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ABSTRACT

THE HYDRODYNAMICS OF AN INDIVIDUAL
TRANSIENT SLUG IN A VOIDED LINE

By

Zafer Bozkus

The hydrodynamics of an individual transient liquid slug in a voided line was in-
vestigated both analytically and experimentally. In the experiment, liquid slugs of
various lengths were propelled into an initially empty, horizontal, clear PVC pipe
under several different air driving pressures. The pipe reach terminated in an open-
ended elbow; pressure-time histories created by the slugs impacting on the elbow
were recorded. In order to better understand the complexities of the slug motion,
high-speed movies were taken to visualize the flow prior to slug impact at the elbow.

The recorded peak pressures at the elbow were correlated with the initial slug
length and the initial driving pressure. Short slugs produced variable flow character-
istics and random-like pressure peaks at the elbow, whereas medium and long slugs
were more repeatable. In particular, the medium and long slugs retained more of their
initial mass than did the short slugs before reaching the elbow. They also displayed
two distinct pressure peaks when impacting at the elbow.

The flow visualization revealed that the front end of the slugs remained nearly
planar during the motion. The short slugs were influenced more by air entrainment
since they travelled a longer relative distance in the pipe and accelerated at a higher
rate than the longer slugs; the onset of Taylor instability was observed, but complete
disintegration did not take place. The medium and long slugs were divided into two
distinct masses separated by a misty region; this flow pattern corresponded with the
double pressure peaks recorded at the elbow. In these slugs, the second mass phase

was followed by a long length of stratified two-phase flow.



An analytical model was developed to predict the slug dynamics: it accounted
for loss of liquid mass of the slug as well as transient flow of the driving gas in the
pipe behind the accelerating slug. Momentum transfer at the elbow was based on an
incompressible liquid mass with no air entrainment. Reasonable estimates of the peak
pressures at the elbow were obtained, as well as the resulting impulse loads caused
by the slug impact. The comparison of these estimates to those of a similar study
revealed somewhat similar trends.

The numerical results were presented as a set of scaled dimensionless curves; they
were used to predict slug motion in a hypothetical system found in power plants. Lim-

itations in the use of those curves when analyzing prototype piping were addressed.
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Chapter 1

INTRODUCTION

1.1 Rationale for the Present Study

Damage caused by propelled liquid slugs (i.e. pockets of liquid) trapped in voided
lines has been a concern in recent years for the power industry. A number of problems
that occurred in the power plants have been reported in the literature [31, 32]. During
the operation of these plants, there exist many mechanisms which can cause small
masses of liquid to be trapped in the low level pipe segments. For instance, condensate
can be formed in the steam lines and trapped at low points of the piping system due
to inadequate draining. Driven by steam, the slug can attain very high velocities and
inflict an excessive dynamic load on the piping system while being swept through tees,
elbows, or partially closed valves. Another mechanism that can create slug motion is
a loop seal. A water loop seal is commonly used in many pressurized water reactors
(PWR). It is located on the upstream side of the pressurizer safety and relief valves.
Its function is to minimize steam or gas leakage through the valves. If the pressure
in the reactor coolant system goes above the preset pressure of the safety or relief
valve, that valve will open very rapidly to relieve the excessive pressure. The sudden
opening of this valve will cause the high pressure steam to drive water in the loop seal
into the voided line creating damage in the pipe discontinuities. In Chapter 2, this
mechanism is explained in more detail. Overventing of the lines is another mechanism
that can cause a slug motion by propelling trapped water in the empty pipe. The
level of the damage caused by a slug may vary, depending on some characteristics
in the system, such as the initial mass and initial length of the slug, the magnitude
of driving pressure behind the slug, the pipe geometry and the pipe material. All of
these factors in one way or another influence the level of damage caused by liquid
slug motion.

The number of studies related to the hydrodynamics of a slug motion in voided
lines has been relatively limited so far. A good understanding of the hydrodynamics

taking place is important in order to minimize, preferably to eliminate, the kind of



damage experienced in pipe lines and pipe supports of the overall piping systems of
the power industry. The importance of the need to better understand the problem
becomes more evident when considering the fact that piping systems account for a
significant portion of the total plant cost, sometimes reaching as much as one-third
of the whole investment. The supporting of piping systems involves good engineering
design, fabrication, and building effort. A typical 600-MW fossil fuel power plant
has some 4000 pipe supports, while a typical 1100-MW nuclear power plant has over
10,000 pipe supports and restraints [47]. In the design stage, it is important for the
engineers to estimate what kind of forces to expect, so that they can design more

reliable pipe supports.

1.2 Specific Objectives of the Present Study

The objective of this study, in general terms, is to understand the complex hydro-
dynamics of an isolated slug motion in empty pipelines and related fluid structure

interaction. Specifically, satisfactory answers will be sought to the following questions.

e What are the magnitudes of the forces generated due to a slug impact on a pipe

elbow?
o Are these forces random or repeatable?
e Does the slug keep its integrity until the impact time?

e What is the degree of air entrainment taking place at the liquid-air interface

during slug motion?

It is also desired to develop appropriate analytical and numerical techniques which
would result in an improved structural integrity of piping systems where the slug
motions are to be expected. However, the emphasis in this study has been placed
on the experimental phase, as it is obvious that the above questions can be best
answered through a well designed experimental model. Some of the questions require
a flow visualization method enabling one to observe the slug during its motion and
prior to and after its impact on an elbow. Flow visualization would also improve the
understanding of the role that gas penetration plays by revealing the amount of air

entrainment into the liquid slug.



1.3 Scope of the Present Study

In order to accomplish the goals stated in the preceding section, the study was orga-
nized into two parts. The first part describes the slug dynamics in a voided pipe and
around an elbow in mathematical terms. It includes the development of two analyti-
cal models and numerical formulations to solve the equations from those models. In
addition, the scale factors used to make the governing equations dimensionless, are
developed in this part. They will be used in presenting both numerical and experi-
mental results in the second part of the study.

The second part of the research is an experimental study of slug hydrodynamics
in a voided pipe and forces exerted by slug impacts on a downstream elbow located
at the end of the pipe. Under a prespecified air pressure a slug with a desired initial
length is propelled into the empty pipe. Pressure-time history is recorded at the elbow.
Experiments are repeated for various initial upstream pressures and initial slug lengths
to determine the effects of those parameters on the slug dynamics in the empty pipe
and on the forces imparted to the elbow. A flow visualization technique is employed
to obtain a better physical understanding of the complex problem. Experimental and
numerical simulation results are presented and discussed.

Finally, a summary is given and conclusions derived from the present study are

outlined with recommendations for future research.




Chapter 2

LITERATURE REVIEW

2.1 Introduction

The objective of this study is to understand the complex hydrodynamics of unsteady
motion of an isolated slug in empty pipelines. When a liquid slug impacts on an
elbow it imparts to the elbow hydrodynamic loads. During the impact an interaction
between the liquid and structure (i.e. pipe wall) occurs. According to Block et al. [2]
damage to piping can occur at least in two ways: 1) the yield stress of the pipe wall
material may be pushed beyond the elastic limit and hence result in a local yielding
of the pipe, and 2) elastic response of the piping to an impulse of the impact load may
lead to potentially damaging displacements. The first failure mode can be activated
everytime the peak pressures on the elbow create hoop stresses above the yield stress
of the elbow material. However, the second mode is more difficult to predict as it
involves the knowledge of the pipe geometry, the force-deflection characteristics of all
restraints, and inertial characteristics of both the piping and contained liquid.

In the following sections a literature review will be provided on some topics that
are deemed to be pertinent to the present study. Among the topics are unsteady flow
in pipes, fluid-structure interaction, and loads created by various mechanisms that

give rise to slug motion.

2.2 Unsteady Flow in Pipelines

The study of unsteady flow in pipelines has been of primary interest since the middle
of the 1800’s [20]. Among the early important contributors to the solution of un-
steady flow, or waterhammer problems, a term more commonly accepted, are those
of Joukowsky (22], Lamb [33], and Allievi [42].

Waterhammer is a transient event in a liquid filled pipe. Because of sudden flow
rate changes large pressure variations can occur. The pressure waves are transmit-

ted and reflected through the piping system. Waterhammer damage occurs due to

4



either local overpressure or imbalance of pressure in a pipe segment. Although the
most damaging pressure peaks are caused by rapid flow stoppage, waterhammer can
frequently occur with more gradual flow changes, especially in long pipe lines.

The early researchers predicted the liquid wave speed and its associated pressure
rise very closely. Joukowsky performed many experiments and found that the acoustic
wave speed in the water is dependent on the relative circumferential stiffness of the
pipe. He also realized that the acoustic wave speed of the liquid in pipelines is less than
the true acoustic wavespeed in an infinite liquid. In his studies, Joukowsky made some
simplifying assumptions. For instance, he assumed that pressure is uniform across
the pipe cross section, and neglected the mass of the pipe wall, the axial and bending
stresses in the pipe wall, and the radial inertia of the liquid. With these assumptions
he was able to derive a modified wave speed dependent upon the structural properties
of the pipe wall.

Waterhammer problems have been studied extensively after the early studies.
Jaeger [7], Wylie and Streeter [5] and Chaudhry [30] have outlined in their respec-
tive textbooks some analytical solutions of unsteady problems with various boundary
conditions. Many researchers still work on the waterhammer problems today to de-
velop new numerical techniques to solve the basic equations of the waterhammer
phenomenon.

Three major sources of waterhammer related to two-phase flow in nuclear piping
were pointed out recently [1]. They are: 1) fast valve actuation stopping steam or wa-
ter flow, 2) water slug propelled by high pressure behind the slug, and 3) co-existence
of subcooled water and superheated steam. The second source of waterhammer is of
concern in the present study.

The slug induced waterhammer mechanism usually can be initiated in two forms:
either there may be a pocket of water accumulated at a pipe low point before valve
actuation or steam may be entering a cold pipe. For instance, Rothe and Izenson [24]
pointed out that in the reactor coolant system (RCS) vents conditions for a potential
waterhammer may always exist. The RCS vent systems are primarily used in the
event of a severe loss of coolant accident in which noncondensible gases like hydrogen
may accumulate inside the main reactor system. The vent system is used to release
hydrogen or any other noncondensible gas in a controlled manner. But it is also
used during a routine startup subsequent to refueling to remove air from the primary

system. It is this secondary use that causes the liquid to enter the vent lines. During



the startup isolation valves are kept open until all air is vented from the reactor vessel
and liquid is observed exiting the vent lines. Hence, there will always be some liquid
trapped in the pipes of the vent system during normal operation. The trapped liquid
can be put in motion in the next use of the RCS vent, causing excessive loads as it
is driven through the piping at high velocities. Excessive loads may damage the vent
pipes and supports designed primarily for gases in mind and potentially lead to an
uncontrolled hydrogen release from the reactor.

Smith [10] recently presented a discussion of the complete venting cycle, the mod-
elling techniques, and the assumptions commonly used in the thermal hydraulic anal-
ysis of PWR vent systems for different configurations for the venting scenario. He
concluded that piping layout significantly affects the magnitude of the resulting forc-
ing functions within the system.

Wang et al. [53] recently discussed piping and support damage in a steam line dur-
ing the startup testing of a nuclear power plant. Their review of the piping system
revealed that inadequate draining procedures caused a small amount of condensate to
remain in the system. Subsequent operation of the system generated a severe water-
hammer load. They pointed out that the significance of that particular waterhammer
event was that a slow valve opening does not necessarily prevent waterhammer loads,
and that partial blockage of the steam passage by condensate can also generate a
severe waterhammer when critical steam flow velocity is reached. They also noted
that waterhammer load caused by slug movement is not always localized as the case
they reviewed indicated. To avoid the repetition of the damage, they recommended
design and installation of an automatic drain sytem that will pump a finite amount
of condensate out of the drain line.

The second form of the slug generating mechanism, condensation-induced water-
hammer, has been extensively studied by Izenson, Rothe and Wallis [24, 26, 25]). They
grouped this type of waterhammer into various event cases. Then, they developed di-
agnostic guidelines focusing on locating the event center where condensation and slug
acceleration take place. They provided examples for each type of waterhammer along
with special instructions for walking down damaged piping and evaluating damage
due to waterhammer.

Other researchers also studied this type of waterhammer mechanism, [49, 27, 28].
Aoki et al. [49] discussed direct contact condensation of flowing steam onto injected

water. This phenomenon is manifested when a loss of coolant accident of PWR occurs.



As a prevention measure subcooled water in accumulator tanks would have to be
injected first into steam flowing in cold legs, not only to cool the reactor core but also
to reduce the pressure in the reactor vessel. This action creates direct contact between
steam and water. A violent condensation occurs, as steam condenses to water due
to energy transfer. Akimota et al. [27] analyzed direct contact condensation created
by the above preventive action as well as oscillatory flows induced by direct contact
condensation, [28]. In the latter study they concluded that although the phenomenon
was very transient with pressure fluctuations present the water and steam flow did

not give rise to waterhammer type events.

2.3 Fluid-Structure Interaction

Four main forms of dynamic liquid-pipe interaction have been identified through the

research studies in the field of fluid-structure interaction. They are:

e Lateral motion:
Blevins [18] published some of the research on this mechanism. He reported
that the lateral momentum forces caused by high, steady flows through curved

pipes can reduce flexural stiffness and may produce buckling of initially straight
pipes.

e Transverse motion:
This phenomenon is seen in cases where the inside diameter of the pipe is a
multiple of the length of the transverse acoustic wave in the liquid. As a result
of this the excitation of higher symmetric lobar modes of the pipe cross section
may occur. Leissa [55] presented estimates of natural frequencies of lobar modes

for infinitely long cylindirical shells.

e Dilation:
This mechanism is related to the Poisson ratio [23] in which an axial elongation
of a straight pipe results in a decrease of its inside diameter or, conversely, an
axial contraction of the pipe causes a dilation of the inside diameter. Axial
elongation or contraction of the pipe wall may be caused by a sudden change
in the fluid velocity resulting in a decrease or increase in the fluid pressure.

This pressure change causes an axial stress wave in the pipe. For most piping



systems the propagation of the stress wave in the pipe wall is faster than that
of the acoustic wave in the fluid. The result of this wave interaction is called
the “precursor wave” and the mechanism by which it occurs is termed “Poisson

coupling.”

e Axial resultants at fittings:
Variations in fluid pressure create pressure forces acting at locations where flow
changes direction or area, such as at bends, tees and orifices. These differential
pressure forces have to be balanced by axial forces in the pipe wall to main-
tain equilibrium conditions. The axial forces generate subsequent pipe motion
that excites the flexural and torsional modes of vibration of the pipe. This

phenomenon is known as “junction coupling.”

The last two coupling mechanisms have been studied extensively . Wiggert [13] re-
cently presented a survey of the state-of-the art. Experimental studies by Wiggert
et al. [17] have demonstrated that significant interaction can occur between the con-
tained liquid columns and pipe wall when the structural constraints are flexible rather
than stiff. Wiggert et al. [14, 16] developed analytical methods that yield accurate
predictions of the dynamic coupling.

Wiggert and Hatfield [14] employed a modal representation of the structural mo-
tion combined with a method of characteristics solution of acoustic wave propagation
in the fluid elements. They imposed interactive couplings at discrete points such as
tees, bends and orifices. They used component modal synthesis technique to solve
fluid-piping interactive motion in the time domain. The utility of the component
synthesis method was shown by the fact that both the fluid and structural analysis
techniques are based on conventional methodologies.

However, it should be noted that most of the fluid-structure interaction work has
emphasized piping which is completely filled with liquid. Two phase flows, including
liquid-column separation and the filling of voided lines, have not been thoroughly
investigated. The complexity of the hydrodynamics of isolated slug motion in an
empty pipe, which is the topic of this study, still remains to be better understood.



2.4 Loads Created by Slug Motion

A literature search has been performed on the piping loads at the pipe discontinuities
induced by various forms of slug motion. Three different forms of slug motion are as
follows: 1) filling a voided line from an upstream tank in which the liquid is under
pressure; 2) a train of slugs moving in an empty pipe; 3) motion of an individual slug
in voided lines, which is the subject of the present study. All of these cases will be
reviewed from the literature separately with more emphasis given to the motion of

an individual slug.

2.4.1 Rapid Filling of a Voided Line

In this form of the slug motion, the pipe line is initially empty. A rapid opening of a
discharge valve to drain a pressurized tank can cause a slug of liquid to start moving
in the empty piping at very high velocities, see Figure 2.1. It is significant to note
that behind the gas-liquid interface of the slug the piping always contains liquid.

rl.-l
1-ln pipe

li=N=th pipe

Figure 2.1: Pipe system used by Woo & Papadakis [36]

Papadakis and Hollingshead [46] developed a mathematical model to simulate the
pipe filling process and the pipe forces based on incompressible water column theory,
(also called rigid column theory or RCT for short), which is equivalent to assuming

the acoustic wave speed to be infinite. Flow was assumed to be single phase and one



10

dimensional. They reported that the assumption of the infinite wave speed provided
reasonable results due to the short pipe lengths involved in the system. They did not
conduct detailed experiments to verify the analytical assumptions but their results
indicated that the magnitude of the calculated dynamic loadings was usually less
than half of that obtained using an approximate method assuming steady state flow
with constant upstream pressure head. Later, Woo and Papadakis [36] attempted to
improve the above model. They developed a new model that couples the method of
characteristics or (MOC) with the previously used RCT. In the coupled method, MOC
is utilized to calculate discharges and pressures in the filled portions of a piping system
while RCT is employed to handle the advancement of the liquid front. This approach
of coupling between the liquid front movement and the pressure wave propogation
in the filled portion of the piping has been suggested by Safwat et al. [35]. The
numerical studies done by Safwat et al. , and Woo and Papadakis predict the motion
of the front of the liquid column assuming one-dimensional, one-phase flow. Both
analyses did not attempt to couple structural motion with the liquid transient. In
the study done by Woo and Papadakis resultant forces on the piping were predicted

but not compared with experimental data.

