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Abstract

Nicholas Gray, Computing and Engineering, The University of Huddersfield
Abstract of Master’s by Research Thesis, Submitted July 2019:

The objective of this thesis is to optimise the design methodology through which the design
of floating ball valves seats are designed. The lack of an established and accepted design
methodology has led to numerous part-solutions being applied to the design process. The
variations in design methodology lead to significant variations in designs produced and
significant variations in the performance of these designs. In establishing an optimised
design methodology this thesis takes the fundamental functions of a floating ball valve and
develops a design methodology which when applied achieves a consistent and robust seat
design for floating ball valves.

To develop the optimised floating ball valve seat design method this thesis first develops an
understanding of the mechanics governing the fundamental features of the seat and its
interaction with the ball component. The development of the understanding is started
through the establishment of theoretical models describing the mechanics of the seat
component based on established works. To further ensure the understanding of the seat
component is correct a realistic computational model is developed. Through the evaluation
of the data from the computational model the theoretical models can be compared to the
realistic function of the seat component. Where there are differences between the results
from the theoretical and computational models, the theoretical models are improved to be
able to be applied to the computational model and generate representative results.
Following on from the validation of the theoretical models, the theoretical models are re-
arranged and combined in such a way that the models used to describe the mechanics can
be used to determine design parameters. The design equations developed are combined
into a complete design methodology through which a floating ball valve seat can be
designed. Following the establishment of the floating ball valve seat design methodology,
the methodology is applied to a case study to demonstrate the robustness and
appropriateness of the methodology to designing floating ball valve seats.
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Chapter 1 - Introduction

This chapter forms an introduction to the subject area of the thesis. The introduction is
formed of information about the general subject area of valves in general initial and then
following that ball valves, following this a detailed description of floating ball valves is
included. Once the floating ball valve is introduced in this chapter, context for the problem
investigated by this thesis is created by discussing the function of the seat component in a
floating ball valve and the general issues that surround the form, function and design of
these components.

In addition to introducing the subject area this chapter includes an overview of this thesis.
The overview of the thesis details the chapters included in this thesis and the works
contained within each of the chapters.
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1.1 Thesis Overview

This thesis is comprised of seven chapters, each of these chapters achieves an aim which
contributes to the achievement of the optimisation of the design methodology of a floating
ball valve seat.

Chapter 1 forms the introduction to this thesis, in this chapter a general introduction to the
subject area of valves is presented with a focus on floating ball valves. From floating ball
valves, the area of interest of this thesis, the seat component and the design of the seat
component is introduced. From the review of the basis established in this chapter the aims
of this thesis are developed.

Chapter 2 is the literature review of this thesis. In chapter 2 any applicable works are
reviewed to determine whether they hold knowledge that can be applied to the aims defined
in chapter 1. Through reviewing the available literature this chapter identifies where there
exist gaps in the knowledge required to complete the aims of the thesis. From the gaps in
the knowledge around the aims the research objectives are formed.

Chapter 3 covers the research methods used in this thesis. The research methods applied to
the work presented in this thesis are presented and explained to ensure that the research
completed is robust and accurate.

Chapter 4 contains the development of theoretical models. The theoretical models
established in chapter 4 describe the mechanics of the floating ball valve seat component
when a load is applied to the seat. The description of the mechanics of the floating ball
valve seat component is achieved through the application of established theories to the
geometry of the ball and seat and load applied.

Chapter 5 covers the validation and modification of the theoretical models of the previous
chapter. Computational models are developed in this chapter which are used to provide
realistic data from the interaction of the ball and seat components when subjected to a load.
The results of the computational models are compared with the theoretical models results
and the differences between them identified. Finally, in this chapter the assumptions made
in Chapter 4 to establish the theoretical models are reviewed to develop valid theoretical
models which describe the mechanics of the floating ball valve seat.

Chapter 6 of this thesis developed the design methodology. The valid theoretical models
describing the mechanics are developed to describe by the choice of inputs and outputs the
parameters needed to analyse a seat component while designing it. The design equations
are then formulated into a desigh methodology through which a floating ball valve seat can
be designed. With the design methodology established it is then applied to a case study to
ensure the results gained are valid. In applying the design method to a case study it is
evaluated numerically and by a computational model to ensure the results are comparable.

Chapter 7 is the summary of the thesis. In this chapter the works completed previously are
summarised, achievements, aims and objectives met are discussed. Where there are
opportunities for future work based of the work of this thesis these are highlighted here.
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1.2 General Introduction

A valve is a fluid control device used in a humber of industries where it is installed in a
pipeline. Valves are included in pipelines for the purpose of regulating the flow of fluid in the
pipeline. When a ball valve is used in a pipeline it is typically used for the purpose of on/off
fluid flow control, when in the closed position the ball valve isolates the downstream
sections of the pipeline.

Valves are broadly split into a number of groups based on their design, these groups are:
Ball, Butterfly, Check, Diaphragm, Gate, Globe, Needle, Pinch, Plug and Pressure-Relief
Valves. Each of these valve types have inherent advantages and disadvantages because of
the features associated with that type of valve. When specifying valves for a pipeline the
valve type whose features best suit the application should be chosen. Despite the various
types of valves available this thesis is concerned only with ball valves, and more specifically
the sub-group of floating ball valves and within that sub-group the soft-seated ball valves
constituents. Soft-seated ball valves are a form of ball valve where the seat component is
manufactured from a non-metallic material, this material is typically a form of polymer such
as PTFE.

Ball valves are basically defined as “a species of plug valves having a ball shaped closure
member.” (Zappe, 1998) this can be expanded on further, where a “ball valve is basically a
ported sphere in a housing. Rotation of the sphere by 90° changes the position from open
to closed.” (Lyons & Askland, 1975). Figure 1 shows a rendered sectional image of a floating
ball valve illustrates the description of having a ported ball closure located in a housing
defining the floating ball valve construction.

Stem ‘ I Gland
Bearing = Flange Handle
.
Packing
Follower
Stem . :
Packing
Ring
y Seat
Closure
Gasket
Body Seat Ball

Figure 1 - Floating Ball Valve Rendering (Grant, 2019)
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In Figure 1 we see a ball with a cylindrical port through the middle of it, this port allows
passage of fluid through the valve when the valve is in the open position. On either side of
the ball is located the seats. The function of the seats is primarily to create a seal between
itself and the ball component to prevent the fluid from flowing through the valve when the
valve is in the closed position. Driving the ball is the stem, the stem transmits the load
applied to the handle to the ball allowing the valve to be moved between the open and
closed positions. Retaining the ball, seats and stem are the body and closure components,
these components form the pressure-containing boundary. The pressure-containing
components are those which contain the pressurised fluid when applied to the valve in
either the open or closed position. Sealing the body and closure components is a gasket.
The gaskets purpose is to create a seal between the body and closure components
preventing the fluid from leaking from the valve to the atmosphere. The stem bearing sits
between the stem and body. The stem bearing provides a surface for the shoulder of the
stem to run against which prevents the two components from galling when the surfaces run
against each other. Sealing the stem is the gland packing, packing follower and gland flange
arrangement. The gland arrangement compresses the gland packing creating a seal
between the body and stem components. The handle converts the applied mechanical force
to a torque applied to the valve stem which in turn operates the valve moving it between
the open and closed positions.

Further to the basic definition a ball valves construction the valve "may be of a fixed or
floating design and full or reduced port” (Lyons & Askland, 1975). For the purpose of this
thesis we shall only be considering floating ball valve; further to this as explained later in
this section the distinction between full and reduced port is considered to have no bearing
on the outcome of this thesis. Figure 2 shows a comparison between a full and reduced bore
valve illustrating the reduction of the passage through the valve.

Full Bore Reduce Bore

Figure 2 - Full and Reduced Bore Floating Ball Valves (Zoombd24, 2019)
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A typical floating ball valves can be seen in the following figure, (Figure 3). Although it is
not obvious how the seats (12) have been designed, it can be seen that the ball (3) is
located between the two seats (12) and is therefore ‘floating’ with no components either
supporting or locating the ball to any other component within the valve assembly. It should
be noted that the valve is shown in the open position, when moved to the closed position
the ball will be able to move freely in the upstream and downstream directions.

N
Figure 3 - (Axial) End-Entry Floating Ball Valve (British Standards Institution, 2015)

The components shown in Figure 3 are as follows, 1 — Handle (lever type), 2 - Gland, 3 -
Ball, 4 - Body, 5 - Stem, 6 - Stem nut, 7 - Gland bolting, 8 - Stem seal, 9 - Thrust
washer, 10 - Body seal, 11 - Body insert, 12 - seat.

The previous figure, Figure 3, shows an (axial) end-entry ball valve, this however is only
one design of floating ball valve. The construction of the pressure-envelope, achieved by
screwing a body insert (11), into the body (4) defines this particular valve as an (axial) end-
entry floating ball valve. The design of the pressure-envelope will vary as illustrated

diagrammatically in Figure 4 (this figure also includes top-entry and trunnion mounted ball
valves.
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Figure 4 - Ball Valve Body Styles (British Standards Institute, 1974)

Looking at the construction of the pressure envelope of the floating ball valves shown in
Figure 4 there are many differences between the designs but also some similarities. In all
the valve designs (with the exception of the trunnion mounted design) the ball is solely
supported between the two seats. The valve body holds the seats in alignment with each
other therefore, the seats are held in alignment with the ball therefore giving the uniform
circumferential sealing stress as previously referenced; this function of the design is
common to all the illustrations of the floating ball valves. Also common across all the
designs of the floating ball valves is the loading of the seats by the closure, be that by an
insert (axial-entry), Adaptor (2-piece) or Adaptors (3-piece, sandwich and constrained).



Figure 5 shows an axial-entry floating ball valve where the ball and a seat are installed in
the valve body, the closure of the housing is achieved through an insert threaded into the
valve body which contains the second seat as well as means for achieving a seal between
the valve body and insert components. The load generated by threading the insert into the
body is distributed across both the seats to provide a pre-load for both seats at the point
contact with the ball.

Insert

Seat

Figure 5 - Axial Entry Floating Ball Valve (Velan Inc, 2019)

Figure 6 shows a two-piece floating ball valve where the ball and a seat are installed in the
valve body, the closure of the housing is achieved through the bolting of a closure (adaptor)
onto the body. The adaptor contains the second seat and the seal for the purpose of
achieving a seal between the valve body and adaptor component. The load generated by
the bolting in compressing the seal between the body and the adaptor is also used to
provide a pre-load for both seats where they contact the ball.

Figure 6 - Two-Piece Floating Ball Valve (Velan Inc, 2019)
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Figure 7 illustrates a three-piece floating ball valve design where the ball and seats are
retained within a central body section, the closure of the housing is achieved through the
bolting of a closure (adaptor) onto each side of the body. The load generated by the bolting
in compressing the seal between the body and adaptors is also used to provide a pre-load
for both seats where they contact the ball.

Closure
Closure

Seat Ball

Figure 7 - Three-Piece Floating Ball Valve (Velan Inc, 2014)

While the design of the pressure-envelope may change due to the body style selected the
design of the ball, seats and stem (collectively referred to as the trim), should be identical
across body styles for the same valve size and pressure rating.

1.3 Floating Ball General Principles

As described earlier floating ball valve seats are the core of a floating ball valve in providing
support to the ball, determining the operating torque profile and sealing performance of the
valve. A simplified model of the construction of a floating ball valve is shown in Figure 8.
Figure 8 is comprised of the ball (1), which is supported by two seats (2). The seats (2) are
retained within the valve body (3) “two round seats are fixed on the upstream and
downstream side of the ball, this is commonly called double seating.” (Skousen, 1997). As
discussed on page 19, the exact construction of the valve body is not important when
considering the design and function of the trim, therefore the construction of it has been
neglected from this figure. Finally, the stem (4) is shown, this operates the valve by turning
the ball from the open position to the closed position (closed position shown).
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Figure 8 - Ball Valve Assembly, Initial Pressure Application

When the ball valve is ‘operated’, the valve is turned from the open position to the closed
position, as “the balls opening begins to move perpendicular to the flowstream with the
edges of the port rotating through the seat. When the full quarter-turn is reached, the port
is completely perpendicular to the flowstream, blocking the flow” (Skousen, 1997). When
the port is completely perpendicular to the flowstream, in the closed position, the upstream
cavity will become pressurised as shown in Figure 8. Initially as the upstream cavity fills and
starts to become pressurised the upstream seat seals against the ball, however, there will
come a point where the pressure acting over the ball will overcome this seal. As “the ball is
not fixed to the stem and is allowed some freedom of movement through the key slot.”
(Skousen, 1997) this freedom of movement allows the pressure acting over the ball to
‘push’ the ball away from the upstream seat. With the ball ‘pushed’ away from the upstream
seat the body cavity will fill with fluid from the upstream section of the valve as shown in
the following figure:

Stem (4)

Body (3)

Seat (2)

Ball (1)

Figure 9- Ball Valve Assembly, Body Cavity Pressurised
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Figure 9 shows the body cavity becoming pressurised by the fluid from the upstream
pipeline. The result of the body cavity becoming pressurised is the ball have a pressure drop
acting over the ball and the unpressurised downstream cavity. "The force of the upstream
pressure acting over the ball pushes the ball hard against the downstream seat” (BVAA,
2007), this pushing of the ball into the downstream seat, “the upstream fluid pressure
assists the seal by pushing the ball back against a rear or downstream seat.” (Skousen,
1997), the upstream fluid filling the cavity and acting over the ball will increase the load on
the seat therefore increasing the seal between the ball and seat.

There are a couple of conditions that appear applicable to the previously described general
principles of the floating ball valve seat and mechanics; firstly, that when the flow direction
is reversed, i.e. the downstream pipeline is pressurised “the ball seats in the reverse
direction” (BVAA, 2007) this shows that both seats in the valve must be identical to allow
this to be possible within the same process conditions. While the general principles shown
previously shows the pressure as the main element in the mechanics of the floating ball
valve under “low pressure conditions springs may be incorporated or the seats may be pre-
loaded or pre-formed” (BVAA, 2007) indicating that at lower pressures the fluid pressure
alone may be insufficient to achieve the load required to generate a seal. Conversely “the
higher the pressure the more sealing force and torque are required to operate the valve”
(BVAA, 2007) eludes to a relationship between the pressure in the valve and the load
needed to achieve a seal between the ball and seat. The quote also indicates that there is a
relationship between the fluid pressure and the operating torque of the valve with an
increase in the fluid pressure resulting in an increased operating torque.

1.4 Seat Designs

With the design of the seat being critical to both the performance and function of the valve
it is an area where a greater understanding of the mechanics at play is required to optimise
the performance of the seat, “Several different seat design principles are used to achieve
good sealing and low torque requirements.” (Nesbitt, 2001). There are various design
principles which will need to be assessed to ensure the suitability of them with regards to
the optimisation of the seat as well as the applicability of the work contained in further
sections of this thesis to the furthering of knowledge with regards to the design of floating
ball valve seats.

When considering the design of seats in general the following is referenced as the applicable
design methodologies depending on the type/style of seat used. “"The intimate contact
between the seatings of ball valves may be achieved in a number of ways. Some of the
ones more frequently used are:

By the fluid pressure forcing the ball against the seat.

By the fluid forcing a floating seat ring against a trunnion-supported ball.

By relying mainly on the installed prestress between the seat and a trunnion-
supported ball.

4. By means of a mechanical force, which is introduced to the ball and seat on closing.”
(Zappe, 1998)

WN -

For floating ball valves, the “first sealing method, in which the seating load is regulated by
the fluid pressure acting on the ball, is the most common one. The permissible operating
pressure is limited in this case by the ability of the downstream seat ring to withstand the
fluid loading at operating temperature without permanent gross deformation.” (Zappe,
1998).
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In addition to the pressure load being applied to the seat “flat seats tangential to the ball
surface have a theoretical line contact but very quickly bed-in to create a narrow band.”
(Nesbitt, 2001); this principle shall be explored further in the literature review to determine
whether a consensus can be reached in relation to the mechanics governing the formation
of a narrow band at the contact between the ball and seat.

Further to the tangential seat sealing face, the seat rings of floating ball valves are typically
“provided with a cantilevered lip, which is designed so that the ball contacts initially only the
tip of the lip. As the upstream and downstream seats are pre-stressed on assembly against
the ball, the lips deflect and put the seat rings into torsion. When the valve is being closed
against the line pressure, the lip of the downstream seat deflects still further until finally the
entire seat surface matches the ball. By this design, the seats have some spring action that
promotes good sealing action at low fluid pressures. Furthermore, the resilient construction
keeps the seats from being crushed at high fluid loads.” (Zappe, 1998).

The seat rings of floating ball valves are typically “provided with peripheral slots which are
known as pressure-equalizing slots. These slots reduce the effect of the upstream pressure
on the total valve torque. This is achieved by letting the upstream pressure filter by the
upstream seat ring into the valve body cavity so that the upstream seat ring becomes
pressure balanced.” (Zappe, 1998). In addition to the peripheral groove on the outside
diameter of the seat rings other methods of achieving cavity relief include making the lip
flexible enough to bend and relieve the pressure.

1.5 Gaps in General Knowledge

The general knowledge around the subject area predominately relates to the definition of
the floating ball valve and the basic function of the assembled valve, as well as the
performance and requirements of the valve. There is limited available open literature
relating to the design of the seat component in detail. When the seat component design is
considered in the general knowledge literature there are only generic qualitative
descriptions of the design function and process results without any methodologies or
theories used to achieve the designed component or how the design of the seat will impact
its performance under the specified conditions. The reflection of the lack of any design
methodology is reflected in practice where it is known that many manufacturers of floating
ball valves apply seat designs to their products which are achieved solely through trial and
error. The lack of a design methodology and application of ‘trial and error’ designing leads
to a significant humber of issues where manufactured valves do not match the performance
definitions under which they are sold. Typically, the operating torque is higher than
published due to additional compression on the seat to achieve a seal, this is a significant
issue for a valve as it means it cannot be operated correctly.

This section makes clear that there is no unified design methodology for the design of a
floating ball valve seat but rather a number of varying methods which would imply varying
results are being obtained from these methods. Further to the sealing performance of the
seat there is limited available literature related to the effect of the seat design to the valves
operating torque of a floating ball valve. Finally, when considering the performance of the
seat, there are a small number of articles that are available which relate to the specific
designs, features and requirements of standards these articles detail an amount of
information on the design and function of the seat component however this is limited to
qualitative information with no information provided that could be used to generate a design
from. There is currently limited open literature which covers the design methodology and
theory for the design of a seat for a floating ball valve that will relieve an over pressurised
body cavity through the deformation of the seat component alone.

24



1.6 Motivation of the Work

Currently the widely accepted and used method for designing a floating ball valve seat
includes an amount of ‘trial and error’ and a significant number of undefined variables which
are not considered in the design method. The lack of definition and consideration given to
the variables in the current design method results in an over engineered design. In using
the current design methodology, the thickness of a seat component and the compression as
a function of the thickness is considered to determine a sealing stress. Should the seat fail
the compression of the seat is increased until a seal is achieved using the specified material.
The current design method described in this paragraph is a significant disadvantage and
undesirable due to the lack of control and lack of definition of the design based on the
variable of the seat component.

The available open literature shows limited evidence of a design methodology which is
validated and therefore accepted for use in designing the seat component in a floating ball
valve. The each of the literature sources reviewed in the general literature section describes
the same function of a floating ball valves seat component when considering the design,
function and operation of the component. There is no expansion in any of the literature
sources into appropriate theories or methodologies and their application to a floating ball
valve’s seat component.

The lack of a theoretical model and the validation of the use of that theoretical model is
missing from all of the general knowledge reviewed in this section. A comprehensive
theoretical model linking the variables of the seat design to its performance and function is
a critical element in the design of a floating ball valve seat. The design of the floating ball
valves are critical to the function of the overall performance of the valve. The design of the
floating ball valve seat is a critical component of the valve to be understood when designing
the valve prior to manufacturing the design, due to the many performance factors it affects.
In designing a floating ball valve a theoretical model will allow the seats design to be
optimised and therefore the components which are designed based on the parameters which
are affected by the seat design, such as operating torque, to be optimised also.

1.7 Aims of Research

This thesis sets out to generate new knowledge which fills the gaps identified in the general
literature review in this research area. The addition of new knowledge will be required to
define each of the aspects of the theoretical model which defines the mechanistic function of
the ball valve seat component and its interaction with the ball component.

In achieving the above a major step forward will be taken in the understanding of the
mechanics governing the design of a floating ball valve seat and the effect of the seat on
the sealing performance of the seat and the operating torque of the valve as a whole. With
the development of the theoretical model the theories defining each of the components of
the seat component can be combined into a comprehensive design method. The
comprehensive theoretical model shall encompass all the elements involved in the design of
the seat as well as the performance factors that the design effects, such as operating
torque.
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The variations in design method will give variations in the performance of the seat
components used while the mechanics of the interaction between the ball and the seat
components are governed. By achieving theories which describe each of the mechanics that
govern the response of the seat component under various conditions, it shall be possible to
combine the theories describing the mechanics into a single theoretical model. From a single
theoretical model it will be possible to develop a single design method and therefore achieve
a consistent performance from the seat components designed through this method.

To generate the new knowledge and satisfy the motivation for this work this thesis has been
designed and planned to fulfil the following three aims:

1. Development of mechanistic theoretical models based on established theoretical models.

This aim sets out to develop theoretical models which describe the mechanics of the areas
of the seat component which must be defined to create a complete definitions of the
interaction between the ball and the seat component and the response of the seat to the
loads applied to it. By using and applying established theoretical models there may be
assumptions made to ensure applied models suit the function in which they are applied. This
will enable development of design equations for this complex component.

2. Validation of theoretical models through finite element analysis.

The purpose of this aim is to validate the application of the theoretical models to the
geometry and function of the floating ball valve seat. This is particularly true as the
theoretical models are based on simplifying assumptions. It is important to test the effects
of the assumptions made on the important design parameters through comprehensive FEA
analysis. By validating the application of the theoretical models to the geometry of a floating
ball valve seat design it is possible to evaluate the assumptions made. Any differences
between the theoretical models and computational results can be evaluated and the
theoretical models modified to take into account any changes that need to be made to the
assumptions made. As FEA methods have been developed to make the analysis of complex
components possible where close form solutions may not be possible, it is hoped that the
close form solutions developed in aim 1 can be tested for their effectiveness through the
use of FEA.

3. Development of a design methodology.

This aim takes the validated theoretical models and develops them into a design
methodology. The combination of theoretical models allows for a method through which it is
possible to design a seat component to be created. Through the creation of the design
methodology the application of the designh method to an example case would demonstrate
the function and use of the established design methodology in a practical manner.

By fulfilling the three aims of the thesis shall deliver a significant and theoretically sound
step forward in the understanding and development of an optimised theoretical floating ball
valve seat design methodology.
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Chapter 2 - Literature Review

This chapter contains the literature review which is developed around the three specific
research aims established on pages 25 and 26 of the previous chapter to identify the gaps
in the available knowledge. First the literature review covers the mechanistic theoretical
models which either describe the floating ball valves seat design in full, a component of the
design of the seat or a seal which may have transferable knowledge to the floating ball
valve seat design. By considering the mechanistic theoretical model as a whole and as
constituent components all of the relevant areas which contribute knowledge towards this
subject area are reviewed in the detail required to evaluate the current knowledge presently
available. The literature covering the approach through which the floating ball valve is
analysed is reviewed next. By reviewing the literature where a floating ball valve either in
part or in whole is performed allows for the seat component to be analysed in a way which
is in-line with previous work completed. The previous work completed is reviewed to
determine where there are gaps in the knowledge presented with the analytical methods
implemented, these areas will result in a short fall of knowledge generated. The lack of
knowledge required for this thesis from the previously completed works can be addressed
through research objectives in this thesis. For the second research aim, the literature
reviewed for the development of a design methodology sits between the literature reviewed
for the first aim and literature covering the creation of a design methodology. The numerical
methods for the theoretical models reviewed for the first aim form the technical part of the
final aim, these design equations have already been reviewed and the gaps in the equations
and methods themselves identified. Through the review of the design methodology
literature the processes through which a design is created and evaluated are assessed. By
reviewing the literature on design methods, the areas where these methods do not meet
the requirements of this thesis are identified. By identifying the areas where there are gaps
in the current design processes it is possible to generate new knowledge in creating the
design method which satisfies the requirements of the design methodology for the design of
a floating ball valve seat. Through the completion of the literature review based on the
available literature, knowledge gaps are identified which shall be addressed by the
development of new knowledge and understanding of the subject area.
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2.1 General Approach

The aim of this literature review is to review what information exists with regards to each of
the aims of this thesis. By reviewing the literature which applies to each of the research
aims it is possible to identify where gaps exist in the current knowledge. By identifying
where the gaps exist in the current knowledge it is possible to formulate research objectives
to fill these gaps and generating new knowledge it will be possible to work towards creating
a comprehensive design methodology.

The theoretical models surrounding the theoretical description of the floating ball valve and
specifically the design and function of the seat component are reviewed to determine where
current knowledge and design processes exist. In reviewing the currently available
knowledge and design methods the gaps and shortfalls of these existing methods can be
identified. Following the review of floating ball valve seat design methodology general seal
designs are reviewed, while the subject matter of this thesis is not in regard to other seal
designs seal designs have been around for a long time and have been subject to a
significant amount of research. The research on seal design may include knowledge which
can be transferred from seal design and applied to the design of a floating ball valve seat.
Once the areas of the floating ball valve and seal theoretical models have been reviewed the
areas where the knowledge from these subject areas is lacking are reviewed to determine
whether there is any further knowledge is available and where gaps in this knowledge exist.
Following the design methods, the requirements of the ball valve seats performance and
function are reviewed to ensure the complete set of requirements and variables effected by
the design of the floating ball valves seat are understood. By understanding the full scope of
requirements this allows for a comprehensive solution to be found. The requirements
reviewed will enable the design method to be developed in a manner whereby these
requirements are guaranteed to be satisfied.

The review of the literature with regards to the computational methods used to assess a
floating ball valves shall follow the methods used in general as well as those methods
previously used to achieve a successful set of data from a computational model. The general
methods used to establish and run a finite element analysis model shall be reviewed to
ensure that the methods used in this thesis are in line with the best practice for the type of
analysis being performed. In reviewing the current methods for finite element analysis the
areas where these methods do not meet the requirements of the work in this thesis there
area shall be highlighted as areas for the development of new knowledge. The literature
where the analysis has been performed on a floating ball valve shall be reviewed for the
application of finite element analysis to the analysis of a floating ball valve. The methods
through which finite element analysis is applied to the shall be reviewed to determine
whether they are applicable to the requirements of this thesis. Where the methods applied
to floating ball valves are applicable they shall be adopted, where the methods applied are
not applicable or do not satisfy the requirements of the analyses of this thesis these gaps
shall be identified as areas for the creation of new knowledge.

The design methodologies literature is covered partly by the literature reviewed for the first
aim, where this literature is not applicable to the first aim it shall be reviewed in the final
section of this chapter. The design methods currently in existence shall be reviewed with a
view of applying them to the process of designing a floating ball valve seat. Where existing
design methods do not cover the requirements of designing a floating ball valve seat these
areas shall be highlighted as areas for the development of new knowledge.

28



2.2 Mechanistic Theoretical Models

This section looks at the existing literature that may be used to describe the mechanics that
govern the interaction between the ball and seat. Through reviewing the available literature
on the subject of the theoretical models which describe the mechanics of floating ball valves
and applicable related subject areas it is possible to identify where the gaps in the available
knowledge are. By identifying the gaps in the current knowledge this thesis can generate
the new knowledge required to create a mechanistic theoretical model of the floating ball
valve seat.

2.2.1 Theoretical Sealing Models - Ball Valves

This section reviews the literature relating to theoretical sealing models. The literature
reviewed is focused on the literature of seals which are directly applicable to the design of
ball valve seats. The basic design of a soft-seated floating ball valve was discussed on page
22 of section 1.3, this section builds on that by reviewing specialist literature about the
theoretical design of the seat component with the aim of developing an understanding of
the design theories and methodologies used to effect a seal between the ball and seat
components. When considering the design of a floating ball valve seat there are “several
different seat design principles are used to achieve good sealing and low torque
requirements” (Nesbitt, 2001). Of these various seat designs the following figure taken from
Velan’s product literature illustrates this by showing three different methods of designing a
seat:
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Figure 10 - Seat Design Type Comparison (Velan Inc, 2019)
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Figure 10 shows the comparison of three different floating ball valve seat designs the
material in each of the seat designs is subject to a different form of loading. The Velan in-
tension seat puts the seat material in tension, the competitive flexible seat puts the material
in bending and the jam seat puts the material under compression. The Velan in-tension seat
has a flexible central section to the seat with support on the internal and external edge. The
competitive flexible seat design has support around the outside diameter of the seat. The
non-flexible jam seat is supported on the outside diameter and the back-face of the seat.
Each of the supports of the competing seat designs provide different characteristics when
considering the seat design. The Velan in-tension seat will be a more robust seat design as
the internal and external support will limit the amount of flexibility in the seat but the
increased degree of support will ensure no excessive deformation will occur. The
competitive flexible seat design has support retaining the seat in the seat-pocket of the
body or closure however the sealing lip has no support, it is assumed that if this design was
incorrectly specified that gross deformation could occur permanently deforming the sealing
lip and degrading the components performance with respect to achieving a seal. The non-
flexible jam seat has support surrounding the external edge and the back-face, therefore
the compression of the seat is fixed by the compression of the ball onto the seat component
with not adjustment possible from the flexibility of the seat component. The Velan in-
tension seat being a more robust and better supported seat design could be assumed to
have a higher torque than the competitive flexible seat design as there will be a higher load
imparted on the ball when the seat is compressed by the ball. A valve with the competitive
flexible seat design can be assumed to have the lowest torque of the three designs as the
greater degree of flexibility in the seat will lower the initial load acting on the ball by the
seat component. A valve with the non-flexible jam seat design in it will have the highest
torque of all the designs shown, the lack of flexibility will result in all the compressive load
being generated by the compression of the seat section being transmitted back to the
contact with the ball therefore increasing the overall valve torque. None of the three designs
shown in Figure 10 demonstrate a complete design which can be viewed as superior to the
other designs shown. Individual features from these designs can be seen to benefit the
parts of the overall valve performance which are related to the seat. The level of support of
the in-tension seat design with an internal and external support is the best support
arrangement of the three designs. The flexibility of the competitive flexible seat design
gives the best performance related properties of the three designs. By combining the
support methods of the Velan in-tension seat design and the flexibility of the competitive
flexible seat design it would be possible to create a seat design that combines the most
beneficial features of these three seat designs.

Figure 10 shows a number of different floating ball valve seat designs, however, it is also
part of the Velan advertising material. Therefore the analysis shown in Figure 10 is written
in a biased manner to show the Velan in-tension seat design as the superior floating ball
valve seat design.
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Regardless of the design of the seat the resulting assembled valve contains the same
components, as generically shown Figure 11.

Stem (4)

Seat (2)

Ball (1)

Figure 11 - Ball Valve Assembly

Here we have the valve body (3), housing the method of operating the valve, the stem (4).
Inside the valve there is a solid ball (1) which ‘floats’ between a pair of seats (2). The idea
that the ball ‘floats’ between the pair of seats highlights the expectation that the seat
components should be flexible enough so that the ball is able to be able to ‘float’. The “two
seats are designed to conform to the ball’s sealing surface.” (Skousen, 1997), this is further
confirmed by this quote from Zappe “These seats are designed to be circular so that the
sealing stress is circumferentially uniform.” (Zappe, 1998) further to this “soft seats
conform to the ball contours to establish a seal” (Nesbitt, 2001).
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Figure 12 shows a detailed view of the initial compression of a proprietary in-tension flexible
seat where there are “convex surfaces of the seat running against the ball” (Canada Patent
No. 3,384,341, 1964). The interaction of the two convex surfaces running against each
other will not be possible to be described by the application of plane stresses to the
problem, therefore it is assumed that some other form of mechanics is to be applied to this
area of the design to describe this interaction. The arcuate profile of the seat section is
inherently strong, therefore there is little concern about the design of the seats ability to
handle the loads applied to it.
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Figure 12 - Minimum Seat Deflection (Canada Patent No. 3,384,341, 1964)

The design of the flexible in-tension seat shown in Figure 12 does not show much beyond
the initial deflection of the seat to accommodate the ball after assembly of the valve. The
area of most interest in Figure 13 is the seat is the only component defined as deflecting or
distorting, therefore assuming that the ball remains rigid throughout the function of the
seat.
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Figure 13 - Maximum Seat Deflection (Canada Patent No. 3,384,341, 1964)

These figures taken from the patent demonstrate the operation of the seat is based on the
deflection of it by a load transferred onto it by the ball either through assembly (as with the
minimum deflection figure), of the line pressure (as with the maximum deflection figure).
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With the arcuate structure of the seat the core of the seats function it may be possible to
replicate the function of the seat i.e. the deflection of the central section of the seat to
obtain the desirable effects of the function of this seat design without infringing the patent
claims shown previously. As discussed previously this support function of the internal and
external edge of the seat component is the ideal solution to this application however the
compression of the arculate profile is too rigid to give the low torque value that is desirable
in the optimal solution. The floating ball valve seat design and associated information
provided in the patent does not provide any significant amount of information with regards
to the design of the seat. The most significant knowledge found in this source is the
application of an initial deflection when the valve is assembled, and that this deflection
increases when the seat component is subject to a pressure-load. There is minimal
information provided in any of the Velan documents which does anything past describe the
general function of the seat design; there is no relationship provided which links the seat
design to the geometry of the components involved or the material properties selected or to
the achievement of a seal by the seat design.

The finite analysis stress plot of the flexible seat shown in Figure 14 shows a stress plot
where the stress distribution confirms that the stress model describing the interaction
between the ball and seat components is not described by the application of plane stress
mechanics. The stress distribution shown in Figure 14 resembles a form of contact
mechanics, the identification of the exact form of contact mechanics shall be discussed in
the following sections.

Figure 14 - Flexible Seat, Ball Contact (Metso, 2011)

Figure 14 shows a flexible lip type floating ball valve seat design. The stresses shown in the
figure cannot be quantified as no scale for the stresses is provided, however the general
pattern is that of a non-uniform distribution further demonstrating that plane stresses are
not involved in the analysis of the seat design. It is possible to identify that the seat has not
been grossly deflected and therefore permanently deformed due to the lower stress shown
in the central region which is subject to bending. The stresses shown identify two localised
areas of high stress within the seat component and a corresponding area of high stress in
the ball component, it is assumed that these stresses are the result of contact mechanics
and therefore are defined as contact stresses. Where the ball and seat contact the
magnitude of the stresses show the greater stress is generated in the soft non-metallic
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component, therefore it should be assumed that the material properties factor in the
maghnitude of the stress achieved in the seat component to effect a seal between itself and
the ball. Also at the point of contact between the ball and seat components the figure shows
the seat component deforming to conform to the profile of the ball, this is a key function of
the contact mechanics which have been assumed to be most applicable manner to describe
the interaction of these two components. This literature source shows a level of detail which
has been interpreted to provide guidance on the applicability of theoretical models to the
design of a floating ball valve seat component. While the interpretation of the figure has
provided guidance to the application of theories to the design of the component the
identification of the exact theoretical models would have to be determined.

A different design of a floating ball valve is shown in Figure 15, this design is of the valve
design assessed by G.V.Bozhko in the paper ‘Force analysis for a Ball-seating valve with a
PTFE Seal’ (G.V.Bozhko, 2000). The type of seal considered in this paper is of an elastomer-
energised jam seat design, where the seat is manufactured from PTFE (2) the elastomer an
O-Ring (3).

Figure 15 - Ball Valve Design Assessed (G.V.Bozhko, 2000)

The components shown in Figure 15 are defined as follows, 1 — Ball, 2 - Seat, 3 - O-Ring,
4 — Closure, 5 — Body.

The design shown in Figure 15, where an O-Ring energised seat is shown is not an
acceptable solution for a floating ball valve seat design, as specified by the standardised
supplemental industrial specification, “Elastomeric O-ring seat inserts shall not be
permitted.” (International Association of Oil & Gas Producers, 2019). Despite the use of an
O-ring seat insert the analysis of the sealing load on the seat can be used as a basis from
which the project can be built from.

The assumption that is made in this paper is that the profile of the seat component
conforms perfectly to the ball and does not deform when a load is applied to it. When
considering the mechanics of fluoropolymers this can be judged to be an incorrect
assumption; the seat will deform by varying amounts depending on the magnitude of the
load applied to it. The magnitude of the load applied to the sealing surface will vary
depending on the location of it on the seat face. The paper assumes the load to be
homogeneous about the spherical contact between the ball and seat components. This
paper does not take into account the deformation of the seat, this is dependant on factors
such as the dimensions of the bodies in contact and the material properties of the bodies in
contact, specifically properties such as the flexural rigidity and Poisson’s ratio.
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Figure 16 - Seat Design Assessed (G.V.Bozhko, 2000)

The O-Ring used to energise the seat is located in the recess at the back of the seat, part of
the sealing force is created by the compression of this O-ring. As shown in the quote from
the International Association of Oil and Gas Producers on page 34, the use of a secondary
‘active’ element such as an O-ring is not acceptable. Based on this requirement, it is
possible to determine the requirement that the seat component must be manufactured from
a single homogeneous material or a single composite material; these requirements are
imposed by a number of Oil and Gas Majors under the International Association of Qil and
Gas Producers. The initial sealing load is generated by the compression of the O-ring, this
sealing load then increases with the pressure being applied to the valve. This literature
source provides a sealing stress equation for the determination of the sealing stress when a
gas of up to 6MPa is applied to the valve, this is shown in Equation 1.

[q] =75+ 15p
Equation 1 - Gas Sealing Stress Determination (G.V.Bozhko, 2000)
Where:

[gq] = Required sealing stress, MPa

p = Pressure to seal, MPa

This equation is provided for applications where a gas is the medium considered, however
there is no evidence provided that applying this relationship to a valve will result in a seal
being achieve. Also there is a significant limitation that the required sealing stress
determined is only applicable to gasses with a pressure of 6MPa or less, this excludes a
significant portion of applications where a floating ball valve seat is applied. Beyond
determining the sealing pressure for a gas this source does not provide any quantifiable
method for determining whether the seal achieved with other media. While it would be
possible to create a design to the method provided in this paper there are significant gaps in
the knowledge and the application to other media. While this paper does not match the
previous sources in the application of plane stress for the contact between the ball and the
seat and the use of an O-ring to preload the seat some similarities can be seen across the
literature reviewed so far. All of the seat designs reviewed so far have used a form of pre-
load generated by the seat as part of the sealing function, this has been supplemented by
the action of the pressure load to generate a full seal. All of the sources reviewed in this
section so far have used a preload of some sort combined with a pressure-load to generate
the total load which achieves a leak-tight seal.

