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Abstract
Purpose — This study aims to develop a new design for the fluid-safety valve to make it more
environmentally friendly.

Design/methodology/approach — Computational fluid dynamics is carried out to analyse the behaviour
of flow in both traditional and new safety valves.

Findings — The possibility of failure in the new design under the maximum allowable working pressure is
analysed using finite element analysis.

Originality/value — Investigating a new low-fluid pressure safety valve design.
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1. Introduction

Safety is the number one priority in most industries, and more so in process plants, as minor
mistakes can lead to catastrophic explosions, which can cause fatalities and loss of valuable
resources such as oil and gas (Srivastava and Gupta, 2010; Baladeh et al, 2019). One of these
precautions is the installation of safety relief valves where the maximum allowable working
pressure is likely to be exceeded (Hellemans, 2011; Mitchell et al., 2013). According to the
British Standards Institution (BS EN ISO 4126-1:2004), a safety valve is described as a
device that opens when the fluid pressure inside the vessel becomes greater than a
predetermined set pressure and closes when a volume of excess pressure is released, so that



the valve disc returns on the seat (Kale, 2014). There are several types of pressure relief
valves such as weight loaded, spring loaded, pilot operated and metal rupture disc safety
valves (BS EN ISO 4126-1, 2004; Bukowski et al., 2014).

Bursting (or rupture discs) is another type of safety valve, which is torn in the event of an
overpressure situation to relieve the excess pressure. It is a non-reclosing valve and can be
used when the fluid is not toxic and not considered valuable (Wang et al., 2012).

Pilot operated safety valves are used in more complex systems and consists of two main
parts, namely, the pilot and the piston. The pilot itself is a spring loaded safety valve of
smaller dimensions. Therefore, it cannot release the excess pressure but it is used to trigger
the pressure relief process via the piston. Fluid is in direct contact with the bottom surface of
the piston, which has a smaller area. Moreover, the pilot is in contact with both the bottom
and top sides of the piston via a pipe. As the area of the top of the piston is larger than the
bottom, it is exposed to more fluid, so the valve will remain closed. However, when the fluid
reaches a set pressure, the pilot that is a direct acting safety valve starts to relieve the
excessive pressure and this causes a lower force on the larger area of the piston and opens
the valve (Chung et al., 2000; Hos et al., 2014).

Direct acting safety valves such as weight and spring loaded safety valves operate only
by the force caused by fluid pressure. Before they open, the fluid pressure is opposed by the
weight or spring pressure on the disc and when this pressure becomes greater, the gate will
open. Also, the displacement of the disc depends on the amount of fluid pressure but when
the build-up pressure is released, this force will cause the disc to close and prevent the fluid
to escape (Ye and Chen, 2009; Dasgupta and Karmakar, 2002).

Weight loaded safety valves usually use lead as their weight material. Lead is classified
amongst the highly toxic materials. There are also fairly limited resources of lead left in the
world, which compels engineers to explore replacement materials. However, the problem is
not as simple as it may sound. Lead is among the densest metals by having a density of
11,000 (kg/m°). Having a relatively low price makes it a unique choice for engineers to select
lead as preferred material in weight based mechanisms.

This research is considered a weight loaded safety relief valve manufactured by
Elmac Technologies (2011), which uses lead as its weight material. However, due to the
problems with lead, it has to be replaced with other materials, which make it a tougher
challenge for the designers, as any other material within the same price range has a
relatively lower density that would increase the weight dimensions to have the same
weight effect.

2. Definition and design of problem
2.1 The original design
The product considered here is a “pressure relief valve to atmosphere”, which has a maximum
set pressure of 80 mbar and can be adjusted to work with lower set pressures by using smaller
weights (Elmac technologies, 2011). This product is used on the top of a natural gas vessel and
is attached to the vessel using a flange connection at the bottom of the safety valve. This type
of safety valve has a flame arrester installed on top of the valve body, which is protected by a
hood that covers the weight from above. Flame arresters play an important role in safety
regulations. Their function is to prevent fire entering into the vessel in case the relieved gas
explodes. The hood also works as a filter, which prevents dust particles to enter the valve, as
well as protects the safety valve from direct sunlight and extreme weather.

On the valve body, a pallet with a lead weight on top of it is adjusted to close the valve.
An O-ring is used between the valve body and the pallet to prevent leakage of fluid and seal
it. Therefore, when the pressure of the bulk storage tank is below the set pressure, the total



weight of the pallet and the lead weight will push the O-ring into its place to seal the valve
completely.

In Figure 1 three rods can be seen. These three rod are pressure guide rods that control
the movement of the pallet by making it move along the Y-axis. One of these pressure guide
rods keeps the hood in place and the other one holds the flame arrester on top of the pallet.

