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Abstract

The rapid depletion of power sources has remarkably impactéatisportsector, where the
costsof the freight transportation are rising dramatically every year. Significant endeavours
have been made to develop innovative means of transport that ealofited foreconomic

and environmental friendly operating systems. Transport pipelines consider one such
alternative mode that can be used to transfer gadti®ough the flow behaviour of a sold

liquid mixture in hydraulic capsule pipelinegsiite compicated due to its dependence on a
large number of geometrical and dynamic parameieissstill a subject of active research. In
addition, published literature is extremely limited in terms of identifyingirtiygacs of the
capsules shape on the flowatchcteristics of pipelines. The shape of these capsules has a
significant effect on the hydrodynamic behaviour within such pipelines

This thesis presents a computational investigagimployingadvanced Computational Fluid
Dynamics (CFD) basewol to simulate the capsules flow wériedshapes quantified in form

of a novel shape factor in\eertical hydraulic capsule pipelinérhe 3-D Dynamic Meshing
technique with Six Degrees of Freedom approach is applied for numerical simulation of
unsteady flowfields in vertical capsule pipelines. Variations in flow related parameters
within the pipeline have been discussed in detail for geometrical parameters associated with
the capsules and flow conditions within Hydraulic Capsule Pipelines (HCPSs)

Detailed quantitative andjualitativeanalysehas beerconductedn the current researcfihe
gualitative analysis of thdield of the flow comprise descriptions of the pressure and
velocity distribution within the pipeline. The investigations have mms@uctedn the flow

of spherical, cylindrical and rectangular shaped capsules each one separately for offshore
applications.As it can be notice that the flow behaviour inside HCP relies on the flow
conditions and geometric parametefihe development ohovel predictive modsl for
pressure drop and capsule velogdg#tyconsidered as one of the goals that have been achieved
in this researchvioreover the flow of a variety of different shaped capsules, in combination,

has also been investigatbdsed on th impact of the order of the capsule shajhin the



vertical pipeline.lt has been found that the motion of mixed capsules along the pipeline
shows a significant variation comparing to the basic capsules shapes for the same shape being

transported acrogke pipelines

Capsule pipeline designers need accurate data regarding the pressure drop, holdup and the
shape of the capsules etc., at early design phd$es.methodology of optimisation is
developed based on the least cost principle for vertical HORs inputs to the predictive
models are the shape factor of the capsmé solid throughputemanded of the system

while the outcomes represent the pumping power demanded for the capsule transportation

process and the optimal diameter of the HCP.

In the present study, a complete visualisation of capsules flow and design of vertical
hydraulic capsule pipelines has been report8dphisticated computational tools have
allowed the possibility to analyse and map the flow structure in an HCP, whidtedesua

deeper comprehension of the flow behaviour and trajectory of the capsules in vertical pipes.
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Chapter 1 - Introduction
|

Capsule flow in vertical pipelines havastrange of applications in areas such as deep sea or
underground mining and chemical processes in generskexpected that the capsule flow in

a vertical pipeline behaves considerably differently from that in a horizontal pipeline.
Therefore, in order to supplement the existing knowledge of capsule pipeline transport and
provide necessary information foretidesign of future capsule pipeline systems, extensive
research on vertical capsule pipeline flows is needérwreby, this chapter presenta
precursorydebate concerning the flow of water and capsule across the pigdbneover,

the existingchapter pesents an overview of the capsule pipeline design requirements and
motivation of the work. At the end, a roadmap is given regarding how this thesis is

structured



1.1 Transporting Capsulesin Pipelines

The last two decades have witnessed an increasing interest in efficient transport of cargo in
pipelines through alternative methods, better than the conventional methods. Pipelines used
for transportation purposes can s be in generalategorised intdhree generations. The

first generationconsistof a singlephasetransportation. The second generation of pipelines
comprises of multphaseflow pipelines. The thirdype of these generations consistshe
transport of capsules, where capsule pipelaresgenerallytilised to transport solids with

water or any othefluid as the carrying mediunTransport of goods within capsules across
pipes is acomparativelynovel method of cargo convey, which is earning considerable
significance globally due to rise in the fossil fuels priddd42]. The transport of capkes has

some attractive features in that a specific material can be easily separated from the

transporting fluid

As a matter of fact, the economic surveys that have been carried out by several universities
and companies have presented that the capsalesport is more economic than traditional
manners of transporting cargo such as lorries and traing8EetEor instance, Mole Solutions

Ltd. [4] did aneconomic analysis comparing different transportation systems and found that
the capsule pipelines for the long distances are considered economically dedioabbteer

the pipelines transporting capsules provide additional advantages g46¢h as

X Low cost for freight transport as compared to conventional transportation modes;

x Fluid is not contarmated and can be recycled,;

x No manpower needed for the transport mechanisms unless at the insertion and
ejection of the capsules from the pgipe

x No traffic incidents or some delay because of the congestion, and thus it is safer and
faster for the cargo bayrtransferreq

x Capsule pipelines have been found torékatively friendly to the environment as

compared to conventional transporting methods.

These attractive features of the capsule transport system provide a vast field of future
applications forthe ransfer of materials from unreachable regions such as high hills and

mountains across water bodies and e&eg recapture of mineral§hus, extensive research



is needed to generate an adequate knowledge base enabling the development of optimal

design metbdologies for capsule transport pipelines.

The pipelines transporting capsules are predominantly comprised of two forms, one of which
is referred to as Pneumatic Capsule Pipelines (PCPsjrarsportatioomedium in PCPs is

conventionally comprised of an air or gas.

The second form is referred to as Hydraulic Capsule Pipelines (HCPs), in which water it
utilised as the means of transportation rather than gas or air. The contrast in pressure between
each endof the pipeline results in the capsules transforming to be waterborne and

subsequently the capsules are spread tevheuation of theapsule end of the pipe.

1.2 Historical Background of Capsule Transport Pipelines

Capsule pipelines, as a mode of frgidgransport, convey hollow containers, also called
capsules, of different shapes. These capsules are loaded with the goods to be transported
within the pipeline. Sometimeas in the state of coal log pipeke material to be transported

is itself giventhe shape of the capsules as stipulate@€aster and Troyan@uturi [6]. The

idea of pipeline transportation of goods was initially put in operation close to two centuries of
operation A proposal for transporting supplies via pipelines, utilizing capsules, was initially

set up in 1810 by George Midhurst. Around 160 years later, a fresh era of wheeled capsules
was embraced. This led to the establishment of two pipe systems incorpevageted
capsules. A Uhased firm, Tubexpress Systems Inc, came up with pipelines with an average
diameter of 36 inches, and a length of 1400 feet, having 7 feet capsules impelled by

compressed air.

Later on, in 1980, a Japanese firm, Sumitomo Metaldmgs, attained the most flourished
utilization of this technology, hence thereafter constructing a pipeline of 3.2 km in length and
a diameter of 1 meter for the purposes of transporting limestone to cementplémother
exhibition project by Magplane Technology Inc was enacted by the Florida Institute of

Phosphate Research for pipeline capsule system, typically impelled by linear synchronous
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Figurel.1 Vertical Capsule Pipeling]

1.3Components of theHydraulic Capsule Transportation System

In generally, any HCP system has the following main components:

X Pump
x Capsules
x Capsule Injection System

x Capsule Evacuation System

This system of capsulgansportation used conveyor belts to inject the capsules into the
pipeline. The capsules evacuation is carried out in a reverse way as that of injection, except

that no pumps are required, and only a transporter is needed.

Abdualmagid Algadi PhD Thesis (2017)
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1.4 Characteristics of Capsule Flowin Pipelines

There is a body of research globally which explores pipeline fldBexnoulli first
characterised this in the principle named after him, that pressure in a fluid is a manifestation

of kinetic energy. This can be expressed by the following equidtjn
2E—Zé(fL?KJOP:JP (1-1)

The first term of the equation on the left side, P refers to the fluid sfatiHVV XUH ZKHUHL
represents the fluid density and u is the fluid veloditye secongbartrefers to the dynamic
pressure. Consideration of the head loss and the elevation of the pipeline lead to a

generalisation of this equation as following

5E-&QPE&GD L 2 E-&QPE&GGRE&GGD  (1-2)

whereh is the vertical elevationf the water columnh, is the head loss experienced by the
fluid and g is the gravitational acceleration (generally const@hé first part of the equation
is known asthe static headyhereas thesecond paris knownas dynamic head and tfieal

partis knownas the potential head.

Since the flow is incompressible and the acceleration due to gravity is constant in a vertical

pipe, this can be rewrittedbquation (12) as



(2L B2 E éGD (1-3)

A relationship for the mixture pressure drop in a vertical hydraulic capsule pipeline can be
developed, based on equatiof3, .where the impacts of capsules and water on the pressure
dropsacross the pipeline can be distinguished. For the flow of capsules in upward direction

0K SRVLWLYH ZLWKLQ D YHUWLFDO SLSHOLQH WKH PL[WX

(% Li¢2% E 629 E & Cey (1-4)

ZKHURK LB WKH SUHVVXUH GUR $thé préssiveRdrapDiwe Hokthé ©apziile ~ 3
IORZ RO &Iid the pressure drop due to the elevation increase (applicable in vertical or

inclined ppelines).

