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ABSTRACT 1 Introduction
This paper presents a numerical methodology and simula- Safety relief valves(SRV) are widely used in all pressure

tion for three-dimensional transonic flow in Safety Relief&eés. control systems such as power plants. Safety relief valves

Simulation of safety relief valve flows is very challenginged are designed to prevent overpressure by releasing excéss flu
to complex flow paths, high pressure variation, supersoowe fl  when the pressure reaches predetermined limit. A typidatysa
with shock and expansion waves, boundary layers, etc. The 3D relief valve consists of a compression spring, which presgise
unsteady Reynolds averaged Navier-Stokes (URANS) equgtio  valve spindle and disk on the valve seat to seal the presslriz
with one-equation Spalart-Allmaras turbulence model edug\ system in the case of operating conditions below the valve
fifth order WENO scheme for the inviscid flux and a second order set pressure. [1] Generally speaking, rapid opening aruesta
central differencing for the viscous terms are employedise d  pressure release are desirable for a safety relief valvdveVa
cretize the Navier-Stokes equations. The low diffusion ESP disc lift, blowdown and discharge depend on the internal flow
scheme used as the approximate Riemann solver suggested bytructures generated within valve channels. Howeverstnaic
Zha et al. is utilized with the WENO scheme to evaluate the flow inside the valve is very complicated to understand dutsto
inviscid fluxes. Implicit time marching method with 2nd or- flow path with various sharp edges, small bumps and cavities,
der temporal accuracy using Gauss-Seidel line relaxasiemi- and high curvatures.

ployed to achieve a fast convergence rate. Parallel compigi

implemented to save wall clock simulation time. The valve/fio

with air under different inlet pressures and temperaturesac- Also complex flow phenomena occur such as shock waves,
cessfully simulated for the full geometry with all the finakage expansions, and large separations. Both velocity measurem
channels. A 3D mesh topology is generated for the complex ge- and flow visualization are difficult to perform within a comme
ometry. Detailed simulations of air flow are accomplishethwi cial relief valve due to its Comp|ex geometry preventing;e]ﬂ've
inlet gauge pressure 0.5MPa and 2.1MPa. The simulated a8 ma yse of invasive techniques to identify velocity profiles het
flow rate agrees excellently with the experimental resuits an valve passages [2, 3].Thus computational fluid dynamicD)CF

error of 0.26% for the inlet pressure of 0.5Mpa, and an erfor o pecomes more and more popular in predicting the internal flow
2.5% for the inlet pressure of 2.1MPa. The shock waves and ex- structures and their effects on discharge rate, flow forces a

pansion waves downstream of the orifice are very well resblve  pressure field.
Vu and Wang [4] investigated the complex three-dimensional

*Address all correspondence to this author. 1 Copyright © 2015 by ASME



flow field of an oxygen safety pressure relieve valve with a are employed to discretize the Navier-Stokes equationse Th
CFD analysis, which provides a flow pattern that leads to low diffusion E-CUSP scheme used as the approximate Riemann
the explanation of erosion pattern of hardware. Francis and solver suggested by Zha et al [15] is utilized with the WENO
Betts [2]investigated the incompressible flow structurghimi scheme to evaluate the inviscid fluxes. Implicit time manghi

a valve using a commercial FEM software. Simulation results method with 2nd order temporal accuracy using Gauss-Seidel
shows the flow field inside the valve and flow characteristics line relaxation is employed to achieve a fast convergent® ra
are identified with the transition between separated flow pat [21]. Parallel computing is implemented to save wall clotk-s
tern. Morita et al. [5]studied the flow fluctuations arouné th  ulation time [22].

steam control valve under the partial-opening conditiomg a

conducted air experiments and CFD calculations to undedsta

the cause of flow fluctuations. Dempster et al. [6, 7] condiicte

a two dimensional axisymmetric RANS approach with the k- 2.1 Governing Equations

turbulence model to predict the highly compressible flong an

studied the discharge flow rate, valve forces under difteren The Reynolds Averaged Navier Stokes (RANS) equations
valve lift conditions using the commercial CFD softwarediti are solved with the Spalart-Allmarasone equation turkzéen
Moncalvo et al. [8] studied the effect of grid fineness of tloavfl model (S-A) suggested by Spalat [13]. In generalized ceordi
volume discretization and turbulence models on the acgwhc nate system, the conservative form of the equations are gise

air mass flow using the CFD software ANSYS CFX-Flo. Bassi the following:

et al. [9] present a discontinuous Galerkin (DG) discréeiiza

of the compressible RANS anddsturbulence model equations
for two-dimensional axisymmetric flows, compared the pre-
dicted flow capacity and pressure inside the bonnet agdiast t
experiment data. Beune et al. [1, 10] developed a multi-mesh
numerical valve model to analyze the opening characteristi The conservative variabl€y, the inviscid fluxg, the viscous flux

of high pressure safety valves with fluid-structural intdi@n, R, and the source term are expressed as follows and the rest can
aiming to optimize the valve design based on the commercial be expressed following the symmetric rule.