Figure 1 shows a close view of the safety valve gate in which the pallet is seated on the
valve seat. When the valve is closed, the contact surface of the fluid with the pallet is smaller
than when the valve is open.

2.1.1 Material selection. According to the Elmac Technologies website, different materials
can be selected for each part, regarding the type of working environment and its working
fluid (Table I) (Elmac technologies, 2011).
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Figure 1. The original design

Table I. List of materials in the original design

Part Description Material

1 Valve body Aluminium, castiron, carbon steel and stainless steel
2 Hood Aluminium, carbon steel and stainless steel

3 Weight Lead and stainless steel

4 Pallet Aluminium and stainless steel

5 Pressure guidepost Stainless steel

6 O-ring PTFE, Viton and nitrile rubber

7 Middle rod Stainless steel

Note: PTFE = Polytetrafluoroethylene



2.2 New design

It is noticeable that the design of weight loaded pressure relief valve is quite simple and
changes in this design will most likely make it more complicated. The methods other than
weights, such as using magnet based safety valves and duck valves such as the valves used
in footballs. These types of safety valves change the force applied on the fluid as function of
the valve opening distance. This is because of the fact that magnetic and elastic forces are
influenced by the distances over which they act. This effect could cause premature closure of
the safety valve. Weight, on the other hand, is only related to mass and gravity, which is
almost constant everywhere on earth. It is, therefore, preferable that the new design uses the
same concept as weight loaded pressure relief valves. We, therefore, propose a new design
on two separate pressure relieving pallets with different sizes and a locking mechanism,
which is triggered when overpressure occurs.

2.2.1 Small pallet. The small pallet (Figure 2) serves as an indicator, which moves when
the pressure of the tank exceeds a predetermined value. The contact surface of the fluid with
the pallet is 3,890 mm? in the old design when the valve is closed. However, this area is
reduced to 7853 mm? in the newly proposed design, which is 50 times smaller than the
original design. This change in area means that the force required to open the valve only has
to be 50 times smaller than before. The weight placed on top of the pallet is designed to keep
the valve closed until the pressure in the tank exceeds 1.08 atmospheres. The weight on top
of the fluid is 3.21 kg in the original design. However, in the new design, it becomes as low as
64 g, which is 50 times less than originally.

A rod is also attached to the pallet, which is surrounded by an extension from the hood.
This constrains the pallet to move vertically and not to deviate from its path. There is also
an extension attached to the pallet, which is examined in the triggering section.

2.2.2 Large pallet. This component (Figure 3) is designed to increase the relief flow of the
safety valve. There is no weight located on top of the large pallet, as it is locked in place until
it becomes unlocked. The large pallet is designed to use the maximum possible area of the
valve gate. It is designed to have 3,000 mm? of contact surface with the fluid when the valve
is closed. This value is quite close to the corresponding area for the old design, which is
3,890 mm?,

A rod is attached to this pallet similar to that for the small pallet. There is also an
extension attached on top of the large pallet, which contains a spring and a bullet attached to
the spring.

2.2.3 Locking mechanism. The locking mechanism performs the duty of holding the
large pallet in place while fluid pressure is applying force to the bottom of the large pallet.

Figure 2. Small pallet



The maximum force that the locking mechanism has to withstand is 22.6 N. This force is
equivalent to the force applied to the large pallet by the fluid (which is 24.318 N) after
subtracting the weight of the pallet and its extensions (which is 1.71 N).

Figure 4 illustrates the locking mechanism with all of its associated components. As it
can be seen in the figure, there is an extension integrated into the top of the large pallet,
which houses a spring and the bullet.

2.2.4 Triggering mechanism. The triggering mechanism is designed to unlock the
locking mechanism to allow the large pallet to move upwards and relieve the
overpressure. As explained in Section 2.2.1, the small pallet would move upwards as soon as
the pressure goes beyond 1.08 atmospheres. As it can be seen in Figure 5, there is an
extension on the right side of the small pallet, which serves to trigger the locking
mechanism. The red circle illustrates the part where the extension from the small pallet
touches the bullet.

Upward motion of the small pallet forces the extension to push the bullet inside the
locking column while the small pallet passes by the bullet. This exposes the spherical part of
the bullet to the inclined hole from the locking column. In this state, the upward force of the
fluid overcomes the frictional force of the bullet generated by the spring pushing the bullet,
hence, causing the large pallet to move upward to relief the overpressure.