Therefore the pressure dropithin a vertical HCRcan be expressed:as

A _alia A alia £ 4
¢ LB *EB,—“E&CD (1-5)

1.5 DesignConsiderations for Transporting Capsules inPipelines

In designing capsule pipelines, a predictive model is required to calculate the pressure drop.
The pipeline design transferring capsules is quite complicated owing to a large number of
parameters involvedThe designers require different parameter categosuch as the
hydraulic, mechanical and operational paramefens. current study addresses the optimum
design of a vertical pipeline transporting capsules depended on hydraulic capsule parameters
such as the capsule specific gravity, diameter, shapéeagth,excepting the influences of

the additives necessary to reduce the pressure drop.



15.1 The Carrier Fluid in the Pipe

7KH VHOHFWLRQ RI WKH FDUULHU IOXLG GHSHQGV VLJQLILF
areas. This study offers a detailed analysis on the capsules transpoeigticgn on the final

employ of the capsules

15.2 The Shape and Sizef Capsule

The capsule velocity is a major factor affecting pressure drop, which is a function of the size
and the shape of the capsules. The design process a&fisl@Runction of the capsule shape
and sizg11]. This work provides a detailed analysis of the effects of capsule size and shape

on transporting capsules within pipes.

1.5.3 The Concentration of Capsules within Pipeline

The capsules concentration in a pipeline is generally regulated by the throughput demands of
the systemThe maximum limit of the capsules concentration within pipelis@sgulated by

the reality that the pressure drops within the pipe grow notably at high concentréon.
generally ideal concentration for transporting hydraulic capsules is determined by the lowest
level of energy consumptidil]. This research provides extensive analysis of the impacts of

the capsule concentration in a vertical pipeline

1.5.5 Diameter of the Pipe

The pipelineshould be built with an appropriate diameter to transport the required throughput
at acceptable capsule concentration as well as capsules velocity. Practically, the capsule
concentration, capsule velocities and pipeline diameters are interrelated, aedithbas
become requisite for designers to improve all these parameters, taking into account power
consumption constraints. This study provides a methodology of an optimisation that gives the

optimum diameter of the pipeline for transporting capsules.

1.5.6 Pressure Drop in the Pipeline

In this study, the pressure drop across the HCP is considered as the primary parameter for
analysis. The pressure drop data has been obtained from the numerical simulations under

various geometric and flow condition$n order to better comprehend the complicated flow



phenomena, the range of variations in pressure and velocity must be accurately measured. A
visualisation can be created where appropriate to best understand the character of the flow.
Thereby, the velocitympfile and pressure can be visualised. Using pressure gradient data can
develop semempirical correlations of predicting the pressure drop at specific points within
the pipeline.

1.6 Mechanisms of Capsule Flow in Pipelines

The force is being applied on the capsules by the carrier fluid so that it can push them
forwards in the stream of flowrhe driving force in transporting these capsules through the
stream of flow is the drag of flujcaffected by the flow velocity of theapsules, its density,
shape and size of the capsulBse flow in a capsule pipeline is asymmetric in nature, owing

to the fact that the velocities of the capsule and the flow are différeist variation in the
capsulesvelocities and the flow is usuglknown as the Slip, and as such is a function of
flow velocity, size, density and capsule shapes under various flow condltianstances of
heavy density capsules flows, whenever the velocity of the flow reduces to a quite low limit,
the capsules Wil WHQG WR VWRS WUDYHOOLQTheDninitm@rh fMilKH SLSF
velocity that retains the capsule motion in the pipeline is known as incipient velocity. This
minimum velocity is indeed a function of sevep@rameterse.g. size, shapand capsule
dersity. This velocityfor the capsuleflow is considerably highewithin vertical pipelines

when compared to horizontal pipelir{d4-14].

There are four 8w regimes in hydraulic capsule pipelines. In the first flow regime, the
capsule is stationary and water flows around the capsule, while in the other three flow
regimes, the capsule move with the water flow. The second flow regime corresponds to initial
cgpsule motion (liftoff). The third flow regime corresponds to when capsule velocity
exceeds the fluid velocity. The fourth regime corresponds to the steady flying state of the
capsulegl5].



1.7 Motivation for this Study

The design of capsules transporting pipelines requires study of the flow parameters that are
interdependentAs the power demands of vertical pipelines are considerably higher compared
with horizontal pipelines, the design process is significantly impacted becausefathiee
pressure drop within the vertical pipeline owing to the change in the pipe elevidtereby,
requisite modifications regarding the friction coefficient and the pressure drop considerations
have to be conducted for precisely design a vertical HCPaetbptable precision

The existing literature on the capsule flow in pipelines revibas most of the numerical
research is based on steadgte flow analysis, which corresponds to the fourth flow regime
mentioned earlier. The main issue with this approach is the fact that these studies specify the
capsule motion characteristics (like safe velocity etc.) rather than computing them. Hence,

the energy is being imparted to the flow, which is physically unrealistic. The present study
investigates a novel area of research of numerically simulating the capsule motion, with the
ability to predct capsule trajectory and velocity in vertical pipelines. Thereby, the present

study uses a more accurate modeling approach for capsule flow in vertical pipelines

It is important to study the basic capsule shapes such as spherical, cylindricdtandular

as these shapes can be combined in a number of ways to develop any complicated shape of
the capsule. A thorough understanding of the velocity and pressure variations within a
vertical HCP is fundamental to its desigBonsequently,the flow fidd variables in
conjunction with geometrical parameters are the basis of the formulation of the prediction
models for pressure drops and capsule velodiyrthermore, the flow field of mixed
capsulesshapes (i.e. capsules of different basic shapes flowoggther in a train) is
significantly complex as compared to the capsule train of just one particular shape. The flow
of mixed capsules shapes has a significant effect on the motion of capsules, and hence, on the
FDSVXOHVY YHORFLW)\sQO&i@bke tbHnow e effeGtd)dr the miédLcapsules
flow in a vertical pipeline in industrial applicatioasit is expected tdvavea wide variety of

capsule of different shapes

The designers must apply an efficient design methodology, which regdlentydraulic

design of capsule transport within vertical pipedthough there are several design



methodologies being reported in the literature for this purpose, as mentioned earlier, they use
rather simplified approachder predicting of the pressuidrop across HCPs. This leads to
inaccuracies in the design and optimisation process for HCPs. Hence, in the present study, an
efficient optimisation modelvas developed, based on thrinciple of LeastCost, which

takes intoaccount the dynamic behavior of capsule flow in vertical pipelines. The developed

optimisation model is both robust and uf&ndly.

1.8 ResearchAims

The key aims of this study will be presented in this section, while the research objectives are
debaed beyond conducting a comprehensive review of the literature in the following chapter.
According to the study motivations that have been shown, the aims of this research have been

divided as follows

x Flow diagnostics in ofshore HCPs transporting basiapsule shapes under different

operating conditions.

X Flow diagnostics in ofthore HCPs transporting a combination of basic capsule

shapes under different operating conditions.

x Development of an efficient optimisation model for predictingapegmal size of off
shore HCPs
These research aims encompass a number of practical problems faced in the real world for
transporting capsules through a vertical pipeline. The next chapter presents a detailed

literature review on the aforementioned reskaims

1.9 Structure of the Thesis

This section which provides brief summary of the contents of the different chapters of this

thesis is presented

10



Chapter 1 presents the general introduction to the research topic, providing details of the
capsules transportation mechanism in pipelines. From this overview, the motivation behind

this work is presentedyhich determines main fields to be reviewed in the nexptena

Chapter 2 presents an extensive insight into literature published in relation to capsule
transport in hydraulic pipelines. In incorporates an analysis of literature concerning transport
characteristics of capsules in hydraulic pipelines, whilsi el®phasising varying methods

and parametric research that has previously been utilised. Additionally, the chapter reviews
the literature relating to optimisation strategies thatre utilised for an HCP. Details
regarding theresearch areare presentedvithin the particular objectives based on the

essential research aims.

Chapter 3 presents the basic conceptioob Computational Fluid Dynamics (CFD). It
comprises of the CFD modelling of vertical capsuf@pes, comprising the boundary
conditions and sgkr settings determinad the solver. This is followed blyis is followed by

an extensive debates Dynamic Meshing techniqueilisedfor capsules motiorMoreover,

the mesh independency tests for the capsules velocities and pressure gradient across the
pipeline are investigated

Chapter 4provides an insight regarding the flow structure in basic capsules shapes and how
this affects transportation for e$hore applicationsAn extensive scrutiny of the pressure

and the velocity fields has been undketato be analysed with more depth to examine the
impacts of the solid body existence on the pressure gradient inside thénpiglation to an
extensive array of flow conditions, the flow of spherical, cylindrical and rectangular capsules
have been reewed within the context of contrasting geometric configurations and specific
gravities. Semempirical models relating to the anticipation of capsule velocity and pressure

dropsin vertical pipelines were established to ease the design of HCPs systems

Chapter 5is comprised of extensive investigations relating to the flow of mixed capsule
shapes for ofshore applications. Extensive analysis has been conducted in relation to the
pressure and the velocity fields. It is hoped that this will illuminate itffluence of a
combination of capsule shapes flowing in the pipeline. Additionally, this chapter explores the

influence of the ordering of the capsules within the train on the pressure drop. To help with

11



developing the pipeline design method, a semprical correlation that predicts the

pipeline's pressure drop for the flow of mixed capsule shapes has been devised.

Chapter 6 illustrates the development of the vertical HCPs design methodology. The
optimisation concept for HCPs relates to LeasstConception. The optimisation method is
stringent and easy for users to use. The throughput of solid considers as the inputs to the
models needed from the HCP, whereas its outputs are the optimum diameter of pipeline and
the corresponding pumping needs. sT'imnodel is relatively easy to be used and can be

implemented at a wide commercial range.

