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ABSTRACT

Safety relief valves are devices designed to opkanwthe pressure in the process to be protected
exceeds the design pressure. However, in indugtrégdtice, it often happens that the outlet of ¢hes
valves are canalized through discharge lines wbah be different from atmospheric, then there is a
built up pressure generated by the flow in thengjpvhich is superimposed to the back pressure in
the discharge system. As a consequence, the isiallg and selection of the safety relief valves,
using results from tests conducted under conditisitisout back pressure are not necessarily valid.
The manufacturers often use empirical rules ofutatons to assess the performance characteristics
in this type of use.

When a safety relief valve is used with substariéalk pressure (up to 30% of the set pressuri), it
common practice to use a balanced construction. beth@ncing effect is generally obtained by a
balancing bellows.

When the back pressure downstream the valve isidened low (up to 10% back pressure
recommended value), a conventional relief valve (kithout balancing devices) can in theory bé stil
used. However, even for lower build up back presdevels, fluttering and chattering of the relief
valve disc may occur. This may not only lead to rpoperating conditions of the valve, but the
damage can be dangerous even when this build Wppbassure reaches a value far below 10%.

As an alternative to complex physical modelling faly coupled analysis of the fluid-structure
interaction based on the three dimensional Navi¢o&es computations, a composite coupled 1D-
approach is developed. Inlet and outlet conditiohthe safety valves are modelled respectively by
thermodynamic 1D-model and wave propagation modesepving the physical phenomena. The
safety valve is described by dynamic 1D-model whigx@ hydrodynamics forces applied to the
moving disk are given by empirical rules. These ieicgd rules are predicted using CFD computations
for different flow conditions. This methodology validated by comparison with experimental data.
Finally the composite coupled 1D-approach reprodube unstable behaviour of the safety valve and
could allow drawing up more efficient usage rules.
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1. GENERAL OVERVIEW

Safety valves are crucial devices in the indushkngleed, these simple and robust design
valves are the ultimate protection when all othreriasufficient. The poor design or damage
to these devices can be disastrous for the envigahor, worse for people around.

A safety relief valve is composed of a disc mamedi pressed against a nozzle by a spring.
While the pressure forces on the upstream fackeoflisc are below the force applied to the
spring, the valve is closed. If an accidental oxespure appears in the process under
protection, the pressure forces become high cordp@arspring elastic forces and the safety
valve opens. Thus the pressure in the process utsdanotection is reduced to an acceptable
pressure.

Most of the chemical, petrochemical, and nucle@rgy codes and regulations are essential
tools for sizing of valves (i.e. API [1], ASME [2nd other national codes). These
recommendations are mainly of good sizing but refdy to a summary of the limitations
that happen in routine practice.

When a safety valve protects industrial processeyiog non-hazardous product (air, water
vapour, liquid water or any other inert), this v@kxhausts directly to the atmosphere.
Obviously, as can be easily understood, when tlEEwated products become dangerous,
these valves are channelled through pipes to pedvidnks. These pipes create downstream

backpressure in the safety valve which could beesoposed in some cases to the existing
initial pressure.

To avoid the disadvantages due to excessive badme the valves are fitted with a system
to balance the forces applied to the pressure dogam of the valveHig.1].
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Fig.1: Conventional and balanced bellows pressure refidies [1]

Regarding the balanced valve, the characteristiesnat supposed to be degraded up for
backpressure of about 25% of set pressure and tata supposed to operate normally up
to a backpressure level of about 40% to 50% opretsure with a limited loss of capacity.
Experimentally, it was found for balanced or unbakd safety valves, vibrations may occur
for high values of backpressure, where they ar@asgd to work normally; this phenomenon

is associated to reduced flow characteristics. 8fbes, experimental results led us to evaluate
the effect of back pressure on the operating rafigafety valves.
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The safety relief valves working with back pressheve been seldom studied, and few
publications deal with this subject. Safety valyei@ting with back pressure was handled by
Dossena and al. [3] in incompressible fluid. THeafof instabilities in the valve settings was
highlighted by Pluviose [4] and a similar approaels been developed by Follmer and al [5].

