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Abstract — The passive reactor core cooling system is used in the 3rd generation of nuclear power technology AP1000 and requires 
a low pressure difference (the opening pressure ≤ 0.03MPa) to open the check valve. The current swing check valve is apt to cause 
collision, noise and damage to the valve clack in the case of high reversed pressure and high flow speed. Therefore, a new shuttle 
check valve has been designed. To study kinetic characteristics of the clack in the opening process of the shuttle check valve with 
different spring quotients, this paper dynamically and numerically simulate the external force’s impact upon the opening process of 
the clack with the help of the dynamic mesh and the user-defined function based on the calculation method and physical model 
provided by Fluent software. Using the unstructured grid and the standard k-ε turbulence model, this paper also simulates 
transient change process of pressure field and velocity field inside the check valve during the valve clack’s dynamic opening process. 
In the dynamic simulation, different elastic coefficient has been used to simulate the dynamic opening process of check valve and to 
obtain the corresponding dynamic curve. The result shows that dynamic mesh can simulate the dynamic change of inside pressure 
and speed of shuttle check valve well. The smaller the spring coefficient is, the more sensitive the clack becomes to the inlet pressure 
during the valve opening process, but with a relatively strong fluctuation, which is of guidance to the design and management of 
shuttle check valve. 
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I.  INTRODUCTION 

The main function of check valve in the pipe network 

is to avoid the destruction of pipe machinery by water 

hammer. Shuttle check valve, invented by Zeng Xiangwei, 

exploits the pipe system’s own energy to perform opening 

and closing, without the help of outside power or control. 

From the actual use of shuttle check valve in tens of large 

domestic chemical plants and refineries, it can be seen that 

shuttle check valve is of reasonable and reliable structure, of 

fast closing speed under a small backpressure [1]. Recently, 

a lot of scholars have studied the dynamic property of the 

check valve. Botros[2] theoretically introduces the dynamic 

property of check valve and the spring’s influence upon it. 

The paper studies the dynamic property of valve clack 

during the opening process of shuttle check valve with 

different spring elastic coefficient and analyzes the impact 

of the spring elastic coefficient on the dynamic property of 

valve clack, thus providing reference to later improvement.   

II.  SIMULATION Object 

A.  Structure of shuttle check valve 

Structure of shuttle check valve is shown as Fig1. The 

outside is the valve body and the inside is the spool whose 

hind side is a pre-tightening spring. When a medium 

flowing in from the left side of the figure, if the fluid’s 

pressure upon the spool is bigger than the one exerted by the 

spring and the right fluid, the valve moves to the right and 

becomes open. When the fluid flows from the left to the 

right, if the left pressure is smaller than the combination of 

pressure from the right side and the spring’s force, the spool 

moves to the left, thus closing the valve and preventing the 

backflow of the fluid. Because closing relies on the force of 

spring and the pressure difference of both sides, even in the 

case of low backpressure, shuttle check valve can also 

prevent the backflow [3].Shuttle check valve can achieve 

opening and closing, throttling, damping, amplifying, 

regulating and controlling. 
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Figure 1.  Structure of shuttle check valve 

 

B. Simulation conditions 

The shuttle check valve used for simulation is the 

simplified version of the real one. The structure of the 

shuttle check valve is completely axial symmetric, therefore 

it is feasible to build only half of it when constructing 

geometric model with Gambit, and then forming the whole 

valve model with symmetrical method. The shuttle valve 

controls its final route through valve seat, which makes the 

spool to move along the horizontal axis. The simplified 

shuttle spool is shown as Fig 2. Considering the possible 

cavitations might happen as the result of the negative 

pressure inside the valve during the spool’s movement, the 

normal temperature water or water vapor is often selected as 

the medium for simulation. The pressure difference between 

the inlet and outlet is 0.4Mpa. Because it is dynamic 

simulation of the shuttle valve, triangular unstructured grid 

is adopted. Grids are denser where the left end of the spool 

touches the valve body, and sparser in the other places. The 

divided grids total up to 39119, with smooth transition. 

 

Figure 2.  mesh map of shuttle valve model 

 

The dynamic simulation of shuttle valve’s opening 

process is the simulation of the spool’s whole process from 

its closing to complete opening. In the simulation, standard 

k-ε model is used as turbulence model; SIMPLE algorithms 

used for coupling of speed and pressure [4]; valve spool is 

view as a rigid body.  

III. Mathematical MODEL 

A.  Calculation model and partition of grid 

Triangular unstructured grid is used in the partition of 

grids, the grids are controlled by the valve spool’s equation 

of motion [5] (valve’s equation of motion is controlled by 

Newton’s second law): 

m              (1) 

In this equation, m is the quality of the valve spool, Ft 

is the spring force,F k∆x;fstands for friction force, and 

can be omitted;p is the fluid pressure spool in the x 

direction; A is the spool area. 