Chapter 7presents main conclusions drawn from the results of the current study and the

suggested recommendations for future work

12



Chapter 2 - Literature Review

his chapter provides an insight regarding the current state of
knowledge about the capsule flow characteristics in pipes by
detecting the published literatur& vast rangeof sources has been
investigated in an attempt abtain afull comprehensiownf the problem and
how different researches addressed these issues. The existing literature
includes the published works regarding transport characteristics of hydraulic
capsules in pipelines and optimisation of a capsule ppelesign. This has
also assisted in deciding the scope of the current work and research

objectives of this study
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2.1 Introduction

Hydraulic capsule pipelines in recent decades were undergone intense investigations
activities The first significant investigative research in this domain dates back to the early
1960swhen Charle$16] investigated the flow ofraonecylindrical capsule hawg a density

such aswater. From this work, Charles devised an analytical expression representing the
pressure drop and capsule velocity inside the pipalneslation to capsule-pipe hydraulic
diameter ratios. Following this work, further studies evearried out almost exclusively at

the Research Council of Alberta definethe characteristics of a flow system in which the
observed slugs of oil in water were replaced by capsules of cylindrical or spherical shape.
The HCPsystems are presently undsfective investigations for application into the cargo
industry for loading and unloading processHsis calls for a deeper analysis of HCPs in a

bid to extend the knowledge in this area of research

2.2 Flow Characteristicsin Hydraulic CapsulesPipelines

Round and Bolt [17] conducted experimental investigatiomsth a particular focus on

spherical capsulesith heavy densityThe work addressed dimensional analysis whemnast
beenestablished that the capsule velocity is affectethbyaverage flow velocity (Vav) and

(k) capsulediameter ratio. The investigatiossopecovered values o¥av = 1 to 3.7m/sec

andk = 0.39 to 0.89 for a single capsulée debate on the findings that have been obtained

IRU WKH FDSVXOHYV YHORFLWLHV ZDV UHVW UWdsped¥t6G WR W
Vav and k.The pressure drop analysis, and the flow distribution across the pipelinepivas
discussedn the investigationNo formulation has been developddr the velocity of the

capsule

Mishra et. al[18] experiments wer@erformed on a train of an equal density spherical
capsules within a hydraulic pipeline. The experimental investigation range was for the
average flow velocity from 1 to 2.2m/sec and k = 0.44 to 0.67. Using statistical algorithms
such as multiple regrass analysis, an expression for hold (ratio of capsule to average flow
velocities) has been developed. On the other hand, the variation in the pressure gradient in the
pipeline was not computed. Moreover, no analysis was performed on the flow parameters in

the pipeline.
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Agarwal et. al[19] performed experimental studies in a hydraulic pipeline on the flow of
spherical, cylindrical and rectangular capsules with heavy densities. The investigatigas

was Vav = 1.4 to 2.9m/sec and k = 0.5 to 0.9. The debates concentrates on the effect of the
shape of the capsule on the holdup (figure ZThe capsule shape has the most dominant
effect on the velocity ratio and the investigation maiobncentratecdn determiningthe

capsule velocity. It however falls short in describing the flow and capsule behaviour in HCPs,
plus the flow of combination of capsule shapesnot studiedMoreover the pressure drop

insidethe pipelinevasnotrecorded.

Lengin=254 mm
S5pgr=24

1 10f 5
>
o 09
>
~ .
o8l spherical ©
= 8 cylindrical &
square ®
0‘ L i | i L]

16 18 20 22 24 25 28 30
Vav djvx 10 ——

Figure2.1 Variation of V¢ /Vav with Re focapsules of different shapg®]

MathurandAgarwal[20] andAgarwal et al [19] haveperformedexperimental investigations
on the capsules flow of shape facto?% Rih HCPs where the shape factor has been

defined as

faRea@0a=eeRd

0L @iiia0i0s0eam0a8@aM (2-1)

7KH LQYHVWLJDWLRQ IRFXVHG RQ GHYHORSLQJ UHODWLRQ)\
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Feng etal [21] used a dynamic method to compute the motion of an elliptic heavy density
capsule in a 2D horizontal cannel. The numerical model allowed the computation of the
capsule motion and the fluid around it. A tdimensional model has been usedhe study

to simulate the flow of an elliptical capsuds shown in the figure 2.Zhe investigation

mainly focused on the mechanisms of the lift force and shear stress acting on the capsule. The
results revealed that the motion could be decomposedtimee stages: initial IHbff,
transient oscillations and steady flying. The effects of geometry and the capsule velocity
variationswere not studied. In addition, the analysis of the pressure variations inside the

pipeline has not been investigated

M 4
m .
Y=

=

Figure2.2 Theelliptic capsule flow in a twalimensional canngR1]

Tomita et. al[22, 23] performed a set of analytical examinations on the cylindrical capsules
flows, concentratingonly on the velocity and the trajectory of the capsuéthin ahydraulic
pipeline. As it can beotedin figure 2.3, the time histories of water (V) and capsule (2)
velocities were analysedNeverthelessthe capsules have been considered as point masses,
and arestricteddebateon the flow velocity and pressurariation in the vicinity of the
capsulesvasrecorded The capsules were all equipped with wheels in order to maintain its
position in the pipe axis, and thereby,ineestigationof a freely flowing cylindrical capsule
wascarried out. Moreover, thienpactof the capsule lengtivasnot consideredhroughthis

study
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Figure2.3 The Timehistories of capsule and water velocities at an inlet [&#d

LenauandEl-Bayya[24] extended Tomita etal [22] work and developed two mathematical
models to analyse the transient flow ofoae cylindrical capsule. The capsule has been
corsidered botha rigid body ancelastic. They numerically solved the mathematical models
using the method of characteristics. Tihgectory andcapsule velocitywere found out at
node points, but an incompletkebateon the flow domaindistribution was presented. In

addition,the study is restricted on the flow of a one cylindrical capsule

Ulusarslan25] undertakerthe experimental investigatioto examineghe flow characteristics

of aspherical capsuldgsain. The investigation was performed in the Reynolds number range

of 1.2x10< Re <1.5x1®and a capsule concentration of 5 to 30% by volume. The capsules
were made from polypropylene having density sligidlss than water. The results depicted

that the pressure gradient increases as the solid concentration increases as shown in figure
2.4. Based on the experimental findings, mathematical models were developed for

establishing relationships between the gpues drop and the Reynolds number of the flow

17



300

AP/L= 0,0000000575.Re"*
(%5)
250 -

AP/L=0,0000003631.Re"*
(%10)

200 A
AP/L = 0,0000006367. Re'®
(%15)

150 A
AP/L = 0,0000003481. Re"™
(%20)

® 5% Trans. Con.

100 A 176 ® 10% Trans. Con.

AP/L = 0,0000002666. Re
(%25)

Pressure gradient (Pa/m)

4 15% Trans. Con.

= 20% Trans. Con.
50
* 25% Trans. Con.

o Water

U T T T T T T T T
0 20000 40000 60000 80000 100000 120000 140000 160000 180000

Re number

Figure2.4 RelationEHWZHHQ WKH SUHVVXUH Re@hdeHaQdMdidgtes WKH P

the experimental daf25]

Extensive experimental investigations were conducted by ¢2éjon the flow of spherical
and cylindrical capsulewith an equidensityinsidea vertical pipeline. Thecopeof values
underthis investigationwereVav = 1 to 4m/sed¢ = 0.5 to 0.9, and capsule length (Lc) of 1
to 14 times the capsule diametefhis work presents a analysis of the velocity of capsules
and the pressured drop across the dopiationsfor both these parameters were developed,;

however, the range in which thesguationss are valid is severely limited

Tsuiji et. al[27] have carried out an experimental investigation on stationary capsules within
vertical pipelinesThe detailed investigation on the flow structuvgh respect to the wake

region downstream of the capsules, and its impact on the trailing capsules in the train has
been recorded in respect to the drag coefficient of the capsules. The study depicted how the
capsules presence within the pipelines imptetsselocity profile at various cross sections of

the pipeline. Nevertheless, the study is extremely restricted by the fact that the capsules are

stationary within the pipe.

Hwang et. a[15] performed a blend of experimental and analytical investigati@nvertical
pipelineon the flow of cylindrical capsulesith a heavydensity Investigations in this work
were in the range of k = 0.5 to 0.9, with ttencentratiorof the study on finding out thetal
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efficiency of capsuleonveyng systems, in relation to the pressure drop and energy loss.
From the experiments, it was foundaththe best value of k that attains maxim value in
efficiency is 2/3 or 0.66Moreover it was found that theapsulelength hasmall effect on

the system efficiency. The structureof the flow in the pipe was nostudiedin these

investigations

HammoudandKhalil [28] haveimplementedexperimens regardingthe cylindrical capsules

flow with a heavydensity. Themain concentratiorof this study is on the effects of capsule
propagation in both upward and downward directions within the pipeline. The range of
LQYHVWLIJDWLRQ FRYHUV IORZ YHORFLWLHV IURP WR P
1.5 and 3.5. The results show that thescég lift-off velocity increases as the capsule
VSHFLILF JUDYLW\ DQG WKH SLSHYV LQFOLQDWLRQ DQJOH
upward flows was generally higher than in horizontal flows and downward flows. However,

the investigations scopés restricted to one cylindrical capsule without taking into
consideration the effect of the capsule length on the capsule velocity and low pressure. In
addition, no expressions for the velocity and pressure drop of the capsule have been