2. THEORITICAL CONSIDERATIONS ON THE SAFETY VALVE

21  Flow equations used in sizing safety valvesfor gas

The flow rate through a safety relief valve opergtwith compressible fluid depends on the
pressure ratio between the upstream and downstr&am. mass flow is given by the
following equation:

K, AP =4k
_ KgAK 2 Jy_l
.= C 1
q o V(yﬂ s )

The constanCs depends on the flow regime. When the flow is caitin the minimum area of
the valve, the coefficiers is equal to 1. However, when the flow regime ibasitical and
the pressure ratio between downstream and upstpeassure of the valve is greater than
which is given by

b:{ 2 J[/—J "

y+1

the coefficientCs depends on the pressure ratio between upstreand@mastream, and is
given by the following relation:

2 41 yHl )2
C. = 2[R} _(R)” (V_J’ljy'l 3)
y-1\R R 2

The effect of the back pressure is taken into aticby a coefficienK, as:
quP = qus (4)

2.2  Effect of back pressureon conventional pressurerelief valve.

In current industrial practices, the correctionftioent C, is used from charts given in some
standard codes. The most used is the one publishéie American Petroleum Institute: the
API 520 code gives charts which could predict tharacteristics of the valve when there are
no testing results.

The charts given in APl 520 represent an averagépasbtained by testing several safety
valves. The chart on the figur€if.2] represents the correction factor for a balancaides
tested with compressible fluid for two levels oleopressure.
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Fig.2: Correction coefficient gfor compressible flows

These correction coefficients, obviously do notetakto account dynamic effects and
instabilities which may occur when high back presss applied. The experiment shows that
instabilities could occur between 15% back pres$aresome applications and a value of
back pressure over 45% of the opening pres$tig3.

Experimental determination of coefficient Cb
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Fig. 3 : Correction coefficient and instability zone

3. EXPERIMENTAL FACILITIES IN COMPRESSED AIR

The apparatus is mainly composed of emptying cossge air contained in a primary
reservoir, where the air is at 200 bar to the megudownstream test pressukeg.4].

The flow rate is measured using flowmeter deviaaamosed of 4 Coriolis type flowmeters.
These flowmeters are linked to a buffer tank whbie safety relief valves are ready to be
tested.

The following components between the primary ardithffer reservoirs are used:

- A manual actuated valve 2" in PN 200,

- A ramp of two control valves in 2" and 1 / 2Hat regulates the downstream pressure.
- A pipe in DN 100 and PN 50 of 200 m long to disite compressed air in the downstream
testing tank. This expansion of air is deportetidat the compressed.

- The assembly line leads to a manifold distribgiten ramp of flowmeters, where solenoid
valves are used to isolate each line. On this rokhit mounted a 2" PN 200 safety relief
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valve that protects the facility. This valve is ae#10 bar. In addition, a valve allows the air to
supply the whole line, it works with the safetywahnd is controlled by the security system.

- A tank of 2.5 M PN 40 is used as buffer reservoir. The safetgfeklves under testing are
mounted directly on this tank: it is equipped witinee flanges: DN 50 PN 40, DN 65 PN 40
DN 100 PN 40.

This test facility is also equipped with a silencennected to the exhaust, with an acoustical
panels as well as a mound in the ground to lindtdpread of noise during the test.

Primary reservoir )
Ve N\ Safety relief valve Solenoid valve

Safety relief valve

Temperature under test

f Pressure

Flow rate selection %
Vanne de Solenoid valves @ ?

sectionneme

\ ) Control valves

Emergency valves

Control Pressure Flow meters

Fig.4: CETIM’s safety valve test facilities in air

Control valve

e

The maximum that can be achieved Bownstream ppe
during the tests may not exceed 40 bar S rave
with 0.25% of precision. The maximum

flow that can be measured is 13 kg / s
with 1% operating precision.

The back pressure is generated by a Buffer Tank

system composed of a pipe connected to
the downstream of the safety valve
[Fig.5]; this pipe is closed by a control
valve which allows generating a variable

back pressure. Fig. 5: Sakty valve under test and ba

pressure generating system

4. CFD MODELLING OF SAFETY VALVE
4.1  Geometry and grid generation

The computational domain used to perform numesaallations is extracted from the real
geometry of a 1""1/2 relief valve. It consists dfi@zzle tip, a disc valve, and a chamber as the
figure [Fig.6] shows. All the geometric details have been takdéo account. Geometrical
simplifications are often assumed for the numesgalulations [5] [6] but when compressible
flows are simulated, the development of pressurees@an be involved by the geometry of
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relief valve. Moreover, no symmetric consideratitiasve been supposed as the compressible
air flow is considered.

