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ABSTRACT

Over the years, many advances have been made in the numerical prediction and simulation of
hydraulic transients. This is especially true for water hammer with liquid column separation. The
open literature presents numerous research articles, numerical models, and experiments on
hydraulic transients. However, even with these advancements and mathematical tools, water
hammer with liquid column separation are still hydraulic transients often overlooked by design
and process engineers. This may lead to equipment damage and downtime of plants and
catastrophic, and sometimes even fatal, consequences. The hydraulic transient causes high-
pressure pulses in the pipe system much higher than the operating and water hammer pressures.

The open literature showed that the most popular numerical model for predicting and simulating
water hammer with liquid column separation is the discrete gas cavity model (DGCM).
Unfortunately, the open literature lacks information on implementing the DGCM model, especially
regarding the free gas volume weighing factor’s effect on the grid and time step independence
and the proper value for the weighing factor when conducting simulations. Many researchers
present conflicting proposed values for the weighing factor in the literature.

This study aims to address the gap in the literature by implementing the DGCM model into the
EES software package, conducting a sensitivity analysis of the weighing factor, and comparing
experimental results with simulation results for various weighing factor values. The sensitivity
analysis of the weighing factor gives insight into the effect of different weighing factors on the grid
and time step independence of the DGCM numerical model. The purpose of the comparison of
the experimental and simulation results is to establish whether a baseline value for the weighing

factor exists or if the weighing factor is system-dependent.

The sensitivity analysis results revealed that as the weighing factor value increased from 0.5 to
1, the grid and time step size for independence increased. This led to the conclusion that for
higher values of the weighing factor, grid and time step independence was reached at a larger
grid and time step size. If a weighing factor of 1 was used, the larger grid and time step size led

to a shorter simulation time.

The comparison between the experimental and simulation results revealed that as the weighing
factor value increased from 0.5 to 1, better comparisons were obtained with the experimental

results, and numerical stability increased. In conjunction with the sensitivity analysis results, this



led to the conclusion that a weighing factor of 1 is strongly recommended for lower simulation

time, higher numerical stability, and improved accuracy.
Key terms: hydraulic transient, liquid column separation, discrete gas cavity model (DGCM), free

gas volume weighing factor, method of characteristic (MOC), CFD grid and time step

independence, cavitation



OPSOMMING

Oor die jare is aansienlike vordering gemaak in the numeriese voorspelling en simulasie van
hidrouliese oorgange. Dit is veral waar vir waterhamer met vloeistofkolomskeiding. In die literatuur
word ‘n oorvloed van navorsingsartikels, numeriese modelle en eksperimente oor waterhamer
met vloeistofkolomskeiding aangebied. Selfs met hierdie vooruitgang en wiskundige gereedskap
tot ons beskikking, is waterhamer met vloeistofkolomskeiding egter steeds ‘n hidrouliese oorgang
wat dikwels deur ontwerp- en prosesingenieurs oor die hoof gesien word. Dit lei nie net tot skade
aan toerusting en die onderbreking van aanlegte nie, maar kan ook katastrofiese, en soms
noodlottige gevolge hé. Hidrouliese oorgang lei tot hoédrukpulse in die pypstel. Hierdie
hoédrukpulse veroorsaak dat the bedryfdruk en selfs die waterhamer druk vér oorskry word.

Uit die literatuur het dit duidelik geword dat die gewildste numeriese model wat gebruik word om
waterhamer met vloeistofkolomskeiding te voorspel en te simuleer, die diskrete gasholte model
(DGCM) is. Ongelukkig is daar ‘n tekort in die oop literatuur aan inligting wat handel oor die
implementering van die DGCM model, veral in terme van die effek van die vrye gasvolume
weegfaktor op die rooster en tydstap onafhanklikheid, sowel as die korrekte waarde om vir die
weegfaktor te gebruik wanneer simulasies uitgevoer word. In die literatuur gee verskeie navorsers

egter teenstrydige voorgestelde waardes vir die weegfaktor.

Hierdie studie het ten doel om die gaping in the literatuur aan te spreek deur die DGCM model in
EES te implementeer, ‘n sensitiwiteitsanalise van die weegfaktor uit te voer, en eksperimentele
resultate met simulasie resultate vir verskeie weegfaktorwaardes te vergelyk. Die doel van die
sensitiwiteitsanalise van die weegfaktor is om insig te bied rakende die effek van die weegfaktor
op die rooster en tydstap onafhanklikheid. Die doel van die vergelyking tussen eksperimentele en
simulasie resultate is om vas te stel of ‘n basislynwaarde vir die weegfaktor bestaan en of die

weegfaktor stelsel afhanklik is.

Die sensitiwiteitsanalise het aan die lig gebring dat namate die weegfaktor waarde van 0.5 tot 1
toeneem, die rooster en tydstap grootte vir onafhanklikheid ook toeneem. Dit lei tot die
gevolgtrekking dat vir hoér waardes van die weegfaktor, rooster en tydstap onafhanklikheid verkry
word op ‘n groter rooster en tydstap grootte. Die gevolg hiervan is dat indien ‘n weegfaktor van 1

gebruik word, die groter rooster en tydstap grootte tot ‘n korter simulasietyd lei.

Die eksperimentele en simulasie resultate vergelyking het aan die lig gebring dat namate die

weegfaktorwaarde van 0.5 na 1 toeneem, beter vergelykings met die eksperimentele resultate
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verkry word, asook verhoogde numeriese stabiliteit. Dit, met die resultate van die
sensitiwiteitsanalise in ag geneem, lei tot die gevolgtrekking dat n weegfaktor waarde van 1 sterk
aanbeveel word vir die DGCM vir laer simulasietyd, beter numeriese stabiiteit, en verhoogde
akkuraatheid.

Sleutelterme: hidrouliese oorgang, vloeistofkolomskeiding, diskrete gasholte model (DGCM),
vrye gasvolume weegfaktor, metode van karakteristiecke (MOC), CFD-rooster en tydstap-
onafhanklikheid, kavitasie
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CHAPTER 1 INTRODUCTION

This chapter provides an introduction and background regarding water hammer with liquid column
separation and the popular numerical models developed to simulate said hydraulic transient. It
also gives context to the problem statement, research questions, aims, and objectives discussed

in the section. This is followed by a summary of the chapter layout of this dissertation.

1.1 Introduction and background

Water hammer occurs when a liquid in motion is rapidly forced to change flow direction and flow
velocity, or the flow is stopped abruptly [1]. This can be caused by the sudden closure of a valve,
a sudden change in the slope of the pipe, bends in the pipe profile or an uncontrolled pump
start/shutoff. If the flowing liquid is incompressible and has momentum, there is very little
absorption of energy (only that by friction and wall expansion). Therefore, this sudden change in
flow direction or stoppage of flow causes a high-pressure shockwave, which propagates through

the piping system from the location of the disturbance [2].

The sequence of transient events that leads to the high-pressure water hammer shockwave is
explained in [3] and [4] and can be summarised as follows: Figure 1-1 (a) below displays a simple
reservoir-horizontal pipe-valve system. Initially, the pressure or hydraulic grade line (HGL) is
constant. Fast closure of the valve at the end of the pipe causes a sudden rise in pressure at the
valve. Referring to the simplified water hammer pressure time trace, in Figure 1-1 (b) below, this
high-pressure wave propagates from the valve to the reservoir, where it reflects negatively and
then propagates back to the valve. At the valve, the high-pressure wave will reflect positively from
the valve and propagate back to the reservoir. The wave will reflect negatively again from the
reservoir and propagate back to the valve.

The pressure wave caused by the water hammer will always reflect negatively off the reservoir

and positively off the valve. This sequence of events will continue, causing a rapid fluctuation in

pressure until the high-pressure wave dampens out and stabilizes.
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(a) (b)

Figure 1-1: (a) Simple reservoir- valve system [5], (b) Simplified water hammer pressure — time trace [6].

A fluid transient commonly observed with water hammer is liquid column separation. Liquid
column separation occurs when the negative pressure wave returns to the valve from the
reservoir, and the liquid starts to flow towards the reservoir. When the local static pressure head
drops to or below the vapour pressure head of the fluid a vapour cavity will start to form at the
valve [7]. Since the flow velocity towards the reservoir is not immediately reduced to zero when
the water hammer pressure wave reflects from the valve, the liquid detaches from the valve, and
the cavitation-induced cavity grows, as indicated by the grey area next to the valve in Figure 1-1

(a). This phenomenon is known as liquid column separation.

With the water hammer pressure wave continuously reflecting off the vapour cavity, the velocity
of the flow towards the reservoir will start to decrease. Eventually, the velocity will become positive
(towards the valve). This causes the cavity to shrink and to collapse. The collapsing cavity causes
a secondary pressure wave in the system which is less than that of the water hammer pressure
wave. However, due to the superpositioning of both pressure waves, that of the water hammer
and that of the cavity collapse, occurring at the same time a short-duration pressure pulse is
observed [8]. This combined pressure pulse is significantly larger than the pressure wave of the

water hammer alone (see encircled area of Figure 1-2 below).
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Figure 1-2: Water Hammer with Liquid Column Separation Pressure — Time Trace [8].

From Figure 1-2 it is observed that initially, only the high-pressure wave of the water hammer
event is present. However, a short-duration pressure pulse is present at the second pressure
peak. This short-duration pressure pulse is caused by the superpositioning of the water hammer
and the cavity collapse pressure waves. The head of the short-duration pressure pulse is far
higher than that of the original water hammer pressure wave. It should however be noted that this
might not always be the case. For example, if the water hammer pressure wave was to arrive
back to the valve at the moment of cavity collapse, the before-mentioned phenomena would not
be observed [2].

From the above discussion, water hammer in general (including liquid column separation) is a
transient hydraulic phenomenon that needs to be avoided as far as possible. This is because the
pressure experienced by the system is far greater than the operating pressure of the system, see
Figure 1-2. Failures caused by water hammer with liquid column separation can be catastrophic.
Take for example the accident at the Millard refrigerated warehouse on August 23, 2010, in
Theodore, AL [9]. A hydraulic shock caused a 12” pipe to fail, releasing 14.5 tonnes of anhydrous
ammonia; see Figure 1-3 below. Around 152 offsite contractors and a ship crew near the incident
reported ammonia exposure, while onsite roughly 8 million pounds of product were spoiled due

to contamination [9].
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Figure 1-3: Failed 12” pipe at the Theodore, AL Millard refrigeration plant [9].

Although the effects of water hammer with liquid column separation can be catastrophic, it is a
hidden hazard seldom explored by design and process safety engineers, as pointed out by [10].
The effects of water hammer and liquid column separation can be mitigated in most cases. The
author of [10] summarised various methods used in the industry to mitigate water hammer. These
methods include eliminating gas/air accumulation in the system, installing pressure (surge) relief
valves, installing anti-surge tanks in the system and reducing the rate of valve closure [10].
However, avoiding water hammer is not always possible, and in these cases, modelling this
hydraulic transient is crucial to designing the pipeline system appropriately to avoid catastrophe.

Over the years, as technology advanced, many numerical models were developed to simulate
water hammer with liquid column separation. These models can range from less accurate models,
but easy to implement and solve to very accurate complex models. The open literature identified
three different models to be widely used in the industry. These models are the discrete vapour
cavity model (DVCM), the discrete gas cavity model (DGCM) and the generalized interface vapour
cavity model (GIVCM). Of these three the DVCM is the simplest numerical model, whereas the
GIVCM is the most complex. However, from the open literature, it is concluded that the DGCM
numerical model is the most popular model used in the industry due to its balance between
accuracy and complexity [11].
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The DGCM numerical model is built upon principles from the DVCM, the main difference being
that with the DGCM a permanent-infinitesimal gas cavity is added to each computational section.
This allows the simulation to capture the column separation phenomena anywhere over the entire
length of the pipe [12]. With the DGCM the discrete gas cavities replace the discrete vapour
cavities from the DVCM. The DGCM is described by four sets of equations that are the classic
water hammer equations, the gas cavity volume continuity equation and the ideal gas law [13].
To suppress the numerical oscillations a weighing factor/relaxation parameter (W) is introduced

to the discretised gas cavity volume continuity equation.

Considering all the above, this research effort will aim to address and answer the problem

statement, research questions, aims, and objectives below.

1.2 Problem statement

When designing a pipeline system, one desires that the system can sustain the maximum
pressure within it. Simply designing the strength of the pipeline system based on the operating
pressure is not sufficient since pipelines are transient systems with many dynamic flow changes
occurring frequently. When abrupt flow changes occur, they lead to transient flow events such as

water hammer with liquid column separation.

The transient flow event mentioned above causes a pressure within the system that is far greater
than that of the operating pressure and the pressure predicted by water hammer equations. The
open literature concludes that the DGCM is the recommended numerical model to simulate water

hammer with liquid column separation.

Although extensive research and experiments have been conducted on the DGCM in the past,
little is presented in the open literature on implementing the numerical model. This is especially
true regarding the free gas volume equation weighing factor (W) value, and its effect on the grid
and time step independence. The open literature also does not clarify whether the weighing factor

is system-specific.

Therefore, the implementation of the DGCM needs to be investigated in terms of the free gas

volume equation weighing factor and grid and time step independence.
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1.3 Research questions

The primary research questions are whether a baseline exists for the DGCM's free gas volume
weighing factor and what effect the weighing factor has on the grid and time step independence
of the DGCM numerical model. The secondary research question is whether the said weighing

factor depends on the system layout.

1.4 Research aims and objectives
1.4.1 Research aim

This research effort aims to investigate, verify, and validate the implementation of the DGCM
water hammer with liquid column separation numerical model in terms of the free gas volume

weighing factor and its effect on the grid and time step independence.

1.4.2 Research objectives
The objectives of this research effort are as follows:

e Implement the DGCM into Engineering Equation Solver (EES) software and verify and
validate the EES model with published simulation and experimental data.

o Generate experimental data of water hammer with liquid column separation for a straight
horizontal pipe system.

e Conduct a grid and time step independence study on the EES numerical model for various
free gas volume weighing factors.

¢ Conduct a sensitivity analysis on the grid and time step independence study, determining the
effect of the weighing factor.

e Simulate the experiment using a grid and time step independent EES numerical models for
each of the various weighing factors.

¢ Compare the various weighing factor EES simulation results to the experimental results.

e Draw a conclusion based on the results and validate the primary and secondary research

guestions, see Section 1.3.

25



1.5 Chapter layout
This dissertation is divided into six chapters, the chapter layout is as follows:

Chapter 1: In Chapter 1, an introduction and background are given regarding water hammer with
liquid column separation and the various numerical models developed to simulate said hydraulic
transient, the most popular of which is the DGCM model. This provides context for the problem

statement, followed by the research questions, research aims, and research objectives.

Chapter 2: In Chapter 2, in-depth background and introduction are given on water hammer with
liquid column separation. Since liquid column separation is a cavitation-induced hydraulic
transient, two types of cavitation are discussed: vaporous cavitation and gaseous cavitation.
Other typical hydraulic transients are briefly discussed for the reader's interest, as it is not within
the scope of this research. The need for modelling and simulating water hammer with liquid
column separation is presented in this chapter to highlight the importance of using numerical

models to predict water hammer and liquid column separation.

Furthermore, this chapter discusses the advances over the years within the field of water hammer
and using numerical models for water hammer with liquid column separation. It highlights the
three most popular modern numerical models used today, which are discussed in depth. A brief
overview of past experiments from the open literature performed on the numerical models
mentioned before is given. Lastly, this chapter discusses the research voids and uncertainties,

sketching the background for the research problem and research questions.

Chapter 3: Chapter 3 presents the method of characteristics (MOC) theory as a take-off point, as
the MOC is an integral part of the DGCM (and most water hammer numerical models). The classic
water hammer equations derived for the MOC are given and discussed. This is followed by the
discussion and derivation of the theory used for the DGCM model. After this, the theory used to
calculate time step and grid size independence is discussed in depth. Lastly, the verification and
validation process of implementing the DGCM numerical model into EES is outlined and

discussed.

Chapter 4: In Chapter 4, the experimental methodology followed during this research effort to
answer the research questions is outlined and discussed. This is followed by a discussion of the
experimental test bench design, including the design of the fast-closing valve used in the bench

and the various measuring instruments used and their calibration procedures.
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Chapter 5: In Chapter 5, the comparisons of the results are discussed. First, the parameters
measured and calculated from the experiment are presented. A discussion of the sensitivity
analysis results on the effect of the weighing factor on the grid and time step independence of the
DGCM numerical model follows this. Following are the key findings made from the experimental
procedure, the comparison of the results between the simulation results for various weighing

factors, and experimental results are presented and discussed.

Chapter 6: In Chapter 6, the conclusions and recommendations are presented. This includes a
summary of the study with the main findings made from comparing the results. Following this is
an overview of the contribution that this research effort makes to the field of study. After that, the
limitations of this research effort are outlined, and improvements are recommended. Lastly, the
areas for further research are provided, and the advantages thereof are discussed. Then, the final
concluding remarks of this research effort are presented.
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CHAPTER 2 LITERATURE REVIEW

This chapter provides an in-depth background and introduction to water hammer with liquid
column separation. It discusses the types of cavitation and hydraulic transients, the need for
modelling, popular numerical models, and past experiments. Lastly, it discusses the research

voids and uncertainties and sketches the background of the research problem and questions.

2.1 Introduction

This chapter aims to provide an in-depth background on hydraulic transients, specifically water
hammer with liquid column separation. It discusses the working principle of water hammer and,
consequently, liquid column separation in detail. This is followed by discussing two types of
cavitation that might occur during a liquid column separation event. The various other types of
hydraulic transients are briefly discussed for the reader's interest.

Stressing the importance of modelling water hammer with liquid column separation, examples of
industrial accidents caused by said hydraulic transient are presented. This is followed by an
outline of the three most popular numerical models used for simulating said transient and a brief
overview of past experiments conducted on the popular numerical models. Lastly, the research

voids and uncertainties found in the open literature are discussed.

The outline of this chapter is as follows:

e Section 2.2: Provides an in-depth overview and discussion regarding water hammer, and
water hammer with liquid column separation.

e Section 2.3: Discuss the two types of cavitation occurring with liquid columns separation
hydraulic transients (vaporous and gaseous cavitation).

e Section 2.4: Provides a brief discussion on other types of hydraulic transients.

e Section 2.5: Stresses the need for modelling water hammer with liquid column separation
modelling by providing an overview of industry-related accidents.

e Section 2.6: Outlines the advances made in the field of modelling hydraulic transient with
the use of analytical and numerical methods.

e Section 2.7: Discusses the three most popular numerical models used in the industry
today, that is, the DVCM, the DGCM, and the GIVCM.
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e Section 2.8: Provides a brief discussion of the past experiments performed on the DVCM,
DGCM and GIVCM numerical models.
e Section 2.9: This section summarises the research voids and uncertainties obtained from

the open literature.

2.2 Water hammer and liquid column separation

As discussed in Section 1.1 above, water hammer occurs when an incompressible fluid in motion
is either stopped or forced to change flow direction abruptly [1]. Since the fluid has momentum
and little energy absorption is present, the sudden change in flow causes a pressure pulse to be
generated within the piping system, from the location of the disturbance [2], known as water

hammer.

Figure 2-1 below illustrates the pressure and velocity profile within a single-conduit frictionless
pipeline following the sudden closure of a valve [14].
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v=0 E V=g v=0 E V=V

Figure 2-1: lllustration of pressure and velocity of a water hammer event [14].

Note that the steady-state pressure head is shaded medium orange, the increased pressure head
is shaded dark orange, and the lower pressure head is shaded light orange. Additionally, the
authors of [14] illustrate the expansion and contraction of the pipeline in Figure 2-1 above. Medium
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blue represents the steady-state pipe, dark blue represents the expanded pipe, and light blue

represents the contracted pipe.

The sequence of events during a water hammer event can be described, in Figure 2-1 above, as
follows [14]:

1. Represents the steady-state conditions of the system; the pressure profile is constant, and
the same as the reservoir head (due to no friction assumed) and the steady-state velocity
is represented as V..

2. The downstream valve is suddenly closed, which causes a high-pressure pulse Ah and
the pipe to expand. The pressure pulse travels to the reservoir against the steady-state
flow, at the speed of sound. This causes the velocity in the pipe, trailing the pressure
pulse, to reduce to zero.

3. The pressure pulse arrives at the reservoir; however, since the reservoir pressure remains
constant, an unbalanced condition occurs, causing the pressure pulse to reflect in the
opposite direction of the reservoir. The flow velocity also changes direction at this point
and flows to the reservoir.

4. The pressure pulse -Ah travels to the downstream valve, whilst the flow velocity travels
from the valve to the reservoir.

5. The pressure pulse -Ah arrives at the closed downstream valve.

6. The arrival of the above-mentioned pressure pulse causes a sudden change in pressure.
Since the valve is still closed, the pressure pulse travels upstream to the reservoir. This is
accompanied by a change in flow velocity to zero and a contraction of the pipe.

The pressure pulse reaches the reservoir, and the pressure resumes the reservoir head.
The increased pressure (reservoir head) travels to the valve, and the flow velocity is
restored in the direction from the reservoir to the valve.

9. The conditions are the same as described in the steady-state condition, and the whole

process starts over.

The above-described sequence of events can be best illustrated using the pressure-time trace in

Figure 2-2 below, adapted from [14].
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Figure 2-2: lllustration of Figure 2-1 on a pressure-time trace, adapted from [14].

The above-described scenario is only valid for a perfectly isolated system where no energy is lost
or gained [14]. However, energy will be lost due to friction, heat, and vibration. Therefore, the
sequence of events mentioned above will continue, causing a rapid fluctuation in pressure until

the high-pressure pulse dampens out and stabilizes.

Figure 2-1 above, shows that initially, the flow velocity is from the reservoir to the downstream
valve. However, the flow velocity changes direction during the transient, and flow occurs from the
downstream valve to the reservoir. This sequence of events may lead to a common fluid transient
event occurring with water hammer, namely liquid column separation (cavitation). Liquid column
separation occurs when the local static pressure head drops to or below the vapour pressure
head of the fluid [7]. The vapour pressure head can be defined as: “the pressure exerted by a
vapour in thermodynamic equilibrium with its condensed phases at a given temperature in a

closed system” [15].

When this happens, a vapour cavity will form at the valve. However, since the flow velocity is
towards the reservoir, the cavity detaches from the valve, and a cavitation-induced cavity is
formed [7]. When the flow velocity again changes direction, from the reservoir to the valve, the
cavity will shrink and collapse due to the local static pressure increasing and surpassing the

vapour pressure head of the fluid. This causes a secondary pressure pulse in the system [8].
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Figure 2-3 below illustrates the collapse of a cavitation “bubble”.

Figure 2-3: lllustration of cavitation vapour “bubble” collapse [16].

The process of cavity collapse occurs in a matter of microseconds (at the speed of sound). This
produces shockwaves, noise, light emission, the pressure inside the imploding cavity of several
100 bars, and temperatures inside the imploding cavity reaching several thousand Kelvin [16].
However, these effects are local to the imploding cavity, as the pressure pulse generated by cavity
collapse is less than that of the water hammer pressure pulse [8]. Under the right circumstances,
the two pressure pulses, that of the water hammer and that of the liquid column separation can
super-impose [2]. This causes a short-duration pressure pulse that is significantly larger than that

of the water hammer pressure pulse.

The effect of superpositioning of the water hammer and cavity collapse (liquid column separation)
pressure pulses can be seen from the experimental results of [17], in Figure 2-4 below:
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Figure 2-4: Effect of water hammer and cavity collapse pressure pulse superpositioning [17].
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Figure 2-4 shows that the short-duration pressure pulse is far greater than that of only the water
hammer pressure pulse, not to mention the system's steady-state (operating) pressure.

2.3 Vaporous and gaseous cavitation

From the above discussion, liquid column separation is caused by cavitation. Therefore, it is
important to distinguish between the two types of cavitation that might occur during a water

hammer with liquid column separation event.

The first type of cavitation is vaporous cavitation. Vaporous cavitation occurs when the local static
pressure in the system drops below the liquid's vapour pressure. Once the static pressure is equal
to or less than the liquid's vapour pressure, the liquid effectively starts to boil, causing a two-

phase mixture (liquid and gas).

Vaporous cavitation can manifest itself in three primary forms within a pipeline system. The first
of which is in the form of local vaporous cavitation. Common examples of local vaporous cavitation
include cavity formation next to a valve, at a high point or a bend in the pipeline [18], i.e., where

the water hammer originates.

An illustration of local vaporous cavitation can be seen in the following Figure 2-5 below:

33



LOCAL VAPOROUS CAVITATION

VALVE

Figure 2-5: lllustration of Local Vaporous Cavitation.

The second form of cavitation is known as intermediate vaporous cavitation. Intermediate
vaporous cavitation forms when two crossing low-pressure waves meet and superpositions
anywhere along the length of the pipeline [19].

An illustration of intermediate vaporous cavitation can be seen in the following Figure 2-6 below.

INTERMEDIATE VAPOROUS CAVITATION

VALVE

Figure 2-6: lllustration of Intermediate Vaporous Cavitation.

The third form of cavitation is distributed vaporous cavitation (bubble flow). Distributed vaporous
cavitation forms when a negative pressure wave passes along the pipeline. This will cause the
static pressure to decrease in the direction of wave propagation due to friction or the slope of the
pipe. A variation in the velocity of the liquid between the two ends of the pipeline occurs, effectively

causing the liquid to tear apart, which leads to a two-phase flow in the pipe [20].

An illustration of intermediate-distributed vaporous cavitation can be seen in the following Figure
2-7 below:

Figure 2-7: lllustration of Distributed Vaporous Cavitation (Bubble Flow) [21].
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The second type of cavitation is gaseous cavitation. Gaseous cavitation occurs when the local
static pressure in the system drops below the saturation pressure of the non-condensable gas
dissolved within the liquid. Diffusion occurs once the local static pressure equals or is less than
the saturation pressure of the non-condensable gas dissolved within the liquid. This diffusion
process can be explained by Henry’s Law which can be summarised as follows: gas dissolves
into a fluid until equilibrium between the partial pressure of the gas and the pressure of the liquid
is reached [15]. Liquids are notorious for their capability to absorb a certain amount of free air/gas.
Therefore, a liquid can release the entrained gas once the saturation pressure of the said non-

condensable gas is reached.

With vaporous cavitation, the vapour will almost immediately condense back into liquid form once
the static pressure rises above the vapour pressure of the liquid. However, with gaseous
cavitation, the released gas will not immediately dissolve back into the liquid. It is known that gas
absorption is much slower than gas release [18]. The presence of free gas in the pipe system will
reduce the speed of the pressure wave propagation, and therefore the subsequent pressure

variations.

2.4 Other types of hydraulic transients

The concept of water hammer with liquid column separation is well known. However, it is
important to note that this is not the only type of hydraulic transient phenomenon in fluid pipeline
systems. Therefore, it is important to briefly mention the other prominent kinds of hydraulic

transients that might occur.

2.4.1 Pulsating flow

According to [22] pulsating flow occurs due to the flow pulsations caused by reciprocating
machinery, such as pumps and compressors. These pulsations cause vibrations within the piping

system, resulting in undesirable results and may lead to equipment failure.