The load from which the sealing stress is derived is applied to the seat shown in Figure 16
from the contact with the ball is set at an angle (a) to the direction of axial loading between
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the ball and seat. The derivation of the force acting on the seat is representative of the
action of the ball loading the seat. In this paper the angle is set to the middle of the contact
area of the seat, typically this is the location taken for pressure areas when considering seat
seals and seals in general, as shown by the flanged head designs in Figure 17 taken from
ASME VIII Division 1.
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Figure 17 - Flanged Head Designs [UG34], (American Society of Mechanical Engineers, 2017)

The design rules associated with the diagrams shown in Figure 17 are taken from ASME VIII
Division 1, these rules have been developed by the American Society of Mechanical
Engineers to be used for the design flanged covers for piping and associated equipment
when subject to an internal pressure. The flanged head designs shown in Figure 17 assume
the internal pressure within the piping is acting over the area bound by the mean diameter
of the seal, diameter ‘d’ from the figure. When applying this design philosophy to a typical
floating ball valve seat design the mean contact diameter between the ball and seat
component would be considered as the equivalent to diameter ‘d’ from Figure 17 over which
any pressure within the valve would act. When the ASME VIII Div. 1 equivalent diameter ‘d’
is combined with the information related to the seat design method shown in Figure 17. This
assumption is further confirmed in the following quote, “On condition that in the closed
valve position the working medium penetrates to the centre of the sealing surface.” (Boiko,
Regush, Semenov, & Regush, 1986), therefore, the mean seat diameter should be
considered at which any pressure should be considered to be acting when evaluating the
mechanics of a seat design.

The paper entitled ‘Analysis and optimization of nitrile butadiene rubber sealing mechanism
of ball valve’ by Xue-Guan Song achieves part of the work proposed in this thesis using a
nitrile butadiene rubber seat in the place of a plastic one. The paper assessed the seat
under ‘full” working conditions “divided into three kinds: installation in the seat with an
initial interference fit (load condition A), the effect of fluid pressure (load condition B), the
ball rotation or opening (load condition A+B).” (Song, Wang, & Park, 2009). This paper is
limited to the use of nitrile rubber as a seat material due to applying the Mooney-Rivlin
hyperelastic material model to describe the seal material; while the Mooney-Rivlin model is
the best choice for describing an elastomer due to its historical use in doing so it is not
suitable for describing other materials. This paper did not provide any evidence as to the
method through which the optimisation was completed. From the information presented in
the paper it is assumed that the optimisation was carried through iterative finite element
analyses. The general approach of this paper, breaking down the design into its constituent
elements, is a useful approach to develop the required understanding of the mechanics of
the components. The lack of applicability of the outcomes of this paper to any design or
material type other than the one evaluated and optimised in the paper itself is a significant
limitation of this work.

In the seat design in the paper ‘Calculation of polymer seals for ball valves’ (Boiko, Regush,
Semenov, & Regush, 1986) the design methodology uses an initial spring load and a
pressure load acting across a seat seal to generate the sealing load and therefore the
contact pressure. The approach of this paper to designing seats, (shown in Figure 18), is
generally the approach taken when designing seats for trunnion mounted ball valves.
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Figure 18 - Trunnion Mounted Ball Valve Seat (Boiko, Regush, Semenov, & Regush, 1986)

As can be seen from Figure 18 the ball is not supported; when the ball is loaded by the
springs and pressure from one end of the valve the ball will not be supported and will simply
compress the upstream seat as well as the downstream seat. While this lack of support does
not make the model usable in a practical situation if the ball is assumed to be rigid in
respect to axial movement then the methodology behind the seat design may be assessed
to understand the theory applied to the seat in isolation. The design of the seat relies on
achieving a specific stress in the seating material as defined by:

gy =a+b-p
Equation 2 - Sealing Stress Calculation (Boiko, Regush, Semenov, & Regush, 1986)
Where:

p = Pressure of medium sealed, MPa

gn = Specific seal pressure, MPa

The variables, ‘a’, ‘b’, are not defined beyond being defined by experimental methods in the
paper ‘Calculation of polymer seals for ball valves’ (Boiko, Regush, Semenov, & Regush,
1986). While the issue with the application of this method to the valve design is the lack of
axial support for the ball to prevent its movement in the axial direction none of the terms in
the above equation are defined in this paper. If the valve is considered to be a typical
trunnion mounted i.e. the ball is fixed in horizontal position with respect to the valve body
then the ball will react against the load acting on it is making the above equation true
should gn represent the full axial load of the seat acting on the ball, a be a spring load and
b.p being a pressure-related load acting on the seat. The seat contact does seem flawed
with it being assumed that it acts across the whole seating surface while at the same time
considering that the seating surface is flat and runs tangentially to the ball. As shown in the
previous designs discussed there is evidence of that the use of contact mechanics is optimal
method through which the mechanics of this interaction can be described.

The works reviewed in this section have both provided guidance through consensus’ being
found in specific areas while also identifying area where there is a lack of knowledge in the
available literature. The various designs of ball valve seat, with the exception of the jam
seat design, reviewed each in their own way identified the mechanics of loading the seat
component as being achieved through a pre-load and a load generated by the pressure.
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Where in the literature reviewed there were no springs or O-rings present in the design a
pre-load is created through the deflection or compression of the seat component itself.
Through the various seat design methods assessed in this section presented numerical
models where the design method used a mean seal diameter as the diameter on which the
calculations are based. The mean seat diameter was used particularly as a point across
which a pressure acted to create a pressure-load. In each case where the numerical model
is presented a combination of pre-load and pressure-load was used to determine the sealing
stress in the seat component.

The knowledge gained from reviewing the works in this section failed to provide a solution
to designing a floating ball valve seat. Where the seats were manufactured from a single
material, and the design method considered the material properties, design geometry and
performance requirements of the design. The literature only presented information in a
qualitative manner with regards to the function of a fluoropolymer seat components
function, while this information is useful in providing guidance on the function of the design
there is no knowledge available on the use of specific design methods to achieve these
functional requirements. A couple of works reviewed presented methods which were claimed
to define the required sealing stress through which a leak-tight joint is achieved. No source
provided evidence to substantiate the determination of the methods of calculating these
sealing stresses and of the works reviewed a consensus could not be reached as to a
common method from which a basis could be formed. The mechanics through which the
sealing stress was determined in the numerical models reviewed did not match the
mechanics which have been presented in the computational work previously undertaken in
other works. There are significant disparities between the numerical models and the
computational models reviewed. The numerical models present results which match those
predicted by contact mechanics; while the numerical models determine the sealing stress
though the application of plain stresses.

In summary there are gaps in knowledge where there is no mechanical model which
describe in a quantitative manner the mechanics of the seat component itself. Following this
there is a lack of a unified method of understanding the interaction between the ball and
seat components. When determining the contact stress there is no model available which
can reliably provide a required sealing stress for the range of applications to which the seat
design could be applied.

2.2.2 Theoretical Sealing Model - Seals

In this section theoretical sealing models and the associated literature which are not directly
applicable to a floating ball valve seat are reviewed. Due to the lack of information openly
available with regards to achieving a seal between the ball and seat components, the

review of literature may make it possible to identify knowledge which fills the gaps identified
in the ball valve seat section.

When setting out to achieve a zero-leakage (hermetic) seal there is research available that
describes the design of the seal and related components; when designing “components for
strength and hermetic sealing, one of the basic parameters is the minimum specific load, q,
on the sealing surface at which the required level of hermetic sealing is ensured in the
working conditions.” (Bozhko, Kalabekov, Vinogradov, & Denisov, 1992). When looking to
achieve a hermetic seal, “the dependence of the specific load of hermetic sealing [q] on gas
pressure in the cavity of the test model for specimens with varying widths of contact”
(Bozhko, Kalabekov, Vinogradov, & Denisov, 1992) shows the specific load can be
determined based on the contact width for a variety of applied loads. The relationship
between the specific load of hermetic sealing [q] and the gas pressure can be described
numerically as shown in Equation 3 on page 39.
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—a4.pC
=A-P,

Equation 3 - Specific load of hermetic sealing (Bozhko, Kalabekov, Vinogradov, & Denisov, 1992)

Where the coefficient ‘A’ is described in terms of seating face width as:

(6.8—2.7-b)
~(18-07-b)
Equation 4 - Coefficient ‘A’ (Bozhko, Kalabekov, Vinogradov, & Denisov, 1992)
Where:

‘b’ - width of contact

Exponent ‘c’ is defined as:

c=012+04-b

Equation 5 - Exponent ‘¢’ (Bozhko, Kalabekov, Vinogradov, & Denisov, 1992)

By substituting Equation 4 and Equation 5 into Equation 3 it is possible to define the
required specific load of hermetic sealing in terms of seal width, as shown in Equation 6.

6.8—27-b
18-07b ¢
Equation 6 - Hermetic sealing load in terms of contact width (Bozhko, Kalabekov, Vinogradov, &
Denisov, 1992)

— 0.12+0.4'b
q=

From Equation 6, “it can be seen that, as ‘b’ decreases, the required specific load of
hermetic sealing decreases at constant pressure of the medium sealed.” (Bozhko,
Kalabekov, Vinogradov, & Denisov, 1992) This equation demonstrated a relationship
between the specific stress in the sealing contact and the pressure being sealed and contact
width of the seal itself. By relating these three variables it would be possible to evaluate any
given geometry so long as the contact width can be determined and gas is the medium
being sealed. This method to determine the required sealing stress when gas is the
pressurised medium fills the gap in knowledge identified in the previous section as it
provides a numerical solution which is not limited by the pressure or other factors.

When considering other seal designs which may have available literature that can contribute
knowledge towards the aims of this thesis the seal type referred to as mechanical face seals
would be considered one of the best seal designs to start with. As one of the most
researched and well developed seal designs the information on this seal design is widely
available. Mechanical face seals are designed around the principle of achieving a specific
contact pressure to ensure that a seal is achieved, typically the effectiveness of the seal is

determined by the value of APcrit as defined below.

AP =— 5
crit Af . (1 _ Ba)

Equation 7 - Critical Pressure (Brink, Czernik, & Horve, 1993)
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Where Fs, “the sum of the spring force” (Brink, Czernik, & Horve, 1993), is combined with
the balance ratio to determine the critical pressure at the interface area at which the
mechanical seal will develop an effective seal.

Here “the balance ratio is employed to describe that fraction of the internal pressure is
acting to close the seal faces. It is defined as the ratio of hydraulic loading area to the seal
interface ratio. As the balance ratio decreases, the closing force, due to the internal
pressure also decreases” (Brink, Czernik, & Horve, 1993). The following equations define
the balance ratio for both internally and externally energised seal arrangements.

_ Hydraulic load area 1/4 -1+ (Dgo® — Ds?) _ Dy,® =D
" Seal interface area 1/4 e (Dfoz _ DﬂZ) - Dfoz — DﬁZ

e

Equation 8 - Externally Energised Balance Ratio (Brink, Czernik, & Horve, 1993)

_ hydraulic load area 1/4 -1+ (Ds? — Dsi%) _ D® =Dy’
seal interface area 1/4 ST (Dfoz _ DﬁZ) Dfoz — DﬁZ

i

Equation 9 - Internally Energised Balance Ratio (Brink, Czernik, & Horve, 1993)

By adjusting the relative geometries which define the balance area, particularly the ratio of
the hydraulic load area to seal interface area it is possible to alter the effect the pressure
has on the seal design. By changing increasing the hydraulic area and maintaining the seal
interface area the balance ratio increases, while reducing the seal interface area has the
same effect on the balance ratio. Conversely reducing the hydraulic load area or increasing
the seal interface area has the effect of reducing the balance ratio. Changing the balance
ratio effects the outcome of the critical pressure, as determine by Equation 7. Both the
spring force and balance ratio are combined to give the total closing force acting on the
seal, as shown by Equation 10.

Fu=FK+F,=FK+A; B, -AP+ AP,
Equation 10 - Total Closing force (Brink, Czernik, & Horve, 1993)

The interface area, As, is defined by the following equation:

=1/ .. 2 _ 2
Ay =/q 1 (Do” — Dfi?)
Equation 11 - Interface Area (Brink, Czernik, & Horve, 1993)

Where:

Fa = closing force, N

Fs = Spring Force, N

Frn = Hydraulic Force, N

Ar = Interface Area, mm?

Ba = Balance Ratio
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Be = Balance Ration (externally pressurised)
Bi — Balance Ratio (Internally pressurised)
AP = Pressure Drop (Pi-Po), N.mm™

Dro = outside interface diameter, mm

Dfi = inside interface diameter, mm

Ds = Effective Sealing Diameter, mm

Pi = Upstream (system) pressure, N.mm~2

Po = Downstream (usually atmospheric) Pressure, N.mm~2

The equations and general function of a mechanical face seal match the description and
function of the seat (and seat insert) of a trunnion-mounted ball valve, as referred to in
Figure 18 on page 37. Here we can see both a mechanical face seal and a trunnion-mounted
ball have a spring force and a hydrostatic (pressure-energised) force contributing to a load
acting over an interface area which seals against a counter-face. Although not directly
applicable to a floating ball valve this common description does demonstrate the
applicability of the mechanics which describe a face seal to a ball valve seat design model.

When designing a mechanical face seal a number of factors have to be considered to ensure
the face seal is designed in a way which achieves a seal between the sealing face and the
counter-face. The factors considered include the “face deformation due to hydrostatic and
centrifugal forces generated between the faces as well as shaft eccentricity, misalignment
and vibration” (Brink, Czernik, & Horve, 1993) these are typical factors which can be
assessed numerically and resolved in the design phase but do not have to be considered in
a mechanistic model. In addition to these factors there are a number of factors which “tend
to increase leakage, other than those that cause seal face damage are:

High fluid viscosity (typically 30-cP or 32-cST)

Low seal balance (60 to 65 percent range)

Low face pressure due to unloading forces

Very narrow faces (<0.100 in) — Edge chipping, surface damage and wear have a
more dramatic effect on leakage than wider face widths

Face treatments or special lapping techniques to increase sealing gap
Composite face materials (due to rougher surface finish)

Excessive converging sealing gap due to thermal distortions

Excessive divergent sealing gap due to pressure distortion

Wiping action of seal face over mating ring

Distorted seal faces (high and low spots from some mechanical conditions)”
(Fluid Sealing Association, 2008)

All of the factors shown above are of importance to be considered in the design of a floating
ball valve, as they have been identified in causing leakage in face seals. It is highly likely
that these factors will produce the same effect of increasing leakage if not considered when
designing a floating ball valve seat and therefore should be considered if possible in the
design methodology.

The review of seals, face seals and the design factors considered in the design of these seal
types has filled a gap in the knowledge of the previous section. The numerical solution for
determining the required sealing stress to achieve hermetic sealing with gas as the medium
to be sealed fills a gap from the section reviewing the ball valve seat design methods as the
method shown is not limited by the pressure of the medium being sealed and is therefore
appropriate for the full range of applications a ball valve seat could be designed for. This
section has not been able to provide a method for determining the required sealing stress
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for the floating ball valve seat when a liquid is the medium being sealed, this is a gap in the
knowledge which has not been filled by the ball valve seat information or the available seal
information. The mechanics of the seals reviewed have not yielded any knowledge which
can be used to describe the movement of the seat component under load or its interaction
with the ball component.

2.2.3 Requirements of the ball valve seat

This section assesses the literature with regards to the requirements that are placed on the
final solution when it has been manufactured and is under acceptance test and in-service
conditions. While not an area of this thesis where knowledge must be understood and gaps
established it is important that the requirements placed on the design created by the
application of the design methodology are understood. By understanding the requirements
placed on in their entirety it ensures the design methodology and the designs created by its
application meet the requirements.

The seat is required to seal under various operating and test conditions, these are usually
specified by the end-user, (the person who will operate the valve) although they are
typically defined by international standards as a minimum, this section contains the review
of one of those standards. “The equipment used by the valve manufacturer to perform the
required pressure test shall not apply external forces that affect seat leakage. If an end-
clamping fixture is used, the valve manufacturer shall be able to demonstrate that the test
fixture does not affect the sealing capability of the valve being tested. End clamping is
allowed for valves designed to function between mating flanges, such as wafer check and
wafer butterfly valves.” (American Petroleum Institute, 2009)

There are a number of requirements placed directly on the seat component. Some
requirements are placed on the valve design, here the design and performance of the seat
influences the compliance of the complete valve to these requirements. The primary
function of the seat is to seal against the ball under pressure, (as discussed previously), to
validate the sealing performance of a valve the valve is typically subjected to factory
acceptance testing. With regards to the performance of the seat, it is always subjected to a
pneumatic test where “the closure test pressure shall be 6 bar =+ 1 bar” (International
Organisation for Standardization, 2008). The pneumatic closure test is specified as being
mandatory “in the case of resilient seated valves, a high-pressure closure test may degrade
the subsequent sealing performance in low-pressure applications” (International
Organisation for Standardization, 2008). Despite this the high-pressure closure test defined
as a test where “the closure test pressure shall be a minimum of x 1.1 the CWP”
(International Organisation for Standardization, 2008), where the CWP (cold-rated working
pressure) is defined as the ™ maximum fluid pressure assigned to a valve for operation at a
fluid temperature of -20°C to 38°C” (International Organisation for Standardization, 2008).
During testing the acceptable leakage rates are shown in the standard ISO 5208. A
resilient-seated valve shall have a leakage rate of Rate A, this is defined as “No visually
detectable leakage for the duration of the test” (International Organisation for
Standardization, 2008). These tests are maintained for a minimum duration, as specified in
Table 1.
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Minimum test duration ®

Shell Optional
Valve size Closure

backseat

All valves When relevant | Isolation valves Check valves
DN < 50 15 15 15 60
65 < DN < 150 60 60 60 60
200 < DN < 300 | 120 60 120 120
DN = 300 300 60 120 120
a The test duration is the period of time for inspection after the test valve is fully
prepared and under pressure

Table 1 - Minimum duration for pressure tests (International Organisation for Standardization, 2008)

This section highlights the sealing requirements of a floating ball valve seat when it is tested
under factor acceptance test conditions. While the valve must function in the in-service
conditions the additional requirements of being able to pass a test on air (gas) and test fluid
(liquid) at the pressures stated shows the requirement of the seat to be seal against both
gases and liquids is a requirement of the design methodology.

2.2.4 Theoretical Contact Models

This section considers the available literature which can provide a numerical model to
describe the interaction between the ball and seat components. As discussed previously the
contact shown between the ball and seat is based on contact mechanics. It is necessary to
determine what knowledge is available and what available knowledge is applicable to the
design of a ball valve seat and where the gaps in the knowledge are.

When considering the interaction between the ball and seat this interaction can be
separated into two elements; the mechanics of the contact between the ball and seat
components, and how the mechanics of the contact affects achieving a seal. This section
looks to describe the contact initially and then how that description of the contact describes
the sealing stress. From the general literature review it is found that Nesbitt’s quote is
useful to the analysis, this quote states that “flat seats tangential to the ball surface have a
theoretical line contact but very quickly bed-in to create a narrow band” (Nesbitt, 2001).
Considering the interaction between the ball and seat in its most basic form, as described
by Nesbit, this interaction is that of a contact; therefore it is reasonable to assume the
application of contact mechanics is valid as contact mechanics are “concerned with the
stresses and deformation which arise when the surface of the two solid bodies are brought
into contact.” (K.L.Johnson, 2003).

Contact mechanics can be generally split into conforming contacts where the “surfaces of
the two bodies *fit’ together or even closely without deformation” and non-conforming
contacts where the “bodies have dissimilar profiles”, When brought into contact without
deformation they will touch first at a point - ‘point contact’ or along a line - ‘line contact’,
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(K.L.Johnson, 2003). This quote from Johnson introduces a theoretical model for a ‘line
contact’ which builds on the quote from Nesbitt. When the two forms of contact models are
evaluated against the general geometry of the interaction between the ball and seat, i.e. a

spherical surface and a flat surface, as previously defined by Nesbitt; this geometry leads to
a definition of this interaction as being a non-conforming interaction due to the bodies

having dissimilar profiles. Figure 19 illustrates the two non-conforming contact mechanics

models; the first model is a ‘point contact’ model while the second is a ‘line contact’ model.
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Figure 19 - Schematic of cylinders (left) and spheres (right) in contact (Dwyer-Joyce, 1997)

Considering the geometry of the components involved in the interaction between the ball

and seat as well as the quote “flat seats tangential to the ball surface have a theoretical line
contact but very quickly bed-in to create a narrow band.” (Nesbitt, 2001), the most
appropriate model that agrees with the quotes and the contact geometry is that of a line
contact. The equations for both the line and point contacts are shown in Table 2.

Parameters

Line Contact

Point Contact

Contact half width, a
Load per unit length, P

Material Properties, E;, v4,
Ez, v

Contact Radii, Ry, R,

Circle of radius, a
Applied Load, P

Material Properties, E;, v,
Ez, v

Contact Radii, R, R,

Relative radius of 1 _ 1 1
Curvature, R R R; R,

1 1-vi2 1-v,°2
Reduced Modulus, E — = LI z

E* E, E,
Dimensions of the contact _ |©PR L3 PR

m-E* 4-E*
2P 2|/PE* 3P 3|(6PE*?
Max. Contact Pressure, == < ) = =
Po Po= Ta R Po = ona? <n3R2 )

Table 2 - Tabulation of Hertz Contact Mechanics Equations (K.L.Johnson, 2003)

Table 2 shows the properties and equations related to determining the properties of a
contact in accordance with Hertz contact mechanics. The material properties of each
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material include the modulus of elasticity and Poisson’s ratio these material properties
describe how the material responds when a load is applied to it, therefore these properties
play a key role in being applied to the geometry within the contact area as it is expected
that the bodies shall deform when in contact. The radii of the two bodies in contact are
input parameters, these radii will determine the dimensions of the contact. It is anticipated
that larger radii are closer to resembling a flat surface and therefore likely to have an effect
on the size of the contact between the two bodies. The relative radius is based on two
curved bodies coming into contact whereby the relative radius, derived from the radii of the
two bodies, is used in the calculations regarding the contact. With both bodies being
considered in determining the relative radius of curvature this ensures that variables,
particularly the contact half-space, and mechanics determined represent the contact of
these two bodes in a considered manner which ensures the solution is appropriate to the
geometry involved. The reduced modulus is an equivalent material property used in the
contact calculations that uses the Poisson’s ratio and the Modulus of Elasticity of each of the
materials in contact to determine a single value for the mechanical properties of the
materials. With the dimensions of the contact the differences between a point contact and a
line contact start to show the differences between the two types of contact. The dimensions
of the contact being determined are the half-contact widths as shown in Figure 20. From the
results of the previously describe equations the maximum contact pressure for either case
can be determined, typically this will be at the point of contact between the two bodies.

Typically, the equations shown in Table 2 are used to solve contact problems between to
metallic bodies such as balls running within a bearing track. When used to solve contact
problems the equations shown are used to determine the maximum contact pressure. The
geometry, material properties and applied load are usually known. From the geometry it is
possible to determine the relative radius of curvature. The material properties of the bodies
in contact are used to calculate the reduced modulus. With the relative dimensions and
reduced modulus determined it is possible to evaluate the half-contact width, ‘a’. The
maximum contact pressure is calculated from the determined properties as well as the half-
contact width. Where contact mechanics are used to determine the contact pressure
between two bodies the usual constraint placed on the problem is that the maximum
contact pressure should be less than the yield stress of either of the bodies in contact to
ensure that the design is considered valid. Should the contact pressure be greater than the
yield strength of either body the component design which effects the contact pressure would
need to be modified before being re-evaluated.

Further to the equations shown in Table 2, there is a relationship between the maximum
contact pressure and the average contact stress across the contact width, this is shown in
Equation 12 below:

« 1
2P 4 (PE) 2
Po = =—Pm= 7R

ma T
Equation 12 - Mean and Max. Contact Pressure Relationship (K.L.Johnson, 2003)

The Hertz contact mechanics equations shown in Table 2 are used to describe non-
confirming contacts between two curved bodies, as shown in Figure 19; however “for the
contact of a cylinder or a sphere on a flat plane, set R2 = co” (Dwyer-Joyce, 1997) therefore
it is possible to adapt the equations to describe a line contact of a cylindrical body on a flat
plane. To make this representative of the line contact between the ball and the seat it would
be logical to set R1 equal to the radius of the ball and Rz equal to co.
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When considering the ball and seat contact length, the length of the contact shall be equal
to the length of the contact when it has been un-revolved i.e. the contact diameter
multiplied by pi. While these adaptions allow the basic theory to be applied to the floating
ball valve seat geometry there may be other issues raised by applying a linear model to an
axis-symmetric problem. When comparing an axis-symmetric problem to a linear problem
the symmetry involved in the axis-symmetric problem influences the method through which
the problem is solved; while literature sources state that the stress in the seat ring is axis-
symmetric meaning this ideally will not present an issue it shall be considered that there is
a possible source of disparity by applying this assumption to the model. The orientation of
the load applied to the contact is considered to be perpendicular to the point of contact
between the two bodies. When the geometry of the ball and seat is considered the load
applied to the seat acts in the direction of the flow axis of the valve not perpendicular to the
contact. In applying mechanics and assumptions to derive a load to satisfy the input
requirements of the contact mechanics equations it is possible that the load used may result
in variance in the resulting outputs from the contact mechanics equations.

Evidence has been gathered through experimentation that shows that “while the Hertz
theory of contact was quite good there were cases where the theory did not match to
experimentation. This experimentation showed that limitations to the Hertz theory at
smaller loads.” (Taylor, 2016) This paper uses the following equation to determine the
dimensions of the contact half-space for a line contact:

b= (z57)
nLE*

Equation 13 - Contact half-space equation (Taylor, 2016)

When compared with other literature and the spherical contact equation it is found that the
load term is missing. When compared to other sources of Hertz contact mechanics
equations the load term was always found to be present. As this is the only literature source
which excludes the load term it would be reasonable to consider this an error in the
literature source. By including the load term Equation 14 is derived.

Equation 14 - Contact half-space from Taylor with load term

The contact geometry of the flat plane with a cylindrical body acting on it is shown in Figure
20.
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Figure 20 - Pressure Profile Developed on Contact (Dwyer-Joyce, 1997)
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In Figure 20 the extents of the pressure profile shown is bound by the contact half-space
defined as ‘a’. The contact shown in Figure 20 shows the cylindrical body deforming and the
flat plane remaining undistorted, it is assumed that with a metallic cylindrical body and a
non-metallic plane that the cylindrical body will not distort while the non-metallic plane will.

The results of the calculation for contact pressure can give the mean contact pressure, as
shown previously, as well as the maximum contact pressure created by the contact of the
two surfaces. Further to this the stress distribution can be determined in the x, y and z-axis
to fully evaluate the stresses in the contact area. “The contact area between non-
conforming bodies is generally small compared with the dimensions of the bodies
themselves; the stresses are highly concentrated in the region close to the contact zone and
are not greatly influenced by the shape of the bodies at a distance from the contact area”
(K.L.Johnson, 2003). It is possible to derive from the equations shown in Table 2 an
equation which can determine the contact pressure at the locations within the contact half-
space, when applied to a number of scenarios the evaluation of the contact pressure at
various points in the contact half-space agrees with the contact pressure profile shown in
shown in Figure 20.

The equations shown in Table 2 that describe non-confirming Hertz contact mechanics are
used exclusively to describe the contact between two metallic bodies. When we consider the
ball and seat components, the ball can be modelled as a cylindrical metallic component, (as
discussed previously), while the seat can be modelled as a non-metallic (plastic) flat plane.
To make the equations presented in Table 2 applicable to this problem a degree of adaption
is required; this adaption is required to include the behaviour of the non-metallic (plastic)
plane. The work that has been presented in the paper ‘Spherical indentation of Elastic-
Plastic Solids’ (Fleck, 1998), demonstrates the development of a point contact model based
on a spherical metal body called an indenter being pressed into a flat elastic-plastic plane.
The resulting output from the paper is a range of theoretical models which describe the
behaviour of the elastic-plastic plane within specified boundary conditions. The general
problem to which the solutions are generated to solve is shown in Figure 21.

Figure 21 - Geometry of Spherical Indentation (Fleck, 1998)

The definition of terms shown in Figure 21 - Geometry of Spherical Indentation Figure 21 is
as follows: L, the load that is applied normal to the surface, R, the radius of the spherical
indenter, a, the contact radius (half-space), h, indent depth and &, for material pile-up (if
applicable). The material pile-up denoted as & may be positive for material pile up or
negative for material sink in. The indenter is considered rigid and therefore excluded from
the scope of analysis of the thesis.
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When considering the spherical indenter in the paper by Fleck et al, it was found that "
initially, elastic indentation occurs and the classical solution of Hertz is reproduced for the
frictionless indenter” (Fleck, 1998), this was found to be applicable “for small indent depths,
the response is elastic and is given by the Hertz elastic solution for frictionless indentation”
(Fleck, 1998). The paper presents a number of different models that described the
indentation and response of the plastic plane. However the area of interest is the initial
regime which is considered as the elastic regime “the elastic regime pertains when Mises
stress within the half-space is less than the rigid strength of the solid” (Fleck, 1998), this is
satisfied for the relationship shown in Equation 15.

a < 2.5'00
R E*

Equation 15 - Hertz Contact Mechanics, Applicability
Where:

a — half-space width
R - indenter (ball) Radius
E* - reduced modulus

0o — Von Mises Stress

Equation 15 can be re-arranged to determine a limiting factor whereby Hertz contact
mechanics have been proven to be applicable by the work of Fleck et al. Equation 16 shows
the re-arrangement to give the limiting factor.

Equation 16 - Hertz Contact, Von Mises Stress Limit

In the case of a rigid indenter the “Poisson’s ratio v appears combined with the Young’s
modulus E in the form of a single elastic constant” (Fleck, 1998) as shown below:

E

E* = —(1 )

Equation 17 - Elastic Constant (Fleck, 1998)

Equation 17 shows a different calculation of the reduced modulus to that shown in Table 2;
the elastic constant presented in Equation 17 only considered the properties of the plastic
plane and not the rigid indenter. In addition to the amended elastic constant the application
of Hertz contact mechanics to this problem required the following assumptions to be applied
to the problem:

e The size of the contact area is small compared with the size of the curved bodies.

e Both contacting surfaces are smooth and frictionless

e The deformation is elastic and can be calculated by treating each body as an elastic
half space. (An elastic half space is the term given to a flat surface on an infinite
elastic solid.)
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To further understand the application of contact mechanics involved in the designing of a
seating component and validate the assumptions made, the following part of this section
reviews the literature where contact mechanics have previously been applied to the design
of a seal.

To start with the contact mechanics of a low-pressure O-ring seal shall be considered, in
this case it is considered that the seal is achieved by the compression of the O-ring into the
groove (housing) alone, i.e. the effect of the pressure acting on the O-ring in the groove is
neglected. When considering these mechanics of the O-ring we are presented with the
following equation:

, 4F
f'= 27bD,.
Equation 18 - O-Ring Contact Stress (Hertz, 1979)
Where:

b - seal contact width
f' — peak contact stress
F - compressive load

Dm - Mean seal diameter

Equation 18 is compared to the equation for maximum contact pressure for a cylindrical
contact taken from Table 2, this is shown in Table 3.

Variable O-Ring Hertz Contact Mechanics
. 4F 2P
Peak Stress f'= m Py, = a

Table 3 - Comparison of O-Ring and Hertz Peak Contact Stress'

Here we find the term n% is equivalent to the term ‘P’ as the load per unit length. The

m

calculated term for load per unit length, n% ', from EQ.5 is determined by taking the mean

O-Ring diameter and multiplying that by pi giving the circumferential length of the mean
diameter, dividing the total compressive load by the circumferential length of the mean
diameter gives the load per unit length equivalent to 'P’. If the term ‘P’ is substituted into
the O-ring equation, this becomes:

4 -
TT.

o

fr=

S

Equation 19 - Max. Contact Stress with load per unit length

Here we see the differences are that the seal contact width, ‘b’ is determined by the
compression of the circular cross-section as shown by Equation 20.
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b=24x

Equation 20 - Seal Contact Width (Hertz, 1979)
Where:

b - seal contact width

X — seal deflection

The seal contact width is equivalent to the half-space width of Hertz contact mechanics
however it is unclear whether the equivalence is direct i.e. a is equal to be or whether b is
equal to 2a.

The seal contact width, b, has been compared to the chord length of the section of a 72-
0945-30 0O-Ring, as shown in Appendix 1, here it is seen that the seal contact width
determined in Equation 20 is equivalent to the half-space in the Hertz Contact equation.
With the contact widths being shown to be the same this therefore leaves a factor of two
difference between the two equations; however, it cannot be said as to whether this factor
is to take into account the axis-symmetry or not.

As has been shown previously Hertz contact mechanics can be applied to the contact
between seals (non-metallic bodies) and metallic bodies, when assessing “sealing contact
areas and sealing stresses these are determined in accordance with contact mechanics”
(Hertz, 1979), as shown in the following figure:
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Figure 22 - Contour Plot of Radial Stress Component (Lee, 2006)

Figure 22 shows the stress plot of the radial stresses in a lip seal, not “this radial stress
component at the contact surface represents the contact pressure” (Lee, 2006) this contact
pressure acts perpendicular to the shaft being sealed therefore based on Hertz contact
mechanics the force generating this contact pressure must be acting in the same direction
(i.e. perpendicular to the shaft).
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Figure 23 shows a lip seal with two different interferences between the shaft and seal, in
both these images the interference causes radial seal deflection and radial contact pressure.
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(b) Interference 8=0.3mm

Figure 23 - Lip-Seal Initial Interference Stress Distribution (Kim, 1997)

When the interference presented in Figure 23 with the equations defined in Equation 18 we
find that the greater the compression of the seal the greater the maximum contact pressure
is, (A full set of these calculations are shown in Appendix 2), this is in agreement with the
magnitude of the stresses shown in Figure 23 where the greater the interference the
greater the maximum contact pressure is.

In both Figure 22 and Figure 23 the lip seals display the same radial pressure distribution
patterns; the “contact stress has an elliptical distribution across the contact zone” (Budynas
& Nisbett, 2015) this is predicted by the Hertz contact mechanics model as shown in the
following figure.
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Figure 24 - Comparison of Uniform Pressure and Hertz Pressure (K.L.Johnson, 2003)

From Figure 22, Figure 23 and Figure 24 it can be seen that the theoretical model (Figure
24), predicts the results that are shown in the simulations of the lip seal contacts (Figure 22
and Figure 23). While it is numerically impossible to evaluates the contact mechanics shown
in the two figures it is possible to make a qualitative comparison and a judgement as to
whether this is an appropriate theoretical model to use as a basis for developing a
theoretical model. The use of the evaluation of the contact pressure profile of a Hertz
contact model and the plots of the contact stresses of the non-metallic sealing components
presented in these figures allow for the comparison to be made which supports the
assumption made that the most representative theoretical contact model available to
describe the contact between the seal and counter-face is Hertz contact mechanics. The
contact pressure shown in the stress contours shown in the three plots in the two figures
are closer in resemblance to Hertz contact pressure profiles than to the uniform pressure
profile shown. Therefore it is assumed that the Hertz contact theoretical model is applicable
based on the previously stated reasoning and shall be used as the basis for determining the
contact between the ball and seat components in this thesis.

With the mechanics describing the contact between the ball and seat components identified
from the literature reviewed. The following works reviewed seek to identify whether there is
knowledge available which describes the function of a seal through contact mechanics or
whether there is a consensus between the available materials on both subject areas.

When considering seals in general we find that “sealing performance depends largely on a
suitable unit load being maintained at the seal-shaft interface” (Lee, 2006) this is further
confirmation of the findings of the previous section. When combined with the understanding
that “resilient flow is produced by closure loading, stressing the seal in compression.
Contact pressure is then maintained by stored elastic strain energy” (Warring, 1981).

In general sealing is considered to be effective when “the sealing pressure is thus higher
than the applied fluid pressure” (Warring, 1981). When looking beyond the general concepts
of sealing seals are broadly categorised into static and dynamic seals; “Static seals aim at
providing a complete physical barrier in a potential leak path to which they are applied.
They are zero leakage seals. To achieve this the seal must be resilient enough to flow into
and fill any irregularities in the surfaces being sealed and at the same time remain rigid
enough to resist extrusion onto the clearance gap between the surfaces under the full
system pressure being sealed.” (Warring, 1981).
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A second seal category referred to as dynamic seals is split into the following two
categories.

() “Contact seals where the seal bears against its mating surface under positive
pressure.

(i) Clearance seal which operate with a positive clearance (i.e. no rubbing contact).”
(Brown, 1990).

When considering a static O-Ring seal, where an O-Ring is used in a low-pressure
application; in a low-pressure application the pressure-energised function of the O-Ring is
considered to be negligible. In designing an O-Ring seal the “sealing contact areas and
sealing stresses are determined in accordance contact mechanics” (Hertz, 1979); further to
this the design of the seal is considered to be effective when “f’ is greater than the system
pressure, the O-Ring will seal the joint” (Hertz, 1979), where f' is being defined as the peak
contact stress. The dynamic seal category defines the types of seals which it covers as
being defined as being contact seals.

Comparing the descriptions of static and dynamic seals to the function of a floating ball
valve seat as defined in section 1.3 the positive pressure against the mating surface is in
agreement with the seat preload combined with the pressure load. Dynamic seals can be
designed as pressure-energised seals, these “seals fall into two categories. The first
comprises of solid elastomeric rings (such as O-Rings and rectangular rings) which are
assembled in grooves with an interference fit. This imparts a ‘squeeze’ or preload pressure,
providing sealing in the static condition (they may also be used as static seals). Under fluid
pressure acting on one side of the seal through the clearance gap the elastomeric section is
deformed, increasing the interference pressure by an amount equal to the fluid pressure. If
the preload pressure is p and the fluid pressure is P, the effective pressure under working
conditions is P+p because this is greater than the actual fluid pressure, P, sealing is
maintained” (Brown, 1990), this description of a pressure-energised dynamic seal is
identical to the general principles of the floating ball valve seats function; here the initial
interference between the ball and seat is achieved on assembly like with the preload, p,
then when in the closed position and under ‘working conditions’ a pressure load, P, is
introduced by the pressure acting over the ball. The pressure load, P, and the interference
load, p, combined together, P+p, is expected to be greater than the fluid pressure as with
the dynamic seals mechanics previously described.

The main difference between the seal from the ball valve seat and the pressure-energised
dynamic seal is that the ball moves under pressure to energise the seat whereas in the seal
the pressure acts on the seal energising the seal itself against the mating face.

When looking at lip seals in more detail some “pressure-energised seals ‘employs a hollow
section’ with a flexible lip or lips. Again it is assembled with an interference fit giving a
preload pressure” (Brown, 1990), this can be made equivalent to ‘p’. With “lip type seals the
interference load can vary with lip radial thickness, length of the flexible leg(s) and the
modulus of elasticity of the material. The distribution of the interference load depends on
the section geometry.” (Warring, 1981). This interference load may be “achieved by pre-
loading when assembled (i.e. the free inner diameter of the seal is an interference fit); or
more usually by a certain degree of preload together with mechanical pressure applied by a
garter spring.” (Warring, 1981). In addition to the interference or pre-load “the fluid
pressure (P) acting on the section further increases the interface pressure to P+p” (Brown,
1990). Once again the function of the pressure-energised seal is comparable to function of
the floating ball valve seats function.
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As discussed earlier the seal needs to fill the irregularities in the mating face for the seal to
be leak-tight. When considering the surface of the mating face the surface irregularities
need to be minimised to reduce the work the seal has to do to achieve this, with this in
mind the surface finish is “usually specified as 10 to 20 CLA, with a finer finish being
acceptable” (Machine Design, 1993) to achieve surface finish a “plunge-ground shaft is
preferred, although any process that generates the specified finish without a lead is
acceptable” (Machine Design, 1993).

