the valve, which causes the
pressure drop between the two sides of the valve to enhance. However, as the flow rate
increases, the valve opening angle rises remarkably to 35°, then the flow rate continues
to increase, and the valve opening angle improves slowly. The following reasons can
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explain this situation. According to Formulas (9) and (10), the impact torque of the fluid
acting on the valve discs under a few flow rates is small and needs to overcome the spring
preload torque to open the valve discs. When the valve opening is small, it has less negative
feedback on the impact torque of the fluid and spring torque. As the flow rate increases,
the impact torque of the fluid grows significantly, and the valve disc opening enhances
remarkably. However, when the flow rate increases to 50 m3/h, the valve disc opening is
35°. At this time, the valve opening has a vigorous negative feedback on the impact torque
of the fluid and spring torque. So the flow rate continues to increase, the impact torque of
the fluid improves scarcely, but the spring torque significantly increases, and the valve disc
opening grows barely.

4.1.2. Transient Characteristics

Figure 11 shows the transient curve of the opening angle change of the dual disc check
valve during the opening process under different flow rates. As can be seen, the two discs
are opened synchronously during the valve opening process, except that the direction of
rotation is opposite. The change of the valve disc opening with flow time has four stages.

—— Discl, 0=10m’h === Disc2, Q=10m’h —— Discl, 0=30m*h === Disc2, 0=30m’h
Discl, Q=50m’h Disc2, Q=50m*h —— Discl, Q=70m*h === Disc2, 0=70m’h
Discl, 0=90m’/h Disc2, 0=90m’/h —— Discl, Q=110m’*h === Disc2, O=110m’h
60 A(0.31,48) B(0.71,59) C(1.25,53) D(3.80,55)

+

o N

b 20 S

g

o p—

g N

)

o 0=

] ‘;)‘\ B PN D SN SN I RPN NI PRI AP R AU P

> oY N

p— LY (N

< WM

> _20 HEXY <

|‘ . B G ) DS S (Y S
[ Y
B L )
‘ \
PR Y
—40
VUNe e T L P S O S I

0.0 0.5 10 15 20 25 30 35 4.0
Flow time/s

Figure 11. The transient opening curve of the dual disc check valve.

0A stage (opening the discs at a constant angular velocity): The valve opening increases
linearly with time, and the slope of the curve remains the same, proving the disc’s angular
velocity remains the same.
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Velocity m/s
6.0

55
5.0
4.5
4.0
3.5
3.0
2.5

AB stage (opening the discs at a slower angular velocity): The slope of the curve
decreases continuously, which shows that the valve discs slowly open with time. The discs
reach the maximum opening under this flow at point B.

BC stage (the discs slowly return to the balance point): The valve disc slowly returns
from point B (the maximum opening) to the balance point (point C).

CD stage (the discs maintaining oscillation): The valve disc keeps slightly oscillating
near the balance point over time.

The following reasons can explain this phenomenon. When a constant flow rate of
upstream fluid flows to the front of the valve discs, the impact torque and static pressure
torque on the valve disc front is higher than the spring torque of the valve disc back, and the
valve discs tend to open. When the valve discs initially open, the static pressure moments in
their front and back have the same magnitude and opposite directions. The static pressure
moment does not work on the valve discs, and the impact and spring torque are not much
different, so discs open at a constant angular velocity. As the opening increases, the impact
torque decreases, and the spring torque increases (as shown in Formulas (9) and (10)).
Due to the inertia of the valve discs, the valve discs decelerate to open. When the angular
velocity of the valve discs decrease to 0, the opening degree reaches the maximum value.
At this moment, the spring and impact torque is unbalanced (the two trade off each other),
and the valve discs return to a closed state at a variable angular velocity. When each reaches
equilibrium, the valve discs reach the equilibrium point.

Figure 12 is the instantaneous flow field diagram of the valve opening, Scheme 6. As
can be seen, the downstream flow is relatively smooth during the valve disc opening at a
constant angular velocity. After that, when the fluid flows around the valve disc, a vortex
street is formed behind the valve discs, the flow field is relatively turbulent; it can be clearly
seen that the vortex generated after the valve disc eventually returns to the vicinity of
the valve disc. The process of vortex moving forms pressure pulsation in the flow field,
which causes the valve disc’s torque to be unbalanced, and the valve disc oscillates near
the equilibrium point.

Figure 12. The instantaneous flow field diagram of the valve opening, Scheme 6. (a) Flow time = 0.1s;
(b) Flow time = 0.3 s; (c) Flow time = 0.5 s; (d) Flow time = 0.7 s; (e) Flow time = 09 s;
(f) Flow time =1.1s.