2.4.2 Condensate hammer

Condensate hammer, also called “steam hammer”, is a hydraulic phenomenon that occurs when
vapour is introduced to a condensate system or when condensation occurs in a pressurised

vapour system [10]. Condensate slugs can form mainly in two ways (refer to Figure 2-8 below):
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(1) first is when condensation fills the pipe's cross-sectional area, usually at a pipe trap, and (2)

second is when the condensation patrtially fills the cross-sectional area of the pipe.

(1)

()

Figure 2-8: lllustration of condensate slug formation causing the condensate hammer [23].

The vapour in the system travels faster than the condensate. As the vapour reaches the
condensate “slugs”, the condensate is provided with kinetic energy and is propelled throughout
the system, commonly referred to as vapour-propelled slugs [23]. As the condensate is propelled
through the system, any obstruction, such as valves or bends, causes the condensate to impact

these obstructions, causing condensate-induced shock (CIS) [10].

2.4.3 Reverse flow hammer

Reverse flow hammer occurs when the rate of closure of a non-return valve (NRV) isn’t sufficient
[10]. This leads to flow reversing, in which the NRV shuts down, causing water hammer, as
described in Section 2.1 above.

2.4.4 Two-phase flow

Two-phase flow refers to a piping system where both liquid and gas are present. It can take on

many forms of flow regimes, as depicted by Figure 2-9 below.
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Figure 2-9: lllustration of basic two-phase flow regimes for horizontal pipes [24].

During a two-phase flow, the liquid and the gas may stratify, causing a temperature difference
between the two phases. This leads to damaging pipe wall stresses, commonly referred to as
“bowing” [10].

2.45 Geysering

According to [10] geysering is a hydraulic transient event that occurs in vertical or inclined pipes
when the operating temperature of the liquid is at or near its boiling point. Rapid boiling causes

the liquid to be propelled from the pipe, causing pressure pulses in the system.

A typical example of geysering is geothermal geysers seen in nature. Figure 2-10 below displays

Iceland's Haukadalsvegur geothermal geyser erupting (Eysering).
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Figure 2-10: Haukadalsvegur geyser erupting in Iceland [25].

Figure 2-11 below displays a pressure-time trace of the pressure pulsations at various depths

caused by geysering in a geothermal well.
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Figure 2-11: Pressure-time trace of pressure pulsations of geysering in geothermal well [26].
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2.5 Need for modelling of water hammer with liquid column separation

The danger of water hammer with liquid column separation is that a hydraulic system experiences
a far greater maximum pressure than the operating pressure and the pressure predicted by
simplified water hammer equations, as observed in Figure 1-2 and Figure 2-4. If water hammer
with liquid column separation cannot be avoided, its impact should at least be mitigated if possible
[19].

The energy associated with water hammer can be immense; for example, in the incident that
occurred in Ohio, USA, at a Sherwin-Williams plant, intermediate bulk containers (IBCs) were
filled with diesel using a 2” stainless steel pipe via a pump bolted onto a concrete foundation. The
operator suddenly closed the ball valve, causing water hammer pressure pulses [10]. These

pressure pulses caused the 2” pipe to bend and rip the pump from the concrete pad.

Water hammer with liquid column separation not only causes damage to hydraulic components
such as pipes, valves, and pumps but can also have devastating and even lethal consequences.
Take, for example, the deadly accident at the Oigawa hydroelectric power plant in Japan in 1950.
The accident can be summarised as follows according to the accounts of [27]: A butterfly valve
shut down rapidly, causing extremely high-pressure waves. This caused the penstock to fail and

burst at the valve.

See the location of the penstock framed in red in Figure 2-12 below from [28].
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Figure 2-12: Schematic view of hydroelectric power plant [28].
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The sudden release of water from the compromised penstock caused a low-pressure wave, thus
resulting in liquid column separation. The difference in pressure inside the penstock and the
atmosphere caused a section of the pipe to collapse. Figure 2-13 below displays the aftermath of
the Oigawa power station accident. The left-hand side of Figure 2-13 displays the burst section

of the penstock, and the right-hand side shows the collapsed section of the penstock.

Figure 2-13: Images from the 1950 Oigawa hydroelectric power plant accident [28].

Water hammer, in general, is a significant concern with the transfer of liquified natural gas (LNG)
[10]. LNG is transferred in liquid form by pressurising the gas to around 55-75 bar. This means
that LNG is usually handled near its boiling point [29]. Water hammer with liquid column
separation causes high-pressure waves in piping systems and low-pressure waves. These low-
pressure waves can cause localised flashing of the LNG in the system. Due to the volatility of
LNG, flashing can cause the LNG to combust. Since the whole pipeline system is filled with

flammable natural gas, an explosion is evident [29].

Figure 2-14 below displays an accident at the Freeport LNG plant in Texas, USA.

40



Figure 2-14: Freeport Texas LNG plant accident 2022 [30].

From the above-discussed, water hammer with liquid column separation can have costly
consequences in terms of damaged equipment and plant downtime; however, it can also be
concluded that the consequences can be catastrophic and even lethal. Nonetheless, even with
the potential hazards hidden with this hydraulic transient, it is a topic rarely explored by design
and plant process engineers [10]. One reason for this can be attributed to the complexity of
simulating the said hydraulic transient, which relies on computer processing power and numerical

solving software to simulate the various numerical models developed over the years.

2.6 Advances in the field

Water hammer is not a modern hydraulic transient phenomenon. Since ancient times, water
hammer have caused a multitude of concerns and issues for growing societies [28]. The first-ever
documented approach to defining water hammer dates back to the 1% century B.C. in the work of
Marcus Vitruvius Pollio [31]. Marcus explained the effects of water hammer on the lead and stone

pipes of the Roman public water network and proposed mitigations.

The rapid growth in technology and manufacturing during the Industrial Revolution led to
unprecedented scientific breakthroughs. This progress also led to the rapid development of

hydraulic systems. This led to researchers developing new theories for deriving hydrodynamic
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equations, ultimately used to create fluid models to analyse and predict water hammer [28]. In
1858, Menabrea noted that many engineers only considered the shock produced by water
hammers but failed to consider the elasticity and brittleness of the pipe wall, as well as the
compressibility of water [32]. Menabrea derived a formula to calculate the pipe wall's thickness
considering the fluid's velocity and the system's net head. In 1878, Michaud published literature
that proposed various methods to mitigate the pressure surges caused by water hammer [33].
The most prominent work done during this time frame was that of Nikolay Joukowsky when he
introduced the “Joukowsky equation” used to calculate the maximum theoretical water hammer

pressure in a system, which is still used extensively to this day [6].

See the “Joukowsky equation” below.

av,
9

AH = (2.1)

where V, = initial flow velocity, a = speed of sound and g = gravitational constant.

Even though these early advancements were crucial to developing the numerical models we know
today, these simplistic methods of calculating water hammer were insufficient by the turn of the
19" century. As more complex systems were being built, such as hydroelectric dams, design
engineers were only left with these simple methods to account for water hammer, leading to a
multitude of failures [28], as the concept of liquid column separation was not yet known. This led
engineers to design systems and mitigation processes from accident case studies, such as in the
works of [34] and [35].

By the early 20" century, water hammer events were still being investigated and solved using
outdated and less accurate methods such as the graphical method and various other arithmetic
methods. This is because, during the first half of the 20" century, the modelling of water hammer
with liquid column separation was impossible due to the lack of computer processing power. It
was only around the 1960s that the first modelling of water hammer with liquid column separation
using the aid of computers began, as observed by [36] and [37]. During and after the 1960s,
research on the said transient event accelerated along with technological advancements. By
using numerical methods, researchers could better understand water hammer transient events,

thus enabling them to create more accurate and robust numerical models.
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2.7 Popular numerical models

Over the years, a multitude of numerical models have been developed, from relatively accurate
and simple models to very accurate and complex models. From the literature, it became evident

that three popular models are currently being used within the industry and for research purposes.

The three current popular models include:

1. The discrete vapour cavity model (DVCM).
= Referto [38], [39] and [40].

2. The discrete gas cavity model (DGCM).
» Referto [4], [41], [42], [43], [44], [45] and [46]

3. The generalized interface vaporous cavitation model (GIVCM).
= Referto [4], [47] and [48].

The numerical models describing water hammer with liquid column separation consist of a set of

one-dimensional equations, each representing a different physical state of the liquid.

2.7.1 The discrete vapour cavity model (DVCM)

The DVCM is one of the most widely used numerical models and is used for most engineering
fluid transient software packages [49]. This is because the DVCM can easily be implemented to
reproduce various physical events occurring during column separation. The DVCM allows for the
formation of vapour cavities at any computational section within the method of characteristics
(MOC) when the pressure at the section falls to or below the vapour pressure of the fluid [50]. An

in-depth discussion regarding the MOC is given in Section 3.2.1 of this dissertation.

The basic theory of the DVCM, as described by [49] is that the vapour region is concentrated over
the entire cross-section of the pipe. When the pressure in any area along the length of the pipe
drops to or below the vapour pressure of the fluid, a vapour cavity is formed. The pressure at this
region is then equal to the vapour pressure of the fluid over the entire cross-section of the pipe
and remains constant. The cavity is filled with steam, which inherently causes a discontinuity in
the liquid. Therefore, the fluid is then divided into two independent and continuous fluid regions.

The water hammer wave only propagates at a constant wave speed in the continuous fluid region.

For the DVCM, only the fluid vaporisation in the cavity is considered, and the release of dissolved
gases is ignored. Since gas release is a relatively slow process, it can be ignored to keep the
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model simple [49]. In other words, the DVCM is only capable of modelling vaporous cavitation.
However, in most industrial systems, it is assumed that a negligible amount of free gas is released

during column separation [43].

The assumptions regarding the vapour cavity in the DVCM are [50]:

1. The cavity pressure is equal to the vapour pressure of the fluid,

The volume of the cavity is small in comparison to the volume of the liquid in the reach,
The cavity is assumed to occupy the entire cross-section of the pipe; hence the pressure
waves are reflected off the cavity,

The cavity is not allowed to move,

The cavity contains only pure liquid vapour (no released gasses),

The mass and momentum of the pure liquid vapour that occupies the cavity are neglected,
The cavity is assumed to exhibit isothermal behaviour,

The vapour condenses completely when the water columns re-join,

© 0 N o g A

The friction coefficients of the pipe are not affected by the cavity.

The unsteady pipe flow is described by the continuity equation (conservation of mass) and
eguation of motion (conservation of momentum). This is known as the classic water hammer
eguations. For the classic water hammer equations, it is assumed that the flow in the pipe is 1-D,
the pressure is greater than the vapour pressure of the fluid, unsteady frictional losses are
approximated as steady friction losses, the pipe wall and the liquid behaves linearly elastically,

and the amount of free gas is small and negligible [51].

The growth and decay of the discrete vapour cavity can be given by the continuity equation of the

vapour cavity volume [50]:

Viap = I(Qd -Q,)dt (2.2)

where t;,= time of cavitation inception, Q; = downstream discharge, Q,= upstream discharge,

and dt = time step.

Utilising the Euler-backward method, Eq 2.2 is integrated numerically within the staggered grid of
the MOC, and the following discretised equation is obtained for the continuity equation of the

vapour cavity:
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where i = i'" computational section, t = current time step, At = MOC time step, Vvap = Vapour cavity

volume and ¥ = relaxation weighting factor.

The cavity collapses when the calculated cavity volume is less than zero. The liquid phase is then
re-established, and the classical water hammer equation is yet again valid [50]. The standard
form of the continuity equations uses W = 0.5, according to [52]. However, ¥ can take on values
between 0 and 1, but the practical range for the weighing factor is 0.5 to 1, [17]. The author of
[17] recommended that the maximum cavity volume not exceed 10% of the reach volume (control

volume of an incremented pipe section).

In the experimental comparisons of [50], the experimental data from [17] were used. The
experimental data of [17] were generated using an experimental apparatus from the Robin
Hydraulic Laboratory at the University of Adelaide in Australia. The experimental test bench
consisted of a straight sloping pipe with a diameter of D = 0.022 m, a length of L = 37.2 m and a
pipe slope of 6 = 3.2° connecting two reservoirs (pressurised tanks). Figure 2-15 below displays

the experimental test apparatus used by [17].

H Tank 2

(.0 m

NV A—
DATUM

Valve Pipeline

Figure 2-15: Experimental test apparatus layout [50].

A water hammer is induced by the rapid closure of a ball valve that can be located either in the
middle of the pipeline (mp) or at either one of the reservoirs (v). A pressure control system
regulates the steady-state flow and head. Five pressure transducers are located at central points

along the pipeline's length. All experimental runs used demineralised water.
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The paper of [50] presented pressure measurements at the valve (H,) and the midpoint of the
pipe (Hmp). During the experiment, the water temperature in Tank 1 was continuously monitored,
the valve position was recorded with optical sensors, and the flow was estimated based on the
volume change rate in Tank 1. A comparison between the computed DVCM results and the
experimental measurements was made in the paper of [50] for two different steady-state flow

velocities, Vo = 0.3 m/s and Vo = 1.4 m/s, respectively.

The computational and experimental runs were performed to rapidly close a valve positioned at
the downstream end of the upward-sloping pipe (Tank 1, Figure 2-15). The static head of the
reservoir (Tank 2, Figure 2-15) was kept constant at Hr, = 22 m. The valve closure time of t. =
0.009 s was identical for both the low-flow and high-flow cases. The weighing factor was set to
unity for all computational runs. To test the robustness and numerical convergence of the model,
different numbers of reaches were selected for each computational run, that is, N = 16, 32, 6,
128, 256. However, only the results of N = 32 and N = 128 are presented in the paper [50].

Figure 2-16 and Figure 2-17 below present different computational reaches of N = 32, 128 for an
initial flow velocity of VO = 0.3 m/s.

—— Measurement —----- DVCM-classical Measurement =«===--- DVCM-classical
10004 y=12 10004 v=32
80.0-
= 6004 =
£ 40l Eg_
T 200 T
0.0 .
-20.0 —T———T—— -20.0 —
000 020 040 060 080 000 020 040 060 080
a) 1(s) b) 1(s)

Figure 2-16: DVCM comparison of heads at (a) Hv and (b) Hmp: Vo = 0.3 m/s, Hr2 =22 m and N = 32 [50].
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Figure 2-17: DVCM comparison of heads at (a) Hv and (b) Hmp: Vo = 0.3 m/s, Hr2 =22 m and N = 128 [50].

Figure 2-18 and Figure 2-19 below present different computational reaches of N = 32, 128 for an
initial flow velocity of VO = 1.4 m/s.
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Figure 2-18: Comparison of heads at (a) Hv and (b) Hmp: Vo = 1.4 m/s, Hr2=22 m and N = 32 [50].
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Figure 2-19: DVCM comparison of heads at (a) Hv and (b) Hmp: Vo = 1.4 m/s, Hr2 =22 m and N = 128 [50].

For the low-initial flow velocity case, the rapid closure of the valve generated a moderate
cavitation event [50]. However, the location, as well as the intensity of discrete vapour cavities,

was governed by the hydraulic characteristics, piping layout and type of transient regime [46].
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The maximum head measured at the valve in the experimental runs of [17] for Vo = 0.3 m/s was
Hv, max = 95.6 m, which occurred as a short-duration pressure pulse. The maximum head
calculated by the DVCM [50] is presented in Table 2.1 below.

Table 2.1: Calculated DVCM values: Vo = 0.3 m/s from [50].

Number of reaches Hy, max [M]
32 102.7
128 102.5

From Table 2.1 above, the DVCM overpredicted the maximum head by 7.43% and 7.22% for N
= 32 and N =128, respectively. In the paper of [50] It is concluded that although the DVCM may
produce unrealistic pressure spikes, it can provide reasonably accurate results when the number
of reaches is restricted. In the paper of [46], the same approach was followed, and similar results
were obtained as described above.

Usually, the wave speed is assumed constant for the partial differential equations describing the
transient liquid flow in pipelines. However, these equations are invalid when vaporous cavitation
occurs, as pressure waves don’t propagate through vaporous cavitation zones. [49]. Hence, the
DVCM is only a simplistic approximation of the real-world phenomena occurring during water

hammer with liquid column separation [17].

The disadvantages of the DVCM are illustrated below by analysing its main assumptions [49]:

1. The pressure wave speed is assumed to be constant throughout the transient process. In
reality, it varies constantly throughout the process. The change in pressure will bring about
a change in the gas content in the liquid, which will ultimately affect the pressure wave
speed. According to Joukowsky, the pressure boosting of the water hammer is a function
of the pressure wave speed.

2. Usually, a node is taken as the object of research. It is assumed that the flow into the node
is not equal to the flow out of the node. This inherently causes a cavity to form. However,
in reality, the fluid is elastic, and when the column of water is stretched within the range of
its elasticity, no cavity will form.

3. The assumption is made that the cavity fills the entire cross-section of the pipe. In reality,
the cavity can be elongated by passing pressure waves, and a condition may exist where

the cavity only fills a portion of the cross-section.
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Even though the DVCM is easily implemented and provides reliable results, it does, however, like
any numerical approach, suffer from deficiencies [53]. This includes (i) unrealistic pressure spikes
that may result from the restriction that avoids negative cavity sizes; (ii) vapour cavities are only
allowed to form at computational sections, leading to biased results based on where these
sections are located; (iii) the model is limited in its ability to model cavitation, due to fact that the

size of the cavity and momentum of the cavity is ignored.

Given the deficiencies of the DVCM, this model can produce reliable and accurate results if the
number of reaches (computational section size) is restricted [53]. As a rule, the ratio of maximum
cavity size to the reach volume should never exceed 10% when using the DVCM [17]. Simpson
and Bergant recommended that the maximum volume of the discrete cavity should be less than
the reach volume [53].

In essence, this model allows the formation of vapour cavities to develop at any computational
section of the MOC. It is assumed that a constant pressure wave speed persists within the liquid
in between computational sections. When the pressure at the computational sections drops to or
below the fluid's vapour pressure, a cavity is formed. When this occurs, the classic water hammer
eguations are no longer valid. The discrete vapour cavity can then be described by two water
hammer compatibility equations, where P = Pyapour @and the upstream and downstream discharges
can be obtained from the MOC compatibility equations. The discrete cavity is furthermore also
described by the vapour cavity volume continuity equation. Once the vapour cavity collapses, a
one-phase liquid flow is re-established, and the classic water hammer equations are yet again

valid.

Since the introduction of the DVCM by the authors of [39], the problem of the DVCM with multi-
cavity collapse and the effects thereof in producing unrealistic and spurious pressure pulses has
been documented extensively in the literature; refer to [3], [20], [43], and [45] . The authors of [54]
introduced the DGCM as a better alternative to the DVCM.

2.7.2 The discrete gas cavity model (DGCM)

The DGCM is built on the foundation of the DVCM, the only difference being that with the DGCM
a permenant-infinitesimal gas cavity is added to each computational section in the MOC. This
allows the simulation to capture the column separation phenomena anywhere over the entire
length of the pipe [12], allows for gaseous cavitation to be considered and eliminates the

possibility of multi-cavity collapse [46]. The use of the DGCM over the DVCM for the simulation
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of column separation has been strongly recommended by researchers [11]. The DCGM model

was first introduced by [54] and can perform consistently over a wide variety of parameters [46].

With the DGCM the discrete gas cavities replace the discrete vapour cavities from the DVCM,
and the growth and collapse of the gas cavity are calculated using the classic water hammer
equations, the gas cavity volume continuity equation, and the ideal gas equation [15]. With the
DGCM a low gas void fraction (the ratio between the free-gas and the free-gas-liquid mixture
volume) is used. The small amount of free gas is assumed to persist at each computational cell,
and each isolated gas volume expands and contracts isothermally as the pressure varies,
according to the ideal gas law [11]. This accounts for column separation over the entire length of
the system [46]. It is recommended that the void fraction of ag < 107" should be used. The DGCM
allows for the formation of gas cavities at any computational section of the MOC grid. Itis assumed
that a single-phase liquid with a constant wave speed occupies the computational reach [53].

As discussed previously, the DGCM is described by four sets of equations. These include the
classic water hammer equations, the gas cavity volume continuity equation, and the ideal gas

law.

The integrated and discretised gas cavity volume continuity equation, as reported by [44], can be

given as follows:

(vg )i,t = (vg )i,t_m + [(1_W)((Qd )i,t—ZAt _(Qu )i,t—2At)+ W((Qd )i,t _(Qu )i,t )} 2At (2.4)

To suppress the numerical oscillations appearing in transients where the pressurisation of gas
bubbles occurs, a weighing factor (W) is introduced. Values of W between 0 and 0.5 produce

unstable results [43].

The general form of the ideal gas equation (gas equation of state) can be given as:
PV =nRT (2.5)
where P = pressure, V = volume, n = amount of substance, R = gas constant and T = temperature.

Discretising Eg. 2.5 into the MOC, the following form of the ideal gas equation is obtained, as

reported in [1]:
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P a,V
v, =—fe’n (2.6)
Pg

where Pg*O: reference pressure, ¢, = initial gas void fraction, V,, = computational cell volume

and Pg*: absolute gas pressure.

In the experimental comparison of [46] the experimental data from [17] were used; refer to Section
2.7.1, Figure 2-15. The computed DVCM, DGCM, and GIVCM results and the experimental
measurements were compared for two different steady-state flow velocities: Vo = 0.3 m/s and Vo
= 1.4 m/s, respectively. However, only the comparison regarding the DGCM will be presented in

this section.

The computational and experimental runs were both performed for the rapid closure of a valve
that is positioned at the downstream end of the upward-sloping pipe (Tank 1, Figure 2-15). The
static head of the reservoir (Tank 2, Figure 2-15) was kept constant at Hr, = 22 m. The valve
closure time of tc = 0.009 s was identical for both the low-flow and high-flow cases. The numerical
parameters for each model (DVCM, DGCM and GIVCM) are the number of reaches N = 16, a
weighing factor of ¥ = 1 and an initial gas void fraction of ag < 10 for the DGCM. Furthermore, a

steady-state friction factor was used in all the computational runs.

The results comparison of the pressure head at the valve between the computed DGCM results
from [46] and the measured experimental results from [17], for an initial flow velocity of (a) Vo =

0.3 m/s and (b) Vo = 1.4 m/s are displayed in Figure 2-20 below.
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Figure 2-20: DGCM comparison of heads at Hv1: (a) Vo = 0.3 m/s (b) Vo = 1.4 m/s, Hr2 = 22 m [17].

51



From Figure 2-20 (a) above, it is observed that the low flow condition produces a column
separation event in which the maximum pressure induced is more significant than that of the
Joukowsky water hammer pressure rise (first peak) [46]. The high flow condition, Figure 2-20 (b),
produces a column separation event with the opposite effect of the low flow condition, albeit the
overall pressure rise is more considerable. It was also reported in [17] that the timing match
between the DGCM and the experimental data correlates well until around 0.22 s, which
corresponds to the observation of Figure 2-20 (a) and (b). The increased differences in timing
after 0.22 s are likely due to unsteady friction effects [46], whereas the DGCM model used utilises

a steady friction model.

For the low flow condition, it is reported in [46] that the maximum pressure head and the duration
of the first cavity at the valve is measured by [17] to be 95.6 m and 0.0636 s, respectively. The
maximum pressure head and duration of the first cavity at the valve for the low flow condition are
calculated by [26] using the DGCM to be 101.9 m and 0.0635 s. Therefore, the point difference
between the experimental measurements and the calculated DGCM results for the low flow
condition is 6.59% and 0.16% for the maximum pressure head and duration of the first cavity,

respectively.

For the high flow condition, it is reported in [46] that maximum pressure head and the duration of
the first cavity at the valve are measured by [17] to be 210 m and 0.318 s, respectively. However,
for the high flow condition, the maximum pressure head is the water hammer pressure rise, not
the column separation event. The duration of the first cavity at the valve for the high flow condition
is calculated by [46] to be 0.310 s. Therefore, the point difference between the experimental
measurements and the calculated DGCM results for the high flow condition is 2.52% for the

duration of the first cavity.

The DGCM is capable of reproducing many of the phenomena occurring during water hammer
with liquid simulation. Moreover, the DGCM provides the investigator with reliable and reasonably

accurate results [46].

However, the DGCM does suffer from highly non-linear numerical wave speed behaviour [48],
and is therefore bounded to the initial void fraction. Also, the DGCM appears to be sensitive to
the amount of free gas in the system [48] and produces pressure oscillations when the void
fraction is uniform, and a single-phase liquid is present upstream from the cavity. The content of

free gas significantly reduces the wave speed in pressurised pipes.
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Figure 2-21 below displays the non-linear behaviour of the wave speed as a function of the initial

void fraction and the absolute gas partial pressure.
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Figure 2-21: Wave speed ratio as a function of the initial void fraction and absolute gas partial pressure [48].

During water hammer with liquid column separation, the pressure in the system drops to or below

the fluid's vapour pressure. The pressure might even drop to a negative value [55]. This is

physically impossible as the intensity of cavitation will increase, leading to a larger volume of

cavities and dampening the wave speed.

Figure 2-22 below displays the decrease and subsequent increase in the wave speed as the

pressure drops (left) and the effect of a minimum initial void fraction on the wave speed (right).

Without amin

With amin

1400

1400

1200
1000
800 |
600 -
400

a(m/s)

200

0—2—10123456?
Absolute gas partial pressure [mW(C]

1200 -

1000 -

800 -
a(m/s)

600

400 -

200

! amin L L
8 -2-1 0 1 2 3 4 5 6 7 8
Absolute gas partial pressure [mW(C]
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=107 [55].
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Figure 2-22 shows that with a minimum initial gas void fraction (right), the wave speed behaves
much more realistically than without one (left). Therefore, the wave speed is bounded to a

minimum initial gas void fraction, where this value is defined a priori [55].

In essence, the DGCM model works on the same principle as the DVCM since the DVCM is used
as a basis of the DGCM. The DGCM replaces the discrete vapour cavities from the DVCM with
discrete gas cavities. Small amounts of free gas are assumed to persist at each computational
cell within the MOC. It is assumed that each of the isolated gas volumes expands and contracts
isothermally, according to the ideal gas law, with varying pressure. This enables the DGCM to
account for gaseous cavitation and liquid column separation over the entire length of the pipeline
system. An initial void fraction of ag < 107 is used to simulate vaporous cavitation. This also
ensures that only a small change in wave pressure occurs due to the presence of free gas in the
system, even at low pressures [56].

The DGCM has proven to be very effective in numerically recreating many of the phenomena
occurring during water hammer with liquid column separation. The DGCM provides reliable and
satisfactory accurate results, although it suffers from non-linear wave speed behaviour.
Therefore, the DGCM is widely used in many industrial numerical software packages [1], and is

preferred above the DVCM since it is much more accurate and numerically stable.

2.7.3 The generalised interface vaporous cavitation model (GIVCM)

An interface type of model was first proposed by [57]. Improvements to the interface model have
been developed by many researchers, such as [3] and [58]. However, it was [4] who used the
DVCM as a basis to develop an interface model referred to as the generalised interface vaporous
cavitation model (GIVCM).