Once the surface finish has been defined the longevity of this surface finish of the mating
face needs to be maintained when its “hardness should be held to 55Rc minimum when
possible” (Machine Design, 1993), this ensures that the seal itself is the component that will
wear instead of the mating face. When considering the interaction between the mating
surface and the seal with respect to the radial stress profile of the mating surface is key
“maximum bore to shaft misalignment is normally 0.38mm TIR"” (Machine Design, 1993),
therefore the radial stress can only possibly vary by the radial misalignment, this will reduce
the radial stress on one side but increase it on the other side, the reduction of radial stress
may if too severe reduce the contact pressure below the value required for the seal to be
leak-tight.

Irrespective of the type of seal, a load is generated between the seal contact point and the
mating area. This interface load depends on the amount of interference or ‘squeeze’
produced when the seal is assembled, together with the modulus of elasticity of the
material.” (Warring, 1981)

In both Figure 22 and Figure 23 the only part being assessed is the seal itself, this indicates
that the analysis of the effectiveness of the seal is dependent only on the contact pressure
present in the interface between the shaft and the seal but only in the seal component. A
“seal must be resilient enough to flow into and fill irregularities in the surfaces being sealed
and at the same time remain rigid enough to resist extrusion” (Warring, 1981).

Of all the literature reviewed with regards to the contact models, in-particular the Hertz
contact model there are limited works which present a link the contact pressure and the
required sealing load for a particular material or set of materials. By looking at the literature
reviewed in this section as a whole it is apparent that it is possible to determine the contact
pressure (proposed to be the sealing stress) based on the material properties, geometries
of the components and the forces applied to the contact of the two bodies effecting a seal.
With a known geometry of the sealing component and counter-face, known material
properties and a known load it is possible to determine the relative radius of curvature and
elastic constant. From the calculated variables it would be possible to evaluate the contact
half-space and therefore the peak contact stress in the seal. By determining the peak
contact stress in the seal it is possible to consider this as the sealing stress in the seal
component.
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This section has reviewed the literature available with regards to the contact between two
bodies, starting with two metallic bodies being in contact determining Hertz Contact
mechanics as the accepted solution for cases with two metallic bodies. Using the literature
related to spherical indentation of plastic-elastic solids the application of Hertz contact
mechanics was broadened to include non-metallic bodies as well. While this literature shows
that it is possible to use Hertz contact mechanics to describe the interaction between a
metallic and non-metallic body these mechanics were not used to describe the stresses in
the contact half-width which was identified as a probable determining factor in whether a
seal is achieved or not.

Literature relating to applying contact mechanics to seals were reviewed, starting with the
low-pressure O-Ring where it was seen that Hertz Contact mechanics are used to determine
the contact pressure induced by compressing the O-ring in the housing and the relation of
this to the pressure to be sealed by the O-Ring.

Following the understanding of applying Hertz contact mechanics to the O-ring other seals
were reviewed to determine whether Hertz Contact mechanics could feasibly be applied to
describe the sealing function of the seal component. When looking at seal designs which are
not o-rings the analysis of the literature showed that the stresses in the sealing component
was judged to be of the same form as that predicted by the application of the theory of
Hertz contact mechanics. The same stresses in the seal and in the Hertz contact mechanics
theories making it an appropriate to assume that the application of the theory to achieving
a seal with the seat component is a sound judgement. The application of contact mechanics
in the literature in this section is limited to basic geometries with simplistic loading
conditions, to apply these theories to the interaction of the ball and seat components of a
floating ball valve would require a significant degree of adaption due to the complex
geometries involved in the floating ball valve component design. The design of the floating
ball valve seat has been shown to typically be of an axis-symmetric nature, the application
of hertz contact mechanics, a linear calculation method, to the geometry is likely to result in
parameters from the geometry not being taken into account. The application of the load to
the seat component by the ball is not in the same manner as in the equations describing the
Hertz contact mechanics. While it is appears possible to derive a suitable applied load this
load may not take into account all the relevant factors which will affect the contact pressure
value determined.
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2.2.5 Theoretical Functional Model (Torque)

The torque of a floating ball valve is typically defined by the design of the seats among other factors. The following table comprises of
equations that are currently used to evaluate the torque of a floating ball valve, each equation is applicable to a different component of the
operating torque as shown.

Opening Stroke Closing Stroke
Thrust Component Equation Sign
Fully Open Fully Fully Open Al
Closed Closed
Ds
TP - l:PLT
. always
PRELRE o FpL = Gstress: V- . Ds. Hp. pp positive + + + +
Gstress = 1.5 Pgys Or 1500psi
Static Seat Torque Ts = From Manufacturer’s Data + + + +
AP.(E).d Zd dB+,’dB2_dMSZ
. _ 4)-Ywms -UB always
Dynamic Seat Torque | Tps = - - - Usg- 18 positive + + 0 0
dg” — dus
, 1 HTF\ | ,
= (—=).AP.|—]. + +
Hydrodynamic torque | Ty (12> AP (100) dp 0 0
Total Thrust (Ibs):

Table 4 - Tabulation of Torque Evaluation (EPRI, 1999)



If the elements in Table 4 that are related to the seat design are taken in isolation then it is
found that “the effect of the seats on the valves operating torque shall be determined by
the evaluation of the static seat torque and the Dynamic seat torque”, (EPRI, 1999). Of the
two elements relating to the torque of the valve that are determined by the design of the
seats the static seat torque is undefined; therefore, a theoretical model for the static seat
torque will be required to make this a complete and acceptable model.

To evaluate the static seat torque a model may be built from the valve and seat geometry
combined with the sealing theory as discussed on page 32 of section 2.2.1 and page 44 of
section 2.2.4 respectively. Based on the work done in these sections in establishing the seat
as a form of dynamic seal it is proposed to explore the theories relating to torques and
thrusts of dynamic seal to see if they are applicable to the ball valve model. The theory
used for dynamic seals is defined as being where in “dynamic seals the load generated by
the seal must be multiplied by the coefficient of friction to obtain the dynamic load to move
the seal assembly, which is effectively a ‘power loss’ (Warring, 1981) this power loss
seems a logical method of defining the torque required to turn the ball through the seats.

In dynamic seals “friction is obviously proportional to a function of the actual contact
pressure, although the actual coefficient of friction involved may vary with speed, time etc.
as well as material and surface finish” (Warring, 1981), while this may be true in practice
when considering a theoretical model this generates too many variables to generate a
model comparable with the existing EPRI equations. For the purposes of defining the static
seal torque the coefficient of friction between the ball and the seat shall be maintained as
that already used in the dynamic seat torque equation. Based on the simplification of the
coefficient of friction “seal friction is proportional to the effective contact pressure, i.e.

Seal friction= p-P,-ab
Equation 21 - Seal Friction Equation
Where:

u — coefficient of friction
P, — Effective contact pressure
a — seal face contact width (inches)

b — Seal face contact length (inches) - = - d for a circular seal, where d is the contacting
diameter” (Warring, 1981).

The seal face contact length, b in Equation 21, can be used for a circular seal becoming 7 -d
however to make this applicable to a ball valve seat this needs tying to the valve geometry.
Looking at the dynamic seat torque equation in Table 4 the load has been evaluated over
the mean seat seal diameter, dms, therefore b should be determined in the following
manner:

b:ﬂ'dMS

Equation 22 - seat friction contact length

It is proposed that the width of the seal face contact width, a, can be related back to Hertz
contact mechanics for a cylindrical body on a flat plane where “the area of contact is a
narrow rectangle of width 2b and length, |” (Budynas & Nisbett, 2015), applying this to
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Equation 22 would make ‘a’ equal to ‘2b’ and ‘b’ equal to ‘I'. The contact pressure, Pe, can
be determined in accordance with Hertz contact mechanics for the interference load or

preload of the seat as the dynamic seat torque deals with this aspect of the seat load, this
contact pressure is the same value as the sealing contact pressure therefore it is logical to
use the same method of determining the value in sealing and torque evaluation methods.

By making the assumptions of the previous paragraph it appears possible to apply a
theoretical model for the seal friction of a dynamic seal to the undefined parameter of the
static seat load. With this being applied model the assumptions made by drawing parallels
with the contact model reviewed in the previous chapter may not hold true. To validate the
outcome of any theoretical model which describes the torque of a floating ball valve it would
be considered sensible to perform a series of tests to verify the components which make up
the complete valve torque, both in their elemental form and in their combined form.

The seat design has an influence on the functional performance of the valve, most obvious
of these influences are the influence of the seat design on the operating torque of the valve.
To measure the torque of a floating ball valve there is a standardised method which forms
part of API 591. API 591 is a recommended practice in the petrochemical industry, where it
is recommended to perform the test detailed in the following section to validate any
theoretical torque values. The requirement to test an assembled ball valve to determine the
correlation between the theoretical torque and the actual torque for the valve, the test
method in API 591, Clause H.6 is shown in the following quote.

“H.6 Torque/Thrust Functional Testing

The maximum torque or thrust required to operate ball, gate or plug valves shall be
measured at the pressure specified by the purchaser for the following valve operations:

a) Open to closed with the bore pressurized and the cavity at atmospheric pressure, if
applicable to the valve design;

b) Closed to open with both sides of the obturator pressurized and the cavity at
atmospheric pressure;

c) Closed to open with one side of the obturator pressurized and the cavity at
atmospheric pressure;

d) As item c) but with the other side of the obturator pressurized.

Torque or thrust values shall be measured with the seats free of sealant except where
sealant is the primary means of sealing. If necessary for assembly, a lubricant with a
viscosity not exceeding that of SAE 10W motor oil or equivalent may be used.” (American
Petroleum Institute, 2009). When the testing has been completed, “"Thrust and torque or
thrust results shall be recorded and shall not exceed the manufacturer’s documented
breakaway torque/thrust.” (American Petroleum Institute, 2015) these quotes highlight a
lack of a correlation between the theoretical torque values and the measured torque values
within the petrochemical industry.

Despite the application of Equation 21 to a floating ball valve seat to describe the static seat
load generated by the seat component, this is still simply a load applied to a component.
Further work would be required to take the applied load and generate an expression where
the static seat load is expressed as a torque which must be overcome to operate the valve.
With a static seat torque theoretical model it should be possible to validate the model in its
entirety through torque testing similar to that discussed in this section to ensure that the
theoretical models match any results obtained through physical testing.
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2.2.6 Section Outcomes

This section reviews the current theoretical models which are used or proposed through
research to be used for the design of floating ball valve seats. In reviewing the theoretical
models of the seat designs the models presented were found to be qualitative in nature
describing the mechanics in broad terms with generalised equations. From the descriptions
of the designs reviewed it was possible to identify common trends in the approach to the
analysis of the designs. In all of the designs where a degree of flexibility is present in the
seat design the loading of the seat was separated into a pre-load and a pressure-load, this
was highlighted by the case where finite element analysis was carried out on the pre-load,
pressure load and the combined load. Where the seat designs considered the interaction
between the ball and seat components it was only considered through the use of plain
stress analysis, this is contradicted by the finite element analysis of the rubber seat and the
Metso seat design which clearly demonstrate the more appropriate theoretical model to
describe the interaction is the Hertz contact model. There is limited available evidence that
contact mechanics have been applied to the evaluation of a floating ball valve seat design,
therefore this is a gap in the knowledge which is currently available. There was some
evidence that the mechanics of achieving a seal had been investigated in the seat design
works, however the lack of definition and constraints on valve size and pressure sealed
which are applied to the models provided in these works limit the usefulness of such
theories in achieving the aims of this thesis.

Where the literature describing the theoretical models of other seal types were reviewed the
works demonstrated a number of mature and well-developed theoretical models. The
achievement of a seal with a gaseous media is defined by a comprehensive equation which
is not limited by the size of the seal or the pressure applied to the seal assembly. This
relationship between the required sealing pressure, the process media pressure and the
dimensions of the contact achieving the seal fills a gap in knowledge from the review of the
floating ball valve seat literature. The mechanics of the face seal designs are observed being
applied to the designs of floating ball valve seats where a ore-load is applied to the floating
ball valve seat on assembly. The description of the contact between the seal face and the
metallic counter-face added no knowledge as this interaction is typically two flat surfaces
which are loaded therefore making it suitable to use plain stress equations of a load over an
area. Therefore, the knowledge describing the interaction between the ball and seat
components is still a significant gap to be addressed in this thesis.

The review of literature regarding the definition of the theories defining the contacts
identifies Hertz contact mechanics as the most appropriate theoretical model to apply to a
seal with a non-conforming sealing face design. The review of literature on pressure-
energised dynamic seal and O-rings shows the application of Hertz contact mechanics to
determine the contact pressure at which a seal would be leak-tight. Despite demonstrating
the achievement of a seal by the application of Hertz contact mechanics to an O-ring,
significant assumptions and modifications would need to be applied to the Hertz contact
theory to make it applicable to the axis-symmetric geometry of a floating ball valve seal.
This literature has identified an applicable theory for this thesis however it has not filled the
gap to which it relates as it nheeds modification to make it applicable to the aim of
establishing a theoretical model.

The requirements of the performance of a floating ball valve seat from the literature
defining these requirements have been reviewed a part of this section. While not a part of
the theoretical model these requirements define what is required from the outputs of the
design methodology and therefore what requirements the theoretical models must be able
to satisfy.

The literature related to the torque of the floating ball valve and the relationship of the
operating torque of the valve to the design of the seat components was reviewed. The
literature identified a theoretical model which has been published that defines the majority
of terms for determining the torque of a floating ball valve. The published theoretical model
was short of a model which describes the static seat torque. The literature related to other
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seal types where a frictional load was determined have been reviewed. Through the
comparison of the function dynamic seals to floating ball valve seats it is possible to identify
applicable theoretical models which could be modified to be applied to the floating ball valve
seat in a similar manner to the other theories identified in this literature review.

The review of the literature in this section has identified a number of theoretical models
which add value to the analysis of the existing knowledge and create guidance on the
development of a theoretical model describing the mechanics of the floating ball valve seat.
Where theoretical models have been identified they have not been directly applicable to the
requirements of this solution. The theoretical models identified will require development to
allow them to be applied to the mechanics of the floating ball valve seat in a manner which
adequately describes the interaction and response of the component.

2.3 Analytical Methods and Validation

This section reviews the analytical methods that are used to assess ball valves both in part,
as an assembly and seal designs where a similar function has been identified in the previous
section. Once the analysis in the works reviewed is complete the use of the information
generated by the analysis for the purposes of validating the work is assessed.

The analysis of a radial lip seal by the application of finite element analysis to the
component was achieved through applying simplifications to the model, “due to the
axisymmetric structure of the radial lip seal” (XiaoHong, et al., 2014) as shown in Figure 25.
It shall be possible to develop an axisymmetric, two-dimensional model in an appropriate
finite element package.

Outside surface
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Back abutment surface
Steel frame

Garter spring

Elastomeric ring

Air side Oil side

Elastomeric ring

Shaft
Air side Oil side '

[
i /- o
’ X z
(b)
Figure 25 - Radial Lip Seal Schematic diagram (a), interference of seal lip and shaft (XiaoHong, et al.,
2014)
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Through the application of the axisymmetric simplification to the geometry allows for the
reduction of computing time while maintaining the accuracy of the results of the gained
from the computational model. The resulting mesh for an axis-symmetric finite element
analysis model is shown in Figure 26.
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Figure 26 - Finite element Model (XiaoHong, et al., 2014)

When setting up the analysis, “The analysis is performed in two load steps.” (XiaoHong, et
al., 2014) The first step takes the shaft and moves it "upward to the seal by applying the
displacement.” The effect of moving the shaft upwards is equal “to the difference in radius
between unsprung seal lip and shaft” (XiaoHong, et al., 2014) “As a result, the pre-stresses
between the contact surfaces are produced.” “In the second step, the spring force is applied
on the spring groove as a surface pressure.” (XiaoHong, et al., 2014). The application of the
loads in two steps represents the loads being applied to the seal accurately. Despite the
representative results gained through application of the two loads representing the
combined loading conditions of the seal it is unlikely that the application of loads in this
manner will be applicable to the floating ball valve seats. The application of the pressure
over the area of the ball will result in varying loads being applied to the ball component
itself. In applying a load to the ball, it would be impossible to apply a deflection to this
component or the seat and achieve a stable model with a fixed component.
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The computational model for the analysis of the floating ball valve with a nitrile rubber seat
as shown in Figure 27 was assessed to optimise the profile of the seat component.

(b)

Figure 27 - 3D Modelling of ball valve and seat (Song, Wang, & Park, 2009)

In Figure 27 the valve is simplified to the ball component and a single seat, the body,
closure and stem components are not included in the analysis of the valve and seat
components. No constraints are discussed that are being applied to the modelled
components to generate the effect the removed components will have on their behaviour
under the loads applied. In modelling the ball, it is “represented by means of rigid elements,
meaning that there are no deformations compared with the initial shape.” (Song, Wang, &
Park, 2009) While the use of rigid elements ensures the ball does not deform and reduce
the load which is applied to the seat in anyway, the use of rigid elements does not represent
the real-world conditions of the components where the differences in material properties
may have an impact on the analyses of the seat. When simplifying the geometry being
analysed “the axial symmetry constraint was taken into account for simulating the real
model.” (Song, Wang, & Park, 2009) based on the work presented in this paper the 2D
axisymmetric simplification was successfully applied to a floating ball valve seat component.
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Figure 28 shows the results gained from applying load condition A and load condition A+B
to the simplified model shown in Figure 27.

(a)
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Figure 28 - Von Mises Stress under Load condition A (a), and Load condition A+B (b) (Song, Wang, &
Park, 2009)

The results gained were discussed following plotting the contact stresses on the surface in
contact with the ball. These results obtained and plotted from the analysed are the basis
from which the seat is to be optimised. There is little presented in this paper which forms an
objective basis through which changes were made to the seat design. “"The purpose of the
seal optimization is to find a good cross section that can provide the best trade-off between
leakage prevention and material abrasion.” By plotting the results of the contact stresses
taken from the computational model and the re-running of the analyses with variations in
the seat design this allows for the changes in the seat design to be analysed against a
baseline set of results. By comparing the new results to the original results, the changes can
be quantified to enable to solutions to converge on the objectives of the optimisation aim.
This method of comparing and modifying the design manually would be a very labour-
intensive process, and a process which would require significant understanding of the part
being optimised to allow for manual changes to be made in a considered manner.

The works reviewed in this section identify that there have been successful analyses of
floating ball valve seats and general seal designs through the application of finite element
analysis. The geometries analysed in the review presented were simplified to the greatest
extent possible, however there were some cases where this had been taken beyond what
could reasonably be reflective of the real-world situation. In all the cases where an
axisymmetric problem was found the 2D simplification for this problem was applied, in
every situation including the analysis of the floating ball valve seat it was found that the
results gained from the 2D model did not result in a loss of accuracy or relevance. In
applying constraints to the models it is possible to replicate the behaviour of the bodies
when used in a simplified simulation. There was minimal evidence of applying constraints to
the floating ball valve model to achieve this aim. The stem component was removed from
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the computational model however no constraint was identified which replaced the function
through which the stem maintains the balls alignment and prevents it from rotating while
contact the seat component. The application of loads to the shaft in the case of the seal
creates a form of pre-load, this was identified as not possible using this and a pressure load
as a stable model which is fixed in space would not be achievable as this would translate to
a translation of the seat and a load acting on the ball resulting in free-body motion of the
assembly.

Following the collection of the results of the analyses conducted on the computational
models, these results were either used as the final output or used as part of an iterative
process through which an optimal result was obtained. Neither of the two methods
mentioned demonstrate a development of the understanding of the subject matter rather
the use of the finite element analysis as a tool through which the problem is solved. The
aims of this thesis are to understand and therefore optimise the process through which a
floating ball valve seat is designed, therefore the use of finite element analysis must provide
value in developing the understanding. By using the results of the finite element analysis to
develop the understanding of the subject matter it will be possible to validate any
theoretical model against this information. Evidence of the use of finite element analysis
being used to validate the design of a seal theory was limited in the works reviewed.

2.3.1 Section Outcomes

This section has reviewed the analytical methods employed by previous works as well as
how these works were used in the validation of any other components of the papers they
are taken from.

Through applying analytical methods to seat and seal designs there is a common analytical
method applied, finite element analysis. Through the application of finite element analysis to
the component being analysed it has been shown that it is possible to investigate the
mechanics involved in governing the response of the component to the applied boundary
conditions. When considering the seals and seats to which these finite element analysis
method is applied it is found that these are typically considered as axisymmetric models and
therefore simplified to a two dimensional analysis of the computational model with
constraints applied to the components. It is possible to apply constraints to the components
where they are analysed in three dimensions but the model input to the analysis is of two
dimensions. To allow the analysis to be completed in three dimensions specific symmetry
constraints are applied to the model, these constraints are typically considered as
axisymmetric constraints which allows for a two-dimensional slice of an axisymmetric model
to be analysed while retaining the three-dimensional characteristics. The application of
various constraints to the model of the subject area being analysed the most significant
constraint which is applied to each of the computational models is the one which prevents
free-body motion of the parts being analysed to create a stable model for the analysis to be
performed on. The loads applied to the models have been applied in such a manner as to
reflect the realistic condition of the models without allowing free-body motion from
occurring. The best illustration of applied load is that of the radial lip seal, the creation of
the pre-load by moving the shaft towards the seal creates the effect of the deflection while
allowing foe the seal to be fixed in a different location to stop the free body motion. The
application of the loads to a computational model shall be considered to be representative of
the realistic conditions which they are aiming to replicate while still allowing for a sound
analysis to be completed. The final component of the analysis which is covered in the
literature reviewed concerns the creation of a mesh which allows for the obtaining of
accurate results while not becoming a data intensive process. The analyses presented in this
section use a mesh which is finer (reduced distance between nodes) at the point of contact
and coarser in areas where there is less interest in the result or where appropriate results
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can be gained without the application of a finer mesh. The application of different sizes of
mesh to the same analysis can be seen clearly in the mesh applied to the radial lip seal,
here it is shown that the area of interest is the lip of the component, therefore at this
location the size of the mesh is much finer than around the back of the seal where it is a
standard size mesh. Through the application of the previously mentioned approaches and
the synthesis of appropriate methods from these approaches it shall be possible to devise a
finite element analysis where the constraints and loads applied to the model shall be
representative of the real world response of the floating ball valve seat component to the
loads applied to it.

The most common use of a computational model is for the generation of numerical results
from a set of defined conditions; the numerical results are typically interpreted, the model
refined and then re-run in an iterative process. Through applying an iterative process to the
evaluated the subject area until an improved result is achieved.

The most significant finding of this section is the lack of the use of the analytical results as a
means for validating other work undertaken in each of the works reviewed. The
computational models are considered to be representative of the realistic interaction being
investigated, however, there is limited evidence that the computational models have been
used to validate any other works completed describing the same subject area.

2.4 Design Methodologies

This section of the literature review looks at the methodologies that are used to determine a
process through which the theoretical model is established from which the parts are
designed. These methods shall be reviewed for their effectiveness and applicability to the
derivation of a sound theoretical model, validation of the theoretical model and
establishment of a design methodology for the floating ball valve seat.

To start with a basic definition, "Engineering design has been defined as “...the process of
applying the various techniques and scientific principles for the purpose of defining a device,
a process or a system in sufficient detail to permit its realization.”” (Norton, 2012), this
creates context for the design process with regards to its place in this thesis. When applying
the basic definition to the design methodology for the floating ball valve seat it shows that
the desigh methodology developed should pe a process through which the various principles
and techniques are applied in order to develop sufficient detail to allow the seat design to be
realised.

The design process can include all of the following sections in its scope, the process can be
applied to determining the principles however it may also be applied to defining the system
and then to creating sufficient detail about the seat component to permit its realization.
Therefore, the design method can “be any procedures, techniques, aids or ‘tools’ for
designing. They represent a number of distinct activities that the designer might use and
combine into an overall design process.” (Chakrabarti, 2002). The broad nature of the
design process and its applicability to a wide range of subjects means that the use
development of the design methodology to design the floating ball valve will need to be
focused on the particular elements of the design process from which it is possible to create
an optimised and robust process.
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The design process can be broken down into a number of individual steps that when
followed creates a series of steps that go from a specification to a realised product, as seen
by the following list.

“Identification of Need
Background Research

Goal Statement
Performance Specifications
Identification and Invention
Analysis

Selection

Detailed Design

. Prototyping and Testing

10. Production” (Norton, 2012)

While this list is considered as a design process it can be used to form an applied
methodology from to which it would possible to create a framework of the process though
which a floating ball valve seat can be designed. If it is considered that the subject areas of
the identification of the need and review of the background material have been previously
when developing the design process and therefore not applicable to the design methodology
itself. When the designing a floating ball valve seat the goal statement is a straightforward
statement of achieving a floating ball valve seat design where the functional aspect of the
seat design are achieved. The performance specification can be considered as the
specifications related to the seat component which need to be achieved by the design
created, for a floating ball valve this can be the pressures at which the seat will achieve a
seal at as well as the torque which the seat generates from the valve. Taking steps 5, 6 and
7 as a single group, this relates to the process through which the design rules can be
applied to the development of the floating ball valve seat component, through the
identification of the relevant information to input into the design methodology, the analysis
of the information input through the design methodology and the selection of the output
from the design methodology and the use of the output from the design methodology.
Should the output from the deign methodology not meet the performance specifications
then a repeat of the three steps, step 5, 6 & 7, is a logical step to take and repeat until the
performance specifications are achieved by the output of the three steps. The detailed
design step appears to be a straightforward step in the application of the process to any
component, where the output of the previous steps is converted into detailed drawings of
the components developed by the process. Step 9, the prototyping and testing step is
present to test the solution, however through the development of the design methodology
in this thesis there should be no need to test the designs as they are developed from a
sound theory. The final step is the manufacturing of the solution gained from the design
methodology, this should be considered as the process which follows the design of the
component as it has no relation to the design methodology presented or the one this thesis
seeks to develop.

WONOUNREWN =

The process to develop a design methodology can be described in two broad steps, analysis
and synthesis. “In writings on design theory and methodology the processes of “synthesis”
and “analysis” are understood in two different ways. In one view synthesis and analysis are
phases of the design process; in another view synthesis and analysis are functions that
should be fulfilled by any problem-solving process.” (Chakrabarti, 2002) Analysis is
generally understood to be the process through which a scenario is assessed. Typically, an
analysis of a complex system is completed by breaking the subject of the analysis down into
its component parts. Through the analysis and understanding of the component parts it is
usually possible to gain a deeper understanding of the whole subject area analysed. From
the analysis of the subject area it should be possible to create a good working hypothesis of
the subject area being analysed.
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Synthesis is generally considered as the process through which a solution is synthesised;
there are a number of definitions for synthesis, five of which follow.

“Synthesis as designing;

Synthesis as problem solving;

Synthesis as design solution generation;

Synthesis as design problem and solution generation;

Synthesis as exploration” (Chakrabarti, 2002)

From this application of synthesis there are two major directions from which it would be
possible to synthesise a solution from, “composition from scratch, and building on an
existing design. Whereas compositional synthesis is often believed to enable generation of
more innovative ideas, retrieval-based approaches are seen to be more efficient.”
(Chakrabarti, 2002), in the context of this thesis based on the literature reviewed so far it
would appear as though it would be prudent to follow a retrieval-based approach leveraging
the information current available which is applicable and filling the gaps in the knowledge
with a compositional approach where applicable. It would be possible to include the
matching design principle whereby the problem is matched to a similar problem and make
use of the solution used in the match problem. Synthesis covers the identification and
invention as well as the selection steps of the product realisation process; in this step the
output of the analysis step is developed on to a solution to the problem by identification and
selection of the solution from the analysis of the previous step. The synthesis step requires
the use of ‘real knowledge’ whereby the problem must be defined by a finite number of
inputs which can be verified by observing them or measuring them experimentally with
instruments.

When considering the application of analysis and synthesis to the design methodology of the
floating ball valve seat there appears to be a need for both processes to be applied to
achieve the desired outcomes from the design methodology. When applying the theory of
analysis to this thesis it appears logical that analysis would be appropriate to be used to
develop an understanding of the mechanics which defined the function of the floating ball
valve seat component. Through the use of analysis in this thesis it should be possible to
understand the elements which combine to create the overall function of the seat
component; while analysis creates the idea of numerical analysis it is entirely possible that a
hypothetical analysis through the application of theories to develop a theoretical
understanding my be applicable to the subject area concerned. From the understanding
created from the analysis of the floating ball valve seat it would be possible to apply
synthesis as an exploration tool initially to synthesise solutions and develop methods
through which these solutions can be designed. Synthesis could also be applied in the
design solution generation where it is possible to take the information gained from the
analysis and synthesise a design methodology from which it is possible to design floating
ball valve seats.

2.4.1 Section Outcomes

This section identified a humber of design methodologies which may address in whole or in
part the methodology of designing the floating ball valve seat. The basic description of the
design methodology is a good place to start from when creating the design methodology as
an outcome of this thesis; the description of a desigh methodology calls for the application
of scientific principles to be applied to define the component being designed. The application
of scientific principles means that the theoretical function of the floating ball valve seat
component must be understood at a fundamental level to enable the scientific principles
describing the mechanics of it to be applied to the design methodology. As seen on page 29
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through page 38 of section 2.2.1 of this literature review there are limited works which
demonstrate the application of scientific principles to the design methodology through which
a floating ball valve seat is designed. Through the application of scientific principles to the
design of floating ball valve seats by the work in this thesis this would demonstrate a
significant increase in knowledge that it is possible to define the seat component using
scientific principles.

The process of this thesis through which the design methodology is derived can make use of
the application of both analysis and synthesis to achieve the aims of the thesis. The use of
analysis has already been highlighted as the means through which the understanding of the
fundamental mechanics and scientific principles describing the floating ball valve seat can
be understood. With the application of synthesis being a tool in creating a design
methodology from the understanding of the principles and mechanics describing the floating
ball valve seat. Through synthesising design equations and a design methodology can be
established which accurately describes the floating ball valve seat.

The design methodology described in steps in this section can be applied in part to the
development and function of the design methodology. By describing the steps through
which a design is arrived at in the methodology it would allow a structured approach to the
derivation of the optimal design methodology. The steps discussed previously offer a good
foundation from which steps could be identified where applicable and arranged in a manner
which allows for the achievement of a design methodology that follow a structure through
which the design of a floating ball valve seat is achieved in an optimal manner.

While the literature reviewed in this section is not directly applicable to the design of a
floating ball valve seat on its own, when combined with the design methods for ball valve
seats reviewed on pages 29 through 38, this provides the appropriate context from which it
is possible to evaluate the current literature.

The ball valve seat design literature reviewed does not seem to apply scientific principles
which govern the mechanics through which the design should be achieved to the subject of
their methodologies. In most cases the ball valve design methodologies reviewed apply
simplified and unsuitable theoretical models which do not match the scientific principles
which are shown as present in various literature sources. While there are some examples of
the use of analysis and synthesis in the previous literature regarding ball valve seats the
application of these methodologies is typically limited to the analysis of the subject to gain a
set of data from which an improved solution if synthesised. The iterative process of analysis
and synthesis does not function to provide the necessary understanding allowing for the
optimal design to be achieved; the iterative process simply repeats until a solution which
satisfies the requirements is achieved.
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2.5 Summary

In summary the literature review has identified a number of areas where there is applicable
knowledge available however there are significant gaps in this knowledge which need to be
addressed in order to create a satisfactory design methodology.

When reviewing the open literature on the mechanics which are currently used to describe
the floating ball valve seat component a wide variety of literature sources were found.
Where literature describing the mechanics of the seat were available they described seats
that were not in keeping with the industry requirements; one seat design used O-rings to
provide a preload to the seat, while another design used springs to provide the preload. The
industry requirements made by the International Association of Oil and Gas Producers on
page 34 sets the requirement that the seat component is to be wholly made from a single
material or composite material, neither of the previously mentioned seat designs met that
requirement and therefore cannot be considered as knowledge which is applicable to this
thesis. The seat designs which would be directly applicable to this thesis provided broad
descriptions of the theoretical function of the floating ball valve seat but did not offer any
theoretical knowledge which is directly applicable to the subject area of this thesis. The
main outcome of the review of the literature was the understanding developed that all the
ball valve designs reviewed made use of a preload, generated by various means, and a
pressure-generated load to achieve a seal between the ball and seat components. Where
the theoretical ball valve models reviews described the interaction between the ball and seat
components it was seen that in all the instances it was assumed that the seat and ball
components were conforming surfaces, whereas previously it was stated in a number of
quotes that the surfaces are typically tangential and therefore non-conforming surfaces. In
the application of conforming surfaces an idea scenario is used rather than a realistic one, in
literature reviewed it is seen through stress plots that the contact between the surfaces may
not be conforming and there may be more mechanics involved to describe this interaction.
The review of the literature directly applicable to ball valve seats fails to produce applicable
knowledge that is applicable to the subject area of this thesis, the useful knowledge gained
is the common methods of design used, however, the mechanics that describe the
achievement of an appropriate design were limited in the available literature reviewed.

When extending the literature reviewed into the wider subject area of seals there is little
more knowledge gained from the available literature which is applicable to the floating ball
valve seat design. Through the definitions of various types of seals, the function of the
floating ball valve seat is considered to be a type of seal of the dynamic seal category, this
leads to the review of literature related to dynamic seals. A number of seal designs are
described with mechanics and contexts for the design methodology applicable to the seal
system, these methods are not considered applicable to floating ball valves as variables
such as balance ratios would typically be associated with the seat design of a trunnion
mounted ball valve which resembles the face-seal designs reviewed. Through the review of
the literature related to seals it is seen that there are theoretical models which link a
number of variables including the applied pressure, seal contact width and contact pressure
to the achievement of a seal between components in contact. The literature reviewed in this
section identifies knowledge which may be applicable to the subject area of this thesis;
knowledge on the requirements to achieve a seal. However these requirements for
conditions to achieve a seal will not be useful unless the contact between the ball and the
seat can be adequately described.

In the initial review of the floating ball valve seats there are assessments made based on
conforming contacts between the ball and seat components, however these are contradicted
by a finite element analysis stress plot which does not match the proposed design methods.
When reviewing the methods the predominate interaction between the ball and seat
components is that of two non-conforming surfaces, through the review of the contact
theories it was found that Hertz contact mechanics could be applied to the description of a

69



pair of non-conforming bodies in contact, however these bodies are typically both metallic.
Looking at the application of contact mechanics revealed that these mechanics have
previously been successfully applied to the interaction of a spherical metal body acting
against a non-metallic plane. The modifications made to the original theory indicates that it
is possible to apply Hertz contact mechanics to a metallic and non-metallic body in contact;
therefore, these mechanics may be applicable to the interaction between the ball and seat
components. When looking at the interaction of seals and their counter-faces it was found
that a number of investigations have been completed on the subject area, although these
works used finite element analysis and iterated the design based on the results; the results
indicate that there may be commonalities between the application of Hertz contact
mechanics to seals and the metallic/non-metallic adaption of the Hertz contact theories.
When looking for the application of contact mechanics to seals it was found that a paper
published a method through which the contact pressure created through the compression of
an O-ring in a housing was used to determine whether the O-ring would seal the pressure
or not. When the design methodology for the O-ring was compared to the Hertz contact
mechanics a number of similarities were found between the two theories. The similarities
between the O-ring design method and the Hertz contact mechanics make it possible that
the application of the Hertz contact mechanics to the interaction between the floating ball
valve seat and the ball component could be a suitable model from which to determine
whether a seal has been achieved.

From the literature reviewed in this section of the literature review it is clear that a general
philosophy of how a floating ball valve seat works has been established. There is little
knowledge which describes the fundamental mechanics of the design philosophy; there
should be a preload, however there is no knowledge on how to create a preload or what its
magnitude should be. It is proposed that there should be a pressure-generated load,
however there is little knowledge which describes how the load is determined or applied to
the valve. There are a number of methods applied to current design methods for the
interaction between the ball and seat, however these do not adequately describe the
realistic mechanics shown by finite element analyses of floating ball valve seats and other
seals. A floating ball valve seat should seal, yet there are a few methodologies which can be
applied to describe the achievement of a seal. The lack of the preceding mechanics means
the input variables to method to describe the achievement of a seal are currently
unobtainable.

The methods through which the design of floating ball valve seat components have been
verified is quite limited due to the minimal amount of work that has been completed
previously in this subject area. The analytical tool used in each of the works reviewed is
finite element analysis. The use of finite element analysis to create a realistic model from
which data is obtained and analysed is prevalent in these works, however the data is not
used to validate a theoretical model but rather analysed to modify the model which is then
analysed again. The use of finite element analysis to optimise the rubber floating ball valve
seat demonstrates the limited application of the approach, in this work it is used to
determine the current state to the seat component being optimised, following this the
profile of the seat component is modified and the analysis repeated. When considering the
approach used to optimise the rubber ball valve seat there is little development of
understanding to achieve the optimised seat profile presented, this sort of approach to
developing a validation for theoretical models would not be appropriate for this thesis. The
analysis of the radial lip seal provides a differing perspective on the use of finite element
analysis with the model setup to generate data in a manner which could be used to evaluate
the mechanics of the seal, the dense mesh in the location of contact between the seal and
the shaft will provide sufficiently accurate data from which analysis would allow for an
understanding of the mechanics of this interaction to be developed.
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In setting up the computational models in the finite element analysis software these two
papers adopt similar approaches. Both problems are considered as axisymmetric problems,
the axisymmetric simplification is proven in the case of the ball valve analysis but applied to
both of the works shown. The setup of the fixtures and load s differ due to the geometries
of the components involved, with the lip seal the heel of the seal is fixed whereas the back
of the ball valve seat is fixed this has consequences when applying the loads. Both seals
have initial deflection preloads applied to them, the radial lip seat has the initial deflection
applied as a movement of the shaft towards the seal whereas the ball valve has an
additional load added to the load applied to the ball to create this initial deflection of the
seat component as the ball cannot be deflected and have a load applied to it at the same
time.

The analytical methods reviewed in this section show that there are prior works which have
analysed similar subject areas and as such there is transferable knowledge. The use of finite
element analysis has not been employed as a validation tool allowing for the comparison of
the realistic condition to the theoretical model but just for interpretation of the realistic
condition. In using the learnings of the previous works it will be possible to use finite
element analysis to simulate the realistic condition of the floating ball valve seat
component, this will provide accurate data against which it will be possible to validate any
theoretical model.

As seen in the first section of this literature review there are few design methodologies
available for review which relate to the design of a floating ball valve seat component.
Those design methodologies which are available do not follow a methodology through which
it is possible to design a seat component but rather follow the derivation of the equations
from which the mechanics can be described and point to using these equations to design the
seat component. Desigh methods such as previously described are not demonstrated
through the use of case studies nor are they shown to work in practice to give a valid and
robust model from which it is possible to design the seat component of a floating ball valve.

