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ABSTRACT

MODELING OF HYDRAULIC TRANSIENTS IN CLOSED CONDUITS

Hydraulic transients (often known as ‘water hammeccur as a direct result of rapid variations
in the flow field in pressurized (closed-conduis®ms. For example, changes in velocity from
valve closures or pump operations cause pressuigesithat are propagated away from the
source throughout the pipeline. The elasticityha pipe boundaries and the compressibility of
the fluid prevent these sudden changes in pressaretaking place instantaneously throughout
the fluid. The associated pressure changes duritrgnsient period are often very large and
occur very rapidly (within a few seconds). If thexamum pressures exceed the bar ratings
(mechanical strength) of the piping material, défg types of failure such as pipe bursts can
occur. Similarly, if the minimum pressure dropsdvelthe vapor pressure of the fluid, cavitation

can occur and can be detrimental to the pipeliséesy.

The purpose of this research is to model and sitautydraulic transients in a closed
conduit water system using different numerical rodth First, a numerical model was
implemented to simulate the water level oscillagiam a surge tank caused by the rapid closure
of the outlet valve. The water surface oscillati@sults from the numerical model were
compared with experimental results obtained frosuge tank experiment and found to be in
good agreement. Furthermore, the stability and racguproperties of the first-order explicit
Euler time discretization scheme and the fourtreorBunge-Kutta (RK) time advancement
scheme are highlighted using this example. It isxtbthat using a higher-order scheme (such as
the 4" order RK scheme) not only ensures a greater dedneemerical stability, but permits the
use of larger time steps to achieve a similar degifeaccuracy as the less stable first-order



scheme. This is followed by a field test case stwdyvestigate a pipe burst that occurred on a
pipeline system in the Man-Made River in Libya. TBentley HAMMER V8i software was
employed to study this problem. A total of 28 scers| were simulated using different
combinations of the operating levels in the upstregdabiya Reservoir and the downstream
Gran Al-Gardabiya Reservoir and different time kosare of the valve. The simulation results
show that the transient pressures in the pipelkoeered the bar rating of the pipe where the

burst occurred for most of the simulated scenarios.

The range of results from the idealized simulatidasthe field test case study of
hydraulic transients presented in this researchligigts the importance of accurate prediction of

the pressure fluctuations in order to ensure thpapaline’s integrity is not compromised.
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CHAPTER 1. INTRODUCTION

1.1 Introduction

Under steady state conditions in a pipeline systw, variables like discharge remain constant.
However, if a sudden change occurs in the systeoudn a change in control operations such as
the closure of an outlet valve or the sudden shwtdaf a pump due to power failure, a transient
state is initiated, and it takes a finite amountimie before another (new) steady-state condition
is established in the pipeline system. The flowrmeenon associated with such rapid changes
is called a hydraulic (or fluid) transient. The maioncern during a hydraulic transient in a
system is the rapid fluctuations in the pressuneesdramatic changes in the pressure can result

in catastrophic damage to pipelines and hydrauéchimery.

Hydraulic transients have been studied by reseasdbr more than a century. Due to the
devastating effects of hydraulic transients, tlagialyses is very important in order to determine
the rapid pressure variations that result from floantrol operations and therefore establish
operational guidelines for hydraulic systems sdcasnsure an acceptable level of protection

against system failure.

Numerical models are widely used to study hydrawosients since analytical solutions
to the nonlinear governing equations for transfeaws are difficult if not impossible to obtain.
An effective numerical model should allow a hydi@engineer to analyze a potential hydraulic
transient eventd priori’ in order to identify and evaluate alternative sohs for controlling the

extreme pressures that may occur in the system.

A variety of commercial software is available fansalating hydraulic transients and can be used

for the design of sophisticated pipeline networksl &r research studies. Regardless of the
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availability of such software, it is imperative foydraulic engineers to understand the hydraulic
transient phenomena in order for them to be ablauge sound engineering judgment in

evaluating the output from simulations.

1.2 Objectives

This thesis focuses on modeling of hydraulic transphenomena. The main objective of this
research is to study the hydraulic transient phemamin detail and simulate the resulting
transient pressures due to sudden valve closureidyg different numerical methods. In
particular, water surface oscillations in a sur@ektare simulated as part of this research using
different numerical methods. The results from nuoaisimulation of water level oscillations in
the surge tank are compared with results from gemxent that was carried out by Professor
Karan Venayagamoorthy in South Africa. This is doled by a field test case study to

investigate a pipe burst that occurred on a pipedystem in the Man-Made River in Libya.

1.3 Thesis layout

Chapter 2 provides a literature review of hydratiamsients in closed conduit flows. In addition,
different control devices are presented. Chapteorsists of several parts. First, a simplified
version of the governing equations for describimgteady flow in a surge tank is derived. A
numerical simulation of an experimental study oftavasurface oscillations in a surge tank is
then presented. Two different numerical discretiramethods are used to highlight the stability
and accuracy properties of numerical schemes. Ijnalvalve closure problem in a closed
conduit flow is presented as a second example. t€hdfocuses on a case study of a pipe burst
most likely caused by hydraulic transients in agraission system in the Man-Made River in
Libya. Different operational and valve closure sm@s are simulated using Bentley HAMMER
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V8i software with an eye to use reverse engineeiongxplain the cause of the burst. Chapter 5

gives a brief summary of the main conclusions argtyestions for further research.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

When water flows under pressure in a closed cor{giptline), the laws governing the changes
of pressure and velocity along the pipe depend tiperconditions under which the flow occurs.
If the water is considered to be incompressible #aeddischarge remains constant, the steady
flow energy equation can be used to analyze thegeties of the flow at any given two cross-
sections in the conduit. However, when the mot®munsteady, that is, when it varies rapidly
from one instant to the next at any given locatiorthe conduit, rapid pressure changes can
occur and the steady flow energy equation is ngdorapplicable. Such rapid fluctuations in
pressure are referred to as “hydraulic transiemisiimonly known as “water hammer” because

of the hammering sound that often accompaniesiibagmenon (Parmakian 1963).

Hydraulic transients in closed conduits have baesubject of theoretical and practical
research for more than a century. A common and Isirapample is the knocking sound or
hammering noise which is often heard when a watacdt in a house is rapidly closed. The
transient state of the flow from time of closurdilum new steady state condition is established is
complex due to pressure surges that propagate fa@raythe valve. By closing the valve rapidly,
the valve converts the kinetic energy carried kg/fthid particles into strain energy in the pipe
walls. This results in a "pulse wave" of abnormagsure to travel from the disturbance into the
pipe system. The hammering sound that is somethmasd results from the fact that a great
portion of the fluid's kinetic energy is convertgito pressure waves, causing noise and
vibrations in the pipe. Energy losses due to mdirntgion cause the transient pressure waves to

decay until a new steady state is established (Boilarney, Wood, & Lingireddy, 2005).



Figure 1 illustrates the hydraulic transient pheaoon in a closed conduit flow as a
result of rapidly closing a valve. The transientws during the time interval;, between an
initial condition when the valve closure begins anfihal condition when the flow in the closed
conduit comes to rest. Figure 1 shows the behafitine pressure transient at a fixed point just
upstream of the valve. The pressyski§é presented as a function of tinte At the start of the
valve closure, the pressure in the system @&1d, once the transient decays, the final pressure
the system is given bgt. In between the two steady state conditions, tlesure fluctuates as
shown in the figure. Both the maximum and minimurasgures can be significantly higher or
lower than the pressure under steady state condlititt is the accurate prediction of these

extreme pressures that is of vital importance duaimydraulic transient event.

A
p(t)

/ Final steady-state flow condition

S § 8

—p Valve closure

P

Y

t
v‘\~Slar1 of valve closure

Figure 1. Hydraulic transient pressure at positionx in the system as a function of time.



While engineers usually use the steady operatingditons as the basis for system
analysis and design, the transient analysis isnodteleast (if not more) as important as the
analysis of the steady-state conditions. The exresh the transient pressures must be
determined in order to properly design a pipelire tat it can withstand these extreme
pressures. For design purposes, pipes are ususdhaaterized by their "pressure ratings” that
define their mechanical strength. Therefore, pressatings have a significant influence on their

cost (Boulos, et al, 2005).

