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ABSTRACT

This paper presents a numerical methodology and simula-
tion for three-dimensional transonic flow in Safety Relief Valves.
Simulation of safety relief valve flows is very challenging due
to complex flow paths, high pressure variation, supersonic flow
with shock and expansion waves, boundary layers, etc. The 3D
unsteady Reynolds averaged Navier-Stokes (URANS) equations
with one-equation Spalart-Allmaras turbulence model is used. A
fifth order WENO scheme for the inviscid flux and a second order
central differencing for the viscous terms are employed to dis-
cretize the Navier-Stokes equations. The low diffusion E-CUSP
scheme used as the approximate Riemann solver suggested by
Zha et al. is utilized with the WENO scheme to evaluate the
inviscid fluxes. Implicit time marching method with 2nd or-
der temporal accuracy using Gauss-Seidel line relaxation is em-
ployed to achieve a fast convergence rate. Parallel computing is
implemented to save wall clock simulation time. The valve flows
with air under different inlet pressures and temperatures are suc-
cessfully simulated for the full geometry with all the fine leakage
channels. A 3D mesh topology is generated for the complex ge-
ometry. Detailed simulations of air flow are accomplished with
inlet gauge pressure 0.5MPa and 2.1MPa. The simulated air mass
flow rate agrees excellently with the experimental results with an
error of 0.26% for the inlet pressure of 0.5Mpa, and an error of
2.5% for the inlet pressure of 2.1MPa. The shock waves and ex-
pansion waves downstream of the orifice are very well resolved.

∗Address all correspondence to this author.

1 Introduction

Safety relief valves(SRV) are widely used in all pressure
control systems such as power plants. Safety relief valves
are designed to prevent overpressure by releasing excess fluid
when the pressure reaches predetermined limit. A typical safety
relief valve consists of a compression spring, which presses the
valve spindle and disk on the valve seat to seal the pressurized
system in the case of operating conditions below the valve
set pressure. [1] Generally speaking, rapid opening and stable
pressure release are desirable for a safety relief valve. Valve
disc lift, blowdown and discharge depend on the internal flow
structures generated within valve channels. However, transonic
flow inside the valve is very complicated to understand due toits
flow path with various sharp edges, small bumps and cavities,
and high curvatures.

Also complex flow phenomena occur such as shock waves,
expansions, and large separations. Both velocity measurement
and flow visualization are difficult to perform within a commer-
cial relief valve due to its complex geometry preventing effective
use of invasive techniques to identify velocity profiles in the
valve passages [2, 3].Thus computational fluid dynamics (CFD)
becomes more and more popular in predicting the internal flow
structures and their effects on discharge rate, flow forces and
pressure field.
Vu and Wang [4] investigated the complex three-dimensional
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flow field of an oxygen safety pressure relieve valve with a
CFD analysis, which provides a flow pattern that leads to
the explanation of erosion pattern of hardware. Francis and
Betts [2]investigated the incompressible flow structure within
a valve using a commercial FEM software. Simulation results
shows the flow field inside the valve and flow characteristics
are identified with the transition between separated flow pat-
tern. Morita et al. [5]studied the flow fluctuations around the
steam control valve under the partial-opening condition, and
conducted air experiments and CFD calculations to understand
the cause of flow fluctuations. Dempster et al. [6, 7] conducted
a two dimensional axisymmetric RANS approach with the k-ε
turbulence model to predict the highly compressible flow, and
studied the discharge flow rate, valve forces under different
valve lift conditions using the commercial CFD software Fluent.
Moncalvo et al. [8] studied the effect of grid fineness of the flow
volume discretization and turbulence models on the accuracy of
air mass flow using the CFD software ANSYS CFX-Flo. Bassi
et al. [9] present a discontinuous Galerkin (DG) discretization
of the compressible RANS and k-ω turbulence model equations
for two-dimensional axisymmetric flows, compared the pre-
dicted flow capacity and pressure inside the bonnet against the
experiment data. Beune et al. [1, 10] developed a multi-mesh
numerical valve model to analyze the opening characteristic
of high pressure safety valves with fluid-structural interaction,
aiming to optimize the valve design based on the commercial
software CFX. Song et al. [11, 12] investigated the dynamic
flow characteristics of a direct-operated safety relief valve
with moving mesh capabilities, multiple domains and valve
piston motion using CFX. With a geometrically accurate CFD
model of the SRV and the vessel, the complete transient process
of the system from valve opening to valve closure was simulated.