software CFX. Song et al. [11, 12] investigated the dynamic

flow characteristics of a direct-operated safety reliefveal 1 T

with moving mesh capabilities, multiple domains and valve Q= 3[97 pU, PV, pW, pe, pV] 2
piston motion using CFX. With a geometrically accurate CFD

model of the SRV and the vessel, the complete transient gsoce

of the system from valve opening to valve closure was siredlat

0Q OE oF 0G 1<6R oS 0T D) )

puU
puU + lxp
The objective of this paper is to simulate the flow field of E_ pvU +Ilyp 3)
internal flow inside a safety relief valve with high fidelityFO pwU +1;p
algorithms to better understand the transonic flow phenamen (pe+p)U —lip
such as flow separation and reattachment, shock waves and puU
supersonic expansion. The computed mass flow rates agree wel
with the experiment measured results.
0
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The FASIP (Flow-Acoustics-Structure Interaction PacRage 2 (v+9)(1e09)

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] turbulenoedel

is used. A 5th order WENO scheme for the inviscid flux [14—20] 1 -
and a 2th order central differencing for the viscous ternds12] D=500,0,0,0,0,S] 5)
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C=c(IZ+I17+1%) (12)

wherec = /yRT is the speed of sound. Then the convective flux

In the equations abové), V andW are the contravariant ' A
at interface + 5 is evaluated as:

velocities in, n and{ directions.

U=l+leV=I+hu+lyv+Ilw Ei°+% =Cy [PLCT -+ prC fR] (13)
V=m-+meV =m +mu-+my+ mw ©)

W=ng+neV =+ nu+ny+nw where, the subscripts andR represent the left and right hand

sides of the interface.
The shear-stresg and total heat fluxy in Cartesian Coordinate

can be expressed as The pressure flwEP is evaluated as the following
ouj auk) 2_ 0u; ] 0 0
Tk = (L+ ~—+ 5 | — 50k 8
k= (Kt H) Kaxk ax ) 37%0x ® Pply P ply
P*ply P ply
Eii% = Ptpl, + 7 pl, (14)
k=—(=+-—) 9 0 0
Pr Pr /) oxx L R

where, Pris the Prandtl number; Brthe turbulent Prandtl num-

ber, 1 is the molecular viscosity determined by Sutherland law 2.3 The Fifth-Order WENO Scheme

and | is the turbulent viscosity determined by the S-A model

[13] The interface fluxg; 1= E(QL,Qr), is evaluated by de-
termining the conservative variabl€ andQg using fifth-order
finite difference WENO scheme [19] and [20]. For example,

2.2 The Low Diffusion E-CUSP (LDE) Scheme
(Qu)it 1 = Wobo + W10z + 002, (15)
The LDE flux vector splitting scheme suggested by Zha et

al [15] is used to calculate the inviscid fluxes. The basiaiddo

split the inviscid flux into the convective flux® and the pressure where
flux EP. The flux vectorE can be splitted as follows:
pU 0 1 7 11
puU Iyp Qo = §?i—2*g%i71+1§Qi
VU | 0 =-3Q-1+2Q+3Q+1 (16)
E=gc+EP= | PVo |4+ | VP (10) _ 15450 0218
pwU I.p 2 =3Qi+3Q+1—5Qi+2
pey pu
pvuU 0

The viscous terms are discretized by a fully conservative
second-order accurate finite central differencing scheme.

The convective ternkC is evaluated by

E°=pU (1, u,v,vv,e,\N),)T:prC (11)
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2.4 Implicit Time Integration

The time dependent governing equations are solved using

3 Simulation Case Settings

The simulations are conducted for the safety relief valve,

dual time stepping method suggested by [23]. To achieve high designed by National Engineering Research Center for 8peci

convergence rate, the implicit pseudo time marching schisme
used with the unfactored Gauss-Seidel line relaxation.

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

n+1 n n—1
N WA a7)
ot 2At
wheren—1, nandn+ 1 are three sequential time levels, which
have a time interval ot. The first-order Euler scheme is used to
discretize the pseudo temporal term. The semi-discretzned-
tions of the governing equations are finally given as theofoll

ing:

n+1,m
) + 5Qn+l,m+l

G5 - (5

o +1m 39n+1,m_49n+9n—1
- Rn 20t )

(18)

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

Figure 1: Safety relief valve investigated

Pump and Valve in China. In Fig. 1, The full geometry includes
all the fine leakage channels, the gear teeth, the very sewlll s
block, and the cavity around the valve. The boundary cooruti
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 vailues. |
the first case, the tiny leakages above valve disc is negleicte
ing simulation to achieve the basic understanding of the flow
field. . In the second full geometry case, all geometry detail
above the valve disc are simulated.