As shown in Figure 11, when the flow rate is different, each stage of the valve opening
process is different. In the OA stage, with the flow rate increase, the valve disc’s opening
angular velocity increases, and the valve is opened more quickly. In the AB stage, with the
growth of flow rate, the valve opening increases, and the curve’s curvature enlarges (the
angular acceleration enhances). In the BC stage, with the growth of flow rate, the return of
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opening increases. In the CD stage, with the rise in flow rate, the oscillation amplitude of
the opening increases.

That is because the flow rate increases, the impact torque of the fluid grows, the
angular velocity of the valve plate opening is reduced, the moment of inertia generated
by the movement of the discs strengthens, and the opening change increases during the
disc decelerating opening and variable speed return closing. Moreover, as the flow rate
increases, the pressure pulsation caused by the vortex shedding intensifies, and the valve
disc oscillation amplifies.

4.2. The Closing Process of the Check Valve

When the check valve is fully open, the fluid in the pipeline flows steadily, and the
upstream pressure is higher than the downstream pressure. When an accident occurs in
the upstream pipe and equipment, the upstream pressure decreases and is lower than the
downstream pressure, which leads to fluid backflow, and the check valve will be closed. In
this study, to explore the closing law of the dual disc check valve, gradually increasing the
downstream pressure makes it higher than the upstream pressure, which results in closure
of the valve.

Transient Characteristics

Figure 13 shows the opening change with the flow time during the closing process of
the check valve. As can be seen, the two discs are asynchronously closed with the passing
of the flow time. The other disc begins to close before one of the discs is closed for a short
period, but their required close time is almost the same. During the valve-closing process,
the slope of the curve gradually increases (the angular velocity of the discs continues to
enhance), and the two discs accelerate to close until they are fully closed.
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Figure 13. The transient closing curve of the dual disc check valve.

That is because when the downstream pressure gradually increases, the flow is blocked,
forming a complex vortex and reverse flow, resulting in asymmetric flow distribution down-
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stream. The hydrodynamics acting on the back of the two discs changes non-uniformly but
is almost equivalent, so the discs are asynchronously closed, and their closing times are
nearly the same. As the downstream pressure gradually increases, the torques acted on the
discs become higher, and the discs continue to accelerate to close.

Comparing the four valve-closing schemes, the trends of opening with time are nearly
identical. However, the closing time of the disc becomes shorter when the downstream
pressure increases faster. That is because the downstream pressure improves rapidly, the
hydraulic torque on the back of the discs increases quickly, and the disc closing angular
velocity becomes faster.

Figure 14 shows the transient change of the flow field in the valve-closing Scheme 1. As
can be seen, the fluid flows steadily from upstream to downstream in the valve fully opened.
There are core flow areas near the pipe wall of the valve discs’ sides and symmetrical vortex
flows near the center of the pipe downstream (see Figure 14a). With the increase of the
downstream pressure, the vortex area extends, the flow velocity reduces significantly, and
the flow is almost stagnant (see the red mark in Figure 14b). As the downstream pressure
continues to increase, disc 2 begins to close, and the downstream fluid accelerates backflow
(see the red mark in Figure 14c). The core flow area appears at the center of the pipe, and
the asymmetrical distributing vortex areas approach the pipe wall (see Figure 14c). As the
downstream fluid continues to backflow rapidly, two discs move to different positions,
but the disc 1 is greater than the disc 2 opening, the core flow area extends, and the vortex
areas continue to decrease (see Figure 14d,e). The flow is almost stagnant when the discs
are fully closed (see Figure 14f).
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Figure 14. The instantaneous flow field diagram of the valve-closing Scheme 1. (a) Flow time =1.2s;
(b) Flow time = 1.3 s; (¢) Flow time = 14 s; (d) Flow time = 1.5 s; (e) Flow time = 1.6 s;
(f) Flow time = 1.7 s.

There are some reasons for this characteristic. When the valve fully opens, the flow
passage is symmetrical. The upstream high-pressure fluid flows around the discs and
forms the symmetrically distributed vortexes behind the discs, forcing the core flow area
to move near the pipe wall. However, when the continuously increasing downstream
pressure is higher than the upstream pressure, due to the reverse pressure gradient, flow
separation occurs, resulting in asymmetrically distributed vortexes expanding. The vor-
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tex areas push out the mainstream, increasing hydraulic loss and decreasing flow veloc-
ity. When the downstream pressure increases continuously, reverse flow occurs as the
two discs asynchronously accelerate to close. The downstream high-pressure fluid destroys
the vortexes behind the discs and squeezes them near the pipe wall. The center of the pipe
becomes the core area of flow, and the flow becomes smoother and more orderly.

