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Emergency Shutdown Valves (ESDV) represent the front line mitigating measure in the event of the accidental
failure of long pipelines transporting pressurised hazardous fluids. In order to select the appropriate ESDV type
and its strategic positioning along such pipelines, the decompression flow behaviour during the emergency
isolation must be fully understood.

The present study employs a computational fluid dynamics (CFD) model for evaluating the efficacy of several
types of ESDVs, including Automatic Shut-off Valves (ASV), Remotely operated Control Valves (RCV) and
non-return Check Valves (CV), installed along a 250 mm i.d. buried supercritical ethylene pipeline at a
maximum operating pressure of 90 bar and temperatures between 5 °C and 30 °C, chosen as a case example.
Based on the comparison of the amount of inventory escaping prior to complete valve closure, the simulation
results show that installing CVs along the pipeline already equipped with ASVs offers no additional benefits,
while combining CVs with RCVs enables faster emergency isolation of the pipeline. Additionally, despite the
advantage of rapid closure, it is found that check valves can result in pressure surges as high as 32 bar above the
nominal pipeline operating pressure, posing the risk of secondary catastrophic failure of a pipeline. Best
practice recommendations for the selection of the appropriate ESDV type and spacing, whilst at the same time
ensuring the pipeline’s mechanical integrity, are discussed.

Introduction

To date, over 4.4 million km of pipelines have been constructed, representing the most economic and efficient means for
long-distance transportation of enormous quantities of hydrocarbons around the world (CIA 2017). In particular, driven by
continuous growth in the demand for ethylene as valuable chemical for manufacturing polymers, high-pressure ethylene
pipelines and pipeline networks are being developed in various countries (UKOPA 2009; EPPLP 2017; S&P Global 2012;
EPS 2013; QNRF 2014). Given the high flammability of ethylene, its pipeline transportation is considered as a major
accident hazard (Papadakis 1999), which require using emergency shut-down valves (ESDVs) as a primary measure for
rapid isolation of an accidently ruptured section of a pipeline (DOT 2012; UK Gov & HSE 1996). In the turn, choosing the
type and strategic positions of ESDVs, requires estimation of the release duration, as the key factor that determines the time
for mitigation of the hazardous consequences of pipeline failure (Oland et al. 2012; Woo 2016).

In order to predict accurately the emergency isolation for pipelines transporting compressible fluids, such as supercritical
ethylene, mathematical models have been developed accounting for transient pipeline decompression process and the
dynamic response of the isolation valves (Mahgerefteh et al. 1997; VVorozhtsov et al. 2008; Sulfredge 2006). In this respect,
the important valve-specific characteristics are their activation and response times.

In the case of high-pressure pipelines transporting gases and liquids, the following three main types of ESDVs are used
(Oland et al. 2012):

e  Automatic Shut-off Valves (ASV) close upon detection of a change in the flow pressure. The ASV activation time
is determined by the duration of the fluid decompression at the valve location down to a specified pressure
threshold.

e Remotely Controlled Valves (RCV) are equipped with an actuator closing the valve based on a signal from an
operator. The RCVs activation time is the sum of the time lapse for detection of the pressure drop at the valve
location and the time duration of the operator action.

e Check Valves (CV) are designed to prevent backflow from a downstream section of a pipeline in high-
consequence areas, such as water basins and population centres (Oland et al. 2012; DNV 2010). The CV activation
happens at the moment of the flow reversal at the valve location.

In comparison with ASVs and RCVs, CVs offer faster cut-off of a backflow upstream of the ruptured section of pipeline
(Mahgerefteh et al. 1997). However, selecting CVs requires considering pressure surges (Ord 2006; Goodwin International
Ltd 2014), which can develop upon the valve closure as a result of conversion of the flow Kinetic energy into pressure,
causing noise and vibrations, and potentially damaging the valve and the pipeline (Koetzier 1986).

In engineering approaches, to estimate the magnitude of pressure surges in pipelines, the Joukowsky equation is commonly
used (Muhlbauer 2004). This equation becomes particularly useful in applications where the pipeline flow is steady-state,
and its velocity is known prior to valve activation. However, in case of emergency isolation of a ruptured section of a
pipeline, the flow velocity at the time of valve closure is not known a priori. In this case, computational fluid dynamics
models can be applied to simulate accurately all features of the flow, including the flow velocity and the pressure surge
waves emerging upon the valve activation (Mahgerefteh et al. 1997; Mahgerefteh et al. 2000).