2.2.5 Gasket. There are two gaskets used in this design. One is for the small pallet and
the other is for the large pallet. These gaskets are made of rubber and are dimensioned to
cause a 1-b per cent interference. They are used to seal the perimeters around both pallets.
The gaskets are always under normal force from both pallets, as they slightly extend
vertically beyond the seats. Both pallets are deformed by fractions of a millimetre at

Figure 3. Bigger pallet

Locking Column Large pallet

Figure 4. The locking mechanism



maximum fluid pressure. Fluid leakage is prevented by positioning the two gaskets
properly.

2.2.6 Hood. The hood (Figure 6) is designed according to the same principles as for the
original design. The only difference is that instead of one extension, there are two extensions
to keep both stems from the pallets in place and constrain the stem movement to vertical
motion. As previously discussed it also prevents intrusion of dust particles and to protects
the valve from direct sunlight.

2.2.7 Design overview. Figure 7 illustrates the details of the final design of the safety
valve. All the components are marked on the figure for further information.

3. Analysis

3.1 Material selection

Selecting a proper material has a significant effect on the design (Hoseinzadeh and
Azadi, 2017; Sohani et al., 2019; Sohani et al., 2016; Yousef Nezhad and Hoseinzadeh,
2017; Hoseinzadeh, 2019; Hoseinzadeh et al., 2019b). Regarding the usage of each part in
the design, different materials based on their properties can be selected. Iron-based
materials are lower in density compared to lead but are abundant. As high density and
low cost are important in choosing a suitable material for the weight in the new design,

Bullet
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Figure 5. Triggering mechanism

Figure 6. The hood
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Figure 7. The overview of the new design

the best option is cast iron. In this case, creating the required weight is the main
objective; and because of the simple geometry of the weight the machinability does not
play an important role.

Other parts in the design have to tolerate exposure to high stresses, especially when the
fluid pressure is reaching the pressure limit (Yari et al., 2014; Chamkha, 1994). To overcome
this and prevent plastic deformation, the yield strength is an important mechanical property
that has to be taken into account. Also, the corrosion resistance and resistance to acids
should be as high as possible to prevent friction between moving parts. Considering these
requirements, CES EduPack 2011 was used to identify AISI 440 stainless steel as the most
appropriate choice at the lowest price available.

3.2 Finite element analysis

A finite element analysis (FEA) was subsequently conducted for the three-dimensional
model shown in Figure 8, using the Solidworks 2011 software (Figure 8). The effect of the
maximum force that could be applied by the fluid was to be studied to determine
the capability of this design to tolerate this force. The system is considered just before
the locking mechanism is triggered. Thus, everything is in its initial state.

With the material selected as discussed above, and considering the degrees of freedom of
each part, boundary conditions were set as follows:

* The base part is fixed from its right side, assuming that this side can be considered
as one with the valve body, so that it cannot move.

* Movement of both discs are restricted to upward motion.

¢ The relation between the bullet and the column is defined with a pin connection
with translation and no rotation inside the column.

¢ Anexternal pressure of 8106 Pa is applied to the bottom surfaces of the pallets.



3.3 Computational fluid dynamics analysis

In this investigation the ANSYS CFX software was used to study the behaviour of fluid flow
through the safety valve because the software is capable of using a dynamic mesh to
simulate flows that move through the moving parts (Hoseinzadeh et al., 2019a; Hoseinzadeh
et al., 2017; Sudarsana Reddy and Chamkha, 2017; Mansour ef al., 2014; Erfan Khodabandeh
et al.,, 2019; Selimefendigil and Chamkha, 2019; Goodarzi et al., 2019; Goodarzi et al., 2014).
The calculations are based on the second-order backward Euler scheme for the transient
flow (Wakif et al., 2016; Wakif et al, 2017; Wakif et al., 2018b; Wakif et al, 2018a; Wakif
et al., 2018c; Wakif, 2019; Hoseinzadeh et al., 2019a; Hoseinzadeh et al., 2019¢; Hoseinzadeh
et al., 2019d).

A two-dimensional geometry of the current design with true dimensions was drawn
and meshed in ANSYS Workbench environment. The ANSYS CFX software consists of
three parts: CFX-pre, CFX-solver and CFX-post. The geometry was imported into
CFX-pre.

To enhance the results, the quality and quantity of the mesh were also studied. In
this analysis, a quadratic mesh was selected because of its higher accuracy compared
to a triangular mesh (Yari ef al., 2015; Kohzadi et al., 2018). Figure 9(a) shows a row of
stretched mesh between the pallet and the valve seat. To prevent this problem, the
distance between these parts was filled with more than five rows of mesh cells

Figure 8. Boundary conditions for the new design

Figure 9. (a, b). The meshing of the valve



[Figure 9(b)]. As we know, the smallest possible distance with the highest mesh density
must be provided. In this case, the distance between the pallet and valve seats is
0.2 mm.