The design methodologies reviewed identify a number of methodologies through which
designs are achieved, while these are not specific to floating ball valves the methodologies
are reviewed in the context of the design of the floating ball valve seat component. The
general theory behind the development of a design methodology is that it is a mechanism
through which the science which describes the mechanics of the part being designed can be
applied in a methodical way through which the component it designed. As seen previously in
this literature review the scientific principles which govern the design of the floating ball
valve seat component are not currently well understood therefore it would be extremely
difficult to take what knowledge currently exists and create a sound design methodology.
From the design methodologies reviewed it was found that the application of the principles
of analysis and synthesis in combination with the scientific understanding of the mechanics
governing the design would allow for an iterative process through which the design of a
floating ball valve seat component could be achieved. Through the understanding of the
fundamental mechanics describing the seat component and the application of the design
methodology principles identified in this section of the literature review it would be possible
to develop a floating ball valve desigh methodology that does allow for the design of the
seat component in a methodical manner with the scientific principles describing the
mechanics of the seat component applied.
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2.6 Scope of the Work
The following list of work is included in the scope of the work for this thesis:

Analysis of the mechanics of the ball and seat components
Development of theoretical models describing the seat mechanics
Effects of variables on the solution

Seat Desigh methodology

The scope of work has been selected to fill the gaps in knowledge which currently exist in
the available knowledge that are providing a barrier to the creation of a comprehensive
design methodology for the design of a floating ball valve seat. In filling the gaps in the
existing knowledge an improved understanding of the functions and therefore design of the
floating ball valve seat is achieved.

The following list of work is to be considered outside scope of work for this thesis:

e The optimisation of the material properties of both the ball and seat components.
e The design of the valve that the seat works in.
e The specific value of a stress to affect sealing between the ball and seat

The above items which are outside of the scope of this thesis require the application of
additional work which does not align with the scheme of the work for this thesis. The
material properties are usually defined by the material supplier. For this thesis the material
properties used shall be selected as generic material properties for the given materials.
Optimising material properties is a complex issue which requires specialist knowledge which
is typically considered as confidential by material manufacturing companies. The design of
the valve the seat sits in has many forms which can be considered, in addition to this there
are many papers available where the design optimisation of the metallic components of a
floating ball valve have been considered. Because of the existing work on the design of the
metallic components of the floating ball valve there are few gaps in knowledge which could
be addressed by this thesis on the subject area. The specific value for the sealing stress of a
given material under specific conditions would require a series of physical tests to be carried
out. While completing these tests would be possible the results would not add value to this
thesis. The design methodology created by this thesis shall be flexible enough to adaptable
to the required sealing stress specified making the work determining the sealing stress for a
given material irrelevant in achieving the aims of this thesis.
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2.7 Specific Research Objectives

The specific research objectives shown below have been selected to develop knowledge to
either fill gaps that are present in the literature review or build on the knowledge that is
present in the literature review to achieve the three aims of this thesis that were previously
specified.

1. Development of mechanistic theoretical models based on current theoretical models.

1.1. Development of mechanistic theoretical model of the effect of the pressure-load on
the seat component by use of established theoretical models.

1.2. Development of mechanistic theoretical model of seat deflection using established
theoretical models.

1.3. Development of bending stress mechanistic theoretical model based on established
theoretical models.

The research objectives selected for this aim break the overall aim down into the basic
components which can be developed in isolation. As see in the literature review there is no
comprehensive design methodology, however there are applicable theories which can be
developed into a single theory. Each of these aims will take a single component of the
overall model and develop and existing theoretical model to a point where it is applied to
the floating ball valve seat design. The initial component of the pressure-load is not
considered by the typical floating ball valve seat design methodologies reviewed however
the effect of the pressure differential acting over the sealed area will create a load which
generates a load which will need to be assessed to determine its influence on the design of
the seat component. The deflection of the floating ball valve seat was identified as a method
through which the seats are designed to create a sealing load therefore the relationship
between the load applied and the deflection of the seat needs to be defined to develop a
comprehensive model. The bending stress within the seat component was highlighted as an
area which needs to be assessed. The bending stress in the seat is understood to be the
limiting stress in the seat, if the bending stress exceeds the bending stress then the seat
will yield and no longer function as designed. By developing these theoretical models the
key features of the seats function will be defined numerically, as there is no accepted
mechanistic model for the function of the floating ball valve seats, these theoretical models
developed from these objectives fill these gaps in knowledge.

2. Validation of theoretical models through the application of finite element analysis.
2.1. Finite element analysis of the theoretical model.
2.2.Comparison of finite element analysis result to the theoretical models.

2.3. Modification of the theoretical models based on the assumptions and results from
the finite element analysis model.

The objectives for the second aim take the theoretical model and compare it to the
outcomes of an analytical model of the same geometry. By comparing the theoretical and
computational models it allows for any assumptions and modifications made to the
theoretical models in the previous chapters to be assessed and modified if necessary, to
bring it in-line with the results from the computational models. In completing a finite
element analysis of the ball and seat geometry it is possible to determine a detailed picture
of the deflection of the seat, the contact pressure between the seat and ball components as
well as the bending stresses in the seat component. By comparing the computational and
the theoretical models any differences between the two models can be assessed and a
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solution found which fits the results of the computational models. By ensuring the
correlation of the theoretical model to the computational model the theoretical models are
validated against the detailed results the finite element analysis provides. In achieving the
objectives for the second aim the theoretical models in either its original or modified form
become validated theoretical models. By validating the theoretical models it increases the
accuracy of the results that the models give. The validated theoretical models further fills
the gaps identified in the knowledge by demonstrating the theoretical models describe the
key features of the seat function numerically. The description of the key features as defined
by the computational model results provide the basis from which it is possible to create a
comprehensive design methodology.

3. Development of a design methodology.
3.1. Propose design equations based on chapters 1 and 2.
3.2.Develop a design methodology.

3.3. Application of the design methodology to a case study.

As identified in the literature review there is no single design process which allows the
floating ball valve seat component to be designed in a complete and theoretically sound
manner. Unlike the design theories laid out in the literature review the design methodology
developed by the objective of the third aim shall consider all the key features of the floating
ball valve seat design as identified and defined in the previous objectives. The design
methodology is developed by initially taking the mechanistic theoretical models describing
the key features of the seat function and re-arranging them in a way which allows them to
be used to calculate the required seat performance variables from defined inputs. The
second objective takes the design equations developed in the first objective and arranges
and combines them in a manner which creates a comprehensive design methodology. The
design methodology created allows shall allows for the design of seat components in a
logical manner. The final objective takes the design methodology and applies it to an
example case study where the design method shall be used to define the seat component.
In achieving these objectives a design methodology is developed from a theoretically sound
set of design equations and the desigh methodology is tested in a practical setting.
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Chapter 3 - Research Methods

This chapter discusses the research methods used in this thesis, their application to the
problem and their applicability in their use to achieve the aims of the thesis. The application
of research methods is described in this chapter and how they are implemented to reflect
the practical situation which they are being used to simulate. The various inputs, process
methods and associated properties are explained to demonstrate a sound process is being
followed to achieve the required output. Lastly the post-processing methods which are
applied to the research methods are described to ensure that the data created through the
application of these methods is handled in a way which allows it to maintain its validity in
applying it to the subject area of this thesis.
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3.1 Finite Element Analysis

The use of finite element analysis in this thesis is to generate sets of data based on the
realistic conditions of the components and interactions described through the application of
theoretical models. By applying the material properties and loads applied to the theoretical
models combined with the realistic application of constraints this will allow the
computational model to demonstrate how the components perform in a realistic manner.
From the data obtained from the computational model it shall be possible to validate the
theoretical models used against the realistic situation thereby proving them valid. Where
the finite element analysis shows differences between the theoretical and computational
models it allows for the modification of the theoretical models to more accurately describe
the realistic condition of the seat component under the loads assessed. The validation of the
theoretical models through the use of finite element analysis enables any design
methodology produced from the theoretical models to be demonstrably sound. In addition
to achieving sound theoretical models the assessment of the case study through the
application of finite element analysis will be able to demonstrate the applied design
methodology achieve the overall aims of this thesis in allowing the floating ball valve seat to
be designed through a theoretical model.

Where Finite Element Analysis is used in this thesis, the method used shall be as per the
method as laid out in this section. The finite element analysis in this thesis shall be based
around the properties of an ASME Class 150 floating ball valve. The geometry analysed and
the load applied to this geometry shall be representative of a typical 2” (DN50) ASME Class
150 floating ball valve by selecting these geometries and associated loads (pressure-based)
for the computational models the output of the analyses shall be representative of the
stresses, and deflections a typical floating ball valve with a soft seat.

3.1.1 Analysis Steps

The general approach to performing finite element analysis in this thesis shall be based on
the best practices taken from the approaches reviewed in the literature review. The most
appropriate approach was seen applied by Song et al where the load is applied to the seat
by applying the load to the ball component and fixing the seat component. In the previous
method, through the load applied the reaction of the seat component is determined. The
other sealing models (like the lip seal), to which finite element analysis is applied had the
capacity to both fix the seal component and apply a deflection and load to the parts. With
the geometry and function of the seat component it means that it is not possible to both fix
the seat component and have a load applied to it. The method of applying the load to the
model will look to use the method use in the paper by Song et al, and apply the load to the
ball component.
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The following flowchart shows the steps undertaken when finite element analysis is used in
this thesis.

Start

Determine
Geometry &
Materials

Apply Loads
and
Fixtures

Specify
Contact
Definitions

Specify
Elements
and Mesh

Run
Simulation

Process &
Export
Results

Figure 29 - Finite element analysis process flowchart

The process shown in Figure 29 first analyses the geometry of the valve and seat being
assessed. Through analysing the geometry of the valve where components that aren’t
necessary for the analysis are present they can be removed from the analysis and replaced
with constraints replicating their effect on the components being analysed. By removing
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components from the analysis the mesh can be setup to give increased an accuracy in the
areas of interest without having to apply the mesh to components outside the areas of
interest. The materials applied to the components shall be realistic and based on those
applied to a valve when a floating ball valve is manufactured. The properties of the
materials applied to the components shall be based on publicly available properties where
these are available. By applying known material properties to the components of the
analyses the results gained will be representative of the realistic responses gained from the
actual materials from which the valve would be manufactured from. The material properties
are a significant input to the analyses being completed by finite element analysis;
particularly the material properties of the seat component as these properties will govern
the reaction of the seat component to the loads applied to it.

The loads and fixtures which are applied to the model must be representative of the realistic
conditions of the valve. The fixtures applied to the valve must be representative of the
restraints which the removed components apply to the components being assessed. Care
must be taken in applying the fixtures to the valve to ensure that the fixtures applied to the
components to not over-constrain the movement of the parts. The loads applied to the ball
component shall be justified in terms of the realistic nature of the magnitude of the load
being applied. Through the justification of the magnitude of the load applied to the
components the response seen in the seat component can be assured to be representative
of the realistic response as the load applied is a realistic load. The fixtures and loads applied
to the model are critical inputs to the analyses, the loads and fixtures must be
representative of the realistic conditions that the actual valve would be subject to, to give
results which are also realistic.

The following step is to specify the contact definitions of the two components at the point
where they come into contact. By selecting a contact definition which accurately reflects the
interaction between the ball and seat components. These contact definitions applied to the
model in this analysis will have a significant impact on the results gained from the
simulations completed, therefore the selection of the contact definition will be required to be
based off of the contact model applicable to the surfaces in contact with each other.

The type of elements selected for the mesh will have an effect on the accuracy of the results
gained from the analyses; the selection of the elements should be undertaken to allow them
to be generated in a manner which fits the geometry of the components being analysed.
Further to the standard mesh properties it is possible to apply mesh refinements to the
areas of interest of the model. Through the application of mesh refinements it is possible to
apply a finer mesh to the areas of interest while allowing a coarser mesh to the remainder
of the model, this approach allows more data to be obtained from the area of interest; for
this thesis the area of interest will be the contact between the ball and seat components.

After running the simulation, the results gained will need to be processed to obtain the
information from which it is possible to assess the response of the seat component to the
applied loads. The outputs from the analyses which are expected to be assessed include the
stress, von mises stress, in the seat component as well as the deflection of the seat
component. The methods through which the results are assessed will be required to sample
in @ manner which uses a sample size large enough to avoid localised stress raising effects
while being small enough to be representative of the local area being assessed. The trends
displayed in results shall be assessed for consistency and patterns relating the inputs to the
outputs as well as the change in outputs with relation to the change in inputs.
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The following sections add more depth to each of the steps through which the finite element
analysis passes to obtain the realistic results from the analyses.

3.1.2 Study Properties

With the models being representative of the interaction being assessed by a simulation
(referred to as a study in Solidworks Simulation), shall be setup; the simulation type must
be representative of the problem being solved. For the contact problem in this thesis a
static non-linear simulation shall be used as “the contact area and the stiffness of the
contact zone are unknown prior to the solution” (Dassaut Systems, 2010), the compression
of the seat component while under load determines the contact half-width and the final
stiffness of the material therefore the final values of these two elements of the model are
unknown at the beginning of the analysis. The final stiffness of the plastic material and the
size of the contact half-width are determined through the processing of the computational
model in the simulation. When the seat component is loaded we can expect a degree of
compression of the seat and therefore a change in the stiffness matrix whereas a linear
problem will fix the stiffness matrix at a set value throughout the entirety of the simulation.

3.1.3 Geometry of the Valve

Based on the assessment of the various current seat designs in the literature review the
seat design shown in Figure 30 shall be taken forward to be used as a basis for determining
the mechanics governing the function and therefore the design of the seat component. This
design has been arrived at following the comparison of current designs and the attached
either claimed or demonstrated functionality. The previously reviewed designs each have
their own advantages and disadvantages, rather than taking an existing design this thesis
has taken the Velan design form of an internally and externally supported seat and
simplified the profile of the seat from an arculate profile to a flat profile. By taking a seat
design that is not a currently available design and of a simplified profile, the work
completed in this thesis demonstrates that the development of a design methodology to suit
this seat design is possible thereby allowing for future work of the same nature to be
completed on other specific profiles.

Figure 30 - General Seat Design Layout to be Optimised
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The seat design shown in Figure 30 has a contact area which is approximately in the middle
of the seat face with flexible regions extending from each side of the point of contact to the
point where the seat contacts the housing. The contact between the seat and the ball has
been kept as a tangential contact as with the flexible seat and jam seat shown in the
literature review, by maintaining this contact geometry on an increase in load the contact
area shall be predictable; based on Hertzian contact mechanics the contact area is expected
to consist of a half-space on each side of the point of contact.

The geometry selected reflects a seat design which reflects the dimensions of the design of
a typical seat component, these have been applied to the design philosophy chosen to give
the design shown in Figure 31.

NOTES:
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Figure 31 - Seat Design Detail Drawing

With supplemental dimensions shown in Figure 32.
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Figure 32 - Supplementary Seat Dimensions
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Before starting any analysis on the models, the seat component part needed to be assessed
for any features outside the area of interest that can be removed to simplify it and reduce
the element count. When looking at Figure 31 the only element that needed to be removed
was an internal chamfer, this chamfer is needed for the assembly of the valve as the
location of this sits in a machined location that will always have a tool radius present. To
allow the seat to press against the end of the housing recess as shown in Figure 30 this
chamfer must be present. By removing this chamfer the complexity of the mesh in this
region is reduced, therefore the simulation will be processed faster, also the reduced
complexity of the mesh means there will be no mesh-induced errors effecting the model
caused by high aspect ratio elements being present in the mesh where it has been fitted

around the unnecessarily complicated profile.

The geometry involved in the simulation shall only consider the ‘downstream’ seat, however
this is the highest stressed seat component, as discussed earlier the ball is pushed off of the
upstream seat and not the downstream seat when pressure is applied to the valve;
therefore the load acting on the downstream seat is the preload plus the pressure-load. The
method of analysing the ‘downstream’ seat in isolation is a proven method having been
used in the paper ‘Analysis and optimization of nitrile butadiene rubber sealing mechanism
of ball valve’ (Song, Wang, & Park, 2009). In this paper it defines load condition A as the
assembly load whilst load condition B is defined as the pressure load, the simulation is
completed under load condition A+B. In the paper published by Song et al both the load
conditions were known whereas in this thesis only one condition is known which can be
applied to the model. As the magnitude and profile of the load acting on the seat cannot be
accurately predicted the known load shall be applied to the seat by means of a ball
component of the dimensions shown in Figure 31. The ‘upstream’ half of the ball shall be
removed to reduce the size of the component that needs to be meshed; this ‘upstream’ half
of the component does not have any function in the simulations being run therefore it is

irrelevant in the outcomes of the studies of this thesis.
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As the geometry of the parts being analysed are all axis-symmetric a 2D axis-symmetric
simplification can be used to reduce and simplify the model being analysed to only in-plane
elements. The axis-symmetric simplification is valid because the only non-axis-symmetric
load that could be considered would be gravity and, in this simulation, that load has been
removed from the simulation. This is due to the application of the load created by the action
of gravity is negligible in its magnitude when compared to the axial loads applied. With all
the results from the previous analyses of floating ball valve seats reporting the stresses and
deflections found in the seat component of the three-dimensional models to be consistent
around the axis of symmetry. As the results have been shown previously to be consistent
about the axis of symmetry there is no need to analyse the valve in three-dimensions, there
is no additional information which can be gained from the three-dimensional analysis which
won't be visible in the two-dimensional analysis.

3.1.4 Material

Whilst the materials involved in the simulation are not the subject of this thesis however the
response of the components to the load applied to them requires representative materials to
be applied to each of the components. The ball is always a metal component therefore it
shall have a typical metal applied to it, the properties of this metal are shown in Table 5; in
this case the material chosen is ASTM A182 F316, a forged version of 316 Stainless Steel.
ASTM A182 F316 is typically applied to the ball component of valves which are of a stainless
steel construction, usually the ball component may be of a cast, bar or forged material. With
the material properties of ASTM A351 CF8M (cast) and ASTM A479 S31600 (bar) being the
same as ASTM A182 F316 the superior mechanical properties of a forging over a casting

and a piece of bar for the ball component typically results in it being used for manufacture.
With a casting there may be issues with porosity and increased tooling costs to hold the cast
ball to machine the component. With a piece of (usually rolled) bar the grain structure of
the material due to the forming process has been known to be attacked and weakened
through repeated thermal cycling.

Property Value Units Value Units
Elastic Modulus 1,000,000 | psi 6,894.8 | N.mm~2
Poisson's Ratio 0.3 | N/A 0.3 | N/A
Mass Density 0.288 | Ib-in3 7.97 x 10 | kg.mm~3
Tensile Strength 75,000 | psi 517.1 | N.mm~2
Compressive Strength 30,000 | psi 206.8 | N.mm™
Yield Strength 30,000 | psi 206.8 | N.mm™2

Table 5 - ASTM A182 F316 Material Properties

While other papers have conducted material testing to derive the properties of the material
used and therefore applied to the component this thesis used the typical materials
properties for PTFE as shown in Table 6. PTFE is a well understood material, therefore the
material properties of a typical PTFE can be easily sourced without the need for testing the
material. These material properties shall be applied to the seat component in the
computational model. The use of PTFE is selected due to its prevalence in having floating
ball valve seats manufactured from it, being chemically inert to most fluids and having a
wide operating temperature range lend the use of PTFE to most low pressure applications,
therefore making it an appropriate material to use for the seat material in the analyses of
this thesis.
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Property Value Units Value Units
Elastic Modulus 80,640 | psi 556.0 | N.mm™2
Poisson's Ratio 0.47 | N/A 0.47 | N/A
Mass Density 0.368 | Ib-in3 1.02 x 107> | kg.mm~3
Tensile Strength 4,975 | psi 34.3 | N.mm~>2
Compressive Strength 4,975 | psi 34.3 | N.mm~>
Yield Strength 2,975 | psi 20.5 | N.mm~>2

Table 6 - PTFE Material Properties

The use of realistic material properties applied to the components used in the analysis of
the floating ball valve seat ensures that the results gained from the analyses are realistic
and therefore an accurate representative of the reaction of the components in a physical
valve subject to the same loads as the analysis.

3.1.5 Loads and Fixtures

The loads chosen to be applied to the valve in the simulation are of the same order of
magnitude as those which would be applied to a manufactured valve with the seats being
assessed installed in.

Using the commonly accepted theory shown in the literature review that a pressure acting
over a sealed face acts over the mean diameter of that sealing face an area over which
pressure acts creating a load can be determined as shown in the following figure.

s

Figure 33 - Mean seal diameter

From the supplementary dimensions shown in Figure 32, the contact diameter, '‘Dwvs’, is
found to be 2.538in (64.47mm). As the shown form the standards reviewed on pages 42
and 43 of section 2.2.3 the range of pressures the seats must work at ranges from 6barg,
to 22barg. The full range of pressures shall be evaluated to determine the mechanics of the
seat across the full range of loads which could be applied to the component.
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With the diameter that the pressure is acting over defined and the extents of the pressures
applied to the valve known it is possible to use this information to derive a load that is
applied to the ball by the pressure and therefore transferred to the seat. The following
equation links the pressure applied to the valve to the contact diameter giving a load that is
being applied to the ball.

T['DMSZ
Fp, =P
PL ( 4

Equation 23 - Pressure Load Equation

When evaluating Equation 23 at the minimum and maximum applied pressures the loads
that are calculated are a minimum of 440.14Ib-f (1957.8N) and a maximum of 1613.82lb-f
(7178.63N). While it is impractical to use these loads as absolute maximum and minimum
limits due to their irregular nature, they can be used to set reasonable limits with suitable
intervals between them. A minimum load of 400lb-f (1779.3N) and a maximum of 1600lb-f
(7117.2N) with a simulation carried out at 200Ib-f (889.6N) intervals will cover a
substantially similar range of loads while providing sufficient information to validate
reliability of the results gained across the range.

The loads which have been determined shall be applied to the model as per the arrow
shown in Figure 34.

Figure 34 - Applied Load

The applied load is created by a pressure drop acting across a sealed area, as pressure acts
perpendicularly to the surface here it is applied acting perpendicularly to the bound area it
is acting over. The manner in which the pressure acts means that it is acting in an axial
direction through the valve. When applied to the simulation the load is applied to the flat
face of the ball where the upstream side has been removed, this defines the load as acting
perpendicularly to that face; the application of this load to the model is shown in Figure 35.
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Axial Direction

v

Figure 35 - Loads and Fixtures Applied to Model Geometry

The constraints applied to the model shall be representative of the function of the parts in
practice, in addition to this the model shall be constrained to avoid free-body motion and to
replicate the constraints applied to the parts by the components which have been removed
to simplify the simulation.

There is a constraint shown in Figure 35 applied to the flat surface of the ball component,
this is an advanced fixture constraint which constrains the motion of the ball so that it can
only move in the axial direction. The constraint placed on the ball ensures that the even
loading, as would be expected with a pressure load is achieved on the seat component.
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There are three fixed constraints applied to the seat shown in Figure 35, these constraints
replicate the effect that the housing has on supporting the seat. The seat component is

shown in the housing in Figure 36. Figure 36 shows the seat where it is assembled into the

housing by pressing it into the seat housing in the axial direction. The inner edge of the se
component sits against two faces of the body constraining the motion of the seat in both
directions but still allowing the central section to bend. The external face of the seat is

at

against the internal face of the seat pocket, this has the effect of fixing the external edge of
the seat, however, the central section of the seat is still unsupported thereby allowing it to

bend.

Axial Direction

<

Figure 36 - Diagram of seat component being supported by housing

The two located around the lower and inner faces of the seat replicate the housing outside
the firesafe seat and the inner face of the housing, with this forming a corner it will
effectively ‘wedge’ the seat component into the corner fixing it in place preventing any
movement of the seat component. The final constraint applied to the seat is on the outer
edge of the part and is representative of the outer edge of the machined seat pocket
supporting the seat. Initially this constraint was a roller-slider constraint that allowed the
edge to move up and down, however this extra degree of freedom presented an unstable
model that gave inconsistent results over a number of simulations. As a result, this
constraint was amended to be a fixed constraint, the effect of a fixed constraint achieves
the representative restrictions of the outer housing face while creating a stable model.
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3.1.6 Contact Definitions

In addition to defining the behaviour of the contact between the ball and seat components
the way the ball and seat mesh interact are required to be defined, for this the below table
is referenced.
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Figure 37 - Finite Element Solver Comparison (Courtesy of SolidSolutions)

As discussed previously the problem is being defined as a non-linear static line contact
problem, from looking at the table shown in Figure 37 above the most appropriate mesh
interaction is the node-to-surface option; therefore all simulations run shall use the node-
to-surface solver.

The contact of the two components defining the interaction will need to be representative of
the assumptions made in the Hertz contact mechanics; therefore the contact shall be
defined as a global ‘no penetration’ contact rather than a bonded one. The no penetration
contact set does not allow one body to pass through another however it does allow the
surfaces to slide along each other where required whereas the bonded option bonds the two
meshes together effectively fixing the two surfaces together. With the bonded contact
selected the nodes on each of the surfaces in contact at the start of the simulation will be
paired, therefore where the ball moved the bonded nodes on the seat will be moved to too;
this bonded contact model is not representative of reality as where the ball pushes into the
PTFE, the PTFE will flow around the metallic sphere this ‘flow’ of PTFE can only occur if it is
not bonded to the ball component. To accurately replicate Hertz contact mechanics the
contact between the ball and seat shall be defined as a friction-less contact, as this is one of
the assumptions previously defined as a requirement to use this contact model. When
applying the constraint to the interaction of the ball and seat surfaces the coefficient of
friction shall be disabled to ensure the interaction is representative of Hertz contact
mechanics.
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3.1.7 Elements and Mesh

When applying a mesh to the model the mesh shall follow the method laid out in the paper

‘spherical indentation of elastic-plastic solids’ (Fleck, 1998) where the mesh shall take a
form similar to that shown in the following figure. The use of the mesh refinement in the

contact area between the two bodies increases the density of nodes in the area of interest.
As the contact mechanics that are expected to occur in the contact area may present some

non-uniform stress profiles therefore increasing the density of nodes in this area will
increase the accuracy of the results gained in this area.
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Figure 3, Typical finite-element mesh, composed of second-order isoparametric axisymmetric

clements. The distance between nodes at first contact is 0.0005R.

Figure 38 - Spherical Indentation Mesh (Fleck, 1998)

Here we see that the size of the elements in the area of interest have been reduced to
increase the accuracy of the results gained while further from the area of interest the

element size is much larger. While Solidworks Simulation cannot create a mesh comprised

of second-order isoparametric axisymmetric elements it does offer the ability to add mesh
refinements to areas of interest; this mesh refinement can be used to create the same
effect as seen in Figure 38.
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Figure 39 - Mesh Applied to Model Geometry

To ensure the results collected from the simulation are correct the each of the different
mesh types available shall be applied to the model and in each case a mesh independence
study completed. In each mesh independence study the global mesh shall be defined as the
standard mesh of that type, the mesh refinements shall then be adjusted by reducing the
element size for each run of the simulation. The results of the mesh independence studies
shall be plotted as the total number of elements against the results gained from each of the
meshes; the most stable, reliable and accurate mesh from these studies shall be used for
the simulations where the results are recorded. Prior to running simulations the quality of
the mesh shall be assessed to ensure there are no areas where issue with the mesh may
generate spurious results based on the deformation of the mesh.

3.1.7.1 Convergence Study / Mesh Independence

To ensure the simulations are not influenced by the geometry of the mesh, a mesh
independence study was completed as detailed in this section. There are a humber of mesh
options available in Solidworks, Standard Mesh, Curvature-Based Mesh and a blended
Curvature-Based Mesh, in each case a convergence study was completed for the mesh
following the method outlined below.

The global mesh applied to the model was the Solidworks standard mesh element size. As
discussed in the previous section the Coarse mesh applied globally to the model, mesh
refinement applied to the contact width was slowly decreased in size over the course of a
number of simulations with the results recorded after each simulation was complete. After
running a standard analysis of the meshes through the reduction of the size of the elements
in the mesh refinement it through comparison of the results it was decided that the
Curvature-based mesh yielded the most consistent results across the largest span of results
and in the region where the mesh size matched the suggested element size from Figure 38.

To determine the level of accuracy needed for the simulations to provide reliable data the
curvature-based mesh was modified to reduce the element growth ratio from the standard
1.5 to 1.25, and then to 1.1. By reducing the element growth ratio of the size of the
elements there will be more elements of a smaller size around the contact area potentially
increasing the accuracy of the results of the simulations. It was found that the most
accurate results were achieved with a 1.1 element growth ratio as shown in convergence
study in Figure 40
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Average Stress against Total Elements for a Curvature-Based Mesh
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Figure 40 - Curvature-Based Mesh Convergence Study with Element Growth Ratio of 1.1

Figure 40 shows the reduction in size of the elements results, the figure shows a significant
increase in the number of elements over a few reductions in the element size. After 10
simulations and element size reductions the results enter a relatively stable region, however
the variation in results is only minimised over the last three simulations. The last three
simulations have element sizes that match those shown as the required element size in the
text of Figure 38, or are of a smaller size. The stability of the results gained over the final
three meshes of the convergence study show that the results have converged within a
suitable range to consider the results of the analysis to be independent of any effects
caused by the size of the elements of the mesh. To ensure the highest accuracy in the
contact region between the ball and seat components is achieved the smallest mesh
refinement size of the three results which demonstrated the independence from the mesh
shall be used for the analyses in this thesis.

3.1.8 Results Processing

The results expected from the analysis carried out by the simulation are to be stress and
deflection values for the ball and seat components. With the subject area of this thesis
being with regards to understanding the mechanics related to the seat the results of the
seat component are to be considered the results which will be of most interest. The results
of the simulation shall be plotted as an image. When evaluating the information obtained
from the simulations the data shall be taken over more than one node to ensure the data is
taken from nodes of more than a single element, the data collected from the nodes shall be
mean averaged to determine a value which can be compared to the theoretical results. By
averaging across a number of nodes in an area greater than a single element’s size any
distortion to a single element or node will not affect the data collected. All the results
collected shall be plotted on graphs to determine trends shown in the results; by plotting
the results in a graphical form it will also allow the results to be graphically interrogated to
determine whether any results are inconsistent or whether any set of results is inconsistent
with the overall trends. The data obtained from sampling across nodes in the areas of
interest shall be evaluated to determine numerical values for the key outputs of the
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theoretical models. The determination of the key variables based on the computational
model allows for the comparison of the realistic data from the analyses to the theoretical
values of the same output.

3.1.9 Instrumental Uncertainties

Across the final three iterations of the convergence study there can be seen that there is a
0.86% and a 0.79% change in the values recorded from the simulations. The minimal
variation between the final three values in the convergence study clearly shows a
convergence on a mesh which will provide reliable and accurate results from the analyses
performed.

While there are minimal uncertainties in this method, the main factor creating uncertainty
would be the discontinuities in the mesh however in creating a mesh as detailed previously
in this section the discontinuities in the mesh will be located away from the areas of interest
on the computational models analysed.

3.1.10 Instrumental Developments

The use of finite element analysis for assessing stress and deflection in this paper does not
include any developments to the processing of the model or the code used to solve the
problem being analysed.
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Chapter 4 - Theoretical Mechanistic Model
Development

In this chapter a series of theoretical models are developed through the application of the
existing theories to the geometry of the floating ball valve. The theories that are developed
are able to describe the mechanics of the seat component. The mechanics of the floating
ball valve where theoretical models are developed are the response of the seat to loads
being applied in respect to the contact stresses developed in the seat and the deflection of
the seat component. Also, the bending stresses in the seat are described and related to the
load applied to the seat component. By developing these theoretical mechanistic models it
will allow the function of the seat component to be described numerically in terms of the
load applied.
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4.1 Pressure-load theoretical mechanistic model development

This section develops a theoretical model for the condition where the pressure is acting over
the area bound by the contact between the ball and seat components. By the application of
modelling, numerical methods and established theories the model developed links the
pressure applied to the valve to the contact pressure developed in the seat by contact with
the ball components. In developing this theoretical model, it is assumed that there are no
system losses, therefore where a load is applied to a body it is assumed that the entire load
is transmitted to the body in contact with the loaded body.

The ball and seat geometry produces a diameter where the ball and seat components are in
contact, should this be a contact band rather than a point contact the mean diameter is
taken rather than the diameter of the point of contact. An illustration of the contact

diameter is shown in Figure 41.

[5]0i%E]

Figure 41 - Mean Seat Contact Diameter

It is assumed that the pressure acts across the mean seat contact diameter, denoted as
Dwms. The effect of the pressure acting over the mean seat contact diameter is the generation
of a pressure differential across the area bound by the diameter. With a pressure differential
across the circular area a load is generated equal to the product of the pressure and the
area. The pressure load is assumed to act entirely in the direction of the seat bore.

While the pressure load is assumed to act entirely in the axial direction of the seat bore, the
face of the seat is set at an angle to this load. The axial load will not be acting on the seat
face as the seat face is at an angle to the direction that the pressure load is acting. To
determine the proportion of the pressure load which is acting directly on the seat face the
axial load is be broken down into the component acting directly on the seat and as a load
acting in shear across the seat face. The components of the axial load are shown in Figure

42.
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Figure 42 - Pressure Load Componentszt

Figure 42 shows the splitting of the single pressure-based load into two components based
on the angle, a. The magnitude of the load components is defined by the angle, a. Based on
this, the sealing load, Fss, can be defined as shown in Equation 24.

FSS = FPL *Cosa

Equation 24 - Sealing Force Component Calculation

As Fss acts perpendicular to the seat face which in turn runs at a tangent to the surface of
the ball. It would be reasonable to define the angle in terms of the seat face angle; this
angle is defined as B in Figure 43.

N

Figure 43 - Seat Angle
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Based on the sealing load acting perpendicularly to the seat face it is possible to use
complimentary angle geometric relationship within a triangle to relate the sealing load
angle, a, to the seat angle, B as shown below.

Equation 25 - Relationship between Alpha and Beta

The seat sealing load, Fss, is required to be translated into a load per unit length to enable it
to be applied to the contact mechanics equations shown in Table 2.

The length of the contact in an axis-symmetric case can be based on the equivalence
between the O-ring and the line contact cases, as shown on page 49. To make this
numerical model applicable to the ball and seat geometry parallels are found between this
geometry and the previous application of the numerical models. The diameter at which the
ball and seat make contact is equivalent to the mean diameter of the O-ring, therefore, the
length of contact is determined as the contact diameter between the ball and seat multiplied
by pi. Using this definition of the contact length it is possible to describe the load per unit
length as shown in Equation 26.

Equation 26 - Load per unit length calculation

From line contact equations of Table 2 and Equation 14 from the O-ring numerical method,
we find that there are two half-contact width equations from different sources, substituting
the pressure load into these equations gives the following two equations.

_ |4-P-R
a= - E*
and

b_34-Re-F
T |m-L-E*

Both of these equations for the half-contact width were evaluated for the pressure loads
applied to the model and compared to the results, as shown in Appendix 1, the outcome of
this is that Equation 28 produced the half-contact width that is the closest match to the
results from the numerical model of the actual geometry, therefore subsequently in this
thesis the half-contact width, ‘a’, shall refer to Equation 28.

Equation 27 - Pressure load contact half-width (Hertz)

Equation 28 - Pressure load contact half-width (O-Ring)
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When the pressure load is then applied to the maximum contact pressure equation it gives
the following.

_Z'Pl_ Pl'E*
po_n-a_ m-R

In these equations the following definitions apply.

Equation 29 - Pressure load, max. contact pressure

R - ball radius (mm)

E* - Equivalent seat material modulus (N.mm™=)

1—-v

t
*
I

Equation 30 - Single material reduced modulus

To compare the theoretical values to the results that are to be gained from the
computational models the contact-pressure across the contact width will have to be
reported as the mean contact pressure, this can be achieved by re-arranging Equation 12 to
be in terms of the mean contact pressure rather than the maximum contact pressure; re-
arranging Equation 12 gives Equation 31.

2'7T'P1
Pm =

4:m-a
Equation 31 -Mean stress equation
This simplifies to:
Py
2+a

Pm =

Equation 32 - Simplified mean stress equation

From the range of pressures applied to the valve, as shown on page 84, and the geometry
of the valve components, as defined in Figure 31 and Figure 32. The pressure loads applied
to the valve can be determined by applying these values to Equation 23. When applying
these loads and geometries to the theoretical model established on page 93 to page 96 of
this section a numerical value for the mean contact pressure is found for each of the load
cases. The numerical evaluation of each load case by the theoretical model of this section is
shown in Appendix 4. Table 7, shows a summary of the results of these calculations.
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Pressure Load
(Ib-f [N])

Mean Contact Pressure

(psi [N.mm™2])

400 [1779.3]

544.69 [3.76]

600 [2668.9]

714.03 [4.92]

800 [3558.6]

865.15 [5.96]

1000 [4448.2]

1004.11 [6.92]

1200 [5337.9]

1133.44 [7.81]

1400 [6227.5]

1256.03 [8.66]

1600 [7117.2]

1373.33 [9.47]

Table 7 - Theoretical contact pressures from the applied pressure load

The results shown in Table 7 show for each increase in load the mean contact pressure
increases as well. For every percentage increase in the load applied there is an average
increase of 93% in the mean contact pressure. The numerical values determined and
presented in Table 7 will allow for the theoretical model from which these values were
calculated to be validated. In validating the theoretical model the assumptions which were
applied to the existing theories to make them applicable to the floating ball valve seat
geometry can be evaluated.

This section developed a mechanistic theoretical model which links loads applied to the
floating ball valve from pressure to the contact pressure developed in the seat component.
The applied theoretical model was developed through the application of basic modelling
techniques to break down the axial load into the component acting on the seat face in
sealing. Following the derivation of the load acting on the seat in sealing the application of
contact mechanics allow for the contact pressure in the seat component to be determined.
By creating the theoretical model previously detailed there is a method which describes the
mechanics through which an applied pressure creates a contact pressure in the seat face
contacting the ball. The theoretical model links the pressure applied to the valve (input) to
the mean contact pressure in the seat component (output). The establishment of this
relationship is a key step in achieving an understanding the mechanics of the floating ball
valve seat components.

4.2 Seat deflection theoretical mechanistic model development

This section contains the establishment of a theoretical model which defines the mechanics
of the floating ball valve seat. The theoretical model relates the load applied to the seat
component to the deflection of the seat component.

The load applied to the seat component is assumed to be acting in the axial direction of the
seat component, therefore the method of breaking the load into sealing stress and shear
stress components shall be applied to this model in accordance with the method from the
previous section. In developing the theoretical model, it is assumed that all of the load
applied to the ball is transmitted to the seat component. Initially the load is applied to the
ball in the same manner as with the contact pressure model, therefore, the same model for
the application of the load to the seat shall be used to determine the load acting on the seat
component and causing it to deflect.
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From looking at the geometry of the seat component being used in this thesis, as shown in
3.1.3, the seat can be described as an annular ring, set at an angle perpendicular to the
load applied to it, creating the conical geometry shown. From defining the seat as an
annular ring, the support of the internal and external edges of the ring will need to be
considered so that a suitable theoretical model can be selected.

