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Abstract

In general, two phase flow through safety relief valves (SRV) is a complex flow
and dominated by heat, momentum and mass transfer between phases. It is even
more complex for flows in a safety valve where turbulence, flow separation and
shock waves associated with compressible flow occur. Unfortunately, the litera-
ture indicates that there is no generic model with sufficient accuracy to predict
the two phase flow conditions in an SRV. However, existing CFD techniques do
provide the potential for predicting the two phase flow in the valve with the pos-
sibility of improving the valve design. In this study, two phase flow through an
SRV has been investigated experimentally and computationally using a two di-
mensional mixture model of the two phase flow. Investigations have been carried
out on a conventional spring loaded relief valve using a two phase mixture of air
and water. The mixture model has been used with the standard k- ¢ turbulence
model to predict the two phase flow through the SRV. Quasi steady flow has been
assumed to investigate the valve flow-lift and force-lift characteristics. Tests have
been carried out for a range of pressures (7- 12 barg) and water mass fraction
(0-0.71) and compared with the CFD predicted results. Comparisons have also
been made with the ISO 4126-10 sizing model for safety valves. The CFD pre-
dictions compare well with the experimental data with an accuracy better than
the ISO 4126-10 sizing model. Scaling parameters for force and flow have been

presented to assist SRV design under single and two phase flow conditions.
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1.1 Safety Relief Valve

Many industries including automotive, printing, aerospace and power plants use
safety relief valves. These valves are designed and used to protect a pressurised
system against excessive operating pressure. They are required to open at a
predetermined system pressure and to discharge an amount of fluid to ensure
a pressure reduction and then to close after the normal system pressure has
been restored. The two terms “Safety valves” and “Safety relief valves” (SRV)
are generally used to describe the valve responsible for protecting the system
against excessive pressure rise. They are mainly used with compressible fluid
conditions while the term “safety relief valve” could be extended to be used with
incompressible fluid conditions. Safety relief valves could be classified using many
categories according to the capacity, operating method, working fluids...etc. A
discussion on safety relief valve classification is presented in Chapter 2.

The gas flow behaviour through safety relief valves is very complex and is cha-
racterised by viscous effects, turbulence, flow separation, critical flow conditions
and shock waves. These may affect adversely on the system resulting in noise
and vibration. More complications in flow occur when two phase flow occurs in
safety relief valves. In most practical applications two phase flow can occur due
to depressurisation, cavitation or steam condensation or through entrainment of
liquids in the pressurised storage system. Two phase flow can be accompanied by
mass, momentum and heat exchange between phases which makes it difficult to
predict the flow behaviour. Two phase flow is more complicated and more difficult
to predict when it occurs through small geometries with high velocity and high
compressibility. In addition, safety relief valves performance significantly changes
when exposed to two phase flow.

It is normal for the design of safety relief valves to depend on experimental
measurements and a trial and error design process to achieve the required level
of valve performance. Till now there is no such direct design method for safety
relief valves under two phase flow, although there are several codes and methods

for selecting and sizing safety relief valves. These methods and their accuracy
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will be discussed in Chapter 3. Due to the complexity of two phase flow and lack
of knowledge, safety relief valves are still oversized when selected for use, which
reflects the uncertainty in design procedures. A good understanding of safety
relief valves under two phase flow with good prediction techniques will lead to
improved valve design, which will ensure the safe operation of the pressurised
system and the proper opening and closing of the valve. Under sizing of a design
will result in a deficient safety valve with a high risk of danger. On the other hand,
oversizing may not be safe in all conditions because it results in overpressure in
the downstream piping. Thus the downstream piping need to be designed for
higher pressure and will result in more expensive piping cost. In addition, excess
loss of fluids means higher costs and greater damage to the environment.

One of the most commonly used safety relief valves is the conventional spring
loaded safety relief valve. It is cheap, easy to install , maintain and use. In
this study a conventional spring loaded safety relief valve commonly found in
the refrigeration industry has been used to investigate the influence of two phase
flow on safety relief valve performance. Figure 1.1 shows a cross section in the

assembled valve.

Figure 1.1: Safety Relief Valve Assembly
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To improve the control and design of safety relief valves for opening, closing
and mass flow rate, the valve characteristics should be well understood. These
are steady state relationships for the flow through and force acting on the main
moving elements of the valve. Since the opening and closing of the valve piston
is dependent on the fluid forces and the spring resistance, obtaining the force-
piston displacement (lift) characteristics for any safety valve is the essential step
to design, develop or select the valve. On the other hand piston displacement
controls the discharge flow rate and thus affects the forces exerted on the piston.
Hence, obtaining the flow rate -lift curve in conjunction with the force-lift curve
will capture the most important features responsible for the valve performance.

Since most safety relief valves components have very small geometrical di-
mensions, it is often very difficult and very expensive to perform detailed flow
measurements of the internal flow structure. However, basic experimental work
to validate the CFD predictions is essential to provide confidence in a predictive
model. For this study a test rig has been constructed to create the two phase flow
through the safety relief valve and facilitates the measurements of the pressure,
temperature, force and flow rates. These basic measurements will not provide
much details on the internal valve flow but good enough to validate the CFD
model. Hence, the importance of computational fluid dynamics flow simulations
becomes evident allowing detailed quantification and visualisation of the valve
internal flow structure in order to study the impact of geometry variations in the
design process.

While the operation of the valve is essentially a dynamic process the operation
of the valve can be understood by assuming quasi static conditions whereby the
dynamic force and mass flow acting on the valve piston are functions of the piston
position (lift) alone. This assumes pressure wave effects are negligible which is
more applicable to the closing than the opening phase of a safety relief valve
operation. However, the initial design process is often based on the quasi steady
approach and directly uses the force-lift and mass flow-lift characteristics of the

valve.
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A two dimensional axisymmetric model has been used to represent the valve
geometry and flow path. Different models have been developed at different piston
lift to model the valve at different piston position. Fluent 6.3.2 has been used to
model and solve the mixture multiphase model. The mixture model is a simpli-
fied model of the full multiphase model and is considered a good alternative when
simulating a dilute flow of droplets of liquid in a gas, suspensions of solid particles
in a gas or small bubbles in a liquid. Experimentally, the measured properties
were pressure, air and water mass flow rate, force and lift. The obtained experi-
mental results in conjunction with the CFD predicted results give the necessary

knowledge to develop a design approach to SRV under two phase flow.

1.2 Objective

The main objective of this study is to develop a fluid design approach to safety
relief valves under two phase flow using computational fluid dynamics. To achieve

this main objective the following have been undertaken:

1. Investigation of safety relief valves with single phase flow:

e Application of CFD to investigate safety relief valve flow conditions.
e Develop an experimental test rig for validation.

e Data analysis to define an approach for design.
2. Investigation of safety relief valves with two phase flow:

e Investigation of CFD models for two phase flow prediction of air- water

flow through safety relief valve.

e Application of a CFD models to predict two phase flow through the

safety valve.
e Develop an experimental test rig for results validation.

e Data analysis to define an approach for the design of the safety valve

under two phase flow.
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1.3 Thesis Layout

After the thesis introduction and setting the objective in Chapter 1, Chapter 2
presents a background to safety relief valves. This background will provide a brief
historical review and then introduce valve definitions according to the standard
codes, valve function, usage, operation and classifications.

Chapter 3 presents a literature review of safety relief valve research under
single and two phase flow conditions. This chapter provides an overview of the
experimental work and models related to safety relief valves that are available in
the literature.

Chapter 4 presents a study on safety relief valves under single phase flow and
includes the mathematical model, computational model and experimental work.
The results are presented and discussed. Scaling parameters for the flow and force
have been introduced to assist in valve design under single phase flow conditions.

Chapter 5 is the main contribution of this PhD study and discusses the capa-
bility of the two phase mixture model to predict air-water flows through a safety
relief valve. It includes the experimental work and mathematical model equations
for the CFD mixture model with the computational model details. In addition
three models used by the international standards and widely used in the literature
are presented in Chapter 5. The results are discussed and scaling parameters for
the flow and force have been introduced to assist in valve design under two phase
flow.

Chapter 6 presents the conclusions and the future work.



Chapter 2

Safety Relief Valves Background
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2.1 Historical Background

As soon as man succeeded in containing steam in a pressurised vessel, the need for
a safety device became evident. As long as 2000 years ago, the Chinese were using
vessels with hinged lids to allow (relatively) safer usage of steam. At the beginning
of the 14" century, chemists used conical plugs to act as safety devices. Around
1680 and after many explosions, the French physicist Denis Papin succeeded in
making the first counter weight safety valve for his high pressure cooker. Figure
2.1 presents a simple but more developed design for a counter weight valve [56].
Papin moved the weight along the lever arm to adjust the vessel relief pressure.
Later, compression springs replaced the counterweights. Two successive attempts
of developing safety relief valves could be considered the start of the developed
effective safety relief valves. The first was in 1848 by Charles Ritchie and the
second in 1863 by William Naylor [62].

After several boiler explosions on ships and locomotives resulting from faulty
safety devices, it was necessary to find a practical way of introducing safety codes.
In 1911, the American Society of Mechanical Engineers (ASME) was asked to
formulate a design code. This was due to 1700 boiler explosions, which led to
1300 deaths in the New England region of the USA, in only five years between
1905 and 1911 [44]. The boiler & pressure vessel committee was formed and hence
the ASME Section 1 for fired vessels was formulated and became obligatory for
designers to follow . Today, every pressurised system is equipped with one or
more safety relief valve. The operation of pressurised systems is regulated by the
law and controlled by safety procedures to ensure that dangerous conditions are

prevented.

2.2 Function and Definition

The primary function of a safety valve is to gurantee the mechanical integrity
of a pressurized system and therefore protect life and property. In addition it

could be used in many industrial applications to protect a process against over
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Counterweight

T Flowy

Figure 2.1: Counter weight safety relief valve

pressure. The safety valve is normally closed to seal the pressurised system.
It operates by opening to release a volume of fluid from within the plant or
the pressurised system when a preadjusted maximum pressure is reached, hence
reduce the pressure and reclose to seal the system again. As the safety valve may
be the only remaining device to prevent catastrophic failure under overpressure
conditions, it is important that safety relief valve must be self actuated.

The terms “safety valve” and “safety relief valve” are generic terms to describe
many varieties of pressure relief devices that are designed to prevent fluid pressure
build-up. In most national standards, specific definitions are given for safety and
safety relief valves. A wide range of different valves are available for many different
applications and performance criteria.

According to the ASME /ANSI PTC25.3! code applicable in the USA, the
general term pressure relief valve is defined as “A spring-loaded pressure relief
valve which is designed to open to relieve excess pressure and to reclose and
prevent the further flow of fluid after normal conditions have been restored. It is
characterised by a rapid-opening 'pop’ action or by opening in a manner generally
proportional to the increase in pressure over the opening pressure. It may be used
for either compressible or incompressible fluids, depending on design, adjustment,

or application.”

L(ANSI) American National Standards Institute
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This general definition includes the terms “safety valve” | “safety relief valves”
and “relief valves”, as follows

Safety valve - A pressure relief valve actuated by inlet static pressure and
characterised by rapid opening or pop action.

Safety relief valve - A pressure relief valve characterised by rapid opening
or pop action, or by opening in proportion to the increase in pressure over the
opening pressure, depending on the application, and which may be used either
for liquid or compressible fluid.

Relief valve - A pressure relief device actuated by inlet static pressure having
a gradual lift generally proportional to the increase in pressure over the opening
pressure. Relief valves are commonly used in liquid systems, especially for lower
capacities and thermal expansion duty. They can also be used on pumped systems
as pressure overspill devices.

In Europe the BS 6759% and DIN 33202 define the safety valve as follows:

Safety valve - A valve which automatically, without the assistance of any
energy other than that of the fluid concerned, discharges a certified amount of
the fluid so as to prevent a predetermined safe pressure being exceeded, and
which is designed to re-close and prevent the further flow of fluid after normal
pressure conditions of service have been restored. From the above definitions it is
noticeable that there are some differences in definition for safety valves between
the USA and European standards, “safety valves” in Europe is nearly similar to
the “safety relief valve” in USA codes. This information should be considered
when dealing with safety valve research and studies from different countries.

According to the operation method, safety relief valves could be classified
into direct (loaded) and pilot operated safety relief valves. Direct loaded safety
relief valves are the most common employed valves. In this type, fluid pressure is
directly operating on the valve moving element against a direct mechanical load

such as a spring or weight. Direct-loaded safety relief valves may be provided

2British Standard
3(DIN) Deutsches Institut fiir Normung; in English, the German Institute for Standardiza-
tion
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with an auxiliary actuator to help in opening or closing. Pilot operated safety
relief valves which consists of a main valve and a pilot. The main valve is in
charge of relieving the pressure while the pilot controls the valve moving element
according to the system pressure.

Safety relief valves could be classified according to the lift as well. The BS
6759 classify safety relief valves according to the lift as follow:

Lift safety valve (ordinary class) - The valve member lifts automatically a
distance of at least ithof the bore of the seating member, with an overpressure
not exceeding 10% of the set pressure. High lift safety valve - Valve member
lifts automatically a distance of at least %th of the bore of the seating member,
with an overpressure not exceeding 10% of the set pressure. Full lift safety
valve - Valve member lifts automatically to give a discharge area between 100%
and 80% of the minimum area, at an overpressure not exceeding 5% of the set
pressure. The ASME define the Low lift safety valve for the condition when
“The actual position of the disc determines the discharge area of the valve” and
the Full lift safety valve for the situation where “ The discharge area is not
determined by the position of the disc”. Figure 2.2 shows typical safety valves.
Classification of safety valves designs with basic construction and operation was
presented by Taras’ev and Kuzin [65]. This classification gave a clear view of the

area of application of each safety valve to assist with the valve design.

2.3 Construction and Operation

The basic spring loaded safety valve, referred to as standard or conventional is
a simple, reliable self-acting device that provides overpressure protection. The
basic elements of the design is the valve body with the valve inlet connection, or
nozzle, mounted on the pressure-containing system. The outlet connection may
be screwed or flanged for connection to a piped discharge system, or the fluid

could be vented directly to the atmosphere.
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Figure 2.2: Typical Safety valves
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Figure 2.3: Construction of Safety valve
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The disc is held against the nozzle seat (under normal operating conditions) by
the spring, which is housed in an open or closed spring housing arrangement (or
bonnet) mounted on top of the body. Figure 2.3 shows the construction of a safety
relief valve according to the ASME and DIN standard. The figure shows the main
components of a safety relief valve, i.e. the valve body, the disc (moving element),
the valve seat, the spring and the spring adjuster. The standard valve according
to the ASME has an additional feature than the standard valve according to the
DIN which is the usage of upper and lower blowdown rings for the fine adjustment
of the valve operating pressures.

Safety valves should be installed wherever the maximum allowable working
pressure (MAWP) of a system or pressure-containing vessel is likely to be excee-
ded. The valve is adjusted to a pressure called the set pressure. The additional
pressure rise required before the safety valve will discharge at its rated capacity is
called the overpressure. The allowable overpressure depends on the standards
being followed and the particular application. For compressible fluids, this is
normally between 3% and 10%, and for liquids between 10% and 25%. Pressure
excess could occur because of different reasons such as : supply of external heat
to the system, faults in heating systems, chemical reactions, supply of higher
pressure gas or liquid, thermal expansion...etc. When the fluid pressure exceeds
the maximum allowable pressure, the pressure force pushes the moving element
against the spring force and opens the valve. This lift (movement) allows a certain
volume of fluid to be discharged out of the system resulting in a pressure reduc-
tion. When the normal pressure is restored, the spring force pushes the moving
element closed to reseal the system. This pressure called the reseat pressure
and the difference between the set pressure and the reseat pressure is defined as
the blowdown. Figure 2.4 shows the valve operation. Figure 2.4 (a) shows the
closed (sealing) position when the pressure force exerted on the disc is less than
the spring force, i.e the system pressure is less than or equal to the set pressure
value. In Figure 2.4 (b) the valve starts to open when the system pressure just

exceeds the set pressure and hence a little discharge flow rate comes out from the
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system. Therefore, the pressure continues to increase and the disc moves further
allowing more fluid to come out (Figure 2.4 (c)). Figure 2.5 presents the lift -
pressure characteristics of the safety relief valve at opening and closing conditions
and shows the set pressure with a blowdown and the overpressure of 10% of the

set pressure.
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Figure 2.4: Safety valve operation
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Figure 2.5: Safety valve pressure and lift characteristics

Safety relief valves fall into two types according to the outlet flow direction.
The first type is the 90° angle which describe the right angle between the inlet
and outlet flow direction (Figure 2.2). In this type the flow path is separated
from the valve components such as the spring, glands...etc. This type is the most

convenient for a corrosive or erosive flow to protect the valve components and
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reflect an increase in valve lifetime. If the flow is highly corrosive/erosive, a full
nozzle could be used to be the only part that is affected by the corrosive/erosive
flow and could be replaced apart from the valve body or the valve components.
In the second type, the fluids flow through the valve and the flow path is around
the valve components (Figure 1.1). The flow path here is much more complicated
than the 90° valve and very sensitive to all of the valve components geometry. In
addition, the back pressure in the second type has a more significant effect on the
forces and hence the valve opening and closing characteristics. These make the
design of the second type more complicated and dependant on more factors than
the 90° one. The safety relief valve shown in Figure 1.1 is investigated in this
study and it can be considered a full lift safety relief valve. A detailed description

of the valve construction and components is introduced in Section 4.2



Chapter 3

Literature Review

16



3.1. Safety Relief Valve Design Requirement 17

3.1 Safety Relief Valve Design Requirement

The design and operation of safety relief valves are well established in industry
and cover a wide range of pressures, temperatures and fluids and require a variety
of design solutions which will involve material selection, sealing, spring design ,
pressure integrity, etc. These issues are important but are not considered here.
What is considered in this work are the flow related design issues of flowrate,
opening and closing of the valve, i.e. the primary functions of a safety relief
valve. It is notable that until recently the design of safety relief valves has relied
primarily on experimental design with trial and error solutions to achieve the
desired level of performance. National and international standards for safety
relief valves have been in existence since the early 1900’s and lay down the basic
requirements for an acceptable design. A semi-empirical approach is specified for
the sizing of the flow areas to ensure that an adequate relief flow is achieved. In
addition to the requirements for flowrate the current standards (for example the
ISO 4126) also require that the valves open within +10% of the set pressure and
close within -15% of the set pressure. In contrast to the flowrate requirements,

no guidelines are given on how to achieve these conditions.
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Figure 3.1: General opening and closing characteristics for a SRV

However, a general methodology based on quasi- steady assumptions can be
established from consideration of how the forces and mass flow varies with lift
on the valve piston. The piston is the term used in this thesis to describe the

main moving element in the valve that responds to the force imbalance due to the
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spring and fluid dynamic forces. These vary with the valve opening (valve lift) as
shown in Figure 3.1a which shows a typical force-lift characteristic at an opening,
set and reseating (closing) pressure. At the opening pressure, the fluid dynamic
force will be greater than the opposing spring force and will result in acceleration
of the piston and opening of the valve. After the initial piston motion and if
the upstream pressure stays steady a balance of the fluid dynamic forces and
spring forces will result in a constant opening being achieved at Ly, (Full lift).
From the mass flow lift characteristic, shown in Figure 3.1b the actual value of
the mass flow can be determined at L,,,, for an opening pressure corresponding
to the set pressure. This should be approximately the value calculated using
the International Standards if the flow area has been designed properly. If sized
properly the relief valve will lead to a reduction in system pressure which will
correspond to lower piston forces and for each pressure a fluid dynamic force-lift
curve can be established. Figure 3.1a shows the force-lift curve at the reseating
pressure where the fluid dynamic forces are now lower than the spring force.
This is the upper pressure limit which will allow the valve to close and can
be used to indicate the valve’s closure performance and its ability to meet the
requirements of the Standards. This approach requires the emphasis to be put
on the piston force-lift and mass flow-lift characteristic in addition to the area
sizing calculation as suggested in the Standard. The approach is fundamental to
valve design and is the approach taken in this thesis. What will be discussed in
this and the following chapters is the ability to generate the mass flow and force
characteristics using experimental and theoretical methods. It is the prediction of
these characteristics that hold the promise of a completely theoretical valve design
approach for both single phase and two phase flow conditions. This requires that
CFD methods are available to do this and will be found to be the main focus of
the thesis. Interestingly this approach has been found not to be widely discussed
in the literature, however the published attempts will be reviewed in the following
sections which have been specified into two sections for single and two phase flow

conditions.



