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Abstract

We study the root cause behind pressure relief valve blowdown, i.e. the difference in opening and reseating pressure. Simple disc

valve geometries with an adjustment ring are studied, with and without a deflecting skirt on the valve body, for incompressible fluid.

An analytical estimate is given for the fluid force acting on the valve body, which considers both the uneven pressure distribution and

the momentum force due to fluid deflection, the former being the principal driving mechanism of blowdown. Computational Fluid

Dynamics computations reveal that the flow is close to ideal and prove the validity of the assumptions behind the analytic results.

It was found that the skirt deflecting the outlet flow is indispensable to generating blowdown; however, its role is not in the additional

momentum force due to varying the exit jet angle of the flow, but in increasing the pressure at the outer radii due to its orifice effect.
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1 Introduction
1.1 Background and motivation
Pressure relief valves (PRVs) are essential safety devices
employed across various industrial applications to miti-
gate the risks associated with overpressure conditions
in systems such as boilers, pipelines, and storage tanks.
These valves automatically discharge excess pressure,
protecting equipment integrity and personnel safety
from potential hazards, including explosions and leaks.
Malfunctioning of such valves leads to catastrophic
events; see [1] for a well-documented recent example.
When designing or selecting a pressure relief valve, the
key parameters to be considered to ensure safe and effec-
tive performance are
* set pressure, i.e. the point at which the relief valve
opens to relieve excess pressure,
* relief capacity, i.e. the maximum flow rate the valve
can discharge to prevent system overpressure and
* blowdown or reseating pressure, i.e. the percentage
drop in pressure needed after valve opening for it
to reseat.

An appropriate blowdown setting prevents the valve
from chattering (rapid opening and closing), ensures

stability during relief events and allows complete pressure
relief. Adjustable blowdown settings (via the so-called
adjustment ring) are often provided for critical applica-
tions where precise control is necessary.

It is remarkable that PRVs allow different opening (set)
pressure and re-closing (reseat, blowdown) pressures with-
out any external control or energy source, purely based on
classical mechanics, which makes them ideal for safety-crit-
ical applications. However, the exact mechanism of blow-
down is less understood, as we shall show in the next section.

1.2 Literature review

Modelling attempts on the dynamical behaviour of PRV date
back to the 1980s; one of the first such models was suggested
in [2], where both the pressure and momentum force were
taken into account (see Section 2.1 more details). Ray in [3]
modelled the pressure and momentum forces combined by
defining an "effective area". On the contrary, Singh achieved
the "popping" action of the valve (that is, sudden opening
once the upstream pressure reaches the set pressure) by
increasing the inlet area (4,) by 20% (denoted by 4 ) once
the valve started to open. The very same increased pres-
sure area resulted in a lower reseat pressure (blowdown) in
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a natural manner. This paper not only demonstrated that
increased backpressure results in valve instability (chatter)
but also showed that varying the adjustment ring (see Fig. 1)
changes the angle of the outlet jet (9) and hence the net over-
all force. The same modelling mechanism (increased pres-
sure area if the valve is open and varying jet angle to cope
with the change of the momentum force) was used in later
studies, notably in Darby's papers [4—6].

In [7] the authors share experimental results on the flow
and force coefficients of poppet and disc valve geometries.
Based on flow visualization results, they conclude that
"In some cases, the Coanda effect would cause the jet to
curve and attach itself either to the poppet seat or to the pop-
pet stem guide" and also cite further experimental results on
different flow patterns. The fact that the flow might not fol-
low the geometry as "expected" makes using the 4 jet angle
cumbersome. More importantly, they show experimen-
tally that in the case of a disc valve, the overall fluid force
for small valve openings is smaller than the opening force
(see Fig. 8 in [7]). In other words, the "effective" pressure
area decreases for small openings and only starts to increase
when the valve reaches moderate openings. In [3], the author
already use the term effective area and defines it as a func-
tion of the (normalized) valve lift. However, it is also stated
that "4 is a strictly monotonically increasing function of ,
i.e. the effective area of the valve disc increases as the valve
rises", which contradicts the experimental findings in [7].

