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Abstract: Gate valves have been widely used in the piping system and have attracted a lot of attention
from researchers. In this paper, a wedge-type double disk parallel gate valve is chosen to be analyzed.
The Reynolds number varying from 200 to 500,000, and the valve opening degree varying from 20%
to 100%, and the groove depth varying from 2.3 mm to 9 mm are chosen to investigate their effects on
the flow and loss coefficients of the gate valve. The results show that the loss coefficient decreases
and the flow coefficient increases with the increase of the Reynolds number and the valve opening
degree, while with the increase of the groove depth, the loss coefficient barely changes, but the flow
coefficient increases if the Reynolds number is larger than 10,000. In addition, the effects of the gaps
between the disk and the limit stop on the stress distribution of the bolt are also investigated, and
the results show that if the gaps are negative, high stress will act on the bolt at the contact position
between the bolt and the limit stop.

Keywords: gate valve; stress analysis; Computational Fluid Dynamics (CFD); flow coefficient;
loss coefficient

1. Introduction

As a kind of on–off valve, gate valves are widely used in various process industries. When
compared with other valves, it needs smaller torque during the open and close processes of the valve,
and it also results in smaller flow resistance. However, due to the complexity of the sealing device, more
components in gate valves are needed, which might lead to high proneness of gate valve failure [1–3].

Researches about various valves have been focused in the past years. For instance, Qian et al. [4,5]
applied Tesla valves in the hydrogen decompression process and investigated the pressure drop
and Mach number in multi-stage Tesla valves. Yuan et al. [6] and Jin et al. [7] conducted numerical
simulations to study the cavitation inside the poppet valve and the globe valve, and the cavitation
characteristics and the structural parameters that affected the cavitation were found. Dasgupta et al. [8]
and Zhang et al. [9] and Qian et al. [10] focused on the dynamic valve open and close processes of a
proportional valve, a pressure relief valve, and a pilot-control globe valve respectively. Furthermore,
Jin et al. [11] and Qian et al. [12,13] investigated the structural parameters of a pilot-control angle
valve and a micro Tesla valve, Xu et al. [14] focused on the pulsatile flow of a mechanical heart
valve, Chen et al. [15] investigated the thermal stress of a pressure-reducing valve, and Qian et al. [16]
analyzed the possibility of the noise distribution in perforated plates connecting pressure-relief valve.

Specific to the gate valves, lots of works have also been done focusing on different issues. There are
works regarding the flow resistance and the temperature distributions. Solek and Mika [17] investigated
the relationship between the loss coefficient and the Reynolds number for gate valves with ice slurry
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flow, and their experiments showed that the loss coefficient remained constant in the turbulent regime,
but decreased with the increase of the Reynolds number in the laminar regime. Alimonti [18] and
Lin et al. [19] studied the flow characteristics and resistance characteristics of a gate valve with different
openings and different inlet velocities, and it was found that the flow resistance could be gradually
stabilized when the opening was larger than 2/8 [19]. Long and Shurong [20] numerically investigated
the flow and temperature distributions in the stem gate valve while using axisymmetric models, and
Hu et al. [21] performed experiments and numerical simulations to study the temperature and the
convection heat transfer coefficient distributions in a gate valve. In the meantime, there are also works
regarding structure optimization [22,23], the corrosion erosion distributions [24–26], and the stress
analysis [27–29]. Kolesnikov and Tikhonov [22] focused on the conicity of the output channel of the
wedge gate valve and Xu et al. [23] focused on the seal and piston of a subsea gate valve. Babaev and
Kerimov [24] found that there was fretting corrosion for a parallel slide gate valve. Lin et al. [25,26]
found that the erosion rate in a gate valve was related to the pipe diameter, the cavity width, and the
inlet velocity [25], while the open degree had little effects but a large Stokes number could increase
the difference of erosion distributions for different valve placements [26]. As for the stress analysis,
Liao et al. [27] found that the fatigue of the inlet valve sleeve resulting from collision stress was the
main reason for the valve failure. Zakirnichnaya and Kulsharipov [28] analyzed the stress-strain of
the wedge gate valves while using fluid-structure interaction technology and they found that the safe
operation resources value of the wedge is lower than the valve body. Punitharani et al. [29] applied the
finite element analysis (FEA) method to evaluate the residual stresses in a gate valve, and they found
that there were large tensile and compressive residual stresses on the circular bead of the gate valve.