3.2. Single Phase Applications 19

3.2 Single Phase Applications

This chapter will initially discuss the available literature from a single phase flow
perspective since the majority of applications and most well established knowledge
is with this condition. A thorough understanding of single phase knowledge is
also a necessary pre-requisite for understanding two phase applications. The
international standards requirements will be discussed and a brief review of sizing
methods given. Theoretical methods, beginning with one-dimensional modelling
approaches and ending with the use of CFD techniques, will be presented and

discussed. A brief review of safety valve operation problems are presented as well.

3.2.1 International Standards Requirements for Safety Re-
lief Valves under Single Phase Flow

The international organisations such as ISO , API and ASME set the specifi-
cations and the safety requirements for the sizing and operation of safety relief
valves. For example, the international standard ISO 4126- Parts 1 and 7 |3, 4]
include guiding arrangements necessary to ensure consistent operation and seat
tightness, such as bonnet type, adjusting rings, restricted lift, end connections,
spring material, leakage tests...etc. All these issues are very important to follow
but it is beyond the scope of this thesis. One of the important tests that should
be considered is the so called “Type test” which checks the set pressure, overpres-
sure, reseating pressure, reproducibility of valve performance, lift at overpressure
and the mechanical characteristics that could be noticed by sight or hearing such
as the ability to reseat satisfactory and absence of chatter, flutter, sticking and
harmful vibration. The ISO 4126 -1 standard states that the tolerance accepted

in the type test for the operating pressures are
e Set pressure 3% of the set pressure or £0.15 bar whichever is greater.
e Quer pressure £10% of set pressure or 0.01 bar whichever is greater.

e Blowdown minimum 2% and maximum 15% or 0.3 bar whichever is greater.
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In general the international standards recommend a calculation method for the
discharge area at the operating conditions to ensure the discharged mass flow
rate and set limits for the pressure build up and decrease to ensure safe ope-
ning and closing. The “Type test” checks that the valve performance meets the
standard tolerance and limitations. A detailed review and comparison between
international standards for safety relief valves were carried out by Foéllmer and
Schenttler [28]. The study compares the ISO 4126-1 , ASME VII, ASME I and
AD A2!'/TRD 4212. A comparison is presented in Table 3.1 which shows an
agreement of the three standards at the maximum opening overpressure limit of
10%, however the ASME [ gives less tolerance for the max over pressure value
and limit it to 3% only. On the other hand the closing pressure tolerance is dif-
ferent in all the standards. The closing tolerance is very high for the ISO 4126-1
which is expected to be changed to a lower value to meet the new strategies of
reducing green house gas emmisions. This indicates that there are no common
requirements for valve operation worldwide. It is clear that benefits could be

gained by imposing consistent conditions.

| \ I1SO 4126-1 | ASME VI | ASME I | AD A2/TRD |
Gas/vapour/steam | Gas/vapour/steam steam Gas/vapour /steam
.mffmuf-acturer max. 10% max.5%- 10%
Open indication max. 02 b 3% 01b
10% or 0.1 bar or U4 bat or Y.L bat
manufacturer max. 7 % only
cl indication min. 2% with adjusting max. 4% max. 10%
ose .
and max. ring or 0.28 bar or 0.3 bar
15% or 0.3 bar or 0.2 bar

Table 3.1: Comparison of the required function values for safety valves at different standards

'Pressure Vessel Equipment safety devices against excess pressure - safety valves (Germany)
2Technical Equipment for Steam Boilers Safeguards against excessive pressure - safety valves
for boilers of groups I, III & IV (Germany)
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3.2.2 Simplified Models for Safety Relief Valve

Due to the complex three dimensional geometry and flows through safety relief
valves, common assumptions to simplify the flow conditions or the geometry were
used in the literature. One of the most common assumptions is to simplify the
three dimensional unsteady flow to a steady one dimensional flow. For example
Gringberg and Krichker [32] studied the safety relief valve at full lift at a steady
state operation assuming steady one dimensional low. Maximum flow and wor-
king pressure (opening pressure) were used to calculate the fluid force. From
the force balance of the fluid force, the spring and the friction force, the set-
ting and the reseating pressure could be estimated and the valve inner diameter
could be determined. A similar method was adopted by Sterland [64] but with
the aid of experimental measurements. A dimensionless force-lift characteristics
was presented. On the other hand, most of the research study simplify the valve
geometry into a convergent divergent nozzle. Sharma [61] simplified the valve
geometry to an ideal convergent divergent nozzle and used empirical formula to
calculate the mass flow rate. A design method for the valve seat, the spindle and
the spring based on empirical formulae was presented. Unfortunately the study
failed to present a full model. These three publications and many similar ones
give the general background knowledge on various aspects of valves, however they
fail to provide any insight to the compressible flow conditions that occur within
the valve. This is not surprising given the complex flows that exist in the valve
and until recently the lack of available experimental and theoretical tools to as-
sess the flows. Because of this, industry has relied on trial and error methods and
experience gained from experimental testing.

More successful attempts were made to develop a one dimensional fluid model
to predict the flow through the valve. These attempts established a good base
to study the compressible flow through safety relief valves and emphasised the
importance of the mass flow and force variation with lift as dominant characte-
ristics in valve performance. These models were achieved mainly by simplifying

the valve geometry to a convergent divergent nozzle. One of the early attempts
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was carried out by Parker [54], who carried out a one dimensional flow analysis
through a general safety valve to determine the pressure — lift characteristics. The
study considered the spring characteristics to determine the opening and closing
of the valve. Predicted results showed reasonable accuracy when compared with
experimental test data. With the same assumption of a convergent divergent
nozzle, Bett and Francis [6] introduced dimensionless coefficients to present the
lift, flow rate and forces in safety relief valves. The study aimed to introduce the
safety valve characteristics independent of the operating pressure and the valve
geometry. By the same authors, The pressure distribution on the back side of
a safety relief valve was determined experimentally |7]. Pressure tappings were
inserted under the piston in such a way that every pair is inserted at the same
radius but at different circumferential location. This was a good way to check
the axisymmetric flow properties. i.e. if the measured pressure at the same ra-
dius was equal so that the safety valve could be represented as an axisymmetric
geometry. The study showed the choked (critical) area and proved that the two
dimensional axisymmetric model is adequate for pressure prediction. Another
approach was adopted by Francis J. [29] who divided the flow regions around
the disc into different zones to calculate the pressure in each one and hence get
the force-lift characteristics. The predicted results were compared with publi-
shed experimental data. These publications were a good start in studying the
compressible flow through safety relief valves and emphasised the importance of
the mass flow and force variation with lift as dominant characteristics in valve
performance. Although, these above mentioned methods were simple and easy
to use, they still have narrow area of application and low accuracy due to the
simplification assumptions. However, these methods were the foundation for the
international Standards to recommend a sizing method for safety relief valves

under single phase flow which is discussed in Section 3.2.3
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3.2.3 Sizing of Safety Relief Valves for Single Phase Flow

More attention is given to sizing safety relief valves but not designing safety relief
valves in the literature. The sizing procedures depends mainly on calculating the
mass flow rate through the safety valve and hence selecting the right valve. Selec-
tion and sizing of safety relief valves depend on calculating the effective discharge
area using a simple convergent-divergent nozzle approach taking into account a
correction factor. This correction factor is called the discharge coefficient and
it is determined from experimental testing. The discharge coefficient should be
supplied by the valve manufacturer. The international standard ISO 4126-1 [3],
the American Petroleum Institute API 520 code and ASME codes use the ideal
gas equation for sizing safety relief valves. Although this method gives reaso-
nable accuracy it still depends on experimental work to determine the discharge
coefficient and it has some limitations.

At very high pressure or low temperature, gases usually behave in a real
manner; intermolecular forces are no longer negligible. Also, friction and heat
exchange with walls should be taken into account. Therefore, Luft G. et al [40]
checked the accuracy of the international standard ISO 4126-1 and the American
Petroleum Institute API 520 [1] method for selecting safety relief valves at high
pressures. The study experimentally investigated the discharge coefficient when
relieving ethylene at high pressure 150-300 MPa. The study showed that the
ISO and API methods overestimated the valve size at high pressure. In a similar
manner, Schmidt J. et al [58] derived an equation to calculate the mass flow rate
considering the real gas factors. The equation results were compared with the ISO
model, CFD simulation and experimental work at high pressure. The comparison
showed that the ISO model data is not adequate to calculate the mass flow rate
at high pressure. (When the thermodynamic critical point is approached, the
ideal gas assumption is not permissible). These studies showed that the sizing
models used by the international standards still have limits and are not accurate

in some cases. Therefore, more accurate models with a wider area of application

are needed which could be found in CFD models.



3.2. Single Phase Applications 24

3.2.4 CFD in Modelling Safety Relief Valve

Using CFD techniques in design and sizing safety relief valves will result in more
accuracy and wide area of application. With the development of computational
fluid dynamic techniques and increased computing power, the ability to analyse
the complex multi-dimensional compressible flow has become possible. Several
attempts were carried out to use CFD in valve sizing and design. Sethi and
Lai [60] modelled the valve dynamics using a simple force balance to determine
the opening and closing of the valve. The dynamic model included force coeffi-
cients accounting for the fluid dynamics effect. There was no description of the
mathematical model used and the CFD model was limited to determining the
force coefficients with the aid of the experimental measurement. It could not be
called a CFD model but it was a good start. A more advanced model using CFD
was adopted by Berger [5] to investigate the compressible flow behaviour through
pneumatic components. A pneumatic ejector and a pipe-nozzle-pipe component
with a very simple geometry were simulated. The commercial CFD code TASC-
flow was used to solve the mass averaged Navier- Stokes equations with the k-¢
turbulence model in a two dimensional axisymmetric model. The predicted re-
sults showed good agreement with the experimental results encouraging the use of
CFD techniques in such circumstances. Surprisingly there are few published stu-
dies of using computational fluid dynamics methods to design or improve safety
relief valves. A CFD model of the fluid flow through a pressure relief valve was
developed by Sethi and Sabet [59] using the PHOENICS code. Air as an ideal gas
was used as the flowing fluid through the relief valve. Steady state Euler equa-
tions were used. Predicted results of the disk force and mass flow rate versus lift
showed good acceptance; but including the viscosity and transient terms of Navier
stokes equations will make the solution more general and realistic. Bilanin and
Teske [8] applied the full Navier Stokes equations to flow through a spring loaded
safety relief valve to examine and improve the safety valve performance. The
predicted results were compared with another calibrated model “COUPLE”. No

experimental work was carried out to validate the predicted results. Kim et al [35]
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studied a liquidised natural gas (LNG) safety valve performance using CFD tech-
niques to improve its performance and develop a design tool. A two-dimensional,
axisymmetric, model using the compressible Navier-Stokes equations is carried
out to simulate the gas flow only between the nozzle exit and valve disk, the
predicted results obtained at different lift to radius ratio (L/R) and operating
pressures (Fy/P,). Predicted CFD results were compared with a one dimensio-
nal analytical calculation and gave reasonable agreement. No experimental work
was carried out. One of the factors that affect the CFD calculations accuracy is
the grid size. Moncalvo et al [47] investigated the effect of the grid size and the
turbulence model on the accuracy of predicting the mass flow rate in safety relief
valves. ANSYS CFX-Flo. The 441 DN 25/40 and the 459 DN 15/25 standard
valves were geometrically presented by a three dimensional grid in three cases
of coarse, fine and very fine grid size. Maximum relieving pressure was 4.4 bar.
The results showed the same accuracy for the k — e and k£ — w turbulence models
with slightly more accuracy obtained when using the shear stress transport (SST)
turbulence model. The extremely fine grid size gave more accuracy.

Very few studies included the force analysis using CFD in safety relief valves.
As mentioned before Sethi [60] only used the CFD as a method of calculating the
boundary conditions to assist his dynamic model. Dempster et al [20] developed a
two dimensional axisymmetric model of a safety relief valve to predict the flow and
force characteristics to develop a design methodology for the safety valves using
CFD techniques. The model used Reynolds Average Navier Stokes equations in
conjunction with the Energy Equation and the standard k-¢ model to account
for turbulence effects. The FLUENT software was used for the solution and
considered air as an ideal gas. The flow-lift and force-lift curves were obtained. A
comparison of predictions with the experimental results gives excellent agreement
but showed a significant sensitivity to geometry. This study has found to be the
only published work on predicting the flow-lift and force-lift characteristics using
CFD to establish CFD in safety relief valve design.

Two CFD studies related to safety relief valves flow prediction were carried
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out by D’Alessandro [17] and Muschelknautz and Wellemhofer [49] and involved
predicting reaction forces. Although the studies didn’t predict any force on the

valve components, they provide some information about force predictions using

CFD.

3.2.5 Operational Problems of Safety Relief Valve

During operation a safety relief valve may face problems such as the improper
sealing after opening, chatter, exceeding a safe level of noise or the rapid wear
of the valve seat sealing material. One of the main problems that is related to
fluid flow is chatter. Safety relief valves require certain flow rate to maintain
the valve seat in the open position. Lower flows result in chattering, caused by
rapid opening and closing of the valve closure element. This violent oscillation
is due to the dynamic instability of the closure elements at the opening position,
so it requires a return to a dynamicly stable position. Hence, chatter basically
depends on the valve design parameters, such as the spring stiffness and valve
geometry in addition to the operational conditions such as set pressure, back
pressure and mass flow rate. Chatter can lead to destruction of the device which
is a dangerous situation. Several studies investigate the chatter in safety relief
valves. One of the earliest studies to consider the stability of relief valves was
carried out by Funk [30]. The study investigated a poppet valve stability derived
from the valve design parameters and the system operating conditions. Although
the fluid used was an incompressible fluid, the study gave the basic analysis and
understanding of the poppet valve stability. MacLeod [41] developed a dynamic
model by analysing the dynamic stability of the valve closing to predict the chatter
conditions. The ideal gas law were used to assist the dynamic model. Although
the method described could be applied to a wide range of applications, it was not
in a general form. Experimentally Follmer [27] carried out an investigation of
the oscillation in a safety relief valve generated by the inlet geometry. The study
found that the sharp edged valve inlet holds the possibility of flow separation. The
study recorded the oscillation frequency and visualised the flow by a high speed
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camera. Cremers and Friedel [15] checked the validity of the of the published
sizing rules to prevent chatter for the safety valve and the inlet pipe length. The
results showed that the sizing rules are still not adequate to predict the safe
inlet pipe length. Therefore, a new sizing criterion based on the pressure surge

criterion was developed.

3.2.6 Overview

e Understanding the single phase flow through safety valves is a basic step to

understanding and analysing two phase flow.

e International standards have recommended methods for sizing safety relief
valves and give limits for their safe operation. These limits could be used
only as targets for safety relief valve design but do not assist the design

process.

e One dimensional models give basic knowledge on compressible flow through
safety relief valve but they could not be extended to include more data on
valve opening and closing characteristics. i.e. the flow-lift in conjunction

with the force lift characteristics.

e All sizing methods for safety relief valves for single phase flow only consider
the maximum lift condition, ignoring the valve performance on opening and

closing.

e Experimental work could give detailed information of safety relief valves

under single phase flow, but it still very expensive and time consuming.

e CFD has shown the ability to model flow through safety relief valves and
extend the limits of the experimental work and the one dimensional models.
Furthermore CFD can provide the quantitative analysis of many properties

through the valve in addition to the flow rate and force characteristics.

e The approach used by Dempster et al [20] is adopted in this study to inves-

tigate the safety relief valve design. CFD is used with a two dimensional
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model in conjunction with Reynolds Average Navier Stokes and the stan-
dard k-e turbulence model to assist the design of safety relief valves. The
force-lift and flow-lift characteristics are obtained with detailed information

about flow properties through the valve at different pressures.

3.3 Safety Relief Valve under Two Phase Flow

Designing a safety relief valve for two phase flow is a more complicated process
compared to single phase flow. Till present there is no direct general method or
equations to design or select safety relief valves for two phase flow. Two phase
flow through safety relief valves are very complicated due to the thermal and fluid
dynamics phenomena occurring between the two phases. Therefore, modelling or
predicting the two phase flow depends on a large number of parameters such as
pressure, temperature, relative velocity and phase volume fraction in addition
to the mass, momentum and heat transfer parameters. These two phase para-
meters are associated with the fluid flow, fluid properties, interaction between
phases...etc. They also vary with the valve operating conditions which directly
affect the flow conditions. Consequently, possible combinations of the two phase
parameters result in different types of flow. For example, from the phase change
point of view and mass transfer between the two phases, two different types of
flow could be recognised; flashing flow, in which phase change occurs and the non
flashing “frozen” flow in which there is no phase change. Two phase flow can be
classified into many other types of flow, e.g. homogeneous, separated, critical,
sub-critical...etc. [16]

To understand, model and analyse two phase flow through pipes, nozzles or

safety relief valves three main approaches have been followed in the literature:

Analytically the complexity of two phase flow prevents the formulation of equa-
tions representing the exact flow conditions. This has resulted in applying
methods which are an extension of single phase formulated methods with

suitable assumptions for two phase flow conditions. Hence, algebraic ex-
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pressions have been established to describe the two phase flow conditions.