In what follows, an overview of hydraulic transien$ provided. First, the consequences
are discussed in slightly more detail, followedédwents that cause hydraulic transients. A brief
discussion of the different methods that are usexhailyze hydraulic transients is then presented
and this is followed by a discussion of control sweas that are commonly used to regulate

transients in closed conduit systems.

2.2 Consequences of Transients

Hydraulic transient events in water distributiorsteyn can cause significant damage, disruption,
and expense (Boulos, et al, 2005). In generalskeah events are usually most severe at control
valves, pump stations, in high-elevation areas,iamdmote locations that are far from overhead
storage tanks. However, all systems have to smrswitch off, undergo flow changes, and so

on. In addition, water systems are not immune frarman errors, malfunction and break down

of mechanical devices, and other risky events (Wa605).

Hydraulic engineers are most concerned with corssops from transient effect that affect
safety, cause equipment damage, or result in aopeatdifficulties. Some of the common

consequences are (Boulos, Karney, Wood, & Lingiye@005):



- Maximum pressures in hydraulic systems. This is ti@st common consequence of
hydraulic transients;

- Occurrence of local vacuum conditions at spectations that may result in cavitation
either within specific devices such as pumps ohwiga pipe;

- Hydraulic vibration of a pipe, its supports, or specific devices;

- Occurrence of contaminant intrusion at joints arabs-connections.

2.2.1 Maximum pressure in a system

During transient events, the maximum pressurescaase damage in pipelines, tunnels, valves,
or other equipment. Sometimes, the damage cant riestiie loss of human life. On the other
hand, high pressures may not necessarily destpmipes or other devices, but can cause cracks
in internal linings, damage connections betweerepir cause deformations in equipment. This
equipment could be valves, air valves, or even dmldr transient protection devices. Moreover,
high pressures may result in leakages in hydrayktems even though no visible damage can be

noticed.

2.2.2 Vacuum conditions and cavitation

Vacuum conditions (i.e., low pressures in the systieat are close to the vapor pressure of the
fluid) should be avoided because they can caude dirgsses and strains in the system. This is
due to the fact that, as pressure drops in a syatehapproaches the vapor pressure of the fluid,
the fluids begins to bolil, resulting in the forneatiof air bubbles. When these tiny air bubbles
are transported to a high pressure region by adwecthey implode, and cause excessive

stresses on the pipe walls.



2.2.3 Hydraulic vibrations

Strong hydraulic vibrations may damage pipelingégnmal lining, or system equipment. Such
long-term moderate surges may gradually lead iguatfailure. Oscillations of water masses
through a pipeline may also cause vibrations ardigu of air into the pipeline. Therefore,

neglecting such influences during the design phaesglead to system damage.

2.2.4 Water quality and health implications

Hydraulic transients may result in objectionableets on water quality and have serious health
implications. High intensities of fluid shear sses from hydraulic transients may cause erosion
and resuspension of settled particles as well a8lrhi detachment. Moreover, low-pressure
transients can cause the intrusion of contamingtednd water into a pipe at a leaky joint and/or
through cracks in a pipe. Depending on the sizthefleaks, the volume of intrusion can vary

from a few gallons to hundreds of gallons (Bouktsal, 2005).

2.2.5 Severity of transient pressures

Urban water delivery network systems, particulattye underground components, can be
damaged by various causes such as earthquakese smle weather, heavy traffic loads on
ground surfaces, etc. Hydraulic transients hase béen known to cause catastrophic damage in
urban water delivery systems. Sometimes, it idatiff to predict these transient effects due to
uncertainty. Two real examples are presented loesbdw how the rapid pressure changes from
transient events have resulted in catastrophicagemThe first damage occurred in Denver,
Colorado on February™ 2008. The other one occurred in Libya on Februd; 2012 in a
transmission pipeline linking Ajdabiya ReservoirdaAl-Gardabiya Reservoir. A 66-in water

main beneath Interstate 25 in Denver burst on Feprid” in the afternoon. This pipe burst



resulted in a sinkhole, about three lanes wide Ehdeet deep, and forced the closure of all
northbound lanes of the freeway (see Figures 23ahaslie 2008). As mentioned earlier, there
are many causes of hydraulic transients, and orteesle causes is pump failuke.posterior

analysis of the system revealed that the burstroedidue to excessive pressure build up in the

system as a result of a pump failure.

Figure 2. 66-in water main ruptures as a result ohydraulic initiated by a pump failure

beneath the I-25 in Denvel(Leslie, 2008)



—diameter, 16-

Figure 3. 66-in water main ruptures, 1-25 in Dener (Leslie, 2008)

On February 18, 2012, the personnel in the control room at thg 6 Ajdabiya reported huge
fluctuations in the flow meter readings at AjdabRaservoir, which is part of the Man-Made
River Project in Libya. It was found that the tramssion pipeline at station (76+820) had burst,
causing a large leakage, as shown in Figure 4.Bagsea report prepared by the Man-Made
River Project management, the amount of leakageestimated to be about 200,008. fihe
cause of this pipe burst is mostly likely due toydraulic transient event caused by sudden valve

closure. This aspect will be investigated furtiee€hapter 4 of this thesis.

These examples highlight the severity loé damage that can result from hydraulic
transients in pressurized systems. Therefore,important for engineers to be cognizant of the

various causes of such events and develop appr®piésign and operational criteria.
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Figure 4. 4-meter diameter pipe burst in Libya inFebruary 2012 (personal

communication, August 28, 2012).

2.3 Causes of hydraulic transients

Hydraulic transient events are disturbances irfltve field that occur due to operational or other
unforeseen changes in a system. The disturbandesh vare due to the rapid changes in
pressure, propagate as pressure waves that ttaive speed of sound in the fluid medium. The
speed of sound depends on the compressibility ¢émand the elastic properties of the pipe.

Some common operational events that require tranhamalysis are (Larock, et al, 2000):

- Pump start up or shutdown
- Valve closing and opening
- Rapid changes in demand conditions

- Changes in transmission conditions

11



- Pipe filling or draining

2.4 Pressure fluctuations during a hydraulic trangent

The reason for the rapid changes in pressure calfubated using a simple closed conduit of

length L with a valve at the downstream end and a tanketupstream end that is held at a

constant head. A momentum impulse analysis shoatglile excess pressure head resulting from

a rapid valve closure from an initial stMgis

a
Ah: _EVO y (1)

wherea is the speed of the pressure wave gmslthe gravitational acceleration. The wave speed
a can be calculated from the properties of the candaterial and the fluid. The formula for the

wave speed for a conduit with slightly deformablalsvis given by

Ky
“= \/;>(1 +c(K;D)/eE) @)
whereK; is bulk modulus of elasticity of the fluig; is fluid density;D is the inside diameter of
the conduit;e is the wall thicknessk is Young's modulus of elasticity of the conduithwa
material; c = 1 —v,/2 for a pipe anchored at its upstream end omjy;is Poisson's ratio.
c=1- vpz for a conduit anchored throughout its length ideorto restrain the pipe from axial

movement; and = 1 for a pipe anchored with expansion joints throudgh@8oulos, et al, 2005).
Typically, the wave speed is of the order of theesp of propagation of sound in the fluid
medium under consideration. For examp@ey 1500 m/s in a closed conduit carrying water.

Clearly, from equation (1), it can be seen that ¢hange in pressure head due to a sudden

12



(instantaneous) change in velocity can be at l@agtto 3 orders of magnitude larger than the

change in velocity, indicative of the high transipressures that occur from such operations.