2.4.2 Train of Slugs in a Voided Line

This form of slug motion has been studied to understand slug initiation, duration and
other hydrodynamic characteristics. Two related research works will be cited here.
Both of them used small (1.5 inch diameter) piping with low pressures in the system.
Dukler and Hubbard [21] developed a model to predict the transient motion of a train
of slugs created in horizontal and near horizontal tubes. This model is based on the
observation that a fast moving slug overruns a slow moving liquid film accelerating it
to full slug velocity in a mixing eddy located at the front of the slug, see Figure 2.2.
A new film is shed behind the slug which decelerates with time. The model predicts
slug fluid velocity, velocity of propogation of the nose of the slug, length of the slug.

Figure 2.2 shows a fully established idealized slug. In Figure 2.3 a sketch of the
process of slug formation in horizontal pipes is presented. From the visual observa-
tions Dukler and Hubbard summarized their so-called scooping-shedding mechanism

in six steps which are quoted from [21], with the help of Figure 2.3.

e “Liquid and gas flow concurrently into a pipe. Near the entrance the liquid flows
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POSITION (OR THME)

Figure 2.2: Physical model for slug flow used by Dukler & Hubbard [21]

as a stratified phase with the gas passing above. At gas and liquid velocities
under which slug flow takes place, the liquid layer decelerates as it moves along
the pipe. As a result, its level increases, approaching the top of the pipe. At the
same time, waves appear on the liquid surface. Eventually the sum of the rising
liquid level plus the wave height is sufficient to bridge the pipe momentarily
blocking the gas flow. (See parts A, B, and C of Figure 2.3).

e As soon as the bridging occurs, the liquid in the bridge is accelerated to the
gas velocity. The liquid appears to be accelerated uniformly across its cross-
section, thereby acting as a scoop, picking up all the slow moving liquid in the
film ahead of it and accelerating it to slug velocity. By this mechanism, the fast
moving liquid builds its volume and becomes a slug. (See part D of Figure 2.3.)
A fully formed slug is shown in Figure 2.2.

e As the slug is formed and moves down the pipe, liquid is shed uniformly from
its back and forms a film with a free surface. This liquid in the film decelerates
rapidly from the slug velocity as controlled by the wall and interfacial shear.
(See zone Iy in Figure 2.2.)

e Once a slug is formed as it travels down the pipe it first sweeps up all the excess

liquid which had entered the pipe since the last slug was formed. From that
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Figure 2.3: Process of slug formation, (after Dukler & Hubbard [21])

point on it picks up liquid film which has been shed from the preceding slug.
Since the slug is now picking up liquid at the same rate it is shed, its length
stabilizes.

The slug has a higher kinetic energy than that of the liquid film. Thus, the film
penetrates a distance into the slug before it is finally assimilated at the slug
velocity. This over-running phenomenon creates an eddy at the front of the slug
which is essentially a mixing vortex. The distance of penetration constitutes
the length of the mixing eddy. In this mixing zone gas is entrapped due to the

violent mixing operation. (See zone l,, in Figure 2.2.)

As the gas rate and consequently the slug velocity increase, the degree of aera-
tion of the slug increases. Ultimately the gas forms a continuous phase through
the slug. When this occurs the slug begins bypassing some of the gas. At this
point the slug no longer maintains a competent bridge to block the gas flow so
the character of the flow changes. This point is the beginning of “blow-through”

and the start of the annular flow regime.”
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Dukler and Hubbard compared the predicted slug characteristics with the data ob-
tained from the experiments. Good agreements are seen especially of the slug velocity

and slug frequency comparisons.

Critical flow nczzle

¢ ' Measuring device
ONpressot pressure for impact force

Water tqj regulatos \ ,
.! Oriiigfr L‘Horizontal pipeT

Pump Mixing section

Figure 2.4: Experimental apparatus used by Sakaguchi et al. [52]

Sakaguchi et al. [52] in line with the previous research work did an experimental
study and developed a model on the dynamic behavior of the impact force on the
structure applied by the impingement of the transient liquid slug and of the transient
slug flow in the horizontal pipe. Their experimental mechanism created a continuous
train of slugs moving in a piping open to the atmosphere at the end, see Figure 2.4.
They focused their attention on the slugs at the exit section just before the slugs have
exited the pipe and hit a rectangular plate set up at a distance equivalent to the pipe
diameter away from the pipe end. They also studied the magnitude of the impact
force at the plate. The transient slug flow was analyzed by applying the scooping-
shedding model of Hubbard and Dukler as well as generalized integral balances of
mass and momentum. They concluded that the calculated results of the dynamic
behavior of the velocities, pressure and impact force of the transient slug flow agreed
well with the experimental results. They also explained the dynamic behavior of the
impact force; however, the actual impact forces generated were quite small due to the

comparatively small slug size and low pressure gradients used to form the slug train.
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2.4.3 Individual Slug Motion

It has not been possible to find in the literature many systematic experimental in-
vestigations conducted with regard to an individual slug motion in an empty pipe.
Among the few studies found in the literature, the most related to the topic of this
research was the one performed recently by Fenton [43]. Fenton studied the forces at
a pipe bend caused by the impact of the liquid slug as it is swept from the pipe by
an air flow. The purpose of the study was twofold: first, to develop a simple method
to estimate the forces for the use of the design engineers who are concerned about
designing piping supports, and second, to undertake experimental work to support
the analytical method developed. Their experimental apparatus consisted of an up-
stream air tank which was used to pressurize the air; attached to the air tank was a
horizontal nominal 2-inch-dia. steel pipe with a ball valve and an orifice in line. An
inclined 1-inch-dia. plexiglass pipe was connected to this steel pipe through a Tee

section designed to allow filling and drain of water at a low section. See Figure 2.5.

sisfumam
supply

EXPERIMENTAL APPARATUS

Figure 2.5: Experimental apparatus used by Fenton [44]

The parameters varied during the experiments were the volume of water trapped
in the low section of the pipe, the driving pressure in the air tank, and the distance
from the trapped water to the downstream elbow. In the analysis, an ideal gas
was assumed in the pipe space between the orifice and the liquid slug as it moved
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downstream. It was also assumed that the gas compressed isothermally and that a
shear force existed on the pipe walls resisting the flow. The most limiting assumption
probably was assuming a coherent slug, in other words, the amount of liquid shed
from the slug during its motion was not accounted for in the analysis. The force
computed on the elbow was based on the assumption that it was dominated by the
incompressible flow. In Chapter 5 the results of Fenton’s study will be compared with
those of the present work. At this point it is sufficient to say that Fenton’s numerical
model overestimated the forces on the bend. This was more evident especially when
the slug traveled 7 or more times its initial slug length before impacting the elbow.

A purely experimental work was performed by Wheeler and Siegel [40], primarily
aimed at providing full scale test data confirming the operability of the reactor coolant
system power operated relief valves and safety valves for expected operating and
accident conditions. The secondary objective was to make piping thermal hydraulic
load data available to individuals developing or verifying models to predict piping
loads. They performed several prototype tests of slug motion. They measured support
reactions to transient hydrodynamic forces on the discharge line of a nuclear reactor
safety valve facility. They presented data for three different test conditions, two with
upstream water loop seals and one with only steam. In many pressurized water reactor
(PWR) nuclear power stations a water loop seal is used commonly on the upstream
side of the pressurizer safety and relief valves to minimize steam or gas leakage through
the valves. Figure 2.6 shows a typical pressurized water reactor loop seal design. If
the pressure in the reactor coolant system goes above the preset pressure of the safety
or relief valve, that valve will open rapidly to release the overpressure and assist in
overpressure protection of the primary coolant system integrity.

The operation of these valves suddenly discharges the water slug into the down-
stream piping, giving rise to very substantial inertial forces on discharge piping seg-
ments. Wheeler and Siegel simulated this motion in their test facility which consisted
of a four segment discharge line attached to a spring-loaded safety valve, see Fig-
ure 2.7. The hydraulic loads acted in the axial direction in each of the four discharge
pipe segments. In their experiments they showed that the resulting transient impul-
sive load imparted to the elbow was significant.

Although they recorded dynamic loadings on the piping, they did not investigate
the hydrodynamics of the slug and the transfer of its momentum to the pipe, nor

did they make numerical predictions. They concluded that cold loop seal designs can
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Figure 2.6: Typical loop seal configuration, (after Smith [10])

have substantially higher loads than steam-only designs, and that heating loop-seal
liquid into the range 300° — 350° F can substantially reduce peak piping loads.

Smith et al. [12, 11] developed an analytical model exclusively to simulate the
conditions in the test facility used by Wheeler and Siegel. This model led to a com-
puter program that uses MOC to generate important fluid parameters as a function
of space and time, employing one-dimensional equations of thermodynamics. In their
model the basic equations of mass, energy and momentum conservation are solved
to obtain fluid velocity and density. The forces are then computed using the fluid
properties in the dynamic structural analysis [11]. They concluded that the results of
their analytical model approached the experimental data very closely. The predicted
load magnitudes and timing of the peak loads showed good agreement with the ex-
perimental data. However, they did not consider potential fluid-structure interaction
effects in the analytical solutions with the argument that the effects of fluid-structure
were secondary in nature while admitting the significance of the inclusion of those
effects.

Van Duyne et al. [3] presented an analytical model to predict a transient water
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Figure 2.7: Test facility used by Wheeler & Siegel, (after Smith [11])

slug. The model was based on the following assumptions; one-dimensional flow, no
holdup or no breakup, so that the slug maintained its integrity as it travelled through
a piping segment. They applied the rigid column theory to derive the governing
equations of the water slug. Segment unbalanced forces were computed in accordance
with control volume theory, see Figure 2.8. They developed a computer program and
applied it to a typical pressurizer safety valve discharge line, where a slug motion
was of concern. The program was capable of predicting the displacement, velocity,
and acceleration of a slug as well as segment forces. However, since the analytical
assumptions were not verified with an experimental study, it is not clear how good
those predictions are.

Hengge et al. [6] developed a test program whose objective was to identify the
source of damages that occured on a piping system of a nuclear power station follow-
ing the loss of main feedwater. It was found that water slugs caused the damages.
Estimates of large slug lengths (20 ft to 130 ft) were made, based on amounts of
water formed as the steam condensed.

Additional analytical studies on individual slug motion have been performed.
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Figure 2.8: Control volume used by Van Duyne et al. [3]

Block et al. [2] have pointed out two ways in which damage to piping can take place
as a result of waterhammer. “The first of these is a local stretching, or even bursting,
of the pipe, probably near the region where the water slug impacts, as a result of
exceeding the yield stress of the wall material in the hoop direction. The second
mode of damage involves the bending response of the piping system to the impulses
it receives from the waterhammer wave, pipe hangers, restraints and joints are likely
to be damaged by this mechanism.” First order bounding analyses have been derived
to describe these two potential modes of pipe system deformation, where limited cal-
culations provide order of magnitude estimates of parameters such as pressure rise,
pipe stress and displacement, etc.

Wiggert and Hatfield [15] also used first order bounding analyses to estimate the
displacements and stresses in piping caused by steam propelled water slug mechanism.
They used a single-degree-of-freedom impulse-response analysis, which does not ac-
count for the deterioration of the slug, nor for any possible fluid-structure interaction
that might occur. It is clear that the so-called first order bounding methods yield

approximate results and that they are used only to make estimates of the parameters
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of concern in a physical phenomenon such as steam propelled water slug mechanism.

Moody [38] developed formulations for quick estimates of time and space depen-
dent pipe reaction forces caused by either sudden flow stoppage or blowdown in a
fluid piping system. He used MOC to obtain fluid mechanical properties, which are
employed to predict associated pipe loads.

Hsu et al. [45] evaluated time-dependent loads on a piping network by using the
public-domain computer codes RELAP4 and REPIPE. They compared their results
to data from analytical and experimental studies and concluded that the above men-
tioned computer codes provide a satisfactory basis for piping analysis. However, Van
Duyne et al. [3] noted that these codes are limited in effectiveness due to an inability
to properly describe and maintain an interface between either the water and steam
or the water and air.

Attia et al. [54] simulated numerically a vertical water cannon experiment and
computed upper bounds for a slug impact velocity and pressure. They assumed that
at the reservoir entrance pressure remained constant, and that there was a small
initial water level in the pipe. Their results indicated that condensation and friction
are important factors to consider in calculating piping waterhammer loads. For future
research they recommended a model that would account for pressure reduction at the
reservoir entrance, as the slug accelerates into the pipe.

Strong et al. [48] developed a technique for generation of pipe rupture and water-
hammer design loads for dynamic analysis of nuclear piping systems. They applied
the technique to typical pipe rupture problems and compared the resultant load his-
tories with other existing techniques. Their predicted values compared well with the
data from other analytical models. They argued that their technique had two major
advantages over the existing methods: first, the ability to generate force histories for
all nuclear power plant piping systems regardless of initial or eventual phase, and
second, the theoretical consistency in the use of the method.

In a purely computational study based on hypothetical scenarios Chang et al. [29]
examined the need to consider two-dimensional effects in a severe waterhammer tran-
sient. They simulated waterhammer transients resulting from the acceleration and
subsequent impact of a water slug in S- and U-shaped pipe configurations. Figure 2.9
shows these configurations.

In the S-shaped configuration they assumed that an isolated slug of water exists

in the upstream bend and that this slug is initially separated from a column of water
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Figure 2.9: S- and U-shaped configurations, (after Chang et al. [29])

by a horizontal pipe section filled with air. The column of water which is situated
vertically in the downstream bend section is at rest. The slug then is accelerated by
a high-pressure gas. This results in the closure of the air gap with a high pressure
created by the slug impact on the main column of water downstream. They concluded
that the pressure response and associated piping loads depend substantially on the
initial configuration of the water slug and that the water slug is broken up in the
bend of the U-shaped configuration by the two-dimensional motion when the ratio
of its length to the pipe diameter and the radius of curvature of the pipe are small,
with the result that the piping load is much less than would be predicted with one-
dimensional modeling. They reported that 1D calculations yielded peaks that were
100% higher than those of 2D calculations in the U-shaped configuration. But in
the S-shaped configuration the peaks computed by one-dimensional calculations were
only 16% higher. The ratio of the slug length to the pipe diameter they used was 7.
They also noted that the existence of air between the water slug and the downstream
water significantly affects the pressure response as the gradual compression of the air
slows the water slug down and reduces the impact pressure.

It should be noted again that this study was purely computational and the results
were not verified by experiments.
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2.5 Closure

The literature review in the precedihg sections shows that knowledge of the hydrody-
namics of an individual transient slug motion in voided lines is rather limited. The
only study that comes very close to the present study, in terms of objectives and
experimental system used, is the one performed by Fenton [43].

The present study will go beyond Fenton’s study in several aspects. For instance;
in the analytical phase of the research, the present study will account for the mass
loss from the slug during its motion in the voided line and instead of using a constant
velocity as Fenton did for the reservoir gas entering the pipe, the present study uses
MOC to compute the transient velocity of the gas (air) that drives the liquid slug.
Thus, a more realistic analytical model will be developed.

The experiments are carried out in a larger diameter pipe (2 inches vs. 1 inch)
and a longer reach (31 feet vs. 11 feet) with a wider reservoir pressure range (10 — 40
psig vs. 13 — 22 psig). The larger dimensions used in the experimental facility of
the present study come closer to the physical systems used in practice thus make
the results of the present study relatively more general. This is especially important
when considering the scaling problem of gas bubbles in gas-entrained flows as the pipe
diameter used in the experiments is selected smaller. It is known that the bubble size
has an influence on the dynamics of a bubbly mixture and usually is specified in terms
of the mechanism of bubble generation [4, pp. 244]. Therefore, it is argued that the
bubbles in small diameter pipes may affect the dynamics of the bubbly mixture in
a manner which may not be the case in more realistic (i.e. larger) pipe diameters at
all. From this point of view the larger pipe dimension used in the present study is
deemed to be more appropriate.

The experiments are repeated at least ten times in the present study for each slug,
as opposed to five times by Fenton, to have a better understanding of the repeatibility
of the phenomenon. In addition to measuring the loads on the elbow, the present
study will also make use of a flow visualization technique to provide useful information
concerning the history of the slug mass, the nature of the leading edge of the slug,
and the amount of air entrainment. Information of this nature will shed some light

on the uncertainties associated with slug hydrodynamics.