In this study, they are referred to as “Simplified models” [63].

Computationally two main approaches are used in CFD models to represent
two phase flow which are the Eulerian-Eulerian and the Eulerian-Lagrangian
approaches and will be discussed in Chapter 5. CFD models have the ability
to solve the multi dimensional continuity, momentum and energy equations
in addition to the interfacial equations for all phases by using the advan-
ced computational power available nowadays. CFD models make much less
assumptions than the simplified models. However, some assumptions are
made to reduce the number of equations to be solved to reduce the com-
putational effort. One of the common assumption is to deal with the two
fluid flows as one mixture when the flow is a dilute flow. The mixture CFD
model is adopted in this study and it is considered a simplified form of the

full Eulerian model. The mixture model is presented in Chapter 5.

Experimentally Using practical measurements in the field or in laboratories for
the flow properties. Main flow properties measured are the pressure, flow
rate, temperature, velocities, and phase volume fraction. These properties
provide basic information for identifying general trends and validating the
theoretical predictive methods. They also allow empirical or semi-empirical
approaches to be deployed and an example of this will be found later in

Chapter 5 when scaling parameters are considered.

It is common practice to refer to the international standards as a first step in
establishing the safety specifications and limits of a device. In the following sub-
section the international standards requirements for the use of safety relief valves
for two phase flow are reviewed. Since the international standards calculation
methods are based on the simplified models, the opportunity is taken to review
these at this point. Other related literature for the sizing of safety valves for two

phase flow will be discussed thereafter.



3.3. Safety Relief Valve under Two Phase Flow 30

3.3.1 International Standards Requirements for SRV under
Two Phase Flow

Unlike the case of safety relief valve operation with single phase flow, the interna-
tional standards for use with two phase flow provide a much more limited set of
specifications. For example, the ISO 4126-10 |2] considers only the sizing of safety
relief valves under certain conditions with limited simplified models. There are
no guidelines on the operation requirements and the opening or closing pressures.
The standards recommend calculations for identifying the flow regime and quality
at the valve inlet, which are the necessary requirements for sizing the valve under
two phase flow. In addition the standards present recommended calculations for
determining the mass flow rate to be discharged, depending on the for the rea-
sons of pressure rise in a system. These data helps in understanding the mixture
nature and composition. Simplified models and sizing methods are discussed in

the following sections.

3.3.2 Simplified Models and Sizing of SRV

Simplified models help in understanding two phase flow behaviour but are li-
mited in accuracy due to the assumptions used to simplify this very complex
flow. Simplified models are adopted by the international standards such as SO,
ASME and API to size and select safety relief valve under two phase flow. The
two phase flow models that are most used and most suitable for safety relief
valves are based on either the Homogeneous Equilibrium Model (HEM) or the
Homogeneous Non Equilibrium (HNE) Models. The word “homogeneous” here
assumes that the two phases are well mixed so that they behave like a single
phase fluid. This modelled fluid has properties that are weight or volume avera-
ged properties of the two fluids. The word “Equilibrium” here assumes that the
two phases are in a thermal and mechanical equilibrium implying that there is no
temperature or velocity difference between the phases.Three other combinations

of these two conditions could cover the remaining possible cases such as the non-
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homogeneous equilibrium model , which accounts for the slip velocity between the
two phases, the homogeneous non-equilibrium model and the non-homogeneous
non-equilibrium model. These models need additional relations for the interfacial
mass, momentum and energy transfer rates.

In general, theses models consider the safety relief valve as an ideal convergent-
divergent nozzle and an empirically determined discharge coefficient is applied
according to the model used. Sizing of the relief valve requires the calculation
of the mass flux through the valve nozzle using one of the simplified models
according to the flow conditions. The required valve discharge area will be then
the required mass flow rate divided by the calculated mass flux and the discharge
coefficient K, (Equation 3.1). Therefore determining the discharge coefficient is
one of the challenges in the two phase flow simplified models, as it reflects all of
the complexity of the two phase flow in addition to any deficiency in the model.
On the contrary the discharge coefficient K for the single phase flow will reflect
mainly the geometric deviation of the valve from the ideal nozzle.

m

A p—
T G Ky

(3.1)

Lenzing et al. [37] carried out experimental work on commercially available
safety relief valves and compared the results with the available models such as the
HEM, the model adopted by DIERS? (w method) and the homogeneous frozen
model. Lenzing et al defined a simple volume weighted two phase discharge
coefficient for the homogeneous equilibrium model (HEM) to improve the model
mass flow rate prediction. The discharge coefficient is defined in equation 3.2.
Similarly Fauske [24,25] calculated the two phase mass flux by calculating the
gas mass flux and the liquid mass flux separately and then combining them using
the mass-weighted average, equation 3.3. These two different methods used by
Lenzing et al and Fauske provide a good prediction but in the case of a critical

mixture flow they ignore the fact that when calculating the gas phase in critical

3Design Institute for Emergency Relief Systems
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conditions the liquid phase will be calculated under the non critical conditions
which is far from the real case for a critical mixture flow. Therefore, Boccardi
et al [10] used equation 3.2 with experimental validation and proved that this
equation underestimated the flow rate under the tested conditions. A slight
modification of the discharge coefficient using experimental results was presented.
On the other hand, Tran [66] showed that using equation 3.3 with the HEM

undersized the safety relief valves in many conditions.

Ky = aKy g + (1 - a)KdL (32)
1—=z T —1/2

G = g4+ 4 3.3

e G?,} (33)

An alternative modelling approach is to deal with the safety relief valve as a
sharp-edged orifice in the case of compressible two phase flow. This method was
adopted by Leung [39] to predict a two phase discharge coefficient in conjunction
with the compressibility parameter w at different flow conditions. In this me-
thod the predicted two phase discharge coefficient for a valve not only reflect the
complexity of the two phase flow and the geometry deviations but also the area
contraction due to the vena contracta associated with orifice flow. The discharge
coefficient developed by Leung [39] showed a good agreement with the published
experimental work on safety relief valves. However, the method used requires a
trial and error steps to get an initial guess for the two phase discharge coefficient
and then an iterative steps to obtain a final value. Therefore, simplifying the
valve geometry to a nozzle shape is the most representative geometry to consider.
Darby [18| showed that for the frozen flow, the two phase discharge coefficient is
equal to the liquid discharge coefficient when the two phase flow is not choked,
while it is equal to the gas discharge coefficient when the flow is choked.

A special case of the HEM is called the w method. The w is named from the w
parameter which was first introduced by Leung [38] in 1986 and then modified in

1995 by the same author. The w parameter is a compressibility factor defining an
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equation of state for the two phase flow . Numerous research studies have been
carried out to modify or check the limitation or the working conditions of the w
method and to improve its accuracy. For example, Lenzing et al [36] compared
the HEM model with the original and modified w method for different gases
and working conditions to check the model’s limits and its deviation for different
cases. Boccardi et al [9] investigated experimentally two safety relief valves with
the same diameter and two different discharge coefficient and inlet geometries.
The results compared well with the w method and showed the influence of the
geometry on the valve sizing. For two phase flow with lower mass qualities the w
method leads to undersized valves. Diener and Schmidt improved the w method to
extend its limits at lower qualities. This model called the HNE-DS (Homogeneous
non-equilibrium model Diener-Schmidt) was improved by introducing a boiling
delay coefficient, N, based on the mass quality at the critical cross section to
account for the thermal non-equilibrium. Another modification was added by
the same authors to account for the mechanical non-equilibrium due to friction
between phases by introducing correlation for the slip velocity. The same authors
applied this method to a standard valve (leser DN 25/40) at different conditions
with comparison with the HEM, the w method and experimental work. The
comparison showed better accuracy of the HNE-DS specially at the low quality.
The three models achieved the same degree of accuracy at higher quality.

The w models are easy to use and depend only on the stagnation condition
but still need the single phase discharge coefficient of the gas and liquid supplied
by the manufacturer or obtained experimentally. The international standards
adopted these models as a recommended method for sizing safety relief valves
under two phase flow. For example the ISO 4126-10 adopted the HNE- DS model
with the mechanical equilibrium assumption only and the API 520 recommend
an w model as well.

Several studies were carried out to discuss the flow rate predictive capability
of these models at different flow conditions. Schmidt and Egan [57] compared the
mass flux predicted by the ISO and the API adopted models and the w model
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by Leung [38], the HEM and experimental data. The comparison showed that at
non-equilibrium conditions (thermal or mechanical) with inlet pressure much less
than the thermodynamic critical pressure, the ISO and HNE-DS predict higher
flow coefficients which leads to smaller valve sizes compared to the HEM and
the API 520 (2009). The study compared the model results with measurements
on different valves and for different conditions. The comparison showed that
the ISO and the HNE-DS gave acceptable results and more accurate than the
other two models. The accuracy of sizing safety relief valves using the w methods
was carried out by Derlin and Friedel [21,22] at different conditions. The study
showed that the ISO model is the most accurate model to size safety relief valves
under two phase flow, although it oversized the valves at all working conditions.
Moncalvo and Friedel [45] investigated the reproductive accuracy of the models
for sizing safety relief valves under two phase flow considering a range of liquid
phase viscosities. Different models used in the industry including the ISO model
and the w method model by Leung were compared. The study recommend the
I[SO model at most of the conditions and showed that the ISO model oversized
the selected valve.

All the above studies confirmed that the ISO 4126-10 model is the most ac-
curate model to select safety relief valves under two phase flow in most of the
working conditions. But the ISO model still needs the discharge coefficient of
the valve for all of phases as single phase. These discharge coefficient should be
supplied by the manufacturer or obtained by experimental work. In addition the
ISO model oversized the selected valve in all conditions with variable prediction
accuracy.

The sizing method and models presented here only calculate the critical mass
flow rate through the valve at the maximum lift. These models can not provide
more information on the valve force-lift and flow lift characteristics which is es-
sential in determining the opening and closing characteristics of a valve. This is
why the simplified models is widely used only for predicting the critical flow rate

through the valve and to select the suitable valve with the proper discharge area.
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Experimental work could give better information on safety valve characteristics.

3.3.3 Experimental Measurements of SRV

In general, experimental investigations contribute to the understanding of two-
phase through safety relief valves. In addition, low and mass flow characteristics
could be obtained by experimental work but no much relevant publications have
been found in the literature. Till now the international standards and many
models rely on the experimental work to obtain the discharge coefficient and
experimental work is essential to validate the theoretical models.

Kendoush et al [34] experimentally investigated steam flow through five dif-
ferent safety relief valves under a pressure range of 4.5-75 bar. A gamma ray
densitometer was used to measure the void fraction and a turbine flowmeter was
used to measure the water mass flow rate. The results gave basic information of
some parameters of the safety relief valve under two phase flow such as the back
pressure, void fraction and mass flow rate with time, but without any data on the
valve performance. An experimental study on safety relief valves under two phase
flow conditions was carried out by Bolle et al [11,12]. The pressure distribution
through the valve with the temperature at the inlet and outlet and the mass
flow rate were measured. The study provided good knowledge of the pressure
and temperature distribution and the mass and heat transfer of the flashing flow
through safety relief valves. Experimental results were used to examine the HEM
for the flashing flow conditions and it was found to underestimate the mass flow
rate by 20% in most cases. Narabayashi et al [50] evaluated safety relief valve
performance by testing scaled model valves. The study showed that the scaling
hardly affected the measurements and that the piston force is hardly dependent
on the void fraction. The valve opening and closing were checked and found sa-
tisfactory. To compare the HEM model with the w model and make an improved
correlation for the discharge coefficient, Boccardi et al [9,10] developed a test rig
to test safety relief valves under two phase flow with very wide testing conditions.

The water flow rate was controlled according to the test conditions. The test
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pressure range was from 0.5- 1.75 MPa and experimental tests were carried out
at different water flow rates and hence various volume fraction but only one fixed
lift (full lift). In a similar manner, Moncalvo and Friedel [46] developed a test rig
to facilitate the measurement of gas-liquid two phase flow through a safety relief
valve. The study aimed to investigate the influence of the liquid phase physical
properties on the void fraction at the valve inlet with no data given on mass flow
rates or piston forces at different lifts.

All of the mentioned above experimental studies (and many others) provided
a very good understanding of the complex two phase flow through safety relief
valves. They provide good knowledge on two phase flow behaviour such as heat
and mass transfer between phases, pressure drop through the valve and the pres-
sure and volume fraction effect on the valve mass flow rate. Hence, They helped
in validating the theoretical models and in proveing them. Although, these expe-
rimental studies gave a deeper view of the two phase flow parameters with their
operating conditions, they still did not cover the effect of valve characteristics
on the opening and closing of the safety relief valve. In addition, experimental
work is expensive, time consuming and do not provide local flow details in many
conditions. More experimental work concerning the valve performance is still
needed. On the other hand CFD could be used to provide both global and local

flow details and more visual understanding at a lower cost and faster.

3.3.4 CFD Modelling for Two Phase Flow

As mentioned previously, CFD has been used successfully to predict the flow in
safety relief valves under single phase flow. Although there are several examples in
the literature of using CFD to predict two phase flow in pipes, ducts, jets...etc.,
there is no published work for predicting two phase flow through safety relief
valves. Some of the published two phase CFD work suggest that it may be
possible to use CFD in predicting the flow through safety relief valves. In this
respect, the convergent divergent nozzle can be considered the nearest geometry

to the safety relief valve. Pougatch [55] developed a two fluid model to predict a



3.3. Safety Relief Valve under Two Phase Flow 37

high volume fraction water-air flow in a convergent-divergent nozzle. The water
was the continuous incompressible phase while the air was the dispersed com-
pressible phase. A two fluid Eulerian-Eulerian approach was adopted assuming
no heat or mass transfer between phases. Two sets of continuity, momentum
and energy equations are derived for each phase in addition to the interfacial
equations with the standard k-¢ turbulence model for the mixture. The two fluid
Eulerian-Eulerian model with the standard k-¢ turbulence model for the mix-
ture results showed a good agreement with the experimental results. This simple
geometry problem with two component frozen two phase flow has given a basic
understanding of using CFD for predicting two phase flow. Two CFD studies on
two phase flow through pipes were carried out by Ghorai and Nigam [31] and
DeSchepper et al [19]. The Studies used a simplified CFD model based on the
Eulerian-Eulerian approach called the Volume of Fluid method (VOF). The VOF
is a surface-tracking technique applied to a fixed mesh. It is suitable for two or
more immiscible fluids. In the VOF model, a single set of momentum equations
is shared by the fluids, and the volume fraction of each of the fluids in each
computational cell is tracked throughout the domain. Applications of the VOF
model include stratified flows and free-surface flows. Ghorai and Nigam [31] mo-
delled the wavy stratified air water flow in a pipe with a satisfactory agreement
with the experimental results since the VOF assumption were valid for this case.
The VOF is less intensive than a full Eulerian multiphase flow. DeSchepper et
al [19] verified the Baker chart for gas-liquid flow through horizontal pipes. The
predicted results showed a good agreement with the baker chart. However more
accurate CFD results can be obtained if different CFD models were used with the
corresponding flow regime. Brennan [14]| used the mixture model to investigate
a solid-liquid-air flow at a separator cyclone. The mixture model is a simplified
form of the full Eulerian model that treats the phases as one mixture. The Rey-
nolds Stress turbulent model was used to count for the swirl and flow reversal that
dominate the flow through the cyclone separator. The model prediction for the

density profiles showed a qualitatively results, whereas the predicted segregation
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was larger compared with the measured one by the gamma ray tomography. One
of the main factors that affects the accuracy of the prediction of the segregation
of the particles was neglecting the turbulent stress and the fluctuating terms in
the slip velocity equation in the model implemented by the Fluent code. In later
studies carried out by Narasimha et al [51-53] and Brennan et al [13] the mixture
model slip velocity equation has been modified to count for the gravity and the
lift near the walls which were important factors affecting the model accuracy. The
use of the mixture model showed less computational effort and good prediction
for the multiphase flow through the cyclone separator.

Up until now, there are no CFD studies on two phase flow through safety
relief valves in the literature. However, the above mentioned studies on two
phase flow through pipes, nozzles and cyclones separators suggest using simplified
CFD models to predict the two phase flow through safety relief valves. The
simplifications depend on the assumptions that have arisen from identifying the
flow regimes and determining the flow conditions. In this study the mixture model
with the standard k-¢ turbulence model are used to predict the air-water flow
through safety relief valves. The Mixture model and the standard k- turbulence

model equations are presented in Chapter 5.

3.3.5 Overview

e International standards provide a recommended method to size the safety
relief valve discharge area for gas-liquid flow. There is no information on
the recommended working conditions for safe operation. There are no re-
commendations or guidelines to help in safety valve design for two phase

flow conditions.

e Simplified models are easy to use and play an important role in sizing and
selecting safety relief valves for two phase flow, but they still have limits and
depend on experimental data. Simplified models have not been extended to
predict the flow-lift and force-lift characteristics to investigate the opening

and closing characteristics.
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e Due to the very small scale geometries found in safety relief valves it is only
CFD techniques that are likely to provide insight of the distribution of fluid
properties (pressure, temperature, velocity etc...) at a low cost and in a

fast way.

e Although CFD has not been used in the literature to predict the flow
through safety relief valves under two phase flow, It has been shown to
provide good information for two phase flow through pipes and nozzles.
Hence, this suggest that CFD can be used for predicting the critical flow
rate through safety relief valves. The usage of CFD can be extended to
predict the basic data required for valve design such as the flow-lift and
force-lift characteristics which determine the opening and closing characte-

ristics.



Chapter 4

Single Phase Flow Studies

40



4.1. Introduction 41

4.1 Introduction

An essential step to understanding two phase flow through safety relief valves
is to firstly understand and model the single phase flow. In this chapter the
single phase flow through a safety relief valve is investigated computationally and
experimentally. The main objective is to determine the predictive capability of
a CFD approach and to establish an experimental methodology for testing. In
particular the force and flow lift characteristics will be determined experimentally
and used to validate the CFD prediction. Here the commercially available code
FLUENT 6.3.26 will be used. In the following sections the valve construction,

testing methods computational work and the results will be discussed.