The objective of this paper is to simulate the flow field of
internal flow inside a safety relief valve with high fidelity CFD
algorithms to better understand the transonic flow phenomena
such as flow separation and reattachment, shock waves and
supersonic expansion. The computed mass flow rates agree well
with the experiment measured results.

2 Numerical Methods

The FASIP (Flow-Acoustics-Structure Interaction Package)
CFD code is used to conduct the numerical simulation. The
3D Reynolds unsteady averaged Navier-Stokes (URANS) equa-
tions with one-equation Spalart-Allmaras [13] turbulencemodel
is used. A 5th order WENO scheme for the inviscid flux [14–20]
and a 2th order central differencing for the viscous terms [14,19]

are employed to discretize the Navier-Stokes equations. The
low diffusion E-CUSP scheme used as the approximate Riemann
solver suggested by Zha et al [15] is utilized with the WENO
scheme to evaluate the inviscid fluxes. Implicit time marching
method with 2nd order temporal accuracy using Gauss-Seidel
line relaxation is employed to achieve a fast convergence rate
[21]. Parallel computing is implemented to save wall clock sim-
ulation time [22].

2.1 Governing Equations

The Reynolds Averaged Navier Stokes (RANS) equations
are solved with the Spalart-Allmarasone equation turbulence
model (S-A) suggested by Spalat [13]. In generalized coordi-
nate system, the conservative form of the equations are given as
the following:
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The conservative variablesQ, the inviscid fluxE, the viscous flux
R, and the source term are expressed as follows and the rest can
be expressed following the symmetric rule.
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In the equations above,U , V andW are the contravariant
velocities inξ, η andζ directions.

U = lt + l•V = lt + lxu+ lyv+ lzw
V = mt +m•V = mt +mxu+myv+mzw
W = nt +n•V = nt +nxu+nyv+nzw

(7)

The shear-stressτik and total heat fluxqk in Cartesian Coordinate
can be expressed as
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where, Pr is the Prandtl number, Prt is the turbulent Prandtl num-
ber, µ is the molecular viscosity determined by Sutherland law
and µt is the turbulent viscosity determined by the S-A model
[13]

2.2 The Low Diffusion E-CUSP (LDE) Scheme

The LDE flux vector splitting scheme suggested by Zha et
al [15] is used to calculate the inviscid fluxes. The basic idea is to
split the inviscid flux into the convective fluxEc and the pressure
flux Ep. The flux vectorE can be splitted as follows:
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The convective term,Ec is evaluated by

Ec = ρU
(
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)T
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γRT is the speed of sound. Then the convective flux
at interfacei + 1
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Ec
i+ 1

2
= C1

2

[

ρLC+ f c
L +ρRC− f c

R

]

(13)

where, the subscriptsL andR represent the left and right hand
sides of the interface.

The pressure flux,Ep is evaluated as the following
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2.3 The Fifth-Order WENO Scheme

The interface flux,Ei+ 1
2

= E(QL,QR), is evaluated by de-
termining the conservative variablesQL andQR using fifth-order
finite difference WENO scheme [19] and [20]. For example,

(QL)i+ 1
2

= ω0q0 +ω1q1 +ω2q2, (15)

where
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The viscous terms are discretized by a fully conservative
second-order accurate finite central differencing scheme.
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2.4 Implicit Time Integration

The time dependent governing equations are solved using
dual time stepping method suggested by [23]. To achieve high
convergence rate, the implicit pseudo time marching schemeis
used with the unfactored Gauss-Seidel line relaxation.

The physical temporal term is discretized implicitly usinga
three point, backward differencing as the following:

∂Q
∂t

=
3Qn+1−4Qn +Qn−1

2∆t
, (17)

wheren−1, n andn+1 are three sequential time levels, which
have a time interval of∆t. The first-order Euler scheme is used to
discretize the pseudo temporal term. The semi-discretizedequa-
tions of the governing equations are finally given as the follow-
ing:

[
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where the∆τ is the pseudo time step, R is the net flux evalu-
ated on a grid point using the fifth-order finite difference WENO
scheme for the inviscid fluxes and the fourth-order central differ-
encing scheme for the viscous terms [17, 19, 20].Thirty pseudo
time steps are used within each physical time step.