With the advent of computational fluid dynamics (CFD)
techniques, valve modelling studies gained new momentum
as software allowed for detailed flow field investigations
under steady and unsteady conditions. One of the first CFD
studies focusing on blowdown prediction is [8], in which
the effective area curve (denoted by Cf) is computed utiliz-
ing steady-state computations, which is then fed into a sim-

plified dynamical model, i.e. the equation of motion of the
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Fig. 1 Valve geometry with adjustment ring and skirt. x stands for valve
opening, x , is the skirt height and x, is the adjustment ring setting, with
x, = 0 being the adjustment ring's uppermost position.

valve. The effective area is assumed to be independent of
the pressure level and described by a simple C ) relation-
ship (using the original notation). In [9], fully dynamical
CFD computation is performed via the moving mesh tech-
nique and a detailed description is given on the flow field.
More importantly, instability is found upon closing, its pres-
ence being independent of the vessel size (see Fig. 17 in [9]).
The effect of the adjusting ring position on the blowdown is
also studied, and the CFD results are in good agreement with
the experiments. Another study from the same authors [10]
proves that the opening process (popping) can also be cap-
tured by CFD, despite the small gaps and the potential
change in the mesh topology when the valve closes. It is
also relatively straightforward to incorporate more complex
physical and geometrical scenarios in CFD, e.g. [11] studies
the case of two adjustment rings and steam as a working
medium. The importance of careful CFD settings (turbu-
lence model, near-wall treatment, grid resolution, etc.) must
also be stressed, as in [12, 13]. Efforts have also been made
to replace the high-fidelity but case-specific and time-con-
suming CFD computations employing a lower number of
CFD runs and then use response surface methods to predict
the effect of parameters, see [14]. Finally, in [15] the authors
perform a purely CFD analysis on the effect of the adjusting
ring position, similar to the present study.

Acoustic interaction between the valve and the upstream
or downstream piping as a potential source of instability and
valve chatter was also reported in the literature. In [16], the
authors report severe piston oscillations in a field applica-
tion with natural gas, which was replicated in a lower-pres-
sure test rig and with a predictive mathematical model with
a standard PRV model connected to a one-dimensional
solver to capture the pipeline dynamics (which provides a
computationally efficient alternative for pipe modelling).
This work also modelled the fluid forces with the effective
area approach (see Fig. 9 in [16]). Another study [13] reveal
that the fluid force vs. lift curve can be highly non-triv-
ial even for simple geometries. Experimental studies with
two-phase flows also reveal that the effective area curve is
relatively insensitive to the liquid mass fraction in airflow
(see [17, 18]). Even though it is relatively trivial, it is inter-
esting that the relationship between the effective area curve
(fluid force) and the spring rate (or spring force) earned lit-
tle attention; one of the few papers emphasising its impor-
tance is [18]. As we shall see later in this paper, comparing
these forces provides a clear and versatile tool to explain
several aspects of the behaviour of PRVs.



1.3 Aims and structure of the study

This study aims to explain the blowdown effect by analys-
ing the fluid force vs. lift curve of the valve and, based on
that, deriving the lift vs. pressure behaviour. In particular,
we study two idealized but typical geometries: disc valve
bodies with and without a skirt in the presence of an adjust-
ment ring (see Fig. 1). In Section 2, we provide a general
theoretical description of the valve-lift curve and explain
via synthetic effective area curves the popping and blow-
down nature of the valves (unlike purely CFD-based stud-
ies such as e.g. [15]). In Section 3, the Computational Fluid
Dynamics technique is used to analyse the flow field and
pressure distribution for different adjustment ring settings,
with and without a skirt. As will be shown, the skirt's pres-
ence fundamentally impacts the valve's behaviour. Finally,
we conclude the study in Section 5.

2 Theory

2.1 Valve model

The valve body, the spindle and the spring form a
1-degree-of-freedom oscillatory system with the follow-
ing equation of motion:

mi+ki+s(x+x,)=F, :=Aef/(x)AxAp )

where m is the mass of the interacting bodies, x, X and X
are the displacement, velocity and acceleration of the valve,
k is the viscous damping factor, x, is the spring stiffness.
F, is the fluid force acting on the valve body, which will
be described by the effective area 4, (yet to be defined in
detail) based on the reference surface 4 . Ap denotes the
pressure drop through the valve, practically measured at the
flanges. For most of this paper, the viscous damping & rep-
resents the unmodelled but unavoidable natural damping
effects and is estimated to be 1% of the critical damping.
Gravity was also neglected in the above equation of motion.