Gate valves can be classified into the wedge gate valve, the parallel gate valve, the double disk
parallel gate valve, and the double disk wedge gate valve, etc. according to the form of the sealing
device. As described above, works regarding parallel gate valves [18,19] and wedge gate valves [22]
have been done by researchers. In this paper, a wedge-type double disk parallel gate valve is chosen
to be analyzed. The computational fluid dynamics method is used to investigate the flow and loss
characteristics under different Reynolds number and different groove depth. Moreover, the structural
stress analysis where the valve failure might occur is also done while using a numerical method that
is proven by the previous studies [27–31]. This work is helpful for the understanding of the flow
characteristics of the gate valve and the judgment of the reason for valve failure in the future.

2. Model Description

2.1. Physic Model

Figure 1 shows the structure of the investigated gate valve and the nominal diameter is 100 mm.
Figure 2 shows the detailed illustration of the disk component, which mainly consists of the disk, the
disc frame, the nut, the limit stop, and the bolt.
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Figure 2. The structure of the disk component.

Figure 3 shows the gaps between the disk and the limit stop. During the mechanical machining
process, there might be an asymmetry degree of the opening size of the machine. If the asymmetry
degree is too large, gaps C2 and C3 can become negative, which will lead to extra force acting on
the bolt.
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Figure 4 shows the simplified model of the bolt and the limit stop; here, the nominal diameter
of the thread is 6 mm, the diameter of the bolt is chosen as 7 mm, and the minimum diameter of the
thread is chosen as 4.917 mm.

Processes 2019, 7, x FOR PEER REVIEW 4 of 13 

 

Figure 4 shows the simplified model of the bolt and the limit stop; here, the nominal diameter 

of the thread is 6 mm, the diameter of the bolt is chosen as 7 mm, and the minimum diameter of the 

thread is chosen as 4.917 mm. 

 

Figure 4. The simplified model of the bolt and the limit stop. 

2.2. Numerical Model 

The commercial software package ANSYS is used in this paper. The software Fluent that is based 

on the finite volume method is used to analyze the flow and resistance characteristics, and the 

software Mechanical based on the finite element method is used to predict the stress of the bolt. To 

solve the fluid field, the continuity and the momentum equations are used and are shown in the 

following. 

 





0
j

j

u
x

 (1) 

   


  


0
i j ij ij

j

u u p
x

 (2) 

here ρ stands for the density of the fluid, u stands for the velocity of the fluid, p stands for the pressure 

of the fluid, and τij stands for the viscous stress. The Realizable k-ε turbulence model [32] is used to 

solve the turbulent flow inside the investigated wedge-type double disk parallel gate valve, and the 

transport equations for turbulence kinetic and turbulence dissipation are shown, as follows 

  t

k b M K

j j k j

k
ku G G Y S

x x x


  



    
        

     

 (3) 

 
2

1 2 1 3

t

b

j j j

u C S C C C G S
x x x kk v

  



   
    

 

    
       

      

 
(4) 

here the model constants appear in above equations are σk = 1.0, σε = 1.2, C1ε = 1.44, and C2 = 1.9. 

The hybrid grid is adopted during the computational fluid dynamics simulations and it is shown 

in Figure 5. A grid independence check is done for the wedge-type double disk parallel gate valve 

with a different total number of cells, N, and the pressure drop, ∆p, between the upstream and the 

downstream of the gate valve is shown in Table 1. From Table 1, it can be found that, when the cell 

numbers increase from 13.3 × 105 to 25.3 × 105, the variation of the pressure drop is within 0.9%, so 

the method that is used to generate the grid 2 is adopted in this study. 

Figure 4. The simplified model of the bolt and the limit stop.