Figure 1: Safety relief valve investigated

3 Simulation Case Settings

The simulations are conducted for the safety relief valve,
designed by National Engineering Research Center for Special
Pump and Valve in China. In Fig. 1, The full geometry includes
all the fine leakage channels, the gear teeth, the very small seal
block, and the cavity around the valve. The boundary conditions
and mesh used in the simulation are discribed below.

Two cases are simulated. The first case has lower inlet pres-
sure and temperature and the second case has higher values. In
the first case, the tiny leakages above valve disc is neglected dur-
ing simulation to achieve the basic understanding of the flow
field. . In the second full geometry case, all geometry details
above the valve disc are simulated.

Figure 2: Mesh for the slightly modified valve geometry for low
pressure air flow simulation

3.1 Boundary Conditions and Mesh

Total pressure, total temperature and flow angles are speci-
fied as the inlet boundary and static pressure is specified at the
outlet boundary as shown in Table 3.1. The mesh without the
tiny leakages is shown in Fig. 2, which is used in the first case.
For the full geometry case, the mesh details is shown in Fig. 8.
The no-slip boundary condition is applied at walls.
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Table 1: Geometry and mesh in simulation

case Mesh size(cells) leakage fluid

1 10,368,000 no air

2 14,049,000 yes air

Table 2: Simulation case descriptions

case Pt inlet Tt inlet Ps outlet

1 0.5 MPa 272.16 K 0.1 MPa

2 2.1 MPa 301.8 K 0.1 MPa

Figure 3: Mach number contours for the flow inside the valve
body and close-up of the valve tunnel for low pressure air flow

simulation

4 Results and Discussion

The comparison of simulation results with experiments are
shown in Table 3. Mass flow simulations with low and high pres-
sures predict excellent agreement with the measured results in the
experiment. All the errors for air flow are lower than 2.5% and
in the same order of the mass flow measurement uncertainty.

Table 3: Mass flow rate comparison between the simulation and
experiment

case 1 2

Pt 0.5 MPa 2.1 MPa

ṁExp. 1.54 Kg/s 5.07Kg/s

ṁCal. 1.544 Kg/s 4.95Kg/s

Error 0.26% -2.5%

Figure 4: Mach number contours for the flow inside the valve
body with streamlines and close-up of the valve tunnel for low

pressure air flow simulation

4.1 Low pressure air flow without tiny leakage chan-
nels

The simulated Mach number contours across crosssection of
the valve are shown in Fig. 3. Air flow speed reaches supersonic
with the maximum Mach number of 2.2 at the valve opening
with a near 180◦ flow U turn. A strong shock wave appears at
the flow turning. The flow is choked in the orifice area located at
the beginning and the end of the U turn. After the orifice section
the flow becomes supersonic again.

The streamlines through the flow path inside the valve are
displayed on the left of Fig. 4. Due to the valve inner geometries
with bumps and cavities, vortexes and shock waves are gener-
ated. . The flow exits from the valve cover, forms a vortex in
the circumference of the valve body and generates two counter-
rotating vortex tubes in the outlet pipe. The right of Fig. 4 shows
U turn flow field inside the valve.

Detailed inner flow structures are displayed in Fig. 5 at dif-
ferent locations. The top left figure of Fig. 5 shows that flow
accelerates at the valve tunnel inlet, is choked, and becomes su-
personic with several shockwaves and expansions occuring dur-
ing flow pass valve tunnel. The top-right figures shows that flow
gets choked in the bump region and reduces flow passing area.
As the flow get into the valve, due to the effect of cavities, three
vortex regions are generated as indicated in middle left figure of
Fig. 5. At the inlet of valve tunnel, large separation appears due
to sharp edge turn near 90 degree. At the outlet of valve tun-
nel, there is also a sharp turning with a strong shock wave and
expansion waves.

Fig. 6 shows the total pressure contours. The U turning
appears to be the main source of total pressure loss with a drop
of total pressure about 50%.
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Figure 5: Detailed Mach number contour in the valve tunnel at
different locations for low pressure air flow simulation

Figure 6: Total pressure contours for the flow inside the valve
body and close-up of the valve tunnel for low pressure air flow

simulation

The static pressure contours shown in Fig. 7 indicates that
the highest pressure region is located on the valve disc nearthe
top stagnation point. Static pressure drops rapidly when the flow
passes the valve tunnel.