Once a pressure wave is initiated in a condugrapagates back and forth in the conduit
until it is eventually dissipated by friction. Dog the time interval O €< L/a, the pressure wave
propagates toward the tank (upstream) and willlrélae tank irL./a seconds. On the tank side of
the wave, the flow will be undisturbed (normal citieths), while on the valve side of the wave
(behind the wave), the flow will be at rest but {ressure head will have increased 4ty
thereby causing an enlargement of the pipe diamétethe time period./a <t < 2L/a, the
pressure wave would have reflected back from thk &nd propagated toward the closed valve
and will reach it at = 2L/a. However, since the valve is fully closed, thenlmstantaneously
comes to rest, causing the pressure head to drah.biyor 2./a <t < 3L/a, a negative pressure
wave now propagates back towards the tank wheo tgaching the tank, it gets re-reflected as
a positive wave. Forl3a <t < 4L/a, the water starts to flow back from the reservoio ithe
conduit and the pressure rises back to normaleavéive at time of Wa seconds after closure.
This is the complete pressure wave cycle. In pplecisince the valve remains closed, this
pressure wave cycle would occur repeatedly if kn fs frictionless. However, in reality, it gets

dissipated because by friction and other minordsskroughout the hydraulic system.

2.4.1 Rigid column and elastic column theories

The rigid model assumes that the pipeline is néordeable and the liquid is incompressible.
Hence, system flow-control operations affect ortig tinertial and frictional aspects of the
transient flow. Given these considerations, it bandemonstrated using the continuity equation

that any system flow-control operations result mstantaneous flow changes throughout the
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system. In addition, the liquid travels as a singlass inside the pipeline, causing a mass
oscillation. If liquid density and pipe cross sentiare also constant, the instantaneous velocity is
the same across all sections the pipeline. In otfweds, the flow variables are independent of
space and are only functions of time. Hence, theegong equations revert to ordinary
differential equations that are much easier to esthan the original set of partial differential

eguations (see Section 2.5).

The rigid model has limited applications in hydraulransient analysis because the
resulting equations do not accurately represensspre waves caused by rapid flow-control
operations. The rigid model applies to slower sungemass oscillation transients. Generally, the
maximum transient head envelope calculated by nggder column theory is a straight line.

Bentley HAMMER software only employs the rigid cola theory under certain conditions.

On the other hand, the elastic column model assutmesnomentum of the fluid leads to
expansion or compression of the pipeline and flomth assumed to be linear-elastic. Since the
fluid is not completely incompressible, its densign change slightly during the propagation of
a transient pressure wave. The transient pressave will have a finite velocity that depends on

the elasticity of the pipeline and of the fluiddescribed before using equation (2).

Before the proliferation of computational power gubject of rigid water column-theory
was very popular. Substantial effort was made tprawe the accuracy and to determine the
range of applicability of the rigid-column theoryigure 5 shows a plot of the initial pressure
head to the transient versus the head valve clasneenormalized by one half the characteristic

time, (/a) in a frictionless (or very low friction) systerihis graph highlights the different
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criteria that have been proposed since 1933 tardete when an elastic solution is necessary

and when a rigid-column solution is sufficientlycacate.
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Figure 5. Criteria for determining when an elasticsolution is necessary and when a rigid-

column solution is sufficiently accurate(Bentley, 2013)

2.5 A brief review of hydraulic transients analysisand methods

The hydraulic transient problem was first studigdMeenabrea (although Michaud is generally
credited for carrying out the earliest analysisdé&rson 1976). Michaud studied the effect of
using air chambers and safety valves for contmlitydraulic transients. By the end of the

nineteenth century, attempts to achieve expressilating pressure and velocity changes in a
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pipe were carried out by some researchers suchagsefer and Frizell (Joukowsky 1904).
Frizell was successful in his effort to find an eegsion to relate pressure and velocity changes
in a pipe. He also discussed effects of branchegipelines. Joukowsky (1904) and Allievi
(1903) are generally credited for providing thestfimathematically correct formulations of the
governing equations for hydraulic transients. Thsttknown equation (which has already been
discussed — see equation 1) in transient flow theas derived by Joukowsky and is often
called the fundamental equation of hydraulic trant. In addition, Joukowsky studied wave
reflections from an open branch, the use of aimdiexrs and surge tanks, and safety valves

(Boulos, Karney, Wood, & Lingireddy, 2005).

Allievi (1903, 1913) developed a general theory fordraulic transients from first
principles. He showed that the convective termha momentum equation was negligible.
Allievi also produced charts for quantifying theegsure rise at a valve for uniform closures.
Efforts by Jaeger (1933), Wood (1937), Rich (19#8rmakian (1955), Streeter and Lai (1963),
and Streeter and Wylie (1967) led to the classinabs and momentum equations for one-

dimensional (1D) hydraulic transient flow as fol®w

a’dV  oH

P —_— 3

g6x+6t 0 ®)
oV, OH 4 "
ot "9t o™ "

in whicht,, is shear stress at the pipe walljs pipe diameterx is the spatial coordinate along
the pipeline; and t is temporal coordinate (Ghidaghao, Mclnnis, & Axworthy, 2005). These
equations were fully established by 1960 and haweesbeen analyzed, discussed, and
highlighted in a number of classical texts and aede papers on hydraulic transients. In

addition, most hydraulic transient software suctBastley HAMMER used in chapter 4 of this
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thesis is based on this pair of equations. Thesdhar two fundamental equations that describe
1D hydraulic transient problem. They contain alk tphysics necessary to model wave
propagation in a pipe system (Boulos, et al, 2006)must be noted that these equations are
valid for a uni-directional, axisymmetric low Mactumber flow of a compressible fluid in a
slightly deformable pipe. Various methods for sotyithis set of coupled partial differential
equations have been developed. They range fromoxippate analytical approaches to

numerical solutions of the nonlinear system. Sofrtbase techniques are discussed next.

2.5.1 Arithmetic mean

The calculation of the hydraulic transient presaga result of a sudden change in flow velocity
for a time period & 2L/a is simple and can be obtained using equation ik fids been verified
experimentally by Joukowsky (1904). However, it imbe noted that the effect of friction has

been neglected when using such an approach (Dafvgatinske, 1939).

2.5.2 Graphical method

The solution of hydraulic transient problems graplly is similar to the arithmetic method but
allows for friction to be considered by assumingttit can be specified at one of the end points
of the pipeline. Theoretically, this is not corrécit, practically, results are roughly indicativie o
the effect of hydraulic transient pressures, adtléar the first wave cycle. The graphical method
is normally used to determine the transient pressat the beginning and end points of a
pipeline and hence the pressure must be determmesteps of2L/a seconds wheré is the

length of the pipeline under consideration.
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In addition, there are other graphical methods kizate been developed to calculate hydraulic
transient pressures in compound pipes, pump digeHares, branched pipes, relief valves, and

air chambers (Dawson & Kalinske, 1939).

2.5.3 Algebraic method
This method is solving the basic transient flowa@ns that have been developed (Streeter and
Wylie, 1967). The procedure of this method is galhgibased on the method of characteristics

(Wood, 2005).

2.5.4 Method of characteristics (MOC)

The method of characteristics is perhaps amongnrtbst popular methods that are used for
solving the hydraulic transient equations. The M(@€pecially for a constant wave speed), is
superior compared to other methods, especialldpturing the location of steep wave fronts,
illustration of wave propagation, ease of prograngniand efficiency of computations

(Chaudhry, 1987). This method is described in siygmore detail in Chapter 3.

2.5.5 Finite-difference methods

There are two broad categories of finite differemeethods based on the time discretization
schemes, namely: (1) implicit methods and (2) expinethods. The implicit methods allow for
larger time steps to be used in the simulationsengreserving numerical stability. Two different

explicit schemes are used in the numerical simanatdiscussed in Chapter 3.

2.5.6 Wave plan method
This method is similar to the method of charactessbecause both techniques explicitly
combine wave paths in the solution procedure. A @rscretization is required for this method to

achieve accurate solutions.
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2.6 Control of Hydraulic Transients

During a hydraulic transient state, a pipeline rbaysubjected to objectionable high and low
pressure cycles. The high pressures can damagépiiene system components, such as valves,
pumps, and other pipeline components, as discusadigr. The change in the fluid velocity
(more correctly discharge) in the pipeline systamshe first step that leads to a hydraulic
transient. The resulting change in pressure isctiyreoroportional to the change in velocity.
Hence, as much as possible, sudden changes irekbety should be avoided to minimize the
occurrence of pressure transients in the systenst klantrol devices and operating procedures

are designed and formulated in such a manneragid sudden velocity changes.