developed

Lift-off Velocity, nvs

Inclination angle , degree

Figure 2.5 Effect of inclination angle and capsule specific gravity on capsutefiiftelocity
[28]
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GovierandAziz [5] stated that the analysis of Zuber and Findlay (1965) is directly applicable
for predicting the capsule velocity, as there were no relations available at that time. The
equation revealed that the capsule veloc#tylinearly proportional to the average bulk
velocity. The authors have used a distribution coefficient (CO) to relate the capsule velocity
and the average bulk velocity. This coefficient depends on both the fluid velocity profile and
the capsule diametentio. At slightly higher diameter ratios (0.8 to 0.9), the distribution
coefficient is suggested to be 1.2 for capsule flow in vertical pipelines at normal velocities.
For higher velocities, the authors suggested a range of 1.10 to 1.15 for this eaeféod

this approach is thought to be practical for bulk velocities equal to or greater thandfffe lift

capsule velocity, but not at considerably higher bulk velocities

Tachibana[29] carried out experiments pertaining the flow of cylindrical capsuliéis a
heavydensity withn vertical and inclined pipes. Thevestigationrange is k = 0.8.9 and
I/d = 2210, where | and d are the length and diameter of the capsules. The study was
particularly interested in looking at thmwerloss in capsule transportimpyocessegfigure
2.6). It can beobservedhat capsules with lower I/d have lowmgowerloss associad with
them.No details relating to the flow structure in the pipeline has been prowa@over,

the changes ipowerloss are notlinear in relation to the angle of inclination of the pipeline.
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Figure2.6 Therelation between the balance velocity and the inclination dayjle= 0.664
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Latto andChow|[30] have undertakeaxperimentalnvestigatiors on thecylindrical capsules
flow within vertical pipeline. Thevalues rangaised in this investigation weihéav = 1 to
4m/seclc = 4 to B times thecapsulediametes and k = 0.5 to 0.82The test set up used in
the study is shown in figur.7 below. This study also included a detailed analysis of the
pressure drop and the capsule velocities in pipeliNeserthelessno dataconcerningthe
structureof the flowin the pipelinewas provided.In addition, the capsule shape effects on

the flow characteristics within the vertical pipeline have not been studied.
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Figure2.7 Theschematic diagram of the experimentatgef30]

Ohashiand Yanaida[31] conducted experimental and analytical studies on the cylindrical
capsules flow across vertical pipelinéghe investigations range wds = 0.78 to 0.96,
specific gravity (s) of 1.39 to 7.84 and Lc/d = 1.5 to 5. The other key aspect of this study is
the praliction model presented to find the pressure drop in the pipeline with respect to the
Froude number of the capsules. This wdrks not presented information on the flow
structure in the capsule pipelineSimilarly, the work byYanaidaand Tanaka[32] also
leaned towards experiments and analytical investigatabwut the flows of cylindrical

capsules in vertical pipes. In this regards, this work discussed the flow development in these
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kinds of pipelines coupled witdoing an analysis ofhe drag coefficient of capsules in
different geometric and flow conditions. On the other hand, the pressure drop analysis has not

been performed in the pipeline.

Bartosikand Shook[33] have undertaken a range of numerical investigations regarding the
flow of solid-water mixtures within vertical pipes. Their investigations have scrutinised the
velocity flow field and thempacs that the concentration has on the satieddiumon the
pressure gradient in the pipeline. Yet no references have been made to the pressure
distribution and pressure gradient within the pipelBwamed34] carried outdesign studies

in the field of flow of cylindrical capsules carrying a range of densities (heavy and equal)
within vertical pipelines. Yet the study is restricted significantly as no data regarding the
SLSHOLQHTV IORZ VWUXFWXUH KDV EHHQ JLYHQ

Khalil et. al [35] performed numerical investigations about the steady flow of a single
cylindrical capsule with diameters ratio between &@ 0.9 within a hydraulic pipeline. A
contrast of a range of turbulence models has been provided. Ridguikustrates that the
pressure gradient predicted from the different turbulence models show reasonable agreement
with those obtained froraxperimentsMoreover, the velocity profiles and pressure gradients
computations were extensively studi@étevertheless, the capsule length has been regarded
identically for every instance in this studyn incompleteanalysis has been presented to the

flow field in the pipeline
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Asim andMishra[36] conducted a numerical investigation bétflow in hydraulic pipelines
transporting spherical capsules at different capsule densities, capsule concentrations and
capsule sizem order to determine the behaviour of the flow in such systamdsr steady

state conditions. The study used CFD toudate the flow conditionsA depth analysis of the
pressure drop has been given in pipelirgsmiempirical correlations were establishied

the friction factor of the capsules. Figure 2.9 shows the validity of one of these relationships
for the capsule friction factor. Nevertheless, the flow of a combination of basic capsule

shapes has not been studied
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Figure2.9 Thefriction factor for equidensity spherical capsul{&6]

Asim et. al [37] conducted a numerical investigation of the rectangular capsules flow in
hydraulic pipelines with different design considerations. The spres and velocity
distribution inside the pipeline were investigated. Sempirical correlations were
developed for the pressure drop across the pipeline, however, only rectangular shaped
capsules were considered for the analysis. Furthemuoggpression for the capsule velocity

was developed.
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2.2.1 Summary

It can be summed up that the published literature is significantly limited in terms of the
capsule flow behaviour within HCPand severely lacks local flow field analysis, such as the
presswe drop and velocity variations within HCPs. Moreover, most of these studies lack in
investigating the flow of a combination of different capsule shapes. In order to efficiently
design hydraulic capsule pipelines, this information is critical as moseadhtlustries use a
combination of basic capsule shapes for transportation purpdéeseby, a detailed

investigation is needed to better understand the complex flow phenomena within HCPs

2.3 Optimisation of CapsulePipeline Systems

Swamee[38] established an optimisation model to be leveraged in sediment transport
pipelines based on the leastst principle. This developed model assumes the value of the
friction factor as the input to the model, strictly reducing its use in tee chcommercial
applications Swamed34] also used the least cost principle to optimise the hydraulic pipeline

for transporting cylindrical capsules (figure 2.10he solid throughput considers the input to
theneeded model of the pipeline systems. However, the friction factor which was considered
not to represent the flow of the capsule in the pipeline, thus limiting the practical nature of the
model. The form depends on the iterative procéls model has gtt limitations in terms

RI DVVXPLQJ D IULFWLRQ IDFWRU DQG WKXV FDQYfW EH

pipelines
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The study conducted by PoldermgB9] expounded on the design models in the case of
offshore and onshore applications. The design models presented are bssetkwariables
suchas Reynolds Number and thfe L S H Qpte@sHr§ \drop etc. In this regards, the study
showed the parameters that could be used to create and optimisation @roded other,
optimal models have not been developed, which cartob&ransport capsules across a

pipeline.

Assadollahbailand Liu [40] have established an optimisation model for hydraulic pipelines
that transporting capsules based on the extreme efficiency of pumping. The design costs

involved of such pipelines are, however, not included in thidaho

Agarwal and Mishra [41] have developed a model for the optimisation of a ru#ge
pipeline that transport capsules using the solid throughpar agut to the model, which is
depend upon the leasbst conception. However, this model only applies to contact with
spherical capsules that occupy the entire length of the pipeline. This optimal model is a
simplified model for pressure variation pretiton and limited parameters can be used to

analyse pipelines that transport capsulds friction coefficient utilised in the model is the
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Colebrook- : KL W tdrfindlation for hydraulic pipelineg42], Significantly restricting the
model benefit in respect of precise representation of the pressure reduction in the pipe
conveying capsuleShaandZhao[43] has alseestablishedn another model fa hydraulic
pipeline based on power savinleverthelessthe modelcannotbe applied for multstage

flow.

Asim et al [44] have conducted a study using a robust approach to predict the optimal size of
a hydraulic capsule pipeline based on the findings from the numerical analysis. The pressure
drops were predicted for the flow afspherical capsules train. The pressure drops were used
to quantify the pumping requirements in order to use them for the designing of such systems.
The study revealed that at lower pipeline diameters, the total initial cost was high that
decreases withhe increase in the pipeline diameter. At a particular pipe diameter, i.e. the

optimal diameter, the overall cost was a minimum, which was the least cost of the system

A methodology has been developedAsim et al [45] to determine the optimal pipeline size
for transporting multsized solidliquid mixtures for the lié-cycle time of the pipelineThe
model adopted in this methodology can predict thedyfele cost for the flow of muksized
particulate mixtures of the solidquid in a pipeline (figure 2.11). The model provides a
closed form solution to expect thetwpal diameter of pipe corresponding to the least total
cost for given solid characteristiCBhese solutions are acquired for different-tifecle costs,

one of which is associated to minimum annual total chis¢. parametric study reveals the
interrelatonship among different flow parameters including the optimal diameter of pipe and

the corresponding minimum overall cost
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Figure2.11 Variationof costs in pipelines transporting zinc tailirjgs]

Asim and Mishra [46] have developed an optimisation model for transporting equal density
cylindrical capsules across a hydraulic pipeline. This model depends on least cost standard,
where the total cost was presented as atémmed equationlnputs to themodel are the
throughput of solid demanded of the procédse friction coefficients are considered in the
model but the optimisation model addresses cylindrical capsules only. Moreover, the shape

factor of the capsule is not taken into consideration

2.31 Summary

In summary, the optimisation techniques discussed in the review of literature studied in this
chapter have mainly consisted of estimated prediction models. In other cases, the models
presented are ones used in analysing the flow of water in pipeNoeading to the review

of literature mentioned earlier, in order to optimise pipelines carrying capsule, precise
expectation models can be summed up to some extent for the calculations of the pressure
drop are required for the sake to optimise and desige tiypes of pipelinesThe outcomes

of the pressure drop computations obtained from the capsules transport can be utilised to
establish some correlations represented in prediction models for the capsules transportation in

vertical pipes.
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2.4 Research Scope

Most of the research studies previously conducted are centered on experimental tests, in
which it is particularly problematic to identify and interpret the flow variables whilst capsules
are flowing through the pipelines. The development of contemporanpuational software

and capacity of advanced software to model and simulate fluid flow in pipelines has made it
possible to study and analysis the complicated flow structure and trajectory of the capsule

that is located inside pipelines transporting cégssu

Through the reviewed studies, it can be noted that the transport of capsules in pipelines is
dependent on a range of different paramet&ire flow analysis of different forms of
capsules is one of the key research area for this ,swidgre each basic capsule shape is
investigated, both separately and in combination with other basic shapes, under various flow
and geometric parameters in a vertical pipelifiee capsule shape effect on the capsule
motion, especially in a vertical pipeé, needs to be analysed in considerable detail, fer off
shore applicationsThe diagnostics study of the capsule motion in vertical hydraulic pipes
under transient conditions is based on advanced CFD based techniques, for analysing the

capsule flow behasur.