The DVCM allows for the formation of cavities at each computational section within the MOC [45].
The GIVCM uses the DVCM as the basis and incorporates distributed cavitation, shock waves
and various types of discrete cavities [46]. The GIVCM utilises the coupling of a set of analytical
and numerical equations in one algorithm to solve water hammer with liquid column separation.
A loop for the shock treatment at the appropriate computation sections is introduced in [46].
Further, a module for the computation of a discrete vapour cavity and a distributed vaporous
cavitation zone is also introduced. The GIVCM allows for the correction of the physical behaviour

between various phase interactions and allows for the identification of new interactions [47].
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In the GIVCM, the various physical states of the fluid, such as the liquid state, homogeneous
vaporous mixture, and the discrete cavity, can be described by the representative equations from
[47]. The representative equations are (1) The classic water hammer equations that describe the
liquid state, (2) Two-phase flow equations describing the homogenous vaporous mixture, (3)
Equations describing the discrete cavity or vaporous cavitation regions, and (4) Shock equations

that describe the condensation of a vaporous mixture back to a liquid state.

The classic water hammer equations describing the unsteady flow in the liquid, in its liquid state,
are given by the continuity equation (conservation of mass) and equation of motion (conservation
of momentum). These equations are only valid when the liquid is in the sub-cooled region, i.e.
when the pressure at any specific point in the fluid is above the vapour pressure of the fluid [58].

The two-phase flow equations describing the homogenous vaporous mixture were developed by
[58]. A homogenous vaporous mixture is assumed to occur when a negative pressure wave
travelling in the pipe reduces the pressure over an extended length of the pipe to or below the
fluid's vapour pressure. Since the pressure at an established vaporous cavitation region is
assumed to be that of the vapour pressure of the fluid, no pressure wave can propagate through

such a region [47].

The two-phase flow equations were developed by [58] for the control volume displayed in Figure
2-23 below:

Figure 2-23: Two-phase flow equations control volume [58].

where An = hydraulic pipe area, p,,= density of vaporous mixture and 7,, = wall shear stress.

From the derivation of [58]. Eq. 2.7 and Eq. 2.8 below gives the continuity equation and equation

of motion, respectively.
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where ¢, = the void fraction, g = gravitational constant, 8 = pipe angle, f = friction factor, D =

hydraulic pipe diameter, and V,, = the velocity of the vaporous mixture.

The continuity equation (Eq. 2.7) is used to solve the void fraction a., approximated via numerical

integration [58]. The momentum equation (Eq. 2.8) is used to solve for I, via numerical integration
[58] and is dependent on the slope of the pipe, the terminal velocity v! and the inception velocity

of the vaporous mixture v! . An inception velocity is calculated from the characteristic lines (C*

and C) of the MOC, refer to Figure 3-2.

The equation for the terminal velocity, as derived by [47] is presented below.

Vo /w 2.9)

Furthermore, in the paper of [47] the equations for V;, for the following conditions are given:

1. Upwards sloping pipe for a positive inception velocity (6 > 0 with v > 0).

a. Before flow reversal.
b. After flow reversal.
2. Downwards sloping pipe for a negative inception velocity (6 < 0 with v! < 0).

3. Downwards sloping pipe for a positive inception velocity (6 <0 with v! > 0).
4. Upwards sloping pipe for a negative inception velocity (6 > 0 with v! <0).

a. Before flow reversal.
b. After flow reversal.

5. Horizontal pipe for a positive inception velocity (6 = 0 with v > 0).

6. Horizontal pipe for a negative inception velocity (6 = 0 with v! < 0).

As mentioned, the void fraction a. is approximated by the numerical integration of the continuity
equation, Eq. 2.7. The numerical integration of Eq. 2.9 at time t is given by [43] as:
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where i = the upstream node and i + 1 = the downstream node of the computational reach j,

respectively. With a computational reach length of Ax = aAt.

When the weighing factor W = 1, the solution is known as Simpson’s solution [3]. The void fraction
can also be calculated by analytical integration, as shown by [47]. However, the accuracy of

calculating the void fraction is affected by the approach (numerical or analytical integration) used.

The growth and diminishment of the discrete vapour cavity, which commonly forms at a boundary,
high point or intermediate point, can be described by either the water hammer equations or the

two-phase flow equations [47].

As the liquid progresses into a vaporous mixture or the intermediate cavity in between two
vaporous mixtures collapses, the vaporous mixture condenses back into a liquid state [47]. The
shock equations describe the movement of the interface between the liquid and the two-phase
homogenous mixture (liquid-vapour) and are derived for the control volume displayed in Figure
2-24 below:

Figure 2-24: Shock equations control volume [58].

where ps = pressure on the liquid side of the shock wave, psy = vapour pressure on the vaporous

mixture side of the shock wave, A = hydraulic pipe area and p = liquid density.

The continuity equation and momentum equation of the shock equations derived from the control

volume displayed in Figure 2-24 above are given as Eq. 2.11 and 2.12, respectively.
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where ag; = shock wave speed, H, = liquid side hydraulic grade line and H,, = vaporous mixture
hydraulic grade line.

In the experimental comparisons of [59], the experimental data from [3] were used to compare
two different numerical models (DVCM and GIVCM). This section will display only the results
regarding the GIVCM.

The experimental setup of [3] consisted of a straight sloping pipe with a length L = 36 m and an
inner diameter of D; = 19.05 mm. The pipeline does not consist of a long continuous pipe but two
right-angled pipes. The upward-sloping pipe connects two pressure tanks (“‘upstream tank” and
“downstream tank”). Figure 2-25 below displays the schematics of the experimental setup used
by [3].

Downstream
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Figure 2-25: Experimental setup used by [3].

Water hammer with liquid column separation is induced when the ball valve is closed rapidly. That

is when the valve closure time is tc < 2L/a. The initial flow velocity in the pipe is 0.332 m/s, and
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the pressure wave speed is 1280 m/s. The pressure head comparison of the GIVCM against the

experimental data for 128 reaches/increments is displayed in Figure 2-26 below.
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Figure 2-26: Experimental and calculated pressure head (GIVCM) [59].

From [59] it is reported that a cavity forms at the valve at around 1316 ms and collapses at 1375
ms. A significant increase in pressure follows at around 1431 ms due to the superposition of the

water hammer pressure wavefront and the cavity collapse pressure wavefront.

The maximum pressure head measured by [3] was 91 m, and the maximum pressure head
calculated with the GIVCM by [59] was reported to be 88.2 m after 1430 ms. This, in essence,
means that the GIVCM model underpredicted the maximum pressure head of the experimental
data by 3.08%. It was also reported by [59] that the GIVCM compares much more favourably to
the experimental data than the DVCM in terms of the calculated pressure head and the timing of

transient events.

The GIVCM can simulate different column separation phenomena: discrete cavities and
distributed cavitation zones. The GIVCM can perform consistently over a wide range of
parameters. The GIVCM is also capable of modelling an array of different pipeline configurations,
the interactions between water hammer regions, distributed and intermediate cavitation zones,
as well as discrete cavitation zones usually located at boundaries [46]. The improved performance

of the GIVCM is credited to the more accurate treatment of distributed vaporous cavitation zones,
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the introduction of shock waves and the various types of discrete cavities [46]. The main drawback
of the GIVCM in comparison with the DVCM and DGCM is the complex nature of the model [46].
This leads to much longer computational solve times. One has to consider whether the increase

in the accuracy of the results is worth the increase in the computational solving time.

2.8 Summary of past experiments on the DVCM, DGCM and GIVCM

The authors of [49] stated that the main weakness of the traditional DVCM is its numerical
instability and non-convergence. The paper focused on introducing an improved DVCM by
implementing a new wave speed equation and a new cavity model and using a floating grid
instead of the traditional staggered grid. The results of the improved DVCM were compared to
the conventional DVCM and the experimental data. The authors of [50] concluded that the
improved DVCM provides more accurate results and is more numerically stable than the
traditional DVCM. Adding the new wave speed equation that considered the gas holdup, liquid
and pipe deformation. The wave speed changed as the gas holdup changed. The new cavity
model considered the elasticity of the liquid. The floating grid method considered the influence of
the cavity length.

In [50], the authors considered the advanced treatment of the growth and collapse of cavities
within the DVCM. The authors implemented time adjustments to open and collapse cavities within
the DVCM and compared the results of the improved DVCM to that of the traditional DVCM, as
well as experimental results from [17]. The authors of [50] concluded that although the traditional
DVCM provides reasonably accurate results, it is prone to spurious pressure spikes. The
comparisons with the results of [50] showed that adjusting the timing of cavity collapse has a more
significant influence than cavity opening. The adjustment to the timing of the cavity collapse did,
however, result in a larger predicted maximum pressure head, but a much better timing of the

transient event was achieved.

In the paper of [17] a sensitivity analysis of the DVCM was performed on changes in input
parameters (wave speed, friction factor, initial velocity, pipe diameter, pipe length, and pipe
slope). It was concluded by [17] that the DVCM's prediction of maximum pressure rise varied
dramatically with only slight changes to the wave speed, friction factor, initial velocity, pipe
diameter, and pipe slope. Furthermore, the authors recommended that a sensitivity analysis be
performed to mitigate unrealistic pressure head predictions if the DVCM was used for water

hammer studies.

60



The authors of [46] compared three numerical models (DVCM, DGCM, and GIVCM) in their ability
to solve a generalised set of equations describing all conventional types of low-pressure zones.
Water hammer zones, distributed and discrete vaporous cavitation zones, and shock zones. The
authors compared the results of the aforementioned numerical models to the experimental results
of [17]. It was concluded by [46] that the DVCM and DGCM involve a much simpler numerical
code than that of the GIVCM. However, the GIVCM suffers from longer solving times than the
latter. The GIVCM provided better insight into the transient event by its ability to track the actual
column separation phenomena directly. Also, the discrepancies between the three numerical

models can be attributed to the description of the vaporous cavitation zone, according to [46].

In the experimental comparisons of [51] the DGCM, considering the friction effects of unsteady
flow, was tested. The tests were conducted using the experimental results of [17]. Usually, the
DGCM is implemented, assuming that the friction factor is that of the steady-state Darcy-
Weisbach friction factor. This is not accurate since the flow during water hammer transients is
unsteady. The authors of [51] implemented two unsteady friction factor correlations into the
DGCM, the quasi-steady friction factor model and the convolution-based unsteady friction model.
Both improved models were tested against the experimental results. The authors were able to
prove that the inclusion of these unsteady friction factor correlations significantly improved the
performance of the DGCM. It was concluded by [51] that the convolution-based unsteady friction
model better captures the behaviour of unsteady friction during water hammer transients.
Furthermore, the authors concluded that the DGCM with the convolution-based unsteady friction

model should be used for engineering practices.

The authors of [7] explored the idea of coupling the 1-D DGCM numerical model to a 3-D CFD
software package to calculate liquid column separation. The 1-D numerical model is used for the
transient analysis, and the 3-D CFD software (Ansys Fluent) is used to calculate the two-phase
flow. The small portion of the pipe containing the cavity is calculated using the 3-D CFD software,
and the rest of the transient is computed using the 1-D numerical model. The 1-D-CFD coupling
was tested against experimental results from [17]. The authors of [7] concluded that the 1-D CFD
and 3-D CFD both capture the transient event with almost identical accuracy. In terms of the 1-
D-CFD coupling, although the results agree with the experimental results, some discrepancies

still need to be explained.

In the paper of [8] the DVCM and GIVCM were both tested against the experimental results of a
simple pipe-reservoir system. Furthermore, the authors tested the influence of various parameters

on the calculated pressure head during a pump failure scenario for the before-mentioned

61



numerical models. These parameters are (1) the pipe diameter, (2) the flywheel effect and (3) the
specific speed of the pump. The authors of [8] concluded that the GIVCM vyielded better results
than the DVCM compared to experimental results regarding the timing of the transient events and
the maximum calculated pressure. Furthermore, the authors found that an increase in pipe
diameter and pump inertia will reduce the maximum pressure in the pipeline. Also, the authors

concluded that pumps with higher specific speeds may mitigate or prevent column separation.

The authors of [55] conducted water hammer with liquid column separation simulations using an
electrical analogy. The authors compared both the DGCM and the electrical analogy model to
experimental results from [17]. The electrical analogy modelling was based on a finite difference
method with a centred scheme and a lax scheme for the discharge. The set of ordinary differential
equations is represented as a T-shaped electrical equivalent scheme. The electrical analogy
approach allowed the authors to have a pressure-dependent wave speed in the capacitance term
and account for energy dissipation by adding the capacitance in series. The authors concluded
that the electrical analogy method showed similar agreement to the DGCM, and both models

compared well with the experimental results.

In the paper of [53], the authors investigated the modelling of vaporous cavitation in viscoelastic
(polyethylene) pipes. The authors developed a model that incorporates the rheological-
mechanical behaviour of viscoelastic pipes. The DVCM and DGCM were used to describe the
cavitating flow in the pipes. The model's results were compared to an experimental test bench
setup using high-density polyethylene. The authors found that the contribution of unsteady friction
to the dissipation is small compared to the pipe's viscoelastic effect and that the pipe's movement
and the additional dissolved air introduced additional dampening. Firstly, the authors concluded
that the DVCM provided imprecise results and that the assumption of the ideal gas law in the
DGCM is more appropriate. Secondly, the authors concluded that their developed model
compared relatively well with the experimental results. However, future research and

development is needed in this area.

The authors of [11] simulated water hammer with liquid column separation using 3-D-CFD based
on the finite volume approach. The results obtained from the CFD, as well as the DVCM analysis,
were compared to the experimental results of [17]. The authors concluded that the 3-D-CFD
approach compared well with the experimental results and is far superior to the 1-D DVCM in
predicting pressure fluctuations for turbulent fluid transients. The 3-D-CFD also better visualises

the separation and re-joining of liquid columns, giving better insight into the system's dynamics.
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However, one has to consider if the immense increase in processing power and simulation time

is worth the increase in accuracy.

2.9 Research voids and uncertainties

Although an exhaustive amount of research has been conducted on water hammer with liquid
column separation in the past, the open literature suggests that since the start of the 215 century,
the research on water hammer with liquid column separation has significantly declined. There are
still many uncertainties and voids within this specific area of study. While most fundamental
research and development occurred during the 20" century, there is still much room for
improvement in the different numerical models to increase their accuracy, robustness and ease

of implementation.

From the open literature, it became evident that there is no explicit agreement on how to
implement the numerical models, especially in terms of the weighing factor of the free gas volume
equation in the DGCM model. For instance, according to [43] it is recommended that the weighing
factor (W) should be set to a value higher than 0.5; however, according to [48] it is strongly
suggested that this weighing factor be set to unity only. The open literature also lacks information

on the weighing factor's effect on the grid and the numerical model's time step independence.

2.10 Conclusion

This chapter provides an overview of water hammer and water hammer with liquid column
separation, see Section 2.2. Water hammer occurs when a fluid in motion is stopped abruptly or
is forced to change flow direction. Since the fluid possesses incompressible momentum, little
energy absorption is present. The kinetic energy of the flowing liquid is transformed into pressure,
which causes high-pressure pulses in the system, travelling back and forth from the point of

disturbance to the reservoir (see Figure 2-1).

A common hydraulic transient observed with water hammer is liquid column separation. Initially,
during a water hammer event with the rapid closure of a valve, the flow velocity is from the
reservoir to the downstream valve. However, the flow velocity changes direction during the
transient, and flow occurs from the downstream valve to the reservoir. The before-mentioned
sequence of events may lead to the local static pressure head dropping to or below the vapour
pressure head of the fluid. This leads to a vapour cavity to form at the valve. Since the flow velocity

is towards the reservoir, the cavity grows and detaches from the valve (liquid column separation).
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When the flow velocity again changes direction, now from the reservoir to the valve, the cavity
will shrink and collapse. This causes a secondary pressure pulse in the system that is smaller
than the water hammer pressure pulse. Under the right circumstances, the two pressure pulses,
the water hammer and the liquid column separation, can superposition. This causes a short-
duration pressure pulse significantly larger than the water hammer pressure pulse (refer to Figure
2-4).

Secondly, since liquid column separation is a cavitation-induced phenomenon, an overview of the
two types of cavitation is presented in Section 2.3: vaporous and gaseous. Vaporous cavitation
occurs when the system's local static pressure drops below the liquid's vapour pressure. Once
the static pressure is equal to or less than the vapour pressure of the liquid, the liquid effectively
starts to boil causing a two-phase mixture (liquid & gas). Gaseous cavitation occurs when the
local static pressure in the system drops below the saturation pressure of the non-condensable
gas dissolved within the liquid. A diffusion process occurs once the local static pressure is equal
to or less than the saturation pressure of the non-condensable gas dissolved within the liquid.

Thirdly, a brief overview of other types of hydraulic transients is provided. These hydraulic
transients are pulsating flow, condensate hammer, reverse flow hammer, and geysering (refer to
Section 2.4).

Section 2.5 stresses the importance of modelling and simulating water hammer with liquid column
separation from the design to the operating phase of a project. Relevant examples of industry
accidents caused by the latter were given. These examples range from minor incidents like that
of the Sherwin-Williams plant in Ohio to major lethal accidents like that of the Oigawa power
station in Japan in 1950. A brief overview highlighted the dangers of liquid column separation and

the need for modelling thereof in the LNG industry.

An overview of the advances in the water hammer and the liquid column separation field over the
years is given in Section 2.6. Ranging from the first written concept of water hammer that dates
to the 1% century B.C. in the work of Marcus Vitruvius Pollio, explaining the effects and proposed
mitigations of water hammer on the lead and stone pipes of the Roman public water network, to
the robust and accurate numerical models we use today. Today's most widely used numerical
models are the DVCM, DGCM, and GIVCM. Section 2.7 provides an in-depth overview of the
latter numerical models. Section 2.8 provides an overview of past experiments from the open

literature performed on the numerical models presented in this chapter.
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Lastly, this chapter provided an overview of the research voids and uncertainty found in the open
literature in Section 2.9, giving background and context to the problem statement and research
questions. The open literature concluded that the most widely used numerical model today, of the
three models mentioned above, is the DGCM. However, although there has been an exhaustive
amount of research and experiments done on the DGCM in the past, little is presented on
implementing the said numerical model. This is especially true in terms of the weighing factor of
the free gas volume equation in the DGCM model. According to [43] it is recommended that the
weighing factor (y) should be set to a value higher than 0.5; however, according to [48] it is
strongly suggested that this weighing factor be set to unity only. The open literature also lacks
information on the weighing factor's effect on the grid and the numerical model's time step

independence.

Therefore, the implementation of the DGCM in terms of the free gas volume equation weighing
factor and its effect on the grid and time step independence needs to be investigated, validated,

and verified.
Chapter 3 discusses the theory used to implement the DCGM model into EES and provides an

overview of the verification and validation effort by comparing the EES simulation results to data
obtained from the open literature.

65



CHAPTER 3 THEORY AND MODEL IMPLEMENTATION

This chapter provides an overview and in-depth discussion of the theory used in the DGCM
numerical model. This includes the MOC, classic water hammer equations, derivation of the
DGCM numerical model, and the theory used for conducting grid and time step independence
study for CFD numerical models. Lastly, the verification and validation process for implementing

the DGCM numerical model in EES are outlined and discussed.

3.1 Introduction

The previous chapter overviews hydraulic transients, specifically water hammer with liquid column
separation. The need for modelling this specific hydraulic transient and the advances made in the
numerical modelling of this hydraulic transient was discussed. The three main numerical models
used to simulate this hydraulic transient were outlined (DCVM, DGCM and GIVCM), and an
overview of past experiments was performed on the three aforementioned numerical models. The
research voids and uncertainties identified in the open literature concerning the free gas volume

weighing factor of the DCGM and its implementation are also discussed.

This chapter outlines the theory used in the DGCM numerical model. To establish whether the
DGCM is implemented correctly into EES, verification and validation are performed on the EES

model using the model and experimental results obtained in the open literature.

The outline of this chapter is as follows: Section 3.2 provides the theory used in the numerical
modelling of water hammer with liquid column separation. This includes the MOC, the classic
water hammer equations, the derivation of the DGCM model using the MOC grid, and the theory
used for time step and grid size independence studies with CFD models. Section 3.3 provides the

EES model's verification and validation results using data from the open literature.

Chapter 4 discusses this study's experimental methodology. This is followed by a discussion of
the experimental test bench design, which includes the procedure used to design the fast-closing
valve. Lastly, an overview and discussion of the measuring instruments used in the experimental

test bench follows.
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3.2 Numerical model theory

In the past, many researchers developed techniques and methods to simulate and describe the
phenomena occurring during hydraulic transients, especially water hammer with liquid column
separation, more accurately. Most of these numerical models utilise the well-known method of
characteristics (MOC) to solve the equations describing the various flow regions in the pipe during

fluid transients.

3.2.1 Method of characteristics (MOC)

The MOC, also known as the predictor-corrector method [1], is synonymous with fluid transient
numerical models. Almost all numerical methods dealing with water hammer fluid transients utilise
the MOC numerical solving scheme [1], due to its simplicity, minimal CPU usage, reliability and

accuracy.

The reduction of partial differential equations (PDE) to ordinary differential equations (ODE) can
be done using the MOC provided in [12]. Consider the theory of ordinary differential equations; it
is stated that the equation (Eq. 3.1) can be solved uniquely if an initial condition ug is provided,
only if f is a continuous function of both t and u. The following theory is explained in the paper of
[12].

du

—=f(t,u 3.1
i (t,u) (3.1)
If the initial condition is allowed to be a function of x then the solution of u will also be a function

of x. Therefore, u becomes a solution of:

(;—E[J =f(xtu) with u(x,0) = F(x) (3.2)

This can be considered an initial value problem for a PDE. If it is assumed that f and F are
continuous functions of x then the solution u(x, t) will also be a continuous function of x. Now
consider the following simple one-dimensional linear advection equation, also known as the wave

eqguation:

ou ou
a— =
ot OX

0 (3.3)
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u(x,0)=F(x) (3.4)

If the problem is reduced to an ODE along some arbitrary curve x(t) in the (x, t)-plane of which

the slope can be given as dt/dx, the curve x(t) can be determined so that:

du(x(t),t) :8_u+ aa_u

=0 (3.5)
dt ot ox

Figure 3-1 below displays a typical characteristic curve, x(t):

f

0 x=&

Figure 3-1: A typical characteristic curve [12].

Following the chain rule differentiation, the following equation is obtained from Eq. 3.5:

—du(x(t),t) :@%4_8_“%:6_["4_6_["% (3.6)
dt oxdt otdt ot oxdt

From the observation of Eg. 3.5 and Eq. 3.6 it is clear that the ODE on the left-hand side of Eq.

3.5 is equivalent to the PDE on the right-hand side only if:

dx

o (3.7)

which is the reciprocal of the slope of x(t). From this the PDE in Eq. 3.3 may consider the ODE:
du
—=0 3.8
o (3.8)

along any of the curves x(t), Figure 3-1, which are the solutions to the curves given by Eq. 3.7.
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A characteristic curve of the PDE (Eg. 3.3) is a curve in the (x, t)-plane given by x = x(t), Figure
3-1, where x(t) is a solution of the ODE (Eqg. 3.5). From Eq. 3.7 it is clear that u is a constant

along the characteristic curve. Integrating Eq. 3.7 provides the characteristic curves:
x(t)=at+¢& (3.9)

where £ is the x-intercept of the curve, see Figure 3-1. It shows that the characteristic curves are

straight lines with a slope, %z 1/a. Furthermore, since u is constant along any given

characteristic curve, its value can be determined from initial data. Therefore, along any given

characteristic curve, we must have the following:
u(x,t)=u(&,0)=F (<) (3.10)
However, since & =x—at, the solution of the PDE can be given as:
u(x,t) = F(x—at) (3.11)

The solution of PDE (Eqg. 3.3) corresponds to transporting the initial profile F(x) unaltered
(preserving the shape of the waveform) along the characteristics with a speed % = a. Let 4Ax be

the displacement in the x-direction during the time At. From Eq. 3.11, we obtain:
u(x, t+At) =u(x—Ax,t) (3.12)

When discretising a pipe into the MOC grid to solve fluid transients, such as water hammer, the

computational domain of the MOC is discretised into numerous computational cells with identical

spatial and temporal increments, AX and At, respectively. The unknowns at the computational
points at timestep tn+1 can be calculated explicitly based on the known conditions from the

previous timestep [1].

Figure 3-2 below displays a pipe discretised into the MOC grid.
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Figure 3-2: Discretization of a pipe into MOC staggered grid and rectangular grid, adapted from [51] and [59].

Figure 3-2 above displays a pipe discretised into the MOC computational grid in identical spatial
and temporal increments. Two types of grid patterns appear: the rectangular grid and the
staggered grid (Evangelisti grid) [17]. With the rectangular grid, the value of the pressure and flow
is computed explicitly at each computational reach and each time step. However, with the
staggered grid, the value of the pressure and flow is only calculated at every other time step for
each computational reach. For example, take computational reach 0; the value at this reach is
only calculated at t = 0 s, t = 2At, t = 4At and so on. With the staggered grid, the computational

effort and time are essentially half that of the rectangular grid.

It should be noted that the rectangular grid is more accurate for smooth solutions (i.e. the flow
variables change gradually. Whereas, the staggered grid is more accurate for shock waves and

discontinuities in the flow variables (i.e. water hammer).
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The pressure and flow at time step t = 0 s are the initial conditions calculated by steady-state
equations. At the boundaries, reach 0 and 4 in Figure 3-2, the values are computed using
boundary-specific equations. In this case, that would be the head of the reservoir at reach 0 and
a boundary-specific equation for the valve at reach 4. When a fluid transient event is initiated, the
water hammer compatibility equations, that is, the classic water hammer equations, explicitly
discretised for the MOC grid, are used to calculate the value at each interior grid of the MOC. The
values at a specific interior grid point are calculated explicitly using the compatibility equations
along the characteristic lines, C* and C in Figure 3-2, based on the known values of the grid

points of the previous time step.

The MOC provides a simplistic yet reliable and accurate method to reduce PDEs to ODEs and
solve the set of equations simultaneously. Through the comparisons of [50] where several column
separation models were tested, the authors strongly recommended that the staggered grid
(Evangelisti grid) be used with the MOC rather than the rectangular grid.

3.2.2 The classic water hammer equations

The equations describing water hammer transients are the continuity and momentum equations.
Frequently referred to as the classic water hammer equations, the derivation of these equations
from the conservation of mass and momentum equations can be seen in [45]. The classic water
hammer equations, Eq. 3.13 and Eg. 3.14 below, are displayed as the continuity and momentum

eguations, respectively.

oH a’oQ Q.

—+——=-g-=sin(d) =0

NPy (0) (3.13)
ﬁ+£@+J:O (3.14)
ox A odt

where:

Table 3.1: Classic water hammer equations, Eq. 3.13 and Eq. 3.14, variable description.

Variable Description
g Gravitational constant
H Piezometric head
t Time
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Variable Description
The cross-sectional area of the
A pipe
Q Volumetric flow rate
X Position in horizontal direction
J Friction term
0 Pipe angle from horizontal
a Wave speed

The equations described above, Eq. 3.13 and Eq. 3.14, assume that the pressure wave speed (

a) and the cross-sectional area of the pipe (A) are constant. Also, the convective terms may be

neglected [13].