2.6.1 Controlled valve closure schemes

One of the most common causes of hydraulic tratsisrihe sudden closure of valves. The best
way to determine the effects of different valve st protocols is to perform computer
simulations of the system’s response and evalueerdsulting pressure transients. Based on
such simulation studies, a control system must éeeldped that uses an appropriate valve

closure protocol (Larock, et al, 2000).

2.6.2 Check valves

The best check valves close at the moment wheraforflow stops, and do not slam shut. When
a damped check valve is used, it must be treatdteisame manner as a closing valve during the
back flow time. The valve must be either closedckjyi before reverse flow becomes large, or
closed slowly over a time interval greater than ¢hiécal time of closing ZL/ a). Otherwise,
excessive high pressure could occur at the timeasiure of the check valve. This problem is
difficult to analyze because it requires a priorowledge of the back-flow loss characteristics of
the valve which are rarely available.
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2.6.3 Surge relief valves

Sometimes, it is necessary to close valves fastrdate a reduction in the flow velocity; this
results in high transient pressures. In this cimepest solution is to use a surge relief valve. A
surge relief valve opens when a prescribed mininpuessure is exceeded in the hydraulic
system. The surge relief valve is generally locatdhcent to the device that is expected to be
closed rapidly ,and provides an escape for theifigwiquid before objectionable pressure

transients occur in the system.

2.6.4 Air venting procedures

The procedure of filling an empty line of a pipelisystem is important. The liquid must be

introduced slowly into the system at a velocitylod ft/s or less. Air release and air vacuum

valves must be placed to remove all air from thetesy slowly. Usually, these valves are located
at the ends of the pipeline so each line can bssprzed and all air can be forced out.

Therefore, proper locations and sizing of air-reéeand air-vacuum valves are an important part

of the pipeline design process (Larock, et al, 2000

2.6.5 Surge Tanks

A surge tank is an open standpipe or a shaft thabnnected to the pipeline system or to the
closed conduit of a hydroelectric power. The maimppse of a surge tank is to reduce the
amplitude of pressure fluctuations by reflecting thcoming pressure waves, to improve the
regulating characteristics of a hydraulic turbired to store or provide water in order to
accelerate or decelerate water slowly. Dependir@anufs configuration, a surge tank may be
classified as a simple tank, an orifice tank, dedentiation tank, a one-way tank or a closed
tank. The water level oscillations in an orificenkawill be studied as a part of this thesis in
chapter 3.
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2.6.6 Air Chambers

An open-end surge tank would be an excellent deiigadace on the discharge side of a pump
station to control both positive and negative hutlcatransient pressure waves. Since the
discharge pressure of pumps is usually high, tingestank would have to be very tall to extend
above the hydraulic grade line (HGL). However, hagva tall open-end surge tank would be
uneconomical. The best solution in such casesle/ece which can play the role of an open-end
surge tank without needing the excessive heightired of an open surge tank. The device is an
air chamber, sometimes called a hydro-pneumatic &@m air bottle or a shock trap. It is a small
pressurized vessel, which contains both air anddigrhis device is connected to the discharge
line from the pump station. The main purpose ofalechamber is to avoid negative pressures
and column separation that may occur during dglgration conditions. On the other hand, this

device can suppress excessive positive pressuvelas

2.7 Summary

A brief but broad overview of hydraulic transiemtsthe context of closed conduit flows has
been provided to highlight the salient issues @ timportant phenomenon. In what follows in
Chapter 3, the phenomenon of transient flow asiegdb the specific case of surge tanks is
studied, primarily through numerical simulationséa on the finite difference technique. The
objectives are to compute the water surface osioitla in the surge tank and compare the

simulated results with experimental data.
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CHAPTER 3. SIMULATION OF TRANSIENT FLOW IN A SURGE TANK

3.1 Introduction

Numerous protection devices have been inventeddte@ a hydraulic system from potential
detrimental effects of hydraulic transients. In gi@h, control devices are designed to either store
water, delay the change in flow, or discharge whitan the line. The simple surge tank is one of
the commonly used control devices. The surge tanksed to reduce the amplitude of pressure
fluctuations by reflecting the pressure waves, mgrevent cavitation during start-up of a

system by providing adequate flow to a low-pressegeme.

In what follows, flow through a simple laborat@sygale surge tank is investigated using
numerical simulations of simplified forms of theDl-hydraulic transient flow equations
presented in Chapter 2. The simulation resultscarapared with experimental data obtained
from a laboratory experiment conducted by Dr. Kavamayagamoorthy in South Africa. The

stability and accuracy properties of numerical sobe are also highlighted.

3.2 Surge tank schematic and governing equations

In an orifice tank, there is an orifice between toaduit and the tank (Figure 6). If the orifice
area is the same as the area of the conduit, lieeorifice losses are negligible, and the tank acts
like a simple surge tank. On the other hand, ifdhéce area is very small, then the inflow or
outflow from the tank will be very small comparexdftow in the conduit and in such a case the

system behaves as if there is no surge tank.

The derivation of the dynamic (momentum) and cantynequations describing the water level

oscillations in the surge tank are based on tHevihg assumptions:
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- The conduit walls are rigid, and the liquid is ingaressible.

- The inertia of the fluid in the surge tanks camnleglected because it is small compared
to the inertia of the fluid in the tunnel.

- Head losses in the system during the transient st be computed using steady-state

formulae for the corresponding flow velocities.

3.2.1 Dynamic Equation
Figure 6(a) shows a schematic of a horizontal tuhaeing a constant cross-sectional area and
figure 6(b) shows the corresponding free-body diagrwith all forces acting on a control

volume of the fluid.

+z
Surge
hi Tank
v A N A [ I _
— Energy grade line 1
hy
hf
~z
Reservoir |_ Hydraulic grade Ho
line I As
Tunnel HQt Qs
0 e P
| At | Control
p T . Valve
I L I
(@)
— F; = A,
F, = A (H, +h +h,) —>| | l«— JA(H, +z+h,,)
W
(b) Freebody diagram

Figure 6. Schematic of a simple surge tank systeradopted from Chaudry 1987)

The forces acting on the fluid are:

F, =yA(Hy — h, — h;) (5)
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F, =yA{(Hy + z + hof) (6)

F3 = yAchs (7)
where A is cross-sectional area of the conddit; is the static heady is specific weight of
liquid; h, is velocity headh; is intake head losses; is frictional head and form losses in the

conduit between the reservoir and the surge tamkzas water level in the surge tank measured
above the reservoir level (considered positive ugyvaConsidering the downstream flow

direction as positive, the resultant forces actinghe fluid element are

YF=F—-F,—F (8)

Substituting equations 70, 71, and 72 into equationelds

z F=yA(=z—hy — by — hp—hoyy) 9)
In the conduit, the mass of the fluid elementdsL/g, where L is length of the conduit agds

acceleration due to gravity. Hence, the rate ahge of momentum of the fluid element is

- a ()
g dt\A;

_yLdQ,

7 dt (10)

whereQ; is the flow rate in the conduit and t is the time

According to Newton's second law of motion, theerat change of momentum is equal to the

resultant force. Therefore, from equations 9 andakOget

yLdQ;

?E = VAt(_Z —h, —h; - hf_horf) (11)
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Total head losses h k, + h; + hy+h,, s can be expressed as a function of discharge -as

cQ.|Q:|, where c is a coefficient. Therefore, equatiorb&tomes

dQ:  gA:

dt T(_Z —cQ¢lQ¢]) (12)

In the preceding derivation the conduit is assuhoelde horizontal, and the cross-sectional area
is constant. For conduits having different crossieaal areas, the term,/L in equation 12
should be replaced with(A;/L);. The main head losses considered here are theslolsg to

pipe friction and head losses due to a suddengarant from the pipe to the surge tank. The

head losses due to pipe friction can be calculasaty the Darcy-Weisbach equation

LV? L Q,?