The second main area in thissearchs theflow analysis of a combination of basic capsule
shapes in a vertical pipeline. The effect of mixed shapes of capsules on the capsules motion
in verticalHCPs requiresto be analysed in detail.

The thirdmain area that has been considered throughout this research is the optimisation of
the vertical capsules pipelines. The optimisation is as fundamental as it is to the vitality of

these commercial pipelines.

2.5 Research Objectives

The research objectivasf this study are based on the aims of research formulated in the
earlier chapterln order to achieve those aims, and after carrying out an exhaustive literature

review, the following objectives have been defined
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. Analyse the effect of the sphericapsule on flow characteristics of HCPs. This will
include the effect of average flow velocity, capsule size, capsule density and capsule
concentration on the flow characteristics

Investigate the effect of the cylindrical capsule on flow charactesstiHCPs. This

will include the effect of average flow velocity, capsule size, capsule length, capsule
density and capsule concentration on the flow characteristics

. Evaluate the effect of the rectangular capsule on flow characteristics of HCPs. This
will include the effect of average flow velocity, capsule size, capsule length, capsule
density and capsule concentration on the flow characteristics

. Develop of a novel mathematical formulationdeterminethe shape factor for any
capsule shape

. Develop of prediction models for the capsule velocity and friction coefficient in
vertical hydraulic capsule pipe

Investigate thempactof the simple combination of capsules of basic shapes on the
flow characteristics under transient conditions

Investigate the effect of the complex combination of capsules of various shapes on the
flow characteristics under transient conditions

. Estimate the order effect of mixed shapes of capsules on flow charactensies
transient conditions

. Develop an optimisation model for vertical pipelinkattransporting capsuldsased

on the LeasCost Principls.

For saketo achieve all the abowmentioned objectives, Computational Fluid Dynamics has

been used in this study to simulate the capsules motion inside vertical pipelines

The underlying numerical techniques being incorporatdtis work will be debated in the

following chapter.
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Chapter 3 - CFD Modelling of HCPs

omputational Fluid Dynamics (CFD) offers a ceéfiective solution to
Cmany fluid flow problems. In order to achieve the research objectives,
sophisticatedmodelling techniquesvere utilised tosimulate the capsules
flow in hydraulic pipelines. Application of these techniques has been
provided in this chapter, combined with a novel methodology for the
anticipation of capsule velocity, trajectory, orientatas well as position
Hence, the model developed in this study has the advantage of not requiring
any inputs in respect of the velocity of the capsule or direetsooompared
to other numerical studies. The solver settings and the boundary conditions
are #so debatedthrough this chapter. The Dynamic Mesh technique
employed for simulation of the capsule motion is the highlight of this

chapter.
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3.1 Overview of CFD Modelling

Computational Fluid Dynamics (CFD) is an application of fluid mechanics that uses
computational methods and algorithms to find solutions for engineering problems. The
DSSOLFDWLRQ RI &)' VWDUWHG LQ 1V ZKHQ WKHsDHURVS
into the design and manufacturing of aircraft and jet engines. Due to the advancements in
computersoftware andhardware in recent years, the computational fluid dynamics based
techniques have become a powerful and effective tool to understand the >comple
hydrodynamics of soliiquid flows. In this study, CFD has been used to understand the flow
characteristics in vertical hydraulic capsule pipelines. The application of CFD in analysing
various aspects regarding fluid behaviour is wide. Furthermoreprtsfierence of CFD
simulations over experimentation is the capability to predict design verifications or
modifications without the expense of requiring physical modifications, hence saving time and
cost. In addition, due to the high level of detail generdig the results, the technology has

been widely implemented to various engineering applications

The fundamental governing equations of the fluid flow in a continuum are the basis of CFD
applications. It can be found these equations in all CFD bookstleardfore were not
compromised into the primary content of the researdevertheless IRU UHDGHUYfV LQV
moreinformation can be founth Appendix Al. For interested readers, some textbooks are
suggested here for CHB7-50].

3.2 BasicPrinciples of CFD Methodology

The CFD codes contain three main steps for numerical anfByg$is

X Pre tProcessing
X Solver Settings
x Post tProcessing

Pre- processng: this step involves the definition of the geometry of the computational
domain. It also includes thmeshgeneration, which is the sub division of the domain into

several small discrete elements. The process of dividing the domain is called meshing.
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Sdver Settings: this is where the equations governing the fluid flow are solved by
discretization and a series of iterations. This step also involves the definition of fluid
properties and the selection of flow models. The convergence is judged when a chang
solution variables between two iterations is nearly negligible. In addition, the accuracy of the
converged solution relies on the problem setup, grid resolution and accuracy of the physical

model being used.

Postprocessing:in this phase, the data ained from the solver is being analyséddhis

consists of the analysis of the data acquired and the model being revised according to these
findings The major data extracting tools in pgsbcessors are vector plots, 2D or 3D surface
plots, contourplots, view manipulations, particle tracking, colour passcript output to

display the patterns of pressure, velocity, kinetic energy and other flow propArtiesin
component of pogprocessing is being capable to visualising complicated fERys53]

Latterly, these applications might also incorporate animation for dynamic outcome
presentation, and as well as graphics, each code generates reliable alphanumeric output and
possess data export tools allowing additiomahnipulation external to the codésgure 3.1

depictsthe summary of implementing CFD modelling

SOLVER-EXECUTION
S ——————————
/ PRE-PROCESSING \ Physical Models
—— | —

Transport Equations

eTurbulence POST-PROCESSING
*Combustion
*Radiation
*Multiphase
*Phase Change

*Mass
eSpecies mass fraction
*Phase volume fraction
*Momentum
*Energy
*Equation of State
*Supporting Physical Models

N\

Results

#Visualisation Tools
eNumerical Tools

*Validation
O

Design Mesh
Modeller Generator

*Moving Zones
*Moving Mesh

N

*Material
Properties

*Boundary
Conditions

e|nitial Conditions
\

Figure3.1 Summary of CFD Modelling
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3.3 Pre- Processing of the HCP

The preprocessing can be divided into two main stages as creating the geometrical model
and flow domain meslif54, 55] This part gives detailed information on the meshing of

vertical HCPs and the geometric modelling

3.3.1 Construction of Pipe Geometry

The threedimensional geometry of the pipe has been numerically created, with pipe diameter
of 0.1m and pipe length of 1.5 m. The first 1m of the pipe is considered as the Test Section
and the later 0.5m represents thélet, as showin figure 32. According to Munsor56],

the minimum length of the pipe required to obtain a fully developed flow is fifty times the
pipe diameter. Thefore, an entrance pipe of length 5m was initially created and the velocity
profiles at different crossections recorded. The fuljeveloped velocity profile was
recorded, and a User Defined Function (UDF) was created to express this profile. The 5m
long entrance section of the pipe was then removed, and the UDF for the velocity profile was
specified at the inlet of the test section, mimicing the-weald conditions. The pipe is
assumed to be hydidynamically smooth;This denotes that the constant tbe absolute
URXJKQHVYV 0 RI WKH SLSH V ZzDOO LV JHUR

Outlet pipe
0.5m

Test section
Im

! D=0.Im
Inlet

=

Figure3.2 Schematic of the pipe geometry
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3.3.2 Construction of Capsule Geometries

In this study, a range of capsule shapes and sizes have been considered for analysis within a
vertical hydraulic pipeline. Figure 3.3 shows three basic capsule shapes within the test section
i.e. spherical, cylindrical and rectangular, of diameter ratio6.% and lengths of 1d for
cylindrical and 1.5d for rectangular capsule, where d ic#éipsulesliameter. The capsule is

positioned near the entrance of the test section

FEE.L
h)@@z g

Figure3.3 Schematiof the geometry a$pherical, cylindrical and rectangular capsules
3.3.3 Meshing of the Flow Domain

The flow domainwas createdusingunstructured mesh of tetrahedral elemeitse primary
reason for using of this type of meshing is the fact tagusules of different shapes are
present within the pipe, which adds geometric complexit\wwhich adds geometric

complexities. The meshing within the flow domain is shawfigure 34.

Abdualmagid Algadi PhD Thesis (2017)
34



Inflation layers

Face sizing

Figure3.4 Meshingof the flowdomain

Two different types of meshes have been selected to test the meshing independence. It has
been found that the first type consists of one million elements, while another type has two

million elements. The findings of the mesh independence will be debatedtion3.4.7.