Dynamic mesh technique is employed to compute and 

simulate the valve spool’s movement. The program 

describing the movement of the spool is coded by C 

language and is read in by “user-Defined Functions”. By 

recording the spring’s deformation quantity at the current 

position of the spool, the spring’s acting force on the spool 

can be calculated and then the integration of the force 

exerting on the spool can be calculated according to the 

flow field. Finally, the net force on the spool without the 

friction force can be obtained in this way.  

Dynamic mesh technique is to simulate the 

time-domain changes of the shape of the flow domain with 

the change of border movement [6].The boundary 

conditions of Flux Φ, in any arbitrary control volume, is 

movable. Its conservation equation is: 

Φ Φ ∙  

Γ Φ ∙ 	                     (2) 

In this formula, 	 	stands for fluid density; 	 stands 
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for fluid velocity vector; stands for gridding deformation 

velocity of the dynamic mesh; Γ	is the diffusion coefficient; 

 is the source item of flux 	Φ ;  is the control 

boundary. The first item of the formula can be obtained with 

formula (3): 

Φ 	            (3) 

In formula (3), n and n+1 stand for the current time and 

the next time.  can be obtained with （4）: 

Δ																																																														 4  

In the formula, is the derivative of control volume to 

time, which can be acquired with formula (5): 

∙ 																																					 5  

In the formula, is the area of control volume; is 

the superficial area of side ; ∙ is the point of the 

control volume, which can be got from formula (6): 

∙
∆

																																																																				 6  

In the formula, refers to the volume change caused 

by the expansion of control side  in terms of the whole 

time length ∆ . 

B.  Motion model of valve clack 

The simulated valve body is placed in a horizontal 

direction. Therefore, the force exerted on the clack is the 

stress force, viscosity shear force, spring elastic force and 

friction force in the horizontal direction. The friction force 

is too small to be ignored. According to the Newton’s 

second law, the clack’s horizontal equation of motion can be 

presented as [7]: 

Ϝ Α 			 7  

In the formula, p  is the horizontal pressure that the 

fluid body acts on the clack direction, Pa; τ  is the 

horizontal shear force that the fluid body acts on the clack; 

Α is the clack area; K is the spring elastic coefficient;x is 

the valve opening;x is the initial opening of the valve, 

which is 0.5 nm; m is the valve clack mass, which is 

0.26kg here; u  is the clack’s driving velocity on a 

horizontal direction. 

Calculating integration of the formula (7), the speed of 

clack’s movement at each moment can be obtained; the 

clack trail on the horizontal direction can be shown as: 

																																																																 8  

IV. NUMERICAL SIMULATION AND RESULT 

ANALYSIS 

A.  velocity vector diagram and pressure field diagram 

The opening process of shuttle valve can be affected by 

other factors, such as the elastic coefficient of the spring, the 

pre-tightening force of the spring, the pressure difference of 

the outlet and the inlet. Different shuttle valve’s spring 

coefficients are used in the dynamic simulation, thus the 

influence of the coefficients of the shuttle valve in the 

opening process can be known from the simulation results. 

To simulate the shuttle valve’s opening process, aperture is 

set as 1mm (close to the off-state) in modeling. The time 

step is set as 0.0001s, case file and data file can be kept 

every 0.005s. The velocity field change of shuttle opening 

process is as Fig 3. In the opening process, the fluid speed 

transmits from the entrance to the exit direction. In the small 

aperture, the velocity field on the right side of the valve 

spool is well-distributed. The biggest speed band is always 

along the valve wall. In the complete opening process of the 

valve spool, there appear two areas of the biggest speed; the 

velocity of the front area of the spool is bigger than that of 

the rear area, while the velocity of the rear area of the spool 

is very small. Generally speaking, in the opening process of 

the shuttle valve, the velocity field inside the valve is in 

smooth transition, and the speed of both sides of the spool is 

very small. 

The changes of the pressure field in the of shuttle valve 

opening process are as Fig 4. In the opening process, the 

pressure of the fluid passes to the exit direction. Due to the 
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forward movement of the spool, fluid on both sides of the 

spool move quickly and the fluid of the front end will have a 

short delay, the pressure change on both sides of the valve is 

faster than that of the front end. In the case of small aperture, 

there will be low-tension vortex region. With the change of 

the aperture, the region will increase first, and then decrease 

till disappear. With the increase of the zero-velocity area, 

the high-tension area is bigger, after the complete opening, 

the area will not change any more. 

 
t=0.015s 

 
t=0.005s 

 

t=0.03s 

 

t=0.3s 

Figure 3.  Velocity vectors in shuttle check valve during opening 

process at different times. 

 
t=0.05s 

 
t=015s 

 
t= 0.03s 
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t=0.3s 

Figure 4.  Pressure contour in shuttle check valve during opening 

process at different times 

B.  The influence of spring coefficient on the shuttle valve’s 

opening process 
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Figure 5.  The curve of valve spool by fluid pressure in different elastic 

coefficient 

Spring plays a role of a buffer in the shuttle valve’s 

opening process. To study spring coefficient’s impact on the 

shuttle valve’s opening process, set spring elastic coefficient 

be 5000N/mm, 6000N/mm and7000N/mm respectively,  

and keep the other parameter unchanged. Fig 5, Fig 6 and 

Fig 7 are the gross pressure curve, displacement curve and 

velocity curve area charts of the valve spool respectively 

under the three elasticity coefficients. 