where

L
Cr = 14
=S Sapa (14)
wheref is friction factor;D is diameter of closed conduit.
Losses from a sudden enlargement are usually caupdm the equation
VZ
wherekK; is a empirically determined loss coefficient. Henwe obtain
h; = K v K Q" 0,> (16)
. = _—= —_— =
i L 2g L ZgAtz s¥t

where
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Cs = (7)

Therefore, equation 12 becomes

dQ gA
d_tt = Tt —z— (¢ + Cs)QtIQtI) (18)

3.2.2 Continuity Equation
The continuity equation for the junction of the dait and the surge tank as shown in figure 6

may be written as

Q= Qs +0Qy (19)
whereQ; is flow into the surge tank (inflow is positivggnd Q,, is the flow through the valve.
However, equation 19 is valid for cases where #gescan be replaced by a turbine or pump

and the flow through the turbine or the pump isglested a%,,.
SinceQ, = A;(dz/dt), equation 19 becomes

L -0 (20)

dt A,
Equations 18 and 20 are the simplified (ordinarifedential equations - ODES) governing
equations that describe the water-level oscillaittated in the surge tank system shown in
figure 6. The nonlinearity of these equations (mptihat the discharge through the turbine

could also be nonlinear) does not readily permasetl form solutions. Hence, numerical

methods are often used to integrate these equations
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3.3 Surge tank experiment and data

A laboratory-scale surge tank model can be uselktaonstrate hydraulic transients that arise as
a result of rapid closure or opening of a valvend ihistories of the water level oscillations in the
surge tank can be recorded and used for companstn results obtained from numerical
simulations. Such an experiment was carried oudibyenayagamoorthy in South Africa while
he was at the University of KwaZulu-Natal. The expental setup is briefly discussed next

since the numerical simulations were performeddsaty replicate this setup.

3.3.1 Schematic of the surge tank experiment

A schematic of the experiment setup of the surgk system is shown in figure 7. The system is
comprised of a reservoir (feeder tank) at the epsirend to provide the energy head to drive the
flow through a 45 mm diameter supply pipe. The pipanects a large feeder tank (reservoir)
with a cylindrical surge tank, which had a diametei22 mm. The length of the supply pipe
10.4 m. Under normal operating conditions, theew#ilows from the reservoir to the pipe and is
discharged through the control valve into a coitecttank. The collection tank was used to

measure the flow rate under steady state conditions

R eservoir

Figure 7. Schematic of the surge tank experiment
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3.3.2 Experiment procedure

In this experiment, the water level in the surgektavith all valves closed, except the
surge tank isolator valve, was recorded. This leva$ used as the reference or initial
water level in the surge tank.

The control valve was then adjusted to give a stéladv rate (Q), which was recorded
by timing how long it took to collect a known volenof water in the collection tank.

The initial water level in the surge tank was thieoorded with all valves in the open
position.

Then, discharge (outlet) valve downstream of thrgestiank was rapidly closed and the
time history at which the water level in the sutgek crossed the still water level and
reached the extreme (maximum and minimum) levalgether with water surface
elevations, were recorded for three full cycles.

The same procedure was repeated for different saltisteady state flow rates.

Table 1 shows the water surface elevation data famaion of time for a flow rate of =

0.001723 m3/s. Figure 8 depicts the results shovirable 1 graphically.
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Table 1. Water level oscillations

First set
Time Level
(sec) | (mm)
3 4923
8 5075
12 4923
16 4832
20 4923
24 4989
29 4923
34 4877
39 4923
44 4961
49 4923
52 4897
S7 4923
5100 -~
°
5050 -
:g: 5000 - .
g 4950 - ®
g ° ° ° P ® ° o
fgﬁ 4900 - . .
4850 -
4800 : : . | QWatler level... |
0 10 20 30 40 50 60
Time (sec)

Figure 8. Water level oscillations — experimentalesults
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3.4 Numerical solutions

Today, scientific computing is an important toolr foonducting research in engineering.
Different numerical methods are employed to solhgspal governing equations, which are
usually differential equations. There are many edéht methods that can be used to solve
ordinary and partial differential equations, sushnaethod of characteristics, finite difference,
and finite element methods. The finite differeneehnique will be used to solve the surge tank
problem presented in section 3.3. In general, ifoetdependent (i.e., time marching or initial-
value problems) partial differential equations, firete-difference techniques fall into broad
categories of explicit and implicit schemes. Explschemes are easier to program and solve but
suffer from numerical stability issues that requhie use of small time steps. On the other hand,
implicit methods permit the use of larger time lasytare generally numerically stable schemes,
but this comes at a much higher computational ddstailed discussions of finite difference
techniques and numerical stability can be foundlassical texts on numerical methods such as

Moin (2010).

Essentially, the ordinary differential equationsgy(eequations 18 and 20) are replaced by finite-
difference approximations where the unknown quiastitat the end of the time step are
expressed as functions of the known conditionshatlieginning of the time step. Here, two
explicit finite difference schemes will be usedstlve equations 18 and 20. These schemes are:
the forward Euler method and the fourth-order Rukgda method. A brief overview of these

two methods is presented next, followed by the &atran results.
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3.4.1 Numerical methods

There are two key numerical properties of finitfedence methods that must be considered.
These are the numerical stability and the numeramuracy of the chosen method. The
numerical stability is a measure of whether theorerrassociated with the numerical
approximation are bounded in time. If the erroeslaounded, the numerical method is said to be
stable. On the other hand, if the errors grow (asuhlly in an exponential manner), the method
is said to be unstable. This is a vital propersypace a scheme becomes unstable, no meaningful
results can be obtained from it. However, many migak schemes can exhibit conditional
stability; i.e., the solution remains stable fonéi steps smaller than a certain critical value. The
goal then is to determine the critical time stegtt thill ensure stability and the process to dosso i
usually called a stability analysis. The numerigaturacy is measure of the error between the
numerical solution and the “true” solution. Usually comparison with known analytical or
experimental data is required to evaluate the acguiof a particular scheme for a given
problem.

To examine the stability property of a given nuro@rimethod, consider a first-order

ordinary differential equation of the form

y =ft) (21)

The two dimensional Taylor series expansioif @f, t) is given by
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d d
FOD = 100 t0) + (6= ) 2 G te) + 0 = 30) 2 o)

1 0% f 0%f
Nt =2 =L — -
+ o0 [(t to) 572 +2(t = to) Y — ¥o) atdy (22)
0% f
+ (v = y0)? a_yzl +..
Collecting only the linear terms and substitutingequation 21, we obtain
y' =y +a; +ayt (23)

whereA, a;, anda, are constants.

Stability analysis is usually performed on the mambmsisting of only the first term on the right
hand side of equation 23 since it is the most estpdopart of the solution (i.e. has an exponential

solution). Hence equation 23 simplifies to

y' =2y (24)
Equation 24 is called the model ODE because stahitialysis of numerical schemes are usually

performed using this model problem.

3.4.1.1 Euler Method
An expansion using the Taylor series can be usedite the solution at time{{;) about the

solution at (f) as

2 3

h
Yn+1 = Yn +hyn, + 7%’1’ + gy,’l” + .- (21)

nr

whereh is time step 4t), y,, = f(yn, t,) IS the first derivative, andy,’ and y,'") are higher
order (second and third) derivatives. The Eulethae is based on only the first two terms of

the Taylor series expansion and hence equatiom#dlies to
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Yn+1 = Yn +hf (Vn tn) (22)
The solution proceeds sequentially starting fromitfitial condition (y) and progresses
(marches) in time using a time step dizd he algorithm is straightforward to program bhe t

accuracy of the method is only first-order.