3.3.4 Near Wall Treatment

Nearwall regions have large gradients in the solution variables and momentum transfer occur
significantly[57]. Therefore, appropriate treatment of the wall boundary layer is necessary to
provide a realistic solution of the capsule flow in pipes. The wall boundary layer is a
viscosityaffected region, and is made up of three zones (with their correspondingwall
value$ [58]. These zones are the viscous sublayér 6), the buffer layer (5 >> 12) and

the loglaw region (>> > 12). The parameter” represents the dimensionless distance of the
wall-adjacent mesh node, from the walhis ensures resolving the boundary layer around the

capsule with reasonable accura€lge >~ values can bealculated as follows:

>> | 20 (3-1)

where Qithe friction velocity in the neawall region and y refers to the distance from the

wall. The friction velocity can be calculated as follows
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QL &= (3-2)

where isapts the shear stresacting on the capsule wall/§he first cell height of
0.001406mm has been calculated based on the wall shear stress acting on the capsule wall/s
with taking in consideration the capsule geometry and the flow veldnitytal, five layers

of concentrated mesh elements have been used to encompass the capsule wall/s.

3.4 Solver Settings

A time dependent solvewas chosen in thecurrent study to numerically simulate the
transport of capsules in hydraulic pipes. The turbulent flow of water in the pipe has been
considered, as expected in readrld scenarios, while a presstvased solver has been
specified as the flow velocities are irethange of 200k < Re > 400k. Gre@auss Node
Based gradient discretisation method has been used to minimise diffusion, since it is more
appropriate for unstructured tetrahedral cells. For momentum equations, a-seeEmnd
upwinding scheme is desirablealto the unstructured nature of the mesh around the capsule.

The other solver settings utilised in this research were described in the next subsections

3.4.1 Turbulence Modelling

Many turbulence models can be used to predict the turbulence in theiiberg every one

of these turbulence models has its own advantagedor the transport of capsules in the
pipeline, given the formation of a wake area downstream of the capswethe possible
flow separation on capsule wall/s, realizable- turbulene model has been used in the
present study59]. The main reason for selecting kmodel is its superiority in precisely
modelling the wakeregions and extreme pressure drop, which are anticipated to occur

between the pipe wall and the capsule
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The realizable&k- - model is more appropriate for useflows with high strain ratethan the
standardk- - model dueto the inserted changethe realizable k- model has shown better
performance than the standard madal flows involving rotation, separation with strong
reverse pressure gradief@]. In this study, the enhanced wall treatment has been used to
accurately resolve the boundary layer associated with the capsule wall/s. Enhanced wall
treatment is appropriate for low Reynolds number flows, asse of boundary layers, with
complex neawall phenomeng61]. However, it requires a fine neaall mesh capable of
resolving the viscous sublayer, which has been handled by adding inflation dageface

sizingaround thecapsule

3.4.2 Material Properties

The fluid medium that has been used in the present study is-iguet with a dynamic
viscosity of 0.001003kg/msec anddensity of 998.2kg/rh The capsules were utilised in the
present study have a density similamtater, i.e.998.2kg/n, and another set with a density
greater than water, having a densityl@00kg/ni. operating conditions being identified
the solver are the operating pressure of 101.325kPa (atmospheric premstireéhe
gravitationalacceleration of 9.81m/s&is activated in such applicatians

3.4.3 Boundary Conditions

The wall/s of the capsules undergoes rigid body motion and hence, have been specified as
moving walls. The capsule interacts with the carrying fluid when the flow dagkce.

Practical inlet velocities of 2 and 4m/sec have been used in the currentitadyipe outlet

has been treated as a pressure outlet and it has been preserved at atmospheric pressure. The
internal pipe wall was considered to be hydrdynamically smooth, which denotes that the
constant of wall roughness is zeMoreover, all the walls in the flow domain have been
modelled as naslip boundaries, meaning that the flow has the same velocity as that of the
wall surface i.e. stationary in case of pipe wall. The intensity of turbulence is 5% at inflow
boundaries for 0.1m diameter of the pipe. The boundary conditions are summarised in table
3-1
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Table3-1 Boundary Condibns

Boundary Name Boundary Type
Inlet to the Pipe Velocity Inlet
Outlet of the Pipe Pressure Outlet
Wall of the Pipe Stationary Wall

Capsules Moving walls

The capsule specifications have been identified by using UDF, where depending on on many

factors such as capsule diameter, shape, density and.length

3.4.4 Introduction to Dynamic Meshing

The dynamic mesh capability in CFD usitisedin the currentstudy to model the capsule
motion. The model of dynamic mesh enables users to move the boundaries of a cell zone
relative to other boundaries of the zone, and to adjust the mesh accof@itjglyhe motion

of the boundaries can be rigid, such as pistons moving inside an engine cylinder or
deforming, such as the elastic wall of a balloon during inflation or a capsule moving in a pipe
filled with water. In either case, the nodestttiefine the cells in the domain must be updated

as a function of time, and hence the dynamic mesh solutions are inherently unsteady.

The motion could be termed as prescribed motion oepraacribed motion where the
subsequent motion is determined basedhe solution at the current time (e.g., the linear and
angular velocities are calculated from the force balance on a solid body, as is done by the
(6DOF) solver[62]. The volume mesh update is handled automatically at each time step

based on the new ptisins of the boundaries.

To use the dynamic mesh model needs to provide a primary volume mesh and the description
of the motion of any moving zones in the model. CFD allows describing the motion using
either boundary profiles, usdefined functions (UDHBs or the Six Degrees of Freedom

'2) VROYHU 7KH '2) VROYHU XVHV WKH REMHFWY{V IRUFF
the translational and angular motion of the centre of gravity of an object. The governing
equation for the translational motion of thentre of gravity is solved for in the inertial

coordinate system
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3.4.5 User Defined Functionsand Six Degrees ofFreedomProperties

User Defined Functions (UDFs) are utilised to enhance certain advantages of CFD, such as
custom boundary conditionslDFs have been usédl the existing studwith thesix-degrees

of freedom (6DOF}polver. The 6DOF works by providing the desired properties via UDFs.
These properties comprise mass, moments and products of inertia, external forces and
moments, translatiohand rotational matrices, and the body constraints. UDFs are written in
the C programming language, with the addition of a UDF header file for the macros. Three
different UDFs have been used in this work, which contains the macros; DEFINE_USER
INPUT, DEFNE_SDOF_PROPERTIES, and DEFINE_CONTACT.

The DEFINE_USER INPUT macro is used to specify the body properties of setting mass and
moments of inertia properties for a moving objddtis UDF is typical for applications in

which a body is dropped, and the 6(DOF R OYHU FRPSXWHV WKH ERG\YV PRWLI
The DEFINE_SDOF_PROPERTIES macro is used to define different properties of a body

for the 6DOF solver. These are typical body properties: mass, moment of inertia, product of
inertias and external forceshis macro is best used for simulating how a body interacts with

a flow field. The 6DOF solver uses the flow around the body, and the body properties, to
move the dynamic zone to the next time step. Essentially the flow defines the motion that the

dynamt zone will takg63].

The DEFINE_CONTACT macro is used to specify the response to a contact detection event
in CFD. Contact detection is used to detect if the computed mesh motion will result in contact
of a moving surface with other surrounding surfaces. If there is cont#un veipecified
tolerances, then the mesh motion of the moving zone can be constrained using nodal contact

information within UDFs.

This UDF is typical for applications in which a capsule is conveyed in a flow stream and the
6DOF solver computes capsule tma depending on the momentum exchange between the

capsule and the fluid. The capsule is to move freely in the flow field without any restrictions.
The general procedure for compiling a UDF source file is first building a shared library for

the resultingobjects, and then loading the compiled UDF library
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3.4.6 Dynamic Mesh Setup

CFD contains three main options to update interior volume meshes when there is a dynamic
boundary. These are smoothing methods, dynamic layering amksi@ng methods.
Appropiiate dynamic mesh modelling can help avoid negative cell volume errors. Dynamic
layering adds or removes layers of cells next to a moving boundary based on the height of the
cell layer adjacent to the boundary. This method is only usable with either veedge
hexahedral cells adjacent to the f@4]. In the present study, the mesh around the capsule is
tetrahedral; therefore the dynamic layering methods are not applicable and are not used in this

study.

Smoothing methods allow the mesh to stretch and contract. This is achieved via various
models avdable, such as spriAgased, diffusiorbased and linearly elastic solid method. The
springbased smoothing treats the edges between the two nodes as springs. The movement of
the boundary nodes creates a force that, using Hook's Law, is used to calsplatedient

of all the interior nodes in the deforming boundary. It is applicable to all deforming zones
with dynamic boundaries and best used with tetrahedral cells. This method was deemed most
applicable to the capsule motion applicatidie spring stifiess can be controlled by
adjusting the value of the Spring Constant Factor from 0 to 1 in the Dynamic Mesh settings
where a value of 0 indicates no damping with smoothing progress. The boundary node
displacements have a dominant influence on the motidineointerior nodesThe value of 1
represents the default level of damping on the interior node, which can be used for many
applicationg65]. In this study, a Spring Constant Factor of 0a8 been considered to allow

better chances for imeshing.