There are a number of variations on the theoretical model of an annular ring with both the
internal and external edges supported. The variations of the theoretical model are typically
in respect to the type of support the edges are provided with, whether the edge is fixed,
simply supported or guided. Each of the edge conditions constrain the edge of the annular
ring in a different way, these constraints effect the response of the ring to the load applied
to it in different ways. The most appropriate theoretical models are discussed in the next
part of this section, each of these models are taken from Roark’s Formulas for Stress and
Strain, the theories taken from this literature source have been long established an known
for producing theoretically sound results when applied to the situation in the correct
manner.

The first theoretical model applied is taken from table 11.2, case 1c, in this model the outer
and inner diameter of the disc being assessed are considered to be simply supported, the
simply supported constraint applied to the edges allows rotation from the point of support
but does not allow any translation of the disc at the point of the support.

Figure 44 - Roark's theory of stress and strain, Table 11.2, Case 1c diagram

Figure 44 shows the location of the load applied is defined in the radial direction as variable,
ro. The load applied to the annular ring is defined as ‘w’, this is in the units of the load per
unit length. Not shown in Figure 44 is the dimensions of the annular ring, the internal radius
is defined as ‘b’ with the external radius defined as ‘b’ in these calculations.

By applying the table 11.2, case 1c model to the geometry of the floating ball valve seat it
assumes that the internal and external diameters of the seat components are the locations
where the seat pivots and the onset of bending in the seat component is located. Depending
on the diameters of the seat component which are used to describe it this may be a valid
model to use; should the locations at which the seat is supported but also pivots be chosen
it is expected that the use of this model would accurately reflect the behaviour of the seat
with regards to its deflection when a known load is applied to it. The point at which the seat
pivots would be that where the seat is supported on one side of the chosen diameter and
unsupported on the other side.

The second theoretical model applied is Table 11.2, case 1d. The model from Table 11.2,
case 1d is formed from a combination of a simply support outer diameter with a fixed inner
diameter; the inner diameter being fixed does not allow any rotation of the disc at the inner
edge. Due to the change of the internal diameter of the annular ring from a simply
supported edge to a fixed edge, the reaction of the disc to the load is shown in Figure 45.
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Figure 45 - Roark's theory of stress and strain, Table 11.2, Case 1d, diagram

The definitions of the variables shown and related to the annular ring theoretical model
shown in Figure 45 are the same as those which describe Figure 44. With the internal
diameter being fixed the internal diameter of the seat component does not pivot; the
internal diameter is fixed and deflects by the ring bending at a location outside the inside
diameter. In applying this model to the geometry of the floating ball valve seat there is a
measure of uncertainty in the application of the fixed constraint to the internal diameter and
the specific diameter of the geometry that this model describes accurately.

The final case the seat was evaluated using is case 1h, in this case both the inner and outer
edges of the disc were constrained by fixed constraints. As can be seen from the below
figure this removes completely the bending moments from both edges of the annual ring.

Figure 46 - Roark's theory of stress and strain, Table 11.2, Case 1h diagram

The variables shown in Figure 46 are defined in the same manner as those in Figure 44.
With both the internal and external edges of the annular ring being fixed neither of the
edges defined in this model have the ability to pivot and therefore allow the ring to rotate at
its edges. As with the fixed edge in the previous model it is difficult to place the location of
these edges with respect to the dimensions of the model of the seat component.

Of the three theoretical models presented on page 98 and page99 of this section the
theoretical model which will be most applicable to apply to the seat geometry shown in
Figure 31 is that of table 11.2, case 1c. The ability to identify the point at which the seat will
pivot will allow for the matching of the theoretical model to the dimensions of the seat
component to be completed successfully. The deflection of the seat component and bending
shown by the table 11.2, case 1c model match that which is expected to occur with the seat
at the pivot point of the annular ring of the seat component.

With the theoretical model identified the dimensions of the floating ball valve seat need to
be determined in a manner which enables them to satisfy the conditions that are part of the
table 11.2, case 1c model. The dimensions of the seat that will be considered for the
theoretical deflection calculation shall have the dimensions defined in accordance with the
following definitions.
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a - outer radius

b - inner radius

These definitions are only applicable to the use of ‘a’ and ‘b’ in the equations for Roarks
theories of stress and strain. ‘a’ and ‘b’ are defined based on the distance from the contact
point Dwms of the seat to the extremities of the flexible area of the seat as shown in Figure
47. This is due to the load being considered as acting perpendicular to the seat surface
where it contacts the ball.

,QQ

Dwms

Figure 47 - Radial Seat Distance Definitions

Figure 47 shows the radial distances, ‘ra" and ‘rv’, as being defined as the mean material
condition, the lines inside the lines dimensioned represent the minimum material condition
whereas the lines outside represent the maximum material condition, all these conditions
shall be determined and evaluated. The method of determining the magnitude of ‘a’ and ‘b’
is shown in the following equations.

Dums
a= T + ry
Equation 33 - Outer seat radius
Dums
b=—-r
> b

Equation 34 - Inner seat radius

In addition to this the radius at which the load is applied at is given by:

Dus
ro = 2

Equation 35 - Seat load radial location
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Based of measurements from the seat and ball components assembled as shown in Figure
32 and Figure 47 the dimensions for ‘ra" and ‘rv’ in the various conditions are shown in the
following table, Table 8.

Outer Radial length,

\ I

Inner Radial Length,

\ 4

Seat Load Radius

Material Condition Fa Mo *ro’
(mm) (mm) (mm)
Maximum 5.48 5.53 -
Minimum 3.41 4.59 -
Average 4.45 5.06
Actual - - 32.23

Table 8 - Theoretical seat material radial lengths

Applying these values to Equation 33 and Equation 34 gives following dimensions which

have been be evaluated to describe the possible applicable theoretical material conditions
for the seat component. The dimensions for the inner and outer radii of the annular ring are

shown in Table 9.

Outer Radius, ‘a’ Inner Radius, ‘b’
Material Condition
(mm) (mm)
Maximum 37.71 27.64
Minimum 35.64 26.7
Average 36.68 27.17

Table 9 - Theoretical radial seat dimensions

Based on the definitions applicable to the edge conditions in the theoretical model, and
when reviewing the location of the material conditions shown in Figure 47 the minimum
material condition is seen to be most appropriate material condition to use in the evaluation
of the seat. The minimum material condition locates the edge of the material at the
locations where the material outside the radial dimension is fully supported and the material
within the radial dimension is completely unsupported. The support applied to the seat
component in these locations identify these points as the pivot points of the seat when it is

subject to bending.
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Min. Material
Pressure Load Condition
(Ib-f [N]) Deflection
(in [mm])
400 [1779.3] 0.004 [0.10]
600 [2668.9] 0.007 [0.18]
800 [3558.6] 0.009 [0.23]
1000 [4448.2] 0.011 [0.28]
1200 [5337.9] 0.013 [0.33]
1400 [6227.5] 0.015[0.38]
1600 [7117.2] 0.017 [0.43]

The results of evaluating the annular ring in accordance with table 11.2, case 1c under the
stated loads for the applicable material condition is shown in the Table 10.

Table 10 - Roark's theory of stress and strain Table 11.2, Case 1c, deflection results

In Table 10 the results of evaluating the deflection of the seat component for each of the
loads applied are shown. The results show that where the load applied increases the
deflection of the seat component also increases. When the results are analysed it is found
that for every percentage increase in load applied the deflection increases on average by
the same percentage increase.

The section has developed a theoretical model that links the applied load (input) to the
deflection of the seat itself (output). The applied theoretical models have been assessed
with regards to their applicability to the geometry of the floating ball valve seat. The
dimensions of the seat component have been evaluated to ensure the dimensions used in
the theoretical model satisfy the requirements of the theoretical model as well as the
expected mechanics of the components. As with the previous section the applied load has
been broken down the axial load into components. The load component acting perpendicular
to the seat face has been used as the load which is bending the annular ring defined by the
seat. The theoretical model developed has been evaluated using the input of the loads as
defined to be applied to the computational model to create outputs which are deflections of
the seat component. The theoretical model defined in this section adequately describes the
mechanics of the seat with regards to its deflection when a load is applied to it. By
evaluating the deflection of the seat numerically it makes it possible to validate the
theoretical model with either computational models or physical testing.
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4.3 Bending stress theoretical mechanistic model development

This section contains the establishment of an applied theoretical model which relates the
load applied to seat component to the bending stresses these loads generate in the seat
component. The theoretical model will be established through the application of established
theoretical models to the geometry of the floating ball valve.

In establishing the applied model, it is assumed that the full load acting on the ball is
transferred to the seat. The load acting on the seat to bend it is a component of the total
load acting on the ball which is perpendicular to the seat-face. As with the previous section,
where the component of the total load was applied to the seat to determine the magnitude
of the bending the same load is used to determine the bending stress within the seat itself.

The deflection of the seat has been determined by an adaption of Roark’s theory of stress
and strain, table 11.2, case 1c at the minimum material condition. The bending stress is
related to the bending of the component, the greater the bending of the annular ring the
greater the bending stresses in the annular ring will be. As the same conditions are present
in the annular ring when determining the bending as are present when determining the
bending stress it is a logical extension to use the bending stress model from Roarks theories
of stress and strain, table 11.2, case 1c to evaluate the bending stress present in the seat
component.

The following section contains the results of a set of theoretical calculations which are
appropriate to determining the bending stress within the seat component. By applying the
stress calculation from Roark’s theory of stress and strain, table 11.2, case 1c the tangential
and radial stresses shown in the following table are obtained.

Pressure Load
(Ib-f [N])

Radial Stress, Sr
(psi [N.mm=])

Tangential Stress, St
(psi [N.mm™2])

400 [1779.3]

545.94 [3.76]

260.82 [1.80]

600 [2668.9]

818.43 [5.64]

390.99 [2.70]

800 [3558.6]

1091.89 [7.53]

521.63 [3.60]

1000 [4448.2]

1364.37 [9.41]

651.81 [4.49]

1200 [5337.9]

1637.83 [11.29]

782.45 [5.39]

1400 [6227.5]

1910.32 [13.17]

912.63 [6.29]

1600 [7117.2]

2182.80 [15.05]

1042.80 [7.19]

Table 11 - Radial and tangential stresses from Table11.2, Case 1c

The tangential and radial stresses are principal stresses and as such these stresses cannot
be used on the own as individually they do not provide a full picture of the stresses within
the seat component. The two principal stresses determined from the application of Roarks
theories of stress and strain, table 11.2, case 1c theoretical model to the floating ball valve
seat will need to be combined into an equivalent or von mises stress. The two principal
stresses are combined into an equivalent stress by the use of Equation 36.
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Equation 36 - Equivalent Stress Calculation

The use of the Equivalent or Von Mises Stress allows for both of the principal stresses to be
combined into a single equivalent stress that represents the total stresses the component is
subject to. When applying Equation 36 to the principal stresses shown in Table 11 the
results shown in Table 12 are found.

Pressure Load Von Mises Stress, Sv
(Ib-f [N]) (psi [N.mm™])
400 [1779.3] 472.95 [3.26]
600 [2668.9] 709.02 [4.89]
800 [3558.6] 945.92 [6.52]
1000 [4448.2] 1181.97 [8.15]
1200 [5337.9] 1418.87 [9.78]
1400 [6227.5] 1654.93 [11.41]
1600 [7117.2] 1890.99 [13.04]

Table 12 - Von Mises Bending Stress

As expected, and in-line with the deflections of the seat the Von Mises Stress increases
where the magnitude of the applied load increases. The results show that the percentage
increases in load are reflected in the percentage increases on Von Mises Stresses, again this
matches the trends identified with the deflection of the seat being analysed.

This section has applied a theoretical model to the geometry being assessed to determine
the bending stress within the seat component. The applied theoretical model is the
corresponding model for bending stress to that used in the previous section for deflection.
The constraints applied to the model reflect the limits of the seat where the pivot points of
the seat component will be located; the edge conditions of the theoretical model used are
representative of the pivot points of an annular ring. Again, the same application of
geometric rules to the axial load applied to the ball to break the total load down into the
component acting on the seat to cause the bending stresses. The theoretical model
developed uses the input of the loads which shall be applied to the computational model and
generates outputs of bending stresses of the seat component.

4.4 Conclusions

The aim of this chapter was to develop a set of theoretical models which describe the
mechanics of the floating ball valve seat. The mechanics of the floating ball valve seat that
required understanding as identified as the relationship between the contact pressure
between the ball and seat and the pressure-based load applied to the valve, the mechanics
describing the deflection of the seat component based on the load applied to it and the
bending stresses generated in the seat by a load applied to it. Each of these mechanistic
models have been described in a numerical manner by the application of theoretical models
to the geometry of the ball and seat components.

The model established linking the pressure-load applied to the valve to the contact pressure
between the ball and seat has a humber of assumptions in it. The initial assumption made is
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the basic use of humerical methods to derive the pressure-load, this is described as the
area bound by the mean contact diameter multiplied by the pressure in the valve. The
pressure-load assumes there are no pressure losses in compressing the seat and there is no
pressure on the other side of the seat. The assumptions made in defining the pressure-load
are considered to be of sound theoretical value. The pressure load was assumed to be
acting down the axial direction of the valve, this assumption was made as pressure acts
perpendicular to the surface it is acting on, in theory the area bound is perpendicular to the
direction at which the pressure is acting. The direction the pressure-load is acting in is
based on fundamental mechanics and is also considered as a safe assumption to make. The
reduction in the axial load to the load acting perpendicular to the load acting on the seat
face is an assumption based on the function of the load when acting at different orientations
to the seat-face of the seat component, this assumption is considered theoretically sound
however it may be an area of weakness and may need exploring when validating the
theory. The application of the cylindrical-to-flat plane contact mechanics is based on the
similar sources in the literature review; the seats are described as having an axisymmetric
stress profile, therefore by un-revolving the floating ball valve geometry about the seat
axis, the geometry becomes equivalent to that of the cylinder-to-flat plane geometry
therefore making the contact model applicable to this application. The adaption and
application of the contact mechanics may be an area of issue as there is limited information
on the application of this theory to an axisymmetric problem. In addition to the limitations
of information available the adaption of an axisymmetric problem to a non-axisymmetric
model may have not considered the effects of the axisymmetric model which are not
present in the cylinder-to-flat plane model. In applying the Hertz contact model to the
interaction between the ball and seat components the effects of friction on the solution have
not been considered. The Hertz contact theories consider both bodies to be smooth and
frictionless, while this is an omission from the model there is prior work which justifies the
use of this theory in describing the contact between two similar bodies in contact. This
model achieves the objective of describing the contact pressure in the seat component in
terms of the load applied, however the areas where assumptions have been made that are
not proven to be justified by prior work, these assumptions will require validating for this
model to be acceptable and used to numerically describe this relationship.

The aim of the second section was to create a theoretical model which describes the
deflection of the seat component in terms of the load applied to it. In establishing this
theoretical model, a selection of established numerical models have been assessed against
the geometry of the seat component being evaluated. The evaluation of the applicable
models and seat component material conditions used is considered to be appropriate to the
application of describing the seat component accurately. By evaluating the theoretical
models and the applicability of the theoretical models to describing the bending of the seat
component it is possible to use a number of the elements from the work completed in the
previous section to establish a theoretical model which relates the load applied to the
deflection of the seat component.

The aim of the final section was to define the theoretical model which relates the load
applied to the seat component to the bending stresses in the seat component. To establish
this theoretical model the equivalent model to that used to describe the deflection of the
seat was applied. In applying this model the same assumptions that are made in
determining the deflection of the seat are made in determining the related bending stresses.
While the application of the load to the seat is still in-line with the method used in the first
section of this chapter and therefore subject to the assumptions made about that subject
area. The theoretical model describing the bending stress in the seat component has been
developed using a well established theoretical model and basic modelling techniques,
therefore it is considered that the results from this model will be sufficiently accurate to
describe the bending stresses within the seat component.
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While all of the theoretical models have been established using appropriate and applicable
assumptions to apply established theoretical models to the function floating ball valve seat
these assumptions are not proven in published works and will need to be validated. By
validating the theoretical models the assumptions made can be proven or where the results
differ the assumptions can be modified to make the theoretical models a more accurate
description of the mechanics of the floating ball valve seat.

This chapter achieves the aim of establishing mechanistic models for the contact pressure,
deflections of the seat component and bending stress within the seat component. Each
mechanistic model achieves the objective of relating the load applied to the relevant effect
on the seat. The models established in this chapter form the basis from which the
understanding of the effect of the load on these functions of the seat component can be
described numerically. Once the assumptions made in these models have been validated,
the theoretical models can be used to establish a complete theoretical model which
describes the floating ball valve seat.
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Chapter 5 - Validation of established theoretical
models through the use of finite element analysis

In this chapter the theoretical models are validated though the application of finite element
analysis to the floating ball valve mechanics defined in the previous chapter. By applying
finite element analysis to the mechanics defining the components it is possible to evaluate
the assumptions made in establishing the theoretical models and therefore the theoretical
models defining the mechanics of the floating ball valve seat.

Through comparing the finite element analyses to the theoretical models of the mechanics
the differences in the numerical outputs can be quantified, based on the differences
between the models it is possible to refine the theoretical models where applicable. By
modifying the theoretical models describing the mechanics of the floating ball valve seat it
enables the validated model to accurately describe the mechanics.

From having a set of numerical equations which accurately describe the mechanics of the
floating ball valve seat it will be possible to develop these into s design methodology.
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5.1 Finite element analysis

In this section the application of finite element analysis to the mechanics of the previous
section describing the pressure-load, deflection and bending stresses of the seat
component. Through the application of finite element analysis to the behaviour of the
floating ball valve seat component it is possible to develop a deeper understanding of the
mechanics that are defining this part. By developing a deeper understanding of the
governing mechanics in these three areas it shall be possible to either validate or refine the
theoretical models describing the mechanics established in the previous chapter.

5.1.1 Pressure-load

This section looks at the mechanics of the seat with the ball subject to the pressure load on
its own. This load is defined on page 84 of section 3.1.5 as the load acting on the seat due
to the action of the pressure over the area bound by the contact between the ball and the
seat; these loads are representative of the range of loads that a manufactured seat may be
subject to for factory acceptance testing and in actual service. The outcome of this section
is the validation of a mechanistic model that relates the pressure load to the contact
pressure developed in the seat component.

5.1.1.1 Analysis Steps

The analysis of this component is conducted in accordance with the method shown in Figure
29. In this analysis the full range of pressure loads shall be applied to the ball, these
pressure loads are turned into a load acting on the ball which is applied to the
representative ball component in the computational model. The results gained from the
analysis of the computational model will be the results of the contact pressure developed in
the seat at the point of contact with the ball, in the analysis setup the contact pressure is
reported as the Von Mises Stress in Solidworks Simulation. Solidworks Simulation reports
the contact stress as a Von Mises Stress along the edge in contact with the corresponding
body, therefore to investigate the contact pressure the Von Mises stress on the area in
contact needs to be evaluated, these stresses will not produce a visible contour therefore
sampling and plotting of the values will be required to demonstrate the exact values of the
contact pressure.

5.1.1.2 Results

The results of the finite element analysis of the pressure-load acting on the seat component
are taken from the von mises stress plots of the results, shown over the following pages.

108



von Mises (psi) von Mises (psi]

1.480e+003 1.480e+003

1.356e+003 1.356e+003

- 1.233e+003 ~ 1.233e+003

- 1.110e+003 - 1.110e+003

- 9.869e+002 - 9869e+002

. 5.637e+002 . 8.637e+002

H 7.405e+002

_ 6.173e+002

7.405e+002
. 6.173e+002
. 4.940e+002 ~ 4.940e+002
- 3.708e+002

2.476e+002
1.244e+002
1.219e+000

. 3.708e+002

2.476e+002
1.244e+002
1.219e+000

Figure 48 - A plot of the von mises stress from FEA when a 400lb-f (1779.3N) load is applied to the model

Figure 48 shows the stress plot with a 400 Ib-f (1779.3N) load applied to the model. The stress field presented by the analysis is of a non-
uniform nature. The stress at the point of contact is measured to be 215.10psi (1.48N.mm™2), the application of Hertz contact mechanics
predicts this to be the greatest stress value. The maximum stress value, excluding anomalous readings, is measures as 257.50psi
(1.78N.mm2), this value is measured in the node next to the point of contact between the two bodies at a distance of 0.0008in (0.02mm)
from the point of contact. At a distance of 0.02in (0.51mm) from the point of contact the stress value measured in the seat component is
232.10psi (1.60N.mm"2), this value is not what is predicted by the application of Hertz contact theory. The 232.10psi (1.60N.mm"2) reading
amounts to an 8% increase on the stress at the contact point and a 90% reduction from the maximum stress value. The stress profile
developed in the in the ball component it matches the profile predicted by Hertz contact mechanics and shown in Figure 24. There appears
to be a similar pressure profile in the seat as shown in the ball but of a much smaller magnitude. The presence of bending stresses within
the seat component appears to be the greater magnitude stress and are therefore distorting the stress profile in the seat component.
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Figure 49 - A plot of the von mises stress from FEA when a 600Ib-f (2668.9N) load is applied to the model
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Figure 49 shows the stress plot when a load of 600lb-f (2668.9N) is applied to the model. In applying a 600lb-f (2668.9N) load, the load
applied to the components has increased by 50%. The stress at the point of contact between the ball and seat is measured as 343.60psi
(2.37N.mm2), this is an increase of 60% when compared to the 215.10psi (1.48N.mm™=2) reading and 33% when compared to the 232.10psi
(1.60N.mm2) reading taken from the previous analysis. The increase in the stress value at this point is not equal to the increase in load as

the half-contact width will also increase with the load applied increasing the area across which the load is applied. At a distance of 0.02in
(0.51mm) from the point of contact the stress value is found to be 298.32psi (2.06N.mm™2), this is a 29% increase on the value at the same
position in the previous analysis. The increase in the stress at this location correlates with the 33% increase in stress at the point of contact.
The stress measured at 0.02in (0.51mm) from the point of contact shows an 87% reduction in stress from the 343.60psi (2.37N.mm™2)
measured at the point of contact, this compares with a 90% reduction of the corresponding values in the previous analysis, the reduction in
stresses when measured from the same points on the stress plots identify a common stress profile along the edge in contact with the ball.
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Figure 50 - A plot of the von mises stress from FEA when a 800Ib-f (3558.6N) load is applied to the model

Figure 50 shows the stress plot when the load applied to the model is increased further to 800Ib-f (3558.6N). The applied load of 800 Ib-f
(3558.6N) is an increase of 33% on the previously applied 600 Ib-f (2668.9N). The stress at the point of contact is measured as being
445.30psi (3.07N.mm2) this is a 30% increase on the stress at point of contact in the previous analysis. The stress at a distance of 0.02in
(0.51mm) from the point of contact is measured as 389.77psi (2.69N.mm=2), this is an increase in the stress found at the same point in the
previous analysis be by 31%. The increase in the stress at the set distance from the point of contact increases by approximately the same
amount as the stress at the point of contact, this demonstrates the relationship across the stress profile is proportional to the applied load.
The stress at 0.02in (0.51mm) from the point of contact was found to be 88% of the stress measured at the point of contact. When the
relationship between the stress at the distance of 0.02in (0.51mm) from the point of contact and at the point of contact is compared to the
same relationship from the previous analysis the percentage was approximately the same, (90% in the previous analysis), this demonstrates
the stress profile along the edge in contact is common between the two stress plots.
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Figure 51 - A plot of the von mises stress from FEA when a load of 1000Ilb-f (4448.2N) is applied to the model
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Figure 51 shows the stress plot when the load of 1000 Ib-f (4448.2N) is applied to the model. The application of 1000 Ib-f (4448.2N) is an
increase in applied load of 25% on the previous analysis. With the increased load applied the stress at the point of contact is found to be
558.40psi (3.85N.mm"2). The stress at the point of contact is a 25% increase on the stress at the point of contact when the 800 Ib-f
(3558.6N) load is applied. The increase in the stress being proportional in this stress plot and the previous one show the increase in load
resulting in an increase in the half-contact width by the increased load results in the load being spread over a larger area reducing the
increase in stress to a proportional figure. At the distance of 0.02in (0.51mm) from the point of contact the stress is found to be 543.97psi

(3.75N.mm"2), this is an increase of 40% on the stress in the same location from the previous analysis. The stress of 543.97psi

(3.75N.mm2) is also determined as 97% of the stress at the point of contact. These results are of the same order of magnitude as the trend
seen previously however the values determined by the stress at this location do not hold true to these trends. An assessment of the entire

stress profile with this load applied shall be undertaken to determine whether this result is a slightly spurious result or whether the trends

identified do not hold true at this applied load.

112



Figure 52 - A plot of the von mises stress from FEA when a load of 1200Ilb-f (5337.9N) is applied to the model
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Figure 53 shows the stress plot obtained from the finite element analysis when the load applied was increased to 1200 Ib-f (5337.9N). The

load of 1200 Ib-f (5337.9N) is and increase of 20% on the load applied in the previous analysis. The stress at the point of contact was found
to be 660.20psi (4.55N.mm2) with the 1200 Ib-f (537.9N) load applied. The stress at the point of contact increased by 18% compared to
that of the previous analysis, this is keeping with the established trend that the stress at this location and the increase in load increase at
approximately the same rate due to the load determining the contact area as well as the stress. The stress along the contact surface 0.02in
(0.51mm) from the point of contact was found to be 516.81psi (3.56N.mm2), this stress is 85% of the stress at the point of contact. The
relationship between the stress at 0.02in (0.51mm) and that of the stress at the point of contact is approximately the same as all the
previous analyses with the exception of the 1000Ib-f (4448.2N) analysis. As the previous analysis at the location of 0.02in (0.51mm) from
the point of contact has been shown not to fit the trend it was not appropriate to determine the percentage change between these two

analyses in this location.
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Figure 53 - A plot of the von mises stress from FEA when a load of 1400Ilb-f (6227.5N) is applied to the model

Figure 53 shows the stress plot when the load applied to the model is increased to 1400 Ib-f (6227.5N). The increase in load from the
previous analysis is 17% with the load increasing from 1200 Ib-f (5337.9N) to 1400 Ib-f (6227.6N). The stress at the point of contact was
found to be 732.2psi (5.05N.mm™=2), this is an 11% increase on the same stress from the previous analysis. The stress in the node next to
the point of contact, 0.0008in (0.02mm) from the point of contact was found to be 764.30psi (5.27N.mm~2), this would be equivalent to an
increase of 16% when compared to the stress at the point of contact from the previous analysis. These changes in the stress at this region
of the stress plot show the trend of the stress increasing approximately in proportion to the increase in applied load holds true with this load
applied to the model. When looking at the stress found 0.02in (0.51mm) from the point of contact it is found to have a value of 651.87psi
(4.49N.mm"2). the load at the distance of 0.02in (0.51mm) from the point of contact has a value equal to 78% of the stress at the point of
contact, this value shows that the general profile of the stress contour along the edge is approximately the same as seen in the previous
stress plots. When compared to the previous analysis the stress at this location increases by 26%, this is not in-line with the general trend
that all the stresses increase at the same rate and may suggest either there are variations in the values from comparing the values of two
nodes and the possible errors from that method or that this trend does not apply to this area of the stress plots.
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Figure 54 - A plot of the von mises stress from FEA when a load of 1600lb-f (7117.2N) is applied to the model

Figure 54 shows the stress plot obtained from finite element analysis where a load of 1600 Ib-f (7117.2N) is applied to the model. The
increase in load is found to be an increase of 14% on the load from the previous analysis. The stress at the point of contact was found to be
820.70psi (5.66N.mm™2), this is an increase of 12% on the stress at the contact point of the previous stress plot. The increase in stress is
again approximately equal to the increase in load applied to the model. The effect increasing the load has on both contact half-width as well
as being a component which is divided by the area defined by the contact half-width sees the load increase and stress increase
approximately equal in magnitude. The stress at the point 0.02in (0.51mm) from the contact point was measured as 724.40psi
(4.99N.mm"2), this was found to be equal to 88% of the stress at the contact point. The stress at the location 0.02 (0.51mm) was once
again less that that at the point of contact showing a similar stress profile to the previous analyses. The increase in stress at this location
compared to the previous analysis is 11% this is approximately equal to the increase in load between this analysis and the previous analysis.
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The plots shown in Figure 48 through Figure 54 identify a number of trends supported by
the mechanics of the previous chapter. It was identified that the stress found at the point of
contact increases by approximately the same amount as the increase in load applied to the
model. The equal increase in load and stress is considered to be due to the loads function in
determining the contact half-width. As the load increases so too does the contact half-width,
when the load is distributed over the area bound by the contact half-width the proportional
increase between the two parts of the equation become equal to the magnitude of the
increase of the load. The comparison of the stresses at a set distance from the point of
contact initially appeared to find a trend with this value being approximately 90% of that at
the point of contact. Through the increasing number of plots examined the initial trend did
not match the data measured off the stress plots. The analysis between the two points in
the stress plot are comparing the values at two nodes to each other, there is the possibility
that one or more of the nodal value compared could be subject to errors or be increased or
decreased in value by effects which aren’t apparent at this point in the analysis of the
results presented from the computational models.

The numerical results from the finite element analysis have been taken by sampling the
result at the nodes of the split face representing the half-contact width of the contact and
taking the average value of these results; the mean average is used to minimise the effect
of any spurious results at a specific node. Where values are present that do not fit the trend
they shall have a minimal effect on the value of the average stress determined from the
stress profile data taken from the stress plots as the number of data point taken from stress
plot is sufficiently high. The accuracy of the results is vastly improved by sampling across
the nodes included in the entire contact half-width as the number of nodes is greater
therefore a few spurious results will have little impact on the overall results gained from the
analysis. When determined numerically, the mean average stresses are shown in Table 13
against the pressure load applied.

Pressure Load Average Contact Pressure
(Ib-f [N]) (psi [N.mm™2])

400 [1779.3] 384.6 [2.65]

600 [2668.9] 326.2 [2.25]

800 [3558.6] 417.6 [2.88]

1000 [4448.2] 517.3 [3.57]

1200 [5337.9] 602.0 [4.15]

1400 [6227.9] 685.7 [4.73]

1600 [7117.2] 748.8 [5.16]

Table 13 - Average contact pressure from stress profile from FEA results (pressure load)

The results presented in Table 13 shows the numerical data extracted from the finite
element analyses. This data clearly shows an issue with the data collected when the 400 Ib-f
(1779.3N) load is applied to the model when compared to the rest of the data extracted. It
would be expected that the average contact pressure increases with the increasing load
applied. This trend of the stress increasing in line with the load increase was shown in the
stress plots, so it is expected that this trend will show itself in this set of data also. Table 14
looks to quantify the change in the variables reported to determine if any of the other data
sets show significant variance.
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Pressure Load % Increase in Average Contact % Change in
Pressure Load Pressure Average Contact
(Ib-f [ND) (psi [N.mm-2]) Pressure

400 [1779.3] - 384.6 [2.65] -

600 [2668.9] 150 326.2 [2.25] -85

800 [3558.6] 133 417.6 [2.88] 128

1000 [4448.2] 125 517.3 [3.57] 124

1200 [5337.9] 120 602.0 [4.15] 116

1400 [6227.9] 117 685.7 [4.73] 114

1600 [7117.2] 114 748.8 [5.16] 109

Table 14 - Percentage change in average contact stress from the stress profile of the FEA results

The analysis presented in Table 14 shows the percentage change in the average contact
pressure (recorded as Von Mises Stress in FEA),against the increase in the load applied to
the model. With the exception of the 400lb-f (1779.3N) results, the remaining results show
a trend of increasing loads and increasing contact pressures. The percentage increase in
load is shown as being approximately equal to the percentage increase in the average
contact pressure. The percentage increase of the increase in load and average contact
pressure decreases in the data shown as the load applied to the model increases and the
relevant step increase in load becomes a smaller percentage increase. As the effect of the
proportion increase in load shows a reducing percentage change in the load applied and the
average contact pressure measured the following table, Table 15, shows the percentage
change in average contact pressure per percentage change in applied load. The results
shown in the table have removed the effects of the magnitude of the load and the average
contact pressure from the values presented.
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% Chanae in % Change in
Pressure Load % Increase in ° 9 Average Contact
Average Contact o
(Ib-f [N]) Pressure Load Pressure per %
Pressure .
Change in Load
400 [1779.3] - - -
600 [2668.9] 150 -85 -57
800 [3558.6] 133 128 96
1000 [4448.2] 125 124 99
1200 [5337.9] 120 116 97
1400 [6227.5] 117 114 97
1600 [7117.2] 114 109 96

Table 15 - Percentage change in average contact pressure per percentage change in load from stress
profile FEA results

From Table 15 the exception to the general trend is the change between the 400lb-f
(1779.3N) load and the 600Ib-f (2668.9N) load, as the change between the 600Ib-f
(2668.9N) and 800Ib-f (3558.6N) load is in accordance with the general trend it points to
the average contact pressure for the 4001lb-f (1779.3N) load being inconsistent with the
remaining values. The identification of the results from the 400Ib-f (1779.3N) load being
applied being inconsistent with the other results shows this is an area which needs further
investigation. From the results with a load of 600Ib-f (2668.9N) to 1600Ib-f (7117.2N)
applied the results show that the percentage increase in load is matched by approximately
the same increase in average contact pressure. Based on the assumption that Hertz contact
mechanics is the applicable mechanism through which the mechanics of the contact are
described, the determination of the contact area is determined by the application of the load
and component geometries to an equation to determine the contact half-width. To
determine the average contact pressure the load applied is the numerator while the contact
half-width is a part of the denominator. The evaluation of these variables is in such a way
where there proportional increase can be achieved in a consistent manner. This effect of
proportional increase is realistic when the mechanism of the contact are considered, with a
greater load acting on the ball component the force applied will create a greater contact
area, through the flattening of the two surfaces in contact.

To gain further insights into the exact stress profile along the edge of the seat component in
contact with the ball the data extracted from the stress plots are shown in the following
figures.
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Von Mises Stress against Distance in Half-Contact Width from Point of Contact
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Figure 55 - Contact Pressure against Location of Stress in Half-Contact

Figure 55 shows the plot of the contact pressure (von mises stress) against the distance from the central point of contact, as expected the
greater the load acting on the seat the greater the magnitude of the contact pressure is that is created in the seat component. The left hand
side of the graph holds a slightly higher stress than the right, this is to be expected as this side represents the internal portion of the seat
which will be subject to slightly more load than the external portion of the seat due to the conical nature of the seat profile. It is clear that
the 400Ib-f (1779.3N) plot has some significant stress discontinuities in it as the profile of the contact pressure plot is not in line with the
others in two locations.
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Magnitude of contact pressure against loation in contact half-width
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Figure 56 - A plot of the magnitude of contact pressure against location in contact half-width

Figure 56 shows the results recorded for each node as a proportion of the contract pressure at the point of contact against the location of the
node as a distance from the point of contact. The ideal outcome of this figure would have been all the plots falling within a small margin from
each other; this is the case for all the plots except for the 4001lb-f (1779.3N) plot. The similarities in the majority of the plots shows a
consistent response of the model to the loadings that were applied this therefore demonstrates that only the 400 Ib-f (1779.3N) is influenced
by any spurious results. Looking at the 400Ib-f (1779.3N) plot in against the other data clearly shows two distinct regions where the results
do not fit the trends established by the loadings that are being applied. The loads determined in the previous method section shows the
minimum load to be applied to the ball is 440.14 Ib-f (1957.8N) therefore the 400 Ib-f (1779.3N) simulation shall be re-run at 440 Ib-f
(1957.2N) to establish whether the results at this load are not influenced by spurious values at the nodes shown.
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Magnitude of contact pressure against location in contact half-width
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Figure 57 - A plot of the magnitude of contact pressure against location in contact half-width, including 440ilb-f (1957.2N) data

Figure 57 shows the plot of the magnitude of the contact pressure against the location in the contact half-width as shown in Figure 56 with
the addition of the results from the additional 440lb-f (1957.2N) load included. The two regions identified in Figure 56 where the 400lb-f
(1779.3N) plot does not match the trend shown by the other plot are reduced in the 4401lb-f (1957.2N) load plot, however, this plot still does
not match the trends shown by the plots with greater loads applied. Due to the differences in the stress plots presented, in the preceding
figures and the variation shown in the average stresses calculated it is considered that the mechanics governing the response of the seat at
these loads may be different from those at the higher loads. This thesis shall only consider the data that follows the identified trend, further
work is recommended to determine the exact mechanics through which the loads identified affect the response in the seat component.
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Magnitude of contact pressure against location in contact half-width
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Figure 58 - A plot of the magnitude of contact pressure against location in contact half-width determined from the FEA stress profile

The plot shown in Figure 58 shows the magnitude of the contact pressure against the location of that magnitude in the contact half-width for
the loads 600Ib-f (2668.9N) through to 1600lb-f (7117.2N). These non-dimensional plots show two locations where there are discontinuities
shown in the figure. The discontinuities in the plots are considered to be caused by shear stresses caused by the surface of the ball sliding
against the face of the floating ball valve seat. The profiles of the non-dimensional plots show a common trend among the loads assessed,
these common trends for the plots shown show that it shall be possible to describe the stress profile numerically by the derivation of a
numerical model from the stress profiles shown.
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Following the establishment that the applied loads of the magnitude of 600Ib-f (2668.9N)
through 1600Ib-f (7117.2N) give analytical results showing a stress profile of a common
trend it is possible to evaluate the numerical data these plots were created from to enable a
numerical analysis and comparison with the theoretical model to be made. To ensure the
results from the computational models are of the highest possible accuracy and reduce the
effect of outliers on the results compared to the theoretical model the mean average contact
pressure for the applicable loads shall be determined. The average contact pressures
determined from the stress profiles gained from the finite element analyses are presented in
Table 16, these results are presented for each of the loads considered.

Pressure Load Average Contact Pressure
(Ib-f [N]) (psi [N.mm™])

600 [2668.9] 326.2 [2.25]

800 [3558.6] 417.6 [2.88]

1000 [4448.2] 517.3 [3.57]

1200 [5337.9] 602.0 [4.15]

1400 [[6227.5] 685.7 [4.73]

1600 [7117.2] 748.8 [5.16]

Table 16 - Table of average contact pressures determined from contact stress profile FEA results

The data presented in Table 16 shows the average contact pressures for each of the loads
applied to the model. While these results show that the average contact pressure increases
when the load applied to the model increases there is no way of determining whether this
increase follows a trend as shown previous in the plots and to what degree these values
follow this trend. By determining the percentage change in applied load and average contact
pressure it will be possible to determine the magnitude of these changes between the
applied loads, the results of this analysis is shown in Table 17.

Pressure Load % Increase in Average Contact % Change in
Pressure Average Contact
(Ib-f [N]) Pressure Load ) S Pressure
(psi [N.mm™]) ressur

600 [2668.9] - 326.2 [2.25] -

800 [3558.6] 133 417.6 [2.88] 128

1000 [4448.2] 125 517.3 [3.57] 124

1200 [5337.9] 120 602.0 [4.15] 116

1400 [6227.5] 117 685.7 [4.73] 114

1600 [7117.2] 114 748.8 [5.16] 109

Table 17 - Table of the percentage change in load an average contact pressure from FEA data

The results of the analyses to determine the percentage change of the loads and average
contact stresses are shown in Table 17. The percentage changes in the loads and contact
pressures decrease as the load applied increases, this is thought to be a function of the
magnitude of the increase and the magnitude of the load applied. As discussed in the
analysis of the stress profile plots the change in average contact pressure is shown to be
approximately equal to the change in applied load. To evaluate the change in average
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contact pressure in a non-dimensional manner it is possible to numerically determine the
percentage change in the average contact pressure per percentage change in the applied
load. By completing this analysis, it shall be possible to determine the variance in the
changes of load and therefore average contact pressure. Through completing this analysis,
it will be possible to determine whether the general trend identified previously is applicable
to all of the loads considered. Table 18 shows the result of completing this analysis on the

data from Table 17.

