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Abstract. This paper presents two methods for modeling the response of a direct spring
operated pressure relief valve: one approach uses one-dimensional gas dynamical equations
coupled with the equation of motion of a one degree-of-freedom oscillator, while the other
employs deforming mesh CFD simulations to fully resolve the flowfield. We found that if
the force and flow rate characteristics of the valve are implemented into the reduced order
model, it yields approximately the same results as the CFD computations.
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1. INTRODUCTION

Pressure relief valves (PRVs) are used as the last line of defense against overpressure
in industrial environments. There are two main parameters of these valves regarding
their operation: the set pressure (pset), which is the minimum pressure at which the
valve opens, and the capacity, that is by definition the flow rate through the valve at
full lift and at 110% of the set pressure. The latter describes how fast the overpressure
can be reduced to the desired level and maintaining full capacity is critical from a
safety point of view. It is possible that under certain circumstances instabilities arise,
which reduce the capacity, endangering the whole system. The goal of this paper is to
investigate the behavior of a direct spring operated PRV in gas service with a focus
on stability. This configuration consists of a disc pressed against the seat at the pipe
end by a pre-compressed spring. The advantage of this simple design is that the set
pressure can be easily adjusted through the pre-compression of the spring, and the
probability of mechanical failure can be kept at a minimal level due to the low number
of moving parts. In order to avoid exceeding the time available for blowdown, adding
any kind of artificial damping is forbidden by the current industrial standards [IJ.
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Based on this, the valve disc can be modeled as a one degree-of-freedom oscillator,
which — due to the force acting on it— is described by a non-linear differential
equation. This means that dynamic instabilities must be taken into account. The
RP520 standard of the American Petroleum Institute distinguishes three different
kinds of instabilities for direct spring operated PRVs. The first is the so-called cycling,
during which the set pressure slowly builds up after the valve closes, resulting in small
frequency (< 1Hz) vibrations. Contrary to this, both flutter and chatter are large
frequency (> 10Hz) self-excited vibrations — the difference between them is that
during chatter the amplitude is so large that the disc usually impinges on the seat
and upper stopper, resulting in not only a decrease in capacity but mechanical damage
as well. Cycling is well-understood and means to avoid it are already included in the
standards. However, the reasons behind flutter and chatter are not completely clear
according to API, but it is mentioned that these are due to the acoustic coupling
of the valve disc and the pipe end. Ongoing research activities aim to gain a better
understanding of these phenomena |2} [3]. The goals of this paper are (a) to provide a
steady-state CFD model for the evaluation of the force acting on the valve disc and
the capacity, (b) to study the transient valve response by a deforming mesh CFD
model and (c) to compare the results of unsteady CFD runs against a simplified ODE
(ordinary differential equation) model including quasi-steady fluid force characteristics.

2. THEORETICAL BACKGROUND

The system under analysis consists of a straight pipe section and the valve itself. The
governing equations describing the behavior of these components are derived in this
section.

2.1. The valve. As stated before, the valve disc can be modeled as an oscillator:
mi + k& + s(x + x0) = Fiotal, (2.1)

where m is the reduced mass of the system, z is the valve lift, k is the damping
coefficient, s is the spring stiffness, xg is the pre-compression of the spring and Figta
is the total force acting on the valve. The force can be traced back to three physical
phenomena: force acts because of the pressure difference between the upstream and
downstream pressures, due to the change in the momentum of the out-flowing gas,
and originates from viscous effects, i.e.

Fiotal = Fpres + From + Fvisc7 (22)

where the force from the pressure distribution is

Fpres = Apipe(pv - pb)7 (23)

where Apipe is the cross-sectional area of the pipe, p, is the pressure upstream of the
valve and py, is the back pressure. The problem is that Fi,om and Fyise cannot be
calculated analytically, as neither the velocity nor the direction of the flow are known.
Their effects can be taken into account through the effective area, which supposes that
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the total force can be evaluated as a multiplication of the static pressure difference
and an area function [2], that is

Ftotal($7pv) = Aeff (I) (pv - pb); (24)

where Acg is the effective area function. As there is no flow when the valve is seated,
i.e. © = 0, the effective area for that position equals the cross-sectional area of the
pipe, resulting in

Aer(0) = Apipe- (2.5)
Substituting the effective area into Equation (2.1)) gives
mi + ki + s(z + x9) = Aesr () (Py — Db)- (2.6)

It can be seen that this equation is indeed a non-linear ordinary differential equation.
One of the goals of the stationary mesh CFD simulations presented later is to obtain
the Aog(x) function for the given PRV.