Fig. 6: Grid view of the computational domain

Considering the real geometry, the unstructuredragmih has been used to generate the
computational mesh. The grid is composed of 15 800 elements (3 000 000 nodes);
tetrahedral elements and prismatic elements cto#igetwalls of the nozzle and the disc valve
in order to ensure that ys below 100. Accurate resolution near the bouptiayer is carried
out by using wall functions. Following the opening the valve, the nodes number is
maintained to be sufficient to describe the floumimen the disc and the nozzle. The inlet and
outlet conditions are distant aiming not to distutiie solution. The grid view of
computational domain is given figurgif.6).

4.2  Numerical approach and steady computation set up

The compressible air flow is simulated for differepening valve considering steady state
approach. Starting from experimental daftal.1], three positions of disc opening have been
chosen and corresponding mesh have been genertiiedlisc of the valve is fixed at these
positions and three computations are performed.

1400

P1 P2 P3
Time (s) t=13 t=158 t=28
Opening v
valve (mm) 1.86 4.55 6.5 :
Inlet Total

pressure (bar) 11.71 12.4 13.01 1

femperaure g9y 159 228  Flowrate(gs) Inlet Pressure (bar)
(°C) Opening valve (mn

Tab. 1: Specifications of three computations correspondintpe different valve openings:
data extracted from experimental investigations
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Three-dimensional Reynolds-Averaged Navier-Stokpgatons are solved by the CFD code
CFX-11. For the boundary conditions, total pressot#ained by experimental tests
corresponding to the valve opening is imposed far inlet condition; the corresponding
temperature is also imposedlj.1]. The outlet condition is given by a static prassu

The turbulence is simulated by the k-epsilon twhae model based on the concept of
turbulent viscosity with automatic near wall treatth The discretization in space is of

second order accuracy. The HR discretization schismged for time resolution. The residual

level reaches four order for all cases but obtginire convergence for intermediate position
is harder than the quasi-full opening. Indeed, tfos last case, the valve is stable and the
steady state approach is more relevant.

43 Numerical results

The flow rates and the force actin
on the disc valve are compute
from results of the numerica wor—T1— 1 T |\ 7 1
simulations. They are represente 1200 X
following the valve opening on the
figure [Fig.7]. The computational
flow rate is 15% lower than 600 |
experimental data for the full =, | . | | | | | |
opening. The gap grows up 209
when the opening valve is lower
Numerical investigations have 0 1 2 3 a 5 6 7 8
been performed in order to explai Operning valve (mm)

these gaps and they have been

shown that is due to different Fig. 7: Flow rate and force acting on the valve following
causes: the valve opening
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For the intermediate positions, the

moving disc can trigger off a

complex dynamic of the flow which is hardly prediste by simulating several steady state. It
is due to the moving of irreversibility areas whidn be disturbed by the elliptic behavior of
the pressure field.

Concerning the full opening position, the turbulenaracteristics of the flow entail important
load fluctuations which play a role in the movirfgotocking area. Preliminary tests have also
shown that the flow into the valve chamber can ingpbignificant back pressure.

The hydrodynamic force acting on the valve is vagylbetween two and three times the value
of elastic force due to the stiffness of the valevould be observed that force fluctuations
can exist in the valve chamber particularly for tbev opening. It seems so interesting to
perform unsteady simulations to understand the ¢exrffpw into the relief valve.

The figure Fig.8a] represents the dimensionless dynamic prefyravhich is acting on the
disc valve for the case P3. The disc valve is enldyy the dimensionless static presdeyge
These dimensionless variables are computed by :

- Ps B I:>Tinlet
P

Tinlet

Pad (5)
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1
Epuz - Pdinlet
P ==
dyn P

dinlet

(6)

wherePyq is varying between -1 and 0 whifgy, > -1.

On the figure [Fig.8a], the density gradient are plotted on the x-y @ad it can be observed
that chocked flows appear both in the nozzle artienateral area between the nozzle and the
disc. Moreover the pressure distribution on the @alve can not be represented by a simple
function.