% Chanae in % Change in
Pressure Load % Increase in ° 9 Average Contact
Average Contact o
(Ib-f [N]) Pressure Load Pressure per %
Pressure .
Change in Load
600 [2668.9] - - -
800 [3558.6] 133 128 96
1000 [4448.2] 125 124 99
1200 [5337.9] 120 144 97
1400 [6227.5] 117 114 97
1600 [7117.2] 114 109 96

Table 18 - Percentage change in contact pressure per percentage change in applied pressure load

By removing the effect of the magnitude of the applied loads it is possible to determine a
directly comparable change in percentage of contact pressure per percentage change in load
as shown in Table 18. From the results presented it is possible to see that the percentage
increase in average contact pressure per percentage increase for the applied loads
considered fall within a 3% range. Considering the effect of outliers on the averaging of the
stress profiles these results suggest a common numerical equation would be applicable to
describing the results of these applied loads. As there was limited available literature on the
application of contact mechanics to the description of a sealing interface these results
cannot be compared to a literature source to determine whether this outcome is in line with
previously published work.

From the results shown in Figure 58 the following equation has been determined which
allows for the determination of the stress at any point within the contact half-width.

y = —0.2149x% — 0.1639x + 1.0119

Equation 37 - Stress magnitude determination within contact stress profile

To apply this equation, it is necessary to determine the stress at the point of contact and
multiply this by the outcome of Equation 37. Through the analysis of the stress profile data
from the finite element analyses it was found that there involvement of a significant number
of contact mechanics equations prevented an equation being formed which links the applied
load to the stress at the contact point and therefore the stress at a given point within the
stress profile.
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This section has presented a series of analyses which have been completed through the
application of finite element analyses to the geometry and with the applied loads
determined in the previous chapter. Through the evaluation and analysis of the results from
the finite element analyses it was identified that a general trend was being presented by the
results, this general trend was identified to be the proportional increase in the contact
stresses reported with respect to the applied load. The 400lb-f (1779.3N) applied load was
seen not to follow the same trends as the loads of higher magnitudes. To determine
whether the applied load was being influenced by a high humber of outlying results in the
data for that specific applied load the load was increased to 440Ib-f (1957.2N), this was
identified as the minimum load a floating ball valve seat should be subject to therefore it
would be appropriate to use the data from this analysis in place of the 400lb-f (1779.3N)
data if the results matched the general trends. When the plot of the stress profile for the
440Ib-f (1957.2N) load was compared to the general trends established by the loads of
higher magnitudes it was found that a closer match was presented however significant
differences were still present. Based on the differences between the 400lb-f (1779.3N),
440Ilb-f (1957.2N) applied loads and those of higher magnitudes it is considered that the
mechanics which govern the mechanics at these loads may be different from those
governing the higher magnitude loads. This thesis considers the stress profiles where there
is an established trend, it is recommended that further work is undertaken to develop an
understanding of the mechanics that govern the response of the seat to these lower
magnitude applied loads.

The applied loads, 600Ib-f (2668.9N) through 1600Ib-f(7117.2N), have been assessed to
determine the level of the applicability of the general trends to each of these applied loads.
Through the assessment of the plotted stress profiles it is found that the general trends of
proportionality hold true within an acceptable tolerance. While there are a few outliers in
each of the stress profile plots these are considered to be generated by shear stresses
which are a reality of the application of the profile of the ball to the angled seat face but
which are not considered in the ideal model of Hertz contact mechanics. The general profile
of the stress plots are demonstrated to hold true with the exception of the one load where
an outlying result is present at the location used to compare the profiles, this identifies the
same form of mechanics is applicable to all of the results gained with the varying loads
applied.

By taking the sets of data presented in the stress profile plot and determining the mean
average it allows the accuracy and reliability of the results of the analytical stress values are
increased due to the reduction in the effect of outliers on the stress values used. It was
possible through the assessment of the change in the values of loads applied and average
stresses measured to validate the relationship of proportionality between the applied load
and the average contact pressure. Though the validation of the relationship between the
applied load and the average contact pressure it is possible to derive and apply a general
equation which defines the magnitude of the stress value within the stress profile of the
contact half-width with respect to the stress value at the point of contact.

This section achieves the aim of demonstrating that a single form of mechanics is applicable
to the definition of the contact pressure through the derivation of a single numerical model
describing the stress profile measured from the computational model which represents the
realistic evaluation of the selected geometry and applied loads. By determining the average
contact pressures, it allows for the realistic computational model to be compared to the
ideal theoretical model derived in the previous chapter. The inputs to the computational
model are the same as the theoretical model with the outputs being in the same form also,
the outputs have been gained through the application of real-world dynamics to the selected
geometry.
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5.1.2 Seat deflection

This analysis looks at defining the initial deflection of the seat in terms of the load applied to
it in isolation from the pressure load; by isolating the initial deflection the effects this has on
the seating component can be understood without having to consider the relative effects of
other variables.

As seen in the literature review a pre-load is usually applied to the contact between the ball
and seat. As with other floating ball valves the pre-load of the seat is achieved by an initial
deflection of the seat component. In linking the seat deflection to the load applied it is
possible to link the initial seat deflection to an initial contact pressure (before pressure is
applied).

5.1.2.1 Analysis Steps

The analysis of the component in the computational model is conducted in accordance with
the method shown in Figure 29. The analysis is run using the loads derived from the
pressure acting over the ball being applied to the ball component. As this section is
investigating the deflection of the seat the output of the analysis is required to be the
resultant deflection of the components. From the load and the deflections, it shall be
possible to investigate the relationship between the applied load and the deflection of the
seat component.

5.1.2.2 Results

The 4001lb-f (1779.3N) and 4401Ib-f (1957.2N) applied loads are not being considered in this
thesis with respect to contact pressure this is due to the consideration that the results show
the mechanics that describe the response of the seat when these low magnitude loads are
applied may be different to those of the higher magnitude load. As the mechanics are
considered to be different these loads shall not be considered in this section when
evaluating the mechanics relating the deflection of the seat to the applied load.

The results from the finite element analysis of the load acting on the seat component are
taken from the resultant deflection plots of the results, shown in the following figures.

126



URES (in)
4.162¢-003

3.815e-003

. 3.469¢-003
- 3.122¢-003

. 2.7756-003

. 2.428¢-003
2.061e-003
n., 1.734e-003
_ 1.3876-003

- 1.041e-003

6.937e-004
3.469e-004
3.937e-032

Figure 59 - A plot of the seat deflection from FEA when a 600Ilb-f (2668.9N) load is applied

Figure 59 shows the deflection of the seat component when a load of 600 Ib-f (2668.9N) is applied to the model. The deflection of the seat is

constrained to the flexible section of the seat component with the greatest magnitude measured at the point of contact as being 0.0024in
(0.061mm). The deflection of the seat component is found to be 55% of the movement of the ball in the axial direction, the movement of
the ball was measured as 0.0042in (0.107mm). As discussed in the theoretical model when determining the components of the total loa

acting on the seat component the ball is subject to the total load whereas the seat is only subject to a component of this therefore the seat

deflection is proportional to the ball deflection by the amount of the total load acting on reach of the bodies. The average deflection in the

contact half-width was found to be 0.0023in (0.059mm).
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Figure 60 - A plot of the seat deflection from FEA when a 800Ib-f (3558.6N) load is applied

Figure 60 shows results from the finite element analysis when the applied load is increased from 600lb-f (2668.9N) to 800Ib-f (3558.6N), the
applied load is increased by 33% when compared to the previous analysis. The deflection of the seat at the point of contact was measured

as being 0.0031in (0.078mm), this is an increase of 29% when compared to the maximum deflection of the previous analysis. The

movement of the ball in the axial direction was measured as being 0.0053in (0.135mm), therefore the deflection of the seat is 58% of that

of the ball deflection. As the same geometry and proportion of load is maintained from the previous analysis the expectation that the
deflection of the seat is the same proportion of the deflection of the ball was expected and maintained in the results of this analysis. The

average deflection of the seat in the contact half-width is found to be 0.0029in (0.075mm), this is a 26% increase on the average deflection

of the 600Ib-f (2668.9N) analysis.
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Figure 61 - A plot of the seat deflection from FEA when a 1000lb-f (4448.2N) load is applied

The results of the analysis presented in Figure 61 shows the deflection of the seat component with a 1000Ib-f (4448.2N) load applied to it.
The application of a 1000Ib-f (4448.2N) load is a 25% increase in applied load from the load applied in the previous analysis. The maximum
deflection is fund at the point of contact between the ball and seat components here the deflection was measured as being 0.0037in
(0.094mm). the increase in maximum deflection on the previous analysis is 19%, this follows the general trend of both deflections increasing
by a value approximately equal to the increase in applied load. The movement of the ball in the axial direction was found to be 0.0064in
(0.163mm), the maximum deflection is 58% of the movement of the ball. The relationship between the ball movement and seat deflection is
maintained from the previous analysis showing a common trend developing based on the relative geometries of the components involved.
The average deflection of the seat component under 1000Ib-f (4448.2N) load is found to be 0.0035in (0.089mm).
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Figure 62 - A plot of the seat deflection from FEA when a 1200lb-f (5337.9N) load is applied

Figure 62 shows a plot of the deflection of the seat component when the applied load is 12001lb-f (5337.9N). The load of 1200Ib-f (5337.9N)
is a 20% increase on the load applied in the previous analysis. The maximum deflection of the seat is found at the point of contact where it
is measured as being 0.0042in (0.107mm). The maximum deflection has increased by 14% from the previous analysis following the general
trend that the where the applied load increases the deflection of the seat component increases too. The axial movement of the ball was
measured at 0.0073in (0.185mm).The maximum deflection is found to be 58% of the movement of the ball component once again
maintaining the relationship governed by the relative geometries of the components being analysed. The average deflection of the seat
component was found to be 0.0041in (0.104mm), the average deflection is a 17% increase on the same figure in the previous analysis.
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Figure 63 - A plot of the seat deflection from FEA when a 1400lb-f (6227.5N) load is applied

The deflection plot shown in Figure 63 shows the deflection of the seat component when a 14001b-f (6227.5N) load is applied to the seat
component, the applied load equates to a 17% increase on the load used in the previous analysis. The maximum seat deflection is found at
the point of contact between the ball and seat components, the value of this deflection is 0.0048in (0.122mm), when compared to the
deflection of the preceding analysis it is found to be a 14% increase. The percentage increase in applied load and maximum deflection are
found to increase by a similar factor. The movement of the ball component in the axial direction is found to be 0.0082in (0.208mm). The
maximum deflection is determined as being 59% of the movement of the ball component and therefore maintaining the relationship set by
the geometry of the ball and seat components supposed previously. The average deflection of the seat component in the contact half-width
is calculated from the data as being 0.0045in (0.114mm), this is a 10% increase on the average deflection of the previous analysis.
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Figure 64 - A plot of the seat deflection from FEA when a 1600lb-f (7117.2N) load is applied.

Figure 64 shows the deflection of the seat component when an increased load of 1600lb-f (7117.2N) is applied to the model, increasing the
load to 1600Ib-f (7117.2N) results in a 14% increase in the load applied to the model. As the applied load increases the maximum deflection
of the seat component increases to 0.0052in (0.132mm), this is an increase of 8% on the deflection measured in the previous analysis. The
movement of the ball in the axial direction is measured as 0.0090in (0.229mm), therefore the deflection of the seat is 58% of this deflection
maintaining the relationship between the deflection of the seat and the movement of the ball that has been seen throughout the evaluation
of the analyses completed, it is considered that this relationship is maintained due to the geometry of the valve components and
components of force acting on the relevant components. The average deflection of the seat in the contact half-width of the seat component
was determined at being 0.0050in (0.127mm), this is n 11% increase on the average deflection of the previous analysis.
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The following figures contain plots of the deflection profile of the seat component taken
from the edge of the analysis shown in the previous figures. By plotting the deflection
profile from the data taken from the analyses it is possible to see in more detail where the
trends which are currently considered to be present from the evaluation of the deflection
plots are consistent across the full range of data available. From the plots of the results
from the finite element analyses it is expected that a trend showing a greater deflection of
the seat where a larger load is applied shall be seen.
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Figure 65 — A graph showing the deflection results plotted against distance of the result from point of contact

Figure 65 shows the deflection of the seat as measured at each node at the distance that node is from the point of contact. Looking at the
trends presented in this plot the expected pattern is displayed as the load increases so too does the magnitudes of the deflection; while the
magnitude and width of the area subject to deflection increases the profile of the deflection does not change. As considered in the previous
section the greater the load applied to the model the greater the contact half-width becomes. The deflection profiles shown in the figure
show the proportionality of the deflection profile of the seat, as the load increases the magnitude of the maximum deflection increases as

does the rate at which the deflection decreases from the point of contact.
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Figure 66 — Graph showing a plot of deflection/max. deflection against distance from centre/contact half-width

Figure 66 shows the plot of deflection/maximum deflection against distance from centre/contact half-width, this plot is completely free from
the effects of the magnitude of the variables being assessed therefore allowing for a direct comparison between the data that has been
collected from the analyses. The general trend of the deflections shown are, the greater the load applied to the seat component the greater
the rate of change of the deflection within the contact half-width.
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Unlike with the contact pressure graphs the profiles of the deflections shown in Figure 65
and Figure 66 show well defined sets of data with minimal variances and no variances that
would result influence the outcome of averaging the results in a negative manner. The
corresponding theoretical model established in the previous chapter calculates the
maximum deflection of the seat therefore to achieve a comparable set of data it will
necessary to determine a reliable maximum deflection value from the analyses completed in
this section. The results for the maximum and average deflections are shown in the
following table, Table 19.

Pressure Load Average Deflection Maximum Deflection

(1b-f [N])

(in [mm])

(in [mm])

600 [2668.9]

0.0023 [0.058]

0.0024 [0.061]

800 [3558.6]

0.0030 [0.076]

0.0031 [0.079]

1000 [4448.2]

0.0035 [0.089]

0.0037 [0.094]

1200 [5337.9]

0.0041 [0.104]

0.0042 [0.107]

1400 [6227.5]

0.0045 [0.114]

0.0048 [0.122]

1600 [7117.2]

0.0050 [0.127]

0.0052 [0.132]

Table 19 - Finite Element Analysis Deflection Results

The results shown in Table 19, show a general correlation between the load applied to the
ball and the deflection recorded in the seat component. The general trend shows that when
the load increases so too does the deflection of the seat component, this trend is present in
both the average deflection and maximum deflection results. Considering the plot of the
data shown in Figure 65 shows there are no outliers which will affect the use of the
maximum deflection as well as the maximum deflection being located in a small band of
deflections around the point of contact of the same value justifies its use from the data
gained from the finite element analyses. The small differences between the average and
maximum deflections presented in Table 19 as well as the results with which these results
are being compared the theoretical maximum deflection results would make the use of the
maximum deflection the most appropriate values to use for further analysis. Taking the raw
data from Table 19 and evaluating it to determine the change in deflection an applied load
will allow for this data to be more objectively assessed.

Pressure Load Percentage Maximum Deflection Percentage Change
(Ib-f [N]) Change in Load (in [mm]) in Average Deflection

600 [2668.9] - 0.0024 [0.061] -

800 [3558.6] 133 0.0031 [0.079] 133

1000 [4448.2] 125 0.0037 [0.094] 116

1200 [5337.9] 120 0.0042 [0.107] 114

1400 [6227.5] 117 0.0048 [0.122] 114

1600 [7117.2] 114 0.0052 [0.132] 108

Table 20 - Percentage change in FEA deflection results
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The analysis shown in Table 20 shows the increase in load applied and the deflection
measured is roughly equivalent in each case analysed. The general trend is that the
percentage increase decreases as the loads applied get greater, this is considered to be due
to the increase being proportionally smaller amount of the load applied to the geometry. To
make direct comparisons of the analyses made in Table 20 the effects of the magnitude of
each of the loads shall be removed from the calculations, as shown in Table 21.

SrEEEE LR % Change in_Average % Change in Average
% Change in Load Deflection Deflection per %

(Ib-f [N]) Change in Load

600 [2668.9] - - -

800 [3558.6] 133 133 100

1000 [4448.2] 125 116 93

1200 [5337.9] 120 114 95

1400 [6227.5] 117 114 97

1600 [7117.2] 114 108 95

Table 21 - Percentage change in maximum deflection per percentage change in applied load

The results shown in Table 21 remove the magnitude of the load as a factor effecting the
result of the calculations allowing a direct comparison between the results. The outcome of
the calculations demonstrates that the deflections across the range of loads applied to the
analytical model are consistent within the variances expected from a finite element analysis
data set and therefore valid to be used as a basis from which to validate a theoretical model
against.

This section has conducted a series of finite element analyses of a model of the ball and
seat geometry which represent accurately the realistic interaction between the ball and seat
and the deflection of the seat which is created by the applied load. The data extracted from
the analyses undertaken show a consistent data series with limited outliers of any
significance identified. Through the assessment of the data it was found that the deflection
of the seat component is related proportionally to the load applied to the model. In
determining the data required to validate the theoretical model the assessment of the data
showed that the use of the maximum deflection value to the most appropriate data to use
due to the small range of values and high quality of the data available from the analysed.
Through the evaluation and validation of the data generated from the analyses the
proportionality of the application of the load and the maximum deflection was shown both
graphically and numerically.

This section achieves the aim of demonstrating that a single theory can be employed to
describe the deflection of the seat component with respect to the applied load, due to the
common deflection profiles and relationships established between applied load and seat
deflection. From the data provided from this section is shall be possible to validate the
theoretical model established in the previous chapter for the deflection of the seat by the
load applied to it.
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5.1.3 Bending Stress

Based on the research into contact mechanics it is clear that any contact between the ball
and seat will need to be assessed in accordance with Hertz contact mechanics where the
contact pressure (measured as the von mises stress) does not exceed the yield stress of the
component.

As mentioned on page 23, the design of seats shall be such that there shall be no
permanent gross deformation of the material therefore the yield stress shall not be
surpassed by the von mises stress in the component when under the maximum load applied
to the component. This section aims to take the same von mises stress plots and develop a
mechanistic model to determine the maximum stress being developed in the seats when the
maximum load is applied to it. By determining a theoretical model that allows for the
prediction of the maximum bending stress in the seat it is possible to ensure that the seat
doesn’t yield (deform) therefore ensuring that the mechanics determined in the previous
sections are still applicable.

5.1.3.1 Analysis Steps

The analysis of this component is conducted in accordance with the method shown in Figure
29. The analysis is run using the loads derived from the pressure acting over the ball being
applied to the ball component. As the section is investigating the bending stress in the seat
the output of the analysis is required to be the von mises stress in the seat component.
From the loads and bending stresses, it shall be possible to investigate the relationship
between the applied load and the bending stresses in the seat component.

As with the determination of the seat deflection the minimum load considered in this section
shall be 600Ib-f (2668.9N), this is due to the lack of continuity found in the results shown
on page 121 of section 5.1.1 at the lower magnitude loads which have led to these loads
being excluded from the scope of this thesis.

5.1.3.2 Results

The results of the finite element analysis of the pressure-load acting on the seat component
are taken from the von mises stress plots of the results, shown in the following figures. In
each of these figures the maximum stress in the seat component is expected to be at the
middle of the seat thickness, therefore a line has been drawn to show this location and the
stress plots probed where the contour shows the highest stress in this region.
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Figure 67 - A plot showing the probe of von mises stresses when a load of 600Ib-f (2668.9N) is applied

Figure 67 shows the probe of the stress plot gained when a load of 600Ib-f (2668.9N) is applied to the model. In this plot the contours
shown are highly non-uniform. The area probed shows the highest stress along the middle of the seat thickness, two of the stress values at
the probe locations fall within a close proximity of each other while the third is a lower value. When looking at the figure the lower stress
value point looks to be from an area next to lighter shaded contour. In this plot there is an increase in stress from the corner of the seat,
this is a stress raising effect which is caused by the concentration of stresses in this location as well as the application of a fixed constraint to
the model to create a model which is stable for the analyses to be completed. While this stress raiser and does not reflect the actual
condition of the component it does not appear to have a significant effect in influencing the values of stresses measured. The increase in
stress due to the contact mechanics in this plot are shown to be minimal with the stress contour being slightly darker than at the region
probed.

139



X Y. Z Llocation: |0,0.267,-1.4 in

9,946e+002 psi

/ Node: 1010
Node: 7857
s oK, Y, Z Location: |0,0.261,-1.3% in
X Y, Z Llocation: |0,0.256-1.39in &
Value: 9.930e+002 psi
Value: 9.755e+002 psi

won Mises (psi)
1.101e+003
I 1.010e+003
9.152e+002
. 8.266e+002
_ 7.350e+002
- 6435e+002
5.519e+002
4.603e+002
3.637e+002
- 2.771e+002
1.855e+002

9.395e+001

2.366e+000

Figure 68 — A plot showing the probe of von mises stresses when a load of 800Ilb-f (3558.6N) is applied

Figure 68 shows the probe of the stress plot gained when a load of 800Ib-f (3558.6N) is applied. The region in the centre of the seat
thickness where the highest stress in the component is has become more defined than in the previous figures. The stresses at two of the

points probed are close to each other in terms of value whereas the third point is of a lower value. The lower value of the point probed sits in
a lighter colour contour outside the darker contour of the highest stress on the central point of the seat’s thickness. The effect of the contact

mechanics on the seat stress is not visible in this plot as the colour of the plot towards the area where the contact mechanics are the

dominant effect shows no increased past the maximum stress caused from the seat bending. The stress plot towards the corner of the seat

shows an increase due to the stress raising effect of constraining this corner of the seat.
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Figure 69 - A plot showing the probe of von mises stresses when a load of 1000ilb-f (4448.2N) is applied
Figure 69 shows the probe of the stress plot gained when a load of 1000Ib-f (4448.2N) is applied. The stress plot has become much closer to

the typical plot that would be expected when a component is subject to bending with a high stress at the middle of the component’s

thickness and this stress decreasing away from this point. All three of the probe points are within a reasonable range, this correlates to the
all being located within the high stress area along the middle of the seats thickness. The effect of the contact of the ball on the seat shows

no impact on the stress in the seat due to bending as the stress contours in the plot show a reduction in the stress from the middle of the
seat towards the contact with the ball. The stress raising effect of the corner of the seat component is still present in this plot however its

effect is not influencing the results gained from the probes at the middle of the thickness of the seat.
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Figure 70 - A plot showing the probe of von mises stresses when a load of 1200lb-f (5337.9N) is applied

Figure 70 shows the probe of the stress plot gained when a load of 1200 Ib-f (5337.9N) is applied. The stress plot has once again developed
towards a standard contour which would be expected from a stress plot of an annular plate subject to bending. Two of the three probe points
are within a reasonable variance however the third probe point is a significantly lower value which is reflected by the colour of the contour
from which the point is measured. The two points showing agreeing values are located in the darker region of the plot with the third in a
light region where the stress result would be expected to be lower. As with the previous figure there is no influence on the bending stress of
the seat component by the contact mechanics governing the reaction of the seat to the ball. The stress raising effect of the corner of the
seat being fixed does not affect the outcome of the stress at the middle of the thickness of the seat component.
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Figure 71 - A plot showing the probe of von mises stresses when a load of 1400lb-f (6227.5N) is applied
Figure 71 shows the probe of the stress plot gained when a load of 1400 Ib-f (6227.5N) is applied. The stress plot shows the contours have

maintained the same shape as shown in the previous plot. All three of the points probed are within a few psi of each other showing a

consistently high stress at the centre of the thickness of the seat. The stress raising effect of the fixed corner of the seat is having less of an
effect on the overall stress plot than shown in previous plots although it does not have any effect on the stress at the mid-point of the seat
component. The effect of the contact stress on the bending stress in the seat component is negligible with the stress contour similar to that

of the regions with no stress raising effects present.
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Figure 72 - A plot showing the probe of von mises stresses when a load of 1600lb-f (7117.2N) is applied

Figure 72 shows the probe of the stress plot when a load of 1600 Ib-f (7117.2N) is applied. The stress plot contours are of the same shape

as shown in the previous figures. The three points probed in the stress plot are all within a couple psi of each other defining a high stress

region in the middle of the section of the seat component. The influence of the contact stress from the interaction between the ball and the
seat has no impact on the stress found in the centre of the seat component. The stress raising effect of the corner of the seat has increased

in its intensity but still does not have an effect on the outcome of the stress in the middle of the section of the seat component.
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The results at each of the points probed in the previous figures have been collated and are

shown in Table 22.

Pressure Load
(Ib-f [N])

Point 1 Stress

(psi [N.mm™—])

Point 2 Stress
(psi [N.mm™])

Point 3 Stress
(psi [N.mm™])

600 [2668.9] 757.7 [5.23] 754.9 [5.21] 747.6 [5.16]
800 [3558.6] 994.6 [6.86] 993.0 [6.85] 975.5 [6.73]
1000 [4448.2] 1239 [8.54] 1241 [8.56] 1229 [8.47]
1200 [5337.9] 1451 [10.00] 1432 [9.87] 1454 [10.03]

1400 [6227.5]

1652 [11.39]

1659 [11.44]

1655 [11.41]

1600 [7117.2]

1853 [12.78]

1864 [12.85]

1873 [12.91]

Table 22 - Tabulated stress values from probes of von mises stress plots at each load increment

In Figure 67 through Figure 72, where the stress values were shown being obtain by
probing the von mises stress plot, an assessment of the figures was made. As these stress
figures have been gained from probing the von mises stress plot of the middle of the seat
component each of the values are taken from the nearest node to the location selected.
Some of the nodes which were selected have values which are not in line with the greatest
magnitude of stress at that location and therefore need to be removed from the data to
avoid them influencing the average stress to be determined. The von mises stress data from
probing the stress plots of each of the applied loads with the spurious values removed is

shown in Table 23.

Pressure Load
(Ib-f [N])

Point 1 Stress
(psi [N.mm=])

Point 2 Stress
(psi [N.mm™2])

Point 3 Stress
(psi [N.mm~2])

600 [2668.9] 757.7 [5.23] 754.9 [5.21] -
800 [3558.6] 994.6 [6.86] 993.0 [6.85] -
1000 [4448.2] 1239 [8.54] 1241 [8.56] 1229 [8.47]

1200 [5337.9]

1451 [10.00]

1454 [10.03]

1400 [6227.5]

1652 [11.39]

1659 [11.44]

1655 [11.41]

1600 [7117.2]

1853 [12.78]

1864 [12.85]

1873 [12.91]

Table 23 - Filtered stress values from probes of von mises stress plots at each load increment

To get a single value for the bending stress the values shown in Table 23 shall be mean
averaged. By applying the mean average across this data it reduces the reliance on the data
gained from a single node therefore reducing the possibility that this data could be
influenced by effects localised around the specific nodal value used. The stresses have
therefore been mean averaged to determine an average bending stress as shown in Table

24.
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Pressure Load
(Ib-f [N])

Average Bending Stress
(psi [N.mm=])

600 [2668.9]

756.3 [5.22]

800 [3558.6]

993.8 [6.85]

1000 [4448.2]

1236.3 [8.52]

1200 [5337.9]

1452.5 [10.01]

1400 [6227.5]

1655.3 [11.41]

1600 [7117.2]

1863.3 [12.85]

Table 24 - Average bending stress values determined from the results of the probe data

The results presented in Table 24 show the general trend that an increasing load applied to
the component results in an increased bending stress within the seat component. While this
general trend is visibly consistent across the data presented in Table 24 there are no means
of quantifying it, therefore additional analysis must be carried out on the data to present it
in @ manner where it is possible to quantify the change in average bending stress. The
following table, Table 25 determines the change in load and average bending stress
between the loads assessed.

(Ib-f [N]) (psi [N.mm-2]) Stress
600 [2668.9] - 756.3 [5.22] -
800 [3558.6] 133 993.8 [6.85] 131
1000 [4448.2] 125 1236.3 [8.52] 124
1200 [5337.9] 120 1452.5 [10.01] 118
1400 [6227.5] 117 1655.3 [11.41] 114
1600 [7117.2] 114 1863.3 [12.85] 113

Table 25 - Percentage change in average bending stresses from probing von mises stress plots

From the results of the percentage changes determined in Table 25 it can be seen that the
changes in load and the respective change in average bending stress are roughly equal
throughout the loads which have been evaluated. While the trend is the larger the load
applied the smaller the percentage change of both load and average bending stress it is not
possible to make direct comparisons between various loads in the table. To make direct
comparisons the magnitude of the load which is creating the scaling effect will need to be
removed, in doing so the data shown in Table 26 is produced.
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5 .

Pressure Load Percentage Change Percentage Change Benﬁl)irsgasrégeeslsnper
(Ib-f [N]) in Load in Bending Stress % Change in Load

600 [2668.9] 150 145 -

800 [3558.6] 133 131 98

1000 [4448.2] 125 124 99

1200 [5337.9] 120 118 98

1400 [6227.5] 117 114 97

1600 [7117.2] 114 113 99

Table 26 - Percentage change in bending stress per percentage change in applied load

When looking at the results shown in Table 26 the outcome from evaluating the percentage
changes per percentage change in load the variance in the results is 2%. The small
magnitude of the variance in the result in outputs presented demonstrates a highly aligned
set of data across all the loads where this set of data can be used with confidence to derive
and validate a theoretical model to describe the mechanics of the bending stresses in the
seat component.

This section has presented a series of computational models in which the bending stresses
in the seat have been determined from the analysis completed for each of the loads applied.
The data from the analyses has been processed to remove spurious results which would
skew the results of that dataset. The datasets for each pressure load are averaged to enable
a single value to be the output from the analyses allowing a direct comparison to the results
of a theoretical model.

The bending stresses presented in this section have been determined from the analyses
completed, these results do not provide a description or a theoretical model which links the
applied load to the bending stresses within the seat component. The bending stresses were
not discussed beyond their effects in damaging the seat component should they pass the
yield strength, therefore the any theoretical model will have to derived by modelling the
computational model in a theoretical manner by applying relevant applicable models to
achieve a compliant solution that links the applied load to the deflection of the seat.
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5.2 Comparison of finite element analysis results to theoretical
results

This section compares the results gained from the finite element analyses to those obtained
through the numerical analysis of the theoretical model. Through the comparison of the sets
of results it shall be possible to validate the theoretical models against the results gained
form the computational models.

5.2.1 Pressure-load

This section compares the numerical outputs of the theoretical model describing the
mechanics relating the applied load to the contact pressure in the seat component to the
results from the computational model for the same condition.

Table 27 shows the average contact pressure results from both the theoretical model and
the computational model. The additional column shown in Table 27 is the factor of
difference between the two sets of results, this factor is determined by dividing the
theoretical result by the computational result; the ideal outcome, which shows the
agreement of both models is where the factor of difference is equal to one.

Pressure Load ComeutationaI Theoretical Result )
esults Factor of Difference
(Ib-f [N1) (psi [N.mm=2]) (psi [N.mm2])
600 [2668.9] 326.2 [2.25] 714.03 [4.92] 2.19
800 [3558.6] 417.6 [2.88] 865.15 [5.97] 2.07
1000 [4448.2] 517.3 [3.57] 1004.11 [6.92] 1.94
1200 [5337.9] 602.0 [4.15] 1144.44 [7.89] 1.90
1400 [6227.5] 685.7 [4.73] 1256.03 [8.66] 1.83
1600 [7117.2] 748.8 [5.16] 1373.33 [9.47] 1.83

Table 27 - Comparison of theoretical and computational average contact pressure by applied load

The average difference found between the theoretical and compuational results was found
to be 1.96. The factor of difference is greatest where the lowest load is applied to the
models. The factor of difference becomes a consistent factor of difference at the applied
loads of greater magnitudes, it is considered that the effects of the rounding of variables in
the theoretical model has a greater effect on the outcome of the calculations when the
values used in the calculations are of a smaller magnitude.

The factor of difference between the theoretical and computational models is such that
there will need to be a degree of modification made to the theoretical model through the
assessment of the assumptions made to ensure that the theoretical model produces valid
results when compared to the computational model.
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5.2.2 Seat Deflection

This section compares the numerical results gained from the theoretical and computational
models assessed in the previous section and chapter where these models have been applied
to the description of the deflection of the seat component with respect to the load applied to
the floating ball valve geometry.

The following table, Table 28, shows the deflection results from both the computational
model and theoretical calculation. The factor of difference in the table is determined by
dividing the theoretical result by the computational one. For the models to match each other
the factor of difference across the range of loads applied shall be equal to or approximately
equal to 1.00.

Pressure Load CnmEUE N Theoretical Result
Results Factor of Difference
(Ib-f [N1) (in [mm]) (in [mm])

600 [2668.9] 0.0024 [0.061] 0.0065 [0.17] 2.71
800 [3558.6] 0.0031 [0.079] 0.0088 [0.22] 2.84
1000 [4448.2] 0.0037 [0.094] 0.0110 [0.28] 2.97
1200 [5337.9] 0.0042 [0.107] 0.0130 [0.33] 3.10
1400 [6227.5] 0.0048 [0.122] 0.0150 [0.38] 3.13
1600 [7117.2] 0.0052 [0.132] 0.0170 [0.43] 3.27

Table 28 - Comparison of theoretical and computational maximum seat deflection by applied load

When looking at the factors of difference presented in Table 28 these increase in magnitude
as the applied load increases in magnitude. There is an average factor of difference of 3.00
between the theoretical results and the computational results with the theoretical results
being of a greater magnitude. The assumptions made to establish this model appear to have
overlooked a factor which is affecting the numerical evaluation of the theoretical model.

The magnitude of the factor of difference between the theoretical and computational models
is such that the assumptions made in establishing the theoretical model shall be evaluated
to determine where the factor of difference has come from and establish a modification to
the theoretical model to enable the values determined by it to match those of the
computational model.
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5.2.3 Bending Stress

This section compares the theoretical and computational results of the bending stresses.
Through the comparison of the numerical values it is possible to understand whether the
established theoretical model is appropriate in its current form to describe the realistic
mechanics shown by the computational model.

Pressure Load ComeutationaI Theoretical Results _
esults Factor of Difference
(Ib-f [N]) (psi [N.mm-2]) (psi [N.mm-=])
600 [2668.9] 756.3 [5.22] 709.02 [4.89] 0.94
800 [3558.6] 993.8 [6.85] 945.92 [6.85] 0.95
1000 [4448.2] 1236.3 [8.52] 1181.97 [8.15] 0.96
1200 [5337.9] 1452.5[10.01] 1418.87 [9.78] 0.98
1400 [6227.5] 1655.3 [11.41] 1654.93 [11.41] 1.00
1600 [7117.2] 1863.3 [12.85] 1890.99 [13.04] 1.01

Table 29 - Table showing the comparison of theoretical and computational bending stresses

When looking at the results compared in Table 29 a general trend can be seen where the
factor of difference approaches 1.00 as the load increases. It is considered that the increase
in the magnitude of the values used to determine the theoretical results at the higher loads
has had the effect of reducing the effect of errors in the rounding of values which will have
an effect on the theoretical value. The average factor of difference between the
computational and theoretical values is 0.97. Considering the error due to rounding which is
present in the theoretical results the correlation between the results of the computational
and theoretical models is of a sufficiently high degree to consider the models a match. An
area of concern is the lack or correlation in the deflection model in the previous section
considering the same established model has been applied to both the deflection and
bending stress variables.
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5.3 Modification of theoretical models

This section takes the results of the comparisons made in the previous section between the
theoretical data and the data from the computational models, where applicable it assesses
the assumptions made to establish the theoretical models. By evaluating and where
applicable modifying the assumptions in the theoretical models this facilitates the alignment
in results of the theoretical and computational models.

5.3.1 Pressure-load

When the results of the computational model are compared to those of the theoretical
model , it is found that the theoretical models results were on average approximately twice
those of the computational model.

When establishing the theoretical model, the total axial load, Fr,, was separated into
components acting on the seat in shear, Fr, and in a sealing action, Fss, as shown in Figure
73 below.

Y

Figure 73 - Review of the load components

This assumption is still considered valid, however the action of the load in the sealing action
is only considered to be acting on one side of the seat component. In reality the load Fss will
be acting over the same diametrically opposed areas at the same time, once the contact
areas have been established. The action of the load over both sides of the seat will still be
applicable even when the assembly is taken as a two-dimensional axisymmetric model.

To take into account the adjustment of the assumptions made in establishing the theoretical
model the equation, Equation 32, where the contact pressure is determined will need to be
modified. With the application of the modified assumption the equation to determine the
mean contact pressure is updated as shown in Equation 38.

P
pm_4_a

Equation 38 - Updated Mean Stress Equation
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When applying this updated assumption to the theoretical model previously used the
revised theoretical values are as shown in Table 30.

Pressure Load ComeutationaI Theoretical Results )
esults Factor of Difference
(Ib-f [N1) (psi [N.mm=2]) (psi [N.mm2])
600 [2668.9] 326.2 [2.25] 357.02 [2.46] 1.09
800 [3558.6] 417.6 [2.88] 432.58 [2.98] 1.04
1000 [4448.2] 517.3 [3.57] 502.06 [3.46] 0.97
1200 [5337.9] 602.0 [4.15] 572.22 [3.95] 0.95
1400 [6227.5] 685.7 [4.73] 628.02 [4.33] 0.92
1600 [7117.2] 748.8 [5.16] 686.67 [4.73] 0.92

Table 30 - Comparison of revised average computational contact pressures to analytical results by

applied load

The results shown in the table above show the updated theoretical model reflects the
computational model within to an acceptable level of accuracy. When the factors of
difference shown in Table 30 are averaged the mean factor of difference is found to be 1.01,
this much reduced factor of difference highlights the significant improvement in the
accuracy of the modified assumptions applied to the theoretical model.

Applying the factor based off the updated assumptions to the maximum contact pressure,
Equation 12, gives the following updated equation.

Py
Ta

Po =

Equation 39 - Update Max. Contact Pressure (Pressure Load)

Due to the sensitivity of the computational model to variations from node to node,
especially in the high stress areas, such as within the peak contact stress area probed
results which would be required to determine the peak contact pressure would be
unreliable. As the peak and mean stresses can be related to each other by a numerical
relationship, as shown in the literature review, it is reasonable to apply the factor that was
applied to the mean stress to the peak stress.

This section has taken the results of the comparison between the computational and
theoretical models and the results gained and assesses considers the assumptions
previously made which can be modified in order to address the differences identified
previously. Through assessing the assumptions made in determining the contact pressure it
was found that the sealing load is only considered to be acting over one face it is in contact
with. When reviewing the interaction it was determined that once the contact half-widths
have become established the load should be considered to be acting over both of these
areas equally, in applying this assumption to the theoretical model the area related to the
contact half-width was increased by a factor of two. In applying the factor of two to the
theoretical model the results fall within an acceptable variance from the results obtained
from the computational model.
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5.3.2 Seat deflection

This section analyses the differences identified between the results of the theoretical model
and finite element analyses. Through analysing the differences identified it is possible to
modify the assumptions made to enable the theoretical model to accurately reflect the
response of the seat as seen in the computational models.