4.3. The Test of Dynamic Characteristics of Check Valve

Figure 15 shows the transient pressure-tested curves at different valve-closing times.
As can be seen, when the valve is in the fully open position, the pressure upstream and
downstream is almost equal and remains constant. As shown in Figure 15a, the downstream
pressure begins increasing at point A and transmits to the upstream through the check
valve. In the AB stage, the upstream and downstream pressures increase simultaneously,
and the fluid decelerates with the check valve closing gradually. At point B, the upstream
and downstream pressures no longer increase, and the flow stops. In the BC stage, the
upstream and downstream pressures fluctuate slightly or remain constant with the check
valve’s closing, and a reversal flow occurs whose velocity continues to increase. At point
C, the flow stops instantaneously with the check valve slamming, the upstream pressure
reduces drastically, and gradually returns to the pressure value of the high water tank.
However, the downstream pressure increases sharply with the water hammer beginning to
occur at point C, reaches the pressure peak of the water hammer at point D, then gradually
subsides and stabilizes at point E [21,22].

By comparing the transient pressure curves in different closing times, as can be seen,
the shorter the closing time, the greater the peak pressure of the water hammer. As shown
in Figure 15a, when closing time becomes short, a direct water hammer occurs downstream,
and the pressure peak of the water hammer is far higher. The upstream water column
separates and forms air pockets after the valve is closed, which leads to instantaneous
negative pressure and cavitation [23]. As shown in Figure 15¢,d, the closing time is far
longer, and the secondary water hammer superimposes the reflected wave of the primary
water hammer, resulting in the indirect water hammer downstream, which causes the peak
of the secondary water hammer to be higher than the primary.

Figure 16 is the dynamic characteristic curve of the dual disc check valve. As can
be seen, the maximum reverse flow velocity of the check valve increases as the fluid
deceleration of the pipeline system increases, and the changing trend fits well with the
exponential functions y = exp (0.0097x2 + 0.7873x — 1.1144). When the deceleration of the
pipeline system is a definite value, the smaller the maximum reverse flow velocity, the
lower the water hammer pressure peak causing the check valve to close, and the better the
water hammer protection performance of the check valve. Figure 16 reflects that this check
valve has better water hammer-protection performance when deceleration is lower.

It is necessary to analyze the dimensionless variables to study the dynamic character-
istics of dual disc check valves with similar structures. Using the ratio of g and vj obtains
the dimensionless maximum reverse flow velocity v * (see Formula (18)). In the same
way, using the rate of dv/dt and vy?/d achieves the dimensionless fluid deceleration A *
(see Formula (19)). Finally, the A *-v * curve is the dimensionless dynamic characteristic
curve of the check valve [2].

P _ TR
v= (18)
o do/dt 1)
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Figure 15. The transient pressure-tested curves at different check valve closing times t.. (a) . = 0.34 s;
(b) t =0.52s; (¢) tc = 0.76s; (d) t. = 0.84 s.
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Figure 16. The dynamic characteristic curve of the dual disc check valve.
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Figure 17 is the dimensionless dynamic characteristic curve of the dual disc check
valve. As can be seen, the maximum reverse flow velocity of the check valve of this
structure type increases with the fluid deceleration of the pipeline system, and the changing
trend fits well with the first-order polynomial y = 1.624x + 0.465. The slope of the curve
reflects the response of closing the check valve to the water hammer of the system when
the piping system is operating under variable conditions. The smaller the slope of the
curve, the less sensitive the response, which can ensure the safe and stable operation of
the system.
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Figure 17. The dimensionless dynamic characteristic curve of the dual disc check valve.

In industrial production, when engineers know the rated pressure of the piping
system, they can reasonably select the check valves based on the dynamic characteristic
curve. When engineers adjust the working conditions, they can also predict the maximum
water hammer based on the dynamic characteristic curve to prevent pipe burst accidents
caused by the changed working conditions.

5. Conclusions

Based on the method of combining numerical calculation and experiment, the disc—
fluid interaction characteristics during the dual disc check valve’s opening and closing
process and the valve’s dynamic characteristics in the piping system are studied. In the
end, this study reaches the following conclusions:

1. The numerical calculation of the resistance characteristics of the dual disc check valve
is consistent with the test results. The pressure drop and the opening increase as the
flow rate increases.

2. The two discs are opened synchronously during the dual disc check valve opening.
The process includes four stages: opening discs at a constant angular velocity, opening
slowing down discs, slowly returning discs to the balance point, and discs maintaining
oscillation. When the fluid flows around the valve disc, a vortex street formed behind
the valve disc eventually returns to the vicinity of the valve disc.

3. The two discs of the dual disc check valve are closed asynchronously. During the check
valve closing process, the downstream flow field gradually becomes an asymmetrical
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structure, and the core flow area moves from near the pipe wall to the center of the
pipe, and the flow becomes smoother and more orderly.

4. The non-dimensional dynamic characteristic curve of this type of dual disc check
valve has a slope of about 1.624, which mirrors the response of the check valve closing
to the occurrence of the water hammer in the system. Knowing the dynamic behavior
can be convenient in designing and selecting a check valve and regulating piping
system working conditions.
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