The effective surface area A,,(x) is the axial flow force
measured on the valve stem for a given static valve open-
ing x (X = 0) and pressure drop, divided by the static pres-
sure difference measured on the valve. It is a similar con-
cept to the one introduced in [7], where f,= 1 - F/ (AIAP).
Thus, we do not separate the force components from
the pressure distribution, the momentum variation of
the flowing medium and the sliding stress distribution,
such as [4, 8, 16, 19-22] or [23]. Although this descrip-
tion may seem to be an oversimplification, it is practical
and greatly simplifies the modelling of flow forces; for
example, it does not require a detailed study of the inter-
nal arrangement and geometry of the valve and the diffi-
cult-to-measure pressure p_(see Fig. 1). The drawback is
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that determining the Aeﬁ.(x) curve requires measurements
and/or numerical simulation. At the same time, the exper-
iments require easy, directly measurable quantities (force
and displacement), unlike, e.g. Darby's [4] model, where
the exit angle of the fluid as a function of valve opening
is incoming data in the model. The issue of the effective
surface area is discussed in detail in this section, empha-
sizing that this curve can, in most cases, be described with
sufficient accuracy as a function of valve openness alone
and that the effect of pressure difference is secondary only.

The valve must open at a preset opening pressure p_,
hence

$Xy = Aeff (0) AP @)

p,,, is gauge pressure (relative to ambient pressure),
whereas all other pressure values are absolute pressures
throughout this work.

With increasing inlet pressures, the opening also
increases, and such valves are typically designed to reach
their maximum opening at 110% of the set pressure, thus

s(x0+xmax):Aeﬁ, (xmax)l.lxpse,. 3)
For an incompressible fluid, the flow rate is
i=C,(x)4,(x)2pAp, @)

where C (x) is the discharge coefficient (see e.g. [24, 25])
and A,(x) is the flow-through area:

Aﬁ (x)= D,rx, )

see Fig. 1. Let us define the dimensionless (relative) open-
ing X =x/(D,/4). Note thatif D, = D, X= 1 is the opening for
which the flow-through equals the inlet piping cross-sec-
tion. In other words, for x > 1, the choke area is the inlet
piping and not the curtain area behind the valve body.

2.2 Valve characteristic curve
In what follows, we shall derive the characteristic curve
of the valve, i.e. the pressure-lift relation. The force model
defined by Eq. (1) is static, i.e. it does not consider the
dynamic forces generated during the movement of the valve
similar to the corresponding literature (see e.g. [6, 26—28]).
As a simple example, let us consider the case of a sim-
ple disc valve with piping diameter D, of negligible thick-
ness. We have

2
4x
F. = AAp+nv, = AAp| 1+2C, (x)*| 22
/ |AP + my; 1p£ a\X [Dl]] ©)

= A Ap4,, (x),

where v, is the inlet flow velocity.
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For real geometries, one might find the effective area
curve by either CFD computations or measurements.
Once such a curve is obtained, the lift vs. pressure curve
is computed by solving the static force equilibrium

s(x+x0)= Ay (x) AAp, (7
The slope of the curve can be obtained by implicit
differentiation:
dx _ 1 Agff (x)
= , g
dAp Ap Aeff (X)— AS ( )
\pA4,

more importantly, at the opening point (x =0) we have
A4, ﬂ.(O) =1, hence

dx 1 1 1 1

N () B
psetAl xO

&y o-L O

Letus consider the following example: D, =2" =51 mm,
s =120 kN/m, p_ = 3 bar, thus the spring precompression
is x, = 5.1 mm. To highlight the effect of the effective area
curve, we consider two synthetic shapes: 4, o= 11191 X
(valve 1, the black curve in inset (a) of Fig. 2 and
Ayr = 1+1.91V% , valve 2, the blue curve in Fig. 2(a)).