4.2 Valve Construction

The safety relief valve considered in this study is a conventional spring loaded
safety relief valve. It has a 1/4” orifice size and intended for use in the refrigeration
industry for refrigerant vapours; however it is used here with air. Figure 4.1
shows a cross sectional drawing of the entire valve. Detailed manufacturer’s
CAD drawings are presented in Appendix A.1 . The safety relief valve is set to
open at a pressure safely below the bursting pressure of a pressurised system.
The piston (2) is held against the seat by a loaded spring (7) which is fitted
between the gland insert (5) and the spring guide (6); excessive pressure forces
the piston to open. The valve is designed such that when the valve opens slightly,
the pressure builds up to open it fully and to hold the valve open until the
pressure drops a predetermined amount. The relieving pressure is set by the initial
compression of the spring which can be altered through the adjusting gland (4).
Minor modifications have been applied to the valve to facilitate the experimental
work; a 4 mm diameter rod 150 mm long has been fitted to the piston rear, the
adjusting gland (4) and the adjusting gland insert (5) have been combined and
replaced by a single equivalent component and the spring (7) has been cut to a

smaller length. The rod diameter is less than the spring inner diameter, so there
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is no significant change in the flow area at this region. However, the rod has
been chosen to have the minimum diameter that could resist the aerodynamic
forces without buckling or failure; however the minimum rod diameter results
in 6% less flow area at the valve outlet. Tests on similar valves indicate that
these modifications have no significant effect on the measured or the predicted
values of the mass flow rate, back pressure or the fluid forces on the piston [20].
To verify this assumption, experimental work has been carried out on the entire
assembled valve and the modified valve and will be described later. A modified
axisymmetric gland (shown in Figure 4.1) has also been made to decrease the
impact of the three dimensional geometry on the force prediction and this will be

discussed later.
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Figure 4.1: Valve construction (Dim. in inches)

4.3 Single Phase Testing

Experimental work has been carried out to obtain the flowrate-lift and force-lift

characteristics in order to validate the predicted CFD results. Assuming quasi
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steady flow, as mentioned earlier, the flowrate-lift and force-lift characteristics
have been obtained at constant test pressure. Hence, each flowrate-lift and force
lift curve is associated with a single test pressure value. A test rig was built to

facilitate the piston movement (lift), pressure, flow rate and force measurement.

4.3.1 Test Rig Construction

To determine the experimental data for single phase air flow, an existing safety
relief valve test facility located in the Department of Mechanical Engineering at
the University of Strathclyde has been used. A layout and a schematic drawing
of the test rig is shown in Figures 4.2 and 4.3. It has been constructed to measure
the net force acting on the piston, the pressure at various locations in the flow and
the mass flow through the valve at any piston lift. The tested valve is connected
to the end of a 150 mm diameter pipe and supplied with compressed air. The
air supply circuit is presented in Figure 4.4. The valve piston is connected via
a rod to a load cell which has the range of £445 N (£100 lbf) (Omega Eng.
limited L.C203-100). The rod is 4 mm diameter and 150 mm long. The piston
back face has been slightly modified to allow the rod to be firmly fixed to it.
These slight modifications from the original valve have no significant effect on
the flow. A linear cross slide is used to facilitate movement of the piston and
the determination of a force-lift characteristic. The mass flow is measured by a
Sierra Instruments vortex mass flow meter (Innova-mass series 240) , located in
an upstream air supply line of 40 mm diameter (14 in Figure 4.4). The force-
lift and mass flow rate-lift characteristics are steady state characteristics and to
achieve this the upstream pressure has been maintained constant at any lift value
by controlling an upstream throttle valve (7 in Figure 4.4) located in the main air
supply line. The valve supply pressure is measured using a bourdon gauge (16 in
Figure 4.4) positioned upstream of the valve in the 150 mm diameter pipeline and
the piston back pressure is measured by a bourdon gauge connected to a 1 mm
diameter pressure tapping on the valve body (Figure 4.3). The piston position

(piston lift) is determined by measuring the displacement of the cross slide using a
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digital ‘dial” gauge which has an accuracy of 0.001 mm; This results in an relative
error of the order of 0.01 % to 0.6%. For the force measurements the accuracy is
1 Newton which gives a measurement error range of 0.5% to 2%. The accuracy
of the pressure measurement is 3 kPa which gives a relative measurement error

of 0.2-2.5%. The mass flow rate is accurate to 1% of the reading.

Figure 4.2: Construction of test rig for single phase flow measurement
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Figure 4.3: Scheme drawing of the test rig for single phase flow
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1 Compressor S FRY 2 Gate Valve 13 P. Gauge

2 PRY 6 Crate Valve 10 Gate Valve 14 Vortex Flow meter
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Figure 4.4: Air supply circuit diagram

4.3.2 Experimental Procedures

Initially the piston is in a closed position and the air supply gate valve (7 in
Figure 4.4) is totally closed. At this state, the piston is pushed against the seat
to seal the valve, a reaction force is established due to contact between the seat
and the piston face. When the supply system is pressurised and the gate valve
(7) is opened, air is supplied to the test valve (15) and an additional force due to
the air pressure on the piston front face is noticed. With a further small opening
movement of the piston at the same test pressure, the reaction force due to the
seat contact will decrease while the pressure force will be constant. The zero lift
point is defined as the point where the seat is just untouched by the piston and
is believed to correspond with a minimum force measured by the load cell. With
further lift, air starts to flow; hence a higher force will be detected by the load
cell. So at a constant test pressure a minimum force value is associated with the
zero lift position.

Experimental tests start at a suitable sealing position and is taken to be
the zero displacement position. The gate valve is slightly opened until the test

pressure increases to the desired value. The values of the piston force are recorded
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| | Test Pressure (barg) |
Characteristics | 4.1 | 5.5 | 6.9 | 11.7 | 13.8
Flow-Lift VIiVvIivIVv |V

Force-Lift VIivivi VYV vV
Back pressure-Lift | v/ | / | vV | V Vv

Table 4.1: Experimental test matrix (Single phase flow)

since the flow rate and the back pressure will be below measurable values. Then
the piston is moved in small steps of lift (0.01 mm) till a lift of 5 mm is achieved.
Ambient temperature and pressure were measured at the start of each test. At
each lift the force, air flow rate and back pressure are recorded. Finally the
minimum value of the force is detected and the displacement associated with it,
is taken to be the zero lift. These steps are repeated with different test pressure
values ranging from 4 - 14 barg (~ 60 to 200 psig). Table 4.1! identifies the
experimental conditions for each valve test investigated. Tests in Table 4.1 were

carried out for a number of conditions:
1. The standard valve with all the internals (spring and gland) in place.
2. The standard valve with no spring (standard test arrangement).

3. The valve in the standard test arrangement with a modified gland , as shown

in figure 4.1
4. The valve in the standard test arrangement with no gland.

The first group of experimental tests were used to verify that removing the
spring of the safety relief valve will not affect the mass flow rate, piston back
pressure or the piston force. Figure 4.5 shows the comparison of the experimental
results obtained when testing the complete valve and the modified valve at 11.7
barg (170 psig) inlet pressure, and shows close correspondence for both conditions.
It was concluded that the spring had no effect on either the force or mass flowrate

and need not be modelled in the CFD simulation. All subsequent tests were

'Full experimental results can be obtained by contacting Wael Elmayyah (el-
mayyah@yahoo.co.uk) or Dr. William Dempster (william.dempster@strath.ac.uk)
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carried out with the spring removed. The second group of experimental tests
were carried out on the valve with and without the adjustment gland/insert
combination. This allowed back pressure effects to be removed and geometry
modelling of the gland to be addressed separately. The effect of the gland on air
flow rate and force is presented in Figures 4.6 and 4.7 and is discussed in Section
4.5. A modified gland has been used to examine the three dimensional geometry
effect on the force and back pressure prediction. The modified gland was designed
to have a larger flow area thus reducing the effect of the back pressure and to
have a flow geometry as close as possible to an annulus flow area which is easy to
model in two dimensions. A CAD drawing for the modified gland is presented in
Appendix A.1.2. In this Chapter the word “gland” refers to the five hole original
gland while the modified gland is simply called the “modified gland”.
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4.4 Computational Model

In this section the computational model is discussed by introducing the computa-

tional grid details, the mathematical model and the boundary conditions setup.

4.4.1 Model Equations

Although the valve dimensions are very small, the air flow is still a continuum flow
and the well known Navier-Stokes equations will be valid. At a very small lift (0.1
mm) the Knudsen number is about 6 x 107% which means that the continuum
assumption of the flow is still valid. For the flow conditions studied here, the
intermolecular forces are negligible since the test pressure is much less than 150
bar where the intermolecular forces can not be neglected. Hence, the ideal gas as-
sumption is valid for air [40,58]. The Navier-Stockes equations have no analytical
solution and hence a numerical solution is required. In addition, it is too difficult
to solve the exact equations numerically, so the most common approach is to ave-
rage the Navier-Stokes equations in time. This is based on Reynolds averaging by
decomposing the equations into mean (averaged) and fluctuating components and
result in the Reynolds Averaged Navier Stokes (RANS) equations. A new term
appears in the averaged momentum equation called the Reynolds stress (equa-
tion 4.3) and accounts for the turbulence effects on the mean flow. Therefore, an
additional equation or sets of equations, referred to as the turbulence model is
added to the RANS equations to account for the Reynolds stress. One of the sim-
plest and widely used turbulence models is the two equation standard k- model
(equations 4.5 and 4.6). The k- model shows a very good predictive capability
for compressible flow [5,8,20,35,45]. In CFD, RANS equations are used with the
Finite Volume Method (FVM). In this method the flow domain is divided into a
number of small finite control volumes. Each property of interest is assumed to
be in the centroid of each volume. Governing equations are then integrated on
each volume individually and interpolation profiles are then assumed to describe

the property variation between volume centroids. Many studies have adopted
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this technique with the RANS and k-¢ model and have shown good prediction
for air flow through pipes, small dimensional components and safety relief valves;
for example [5, 8,20, 35, 45]

Here, the CFD code FLUENT 6.3.26 has been used with the Reynolds Avera-
ged Navier-Stokes (RANS) combined with the energy equation and the k-¢ turbu-
lent model to predict the highly compressible flow through the valve. Governing

equations are presented here:

Continuity equation
ap 0
-+

(pus) = 0 (4.1)

Momentum Equation

g P+ g (puits) = axi*‘axi[ﬂ/<axj'+ ozs :3@Jaxl)]*‘ax-< i)

Where 52 (—pu;u;)is the Reynolds stress and obtained from the equation
J

8 — (9uz an 2 8ul
— | —pu.u. | = - — — Iy 4.
8.13]' < pulu]) H (8SCJ + 833'1) 3 (pk +’uta$[) 52] ( 3>
and
k?2
Mt = pcu? (4.4)

The standard k£ — ¢ model

0 0 0 e\ Ok
a(pk)—i— ami(pkui) = 5 [(u—i— Uk) 8:@} +Gr+Gy—pe—Yy (4.5)

9, Oe 5 g2
(peu;) = -— [(u + g—€> a—x]] +CIEE(Gk+CSEGb> —C2sﬂz

(4.6)

G = S? (4.7)
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S = 1/25;;S; (4.8)
pe Op
= —g; 4.
Y = 2pe M} (4.10)
k

And the constants values are as follow

Cie =144 Cy. =192, C5. =0.09 , C, = 0.09, o) = 1 and 0. = 1.3 |

Energy Equation

0 0 0 aT
— (pFE — |u;(pE = — | K jr— A 4.12
g; (PE) + 5 lwilpE +p)] o, ( 5 gy T (Tw)eff) (4.12)
where
Koy = I+ Sol (4.13)
eff P?”t .
ou; — Ouy 2 Ouy,
(Tij)eff = Heff <a_xZ + 81‘]) - g,ueffa—xktsij (414)
Ideal gas law
P,+P
= TS T 4.1
’ = BT (4.15)

4.4.2 Computational Grid

To allow computational efficiencies a two dimensional axisymmetric model has
been developed to represent the safety valve geometry, Figure 4.8. A two dimen-
sional axisymmetric model has been shown to provide adequate prediction for the

mass flow rate and piston force in previous research work [20] for similar safety
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valve geometry and flow conditions. In this model the flow areas between the
piston and the body and the gland exit holes, shown on Figure 4.8, have been
represented as equivalent annulus areas. The flow area around the piston is a
very important area for predicting the air flow rate, hence it has been maintained
when modelled as an annulus flow area. The piston front face area is also required
to be maintained for predicting the piston force. Therefore, the piston seat area
has been kept the same (since it is already symmetric), whereas the piston front
face outer diameter has been chosen to keep the same piston front face area and
hence the flow area around the piston. The gland flow area (5 holes) has been
modelled as an annulus area the centre of which is located at a radius of half
the valve body radius. The computational mesh has a total of 7000 quadrilateral
cells distributed giving an average mesh density of 7 cells/mm?. A more dense
mesh of 14000 quadrilateral cells has been used to examine the grid independency,
with no significant improvement for the solution. The difference in air flow rate
was 0.00001 kg/s , 0.01 N for force and 150 Pa for the back pressure so the cell

number was kept about 7000 in all cases.

4.4.3 Boundary Conditions and Solution

The proper setting of the boundary conditions is an essential step to obtain ac-
curate CFD results. The boundary conditions are applied at the valve entrance,
valve outlet and valve walls. Valve walls were defined as stationary walls. At the
inlet boundary, the stagnation pressure, static pressure and stagnation tempera-
ture are applied; in addition an initial value for the turbulence intensity and the
hydraulic diameter are introduced. Hence, an initial air mass flow rate is deter-
mined at the inlet area then is recalculated from the downstream conditons at the
choking plane. At the outlet boundary conditions the static pressure is applied.
However, the flow calculation is independent of the outlet boundary condition
since the flow is choked for all test pressures in this study. This will be discussed
in Section 4.5.3.1. The discretization scheme used for the continuity, momentum,

energy, turbulent kinetic and turbulent dissipation energy equations was second
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Figure 4.8: Computational grid of the valve (Dim. in inches)

order upwind for the convection terms and second order central difference for the
diffusion terms. The convergence criterion was based on the residual values of
the calculated variables, i.e., mass, velocity components, energy, turbulent kinetic
energy and turbulent dissipation energy. The threshold values were absolute with
magnitudes of 1x 1073 for all variables, with the exception of the energy equation
where it was 1 x 1076, All cases have converged in about 20 min on a 2.4 GHz
desktop PC . The pressure range used was 4 -14 barg (60 - 200 psig) to allow the
model validation by the experimental results which were restricted to maximum

pressure of 15.7 barg (230psi).
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4.5 Results and Discussion

4.5.1 Experimental Results

The variation with lift of the mass flow rate and net piston force obtained with and
without the gland are shown on Figures 4.9 and 4.10. The experimental results of
the mass flow rate through the valve with and without the gland proves that the
gland has no significant effect on the mass flow rate. For these flow conditions,
this suggest that the simplified model of the valve without the gland or other
complex exit geometry, could give accurate predictions for the mass flow rate-lift
characteristics. Since the flow is choked at all lifts, the mass flow rate is called a
“critical flow rate” and it is independent of the flow conditions downstream of the
choking position. For these cases the first choking conditions occur at the piston
front face or piston side faces which decouples any influence of the downstream
gland on the flow rate. Flow-lift characteristics are discussed in Section 4.5.3.1
In Figure 4.10 the force-lift curves indicate that the gland has a noticeable
effect on the piston net force. The results with the gland show lower net forces
than without the gland and is caused by the effect of the higher pressure on the
piston back face (shown in Figure 4.10). Force-lift characteristics are discussed

in Section 4.5.3.2
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4.5.2 CFD Results

The results of the CFD model can be used to show the detailed flow and property
distributions through the valve. Contours of static pressure, static temperature,
velocity and Mach number have been obtained for the flow through the valve at
different piston positions. Figures 4.11 and 4.12 shows the pressure, temperature,
velocity and Mach number contours at an inlet pressure value of 11.7 barg (170
psig) and a lift of 2.5 mm, which is in the fully open operating range of lifts.
The figures show the significant variations of flow properties encountered in the
valve. From Mach numbers of 0 to 1.6, temperature variations —60°C' to 20°C'
and velocities from 0-400 m/s. A good understanding of the flow behaviour can
be achieved by investigating the property distribution throughout the valve. The
contours of the velocity at different lifts show the flow acceleration at the valve
inlet to reach the sound speed around the piston at different locations according to
the lift. The Mach number contours can identify the choking plane (critical plane)
at which the Mach number is unity. In Figure 4.12 (a), it can be seen that the
critical plane first occurs at the end of the piston. The flow expands downstream
of the chocking plane for a short distance before undergoing a compression down
stream the piston end due to the existence of the gland. pressure contours are
shown in Figure 4.11(b). The change of the static temperature and pressure can
be recognised using the contours display tools (Figure 4.11). Air flow is choked
again while passing through the gland before performing its final expansion at
the valve outlet section.

Predicted flow-lift characteristics along with the experimental results are shown
in Figure 4.14 which indicates that the CFD model provides an accurate predic-
tion of the flowrates at all lifts. The predicted forces compare well with the
measurements (Figure 4.15). However, when the gland is in place the predictions
for both force and back pressure are less accurate and are due to the limitations
of modelling the three dimensional flow down stream of the piston and through
the gland holes using a two-dimensional model, as is done here. Additional errors

arise from the difficulty in accurately representing the geometrical edges of the
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gland holes correctly as previously discussed by Dempster et al [20]. To check
the three dimensional flow effect on the force prediction, a modified axisymme-
tric gland has been introduced (Figure 4.1). Figure 4.16 presents CFD predicted
results and the experimental results with the modified gland. Force lift charac-

teristics will be discussed in Section 4.5.3.2
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Figure 4.11: Contours of static temperature and pressure at 2.5 mm lift and 11.7 barg
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Figure 4.16: Piston force-Lift characteristics at 12 barg with the modified gland

4.5.3 Discussion
4.5.3.1 Flow-Lift Characteristics under Single Phase Flow

The specific form of the flow and force characteristics can be understood by
examining the detailed predicted results for a range of lifts. Figure 4.17 shows
the mass flowrate for a range of lifts and on this curve regions I and II are
identified. In region I, which occurs for lifts between 0 and 1.2 mm, a rapid
increase in mass flow rate occurs for a slight change in piston lift. Thereafter, the
mass flow changes more slowly to a near constant value.

The reason for these changes can be explained by examination of the Mach
number and pressure distributions local to the piston in the valve. Figures 4.18,
4.19 and 4.21 show these parameters for a wide range of lifts. Figure 4.18 shows
the Mach number contours in the flow between the valve seat and piston face for
lifts for region I, i.e. 0.3 to 1.2 mm. The figure indicates that for these lifts the
flow is choked in a plane between the seat and the piston; the dashed lines in

Figure 4.18 showing the choking plane for each lift. The mass flow rate is critical
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Figure 4.17: Flow-Lift characteristics at 11.7 barg

and controlled by the local geometry.