Chapter 3

ANALYTICAL DEVELOPMENT

3.1 Introduction

Two analytical models were developed in this study to predict the slug hydrodynamics
in a horizontal pipe line. The developments of these models and the assumptions on
which they are based will be presented in this chapter. Moreover, the procedure
with which the governing equations of the slug dynamics were normalized, will be
outlined. The results of the analytical models will be discussed and compared to the

experimental results in Chapter 5.

3.2 The Simple Model

This model uses the equation of motion along with the equations of continuity and
slug kinematics. It is the first model developed in this study. As a slug arrives at an
elbow after having accelerated in an empty pipe, it inflicts hydrodynamic loads to the
elbow. These loads as well as variables such as the slug length and the slug velocity
in the horizontal pipe reach are computed from the control volume principles. In
the next section the assumptions made in developing the simple model will be listed,
then control volume formulations will follow: first, for a slug moving in an empty and
horizontal pipe reach, second, for a slug passing through a downstream elbow. The
first formulation will result in a set of equations that will be used later to predict the
slug dynamics in the horizontal pipe reach. The second control volume formulation

will yield the forcing function at the elbow.

3.2.1 Assumptions
In developing the simple model the following assumptions are made.
e The flow is one-dimensional, incompressible, and planar.

o The density of the liquid slug is constant.
22
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The pipe is rigid and fixed in space, hence no piping vibration takes place since

it is prevented from moving in any direction.

No gas (air) entrainment occurs into the liquid (water), (i.e. one phase).

The shear resistance to the slug motion is included assuming a quasi-steady

flow.

The slug loses its mass at a constant rate due to shearing effects as it moves in
the empty pipe. This mass loss will be referred to as “holdup” and is accounted
for in the equations with a holdup coefficient denoted by a. The holdup coef-
ficient a implies the percentage of the pipe cross-sectional area through which
the mass loss takes place. For instance, an a value of .95 implies that there is
5% holdup or the slug is losing its mass from an area equal to 5% of the pipe
cross-sectional area. When the slug moves a distance of 6z, then, the mass loss
along this distance is equal to p(1 — a)Aéz. The higher the holdup percentage
or the less the a value, the higher the rate of the mass loss. a = 1.0 means no
holdup. Note that 0 < a < 1.

e The air pressure that drives the slug varies at the same rate and magnitude as
the air pressure in the upstream reservoir. In other words, the pressure loss in

the gas contained in the pipe behind the slug is neglected.

3.2.2 Development of the Equations

The Reynolds transport theorem [9] is applied to a moving and deforming control
volume in the empty pipe, shown in Figure 3.1. Initially the control volume and
slug occupy the same space and both the slug and the control volume are at rest.
The pressure behind the slug is the same pressure in the reservoir. In front of the
slug the pressure is atmospheric gage pressure. After the slug is put in motion the
control volume is allowed to accelerate at the same rate as the front of the slug Ur.
The slug loses its mass from the trailing edge at a constant rate (i.e. the holdup).
The conservation equations are applied to the control volumes shown in Figure 3.1

and Figure 3.2.
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Figure 3.1: Moving control volume

Figure 3.2: Forces acting on control volume
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Conservation of Mass:
op - . .. _
/av_ (E) dv +/C.s. p (Uy- 1) dS +/c‘s. p(U,-7)dS=0 (3.1)

Where U, is the velocity of the control surface boundary and U, is the velocity of the
liquid relative to the control surface boundary. The first term in the conservation of
mass equation drops out due to the constant liquid density assumption. The second
term can be divided into three parts since there are three control surfaces across which
mass flux is taking place, namely A;, A; and Ajs, see Figure 3.1.

At sectionl A; = a A, at section2 A; = (1 — a)A, atsection3d A; = A,
and (7}, = Ur so that

Lg p@-as = [ p(@-i)da + [ p(0h-7)dds + [ p (G- 7) dds
= —pUrA; — pUrAz + pUrA;
= —pUraA — pUr(1 — a)A + pUrA
= —pUraA — pUrA + pUraA + pUr A
=0

Hence the second term does not contribute anything to the final result. The remaining
integral can be written by observing that at section 1 Uy =Usg - pr, at section 2
[]:2 = U}, and at section 3 U,3 = 0. Where Ur is the velocity of the front of the
slug and Up is the velocity of the back of the slug.

/C'S. o (U.-7) dS =/A, p (Ua-7) dA; +/A2 p (Ug-7) dAs +/A3 p (Ula-7) dAs = 0
= —pA(Up — Ur)a + pAUr(1 —a) =0

This reduces to the following expression:
Ur = aUp (3.2)

This indicates that Ug > Ur, since a < 1.
One can also relate the slug length, L to the back and front velocities by

dL

E = UF - UB (3.3)
Substituting Equation 3.2 into Equation 3.3 gives:

-‘% =-(5- 1) Up (3.4)
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Equation 3.4 is the continuity equation which will be used in the following sections.
It relates the change of the slug length to the velocity of the front of the slug, Ur
and the holdup coefficient, a.

Conservation of Momentum:

The conservation of momentum is applied to the control volume shown in Figure 3.2.
The forces acting on the control volume are the driving pressure force PA and the
resisting shear force 7(wDL). The conservation of momentum in the z-direction (i.e.
the pipe axial direction) is given below.

>:F,_—/ pU,dv+/ p Us(U. - 7)dS (3.5)

Where U, is the liquid velocity with respect to an inertial reference frame (i.e. a
non-accelerating or a fixed reference frame) and U, is the liquid velocity with
respect to the control surface boundary. The first term is the sum of the forces

acting on the control volume in the z- direction and is equal to:
YF,=PA-7(xDL) (3.6)

where P is the driving air gage pressure, 7 =} p f U2 and f is the friction
factor obtained from the Moody diagram. Note that in the shear stress term U} is
used instead of |Ur|UFr assuming no reverse flow. The second term in Equation 3.5
is the rate of change of the momentum in the control volume. By making use of
dV = A dL, it can be rewritten as:

d

dL daUu,
dt

pU av = pA(U,dt+Ldt

If Equation 3.4 is substituted and the velocity of the liquid in the control volume
U is replaced by the velocity of the front of the slug Ur in the above expression,

(assuming they are nearly equal) the second term becomes:

%)+ AL% (3.7)

The third term in the momentum equation is the net momentum flux into and out

— pAUL (1

of the control volume and it can be expressed by the following:

/C  PUs(U,-7)dS = /A P Ure(Unn-A)dAr+ /A P Ure(Uir)dAr+ /,4 p Use(Ura-)dAg
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Considering Uy, = Ug, Usz =0, Usy = Ur, U,y = Ug—Ug, U,y = U, and Uy =0

and using Equation 3.2 give the following expression for this term:
- oAV} (==2) (38)

Finally, when Equations 3.6, 3.7, and 3.8 are assembled, the momentum equation

takes the following form:

dUr f 2 (1 - a) s P
v + 2p "I\ o Ug = oL (3.9)
The final equation comes from the slug kinematics and is provided below. It represents

the rate at which the position of the front of the slug varies in time with respect to

an inertial reference frame.

d—t - UF (3.10)

Let us replace the front velocity of the slug Ur by the mean slug velocity U in the
equations. In summary, we have three equations in three unknowns, namely mean

slug velocity U, slug length L, and slug position z. The equations to be solved are

as follows: iU f 2 /1 p
Sl s (i) e
@ t|3D I ( a )] V=7 (3.11)
dL 1
= (; - 1) U (3.12)
dz

These equations are ordinary differential equations. A subroutine developed by Hull
and et al. [51, 41] based on Runge-Kutta-Verner fifth and sixth order method was
incorporated into a FORTRAN program to solve the equations with the initial con-
ditions of the problem.

e The initial slug velocity, U =0 at t = 0,
e The initial slug length, L = L, at t = 0,
e The initial slug position, z =0 at ¢t = 0.

Along with the initial conditions, input parameters to the program were the friction
factor f, pipe diameter D, holdup coefficient a, liquid density p, and reservoir

pressure boundary condition P(t).
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Figure 3.3: Control volume at the elbow

3.2.3 Forcing Function at the Elbow

In this section the control volume principles will be applied to the downstream elbow
to develop a forcing function to predict the hydrodynamic loads imparted to the
elbow. To do so the control volume in Figure 3.3 will be utilized. The control surface
at section 2 is kept fixed. However, the control surface at section 1 is allowed to
accelerate at the same rate as the back of the slug, Up. It is assumed that the liquid
leaves the elbow at section 2 without any flow reversal subsequent to its impact on
the elbow and that there is no holdup in the horizontal pipe section. The continuity

equation for a moving and deforming control volume is given by:
d 4 -
E/av.pd\/ +./C.s.p(U,-n)dS—0 (3.14)

Where U, is the relative fluid velocity with respect to moving control surface. Then,
the first term can be integrated as follows:

d
dt Jo.

d dL
pdv=g [ pLda =pAT

and the second term in the continuity equation can be rewritten as:

/C PO, - S = /A b (U -)dAr + /A (U R)dAs
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When one considers that U,, = U-;g - U]'g =0, and U-:-g = lfp (Since control surface
2 is fixed.), the second term reduces to the following:

/A p (Uss - R)dA; = pAUF
2
When the first and second terms are assembled as shown below,

dL
pA— +pAUF =0

the continuity equation becomes:
dL
dt

The momentum equation in the z—direction for a moving and deforming control

—Ur (3.15)

volume is: p
sho=g [ pU. o + [ pULU, -#)ds (3.16)

The first term is the sum of the forces acting on the control volume in the z- direction
and is equal to:
YF,=PA-R,-71(nrDL)

where P, is the driving pressure acting on the control surface at section 1 and R,
is the force exerted on the liquid in the negative z-direction by the elbow and 7 is
the shear stress on the pipe wall which was defined earlier. The second term can be

rewritten as: d p p
i Jo? U = G [ Ue LA = pAZ(ULL)
When the derivation is carried out assuming that U, = U, the mean slug velocity,
the second term takes the following form:
dau dL
The third term can be rewritten as follows:

| p U, - 7)ds = /A, p UnalUns -f)ds + [, p Un(Urz - )dAs

But [f;l and U,; are equal to zero. Therefore, the third term of the momentum
equation is equal to zero. When all of the terms of momentum equation are assembled,
the following is obtained.

dau dL
P]Al - Rz - T(WDL) = pA (L?t_ + Ud_t)
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Substituting Equation 3.15 and A, = A into it and solving for the force R, yields:

R, = PLA+ pAU? — 7(xDL) — pLA%[t{ (3.17)

Equation 3.17 is valid for a 90° elbow. It was assumed that there was no waterhammer
waves present at the elbow. When the shear force term is neglected Equation 3.17
becomes identical with the one obtained by Papadakis et al. [46].

The effect of the first term has to do with the elbow configuration. More specif-
ically, if the liquid directly exited from the elbow to the atmosphere the pressure
difference between section 1, (see Figure 3.3), and the pipe outlet would be insignif-
icant due to the proximity of section 1 to the outlet. However, in the experimental
facility of the present study the elbow was not immediately open to the atmosphere.
It was attached to a pipe segment from which the slug liquid exited into atmosphere.
In light of this fact this term will be retained. The effect of the first term especially
becomes important for the long slugs as the momentum forces for these slugs are not
considerably higher than the forces contributed by the first term. For the short slugs
this term was very small as opposed to momentum forces.

The second term or the momentum force is the most important term in the equa-
tion. It is the dominant force exerted to the elbow as the slug passes through the
elbow.

The last two terms can be dropped from the equation since they are negligible
with respect to the other terms. Hence the simplified forcing function at the elbow,

after replacing R, by F, is obtained, which is the same equation used by Luk [34].

F = P A+ pAU? (3.18)

3.3 Dimensionless Form of Governing Equations

The equations that govern the slug dynamics are normalized or scaled using selected
scaling parameters in this section. It should be noted here that the scaling process
merely transforms the dimensional equations into a nondimensional form but it does
not change the physical nature of the equations. By scaling the equations, the results
can be presented in a form that can be applicable to as large a range of field conditions

as is practical. Since the scaling process involves choosing the most appropriate set

of variables to describe the system under consideration and scaling the variables with
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appropriate factors, the selection of these factors require appreciation of their physical
effect in the problem being studied. The factors used in scaling the equations in this

study are as follows:
e L, = derived length,
e U, = derived velocity,
e t, = derived time,

e P, = initial pressure in the system (an explicit scale factor).

3.3.1 Scaling Process and Derivation of Scale Factors

The governing equations of the slug dynamics are given below:

dUu f  2A*\,, P
-37+(ﬁ_ L)U =L (3.19)
dL .
- = —-A'U (3.20)
dz
- = U (3.21)

where

A = (1 - a)
a
The following parameters show the relationships between scaled and nonscaled vari-
ables. . U P
t= = U= A P = 7
are the dimensionless scaled variables. Let us

PO
=
The terms having the symbol “

~ "

start the scaling procedure with Equation 3.21 by using the relationships described

previously.
' L& _vu
t,dt °
This can be rearranged to obtain:
dz  t,U, »
-_ = 2 OU
dt L,

Define the derived time scale factor as follows:



When t, is substituted the transformed fo

3

dz N
d_i_U

of Equation 3.21 is obtained :
Similarly, Equation 3.20 is scaled using L = L/L, as follows:

(3.22)

L,dL

- = —A"U,U
t, di

dl AU, ,
dt L,
Eliminate ¢, in the above expression to get:

(3.23)
Equation 3.19 will be scaled in the same manner making use of P = P/P,:

U (f 24
t, di 2D LI

2(72__}:0_13

“pL L
Elimination of ¢, in the above expression and dividing it by U2/L, results in the

dU fL, 2A*\., P, P
at (w T) U'=Jn
Define the derived velocity scale factor as follows:

following:

L

U, = [

P
When this is substituted in the equation we obtain:

dU  (fL, 2A*\,, P
T (m-T)r-1
Multiplying both the numerator and denominator of the coefficient of U?
(1 — A*) and defining the derived length scale factor as

by
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2D(1 - A*)
L= ——~
f
yields the final form of nondimensional momentum equation.
v, [(1 _AY) - —A—] o2 = f (3.24)

In summary, Equations 3.19, 3.20, and 3.21 have been scaled and made

dimensionless. Their nondimensional forms are given below, respectively :

[(1 —A*) - —1—] U? = 5 (3.25)
L
di
— =-AT 3.26
di (3.26)
dz .
= (3.21)
With the following scale factors:
LO Po 2D(1 - A.)
to=77, U=y\— Li=———F—= b
U, P f

3.4 The Advanced Model

The simple model did not take into consideration the gas dynamics behind the slug.
This resulted in predicted slug arrival times at the elbow that were too early compared
to those obtained from the experiments. More importantly, inclusion of the gas
dynamics is required to have a better analytical model whose results can be applied
to the prototype systems in the industry more reliably. In light of this realization
the second model was developed, which employs MOC to solve for the gas dynamics
taking place behind the slug. It treats the same equations used in the first model as
the moving downstream boundary conditions. The upstream boundary condition is
simply the variation of the air pressure in time at the pressurized air tank. It was
assumed that the gas flow behind the slug behaved as an ideal gas flow and that it

was adiabatic, isothermal, and nonconducting.
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3.4.1 Development of the Equations

The starting point for the development of the equations are the following equations
from Moody [39]. These are simplified differential equations of one dimensional un-
steady, nonuniform flow of a compressible gas.

Conservation of Mass:

8P 8P .0V

Conservation of Momentum:

av ov 10P

¥ + Va_:t + ;3_12 =F (3.29)
Conservation of Energy:
Op Op 1 (0P 0P\ _
a+V-a—:c—E(-67+Va—$) =0 (3.30)
Where FPus V?
— wet r
F=-=a3

assuming no reverse flow.

3.4.2 Method of Characteristics

Equations 3.28, 3.29, and 3.30 can be converted to total ordinary differential equa-
tions by using the MOC procedure; one can refer to alternative references Moody
[39], Chaudhry [30], or Streeter [5] for details of this procedure. The final equations
obtained are:

e Right traveling characteristic:

dP + pCdV = Fdt valid on 3—":=V+C
o Left traveling characteristic:
dP — pCdV = —Fdt valid on d—f:V—C
Where
o _PICPuV?
- 8A

In the next sections these equations will be integrated to yield finite difference equa-
tions which can be solved easily for the unknowns both at the upstream and at the

moving downstream location.
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The upstream boundary conditions

The upstream boundary location is the pressurized air tank. The equations to be
used at this location will be developed next. In the equations subscript “a” denotes
air whereas subscript “w” denotes water. Figure 3.4 shows the characteristic lines and
related notations used in the equations. It should be noted that the characteristic lines
are constructed such that there are no intermediate grid points. The computations
are performed only at the boundary locations. A free-floating grid develops in the z-¢

plane, since the position of intersection of characteristic lines is not fixed.
Left traveling characteristic:

dP — p,CdV = —Fdt validon —=V -C (3.31)

The tank pressure at all times represents the pressure at the upstream boundary
location:
PL=Pr

For a small pressure wave travelling in a gas at a relatively high frequency the isother-

mal wave speed is given by Potter and Wiggert [8] as
C= E =+vVRT
dp

Where R is the gas constant and T is the gas temperature in absolute scale. The

time step between locations S and L is:
At =t —ts

Ideal gas law gives the following: p
L

PL= BT
Conditions at point S, see Figure 3.4, are known from initial conditions and/or ear-
lier time steps. The unknowns at time step ¢ are: Pr, Vi, pr, CL, tL,and At.
So we have six unknowns and six equations at the upstream location. Integrating

Equation 3.31 on the left travelling characteristic, C~ is done as follows:

/SLdP—/SLp.,CdV = ——/SLp,,C (--2%) Vidt

_ fa [F12
Py, — Pg (pa)sC(VL Vs) = (pa)scﬁ ; Vedt
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When the second order weighted method on the integral term is used we obtain:

PL_PS—(PG)SC(VL_VS) a 2D

If this equation is solved for V; we get following:
Pr, — Ps + (pa)sCVs

(PG)S C

L:

(pa)sC [(45) Vst + 1]

Similarly the following integration is performed for dz/dt =

tion 3.31 is valid.