Fig. 2 depicts the behaviour of these two valves — see
the upper-left panel (a) — via simulating a hypothetical

relief event. Consider the lower-right panel (d), where the
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Fig. 2 (a) Effective area curves: Ap/ﬁ1 =1+1.91% (black, valve 1)
and A4, , = 1+1.91/% (blue, valve 2). (b) Equilibrium pressure-lift
curves (solid dashed) with the result of dynamic simulations (solid
thin lines) in (d), with arrows indicating the opening and closing
cycles of the valve. (¢) The slope of the curve described by Eq. (8) and
the spring precompression (dashed red line). The intersection defines
the inflection curves (vertical slope) in (b). (d) Driving pressure (red
dashed) and valve lift time histories.

red dashed line is the inlet pressure of the valve: in 0.2 sec-
onds, it linearly increases to 60% beyond the set pressure,
then it also linearly decreases in another 0.2 seconds to the
set pressure and keeps the trend beyond that up to 0.5 sec-
onds. Panel (b) depicts the static curves obtained through
solving Eq. (7) (dashed lines) overlayed with the results of
the dynamic simulation. Notice how the black curve follows
the static characteristic while opening, then, at the turning
point, it jumps to a fully open position. When closing, the
valve closes at approx. 20% overpressure and undergoes
several impacts before closing fully. The other (blue) valve
jumps open immediately and stays open up to approx. —20%
overpressure (that is, blowdown), before closing. The turn-
ing points are clearly defined the intersection of spring rate
and Eq. (8), as shown in the lower left panel. It is clear that
the static curve plays a crucial role even under dynamic per-
formance, however, the question remains, how to design
valves that exhibit the characteristics of valve 2 (blue lines)
rather than valve 1 (black line).

2.3 The effect of nozzle ring in the absence of the skirt

Industrial valves often include a nozzle ring (see Fig. 1),
which is used to fine-tune and adjust the valve's blowdown
(or reseat) pressure, being the difference between the pres-
sure at which the valve opens and the pressure at which it
reseats following pressure relief. (Steam valves can even
have two rings: a nozzle ring for blowdown adjustment and
a nozzle ring for fine-tuning the opening time of the valve.)

Based on the previous section, there is a clear connec-
tion between the effective area (that is, the force vs. lift
curve) and the blowdown value. In this section, we pro-
vide a qualitative explanation for the effect of the blow-
down ring and, hence, the effective area curve.

Consider the simplified valve layout in Fig. 1, which
depicts a disc valve with D, D, ,and D, nozzle inner,
trimmed inner and outer diameter and D,, D, nozzle ring
diameters. The nozzle ring setting will be denoted by x ,
with x = 0 being the case when it is set to its uppermost
position. In what follows, we provide an analytical deriva-
tion for the pressure distribution beneath the disc, which
will allow us to estimate the pressure force.

Let r denote the radial coordinate, then the flow veloc-
ity in the concentric gap is

m m
(=M 10
pA(r)  prox (10)
We assume that the total pressure p(r)-l—ﬂv2 is con-
stant. Remarkably, the dynamic pressure distribution is
independent of the valve opening:



gv(r)2 =C, (x)zD—zzzAp. an

7

Aty = Do diameter, the diverging channel ends, hence
p(r)+ Pugy =L,
2 2

out

(the static pressure p,  being zero),
giving

p(r=c,(x) Ap[(ll))z jz —(%n. (12)

out

The net (negative) force due to the pressure distribution
is obtained by integrating the above pressure distribution
betweenr =D andr=D, :

ut”

D()IIY
F=IDI p(r)2rrdr

13
_Dix "

Ap2C, (x) [2(1—52)+1n6}

with 6 =D /D, . Assuming that the approximate pressure
distribution is

A if r<D
p(r={" " ! (14)
p(r) if D <r<D,
the corrected effective area curve is
D 2
Ay (x):[ﬁ] (1—2Cd(x)2[2(1—52)+1n5})
‘ (15)

2

+2C, (x) (%’f] .