Fig. 8: a/ Dynamic pressure acting on disc vab/alensity gradient on x-y plane; case P3

The same variables are plotted on the figW¥ay.p] considering the case where the gap
between the nozzle and the disc valve is the smédkese P1). The density gradient are
significantly different in this case because theaked flow appears only along the lateral
area to the disc valve. Aiming to perform 1D moidegllof safety valve, the pressure on the
inner disc can be supposed equal to the pressaerajer for the smaller opening of the disc
valve (cf. following section).

Pdyn Pressiy
(Plane 3) (clapet)
15.00 0

Fig. 9: Dynamic pressure and density gradient; case P1
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5. THERMODYNAMIC MODEL OF SAFETY VALVE WITH TEST CO NDITIONS

In compressible flow, the fast unsteady effectscaresidered not significant. Indeed, because
of compressibility of air and gas in general, timsteady effects are not taken into account.
Moreover, the pipe and the control valve downstréawolve a capacity to fill and then to
create a back pressure. When the equilibrium isreathed, it might cause chattering that
could be destructive for the safety valve.

To understand the dynamic behaviour during a té$t @ without back pressure, the whole
test facilities and the valve have been modelleshasvn in the figureHig.10].

) X
Viscouse
Kd L, D Kv2 .
?;‘ Spring damping
vi A Dry friction

Kvi Disc

V2
<

Fig.10: Simplified test rig and simple valve model

The law of conservation of mass and energy applidte entire system with considering the
air as a perfect gas allows to describe the variatif the pressure and temperature as here

under [7]:

L e B ey 7)
d Vv, v, dt
an, _, TP T dR
d  "V,R P dt
dP, r P, dT.
2= (qm_qs)Tz -2—=2

a0, T, dt
AT, Moy )Vl ) _y-1T. d0,
dt. P2°" Ty, vV, P, dt

The masse flow through the upstream control vadvgiven by the following equations [8]
Eq.(8):

gm=-T02 it P
yarT, B
1
2
qm=a—A(2AP(P1—EAPD it P2 5p (8)
rT, 2 P
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The coefficientr takes in account the flow coefficieikt as following :
KV
a=—Y 9
40°D,’ ®)
The disc of the safety valve is subjected on the loand to the pressure forces and on the
other hand to the force applied by the spring.

The lifting of the valve is governed by the followi equation:

2
m% +F +kx=F, (10)

The two terms most difficult to explain are thefion forces-r and pressure forcé%.

Regarding the pressure forces, as shown in se¢t®atarting from the numerical simulation
results, it is possible to consider two separasesdeard to simplify the calculations.

Case 1: flow through the "curtain area" Sonic blocking
When the lifting is less than a quarter of the ditan of _—
the nozzle, the chocked flow is located on a "¢ardéaea”

as shown in the figurd=[g.11].

The pressure on the inner disc is then equal to the
pressure generator (this means that any lossefen t
nozzle and the upstream pipe are neglected).

The pressure effort that occurs when the valvgpéna Fig.11: The critical pressure

ration occurs in the lateral
F-=RS-RS, (11) area between the nozzle and
the dis( - "curtain area'

Case 2: flow through the cross section of the rzz|
When the upstream pressure increases, the valehegsa
lift that is superior to one-fourth the diametertioé nozzle,
the minimum is not the "curtain area" but the crsesstion of
the nozzle itself.

The shocked flow is located as followirfgi§.12].

The force applied by the gas jet is taken into ant@s

indicated by the following equation:
y ged Fig.12: The critical

pressures ration occurs
both in the nozzle and in

o the lateral area between
Where the pressure P’2 is given by the nozzle and the d -

P = {ij[”j P, (13)

FP = PZSl - PbSo (12)
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Concerning the damping forces different types can distinguished [9] that can be
summarized as follows

Fr=F&+ B% +J(FE - F&)el (14)

WhereF¢ is the coulomb friction coefficienEs the striction or dynamic friction coefficient,
B viscous friction coefficient, and v the velocdf/the moving part of the valve.
The coefficien®d is given by the accelarion of the stem of the @as summarized hereunder

0 =+1if av 20
dt (15)

5:—1ifﬁ<0
dt

6. RESULTS AND DISCUSSION
6.1 Modelling of safety valve without back pressure

To confirm these assumptions, first calculatiorpésformed without back pressure and the
results are given in the following figurgip.13]:

experimental and computed valve opening

—— comp. opening

5 —m— exp. opening
F o [—T"" A

-

0 100
Time (s)

Fig.13: Variation ot the litt during a satety valve test

The results obtained starting from the implementextlel show good agreement with test
results. However, it was necessary to change theesaf the friction coefficient in order to
obtain comparable results. The figuFed.13] shows that the two levels on the exercise of the
reclosing are well represented.