2.2. Numerical Model

The commercial software package ANSYS is used in this paper. The software Fluent that is based
on the finite volume method is used to analyze the flow and resistance characteristics, and the software
Mechanical based on the finite element method is used to predict the stress of the bolt. To solve the
fluid field, the continuity and the momentum equations are used and are shown in the following.

∂
∂x j
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u j

)
= 0 (1)

∂
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(
ρuiu j + pδi j − τi j

)
= 0 (2)

here ρ stands for the density of the fluid, u stands for the velocity of the fluid, p stands for the pressure
of the fluid, and τij stands for the viscous stress. The Realizable k-ε turbulence model [32] is used to
solve the turbulent flow inside the investigated wedge-type double disk parallel gate valve, and the
transport equations for turbulence kinetic and turbulence dissipation are shown, as follows
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here the model constants appear in above equations are σk = 1.0, σε = 1.2, C1ε = 1.44, and C2 = 1.9.
The hybrid grid is adopted during the computational fluid dynamics simulations and it is shown

in Figure 5. A grid independence check is done for the wedge-type double disk parallel gate valve
with a different total number of cells, N, and the pressure drop, ∆p, between the upstream and the
downstream of the gate valve is shown in Table 1. From Table 1, it can be found that, when the cell
numbers increase from 13.3 × 105 to 25.3 × 105, the variation of the pressure drop is within 0.9%, so the
method that is used to generate the grid 2 is adopted in this study.
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Table 1. Pressure drop under a different number of cells.

Grid 1 Grid 2 Grid 3

N × 105 6.7 13.3 25.3
∆p (pa) 104.54 102.95 102.08

Water under room temperature is chosen as the working fluid inside the investigated gate valve.
During the fluid flowing process, the temperature of water in the upstream of the gate valve and the
ambient temperature are the same, which makes a small variation of water temperature. Therefore, the
Energy equation is not solved. Symmetrical models are used to save simulation time. The velocity
inlet and the pressure outlet boundary conditions are applied, and the outlet pressure is set as the
atmosphere in order to investigate the flow and loss coefficients of the wedge-type double disk parallel
gate valve. In addition, the no-slip wall is adopted for the wall boundary. For the stress analysis of the
bolt, the symmetry plane is set as frictionless support, and the face of the bolt is set as fixed support.

2.3. Model Validation

The numerical results are compared with the experimental results of Lin et al. [19] in order to
validate the used methods in this study. Here, the mentioned numerical methods are used to solve the
turbulent incompressible gas flow in a parallel gate valve. Table 2 shows the comparison of the loss
coefficients, and ξE represents the experimental results and ξN represents the numerical results. From
Table 2, it can be found the relative errors between the experimental results and the numerical results
are within 3%, thus the applied methods in this study are appropriate and they can provide results
with sufficiently precise.

Table 2. The comparison between the numerical results and the experimental results.

Valve Opening Degree 3/8 5/8 1

ξE [17] 10.82 3.69 2.03
ξN 11.03 3.74 1.98

Error (%) 1.9 1.3 −2.5

3. Results and Discussion

The flow and loss characteristics of the wedge-type double disk parallel gate valve are numerically
investigated, and the effects of the valve opening degree and the groove depth are studied. In addition,
the stress analysis is done to uncover the possible reason for the gate valve failure.
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3.1. Flow and Loss Characteristics

When water flows through the wedge-type double disk parallel gate valve, there is a pressure
drop. The loss coefficient is often used as an indicator of the valve flow capacity, and the greater
the loss coefficient, the smaller the valve flow capacity, but the greater the pressure drop. The loss
coefficient of a valve can be calculated from the below equation.