Since the inlet stagnation pressure and stagnation temperature is fixed for
each of the lift positions the mass flowrate is dependent only on area and this a
near linear function with lift resulting in the linear change of mass flowrate seen in
Figure 4.17 for Region I. When the lift is greater than 1.2 mm the choking plane
moves to a position at the exit from the annular passageway between the piston
and the valve body, as shown on Figure 4.19, and remains at this position for any
further increase in lift. The slower increase in mass flow for higher lifts that can
be seen in region II of Figure 4.17 is due to the increase in pressure at the inlet of
the annular passageway. This is indicated in Figure 4.20 which shows an increase
in static pressure upstream of the piston as the piston lift increases. This will
continue to increase as the piston moves away from the seat and will eventually
approach a pressure value slightly less than the limiting upstream stagnation
pressure due to losses between the valve entrance and the piston side. This also
limits any increase in mass flowrate and explains the near constant mass flow

found at higher lifts in Figure 4.17.
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4.5.3.2 Force-Lift Characteristics under Single Phase Flow

In a similar manner, an understanding of the force-lift characteristics can be ob-
tained by examining the detailed CFD predictions. Figure 4.22 shows three main
regions, Region I between 0 and 0.4 mm lift when the net force linearly increases.
Region II, which occurs between 0.5 and 1.5 mm and shows an increasing net
force, but at a significantly reduced rate compared to Region I. A final region,
Region ITI, can be identified for all lifts above 1.5 mm and shows a steady increase
of the net force but finally settles to a steady value. Figure 4.21 shows the pres-
sure distribution at the piston front and back face for a range of lifts. In Region
I and at zero lift the net force is dictated by the upstream stagnation pressure
acting between the seat sealing locations. As the piston lifts, a choking plane is
established that ensures that the stagnation pressure acts across the majority of
the piston inner face. However at lifts between 0 and 0.4 mm an increase in force
is achieved by the expanding gas close to the valve seat.

The net force in Region I is influenced primarily by increases in pressure over
the inner piston area, (Area Al in figure 4.21) and no significant back pressure.
However, as the piston lifts further into Region II, the flow rate increases si-
gnificantly causing an increase in back pressure as shown in Figure 4.10 and an
increase in pressure across the outer periphery of the piston front face, (Area
A2 in figure 4.21). The increase in piston back pressure prevents the force from
increasing at the same rate as in Region I. As the lift progresses into Region III
the flow rate begins to stabilise because the choking position has now relocated
to a plane at the back of the piston and stays fixed (see Section 4.5.3.1 ) and
since the back pressure is flowrate dependent it also reaches a steady value. At
the higher lifts of Region III both the pressure at the inner and outer regions of
the piston front face will increase towards the upstream stagnation pressure. As
shown in Figures 4.20 the pressure at face A2 was approximately 7 barg for a 1.2
mm lift, then 8.5 barg for a 2.5 mm lift . Since this is a fixed pressure for all lifts
then this combined with a steady back pressure will eventually produce a steady

net force. Thus the trends found for both mass flow and force-lift characteristics
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can be explained in detail by using the CFD predictions.
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Figure 4.22: Experimental force-lift characteristics with gland at 11.7 barg

Three Dimensional Effects on Piston Force Prediction

To investigate the three dimensional geometry effect on force prediction a mo-
dified gland has been used in the experimental testing to produce a geometry
consistent with the two-dimensional modelling. The modified gland leads to bet-
ter CFD predictions for the back pressure than the original gland by 15% (Figures
4.23 and 4.24). However, the CFD prediction for force with the modified gland is
poorer when compared to the corresponding experimental results than the CFD
predictions with the original gland. This inconsistency required further analysis
of the requirements for the piston force prediction with the emphasis given to
two/ three dimensional modelling issues. To do this a three dimensional Fluent
model was developed and solved with the same conditions as described in Section
4.4. Also the computational results from a parallel three dimensional modelling
study by Gronkowski [33] was used. Figures 4.25 and 4.26 show the pressure dis-
tribution on the piston front and back face of a three dimensional Fluent model

of the valve at 11.7 bar and 4 mm lift. The figures show that the pressure dis-
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Figure 4.23: Force-lift and back pressure- lift characteristics at 11.7 barg with gland

tribution is non uniform; which suggest a possible error in force prediction when
using a two dimensional model.

To investigate this three dimensional effect on the force prediction a compa-
rison between the predicted force by the three dimensional model and the two
dimensional axisymmetric model is needed. The three dimensional model used
for comparison was made by Gronkowski [33] using the commercial software So-
lidWorks. Figure 4.27 presents the predicted force and back pressure using the
three dimensional model [33] and the two dimensional axisymmetric model. The
results of the two dimensional axisymmetric model are shown at Figure 4.27 and
show an over predicted back pressure at all lifts, under predicted force from 0.3-
0.9 mm lift, over predicted force from 2 to 5 mm and in between these two re-
gions the force is fairly well predicted. A higher predicted back pressure should
lead to lower predicted force if the predicted piston front face force is fairly well
predicted; which could be noticed at lifts from 0.3 to 0.9 mm in Figure 4.27. For
example at 0.5 mm lift, the predicted net force by the three dimensional model
is 77 N and the net predicted force with the two dimensional model is 62.7 N.

This difference is due to the overpredicted back pressure by the two dimensional
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model, since the predicted force on the piston front face is similar (88.5 and 90.3
N). Table 4.2 presents the predicted values of forces at 0.5 mm and 4 mm lift at
11.7 bar. The difference in back pressure corresponds to nearly 16 N of difference
in net predicted force. Hence, if the predicted force on the piston front face is
well predicted the over predicted back pressure will result in a lower net force.
With further lift, more of the piston front face area is exposed to the inlet stag-
nation pressure resulting in a higher force on the piston front face; as discussed in
Section 4.5.3.2. Therefore at certain lifts an overpredicted piston front face force
will compensate for the over predicted force on the back face; see lifts 0.75-2.0
mm in Figure 4.27. At higher lifts, the net force is overpredicted which results
from higher overpredicted force on the piston front face; see lifts from 2.25- 5.2
mm in Figure 4.27. In the case of the two dimensional axisymmetric model the
force on the piston front face is 206 N whereas it is 188.8 N for the three dimen-
sional model (table 4.2). Hence, it can be concluded that the predicted forces
on the piston front and back faces are affected by the three dimensional effect

of the pressure distribution. Although, the pressure value indicated by the two
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dimensional axisymmetric model on piston front face (or piston back face) is a
good indication of the pressure on these faces and the model successfully present
the pressure distribution behaviour, there is a deviation in force values due to
the non uniformity of the pressure distribution. This non uniformity in pressure
distribution can be explained when looking at the piston geometry (shown in Fi-
gures 4.25, 4.26 and Appendix A.1.1) and the flow areas around it; as the piston
moves in a typical cylindrical part of the valve body. The area around the piston
can be divided into eight flow areas. Four of them are very narrow corner flow
areas with about 0.5 mm?, whereas the other four main flow areas are about 10.7
mm? . This large difference in adjacent flow area results in a large difference in
flow velocity which leads to a large pressure difference between these two areas
(shown in Figures 4.25 and 4.26).

These results indicate the limitation in a two dimensional modelling approach
are in contrast to the conclusion of Dempster et al [20] who showed accurate pre-
dictions in similar valve geometries. As in this study, the commercial CFD code
Fluent was used with a similar modelling approach. However, the piston design
used by Dempster et al [20] had a circular front face which was more appropriate
to a two dimensional modelling approach than the square faced piston used in this
study. Valve drawings are shown in Appendix A.1.4. This piston design leads to a
uniform distribution of the pressure on the piston face, hence the two dimensional
axisymmetric model can well predict the piston force. A three dimensional model
for the same valve has been developed to be compared with the two dimensional
axisymmetric model. Figure 4.28 shows the uniform static pressure distribution
on the piston front face of a three dimensional Fluent model. However, the two
dimensional model is much more computationally efficient compared to the three

dimensional model.



4.5. Results and Discussion 73

’ Forces on Piston ‘

Front face | Back Face | Net

0.5mm 3D [33] 88.5 11.5 77
0.5mm 2D 90.3 27.6 62.7

4 mm 3D [33] 188.8 59.8 129
4 mm 2D 206 70.4 135.6

Table 4.2: Predicted force values at 0.5 and 4mm lift at 11.7 bar
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Figure 4.27: Three [33] and two dimensional force-lift characteristics at 11.7 bar (170 psi)
with gland
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4.6 Valve Design Approach for Single Phase Flow:

To achieve a general approach to the analysis and design of safety relief valves
as described in Chapter 3, general force-lift and flow- lift parameters need to be
obtained that can be applied to all pressures and flows. This will help to determine
the discharge flow rate at the opening pressure and also to determine the closing
condition and pressure. The flow-lift and piston force-lift characteristics have
been obtained at different pressures. Figures 4.29 and 4.30 present the flow-lift
and piston force-lift characteristics at different pressures. A normalised force-
lift curve and flow-lift curve for all pressures is necessary to achieve this goal
[6,20,43,48|. Figure 4.31 shows how these curves will be used to determine the
discharge flow rate at any known pressure. When the forces are normalised, all
the force-lift curves at different pressures should collapse onto one curve. If the
normalised spring force-lift characteristics are plotted with the normalised piston
force-lift characteristics, this will identify the valve working lift. The intersection

point will indicate the valve lift and from this point at the normalised flow-lift
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curve the valve discharge flow rate could be determined.

For a normalised flow rate when the flow is choked i.e. M=1 [6,20, 48|

m
= VT, 4.16
N Po Aseat ( )

For the normalised force the following scaling factor can be used.

F

Frn =
N (Po - Patm) Aseat

(4.17)

Using the two scaling parameters, defined in equations 4.16 and 4.17 a single curve
for the flow-lift and force-lift characteristics should represent a family of curves
at various pressures. Figure 4.32 shows the normalised flow-lift characteristics
and Figures 4.33 and 4.34 show the normalised force-lift characteristics with and
without the gland. The flow-lift curve show the flow-lift curves at different pres-
sures collapse into one curve with maximum uncertainty of 1.5% since the critical
air flow rate at constant lift is only dependant on the stagnation pressure. On the
other hand, the net force is the resultant of the force on the piston front face and
the opposing force on the piston back face. The piston front face force at fixed lift
is only dependant on the stagnation pressure, while the force on the piston back
face depends on the back pressure which is a result of the air flow rate and the
valve outlet area. The effect of the back pressure results in a slight deviation in
the normalised force curve. Back pressure has a more significant effect at higher
lifts (higher air flow rate) and when the gland is in place. This deviation can be
noticed from a comparison of Figures 4.33 and 4.34. For example the difference
between the highest and lowest force value at 4 mm lift without the gland is 0.25,
while it is 0.4 at the same lift with the gland due to the effect of the higher back
pressure. However, 0.4 deviation results in a force uncertainty of about 23 N at
13.8 bar, so if the mean line of the force curve is used as the force trend line, this
will result in a 11.5 N uncertainty. Since at high lift (1.5- 4.5 mm) the flow rate
is nearly steady so this will not make a significant difference in the predicted flow

rate. At low lift (0- 1.5 mm) a slightly higher deviation in flow rate is expected
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due to the steep slope.

This approach can be used to assist in safety relief valves design for single
phase air flow. The normalised characteristics can be achieved by obtaining the
force-lift and flow-lift characteristics at only one pressure either experimentally
(if the valve is already manufactured) or by using CFD if the valve is in the design
phase. When safety relief valve characteristics need to be verified, the normalised
characteristics for the valve as shown in Figure 4.31 can be used to determine
the fully open operation point, the closing pressure and the corresponding lifts at
any required discharge flow rate and opening pressure. The force-lift, the spring
force-lift and the flow -lift characteristics will be obtained at the opening pressure
using the scaling parameters. The spring characteristics can be adjusted to meet
the required discharge flow rate at this pressure. Then the closing pressure can
be determined by using the scaling parameters to find the pressure that results
in a force-lift characteristics lower than the spring force-lift characteristics. Ge-
neral opening and closing characteristics are shown in Figure 4.35 and have been
described in Chapter 3. On the other hand, if the system maximum operating
pressure is determined, the normalised characteristics can be used to determine

the discharge flow rate at the corresponding lift and the closing pressure.
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5.1 Introduction

The single phase flow studies have provided good understanding of the compres-
sible flow characteristics through the safety relief valve considered in this study.
This has given the basic knowledge and encouragement to move on to the se-
cond step which is the two phase flow studies. In this chapter, two phase flow
(air-water) through a safety relief valve is investigated computationally and ex-
perimentally. The main objective is to determine the predictive capability of a
CFD approach for two phase flow and to establish an experimental methodology
for testing based on the previous experience with single phase flow. The mix-
ture model with the k- turbulence model are used to predict the two phase flow
and obtain the flow-lift and force-lift characteristics for the valve at different flow
conditions. The test pressure range was from 6.9 to 12.07 barg (100 - 175 psig).
The water flow rate was from 0.01 to 0.05 kg/s which gives a range of water
mass fraction of 0.1 to 0.71. Water mass fraction is defined as the ratio between
the water mass flow rate to the mixture mass flow rate (x, = %) The
commercially available CFD code FLUENT 6.3.26 was used to solve the models
equations. CFD modelling details are introduced in Section 5.3. To investigate
the predictive capability of the mixture model, experimental tests and CFD cal-
culations has taken place not only at different flow conditions but also at various
water injection arrangement with and without the gland. Experimental studies
details are introduced in Section 5.2. Experimental and CFD results are presen-
ted in Sections 5.4 and 5.5 and discussed in Section 5.7. Well known simplified
models are used to compare with the CFD and experimental results for predicting
the discharge flow rate at maximum lift. Models used are the Homogeneous equi-
librium model (HEM) [18], the Homogeneous non equilibrium model developed
by Diener and Schmidt (HNE-DS) [23] and the ISO adopted model 2] which is
the HNE-DS but assuming no slip between phases, i.e. the two phases have the
same velocity. Simplified model are discussed in Section 5.6. Normalised flow-lift
and piston force-lift characteristics are introduced in Section 5.8 to assist in valve

design.
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5.2 Experimental Studies

The purpose of the experimental work is to obtain the flow-lift and force-lift
characteristics at different upstream air pressure and different water flow rates.
The air pressure determines the extent of air mass flow with the amount of water
being injected. The main idea is to inject water into the flowing air upstream of
the valve allowing them to mix prior to entering the valve. A converging nozzle
has been used to facilitate the injection and mixing of the fluid. Downstream
of the valve, a separator with the necessary connections and adaptors is used to
separate the water and the air. The water collected in the separator also acts
as a water supply for the water injection pump. In the following subsections a

description of the test rig and test procedures are introduced.

5.2.1 Experimental Setup

The test rig, Figures 5.1 and 5.2 , consists of a 100 mm (4 inch) diameter pipe (1)
connected to an air compressor to deliver high pressure (1-15 bar) compressed air
to the valve. The air supply circuit used for two phase flow is the same circuit used
for single phase flow and is described in Section 4.3.1. The tested safety valve (3)
is connected to the pipe via a brass converging section (2) with inlet diameter 29
mm and outlet diameter 6.35 mm to adapt to the valve entrance. The dimension
of the flow area of the converging section is presented in Appendix A.1.3. An
injection nozzle (4) is fitted in the converging section to inject the water. The
injection nozzle is a 4 mm tube with a closed end and the exit orifice positioned
on the side wall facing downstream and located at the centre of the tube. The
orifice allows a well distributed dispersed water flow. To investigate the effect
of the water distribution on the flow properties, three different injection nozzles
have been developed. The geometry of the nozzle and the effect of the water
dispersion is discussed in Section 5.7.3. A PVC tube (5) is threaded to the valve
outlet at one end while the other end has a nut to seal it and allow the piston rod

to pass through it to the load cell. The PVC piece was designed such that it has
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a minimum resistance to the outcoming flow. It has a 50 mm diameter side exit
connected to a hose to direct the mixture to the separator, which is maintained
close to the atmospheric pressure. A pressure tapping is fitted to the PVC piece
to measure the pressure at the valve outlet ( Figure 5.1 and 5.2). The piston rod
passes through the PVC piece to be attached to the load cell. A clearance of 0.05
mm was allowed between the rod and the sealing nut hole to prevent any friction
on the rod that may affect the force measurements. This clearance allow some
droplets of water to come out of the PVC piece during the test at high water flow
mass fraction. These droplets are collected in a small vessel. The valve piston
(6) is attached to a 250 mm long 6 mm diameter rod connected to a load cell (7)
which measures the force exerted on the piston. The load cell is connected to a
moving traverse table that allows linear piston movements. The load cell (Omega
LCMFD-500N) has the range of £500N, it has a good water resistance (IP65)
and an accuracy of +0.15% of the range. The piston movement is measured by a
digital dial indicator with sensitivity of 0.001 mm. The upstream pressure, back
pressure and the outlet pressure are measured by the three Bourdon pressure

gauges fitted at (8),(9) and (10) respectively.
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Figure 5.1: Test rig construction scheme
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Figure 5.2: Test rig construction

The water injection system (Figure 5.3 and 5.4) consists of a positive displa-
cement diaphragm water pump (Hydra Cell G20) (1) connected to the injection
nozzle (5) via a high pressure hose. The water pump has been chosen to work at
high pressure to inject water into a high pressure air flow. In addition it has a
high volumetric efficiency such that the flow rate decrease with a pressure increase
will be minor. High volumetric efficiency will allow a wide range of tests at dif-
ferent air flow pressures. The pump has a maximum flow rate of 3.5 1/min at 100
bar. The pump is driven by an AC motor controlled by a speed controller, which
allows fine adjustment for the water flow rate needed. Upstream of the injection
nozzle, a flow meter (Platon GMT) (4) is fitted to facilitate measurement of the
water flow rate; it has a flow rate range of 0.4 - 4 1/min and has an accuracy of
+2% of the range. A pressure relief valve (2) is attached to the pump outlet to
protect the circuit from any unexpected high pressure. A bladder accumulator
(FlowGuard DS-20) (3) are connected to the pump outlet to damp the pulsating

water flow rate from the pump.