Re-meshing methods are used when the dynamic zone displacement is large compared to the
cell size at the boundary. In these cases, when the mesh moves, the cell quality around the
boundary candeteriorate, creating negative cell volumes. To avoid this, CFD identifies
problematic cells that violate a desired level of skewness or size criteria, and loeally re
meshes the problematic cells by interpolating the solution in the new cells from teisld

If the new cells also fail the skewness or size criteria, they are discarded instead of integrating
into the meski66].
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There are five main methods formeeshing i.e. local cell, local face, face region, Cut Cell
zone, and 2.5D. Like the smoothing techniques, some of these are applicable only to certain
cell shapes and can be discarded based on how the mesh was creatdcell and local

face remeshing are the two techniques used for the capsule motion in the present study. CFD
uses the dynamic mesh settings in conjunction with each other to optimise the mesh at every
time step. CFD decides, based on the enabled moalkish mesh is the most appropriate

one for the required deforming zone, and then applies the smoothing techniques. Finally,
CFD uses the reeshing as necessary. The motion of the moving object is accommodated
within the computational domain by stretapiand squeezing the mesh. Figurg shows the
resulting deformation in the mesh region due to the capsule motion based on the dynamic
mesh setup useds could be seen from the figure, the capsuleves upward in the-y
directionto makethe mesh to streficand contract withithe flow domainHence,the mesh
deformationzones areadapted for r@enerating the mesh around the field of capsule motion

to keep the solution continuing W the motion is taking placéppendix A4 provides a

complete list of capsule velocities for the present study.

Figure3.5 Dynamicmesh for the cylindrical capsule motion
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3.4.7 Mesh Independency Test

A mesh independency test is importantémfirm that the changes in mesh will not affect the
numerical solutions significantly. In order to establish the mesh requirements for the
simulations, twovariousmeshes, have been ugedensure the numerical results qualithe

flow field variables hae been used for comparison purposes; pressure drop across the HCP

and the capsule velocity, in this case

The results obtained, as shown in table 3.2 and fig@r@l8pict that the variation is less than
0.1% in the pressure drop between one millionhmeements and two million under study
Whereas, table 3.3 and figurer 8lepict that the variation in the capsule velocity is less than
4% between the two meshes under consideration. Thesabycan be deduced that the 1M
grids are able to accurately dret the complicated flow characteristics within HCPs and has

therefore been selected for more analysis.

Table3-2 Mesh Independence based on Pressure Deipethe HCP

Number of mesh | Averagepressure drop Difference
elements per unit length ratio
(Millions) (Pa/m) (%)

1 10932
2 10939 0.06
11500
11400
=1 Million elements
11300
=7 Million elements

= 11200

é 11100

““_E: 11000

:_: 10500

10800
10700
10600
1] 0.1 0.2 0.3 0.4
Flow Time (sec)

Figure3.6 Time histories of the pressure drop
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It can be observed that the pressure drop values markedly fluctuate due to the capsule motion
within the pipeline.

Table3-3 Mesh Independendesed on Capsule Velocity in HCP

Number of mesh . . .
Capsulevelocity Difference ratio
elements
(Millions) (m/seQ (%)
1 1.513
2 1.457 3.82
1.6
1.4
1.2
= 1
~§- o8 ——1 Million
= 0.6 ——2 Million
0.4
0.2
1}
1} 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Flow Time (sec)

Figure3.7 Time histories of the capsule velocity

3.4.8 Time Step Size and Solutiornitialisation

The time step size used for the calculations has major implicatioribe solution. The
determination of an appropriate time step size is based on the needs of the calculations. There
are two competing goals for this decision-mmeshing and computation time. From a
standpoint of reneshing, it is desirable to have a snratime step to make the-reeshing
calculations simpler and to avoid negative cell volumes (i.e. when a cell flips directions and
points the wrong way, giving the cell a negative volume). However, from a standpoint of

computation time, a larger time step desirable. Larger steps lead to fewer calculations,
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which means significant decrease in simulation time. Various time step sizes have been
tested, and finally, the time step size of 0.0005sec is found to be sufficient enough for the
time dependent solatn. The estimation was made depending on the minimum mesh size and
the average flow velocity. The computations begin from an initial flow field obtained from a
well converged steady state computatiarinere the capsule is placed near the test section
entrance. The timéndependent solution has been achieved by monitoring the time history of
the capsule motion and the pressure drop across the test s€bgoappropriateness of the
time-step is established if the continuity residual drops about two ooflensgnitude from

the beginning of the simulatiorifo obtain a meaningful solution for time averaging a

periodical behaviour of the flow field has to show.

3.5 Scopeof Numerical Investigations

There are a large number ggometricand flow related variabk associated with the flow of
various capsules shapes in pipelinesaguchi Method for Design of Experiments (DoE) has
been adopted in the current stutyidentify the possible practical combinations of these
parameters 7T DJXFKLYfV PHWKRG PDNHV XVH RI RUWKRJRQDO
number ofnumerical simulationto be performed that gives tiame amounf information
(response) as a full factorial desigmaguchi contended that traditional sampling is
insufficient here as there is no method of obtaining a random sample of future conditions
statistical software (Minitab 17) hasbeenused for this purposavhere a practical range of
various parameters has been determifidwe factors considered for the flow different

capsules in vertical HCPs, alongside their levels, have been summethbie iR4.

DL

Table3-4 )DFWRUV DQG OHYHOV RI 7DIJXFKLYV PHWKRG

Factor Level 1 Level 2 Level 3
N 1 2 N/A
Lc 1d 1.5d N/A
k 0.4 0.5 0.6
Vav 2 4 N/A
i Sphere Cylinder Rectangle
S 1 1.7 N/A
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After numerically simulating the capsules flow inside vertical hydraulic pipeluiéfierent
performance parameters have been recorded for further analysis. Detailed debates on these
findings are given in the following chapters, where following chaptefocuses on the basic
capsule shapes, flowing separately in vertical pipes
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Chapter 4 - Flow Diagnostics in HCPs
Transporting Basic Capsule Shapes

he results obtained from the numerical models @ratdebatedn the
Tearlierchapter,concerningthetransportatiomf basic capsules shapes
across pipelines, provided in this chapterDetailed quantitativeand
gualitative unsteady analysefiave been performed to understand the
complex flow behaviour for capsule motioffhe impact of different
geometrial parameters and flow conditions on the transport of basic capsule
shapes in a vertical pipgasstudied.Moreover, semi empcal correlations

for capsulevelocity and pressure drop have been developed
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4.1Validation of CFD Predictions

It is essential to validate the numerical model to predict flow fields of capsules within the
vertical pipeline before the data analysitis to ensure that the findings of the numerical
model obtained through the computational investigations are conepafith experiments
results to allow this predictive model to be such as the physical model used in the practical

applications

The predictive model based on the numerical simulations have been compared with the
experiments resultf®r the capsule velocity in the vertical pipe presented by [a@p The
accuracy of the experimental data was estimdedsome major parameters, based on
measurement accura@and reproducibility, were Va¥ 4.5% and Vct 3%. The numerical

model for thausedconditions intable 41 has beemetermined

Table4-1 Validation Tests

Name / Property Value / Range / Comment Units
s 1 N/A
k 0.5 N/A

Lc 0.05 m
Vav 1-4 m/sec
Capsule Shape Cylindrical N/A

Figure 4.lindicates the variations in the capsule velocity with the flow velocity across the
pipe, through different average flow velocities for Computational Fluid dynamics (CFD) and
practical tests. It is found thatgood agreement between the CFD resuit®mparison with

the experimentdindings, the maximum difference between then®9. It is therefore

possible to conclude that the numerical model of a pipeline transporting capsules that

considered in this investigation simulates the physical model
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Figure4.1 Validation of the CFDresultswith the experimental results for the capsule
velocity in a vertical pip¢hattransportinganequidensity cylindrical capsule

4.2 Single Phase Flow Analysis in &ertical Pipeline

The structure of singliphase flow needs to be examined in depth before going to study the
capsules flow across vertical pipelind$e distribution of static gauge pressure within the

pipe is depicted in figure 4.2, at a flow veloaitly2m/seclt is observedhat the static gauge

pressure of water has reduced from 15294Pa to 4581Pa along the test section, which
corresponds to 70% decrease in the static gauge predgueee corresponds to a 70% drop

in static gauge pressure. The Dafagtion coefficient (f) has been estimated to be 0.0165,
WKURXJK ORRG\YfV FKDUW IRU D K\GURG\QDPLFDOO\ VPRRW
2m/sec.This value of friction coefficient has been used in equation (1.3) to get the pressure
drop across KH WHVW VHFWLRQ "3 WR EH 3D 7KH SUHVVX
10146Pa. Hence, the difference between the analytical and CFD predicted pressure drop
values is 0.059%. Consequenitycan be concluded that CFD predicts the pressure reduction

of a singlephase flow inside these pipes with acceptable precision.
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Figure4.2 Distributionof (a) Static gauge pressure and (b) Flow velocity magnitude

Figure 4.2 (b) depicts the flow velocity magnitude distribution inside the pip&ine.can
QRWLFH WKDW WKH YHOR F LaWé \'s RdrowdChtise@Rhe-dipbowdary SLSHV
FRQGLWLRQ LQ FRQWUDVW WKH YDOXH RI WKHflb@RZ YHOF
velocity at theSLSH YV, ik d QN dedeloped flow, exceeds the average flow velocity

rate. Thereby, thd ORZ YHORFLW\ DW WKH SLSHYV FHQWUH LV

measure of the velocity is 2m/sec.