ξ =
∆p

1/2ρv2 (5)

Figure 6 shows the pressure drop ∆p and the loss coefficient ξ of the investigated gate valve with
the Reynolds number varying from 200 to 500,000. It can be found that the pressure drop almost
exponentially increases with the increase of the Reynolds number. For the loss coefficient, as the
increase of the Reynolds number, it decreases rapidly first and then has very small variation, and there
is the largest variation of the loss coefficient when the flow is laminar.
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The capacity of water flows through the investigated gate valve can be represented by the flow
coefficient, which can be expressed in the following

Kv = 10Q

√
1000ρ
∆pρ0

(6)

here Q is the volume flux (m3/h), ρ0 is the density of water at 15 ◦C, Kv is the flow coefficient and it
represents the flux when the pressure drop of the gate valve is 100 kPa. Figure 7 shows the relationship
between the flow coefficient and the Reynolds number. It can be found that the flow coefficient
increases with the increase of Reynolds number, and the smaller the Reynolds number, the larger the
variation of the flow coefficient.
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To investigate the internal flow and pressure fields, the pressure and velocity distributions on the
symmetry plane when the Reynolds number is about 100,000 are shown in Figure 8. It can be found
that, when the investigated gate valve is in the fully open position, the whole main pipe in the gate
valve is full of water with high speed, and the main resistance of the gate valve is the channel for the
movement of the disk. Thus, the pressure drop is relatively small if the gate valve is in the fully open
position and the loss coefficient is close to zero.
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(b) Velocity distribution.

3.2. Effects of Valve Opening Degree

Figure 9 shows the internal flow fields and pressure distributions under two different valve
opening degrees. Pressure drop mainly appears at the downstream of the gate valve that results
from the throttling effect of two disks. With the decrease of the valve opening degree, the flow area
decreases and the throttling effect increases, so the upstream pressure increases as the downstream
pressure remains constant. Together with Figure 8, it can be found that, when the gate valve is in a
100% opening degree, the water flows directly to the downstream pipe, and there is no swirl in the
main pipe of the valve. As the valve opening degree decreases, the maximum velocity increases and
it appears under the valve disks. When comparing the gate valve with a 60% opening degree and
the gate valve with a 20% opening degree, the maximum velocity increases from 2.2 m/s to 9.3 m/s.
From the water streamline under different valve opening degree, it can be found that there is a local
recirculation region with low velocity behind the valve disk, and the smaller the valve opening degree,
the greater the local recirculation region.
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Figure 9. Pressure and flow fields under different valve opening degrees: (a) 20% opening; and,
(b) 60% opening.

The loss coefficient and flow coefficient under different valve opening degree are shown in
Figures 10 and 11. It can be found that the valve opening degree does not affect the relationship
between the loss coefficient, the flow coefficient, and the Reynolds number. If the Reynolds number
is smaller than 5000, the loss coefficient decreases with the increase of the Reynolds number rapidly,
and the flow coefficient increases sharply as the increase of the Reynolds number. While the Reynolds
number is larger than 5000, the loss coefficient barely varies with the increase of the Reynolds number,
but the flow coefficient still increases with a reduced increment as the increase of the Reynolds number.
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3.3. Effects of the Groove Depth

When the wedge-type double disk parallel gate valve is fully closed, the contact area between
the gate valve disks and the valve seat is an annulus, and the size of the annulus can be judged by
the groove depth. Three different groove depths are chosen, namely groove depth 1 (2.3 mm), groove
depth 2 (4.5 mm), and groove depth 3 (9 mm) to investigate the effects of the groove depth on the flow
and loss characteristics of the investigated gate valve.

The pressure and velocity distributions of the investigated gate valve with groove depth 3 are
shown in Figure 8, and the pressure and velocity distributions of the investigated gate valve with
groove depth 1 and groove depth 2 are shown in Figure 12. Together with Figures 8 and 12, it can be
found that the groove depth does not affect the water streamline, which is because the flow channel
is similar under different groove depth. While for the water pressure in the investigated gate valve,
although the pressure distributions are almost the same, the value of water pressure increases as the
groove depth decreases, which results from the resistance loss in the vicinity of the valve seat.
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The loss coefficient and flow coefficient of the investigated gate valve with different groove depth
are shown in Table 3 and Figure 13. It can be seen from Table 3 that the groove depth does not affect the
loss coefficient. Although pressure drop increases with the decrease of the groove depth, the difference
can be neglected in the expression of the loss coefficient. When the Reynolds number is smaller than
10,000, the flow coefficient is not affected by the groove depth, while the Reynolds number is larger
than 10,000, the flow coefficient increases with the increase of the groove depth, and the larger the
Reynolds number, the larger the difference of the flow coefficient. Therefore, a large groove depth
should be designed if possible.