In our previous work a mathematical model predicting the transient flow and the dynamic response of CVs and ball-type
ASVs installed in pressurised pipelines was developed (Mahgerefteh et al. 1997; Mahgerefteh et al. 2000) and recently
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validated against experiments involved in emergency isolation of COz pipelines (Mahgerefteh et al. 2016). These studies
showed that the magnitude of pressure surges depend on the CV closure delay time, compressibility and density of the fluid,
as well as relative distance between the rupture plane and the valve. Also, it was found that incorporating in the model a real-
gas equation of state, accounting for partial condensation of the gas, resulted in weaker pressure surges compared with
predictions based on the ideal gas equation of state (Mahgerefteh et al. 2000).

The above studies confirm that the fluid thermodynamic properties may have profound impact on the dynamics of the flow
during the pipeline emergency isolation. This particularly applies to high-pressure pipelines transporting ethylene, which
properties and decompression scenario can vary significantly with the initial pressure and temperature and the corresponding
thermodynamic state. At the moment, however, no studies have examined the impact of transportation conditions on
pressure surges in ethylene pipelines.

Also, given that CVs are designed to prevent the backflow, they cannot be considered as the only resort for emergency
isolation in long multi-segment pipelines, but should be setup in combination with ASVs or RCVs. This calls for
characterisation of efficacy of CVs as auxiliary type of ESDVs in long pipelines.

The present paper is organised as follows. Methodology section describes the models applied to simulate the transient flow
in the pipeline, the physical properties of the fluid and the valves dynamics for ASV, RCV and CV valves. Results and
Discussion sections covers main findings of the computational studies, including the investigation of pressure surges induced
by closure of CVs, and also comparison of efficacy of CVs, RCVs and ASVs for the emergency isolation of high-pressure
ethylene pipelines. The last section summarises conclusions for the study.

Methodology
Pipeline decompression model

In the present study, modelling of the dynamic response of valves to accidental failure in a pipeline is performed for a worst-
case scenario involving Full-Bore Rupture (FBR) of a pipeline. In this case, the transient flow in a pipeline can be described
using a homogeneous equilibrium mixture model, based on the set of one-dimensional conservation equations of mass,
momentum and energy (Mahgerefteh et al. 1997):
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where p, u, E and p are respectively the fluid density, velocity, total specific energy and pressure, x and t are the spatial
coordinate and time, D is the pipeline internal diameter and f,, is the Fanning friction factor, which in the present study is
calculated using Chen’s correlation (Chen 1979).

To enable numerical solution of the above equations, boundary conditions are specified at the upstream and downstream
ends of the pipeline. In particular, at the upstream end of the pipe the feed stream boundary condition is applied to simulate
the presence of a pump/compressor. At the downstream end of the pipe a zero-gradient boundary condition is applied to
simulate the pipeline connection to next segment.

Fluid properties

In order to close the set of equations (1)-(3), correlations for evaluation of fluid density, p, and specific energy, e = E —
u?/2, of the homogeneous equilibrium fluid are needed. In the present work, these properties are calculated for ethylene
using the Peng-Robinson equation of state (PR EoS) (Peng & Robinson 1976), with the three parameters including the
critical temperature and pressure of 282.35 K and 5.0418 MPa and the acentric factor w= 0. 087 (Reid et al. 2001).

Valve closure models

In the following, the effect of valve closure on the flow in the pipeline is described accounting for the type and closure
characteristics of the isolation valve.

Automatic Shut-off and Remote Control Valves

For Automatic Shut-off Valves (ASV) and Remote Control Valves (RCV) , valve closure occurs during the time frame
between the valve activation time, t, and its complete closure time, t.. In the case of ASV, t, corresponds to the time when
the fluid pressure drops below a set valve activation pressure threshold. Hence t, depends on the fluid decompression wave
velocity and the distance between the pipe failure location and the valve. For RCVs on the other hand, t, is defined as the
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time for the valve activation by the operator following pipe failure. The valve closure time, t., can be simply expressed in
terms of t, and the valve linear closure rate, z,:

te=t,+D/z, 4

During the ASV and RCV closure, their impact on the flow is modelled by introducing an additional pressure drop, Ap,, at
the valve location (Mahgerefteh et al. 1997):

= Lo
Apv - C,f 2 (5)
where the C,, is the valve discharge coefficient. In the case of a ball valve, C,, may be expressed as a function of the valve
opening area, A, (Wylie & Streeter 1993):

G =Shoa (2) (©)

where A, is the nominal cross-sectional area of the pipe and a; are fitting constants (a, = -0.00111888; a,= 0.001104507;
a, =8.13:10°5% a; =-1.7310°5; a, = 1.81 -10°9).