2.2. Stability of the linearized system. The first step in the linear stability
analysis is finding the equilibria zeq from equation (2.6)), taking into account that
Teq =0 and g =0, i.e.

Act (Teq)

Teq = f(pv,cq - pb) — Zo. (27)
Linearizing the effective area around this point results in
dA £l
Aeti(z) = Aet(Teq) + ZT() (x — Teq), (2.8)

which can be substituted back into Equation (2.6) to get

%f;(x) (T = Teq) | (Py=pb)-

‘ (2.9)

ME+ki+$[(T—Teq)+Teqt+To] = (Aeff(l'eq) +

Utilizing that zq is an equilibrium solution and introducing ( = x — x4 gives

dAcf‘f

mé+ké+<s

(pv —pv) | C=0. (2.10)
T=Teq
This differential equation is linear, and the role of the effective area is highlighted: the
linearised force decreases the coefficient of the displacement, i.e. the spring stiffness.
The term in the brackets can be regarded as an “effective spring stiffness”, and loss
of stability occurs when it becomes negative, i.e.

dAcq

5 —
dx

(pv —pb) < 0. (2.11)

T=Teq

Therefore, the stability of an equilibrium solution for a given pressure difference and
spring stiffness can be determined from the derivative of the effective area at the
equilibrium displacement, meaning that knowing the A.g(x) function is crucial from
the point of stability as well.
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2.3. Mass flow rate through the valve. As stated before, the mass flow rate
through the valve is one of the most important parameters. Two cases must be
distinguished based on the ratio of the pressure at the pipe end and the back pressure.
The flow is said to be choked if this ratio is above the critical pressure ratio [4], which

for air (y =1.4) is
) AN
(p) - (H> T = 1.8929, (2.12)
Pb / critical 2

and the formula for the mass flow rate [4] is

9 \¥1
Mout = CDAref\/'YPvpv (y—l) ) (2.13)
where p, is the density upstream of the valve and the reference area equals
Avet = DpipeTt. (2.14)

The most problematic part of Equation is the discharge coefficient Cp — the
other main goal of the stationary mesh CFD simulations is to investigate its values at
various valve lifts and pipe end pressures. Similarly, the equation for the mass flow
rate for compressible non-choked flows [5] is

2 y+1
Y Y
Thout = CDAref 2pvpv (’Y‘Y—l) [(ZE) - <§E> ‘| (215)

2.4. Interaction between the valve and the seat. There is also the possibility
of the valve disc hitting the end of the pipe, which phenomenon is not covered by the
equations listed above. This event can have two outcomes: either the disc bounces
back with a set loss of kinetic energy or it sticks to the pipe end. As these are not
covered by the deforming mesh simulations, their modelling can be omitted if the sole
goal of the 1D model is to produce a comparable output to the CFD results.

2.5. The pipe. The flow in the pipe can be regarded as a one-dimensional, unsteady,
subsonic, compressible gas flow with wall friction, which is described by the following
system of partial differential equations [6]. The continuity is

Op  Opv

—+ = =0, 2.16

ot T o (2.16)
the 1D equation of motion with pipe friction looks like

dpv | D (p*+p)  Aw)p
oy - 2.1
or T o 2D (2.17)

and the adiabatic energy equation is

Ope n d (pve + pv)
ot o

where p is the pressure, v is the velocity, e is the specific energy, t is the time, £ is
the spatial coordinate along the pipe, A is the Darcy friction factor and Dppe is the

=0, (2.18)
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diameter of the pipe. The friction factor was defined as a function of the velocity
using Blasius’ approximation for turbulent flows [7], which is

A(v) = 0.316 (Re(v)) %% = 0.316 <”D;P> o (2.19)

2.6. Numerical solution of the system. All of these equations were implemented
in the 1D model. Equation was solved using a 4th/5th order Runge-Kutte
solver, while the Lax-Wendroff method [§] was applied to Equations to .
A constant total pressure reservoir boundary condition was defined for one end of
the pipe, while the other was coupled with the valve. The compressible method of
characteristics was used for the numerical implementation of both [6].