/:d:::/:(V—C)dt

T —Ts = (V bl C)s(t[, -_ ts)

If this is solved for t;, we obtain the following expression:

(zL — zs)

=1 o o)
S+(V—C)s

Let us also recall the following equations:

Pp = Pr
PL—R—T
C,=C=vVRT

And finally the time step between S and L:

At =1t — tg

The algorithm for the upstream boundary computations:

(3.32)

V — C on which Equa-

(3.33)

(3.34)

(3.35)
(3.36)

(3.37)

e Measure Pr in the upstream tank with a pressure transducer, therefore from

Equation 3.34 P is known at the upstream boundary at all times.

e Compute density, pr with known P, and constants R and T by using Equa-

tion 3.35.

e Compute the wave speed, C;, from Equation 3.36.

e Compute 7, from Equation 3.33. (Note that zz = 0 at all times and the terms

with subscript S are known from either initial conditions or an earlier time

step, see Figure 3.4.
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e Compute At, from Equation 3.37.

e Compute the gas velocity at the tank exit, from Equation 3.32.

The downstream boundary conditions

The downstream boundary conditions consist of both gas dynamics and slug dynam-
ics. The equations are provided below:
Gas dynamics:

C+* Right travelling characteristic equation:

dP + pCdV = Fdt valid on d—’: =V+C (3.38)
Slug dynamics:
e
aL _ _ (l _ 1) U (3.40)
t a
-“% =U (3.41)

Note that at the downstream boundary the driving air pressure is equal to the pressure
behind the slug (i.e. P = P,) and the air velocity is equal to the slug velocity (i.e.
V = U). In the above equations the pressures are absolute pressures. Let us integrate

C* characteristic equation from L to R, see Figure 3.4.

/LRdP + /anaCdV = /LRp,.c (—{—B) Vdt

R
- - = — ~Z8 2
Ppr— PL+ (pa)LC(VR— V1) = (Pa)L02D s Vidt

When the second order weighted method on the integral term is used we obtain:

2 )LC
Pr— P + (Pa)LC(VR - VL) = —fa%—VRVLAtl (3.42)

Similarly the following integration is performed for dz/dt = V + C on which Equa-
tion 3.38 is valid.

/Rdz = /R(V+C)dt
L JL
zr—21=(V+C)L(tr—tL)
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If this is solved for tg we obtain the following expression:

(zr —z1)

tp=1tL + 3.43
rR=1tL+ V0L (3.43)

or it can be written as: tr =t + At;  where

(zr — z1)
Aty = ~—r—u=" 3.44
T (V+0O) (3.44)

The speed of the sound in the air at the downstream boundary:

Cr=C=VRT (3.45)

From slug kinematics we have dz/dt = U; this can be integrated on the slug path as

/:d::::/sRUdt

Th—Ts = Us(tn - ts)

follows:

If this is solved for tr we obtain the following expression:

(zr — zs)
Us

or it can be written as: tr = ts + At,  where

tr=1ts+ (3.46)

Aty = (zr—2s) (3.47)
Us

Next, the slug continuity equation is integrated along the slug path:

[aen(52) ffua

1 -
LR - Lg = - (—a—a—) US(tR - tS)

If this is solved for Lg:
l—-a

Lp=Ls— ( ) UsAty (3.48)
Similarly, the equation of motion of the slug is integrated along its path:

R (Pu — Patm)
2 w atm
/du+/ 5D L( a )]U‘” s L &

RU2 R(I) Patm)
) [ f"-;; —I

Ot) URUSA ty = — [(P Patm)] At,
Ls

Jo B (1
UR—U3+-2—D-/SUdt—2

w 1 -
Un—Us + 2f—DURUsAt2 _9 (
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If this is solved for Ur we obtain the following expression:

L [Eepeml] At + Us
~ 1+ fUstts — 2 (2) EAd)

To obtain the slug position, Equation 3.43 and Equation 3.46 are equated and

(3.49)

solved for zg.
_Us(V+O)r(tL —ts) —zUs + zs(V + O)1
(V+C)—Us
At this point, Equation 3.42 can be rearranged to solve for Pgr. First recall Equa-
tion 3.42:

(3.50)

2)LC
Pa— P+ (pa)1CVa - Vi) = — £ L vy, s,

Since air velocity is equal to slug velocity at the downstream boundary, we can replace

Vr by Ur in the above equation and solve for Pr as follows:

2 )LC
Pa= Py +(p)1CVi [f,. (‘”215 ViAt + (pa)LC] Ux

Now if we substitute Equation 3.49 in the above equation, we obtain:

Cil|ll (P, — Pym
Pr =P+ (p)LCVL — = (—L—t—

At, + U, 3.51
2| )S 2+ s] (3.51)

where

C = [ f. (”;)5 Vit + (p.,)LC]

fw ) US
C, = [1 + 35 Usht, — 2 (T Z5 At,

The algorithm for the downstream boundary computations:

e Compute the slug position, zr from Equation 3.50.

e Compute At; and At; from Equations 3.44 and 3.47.

e Compute tg from Equation 3.43.

e Compute the slug length, Lgr from Equation 3.48.

e Compute the wave speed, Cgr from Equation 3.45.

e Compute the pressure behind the slug, Pr from Equation 3.51.

e Finally, compute the slug velocity, Ugr from Equation 3.49.



41

3.4.3 Closure

Two analytical methods were developed in this chapter to predict the slug dynamics
in a straight horizontal pipe as well as a forcing function at a downstream elbow.
Moreover, the governing equations were scaled using scale factors. Next, Chapter
4 will describe the experimental facility and data acquisition procedure used in the
experimental phase. Chapter 5 will present the results of both experiments and

numerical simulations along with the discussion and comparison of those results.



Chapter 4

EXPERIMENTAL APPARATUS

4,1 Introduction

This chapter describes the experimental apparatus designed and built to simulate slug
motion in a voided line in order to better understand the physics of slug flow as well
as to validate the two analytical models developed to predict the slug hydrodynamics.
The experimental procedure will be explained and the experimental errors and their
sources will be discussed. Appendix A describes the data acquisition equipment
employed including the hardware and software. The experimental apparatus was
located in the Civil and Environmental Engineering Fluid Mechanics Laboratory at

the Engineering Research Complex on the campus of Michigan State University.

4.2 Description of the Experimental Apparatus

Figure 4.1 shows the general piping setup used in the experiments. The major compo-
nents of the experimental apparatus are an upstream air tank in which air is pressur-
ized to be used as a driving mechanism for slug motion, a 31-ft-long and 2-inch-dia.
clear straight PVC pipe, a fast acting PVC ball valve and a 90 degree elbow located
at the downstream end of the pipe reach. A pipe segment attached to the upstream
end of the ball valve is used to generate a water slug so that initially the slug forma-
tion is assured. This pipe segment hereafter will be referred to as the slug generator
pipe or in short, SGP. Several SGP’s of different lengths were used throughout the
study. With the threaded ends they were easily placed into their location in the pipe
system, which was between the air pressure tank and the fast acting valve. A bleed
hole of a small diameter was drilled on the top surface of each SGP to let air escape
during filling with water from a water supply tank. After filling was complete, it was
blocked by a plug. The fast acting ball valve was opened manually to release the slug
once the desired air pressure in the tank was obtained. The components that make

up the experimental apparatus are described next in more detail.

42
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4.2.1 Fluid Components
Liquid
Water was the liquid used in the experiments. Table 4.1 below lists some of the

relevant properties of the water [5)].

Table 4.1: Physical properties of liquid

| Property Value |

Temperature ~20°C |
Density (p) 998.2 kg/m?>
Viscosity (u) 1.005X10-¢ Ns/m?*
Bulk Modulus (K) 2.2 GPa

Air Tank

A 454 liter vertical standing well tank was used to pressurize air. The tank was rated
for 517 kPa (75 psig) and it was pressurized with the building air supply, that has
a maximum pressure of appproximately 650 kPa (94 psig). The air supply into the
tank was controlled with a pressure regulator.

4.2.2 Pipe Components
Pipe

The pipeline used was a two-inch U.S. nominal diameter, schedule 40 PVC clear
pipe. Clear pipe was necessary due to flow visualization requirements of the study.
According to manufacturer’s specifications the average inside diameter is 2.047 in. ;
outside diameter 2.375 + .006 in.; minimum wall thickness .154 in. and maximum
workable pressure at 73°F is 140 psi.

Pipe Supports

The pipe line was mounted across seven columns along the pipe reach of 9.45 m (31
ft). The material for the supporting columns was Unistrut P1000 channels. They
were attached to the floor with Unistrut model P2072A wing shape fittings, see



Figure 4.2: Wing shape fitting used for the supports

Figure 4.2. These fittings were placed on the floor very tightly using two bolts. The
clear PVC pipe was positioned at a level of 2.5 ft. above the laboratory floor through
Unistrut P1117 clamps. The motion of the piping structure was very insignificant

both in the pipe axial and radial directions during the experiments.

Valve

A fast opening PVC ball valve was placed at the downstream end of the slug generator
pipe. A PCB Model 308B schock protected quartz accelerometer was mounted on
the valve handle. Its function was to send an anolog signal to a computer to start
the data acquisition from a pressure transducer located on the downstream elbow
as soon as the handle was moved. The principle of a quartz crystal accelerometer
is that a charge is produced across the crystal which is proportional to the applied
acceleration. Figure 4.3 shows the ball valve used in the study.

Elbow

A 90° PVC elbow, with a 2-inch-dia., was used for this study. Two pressure trans-
ducers were flush mounted on the elbow in line with the -x and -y directions, see
Figure 4.4. Data were collected from both transducers during the slug impact on the
elbow.

4.3 Experimental Procedure and Analysis

The slugs were initially trapped in the SGP between the pressurized air tank and
the ball valve. By rapidly opening the ball valve slugs with various initial lengths
ranging from 4 ft to 11 ft were propelled into the empty pipe under preset upstream
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Figure 4.3: Diagram of the ball valve

Transducer # 1

Slug Motion

Transducer # 2

Figure 4.4: Diagram of the elbow
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air pressures. The accelerometer attached to the valve handle sent a signal to the
computer to start data acquisition as soon as the handle was moved when opening the
valve. Driven by the upstream air pressure, each slug accelerated in the empty pipe
and attained a high speed. With the momentum gained during its motion the slug
impacted on the downstream elbow. The pressure transducers mounted on the elbow
recorded the pressure transient during the impact. The following sections describe

the experimental configurations and data acquisition analysis used.

4.3.1 Experimental Configurations

Overall the same experimental setup was used throughout the entire study. The
changes to the configuration occurred whenever a different initial slug length was
used. This was accomplished by placing an SGP of the desired length between the
air tank and the valve. The initial slug lengths that were used in this study are 4,
5, 7, 9, and 11 ft. The change in the initial slug lengths allowed variance of one
of the dimensionless parameters, namely z/L, which is the ratio of the pipe length
travelled by the slug to the initial slug length. At a given initial upstream pressure for
each initial slug length, experiments were repeated at least 8 to 10 times to observe
whether the peak pressures caused by the slug impact at the elbow were repeatable.
The repeated experimental results showed that, even with the same initial conditions
maintained, the peak pressures recorded at the elbow varied indicating the variable

nature of the phenomenon. Chapter 5 will discuss the experimental results.

4.3.2 Data Acquisition

The pressure traces at the elbow are recorded as functions of time. These recordings
were obtained using PCB pressure transducers interfaced with a Digital PDP-11/73
mini computer. A description of the components of the data acquisition equipment
is presented in Appendix A. Two pressure transducers were used in recording. They
were flush mounted on the elbow as shown in Figure 4.4. The data analysed in this
study were mainly from transducer 2 as it was the most pertinent to the objectives of
the study. As seen in Figure 4.4, transducer 2 is mounted in line with the pipe axial
direction in which the slug momentum is most significant. Naturally, at the time of
impact a larger force is expected to be imparted to the elbow in this direction, thus

justifying the use of the peaks obtained from transducer 2 only in the data analyses.
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Figure 4.5: Pressure traces from transducers 1 and 2, L = 7 ft, P, = 40 psig
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The shapes of the pressure traces recorded simultaneously from the two transducers
in each run were very similar except for the magnitudes of the peaks. As expected and
explained above, transducer 2 recorded higher peaks than transducer 1. Figures 4.5
to 4.8 show representative pressure traces obtained from a simultaneous recording
of transducers 1 and 2 at the elbow for the initial conditions indicated in the figure
captions. The pressure traces shown only with the solid line were recorded from
transducer 2. The pressure traces having the asterisk symbols as well were recorded

by transducer 1.

4.3.3 Sampling Frequency and Sampling Duration

In this study the sampling frequency used during the data acquisitions was mainly
1000 Hz or higher. These sampling frequencies were satisfactorily greater than the
minimum frequency required by the Nyquist sampling theorem for no loss of infor-
mation, [50].

The duration of the sampling process varied from 1000 milliseconds to 2000 mil-
liseconds depending on the duration of slug motion history. Due to their high speeds

shorter slugs required shorter sampling durations than longer slugs.
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Figure 4.6: Pressure traces from transducers 1 and 2, L = 7 ft, P, = 40 psig

240.

200. +

160. —

120. +—

80.

40. -

0. —feeeeree

1 | | | 1 | | | |
—40. ! I T 1 1 1 S 1

0.66 0.67 0.68 0.69 0.70 0.71 0.72 0.73 0.74 0.75 0.76

TIME (secs)
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Figure 4.8: Pressure traces from transducers 1 and 2, L = 11 ft, P, = 40 psig

4.3.4 Experimental Uncertainty

It is recognized that the measurements performed in the experimental phase of the
present study are subject to some uncertainties. Uncertainty here is defined as the
statistical value that an error may assume for a given measurement and it may be due
to the calibration of the transducers used in the study, the data acquisition procedure,
and the way the data were reduced.

In the present study the pressure transducers were calibrated at the factory before
their use in the experiments. According to the manufacturer’s specifications both the
pressure transducers of the 111426 and 113A24 series used in the study have a linear
error of 2%. The linearity of the error means that the error remains constant at
the percentage associated with one of the tranducer series along the full operating
range of the transducer. For example, a reading of 100 kPa by a 111426 pressure
transducer with a linear error of 2%, would be in error of £2.0 kPa. In Appendix A,
Tables A.1 and A.2 give the error values and other properties for the data acquisition
transducers used in the experiments.

The second source of uncertainty in the recorded data was the A/D convertor. It
adds to the uncertainty when it converts an anolog signal to a digital format. The

combined uncertainty involved in pressure measurements from both the transducers
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and the A/D converter for the data acquisition system used in the present study is
+ 12.0 kPa for a 500 kPa reading at a gain of 1.0 according to Budny [19].

In addition to the above errors there are errors caused by the measurements of the
fluid and pipe properties. The 2-inch-dia. PVC pipe was bought from AIN Plastics,
Inc. The catalog obtained from this company gave a variance of the outside diameter
as 2.375 £ .006 in. The average inside diameter was listed as 2.047 in. and the
minimum wall thickness, 0.154 in.

The standard deviations of the recorded peak pressures and the slug arrival times
may, to some extent, indicate the degree of the randomness in the phenomenon. The
computed standard deviations for those data are shown in Table 5.1 of Chapter 5.
The data in the table imply the variable nature of the physical phenomenon under
consideration. Especially for the short slugs the deviation from the mean value of the
repeated experiments is relatively high. The stochastic nature of the slug dynamics
was pointed out by other researchers, Block et al. [2], and Dukler et al. [21].

Moreover, in the experiments one of the factors that would have an effect of some
degree on the results was the opening of the ball valve by hand. As it is impossible to
open the valve exactly in the same manner in each run, the valve opening may have

had , though insignificant, some level of effect on the results.



Chapter 5

RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents the results of both experiments and numerical simulations with
their discussion and comparisons to other researchers’ studies.

The experiments were performed to better understand the complex hydrodynam-
ics of an individual slug motion in an empty pipe line and forces inflicted on a down-
stream elbow by the slug impact as well as to validate the two analytical models
developed in the study.

The dimensionless parameters developed from the process of scaling the governing
equations of the problem in Chapter 3 will be used in presenting the results.

Moreover, to answer questions like “Does the slug keep its integrity during its
motion?” or “ What does the front face of the slug look like when in motion ?”, it was
necessary to visualize the accelerating slug. Satisfactory answers to these questions
will help better understand the slug flow and enable one to deduce more reliable
physical conclusions based on qualitative analysis of visualization undertakings. A
high speed motion picture camera was used in an attempt to capture the slug motion.
The results of the flow visualizations will be presented in this chapter.