From fig5, the elasticity coefficient has little impact 

upon the change of fluid pressure at the moment when the 

shuttle valve opening and the time interval that the spool 

becomes stable under the fluid pressure. The smaller the 

elasticity coefficient is, the bigger the fluctuation of the 

pressure in the opening process becomes. When the 

elasticity coefficient is 5000N/m, the biggest pressure 

fluctuation is 54.56N; when the coefficient reaches to 

6000N/m, the biggest pressure fluctuation is 52.2N (at 

t=0.08s, the pressure is 173.48N; at t=0.08s, the pressure is 

121.28N); when the elasticity coefficient is 7000N/m, the 

biggest pressure fluctuation is 30.17N (at t=0.16s, the fluid 

pressure is 177.98N; at t=0.165s, the fluid pressure is 

147.71N) 
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–Figure 6. The opening degree of valve spool in different elastic 

coefficient. 

 

As is shown in the Fig 6, when the elasticity coefficient 

is 5000N/m, at t=0.075s the spool displacement reach to the 

maximum 30.91mm, and then snail with stability; when the 

coefficient reaches 6000N/s, at t=0.07s the spool 

displacement reach to maximum 24.94mm; when the 

coefficient reaches 700N/s, at t=0.0950s the spool 

displacement reach to maximum 22.03mm. By comparison, 

it can be seen that the displacement curve of the spool at the 

moment the shuttle valve just opens overlaps. After a period 

of time, the bigger the elasticity coefficient of the spool is, 

the slower the displacement increases. Because the 

displacement is very small at the beginning and spring’s 

force upon the spool, compared with the fluid pressure on 

the spool to, is relatively small,  the displacement curve in 

this period is very close; after a period of time, spring’s 

force upon the spool is bigger than the fluid pressure, the 

spool is dominantly influenced by the spring force. The 

bigger the elasticity coefficient is, the faster the spring force 

on the spool increases. Therefore, in this period, the speed 

of the spool will reduce in a very quick way. Despite that 

aperture is smaller in the case of big elasticity coefficient, 
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the speed becomes smaller in the same case, therefore the 

time that the spool reaches the biggest aperture has no law 

to follow.   
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–Figure 7. The curve of velocity vectors of valve spool in different elastic 

coefficient 

As is shown in Fig 7, when the elasticity coefficient is 

5000N/m,  at t=0.01s  the speed of the valve spool 

reaches the maximum 1.22m/s, while at t=0.075s  the 

spool speed reaches the minimum -0.0054m/s; when the 

elasticity coefficient is 6000N/m, at =0.01s  the spool 

speed reaches the maximum 1.17m/s, while t=0.07s  the 

spool speed reaches the minimum -0.023m/s; when the 

elasticity coefficient is 7000N/m, at t=0.01s  the spool 

speed reaches the maximum 1.12m/s, while t=0.075s  the 

spool speed reaches the minimum -0.019m/s. By 

comparison it can be concluded that the bigger the elasticity 

coefficient is, the smaller the maximum speed of the spool 

in the opening process is. Fluid’s impact effect upon the 

valve spool makes the spool to reach the maximum speed in 

a very short time interval. From the chart, in the late phase 

when the spool fluctuates, in the case of small spring 

coefficient, the spool will become sensitive to the fluid 

fluctuation; therefore in the case of small elasticity 

coefficient the fluctuation will be bigger.  

From the analysis of the three curve charts above, it 

can be seen that spring coefficient has little impact upon the 

time that shuttle valve spends on the opening moment and 

on reaching the balance. Spring coefficient has a certain 

impact upon the fluid pressure, which acts on the valve 

spool in the opening process of shuttle valve, and the 

spool’s speed. The bigger the elasticity coefficient is, the 

smaller the fluid pressure upon the spool and the speed 

fluctuations of the spool are. . The bigger the elasticity 

coefficient is, the smaller the maximum speed of the spool 

in the opening process and the maximum aperture are, i.e. 

the bigger the elasticity coefficient is, the more stable way 

shuttle valve will be opened.  

V.  CONCLUSIONS 

The passive shuttle check valve may be used in the 

pipeline system, for the safety of the pipeline transport, 

environmental protection, and for the development of 

national economy will have important value. 

The conclusion drawn from the paper can direct the 

choice of the stiffness factors of check valve spring, 

meanwhile, the paper gives the biggest displacement and its 

law of the spring in the opening process. Based on this 

conclusion the length of the right cavity of the check valve 

can be reduced, thus reducing the space of the check valve.  

Because the valve is opened under an incomplete 

closed condition, which reserves a tiny gap. Therefore a 

certain error to the opening time of the check valve must 

exist. This problem can be solved with a more advanced 

method. But this simplification will not cause error to the 

equilibrium position displacement.  
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