A stability analysis of the explicit Euler methoaincbe performed by using equation 22

to solve the model ODE (equation 24)

Yn+1 = Yn t+ Ahyn (23)

= y,(1 + Ah) (24)

Hence, the solution at time stegan be written as

Ya = Yo(1+AR)" (25)

For complex1, we have

Yn = Yo(1+ Agh +i;R)" = yoo™ (26)
whereos = (1 + Azh + iA;h) is called the amplification factor. The numerisalution is stable,

if |o|] < 1.

|62 = (14 Azh)% + 1,°h%2 =1 (27)
Equation 27 is the equation of a circle in thgh -1;h plane, as shown in Figure 9. The circle
represents the stability region from which we né&egick ourAh value in order to obtain the
time step sizek) so as to ensure a numerically stable numericamneh Thus, the Euler method

is conditionally stable. The time step si2g has to be reduced so thdt falls within the circle.

If A is real and negative, then the maximum step sié(?. IHence, to gain a stable solution, the

step size has to be less ttﬁn In addition, the stability region circle, as shom Figure 9, is
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only tangent to the imaginary axis. Therefore, élplicit Euler method is always unstable for
pure imaginaryl. In conclusion, the stability analysis plays a e in numerical solutions of

differential equation.

Region of stability A
for Explicit Euler

\

-2.0 ‘ VARh

Figure 9. Stability diagram for the explicit Euler method

3.4.1.2 Fourth-order Runge-Kutta method

The order of accuracy of a numerical method cambeeased by including more terms in the
expansion of the Taylor series. These terms invohgge partial derivatives of the function
f(y,t), in order to provide more information about thadton att = t,,. A well-known method
with substantially higher accuracy than the Eulathod is the so called Runge-Kutta (RK4)
method. The RK4 method uses additional evaluatane functionf at intermediate points
betweent,,andt,, ;. The numerical algorithm for the RK4 is shown quations 28 — 32.

1 1 1
Yn+1 =Yn T+ gk1 + §(k2 + +k3) + gk4 (28)
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where

ki = hf (Yo, t) (29)
ky = hf (yu +3ky, to +2) (30)
ks = hf (yn 2k, o + g) (31)
ks = hf (i + ks, o + B) (32)

A stability analysis of the RK4 method can be @arout in a similar manner to that for the
Euler method discussed earlier by applying it ® titodel ODE problem. The resulting stability
region is shown in figure 10. It is clear that #hes a significant improvement compared with the
stability region obtained for the explicit Euler thed shown in figure 9. The RK4 method

stability region extends beyond the imaginary axis.

Im(2h)
o

1 L L
-4 -3 2 i
Re(zh)

o
=

Figure 10. Stability diagrams for fourth-order Runge-Kutta method
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3.4.2 Results

Figure 11 shows the numerical solutions to equatib& and 20 using the explicit method.
Results using different time step sizes are shanmrighlight the stability as well as the accuracy
of the method. It can be seen that the solutiongifoe step sizes smaller than 1 second are in
good experiment with the experimental data. THet®em is also stable only for a time step

smaller than 1 second and blows up for a time stépseconds.

DG :..i ...... R i i e |' ....... oy G i ¢

i a ! ; | : E : & Experiment
i : i i : : h=0.1 sec

head (m)

i re = ¢ 2 ¥ F ;b @ ; a i
a 10 20 30 40 50 =ia] 70 a0
time (sec)

Figure 11. Water level oscillation using explicit Eler method.

Figure 12 shows the solutions obtained using the& Ri€thod. The solution becomes
unstable only at 9 seconds, clearly indicatingsitygerior stability properties of the RK4 method
compared to the explicit Euler method. Furthermdine, solution using a time step size of 3

seconds already compares favorably with the ex@eriah data.
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Figure 13 shows the water level oscillations ol#dinusing both numerical solution
methods using a time step size of 3 seconds. dlaarly evident that the RK4 method is

significantly better than the explicit Euler method

YWater Surface Oscillation
0_3_ .......... R SRS .............. R R ey 1

it & Experiment
oy : : : : : h=0.1 sec

head (m)

0

time (sec)

Figure 12. Water level oscillation by using fourtherder Runge-Kutta method.
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Water Surface Oscillation
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Figure 13. Water level oscillations using expliciEuler and fourth-order Runge-Kutta

method

3.5 Summary

A simple surge tank example has been used to deratn$o a very good degree the validity of
using numerical methods to simulate hydraulic temts. However, it also highlights the
subtleties associated with numerical methods aadch#ed for care when using such techniques
to ensure both stable and accurate results. Intehdpa test case problem is investigated using a

packaged hydraulic transient software called BgrnitlaMMER.
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CHAPTER 4. TEST CASE STUDY OF THE AJDABIYA-SIRTE P IPELINE BURST ON

THE MAN-MADE RIVER PROJECT

4.1 Introduction

Libya is a dry country (like its close neighbons)North Africa, with limited water resources. In
the early sixties of the last century, the seamhdil in the desert of south Libya led to the
discovery of large ground water aquifers. It isimated that most of this fossil water
accumulated more than 35,000 years ago. The fagsifer from which water is currently being
transferred to the northern coast of Libya is thagbidn Sandstone Aquifer System. Some
estimates indicate that the aquifer may be depleiddn the next 60 to 100 years. Thus, after
the discovery of this fresh ground water reseraeplan for a major water transfer scheme was
conceived to pump and transfer water from thesé&fergun the southern desert interior to the
northern cities on the Mediterranean coast whezenthjority of the population lives (estimated
to be more than 80% of the population of nearlyillion). This massive project is now known
as the Man-Made River. The construction of this shas project of pipes, pumps, reservoirs,

wells began in the mid 1980’s (Mansor & Torimanl12p

In what follows, a brief overview of the Man-MaBéver project is first provided. This is
followed by a discussion of the Ajdabiya-Sirte pipe burst. The Bentley Hammer transient
simulation software is then reviewed since it wasdito investigate the possibility of whether
transient pressures could have caused this danfdge.surge tank simulation discussed in
Chapter 3 was repeated with Hammer to provide actyeark validation before transient
simulations of the Ajdabiya-Sirte pipeline systermerg performed. The results of these

simulations and conclusions are then provided.
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4.2 Man-Made River Project

According to the Guinness World Records (2008 ed)tithis project is the largest underground
network of pipes. It consists of 4,000 km of pipe&sd more than 1,300 wells, most of them more
than 500 m deep. The project supplies about 6,900 of fresh water per day to cities located
in the north of Libya. The project is owned by tlan-Made River Project Authority and was
funded by the Libyan Government. The total costhef project is more than US$25 billion. In
addition, analysts have said that the $25 bilgpaundwater extraction system is ten times
cheaper than an “equivalent” desalination projéaure 14 shows a schematic drawing of the

Man-Made River project.

This project consists of four phases, as showngarg 14. The first phase of the project
(Phase 1), consisted of the construction of theeftae Sarir-Sirte-Benghzi system. It is referred
to as the SS/TB project. In this phase, the Tazevbb field is connected to a 170,000° m
collection tank, which is linked to the first maj@s6 km pipeline network that transports water
to two 170,000 rhtanks in Sarir. From Sarir, two four-meter-diameépelines, 380 km in
length, transport water north to the Ajdabiya Reseer From this reservoir, water is transferred
to the eastern city of Benghazi and to the CitySote in the west via two transfer pipelines.
These pipelines feed the Grand Omar Mukhtar Resenvdhe east and Grand Al-Gardabiya
Reservoirs in the west. During phase 2 of the ptpl15 km of pipeline was laid to transport
water at a volume flow rate of 2.5 million cubicters per day from the east, west, and northeast
Jabal Hassouna well fields to Tarhouna and evdgttal Tripoli. Phase 3 consisted of the
construction of a pumping station at Kufra wellldieand a 380 km pipeline linking this well

field with the Sarir/Tazerbo network along with 401000 ni regulating tank, and several pump
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stations. Phase 4 consisted of drilling and constm of well fields and installation of pipelines

for the Ghadames Azzawiya-Zuara and Jaghboub-Tatystems.

Tripoli / Jeffara

Benghazi

Ajdabiya !
Jaghboub

-

)\ Sarir

Northeast

Jabal East Jabal
Hasouna Hasouna

Tazerbo\

—— Phase I

—— Phase II
— Phase III |l Well field

—— Phase IV O Reservoir
~ Phase V' wal Pipe production plant

Figure 14. Schematic layout of the Man-Made River pject (Wikipedia, 2013).