One of the parameters varied in the experiments was the initial slug length. Five
different initial slug lengths ranging from 4 ft to 11 ft were used. The slug lengths of 4
and 5 ft were considered short slugs, the 7-ft-long slug was considered as a medium size
slug and finally 9 and 11 ft slugs were classified as long slugs. The second parameter
varied in the experiments was the initial upstream air pressure used to propel the
slug in the empty pipe. The air pressures of 10, 20, 30, and 40 psi were used
for most slugs. Figure 5.1 shows the pressure variation versus time in the upstream
reservoir for those initial pressures. Experimental runs were repeated at least eight to
ten times for each slug length in the above categories under the same initial upstream

air pressure to determine the level of repeatability in the measurements.
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Figure 5.1: Pressure variation in the upstream reservoir

5.2 Description of Experiments

The results of the experiments will be presented under each category, namely; long,

medium, and short slugs.

5.2.1 Long Slugs

The long slugs used in the experiments were 9 ft and 11 ft in length. These slugs
travelled 3.44 and 2.82 times their initial lengths respectively, before their impact on
the elbow located 31 ft downstream of the valve. The 11-foot-long slugs were driven
by initial upstream pressures of 10, 20, 30, and 40 psig. The 9-foot-long slugs were
driven by initial upstream pressures of 10 and 20 psig. For each slug at a given initial
upstream pressure tests were repeated at least eight times.

Typical pressure traces recorded at the downstream elbow for long slugs are shown
in Figures 5.2 through 5.7. Each pressure trace is associated with a different initial
upstream pressure used for that particular experiment run.

In all cases the pressure traces start from zero and stay at zero for some time,
indicating that the slug has not yet reached the elbow. Then, a sudden jump is

observed in the pressure traces as the slug impacts on the elbow. This is the first
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Figure 5.2: Pressure-time history at the elbow, Po = 10 psigand L =11 ft.
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peak in the figures. This peak, having a very short pulse, starts decaying quickly. By
the time it decreases to about 50% of its initial magnitude, the second peak sharply
emerges with its much higher magnitude. The second peak pulse lasts about twice as
long as does the first peak pulse. Then, it drops down with a steep slope, followed by
a gradually decreasing tail. The two-peak pressure-time history at the elbow was the
main feature of the long slugs as well as the medium slugs. This phenomenon will be
discussed in Section 5.9.

Some data of importance for all of the slug categories are listed in Table 5.1
showing the average magnitudes of the first and second peak pressures, Py;.,¢ and
P,.cona and standard deviations from these peaks; average times t; and ¢, at which
Ptirer and P,.cong occur at the elbow and the standard deviations of these times, and
the time interval between the two peaks, AT =t; — t,.

Table 5.1: Average peak pressures and occurrence times, for all slugs

Slug Init. Avg. Avg. Avg. Avg. Avg.
length | U/S press. | 1* peaks | 2™ peaks | occ. time occ. time AT
L Po Pfint Psecond 4 19} (tl - t2)
(t) (psig) (psig) (psig) (sec) (sec) (msec)

11 10 38+4 657 |1.177+£.022 | 1.191 +.023 14
11 20 63 +14 124 £ 8 | 0.834 £+ .009 | 0.845 £ .009 11
11 30 104 £42 | 171 +12 [ 0.683 £ .009 | 0.695 £ .008 12
11 40 126 £ 40 | 207 +£16 [ 0.599 £ .004 | 0.610 £ .003 11

9 10 56 £ 11 71+6 | 1.021+.03 | 1.031 £+ .03 10

9 20 78 £ 16 131+5 |[0.726 +.012 | 0.736 £+ .012 10

7 10 96 £ 17 79+9 [0.888+.024 | 0.897 £+ .028 9

7 20 135+ 35 | 151 +18 [ 0.654 + .019 { 0.663 + .019 9

7 30 139 £ 27 | 222 + 41 | 0.546 £+ .009 | 0.557 + .009 11

7 40 173+ 32 | 264 +31 | 0.475+.007 | 0.484 +.007 9

5 10 28+6 - 0.673 + .018 - -

5 20 131 £ 48 - 0.524 + .009 - -

4 10 49+14 - 0.708 £ .045 - -

4 20 137 £ 62 - 0.539 +.039 - -

4 30 142 £ 31 - 0.426 + .024 - -

4 40 217 £119 - 0.420 + .028 - -
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Figure 5.8: Pressure-time history at the elbow, Po =10 psigand L =7 ft.

5.2.2 Medium Slugs

The 7-foot-long slugs are classified medium-length slugs in this study. These slugs
traveled 4.43 times their initial length before reaching and impacting on the elbow.
They were propelled into the empty piping by initial upstream air pressures of 10,
20, 30 and 40 psig. For each of these initial pressures, experiments were repeated at
least ten times for this particular group of slugs.

Typical pressure traces recorded at the elbow for 7-ft-long slugs are shown in
Figures 5.8 to 5.11. Again, each pressure trace is associated with a different initial
upstream pressure used for that particular experiment run.  Under the low initial
upstream pressures, namely 10 and 20 psig the first peaks, in general, were observed
to be higher than the second peaks and occasionally to be about the same. There were
only two cases where the second peaks were larger than the first peaks. However, the
overall trend at the initial pressures of 10 and 20 psig followed the behaviour described
above and shown in Figures 5.8 and 5.9.

Figures 5.10 and 5.11 represent typical recorded pressure traces for 7-ft-long slugs
at the initial pressures of 30 and 40 psig respectively. As was the case with long slugs,
the first pressure peak is lower than the second pressure peak and the second peak

has a much longer duration than that of the first peak.



59

200.
= 180. 4+
(/]
2 160. +
(1] 140. +
£ 120 4
o 100. 4+
17}
x 80. +
D_ .
60. —+
2 40 +
5 .
E 20. + J
> 0.
~20. —
0.640 0.645 0.650 0.655 0.660 0.665 0.67C

TIME (secs)

Figure 5.9: Pressure-time history at the elbow, Po =20 psigand L =7 ft.
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Figure 5.10: Pressure-time history at the elbow, Po = 30 psigand L =T ft.
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Figure 5.11: Pressure-time history at the elbow, Po = 40 psigand L =7 ft.

5.2.3 Short Slugs

The short slugs were 4- and 5-ft-long. They travelled 7.75 and 6.20 times their initial
lengths respectively, before impacting on the elbow. The initial upstream pressures
used to drive the slugs were varied from 10 to 40 psig. The pressure time histories
recorded at the elbow at the initial upstream pressure of 10 psig were low in magnitude
and erratic in shape, see Figure 5.12. There was no one particular peak standing out
among the others. This was the case for both 4 and 5-ft-long slugs. For initial
pressures of 15 psig and higher this feature disappeared. In fact, the most notable
characteristic of the short slugs was the tendency toward one-single-peak followed by
a wavy tail. The magnitudes of the peaks varied with the initial upstream pressures
set in the air tank. Figures 5.13 to 5.17 show the typical pressure-time histories

recorded at the elbow for the short slugs.
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Figure 5.14: Pressure-time history at the elbow, Po =15 psigand L =4 ft.

280.
240.
200.
160.
120.

80.

40.

l[ﬁlllllT[lll

L

N U DU B U ST

DYNAMIC PRESSURE (psi)

_ L | [ A | l s
40. | I | 1 j 1 I

0.530 0.535 0.540 0.545 0.550 0.555 0.560 0.565 0.570
TIME (secs)

Figure 5.15: Pressure-time history at the elbow, Po = 20 psigand L =4 ft.



63

200.
180. +
160.
140.
120. +
100. +

DYNAMIC PRESSURE (psi)

-20 1 | | | i

. | ! 1 | 1

0.40 0.41 0.42 0.43 0.44 0.45 0.46
TIME (secs)
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5.3 Normalized Pressures vs. Normalized Travel

Distance

The range of the peak pressures recorded at the elbow for all slugs propelled by initial
upstream pressures ranging from 10 psig to 40 psig are presented in a convenient form
in Figures 5.18 and 5.19. These figures show the relationship between normalized
peak pressures and normalized travel distances. The peak pressures were normalized
by the initial upstream reservoir pressures, Po. The distance that all of the slugs
travelled between the upstream ball valve and the downstream elbow was fixed at
31 ft (9.45 m) long. This distance was normalized by dividing it by the initial
lengths of the slugs, L. Therefore, the x-axis in Figures 5.18 and 5.19 signifies
how many times a slug would have to travel its initial length before reaching and
impacting on the downstream elbow. Because the initial slug lengths used in this
study were 4,5,7,9, and 11 ft, the vertical lines showing the range of normalized
peak pressure variations are located at the corresponding z/L values of (31/4) = 7.75,
(31/5) = 6.20, (31/7) = 4.43, (31/9) = 3.44, and (31/11) = 2.82. The normalized
peak pressures in Figure 5.18 are those of first peak pressures while normalized peak
pressures in Figure 5.19 are those of second peak pressures except for the short
slugs. Because short slugs in general display one peak, both figures have the same
data at z/L > 5. On each vertical line the circle indicates the overall mean value
of normalized peak pressures for the slug. The standard deviation from this mean
value is also shown by the intermediate dashes above and below the mean, the top
and bottom dashes delineate extreme values. As seen in Figures 5.18 and 5.19, the
standard deviation from the mean tends to increase as the slug length decreases. The
extremes of the data also increases with the decreasing initial slug lengths; the longer
the slug the smaller the range of peak pressure variation.

Although Figures 5.18 and 5.19 have data of different extremes for long and
medium slugs, they both show the following similar trend. As the initial slug length
is reduced the mean value of the peak pressures recorded at the elbow increases. This
trend is especially evident for /L between 2 and 5, which represents the region of
long and medium slugs. One possible explanation is that as the initial lengths of the
slugs become smaller their masses likewise are smaller which, in turn, allow them to

accelerate at a higher rate. Thus, faster moving slugs inflict higher peak pressures
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on the elbow. This explanation may be valid for the region 2 < z/L < 5 but not
for the entire range, since at /L > 6 smaller mean values are observed. This is the
region for very short slugs. This may appear to contradict the preceding explanation
that the slugs inflict higher peaks on the elbow when their lengths become smaller.
However, it is known that very short slugs have to travel longer relative distances in
the pipe, and this makes them prone to the effect of air entrainment from both ends.
This, in turn, causes the slugs to have reduced densities, and thus relatively smaller

pressure peaks at the elbow. Next section will discuss this effect further.

5.4 Slug Interface Instability

There are at least two mechanisms by which the slug stability may be affected. They
are: 1) Helmholtz instability (also called Kelvin-Helmholtz instability), and 2) Taylor
instability (also called Rayleigh-Taylor instability).

The first mechanism pertains to adjacent fluid streams having different densities,
moving at different velocities parallel to the interface of the fluids. (In the present
study the two fluids are air and water). If the relative velocity on the interface (i.e.
slip velocity) of these fluids exceeds some threshold value (which can be estimated)
the interface between the fluids becomes linearly unstable, leading to the growth of
small perturbations into finite-amplitude waves. The waves generated can eventually
block the cross-section of the pipe and give rise to a slug formation [56]. Once a slug
is formed in the pipe then the potential exists for trouble. So the first mechanism
can be considered as a potential source in generating slugs in piping systems where
stratified two-phase flow exists. In the present study the slug formation was initially
assured using the SGP’s of desired length and thus this instability mechanism was
not of concern and it is presented here for completeness.

The second instability mechanism, the Taylor instability, is again related to fluids
with unequal densities, this time undergoing an acceleration, in a direction normal
to the interface between fluids [37, 39]. Unlike the Helmholtz instability, the Taylor
instability mechanism is controlled by the acceleration and does not have to grow
from infinitesimal perturbation. This instability, when it occurs at the slug interface,
is known to be the mechanism which breaks up the interface between the fluids. It is
more likely to occur when the acceleration of the liquid slug is very strong. According
to Wang et al. [53] subsequent to the initial breakup by the Taylor instability, the slugs
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will be further subjected to the ordinary surface-tension-dominated jet instability
mechanism and break down even further, eventually to mist. Since the short slugs
have the highest accelerations it is natural to expect that they will be more prone
to this type of instability mechanism at the air-liquid interface, giving rise to the
air-entrainment or air penetration into the liquid body. This,in turn, reduces the slug
density considerably, if it does not disintegrate it. In the present study the duration
of the events for the short slugs was not long enough for them to be blown into mist
completely.

As to the long slugs, it is argued that the accelerations these slugs had were
not strong enough to initiate the Taylor instability mechanism. Therefore, these
slugs were not affected by the air-entrainment as severely as the short slugs. The
results presented in Section 5.12 justify this reasoning. Flow visualization under-
takings, which will be discussed next, will widen the understanding of the effect of

air-entrainment qualitatively.
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5.5 Flow Visualization

Visualization of the slug motion was undertaken primarily to extract qualitative in-
formation regarding the slug flow in a voided line and thus to obtain a better physical
understanding of the complex problem.

Specifically, attention was focused on two questions with regard to the slug be-

haviour in motion:

1) How does the liquid slug interact with the air when in motion?

2) Does the slug keep its body intact or does it disintegrate?

The first question stems from the fact that air entrainment is expected as the slug
accelerates into the empty pipe. It is desired to obtain some understanding on the
degree of air entrainment to which the slug is subjected during its motion. The degree
of air entrainment will have a mitigating effect on the impact forces at the downstream
elbow since air entrainment can decrease the slug density considerably thus result in
smaller loads. Because of this direct relationship between the impact loads created
at the elbow and the degree of air entrainment in the slug mass, it is important that
one have a good understanding of the mechanism by which air-liquid slug interaction
takes place at both ends of the slug. It is equally important to understand how the
degree of air entrainment changes with the slugs of various initial lengths and/or the
initial reservoir pressures that drive the slugs in the pipe.

The second question is concerned with the integrity of the slug since it is the
coherent slugs that cause troubles in the pipe systems. It is clear that very short
slugs can be blown to mist by the time they reach any pipe discontinuity if they are
to travel long distances. Even if they do not disintegrate, their mass may contain
substantial amount of gas which reduces the slug density. This in turn reduces the
loads imparted to the pipe discontinuities. As the driving force for a slug is the
pressurized air in the present study, there is the possibility that air will penetrate
the slug from the rear and if the driving pressure is large enough it can drive a hole
through the slug body. This sitituation most likely will occur when initial length of
the slug is very small or the slug has a long distance to travel in the pipe.

The above recognitions and expectations constitute the rationale for searching
satisfactory answers to the two questions stated at the outset. To do so, a flow

visualization technique was the only means in this study because the slugs moved very
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rapidly and their detailed structure remained invisible to the human eye. Among the
flow visualization devices employed in this study the one that gave the best results,

a high speed motion picture camera, will be discussed in the next section.

5.5.1 The High Speed Motion Picture Camera

A 16 mm high speed motion picture camera (LOCAM II) was used for the flow
visualization work. In this camera, exposure time for each film frame is established
by the camera’s operating speed and the shutter factor or shutter opening which is
adjusted by varying the angle of the shutter. A shutter angle of 30° and frame rate
of 400 frames/sec were selected to give the shortest exposure time possible with the
amount of light available. An f-stop of 2.2 was deemed to be proper under the light
provided by lamps which required 7500 W power. The type of the lamps used was
incandescent tungsten halogen. With the settings described above the shutter speed
obtained was 1/4800 second. This yielded a blur of 4 mm at a typical slug speed of
18 to 20 m/sec. The camera configuration is shown in Figure 5.20.
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5.5.2 Flow Visualization Results

Photographs in Figures 5.21 to 5.26 show a sequence of the events which will be
described below for a slug of 9-ft-long under initial reservoir pressure of 10 psig. The
top section in the figures is a reference ruler and the bottom section is the pipe in which
various features of the slug motion captured in the flow visualizations are displayed.v
In Figures 5.21 and 5.22 the front face of the slug captured at two consecutive frames
is shown. These figures clearly indicate that the shape of the leading edge of the slug
remains very much planar during its motion. Then, the first liquid mass is followed
by a misty region and the emergence of the second mass of the liquid in Figures 5.23
and 5.24 respectively. Figure 5.25 and 5.26 show the second mass after it advanced
several frames and the stratified two phase tail that follows it.

As the sequence of the events shown in the figures suggests; during its motion each
liquid slug of the long and medium slug categories breaks mainly into two masses in
a region close to the leading edge of the slug, which is the reason for the two pressure
spikes seen in the pressure traces recorded at the elbow during the impact. The
two pressure spikes, which were a common feature for long and medium slugs, were
explained further in Section 5.9. Of the two masses of water, the one in front appears
to be fully enclosing the pipe cross sectional area with some air entrainment. This
mass then is followed by a misty region that separates it from the second mass.
The second mass of water also appears to fully occupy the pipe cross-sectional area,
followed by a long air-entrained stratified two phase tail. The misty region that
separates the two pockets is clearly evident in the analysis of the films obtained from
the flow visualization work, see Figure 5.23. When the length of this misty region
is divided by the slug velocity at the instant prior to slug impact at the elbow, the
computed time is in approximate agreement with the time between the two spikes in
the pressure traces recorded at the elbow for that particular experimental run.