The load applied to the seat component, acts over two surfaces at the same time however
this is not taken into account in the original theoretical model. The application of this
assumption to the theoretical model would be the first logical step to make in modifying the
assumptions made. As there is not contact area considered in the determination of the
deflection of the seat it would be appropriate to divide the applied load by two to replicate
this effect. In applying the reduction of the applied load by two the following results, as
shown in Table 31, are gained from the theoretical model.

Pressure Load ComeutationaI Theoretical Result )
esults Factor of Difference
(Ib-f [N]) i (in [mm])
600 [2668.9] 0.0024 [0.061] 0.0033 [0.083] 1.38
800 [3558.6] 0.0031 [0.079] 0.0044 [0.111] 1.42
1000 [4448.2] 0.0037 [0.094] 0.0055 [0.139] 1.49
1200 [5337.9] 0.0042 [0.107] 0.0065 [0.166] 1.55
1400 [6227.5] 0.0048 [0.122] 0.0076 [0.194] 1.58
1600 [7117.2] 0.0052 [0.132] 0.0087 [0.222] 1.67

Table 31 - Comparison of the amended theoretical deflections to the computational results by applied

load

The results shown in Table 31 do not show a significant improvement in the correlation
between the computational and the theoretical results, the average factor of difference is
found to be 1.52.

Considering the method of applying the load to the annular ring is not a point load as the
model uses but by a spherical face, it is thought that taking this factor into account may
more accurately reflect the realistic mechanics of the seat deflection. To take the spherical
load into account it is proposed that the applied load which is divided by the contact
diameter multiplied by pi to determine a load per unit length is further divided by pi making
the equation as shown in Equation 40.

Fgs
P = 2.D
s MS

Equation 40 - Revised load per unit length equation

Through the application of the revised load per unit length equation to the theoretical model
for the determination of the seat deflection the results shown in Table 32 are obtained.
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Pressure Load ComeutationaI Theoretical Result )
esults Factor of Difference
(Ib-f [N]) 7 FrmeD (in [mm])
600 [2668.9] 0.0024 [0.061] 0.0021 [0.053] 0.88
800 [3558.6] 0.0031 [0.079] 0.0028 [0.071] 0.90
1000 [4448.2] 0.0037 [0.094] 0.0035 [0.088] 0.95
1200 [5337.9] 0.0042 [0.107] 0.0042 [0.107] 1.00
1400 [6227.5] 0.0048 [0.122] 0.0049 [0.123] 1.02
1600 [7117.2] 0.0052 [0.132] 0.0055 [0.140] 1.06

Table 32 - Comparison of the revised theoretical deflections to the computational results by applied

load.

The average factor of difference between the results from the computational model and the
theoretical result is 0.97. Considering the finite element analysis model is a realistic model
and the effect of rounding errors on the magnitude of the values which are being
determined the modification of the applied load with respect to the deflection of the seat
component is appropriate in consideration of the geometry of the components involved.

This section has taken the results of the comparison between the theoretical and
computational models and considered the assumptions made previously to establish the
model in order to revise the assumptions to establish a revised theoretical model where the
result correlate to a higher degree. In applying the same assumption as on page 151 of
section 5.3.1 it was found the results did not correlate with the computational results, the
condition of the load acting over both the axisymmetric geometry is also already considered
in the established equations applied. In modifying the applied load the spherical nature of
the geometry which is applying the load is taken into account whereas the established
model considers the load applied at a point location. Through the application of the modified
applied load equation the correlation between the theoretical and computational results is
vastly improved. Considering the differences in the values between the theoretical and the
computational results as well as the magnitude of the figures involved the theoretical model
developed in this section adequately describes the mechanics of the seat deflection with
respect to the load applied to it.

This section takes the variations of the theoretical models developed in the previous section
and by comparing them to the computational model determines the best model to be used
to develop the theoretical model from. The theoretical model that best represents the
mechanics of the seat described by the computational model is compared to the results of
the computational model over the range of loads applied to it. The differences between the
computational and theoretical results have resulted in a semi-empirical factor being derived
to modify the theoretical equation to increase the accuracy of the theoretical models results
when compared to the results gained form the theoretical model.
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5.3.3 Bending Stress

The analysis of the difference between the computational and theoretical model for the
relationship between the bending stress and the applied load showed a good correlation
between both sets of data. As the correlation between the existing theoretical model and
the computational results was high it is not required to amend the theoretical model to
improve the description of the relationship between these variables.

5.4 Conclusions

This chapter takes the geometry of the floating ball valve seat and loadings applied to these
components and develops a computational model representing the realistic response of the
floating ball valve seat to validate the theoretical models describing the mechanics of the
seat component.

The finite element analysis model was assessed for the contact pressures created in the
seat component when a load is applied to it. Through applying the loads determined in the
previous chapter to the computational model it was possible to determine the stress profile
of the seat in contact with the ball. From establishing the stress profile in the contact half-
width it is possible to evaluate the numerical data and then plot this data gained from the
analytical model to determine whether any trends were shown. From the evaluation of the
data gained from the computational model it was found that the 400lb-f (1779.3N) load did
not fit the trends shown by the other applied loads. In an effort to establish the minimum
threshold to which the trend held with respect to the loads applicable to the seat component
the analysis was re-run at 440Ib-f (1957.2N). from the results of the 440lb-f (1779.3N) in
addition to the previous data the trends were identified as being different with the low
magnitude loads applied to the model. It was considered that there may be other theories
governing the mechanics at these low magnitude loads, therefore the loads below 600Ib-f
(2668.9N) are considered outside of the scope of this thesis and are recommended as a
topic of further work. From the remaining data it was possible to establish trends between
the applied loads and the contact pressures measured and from the data determine a set of
data against which it would be possible to assess the results of the theoretical model.
Following the contact pressure, the deflection and bending stresses were measured from the
finite element analyses and the results processed in the same manner, identifying trends
and determining data against which the theoretical models can be assessed.

With a set of realistic data available the numerical results from the theoretical model are
compared to the results from the computational model. Through comparing the results of
the theoretical model to the computational model it is possible to determine whether the
theoretical model accurately reflects the realistic mechanics of the floating ball valve seat
under the same applied loads. For the theoretical models describing the contact pressure
and deflection of the seat it was found that the numerical results did not match the
computational results and these were therefore not representative of the realistic mechanics
of the seat. Where the results differed, the differences were highlighted. In the case of the
bending stresses of the seat component the theoretical model matched the data obtained
from the computational model, from these results it was possible to say that the theoretical
model adequately described the realistic bending stresses found in the seat component.

From the differences in the contact pressure and deflection models it is possible to modify
the theoretical models describing these elements of the seat to more accurately reflect the
realistic data obtained from the computational model. In modifying the theoretical models
the assumptions made in applying the models to the geometry of the floating ball valve seat
and the assumptions made by the established models applied were both considered before
adjusting these assumptions to suit the computational results. Any changes in assumption
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were justified prior to making the change to the theoretical model. On making the
assumptions the theoretical models were re-calculated and the results compared against
those of the numerical model. With the numerical and theoretical models providing data
that matched within reasonable tolerances the theoretical models are considered validated
by the realistic data of the computational models.

In achieving the computational models and sets of data from them this chapter has
established the realistic response to the seat component in the level of detail required to
validate the theoretical models established in the previous chapter. When validating the
initial theoretical models, a number of assumptions in these models were found to be
results which were not in-line with those of the computational model. On reviewing the
assumptions made the theoretical models were re-evaluated and found to be valid against
the realistic data from the computational models. With validated theoretical models
describing the fundamental mechanics of the floating ball valve seat it shall be possible to
formulate equations from which a floating seat can be designed.
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Chapter 6 - Development of a Design Methodology

In this chapter the theoretical models which were modified and validated in the previous
chapter are developed from describing the mechanics of the floating ball valve seat to being
able to be used for the design of a floating ball valve seat. As identified in the literature
review a ball valve seat is typically designed based on a load generated by the pressure
acting inside the valve, and a pre-load of the seat component against the ball. Through the
theoretical equations describing the mechanics it shall be possible to establish the equations
through which the components are design and then to assemble these components into a
coherent design methodology. With a design methodology established it will be possible to
evaluate a case study to demonstrate the design methodology being applied to the design
of a floating ball valve seat.
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6.1 Proposal of design equations

This section makes use the theoretical models from the previous chapter which describe the
mechanics of the floating ball valve seat, these equations link the fundamental properties
which describe the key functions of the seat. The inputs and outputs of the theoretical
models may not be appropriate for the design of a seat, through developing these
theoretical models the inputs and outputs to these equations can be developed in a way
whereby it is possible to use the mechanics defined by the theoretical equations to design a

floating ball valve seat.

6.1.1 Pressure Load

In this section the theoretical model describing the mechanics are used to describe a set of
design equations through which it is possible to design the pressure-dependant part of the
seat component.

The action of the pressure on the ball and seat geometry is a key part of the design of the
floating ball valve seat design. The mean seat contact diameter of the seat as shown in
Figure 74 must be measured to determine the area over which the pressure in the valve

acts over.

DDns

Figure 74 - Design Pressure-Area Definition

The mean seat contact diameter is defined as the point of contact between the ball and the
seat. The mean seat contact diameter is taken as the diameter which defines the area over
which the pressure acts. To define the load that the pressure and the area bound by the
mean diameter creates Equation 41 shall be applied. Equation 41 combines the pressure in
the valve with the mean seat contact diameter, whereas in the previous chapters the
applied load applied to the valve seat was defined as a set of load this equation determines
the load which is applied by the pressure being considered.

"T'DMSZ)

Fp,=P- ( P
Equation 41 - Design Pressure Load
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With the loads generated by the pressure applied to the valve determined the relative
geometry of the ball and seat components acting in the axial direction of the valve. The load
generated by the pressure is acting in the direction of the bore of the seat (and valve), the
portion of this load which is acting on the seat face needs to be determined.

The factor which determines the portion of the axial load, FpL, which is acting on the seat
face in the action of creating a seal between the two components is determined by the
angle of the seat. The seat angle is defined as the angle between the two faces in contact
with the ball when a section through the seat is taken. The seat angle is measured as shown
in Figure 75.

Figure 75 - Seat Angle for Design Calculations

The angle used to determine the component of the axial load, FPL, which is acting
perpendicular to the seat face and therefore acting to create a sealing load is determined
from the seat angle, B, as measured in Figure 75. From the seat angle, B, the
complimentary angle will need to be defined, this angle is the angle shown in Figure 76.

Y

Figure 76 - Applied load components used for the determination of sealing mechanics
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The complimentary angle, a, shown in Figure 76 is determined through the application of
Equation 42. The complimentary angle is used to determine the proportions of the axial
load, Fp, which is acting on the seat in sealing, Fss, and in shear, Ft. The determination of
the complimentary angle is achieved through the evaluation of Equation 42.

Equation 42 - Design Complementary Angle

In the case of determining the sealing load applied to the seat the only component of the
axial load that needs evaluating is that of the sealing load, Fss. The determination of the
sealing load, Fss, is evaluated through the application of the complimentary angle and
trigonometry to the geometry of the valve as was previously shown in Figure 76. The
numerical evaluation of the sealing load is achieved through the application of Equation 43.

Fgs = Fpp, " cosa

Equation 43 - Design Sealing Load (Pressure Component)

With the sealing load, Fss, acting on the seat determined by the application of Equation 44
the load needs to be converted into a format which is able to be used for the evaluation of
the contact pressure, as achieved in the previous chapter. To convert the applied load into a
usable format from which the contact pressure can be determined the load needs to be
converted to a load per unit length. To convert the sealing load, Fss, to a load per unit
length it needs to be divided by the length over which the load is distributed. The diameter
which the load is in contact with is the mean seat contact diameter, Dwms, therefore the
reduction of the load to a load per unit length can be achieved through the division of the
load by the mean seat contact diameter multiplied by pi. The conversion of the sealing load
to a load per unit length is shown in Equation 44.

_ Fss
=
T['DMS

Equation 44 - Design Contact load per unit length (pressure)

Before processing the sealing load to determine the contact pressure in the seat by the
action of the sealing load per unit length acting on the seat the material properties of the
seat need to be considered. The material properties of the seat, particularly the material
modulus of elasticity must be considered, and the reduced material modulus found. From
the reduced material modulus the it is possible to apply contact mechanics equations. The
reduced modulus of the seat component material is determined in accordance with Equation
45.

Equation 45 - Reduced Material Modulus

With the determination of the reduced material modulus and the applied load in the form of
a load per unit length it is possible to apply the contact mechanics equation for determining
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the contact half-width. The contact half-width is determined in accordance with Equation 46,
this equation determines numerically the dimensions of the contact between the ball and
the seat components.

3|/4-R-P;
1= m-E*

With the evaluation of the contact half-width the dimensions of the contact between the ball
and seat components has been defined it is possible to determine the maximum contact
pressure. Through the review of the literature conducted earlier it was found that the
parameter defined in a contact that aims to achieve a seal which determines whether a seal
is achieved or not is the maximum contact pressure. To evaluate whether a seal has been
achieved through the application of the pressure to the valve the maximum contact
pressure needs to be valuated, this can be achieved through the application of Equation 47.

Equation 46 - Half-contact width (Pressure Load)

Equation 47 - Design max. contact pressure

From the maximum contact stress determined it is possible to evaluated the whether a seal
has been achieved or not, this is done through comparing the maximum contact pressure
calculated to the maximum contact pressure required to achieve a seal. To determine the
maximum contact pressure the media being sealed needs to be considered. When sealing a
liquid the following relationship is applied to determine the maximum contact pressure
required. Based on the sealing models from the literature review sealing gas and liquid will
require the application of different theoretical models to determine the minimum contact
pressure required to achieve a seal between the ball and seat. The sealing model to seal a
gas is shown by Equation 48.

6.8—-27-b

18-07b 9
Equation 48 - Sealing contact pressure in terms of seal contact width (Bozhko, Kalabekov, Vinogradov,
& Denisov, 1992)

0.12+0.4'b

q=

The required sealing stress to seal the against a gas is determined based on the contact
width, 'b’, and the pressure of the gas, ‘Pg’ as shown in Equation 48. The width of the
contact will therefore need to be based on the half-contact width ‘a’” with a multiple of two
applied to increase it to the full width of the contact, making this substitution gives Equation
49 to be used to determine the required contact pressure to seal against a gas.

_68-54-a
" 18—-14-a 9

0.12+0.8-a

q

Equation 49 - Sealing contact pressure based on half-contact width
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The pressure of the gas being sealed shall be the same as the pressure acting over the area
bound by the contact between the ball and seat components as it serves both purposes of
energising the ball and being the medium that is required to be sealed against.

As discussed on page 53 in the literature review the requirement to seal a liquid is
considered much simpler than that for a gas whereby the sealing stress is simply required
to be at least greater than that of the medium being sealed. With legacy valve designs it is
generally considered that a factor should be added to this figure to give a safety margin,
typically this factor is 50%, considering the more accurate nature of this approach in
determining whether a seal is formed or not this factor shall be reduced. To ensure the
valve does achieve a seal a safety factor of 5% shall be added to the sealing stress in this
instance. This safety factor ensures that the contact pressure determined by the design
method is greater than the pressure to be sealed while taking into account the variances
which could affect the outcome of this result. To ensure there are no manufacturing
tolerances which effect the ability of the valve to affect a seal between the ball and the seat
the analysis shall be completed with the worst case dimensions used, this would typically be
the ball at minimum limit, the seat at minimum thickness limit and the retaining parts, i.e.
body and adaptor at maximum limits where they retain the seats. At these material
conditions the interference between the ball and seat components would be at the minimal
condition, where the provision for achieving a seal would be at it worst.

With the maximum contact pressure in the seat component determined for the pressure
applied it shall be compared against the criteria for evaluating whether a seal is formed or
not; where the medium is gas Equation 50 shall be used, for pressures where the medium is
a liquid Equation 51 shall be used.

Equation 50 shall be evaluated using the pressure of the gas acting within the valve as well
as the previously calculated half-contact width that correspond to the relevant pressure.

_68-54-q

— . p0-12+0.8-a;
18—-14-a4

Pgs

Equation 50 - Design gas sealing stress

Equation 51 shall be evaluated using the pressure of the liquid acting within the valve, it
shall be evaluated for the relevant pressure it is being compared to.

Pis = 105 -P

Equation 51 - Design liquid sealing stress

The required contact pressures shall be compared to the calculated maximum contact
pressures previously calculated. Where the maximum contact pressure is greater than the
required contact pressure it is considered that a seal will form under those conditions.

This section takes the theoretical equations describing the mechanics of the relationship of
the applied load and the contact pressure and applied them to the floating ball valve seat in
a manner which determines whether the pressure-load applied to the seat achieves a seal
between the ball and seat components.
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6.1.2 Initial Deflection — Seat Preload

This section takes the theoretical model describing the deflection of the seat with regards to
the load applied. From the equations and theoretical models established in chapter 5 which
describe the deflection of the seat this section creates a set of design equations to describe
the load applied to the seat by a deflection of the seat thereby creating a preload.

The deflection of the seat in terms of applied load is defined on pages 153 and 154 in the
previous chapter by a validated theoretical model. The model was validated against the
computational model through which the realistic response of the seat can be quantified.
When designing a floating ball valve, like other types of ball valves, a preload is typically
applied to the seat component in addition to the pressure load determined in the previous
section. When designing a valve, it is impractical to select a deflection and design a seat
which has the corresponding deflection designed into the components; this is impractical
due to the irrational nature of the output of the theoretical model. To allow a floating ball
valve seat preload to be designed into the components in a rational way the preload will
have to be determined in terms of the selected deflection of the seat component. To achieve
the design equation proposal of this section the validated theoretical model needs to be
defined in terms of deflection rather than load applied.

The equation which defines deflection in terms of applied load as verified in the previous
section is shown by Equation 52.

2 2 2

o Iy
y=Mrb'F'F2+Qb'F'F3_W'_
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Equation 52 - General seat deflection equation

Equation 52 is an equation form Roarks formulas of stress and strain however where
specific conditions are applied to these models they can be simplified from the equation
shown. Through applying the general equation to the Table 11.2 case 1c model the
following conditions are applicable through the edge constraints selected. The conditions
applied to the general model when applying it to the Table 11.2, case 1 ¢ model are:

Yo =0
Mrb=0

These conditions applied to the model shows that there is no deflection of the annular ring
at point b (the inner edge of the annular ring), this is shown through y»=0. The condition
Mrn=0 demonstrates that there is no bending moment found at the inner edge of the
annular ring. The same conditions apply to the outside edge of the annular ring, where
there is no deflection or bending moment, however these variables are not evaluated in the
equation used to determine the deflection of the annular ring. By applying these conditions
to Equation 52 it allows for the removal of the first term of the equation as this is multiplied
by Mw and therefore the entire term is equal to 0, therefore Equation 53 is formed from the
application of the conditions to Equation 52.

Equation 53 - Simplified general seat deflection equation
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To establish the load applied in terms of deflection the equation needs to be re-arranged to
make the applied load per unit length, ‘w’, the subject of the equation. To achieve the re-
arrangement of the equation the following steps are taken. Common factors have be
identified in the terms on the right-hand side of Equation 53, this allows the equation to be
factorised as shown in Equation 54.

7,2
y= (Qb'FS_W'G3)'<F)

Equation 54 - Factorised general seat deflection equation

By dividing through by common factors and subtracting the term 'Qo.F3’ it is possible to
isolate a single term including the applied load per unit length, ‘w’, as shown in Equation 55.

y'D
1,2

+Qp - F3=w-"G3

Equation 55 - Re-arranged general seat deflection equation

Finally dividing through by the term ‘Gs’ allows the applied load per unit length ‘w’ to be
isolated, making it the subject of the equation, as shown in Equation 56.

y-D +Qb'F3
752 Gy Gs

w =

Equation 56 - Load per unit length in terms of deflection

Equation 56 gives the load per unit length acting on the seat in terms of the deflection of
the seat component itself. By creating a load per unit length output this load can be input
into the contact mechanics equation to determine the half-contact width and therefore the
contact pressure the load per unit length generated by the initial deflection creates. While
the load per unit length can be used to determine the contact pressure through the
application of contact mechanics as seen in the previous section the function of this
equation is to determine the load per unit length created by the pre-load of the seat
therefore when designing the floating ball valve seat this value should be evaluated with the
load per unit length generated by the pressure-load. The development of the theoretical
model in this section allows an initial deflection to be selected which is a rational number
and therefore relatively simple to be designed into the components when they interact on
assembly. From the initial deflection designed into the floating ball valve seat through the
application of the calculations in this section it is possible to determine the preload this
applies to the contact between the ball and seat components.
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6.1.3 Bending Stress

This section looks to apply the theoretical model describing the bending stresses in terms of
the applied load to the design of a floating ball valve seat design. The theoretical model
describing the bending stresses which was validated in the previous chapter against the
computational model which provides a realistic model of the interaction of the ball and seat
component and the bending stresses developed within the seat during this interaction.
Through the application of the theoretical model describing the bending stresses in the seat
as shown in the previous the stress in the seat can be analysed and where the loads applied
to the seat do not allow the stress in the seat to surpass the yield strength. Should the
stress in the seat component pass the yield strength the seat would become deformed and
would therefore no longer function in the manner in which it is designed.

In the theoretical model the bending stress in the seat component was determined through
the evaluation of the bending stress formulas from Roarks formula for stress and strain,
table 11.2 case 1c. In the application of this numerical model and associated formulas in the
previous chapters it was seen and verified that the calculation of the equivalent stress from
the principal stresses determined from the table 11.2, case 1c model matched the values
established from the computational model. In establishing a match between the theoretical
model and the computational model this validates the method through which the bending
stresses are determined as being representative of those in the realistic situation analysed.

While the theoretical model has been validated against the realistic mechanics shown in the
computational model the fundamental nature of the bending stress in the function of the
floating ball valve seat means that a greater degree of safety is required to ensure the seat
component does not deform when in service. The extra degree of safety applied to the
bending stresses determined can be seen in Equation 57 where a factor of 10% has been
included in the previously validated equation.

0, = 1.1\/0,2 — 0,0, + 0,2

Equation 57 - Equivalent stress in seat component

Where the stress has been determined by both the radial and tangential moments as shown
by Equation 58 and Equation 59.

6 M,
01 = tz
Equation 58 - Radial stress in seat component
6- M,
02 = tz

Equation 59 - Tangential stress in seat component

In establishing the application of the equations relating to the bending stresses to the
design of the floating ball valve seat the final component of the mechanics is applied to the
component in a manner through which the design of the component may be achieved.
Through the calculation of the bending stress from the applied load to the seat component it
is possible to ensure the bending stresses in the developed design is maintained within
acceptable stress limits that allows the seat to function as intended.
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6.2 Develop of design methodology

In this section the proposed design equations of the previous section are formed into a
design methodology. The design methodology takes the proposed equations from section
6.1.2 and chapter 5 and arranges them in a manner through which the design of the seat is
analysed and developed to ensure it meets the requirements laid out previously. As
discussed in the literature review the design of a valve of any type is typically an iterative
process, therefore the methodology of this section is also an iterative methodology.

6.2.1 Initial Analysis (Step 1)

The initial step in designing the floating ball valve seat is to identify the spherical diameter
of the ball component. The design of the ball component in a floating ball valve is outside of
the scope of this thesis but is typically determined by the application of numerical methods.

With the ball diameter established a sketch of the seat component where the sealing face
runs at a tangent to the spherical face of the ball is established. The initial design of the
seat includes no pre-load and therefore no deflection of the seat component on assembly.
The seat design must fit within the envelope of the valve housing and enable the location of
a firesafe seat and other related features to be located in the required locations about the
seat component.

At this point of designing the seat the initial analysis of the seat is undertaken. To
determine the function of the seat, first the media and pressures which define the
conditions under which it is required for the seat to seal under must be defined. With the
conditions for sealing defined the application of the numerical method for the analysis of the
seat can be started.

The contact pressure generated by each of the pressures at each of the defined sealing
conditions shall be assessed as the initial analysis. The mean contact diameter, measured
off the drawing of the ball and seat assembled as the diameter at which tangential contact
is made between the ball and seat component, as show previously in Figure 74 is applied to
the following equation with each of the applied pressures in-turn to establish a set of
pressure loads which are acting on the seat.

T['DMSZ
Fp,=P-
PL ( 4

Equation 60 - Initial pressure load

With the range of applied pressure loads determined, these loads need to be converted from
axial loads to the component of the axial load which is acting on the seat face in the sealing
action. To establish the component of the axial load the seat angle selected must be
measured. The seat angle, B, is measured from the seat component in accordance with
Figure 75. From this seat angle the complimentary angle, a shall be found by the application
of Equation 61.

Equation 61 - Complimentary angle of sealing load component
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With the complimentary angle of the sealing load component determined, the application of
this value to Equation 62, this equation needs to be evaluated for each value of the applied
pressure load, FrL determined in previously.

Fgg = Fp - cosa

Equation 62 - Sealing load component of the pressure load

Each of the pressure loads are now converted into sealing loads generated by the specific
pressures applied to the valve. To make these pressure sealing loads applicable to the Hertz
contact mechanics the pressure sealing loads will need to be converted to pressure sealing
loads per unit length. The conversion from pressure sealing load to pressure sealing load
per unit length is achieved through the application of Equation 63, this conversion uses the
mean seat contact diameter measured off of the model earlier in the design methodology.

_ Fss
=
T['DMS

Equation 63 - Pressure sealing load per unit length

With the pressure sealing load per unit length determined the outstanding variable to be
established to allow the evaluation of the Hertz contact mechanics is based on the material
properties of the seat component. The reduced modulus is determined in accordance with
Equation 64, this requires the material properties of the seat material to be established and
available for use.

1—-v

Equation 64 - Seat material reduced material modulus

With the reduced material modulus and the pressure sealing load per unit length established
these values can be applied to the Hertz contact mechanics along with the radius of the ball
component. The contact half-width shall be determined for each of the pressure sealing
loads per unit length determined from Equation 63. When considering the inputs to this
calculation the pressure sealing load per unit length is the only variable which will change
between the evaluations made for each of the applied pressures as the geometry of the
valve does not change depending on the pressure applied to the valve.

3|14-R-P;
1= m-E*

Equation 65 - Applied pressure load, contact half-width
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From the contact half-widths determined from Equation 65 and the pressure sealing loads
per unit length determined from Equation 63 it is possible to determine the maximum
contact pressure for each of the conditions that the floating ball valve seat is required to
operate in. The evaluation of the maximum contact pressure under the pressure sealing
load is determined by the application of Equation 66, this calculation shall be completed for
each of the pressures that the floating ball valve seat is considered to seal at.

Py
Po1 = ——
1'['(11

Equation 66 - Applied pressure max. contact pressure

With the maximum contact pressures determined for each of the conditions the floating ball
valve seat is required to seal at it is necessary to determine whether the valve will seal with
the calculated contact pressures. Where the conditions for sealing are specified on a
gaseous media Equation 67 shall be used to determine the sealing stress required to
achieve a seal. To determine the required sealing stress the pressure of the gaseous media,
P1, is required as well as the contact half-width determined by Equation 65 for the condition
being assessed.

68—54-a,

— . p0-12+0.8-a;
18—-14-a4

Pygs

Equation 67 - Applied pressure gaseous media sealing stress

The evaluation of the sealing stress shall be carried out in accordance with Equation 67 for
each condition where the media applied to the valve is gaseous. Where the media applied to
the valve is a liquid the required sealing stress shall be determined by the use of Equation
68, to evaluate this equation the pressure of the liquid that is applied to the valve under
each condition with a liquid media is required.

Pis = 1.05-P

Equation 68 — Applied pressure liquid sealing stress

With the maximum contact pressures determined in accordance with Equation 66 and the
required sealing stress for gases and liquids determined by Equation 67 and Equation 68
respectively it is possible to determine whether a seal is achieved or not. Where the
maximum contact pressures are greater than the required sealing stress a seal is achieved,
where this is not the case a seal has not been achieved. Typically, without a preload from
the seat component a seal will not be achieved, therefore it is expected that all the designs
will fail to achieve a seal and step 2 will be required to increase the maximum contact
pressure. However, where valves do meet the sealing requirements without the addition of
a preload step 2 would not be applicable.

6.2.2 Application of a Seat Preload (Step 2)

This step is an iterative step whereby the initial deflection of the seat is selected and the
load per unit length is calculated and combined with the pressure load. By combining the
preload and the pressure load it is possible to determine whether the combined loads
generate a contact pressure of sufficient magnitude to affect a seal between the ball and
seat components under the applied pressures and media.
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To determine the preload which is applied to the seat the dimensions of the seat component
as previously defined as the minimum material condition on page 100 and page 101 must
be measured from the seat component. With the dimensions and material properties of the
seat component determined these values must be applied to the formulas found in Appendix
5 to determine the constants and factors shown in Equation 69. On completion of the
calculation of the constants and factors a deflection value shall be chosen at which the seat
shall be set to generate the preload. The seat deflection, calculated constants and factors
are applied to Equation 69 to determine the load per unit length that is generated by the
initial deflection of the seat component.

W= y-D +Qb'F3
752 G Gs

Equation 69 - Load per unit length in terms of deflection

This load does not achieve a seal on its own, the preload is to be combined with the
pressure-load to determine the combined load from which the sealing stress is generated.
To evaluate the combined load step 3 shall be followed.

6.2.3 Evaluation of the Combined Load (Step 3)

In this, the third step, the pressure-load that determined in step 1 from the pressures which
are applied to the valve is combined with the specified preload of the previous step. This
part of the methodology determines whether the action of the combined loads on the
floating ball valve seat is sufficient to achieve a seal between the ball and seat components.

The first part of evaluating the combined load is the determination of the total load applied
to the seat, the total load applied to the seat, Ps, is found through the application of
Equation 70 to the results of Equation 63 and Equation 69. The output of the two equations
combined are in load per unit length form, the load per unit lengths applicable to each of
the pressures applied to the valve need to be combined with the preload determined to
determined a total load for each sealing condition identified. Due to the inputs to the
equation the output of Equation 70 is in the form of a load per unit length.

P3:P1+W

Equation 70 - Total Load Summation

Both the pressure load per unit length, and the deflection load per unit length are the loads
acting perpendicular to the seat face therefore meaning that no calculation of components
of an axial load is required. By combining the load per unit lengths determined previously
the value of the total load per unit length is in the correct format to allow it to be applied
directly to the Hertz contact mechanics equations. The first variable from Hertz contact
mechanics to be determined is the contact half-width, this is determined by the application
of Equation 71. The same reduced modulus and ball radius, as used in step 1, shall be
applied, and a contact half-width will need to be determined for each of the sealing
conditions identified.

3|/4-R-Py
a3 = m-E*

Equation 71 - Contact Half-space, Total Load
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With the contact half-width determined it shall be possible to find the maximum contact
pressure in the seat for each of the sealing conditions previously identified. Equation 72
allows the evaluation of the maximum contact pressure when the load per unit lengths
determined in Equation 70 and the contact half-width evaluated in Equation 71 are applied.
The inputs previously determined for each of the sealing conditions will need to be applied
to Equation 72 to find the maximum contact pressure for each of the sealing conditions
identified.

P

T['a3

Pos =

Equation 72 - Max. contact pressure developed under the combined load

As with step 1, the maximum contact pressures determined from the previous equation
must be compared against a required sealing stress to establish whether a seal is achieved
or not. The sealing conditions identified and evaluated must be separated for the purposes
of determining the required sealing stress. The required sealing stress for a gaseous media
is determined by a different method to that of a liquid media. The application of Equation 73
is required to determine the required sealing stress of a gaseous media.

_ 68—54"a;

— . p0-12+0.8-az
1.8—14-a,

Pgs

Equation 73 - Combined load gaseous media sealing stress

With the required sealing stress lo the gaseous media conditions determined, the same
values must be determined for the sealing conditions where the media applied to the valve
is a liquid. To determine the sealing stress for the conditions where the media is a liquid the
pressure of the liquid at the sealing conditions is applied to Equation 74.

Pis = 1.05-P

Equation 74 - Combined load liquid media sealing stress

With the required sealing stresses determined for each of the sealing conditions, in
accordance with Equation 73 and Equation 74 these values must be compared to the
maximum contact pressures determined from Equation 72. Where the maximum contact
pressure is greater than the required sealing stress for each condition the floating ball valve
seat is considered to seal against the ball component. Where there is at least one sealing
condition where the required sealing stress is greater than the maximum contact pressure
the process completed in step 2 shall be repeated for an increased defection of the seat,
following the load per unit length increase from the increase in deflection the process
completed in this step shall be re-evaluated with the increased load per unit length values.
Should all the maximum contact pressures be greater than the required sealing stresses
then the design shall move onto the next step, step 4 of the design methodology.
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6.2.4 Validation of Bending Stress in Seat Component (Step 4)

Following the achievement of the previous step, step 3, in achieving a seal in the floating
ball valve seat, this step verifies that in achieving the seal the seat does not yield and
therefore become permanently deformed. By becoming deformed the seat will fall outside of
the specified requirements and cease to function as it has been designed to.

To determine the bending stress in the component first the bending moments applied to the
seat must be calculated. These bending moments for both the radial and tangential
conditions require variables and constants to be calculated from the dimensions and loads
applied to the seat component. When evaluating the variables and constants required the
maximum applied load from step 3, ‘P3’, is applied, the value of this shall be the greatest
value determined from of all of the identified sealing conditions. When all the variables and
constants have been determined the values shall be applied to Equation 75 and Equation 76
to calculate the bending moments.

D
MT=9b'?'F7+Qb'T'F9

Equation 75 - Simplified Radial Moment Equation

_6-D-(1-v?)

M
t r

+v-M,

Equation 76 - Tangential Moment Equation (Young & Budynas, Roark's Formulas for Stress and Strain,
2002)

Once the bending moments have been evaluated, the bending moments are combined with
the thickness of the seat component to determine the principal bending stresses. The radial
and tangential bending stresses are determined by the application of Equation 77 and
Equation 78 respectively.

6- M,
Equation 77 - Principal radial bending stress in seat component
6 M,

Equation 78 - Principal tangential bending stress in seat component

From the principal stresses calculated it is possible to determine and equivalent stress, the
equivalent bending stress combines both the stresses acting in different directions to
determine a single value for the bending stresses in the seat component. The bending
stress is determined through the application of the principal bending stresses to Equation
79.

o, = 1.1\/012 — 0,0, + 052

Equation 79 - Equivalent bending stress in seat component
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The equivalent bending stress is compared to the yield strength of the material used for the
construction of the floating ball valve seat. Should the equivalent bending stress be less
than the material yield strength then the seat is considered as an acceptable design. Should
the yield strength of the seat material be less than the equivalent bending stress, then the
seat design will need to be modified to enable it to meet the criteria of this step. Should the
dimensions of the seat component in contact with the ball need to be modified then the
process shall start from step 1. Should the modification of the seat not affect the
dimensions of the seat component in contact with the ball, typically thickness only, then the
methodology should be started from step 2.

6.2.5 Determination of Valve Torque (Step 5)

The functional performance defined and analysed through the application of the previous 4
steps in the design methodology. This step takes the information generated by the
preceding steps and utilises that information to determine a theoretical torque prediction.
This step shall be considered as a supplemental calculation to the design methodology.

As discussed in the literature review and shown in Table 4 there is currently a partially
complete theory in place for the determination of a floating ball valves operating torque,
however the static seat torque component is undefined. Equation 21 and Equation 22 show
it is possible with the application of Hertz contact mechanics to determine the resistance
(‘power loss’) of the seat.

To begin with Equation 21 and Equation 22 shall be combined together with the application
to the floating ball valve design made in the literature review to give Equation 80.

Seat load = pu-P,-a-m-dyg

Equation 80 - Seat frictional load equation

This equation is only considering the static load acting on the ball as set by the preload of
the seat, the preload of the seat was determined in step 2 by Equation 69. Equation 80 only
considering one seat at the moment it is assumed that the second seat will provide an equal
and opposite load holding the ball in equilibrium; the load of both seats shall be addressed
at a later point in this design method.

The preload, w, from Equation 69 is applied to Hertz contact mechanics it is possible to
determine the contact width required to be applied to Equation 80. The following equation
shows the determination of the half-space width in accordance with load per unit length, w,
and Hertz contact mechanics:

Equation 81 - Contact half-width developed from the application of the seat preload

To make this contact width applicable to Equation 80 it will need to be doubled as shown in
Figure 21 the half-space width is only half the total contact width, therefore applying this to
Equation 80 gives Equation 82.
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Seatload = 2 u-P,-|2-
eat loa u-P, —

'T['dMS

Equation 82 - Static seat load including Hertz contact half-width

The effective contact pressure, Pe, shall also be determined by using Hertz contact
mechanics and load per unit length, w, by substituting them into a modified version of the
contact pressure equation from Table 2 as shown in Equation 83.

Equation 83 - Effective contact pressure from Hertz contact mechanics from preload

The equation to determine the effective contact pressure is combined with the modifications
made earlier by to the seat sealing contact pressure model to bring it in-line with the
realistic computational model against which the theoretical model is validated. Following the
evaluation of the static seat load, the static seat load needs to be combined with the other
factors that affect the design of the valve as shown in Table 4 of section 2.2.5 to create the
full torque for the valve when evaluated as full assembly.

6.2.6 Design Methodology Flowchart

The following flowchart takes the methodology laid out over the previous sections and
shows it in the form of a flowchart. By presenting the methodology as a flowchart the
interaction of the processes, inputs and outputs can be easily identified and the process
easily followed.
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The flowchart shows the design methodology described in sections 6.2.1, 6.2.2, 6.2.3, 6.2.4
and 6.2.5 in a visual format. From this flowchart it is possible to see the iterative process
much clearer than from the previous section describing the methodology. The design
methodology shown in the flowchart evaluates the floating ball valve seat design and in
doing so determines whether the seat design will achieve a seal or not, whether the seat
will become damage while in-service or not and what the predicted operating torque of the
valve is. This process is highlighted as being an iterative process where parts of the process
are repeated to if they fall outside of the requirements to enable the parameters to be
adjusted allowing the design to achieve the desired outcomes.

Through the development of a design methodology it is possible to apply the equations
developed to the design of a floating ball valve without applying differential equations, or
complex numerical methods and without specialist knowledge being a pre-requisite to
understand the full set of principles which govern the outputs of the design methodology.
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6.3 Application of design methodology to a case study

In this section the design methodology shown in Figure 77 is applied to a case study of
differing dimensions to those used to derive the original methodology. Through applying the
design methodology to a case study it validates the functionality of the design methodology
in achieving the outputs desired to assess the design of the floating ball valve seat. As the
previous sections were based off of historical ‘legacy’ data in the form of the ball diameter
and the housing dimensions were designed in imperial units, the design created in this
section is not based on any historical design data and therefore shall be completed using
metric units only.