The above formula provides a general description for the
effective area curve in the presence of a nozzle ring, which
controls the (jet) outlet diameter from D, (lowest nozzle ring
setting) to D, (uppermost nozzle ring position). For a thin-
walled piping (D, = D,) without nozzle ring (D, , = D)),
we regain the effective area curve defined by Eq. (6). In the
general case, the additional correction term (including J)
will add a constant vertical shift to the effective area curve,
resulting in negative values for small openings.

2.4 The effect of the skirt

The presence of the skirt (see Fig. 1) changes the flow pat-
tern fundamentally as it breaks the fluid jet, as depicted
in Fig. 3. In this case, a two-orifice model gives a more
realistic estimation of the pressure distribution and, hence,
the fluid force. The two orifices are (a) from cross sections
1 to 2 with loss coefficient {,, with flow rate Q,, and (b)
under the skirt with loss coefficient ¢, and flow rate Q,,.
The corresponding outlet cross sections are 4, = D mx and
A, = D,n(x +x,). Let p, denote the intermediate pressure in
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Fig. 3 Streamlines without (left panel) and with (right panel) the skirt,
for two adjustment ring settings

the inner chamber (between points 2 and 3). By assuming
Borda-Carnot loss at both locations, we have

’2
0, =D,nx ;(Ap_Psk) and

(16)
2
0,=D,m (x +Xx, ) — P
o
from which we have
Ap
Py =—7T—"3 17
1+ D, | x+ux, (17)
D, X

Note that for x = 0, we have p , = Ap and for increas-

ing x values, we have lim TNy, However, the "cham-
ber approximation” breaks down if x > x, (where x_is the
height of the skirt). Assuming that the approximate pres-

sure distribution is

Ap if r<D
p(=1" " : : (1)
p, if D,<r<D, =D,
the pressure force is simply
Dir Dir( D; X
F =—2—Ap+—2—| =21+ |-1|p,, 19
P 4 \p 4 {Dzz x p,xk ( )

hence, after substituting Eq. (17) into Eq. (18), the effective
area is (6,, = D,/D,)

2
5422—1 2 4x
—2+2Cd (x) [EJ . (20)

Afff',.\'kir{ (x) =1+
5422 (1 + X”J 11 1
X

3 CFD studies

3.1 Setup

Numerical simulations were carried out in OpenFOAM
by applying the steady-state solver SimpleFoam to get the
effective area curve of a flat disc valve, as shown in Fig. 4.
The numerical domain consisted of a pipe with an inner
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Axis

Inlet Outlet

Fig. 4 (Left) Boundary conditions. (Right) Meshing.

diameter of 33.4 mm, an outer diameter of 44.3 mm, and an
inlet section of 100 mm. The valve had an outer diameter of
74 mm while its thickness was 25 mm. The total width and
height of the domain were 296 mm and 400 mm, respec-
tively. The adjustable ring had an equal thickness as the pipe,
with a groove extending from the pipe's edge to the ring's
half thickness, while the height of the skirt was 3.73 mm.

The flow is considered axisymmetric; thus, a domain
was revolved, and wedge-type boundary conditions were
applied for the front and back planes.

Single-phase simulations were run with water (con-
stant density). The meshing set-ups were the same in each
simulation, with refinement around the valve body and
six boundary layers along the walls of the pipe and the
valve. Fixed mean static pressure and zero gradient veloc-
ity boundary conditions have been applied for the inlet;
total pressure and pressure inlet outlet velocity have been
applied for the outlet boundary conditions. k-w-SST tur-
bulence model was chosen with 5% turbulence intensity
at the inlet. A steady-state solution was reached when
the mean of the vertical component of the force acting on
the valve was at 0.1% in the last 100 iterations.

3.2 Discharge coefficient and effective area curves
Fig. 5 depicts the discharge coefficients as a function of the
relative gap 4x/D,, evaluated according to Eq. (4). For the
simple disc geometry (no skirt), the adjustment ring setting
has limited influence. As intuitively expected, adding the
skirt restricts the flow, and hence, the discharge coefficient is
significantly lower in the mid-lift range. For the uppermost
ring setting, the C, values are significantly lower for small
openings as well. These findings are consistent (at least for
the no-skirt case without ring) with the literature, [7, 12]
obtained C,=0.85atx=0.2and C,=0.77 at x = 0.4.