5.2.2 Experimental Procedures

The test starts by clearing the system of any residual water that might have
collected in the pipe work. This is done by setting the valve lift at a high value
and imposing an upstream pressure of 3 bar to generate an air flow which will

carry the water to the separator. For a specific test, the piston is moved to
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Figure 5.3: Water Injection circuit diagram
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Figure 5.4: Water Injection circuit

the desired starting lift of 4.5 mm. The test pressure is adjusted by controlling
the air flow via a throttle valve upstream of the tested safety relief valve. Prior
to implementing the air-water test procedures, a single phase air test is carried
out at which the zero lift is determined as described in Section 4.3.2. After
the single phase air test is completed the two phase (air- water) test is started
by maintaining the air flow at the test pressure then switching the water pump
motor on. The pump motor speed is increased until the desired water flow rate is
achieved. The water flow rate is continuously observed via the water flow meter.

After water injection, the test pressure changes due to the water flow, therefore
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| | Test Pressure (barg) |
Water flow rate (kg/s) | 6.9 | 8.6 | 10.3 | 12.07

0.01 VAR
0.02 JI vV 1V
0.03 VIV V]V
0.04 ViV V|V
0.05 VIivIiv IV

Table 5.1: Experimental test matrix for two phase flow

the throttle valve needs to be readjusted to maintain the specific test pressure.
When the pressure gauge indicates the desired test pressure and the flow meter
indicates the correct water flowrate, the air flow rate, force and back pressure
are recorded at this lift. The lift is changed to 4 mm then the throttle valve is
adjusted again to maintain the test pressure. The air flow rate, force and back
pressure are recorded at this lift. The test is repeated at 7, 8.6, 10.3 and 12.07 bar
(100, 125, 150 and 175 psi) and water flow rate 0.01, 0.02, 0.03, 0.04 and 0.05 kg/s
at lifts from 0.25 to 4.5 mm. However, there were some cases that could not be
measured with a reasonable certainty because of the experimental facilities. For
example, the minimum air flow that could be measured by the vortex flowmeter
is about 0.015 kg/s, hence for a situation with high water flow rate and low
lift the flowmeter indicates zero. Another example, at lower test pressures 100,
125 psi with low water flow rate (0.01 and 0.02 kg/s), the mixture pressure is
less than the accumulator setting pressure, hence at this point the accumulator
does not work correctly and the water flow pulses making the pressures fluctuate.
Table 5.1'shows the experimental test matrix which has been carried out on the
valve with and without the modified gland. These range of pressures and water
flow rates give a working air flow rate from 0.015 to 0.86 kg/s and a water mass

fraction range from 0.1 to 0.71.

'Full experimental results can be obtained by contacting Wael Elmayyah (el-
mayyah@yahoo.co.uk) or Dr. William Dempster (william.dempster@strath.ac.uk)
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5.3 Two Phase Flow Modelling

Two main approaches are used to model two phase flow; the Eulerian-Lagrangian
and the fully Eulerian approaches. The Eulerian-Lagrangian approach treats the
continuous phase (in this case the air flow) as a continuum; the particles or dro-
plets are tracked by calculating the particles/droplets equation of motion. The
Lagrangian approach has been extended to consider the effect of the dispersed
phase on the Continuous phase; by calculating the heat, momentum and mass
transfer between the continuous and the dispersed phase. However, the Eulerian-
Lagrangian approach is limited to dilute flows and assumes that the dispersed
phase is well distributed all through the flow path which is not suitable in many
cases. The Eulerian approach treats all phases as a continuum and for a two
phase flow is often referred to as Eulerian-Eulerian. Each phase has its set of
transport equations in addition to the interfacial equations. The full multiphase
model that has continuity, momentum and energy equations for each phase with
the associated interfacial equations will have many discontinuities associated with
the equations and is more complex to develop and numerically solve. A simplified
model, called the mixture model, was developed to increase the reliability of the
multiphase models for certain conditions. The mixture model will be discussed in
the following section. In this study the two phase flow is generated by injecting
water into a flow of air. At the point of injection the water jet is a core based flow
and not evenly dispersed over the flow area. Although the Eulerian-Lagrangian
approach could be used here with the assumption that the water phase are well
distributed droplets, the fully Eulerian approach here will be a better represen-
tation. The type of flows that exist in the high speed regions of the valve are
believed to be dispersed droplets or annular flows with phase distribution and ve-
locity slip modelling being the biggest issues. The mixture model has successfully
been applied to these situations [26,42|. Furthermore, as mentioned in the lite-
rature review (Chapter 3), the multi-dimensional two phase flow in a safety relief
valve has not been examined in any detail, if at all. Therefore it was thought wise

to start with the mixture model which is the simplest CFD model and determine
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its effectiveness.

5.3.1 Mixture Model

The mixture model is a simplified model of the full Eulerian-Eulerian multiphase
model. This model is considered a good alternative in simulating dilute flows of
droplets of liquid in gas, suspension of solid particles in a gas or small bubbles in
a liquid. In many cases the flow phenomena are dominated by one phase and the
other phase has no effect on the flow. In this case the multiphase flow could be
considered a single phase flow and all other phases are neglected but this is not
the case in this study in which the secondary phases can not be ignored and has
an effect on the flow.

The most significant issue in a multiphase model is the strength of the coupling
between the phases, hence we can find the homogeneous flow models, mixture
models, multi-fluid models and many combinations between them. In most cases
each phase is treated as an interpenetrating continuum with a volume fraction
parameter. In the case of strongly coupled phases when their velocities equalise
over short spatial length scales, the flow can be considered homogeneous assuming
all phases move at the same velocity. A number of models have been developed
on the basis of an assumption of local equilibrium. [25,37,39|. In other cases
gravity and centrifugal forces tend to cause velocity change which could not be
ignored.

The mixture model is given in the form of continuity and energy equations
for the mixture and one momentum equation, which contains an additional term
representing the effect of velocity differences between phases. A model based on a
force balance for the dispersed phases is required for computation of the relative
velocities. In addition, an equation for the volume fraction for the dispersed
phase is introduced. In all multiphase models the main difficulties are due to the
interfaces between phases and discontinuities associated with them. Although
the full multiphase equations are theoretically more advanced, the uncertainties

in the closure relations can make them less reliable than the simpler mixture
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model [42]. Another advantage of the mixture model is the considerably smaller
number of variables to be solved compared to the full multiphase models and

hence it is much more computationally efficient with much smaller solving times.

5.3.1.1 Basic Equations

The mixture model assumes local equilibrium over short spatial length scales, It
solves the continuity equation, momentum equation and energy equation for the
mixture in addition to the volume fraction equation for the secondary phase as

well as algebraic expressions for relative velocities. They are presented below

Continuity equation

%(ﬂm) + v-(pmu—)m) =0 (5.1)

—_ . .
where v,, is the mass-averaged velocity:

Ve TN/ RIS
i, = =k QPR (5.2)
Pm

and p,, is the mixture density:

Pm =D Cpr (5.3)

where

Momentum equation

0 — —— —
E(pmum) + V. pmtmtm) = =Vp+ V[T + Trm| + pm g + ? +V.pm (5.5)

Where 7, is the average viscous stress,

T = Z QL TE (5.6)
k=1
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Trm 18 the turbulent stress,

n
Trm = Y OkPRlIRUE (5.7)
k=1
Tpm 18 the diffusion stress,
n
—
TDm = E O P Uy | Udr J; (5.8)
k=1

Slip velocity and Drift velocity The relative velocity is the velocity of the

secondary phase (water (w)) to the velocity of the primary phase (air (a))

Ug = Uq — Uy, (5.9)

The mass fraction for any phase (k) is defined as

g, = PR (5.10)
Pm
The drift velocity ug, is defined as
Ugy o = Up — Uy (5.11)
and can be written in the form
Udrw = m - Z O‘led; (512)
k=1

Drag force

The drag force represents the additional forces on a particle due to the velocity
relative to the fluid. Drag force for a single rigid spherical particle in air can be
written as follows

1 Alyg

1
F - = aC A wa wa__vw a” 7,
D= 5PaCp A | tua | u Pa—y

: (5.13)
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The first term on the right hand side is the viscous drag and the second is the
virtual mass other sources of drag force such as rotation, concentration gradient,
pressure gradient and the effect of past acceleration have been omitted. [16,42]

The drag coefficient C'p depends on many factors but it could be given by

Stokes’ law which is valid for low relative Reynolds numbers Re,

24
Cp= 5.14
D= R (5.14)
Where,
d'w w wa
ReT:M (5.15)
[t

The relative velocity expression was obtained by Manninen et al [42] by combi-
ning the momentum equation for the mixture (equation 5.5) and the momentum

equations of the water droplets (equation 5.16)

0 =
(@) + s o (W )ty = —VD+V [ (Too + Trw)| + Qwp G + F (5.16)

Qg Pwa

Considering the viscous drag only with the Stokes’ flow (equations 5.14 and

5.15 )so the relative velocity can be written as

— (po— )i,
Upg = = Q
1814

(5.17)

. —
The acceleration «a

-~
@ =7 — (Vi = L (5.18)

ot

For higher relative Reynolds number the relative velocity should consider dif-

ferent drag coefficient Cp, so a drag factor was introduced

CDRGT
fdrag = 24 (519)
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It is clear that when Cp = % so farag = 1 and the relative velocity becomes

—_ (pw— pm)d, —
Upg = ————— @
18,uafdrag

In turbulent flows the relative velocity should contain a diffusion term due to

(5.20)

dispersion appearing in the momentum equation for the dispersed phase.

w — Mm d2 m
T ) o
18Mafdrag Q0D

Qg (5.21)

Where (i, is the mixture turbulent viscosity and op is a Prandtl dispersion
coefficient.
An important term appears in equation 5.20; which is the velocity response

time 7,

wd,
7, = Pwlu (5.22)
18,
hence equation 5.21 becomes
u_wa) _ Tv(pw - pm) E) o ,U/t,m VOéa (523)
fdrag Pw Q0D

For higher relative Reynolds number the Stokes’ law underestimates the drag,
so alternative expressions were used to improve Stokes’ law. One of the widely

used formula was contributed by Schiller and Nauman [16,42]

24(1 4 0.15Re®¥7) /Re,  Re, < 1000
Cp = (5.24)

0.4 Re, > 1000

Volume fraction equation for the secondary phase Assuming there is
no mass transfer between phases the mass continuity for the liquid phase is as

follow:

0
5 (wpw) + V. (Cwputinm) = =V (CwPulldra) (5.25)
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Energy equation The energy equation is solved for the mixture and deals with
the mixture temperature which is applicable when the temperature difference

between the phases are small.

a n n

a (OékpkEk) + V. Z (aku_)k(pkEk —l—p)) = V. [KeffVT] (526)
k=1 k=1
where
Keff = Z Oék(Kk + Kt) (527)
k=1
By—he— 2t (5.28)
k k e 2 .

K. sy is the effective conductivity and K is the turbulence conductivity.

Turbulence model The standard k- turbulence model is used here for the
mixture which is applicable when the density ratios of the phases is near 1 or the

volume fraction of the secondary phase is very small as here in this study.

%(Pmk) + V. (pmitmk) = V. (AZ_,ka) + Grm + Gy — pPme (5.29)
k

0 m €
a(pm{f) + V(pmm@ - v (M; VE) + E(ClaGk,m - CZEng) (530)

where the turbulent viscosity fi;,, is computed from

Htm = pmcu? (531)

and the production of the turbulence kinetic energy Gy ,,is computed from

Grn = ptn (Vg + (Vun)") : Vi, (5.32)
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And the constants values are as follow

Cie=144,0C5 =192 ,C,=0.09,0p,=1and o, =1.3

5.3.2 Computational Model

A two dimensional axisymmetric model has been shown to provide adequate
prediction for the mass flow rate for single phase air flow, as discussed in Chapter
4. The flow and piston force prediction of a safety relief valve under two phase
flow using CFD hasn’t been investigated in the literature. Therefore, starting
with the two dimensional axisymmetric model is considered a reasonable first
step in predicting the flow. The detailed investigations of the two dimensional
model prediction for the piston force showed that the piston force prediction is
dependent on the piston geometry, as shown in Section 4.5. As a result, the three
dimensional model shows a better prediction for the piston force compared to the
two dimensional axisymmetric model when applied to the valve adopted in this
study, as discussed in Chapter 4. However, the two dimensional axisymmetric
model is much more computationally efficient than the three dimensional model.
A two dimensional axisymmetric model has been developed to represent the safety
valve geometry and the converging section, which includes the injection nozzle,
Figure 5.5. The flow areas between the piston and the body and the modified
gland flow areas, have been shown on Figure 4.8 and have been represented as
equivalent annulus areas as described in Chapter 4. The computational mesh has
a total of 11350 quadrilateral cells distributed giving an average mesh density
of 8 cells/mm?. A more dense mesh of 20000 quadrilateral cells has been used
to examine the grid independency, there was no significant improvement for the
solution. The difference in air flow rate was 0.00001 kg/s so the cell number was
kept about 14000 in all cases. The injection nozzle has been introduced as a
water inlet with the same orifice diameter. The boundary conditions used are the

pressure inlet, pressure outlet, mass flow inlet and stationary walls.
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Figure 5.5: Computational grid for the valve and the converging section

5.3.3 Boundary Conditions and Solution

The boundary conditions are applied at the converging section inlet, valve outlet,
injecting nozzle inlet and the valve and the converging section walls. Walls of the
valve and the converging section were defined as stationary walls. At the inlet
boundary, which is an air only inlet, the stagnation pressure, static pressure and
stagnation temperature are applied; in addition an initial value for the turbulence
intensity and the hydraulic diameter are introduced. At the outlet boundary the
static pressure and the stagnation temperature are applied. At the injecting
nozzle which is a water only inlet, the stagnation pressure, stagnation tempera-
ture and the water mass flow rate is defined; in addition an initial value for the
turbulence intensity and the hydraulic diameter are introduced. The discertiza-
tion scheme used for the continuity, momentum, energy, turbulent kinetic and
turbulent dissipation energy equations was second order upwind for the convec-
tion terms and second order central difference for the diffusion terms. For the
volume fraction equation the discertization scheme was first order upwind for the
convection terms and second order central difference for the diffusion terms. The
convergence criterion was based on the residual values of the calculated variables,
i.e., mass continuity, velocity components, energy, turbulent kinetic energy and
turbulent dissipation energy. The threshold values were 1 x 102 for all variables
except for the energy which was 1 x 1075 and for the mass continuity, 1 x 1074

All cases have converged in about 60 min on a 2.4 GHz desktop PC . The
pressures range used was 7 -14 barg (100 - 200 psig) to allow model validation by

the experimental results, which have the limits discussed in Section 4.3.2
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5.4 Experimental Results

5.4.1 Flow-Lift Characteristics

As discussed in Chapter 3 flow-lift characteristics provide a complete description
of the valve discharge with respect to the piston movement. Figures 5.6 and 5.7
show the air mass flow rates and mixture mass flow rates at an inlet pressure
of 12.07 barg (175psi) at different water flow rates. Figure 5.6 shows that the
air flow rate is decreased with an increase in the water flow rate, while the total
mixture flow rate is increased (Figure 5.7). This behaviour indicates that the air
flow rate is decreased by an amount less than the water flow rate is increased.
The figures also show that the two phase flow- lift characteristics follow the single
phase behaviour. i.e. for these range of tests, the critical planes are at the same
locations as described in Section 4.5.3.1. Figures 5.8 and 5.9 show the same
behaviour at a test pressure of 8.62 barg (125 psi) for various water flow rates.
Figures 5.6 and 5.8 show that the two phase air flow rate-lift relation has a lower
slope than single phase at high lifts (1.3 - 4.5 mm). This change in the slopes
is due to the water flow which results in a lower pressure-lift slope upstream of
the inlet of the passageway around the piston as discussed in Section 4.5.3.1.
Flow-lift characteristics are discussed in Section 5.7.1.

Two groups of experimental tests have been carried out; one with the modified
gland fitted to the valve and the other without the gland. Figure 5.10 shows the
effect of the gland on the air flow rate at pressure 12.07 barg (175 psi) and 0.01
kg/s and 0.05 kg/s water flow rate. The figure shows that the modified gland
has no significant effect on the air flow rate which agrees with the conclusions

discussed in Chapter 4 for single phase flow.
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Figure 5.6: Air flow-Lift at 12.07 barg (175psi)
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Figure 5.9: Mixture Flow-Lift at 8.62 barg (125psi)
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Figure 5.10: The effect of the modified gland on air flow rate

5.4.2 Force- Lift Characteristics

Force-lift characteristics in conjunction with the flow-lift characteristics show at
every lift the discharge flow rate and the fluid dynamic force exerted on the piston
at this lift. Although the modified gland has no effect on the air flow rate, it has
a significant effect on piston force. This is because of the back pressure increase
due to the existence of the gland and the reduction in the outlet area. This is
similar to the single phase characteristics. Figure 5.11 shows the effect of the
gland on piston force at a constant lift of 2 mm with different injected water flow
rates.

Figures 5.12 and 5.13 present the force-lift characteristics at pressures of 12.07
and 8.62 barg with the modified gland. The figures show nearly the same curve
for the force-lift characteristics at this water flow rate range. It can be stated
that the water flow rate has no significant effect on the force-lift characteristics.
This indicates that at these range of water flow mass fraction of ( 0.1 - 0.72) the
water flow rate has no significant effect on the force. Also, It is apparent that

the two phase force-lift characteristics follow the force-lift characteristics for the
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single phase. However, the single phase characteristics have lower force values at
lower lifts (0.25 - 1.5 mm) and a higher force values at high lifts (2.5 - 4.5 mm) .
This will be discussed in Section 5.7.2

Figures 5.14 and 5.15 show the force-lift characteristics at pressure 12.07 barg
and 8.62 barg without the gland. The figures show that the single phase charac-
teristics have lower force values at lower lifts (0.25 - 2 mm) at 12.07 barg and at

lifts (0.25 - 2.5 mm) at 8.62 barg. This will be discussed in Section 5.7.2
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Figure 5.11: Effect of the modified gland on piston force at 2mm lift at 12.07 barg
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Figure 5.13: Force-Lift at 8.62 barg (125psi) with modified gland
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5.5 Mixture Model CFD Results

Figure 5.16 presents the air and the mixture Mach number contours at 12.07
barg, 3 mm lift and 0.05 kg/s water flow rate. The Fluent code manual did not
provide sufficient details on how the Fluent speed of sound for a two phase flow
was calculated and this prevented proper interpretation of the results. Thus the
definition shown in equation 5.33 based on homogeneous assumptions has been
used instead. The Mach number for the mixture is defined as follow

M= tm

(5.33)

asm
Where u,, is the mixture velocity, and as,, is the sonic speed in the mixture
which is defined for a homogeneous flow with air volume fractions higher than
0.9 as follow [63]

Qgm = 4| 22 (5.34)

AP

It can be noticed that the critical plane position is similar in the two figures
which indicates similar flow-lift characteristics. The figures show that the flow
accelerates at the valve entrance until the flow is choked at piston side faces
(M=1), then undergoes an expansion downstream of the choking plane for a
short distance before undergoing compression due to the existence of the modified
gland. The static pressure contours are shown in Figure 5.18 (a). The flow
behaviour is similar to the single phase flow in terms of undergoing compression,
expansion and the choking plane locations because of the high air volume fraction.
Therefore the air Mach number contours is similar to the mixture contours but
with different values due to the density difference between the air and the air-
water mixture. The air Mach number reaches 1.4, while the mixture mach number
reaches 2. Upstream of the modified gland, the flow accelerates to flow through
the modified gland, however the flow velocity remains subsonic. Figure 5.18
shows the water volume fraction and static pressure contours at a 4 mm lift with

no gland and 0.05 kg/s water flow rate. From the figure it is shown that the
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water distribution is characterised by a core based dispersed flow at the valve
entrance centre axis then a dispersed flow around the piston but with a higher
concentration of water droplets near the piston wall. The water volume fraction
ranges from 0 to 0.01.