Table 3. Loss coefficients under different groove depth.

Re Groove Depth 1 Groove Depth 2 Groove Depth 3

200 3.763 3.763 3.763
800 1.570 1.569 1.570

5000 0.429 0.428 0.425
40,000 0.293 0.293 0.292

100,000 0.254 0.253 0.252
200,000 0.233 0.233 0.232
300,000 0.223 0.223 0.222
400,000 0.217 0.216 0.215
500,000 0.212 0.212 0.211Processes 2019, 7, x FOR PEER REVIEW 10 of 13 
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3.4. Stress Analysis of the Bolt

The wedge-type double disk parallel gate valve has a complex actuator component, where there is
a high possibility of the occurrence of valve failure. The following part focuses on the stress distribution
on the bolt in order to find out one of the reasons for valve failure.

3.4.1. Effects of the Gap C2

If the limit stop shifts to the gate during the mechanical machining process, the gap C2 will
become negative. To investigate the effect of gap C2 on the state of the stress distribution of the bolt,
the value of gap C2 is assumed to be −0.5 mm.

The stress linearization analysis of the transverse cross-section of the bolt is shown in Figure 14a,
and the distribution of the total stress, Ts, which equals to the membrane stress plus the bending stress,
is shown in Figure 14b.
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path of the stress linearization analysis; and, (b) The stress distribution along the path.

It can be found in Figure 14 that the maximum of the stress is 152.1 MPa, and the location where
there is the maximum stress is 32.5 mm away from the end face of the bolt, where the contact position
of the bolt and the limit stop is.

3.4.2. Effects of the Gap C3

If the limit stop shifts away from the gate during the mechanical machining process, the gap C3
will become negative. The value of gap C3 is assumed to be −1 mm to investigate the effect of gap C3
on the state of the stress distribution of the bolt.

Figure 15a shows the stress linearization analysis of the transverse cross-section of the bolt and
Figure 15b shows the distribution of the total stress.
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Figure 15. The path of the stress linearization analysis and the stress distribution along the path: (a) The
path of the stress linearization analysis; and, (b) The stress distribution along the path.

It can be seen from Figure 15 that the maximum of the stress is 303.1 MPa and the location
where there is the maximum stress is 32.5 mm away from the end face of the bolt. Combining
Figures 14 and 15, it is found that the stress distribution along the axial direction of the bolt is almost
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the same when the gap C2 or C3 is negative. Hence, the machining accuracy has great influence on the
service life of the valve.

4. Conclusions

Numerical methods are adopted to investigate the flow and loss characteristics and the stress
distribution of the wedge-type double disk parallel gate valve. The effects of the Reynolds number,
the valve opening degree, and the groove depth are focused. In the meantime, the effects of the gaps
between the disk and the limit stop are also discussed. The results show that the loss coefficient
decreases, but the flow coefficient increases with the increase of Reynolds number. When Reynolds
number is smaller than 5000, the variation of the flow and loss coefficients is very large. While Reynolds
number is larger than 5000, the variation of the flow coefficient decreases and the loss coefficient almost
remains the same. The valve opening degree has great influence on the flow and loss characteristics,
with the decrease of the valve opening degree, the loss coefficient increases rapidly, and the flow
coefficient obviously decreases. As for the groove depth, it has negligible effects on the loss coefficient,
but the larger the groove depth, the larger the flow coefficient if the Reynolds number is greater than
10,000. The existence of the gaps between the disk and the limit stop is to eliminate the stress acting on
the bolt, if the gaps are negative, high stress will appear at the contact position between the bolt and
the limit stop. During the design process, a large groove depth should be chosen to provide a large
flow coefficient. While, during the machining process, the machining accuracy should be satisfied to
avoid stress concentration of the bolt.
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