3.3.1 CFX-solver. The meshed geometry was subsequently imported to assign the
boundary conditions and prepare it for simulation as follows:

The inlet pressure was set to be 1.08 Pa. Methane with a temperature of 298°C was
considered as the working fluid. The buoyancy model comprised the application of a gravity
force, typically applied to fluid in simulations of heat transfer problems, in which the
warmer gas will move above the fluid. This was used in the modelling of the safety valve to
obtain more accurate results.

An opening boundary condition was applied at the outlet because of the hood above the
valve, which is open to the atmosphere so that during the process, both air and fluid can
flow beneath the hood.

Figure 10 depicts the pressure relief valve with inlet flow from its bottom, which is
shown by grey arrows. The blue arrows illustrate the opening boundary condition in the
outlet pressure from both sides.

4. Results and discussion

4.1 Pressure analysis

The pressure contours display the original weight loaded safety valve just before it
opens and when it is completely open. In Figure 11(a), the inlet pressure is 109,300 Pa,
which is the predetermined pressure limit. However, it has an increasing trend while it
reaches the weight, which can be seen as layers of different colour ranges from orange
to red. The maximum normal pressure just under the valve is 111,000 Pa. However,
the blue region between the weight and valve seat shows that the pressure is below the
ambient pressure. This is because of the distance between these two and as it was
explained before, this distance is created solely for meshing. Moreover, as the region

0.100 (m)

Figure 10. Boundary conditions for the safety valve



Figure 11. (a, b, ¢, d). Pressure counters

under the hood is at ambient conditions, the pressure of this region is equal to
atmospheric pressure, which is 101,200 Pa.

When the valve is fully open, the pressure inside the hood becomes greater than
ambient pressure and reaches up to 103,000Pa. At this stage, the valve has
completely relieved the excess pressure and the pressure inside the valve reaches
109,000 Pa that is 300 Pa smaller than the inlet pressure. Thus, it begins to return on
the valve seat.

On the other hand, simulations for the new design show that when the small pallet
opens because of small mass flow rate the pressure under the hood is stayed in the
atmospheric pressure (the blue region in Figure 11(b). Also, the fluid inside the valve is
still dealing with the overpressure with almost the same pressure as the original design
in its initial state. Beneath the small pallet in the valve, pressure has divided into three
layers of different pressure values. This illustrates that this pressure has decreasing
trend while the fluid is approaching the gate and leaving it. In this step, the bigger
pallet will be triggered.

In Figure 11(c) the safety valve is releasing the build-up pressure while pallets are lifting.
Most of the valve has the pressure of 111,000 Pa, which shows the excess pressure is
separated all over the hood. The blue and green regions under the hood present the pressure
near to the atmospheric pressure. Moreover, the red colour above the pallets displays that
these parts are applying pressure to their fluid above them to be able to move upward

[Figure 11(d)].

4.2 Velocity analysis
According to Figure 12 the maximum velocity happens beneath the weight at the fillets with
the amount of about 200 m/s. However, the green and yellow regions show that the fluid
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with the velocity of 105m/s is entering the atmosphere and the velocity of fluid inside the
valve has a velocity of about 60 m/s. As it can be seen, the fluid indicated with blue colour,
flows with a negligible amount of velocity around the corners and exactly beneath the
weight.

Moreover, the new design has almost the same velocity range as the original design. The
same velocity of fluid flows under the hood (the blue regions) but it has a higher velocity
around the pallets with the amount of 103 m/s. Moreover, the maximum fluid velocity of
160 m/s has happened besides the small pallet and both sides of these pallets are suffering
from turbulences around them.

Because of the distance generated between the pallets with the aim of meshing, the green
region with a velocity of 110 m/s is created above them.

4.3 Stress analysis
Figure 13 illustrates the displacement of the pressure relief mechanism just before the valve
starts to open. Stainless steel is selected for this analysis because of its high yield strength.
The maximum displacement with a negligible amount of 0.00127 mm has happened on the
free side of the bigger disc. However, even the smallest displacements can cause flow in the
design but existence of the gasket in between the bigger disc and the valve's body will
prevent the leakage.

Figure 13 shows stress applied to the parts under this pressure. The maximum stress is 6
MPa and is exerted to the smaller disc where the guide stem meets this disc.

Figure 12. Velocity counters

P P&

Figure 13. Stress counters
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5. Conclusion

This research has tried to develop an enhanced design for pressure relief valve to replace
lead with an environmentally friendly material by keeping the general outer dimensions of
the design, constant. Moreover, FEA and CFD analysis are carried out to determine the
ability of the new design to perform its duty under the same conditions. Results showed that
this design can have almost the same performance relative to the original design in relieving
the excess pressure.
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