The equation used for the wave speed assumes that the flow is one-dimensional and that the

compressibility and flexibility of the pipe are accounted for [13]. The wave speed equation is

2 = % (3.15)
() (O] o

displayed in Eqg. 3.15 below.

a

where:

Table 3.2: Wave speed equation, Eq. 3.15, variable description.

Variable Description
P Fluid density
K Fluid bulk modulus
E Young’s modulus of the pipe
Di Pipe inner hydraulic diameter
e Pipe wall thickness
C, Poisson ratio coefficient

3.2.3 Thediscrete gas cavity model (DGCM)

The following derivation of the DGCM theory and the implementation of the DGCM is described
in the paper of [13]. The MOC transforms the set of PDEs (Eq. 3.13 and Eq. 3.14) into four ODEs,
shown below as Eg. 3.16 and Eq. 3.17:
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dQ , gAdH _g .

—+< — _ + AJF2 0)Q=0 3.16

dt a dt " +asm( )Q ( )
dx
—=Za 3.17
ot (3.17)

Eq. 3.16 can be solved along the characteristic lines, and Eq. 3.17 determines the slope.

Figure 3-3 below displays the characteristic lines within the MOC in the X,t -plane.

At c c

AX AX

~
A 4
~
A 4

»
Figure 3-3: MOC characteristic lines in the x-t plane [52].

Approximating Eq. 3.16 with finite differences and integrating along the positive (C*) and negative

(C) characteristic lines yields the following:

C":H,=C,-BQ, (3.18)
C :H,=C,-BQ, (3.19)
where:
a AX .
Co = HA+BQA——JAAt+—SIn(9)QA (3.20)
g aA
C, =H, -BQ, + 23,At+ Zsin(6)Q 3.21
m B B g B aA B ( )
and:
a
B=— 3.22
oA (3.22)

Inserting Eq. 3.18 into Eq. 3.19 and solving for Hr and Qr yields:
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(3.23)

Qp=—""7" (3.24)

The pressure head (Hp) and volumetric flow (Qp) at point P, refer to Figure 3-3, are determined
by the known values from points A and B. Therefore, the steady-state conditions must be known
initially. The steady-state conditions are calculated using the well-known steady-state equations.

The ideal gas law is given by Eq. 3.25 below:
M R, T =PaV =P, jaV (3.25)

where:

Table 3.3: Ideal gas equation, Eq. 3.13, variable description.

Variable Description

M, Mass of free gas

Rg Gas constant

T Temperature

P Free gas absolute partial
g pressure

p Absolute partial pressure for
9.0 initial void fraction

a, Initial void fraction

When Eq. 3.25 is discretised into the MOC, it takes on the form as presented in Eq. 3.26 below:

G,

V j=— 2 3.26
o HP_ZP_HV ( :
where:
P aV
C3=—9'° 0 (3.27)
rY
and:
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P,=pg(Hp-2,—H,) (3.28)

where V; = the volume of the gas pocket, z, = the height of node P, and H, is the vapour pressure
head of the fluid.

The volume of the gas pocket is calculated from the gas volume continuity equation, Eq. 3.29

below:

Vg r =Vyeo+[ (1=9)(Qeo = Qupe )+ (Qo Q5 ) | 248 (3.29)

where W is the relaxation weighing factor and subscript u denotes the upstream conditions.

Subscript P denotes the conditions at time-step t and subscript PO denotes the conditions at time-
step t — 24t.

From Eq. 3.26 and Eq. 3.29, the following equation is obtained:

# =V po+| (1=9)(Qpo —(Qu)po )+ (@ —(Q.), ) | 2 (3.30)

\'

Rearranging Eq. 3.30 yields the following:

(Hp—2, —H,) +2B,(Hp —2,—H,)-C, =0 (3.31)
where:

B, =0.25

c _ B.BC
Yoyt

o _ 05OV, oo +(L=1)(Qeo = Quro) (3.32)
! 7

z,+H,

B,=-B,(C,+C,)+B,BB, +

Eq. 3.31 can be solved as a quadratic equation as described below:
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B, (L+\1+B J+z,+H, if B <l and B, >0.001
B, (1-\1+B; )+, +H, if B>1 and B, >0.001

—-2B, —&-i- z,+H, if B,<1 and B;<0.001
H, = 2B, (3.33)
&+ z,+H, if B,>1 and B;<0.001
2B,
JC.+2z,+H, otherwise

The flow rate downstream and upstream are calculated using Eq. 3.31 and the equation provided

below, respectively:

(3.34)

3.2.4 Time step and grid size independence theory

Time step and grid size independence are crucial to the accuracy and stability of numerical CFD
models. As the grid size is refined, i.e., the number of computational cells increases, and the time
step size is refined, i.e., smaller time steps for each iteration, the spatial and temporal

discretisation errors (excluding computer round-off errors) asymptotically reach zero [60].

Uncertainties and errors cause numerical simulation results to differ from their actual exact values.
Discretisation errors, also known as numerical errors, are due to the formation and representation
of the governing equations as algebraic equations in a discrete domain of space and time [61].
The spatial domain is known as the grid (mesh), and the temporal domain is known as the time
step. As mentioned above, a consistent numerical model will approach the exact solution of the
equation with zero error in the spatial and temporal domains as the grid size and time step are

refined, respectively.

Theoretically, one can use infinitely small grid and time step sizes for the numerical simulation.
However, this is impractical as the computational time will be infinitely large. Therefore, for any
numerical simulation, a grid size and time step size exist for which the computational time and
error are deemed acceptable. A method for examining the spatial and temporal convergence of

a simulation was introduced by [62], thereby determining the ordered discretisation error in a
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numerical simulation; see discussion in Section 3.2.4.1 below, as presented in [60] (obtained from
[62]).

3.2.4.1 Order of convergence
A solution's error can be defined as the difference between the discrete and exact solutions (see
Eq. 3.35 below).

E=f(h)—f__ =Ch?+HOT (3.35)

exact

where C = a constant, h = some measure of grid spacing, p = order of convergence, and H.0.T

= higher order terms. Suppose the solution is second-order, p = 2.

Neglecting the higher-order terms and taking the logarithm of both sides of Eq 3.35, leads to:
log(E)=1log(C)+ plog(h) (3.36)

Therefore, the order of convergence (p) can be obtained from the slope of the curve log(E) vs.
log(h). However, a more accurate and direct evaluation of the convergence order (p) can be
obtained from three numerical solutions (each with different grid size and time step values) and

refinement ratio .

2 1

fs — fz
p= In( — J/In(r) (3.37)

The grid refinement ratio (r) is calculated as follows:

hy
h,

r= (3.38)

Solution f3, f,, and f; are obtained by three simulation runs of the numerical model at different

grid sizes and time steps. For their corresponding solutions, 1 and 2, h = grid size.

The time step of each simulation run (i) is calculated by Eq. 3.39 below.
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_ hCFL
a

At

(3.39)

where CFL = Courant number, h; = grid size for simulation run i and a = speed of sound.

Once the order of convergence is established, the Richardson extrapolation method calculates
the numerical simulation's theoretical value. The Richardson extrapolation equation is presented
in Eq. 3.40 below.

f="f_,+gh+g,h*+g,n’*+-- (3.40)

where h = the grid size and the functions g;, g,, and g; are independent of the grid spacing.
Therefore, f,—, is the theoretical value of the numerical model simulation. The Richardson

extrapolation can be rewritten as f;, = 0 as follows.

(3.41)

Once the Richardson extrapolation value for f;,—, is known, a grid convergence index (GCI) can
be calculated for each solution f;, f,, and f;. The GCI, referenced to the Richardson extrapolation

solution, of the before-mentioned solutions can be calculated as follows.

GClI. =1.25(Mj/(2p -1) (3.42)

h=0

where i = solution number, in this case.

With the GCI known for each of the three solutions, each with its grid size and corresponding time
step size, linear interpolation or extrapolation may be used to calculate the required increment
size for the desired mesh error specified. From this, using Eq 3.39, the corresponding time step

size or the size of increment needed can be calculated.

If two or more parameters are being investigated for grid size and time step independence, the

above-discussed mesh refinement study should be executed for all parameters. In this case, the
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highest value for the required number of increments (finest grid) is used for the entire simulation

[62], ensuring that all parameters of interest account for grid size and time step independence.

It is important to note that the calculated increment and time step size are unique to the specific
numerical model setup. If any parameter in the numerical model changes, the above-described
mesh refinement study is invalid and should be recalculated for yhr changed numerical model

setup.

3.3 Theory implementation verification and validation

The purpose of this section is to elaborate on the verification and validation process followed to
ensure that the DGCM theory, as described in Section 3.2.3, is implemented correctly into EES
and that the EES model is fit for its intended purpose in predicting water hammer, as well as water
hammer with liquid column separation. The complete EES code, used in Section 5.4.2, can be
obtained in Annexure A.

The verification and validation process is divided into three cases, each with two subcases.
Subcase A pertains to verification, and Subcase B pertains to validation. In the verification cases,
the EES model is compared to theoretical results found by other authors. In the validation cases,

the EES model is compared to experimental results found by other authors.

The verification and validation cases are as follows:

e Case 1: Pure water hammer case.
o Case 1A: Verification by comparing the EES model results to that of Flownex®.
o Case 1B: Validation by comparing the EES model results to the experimental
results of [1].
e Case 2: Low-flow water hammer with liquid column separation case.
o Case 2A: Verification by comparing the EES model results to the numerical model
results of [17].
o Case 2B: Validation by comparing the EES model results to the experimental
results of [17].
e Case 3: High-flow water hammer with liquid column separation case.
o Case 3A: Verification by comparing the EES model results to the numerical model
results of [17].
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o Case 3B: Validation by comparing the EES model results to the experimental
results of [17].

The verification and validation parameters used are:

e Case 1: The maximum pressure head of the first pressure wave and the frequency of the
first two pressure waves.

e Case 2 and Case 3: The maximum pressure head of the second pressure wave (cavity
collapse-induced short-duration pressure pulse) and the time occurrence of said

maximum pressure head (time of cavity collapse).

The above verification and validation parameters align with the results of the literature
comparison. A normalised point difference is used to compare the verification and validation
parameters of the EES model to those of the benchmark. In this case, the benchmark pertains to
the values obtained from the literature.

The point difference (P.D) can be calculated as follows:

_ BNCH —EES
BNCH

P.D (3.43)

The acceptance criteria for the calculated point differences are as follows: Point differences
calculated in verification cases, i.e., EES compared to theoretical results found by other authors,
are set at 5%. Point differences calculated in validation cases, i.e., EES compared to experimental

results found by other authors, are set at 10%.

3.3.1 Case 1: Pure water hammer case

This case pertains to a pure water hammer event. Therefore, no liquid column separation occurs,

which leads to an additional pressure spike in the system.
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3.3.1.1 Case 1A verification and benchmark specification
3.3.1.1.1 Case 1A verification specification

This case consists of verifying a pure water hammer simulation in EES. The EES model results
will be compared to the benchmark results from the simulation results of a similar Flownex®

network.

The case is considered when a valve at the end of a horizontal pipe, filled with an incompressible
liquid (water), is closed instantaneously. The horizontal pipe has a length of 10m, an internal
diameter of 0.05 m, and a wall thickness of 0.002 m. The initial steady-state condition at the
reservoir is reservoir pressure and temperature of 500 kPa and 15°C, respectively. A weighing

factor of ¥ = 1 and an initial void fraction «, =10"were used.

The material used in this verification is pure water. The pipe material is commercial steel. The

properties mentioned above are displayed in the tables below.

Table 3.4: Physical properties of the fluid (pure water), Case 1A.

Property Value Unit
Density 998.66 kg/m?3
Viscosity 0.001135 kg/m.s
Specific Heat 1005 J/kg.K
Bulk Modulus 200 MPa

Table 3.5: Material properties of the pipe (commercial steel), Case 1A.

Property Value Unit
Young’s Modulus 206 GPa
Poisson Ratio 0.29 -
Relative Roughness 30 gm

3.3.1.1.2 Case 1A benchmark specification

The benchmark, in this case, is a Flownex® network. Flownex® is a commercial 1-D systems
CFD code containing a library of verified and validated component models that can be assembled
to simulate flow in complex piping networks [63]. The Flownex® version used for this benchmark
specification is the 2022 update 1 release (version 8.14.1.4845); see [64] for more information on
this version. The Flownex® network input parameters are the same as discussed in Section
3.3.1.1.1 above. The upstream boundary condition has a pressure and temperature of 500 kPa

and 15°C assigned to it, respectively. The downstream boundary condition consists of a flow
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velocity of 0.051 m/s. The Alpha Crank-Nicholson value was set to 0.7, and the direct matrix

inversion method was specified for the solver using the iterative solver.

The figure below displays the Flownex® network used for the benchmark results:

T P
| w |
—— PP — e

Figure 3-4: Benchmark Flownex® network, Case 1A.

This verification is done to confirm the EES model's ability to simulate pure water hammer.

3.3.1.2 Case 1B validation and benchmark specification
3.3.1.2.1 Case 1B validation specification

This case considers the validation of a pure water hammer simulation in EES. The EES model
simulation results are compared to the experimental results obtained by [1]. The experimental
results of [1] were generated at the Hydraulic Laboratory of the Institute of Water Supply and

Water Engineering at the Warsaw University of Technology.

This validation case consists of an equal percentage valve (ball valve) at the end of a horizontal
pipe filled with an incompressible fluid, closed at a recorded rate of 0.034 s. The length of the pipe
is reported to be 41 m with an internal diameter of 0.042 m. The initial reservoir pressure head

was 50 m (assumed from the steady state results; no mention was made of absolute pressure in
the article). A weighing factor of ¥ = 1 and an initial void fraction of &, =10"" was used in the

EES model.

Other input parameters mentioned in the literature of [1] includes the following:

Pipe wall thickness w; = 3 mm,

Modulus of elasticity of the pipe material Est = 2.06 x 10*! Pa,
Bulk modulus of water Ec = 2.19 x 10° Pa,

Water temperature Ty = 4.5°C.
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However, the literature includes no other information on the properties of the pipe material or the
properties of the fluid. Therefore, these properties are assumed as displayed in the tables below,
that is, water at 4.5°C at the steady state pressure of 50 m static pressure head and commercial
steel at 4.5°C:

Table 3.6: Physical properties of the fluid (pure water), Case 1B.

Property Value Unit
Density 998.66 kg/m3
Viscosity 0.001135 kg/m.s
Specific Heat 1005 J/kg.K
Bulk Modulus 200 MPa

Table 3.7: Material properties of the pipe (commercial steel), Case 1B.

Property Value Unit
Young’s Modulus 206 GPa
Poisson Ratio 0.29 -
Relative 30 um
Roughness

3.3.1.2.2 Case 1B benchmark specification

The benchmark used in this validation case is the experimental results obtained in [1]. The
experimental setup in [1] consists of a pressure tank (2) connected to a horizontal pipe (1) and a
ball valve (4) at the end of the pipe. The pressure tank is supplied with water from a supply system
designed to maintain a constant pressure in the tank during unsteady flow (water hammer). A

pressure transducer (5) is located just before the ball valve (4).

Figure 3-5 below displays the experimental setup used in the experiment of [1] in more detail:
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Figure 3-5: Experimental setup used in [1], Case 1B.

The components listed in Figure 3-5 above are described as follows.

Steel pipe,

Pressure tank,

Pressure reducing valve,
Ball valve,

Pressure transducer,
Extensometer amplifier,
Computer,

Digital time recorder,

© ©® N o g bk~ DdDPRE

Calibration tank,

10. Local water supply system.

The pressure transducer (5) used is a strain gauge, and the pressure was recorded in time

intervals of 10° s.

This validation is done to confirm the EES model’s ability to simulate pure water hammer.

3.3.1.3 Time step and grid size independence

The theory described in Section 3.2.4 was used to ensure time step and grid size independence.
For Case 1A, a time step and grid size independence study was conducted for both the EES

model and the Flownex® network and only for the EES model of Case 1B.
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Table 3.8 below displays the time step and grid size calculated for Case 1. Note that increments
refer to grid size. The convergence criteria for the above time step and grid size independency
study was set to 0.0001% for Case 1A and 1% for Case 1B.

Table 3.8: Time step and grid size independency results, Case 1.

Time Step Increments
(ms)

Case 1A
EES Model 0.2679 104
Benchmark 0.4159 67
(Flownex)

Case 1B
EES Model | 0.1731 | 161

3.3.1.4 Results comparison

Figure 3-6 and Figure 3-7 below displays the results of the EES model and the benchmark for
Case 1A and Case 1B, respectively.
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=
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Figure 3-6: Results Comparison between EES model and Flownex® Benchmark, Case 1A.
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Figure 3-7: Results Comparison between EES model and experimental benchmark, Case 1B.

From Figure 3-6 and Figure 3-7 above, the EES model compares well to the Flownex®
benchmark and experimental benchmark results regarding the verification parameters. The
calculated point difference (error) of the maximum pressure head and the frequency for both Case
1A and Case 1B are displayed in Table 3.9.

For Case 1A, the maximum pressure head of the Flownex® benchmark and the EES simulation
was calculated to be 58.6917 mH20 and 58.7100 mH20, respectively. Similarly, the benchmark
and the EES simulation's frequencies were calculated to be 36.7713 Hz and 37.0131 Hz,
respectively.

For Case 1B, the maximum pressure head of the experimental benchmark and the EES
simulation was calculated to be 92.7551 mH20 and 92.0123 mH20, respectively. Similarly, the
benchmark and the EES simulation's frequencies were calculated as 12.4363 Hz and 12.2622

Hz, respectively.

Table 3.9 below lists the point difference (error) calculated for each verification and validation
parameter of Case 1.
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Table 3.9: Point difference (error) for Case 1A and Case 1B results comparison.

Verification and Point difference (error)
validation parameter Case 1A Case 1B
Maximum pressure head 0.0312% -0.7785%
Frequency 0.6576% -1.3994%

Table 3.9 shows that the DGCM EES model passes the verification and validation requirements
in terms of pure water hammer. The highest point difference was calculated as 1.3994% for the
frequency of the validation case, Case 1B, which is lower than the acceptance criteria stipulated

in Section 3.3.

3.3.1.5 Conclusion

According to the comparison of the results displayed in Figure 3-6 and Figure 3-7, and the
differences calculated for the verification and validation parameters, see Table 3.9, this case
serves as a successful verification and validation of the EES model in predicting pure water

hammer.

3.3.2 Case 2: Low-flow water hammer with liquid column separation case

This case pertains to water hammer with liquid separation with “low flow”. Hence, the effect of the
superpositioning of the water hammer and cavity collapse pressure pulse is magnified and not

dominated by the water hammer pressure pulse.

3.3.2.1 Case 2A verification and benchmark specification
3.3.2.1.1 Case 2A verification specification

This case considers a transient water hammer with liquid column separation simulation with low
flow in the EES model. The EES model simulation results will be compared to the benchmark
results from the simulation results obtained from the DGCM model coupled with quasi-steady

friction developed by [17].

The case considers a ball valve at the end of an inclined copper pipe connecting two pressure
tanks filled with an incompressible liquid (water) that is closed instantaneously. The copper pipe
has a length of 37.23 m, an internal diameter of 0.0221 m and a wall thickness of 0.00163 m. The
inclined copper pipe has a constant slope of 5.45% or 3.12°, and the valve closure time is set to

0.009s. The initial steady-state conditions are; reservoir pressure head and flow velocity of 22 m
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and 0.3 m/s, respectively. A weighing factor of ¥ = 1 and an initial void fraction of a, =107 was

used.
Since no mention is made of the fluid's temperature or the exact specification of the pipe material
given, it is assumed that the fluid has the properties of pure water and the pipe has the properties

of commercial copper pipe at 25°C.

Table 3.10: Physical properties of the fluid (water), Case 2A.

Property Value Unit
Density 998.66 kg/m?3
Viscosity 0.001135 kg/m.s
Specific Heat 1005 J/kg.K
Bulk Modulus 200 MPa

Table 3.11: Material properties of the pipe (commercial copper), Case 2A.

Property Value Unit
Young’'s Modulus 130 GPa
Poisson Ratio 0.34 -
Relative 15 um
Roughness

3.3.2.1.2 Case 2A benchmark specification

The benchmark, in this case, consists of the results found in the literature of [17], using their
DGCM model coupled with a quasi-steady friction model. Hence, the input parameters of the
model used by the authors of [17] are the same as described in Section 3.3.2.1.1 above, except

for the parameters assumed in Table 3.10 and Table 3.11.

This verification is done to verify the EES model’'s ability to simulate water hammer with liquid

column separation at low-flow conditions.

3.3.2.2 Case 2B validation and benchmark specification
3.3.2.2.1 Case 2B validation specification

This case considers the validation of a water hammer with liquid column separation simulation in
EES. The EES model simulation results will be compared to the experimental results obtained by
[17]. The experimental results are generated at the Robin Hydraulics Laboratory at the University

of Adelaide, Australia.
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The published experimental results and the EES model input parameters are the same as those
specified in Section 3.3.2.1.1 above.

3.3.2.2.2 Case 2B benchmark specification

The benchmark used in this validation case is the experimental results obtained in [17]. The

experimental setup in [17] consists of a ball valve (Hy1) at the end of an inclined copper pipe
connecting two pressure tanks (T1 and T2) at a constant incline of 5.45% or 3.12°.

Figure 3-5 below displays the experimental setup used in the experiment of [17] in more detail:

Tla¢ni hram T1
Pressurized reservoir T1

Tla¢ni hram T2
y Pressurized reservoir T2
\VAR Tla¢no zaznavalo
= Pressure transducer
‘Hl'| H
203m

0.0m
VA
Pipeline
Ventil Cevovod
Valve D =22 1mm
L =3723m

Figure 3-8: Experimental setup used by [17], Case 2B
This validation is done to confirm the EES model’'s ability to simulate water hammer with liquid
column separation at low-flow conditions.

3.3.2.3 Time step and grid size independence

The theory described in Section 3.2.4.1 was used to ensure time step and grid size independence.

2B

Since the same EES code is used in both the verification and validation cases, a single time step
and grid size independence study was conducted for the EES model of both Case 2A and Case
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The grid size (number of increments) calculated for Case 2 is 177, and the time step size is 0.1574

ms.

3.3.2.4 Results comparison

In the literature of [17], the maximum pressure head, obtained by the DGCM numerical model, is
99.6 mH20, occurring at a time step of 0.1881 s. Similarly, the maximum measured

(experimental) pressure head at the valve is 95.6 mH,O, occurring at a time step of 0.1858 s.

The experimental and DGCM numerical model results used for this verification and validation
case of [17] are displayed in Figure 3-9 below. The solid line indicates the experimental results of
[17], and the dotted line indicates the simulation results of [17].
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Figure 3-9: Experimental and DGCM model results (V = 0.3 m/s) of [17].
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From the simulation results of [17], it is calculated that the maximum pressure head is 100.9027

mH-O occurring at a time step of 0.1828 s.
Case 2 consisted of two subcases, Case 2A and Case 2B. Where Case 2A pertains to the

verification by comparing the EES model results to the numerical model results of [17]. Case 2B

pertains to the validation by comparing the EES model results to the experimental results of [17].
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The point difference (error) calculated for each verification and validation parameter of Case 2 is
listed in Table 3.12 below.

Table 3.12: Point difference (error) for Case 2A and Case 2B results comparison.

Verification and validation Point difference (error)
parameter Case 2A Case 2B
Maximum pressure head 1.3052% 5.5439%
Time of cavity collapse -2.8463% -1.6593%

Table 3.12 shows that the DGCM EES model passes the verification and validation requirements
in terms of water hammer with liquid column separation at low flow. The highest point difference
was calculated as 5.5439% for the maximum pressure head of the validation case, Case 2B,

which is lower than the acceptance criteria stipulated in Section 3.3.

3.3.2.5 Conclusion

According to the point differences (errors) calculated for the verification and validation parameters
(see Table 3.12), this case successfully verified and validated the EES model in predicting water

hammer with liquid column separation at low flow.

3.3.3 Case 3: High-flow water hammer with liquid column separation case

This case pertains to water hammer with liquid separation with “high flow”. Hence, the effect of
the superpositioning of the water hammer and cavity collapse pressure pulse is suppressed and

dominated by the water hammer pressure pulse.

3.3.3.1 Case 3A verification and benchmark specification

3.3.3.1.1 Case 3A verification specification

This case verifies a transient water hammer with liquid column separation simulation and high
flow in the EES model. The EES model simulation results will be compared to the benchmark

results discussed in Section 3.3.2.1.1, except the initial flow velocity is 1.4 m/s instead of 0.3 m/s.

3.3.3.1.2 Case 3A benchmark specification

The benchmark used for this verification case is the same as that discussed in Section 3.3.2.1.1,

except the initial flow velocity is 1.4 m/s instead of 0.3 m/s.
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This verification is done to confirm the EES model’s ability to simulate water hammer with liquid

column separation at high-flow conditions.

3.3.3.2 Case 3B validation and benchmark specification
3.3.3.2.1 Case 3B validation specification

This case involves validating a transient water hammer with liquid column separation simulation
and high flow in the EES model. The EES model simulation results will be compared to the
experimental benchmark results discussed in Section 3.3.2.2.1, except the initial flow velocity is

1.4 m/s instead of 0.3 m/s.

3.3.3.2.2 Case 3B benchmark specification

As discussed in Section 3.3.3.2.1, the experimental benchmark used for this validation case is
the same as in Section 3.3.2.2.1, except the initial flow velocity is 1.4 m/s instead of 0.3 m/s.

This validation is done to confirm the EES model’s ability to simulate water hammer with liquid

column separation at low-flow conditions.

3.3.3.3 Time step and grid size independence

The theory described in Section 3.2.4.1 was used to ensure time step and grid size independence.
Since the same EES code is used in both the verification and validation cases, a single time step
and grid size independence study was conducted for the EES model of both Case 3A and Case
3B.

The grid size (humber of increments) calculated for Case 3 is 90, and the time step size is 0.3096

ms.

3.3.3.4 Results comparison

In the literature of [17] it is reported that the maximum pressure head, obtained by the DGCM
numerical model, is 198.2290 mH20, occurring at a time step of 0.4535s. Similarly, the maximum
measured (experimental) pressure head at the valve is 210.9 mH20O, occurring at a time step of
0.4375s.
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Case 3 consisted of two subcases, Case 3A and Case 3B. Case 3A pertains to verification by

comparing the EES model results to the numerical model results of [17]. Case 3B pertains to

validation by comparing the EES model results to the experimental results of [17].

The experimental and DGCM numerical model results used for this verification and validation

case of [17] are displayed in Figure 3-10 below.
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Figure 3-10: Experimental and DGCM model results (V = 1.4 m/s) of [17].

The DGCM EES model simulation results calculate that the maximum pressure head is 205.2109

mH20, occurring at a time step of 0.4341 s.

The point difference (error) calculated for each verification and validation parameter of Case 3 is

listed in Table 3.13 below.

Table 3.13: Point difference (error) for Case 3A and Case 3B results comparison.