Figure 5.19 presents the slip contours at 3 mm lift, 12.07 barg, with gland and
0.01 and 0.05 kg/s water flow rate. The figure shows that the slip value is near
zero at most of the flow regions. Only at the valve entrance at 0.01 kg/s water
flow rate there is a slip value of 200 m/s . At 0.01 kg/s water flow rate, the water
flow has a low velocity (6.4 m/s at the injection orifice). Therefore, the high air
flow rate results in high slip values between the high velocity air and the low
velocity water. However, the slip occurring at 0.01 kg /s has no significant effect
on the air flow rate or forces. Figures 5.20 and 5.21 present the predicted flow lift
and the force-lift characteristics at 0.01 kg/s with and without slip. It shows that
accounting for the slip doesn’t make any significant change for the flow rate or the
piston force. It can be concluded that as far as the mixture model is concerned a
homogeneous assumption can be applied here. Therefore, the flow is considered a
homogeneous flow and all further cases were calculated without the slip equation.
(equation 5.23). Since the slip will equal zero so the relative Reynolds number
and the drag coefficient equal zero and hence equations 5.15 and 5.19 will also
not be solved with the model equations. Fluent provides the facility of disabling
the drag and slip equations for a homogeneous flow assumption. Figure 5.22
presents a comparison between the air flow-lift predicted by the mixture model
and the experimental air flow-lift characteristics at 12.07 barg and water flow
rates of 0.01 kg/s and 0.05 kg/s. Figure 5.23 presents a comparison between the
mixture flow-lift characteristics predicted by the mixture model and experimental
mixture flow-lift characteristics at 12.07 barg and water flow rates 0.01 kg/s and
0.05 kg/s. The figures show in general a good agreement between the predicted
and experimental results at high lifts (1.5 - 4.5 mm), while less agreement is
noticed at low lifts (0.25 - 1 mm). The figures also show that the mixture model

prediction is more close to the experimental results at 0.01 kg/s water flow rate.
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Figure 5.16: Contours of Mach number at single phase air and 0.05 kg/s water flow rate,
3mm lift and 12.07 barg (with gland). Area 1 and 2 are shown in Figure 5.17
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Figure 5.17: Contours of Mach number 0.05 kg/s water flow rate, 3mm lift and 12.07 barg
(with gland) at Area 1 and 2( shown in Figure 5.16)
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Figure 5.18: Contours of Static Pressure and Water volume fraction at 4mm lift and 12.07
barg (no gland)
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Figure 5.19: Contours of slip at 3mm lift and 12.07 barg at 0.01 and 0.05 kg/s (with gland)
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Figure 5.20: Predicted Flow-lift characteristics with and without the slip at 0.01kg/s water
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Figure 5.21: Predicted Force-lift characteristics with and without the slip at 0.01kg/s water
flow rate and 12.07 barg pressure.
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Flow-lift characteristics are discussed in Section 5.7.1
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Figure 5.22: Air flow rate- Lift at 12.07 barg (175psi)
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Figure 5.23: Mixture flow rate- Lift at 12.07 barg (175psi)

Figures 5.24 and 5.25 present a comparison between the force-lift characte-



5.5. Mixture Model CFD Results 111

ristics predicted by the mixture model and experimental force-lift characteristics
at 12.07 barg and water flow rates 0.01 kg/s and 0.05 kg/s with and without
the modified gland respectively. The figures show an overprediction of the piston
force at lifts from 1.5-4.5 mm. However, the predicted piston force of the valve
without the gland has closer values to the experimental results. Figure 5.26 shows
the experimental and the predicted back pressure- lift caracteristics at 0.01 and
0.05 kg/s water flow rate. The figure shows a closer prediction for back pressure
at 0.01 kg/s water flow rate due to the closer prediction of the flow rate at this
low water mass fraction. On the other hand the pressure on the piston front face
is affected by the water flow rate. The piston force is the resultant of the pressure
on the piston front face and the piston back face. Force-lift characteristics are

discussed in Section 5.7.2.
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Figure 5.24: Force-Lift at 12.07 barg (175psi) with the modified gland
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Back pressure-Lift at 12.07 barg (175psi) with the modified gland
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5.6 Simplified Models

One of the simplest models for determining the flow rate is the homogeneous
equilibrium model (HEM). Darby [18] introduced a simple semi empirical model
by using the two phase frozen assumption and takes the discharge flow coefficient
to be the air discharge coefficient ( as the flow is choked). The HEM has been
used here to compare with the CFD mixture model results. In this study, the
HEM assumptions can be applied to the flow conditions. The flow is considered
homogeneous, the water and air are in thermal equilibrium and no mass transfer

between phases.

5.6.1 Homogeneous Equilibrium Model Equations

The mass flux is given by the equation

P, d 1/2
G, = pn (—2/ p—p) (5.35)

Where, p,, and P, are the mixture density and pressure at the valve outlet

respectively

Pn = APq outlet + (1 - Oé),Ow <536)
Pm = apg + (1 — a)py (5.37)
T
= 5.38
P (] R Y (5-38)

Where S represent the slip factor which equals one for the case of a homoge-
neous flow assumption.

The mixture mass flow rate

1 = kg Go A (5.39)
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Where kg4, is the gas discharge coefficient that was obtained experimentally.
The critical flow rate is achieved at the maximum value of the mass flow rate at
the outlet static pressure range. At low liquid volume fraction (o, ~ 0.01), the
critical pressure ratio is found to be close to the critical pressure ratio of single
phase air flow. Therefore, the critical pressure ratio of the single phase flow could
be used as the mixture critical pressure ratio at low water volume fraction (ay, ~
0.01). The homogeneous non equilibrium (HNE-DS) model developed by Diener
and Schmidt [23] and the ISO adopted model were used here for comparison. The
HNE-DS model accounts for thermal non-equilibrium and slip between phases.
The ISO standard ISO-4162-10 adopted the HNE-DS model for selecting safety
relief valves for two phase flow, but with no slip defined between the phases.
The HNE-DS model and the ISO adopted model equations for non flashing flow
are presented in Appendix A.2. Figure 5.27 shows a comparison between the
three simplified models, the experimental and the CFD mixture model at 8.6
barg and 7 mm lift. Since the flow here is considered homogeneous the HNE-
DS results show an overprediction. On the other hand the ISO adopted model,
HEM and the Fluent based mixture model show good prediction of the mixture
flow. However the mixture model shows better prediction than the ISO and HEM
models for the mixture flow rate in particular at low water mass fraction. Flow-
lift characteristics are discussed in Section 5.7.1. It is noticed from Figure 5.27
that the HEM is the most suitable simplified model to predict the mixture flow

within the flow condition studied here.
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Figure 5.27: HEM, ISO, HNE-DS and the Mixture model at 8.62 barg at valve fully open

position (L=7 mm) compared by the experimental results

5.7 Discussion

5.7.1 Flow-Lift Characteristics under Two Phase Flow

Figure 5.28 shows the experimental air flow rate-lift characteristics at single phase

and at different water flow rates (0.01-0.05 kg/s). The figure shows that, the air

flow-lift characteristics in the two phase flow follow the air flow-lift behaviour for

the single phase tests. This suggests that the choking planes for the mixture flow

are similar to single phase tests. It is apparent from figure 5.28 that with more

water flowing through the valve, the less air flows. This could be explained if the

continuity equation is simplified to a one dimensional flow equation at the critical

flow plane.

me =apvA

(5.40)

For the critical air flow rate M = 1 which leads to v = ¢ and A = A, which
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is constant for any water flow rate. Hence, at the critical area the air mass flow

rate will be a function of the air volume fraction only. i.e. m, = f (a).
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Figure 5.28: Effect of the water flow rate on air flow rate at 12.07 barg

Figure 5.29 shows the water volume fraction at the critical plane at 4 mm lift
and inlet pressure 12.07 barg. It is noticeable that at 0.05 kg/s water flow rate,
the water droplets decrease the effective area available for the air to flow freely.

The mixture model prediction shows reasonable agreement with the experi-
mental results at higher lifts (choking plane at the piston side face) with low
water flow mass fraction (Figure 5.30). The accuracy of predicting the flow is less
when the water flow mass fraction increases. Figure 5.30 presents the effect of
the water mass fraction on the mixture model prediction accuracy. For example
at 10.3 barg (150 psi), the deviation is 2.6 % at 0.13 water flow mass fraction
and it is 5.36 % at 0.5. On the other hand, at lower lifts the deviation of the
predicted and the experimental results is larger; this is shown in Figure 5.31. The
figure shows the mixture flow rate at different water flow qualities. Figure 5.32
presents the percentage deviation of the predicted mixture flow rate with respect

to the experimental results at 1 mm and 4 mm lift and shows better accuracy at
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Figure 5.29: Water volume fraction at lift 4mm and 12.07 bar
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Figure 5.30: Effect of the water mass fraction on mixture flow rate at 4 mm lift
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lower water mass fraction. However, the accuracy is less at 1 mm lift at the same
water mass fraction. This difference in the mixture model accuracy of predicting
the flow rate from low to high lifts can be explained by investigating the two
phase inlet flow regime. The inlet flow regime is one of the factors that affect the
accuracy of the prediction of the mixture model. The flow regime and the degree
of the water dispersion affect the air flow rate. Detailed analysis for the inlet flow

regime is presented at Section 5.7.3.
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Figure 5.31: Effect of the water mass fraction on mixture flow rate at 1 mm lift
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5.7.2 Force-Lift Characteristics under Two Phase Flow

Figure 5.33 shows the experimental results of the force-lift characteristics at single
phase, 0.01 kg /s water flow rate and 0.05 kg/s water flow rate. The figure shows
that the single phase force is higher than the two phase flow force at higher lifts
(Interval IT) and it is less than the two phase flow at lower lifts (Interval I). The
net piston force is mainly affected by the pressure magnitude and distribution
on the piston front face. In single phase flow the pressure value and distribution
on the front face is affected only by the air flow rate at a fixed test pressure. In
two phase flow the water flow increases the pressure and changes the pressure
distribution on the piston front face which leads to a higher net force. On the
other hand, the water flow results in an air flow rate decrease, as discussed in
Section 5.7.1, and results in a force decrease. Hence, it can be concluded that
when water flows, two factors affect the piston net force, the pressure increase due
to the water flow and the pressure decrease due to the air flow decrease. Figure
5.34 shows that the air flow decrease for single phase flow conditions increases
with the lift. Hence, a small decrease in air flow rate due to the water flow at
low lifts results in a net piston force increase (Interval I in Figure 5.33). Figure
5.35 shows the predicted pressure distribution on the piston front face at 0.5 mm
lift and 12.07 barg for the case of single phase air flow and air-water flow with
0.01 kg /s water flow rate. The figure shows that the pressure distribution in both
cases are similar but with higher values for the air-water flow case. The pressure
distribution on the centre and the edges of the valve front face has a larger value
which results in higher net force at this lift. On the other hand, at larger air
flow decrease (Interval II in Figure 5.33) the net force will decrease. Figure 5.36
presents the predicted pressure distribution on the piston front face at 4 mm lift
and 12.07 barg for the case of single phase air flow and air-water flow with 0.01
kg/s water flow rate. The figure shows a lower pressure level for the two phase
flow case due to the air flow rate decrease. Therefore, depending on the lift, the
change in the piston force is the result of an increase due to the liquid flow or a

decrease due to the reduction in airflow.
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Figure 5.35: Pressure distribution on piston face at 0.5 mm lift, 12.07 bar

Comparison between the force-lift experimental results with the CFD predic-
tions is shown in Figure 5.24. The Figure shows a maximum deviation of about
20 N which nearly gives 14% over prediction of the force. The net force exer-
ted on the piston is the resultant force due to pressure on the piston front face,
pressure on piston back face and the viscous force. The net viscous force is very
small (around 1 N) and is neglected. In general, the pressure on the piston front
face is over predicted due to the non uniform pressure distribution on the piston
front face as discussed in Chapter 4. When the modified gland is in place the
predicted back pressure agrees with the experimental values; this leads to higher
predicted net force (Figure 5.24). When the modified gland is removed the back
pressure is overpredicted due to the uncertainty caused by the occurrence of a
shock wave downstream of the piston, which will be discussed in Section 5.7.2.1.
The over predicted back pressure will compensate for the effect of the overpre-

dicted pressure on the piston front face resulting in a better agreement of the
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Figure 5.36: Pressure distribution on piston face at 2 mm lift, 12.07 bar

predicted force with the experimental values as indicated in Figure 5.25. Air flow
rate has a significant effect on the pressure on the piston face at all lifts, while it
has a less effect on the back pressure at low lifts. Therefore, when the mass flow
rate is underpredicted at low lifts, the predicted piston force will tend to have a

good agreement with the experimental values.

5.7.2.1 Effect of the gland on the flow

Figure 5.11 shows a change in the behaviour of the force for valve tests with the
gland compared to without the gland. To look closer at these effects the back
pressure should be taken into consideration. To check why the force is increased
suddenly at 0.01 kg/s for the case of the valve without the gland, a more detailed
set of experimental tests has taken place. Figure 5.37 presents the measured back
pressure and piston force at 15.5, 13.8 and 12.07 barg ( 225, 200 and 175 psi ) with
water flow rate from 0 to 0.035 kg /s at a lift of 2 mm without the gland. These test
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pressures have been chosen to produce low water flow mass fraction, which allow
fine increments in water flow rate to capture this phenomena. The figure shows
that with an increase in water flowrate the back pressure increases until a sudden
drop occurs at a certain flow rate which varies with the test pressure value. The
pressure reduction results in a piston force increase. A further increase in water
flow rate (beyond 0.03 kg/s) results in less air flow rate and hence a pressure

decrease which leads to a force decrease (Figure 5.11)
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Figure 5.37: Force and back pressure at different water flow rate at 2 mm lift with no gland

To find the reason for the pressure reduction, the predicted flow field pressure
contours downstream of the piston have been investigated. Looking at the piston
back pressure contours on Figure 5.38 with the modified gland (case 1) and figure

5.39 without the gland (case 2), it can be seen that not only are the pressure
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values different but also the pressure distributions on the piston back face and
piston side face in the two cases. Both cases are at 0.05 kg/s water flow rate,
12.07 barg test pressure and 4 mm lift. In both cases the choked flow undergoes
an expansion just down stream of the choking plane. The black dashed arrow
in Figures 5.38 and 5.39 shows the flow direction down stream of the choking
plane. In case 2 in Figure 5.39, the flow starts to accelerate and the pressure
decreases locally. Under the influence of the geometry, the expansion wave near
the upper wall follows the boundary and propagates parallel to the inclined wall
of the valve (the blue arrow). On the other hand, the expansion wave near the
corner edge of the piston back face undergoes a compression before expanding
again down stream. The compression wave is marked by the red dotted circle.
Unlike case 2, the presence of the modified gland results in higher pressure levels
in case 1, as shown in Figure 5.38. Therefore the flow undergoes an expansion for
a short distance then undergoes a compression wave which propagates parallel to
the inclined wall of the valve (the blue arrow). The compression wave near the
corner edge of the piston is much stronger in case 2 than in case 1.

In case 2, the flow is supersonic and the pressure gradient in the expanding
wave near the walls are very high and takes a small distance to collide with
the compression wave at supersonic velocity. This distance is indicated by the
length of the blue arrow in Figure 5.39. The collision here identifies a standing
shock wave which results in these discrepancies in the experimental and predicted
results. The shock wave plane is noted by the dotted black line. The plot of the
static pressure and the mach number values along the valve walls will indicate
the shock wave establishment. Figures 5.40 and 5.41 show the presence of the
shock wave at nearly 0.075 m from the valve inlet centre. At this point the
pressure suddenly rises and the mach number drops from supersonic flow at 2.8
to subsonic flow at 0.2. Thus one can declare that, the presence of the shock
wave at the inclined wall of the valve and the propagation of an expanding wave
with a compression wave at the piston back face can introduce an uncertainty in

measuring the back pressure or predicting it. This will directly affect the net force
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exerted on the piston. Although the removal of the gland is not a practical case,

this should draw the attention of the designers that the flow is very sensitive to

the flow path geometry and CFD is very helpful in describing the flow behaviour.
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Figure 5.38: Static pressure contours at 4 mm lift ,12.07 bar with the modified gland (case 1)
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Figure 5.39: Static pressure contours at 4 mm lift ,12.07 bar without the gland (case 2)
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Figure 5.41: Static pressure contours at 4 mm lift ,12.07 bar without the gland (Case 2)

A closer look at the single phase flow behaviour without the gland should
give a better understanding. Figure 5.42 shows the experimental measured back
pressure at different lifts (Note the pressure tapping position in Figure 5.1). It

can be noticed that at certain lifts the back pressure reduces significantly. Figures
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Figure 5.42: Back pressure at single phase flow at different pressures

5.43, 5.44 and 5.45 show the difference in the pressure distribution and the shock
wave location at the valve for no gland. For three different test pressures, the
three figures are for single phase flow and a 2.5 mm lift. At 8.6 barg (shown in
Figure 5.43) the pressure gradient is very small and only a weak nuclei for the
shock wave is apparent; the compression wave is still very weak at the piston back
face. At 12.07 and 13.8 barg (shown in Figures 5.44 and 5.45) the shock wave is
clear at the valve wall (noted by the dotted black line) and the compression wave

at the piston back face can be noticed easily.
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Figure 5.43: Static pressure contours single phase at 2.5 mm lift , 8.6 bar with no gland
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Figure 5.45: Static pressure contours at 2.5 mm lift ,13.8 bar with no gland

5.7.3 Effect of Water Dispersion on Flow Properties

One of the factors that affect the safety relief valve performance is the water
distribution in the mixture through the valve. Changing the injection nozzle geo-
metry and orientation leads to different water inlet distributions. Three different
injection nozzles have been used to investigate the effect of the water dispersion
on valve discharge flow rate and piston force. The three injection nozzles are as

follows:

e Nozzle 1: Orifice outlet diameter 1 mm and oriented such that the water

flows downstream and parallel to the pipe axis.

e Nozzle 2: Orifice outlet diameter 2 mm and oriented such that the water

flows downstream and parallel to the pipe axis.

e Nozzle 3: The nozzle has 2 outlets, each 1 mm in diameter. The two orifices
are oriented such that the water flows radially, normal to the pipe axis and

in opposite directions.