3. STEADY-STATE CFD SIMULATIONS

The goal of the steady-state CFD simulations is to investigate the flow properties
at various fized lifts and reservoir pressures. With these information it will also be
possible to obtain the A (x) and Cp values required for the 1D model. However,
it must be noted that this method of approach assumes that even though these
parameters refer to dynamic processes, they can be approximated from steady-state
solutions. All the CFD simulations were done using ANSYS-CFX.

Both [9] and [10] investigate the general flow parameters of valves, while [11] uses
an approach similar to this work, as it also approximates the dynamic properties from
results of fixed lift solutions. An advanced version of this method can be seen in [12]:
the authors generated individual meshes for a large number of lifts, and their solver
chooses from them based on the calculated displacement values. Its advantage is that
the process more or less retains its dynamic nature; however, the valve lifts can only
be discrete values and the resolution depends on the number of prepared meshes.

The axisymmetry of both the geometry and the boundary conditions were taken
into account, therefore only a wedge shaped domain was generated with a central
angle of 5°. This also means that all of the results had to be rescaled for the full
360° geometry. The dimensions of the modeled valve correspond to the measuring
equipment located in the laboratory of the Department of Hydrodynamic Systems
in order to ease the comparison of the calculated and the measured results in the
future. This includes a pipe with an inner diameter of 40.2mm (corresponding to
11/2” nominal) and a valve disc diameter of 55.7mm. The length of the pipe was set
to 10Dpipe.

3.1. Simulation settings. Due to the axisymmetry, a wedge shaped domain with
one cell in the radial direction was sufficient for the modeling of the problem. The
block structured mesh was created using ICEM and consists of 90, 787 nodes. The
domain, the boundary conditions and the element numbers are illustrated in Figure
[[] The thinner lines denote the edges of the blocks. A mesh dependency study was
also carried out, which is presented at the end of this section.
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Figure 1. The domain, the boundary conditions and the element
numbers (not a proportional illustration)

The opening pressure was set to 1bar (absolute), while the temperatures at both
the inlet and the opening were 293 K. The inlet total pressure was varied between
1-6 bar and the valve lift range of 0.01-0.35Dpipe was resolved. To ease the notation,
relative values for the lift will be used from now on with

T = -T/Dpipe- (31)

As the steady-state solver only produced converging residuals at very low pressure
ratios, a transient solver was used in most cases. These simulations were stopped
after both the force acting on the valve and the inlet mass flow rate had converged.
The medium was set to air with the ideal gas assumption. High Resolution and
Second Order Backward Euler schemes were used for the advection and the time
stepping, respectively. The k-¢ model was chosen for turbulence, because its scalable
wall function supposedly provides reasonable accuracy for the boundary layer even
without its full numerical resolution [I3]. A turbulence model dependency study was
also concluded, which is presented at the end of this section. The time step is variable
and is automatically adjusted by the solver to maintain a set number of inner loop
iterations (between 5 and 9) .
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3.2. Results for the discharge coefficient. The discharge coefficients are obtained
from Equation (2.13]) by substituting the mass flow rates from the CFD simulations
(Mout = Mout,crD), resulting in

mout,CFD

Cp = . (3.2)

y+1

Aref\/ypvpv,CFD (%) v

The pipe end pressures were also taken from the CFD simulations, while the densities
were calculated from the inlet temperature, as experience showed that the variations
in density along the pipe are negligible. The discharge coefficients can be seen in
Figure 2] Note that the above formula for the mass flow rate is only valid for choked
flows, i.e. when the pressure ratio at the valve is above critical, therefore it is not
expected to be constant in the non-choked range. After averaging the results in the
choked range, a value of Cp = 0.8778 was obtained for the discharge coefficient.