Verification and validation Point difference (error)
parameter Case 3A Case 3B
Maximum pressure head -3.5221% -2.7027%
Time of cavity collapse -4.2783% -0.8490%

Table 3.13 shows that the DGCM EES model passes the verification and validation requirements

in terms of water hammer with liquid column separation at low flow. The highest point difference
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was calculated as -4.2783% for the time of cavity collapse of the verification case, Case 3A, which

is lower than the acceptance criteria stipulated in Section 3.3.

3.3.3.5 Conclusion

According to the point differences (errors) calculated for the verification and validation parameters
(see Table 3.13), this case successfully verified and validated the EES model in predicting water

hammer with liquid column separation at high flow.

3.4 Conclusion

Chapter 3 outlines the theory used in the numerical modelling of a water hammer with liquid
column separation transient event. This chapter presents an overview and discussion of the MOC
theory. This is followed by an overview of the DCGM numerical model theory derivation, starting
with the classic water hammer equations. Lastly, a grid refinement study is crucial to ensure that
a numerical simulation is time-step and grid size-independent. Therefore, this chapter presents
the theory used for a time-step and grid-size independence study in CFD modelling.

Following the discussion of the theory, this chapter provides an overview of the implementation
of the theory into EES. This is done by discussing the verification and validation effort by
comparing the DGCM EES model simulation results to data from open literature. Following the
verification and validation effort, it was concluded that the DGCM EES model is fit for its intended
purpose of simulating pure water hammer cases (Case 1), water hammer with liquid column
separation at low flow cases (Case 2), and water hammer with liquid column separation at high

flow cases (Case 3).

During the grid and time step independence study of the DGCM EES numerical models used in
the verification and validation effort, it was noted that for the water hammer with liquid column
separation at the low flow case (Case 2), the smallest grid and time step size was needed to
obtain independence, out of the three V&V cases. This can be attributed to the intensity of the
numerical calculations occurring at the short-duration pressure pulse with the low flow case,
showcasing the importance of grid and time step independence studies when using CFD

numerical models.

Table 3.14 below displays the results of the grid and time step independence study conducted on
the DGCM EES model for all verification and validation cases.
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Table 3.14: Grid and time step independence study results for the DGCM EES model (verification and
validation cases).

Number of increments | Time step size

[-] [ms]

Case Number

Case 1A 104 0.2679
Case 1B 161 0.1731
Case 2 177 0.1577
Case 3 90 0.3096

Table 3.15 below summarises the calculated point differences (errors) during the verification and
validation effort of the DGCM EES numerical model. Subcases A and B refer to verification cases.

Table 3.15: Verification and validation results summary of calculated point differences (errors)

S Point difference (error)
Maximum pressure head Frequency Time of cavity collapse
1A 0.0312% NA 0.6576%
1B -0.7785% NA -1.3994%
2A 1.3052% -2.8463% NA
2B 5.5439% -1.6593% NA
3A -3.5221% -4.2783% NA
3B -2.7027% -0.8490% NA

Chapter 4 follows with a discussion of the experimental methodology used for the research effort.
It also discusses the experimental design of a test bench capable of producing water hammer
with liquid column separation events. A more detailed discussion is provided on the design of the
fast-closing valve used in the test bench and an overview of the measuring instruments used in

the test bench.
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CHAPTER 4 EXPERIMENTAL METHODOLOGY AND DESIGN

This chapter outlines and discusses the experimental methodology of this research effort. It then
discusses the design of the experimental test bench, focusing on the design of the fast-closing
valve used in the test bench and the measuring equipment used during experimental data

acquisition.

4.1 Introduction

The previous chapter discussed the theory used in the numerical modelling of water hammer with
liquid column separation. It also discussed the derivation of the DGCM numerical model theory
and the theory used for time step and grid size independence studies of CFD models.

This study aims to assess whether a baseline value for the weighing factor of the DGCM free gas
volume equation exists and to establish whether the said weighing factor affects the grid and time
step independence of the DGCM numerical model. The open literature alluded to the lack of
information on implementing the DGCM numerical model, especially regarding the weighing
factor. Some authors, such as [43] suggest that the weighing factor should be set between 0.5
and 1, whereas the authors of [48] suggest that the weighing factor should be as close to unity as

possible.

Therefore, to fully control experiment parameters involved with validating a numerical
investigation into the weighing factor, an experimental test bench must be constructed to recreate
water hammer with liquid column separation events. The experimental data can then be used to
compare various simulation runs of the DGCM numerical model, programmed in EES, using
different weighting factors. After the results are compared and assessed, a conclusion can be

drawn, and suggestions for future research can be made.

This chapter outlines the experimental methodology for this research effort. It then discusses the
experimental design of the test bench, which generates water hammer with liquid column
separation results. This includes a brief overview of the design of the fast-closing valve used in
the test bench, along with a discussion of the measuring equipment used and its calibration

procedures.

This chapter’s outline is as follows: Section 4.2 provides the experimental methodology used in

this study. Section 4.3 outlines the experimental design. More specifically, Section 4.3.1 provides
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a brief discussion of the specifically designed fast-closing valve used in the experimental test

bench, and Section 4.3.2 discusses the measuring equipment used in the experimental test bench

with its calibration procedures (where applicable).

Chapter 5 discusses comparing the results. This includes the measured and calculated parameter

inputs from the experimental procedure used in the EES simulation. The sensitivity analysis

results on the effect of the weighing factor on the grid and time step independence of the DGCM

numerical model follow. Lastly, the crucial findings made during experimentation and comparing

the experimental results and simulation results are discussed.

4.2 Experimental methodology

Figure 4-1 below describes the experimental methodology followed during this research effort.

The main research aim of this study is to identify whether a baseline value exists for the free gas

volume weighing factor used in the DGCM. The secondary aim is to determine the effect of the

weighing factor on the grid and time step independence of the DGCM numerical model.

Assessing the free gas
volume weighing factor
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y

DGCM EES model simulation
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Figure 4-1: Overall experimental methodology.
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If it can be concluded from the comparison of the results that the best simulation results are
obtained when the weighing factor W = 1, it further strengthens the suggestion made by [48] that
the weighing factor should be as close to unity as possible. Also, it will explain why all results
comparisons of the DGCM in the open literature use a weighing factor equal to unity; however, if
the best simulation results are obtained when W # 1, it will prove that no baseline for the DGCM
weighing factor exists. Also, it will open the possibility of whether the weighing factor is system-

specific, i.e. if it depends on other factors such as system layout, type of fluid, pipe material, etc.

If the grid and time step independence studies (sensitivity analysis) prove that an increase in the
weighing factor increases the grid size and, consequently, the time step size, then it can be
concluded that as the weighing factor increases, so does the stability of the DGCM numerical
model. If not, then the weighing factor does not affect the grid and time step independence of the
DGCM numerical model.

4.3 Experimental design

An experimental test bench for investigating water hammer with liquid column separation was
constructed at the Faculty of Mechanical Engineering, North-West University (NWU),

Potchefstroom, South Africa.

The experimental test bench comprised an open container tank connected to a local water source
through a float valve to ensure the water level remained constant throughout the experimental
procedure. The water temperature was measured with the use of a thermocouple. A 1” flexi hose
from the open container led down to a collection tank, where the reservoir pressure was measured
using a pressure transducer. From the collection tank followed a straight 1” galvanised steel pipe
connected to a specifically designed fast closing valve, where the pressure was measured at the
valve inlet using a pressure transducer. Downstream from the fast closing valve followed a flow
control valve (gate valve), leading to a calibration tank calibrating the flow rate. Eventually, the

water used during the experiment was dumped into a local water sink.

Figure 4-2 below displays a P&ID schematic of the experimental test bench constructed.
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Figure 4-2: P&ID of experimental test bench constructed at the NWU.

The horizontal galvanised steel pipe has a length of L = 15.3 m, an internal diameter of D; = 27.4
mm and a wall thickness of w; = 2.7 mm. The reservoir pressure head measured from the water

level at the outlet of the float valve to the bottom of the collection tank is H = 8 m.

4.3.1 Fast closing valve design

4.3.1.1 Valve spring mechanism design

From the literature, it is defined that a fast valve closure occurs when the valve closure time is

faster than the period of the pipe, as illustrated in the equation below [2].

T <— (4.1)

Where T. = valve closure time, L = length of the pipe and a = speed of sound.

However, in the literature, it is observed that for water hammer with liquid column separation to
occur, the valve is usually closed around four times faster than the period of the pipe. For the
experimental test bench presented in Section 4.3, the speed of sound in water is calculated to be

1384 m/s; using the equation above, the period of the pipe is calculated as 22.5997 ms. Therefore,
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utilising the observations from the literature, the fast-closing valve used in the experimental test

bench (see Figure 4-2) should have a valve closure time of at most 5.6499 ms.

Since a valve with the specified valve closure time of less than 5.6499 ms is commercially
unattainable, the need to design and manufacture a fast-closing valve for the experimental test
bench arose. To keep the valve design simple and financially feasible, a spring-actuated piston

valve was chosen to design the fast-closing valve used in the experimental test bench.

The valve is designed to be spring-loaded to obtain the fast closing action. A mass-spring
mathematical model was developed to determine the spring constant needed for the valve to
close within the specified time of 5.6499 ms, see Annexure B. Four forces act upon the piston:
the force of the spring, the force of gravity, the frictional force on the O-ring, and the force of the
water pressure. The O-ring is sized based on the O-ring manufacturer, ERIKS, sealing elements
guide [65]. A video link of the valve during the commissioning of the test bench and manufacturing

drawings are included in Annexure C.

The frictional force of the O-ring is calculated using the theory described in [66]. The force of the
water pressure increases as the valve closes. The verified and validated EES model is used to
simulate the experimental test bench as presented in Section 4.3, with approximated inputs, using
a specified maximum flow velocity of V = 1 m/s or a flow rate of Q = 5.8965E-04 m?/s and an

assumed valve closure of T¢ = 5.6499 ms.

This provides a pressure-time trace, and the theory of Annexure B can be utilised to calculate the
piston position over time, changing the spring constant (k) until the desired valve closure time is
met. The maximum flow velocity used for designing the valve is 1 m/s (i.e., a flow rate of 5.8965E-
04 m3/s), ensuring that for any flow velocity lower than the design, the valve will close faster as

the pressure rise is less while still ensuring the occurrence of liquid column separation.
According to the CAD design, the piston's mass is 0.977 kg. The spring's initial displacement is

Xo = 0.043 m, with a target end displacement of x1 = 0.016 m. Figure 4-3 below displays the

displacement time trace of the mass-spring model derived in Annexure B.
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Figure 4-3: Designed valve closure over time.

Using a spring constant of k = 25.78 kN/m, it is observed from Figure 4-3 above that the valve
can theoretically close within T, = 5.9914 ms at a flow velocity of 1 m/s. However, since a spring
with the specified spring constant is commercially unattainable, springs of k = 12.9 kN/m are
placed in a configuration of four parallel sets of two springs in series, displayed in Figure 4-4

below.

Figure 4-4: lllustration of spring arrangement in fast closing valve.
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Utilising the series and parallel rules of springs, the effective spring constant can be calculated

as:
=2k =25.8KN/ (4.2)

Three random springs were selected in the batch and tested on a calibrated MTS hydraulic press
to ensure that the spring behaviour and constant for all the springs in the batch were consistent.
Figure 4-5 below displays the load versus displacement results of the three selected springs.
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Figure 4-5: MTS results for the three randomly selected springs.

Figure 4-5 above shows that all three randomly selected springs compare well with each other

and exhibit the same behaviour. The average spring constant calculated from the MTS results is:

Table 4.1: Calculated average spring constant.

Spring number Average ?Iflilllr:r?] constant
Spring 1 12.91
Spring 2 12.90
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Average spring constant
[KN/m]
Spring 3 12.87

Spring number

The average spring constant of the three test springs is calculated as kayg = 12.89 KN/m. It can be
concluded that the springs used in the valve are all consistent and have a spring constant of 12.9
kN/m, as used in the design.

4.3.1.2 Fast closing valve static pressure probe design

The static pressure at the inlet of the fast-closing valve is of interest to this research effort, as the
DGCM model is derived based on the static pressure head, and all experimental comparisons
used in the open literature use the static pressure results for comparison. The static pressure is
the actual thermodynamic pressure of a flowing fluid and is measured perpendicular to the flow
field [67]. The total pressure of a flowing fluid is the sum of the static pressure and dynamic
pressure and is measured parallel to the flow field [67].

Figure 4-6 below illustrates the difference between static and total pressure.
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Figure 4-6: Static pressure and total pressure measurement illustration [68].

A static pressure probe is designed so that the pressure transducer connects to the valve and
measures the pressure perpendicular to the flow field, measuring the static pressure at the inlet
of the fast-closing valve. However, doing so creates space for errors to occur in the
measurements [67]. Common sources of errors using a static pressure probe are eddies
developing in cavities, fluid turbulence, Mach number effects, and stagnation of the fluid in the

hole.
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Eddies are formed when the shear stress of the flow boundary layer passes over the static
pressure probe, forming recirculating flow within the cavity. This results in a higher static pressure
measured in the cavity [69]. Burrs on the edge of the static pressure probe hole from
manufacturing processes have a negative impact on the measurements and should be avoided
if possible. Removing the burrs causes the fluid to separate more cleanly into the static pressure
probe, and only minor deflections of the streamlines are present.

Following the recommendation of [69], the static pressure probe upstream of the fast-closing valve

is designed based on the guidelines in Figure 4-7 below.

- 2 -

Figure 4-7: Recommended static pressure wall probe design, 1.5<L/d<6, [69].

Doing this will ensure that the error in the pressure measurements using the static pressure probe

is minimised if not mitigated altogether.

Annexure C contains selected manufacturing drawings and a video link of the manufactured

valve.
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4.3.2 Measuring equipment
4.3.2.1 Fast-closing valve pressure transducer

The pressure transducer located at the inlet of the fast-closing valve measures the water hammer
with liquid column separation, which is used to compare the results of the EES model. The
pressure transducer mentioned before is a WIKA 891.13.500 model; see the calibration certificate
attached in Annexure D. The WIKA pressure transducer used at the inlet of the fast-closing valve
ranges between 0 and 16 bar gauge pressure. According to the calibration certificate (Annexure

D), the accuracy of this pressure transducer is reported to be 0.02 bar.

Since the water hammer with liquid column separation is a rapid transient event, the response
time of the pressure transducer at the inlet of the fast-closing valve must be determined. This is
done by connecting the transducer (PT) to a pressure chamber filled with water and producing an

instantaneous force (F) on the plunger, creating an instantaneous pressure pulse.

Figure 4-8 below displays the test bench used to determine the response time of the pressure

transducer.

Fressure
Chamiber

Figure 4-8: Fast closing valve pressure transducer response time test bench.

The results of the pressure response time test are presented in Figure 4-9 below.
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Figure 4-9: Fast closing valve pressure transducer response time test results.
From the test results presented in Figure 4-9 above, the response rate of the pressure transducer

is measured to be around 1.66 ms. Figure 4-10 below displays the experimental results of [17],

the red dashed lines indicate the time duration of a typical instantaneous pressure spike.
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Figure 4-10: Experimental results of water hammer with liquid column separation [17].
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From Figure 4-10 above, the instantaneous high-pressure pulse event, caused by the
superpositioning of the water hammer pressure wave and cavity collapse pressure wave, lasts
around 0.4 s (or 40 ms) from start to finish (see red dashed lines). Therefore, it can be concluded
that the pressure transducer has a sufficient response time to capture a water hammer with liquid

column separation event.

4.3.2.2 TiePie oscilloscope measuring loop.

The pressure transducer (PT) located at the inlet of the fast-closing valve (see Section 4.3.2.1
above) is connected to an oscilloscope used for data capture. The oscilloscope used is a TiePie
Handyscope HS4-DIFF model (see datasheet attached in Annexure E), with a built-in sampling
rate of 0.002 ms sufficient to capture a water hammer with liquid column separation event (see
Section 4.3.2.1).

However, the scope only measures Volts, whereas the output of the pressure transducer is a
current (4 mA — 20 mA). Therefore, a resistor of R = 250 Q is placed in the electrical circuit,
ensuring that the 4 mA — 20 mA transducer output current is converted to a Volts output of 1V —
5V.

Figure 4-11 below displays the measuring loop of the TiePie oscilloscope used to capture data

Power
Supply

on the fast-closing valve pressure transducer.

PT

TiePie Oscilloscope

Figure 4-11: TiePie oscilloscope measuring loop.
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The resistor (R) used is a Vishay 250Q metal film resistor with a £0.1% tolerance (see the data
sheet attached in Annexure F). The Voltage output measured is post-processed to current, using

Ohm’s law, which can then be converted to pressure: 4 mA = 0 bar to 20 mA = 16 bar.

4.3.2.3 Flow rate calibration

A flow control valve controls the experimental test bench’s flow rate (see Figure 4-2 above). A
load cell calibrates the flow rate by measuring the total weight of water collected in the calibration

tank over a certain time.

The load cell is calibrated by comparing laboratory weights to the weight measured by the load
cell. Figure 4-12 displays the calibration results of the measured load cell weight versus the

laboratory weight.

11

9 y = 1x + 0.0027 L

Load Cell Weight [kg]
[

0 1 2 3 4 5 6 7 8 9 10 11
Laboratory Weight [kg]

Figure 4-12: Load cell calibration, measured weight vs laboratory weight.

From Figure 4-12 above, the measured load cell weight compares well to the laboratory weight
across the range tested (0.5 kg - 10 kg). The error of the estimated weight is calculated to analyse

the load cell calibration analytically.
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The calibration error is calculated using a normalised point difference, displayed in Figure 4-13

below, calculating the point difference between the measured weight and the laboratory weight.
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Figure 4-13: Load cell calibration, calculated point difference error.

From Figure 4-13 above, the maximum point difference error is calculated as 0.1333%. Therefore,
it can be concluded that the load cell is accurate for its intended purpose. However, the linear

best-fit curve in Figure 4-12 above will be used as a post-processing step.

4.3.2.4 Reservoir pressure transducer

A pressure transducer measures the reservoir pressure head at the straight galvanised steel
pipe's inlet (see Figure 4-2). The pressure transducer used at the reservoir is a DRUCK pressure
transducer, PTX1400 model, displayed through an Endress + Hauser monograph, M RSG40
model. The DRUCK pressure transducer used at the reservoir ranges between 0 and 6 bar gauge

pressure.

To ensure the accuracy of the reservoir pressure transducer, it is calibrated on a laboratory
deadweight test bench setup, using the calibrated pressure transducer of Section 4.3.2.1 as a

reference. Deadweight test benches are known for superior accuracy and precision in calibrating
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pressure measurement devices. The basic working principle of a deadweight test bench is that a
known force (weight) is applied to the piston of an oil-filled chamber. The distributed force over

the surface area of the piston generates pressure in the chamber.

Figure 4-14 below illustrates the calibration bench setup for calibrating the reservoir pressure

transducer. PT; refers to the calibrated pressure transducer, and PT; refers to the uncalibrated

reservoir pressure transducer.

F=mg

Piston

Deadweight test bench

Figure 4-14: lllustration of calibration procedure of the reservoir pressure transducer.

The measurements from the calibration procedure of the reservoir pressure transducer are

displayed in Figure 4-15 below.
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Figure 4-15: Reservoir pressure transducer calibration results.

From Figure 4-15 above, the measured pressure of the uncalibrated reservoir pressure
transducer matches well with the results of the calibrated pressure transducer. The calculated

point differences (errors) of the calibration measurements are displayed in Table 4.2 below.

Table 4.2: Point difference (error) calculated from reservoir pressure transducer calibration.

Measurement number Point difference (error)
1 -0.0265%
-0.0492%
0.0263%
0.0828%
0.0365%
-0.0413%
-0.0437%
-0.0187%

| N[ O O ] W N

From Table 4.2 above, the maximum error between the calibrated and uncalibrated pressure
transducer is 0.0828%. Therefore, it can be concluded that the reservoir pressure transducer is
accurate for its intended purpose. However, the linear best-fit curve in Figure 4-15 will be used

as a post-processing step.
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4.3.2.5 Barometric pressure transducer

The barometric pressure transducer is an uncalibrated WIKA S-10, with an absolute range of 0.8
— 1.2 bar. The pressure is displayed through an Endress + Hauser monograph, M RSG40 model.
A sensitivity analysis of the effect of the barometric pressure on the simulation results is outlined
and discussed in Section 5.2.4 below, justifying the use of the uncalibrated barometric pressure

measurement.

4.3.2.6 Thermocouples

Six uncalibrated thermocouples measured the atmospheric and bulk water temperatures,
respectively. The temperature measurements were displayed using an Endress + Hauser
monograph, M RSG40 model. To mitigate the uncertainty of the uncalibrated thermocouples, the
average of the measured water temperatures was used to determine the water's physical
properties.

4.4 Conclusion

Chapter 4 outlines the experimental methodology and design for this research effort. The
methodology addresses this dissertation's problem statement and research questions. To
proceed with the proposed experimental methodology, an experimental test bench was
constructed. This chapter discusses the design of the experimental test bench, more specifically,
the design of the fast-closing valve and the measuring equipment used in the test bench, along

with their calibration procedures.

In Chapter 5, the comparisons of the results are discussed. First, the parameters measured and
calculated from the experiment are presented. A discussion of the sensitivity analysis results on
the effect of the weighing factor on the grid and time step independence of the DGCM numerical
model follows. This is followed by the key findings from the experimental procedure, after which
the comparison of the simulation results for various weighing factors and experimental results are

presented and discussed.
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CHAPTER 5 RESULTS COMPARISON

In this chapter, the results are compared and discussed. This includes the measurements and
calculations of the input parameters, followed by the sensitivity analysis conducted on the grid
and time step size independence for various DGCM free gas volume weighing factors. Lastly, the
crucial findings made in the experimental results and the comparison between the measured
experimental results and the DGCM EES model results for various weighing factor values are

provided and discussed.

5.1 Introduction

The previous chapter outlines the experimental methodology for this research effort. The
methodology was set up to address the problem statement and research questions posed in
Sections 1.2 and 1.3, respectively. This is followed by a discussion of the design of the
experimental test bench used to generate experimental results. More specifically, the design of
the fast-closing valve is discussed in detail, followed by an overview of the measuring equipment

used and the calibration procedure thereof.

This chapter aims to outline and compare the results of this research effort. First, the calculations
and measurements made from the experimental procedure used for the input parameters of the
EES simulation are presented. The sensitivity analysis on the effect of the weighing factor follows
this. Lastly, the crucial findings from the experimental results are outlined and discussed, after
which a comparison of the experimental results and EES simulation results is presented and

discussed.

The chapter outline is as follows: Section 5.2 presents the calculated and measured parameters
used as input of the EES model. Section 5.3 follows with a discussion of the sensitivity analysis
on the effect of the weighing on the EES simulation results. Lastly, Section 5.4 compares the
experimental and simulation results, Section 5.4.1 discusses the crucial findings made from the
experimental results, and Section 5.4.2 presents and compares the experimental and simulation

results.

Chapter 6 summarizes the study and its main findings, makes recommendations, and presents

the study's concluding remarks.
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5.2 Input parameters measurements and calculations

For parameter measurements where multiple measurements are taken, the average of the set of
measurements is taken as the value for the parameter. The tolerance around the average is

calculated using the student-t method described in [70] using a confidence level of 95%.

5.2.1 Flowrate measurement

During the experimental procedure, six weight measurements were made for 30 seconds once
the system was in steady flow conditions. The average of these weight measurements was taken

and converted to the flow rate.

Table 5.1 below presents the results of the measured weight, the adjusted weight from the load
cell calibration, the calculated mass flow, and the flow rate during the experimental procedure.

Table 5.1: Results of measured weight, calculated mass flow, and calculated flow rate.

Actual weight Adjusted weight Calculated
Measurement measurement measurement mass flow CaIcuIatec;I flow rate
[kg.30s] [kg.30s] [ka/s] [m]
1 11.387 11.3897 0.3797 0.0003797
2 11.398 11.4007 0.3800 0.0003800
3 11.368 11.3707 0.3790 0.0003790
4 11.415 11.4177 0.3806 0.0003806
5 11.378 11.3807 0.3794 0.0003794
6 11.408 11.4107 0.3804 0.0003804
Average 11.392 £ 0.019 11.3950 + 0.0137 0.3798 + 0.0005 | 3.7983E%* + 2.5249E706

The calculated average flow rate during the experimental procedure, using the method described
in Section 4.3.2.3, was calculated as 3.7983E%* m?/s, with a computed tolerance of 2.5249E°°

mé/s.

5.2.2 Reservoir pressure measurement

During the experimental procedure, five reservoir pressure measurements were made over
several minutes when the system was in steady flow conditions. The actual reservoir pressure
measurements, the adjusted reservoir pressure from the pressure transducer calibration, and the

calculated reservoir head are displayed in Table 5.2 below.
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Table 5.2: Results of measured reservoir pressure and calculated reservoir pressure head.

Actual pressure ) Calculated pressure
Measurement measurement Adjusted pressure head

[kPa] [bar] [mMH20]
1 78.4 0.7847 8.0016
2 78.3 0.7837 7.9914
3 78.1 0.7817 7.9710
4 78.5 0.7857 8.0118
5 78.4 0.7847 8.0016

Average 78.3400 * 0.1883 0.7841 + 0.0005 7.9955 + 0.0485

The average calculated reservoir head from the pressure measurements is 8.0143 mH-0O, with a

computed tolerance of 0.0481 mH0O.

5.2.3 Atmospheric and bulk water temperature measurement

During the experimental procedure, six independent thermocouples were used to measure the
atmospheric and bulk water temperatures. The average of the measured water temperature is
used to determine the water's physical properties. Meanwhile, the pipe’s material mechanical

properties are assumed to be constant.

The results of the measured water temperatures are depicted in Table 5.3 below.

The average measured atmospheric temperature is 27.05°C, with a calculated tolerance of

0.2950°C.

Table 5.3: Results of measured atmospheric temperatures.

Thermocouple Temperature [°C]

T1 27.2

T2 27.0

T3 26.6

Ta 27.2

Ts 26.9

Te 274
Average 27.0500 % 0.2950

The results of the measured water temperatures are depicted in Table 5.4 below.
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Table 5.4: Results of measured bulk water temperatures.

Thermocouple Temperature [°C]

T1 14.2

T2 14.1

T3 13.9

Ta 14.3

Ts 14.4

Te 13.8
Average 14.1167 + 0.2432

The average bulk water temperature is 14.1167°C, with a calculated tolerance of 0.2432°C.

The physical properties of the water used during the experimental procedure are assumed to be
that of general water at 14.12°C from [71]. Table 5.5 below presents the assumed physical
properties of the water used in the experimental test bench.

Table 5.5: Physical properties of general water at 14.12°C.

Property Value Unit
Density 999.2 kg/m?3
Viscosity 0.001168 kg/m.s
Bulk Modulus 2.14 GPa

The mechanical properties of the galvanised steel pipe used during the experimental procedure
are assumed to be constant. Table 5.6 below presents the assumed material properties of the

galvanised steel pipe used in the experimental test bench obtained from [72].