Overall the flow visualization undertaking achieved the goals described at the
outset. It reinforced the belief that the slug flow is a very complex phenomenon with
its stratified two-phase flow characteristics and its somewhat random nature. It was
also shown that the front face of the slug remained planar during its motion in the
empty pipe. The flow visualization results also helped better understand the double
peak phenomenon seen in the pressure traces recorded at the elbow for relatively long

slugs, which will be described in Section 5.9.
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Figure 5.21: Front face of the first liquid mass, 1** frame

Figure 5.22: Front face of the first liquid mass, 2™ frame
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Figure 5.23: Misty region separating the two liquid masses

Figure 5.24: Second mass of the liquid is emerging
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Figure 5.25: Second mass of the liquid in the next frame

Figure 5.26: Stratified two-phase tail following the second mass
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5.5.3 Flow patterns

The flow visualization undertakings, as manifested in Figures 5.21 through 5.26, re-
vealed different flow patterns as a liquid slug advanced in the empty pipe. During its
motion the liquid slug was subject to an air resistance. This resistance on the front
face of the slug is thought to have initiated a mixing mechanism between the liquid
front and the resisting air which may have led to the formation of eddy currents.
The eddy currents may have penetrated into the slug to some extent, carrying air
bubbles into the liquid slug. This may partly explain the misty region separating
the two liquid masses. However, it is also suspected that the liquid slug may have
been separated into two masses initially, subsequent to the opening of the ball valve.
This issue will be addressed further in Section 5.9. Both of the mechanisms may have
contributed to the formation of the misty region. The degree of the contribution from
these mechanisms to the formation of the misty region is unclear. Figure 5.27 shows
all of the flow patterns observed in the flow visualizations. The air entrained front
mass is followed by a misty region which separates the first mass from the second
liquid mass. This second mass is significantly long and displays stratified two phase
flow characteristics in its long tail. The Taylor instability mechanism is thought to
have played a major role in breaking up the rear end of the liquid slug, resulting in
bubbly two phase flow in the back of the second mass.

It should be noted that the above explanations, to a large degree, are speculative
in nature. Therefore, a further flow visualization analysis, especially just prior to and

subsequent to the opening of the upstream valve, is needed to substantiate them.



75

Ioonpsuer],

u1 papIoA & ut uonow 3nys y Jo swaned MOL] : /7' ISy

ssewr
ssew prnbiy 1501y uordar LSy pmbry puooag

IR

aoqrg

UORO Jo uopoang 4



76

5.6 Impulse vs. Normalized Travel Distance

The impulse at the elbow was determined for every data trial by computing the
product of the area under the pressure-time curve and the pipe cross-sectional area.

The recorded impulse I, is )
Le.=A / p(t)dt (5.1)

where p(t) is the pressure-time history recorded at the elbow, and A is the pipe cross
sectional area. The integral limits “a” and “b” are the starting and ending points on
the time axis of the pressure vs. time plots under which the area is to be computed.
See, for example the plots in Sections 5.2.1, 5.2.2 and 5.2.3. In order to compute the
impulses it was first necessary to determine those limits. The starting point “a” for
the integration was assumed to be the instant at which the slug reached the elbow.
The selection of the end point or the integral limit “b” was rather arbitrary since
in some cases the pressure dropped suddenly and other times it decreased gradually.
The criterion used was based on the observation that the most significant pulses
occurred within the first 100 milliseconds. Thus point “b” was chosen at the time
when the recorded magnitude of the impact pressure at the elbow dropped below the
initial upstream pressure; by this time the most significant pulses were seen to have
emerged and died down. This method of obtaining the integration limits was carried
out for all of the data trials in a consistent manner, with an exception for the short
slugs driven at the low initial upstream pressures. The reasoning for making this
exception will be explained later.

Figure 5.28 shows impulses for all of the data collected, correlated with the
normalized travel distance, /L. When looking at this figure it is important to
remember that there are two factors influencing the magnitude of the impulses. One
factor is the duration for which pressure is acting on the elbow, that is the slug
passage time necessary for the slug to enter end exit completely through the elbow.
The other factor is the magnitude of pressure pulses exerted on the elbow. Long slugs
naturally have longer slug passage times as opposed to short slugs while very short
slugs inflict higher pressure peaks on the elbow than very long slugs.

In the region of long slugs and medium slugs (i.e. z/L < 5), and at high initial
upstream pressures of 30 and 40 psig the impulses appear to be decreasing with the
increasing relative travel distances. This is expected however, in light of the fact that

as the slugs travel longer distances, the more likely they are to disintegrate and lose
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Figure 5.28: Impulse vs. relative travel distance

their mass due to resisting shear forces on the pipe wall or become entrained with
air due to turbulence both at the front and at the back of the slug. All these effects
combined together result in reduced momentum, thus reduced impulse with increased
travel distances. Moreover, higher driving pressures propel the slugs faster causing a
shorter slug passage time at the elbow, which in turn reduces impulse. Under lower
initial pressures (i.e. 10 and 20 psig), with increasing travel distance first a decrease,
then an increase is observed in the impulse. Increased travel distances are associated
with short slugs. Short slugs have higher kinetic energies due to their faster speeds,
and as a result, they inflict higher pressures on the elbow. This causes increase in the

impulse despite the shortened slug passage times for short slugs.

5.7 Derived Impulse Time vs. Normalized Travel

Distance

The slug passage times through the elbow were derived from the recorded pressure-
time curves, hence the name derived impulse time will be used interchangeably.
Derivation of this time was based on the observation that most of the data recorded

at the elbow exhibited a triangular-like shape with a pressure peak as its apex. The
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Figure 5.29: Sketch for computing derived impulse time

slug passage time or derived impulse time was simply the base of the triangle, see
Figure 5.29. This way of deriving the impulse time was utilized before by Fenton
[43). In case of two distinct peaks rather than one, which was a common occurrence
for long slugs, the higher peak was used as the apex of the triangle under considera-
tion. Because the area of a triangle is one-half of the product of its height and base,

Equation 5.2 gives the derived impulse time, t;m, as follows:

time = (22) (5:2)

where I, is the recorded impulse at the elbow and was defined earlier in Equa-

tion 5.1. The parameter P is the recorded peak pressure at the elbow, and A is the
pipe cross sectional area.

Figure 5.30 shows the relationship between the average derived impulse time and
the relative travel distance for all of the test conditions. Most of the derived impulse
time was found to be less than 80 milliseconds, which is evident in the raw data plots
of recorded pressures at the elbow, see Figures 5.2 through 5.17. The general trend
in the range between /L = 2 and z/L = 5 is a decrease in the derived impulse time
with increasing relative travel distance. Because increasing relative distance implies

decreasing initial slug lengths, the decrease in the impulse time makes sense. To be
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Figure 5.30: Impulse time vs. relative travel distance

more specific; the shorter the initial slug lengths become, the longer the distance the
slugs have to travel and the more likely they are to lose significant amount of their
initial mass during motion prior to the impact at the elbow. The loss of the mass,
also called holdup, is due to the resistance to the slug motion by the shear forces on
the pipe wall and the turbulence effects. Consequently, having experienced a mass
loss, slugs can attain high speeds which result in shorter slug passage times at the
elbow. However, contrary to this statement, for the short slugs of 5-ft-length at z/L
= 6.2 in Figure 5.30, a clear increase is noted in the impulse time, especially for the
lowest initial upstream pressure of 10 psig. At this pressure the average slug passage
time reached a value of 95 milliseconds. For the shortest slugs (i.e. 4-ft slugs at z/L
= 7.75) one still sees an increase in the impulse time for all initial upstream pressures.
This is explained below.

As was mentioned in Section 5.2.3 at an initial upstream pressure of 10 psig,
the short slug pressure wave form did not have a distinct peak but instead had a
wavy nature and the main characteristic of the short slugs at higher initial upstream
pressures was that it ended with a long wavy tail. These features required choosing
integration limits with a larger range in order to include significant pulses and more

accurately compute the recorded impulse values in short slugs. This exception in
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choosing the integral limits led to relatively higher impulses (see Figure 5.28) in
this category and resulted in higher derived impulse times which are computed by
Equation 5.2. '

5.8 Slug Arrival Time vs. Normalized Travel

Distance

The slug arrival time t,,¢ is the time that elapses between the instant at which slug
starts its motion in the pipe and when the first pressure peak is recorded at the elbow.
The recording of this time is started as soon as the valve handle is moved and activates
the attached accelerometer. It should be noted that the valve at the downstream end
of the SGP is the only obstacle to the slug which is under a preset pressure. The
average slug arrival times obtained for all conditions are shown in Figure 5.31. Each
point in Figure 5.31a represents the average of 8 to 10 slug arrival times recorded
from the repeated tests of the slugs of the same length, at a given initial upstream
pressure.

It is expected that the slugs arrive at the elbow more quickly as their initial lengths
are reduced. However, the arrival times of 4-ft-slugs (z/L = 7.75) appear to be longer
than those of 5-ft-slugs (z/L = 6.20) at the initial upstream pressures of 10 and 20
psig. In reality this should not be the case. It is suspected that slack play in the valve
handle may have caused this slightly longer arrival times. The time lost to sweep the
slack may account for the extra time added to the slug arrival times of the 4-ft-slugs.

Shown in Figure 5.31b, is the normalized slug arrival times vs. normalized travel
distance. The slug arrival times obtained for a particular slug length under an initial
upstream pressure were normalized by the averaged slug arrival time of the repeated
tests. This was done for the entire test conditions. The vertical lines show the
extremes of the averaged slug arrival times for each slug. Ideally, the mean value of
these lines should be close to one and the deviation from one as small as possible.
This expectation to a large degree is satisfied for long and medium slugs and short
slugs of 5-ft-length. The short slugs of 4-ft-length display the largest deviation from

unity, which indicates the more stochastic nature of those short slugs.
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Ball Valve

Figure 5.32: The transducer location on slug generator pipe

5.9 Double Peak Phenomenon

The occurrence of two distinct peaks in the pressure-time traces recorded at the
elbow was a main feature of the long and medium slugs, which is believed to be
a consequence of two slug masses impinging on the elbow. The evidence for the
presence of the two slug masses was also detected in the flow visualization work. In
an attempt to find the cause of this phenomenon, a pressure transducer was mounted
on the SGP, see Figure 5.32. The idea was to monitor the pressure variation in the
slug to see if there was a drastic change in the magnitude of the pressure which may
potentially cause a portion of the slug to separate from the main body of the slug.
Eight tests were carried out with 9 ft slugs under initial upstream pressures of 10
and 20 psig. The typical pressure variation in the slugs as they were exiting from
the SGP and the impact pressures at the elbow inflicted by these slugs are shown
in Figures 5.33 to 5.34. It is seen that the pressure in the slug drops significantly
as soon as the valve is opened. Subsequent to this sudden pressure drop within the
first 50 milliseconds the pressure starts rising again and reaches a magnitude close
to the initial upstream pressure at the instant the main slug body is cleared through

the valve. This is manifested as a near vertical jump in the pressure traces shown
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in graph a) of Figures 5.33 and Figure 5.34. The expanded pressure traces shown
in graph b) of the same figures indicate that what is taking place is a short lived
water hammer event. As the valve is opened quickly a decompression wave moves
upstream and is reflected as a compression wave from the upstream reservoir. This
wave motion completes its cycles in 4L/C seconds. Here L is the slug length and C
is the wave speed, computed to be 494 m/sec for the PVC pipe used in the study. In
computing the wave speed Equation 5.3 was used.

K
C=\17K (5.3)

Where,

E = Young’s modulus for the pipe material = 3.5X10° Pa

K = Bulk modulus of elasticity for fluid = 2.2X10° Pa

p = The fluid density = 998.2 kg/m3

D = The inside pipe diameter = 2.047 inch

e = The pipe wall thickness = 0.160 inch -

The complete cycle time or the period of the waterhammer is obtained by Equation

5.4.
4L

T= ol (5.4)
For a slug length of 9 ft (2.74 m), T = 0.022 sec. A spectral analysis of the
pressure-time history recorded at the SGP was performed to determine the
frequency of the waterhammer event. The average first harmonic was found to be
about f = 40 Hz. This can be used to check the period computed above using
Equation 5.5.

1
T=5 (5.5)

Equation 5.5 yields T = 0.025 sec. The two periods computed are very close and
this verifies the fact that waterhammer is taking place. The actual wave speed in the

system also can be computed using this frequency as shown below;
C =4Lf = 4(2.74)(40) = 438 m/sec. (5.6)
The actual wave speed is 11% less than the one computed by Equation 5.3.

The sequence of the events that give rise to the double peak pressure occurrence

at the downstream elbow for long and medium slugs is summarized as follows. The
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quick opening of the valve at the upstream section initiates a short lived waterhammer
which causes the pressure to drop in the liquid slug as the low pressure wave generated
by the opening of the valve moves upstream towards the air tank. This is suspected
to cause a portion of the slug to separate from the main body of the slug and to
move in the pipe individually, separated from the rest of the slug by a misty region
of a short length. These features were detected in the flow visualization analysis in
Section 5.5. One may wonder why this phenomenon is not observed in short slugs. It
is suspected that by the time the waterhammer wave can complete its whole cycle the
liquid body of the slug is cleared through the valve due to their shorter lengths and
faster speeds. Therefore, the whole effect of the waterhammer may not be inflicted
on the short slugs to cause a rupture on their masses.

The numerical simulation results will be discussed and compared to the experi-

mental results in the next sections.

5.10 Comparison of the Analytical Models

Two analytical models were developed in the present study to predict the slug dy-
namics. They are the simple model or Model 1 and the advanced model or Model
2. Figures 5.35 and 5.36 show the normalized peak pressures at the elbow versus
the relative travel distance z/L for six holdup rates ranging from no holdup to 5%
holdup, computed by the simple and advanced model respectively. Each curve in the
figures is associated with a holdup rate. As the holdup rate is increased, the peak
pressures predicted at the elbow also increase. The rate of increase is much higher
for the short slugs (z/L > 5) than the long and medium size slugs (z/L < 5). This
is expected since a higher holdup rate implies a larger mass loss from a slug and
this, in turn, causes the slug to accelerate at a higher rate, giving rise to larger peak
pressures to be predicted at the elbow. A quick comparison of the two figures reveals
that the predictions of the peak pressures at the elbow from both of the models are
very close indeed. This implies that the assumption that “the driving pressure behind
the slug varies at the same rate and magnitude as the upstream reservoir pressure” is
a reasonable assumption and does not lead to any significant deviation in the results
of the simple model. In other words %% in the gas column behind the slug is nearly

constant and its magnitude very small during the slug motion.
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Figure 5.37: Scaled slug velocity vs. scaled time

5.11 Scaled Numerical Simulation Results

In Figures 5.37 through 5.39 numerical simulation results obtained from the advanced
model for all of the test conditions and slugs used are presented in terms of the scaled
variables. The scale factors used to scale the dimensional variables such as slug
velocity U, slug length L, slug position x, and time t are provided below.
Lo P o 2D (1 - A.)
=717 Uo=y— L= ——F——,
U, p f

The holdup coefficient o is .95, that is 5% holdup was assumed in the numerical

to PO

simulations. The qualitative observations of the liquid left in the pipe after each
run justified the use of this holdup rate. However, it is recognized that even under
the same initial reservoir pressure the amount of mass loss for each slug may vary
somewhat. Nevertheless, as will be demonstrated in the following sections 5% holdup
estimate appears to be reasonable for the rate at which a slug loses its mass during
its motion in the empty pipe. With this holdup rate the analytical models seem to
predict the slug dynamics more closely. The friction factor f used in the study was
obtained to be 0.013 from the Moody diagram assuming a smooth pipe and a fully
developed turbulent flow.
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Figure 5.40: Coordinate system used for the slug position

The vertical lines drawn for each curve signifies the instant at which the slug
arrived at the elbow. As expected, the shorter slugs reach the elbow more quickly than
the long slugs. The horizontal lines point out the scaled impact velocity, slug length
and slug position at the instant the slug reaches the elbow as shown in Figures 5.37,
5.38, and 5.39 respectively.

Figure 5.37 shows the scaled slug velocity vs. the scaled time for all of the slugs
used in the study. It is obvious that short slugs accelerate much more quickly than
long slugs due to their smaller masses and attain much higher speeds. For instance
the 4-ft-long slug impacts at the elbow with a velocity that is about three times
greater than that of the 11-ft-long slug.

Figure 5.38 shows the scaled slug length vs. the scaled time. This figure indicates
that short slugs lose more of their initial legth (i.e. mass) than long slugs by the time
they reach the elbow.

Figure 5.39 exhibits the scaled time history of the scaled slug position. One would
expect that at the elbow all of the slugs regardless of their initial length would have
the same position. The reason why that is not the case here is due to the coordinate
system chosen to keep track of the front face of the slug. The coordinate system is

shown in Figure 5.40. If one subtracts from the curves the scaled initial length of
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each slug at the beginning of the time axis, one can force all of the horizontal lines
to fall in one line verifying, that the front face of each slug starts at the same point
and travels the same distance when it reaches the elbow.

The scaled graphs in Figures 5.37 through 5.39 can be used independently in
different studies satisfying the similarity criteria and the boundary conditions of the
present study to estimate variables such as slug velocity U, slug arrival time ¢, slug
length L, and slug position x. The next section will compare the analytical model

results with those of the experiments.