Figure 7: Static pressure contours for the flow inside the valve
body and close-up of the valve tunnel for low pressure air flow

simulation

4.2 High pressure air flow with tiny leakage channels

This case has a higher inlet pressure of 2.1MPa as indicated
in Table 3.1. All fine leakage channels are with a total size of
15×106 grid points, as shown in Fig. 8. The high pressure air
flow simulation predicts a mass flow of 4.95 kg/s, which is in
excellent agreement with 5.07 kg/s measured in the experiment.
The error is about -2.5%.

The high pressure air flow simulated Mach number contours
are shown in Fig. 9,which shows the similar flow structures as
the case with low inlet pressure in last section. Flow reaches su-
personic with the maximum Mach number of 2.8 downstream of
the outlet of the valve opening with a near 180◦ U-type flow turn.
Similar to the low pressure simulation, air flow is also choked in
the orifice located at the beginning and the end of the U turn. Af-
ter valve orifice the flow becomes supersonic again like a Laval
nozzle. Highest flow speed is identified at the exit of valve tun-
nel, which is delayed compared to low pressure flow. Streamlines
in the whole flow domain are displayed in the left figure of Fig.
9. The flow filed and vortexes generated are displayed in right
figure of Fig. 9.

Under higher pressure, stronger vortexes and strong shock
waves are generated. The first figure of Fig. 10 shows the whole
flow field inside the valve. The right figure in Fig. 10 shows the
flow velocities get choked at the bump region, which result ina
strong shock wave. At the inlet and outlet of valve U turning,
there is a strong separation from the wall especially at the choke
area, which blocks the flow area and restrain the mass flow rate.
As the flow get in the valve, due to the effect of cavities, three
vortex regions are generated as indicated in Fig. 10.

The flow exits from the valve cover and forms strong shock
waves and vortexes in the circumference of the valve body and
forms two counter-rotating vortex tubes in the outlet pipe.Fig.
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10 also show the Mach number contours with velocity vector in
the valve orifice region. There is a large separation when the
flow turns right outside of the valve tunnel and a large separation
is created as shown in the middle right figure of Fig. 10. Such
separation will generate a large flow blockage and limit the mass
flow rate.

Fig. 11 shows the total pressure contours. The U turn
appears to be the main source of total pressure loss with a
drop of ≈ 50%. The static pressure contours shown in Fig.
12 indicates that the highest pressure region is located in the
valve cover surface due to the stagnation flow from the the flow
turning. And pressure in the top part of leakage is also higher
than outlet pressure, which produce lift force for the movement
of valve.

Fig. 13 shows the velocity vector inside the top tiny leakage
channels. It is observed that air flows downwards due to the
pressure difference between the top cavity inside the valveand
top pressure control chamber. Flow inside the small leakageis
laminar flow because of the tiny circumferential leakage. The
velocity of flow varies from zero at the walls to a maximum
value along the center line of the channel. The velocity profile
is the polynomial function of radius, which is the typical flow
inside two infinitely large plates.

5 Conclusion

This paper has successfully developed a methodology for 3D
unsteady compressible flow simulation of pressure valve flows.
A 3D mesh topology with all the fine leakage channels is es-
tablished for the complex geometry. Detailed simulations of air
flow are accomplished with inlet gauge pressure 0.5 MPa and
2.1 MPa. The simulated air mass flow rate agrees excellently
with the experimental results with an error of 0.26% for the inlet
pressure of 0.5Mpa, and an error of 2.5% for the inlet pressure
of 2.1MPa. The flow is observed to be choked at the valve open-
ing with the flow U-turn location. The simulated results provide
a good understanding of the flow field. It appears that this is
the first time that a valve flow with fine leakage channels is suc-
cessfully simulated using CFD. It can provide important design
guidance to improve the valve flow capacity and dynamic perfor-
mance.
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Figure 8: Mesh topology for the slightly modified valve geometry with top leakages for high pressure air flow simulation
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Figure 9: Mach number contours inside the valve with leakages for high pressure air flow simulation
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Figure 10: Detailed Mach number contours inside the valve tunnel with leakages for high pressure air flow simulation

Figure 11: Total pressure contours for the flow inside the valve body with leakage for high pressure air flow simulation
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Figure 12: Static pressure contours for the flow inside the valve body with leakages for high pressure air flow simulation

Figure 13: Detailed velocity vectors inside the tiny leakage channel for high pressure air flow simulation
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