Table 5.6: Material properties of the pipe (galvanised steel).

Property Value Unit
Young’'s Modulus 200 GPa
Poisson Ratio 0.29 -
Relative Roughness 15 um

5.2.4 Barometric pressure

A calibrated absolute pressure transducer was not available during the testing. Hence, the
uncalibrated pressure transducer was used to measure the barometric pressure, and the results
were compared to the barometric pressure from a weather report [73]. The pressure transducer
is a WIKA S-10, with a 0.8 — 1.2 bar absolute range. The pressure is displayed through an Endress
+ Hauser monograph, M RSG40 model.
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Using the measured barometric pressure as a baseline, the difference between the measured
and reported pressure is calculated. From this, a sensitivity analysis was conducted on the DGCM
EES model to determine the effect of the atmospheric pressure on the simulation results, where

the calculated difference serves as the sensitivity analysis range.

The measured barometric pressure was 87.9 kPa, and the reported barometric pressure on
10/10/2024 was 656 mmHg or 87.5 kPa, [73]. The calculated difference is 0.4 kPa or 0.5%. The
sensitivity analysis compared the results of three simulation runs, using the input parameters of
the experimental test bench, at a barometric pressure of 87.5 kPa, 87.9 kPa, and 88.3 kPa. The
parameters used for the sensitivity analysis are the water hammer pressure head (H.), the cavity
collapse pressure head (Hz), and the time of cavity collapse (tcoliapse)-

The barometric pressure sensitivity analysis results are displayed in Table 5.7 below.

Table 5.7: Barometric pressure sensitivity analysis results.

Barometric pressure
Point difference | Point difference
Parameter 87.5 kPa | 87.9 kPa | 88.3 kPa
(lower range) (upper range)
Hi [mH20] 98.7839 | 98.7839 | 98.7840 0.0000% 0.0000%
H2 [mH20] 118.8920 | 118.8624 | 118.8442 0.0252% -0.0153%
teollapse [S] 0.15711 | 0.15711 | 0.15711 0.0000% 0.0000%

The sensitivity analysis results from Table 5.7 revealed that the only notable difference is the
cavity collapse pressure head, with a maximum point difference of 0.0252% calculated for the
lower range. Therefore, the barometric pressure does not significantly impact the simulation
results, and the barometric pressure measured with the uncalibrated absolute pressure
transducer can be used. Although it is noted that this is not the most accurate approach, from the
sensitivity analysis, the impact of the atmospheric pressure is negligible on the simulation results,

within reason.

5.2.5 Valve closure time calculation

Since the spring-mass mathematical model discussed in Annexure B requires all dynamic forces
acting upon the piston during the valve closure (including the pressure rise during valve closure),

an estimated pressure-time trace must be obtained using the EES model. To obtain the estimated
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pressure-time trace, using the input parameters outlined in Section 5.2.6, the initial valve closure
time was estimated by dividing the period of the pipe by a factor of four, see discussion in Section

4.3.1.1. From this, an actual valve closure time could be approximated.

Figure 5-1 below displays the displacement time trace of the mass-spring model using the inputs

of Table 5.8 and an initial valve closure time of T, = 5.9914 ms.
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Figure 5-1: Approximated valve closure time of the experimental test bench.

From Figure 5-1 above, the actual valve closure time can be approximated as T, = 0.0053 s.

5.2.6 Summary of EES model input parameters

The EES model input parameters are categorised into the following categories:

e Measured parameters: These include parameters measured using the measuring

equipment presented in Section 4.3.2.
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e Assumed parameters: Includes the fluid physical properties and pipe mechanical
properties (assumed constant) at the measured temperatures (see Section 4.3.2), using
[71] and [72] respectively.

e Calculated parameters: These include theoretically calculated parameters, such as the
pipe slope (through the design and manufacturing of the pipe supports) and the valve
closure time (through the theory discussed in Section 4.3.1.1).

¢ Numerical model-specific parameters include parameters specific to the DGCM numerical
model. The suggested values for these parameters are obtained from the literature.

The input parameters of the EES model are presented and categorised in Table 5.8 below.

Table 5.8: EES model input parameters.

Parameter Value Unit

Measured parameters

Pipe length 15.3 + 0.0046 m
Pipe internal diameter 27.4+0.03 mm
Pipe wall thickness 2.7+0.03 mm
Volumetric flowrate 3.7983E94 + 5.9951E07 m3/s
Reservoir head 7.9955 + 0.0485 m H20
Barometric Pressure 87.9+x04 kPa

Assumed parameters

Pipe wall roughness 1.5E-04 m m
Pipe Young’'s modulus 200 GPa GPa
Pipe Poisson ratio 0.29 -
Fluid Density 999.2 kg/m3 k9 4
Fluid bulk modulus 2.14 GPa GPa
Fluid viscosity 11.68E-02 kg/ms kg/
Fluid saturation pressure 0.1630 m

Calculated parameters

Valve closure time 0.0053 S

Pipe slope 0° °
Numerical model-specific parameters

Valve closure characteristic 1 -

Void fraction 1E-07 -

Courant number 1 -
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5.3 Sensitivity analysis (effect of weighing factor) results

As discussed in Section 3.2.4, time step and grid size independence are crucial to the accuracy
and stability of numerical CFD models. The effect of the DGCM free gas volume weighing factor
(W) on the grid and timestep independence of the DGCM numerical model is mostly alluded to in

the open literature.

To address the research question, in Section 1.3, of the effect of the DGCM free gas volume
weighing factor on the grid and time step size independence; a grid refinement study (sensitivity
analysis) was conducted on the EES model for simulation runs of various free gas volume
weighing factors (W = 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0), using the grid and time step independence
theory presented in Section 3.2.4.1.

The parameters used for the grid refinement study are the maximum pressure head of the second
pressure wave (cavity collapse-induced short-duration pressure pulse) and the time occurrence
of said maximum pressure head (time of cavity collapse). Assuming a mesh error of 1%, the grid
refinement study results are displayed in Figure 5-2 below.
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Figure 5-2: Sensitivity analysis on the effect of weighing factor results.
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From Figure 5-2, the grid refinement study concludes that as the DGCM free gas volume weighing
factor increases, so does the stability of the numerical model. For higher values of the weighing
factor, the model reaches grid and time step independence at a larger grid size (fewer increments)

and a larger time step size.

As discussed in Section 3.2.4, larger grid and time step sizes directly correlate to faster numerical
model solving times. Therefore, a larger grid and time step size can be used for higher weighing

factor values while maintaining model stability and leading to faster solving time.

5.4 Experimental results and simulation results comparison

This section discusses the critical findings made during the experimental procedure. After this,
the results comparison of the experimental results and simulation results are presented and

discussed.

5.4.1 Experimental results findings

5.4.1.1 Effects of entrapped air on measured data (unpurged system)

During the commissioning phase of the experimental test bench, the system was filled with water
from top to bottom. During the filling procedure, it was observed that air bubbles became
entrapped in the clear 1” flexi hose. This is due to a force balance achieved by the water flowing
down and the buoyancy force of the air pushing the air against the flow direction. However,
eventually, it seemed that all the air was purged from the system. A preliminary experimental test

run was conducted to determine the success of the commissioning phase.

Figure 5-3 below displays the results of the preliminary experimental test run.
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Figure 5-3: Preliminary experimental test run results.

Upon analysing the results (Figure 5-3 above), it is evident that the preliminary experimental
results do not exhibit the same behaviour as what is expected from a water hammer with liquid
column separation event, as seen in the literature. Considering that air became entrapped during

the filling phase, it was hypothesised that large quantities of entrapped air remain in the system.

Figure 5-4 below displays the results of [74], where the authors tested the effects of entrapped

air on pressure surges for various volumes (v) of entrapped air.
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Figure 5-4: Effects of entrapped air on pressure surges in a pipeline [73].

The results from Figure 5-4 above exhibit the same behaviour as that found in the preliminary
experimental results, shown in Figure 5-3 above. According to [73] the presence of air within a
pipeline system can significantly impact pressure surges, either beneficially or detrimentally.
Entrapped air increases the elasticity of the water column, considerably affecting the speed of the
pressure wave. Upon investigating the comparison between the preliminary experimental results
and the illustration of [73], it was concluded that a different technique should be used when filling

the system to purge it of entrapped air pockets.

This was done by adding an air bleed valve on the top of the bottom collection tank, refer to Figure
4-2, and filling the system from the bottom (i.e. at the outlet) to the top (i.e. the open container
where the float valve is located). This ensures that (1) little to no air is entrapped within the bottom
collection tank and (2) the buoyancy force of the air aids in the flow of air pockets in the direction

of the flow.

Figure 5-5 in Section 5.4.1.2 below discusses the experimental results obtained after the
abovementioned changes were made and the system was correctly purged of entrapped air

pockets.
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5.4.1.2 Effects of fluid-structure interaction (FSI) on measured data

Favourable experimental results were obtained after the experimental test bench was adequately
purged of air. However, spontaneous erratic behaviour was noticed in the measured experimental

results (see red encircled area in Figure 5-5 below).
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Figure 5-5: Spontaneous erratic behaviour in measured experimental results.

First, note from Figure 5-5 above that even when mitigation measures were put in place to purge
the system of free air (see Section 5.4.1.1), the results indicate that there was still some residual
free air left in the system when experimenting (refer to the first pressure wave of Figure 5-5). From
the results, it can be deduced that the air in the system after mitigation is far less than that
presented in Figure 5-4 (before mitigation). Therefore, it can be concluded that although the

residual air in the system impacts the experimental results, it is not significant.

The spontaneous, erratic behaviour exhibited in the red encircled area of Figure 5-5 above is
synonymous with that of the effects of dynamic FSI on hydraulic transients, as seen in the
literature [75]. Dynamic FSI can be defined as “the transfer of momentum and forces between the
pipe wall and the contained fluid during unsteady flow” [75]. The effects of FSI are not accounted
for in the classic water hammer equations and subsequently also not accounted for in the

numerical models derived from them, such as the DGCM model.
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The degrees of freedom (DOC) of a mechanical system describes the position or configuration of
the system at any time in a 3-D space. The DGCM numerical model assumes a 1-D approach for
the fluid, i.e. pressure propagates axially for the fluid only in its derivation. This is a reasonable
approach since pipes are slender elements [75]. In reality, transient forces within a pipe cause
the pipe system to move in 3-D space. The transient forces on the pipe wall during a hydraulic
transient event can cause the pipe to move in the translation DOF (heaving, swaying, and surging)

and in the rotation DOF (pitching, yawing, and rolling).

Figure 5-6 below displays the DOF mentioned above of an infinitesimal control volume of a pipe.
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Figure 5-6: lllustration of the DOF of a pipe section [75].

According to [76] the pressure variations cause circumferential stresses in the pipe wall and, due
to the Poisson effect, also cause longitudinal stresses in the pipe wall. These longitudinal stresses
propagate along the length of the pipe much faster than the transient pressure wave [76]. This
causes the pipe to move within its DOF, leading to high-frequency pressure oscillations in the

system.

Figure 5-7 below displays the experimental results conducted by [76] on dynamic FSI.
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Figure 5-7: Experimental results of FSI conducted by [76].

Figure 5-7 shows that the FSI experimental results of [76] display the same characteristics as the
experimental results obtained from the test bench, see Figure 5-5. Therefore, it can be concluded
that the spontaneous erratic behaviour seen in the experimental results can be attributed to the
dynamic FSI effects of the test bench structure.

It should be noted that FSI is an entire research field on its own, and numerical models exist in
the open literature for which these FSI effects are accounted. However, it is not in the scope of
this research effort and will therefore not be accounted for in the numerical model or mitigated on
the experimental test bench. It is, however, essential to note the existence of FSI in the

experimental results obtained from the test bench.

5.4.2 Experimental results and EES simulation results comparison

To address the research question posed in Section 1.3 about whether a baseline exists for the
DGCM free gas volume weighing factor, experimental and simulation results were compared. The
experimental results obtained from the constructed experimental test bench (refer to Section 4.3)

were compared to the simulation results of the EES model for various weighing factors.

5.4.2.1 EES model Grid size and time step size

Table 5.9 below lists the grid size and time step size used for each of the EES models used to
compare results. These grid and time step sizes follow the grid refinement (sensitivity analysis)

conducted in Section 5.3.
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Table 5.9: Result comparison EES model grid refinement study results.

Mesh Error ; Time step size
[9%] Number of increments [-] (ms]

Y=05

1E+00 103 0.1073
Y=0.6

1E-04 76 0.1455
Y=07

1E-04 68 0.1626
Y=0.38

1E-05 108 0.1024
¥Y=09

1E-05 68 0.1626
Y=1.0

1E-05 66 0.1675

Note from Table 5.9 above that as the DGCM free gas volume weighing factor increases, the
mesh error decreases, where the number of increments and the time step size are of the same
order. Larger desired mesh errors were used for smaller values of the weighing factor to avoid
the number of increments getting too large and the time step size getting too small, as EES only

has a limited memory it can work with.

5.4.2.2 Experimental results and EES simulation results

Using the parameter inputs listed in Table 5.8 above and setting the DGCM free gas volume
weighing factor to W = 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0, the simulation results are obtained as
displayed below, respectively. The grid and time step size used to generate the simulation results
is that of the grid and time step independent model, as portrayed in Table 5.9 above.

Figure 5-8 below compares the experimental results with the DGCM simulation results for a

weighing factor of ¥ = 0.5.
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Figure 5-8: Comparison of experimental measurements with DGCM EES model results (W = 0.5).

From Figure 5-8 above, although the simulation results follow the same trend as the experimental
results, they appear to exhibit numerical instability at the second pressure wave, especially at the
cavity collapse region. The maximum pressure head of the cavity collapse (second wave) of the
experimental results is calculated as 120.7944 mH,O, and the time occurrence of the said
maximum head (cavity collapse) is 0.1573 s.

From the simulation results for a weighing factor of W = 0.5, the maximum pressure head of the
cavity collapse (second wave) is calculated as 111.9105 mH,0O, and the time occurrence of the
said maximum head (cavity collapse) is 0.1579s. A point difference (error) is calculated and
displayed in Table 5.10 below.

Table 5.10: Point difference (error) of results comparison (¥ = 0.5).

Validation parameter Value Unit

Experimental results

Pressure head (cavity collapse) 120.7944 mH20

Time (cavity collapse) 0.1573 S
DGCM EES model results

Pressure head (cavity collapse) 111.9105 mH20
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Validation parameter Value Unit

Time (cavity collapse) 0.1579 S
Point difference (error)

Pressure head (cavity collapse) -7.3546 %

Time (cavity collapse) 0.3803 %

From the point differences calculated in Table 5.10, the DGCM EES simulation underpredicts the
maximum pressure head of the experimental results by 7.3546%, and overpredicts the time of

cavity collapse of the experimental results by 0.3803%.

Figure 5-9 below compares the experimental results with the DGCM simulation results for a
weighing factor of W = 0.6.
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Figure 5-9: Comparison of experimental measurements with DGCM EES model results (W = 0.6).

Figure 5-9 above shows that the simulation results follow the same trend as the experimental
results. From the simulation results for a weighing factor of W = 0.6, the maximum pressure head
of the cavity collapse (second wave) is calculated as 116.4036 mH-O, and the time occurrence

of the said maximum head (cavity collapse) is calculated as 0.1570 s.
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A point difference (error) for each parameter mentioned above is calculated and displayed in
Table 5.11 below.

Table 5.11: Point difference (error) of results comparison (¥ = 0.6).

Validation parameter Value Unit

Experimental results

Pressure head (cavity collapse) 120.7944 mH20
Time (cavity collapse) 0.1573 S
DGCM EES model results
Pressure head (cavity collapse) 116.4036 mH20
Time (cavity collapse) 0.1570 S
Point difference (error)
Pressure head (cavity collapse) -3.6349 %
Time (cavity collapse) -0.2045 %

From the point differences calculated in Table 5.11, the DGCM EES simulation underpredicts the
maximum pressure head of the experimental results by 3.6349%, and underpredicts the time of
cavity collapse of the experimental results by 0.2045%. This is an improvement on the simulation
results of ¥ = 0.5.

Figure 5-10 below compares the experimental results with the DGCM simulation results for a

weighing factor of W = 0.7.
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Figure 5-10: Comparison of experimental measurements with DGCM EES model results (W = 0.7).

Figure 5-10 above shows that the simulation results follow the same trend as the experimental
results. For a weighing factor of ¥ = 0.7, the maximum pressure head of the cavity collapse
(second wave) is calculated as 116.9587 mH-0, and the time occurrence of the said maximum

head (cavity collapse) is calculated as 0.1579 s.

A point difference (error) for each parameter mentioned above is calculated and displayed in
Table 5.12 below.

Table 5.12: Point difference (error) of results comparison (W = 0.7).

Validation parameter Value Unit

Experimental results

Pressure head (cavity collapse) 120.7944 mH20

Time (cavity collapse) 0.1573 S
DGCM EES model results

Pressure head (cavity collapse) 116.9587 mH20

Time (cavity collapse) 0.1579 S

Point difference (error)

Pressure head (cavity collapse) -3.1754 %
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Validation parameter

Value

Unit

Time (cavity collapse)

0.3803

From the point differences calculated in Table 5.12, the DGCM EES simulation underpredicts the

maximum pressure head of the experimental results by 3.1754% and overpredicts the time of

cavity collapse of the experimental results by 0.3803%. This is an improvement on the simulation

results of W = 0.6 in terms of the maximum pressure head, where the time of cavity collapse is

the same as that of ¥ = 0.5.

Figure 5-11 below compares the experimental results with the DGCM simulation results for a

weighing factor of ¥ = 0.8.
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Figure 5-11: Comparison of experimental measurements with DGCM EES model results (W = 0.8).

Figure 5-11 above shows that the simulation results follow the same trend as the experimental

results. For a weighing factor of ¥ = 0.8, the maximum pressure head of the cavity collapse

(second wave) is calculated as 117.2716 mH-0, and the time occurrence of the said maximum

head (cavity collapse) is calculated as 0.1575 s.
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A point difference (error) for each parameter mentioned above is calculated and displayed in

Table 5.13 below.

Table 5.13: Point difference (error) of results comparison (¥ = 0.8).

Validation parameter Value Unit

Experimental results

Pressure head (cavity collapse) 120.7944 mH20
Time (cavity collapse) 0.1573 S
DGCM EES model results
Pressure head (cavity collapse) 117.2716 mH20
Time (cavity collapse) 0.1575 S
Point difference (error)
Pressure head (cavity collapse) -2.9164 %
Time (cavity collapse) 0.1460 %

From the point differences calculated in Table 5.13, the DGCM EES simulation underpredicts the
maximum pressure head of the experimental results by 2.9164% and overpredicts the time of
cavity collapse of the experimental results by 0.1460%, an improvement on the simulation results
of ¥ =0.7.

Figure 5-12 below compares the experimental results with the DGCM simulation results for a

weighing factor of W = 0.9.
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Figure 5-12: Comparison of experimental measurements with DGCM EES model results (¥ = 0.9).

Figure 5-12 above shows that the simulation results follow the same trend as the experimental
results. From the simulation results for a weighing factor of W = 0.9, the maximum pressure head
of the cavity collapse (second wave) is calculated as 117.4321 mH,0, and the time occurrence

of the said maximum head (cavity collapse) is calculated as 0.1572 s.

A point difference (error) for each parameter mentioned above is calculated and displayed in
Table 5.14 below.

Table 5.14: Point difference (error) of results comparison (¥ = 0.9).

Validation parameter Value Unit

Experimental results

Pressure head (cavity collapse) 120.7944 mH20

Time (cavity collapse) 0.1573 S
DGCM EES model results

Pressure head (cavity collapse) 117.4321 mH20

Time (cavity collapse) 0.1572 S

Point difference (error)

Pressure head (cavity collapse) -2.7835 %
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Validation parameter Value Unit

Time (cavity collapse) -0.0883 %

From the point differences calculated in Table 5.14, the DGCM EES simulation underpredicts the
maximum pressure head of the experimental results by 2.7835%, and underpredicts the time of
cavity collapse of the experimental results by 0.0883%. This is an improvement on the simulation
results of ¥ = 0.8.

Figure 5-13 below compares the experimental results with the DGCM simulation results for a

weighing factor of W = 1.0.
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Figure 5-13: Comparison of experimental measurements with DGCM EES model results (W = 1.0).

The simulation results from Figure 5-13 above follow the same trend as the experimental results.
For a weighing factor of W = 1.0, the maximum pressure head of the cavity collapse (second
wave) is calculated as 118.3247 mH,O, and the time occurrence of the said maximum head

(cavity collapse) is calculated as 0.1572 s.

A point difference (error) for each parameter mentioned above is calculated and displayed in
Table 5.15 below.
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Table 5.15: Point difference (error) of results comparison (¥ = 1.0).

Validation parameter Value Unit

Experimental results

Pressure head (cavity collapse) 120.7944 mH20
Time (cavity collapse) 0.1573 S
DGCM EES model results
Pressure head (cavity collapse) 118.3247 mH20
Time (cavity collapse) 0.1572 S
Point difference (error)
Pressure head (cavity collapse) -2.0446 %
Time (cavity collapse) -0.0883 %

From the point differences calculated in Table 5.15, the DGCM EES simulation underpredicts the
maximum pressure head of the experimental results by 2.0446% and the time of cavity collapse
of the experimental results by 0.0883%. This is an improvement on the simulation results of W =
0.9 in terms of the maximum pressure head, where the time of cavity collapse is the same as that
of W=0.9.

A common trend observed in the comparison of the results, see Figure 5-8 to Figure 5-13, is that
as the DGCM free gas volume weighing factor increases, so does the stability of the numerical

simulation results at the second pressure wave, especially at the cavity collapse region.

5.5 Conclusion

Chapter 5 discusses the comparison of the results. Section 5.2 presents the calculated and
measured parameters used as input for the EES model. Section 5.3 follows with a discussion of
the sensitivity analysis on the effect of the weighing on the EES simulation results. Lastly, Section
5.4 compares the experimental and simulation results. Section 5.4.1 discusses the crucial findings
made from the experimental results, and Section 5.4.2 presents and discusses the comparison

of the experimental and simulation results.

To determine the effect of the DGCM free gas volume equation on the grid and time step
independence of the DGCM numerical model, a grid refinement study is conducted in Section
5.3. This is done using the theory in Section 3.2.4.1 for various weighing factor values of ¥ = 0.5,
0.6, 0.7, 0.8, 0.9 and 1. The grid refinement study results in Figure 5-2 conclude that as the

weighing factor value increases, the DGCM numerical model reaches grid and time step
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independence at a larger grid and time step size. Therefore, as the weighing factor increases, so
does the stability of the DGCM numerical model, leading to a faster solving time of the numerical

model.

Table 5.16 below summarises the grid refinement (sensitivity analysis) results, displayed in Figure

5-2, conducted on the DGCM numerical model.

Table 5.16: Grid and time step size sensitivity analysis results summary.

Weighing factor Number of increments Time step size

(W) [-] [ms]

0.5 103 0.1073
0.6 23 0.4806
0.7 19 0.5818
0.8 18 0.6142
0.9 17 0.6503
1.0 15 0.7370

Following the discussion and analysis of Section 5.4.1.1, it was concluded that entrapped air in
the system can significantly impact the experimental results. From this, was determined that the
filling strategy of the experimental test bench is to be changed and mitigations to be implemented
to avoid or at least minimise the amount of trapped air in the system. This was done by adding
an air bleed valve on the top of the bottom collection tank, refer to Figure 4-2, and filling the
system from the bottom (i.e. at the outlet) to the top (i.e. the open container where the float valve
is located). Referring to Figure 5-5, it is evident that implementing the mitigation strategies proved
to be successful in removing most of the entrapped air. However, some entrapped air remained

in the system.

The results of Figure 5-5 display erratic behaviour in the measured experimental results,
especially at the start of the second pressure wave. The discussion in Section 5.4.1.2 concludes
that these erratic behaviours can be attributed to the effects of dynamic FSI in the experimental
test bench structure. The transient forces on the pipe wall during a hydraulic transient event can
cause the pipe to move in the translation DOF (heaving, swaying and surging) and in the rotation
DOF (pitching, yawing and rolling), see Figure 5-6. The pressure variations cause circumferential
stresses in the pipe wall, causing the pipe to move within its DOF and leading to high-frequency
pressure oscillations in the system. It should be noted that numerical models exist in the open

literature for which these FSI effects are accounted for. However, it is not in the scope of this

137



research effort and is therefore only crucial for this research effort to note the existence of FSl in

the experimental results obtained from the test bench.

Section 5.4.2 compares the experimental results to the simulation results of the DGCM numerical
model for various DGCM free gas volume weighing factors to determine whether a baseline for
the weighing factor exists and to conclude whether the weighing factor depends on the system
layout. Analysing the comparison of results, it is deduced that as the weighing factor increases,
better results comparison is obtained, with W = 1.0 exhibiting the best results comparison. The
calculated point difference (error) for the maximum cavity collapse pressure head improved from
-7.3546% for W = 0.5 to -2.0446% for W = 1.0. Regarding the time of cavity collapse, a downward
trend is observed in the calculated point difference as the weighing factor increases.

Table 5.17 and Figure 5-14 below summarise the point differences calculated by comparing the

results conducted.

Table 5.17: Point difference (error) summary of results comparisons.

DGCM free gas volume ) i
Point difference (error)

weighing factor (W)

Pressure head (cavity collapse)

0.5 -7.3546%
0.6 -3.6349%
0.7 -3.1754%
0.8 -2.9164%
0.9 -2.7835%
1.0 -2.0446%
Time (cavity collapse)
0.5 0.3803%
0.6 -0.2045%
0.7 0.3803%
0.8 0.1460%
0.9 -0.0883%
1.0 -0.0883%
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Figure 5-14: Point difference (error) summary of results comparisons.

The comparison of results also concluded that the simulation stability improved as the weighing
factor increased (see Figure 5-8 to Figure 5-13), especially at the cavity collapse region of the

second pressure wave.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

This chapter provides a summary of the study and main findings, followed by a discussion of the
contribution to the field of study. Next, the limitations of this study and further research are

provided. Lastly, the concluding remarks are outlined and discussed.

6.1 Introduction

Chapter 5 presents and compares the numerical predictions and experiment measurements used
to address the research problem and questions posed in this research effort. This includes the
sensitivity analysis of the grid and time step size for various DGCM free gas volume weighing
factors. The crucial findings from the discussed experimental results follow this and include the
effect of entrapped air in the system and the effect of dynamic FSI on the system. Lastly, the
experimental and EES simulation results for various weighing factors are compared and
discussed, establishing whether a baseline for the weighing factor can be suggested.

In this chapter, a brief overview of the previous chapters is provided. The need for the study is
highlighted first, followed by the research objectives endeavoured to answer the research
guestions. Following this, the main findings and conclusions made during this research effort are
emphasised. This is followed by a short discussion on the contribution of this research effort to
the field of study, after which the limitations posed during the research effort are stressed, and
the areas of further research are discussed. Lastly, the concluding remarks on this dissertation

are given.