In equation (6), the valve opening area A,, may be evaluated at any time, t, during its closure using the following expression
(Mahgerefteh et al. 1997):

A, = 22 cos7 () 2t D7 (t— )" 0

In the present study, the closure rate for both ASVs and RCVs is assumed to be 2.54 cm/s, while the activation pressure
threshold, Ap,, for ASVs is set at 10 bar below the nominal operating pressure.

Check Valves

Check Valve (CV) closure time is characterised by the valve closure delay time, t,; spanning the period between the valve
activation time, t, upon the flow reversal, and its complete closure time , t.. In the present study, the CV is assumed not to
present any obstruction to the escaping fluid until its complete closure. Its subsequent impact on the flow is modelled by
introducing a closed end boundary condition at the valve location.

Numerical solution

The numerical solution of the conservation equations (1) — (3), including the relevant closure correlations for the fluid
physical properties, and valve boundary conditions, is obtained using the Method of Characteristics (Mahgerefteh et al.
1997; Mahgerefteh et al. 2016). To ensure convergence and stability, the pipeline is discretised uniformly into a large
number of cells (10 m wide each), while the time integration step is chosen based on the Courant-Friedrich-Lewy criterion
(Mahgerefteh et al. 2016).

Results and discussion

This section presents the results of simulation studies of the transient fluid flow behaviour upon the FBR of ethylene
pipelines incorporating various types of emergency isolation valves.

The study is performed for a pipeline of 250 mm i.d. with wall thickness of 12 mm, representative of a typical ethylene
onshore pipeline (Saville et al. 2004; EPS 2013; Ryder 1997). The pipe wall roughness is assumed to be 0.05 mm. The
pipeline operating pressure and temperature prior to rupture are specified within the ranges relevant to operation of High-
Pressure Ethylene Pipelines (HPEP) and Low-Pressure Ethylene Pipelines (LPEP) in various climates. Figure 1 shows the
ethylene pressure-temperature phase diagram indicating the HPEP and LPEP operation envelopes (Saville et al. 2004). The
nominal transportation velocity of the ethylene stream is assumed to be 1 m/s, typical for existing ethylene pipelines (IMPEL
2009; EPS 2013).
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Figure 1. Pressure vs temperature phase diagram for ethylene with the HPEP and LPEP operation ranges.

In order to investigate emergency isolation efficacy of a pipeline incorporating the various types of ESDVs, the valve
spacing is varied between 1 and 5 km, corresponding to those recommended for high consequence areas (DOT 2010).

Pressure surges

This part of the study is aimed at simulating the pressure surges induced in ethylene pipelines following the rapid closure of
CVs in response to FBR failure.

Figure 2 shows schematically a section of a pipeline with FBR located at a distance x from the CV. In this study x is set to
300 m, while the distance L between the CV and pipe end is taken as 5 km, i.e. sufficiently long to ensure no interference of
the decompression flow with the boundary conditions at the upstream and downstream ends of the pipe section.

Flow FBR CcV
—
Q N
L—x § X I | L

Figure 2. Section of a pipeline with a FBR upstream a check valve (CV).