3.3. Results for the effective area. Equation (2.4) gives the effective areas by
substituting the total force acting on the valve and the static pressure from the results
of the CFD simulations, that is

Aug = Fiotal,cFD . (3.3)
Pv,CFD — Pb

The back pressure (py,) is known from the boundary condition, therefore the effective
area can be obtained. The ratio of the effective area and the cross-sectional area of the
pipe is shown in Figure[3] It confirms that it is reasonable to assume that the effective
area depends only on the lift, as it does not significantly vary with the pressure. The
Aegr(2) function can be calculated by averaging the values corresponding to the same
lifts, which can be seen in Figure[d] It also includes the piecewise cubic interpolation
of the function.
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Figure 4. The mean effective area versus the lift (x: CFD results,
—: piecewise cubic interpolation) with the maximum and minimum
values (errorbars)

3.4. Equilibrium and stability. First, the equilibrium points must be calculated
from Equation (2.7). The pre-compression can be expressed from the set pressure by
substituting z.q = 0 and utilizing that Aes(0) = Apipe:

Apipe (pset - pb) (34)
S

o =
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Figure 5. The equilibrium curves (57 pset = 2 bar, &: pget = 3 bar,
O pset = 4 bar, o1 pget = 5 bar, B: pget = 6 bar) and the b.o.s. ()

The characteristic curves, i.e. the py eq(Teq) functlons corresponding to various set
pressures can be formulated using Equations (2.7) and (3.4). The stability of the
points on the p,—z plane was obtained from Equatlon (2.11)). The equilibrium curves
for different set pressures and the boundary of stability (b.o.s.) are shown in Figure
The equilibria to the left of the b.o.s. are stable. All of these calculations were
made with a spring stiffness of s = 12500 N/m.

3.5. Mesh and turbulence model dependency study. To reduce computational
time, both the mesh and the turbulence model dependency studies were only concluded
at around the corner points of the investigated inlet total pressure and valve lift
domain, i.e. at pymin = 1.5bar and pymax = 6.0bar, and at zmin = 0.05Dpip. and
ZTmax = 0.35Dpipe. For the mesh dependency study a mesh was generated with two
times as many elements on all edges. The relative differences in both the forces acting
on the valve and the inlet mass flow rates were under 0.5%, indicating that the domain
had been sufficiently resolved by the original mesh. The effect of turbulence modelling
was investigated by repeating the simulations in the aforementioned corner points with
both the baseline k-w and the k-« SST models, and their results were compared to
those from the original simulations, where k-¢ had been used. The largest relative
differences were 3.67% for the force and 5.40% for the mass flow rate, both of which
are sufficiently small.

4. DEFORMING MESH CFD SIMULATIONS

During the calculations of the previous section a method of determining the equilibria
and their stability for a direct spring operated pressure relief valve was shown, but
it involved the major assumption that the total force acting on the valve can be
accurately approximated from steady-state fixed valve results. To investigate the
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effect of unsteadiness, another CFD model was assembled in which the valve disc
is free to move in the direction of the pipe axis. The spring is taken into account
through the Rigid Body option of CFX with its built-in spring feature. Its stiffness
and the reduced mass of the moving bodies had to be defined. As the simulated
domain has a centre angle of 5° (instead of the full 360°), both of them had to be
rescaled appropriately, i.e. multiplied by 5°/360°. The unloaded position of the spring
must also be set, which can be calculated from the pre-compression and the initial
position. The movement of the valve disc results in a change in the fluid domain,
which is handled by allowing the deformation of the mesh. The Mesh Stiffness was
set in a way that the larger the cell volume, the less it deforms in order to preserve the
mesh quality at the critical regions (at the walls, in the free jet) as much as possible.
The chosen value for the stiffness was

1 m?
mesh — I 4.1
Smesh Veenl [ s } (4.1)

Even though this setting permits large displacements from the initial position of the
valve, experience showed that the mesh still suffers a significant loss of quality, to
the point that sometimes negative cell volumes would occur. To prevent this, the
ICEM CFD replay script based remeshing feature was used, which is covered in detail
in [I4], only its basics will be summarized here. First of all, a condition for the
remeshing has to be defined through an Interrupt Condition — when this expression
becomes true, the solver stops. In these simulations it happens when the area average
of the Total Mesh Displacement at the valve reaches 1 mm. It proved to be a good
quantity to monitor, as its value resets to zero after every remeshing. The remeshing
itself is set in a Configuration, which is triggered by the Interrupt Condition. Its
ICEM CFD Replay option requires the geometry file (*.tin) of the initial position, a
replay script for the meshing (*.rpl), the mapping of the moving part between ICEM
and CFX, and a monitor for the total displacement. The area average of the Total
Centroid Displacement at the valve was used for the latter (it is not reset during the
remeshing). The unit conversion between ICEM and CFX (i.e. from millimeters to
meters in our case) is handled by the ICEM CFD Geometry Scale, which was set to
0.001. A remeshing step goes as follows:

1. The Interrupt Condition is fulfilled.

2. The solver stops and ICEM is called.

3. The geometry file is loaded into ICEM and is shifted with the value of the
corresponding monitor.

4. The meshing replay script is run on the modified geometry.

5. A new simulation — with the new mesh — is initialized with the results of the
stopped one.

This way the required mesh quality can be maintained even for extremely large
deformations, as long as no change occurs in the topology. An example for the
latter would be the seating of the valve, which is not covered by this model. A
similar approach, albeit without remeshing, can be found in [I5], but in their case the
reservoir was also implemented in the CFD model.
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5. COMPARISON OF VALVE RESPONSES

To check whether the steady-state assumption of the effective area was correct,
1D simulations based on the model described in the first section were compared
to the results of the deforming mesh CFD method. The spring stiffness was set
to 12500N/m, and its pre-compression was defined such that the valve was in an
equilibrium position at the start. The discharge coefficient was also set according
to the steady-state simulations (Cp = 0.8778), while the damping was neglected
(k = 0). Two cases were simulated with the same inlet total pressure jump but
with different jump durations. The valve responses and the pressure profiles are
illustrated in Figure [6] The correspondence is satisfactory, as the displacement from
the 1D model closely follows that of the deforming mesh solution, even though some
difference can be observed in the new equilibria, and also the response seems to be
significantly delayed in the case of the slower pressure jump.

30
—. 20
=
= 10
0 0
0 0.2 0.4 0 0.2 0.4
t [s] t [s]
3.06 ‘ 3.06
3.05 ‘ 3.05
= 3.04 o = 3.04
® ®
=303 | | £3.03
£8.02p | £38.02
3OLp | 3.01
3 3
0 0.2 0.4 0 0.2 0.4
t [s] t [s]

Figure 6. Valve responses of the deforming mesh CFD (cont. line)
and the 1D (dashed line) models in the case of a sudden (left) and
slow (right) pressure jumps
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As the most important modeled parameter is the effective area, it is beneficial to
compare the piecewise cubic interpolation of its steady-state result to those from the
two deforming mesh simulations. The various effective areas can be seen in Figure
The difference between the two deforming mesh cases is negligible, indicating that
the rate of change in the pressure had no effect on the effective area in this parameter
range. Since the steady-state curve also runs close to the other curves, it is strongly
implied that the basic assumption, i.e. the independence of the effective area from the
pipe end pressure was correct for the case of exponentially decaying solutions. The
steady-state forces are also somewhat higher, which explains the higher equilibrium
lifts of the 1D model in Figure [6]

Flutter usually occurs in configurations where long upstream piping is present
[2]. Indeed, unstable behaviour was observed at pse; = 3bar, Lpipe = 38Dpipe and
pi(t) = 3.2bar. The valve responses can be seen in Figure While the vibration
frequencies are similar, there is a significant difference in the amplitudes. Whether
this is due to the absence of some damping effect in the one-dimensional model or the
overdamping of pressure waves in the CFD code (which is common for solvers based
on the finite volume method) requires further studies and is beyond the scope of this

paper.
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Figure 8. Flutter resolved by the deforming mesh CFD (cont. line)
and the 1D (dashed line) models.

6. CONCLUSIONS

The stationary mesh simulations proved to be computationally cost-effective in mapping
a large segment of the py — & plane both in terms of the effective area and the
discharge coefficient. These also made possible the linear stability analysis of various
equilibrium solutions. The piecewise cubic interpolation of the effective area and the
averaged value of the discharge coefficient were also useful for the 1D model. The
deforming mesh CFD results confirmed that the approximation of the effective area
from steady-state flow fields is indeed accurate enough to be used for the modeling
of pressure jump scenarios, and that it is also able to qualitatively — and to some
extent, quantitatively — produce the same dynamically unstable valve responses as
well. Therefore, the 1D model turned out to be an effective and fast tool for transient
calculations, albeit strongly depending on the aforementioned input parameters. This
behavior also gives flexibility, i.e. it can be easily modified to simulate the response of
other PRVs if these parameters are known from CFD simulations or measurements.
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