4.3 Ajdabeya-Sirt Pipeline

As mentioned earlier, water is conveyed from wiellds at Sarir and Tazerbo through two four-
meter-diameter pipelines north to the Ajdabiya hajdreservoir, which can hold a total of 4
million cubic meters of water. From this reservoirater is transferred to the eastern city of
Benghazi and to Sirte in the west via two trangipelines. A schematic of the pipeline system

linking Ajdabiya holding reservoir to the Al-Gardgh Reservoir (6.8 million cubic meters) and
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Grand Al-Gardabiya Reservoir (15.4 million cubicters) is shown in Figure 15. The pipeline
linking the Ajdabiya holding reservoir to the Al-@labiya Reservoir has a total length of 393
km and an inside diameter of 4 m. There is a twiat station 386+420, where water is also
diverted to the Grand Al-Gardabiya reservoir. Tietashce between the turn-out and the Grand
Al-Gardabiya reservoir is 2.827 km (pipe diameteR #m). The bar ratings of this pipeline

system range from 6, 8, 10 and 12 bars.

16.057km <)FI£I 376.802km &
@ D =4000mm D =4000mm @
Al-Gardabiya Ajdabeya
Rervoir Reservoir

Grand Al-Gardabiya
Rervoir

Figure 15. Schematic of the Ajdabiya-Sirt pipelinesystem.

4.3.1 Ajdabiya —Sirte pipeline burst

The pipeline conveying water from Ajdabiya reservoi Gardabiya reservoir is a four-meter
diameter PCCP pipe. As shown in Figure 15, thi® mpds in Gardabiya reservoir (6,800,000
m?), but before that there is a turn out at stat®®6¢-715), where a two-meter diameter PCCP

pipe transfers water to Grand Al-Gardabiya resergis,400,000 r).

During daily operation of the transmission pipelgystem between Ajdabiya reservoir and Al-
Gardabiya reservoirs, the operating and controhteaf the Man-Made River project found that
there was significant water loss through the sydtesed on inflow and outflow measurements.
A decision was taken to close both Al-Gardabiy@mesirs and monitor the system through flow
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meter readings. After the inlet valve at Al-Gangalreservoir was closed, an order was given to
the operating staff to close the inlet valve to @rand Al-Gardabiya reservoir on Februaf§ 7
2012. The flow to this reservoir at that time wast 290,000 riiday. On February 1 2012,

the personnel in the control room at the City oflayiya reported huge fluctuations in the flow
meter readings at Ajdabiya Reservoir that is pathe Man-Made River Project in Libya. It was
found that the transmission pipeline at statiort+@®) had burst, causing a large leakage, as
shown in figures 16 and 17. Based on a report peepdy the Man-Made River Project

management, the amount of leakage was estimat2@0a300 m.

Figure 16. Pipe burst at station 76+860 in the Ajdaiya-Sirte pipeline system (personal

communication, August 28, 2012).
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Figure 17. Pipe burst at station 76+860 in the Ajdaiya-Sirte pipeline system (personal

communication, August 28, 2012).

The cause of this pipe burst is most likely dua toydraulic transient event caused by the
sudden valve closure. This aspect will be investidausing the Bentley Hammer software,

which is reviewed next.

4.4 Bentley HAMMER V8i transient analysis software

Bentley HAMMER is a powerful, easy-to-use prograrhich helps engineers and researchers
analyze hydraulic transients in complex pumpingteays and piping networks. In addition,
Bentley HAMMER helps engineers to understand thegter system by making it easy to
evaluate different operating scenarios in ordesgsess the corresponding transients that occur.
Bentley HAMMER is based on technology first creabgdGENIVAR (Formerly Environmental

Hydraulics Group Inc.).

Bentley HAMMER is a graphical interface softwareigihmakes it easy to quickly lay out the
schematic of a complex network of pipes, tanks, paignd surge control devices. Steady state
models from other software such as WaterCad or M@&®S can be directly used in Bentley
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HAMMER, saving user time and eliminating transaopterrors. Bentley HAMMER V8i uses
the Method of Characteristic (MOC) to solve the ggonng equations (discussed in chapter 2)
that describe the hydraulic transient phenomertessentially, the MOC is based on the concept
that solutions to the governing equations can h@wessed graphically in space-time plots as
characteristic lines representing wave propagatioections.In Bentley HAMMER V8i, the

following capabilities are included:

- Boundary conditions are expressed as algebraimaulifferential equations based on
their physical properties. This is carried outéwery hydraulic element in the model and
solved along with the characteristic equations.

- Bentley HAMMER V8i is capable of modeling cavitatiavhereby the fluid can flash
into vapor at low pressures.

- The length of computational reaches are set toesehsufficient accuracy without
resulting in too small a time step, which leadexcessively long simulation times. The
Bentley HAMMER V8i automatically sets an optimamg step based on pipe length,
wave speeds, and overall system size in orderhi@ae model results faster.

- Friction losses are assumed to be concentratedl#ions points. In addition, Bentley
HAMMER contains different models that can be impéerned, ranging from steady-state

to quasi-steady to unsteady friction formulations.

4.4.1 Transient analysis friction method

In HAMMER, a hydraulic transient analysis beginghwinitial conditions that are based on
steady-state calculations. In a steady-state clounl the heads and flows are computed for
every time step in the system. Before the transi@malysis is carried out, HAMMER

automatically determines the friction factor basedthe following information: If a pipe has
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zero flow, HAMMER uses the friction coefficient spiged in the pipe physical properties or
based on user entry of a Darcy-Weisbach fricticctoia if a pipe has a non-zero flow at the
initial steady-state, HAMMER automatically calc@ata Darcy-Weisbach friction factor, based
on the heads at each end of the pipe, the pipghengd diameter, and the flow in the pipe.
HAMMER always utilizes the Darcy-Weisbach frictionethod in performing the hydraulic

transient calculations.

Distributed frictional losses are assumed to beceotrated at discrete computational
points, which are treated as hypothetical inlingicas. Therefore, at every calculation point,
there are two heads: one on the upstream side rmarm the downstream side, as indicated in
figure 18 (Bergeron, 1961). These differ by thadéoss between adjacent calculation points.
The addition of the nonlinear Darcy-Weisbach equmato the system of characteristic equations
makes the task more complicated to advance thdimolforward in time, and leads to an

approximation in terms of the friction coefficiemthich is typically small.

HGL

Computational Poum

(

—
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=0

R

Ax e X

Figure 18. Representation of friction losse@entley, 2013)
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In the quasi-steady friction approach (Fok 198f¢, Darcy-Weisbach coefficient at any
point depends on the state of the system at thequetime step. For subsequent time steps, the
Reynolds number is computed at each point on tkes lod the previous iteration's velocity and
then an updated coefficient is ascertained. Thesiegtaady friction method is virtually an
unsteady method, even though one based on stea@ydsiction factors. The quasi-steady

method is more computationally demanding than tbeady-state friction analysis.

The fluid friction increases during hydraulic treamg events compared to a steady-state
situation. This occurs because rapid changes insigat pressures and flow increase the
turbulent shear stresses. Bentley HAMMER V8i is atde of tracking the effect of fluid
acceleration in order to estimate the attenuatioimamsient energy more closely than would be
possible with quasi-steady or steady-state frictibms unsteady friction method developed by
Vitkovsky et al. (2000) is now the recommended rodtlior computing unsteady frictional
losses in HAMMER. Computation effort increases Bigantly if transient friction must be
calculated for each time step. Hence, this resalt®ng model-calculation times for systems
with hundreds of pipes or more. However, transfantion has little or no effect on the initial
low and high pressures, and these are usuallyatigedt values reached in the system. This can
be seen in figure 19 from a HAMMER simulation réstdmparing steady, quasi-steady and

transient friction methods.
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Figure 19. Bentley HAMMER V8i results for steady-tate, quasi-state, and transient

friction method (Bentley, 2013)

Hence, it seems that the steady-state friction ateyelds conservative estimates of the extreme
high and low pressures that usually govern thectele of pipe class and surge-protection
equipment. However, if cyclic loading is an impaottdesign consideration, the unsteady friction

method can yield less-conservative estimates aifrrieg and decaying extremes.