Figure 3 shows an example of pressure history variation at the upstream side of CV (i.e. on the un-ruptured side of the pipe)
for different valve closure times of 0.23,1.43,9.43 and 19.43 s. In all the cases the valve closure is accompanied by a
compression shock, which strength decreases with the increase in the valve closure delay time. This can be explained by the
decrease in the static pressure level at the valve as a result of the fluid decompression. While at closure delays of 0.23 s and
1.43 s the fluid pressure stays nearly unchanged after the passage of the shock, for the closure times longer than 9.43 s the
pressure upstream of the valve gradually increases after passage of the shock during the pressure equilibration in the pipeline
segment on the right of the valve (Figure 2).
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Figure 3. Pressure variation with time on the upstream side of CV activated following FBR of a pipeline transporting
ethylene at 90 bar and 5 °C, as predicted for several different valve closure delay times, At,.
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Figures 4 (a) and (b) show the effect of the CV closure delay time on the pressure surge for pipelines operating at 30 — 90
bar pressures and temperatures of 5 and 30 °C, respectively. As the valve closure time increases, the pressure surge
increases, with higher magnitude surges obtained at higher operating pressures. Remarkably, in the case where ethylene is
transported in liquid phase at 90 bar and 5 °C (Figure 4, a), the surge pressure shows a large peak at the valve closure delay
time of ca 2 s, while in all other cases studied, i.e. where the fluid is transported either in supercritical/liquid states at 60 and
90 bar or in vapour phase at 30 and 45 bar (see Figure 1), the surge pressure is relatively insensitive to the valve closure
time, if it is greater than ca 4 s. Also, comparison of Figures 4 (a) and (b) shows that when transporting ethylene in vapour
phase at 30 and 45 bar pressures, the fluid temperature has almost negligible effect on the surge pressure.
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Figure 4. Variation of the surge pressure with the closure delay time, as predicted at the upstream side of a CV for 250 mm
internal diameter pipeline transporting ethylene at various initial pressures and initial temperatures of 5 °C (a) and 30 °C (b).

In Figure 5, the effect of transportation temperature on the magnitude of the pressure surge is investigated at pipeline
pressures of 90, 60 and 45 bar for a CV with the closure delay time At; = 2 s. The results shown can be interpreted with the
help of the Joukowsky equation for estimation of pressure surges for pipes carrying incompressible liquids (Muhlbauer
2004):

Ap = puc, (8)

where p and ¢, are respectively the fluid density and speed of sound, and u is the flow velocity downstream the shock,
corresponding to the fluid velocity prior to the valve closure.
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Figure 5. The effect of the ethylene pipeline temperature and pressure on the surge pressure on the upstream side of a CV
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As follows from equation (8), the fluid density and speed of sound are the fluid properties affecting the surge pressure. In
Figure 6 the product pc; is plotted as a function of temperature at pressures corresponding to Figure 5. Comparison of the
data in Figures 5 and 6 shows that the pressures surge variations in Figure 5 has very similar trends to variation of pc, in
Figure 6, explaining the observed in Figure 5 decrease in pressure surge magnitude with pressure at 90 bar and the increase
in the surge pressure with pressure at low temperatures below ca 20 °C.
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Figure 6. Variation of pcg with temperature at 45, 60 and 90 bar pressures for ethylene, as predicted using the Peng-
Robinson EoS.

The pressure surges can create a thrust force acting on segments of the pipeline, potentially leading to deformations and
vibrations in the pipeline. In order to prevent this, the pipeline support/anchoring blocks are commonly designed based on
estimate of thrust load, F, caused by the surge pressure passing across the pipe bends (Antaki et al. 2005; Ord 2006):

F=Ap-DLF - A,, 9)
where Ap is the pressure surge magnitude and DLF is the dynamic magnification factor, which is set to 2 at a maximum.

Using this equation, the thrust load created by 5 to 32 bar pressure surges in a 250 mm internal diameter pipeline (Figure 4)
can be estimated to be in the range between ca 5 to 32 tonne. These forces are relatively large in comparison with the
pipeline weight (ca 7 tonne for 100 m long section of 12 mm wall thickness 250 mm i.d. steel pipeline), indicating that surge
protection measures should be carefully considered when using CVs in high-pressure ethylene pipelines.

Valve efficacy in minimising outflow following pipeline failure

In this section, the efficacy of emergency isolation using ASVs and RCVs is assessed by determining the amount of
inventory escaping prior to complete isolation following FBR failure of a hypothetical high-pressure ethylene pipeline. The
calculation of the amount of the released inventory is important, as such data serves as the source term for determining the
consequences of pipeline failure, including fire, explosion or toxic release, ultimately dictating the minimum safe distances
to populated areas and emergency response planning.

Figure 7 shows schematically a pipeline section with two ESDVs spaced at a distance L, and the FBR located at a distance x
downstream the first valve (ESDV-1). Aiming to investigate the impact of FBR position on the pipeline emergency isolation,
x is varied between 0 and L.

Flow ESDV-1 FBR ESDV-2

L DM[‘ T] L

Figure 7. Position of two ESDVs and FBR along a pipeline.
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Table 1. Types and characteristics of ESDVs setup on the pipeline (Figure 7).