= Caviy

Figure 2: Mesh for the slightly modified valve geometry fowlo
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 specifidukat t
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.

Copyright © 2015 by ASME



Table 1: Geometry and mesh in simulation

case Meshsize(cells) leakage fluid
1 10,368,000 i
2 14,049,000

no alr

yes air

Table 2: Simulation case descriptions

case P inlet Ti inlet  Psoutlet
1 0.5MPa 27216 K 0.1 MPa
2 21MPa 301.8K 0.1MPa

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 séstitte
experiment. All the errors for air flow are lower than 2.5% and
in the same order of the mass flow measurement uncertainty.

Figure 4: Mach number contours for the flow inside the valve
body with streamlines and close-up of the valve tunnel far lo
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 supearsoni
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 a
the beginning and the end of the U turn. After the orifice secti
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 geoiastr
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 counte
rotating vortex tubes in the outlet pipe. The right of Fighéws
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 besamne
personic with several shockwaves and expansions occuudng d
ing flow pass valve tunnel. The top-right figures shows that flo
gets choked in the bump region and reduces flow passing area.

Table 3: Mass flow rate comparison between the simulation and As the flow get into the valve, due to the effect of cavitieseéh

experiment
case 1 2
R 0.5MPa 2.1 MPa
Mexp  1.54Kg/s  5.07Kgls
Mca, 1.544 Kgls 4.95Kg/s
Error 0.26% -2.5%

vortex regions are generated as indicated in middle leftdigd

Fig. 5. At the inlet of valve tunnel, large separation appehre

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 withpa dro
of total pressure about 50%.

Copyright © 2015 by ASME



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 theevalv
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 discthear
top stagnation point. Static pressure drops rapidly wheriltv
passes the valve tunnel.

| = S|
P 372 644 016 1188 146 1732

Figure 7: Static pressure contours for the flow inside theeval
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 x 10° 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 expatime
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 reache
personic with the maximum Mach number of 2.8 downstream of
the outlet of the valve opening with a near 1&0type flow turn.
Similar to the low pressure simulation, air flow is also chebke
the orifice located at the beginning and the end of the U tufn. A
ter valve orifice the flow becomes supersonic again like alLava
nozzle. Highest flow speed is identified at the exit of valve tu
nel, which is delayed compared to low pressure flow. Stresesli
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 resuli in
strong shock wave. At the inlet and outlet of valve U turning,
there is a strong separation from the wall especially at hivke
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, ¢hre
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 pipd.

Copyright © 2015 by ASME



10 also show the Mach number contours with velocity vector in 6 Acknowledgement

the valve orifice region. There is a large separation when the
flow turns right outside of the valve tunnel and a large sdjmara

This research is supported by the funding of National Engi-

is created as shown in the middle right figure of Fig. 10. Such neering Research Center for Special Pump and Valve of China.

separation will generate a large flow blockage and limit tlassn
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 locatetidan t
valve cover surface due to the stagnation flow from the the flow
turning. And pressure in the top part of leakage is also highe
than outlet pressure, which produce lift force for the mogam
of valve.

(1]

(2]

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 vahee
top pressure control chamber. Flow inside the small leakage
laminar flow because of the tiny circumferential leakage.e Th
velocity of flow varies from zero at the walls to a maximum
value along the center line of the channel. The velocity [@ofi
is the polynomial function of radius, which is the typicalvilo
inside two infinitely large plates.

(3]

(5]

(6]

5 Conclusion

This paper has successfully developed a methodology for 3D
unsteady compressible flow simulation of pressure valvesflow
A 3D mesh topology with all the fine leakage channels is es-
tablished for the complex geometry. Detailed simulatiohaio
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 thiet
pressure of 0.5Mpa, and an error of 2.5% for the inlet pressur
of 2.1MPa. The flow is observed to be choked at the valve open-
ing with the flow U-turn location. The simulated results pdzy
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 [10]
cessfully simulated using CFD. It can provide importantigies
guidance to improve the valve flow capacity and dynamic perfo
mance.

(7]

(8]

(9]

The fourth author, Mr. Qing-Feng Liu, was sponsored by Chi-
nese Scholar Council.
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Figure 8: Mesh topology for the slightly modified valve gearypevith top leakages for high pressure air flow simulation
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Figure 9: Mach number contours inside the valve with leakdgehigh pressure air flow simulation
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Figure 11: Total pressure contours for the flow inside thegeslbdy with leakage for high pressure air flow simulation
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Figure 13: Detailed velocity vectors inside the tiny lea&atannel for high pressure air flow simulation
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