5.12 Comparison of the Peak Pressures at the
Elbow

This section will compare the peak pressures predicted at the elbow by the analytical
model to those recorded in the experiments. Figures 5.41 and 5.42 show the normal-
ized peak pressures of the experiments and of the analytical model versus the relative
travel distance. The initial reservoir pressure P, was used to normalize the peak
pressures. Each vertical line shows the experimental data range for a particular slug
for all of the experimental conditions. The overall mean value of the data collected
for each slug is denoted by a circle on the vertical line. Shown on each vertical line
are also the standard deviations from the overall mean. The only difference between
Figures 5.41 and 5.42 is that Figure 5.42 does not include the driving pressure P, in
the computations of the peak pressure at the elbow. The numerical simulation data
are presented with six curves each associated with a different holdup rate. Figure 5.41
shows that with the holdup coefficients of 3% to 5% the peak pressures predicted by
numerical simulations yield an excellent agreement with the experimental data mean
values, especially for the long and medium slugs. As to the short slugs: although
some numerical simulation curves pass through the experimental data range of these
slugs the overall mean values fall below the no holdup curve. It has been observed
that the short slugs are subject to much more air entrainment than the long slugs.
As a result, the densities of the short slugs are greatly reduced by air entrainment,
leading to smaller impact pressures than predicted by the analytical model. Since the

air entrainment is not accounted for in the model, it tends to overestimate the peak
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pressures at the elbow especially for the short slugs. Hence the results of the analyti-
cal model for short slugs are on the conservative side. Figure 5.41 also shows that the
upper end of the experimental data range for long and medium slugs may reach peak
pressures that may be twice as high as those predicted with 5% holdup. This may
indicate the variable nature of the slug flows. Although most of the peak pressures
recorded fall in a relatively narrow range about the overall mean, one should not
be surprised by unusually higher peaks occasionally observed when the phenomenon
displays, to some extent, its random nature. This somewhat stochastic nature of the
slug flows has been pointed out before by other researchers. Among them are Block
et al. [2], and Dukler et al. [21].

Figure 5.42, as expected, shows that experimental mean values are above the curve
of the highest holdup rate used in the simulations (i.e. 5%) since the driving pressure
P, was not included in the computations of the peak pressures. In this figure the
only contribution to the peak pressures comes from the pressure resulting from the
momentum transfer in changing the fluid direction around the elbow (i.e. pU?). If
one compares Figures 5.41 and 5.42 one observes that the effect of adding the driving
pressure P; in computing the peak pressures at the elbow is more significant for the
long and medium slugs than the short slugs. Since the pU? term at the elbow for
short slugs is significantly higher than the driving pressure P, neglecting it does not
substantially affect the results for those slugs. However, the same cannot be said for
the long and medium slugs for which the the pU? terms are relatively small compared
to the short slugs.

5.13 Normalized Force at the Elbow

Figures 5.43a and 5.43b show the ratio of the experimental peak pressures to the
predicted peak pressures, F'* vs. the relative travel distance, /L for 5% holdup and
no holdup cases respectively. This peak pressure ratio can be thought of as the force
ratio since both the recorded and the computed peak pressures act on the same pipe
cross sectional area. Ideally this ratio should be unity. Figure 5.43a indicates that
the mean values for the long and medium slugs approach unity with small standard
deviations. The mean values of the short slugs fall below the unity, implying that
the analytical model overestimates peak pressures at the elbow for short slugs. If the

analytical model accounted for the air entrainment, which is a mitigating factor since
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it reduces the liquid density and hence results in smaller peak pressures, the mean
value of the normalized force ratios for each slug would move up higher than shown
in Figure 5.43a. The density reduction effect by the air entrainment is a function of
many parameters such as the initial reservoir pressure, the initial slug mass, the travel
distance in the pipe, the pipe diameter, the duration of the event, and the bubbly
mixture dynamics. Therefore, it is a difficult task to accurately predict the degree of
the air entrainment taking place in the slug motion. As a result, it is uncertain how
much of a role the air entrainment, which exists in the experiments but not accounted
for in the equations, plays in the magnitudes of the peak pressures at the elbow.

Figure 5.43b indicates that when no holdup (i.e. no mass loss from the slug)
is assumed in the analytical model the peaks are underestimated for the long and
medium slugs. On the other hand, this assumption brings up the mean values of the
normalized force ratios for the short slugs closer to the unity. A probable implication
of this may be that the no holdup assumption works to compensate the density
reduction caused by the air entrainment which is not accounted for in the analytical
model. However, even if this is true, it is clear that the no holdup assumption does
not offset the air entrainment effect for all slugs in the same manner since its effect
varies with many parameters mentioned above.

Figure 5.44a and 5.44b are basically comparing the same parameters as discussed
above, with the only exception that the peak pressures computed do not include the
driving pressure P;. Similar arguments made above can be made here, too. More-
over, these figures again indicate that the inclusion of the driving pressure especially

matters for the long and medium slugs.

5.14 Normalized Impulse at the Elbow

Figure 5.45 shows the normalized impulses at the elbow versus the relative travel
distance, z/L. For each experimental run, the so-called recorded impulse is computed
using Equation 5.1 based on the recorded pressure pulses at the elbow. Next, for each
slug category and initial upstream reservoir pressure, an overall average impulse I,,,
is computed by making use of those recorded impulses. Then, each I,,, value is
normalized by dividing it by the corresponding analytical model impulse, I,,. Note
here that this impulse is based on the assumption of 5% holdup and is obtained
by computing the product of the area under the predicted pressure-time history at
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Figure 5.45: Normalized impulse vs. relative travel distance

the elbow and the pipe cross sectional area. Figures 5.46, 5.47, and 5.48 show the
predicted pressure-time histories at the elbow for slugs of 4, 7, and 9 ft length for
initial reservoir pressure of 20 psig. The pressure-time history computation is started
at the instant the slug reaches the elbow and ceased when it completely exits from
the elbow.

Ideally the normalized impulse I* is expected to be around the unity. However,
Figure 5.45 shows that for all of the data range I* values lie below the value of
.80. This is especially notable at low initial reservoir pressures (i.e. 10 and 20 psig)
in the region of long and medium slugs (i.e. z/L < 5). This indicates that the
analytical model overestimates the impulses at the elbow to some degree. However,
this is expected because the I,,, values are based on the recorded impulses, which are
computed from the recorded pressure pulses with arbitrarily chosen integral limits,
see Section 5.6. Since this computation, unlike the analytical model, does not cover
the whole time duration that slug takes to enter and leave the elbow, it does not
consider some portion of the impulses. This, in turn,.reduces the I* values.

As the initial reservoir pressures are increased, an increase in the normalized
impulse is observed. The general trend after /L > 3 is that for all upstream pressures

the normalized impulse increases with increasing relative travel distance, z/L. In
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other words, as the initial slug length becomes smaller the analytical model predictions
for the impulse at the elbow approach the recorded ones. This is due to decreasing
impulse times which causes the analytical model to predict smaller impulses. As
will be shown in the next section the impulse times computed for the short slugs
are much smaller than the derived impulse times which are based on the recorded

pressure pulses.

5.15 Normalized Impulse Time at the Elbow

Figure 5.49 shows the normalized impulse time t* at the elbow versus the relative
travel distance z/L, again, for each upstream reservoir pressure and all of the slug
categories. In computing the normalized impulse time ¢*, the derived impulse times
timp Obtained by Equation 5.2 and the model impulse times ¢,, were used. The way
the derived impulse times were computed was explained in detail in Section 5.7. The
computed analytical model impulse time ¢,, is simply the time elapsed between the
slug arrival at the elbow and the slug departure from the elbow and is based on 5%

holdup in the simulations.

Ideally it is expected that t* values lie near unity. In the region of long and medium
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Figure 5.49: Normalized impulse time vs. relative travel distance

size slugs (i.e. /L < 5) this expectation is realized to a large degree, especially for
higher upstream pressures (i.e. 30 and 40 psig). However, in the region of short slugs
(i.e. z/L > 5), t* values are much higher than unity, especially for the shortest slugs
(i.e. 4-ft-long slugs at z/L = 7.75). It is suspected that this large deviation from unity
is primarily due to much smaller impulse times ¢,, computed by the analytical model
for these slugs rather than the way the derived impulse times t;,, were obtained.
This reasoning stems from the fact that the analytical model does not account for
the air entrainment which the short slugs are most subjected to. The air entrainment
especially at high pressures can greatly affect the integrity of a short slug, causing it to
shed small pockets of the liquid behind its main body before reaching the elbow and
hence result in a longer impulse time generated by the combined effect of these liquid
pockets. In fact, the raw data plots of the experiments for the short slugs exhibit a
long wavy tail which prolong the impulse time. Since these effects are not simulated
in the analytical model development, it tends to predict much shorter impulse times

for these slugs. As a result, one sees larger ¢t* values for the short slugs in Figure 5.49.
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5.16 Comparisons to Other Studies

In this section the data of the present study will be compared to other studies mainly
to Fenton’s study [43]. The dimensionless parameters that will be compared are:
normalized force at the elbow F'*, normalized impulse at the elbow I*, and normal-
ized impulse time at the elbow t*. The comparisons will cover all of the slugs and
experimental conditions used in the study. The following equations show how these

normalized parameters were obtained.

F* Fp t':fﬂ I* = Iavg

- F t T,

where F), is the peak measured force and directly obtained in Fenton’s study from the

measurements whereas in the present study it was indirectly obtained by F, = PA
in which P is the peak measured pressure and A is the pipe cross-sectional area; Fy,
is the predicted force at the elbow, t;m, is the derived time of slug passage, ¢, is the
predicted time of slug passage, I, is the impulse obtained from the average of I...

values for a particular slug category, and finally I,, is the predicted impulse.

5.16.1 Comparison of Normalized Force at the Elbow

A comparison of the normalized forces at the elbow is made in Figure 5.50 between
Fenton’s data and the data from the present study The normalized force F* at the
elbow is plotted vs. the dimensionless variable D* used by Fenton. He termed it the
dispersion distance and is defined as the ratio of the distance between the upstream
end of the liquid slug and the elbow, z, to the initial slug length, L. It is not much
different from the dimensionless parameter z/L used in the present study except that
z is measured from the downstream end of the slug in the present study.

In Figure 5.50 Fenton’s data (the solid lines) and the data from the present study
(the dashed lines) obtained with 5% holdup are shown. It should be noted here
that Fenton assumed a coherent liquid slug without any mass loss (i.e. no holdup).
Both Fenton’s study and the present study did not account for the air entrainment.
The force data in Fenton’s study are normalized by the momentum force only (i.e.
F,n = pU?A) whereas in the present study F,, also includes the driving pressure
force (i.e. F,, = LA+ pU%A). Fenton did not include the driving pressure force in
computing the forces at the elbow due to the elbow configuration in his experimental

facility. Since the elbow in his experimental facility was immediately open to the
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Figure 5.50: Normalized force vs. dispersion distance

atmosphere (see Figure 2.5) he argued that the pressure difference between a point in
liquid slug in the vicinity of the elbow and the exit of the elbow was not significant.
However, in the present study the elbow was attached to a pipe segment through
which the liquid exited into the atmosphere (see Figure 4.1) and hence the driving
pressure could not be neglected.

As seen in Figure 5.50 Fenton’s data slightly overestimate the forces at the elbow in
the region of D* < 5 and at greater dispersion rates (i.e. D* > 5) the overestimation
is much higher. Although the data range from the present study is much wider,
indicating a larger variation in the measured peak forces of the present study, the
mean values of the normalized forces of the present study (shown as circles on the
dashed lines) fall closely around unity in the region D* < 6 where relatively longer
slugs are present. At D* > 6 the measured forces in both studies drop drastically due

to the air entrainment whose effect is felt most at higher dispersion distances.
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5.16.2 Comparison of Normalized Impulse at the Elbow

Figures 5.51 and 5.52 show Fenton’s data and the data from the present study respec-
tively for normalized impulses at the elbow, I*, plotted versus the dispersion distance,
D-.

In Section 5.14 the normalized impulse computations and results of the present
study were explained in detail. The impulse values based on the experimental mea-
surements (i.e. I,,,;) were normalized by the model impulses (i.e. I,,). Therefore, the
value of the normalized impulse is strongly influenced by the way I,,, is obtained,
which requires arbitrary selection of the integral limits on the time axis of the recorded
pressure-time traces at the elbow, especially the ending point “b”, to compute the
area under pressure-time traces (i.e. p(t)).

Fenton chose the location of “b” by simply including all the pulses of pressure-
time trace one-half second after the slug impact at the elbow. On the other hand in

”

the present study “b” was located at the location where the tail of the pressure-time
trace dropped to a level close to the initial reservoir pressure. This way of locating
“b” resulted in smaller I,,, values in the present study compared to those Fenton
obtained, since the location of “b” in the present study fell considerably earlier on
the time axis. This difference between the two studies in selecting the location of the
ending point “b” explains why the present study seems to overestimate the impulses

at the elbow.

5.16.3 Comparison of Normalized Impulse Time
at the Elbow

The normalized impulse time at the elbow, t*, versus the dispersion distance, D*, are
shown in Figures 5.53 and 5.54. The data from both of the studies seem to scatter
most in this case. The present study appears to approximate the impulse times better
in the region where D* < 6. But, at D* > 6 where relatively short slugs are present,
the prediction of the impulse time is greatly weakened. However, this is expected
since the short slugs are subjected to air entrainment more than the other slugs and
the air entrainment plays a major role in prolonging the impulse time recorded at the
elbow, see Section 5.15. There are not enough data in this region in Fenton’s study
to allow a reasonable comparison. By the same token, the present study lacks data

in the region where D* < 3.



104

3
[ e 92 £/s
r = 76 £/s (11 ft)
[ + 68 {/s
° i a 92t/
a g o 76 {/s (8 ft)
3 [ o 88 {/s
[-% o
g 2
- [
= [
[ -
1 -
gL a 4
T T T TN
= [ + + « 9 x « \
- ’ \
- \\\.
: [ ] \\.
i x
ownn.l.........l,..ll.-.n
0 2 4 6 8 10

D* (length travelled/slug length)

Frgure 5.51: Normalized impulse vs. dispersion distance, Fenton [{3]

3-JIT'IIIITIT lllIl'll‘ll!l'lllllllll_lTTTTl_l"llllITI
1 o Po=10psig ]
4 © Po=20psig =
— ] o Po=30psig ]
Q . - H -
“ ] ® Po=40psig ]
o j §
Q 5] h
E 7 :
o ] ]
) ] ]
N - ]
—6 - -
E ] .
| - 1 -l —
(@) < .
£ ] )
N ] ' . ° 8 ]
— ~ o o [ 1
: o 8 5
- o -
J 4
0 Tryrrrvruyyw l LI ' TyrrTrTvieauyyg I LRI ' TrvVITIrTvuyauy
0 2 4 6 8 10

D* (length travelied/slug length)

Figure 5.52: Normalized impulse vs. dispersion distance, Present study



105

‘-
o e 92 /8
- !76{/3(11“)
. s + 68 /s
C a 92 t/s
3k a 75 t/s (8 ft)
- - o o 58 f/s
E ¢
-l 3
- o
[ ] 3
E 2r
’g -
5 f M
£ . .
b a . x L
b 1: a * 8: x
b H .
: +
C +
., ra s a2l a2 2,120 I T EE RGNS WY AN
00 4 6 8 10

D* (length travelled/slug length)

Figure 5.53: Normalized impulse time vs. dispersion distance, Fenton [43]

8 IS BEEREEREI TT V1T T VT 7V l TVrTrTrTyTrvyTueya l Tt 1TvoerTruid l TTV T 1T T T 77
— 1 o Po=10psig |
() ® Po=20psig —
g 7 o Po=30psig g )
et 1 ® Po=40psig
o 6- -
0 . -
3
a 55— -
E - ]
O 4 ° -
o ]
= o
S 3- . -
£, .
c ]
g - - ~
1 : |
‘-;-J -4 . 8 : -
0 TTTV o677 l TTVTrTeyrry ' TT1T T3V 77T 00N T Tryrovryryunvy U1 TTTTvyregyty

0 2 4 6 8 10
D* (length travelled/slug length)

Figure 5.54: Normalized impulse time vs. dispersion distance, Present study




106

5.17 Application

One of the analytical models developed in the present study (i.e. the simple model)
was used for analyzing liquid slug hydrodynamics in a pipe system similar to those
found in the power industry. The impact force and the impact velocity at an elbow
located downstream end of the pipe were predicted under prespecified conditions.

The system analyzed is that of a pressure vessel connected to a 48.77-m (160-
ft)-long pipe with a 305 mm (12 in) inside diameter. The vessel pressure is at 6.8
MPa (985 psig) and assumed to remain constant during the transient event. Initial
slug length is 6.29 m (20.65 ft). The mass loss from the liquid slug was accounted
for in the analysis by using 5% holdup (i.e. a = .95). The liquid is water at 56° C
(T = 130° F) with a density of 985 kg/m?3.