ESDV-1 ESDV-2
Case No. o o
Valve type Valve characteristics Valve type Valve characteristics
1 ASV Z, = 2.54 cm/s, Ap, = 10 bar ASV Z, = 2.54 cm/s, Ap, = 10 bar
2 ASV Z, = 2.54 cm/s, Ap, = 10 bar Ccv Aty =25
3 RCV Z, =254 cmls, t,=240s RCV Z, =254 cmls, t, =240s
4 RCV z, =254 cmls, t, =240s cv At; =25

To investigate the potential advantage of using CVs for emergency isolation in pipelines equipped with either ASV or RCV
valves, four cases are simulated as listed in Table 1. In cases 1 and 3, ESDV-1 and ESDV-2 are of the same type, while in
cases 2 and 4, CV is used as the downstream valve (ESDV-2).

The inventory mass loss, M, from a ruptured pipeline is given by:
te . L
Mloss = fO mFBRdt + Ao fO p(x' tc)dx (10)

where the first term on the right hand side represents the cumulative mass released from the pipeline prior to complete valve
closure. This is evaluated as an integral of the discharge flow rate, mpgg, predicted from the flow model. The second term
on the right-hand side corresponds to the amount of inventory remaining in the isolated section of the pipe at the moment of
complete closure of both valves.

The inventory loss calculated using equation (9) can be compared with the mass of fluid present in the pipeline isolated
section prior to the rupture:

My=py- Ap-L (11)
where p, is the fluid density at the pipeline transportation pressure and temperature.

Figure 8 shows the inventory losses predicted for cases 1 and 2 from Table 1 for the valve spacing distances, L of 1 and 5
km. As can be observed in Figure 8 (a) and (b), the inventory losses predicted for the case 1 (i.e. when using solely ASV
valves) are nearly the same for ruptures located close to either of the valves and attain minima at ca x/L =0.5. This can be
explained by the fact that initial velocity of the flow in the pipe (1 m/s) is relatively small compared with the speed of the
expansion wave propagating in the pipe. As such, the time of activation of the valve, and the resulting inventory losses are
mainly affected by the distance between the valve and the rupture plane, but not the initial direction of the flow.

23 97
—e—Case 1 [ASV & ASV] —e—Case 1 [ASV & ASV]
—C- Case 2 [ASV & CSV] -C- Case 2 [ASV & CSV]
— - Mo (Eq. 11) 05 — - Mo (Eq. 11)
21
o 7
= =
=} =
s e —— o3
£ O == _ 2
= T T e-e B o S . o =
19
91
17 89
0 02 04 06 0.8 1 0 0.2 04 06 08 1
x/L x/L
(@ (b)

Figure 8. Variation of the inventory losses a function of FBR position between ESDVs (Figure 7) in Cases 1 and 2 from
Table 1, for the valve spacing L of 1 km (a) and 5 km (b). The fluid in the pipeline is initially at 5 °C and 90 bar.

Figure 8 also shows that in contrast with the trend predicted for the case 1, M,z predicted in the case 2 (i.e., when using
CV as the downstream isolation valve) progressively decrease with x/L. This can be explained by the fact that compared to
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ASV, the CV enables faster isolation of the ruptured pipe segment when positioned closer to the rupture plane. However, the
relative difference between the inventory losses between the cases 1 and 2 is less than 5%, meaning that CVs (setup in
conjunction with ASVs), when compared with ASVs, offer no significant reduction in limiting the amount and the associated
duration of the accidental release. In other words, apart from the safety factor, the additional factors of cost and reliability of
emergency isolation system should be carefully considered when adding CVs to the pipelines equipped with ASVs.

Remarkably, M, data plotted in Figure 8, agree closely (within ca 10%) with the initial inventory M,. The latter, as
follows from equation (11), scales with the valve spacing distance, L. This indicates that ASVs with the closing rate of 2.54
cm/s (Table 1) enable relatively fast isolation of the pipeline segment.

Figure 9 shows the inventory losses, My, predicted for the cases 3 (using RCVs) and the case 4 (using RCVs combined
with CVs) for the emergency isolation (Table 1), for the 1 km and 5 km long valve spacing distance, L. In contrast with
observations in Figure 8 where M,,;s was found to scale with the valve spacing, in Figure 9, M;, s do not vary significantly
with L. This can be explained by the relatively high rates of release, resulting in large amounts of fluid escaping from the
pipeline by the time of the RCV activation at t, = 240 s. Remarkably, due to the RCV finite response time, My, can still be
significant even in the limit L — 0.