6.2 Summary of the study and main findings

Hydraulic transients, especially water hammer with liquid column separation, pose a significant
risk to liquid transport piping systems. Piping systems are naturally transient systems with flow
variations occurring often. Any sudden variation in the flow where an incompressible fluid is
transported causes rapid energy transfer, leading to water hammer. Under the right
circumstances, liquid column separation occurs, leading to a short-duration pressure pulse much
higher than the system's operating pressure. From the literature, it became evident that process
and design engineers often overlook hydraulic transients. If not adequately accounted for, this
sudden increase in pressure can cause damage to the system components; however, in some

cases, the damages can be costly, dangerous and even lethal.
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Many advances have been made in analytically predicting hydraulic transients and numerically
simulating hydraulic transients. These numerical tools prove to be vital in the design and operation
of modern pipeline systems. From the literature, it was concluded that the most popular modern
numerical model used in simulating water hammer with liquid column separation is the DGCM
model. The DGCM model is improved upon the DVCM model, which is used as a foundation by
adding a permeant-infinitesimal gas cavity to each computational section in the MOC. To
suppress the numerical oscillations appearing in transients where the pressurisation of gas

bubbles occurs, a weighing factor (W) is introduced to the discretised free gas volume equation.

Unfortunately, the open literature does not provide information on implementing the DGCM
model. This is especially true in terms of the said weighing factor as [43] recommends that the
weighing factor should be set to a value higher than 0.5, but according to [48] it is strongly
suggested that this weighing factor should be set to unity only. It is also unknown if the weighing
factor depends on the system's layout or whether it affects the grid and time step independence
of the DGCM numerical model.

The above-discussed void in the research has led to the primary aim of this research effort: to
establish whether the weighing factor influences the grid and time step independence of the
DGCM numerical mode and whether a baseline for the weighing factor value exists. The
secondary aim of this research is to determine the possibility that the weighting factor depends

on the system layout.

The specific objectives of this study were the following:

¢ Implement the DGCM into an equation solver software (EES) and verify and validate the EES
model with published simulation and experimental data,

e Generate experimental data of water hammer with liquid column separation for a straight
horizontal pipe system,

¢ Conduct a grid and time step independence study on the DGCM EES numerical model for
various free gas volume weighing factors,

e Conduct a sensitivity analysis on the grid and time step independence study, determining the
effect of the weighing factor,

e Simulate the experiment using a grid and time step independent DGCM EES numerical

models for each of the various weighing factors,
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o Compare the various weighing factor DGCM EES simulation results to the experimental
results,
¢ Draw a conclusion based on the results and validate the primary and secondary research

questions.

The sensitivity analysis provides insight into the effect of the weighing factor on the grid and time
step independence of the DGCM numerical model. The results show that as the weighing factor
value reaches unity, the number of increments decreases, and the time step size increases.
Therefore, as the weighing factor value increases, the DGCM numerical model reaches numerical
stability at a larger grid time step size. Hence, at a weighing factor value of unity, the DGCM
numerical model maintains numerical stability at a larger grid time step size, leading to less

simulation time and computing process power.

The comparison of the experimental results to the DGCM EES simulation results provides insight
into the effect of the weighing factor value on the stability of the numerical model, as well as the
ability of the numerical model to simulate and predict water hammer with liquid column separation.
The comparison of the results shows that as the weighing factor value increases, the numerical
model's stability increases, and better agreement between the experimental results and
simulation results is obtained. This continues the claim made by [48] who strongly suggests that

a weighing factor of unity is to be used for numerical stability and accuracy.

From this research effort, it cannot be concluded rightly that the weighing factor depends on the
system layout. However, given the fact that most of the research conducted on the DGCM in the
open literature (where various piping layouts exist) uses a weighing factor value of unity, as well
as the fact that the best agreement for this research effort is obtained using a weighing factor of
unity, it so far supports the hypothesis that the weighing factor does not depend on the layout of
the system. Therefore, a baseline for the weighing factor value of unity is strongly recommended

and should be used for numerical stability and accuracy.

6.3 Contribution to the field of study

This research effort contributes to the literature on the DGCM numerical model used to simulate
water hammer with liquid column separation. This is primarily due to the lack of information in the
open literature regarding implementing the DGCM numerical model in terms of grid and time step
independence and the value of the free gas volume weighing factor. From the open literature,

various authors provide conflicting propositions about the value of the weighing factor when
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implementing the DGCM numerical model. To the author’s knowledge, no study exists in the open
literature where the effect of the weighing factor on the grid and time step independence is
studied, as well as if specific research exists to establish whether a baseline for the weighing
factor exists and whether the weighing factor is dependent on the layout of the system. This
research effort, therefore, sheds light on the effect of the weighing factor on grid and time step
independence, as well as the impact of the weighing factor on the stability and accuracy of the

DGCM numerical model.

6.4 Limitations and areas of further research
6.4.1 Limitations and improvements of this research effort

During this research effort, several assumptions were made, and various limitations were

discovered. These assumptions and limitations should be reconsidered and improved upon:

e It was assumed from the literature that the DGCM numerical model coupled with a steady
state friction model is sufficient in predicting and simulating water hammer with liquid
column separation. An improved friction model should be coupled with the DGCM
numerical model to increase the model's accuracy and obtain a better dampening rate of
the high-pressure pulse.

e The spring-release mechanism for the fast-closing valve worked satisfactorily for this
research effort. However, it is recommended that the valve be redesigned using an
electrical actuating system to ensure better control over its opening and closing and a
more accurate valve closure time.

¢ During experimentation, best efforts were made to remove entrapped air from the system.
However, some entrapped air remained in the system, and it was assumed that it had a
limited effect on the experimental results. Better purging techniques should be
investigated and implemented. Such as welding the pipe sections to avoid air entrapment
in the unions at the pipe joints.

o From the experimental results, it was discovered that dynamic FSI was present in the
experimental test bench. It was assumed that this does not significantly affect the timing
of the cavity collapse and the maximum pressure caused by cavity collapse. However, the
pipe supports of the experimental test bench should be stiffened to mitigate, if not remove,
the effect of dynamic FSI. Also, it should be considered if an FSI model should be

implemented in the DGCM numerical model, such as that of [75].
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¢ From the comparison of results and observations made in the open literature, it was
concluded that the weighing factor does not depend on the system's layout. However, to
confirm if this assumption is valid, the experimental test bench should be modified to
accommodate various pipeline configurations (i.e. pipes at certain angles) for further

testing.

It should be noted that the DGCM is suited for a wide range of flow rates. However, it is best
suited for flow rates within the turbulent regime, especially the fully developed turbulent regime.
Whilst the DGCM is still valid for low flow rate applications some considerations might be
applicable; at very low flow rates the viscous effects become significant which is not specifically
modelled in the DGCM, in a nearly stagnant system transient effects are dominated by elastic
wave reflections rather than column separation, and the model might require additional damping
for numerical oscillations. On the other hand, at extremely high flow applications the DGCM is sitill
valid, but with some limitations. These limitations include; compressibility effects and shock waves
playing a more significant role, supersonic conditions might occur which are not accounted for in
the DGCM, and additional turbulence modelling might be needed.

6.4.2 Areas of further research

This research effort focused on implementing the DGCM numerical model for a rigid pipe material
(galvanised steel) using water as the transporting fluid on a straight horizontal experimental test
bench. However, there is still a void in the research on implementing the DGCM numerical model
regarding the weighing factor for various pipe materials, types of transporting fluids, and system
configurations. Therefore, further research can be conducted using this framework for different
pipe materials, various transport fluids, and various system configurations. This will either cement
or challenge the conclusions made during this research effort that unity is the recommended

baseline value for the weighing factor to be used.

6.5 Concluding remarks

This research effort endeavours to identify and assess the effect of the DGCM free gas volume
weighing factor on the time and grid size independence of the DGCM numerical model and

whether a baseline for the weighing factor exists.

The study from the research this effort shows that a weighing factor of unity, grid and time step
stability is obtained at a larger grid and time step size, leading to faster simulation solving time
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and reducing computer resource requirements. Furthermore, this research effort shows that the
best agreement with the experimental results is obtained when the weighing factor value is set to
unity. This suggests that the baseline for the weighing factor value is unity, and further strengthens

the claim made by [48] who strongly suggested that a weighing factor of unity is to be used.

This research effort can be continued by implementing better purging methods to remove
entrapped air, improving the experimental test bench to mitigate the effect of dynamic FSI, and
coupling an FSI model to the DGCM numerical model. A more accurate dynamic friction model
can also be implemented instead of relying on the steady-state friction model. Further research
should be conducted on the effect of the weighing factor value for various pipe materials, types
of transporting fluids, and system layout.

The simulation and prediction of hydraulic transients, especially water hammer with liquid column
separation, are crucial to designing and operating a pipeline system. This research effort could
help engineers correctly implement the DGCM numerical mode and conduct further research on
the topic.
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ANNEXURE A: DGCM EES CODE

$Tabstops 1234567891011121314cm
" Donovan Hitchcock "
" 27389502 "

Functions & Procedures

Friction Factor "

"Function to calculate the Darcy-Weissbach Friction Factor based on the calculated Reynolds Number"
Function frictionfactor(Re, epsilon, D)
"For laminar flow"
If( Re < 2000) Then
frictionfactor = 64/Re
Else
"For turbulant flow"
If( Re > 4000) Then
frictionfactor = 0.25*(log10( (0.27*epsilon/D) + (5.74/Re”0.9) ))(-2)
"For transitional flow"
Else

f 1 =64/2000
f 2 = 0.25%(10g10( (0.27*epsilon/D) + (5.74/400070.9) ))(-2)

frictionfactor = ((f_1 - f_2) / ((2000-4000)*(Re-4000))) +f 2
Endif

Endif
End

Lookup Tables "

"Procedure to Write LOOKUP TABLES for Head, Volumetric Flowrate and Gas Volume for the Interior
Nodes of the MOC"

Procedure writeinteriornodes(H, Qu, Qd, Vg_P, f, r, c: temp)

temp=1

lookup(H',r,c)=H //\Writing Head

lookup('Qu', r,c) =Qu [/Writing Computational Node Upstream Volumetric Flowrate
lookup('Qd', r,c)=Qd [/Writing Computational Node Upstream Volumetric Flowrate
lookup('Vg_P',r,c) =Vg_P [/\Writing Gas Volume

lookup(f,r,c)=f1 [I\Writing Friction Factor
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End

"Procedure to Write LOOKUP TABLES for Head, Volumetric Flowrate and Gas Volume for the Exterior
Nodes of the MOC"

Procedure writeexteriornodes(H_r, Qu_r,Qd_r,Vg P r,f r,H v,Qu v,Qd v,Vg P_v,f v, r, c:temp)
temp=1

"Upstream Reservoir Side"

lookup(H',r,1)=H_r //\Writing Head

lookup(Qu',r, 1) =Qu_r [/Writing Computational Node Upstream Volumetric Flowrate
lookup('Qd', r, 1) = Qd_r /IWriting Computational Node Upstream Volumetric Flowrate
lookup('Vg_P',r, 1) =Vg_P_r /IWriting Gas Volume

lookup('f,r, 1) =fr /IWriting Friction Factor

"Downstream Valve Side"

lookup('H', r,c)=H_v [/Writing Head

lookup('Qu', r, c) = Qu_v /IWriting Computational Node Upstream Volumetric Flowrate
lookup('Qd', r,c) =Qd_v /IWriting Computational Node Upstream Volumetric Flowrate
lookup('Vg_P',r,c) =Vg_P_v /IWriting Gas Volume

lookup('f,r,c)="fv //Writing Friction Factor

End
"Procedure to Write LOOKUP TABLES for Pressure at Steady State for the Interior Nodes of the MOC"
Procedure writepQinterior(P_O, r, c: temp)

temp=1

lookup('P_0',r,c)=P_0 /IWriting Pressure at Steady State

End

"Procedure to Write LOOKUP TABLES for Pressure at Steady State for the Exterior Nodes of the MOC"

Procedure writepOexterior(P_0_r, P_0_v, r, c: temp)

temp=1

"Reservoir"

lookup(P_0,r,1)=P O r /IWriting Pressure at Steady State at the Reservoir
"Valve"

lookup(P_0,r,c)=P_0 v /IWriting Pressure at Steady State at the Valve

End

154



Steady State Calculations

"Procedure for the Steady State Calculations”

Procedure steadystate(H_r, H_v, rho, Q_O, Re_0, epsilon, D, g, A, dx, dx_int, c, theta, Reaches,
alpha_0, Volume_int, Volume_ext, j: H_P_v,Q _Pd_v,Vg_P_v,1t)

“Time"

t=0

"Steady State Friction Factor"

f 0 =frictionfactor(Re_0, epsilon, D)
"Steady State Resistance Coefficient"
R_0 = (f_0*dx_int)/(2*g*D*A"2)
"Steady State Head at Reservoir End"

H[1] = H_r
H_r[1] = H[1]

"Steady State Volumetric Flowrate at Reservoir End"
Q[1]=Q_0

Qu_r[1] = Q[1]
Qd_r[1] = Q[1]

"Elevation from Datum"
Z[1] = (1-1)*dx_int*sin(theta)
"Pressure at Steady State"
P_0[1] = rho*g*(H[1] -z[1] - H_V)
P 0O r=P_0[1]
"Steady State Gas Cavity Volume at the Reservoir End"
Vg_P_r[1] = alpha_0*Volume_ext
"Steady State Friction Factor at the Reservoir End"
fr1]=f0
"Duplicate Function to Calculate Steady State Head at each Computational Node"
inc = Reaches + 1
Duplicate i = 2, inc-1
"Steady State Volumetric Flow"

Qli] = Q[i-1]
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Qufi] = QIi]
Qd[i] = QIi]

"Elevation from Datum"

z[i] = (i-1)*dx_int*sin(theta)

"Steady State Head"

H_O[i] = H[i-1] - dx_int*sin(theta)

HIi] = H_O[i] - R_0*QJi]*abs(QIi]) - (dx/(c*A))*sin(theta)*Q][i]
"Pressure at Steady State"

P_O[i] = rho*g*(H_O[i] -z[i] - H_V)

"Steady State Gas Cavity Volumes at the Interior Nodes"

Vg_PJi] = alpha_0*Volume_int

"Steady State Friction Factor”

flj=f0

"Calling and Writing Interior Node Values into LOOKUP TABLES"

Call writeinteriornodes(H[i], Qul[i], QdI[i], Vg_PIil, f[il, j, i : temp]i])
Call writepOinterior(P_0O[i], j, i: temp[i])

End

"Steady State Volumetric Flowrate and Head at the Valve End"
"Volumetric Flowrate at Valve End"

Qlinc] = Q[inc-1]

Qu_v[inc] = QJinc]
Qd_v[inc] = QJinc]

Q_Pd_v =Qd_v]inc]
"Elevation from Datum"
z[inc] = (inc-1)*dx_int*sin(theta)
"Head at Valve End"
H_0[inc] = H[inc-1] - dx_int*sin(theta)
H_v[inc] = H_Q[inc] - R_0*Q[inc]*abs(Q[inc]) - (dx/(c*A))*sin(theta)*Q[inc]
H_P_v =H_v[inc]
"Pressure at Steady State"
P_0[inc] = rho*g*(H_0[inc] -z[inc] - H_v)
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P_0_v=P_0Jinc]
"Steady State Gas Cavity Volume at the Valve End"
Vg_P_v[inc] = alpha_0*Volume_ext

Vg _P_v=Vg P _v[inc]

"Steady State Friction Factor at the Valve End"

f v[inc]=f_0

"Calling and Writing Interior Node Values into LOOKUP TABLES"

Call writeexteriornodes(H_r[1], Qu_r[1], Qd_r[1], Vg_P_r[1], f_r[1], H_v][inc], Qu_v[inc], Qd_v[inc],
Vg_P_v[inc], f_v[inc], j, inc: temp)

Call writepOexterior(P_0_r, P_0 v, j, inc: temp)
End

Transient Calculations

"Procedure for the Transient Calculations"

Procedure transient(Reaches, H_r, ¢, g, dx, dx_int, dt, dt_int, D, A, mu, epsilon, psi, alpha_0,
Volume_int, Volume_ext, theta, rho, B,H_v,t_¢c, Q_0,%,j: H_P_v,Q _Pd_v,Vg_P_v,t,Z _P_v)

"Duplicate Function to Calculate Interior Nodes in the Transient"
Duplicate i=2, 60
"Elevation”
Z_PJi] = (i-1)*dx_int*sin(theta)

"Fetching Downstream Node Head and Volumetric Flowrate from LOOKUP TABLES of the Previous Time
Step”

H_Ld[i] = lookup(H', j-1, i-1)
Q_Ld[i] = lookup(‘Qd, j-1, i-1)

"Fetching Upstream Node Head and Volumetric Flowrate from LOOKUP TABLES of the Previous Time
Step"

H_Rul[i] = lookup('H', j-1, i+1)
Q_Ru[i] = lookup('Qu', j-1, i+1)

"Fetching Node i Head and Volumetric Flowrate from LOOKUP TABLES of the Previous Two Time Steps"

Q_Pu0Ji] = lookup('Qu', j-2, i)
Q_PdO[i] = lookup('Qd', j-2, i)

"Fetching Node i Gas Volume from LOOKUP TABLES of the Previous Two Time Steps"

Vg_POJ[i] = lookup('Vg_P', j-2, i)
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"Fetching Upstream & Downstream Node Friction Factor from LOOKUP TABLES of the Previous Time
Step”

f_Ld[i] = lookup('f, j-1, i-1)
f_Rul[i] = lookup('f', j-1, i+1)

"Pressure at Steady State”
P_0O[i] = lookup('P_0',1,i)
"Positive Characteristic Equation”

C_p[i] = H_Ld[i] + B*(Q_Ld[i]) - ((c*dt_int)/g)*((f_Ld[i]*Q_Ld[i]*abs(Q_LdI[i]))/(2*D*A"2)) +
(dx_int/(c*A))*sin(theta)*Q_Ld[i]

"Negative Characteristic Equation"

C_m[i] = H_RuJi] - B*Q_Rul[i] + ((c*dt_int)/g)*((f_Ru[i]*Q_Ru[i[*abs(Q_Ru[i]))/(2*D*A"2)) +
(dx_int/(c*A))*sin(theta)*Q_Ruli]

"Constants Used to Calculate the Head"

B_2[i]=0.25
C_3Ji] = (P_O[i]*alpha_0*Volume_int)/(rho*g)

B_V[i] = ((Vg_PO[il/(2*dt_int)) + (1 - psi)*(Q_PdO[i] - Q_PuO[i]))/psi
if B_V[i] <= 0 Then
B_V[i] =0
Endif
C_4[i] = (B_2[i]*B*C_3[i])/(psi*dt_int)
B_1[i] = -B_2[i*(C_pli] + C_m{i]) + B_2[i]*B*B_V[i] + 0.5Z_P[i]+H_v)
B_B[i] = C_4[il/B_1[i]"2
"Head Calculation”
If (B_1[i] < 0) AND (B_B[i] > 0.001) Then
H_PI[i] = -B_1[i]*(1 + sqrt(1 + B_B[i])) + Z_P[i] + H_v
Else
If (B_1[i] > 0) AND (B_B[i] > 0.001) Then
H_PI[i] = -B_1[i]*(1 - sqrt(1 + B_BI[i])) + Z_PI[i] + H_v
Else
If (B_1[i] < 0) AND (B_B[i] < 0.001) Then
H_PI[i] = -2*B_1[i] - C_4[i}/(2*B_1[i]) + Z_P][il + H_v
Else

If (B_1[i] > 0) AND (B_B[i] < 0.001) Then
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H_PIi] = C_4[i}/(2*B_1[i]) + Z_P[i] + H_v
Else
If B_1[i] = 0 Then
H_P[i] = sqrt(C_4[i]) + Z_P[i] + H_v
Endif
Endif
Endif
Endif
Endif
If H_P[i] < Z_P[i] + H_v Then
H_P[i]=Z_P[i] + H_v
Endif
"Volumetric Flow Calculations”
"Node Upstream Volumetric Flowrate"
Q_Pu[i] = (C_pl[i] - H_P[i])/B
"Node Downstream Volumetric Flowrate"
Q_Pd[i] = (H_P[i] - C_m[i])/B
"Velocity, Reynolds Number & Steady State Friction Factor Calculation”
"Calculating Average Velocity of Flow Through the Node i"
V_avg[i] = 0.5*abs(Q_Pul[i] + Q_PdI[i])/A
"Calculating the Reynolds Number of Node i"
Re[i] = (rho*V_avg[i]*D)/mu
"Calling and Calculating the Friction Factor Procedure"
f[i] = frictionfactor(Re[i], epsilon, D)
"Gas Cavity Volume Calculation”
Vg_P[i] = Vg_PO[i] + (psi*(Q_Pd[i] - Q_Puli]) + (1 - psi)*(Q_Pd0[i] - Q_Pu0[i]))*2*dt_int
if Vg_P[i] <0 Then
Vg_P[i] = C_3[iJ/(H_P[i] - Z_P[i] - H_v)
Endif
"Calling and Writing Into Interior Nodes LOOKUP TABLE"
Call writeinteriornodes(H_PI[i], Q_Pul[i], Q_PdIi], Vg_PIil, f[il, j, i : templi])
End
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"Reservoir End Algorithm"

"Fetching Upstream Node Head, Volumetric Flowrate, SS Friction from LOOKUP TABLES of the Previous
Time Step"

H_Ru =lookup(H', j-1, 2)
Q_Ru =lookup('Qu', j-1, 2)

f Ru=lookup(f,j-1, 2)
"Reservoir Head"
H_reservoir=H_r

"Reservoir Elevation"

Z_P_r = (1-1)*dx_int*sin(theta)
"Negative Characteristic Equation”

C_m=H_Ru - B*Q_Ru + ((c*dt_int)/g)*((f_Ru*Q_Ru*abs(Q_Ru))/(2*D*A"2)) +
(dx_int/(c*A))*sin(theta)*Q_Ru

"Pressure at Steady State and C_3 Constant for Reservoir End"
P_0_r=lookup('P_0'1,1)
C_3 r=(P_0_r*alpha_0*Volume_ext)/(rho*g)
"Calculated Volumetric Flowrate at the reservoir"
Q_Pd_r = (H_reservoir - C_m)/B
Q Pur=QPdr
"Velcoity, Reynolds Number & Steady State Friction Factor Calculation"
"Calculating Average Velocity of Flow Through the Node i"
V_avg_r=0.5*abs(Q_Pu r+ Q _Pd_n/A
"Calculating the Reynolds Number of Node i"
Re_r = (rho*V_avg_r*D)/mu
"Calling and Calculating the Friction Factor Procedure"
f r =frictionfactor(Re_r, epsilon, D)
"Gas Cavity Volume Calculation”
Vg_P _r=C_3 r/(H_reservoir-Z P_r-H_v)
"Valve End Algorithm"

"Fetching Upstream Node Head, Volumetric Flowrate, SS Friction from LOOKUP TABLES of the
Previous Time Step"”
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H_Ld = lookup(‘H', j-1, 60)
Q_Ld =lookup('Qd', j-1, 60)

f_Ld =lookup(f, j-1, 60)
"Valve Elevation"
Z P_v=(Reaches + 1 - 1)*dx_int*sin(theta)
"Fetching Node i Head and Volumetric Flowrate from LOOKUP TABLES of the Previous Two Time Steps"
Vg_PO =lookup('Vg_P', -2, 61)

Q_PdO0 =lookup('Qd', j-2, 61)
Q_Pu0 =lookup('Qu', j-2, 61)

"Positive Characteristic Equation”

C_p=H_Ld + B*Q_Ld - ((c*dt_int)/g)*((f_Ld*Q_Ld*abs(Q_Ld))/(2*D*A"2)) +
(dx_int/(c*A))*sin(theta)*Q_Ld

"Pressure at Steady State and C_3 Constant for Valve End"
P_0_v =lookup(P_0'1,61)
C_3 v =(P_0_v*alpha_0*Volume_ext)/(rho*g)
"Transient Valve Closure"
t = dt_int*(j-2)
Ift<t c Then

tau =1 - (t/t_c)"x
Else

tau=0
Endif
H_0_v =lookup(*H', 2, 61)
C_v = (Q_0*tau)2/(2*H_0_v)
Q_Pd_v =-B*C_v + sqrt((B*C_v)*2 + 2*C_v*C_p)
"Constants Used to Calculate the Head"
"Constants”

B 2=05
B_v = ((Vg_PO0/(2*dt_int)) + (1 - psi)*(Q_PdO0 - Q_Pu0))/psi

If B_.v<=0Then
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C_4 = (B_2*B*C_3_v)/(psi*dt_int)
B_1=-B_2%C_p - B*Q_Pd_v) + B_2*B*B_v + 0.5%(Z_P_v + H_V)
B_B=C_4/B_1"2
"Head Calculation"
If (B_1 < 0) AND (B_B > 0.001) Then
H P v=-B 1*(1+sqrt(1+B_B)+Z P v+H_v
Else
If (B_1>0) AND (B_B > 0.001) Then
HPv=-B 1*(1-sqrt(l1+B B))+Z P v+H. v
Else
If (B_1 < 0) AND (B_B < 0.001) Then
HPv=-22B 1-C 4/(2*B_1)+Z P v+H_v
Else
If (B_1>0) AND (B_B < 0.001) Then
HPv=C4/2*B_1)+Z P v+H_ v
Else
If B_.1=0Then
H_P_v=sqrt(C_4)+Z_P_v+H_v
Endif
Endif
Endif
Endif
Endif
IfH P v<Z P v+H vThen
HPv=ZPvVv+H.yVv
Endif
"Volumetric Flow Calculations"
Q Puv=(C_p-H_P_v)/B
"Velcoity, Reynolds Number & Steady State Friction Factor Calculation"
"Calculating Average Velocity of Flow Through the Node i"

V_avg_v = 0.5*abs(Q_Pu_v + Q_Pd_v)/A

"Calculating the Reynolds Number of Node i"
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Re_v = (rho*V_avg_v*D)/mu
"Calling and Calculating the Friction Factor Procedure"
f v = frictionfactor(Re_v, epsilon, D)
"Gas Cavity Volume Calculation”
Vg P_v=Vg PO+ (psi*(Q_Pd v-Q Pu_ v)+(1-psi)*(Q_PdO - Q_Pu0))*2*dt_int
If Vg P v<0Then
Vg_ P v=C_3 VI(H_ P Vv-Z P_v-H_v)
Endif
"Setting the last column number"
r=61
"Calling and Writing Into Interior Nodes LOOKUP TABLE"
Call writeexteriornodes(H_reservoir, Q_ Pu r,Q Pd r,Vg P_r,f r,H P v,Q Pu_yv,

Q_Pd v,Vg P_v,f v,j r: temp)
End

" Fixed Input Variables

"Pipe Geometry"

L=15.3 [m] /ILength

D =0.0274 [m] /IDiameter

wt = 0.0027 [m] //Wall Thickness
epsilon = 1.5E-04 [m] //Absolute roughness
A = 0.25*pi*D"2 llArea

B = c/(g*A) /IPipe Constant
Period = (2*L)/c /[Period of the Pipe

"Pipe Material Properties"

E = 200E9 [Pa] /lYoung's Modulus
nu = 0.29 [-] /[Poisson Ratio

"Fluid Properties"

rho = 999.2 [kg/m"3] /[Density

K =2.14E9 [Pa] //Bulk Modulus

mu = 1.168E-3 [kg/ms] /[Dynamic Viscosity

H_sat =0.1630 [m] /[Saturation Pressure Head in Piezometric Head

H v=H sat-H b /[Saturation Pressure Head in Gauge Pressure Head

"Initial Boundary Conditions"

Q_0=0.00037983 [m3/s] [Initial Volume Flowrate
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H_r=7.9955 [m] /IReservior Head

P b=87.9 [kPa] /[Barometric Pressure

H_b = (P_b*1000)/(rho*g) /[Barometric Pressure Head
V_0=Q_0/A [lInitial Velocity

Re_0 = (rho*V_0*D)/mu [Initial Reynolds Number

f 0 = frictionfactor(Re_0, epsilon, D) //Initial Friction Factor
g=9.81 [m/s”2] /IGravitational Constant
theta=0 /[Pipe Slope
Z_P_v_test = L*sin(theta)
"Valve Properties"
t ¢=0.0053 [s] /IValve Closure Time
x=1 [-] /IValve Closure Characteristic
"DGCM Properties"

psi=1.0
alpha_0 = 1E-7

[/Weighing Factor
/IVoid Fraction @ Reference Pressure

[-]
[-]
c_1=2*(wt/D)*(1 + nu) + D*(1 - nu*2)/(D + wt) //Poisson Ration Coefficient
¢ = sqrt((K/rho)/(1 + ((K/E)*(D/wt))*c_1)) /ISpeed of Sound in Water

"Numerical Solver Properties”

Reaches = 66 [-] /IDesired Number of Increments

Oscillations = 2 [-] /INumber of Peaks and Troughs to be Modelled - One
Oscillation is 4x the Travelling Time of the Pressure Wave

t trav=L/c /[Travel Time of Pressure Wave from Valve to Reservoir

dt_int=t_trav/Reaches /lIntermediate Calculated Time Step

t_max = 4*Oscillations*t_trav /[Calculated Maximum Simulation Time

dx_int = Courant*c*dt_int /lIntermediate Calculated Increment Size

n =round((L/dx_int) + 1) /ICalculated Number of Increments

m = round((t_max/dt_int){ + 1}) /ICalculated Number of Time Steps

dx =L/n /[Calculated Increment Size

dt=t max/m /[Calculated Time Step Size

Volume_int = A*dx_int /lInterior Reach Volumes

Volume_ext = 0.5*A*dx_int /|[Exterior Reach Volumes

Courant=1 /[The Courant number is a measure of how much information

traverses (c) a computational grid cell (dx) in a given time-step (dt), Courant < 1
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Initializing & Calling SteadyState and Transient Procedures

"Calling the SteadyState Procedure to Run Through the First Two Timesteps"
Duplicatej=1, 2

Call steadystate(H_r, H_v, rho, Q_0, Re_0, epsilon, D, g, A, dx, dx_int, ¢, theta, Reaches,
alpha_0, Volume_int, Volume_ext, j : H_P_vI[j], Q_Pd_v{jl, Vg_P_V[jl, ti])

End
"Calling the Transient Procedure to Run Through the Transient"
Duplicate j = 3, 1500

Call transient(Reaches, H_r, c, g, dx, dx_int, dt, dt_int, D, A, mu, epsilon, psi, alpha_0,
Volume_int, Volume_ext, theta, rho, B, H_v, t_c, Q_0, x, j : H_P_V[j], Q_Pd_v[jl, Vga_P_V[jl, t[il, Z_P_V[j])

End
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ANNEXURE B: SPRING-MASS MATHEMATICAL MODEL

The fast-closing valve used in the experimental test bench (see Figure 4-2) utilises a spring
loading mechanism enabling the valve to close within the specified time of T, < 5.53 ms (refer to
Section 4.3.1). A spring-mass mathematical model is derived to determine the spring stiffness

necessary to obtain said valve closure time.