With the initial conditions presented above, the impact pressure (P = P, + pU?)
at the elbow was computed to be 100.67 MPa. Here P, is the driving pressure and
assumed to be the same as the reservoir pressure. The impact pressure was used to
obtain the force on the elbow, which was found to be 7.35 MN. In addition, the impact
velocity U was computed to be 309 m/sec and the slug length L, at the impact, was
3.72 m long. The liquid slug arrived at the elbow at .315 sec.

Figures 5.37 through 5.39, which show the scaled numerical simulation results,
can be used to verify the results of the analysis. In order to make use of these figures

one has to compute the following scale factors:

L

t, = — = .348 sec, U, = ‘/% = 83 m/sec, L, = Q(I——A)

f

The dimensionless parameter L,/L for the present analysis is approximately 4.6,

7 =29m, P,=6.8 MPa

hence in the figures the L,/L = 4.87 curve will be utilized. Since the slug arrival
time at the elbow is known from the analysis one can compute the scaled slug arrival
time to be { = t/t, ~ 0.9. Thus from Figures 5.37 through 5.39 one finds I/ = 3.8,
L = .12, and # = 1.8 respectively. Using the relationships U = U/U,, L = L/L,,
and Z = z/L,, one can find the predicted slug velocity, slug length, and slug location
at the elbow: U ~ 317 m/sec, L ~ 3.47 m, and ¢ ~ 52 m. They are slightly off
from the values computed in the analysis (i.e. U = 309 m/sec, L = 3.72 m, and
z = 48.77 m). However, this was expected since the nearest curve in the figures was
used for the curve the dimensionless parameter L,/L indicated, instead of making an

interpolation between the existing curves to find the exact curve to be used.
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To summarize, in order to utilize the curves in Figures 5.37 through 5.39, one
has to compute the scale factors first with the given geometry and initial conditions
of the system. Then, the curves can be used to predict the length L, velocity U,
and position z, of a slug at a given time in the pipe line. Conversely, the instant
at which given values of L, U, and z occur, can be predicted. Moreover, with the
analytical models developed in the present study, one can establish dimensionless
curves to directly predict the pressure rise at certain locations in a given system. The
pressure rise predictions can benefit the design engineers whose responsibilities include
designing reliable pipe supports. However, it should be noted that the scaled curves
of Figures 5.37 through 5.39 are based on analytical models that were developed for a
horizontal pipe line and the results of these models were compared only to a relatively
small scale physical model used in the experimental phase of the present study. The
analytical models also did not account for the air entrainment in the slug dynamics,
hence the predictions for the pressure rise are on the conservative side, especially for
the short slugs which are most prone to the air entrainment. It is also realized that
other mechanisms affecting the resultant forces or pressure rises can be present in
the large scale industrial piping such as a potential water hammer wave travelling
in the system. The present model does not have a capability to relate those effects
to the slug dynamics. Consequently, there is an element of uncertainty attached to
the predictions of the slug dynamics based on the analytical models of the present
study when analyzing prototype systems. Clearly, this uncertainty demonstrates the
need to obtain experimental data on larger piping, and to ascertain the validity of

one-dimensional models on such systems.




Chapter. 6

CONCLUSIONS AND FUTURE
RECOMMENDATIONS

6.1 Summary

In the present study the hydrodynamics of an individual transient liquid slug in a
voided line was investigated both experimentally and analytically. The emphasis in
the study was given to the experimental phase. Liquid slugs of various initial lengths
ranging from 4 ft to 11 ft were propelled into an initially empty, horizontal, clear PVC
pipe under various air pressures. The air pressures used to drive the slugs were varied
from 10 to 40 psig. The slugs used in the study were classified as short, medium and
long slugs according to their initial lengths and for each category of the slugs the
pressure-time histories inflicted by the slugs on a downstream elbow were recorded.

The experiments for each slug length and the initial upstream pressure were re-
peated at least 8 to 10 times to determine the effects of those parameters on the slug
dynamics in the empty pipe and on the forces imparted to the elbow as well as to
generate a wide data base from which to deduce more reliable physical conclusions.
Based on the recorded data at the elbow the peak pressures, the slug arrival times,
the impulses and the impulse durations were determined. The data obtained in the
present study can be a useful source for comparative purposes in future research work.

A flow visualization technique was undertaken by using a high speed motion pic-
ture camera to obtain a better physical understanding of the complex problem by
analysing the qualitative information extracted from it.

Two analytical models were developed to predict the slug dynamics in a voided
line and their results were discussed and compared with the experimental results.
Moreover, the results from both experimental and analytical phase were compared to

the results of a similar study.
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6.2 Concluding Remarks

In Chapter 1, the specific objectives of the present study were defined as “seeking

satisfactory answers” to the following questions.

e What are the magnitudes of the forces generated due to a slug impact on a pipe
elbow?

e Are these forces random or repeatable?
e Does the slug keep its integrity until the impact time?

e What is the degree of air entrainment taking place at the liquid-air interface

during slug motion?

The recorded peak pressures revealed that the magnitudes of the forces generated
by the slug impacts at the elbow are strongly related to the initial conditions such as
the initial slug length and the initial upstream reservoir pressure.

It was found that the shorter the slug the more variable the impact force magni-
tudes at the elbow. The forces for the long and medium slugs were to a large extent
repeatable. As mentioned above the short slugs exhibited most the somewhat random
nature of slug flows.

The long and medium slugs retained more of their initial mass before reaching
the elbow as opposed to the short slugs. The long and medium slugs displayed a
tendency towards two-distinct peak pressures in their pressure traces recorded at the
elbow (i.e. so called the double peak phenomenon). It is suspected that the body of
these slugs was separated into two masses initially, subsequent to the opening of the
valve, which gave rise to the double peak phenomenon.

The short slugs were influenced mostly by the entrainment since they had to
travel a larger relative distance in the pipe and they accelerated at a higher rate.
High acceleration rate is the major parameter required for the Taylor slug-interface
instability mechanism to be initiated in a two-fluid flow undergoing an acceleration
normal to the interface of the fluids. However, the duration of the slug motion was
never long enough for the short slugs to be blown into mist completely but they
had substantial amounts of air entrained in their liquid body which reduced their

densities.
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The flow visualization analysis revealed that the front end of the slug remained
nearly planar during its motion and that the long and medium slugs were broken
mainly into two masses separated by a misty region. This helped explain the double
peak phenomenon to some extent. The second mass was followed by a long stratified
two-phase flow, which revealed qualitatively the degree of air entrainment. Overall
the flow visualization undertakings reinforced the belief that the slug hydrodynamics,
in fact, is a highly complex problem.

The results of the analytical models developed to predict the slug dynamics re-
vealed that the models approximate well the first peak pressures at the elbow with a
holdup rate of 5%, which was found to be a reasonable estimate to simulate the mass
loss from the slugs due to the shear resistance to their motion on the pipe wall. The
analytically predicted impact forces F,, were determined by the force resulting from
incompressible momentum transfer in changing the liquid direction around the elbow
and the driving pressure force (i.e. F,, = pU?A+ P,A).

The results of the present study were compared to those of a similar study (Fenton
[43]). A similar trend was found in both studies in the normalized force data F™* at the
elbow. The normalized impulse data I* at the elbow also showed somewhat similar
trends. Of the three compared parameters, the impulse time data t* at the elbow
differed most. Note that these comparisons were made for a restricted range in which
the data from both studies were available.

6.3 Future Recommendations

The recommendations for future research will be directed mainly towards the analyt-
ical models that are employed to predict the slug dynamics. Most of the analytical
models developed in this area assume that the slug flow is one-dimensional, incom-
pressible, and single phase. Although these assumptions may work to some extent,
it has been observed that the slug flow often exhibits stratified two-phase flow char-
acteristics. The present study included the slug erosion (i.e. mass loss) during the
motion in the pipe but did not account for the air entrainment. It is known that the
information on the degree of air entrainment may be crucial for accurate estimates of
the slug dynamics, especially for the short slugs.

The one-dimensional flow assumption used in the study was satisfactory since the

study was concerned only with a horizontal pipe reach and a 90° elbow attached to
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the downstream end of it. However, a more realistic system would include vertical
sections, S-shaped or U-shaped bends, partially open valves, orifices, etc. These
discontinuities may introduce additional effects. For instance, Chang et al. [29]
showed in a computational study that the one dimensional flow modeling estimates
the impact loads due to a slug flow in a U-shaped configuration twice as high as does
the two-dimensional flow modeling. They also pointed out that designs based upon
the one-dimensional modeling may lead to excessively bulky supports which may be
detrimental to the structural integrity.

In light of all these considerations it becomes clear that a better analytical model-
ing for the slug dynamics predictions is needed, one that would take into consideration
the two-dimensional and two-phase aspects of the slug flows. With a better model
the design engineers can, with increased confidence, design more reliable supports for
the pipe systems of the power industry where the slug flow is a potential source of
trouble.

In the present study the slugs were put into motion by opening the fast acting valve
located downstream of the SGP. This location may have affected the slug dynamics to
some degree since the valve was opened by hand and it was not exactly in the same
manner in each run. It is recommended that the future experiments be designed,
using the valve behind the liquid slug to eliminate the valve effect.

Experiments in larger pipes are strongly recommended since they would approach
dimensions used in the piping systems of the power industry. The more realistic
dimensions in future experiments would provide more easily applicable data that
can be used both for comparative purposes in other experimental studies and for
validating the analytical models to be developed to predict the slug hydrodynamics.
Experimental facilities having a realistic pipe size may reveal other mechanisms that
are not observed in the experiments where a small pipe size is used.

Although the slug formation in the present study was initially assured, it may not
always be the case in the industry piping systems. Therefore, it is equally important
to experimentally study and better understand the mechanisms by which slugs can
be formed and the conditions that may trigger these mechanisms. Information ac-
quired with regard to these areas can pave the way to preventive methods, thus the

elimination of potential damages by the slugs.
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Appendix A

DATA ACQUISITION

A.1 Introduction

To obtain the required information on the forces created by the liquid slug impacts
on a downstream elbow, the time history of the dependent variable pressure must
be recorded. This was accomplished by using PCP pressure transducers interfaced
with either a Digital PDP-11/73 computer, or a Tektronix D13 dual beam storage

oscilloscope.

A.2 System Components

The analog output signals transmitted by the transducers to the computer are con-
verted to a digital format by an analog/digital board, with the sampling rate con-
trolled by a programmable clock board. The software required to perform this con-
version and data storage is described below in the section of Software for Data Ac-

quisition.

A.2.1 Piezoelectric Pressure Transducers

The principle of a piezoelectric transducer is that a charge is produced across the
piezoelectric crystal, which is proportional to the applied pressure. Since this type of
transducer is designed to measure dynamic and short term static pressure measure-
ments, all pressure readings taken are dynamic pressure variations about a steady
state static pressure. For this study PCB Piezotronics Models 111426 and 113424
dynamic pressure transducers with built-in unity gain voltage amplifiers were used
to measure the liquid pressure on the elbow during a slug impact. These units were
selected because of their high resonant frequency, acceleration compensated quartz
element, and the fact that the signal quality is almost independent of cable length
and motion. Table A.1 lists the published and calibration properties as determined by
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Table A.1: Properties of piezoelectric pressure transducers

Property PCB serial No.
Unmts |[111A26 [ 113A24
Range (5 volts output) MPa 3.447 6.894
Resolution (min value) Pa 689.4 69.9
Sensitivity (output) mV/kPa | 141 0.76
Resonant frequency KHz 400.0 425.0
A/D error @ gain of 1 H kPa 6.73 6.73
Linearity (error) | % bsl 2.0 2.0

the manufacturer. The calibration procedure was in compliance with MIL-STD-45662
Connected to each pressure transducer is a PCB Battery Power Unit. The units are
PCB Model 480D06 with 1, 10, and 100 range signal amplifiers. The function of each
battery power unit is to power the transducer electronics, amplify the signal, remove
bias from the output signal and indicate normal or faulty system operation. It is a
combination power supply and signal amplifier.

The transducers were mounted by tapping a plexiglass block as per PCB speci-
fications. The block was designed so that the end of the transducer would be flush

mounted with the inside diameter of the pipeline or the elbow.

A.2.2 Differential Pressure Transducers

The differential pressure transducer consists of a flat pressure sensing diaphragm
clamped between two matched case halves each containing electric pickoff coils. Ap-
plied pressure deflects the diaphragm which is detected by the two pickoff coils. When
the coils are connected as two opposing legs of a bridge circuit, the resultant bridge
output is proportional to pressure. A Pace model CJVR Variable Reluctance Pres-
sure Transducer with a removable diaphragm was used to record the pressure drop
in the upstream air tank during the motion of the liquid slug in the pipe. This time
history of the air pressure in the upstream tank was used later as part of the input
to computer programs simulating the physical experiment. Table A.2 contains the
data on this transducer. The diaphragm in the transducer is constructed of series
400 stainless steel. The pickoff coils on either side of the diaphragm are hermetically

sealed in the case so as to isolate them from the pressure media.
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Table A.2: Properties of differential pressure transducers

Property Pace transducer
,‘I Units | Value
Range (10 volts output) kPa 344.7
Resolution (min value) Pa 0o
Sensitivity (output) | mV/kPa | 29.00
Resonant frequency KHz -
A/D error @ gain of 1 kPa 0.337
Linearity (error) % bsl 0.5

A C.J. Enterprises Model CJCD-4111 Carrier Demodulator was connected to the
output from the Pace transducer. This device is a solid-state amplifier and demodu-
lator which converts the bridge output to 0 to 10 volts DC.

The differential pressure transducers were installed at the top of the upstream
air tank and the SGP to record pressure variation at those locations. They were

calibrated prior to each use.

A.2.3 PDP-11/73 Computer Hardware and Accessories

The computer used for the data collection was a Digital PDP-11/73. The installed
operating system was RSX-11M-PLUS version 3.0. In addition to the standard equip-
ment present within a PDP-11/73 system, an analog-to-digital converter, and a pro-
grammable realtime clock board was installed to facilitate data acquisition. To direct
the input and output signals to their appropriate locations, a patch panel was con-

structed and mounted on the face of the computer cabinet.

A.2.4 AXVI11-C Analog-to Digital Converter

The AXV11-C is an LSI-11 analog input/output printed circuit board. The board
accepts up to 16 single-ended inputs, or up to 8 differential inputs, either unipolar
or bipolar. A unipolar input can range from 0 Volts to +10 Volts DC. The bipolar
input range is £10 Volts DC. The analog-to-digital (A/D) output resolution is 12
bit unipolar, or 11 bit bipolar plus sign, with output data notation in octal coding
of either binary, offset binary, or 2’s complement. The A/D converter performance

has a system throughput of 25K channel samples per second, with a system accuracy
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input voltage to digitized value of plus or minus 0.03% full scale. The board also has
two separate digital-to-analog converters (DAC). Each DAC has a write-only register
that provides 12-bit input data resolution, with an accuracy of plus or minus 0.02%
full scale.

By setting the required jumpers on the board, the AXV11-C was configured,
for bipolar differential inputs, in offset binary coding, with the external trigger set
to the I/O connector. The I/O connector was then hardwired to the KWV11-C

programmable realtime clock overflow.

A.2.5 KWV11-C Programmable Realtime Clock

The KWV11-C is a 16 bit resolution programmable realtime clock printed circuit
board. It can be programmed to count from one to five crystal-controlled frequencies,
from an external input frequency or event, or from the 50/60 Hz line frequency on
the LSI-11 bus. The five internal crystal frequencies are 1 MHz, 100 kHz, 10 kHz,
1 kHz, and 100 Hz. The base frequency for the clock is 10 MHz, thus the accuracy
of the time measurement is £0.1 micro-seconds.

The clock also has a counter that can be programmed to operate in either a single
interval, repeated interval, external event timing, or external event timing from zero
base mode. In addition to its clock functions, the KWV11-C also has two Schmitt
triggers. The triggers can be set to operate at any level between +12 volts DC on
either a positive or negative slope of the external input signal. In response to external
events, the Schmitt trigger can start the clock, start A/D conversions in an A /D input

board, or generate program interrupts to the processor.

A.2.6 Patch Panel

To facilitate use of these data acquisition computer boards, a patch panel was installed
on the front of the computer cabinet. It has BNC connectors installed which allow
access to the 8 differential A/D inputs, the two D/A outputs, and both Schmitt
triggers. Switches and potentiometers for each Scmitt trigger were also installed to
allow external control of both the slope and triggering level. In addition, the panel
also contains a 3 volt DC power supply with the connection coming off the KWV11-C
board.
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A.3 Software for Data Acquisition

Digital’s K-Series Peripheral Support Routines were the software packages used for
the data acquisition. These machine language routines perform input and output
operations through the Connect to Interrupt Vector Executive directive. The routines
are highly modular, that is they are designed to perform specific operations. Thus,
to complete the sampling, a user program is required to call each routine as various
functions are to be performed.

For this study, there was one user supplied Fortran program divided in two parts.
The program accessed the routines for computing and setting the clock rate, setting
the A/D channel sampling information, creating and maintaining buffers to store the
sampled data, and starting and stopping the sampling. The first part of the program
or preprocessor is an interactive program which allows the user to select the sampling
rate, number of channels to be sampled, number of samples per channel, the data
acquisition device connected to each channel. The second part is the actual sampling
routine. This program is designed such that the sampling process is started as soon

as the user indicates.
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