Figure 20 shows the Bentley HAMMER V8i interfa&art of the Ajdabiya-Sirte pipeline

system schematic setup is shown in the figure.
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Figure 20. Bentley HAMMER V8i graphical user interface.

4.5 Surge tank simulation

The surge tank example discussed in chapter 3 waeled using HAMMER. As shown in
figure 21, the oscillations of the water surfaceéaoted from Bentley HAMMER V8i software
are in good agreement with the experiment resWigh this validation in place, this software

was used to simulate different operating and valesure scenarios for the pipe burst problem

on the Man-Made River.
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Figure 21. Comparison between water surface result®btained from HAMMER and

experimental data (shown as red circles) in a surgank

4.6 Hydraulic transient simulations of the Ajdabiya—Sirte pipeline

A model was constructed in Bentley HAMMER V8i basen the physical properties of the

whole system in order to simulate a number of stesdased on different water levels in both
reservoirs and different times taken to close tlmsvrstream valves. The maximum and
minimum operating levels in the reservoirs during period of the pipe burst are shown in Table
2. In addition, simulated times for valve closuteGaand Al-Gardabiya reservoir are shown in

Table 3.
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Table 2: Reservoir water levels in Ajdabiya and Grad Al-Gardabiya reservoirs

Ajdabiya Grand

reservoir Al-Gardabiya reservoir

Maximum operating level (m) 98.55 (A) 54.76 (C)

Minimum operating level (m) 91.55 (B) 37.76 (D)

The letters A, B, C, and D are used for convenidnaepresent the cases that will be simulated

based on the corresponding water levels.

Table 3: Simulated times for valve closure

Time to closure (TC) of

downstream valve (min)

20

40

80

160

320

640

1280

A scenario with water level (A) in Ajdabiya resemvavith corresponding water level (C) in

Grand Al-Gardabiya reservoir will be termed AC. 8arly, other scenarios can be obtained; i.e.,
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AD, BC and BD, respectively. For each case, difieralve closing times are used, as shown in
Table 3. As a result, there are 4 cases of operatater levels, and 7 valve closing times for

each case. Hence, a total of 28 simulations wetfenpeed.

4.7 Results

The mechanical strength of this pipe (bar ratisg)esigned to be 12 bar (120 m head of water).
This means the pipe can only withstand a maximurt26f m of pressure head. Therefore the
key results that are presented in the figures ftilbtw are the pressure transients expressed in

head of water in meters.

4.7.1 Scenario AC with TC of 20 min, 80 min, 320 miand 1280 min.

This scenario is based on an operating water kEvajdabiya reservoir of 98.55 m, case (A) as
shown in Table 2, and a water level in Grand Aldadiya reservoir of 54.76 m, case (C). The
time to close the flow control valve at the inlétG&rand Al-Gardabiya reservoir is varied from
20 min to 1280 min, as shown in Table 3. The situtaresults for the pressure fluctuations for
20 min, 80 min, 320 min and 1280 min are shown igufe 22. The red line represents the
maximum pressures; the blue line represents thepimssures; the black line represents the
normal operating pressures; and the green linesepts the initial pressures. The results show
that the maximum pressures in the pipeline aretéalcbetween 50,000 m to 100,000 m, in which
the pipe burst occurred, and which experiencedspres greater than the bar rating of the pipe
for all cases except the case with a valve closore of 1280 min. When the closing time was
taken to be 20 min, the maximum pressure in thalikycof the pipe burst went above 14 bars

(see figure 22 (a)). Such a scenario can causgipleéne burst that occurred.
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Figure 22. Pressure profiles along the pipeline fim Ajdabiya reservoir Grand Al-

Gardabiya reservoir for case AC with valve closurdimes of: (a) 20 min, (b) 80 min, (c) 320
min and (d) 1280 min, respectively

4.7.2 Scenario AD with TC = 1280 min (21 hr and 2tin)

Similar to the results for case AC with differerdlwe closure times, simulation results of the

transient pressure for case AD with a TC of 128@ mere found to fall below the pressure

rating of the pipeline, as shown in figure 23.
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Figure 23. Pressure profiles along the pipeline &m Ajdabiya reservoir to Grand Al-

Gardabiya reservoir for case AD with a TC of 1280 nm.

4.7.3 Scenarios BC and BD with TC = 640 min.
Similarly, for scenarios BC and BD with TC = 640mihe maximum pressures are less than the

bar rating in the region of burst pipe, as showfigare 24.

4.8 Summary

The pipeline system connecting the Ajdabiya reseteoGrand Al-Gardabiya reservoir as well
as Al-Gardabiya reservoir is a very long pipelirework. It is clear that closure times required
for shutting down such systems are in the randeafs to nearly a day. Based on the simulation
results, it is plausible that the control valve vesit rather rapidly (on the order of minutes),
triggering a transient event that must have catisednaximum pressures to rise well above the
pressure rating of the pipeline material in theiaegvhere the burst occurred. In hind sight, a
simple hydraulic study such as that presented im gtudy could have prevented this failure.
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Again, this example highlights why it is importatat be fully aware of hydraulic transient
phenomena in closed conduit systems.
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Figure 24. Pressure profiles along the pipeline &m Ajdabiya reservoir to Grand Al-

Gardabiya reservoir for (a) case BC and (b) case BQvith a TC of 640 min.

55



CHAPTER 5. CONCLUSIONS

5.1 Summary

Hydraulic transients in closed conduit flows andother types of fluid flows are important to
study. They occur as a direct result of rapid vemnes in the flow field initiated by changes in
operational conditions such as the sudden clostirealves in pressurized (closed-conduit)
systems. In this study, an overview of the hydatrinsient problem was presented to highlight
the many salient issues associated with this phenom ranging from causes to consequences
and control measures. The governing equationsrfalyaing transient flow were presented for a

closed-conduit flow.

Two example problems were studied via two diffemrimmerical simulation techniques.
The first problem focused on simulating the wateface oscillations in a surge tank due to the
sudden closure of a downstream valve. The purpbgsbi® exercise was to demonstrate the
usefulness of computational techniques to simutgtdraulic transients and at the same time
expose some of the subtleties associated with noahenethods - specifically the stability and
accuracy of the chosen numerical scheme, and htheeneed for care when using such
techniques to ensure both stable and accuratetse§idmparisons of numerical results with

experimental data showed very good agreement.

The second example problem was more of a casg efua pipeline burst that occurred
in the world’s largest network of underground pigesl aqueducts — the Man-Made River
Project. A widely used commercial software calleIMMMER was employed to model the flow
in one of major legs of this huge water transfestay in order to investigate the possibility of

the failure as a result of extreme pressure byplthithe pipeline from transients. Using different
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operating water levels in the upstream and dowastreeservoirs as well as different time
durations for valve closures, the pressure fluatnat in the locale of the pipe burst were
investigated. It was found that the maximum pressasily exceeded the bar rating of the
pipeline by 2 bars (or nearly 20 %). Trasposteriorstudy reinforces the need for hydraulic
engineers to systematically investigate the effedthiydraulic transients, especially for very

large water systems, in order to prevent catasicagdmages.

5.2. Suggestions for further work

There is always more that can be done in this eballenging and important field of research.
Clearly, the analyses presented in this thesidhased on many simplifying assumptions that
preclude the investigation of flow features suchha$ical vortices which can influence the
pressure, shear stress and velocity distributiondased-conduit flows. Current models do not
account for such effects and, in order to do sahé&n research must be done to gain more
insights into the physical mechanisms for the coeabf vortices and other flow structures that
are often observed during transient events. Ofsgyunodeling turbulence is yet another very
important problem in transient flows as it is dihgaelated to shear stresses. It is evident that
research on hydraulic transients will continue desthe significant advances that have been
made since the seminal work of Joukowsky over ¥y ago. Moreover, the procedure carried
out in this thesis to investigate the pipe burst ba used for more complex pipe networks in

order to study the effect of hydraulic transients.
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