Referring to the figure below, the spring-mass mathematical model was derived as follows.

Fiston

d

Figure B - 1: Free body diagram of forces acting upon the fast-closing valve piston.

Where F; = force of the spring, F; = force of gravity, Fr = friction force (from the O-ring) and F, =

force of water pressure.

Assuming that the spring has an uncompressed (natural) length of L, a spring constant of k, the
spring is ideal (i.e. massless with no damping), and the mass attached (piston) has a mass of m,

Hooke’s Law can be used to describe the motion of the mass.

Initially, the spring is compressed at a distance x from its natural length (L), so the initial length of
the spring is x, = L — x. The opposing forces, Fr and F,, can be grouped into one force, namely

F,. Using Newton’s Law, the force balance (equation of motion) of the system depicted in the

figure above can be written as follows:

Fy+F =F, (B.1)



ma(t) + kx(t) = F, (B.2)
where a(t) is the acceleration of the piston at time t, and x(t) is the system's displacement at
time t. Since the opposing force is constant at a specific time step t, a solution for the
displacement can be assumed as:

x(t) = Acos(@t) + Bsin(ot) (B.3)

where A and B are constants and @ is the angular frequency of the system. Taking the first and

second derivatives of x(t), the following equations are obtained:

v(t) = —Aosin(ot) + Bocos(at) (B.4)
a(t) = —Ae?*cos(ot) — Ba?sin(eot) (B.5)

Substituting the above equations of x(t), v(t) and a(t) into equation B.2 and simplifying, the
following equations are obtained:

—-mo’A+kB =0 (B.6)
-m®’B — kA =F, (B.7)
Solving for 4 and B follows that:
4=t _y (B.8)
" me?B '

Therefore, the displacement equation for a constant opposing force is:
Fo
x(t) = T (1 — COS((Dt)) + xycos(@t) (B.9)

where x, is the initial displacement of the piston. Similarly, the velocity and acceleration equations

can be obtained by taking the time derivatives of the displacement equation:
. Fo .
v(t) = —oxysin(ot) + fsm((bt) (B.10)
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a(t) = —a? [(xo — %) cos(at) + %] (B.11)

The angular frequency of the system (@) can be calculated by.

o=k (B.12)
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ANNEXURE C: FAST-CLOSING VALVE DESIGN

The video of the valve closing during the commissioning and testing stage can be seen here:

https://drive.gooqle.com/file/d/1wlY TKGqugFU3jwSipRsSRoVRRdw4wShr/view?usp=drive link

Some manufacturing drawings of the fast-closing valve follow on the next page.
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ANNEXURE D: CALIBRATION CERTIFICATE

WIKA Instruments (Pty) Ltd.

South Africa

SANAS Accredited Laboratory

Number 246
for
Pressure Metrology

CALIBRATION CERTIFICATE

Calibration of a Pressure transmitter
Manufacturer WIKA

Type 891,13.500

Serial number 2363591

Customer North-West University

PC-G15B Room #G01
11 Heffman Street

Potchefstroom
2531
Crder No. 347899
Number of pages of the 5
calibration certificate
Date of calibration 11/08/2023

R 10n LR
AN .

'/"//’_\\\ﬁv ]

Zam M6

Certificate Number

This calibration cenificale documents the
traceability to national standards and
International standards, which realise the units of
measurement according to the International
System of Units (S1).

The South African National Accreditation System
(SANAS) i3 a member of the International
Laboratory Accraditation Cooperation (ILAC)
Mutual Recognition Arrangement (MRA), This
arrangement allows for the mutual recognition of
technical teat and calibration data by member
accreditation bodies worldwide. For more
information on the arrangement please consult
www.ilac.org

The measurement results recorded in this
certificate ware correct at the time of calibration
and the resulls are only valid for the instrument
calibrated, The subsequent accuracy of the
instrument wdl depend on factors such as care,
handling, frequency of use, operating
temperature and use under conditions other than
specified by the manufacturer and or coditions of
calibration. 1t is recommended that recalibration
be undertaken, by the user, at an interval that will
ensure that the instrument remains within the
desired mits.

Legal liability shall be limited 1o the cost of
recalibration and or certfication, but the applicant
Indemnifies WIKA INSTRUMENTS against any
consequential or other koss.

This calibration certificate may not be reproduced othar than in full except with the permission of the issuing laboratery. Calibration certificates

without Technical Signatory's signature are not valid,

Date of issue Calibrated byi
Calibration Technician

11/08/2023

\3
L ng Rabaloyi
Laboratory Assistant

WA nstruments (Py) Lid
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Technical Signatory

ogist and Laboratory Manager

Ted: [DF1) 629 0000
Fax [011) 621 D055
emal: sakes 2a @ wca com



WIKA Instruments (Pty) Ltd. South
Africa Certificate Number 02-13451

Page 2 of 5 pages for centificate from 11/08/2023

Device Under Test (DUT)

Model 831.13.500

Seral No 2363591

Scale range {0..16)barg

Signal (4 ... 20) mA

Accuracy 0I%FS

Resoltion [scae divison) 0.001 mA 0.001 bar
Tag No. ]

B R e R e L . o iaa e mpen s S S S S

Calibration Method

Calibration was carried out according to DKD-R 6-1 "Calibration of Pressure Gauges” (Edition 03/2014) calibration
sequence A, by comparing the measured values of the DUT with thase of the Reference or Warking Standard.
LW-007 r8 & LW-012 19

Place of calibration

WIKA SA Jhb Cal Lab g = (8.7855 = 0.0000005) mig?

Measurement conditions

Working standard (WS) Pressure controlier

Modet CPCB000 Z80513C

Calloration mark 218749 AZLA 11/22

Scale range (-1...60)barg

Accuracy 0.00541 % FS

WIKA Instumeres (Pty) L Ny, o o = =

Chivary Strel, Demeer, 2004 N, 7,

R S = f sanas WIKA
PO Box 15225, Gardamiew, 2047 M

Tal: 011) 621 0000 = =

B x P -

Fax 911) 621 0089 AN —_— -
emal: saks 23 S wika.com /"/.,,I/' FR ,:: t. Pa rt Of VO ur bLISII“IESS
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WIKA Instruments (Pty) Ltd. South

Africa Certificate Number 02-13451
Page 3 of 5 pages for certificate from 11/08/2023

Measurement conditions

Digital multimeter

Mocal Kaithley 2000 DMM

Calibeation mark 124504-1 SANAS 0523

Assembly of the DUT
at the time of calibration

Prassure medium Dey air
Ratence height (for referenca valua) Connaction of ablect DUT
Position during calibeation vertical

Environmental conditions

Temperature 219+ 05 °C
Atmospheric prassure 8410 ¢+ 0.B0 hPa
Ral. Humidity 31.0 = 3.00 %

Measurement results

Cale. reference value

M1 M2 § M3 1
4,000 4.000 4.000 4.000
6.000 5.009 5994 5.999
B.000 7.995 7.887 7.995
10.000 9.992 9.984 9.992
12.000 11,991 11.983 11.991
14.000 13.992 13.984 13.992
16.000 15.943 15.987 15,983
18.000 18.000 17.994 18.000
20.000 20.004 20.004 20.004

WIKA nstruments (Py) Lid
Chivars Strost, Convar, 209¢
Iohannaebuny, Saum Alrca

i
PO Bexe 75225, Garderrsrw, 2047

:sanas WIKA

Yel: {011) 62 = Ay
g ap e W e ——— Z
ol i O Dl " [l Part of your business
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WIKA Instruments (Pty) Ltd. South
Africa Centificate Number o
Page 4 of 5 pages for certificate from 11/08/2023

Measurement results

» 2 =
p in bar = (Reading - Imin} - ((Pmin - Pmax) / {Imin - Imax)) + Pmin
Alternatiove calculation: p In bar = Reading - 1 bar/mA - 4 bar

Reading Calculated pressure DUT
Reference WS
bar bar

M1 M2 J M3 1
0.0000 0.000 0.000 0.000
2.0000 1.999 1.994 1.999
4.0000 3.985 3.8987 3.995
6.0000 5.002 5.084 5992
8.0000 7.991 7.683 7.991
10,0000 Y9452 4984 9,992
12.0000 11,993 11.987 11.993
14.0000 14.000 13.994 14.000
16.0000 16.004 16.004 16.004

Evaluation of measurement results
The deviation must be subtracted algebraically from the DUT reading to obtain the correct value.

Deviation Repeatability Uncertainty of
Measurement

bar

2.0000 1.097 -0.003 0.000 0.005 0.0064

4.0000 3.90 -0.009 0.000 0.008 0.0067
6.0000 5.968 0.012 0.000 0.008 0.0067
8.0000 7.987 <0.013 0.000 0.008 0.0067
10,0000 9.988 0.012 0.000 0.008 0.0068
12,0000 11,990 -0.010 0.000 0.006 0.0064
14,0000 13.997 0,003 0.000 0.006 0.0064
16.0000 16.004 0.004 0.000 0.000 0.0064

The reported expanded uncertainty of measurement is valid after a correction of the reading value

with the systematical deviation {sae table “evaluation®).

The reported expanded uncenainty of measurement is stated as the standard uncertainty of measurement
multiplied by the covarage factor k=2, which for a normal distribution corrasponds to a coverage probability of
95,45%, the uncertainty of measurement has been estimated in accordance with the principles defined

in the GUM, "Guide 1o Uncertainty of Measurement, ISO, Geneva, 1993

To convert in official-unit -kPa- use mutiplier : 100 kPa'bar

M1 & M3 Indicates Rising Pressure, M2 Indicates Falling Pressure
NOTE: All readings entered on computer directly.

WIKA Vsiruments (Py) Lia \.\"";"/'"'(,,

Civbvars Swaet, Durnar, 2004 _{‘ N ’?,_

Joharnesbung. South Alnca % Sa n a S

FO Bowx 75225, Gardenview, 2047 Ll s — =

Tel [051) D 1{'//"/-:‘\‘\\\?: wwr Lo ye X

Fax 011) 621 05 TS ™ M Part of your business

omal: sakes. 23 O wika com
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WIKA Instruments (Pty) Ltd.
South Africa Certificate Number

Page 5 of 5 pages for certificate from 11/08/2023

Evaluation of measurement results

Graphical representation of measurement results

0.0
= Deviation

0

'S

2

s A = Uncertainty Of

g Measurement

§ “ Manufacturer

Specification
Presswrein  bar
The accuracy of the DUT is 0.02 bar
Statement of compliance
Additional information
END OF CERTIFICATE----=-sssssmuseaeus

WIKA bstruments (21| Uid \\\\ll:\:':;/’/ I ! I
Chivers Syace, Derwar, 2094 ‘\\_//; Q w | KA
Jokarnesbiung, South Alvce -
PO Box 75225, Garderrview, 2047 % t Sa n a S
Tel. |051) €29 DO0O ",,{/,:(\\?‘ g - I
Fae [011) 621 0069 A e M Part of your business
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ANNEXURE E: TIEPIE OSCILLOSCOPE DATASHEET

The datasheet of the TiePie Handyscope HS4-DIFF oscilloscope can be viewed here:
https://www.tiepie.com/en/usb-oscilloscope/handyscope-hs4-diff
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ANNEXURE F: RESISTOR DATASHEET

o CMF (Military RN and RL)

WL vishay.com ViSha}f Dale
Metal Film Resistors, Military, MIL-R-10509 Qualified,

Precision, Type RN and MIL-PRF-22684 Qualified, Type RL

FEATURES
= Vary low naisa (- 40 dB)

= Vary low voltage coefficiant (5 ppm/V)
= Controlled temperature coefficiant
* Flame retardant epaxy coating

* Commercial altermatives to military styles are available
with hlghar pclwar ra‘tlngs Sae CMF Industrial data sheet:

STANDARD ELECTRICAL SPECIFICATIONS
RESISTANGE | RESISTANCE | RESISTANCE
MIL POWER | FOWER WAL RANGE RANGE RANGE AESISTANCE DIELECTRIC
GLOBAL | MIL SPEC. AATING |RATING| WORKING 0 7 ¥} RANGE TOL. @ STREMGTH
MODEL |STYLE SHEET Prse | Pis e | VOLTAGE U] MIL-R-10509 | MIL-R-10509 | MIL-R-10509 ¥ + % "
W w v = 100 ppmy™C | £ 50 ppmy™C | £ 35 ppmi™C | MIL-PRF-22684 AG
1) [T} {E}
y -~ 0.1, D225,
CMFE0 FNS0 ui:3 - s 200 - 10 bo 1008 10 b 100K - 0 1 450
y - - 0.1, 0225,
CMIFES AMSS or 0.125 oo 200 10 301K | 499 1o 100K | 4809 1o 100K - 05 1 450
y - 0.1, 0225, -
CMIFED Rhan o1 025 DAZ5 00 10to 1M 498 to 490K | 40,9 1p 489K - 05 1 500
y - - 0.1, 0225,
CMFES AMNGS oz 050 0325 350 10t 2M 49.8 10 18 4391 1M - 05 1 a00
y 0.1, D25,
CMIFT] HANTD o3 s 0.50 500 10t 2490 24.810 1M 24.913 1M - 05 1 a00
CMFD7 RLOT o1 025 - 2l - - - 51 o 150K 2,3 450
CMF2] RLZ0 oz 050 - 350 - - - 4.3 10 470K 2,5 700
HNotes
i1l Continuous working voltage shall be JF x B or maximum working vollage, whichaver ig less.
@ Formerly rated at 1 Wand is the direct replacement for RNTO of MIL-R-10508 rev. D
@ Tolerances of £ 0.1 %, + 0.25 % and + 0.5 % are not applicable to charactesistic 0.
TECHNICAL SPECIFICATIONS
PARAMETER UNIT CONDITION
Voltage Coellicent pomiv 5 when measured batwean 10 % and full rated voltage
Inavilation Reslstance 0 = 10" min. dry; = 108 min_ after molsiure test
Operating Temperature Range G - 65+ 175 (see derating curves lor military range)
Terrninal Strangth I 5 pound pull test for RLOT/AL20; 2 pound pull test Tor all others
Continwous satisfactory coverage when tested in accordance
Salclemnlliy with MIL-R-10509 and MIL-PRF-22664
Revision: 02-May-13 1 Docurnent Mumber: 31027

For techrecal questions, contact: H2aresiabors @wshay. oom

THIS DOCUMENT 15 SUBJECT TO CHANGE WITHOUT NOTICE. THE PRODUCTS DEbCHIHED HEHEIN .l'-"ND THIS DOCUMENT
ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT woww v
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VISHAY, _ CMF (Military RN and RL)
v wiww. vishay.com Uishay Dale

GLOBAL PART NUMEER INFORMATIOMN

Mew Global Part Numbering: RNGHD34BIFRIE (preferred part numbering lormat)

Rl ]l Bl [a] @] BI[F[A] B ELTLT LT

RESISTANCE TE:I.EHRNI:E
MIL STYLE CHARACTERISTIC VALUIE CODE PACKAGING SPECIAL
ANSD E= 25 ppm 3 dig signilicant B=+01% B14 = Tindlead, bukk Blank = Standard
RMES C= 50 ppm ligures, hollowed by C=+025% BEL = Tirlead. Bulk. (Diash nurber)
RMED D = 100 ppem a rullipkar D=+05% single ot dabe code B8 = Hot saldar dip
RANES Use “A" for F==1% R3E = Tindead, T/A [iul) 143 = Nea-magnedic,
RANTD walles < 100 02 REB = Tinfiaad, T/R (1000 pieces)
10RD0 = 106 ASL = Tinlead, T/,
2152 = 21.5 k(2 single ot dale code
2494 = 2.40 M{1
Historical Parl Number example: RNBODIABIF (will conlinue ta be acespled)
L — b | L1 N I e — ] — —
[ misTne | CHARACTERISTIC | | RESISTANCE VALUE| | TOLERANCE CODE | | PACKAGING |

Mew Global Part Numbering: ALOTSAT1JR3E (preferred part numbering lormat)

_II_I | (2] [s] [a] [=] [1] 3] [R] [a] [e] I_I | (]

. HESIST.WE:E TDLEHAN:E [
IMIL ET'!'LE| LEAD MATERIAL VALUE CODE | FPACKAGING SPECIAL
RLOT S = Salderahle | 2 dight sagnilicant G=+2% B14 = Tinfdaad, bidk Blamk = Standard
AL20 figure, lollowed by || J=+5% ||BSL = Tindlead, bulk, single lot date code| | (Dash number)
& mullipliar R36 = Tinfead, TR {full) B8 = Hal soider dip
Use A" for REE = Tindead, T/R {1000 piecas) 143 = Non-magnetic
values < 10 01 ASL = Tinfaad, T/A, sings ol date gode |
AR = 4. 310}
202 = 2.0 k2
47l = 470 kL2
Historical Part Number example: RLOTS471J (will continue to be accepbed)
| RLO? | | 5 | 47 | | J | | R36 |
I I I I T
[ mwstie | | ieaomatemac | [ mesisTamcewvae | [ Towemamcecope | | packacme |
Naote
* For additional information on packaging, refer to the Through Hole Resistor Packaging document (wianw vishay comddos 51 544).
MATERIAL SPECIFICATIONS
Elenment Mickel-chrome allo
4 CAGE CODE: 91637
Flame retardant aposty, formukated for
Coating superior molsture protection
Care Fire-cleansd high purlty ceramic
ENVIRONMENTAL SPECIFICATIONS
Tarmination Standard bead material s solder-coated
copper. Solderabls and weldable. Emwvironmental perlormance i shown in the
Genaral Emvironmental Performance table. Test methods
are those specified in MIL-R-10508 and
APPLICABLE MIL-SPECS MIL-PRF-29684.
MIL-R-10508 and MIL-PRF-22684: The CMF models mest F—— e E——
or exceed the electrical, environmeantal and dimensional Shell Lite aes 1;9 sht ttzreu:eﬂr:gllglﬁea aa
requirements of MIL-R-10508 and MIL-PRF-22684. -
Moise: Vishay Dale metal film resistors have exceptionally
low noise level. Average for standard resistance rangs is
040 pV per V over a decade of frequancy, with low and
intermediate resistance valuas typically below 0.05 pV per V.
FAevision: 02-May-13 2 Document Mumiber: 31027

For technical questions, contact: H2amesiotora@vishay.oom
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Vishay Dale CMF resistors have an operating temperature range of -

fallowing curves:

Vishay Dale

B85 *C to + 175 "C. They must be derated according to the

g

-3
=

&

MIL-R-18508
Chae. [ Awling

" MILR1050
Cha. C and E Ratisg

50 ]
DERATING

DIMENSIONS in inches (millimeters)

180 + 0125 17

R
by

a0 1

130 150 1ma

AMBIENT TEMPERATURE “C

"

£ b
{Maxe.) B
VISHAY DALE c
MODEL A B (MAX.) o
P 0.150 = 0.020 0.0B5 = 0015 0244 0076 = 0.002
{361 = 0.57) {1.65 + 0.38) E.20) {L41 + 0.05)
P 0240 = 0.020 0.080 = 0.008 Oze0 0.025 = D.002
(6,10 = 0.57) {228 + 0.20) (7.37) {LE4 + 0.05)
P 0.344 = 0.031 0.145 = 0.015 .az5 0.025 + 0.002
{8.74 = 0.79) (3,65 + 0.38) (10.80) {LE4 + 0.05)
- 0.562 = 0.031 0.1BD = 0.015 0687 0.025 + 0.002
[14.27 £ 0.79) {4.57 = 0.38) (17.45) {0LE4 + 0.05)
P 0.562 = 0.031 D.1B0 = D.015 0687 0.052 + 0.002
[14.27 + 0.7 {4.57 + 0.38) [17.45) (LB + 0.05)
P 0240 = 0.020 0,080 = 0008 Oza0 0.025 = 0.002
6.10 £ 0.57) {228 + 0.20) {7.37) {LE4 + 0.05)
P, 03752 0.040 0745 = D015 0425 0.052 = 0.002
(9.53 « 1.02) (.65 + 0.38) {10.30) (LB + 0.05)
Hotes

1 Lead lergth for product in bulk pack. Fer product supplied in Tape end Aeel, the actual laad length would b based on the body size, tape
epacing and lead trim.

MILITARY POWER RATING
MILITARY QUALIFIED
WATTAGE MIL-R-10509 MIL-PRF-22684
AT ‘;I.;“ € hT[(;aEEF AT + 70 °C
0.05 B RS0 B
0.10 - RNSS -
0.125 EIES] RMED -
0.25 ANED RAES ALOT
0.50 ANES RNTO ALZD
075 & ANTO - -
Notes

* Commercial equivalents of miitary atyles are avalahlea with higher power ratings. Gonzult factory.
# Formefly rated at 1 Wand (s the direct replacement for RNTO of MIL-R-10508 rev. O

Favigion: D2-hay-13

For techrecal questions, contact:

3

2arasigtors @S hay.com

Docurnient Numbear: 31027
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VISHAY. CMF (Military RN and RL)
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APPLIED POWER IN W
THERMAL RESISTANCE
MARKING (per MIL-PRF-10509)
Characterstica: D = 100 ppm, C = 50 ppm, E = 25 pom
Toerance: F=1%_ D=05%, C=025% B=01"%
Walie = Three significant figures and rultipler
J =AM (ot Ay - Masy) brand
RM5D: {3 lines) FM55, RME0, RNES, RM70 (4 lines)
DALE Compary |
JEOD  JAM, type, charactesiatic 070 4dige e et JAN
1211 Valus
RMSSD T and charactastic
F137 Tolerance and 3 digit date code 1911F 'u'a:fpi.eﬂa.m:l'l'd

Mote
&« RL zaries are color banded per MIL-PRF-22634.

PERFROMANCE
MIL-R-10508
REGQUIREMENT MIL-PRF-22684
CHARACTERISTIC D CHARACTERISTIC C | CHARACTERISTIC E
MIL Temperature Cosfficient | + 200 pprmy™C - 500 ppm/™C = 50 ppm™C + 25 ppm™C + 200 ppmC
ﬁ'ﬁiﬁ:mﬂ?;t + 100 ppmi*e = 50 ppmi e + 25 ppmits = 200 ppmd e
TEST ML ML e, ML sivas. ML .
Thermal Shock = 0.50 % AR £ 0.25 % AR 025 % AR £1.00 % AR
Shart Time Cverload = 0.50 % AR £ 0.25 % AR £ 025 % AR £ 0.50 % AR
Low Temperalure Operation = 0.50 % AR £ 0.25 % AR 025 % AR £ 0.50 % AR
Malsture Resstance = 1.50 % AR + 0.50 % AR + 050 % AR + 1.50 % AR
Shack = 0.50 % AR £ 0.25 % AR £ 025 % AR £ 0.50 % AR
Vibration = 0.50 % AR £ 0.25 % AR £ 025 % AR £ 0.50 % AR
Load Lile = 1.00 % AR + 050 % AR + 050 % AR £2.00 % AR
Emi;:‘“ Withetancing = 0.50 % AR £ 025 % AR £ 025 % AR £ 0.50 % AR
Effect of Soider +0.50 % AR £0.10 % AR + 010 % AR £ 0.50 % AR
Fevislon: 02-May-13 4 Docurnent Number: 31027

Faor techmecal gquestions, contact: H2amesistors@wshan S0m
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