To compare the effect of the three distributions; only one lift (2 mm) was chosen

and tested at several different water flow rates. Figure 5.46 shows the effect of
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injection nozzle diameter and orientation on air flow rate. It is apparent that:

e Increasing the injection area by 400% from Nozzle 1 to Nozzle 2 doesn’t
have any significant effect on air mass flow rate at the same lift and water

flow rate.

e A very small decrease in air flow rate occurs for the case of Nozzle 3. The
difference ranging from 1.4% to 5 % and increases with an increase in the

water mass flow rate.

Therefore, It can be considered that there is no significant difference between
these three types of injection arrangement on the air flow rate, although a different
injection arrangement with a significant water dispersion may have a greater effect

on the flow rate.
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Figure 5.46: Effect of injection nozzle geometry on air flow rate

The effect of the 3 nozzle arrangement on force is presented in Figure 5.47.
The figure shows the force to be similar for the three injection cases at a constant
lift of 2 mm.

To investigate this more using CFD, three different computational grids have

been developed to present different water injection distribution schemes. Nozzle 1
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Figure 5.47: Effect of injection nozzle geometry on force

and Nozzle 3 have been modelled along with a multi-inlets annulus area injection,
called Nozzle 4, Figure 5.48) and a homogeneous uniform water distribution over
the valve entrance area, definied by a volume fraction at the inlet, called Nozzle
5. These five injection arrangements have been used to investigate the effect of
water dispersion on the air flow rate using the mixture model. Figures 5.49 and
5.51 show the experimental results for air flow- water flow rate and air flow- water
mass fraction for Nozzle 1 and Nozzle 3 in addition to the CFD results for Nozzles
1,3,4 and 5. The figures show these cases at 2 mm lift, which is considered a high
lift. A lower lift of 1 mm is shown in Figures 5.50 and 5.52. From the figures it

can be noticed that:

e The experimental tests show that the inlet injection variations for Nozzle
1 to 3 are not large, they have a maximum of 7% at 0.05 kg/s water flow

rate.

e The mixture model results for Nozzle 1 to 3 show a greater deviation which
reaches 15% at 0.05 kg /s water flow rate and it is much more at lower lifts

(Figure 5.50)
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Figure 5.48: Injection Nozzle geometry

e The mixture model shows low sensitivity to inlet liquid distributions when
the liquid is modelled with fully dispersed type inlet distributions, i.e.
Nozzle 3, 4 and 5.

Therefore, it can be stated that

e The air flow rate is affected by the inlet flow regime and the water dispersion.

The more the water is dispersed the less air flows.

e The Fluent mixture model overpredicts the dispersion for Nozzle 3 which

results in a lower air flow rate prediction.

e The Fluent mixture model shows a sensitivity to inlet flow distributions
greater than that indicated by the experimental data, particularly at the
higher range of liquid mass qualities investigated here. A more in depth

study is required to investigate this further.
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Figure 5.49: Air flow rate at 2 mm lift at different water flow rate, pressure 12.07 barg (175psi)
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Figure 5.52: Air flow rate at 1 mm lift at different water mass fraction, Pressure 12.07 barg
(175psi)

Experimental results for Nozzle 1 is closer to the CFD predictions using Nozzle
3, which indicates that the predicted water dispersion in Nozzle 3 is closer to the

experimental water dispersion of Nozzle 1. i.e. the mixture model represent the
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water in a more dispersed flow than the experimental tests. This agrees with
Brennan’s [14] conclusion of the overprediction of the particles segregation by the
mixture model implemented by Fluent discussed in Chapter 3. Thus, if the water
flows as a full film flow near the piston wall (local water volume fraction «,, = 1)
in the experimental test, it will be presented as droplets with high concentration
near the piston walls (a,, < 1) by the mixture model. which can be shown in
Figure 5.29 where the o, = 0.02 near the piston walls. This difference in water
dispersion in the mixture model results in this deviation in air flow rate prediction
(Figure 5.49). This deviation is more clear at lower lifts (L < 1.2 mm, Figure
5.50) where the critical plane is at the piston front face. This can explain the

underprediction of the air flow rate by the mixture model at low lifts.

5.8 Valve Design Approach for Two Phase Flow

It was shown in Chapter 4 how the single phase flow results could be extended to
other operating conditions by normalising the force-lift and the flow-lift curves.
This method accounts for the changes in operating pressure and temperature.
However, for two phase flow the additional effect of the water content needs to be
accounted for. The following sections will discuss the requirements for two phase

flow and propose a scaling method to account for pressure and water flow rate.

5.8.1 Normalised Air Flow Rate

The normalised flow rate parameter uses the pressure and the valve seat area
to describe the flow-lift characteristics at all pressures (equation 5.41) for single

phase flow conditions, i.e.

m
ny = T, 41
T Po Aseat ? (5 )

The effect of the water flow mass fraction on the flow-lift curves has been shown
in Sections 5.4.1 and 5.7, to have a significant effect. Therefore, to normalise the

air flow-lift characteristics for two phase flow, a term accounting for the water
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content should be introduced into the equation. The water flow mass fraction is
a suitable term to represent the water content for the two phase flow condition.

The air mass flow-water mass fraction relation is a power relation

My + My
Rearranging for m,
Mg = My(v1 — 1) (5.43)

For a constant water flow rate the air mass flow - water mass fraction relation
will have a power characteristic regardless of the lift or the pressure value. Figure
5.53 shows the air mass flow- water mass fraction at all pressures and lifts. A
curve fitting has been applied to the data at each water flow rate to extract a
direct relation between the air mass flow and the water flow mass fraction. In
Figure 5.53 (a) the power fitting is used and in (b) the exponential fitting is used.

In Figure 5.53 (b), the best fit for the data is the exponential one for the
water flow rate of 0.02 - 0.05 kg/s . Whereas the best curve to fit the 0.01 kg/s
data is found to be the power curve in Figure 5.53 (a). Hence, the exponential
approximation should give an acceptable representation for the air mass flow-

water mass fraction relation. Thus, equation 5.43 can be written as follows:

Mg = My(x™t — 1) = Ce™™v (5.44)

Therefore, equations 5.41 and 5.44 can be combined together to represent the

normalised air mass flow rate as follows:

m
iy = = /T, "™ 5.45
- Po Aseat ‘ ( )

An appropriate selected value for the exponential index n can minimise the
difference between the data and make all the curves fall into one. To find the
optimum value of the exponential index n the difference between several points

from different flow-lift relations have been selected to optimise the index n. The
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Figure 5.53: Air flow rate - water mass fraction at all lifts and pressure
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optimum value was found to be 0.7 which makes the normalised air mass flow-

lift (equation 5.46) become

m
= 5—— /L, 5.46
m Po Aseat ‘ ( )

Figure 5.54 shows the normalised flow- lift characteristics. The curves nearly
collaps to one curve with a maximum deviation of 0.25 unit. If the middle curve
is used to represent the curves, the maximum uncertainty of the predicted mass

flow rate at any lift will be about 5%.

2.5 A

1.5 1

Normalised air flow rate (-)

0.5 1 +—1000.03 — 100 0.04 100 0.05 1250.02 ——1250.03 —— 125 0.04
——1250.05 — 150 0.01 150 0.02 150 0.03 150 0.04 175 0.01
175 0.02 175 0.03 175 0.04 175 0.05

0 T T T T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Lift(mm)

Figure 5.54: Normalised flow -lift characteristics

5.8.2 Normalised Force

For single phase flow conditions, the normalised force has been achieved by using
equation 5.47 in which the pressure and the valve seat area have been used to

represent the force-lift characteristics at all pressures, i.e.

F

Frn =
N (Po - Patm) Aseat

(5.47)

In Sections 5.4.2 and 5.7 it was shown that the water flow rate has no si-
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gnificant effect on force-lift characteristics; unlike the air flow-lift characteristics.
Thus, equation 5.47 should be satisfactory for presenting the normalised force-
lift characteristics for two phase flow as well as for single phase flow. Figure 5.55
shows the normalised force-lift characteristics. The curves nearly collaps to one
with a maximum deviation of 0.20 unit. If the middle curve is used to represent
the curves, the maximum uncertainty of the predicted mass flow rate at any lift

will be about 3%.
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Figure 5.55: Normalised force- lift characteristics
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6.1 Summary

A computational fluid dynamics and experimental approachs have been used
to investigate safety relief valves for single phase air flow conditions and air-
water two phase flow conditions. The CFD approach used a two dimensional
axisymmetric model which has been discussed and has shown good predictive
capability. An experimental methodology has been established for testing safety
relief valves under single and two phase flow conditions. Flow-lift and force-lift
characteristics have been obtained experimentally and by using CFD. Scaling
parameters for the flow-lift and force-lift characteristics have been introduced to
help in safety relief valve design under single and two phase flow conditions. All
the following conclusions are limited to the flow conditions investigated in this
study, i.e. pressure from 4.3 to 13 barg for single phase flow and from 7 to 12

barg for two phase flow and from 0.1 to 0.71 water mass fraction.

6.2 Single Phase Studies Conclusions

e A detailed understanding of the compressible flow through a safety relief

valve has been presented.

e An experimental approach used by Dempster et al [20] has been adopted
and found satisfactory for the safety relief valve used in this study. Various

tests have been carried out to verify this approach.

e There is no effect of the spring or the gland on the mass flow rate, while
the gland has a significant effect on the back pressure and hence the pis-
ton force. In addition, removing the gland allows the flow to undergo an
expansion wave downstream of the choking plane with a high possibility
of the establishment of a standing shock wave which depends on the test
pressure and piston lift. This introduces undesirable characteristics and a
valve designe for single phase flow should avoid such situations in the valve

operation range.
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e The air flow rate at low lifts (0 - 1.2 mm) at fixed test pressure depends
on the flow area between the piston front face and the valve seat, as the

choking plane occurs in this area at low lifts.

e At high lifts (lift > 1.2 mm) the choking plane is moved to the piston side
and is fixed for any higher lift. Therefore, the air flow rate at a fixed test
pressure depends only on the pressure value at the inlet of the passageway

around the piston.

e A two dimensional axisymmetric computational model based on a RANS
and k-g turbulence model has been found satisfactory in predicting the flow

rate.

e The CFD tools have been used to analyse the flow and identify the choking
planes and the effective flow area. These significantly affect the air flow

rate.

e Simplification of the valve model can be achieved by neglecting the valve
spring and the valve gland if only mass flow prediction is desired. This will

lead to a significant reduction in computational effort

e Presenting the three dimensional flow areas by an equivalent annulus flow
areas have been found to be satisfactory in predicting the flow rate with
a maximum deviation of 2% from the experimental results. On the other
hand, presenting the three dimensional geometry of the piston and the
original five holed gland has shown an overprediction of piston forces by a

maximum of 13% .

e The accuracy of predicting the force by using a two dimensional axisym-
metric model depends on the geometry of the piston and the gland. A
good prediction of the piston force of a safety relief valve has been obtai-
ned by Dempster et al [20] using a two dimensional axisymmetric model.
A comparison between the piston used by Dempster et al and the piston

used in this study has been presented. The three dimensional effects of
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the piston geometry on pressure prediction was discussed. The comparison
showed that the closer the piston geometry is to a two dimensional axi-
symmetric geometry the more accurate the force prediction obtained. A
modified gland with geometry closer to axisymmetric geometry improved

back pressure prediction by 15%.

e The three dimensional computational model developed by Gronkowski [33]
has shown a better prediction for the piston forces and pressures than the
two dimensional axisymmetric model adopted here. However, The two di-
mensional axisymmetric model is much more computationally effective than

the three dimensional model.

o Flow-lift and force lift characteristics have been obtained at different test

pressures experimentally and by using the CFD model.

e Importantly the CFD predictions allowed a detailed understanding between
valve geometry and the trends observed in the valve flow and force charac-
teristics. Since these characteristics are fundamental for valve operation, an
understanding of the interaction between the flow and valve geometry and
the effects on the characteristics is necessary for the development of more

effective designs.

e A design approach for safety relief valves used by Betts and Francies [6]
and Dempster et al [20] has been verified for the valve studied here. Scaling
parameters to normalise the flow-lift and force-lift characteristics have been
introduced to assist in this safety relief valve design approach. Using the
flow scaling parameter has shown a good representation for the flow-lift
curves at all pressures with maximum uncertainty of 1.5% whereas the force
scaling parameter has shown less accuracy with uncertainty of 7% due to

the effect of the back pressure on the net piston force.
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6.3 Two Phase Studies Conclusions

e An experimental approach has been developed for testing safety relief valves
under two phase flow. A test rig has been developed to facilitate the imple-
mentation and measurement of air-water flow through safety relief valves.
The experimental approach, with the measurement of the air and water
flow rate, pressures, temperature and lift, has been found satisfactory for
obtaining the valve flow-lift and force lift characteristics at different test
pressures and water mass fractions. The experimentally measured flow-lift
and force lift characteristics have helped in understanding the two phase

flow behaviour and validated the mixture model.

e Various groups of experimental tests have been carried out to investigate
the gland and flow regime effect on the flow characteristics. Tests have been
carried out with and without the modified gland and with three different

geometry injection nozzles.

e In general, the two phase flow-lift characteristics have a similar behaviour
to the single phase flow characteristics. However, at high lifts (lift > 1.2

mm ) the two phase flow has a lower slope.

e At any fixed test pressure and lift, with a water flow increase the air flow

decreases due to the decrease in air volume fraction.

e There is no effect of the modified gland on the mass flow rate, but it has
a significant effect on the back pressure and hence the piston force. In
addition, removing the gland allows the flow to undergo an expansion wave
downstream of the choking plane with a high possibility of the establishment
of a standing shock wave which depends on the test pressure, piston lift
and water mass fraction. This introduces undesirable characteristics and
a valve designer for two phase flow should avoid such situations along the

valve operation range.

e The water flow rate has no significant effect on the piston force. The two
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phase force-lift characteristics have a similar behaviour to the single phase

flow characteristics with close values but slightly different slopes.

e The CFD mixture model has shown to give good predictions for flow and
piston forces. However, the deviation in force and pressure prediction due
to the three dimensional effects are as valid in two phase flow as well as in
single phase flow. The model has also shown the capability to give good
details on the flow regime and flow properties distributions with identifying

the critical planes and the shock waves.

e Accounting for the slip doesn’t have a significant effect on the flow. On the
other hand the assumption of a single temperature to represent the mixture
temperature is accepted here as the model has shown good prediction for
the flow rate. Hence, the flow has been considered homogeneous and in

thermal equilibrium.

e The mixture model prediction for the mixture flow rate shows a very good
agreement with the experimental results at high lifts (choking plane at the
piston side face) with low water mass fraction. The deviation from the
experimental results is only 0.5% at 0.11 water mass fraction. However, the
accuracy of predicting the flow rate is less when the water mass fraction
increases. The deviation from the experimental results is 9% at 0.55 water
mass fraction. At lower lifts the deviation of the predicted results from
the experimental are larger and reach 15%. This shows the limitation of
the CFD mixture model at high water mass fraction and the deficiency to
predict the flow regimes at low lifts. An improved model will result in better

prediction.

e The inlet flow regime affects the air flow rate. The more the water is disper-
sed the less air flows. The mixture model and the standard k- turbulence
model overpredict the dispersion of the water which results in less accurate

predicting of the flow regime.



6.3. Two Phase Studies Conclusions 147

e The mixture model has shown a better agreement with the experimental
results than the HEM, HNE-DS model and the ISO adopted model for
predicting the mixture flow rate at a high lift.

e A design approach for safety relief valves used for single phase flow has been
modified for two phase flow. A scaling parameter accounting for the water
mass fraction has been introduced to normalise the flow-lift characteristics.
The normalised flow characteristics have shown nearly one curve with an

uncertainty of 5%.

e As the water flow rate has no significant effect on the force-lift characteris-
tics, the same scaling parameter used for single phase flow is valid for two
phase flow as well. The normalised piston force characteristics have shown

nearly one curve with an uncertainty of 3%.
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6.4

Future Work

A computational three dimensional model should be developed. This may
give more accurate predictions for piston forces under single and two phase

flow conditions.

The mixture model predictability should be examined at wider range of
operating conditions, i.e. higher and lower pressures and higher and lower
water flow rates. Hence, experimental work for a wider range of operating

pressure is needed to validate/develop the mixture model

The effect of the turbulence models on the mixture model prediction needs

to be investigated.

The study to should be expanded to include a non homogeneous flow and
a non thermal equilibrium flow to check the limits of the mixture model in

predicting a non-homogeneous non-thermal equilibrium flow.

More inlet flow regimes should be investigated experimentally and by using

the mixture CFD model.

Investigation of the transient operation of the valve at different flow condi-

tions should be undertaken.

Further studies to be made for a more general design methodology for wider
range of operating condition and with application on different safety relief

valves.
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.1.1 Valve CAD Drawings

.1. CAD Drawings

Appendix A
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.1. CAD Drawings
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A.1.2 The Modified Gland
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.1.4 Dempster et al [20] Valve drawing

.1. CAD Drawings
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A.2. HNE-DS model equations 170
A.2 HNE-DS model equations
Ideal mass flux
P,
G=K;Cy/2— (A.2.1)
Vo
Discharge coefficient
Kd = Ogeat Kdg + (]— - aseat) de (AQQ)
oot = 1 — : il (A.2.3)
Vo [w (-D+1
Compressibility factor for non flashing flow
1.
W= Ll (A.2.4)
Y Vo
Critical pressure ratio 7
0 =02+ (W = 20)(1 = Nerir)? + 202N (Neriz) + 20 (1 — Neyit) (A.2.5)
flow coefficient C
Jeln(d) = (@ -1)(1-n)
C= : (A.2.6)
Where for critical flow,
N = Nerit (A.2.7)
The mixture specific volume
Vo = T Vgo + (1 — o)Vt (A.2.8)
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Mass flow quality

Qo Vo
0= A2.9
o (1 — ) vgo + vy ( )
Slip factor
-4

b= ]2 {1 2o [(22)6 — 1] [1 4z, [(Z22)§ — 1]]} (A.2.10)