170

150

130 S T

90

M, (tonne)
5]

- =

Tt A~

70 -_-__—-—[ﬁ

—4—Case 3[RCV &RCV]; L=1km =/~ Case4[RCV &CV], L=1km
—e—Case 3[RCV &RCV]; L=5km =0C Case4[RCV &CV]; L=5km
I I I I I I I I

50 ;
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

x/L

Figure 9. Variation of the inventory losses a function of position of FBR between the ESDVs (Figure 7) when using RCVs
and RCV combined with CV (Table 1) for the valve spacing L of 1 km and 5 km. The fluid in the pipeline is initially at 5 °C
and 90 bar.

Similar to what was discussed for the case 1 in Figure 8, the inventory loss curve obtained for the case 3 in Figure 9 is nearly
symmetrical around x /L =0.5. Figure 9 also shows that combining RCV and CV (case 4, represented by dashed lines) offers
significant reduction in the inventory losses as compared to emergency isolation based solely on RCVs (case 3, solid lines).
This trend can be explained by significant delay in activation of RCVs as compared with CVs.

The above effect becomes more pronounced for shorter valve spacing distances L, as can be seen from comparison of the
difference between the mass losses in the cases 3 and 4 predicted for L =1 and 5 km at x/L = 0.1 (i.e. when the rupture is
located close to the RCV). Indeed, at x — 0 the mass losses from an isolated pipe section depend solely on the CV activation
time that scales with the valve spacing distance, explaining the observed effect.

As such, the present study indicates that in pipelines with relatively short valves spacing, CVs setup in conjunction with
RCVs or replacing RCVs at the downstream locations, can help to significantly reduce the amount of inventory escaping
prior to complete pipeline isolation, and hence reduce the emergency isolation time for a ruptured section of the pipeline.

Conclusions

In this study, an established CFD model was employed to analyse the transient flow behaviour during emergency isolation
following the full bore rupture of high-pressure pipelines transporting hazardous fluids. The objective was to use the data to
enable the appropriate choice of ESDVs and spacing for effective mitigation of the accidental release. The study focused on
ethylene transportation pipelines, given their extensive and growing use in the polymer manufacturing industry.

To analyse pressure surges accompanying closure of emergency check valves, a study was performed for wide range of
ethylene pipeline operating pressures and temperatures. It was found that the pressure surge magnitude generally decreased
with the operating pressure and temperature, varying non-linearly with the valve closure delay time. For ethylene pipelines
operating at 90 bar pressure, the maximum amplitude of pressure surges is found to be ca 32 bar. This can lead to large
thrust or bending forces acting on the pipeline segments, potentially damaging the pipeline. The CFD model applied in the
present study enables accurate estimation of the pressure surges, as the key information for designing the pipeline anchoring
and support structures.
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In order to assess efficacy of emergency isolation valves, the amount of inventory released from an accidental rupture in a
section between two ESDVs setup along a hypothetic pipeline was simulated. The results showed that addition of CVs to
high-pressure ethylene pipelines equipped with ASVs does not affect significantly the duration of release. On the other hand,
installing additional CVs in high-pressure ethylene pipelines equipped with RCVs, can significantly reduce the duration of
release, hence assisting faster accident consequence mitigation. In practical cases, the benefits of using CVs should be traded
against the safety, costs and reliability of operation of the emergency isolation scheme.

The present study also indicated that due to finite response time of RCVs, the duration of accidental release cannot be
reduced below a threshold by using shorter valve spacing. This conclusion is practically important when deciding the
maximum number of RCVs for emergency isolation of high-pressure pipelines.

The results of the present study lay the foundation for the future work on optimisation of ESDVs in long multi-segment
pipelines transporting hazardous fluids.
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Nomenclature

A, — pipe cross-sectional area, m?,
A, — valve opening area, m?;

¢ — speed of sound, m/s;

C,, — valve discharge coefficient;
D — pipeline diameter, m;

e — specific energy, J/kg;

E — total specific energy, J/kg;
fw — the Fanning friction factor;
L — valve spacing distance, m
M,,ss — inventory mass loss, kg;
p — pressure, Pa;

t —time, s;

t, — valve activation time, s;

t. — valve closure time, s;

t4 — valve closure delay time, s;
u — velocity, m/s;

x — spatial coordinate, m;

z,, — valve linear closure rate, m/s.

Greek symbols:
Ap — pressure surge magnitude, Pa;
Ap, — valve activation pressure threshold, Pa;

p — density, kg/ m3.
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