Fig. 6 depicts the effective area curves obtained via
CFED, and the corresponding curve fits. Starting with the
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Fig. 5 Discharge coefficients: x, = 0 mm is uppermost adjustment ring
position, while x, = =20 mm is the lowermost position (see Fig. 1).
The curve fit parameters are listed in Table 3.
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Fig. 6 Effective area curves, the curve fit parameters are listed
in Table 2

no-skirt cases, the effective area curves are smaller than 1
for small openings — as predicted by Eq. (15). These cases
are similar to the behaviour of a poppet valve, for which
the momentum force is also negative for small openings,
resulting in decreasing fluid force close to the opening.
The presence of the skirt results in the opposite
behaviour: for small openings, the effective area increases,
as predicted by Eq. (20). Moreover, it is also clear that
in the upper position of the adjustment ring x, = 0
(mm, see Fig. 1), the effect is more profound, which is also
supported by engineering experience, see [8, 14].

3.3 Detailed analysis of the flow field
In this section, we provide a detailed analysis of the flowfield
for the four cases (skirt/no-skirt, upper/lower ring setting)
and explain the effective area curves depicted in Figs. 6—8
depict the total pressure (upper panel), static pressure (mid-
dle panel) and velocity (lower panel) distributions for these
ring and skirt settings. For convenience, all the depicted
quantities are rescaled to fall between 0 and 1.

One of the key findings is that even if the ring is in its
top position, the total pressure remains constant up to the
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Fig. 8 Comparison of total pressure, static pressure and velocity
distributions close to full lift, ¥ = 0.9, for two x, adjustment ring settings
(see Fig. 1).

exit diameter D, for all cases. This means that the flow is
practically ideal up to the exit point, which justifies the
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assumptions of Section 2 and allows using Bernoulli's
theorem to estimate the pressure distribution.

Letus start with the no-skirt case (yellow and blue curves).
The static pressure — as estimated by Eq. (14) — is lower than
the ambient pressure in the outer regions (between diam-
eters 2—4). This is simply because the flow is decelerating
through the gap (the flow cross-section increases as the
radius increases), and thus, the pressure also increases radi-
ally and finally reaches the ambient pressure at D (middle
and lower panels, yellow and blue curves between points 2
and 4). In the inner part of the domain, the static pressure
drops from the inner Ap value to negative values due to the
acceleration of the fluid (middle and lower panels, blue and
yellow curves between points 1 and 2). It is also clear from
the middle panel that the lower the adjustment ring is set, the
smaller the negative pressure is and hence, the effective area
increases, as it was shown in Fig. 6. For large openings, both
the negative-pressure regions and the effect of the adjust-
ment ring vanishes consistently with Eq. (14) and Fig. 6.

The presence of the skirt changes the pressure field
drastically. Due to the large deflection of the flow, the pres-
sure distribution does not fall beyond the outer pressure
(see the red and green dashed lines in the middle pane),
and under the whole disc, the pressure is positive, result-
ing in a higher overall pressure force. Note that this case is
correctly captured by the "two-orifice" model described in
Section 2.4. The theory also correctly captures the effect
of the nozzle ring: the upper ring setting (green dashed
line in the middle pane) results in higher static pressure
and, hence, higher effective area value than the lower
ring setting (red dashed line). Note that the higher overall
fluid force (especially at small openings) is not due to the
deflection angle as suggested by many studies but due to
the higher static pressure values at outer diameters.

Fig. 8 depicts the same graphs in the case of large valve
opening (x = 0.9D /4). It is clear that at such lifts, the influ-
ence of the nozzle ring position is negligible. Also, hav-
ing a look at the middle pane (static pressure distribution)
reveals that the overall pressure force is higher in the case
of the disc with a skirt, resulting again in higher overall
force, which was clearly seen in Fig. 6.