6.2 Modelling of safety valve with back pressure

When the backpressure generated by the air fldugls enough a chattering phenomenon can
occur. The simulation shows that the values areyfawell calculated by the simple
implemented model as shown in the figureg[14]

It is noted that the chattering of the valve diesads to significant fluctuations of the pressure
downstream. These low frequency fluctuations preseslatively high amplitude.
As the stem of the valve is free during the expental testing the recorded displacement are
higher than the calculated ones.

The damping forces are not easy to take into adcdievertheless, it can be noticded.14]

that the phenomena of low vibration are well pragticduring the lifting and the reseating of
the disc.
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Fig.14: Comparison of experimental and calculated lift f62G2 valve

Time (s)

When the valve is fully opened, the valve remaipgn. This is due to the increasing of
leakage between the stem and the body of the wveltad grows up the viscous friction. This
phenomenon is obviously not taken into account withmodelling approach as shown in the
figure [Fig.15].
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Fig.15: Test and simulation of lift during a safety valest with backpressure for
1/2G3 and 2J3 type safety valves

Nevertheless it can be noticed that the chattdreguency and amplitude of the downstream
pressure are reasonably well calculated as shawkglire [Fig.16] hereunder.

Back pressure Back pressure

Pressure (Bar)

Time (s) Time (5)

Fig.16: Test and simulation of back pressure during atgafalve with backpressure for
1/2G3 and 2J3 type safety valves
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7. CONCLUSION

The tests confirm that the effect of pressure teated only with backpressure of about 10%
as specified in the literature.

For higher values of backpressure, the charadteyist the air flow are slightly affected. For
values of pressure even still greater, in the oodl@5% to 30% of set pressure, the chattering
and vibration occur and grow up when the valugsaakpressure become greater.

This theoretical and experimental studies, condliote the behaviour of unbalanced valves
with compressible fluid and built up backpressultovas us to draw the following
conclusions:

- The characteristics of a valve in the presenceagkpressure generated by the flow
are partially taken into account by the existingrthr The pipes with non neglectible
volume downstream safety valves can sometimesgocadbsations of the valve which
can damage its operation.

- The existing charts are not very precise. It igialis that they must be handled with
great caution. Indeed, it was noticed a large dsspe of results obtained with the
same type of valve. Furthermore, the limit valupsc#fied by the API standard are
verified; subject to confirm the initial resultsaor possession.

- The vibration behaviour of a valve with backpressurust be seriously evaluated
even when the conditions of low backpressure, thetufation of the downstream
pressure can produce piping vibration and the @esé@mn be destructed.

The CFD computations of the compressible flow pnegespectable agreement with the
experimental tests and allow to improve thermodyinanodel of the safety valve by locating
the blocking areas. The simple design method deeeldn this paper could can be used with
appropriate geometrical and flow characteristicthef safety valve; under conditions that the
connecting pipes are well designed and if the v\alwil not be affected by the backpressure.

Charts still have the merit to exist and contribisteéhe design of valves without performing
tests with backpressure, which can be quite headycamplicated to implement. However,
safety margins should be taken seriously, the moele¢loped here can generate interest.
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9. NOMENCLATURE

A (m2) Flow area of safety valve P (Pa) Pressure
a Flow coefficient of control valve Q J) Heaeansfer
b Pressure ration sq (kg.s") Safety valve flow rate
B Viscous damping coefficient md  (kg.s') Upstream valve Flow rate
Co Back pressure coefficient r (/kg.s) Constargas
D (m) Safety valve Disc diameter t (s) Time
d (m) Control valve diameter T (K Temperature
F (N) Forces \Y (M  Volume
L (m) Length of the downstream pipe y Specific heat ratio
Kd Flow coefficient of the valve m (kg) Mass beétmoving part
Ky (m¥bar) Flow coefficient of the control of the valve
valve draft tube length
Subscripts
1: upstream safety valve conditions
2: downstream safety valve conditions
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