The developed design methodology is to be applied to an initial geometry and then through
the application of iterative process shown in the flowchart of the previous, refine the design
to the optimal solution. The initial geometry of the valve used in the case study is shown in
Figure 78.
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Figure 78 - Dimensions of seat and ball component for case study

The dimensions of the components are applicable to a 3” ASME Class 150 Floating ball
valve. The design of the ball component is outside of the scope of this thesis, therefore a
typical ball size has been used. In arriving at these dimensions, the ball was the initial
starting point with the component defined through the application of the established
numerical models to the materials and pressures considered to arrive at the size used for
this design. The seat component was designed through the selection of the common seat
angle with the previous work completed in this thesis, from this a point of contact the size
of the seat was designed to fit outside the boundary of the profile of the firesafe seal and
within the boundary of the typical seat pocket for a valve of this size and rating. The
thickness of the seat was selected to maintain proportionality of the seat component, it is
expected through the application of the design method to the seat component that the
thickness may require modification to allow for the management of the stress developed
within the seat itself.
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The first step of the design method is to determine the contact pressure developed in the
seat component through the application of pressure to the valve. The evaluation of the case
study shall consider the valve is pressurised to the maximum cold-rated pressure of a Class
150 valve, 19.0 Barg (1.9N.mm™2) this applied pressure is in the form of a liquid acting on
the valve. By applying the first equation the load the pressure generates in the axial
direction by acting over the ball and seat component geometries is determined, this is
shown in Equation 84.

T - Dys® M- 97.292
Fpp=P- 2 =19+ ——— | = 141247N

Equation 84 - Case study initial pressure load

Following the determination of the axial load acting on the seat it is required to determine
the component of this axial load which is acting on the seat in a sealing function. To allow
for the calculation of the sealing component the angle of the component must be
determined from the seat geometry, to do this the seat angle is applied to Equation 85.

—90- P _ 9080500
*= 2 2

Equation 85 - Case study sealing load component angle

With the angle of the component calculated from Equation 86 it is possible to combine this
with the axial load determined in Equation 84 and apply the equations of the next step of
the process, as shown by Equation 86, through which the sealing load acting on the seat
component is determined.

Fgs = Fpp, - cosa = 14,124.7 - cos 50° = 9,079.2N

Equation 86 - Case study sealing load component of the pressure load

To convert the sealing load component to a value to be used in the applied Hertz contact
mechanics part of the design methodology the sealing load component needs to be
converted to a load per unit length. The sealing load per unit length is found through the
application of the mean seat contact diameter and the sealing load component in the next
calculation as shown in Equation 87.

o Fss 00792
1= X Dys  m-9727  <o/on-mm

Equation 87 - Case study sealing load per unit length applied from pressure load

Reduced modulus of seat material would be determine as the next step in allowing the
application of Hertz contact mechanics to the design methodology. As the reduced modulus
of the seat material has been previously determined and the same material as used
previously is being applied to the design of this component there is no need to re-evaluate
the reduced modulus. The reduced modulus shall be taken as the value of 713.64 N.mm2,
this was determined in the calculations performed previously. With the sealing load per unit
length and the reduced modulus available the next part of step 1 of the analysis can be
completed by evaluating the contact half-width, shown in Equation 88.
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3[4-R-P,  3|4-635-29.70
a, = = = 1.498 = 1.50mm
T E” - 713.64

Equation 88 - Case study contact half-width under pressure load

With the sealing load per unit length and contact half-width determined from the previous
analysis the final analysis to be completed for the given geometry is the evaluation of the
maximum contact pressure, this is shown in Equation 89 for the case study being evaluated.

_ k2970
p01_n-a1_n-1.50_ 2N mm

Equation 89 - Case study max. contact pressure under pressure load

With the maximum contact pressure in the seat component established the last calculation
of step 1 is to evaluate whether the seat will create a seal against the applied pressure. As
the fluid applied to the case study is considered to be water the equation applied uses a
factor applied to the pressure to determine whether a seal is created between by the seat or
not. The required sealing stress in the seat is determined through the application of the
liquid pressure to the design methodology as shown in Equation 90.

pis = 1.05-P = 1.05- 1.9 = 2.00N. mm™2

Equation 90 - Case study required liquid sealing stress

With the calculations completed for step 1 it is possible to determine whether a seal has
been achieved between the ball and seat components. The condition for achieving a seal as
well as the comparison of the results of Equation 89 and Equation 90 are shown below.

Pls> POl

Therefore, applying the values calculated in this step:

Py =2.00 > Py, = 6.31

The result of comparing the requires sealing stress against the maximum contact pressure
for the condition analysed means that a seal is formed by the sealing rules applied by the
application of pressure alone to the valve geometry of the case study.

As the floating ball valve seat analysed by this section has achieved a seal by the
application of the pressure alone there is no requirement to assess the geometry in
accordance with step 2. Step 2 would add additional load to achieve the required sealing
stress, if it were applicable. As there is no additional load required and therefore generated
by step 2 there is no requirement for step 3. Step 3 combines the load generated from the
applied pressure, (step 1), with the load generated by an initial deflection, (step 2) and
evaluates the contact pressure this generates, with the additional load being equal to zero
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step 3 would be equal to step 1 if the evaluation were to be carried out, therefore making it
a redundant step in this case study.

With the theoretical maximum contact pressure determined from the design methodology,
the model used in the previous chapters was modified to the dimensions of the ball and seat
used in the case study. Through evaluating the case study with finite element analysis, it is
possible to create a realistic reaction of the floating ball valve seat component with the
applied load taken from the calculations of the case study. In establishing the model for the
case study the same process was followed as previously completed for the preceding
chapters where finite element analysis is applied. With the same constraints and mesh
applied to the model as previously used the results gained from the analysis are shown in
Figure 79.
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Figure 79 - Von Mises stress plot with case study geometry and applied loads

The results shown in the von mises stress plot of Figure 79 presents a non-uniform distribution of the stresses, as seen in the previous plots.
The profile of the stress generated in the ball component once again matches the stress profiles predicted in metal components by Hertz
contact mechanics. To facilitate the comparison of the theoretical results to the computaional ones the point of contact and nodes to the left
and right of the point of contact were probed giving the 6.883N.mm™2, 6.724N.mm™>2, 6.738 N.mm~=2 respectively. These values probed from
the stress plot demonstrate that the results gained are in accordance with the theoretical values predicted.
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The three values from the results of the analysis of the computational model shall be
averaged to increase the accuracy of the value reported and compared with theoretical
result. By sampling the point of contact and the nodes to each side the point of contact an
average of the stress values at this point will have the highest magnitude of all the values
as predicted by the theoretical equations, in addition using three nodes rather than the
single node reduces the possibility of stress raisers at a particular node effecting the results
gained from the analysis.

Computational
Node Results
(N.mm-2)
Node 1 6.883
Node 2 6.724
Node 3 6.738
Average Nodal 6.782
Value

Table 33 - Case study max. contact pressure finite element analysis results

When the theoretical value, 6.310N.mm"2, is compared with the average of the three most
central nodes there is found to be a 7.5% variance between the two values with the
computational results being of the higher value. Considering the small sample taken from
the taken from the computational model, the small magnitude of the variance as well as the
theoretical value being less than the computational value it is considered that the
theoretical result provides a method that gives a sufficiently accurate representation of the
realistic mechanics to allow the design to be completed with confidence that the outcome
will meet the requirements. The small quantity of the nodes sampled represent the central
location of contact between the ball and the seat it is possible there may be a localised
stress raiser effecting these results making them slightly higher than predicted. While there
is a possibility of error from the small sample, increasing the sample size reduces the
representation of the sample of being the maximum contact pressure at the point of
contact. With the variance being 7.5% and the contact pressure from the computational
model being higher of the results this leads to the inclusion of a degree of conservatism
when the design methodology is applied to the design of a floating ball valve, however the
level of conservatism is not so great as to create a seat component which falls significantly
far from the optimal design solution.

Following the achievement of a seal between the ball and the seat components, step 4 of
the design methodology verifies that the seat component will not become damaged through
the application to the previous design. The check on whether the seat becomes damaged is
completed through the evaluation of the bending stress in the seat component.

To apply the calculations for step 4 of the design methodology additional dimensions of the
seat component are required to define the annular ring dimensions which are to be
assessed. The additional dimensions required are provided through measuring the case
study seat component and are shown in Figure 80.
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Figure 80 - Figure showing radial distances of the case study annular disc

The dimensions shown in Figure 80 equate to the internal and external radial dimensions
from the point of contact to the extremities of the flexible region of the seat component.
From the dimensions measured, 7.64mm is the internal radial width and 6.45mm is the
external radial width. Both the dimensions measured must be combined with the diameter
from Figure 78 to determine the dimensions for analysis, the determination of the geometry
of the equivalent annular ring to be assessed is shown in the following equations.

Dus 97.26
a= T+ r, = T+ 6.45 = 55.08mm
Equation 91 - Outer radius of case study seat
Dus 97.26
b=—-r,= ———7.64 = 40.99mm
2 2
Equation 92 - Inner radius of case study seat
D 97.26
r= % = 2 = 48.63mm

Equation 93 - Radial load location of case study seat

From the dimensions determined in Equations 91, 92 and 93, it is possible to evaluate the
bending stresses in the seat component for the case study. For the purposes of clarity the
calculation of each of the constants and variables required to evaluate the radial and
tangential moments of the bending equation are not presented. When applying the required
information, the material properties applied to the case study are consistent with the
previous work of this thesis as with the contact pressure calculation, to the bending moment
equations the results for the case study are gained, as shown in Equation 94 and Equation
95.
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12843.9

—5a3 0134 +4.95-48.63-0.196 = 46.75

D
My =8y —F; +Qp 7 Fy = —0.009-

Equation 94 - Radial moment of case study seat

6-D-(1—7v?) 0.0013 - 12843.9 - (1 — 0.472)
=—————+v-M, = 15,63 +0.47 - 46.75 = 22.25

M,

Equation 95 - Tangential moment of case study seat

With the evaluation of moments complete when applying the case study loads to the
geometry of the case study seat component when described as an annular ring it is possible
to evaluate the principle stresses in the seat component. The principle stresses are
evaluated by the application of Equation 96 and Equation 97.

6-M, 6-46.75
2 62

oy = =7.792 N.mm™?

Equation 96 - Principle radial bending stress in seat component

6-M, 6-22.25

oy = 3.708N.mm™?

Equation 97 - Principle tangential bending stress in seat component

Following the determination of the principle stresses in the seat component these are
combined to give the equivalent bending stress in the seat component. The evaluation of
the equivalent bending stress component in the seat is completed by the application of
Equation 98.

0, = 1.1y/0,% — 010, + 0,2 = 1.1y/3.7082 —3.708 - 7.791 + 7.791% = 7.425N. mm™2

Equation 98 - Equivalent bending stress in seat component

The application of the determination of the bending stresses through design methodology
established in this thesis provides a value of 7.425N.mm2. When the value for the bending
stress is compared to the von mises stress plot shown in Figure 79 it can be seen that in the
region where the bending stresses are present and the stress raising effects created due to
the constraints applied to the corners of the seat component are not influencing the stresses
shown the values fall within the range of 7.269N.mm™ to 8.476N.mm™2 as shown on the
scale of the stress plot. The application of probing the stress plot would not be able to
improve the comparison between the theoretical and computational values due to the small
bands where measurements can be taken from and the coarseness of the mesh in this area.
Through the general correlation between the values determined by both methods and the
previous accuracy of the results obtained by this theoretical method it is possible to
consider the results for bending stresses as being valid.

The torque prediction step, step 5, of the design methodology determined only the static
seat torque component of the overall theoretical torque model. Without the application of
step 2 previously there is no static seat torque developed from the preload of the case study
as there is no preload value to evaluate this value from. As the theoretical model developed
in this thesis is not applicable to this case study there is no benefit gained from evaluating
the predicted torque of the case study floating ball valve.
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In this section the design methodology of the previous section has been applied to a case
study. The case study valve is of different dimensions to the valve from which the design
methodology was originally derived, therefore should the design methodology be applied to
case study and give results which are able to be validated thereby validating the design
methodology developed in this thesis.

Through the application of the design methodology to the case study geometry for the ball
and floating ball valve seat at the pressure specified for the case study the design
methodology was able to predict the maximum contact pressure in the seat component as
well as the bending stresses within the seat component. Through the application of finite
element analysis to a model of the case study components with the same methodology used
as used previously in this thesis it was possible to obtain results for both the contact
pressure and the bending stress within the seat component. The theoretical values for
contact pressure showed a slight variance when compared to the computational results.
Despite showing slight variances between the theoretical and computational results, the
methods used in calculating and sampling these results are considered to account for a
significant portion of the difference therefore considering the design methodology valid for
determining the contact pressure. From comparing the bending stresses determined from
the desigh methodology to the von mises stress plot the theoretical value was found to fit
within the appropriate range of values shown in the stress contour to be considered as a
valid model in determining the bending stresses. Through the comparison of the theoretical
values to the results gain from the computational model for the case study it is appropriate
to consider the design methodology proposed in this thesis as a valid methodology.

6.4 Conclusions

This chapter has brought together the knowledge created and validated in the previous
chapters into a design methodology which has been further validated through the use of a
case study.

The knowledge created in the previous chapters was shown to describe the mechanics of
the fundamental mechanics which govern the function of the floating ball valve seat
component, this knowledge was not in a format which could be used for the design of the
seat component. Through the first section of this chapter the knowledge created in previous
chapters was combined with established knowledge with respect to achieving a seal and
arranged in such a way as to facilitate the use of the proposed equations to design the seat
component. The pressure load component knowledge was developed into a model where the
application of pressure to the geometry of the valve can be evaluated to determine whether
the contact pressure this develops in the seat component will enable a seal to be achieved
between the ball and seat components. The determination of a seal is determined through
the adaption of sealing theories to include contact half-with based sealing widths to allow a
direct comparison between the contact pressure and the sealing stress required. The
deflection of the seat was identified as utilising inputs and giving outputs which are difficult
to apply to the design of the floating ball valve seat component. By re-arranging the
equations relating the deflection of the seat component to the load applied to the seat it
was possible to allow for the designing of a pre-determined compression of the seat
component to be designed into the valve and the preload this generates determined from
the design method. By modifying the deflection model allowing the load to be determined
from the deflection this allows for the design of the initial deflection to be achieved through
the use of rational number allowing for the creation of parts which can be manufactured in a
repeatable fashion giving a robust output from the design methodology. The bending stress
theoretical model was adapted in the application to the floating ball valve seat as the
description of the bending stresses from the applied loads was found to be the most
accurate of all the models. To enable the bending stresses to add conservatism into the
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calculation to increase the robustness of the seat designed a factor of 10% was added to
the mechanics previous established. The designh equations proposed by this section create
the knowledge through which it would be possible to design a floating ball valve seat
component, this knowledge has previously been shown to be limited in its availability and
completeness.

From the design equations proposed in the previous section, the second section of this
chapter develops a design methodology through which it is possible to design a floating ball
valve seat. This section identifies the application of each of the proposed design equations
to a method where the inputs and outputs of the design equations are arranged and
combined to achieve the design of a floating ball valve seat. In arranging the equations into
a method this takes the design equations from a set of equations which could be applied in
part or as a whole and creates a method which when followed provides a complete analysis
of the fundamental features and mechanics of the seat providing a robust design solution.
The achievement of a design methodology is also the creation of new knowledge which as
seen from the literature review is very limited in its availability to date. Previously proposed
design methods for floating ball valve seats showed the derivation of the equations alone
with little applicability and even less methodology behind the application to the design.

The design methodology developed in the preceding section has been applied to a case
study to validate the outputs of the design methodology against a computational model of
the same geometry. Through the application of the design methodology to a case study it
allows for the testing of the methodology with geometry that is different from that which it
was developed from. Through the application of the design methodology to the case study
geometry values for the contact pressure in the seat and the bending stress of the seat
were found, this successful application of the design methodology shows the application of
the desigh methodology to be successful in evaluating the design of a floating ball valve
seat. To validate the results of the case study a computational model was created through
the use of finite element analysis. The results gained from the finite element analysis ere
compared with the results from the application of the design methodology the correlation of
the results demonstrated that the design methodology still produced valid results when
applied to the different geometry of the case study and is therefore a valid design
methodology.

This chapter has established a set of design equations which develop the mechanics
previously established in this thesis into equations which determine the outputs from which
the floating ball valve seat component can be defined. These equations are developed in a
manner which provides a completeness of the description of the fundamental design
features of the seat component to a level which was not previously available. The design
methodology developed by from the design equations provides a process through which it is
possible to design a floating ball valves seat component while assessing each of the
fundamental features determined by the seat design, the level of analysis provided by the
method of this chapter has not been seen previously to the level of completeness
demonstrated in this thesis. With the design methodology established this methodology was
applied to a case study to demonstrate the validity of the process, the correlation between
the desigh methodology when applied to the case study and the analytical results from
evaluating the case study with finite element analysis demonstrate that the design
methodology provides valid outputs. Through the work completed in this chapter the aim of
establishing a design methodology has been achieved both in completeness and in the
validity of the design methodology itself.
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Chapter 7 - Summary

This chapter provides a summary of the work conducted in this thesis highlighting the
research aims and major achievements as well as providing recommendations for future
work to be conducted to further the work completed.
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7.1 Research Problem Synopsis

The purpose of undertaking this research was to establish an optimised design methodology
for a floating ball valve seat component. As there was limited literature available to fully
describe the mechanics of the seat component and less literature available on how to design
the floating ball valve seat component based on established mechanics.

The research completed in this thesis has taken a set of abstract theories and combined
them in @ manner through which it is has been possible to develop a practical design
methodology. Work has been undertaken to establish a theoretical relationship between the
fundamental aspects which describe the mechanics of the floating ball valve seat, these
relationships were initial relating an applied load to the contact pressure on the sealing
surface, the deflection of the seat component as well as the bending stresses within the seat
component.

Each of the fundamental aspects which describe the function of the floating ball valve seat is
described through the application of theoretical models to the geometry and loads involved
in the relevant components. With the theoretical models established, the geometry and
material properties of the floating ball valve seat and ball have been modelled in a 3D CAD
software. Through the application of finite element analysis to the 3D CAD model of the
valve components it was possible to develop a realistic computational model from which the
data describing the effects of the mechanics of the floating ball valve seat can be obtained.
By numerically evaluating the theoretical models established and processing the data
obtained from the finite element analysis models it is possible to compare the theoretical
model against the realistic scenario. From the differences between the theoretical models
and the computational results it was possible to evaluate these differences and identify the
assumptions made in applying the theoretical models to the floating ball valve seat which
need to be modified to enable the theoretical models to describe the mechanics accurately.
The set of validated theoretical models which describe the mechanics of the floating ball
valve are developed into a set of equations through which the mechanics of the floating ball
valve are used in combination with inputs to evaluate the design of the seat component.
The design equations which have been derived to evaluate the design of the floating ball
valve seat are developed and combined into a single design methodology. Through the
application of the design methodology to the design of a floating ball valve seat an
optimised and functional component can be achieved. To validate the developed design
methodology it is applied to a case study, the application of the methodology shows its
application in a real-world design scenario highlighting the knowledge created by this thesis
as this sort of applied methodology was unavailable prior to this work being completed.
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7.2 Research Aims and Major Achievements

With the intention of this thesis being to establish and optimised methodology for the design
of the floating ball valve seat component it is required that this be achieved in a number of
steps. Each step towards achieving the outcome of this thesis is described as an aim; to
achieve the overall outcome three aims were identified. The three aims identified are
discussed in term in the following section.

1. Development of mechanistic theoretical models based on established theoretical
methods.

The initial aim of this thesis was to develop theoretical models from established methods
which describes the mechanics of the fundamental features of the floating ball valve seat.
To identify the mechanics applicable to the functions of the seats the design was broken
down into the three components that were identified through the literature review as being
the components used to design the ball valves seats in general. By separating out the load
applied due to pressure, the generation of a preload through seat deflection and the
bending stresses in the seat it was possible to identify the mechanics that need to be
described to define the components used to design the seat component. The pressure load
was determined to be related to the achievement of the sealing stress with the sealing
stress described by Hertz contact mechanics, the linking of the applied load to a theoretical
model describing the sealing stress through numerical methods is a major achievement
which has not previously been achieved. Previously assumptions have been made about the
area of the seat and ball components which are in contact with each other, compared to the
method described in this thesis there is significant possibility of error in making assumptions
compared to being able to calculate the parameters such as contact area. The application of
theoretical models to describe the deflection and bending stresses of the components
involved the derivation and simplification of the model in certain aspects to allow for the
application of the appropriate theoretical models. Through the application of established
theoretical models, it was possible to describe the function of the floating ball valve seat in
terms of an applied load for each of the fundamental features of the floating ball valve seat.
Through the literature review it can be seen that there are limited theoretical descriptions of
any of the mechanics of the floating ball valve seat available. Through the achievement of
this aim and the development of mechanistic theoretical models for the floating ball valve
seat it has demonstrated that it is possible to describe the mechanics of the floating ball
valve seat in a purely theoretical manner.

2. Validation of theoretical models through finite element analysis.

The application of finite element analysis to the geometry and material properties of the
floating ball valve seat which is the subject of this thesis allows for a realistic set of
numerical results to be gained from an analytical tool with a very high degree of accuracy.
Through the development of the finite element analysis model and the data extracted from
the model it is possible to validate the theoretical models developed under the previous aim.
Through the validation of the theoretical models against the realistic computational data it
was possible to evaluate where differences existed between the two sets of numerical data.
From the differences between the two sets of data, the assumptions made to apply the
established models to describe the floating ball valve seat mechanics were reviewed and
where applicable modified to enable the numerical results from the theoretical model to
correlate with those of the computational model. From the modification of the assumptions
applied to the theoretical models the finalised theoretical models are considered validated
against the data extracted from the computational model. The use of a computational model
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creating realistic data describing the mechanics of the floating ball valve seat has been seen
used in previous works, however in these previous works the data was generated, analysed
and then used to modify the model before repeating the process; the work completed in this
thesis takes the data obtained from the computational model and uses it to validate
assumptions made in the theoretical models. By applying the data from the computational
model to validating the mechanics defined in the theoretical it allows for the development in
understanding the mechanics governing the floating ball valve seat. In developing the
validated theoretical models the understanding of the mechanics which govern the features
of the floating ball valve seat component can be fully understood.

3. Development of a design methodology

In achieving the previous aim a set of validated theoretical models were developed which
describe the mechanics of the floating ball valve seat; while the description of the
mechanics in terms of a applied load is a significant achievement it cannot be utilised in the
development of the design methodology. The modification of the validated theoretical
models to allow for the use in designing the floating ball valve seat was undertaken, the
objective of this is to arrange the models in such a way as the inputs and outputs are taken
from the various inputs to the design process and the outputs inform the next stage of the
design or provide a validation of the completed stage of the design. In creating the design
methodology the equations proposed in the previous section were developed into a coherent
design methodology where the method could be followed through from an initial inception of
the valve to a completed and valid design. Following the development of a methodology, the
methodology is applied to a case study, through applying the methodology to the case
study a measure of validation of the process through which the seat is designed is achieved.
By achieving the design methodology and performing a case study on that methodology this
aim achieves a complete design methodology based on valid theoretical models which is
shown to be applicable to the actual design of a floating ball valve seat.

In achieving the aims of this thesis, a significant amount of knowledge has been both
generated and applied to the subject area. Through generating and applying this knowledge
it has allowed for the optimisation of the design of a floating ball valve seat.

7.3 Recommendations

Based on the outcomes of this thesis this section makes a number of recommendations for
how to further develop the understanding of the subject area and work presented in this
thesis.

In the evaluation and comparison of the pressure-load of the theoretical model it was found
that when the lower applied loads were applied to the applied model results inconsistent
with the rest of the applied loads were found. It is recommended that the lower loads be
explored to determine whether the design methodology of this thesis is applicable or
whether these loads are described by different mechanics.

It is recommended to investigate the theoretical models used to describe the mechanics
which have been validated against the finite element analysis are further validated against a
wider range of computational models. Through validating the theoretical models against a
wider range of computational models it will allow for further validation of the range of
applicability of the design methodology developed.
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Although the theoretical models and therefore the design methodology have been validated
against realistic data from computational models, to ensure that the performance of the
valve matches that predicted by the calculations it would be reasonable to undertake
physical testing of a seat component designed by the design methodology. Testing would
need to involve pressurising the valve from one end and measuring the leakage from the
other end in line with the testing standard discussed earlier in this thesis. As well as the
sealing performance of the seat the torque model developed that linked the design of the
seat to the numerical torque calculation could be validated by conducting tests on a
prototype valve.

The cavity relief function of the ball valve seat was not considered in this thesis however
developing and adding a cavity relief model to the seat design method would make the
method complete in terms of the requirements applicable to the floating ball valve. As with
the other numerical models it would also be recommended that the numerical model
developed be validated through physical testing of the valve.

Lastly the element outside the scope of this thesis that would have the largest impact on
the performance of the seal design is the effect of fatigue in the seat material due to cyclic
loadings when the valve is put into service. It would be desirable to understand based on
the seat design and the service conditions of the valve the duration for which the seat would
remain within the functional parameters when subject to the in-service cyclic loadings.
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Appendices
Appendix 1 - Contact Width Comparisons

The sealing width, 'b’, used in Equation 20 is not defined therefore to create a satisfactory
comparison between Equation 12 and Equation 18 it is necessary to seek a definition for it.
Equation 18 deals with the compression of an O-Ring therefore it is assumed that the
section to be compressed is circular. As an approximation to determine a comparable value
to ‘b’ the chord of a circle with the same cross-sectional diameter.

The calculations contained in this appendix were completed using the dimensions of a 72-
0945-30 0-Ring, the dimensions of this O-Ring are defined in the following table:

72-0945-30 O-Ring

Variable Value (mm)
Section, d1 3.0

Inside Diameter, D;i 94.5
Outside Diameter, Do 100.5

Mean Diameter, Dm 97.5

Table 34 - O-Ring 72-0945-30 Dimensions

From basic geometry the chord of the circle can be determined from the below:

Equation 99 - Equation for the determination of the chord length

With the variables as defined the figure below:

N>

Figure 81 - Chord Length Variable Definitions (Tutor Vista, 2019)
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This can be linked to the sealing width 'b’, in Equation 18, of by defining ‘d’ as:
dy=r—x

Equation 100 - Distance to Chord Position

The below table shows the results of evaluating Equation 99 and the chord lengths for a
10%, 15% and 20% compression of the 3.0mm section O-Ring.

Compression X da Chord Length b
(%) (mm) (mm) (mm) (mm)
10 0.30 1.20 1.80 0.72
15 0.45 1.05 2.14 1.08
20 0.60 0.90 2.40 1.44

Table 35 - Contact width results compared to chord lengths

From these results it is possible to determine that the contact width in Equation 18 is
approximately equal to half of the chord length and therefore equivalent to the half-contact
‘a’ in Hertz Contact Mechanics.
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Appendix 2 - O-Ring Load and Sealing Calculations

This Appendix contains the method and calculations for determining the load acting on and
the maximum contact pressure developed by compressing a 72-0945-30 O-Ring of 70
Shore A hardness for varying amounts of compression. This is the same O-Ring as used in
Appendix 1 to determine the sealing width ‘b’ for comparison, therefore these sealing widths
shall be used in this Appendix.

The first step is to determine the compressive load required to achieve the compression of
the O-Ring, this is achieved by using Equation 101 as shown below.

x 1.5 x 6
F—n-dl-Dm-E-[1.25-<d—1) +50-(d—1)]

Equation 101 - Compressive load on an o-ring (Hertz, 1979)

The compressive load at a set compression is then used with the sealing width, also
determined for the same compression, to determine the maximum contact pressure in
accordance with Equation 102.

Equation 102 - Max. contact pressure developed in an o-ring (Hertz, 1979)

Where a 70 Shore A O-Ring material has a Modulus of Elasticity equivalent to 1040psi /
7.171 N.mm= Modulus of Elasticity. (Hertz, 1979). A Summary of the results gained from
applying Equation 101 and Equation 102 to the dimensions of a 72-0945-30 O-Ring of a
Shore 70 A material is given in Table 36.

Compression Load, F Max. Contact Pressure
(%) (N) (N.mm-2)
10 260.8 1.50
15 482.3 1.86
20 757.82 2.19

Table 36 — Tabulated max. contact pressure results for Hertz analysis of an o-ring

The results presented in the above table have been determined by the following calculations
for various levels of compression of the O-Ring.

Equation 103 and Equation 104 shows the compressive load and max. contact pressure
calculations when the O-Ring is subject to a compression of 10%.

Fo=m-3-97.5-7.171-|1.25 <0'3>1'5+50 <0'3>6 = 260.8N
=" SRS “>"\30 30/ | T %

Equation 103 - Compressive load when the o-ring is subject to 10% compression
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£ 4-260.8
107" 12.072-975
Equation 104 - Max. contact pressure when the o-ring is subject to 10% compression

= 1.5N.mm™2

Equation 105 and Equation 106 show the calculations for the compressive load and the
max. contact pressure when the O-Ring is compressed by 15%.

0.45\° 0.45\°
Fys=m-3-97.5-7.171- 1'25'<W) +5°'<W) = 482.3N

Equation 105 - Compressive load when the o-ring is subject to 15% compression

, 4-482.3
15 = 2108975
Equation 106 - Max. contact pressure when the o-ring is subject to 15% compression

= 1.86N.mm™2

Equation 107 and Equation 108 show the calculations completed for a 20% compression of
the O-Ring section for the compressive load as well as the maximum contact pressure.

Fpo = m+3+97.5-7.171+|1.25 (0'6)15 +50 <0'6)6 —~ 757.8N
20 = T R “>"\30 30/ |~ 7"
Equation 107 - Compressive load when the o-ring is subject to 20% compression
_— 4-757.2 — 219N 2
Fo0 = mTag-g75 = 219 N-mm

Equation 108 - Max. contact pressure when the o-ring is subject to 20% compression
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Appendix 3 — Simulation Convergence Studies (Data)

The data shown in Table 37 includes the settings used and the results obtained from the convergence study conducted for the curvature-
based mesh which was used in this thesis.

Main Mesh Mesh Control Simulation Result
_ Min. Element EI_ement Average Von Mises

Element Size !Elements growth Size EIer_nent Total Total Stress

Max. (in) | Min. (in) l:?rge ratio Max. (in) Ratio Nodes | Elements (psi)

0.059947 | 0.059947 | 8 1.1 0.014987 | 1.1 1300 2419 373.2

0.059947 | 0.059947 | 8 1.1 0.011989 | 1.1 1478 2756 390.9

0.059947 | 0.059947 | 8 1.1 0.009592 | 1.1 1711 3201 454.7

0.059947 | 0.059947 | 8 1.1 0.007673 | 1.1 2044 3852 394.9

0.059947 | 0.059947 | 8 1.1 0.006139 | 1.1 2442 | 4636 431.5

0.059947 | 0.059947 | 8 1.1 0.004911 | 1.1 2970 5658 481.5

0.059947 | 0.059947 | 8 1.1 0.003929 | 1.1 3559 6826 468.9

0.059947 | 0.059947 | 8 1.1 0.003143 | 1.1 4283 8248 482

0.059947 | 0.059947 | 8 1.1 0.002514 | 1.1 5206 10038 520.8

0.059947 | 0.059947 | 8 1.1 0.002011 | 1.1 6095 11783 515.3

0.059947 | 0.059947 | 8 1.1 0.001609 | 1.1 7437 14441 517.6

0.059947 | 0.059947 | 8 1.1 0.001287 | 1.1 9113 17706 513.2

0.059947 | 0.059947 | 8 1.1 0.00103 | 1.1 10924 | 21307 517.3

Table 37 - Convergence Study Settings and Results

As can be seen from the table the results converged to less than 1% variance in the resulting average von mises stress measured from a
single point on the computational model. These results were obtained using the 1000 Ib-f load applied to the geometry of the valve and seat
as used in the analyses conducted in this thesis.
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Appendix 4 — Theoretical Mean Contact Stress Calculations

The following equations (Equation 109 and Equation 110), are the standard Hertz Contact
mechanics equations to describe the contact of a cylindrical body and a flat surface.

The initial step in the calculation is determining the contact half-width as shown by Equation
1009.

_3|4-R-F_s[4-R-P
R e e

With the contact half-width calculated by Equation 109 the result is used in Equation 110 to
determine the mean contact stress.

Equation 109 - Contact half-width equation

_ P
pm_Z-a

Equation 110 - Mean contact pressure equation

When applying the values related to the loads applied to the model to the equations to
determine the contact half-width and the mean contact stress.

Equation 111 and Equation 112 shows the contact half-width calculation and the mean
contact stress equation when a 400 Ib-f (1779.3N) load is applied to the geometry of the
ball and seat.

_o[44207-564 _
Q00 = [T 71368 0T

Equation 111 - Contact half-width calculation when subject to 400lb-f (1779.3N) applied load

5.64

Pmaoo = m =3.76 N.mm~? = 544.69 psi

Equation 112 - Mean contact pressure calculation when subject to 400lb-f (1779.3N) applied load

Equation 113 and Equation 114 shows the contact half-width calculation and the mean
contact stress equation when a 600 Ib-f (2668.9N) load is applied to the geometry of the
ball and seat.

3|4-42.07 - 8.47
Agoo = T-713.64 = 0.86 mm

Equation 113 - Contact half-width calculation when subject to 600Ib-f (2668.9N) applied load

8.47

Pme0o = 5 0 gg = 493 N.mm™2 = 714.03 psi

196



Equation 114 - Mean contact pressure calculation when subject to 600Ilb-f (2668.9N) applied load

Equation 115 and Equation 116 shows the contact half-width calculation and the mean
contact stress equation when a 800 Ib-f (3558.6N) load is applied to the geometry of the
ball and seat.

3|4-42.07-11.29
Agoo = T-713.64 =0.95mm

Equation 115 - Contact half-width calculation when subject to 800Ib-f (3558.6N) applied load

11.29 . _
Pmsoo = m =597 N.mm~“ = 865.15 pst

Equation 116 - Mean contact pressure when subject to 800Ib-f (3558.6N) applied load

Equation 117 and Equation 118 shows the contact half-width calculations and the mean
contact stress equation when a 1000 Ib-f (4448.2N) load is applied to the geometry of the
ball and seat.

314-42.07-14.11
Q1000 = T-713.64 =1.02mm

Equation 117 - Contact half-width calculation when subject to 1000Ib-f (4448.2N) applied load

14.11 - )
Pm1ooo = 2102 6.92 N.mm™= = 1004.11 psi

Equation 118 - Mean contact pressure caluclation when subject to 1000b-f (4448.2N) applied load

Equation 119 and Equation 120 shows the contact half-width calculations and the mean
contact stress equation when a 1200 Ib-f (5337.9N) load is applied to the geometry of the
ball and seat.

3|4-42.07-16.93
A1200 = T-713.64 =1.08 mm

Equation 119 - Contact half-width calculation when subject to 12001lb-f (5337.9N) applied load

16.93 , _
Pm1iz200 = m =7.82N.mm =1133.44 pst

Equation 120 - Mean contact pressure calculation when subject to 12001b-f (5337.9N) applied load
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Equation 121 and Equation 122 shows the contact half-width calculations and the mean
contact stress equation when a 1400 Ib-f (6227.5N) load is applied to the geometry of the
ball and seat.

314-42.07-19.75
Aq400 = T-713.64 =1.14mm

Equation 121 - Contact half-width calculation when subject to 1400lb-f (6227.5N) applied load

19.75 S .
Pmiaoo = > 114 8.66 N.mm™“ = 1256.03 psi

Equation 122 - Mean contact pressure when subject to 1400Ilb-f (6227.5N) applied load

Equation 123 and Equation 124 shows the contact half-width calculations and the mean
contact stress equation when a 1600 Ib-f (7117.2N) load is applied to the geometry of the
ball and seat.

3|4-42.07-22.58
A1600 = T-713.64 =1.19mm

Equation 123 - Contact half-width when subject to 1600lb-f (7117.2N) applied load

22.58 - .
Pmieoo = 5119 - 9.47 N.mm™“ = 1373.22 psi

Equation 124 - Mean contact pressure when subject to 1600Ib-f (7117.2N) applied load
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Appendix 5 - Theoretical Seat Bending Stress Calculations

This Appendix contains the theoretical bending stress calculations for the seat component.
The bending stress in the seat is described by the equations from Roark’s theory of Stress
and Strain this shall be determined in accordance with:

0, = 1.1\/0,2 — 0,0, + 0,2

Equation 125 - Equivalent Stress in Seat Component

The Equivalent stress is derived from the Radial and Tangential stress in the set component,
these are determined in Equation 126 and Equation 130.

6 : Mt

g1 = t—z
Equation 126 - Tangential Stress in Seat Component (Young & Budynas, Roark's Formulas for Stress
and Strain, 2002)

The tangential stress calculation shown in Equation 126 is determined based on the
tangential moment determined in Equation 127.

8-D-(1—-v?
M= ————+vM,

Equation 127 - Tangential Moment Equation (Young & Budynas, Roark's Formulas for Stress and Strain,
2002)

The tangential moment is evaluated in accordance with the equation shown in Equation 127,
this requires the radial moment to be determined prior to this, this can be done in
accordance with Equation 132 for this case. In addition to the radial moment the deflection
angle needs to be determined in accordance with Equation 128.

6=0,F,+M ! Fs + r F, T G
= . . —Fo— W —-
b Ia b s Qp p e D 6
Equation 128 - Deflection Angle Equation (Young & Budynas, Roark's Formulas for Stress and Strain,

2002)

r
8=8b'F4—+Qb'E'F6

Equation 129 - Simplified Deflection Angle Equation

Equation 130 - Radial Stress in Seat Component (Young & Budynas, Roark's Formulas for Stress and
Strain, 2002)
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The radial stress calculation shown in Equation 126 is determined based on the radial
moment determined in Equation 131.

D
Mr=9b'7'F7+Mrb'F8+Qb'T'F9—W'7”'Gg

Equation 131 - Radial Moment (Young & Budynas, Roark's Formulas for Stress and Strain, 2002)

The radial moment Is simplified from that shown in Equation 131 to that shown in Equation
132 by the application of the following rules. One of the boundary conditions from this
particular case in Roarks Formulas of Stress and Strain is that M = 0, therefore any term
which involves this variable is removed from the equation. The location of the load, ro and
the location of the analysis, r, are the same location, therefore when analysing the ‘G’
variables these are all evaluated as being equal to 0 and therefore removed from the
equation, this leaves the equation to be evaluated as Equation 132.

D
MT=9b'?'F7+Qb'T'F9

Equation 132 - Simplified Radial Moment Equation

The ‘F’ constants evaluated in the previous equations are determined by the use of the
following equations.

F—1 1 'b 1 L
L=zl w 2ea-n-g

Equation 133 - Constant, F4 (Young & Budynas, Roark's Formulas for Stress and Strain, 2002)

2

F—b (b) 1+21r
67 4r\r rlb

Equation 134 - Constant, F6 (Young & Budynas, Roark's Formulas for Stress and Strain, 2002)

epa-mG-Y

Equation 135 - Constant, F7 (Young & Budynas, Roark's Formulas for Stress and Strain, 2002)

E _b 1+v 1 r+1+v 1 <b>2
T r 2 nb 4 r

Equation 136 - Constant, F9 (Young & Budynas, Roark's Formulas for Stress and Strain, 2002)
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