4 Valve dynamics with realistic effective area curves

Finally, we rerun the previous computations presented
in Fig. 2 with synthetic effective curves, now with the
ones obtained with the CFD computation. The actual
simulation data are provided in Table 1. The damping
coefficient was chosen to be 1% of the critical damping
(k. =2mw, o= Js/m being the natural frequency of

crit
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Table 1 Data used for simulations

D K X m k

1 max
120 kN/m D /A 0.442 kg 46 Ns/m

51 mm

the valve). The curve fit for the effective area and dis-
charge coefficient values are in the form of

4, ()=Xa¥ and C,(})=3h¥, @1

with x = 4x/d = x/x___and parameters @, and b, are listed
in Tables 2 and 3. It should be noted, however, that the dis-
charge coefficient values are not needed to generate the sim-
ulation results as we are not presenting actual flow rates.
Fig. 9 depicts the simulation results with p = 3 bar.
If the adjustment ring is in its lower-most position (black
curves), the opening is almost proportional and fairly
slow. Once the valve reaches the inflexion point (approx.

atx/x__ = 0.45), it "jumps" open. Upon closing, this valve

closes at approx. 5% of the set pressure, which is clearly
undesired behaviour. With the upper-most adjustment
ring setting, the valve behaviour is significantly different.
First of all, as dAef/dx > 1/x,, the initial slope is positive
— see panel (b) and Eq. (9) — the valve exhibits a popping
action up to 20% of the full lift, after which it opens pro-
portionally before jumping again at 50% lift. More impor-
tantly, the valve closes at approx. 95% of the set pressure,
resulting in the expected blowdown behaviour.

Fig. 10 presents the same simulation results with
p,,, = 5 bar, which was achieved by adjusting the spring
precompression. It is important to notice that — as
described by Eq. (7) — such change in the precompression
also changes the equilibrium curves (panel (b)) and hence
the opening and blowdown characteristics. It is particu-
larly striking how drastically the blowdown changes.

Table 2 Curve fit parameters for 4 curves

geometry a a, a, a, a, a,
X, 00 =7.003 2049 22.24 12.53  —2.407 1
X, —8.28 32.1 —44.58  28.82 —6.71 1
X, 20, skirt 0 =577 12.14 —6.46 2.18 1
X0 chint 25.71 =70.47 7487 3435 6.82 1
Table 3 Curve fit parameters for curves

geometry b, b, b, b,

X, 50 —-0.73 1.36 —0.86 0.96
X, 0.59 —-0.83 —-0.014 1

Xy 20 skirt -1.13 3.21 —2.41 1.09
Xy skirt —0.38 1.63 -1.05 0.6
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Fig. 9 Simulation results with p = 3 bar. (a) Effective area curves
obtained from CFD computations (with a skirt, see Fig. 6). The blue
line refers to the uppermost position of the adjustment ring, while the
black line refers to the lowermost position. (b) Equilibrium pressure-
lift curves (solid dashed) with the result of dynamic simulations
in (d), with arrows indicating the opening and closing cycles of
the valve. (c) The slope of the curve described by Eq. (8) and the
spring precompressions (dashed red line). The intersection defines
the inflection curves (vertical slope) in (b). (d) Driving pressure

(red dashed) and valve lift time histories.
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Fig. 10 Simulation results with p_ = 5 bar, similar to Fig. 9.

5 Conclusion

This study provided a detailed analysis of relief valve
behaviour. Notably, we presented a qualitative and quan-
titative analysis of the blowdown phenomena. The key
findings are as follows.

* The effective area curve plays a central role in the
pressure vs. lift characteristic curve of the valve and
allows the estimation of both opening (popping)
behaviour and closing (blowdown) characteristics.



* The nozzle ring in itself is insufficient for exhibiting
blowdown; the skirt (strong backward deflection of
the flow) plays an indispensable role.

* The blowdown behaviour (especially at small open-
ings) is not caused by the deflected flow angle
(momentum force) but is due to the "second orifice"
effect that results in higher static pressure distribu-
tion behind the valve body.

Our CFD computations showed that the effective area
curve is sensitive to geometry thus it might be challeng-
ing to provide an accurate prediction via CFD. Moreover,
the static pressure-lift characteristics of the same valve
(with the same effective area curve) vary with varying set
pressure and/or spring stiffness, which explains the widely
known practice that one particular valve needs different
ring settings when the same (relative) blowdown must
be set at different set pressures. We also emphasize that,
because of the Coanda effect, bi-stable regions and fluid
force fluctuations might arise, which makes the measure-
ments or CFD computations challenging.
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