4.3 Flow Diagnostics in HCPs Transporting Spherical Capsules

As discussed earlier in Chapter 3, the dynamic mesh technique has been used talhumeric
simulate the motion of capsules in a hydsmamically smooth pipeline. The capsules have
been considered to be rigid bodies. The capsules are allowed to move fully freely and
interacting with the carrier fluid. Many studies have previously been ctedigiving a
detailed review of hydraulic capsule transport in general. However, most of these studies
consider steady state flow. In the present study however, the author pursues the motion of
capsules in a vertical hydraulic pipeline throughout thestestion. It has been conducted on
various shapes of capsules, and its position in the pipe is always changing. In most of the
simulations, the first capsule is released from an initial positiggo(Z)= (0,0,0) with the

major vertical axis. After theetease of the capsule, the centre of the capsule begins to move

Abdualmagid Algadi PhD Thesis (2017)
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upward. Then, there is a transient stage when the orientation of the capsule changes. Finally,
the capsule attains an equilibrium position dhmlvs steadily. In the case of multiple
capsulesthe spacing between the capsules is initially considered to be equal to two diameter
of the capsule

Figure 4.3 (a) presents the variations in the distribution of the static gauge pressure across the
test section of the pipeline, which carries a spherical shape for adestgity capsule of k =

0.5 and Vav = 2m/sedt is clearly noticed that the capsudgistence changes the pressure
variations within a pipeline, in comparison with singlease water flowThe pressure
reduces in the pipeline from the inlet to the outlet continugaslyxpected in real life. There

are two major reasons for the pressdrep in the present case. The primary reason for the
pressure dropghroughthe pipe is the elevation effect of the pipe. It can be noticed from
HTXDWLRQ WKDW DV WKH HOHYDWLRQ RU 0K LQFUHD
increases. The send reason for the pressure drop across the pipe is due to the friction forces
acting on the flow. These frictional forces arise from the interaction between the flow and the
different walls within the flow domain i.e. the pipe wall and the capsule. Adhahe
dominant parameter for the pressure drop in the present case is the elevation of the pipe,
however, does not include the impact of the existence of the capsule/s in th@hmpe
pressuregradient contribution from the capsule is representedthe frictional pressure
gradient One canobservein figure 4.3 (a) that the pressure upstream the capsule, at a flow
time of 0.05sec, is 14920Pa, however, after 0.75sec, the pressure upstream the capsule
decreases by 8828Pa. Hence, the difference in the pressure upstream the capsule is 69% for
the two fow times considered. In order to evaluate the pressure drop contribution from the
capsule alone, the friction factor for the capsule has been computed. In the present case, the
average mixture and capsule pressure drops, and the average capsule dgtbio(fd) are
10720Pa, 556Pa and 0.02790 respectively
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Figure4.3 (a) Staticgaugepressureand (b)Flow velocity magnitudevariationsfor anequi-
densitysphericalcapsule ok = 0.5 and Vav = 2m/sec different flow times

The flow velocity in the test section varies according to ¢apsule position throughout its

motion. Figure 4.3 (bpresers flow velocity magnitudelistributionsin the pipe for the flow

of a singleequidensity spherical capsule of k = @BdVav = 2m/sec. lis observed that the

flow velocity magnitude distribution is significantly affected by ttegsule existence the

pipe. There are two areas of interest associated with the capsule, in the context of flow

velocity variations.The first being the annulus region (between the capsule andwvpibe

and the other being the wake region (downstream of the capsuse)bservedhat the flow

velocity magnitude is highest in the annulrea The reason for this increase in the flow
velocity magnitude is due to the restriction to the flow bydhpsule. The cross sectional
area available for the flow to take place decreases, increasing the vefabigyflow. As far

as the wakearea downstream the capsule is concerned, the flow velocity magnitude
variations are highly neaoniform in this regio. The reason for reduced flow velocity
magnitude in the wake region is the flow separation and the resulting highly three

dimensional flow field downstream the capsule.

Figure 4.4depictv WKH WLPH KLVWRU\ RI WKH YDULDMhLRDY LQ WKI
WKH SUHVVXUH GURS GXH WR WKH FDSVX0Otht aéaRd@H “"3F /
search Thefindings exhibit that the mixture pressure dropgeeaterthan the pressure drop

caused by the capsule. In spite of the trend of pressoge fdr both cases is the same
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behaviour Comparison withthe pressure dropwing the flow of capsuls only. The increase

in pipeline's pressure drop as a result of the capsule existence is 5.3% in comparison with the

Iw

pressure drop in the flow of singéaase.
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Figure4.4 (a) Variations inthe mixture pressure drop and (e capsule pressure drop, for a

single equidensity spherical capsule of k = 0.5vatv = 2m/sec

Figure 4.5shows the time history of the variations in the capsule velocity for the case under
consideration. The resultdepict that the capsule velocity incises almost linearly up to
0.75sec. After that, the capsule reaches the steady flying state, having a capsule velocity of
2.15m/sec, which is 2% higher than the average flow velocity of 2m/sec. The reason for
higher capsule velocity, as compared to therage flow velocity, is the fact that the capsule
diameter is less than the pipe diametieereby the capsule propagates along the celimee
of the pipe (because the capsule is @tgnsity in this case). As it is an established fact that
the centrdine flow velocity in a pipe i€onsideredigher than the average flow velocity, the

resulting capsle velocity is higher than the average flow velocity
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Figure4.5 Time history of an equdensity spherical capsule velocity for k = 0.5 at
Vav = 2m/ec
Figure 4.6 depicts the time history of the acceleration rate of andeqsity spherical
capsule of k = 0.5 at the average flow velocity 2m/sec. It is observed that the capsule rapidly
accelerates just after the loading, and then decelerates dramaitidélliseaches the steady
velocity, due to the reduction in the driving forces of the capsule flow. The forces acting on
the capsule are the pressure, shear and Coulomb f@&jeFhese forces have obtained from

thenumerical model.
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Figure4.6 Time history of the acceleration of an eglénsity spherical capsule for k = 0.5 at
Vav = 2m/sec
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4.3.1 Effect of Average Flow Velocity

In order to analyse the flow velocity effeof the carrier fluid on the flow structure, an

average fluid velocity of 4m/sec has been consideremhVesstigation. CFD predicted results

have then been compared against the previous case i.e. Vav = 2miKécDW WKH FDSV X(
paraméers remain the same in bathsesFigure 4.7depics thestatic gaugeressure and

flow velocity magnitudedistribution ina pipe transporting the capswdéan average flow

velocity of 4m/sec at different flow times during thapsule motion. The pressure drop
acrossthe test section of the pipe is 11584Pa, which is 8% higher than the pressua¢ drop

Vav = 2m/secMoreover it is notedin figure 4.7 (b) that the velocity field resembles the one

seenin the case of Vav =rd/secsuch asa greatewelocity in the annulus regionghis is

owing to the reduction in the flow cressctional area, where the extreme velocity present in

the annulus regions gives rise to shear forces acting on the capsule
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Figure4.7 (a) Static gauge pressure and (b) Flow velocity magnitude variations for an equi
densityspherical capsule of k = 0.5 aN@v = 4m/sec at different flow times

the pressure drop variations throughout the test section of the pipe have been depicted in
figure 4.8. From this figure is observed that the pressure drop markedly fluctuatestieiring
spherical capsule motion in the pifée pressure drop asdicatedin the results due to the
capsule flow at an average flow velocity of 4m/sec is considerably higher than Zhiifsec.
reason for the increase in the pressure drops is the decreaselilosises within the pipeline
owing to the increase the flow velocity. More detailed results are provided in Appefidix A
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Figure4.8 Theeffectof average flow velocitpn the pressure drop variation for an equi
density spherical capsule of0.5
Figure4.9 shows time histories of the capsule velocities for an equi density spherical capsule
of k = 0.5 at different flow velocities considered. The resuégictthat thecapsule velocity
increases gradually with the increase in the flow velocity. The capsule velocity in case of Vav

= 4m/s attains atabilisedvelocity in a shorter time than in the case of Vav #s2m
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Figure4.9 Theeffect of average flow velocity aie capsule velocity for an egdliensity
spherical capsule ofk0.5
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4.32 Effect of Capsule Density

Figure 4.10 indicates the differences in the distribution of pressure and veldtbity the
test section of the pipeline which carries a heavy density spherical capsule for k = 0.5 at Vav
= 2m / secThe pressure at the upstream entrance is about 15450Pa, which igr82iét
than the upstream pressure for an atgnsity capsule at the same flow velocity in
figure 4.3 (a) The pressure distribution trends are the same as noticed for adeegitly
capsulesMoreovet it is obviouslyobservedn figure 4.1(b) the capsuleelocity is slower
than the equdensity capsule. The reason being the weight of the capsule becomes higher
than the equdensity capsule. Hence, The time it takes to cross the test section of the pipe is

1.2sec, as compared to an edensity capsule th&rosses the test section in 0.75sec.
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Figure4.10 (a) Static gauge pressure and (b) Flow velocity magnitude variations for a heavy
density spherical capsule of k = 0.5 and Vav = 2m/sec at different flow times

Figure 4.1 shows the variations in the pressdrepalong the test section of the pipe. Ihca
be observed that the pressure gradient markedly fluctdatesythe capsule motion in the
pipe. The results indicate that the pressimap for a heavy density capsule (s = 1.7) is
considerably higher thafor an equidensity capsule (s = 1). However, the pressirop
distribution in the pipeline is similar for both the casBse pressure drop increases due to

increasan the force required to transport the capsule.
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Figure4.11 The effect oftapsule densitgn the pressure drop variation #spherical
capsuleof k = 0.5at Vav = 2m/sec

Figure 4.12 depicts time histories of the capsule velocities for a spherical capsule at an
average velocity of 2m/sec for two different capsule densitigs.btedthat the capsule
velocity for a heavy density capsule is less than for the-@gensity capsule. Theelocity of

the equidensity capsule exceedes the average flow velocity when reaches a steady flying
state, whereas the velocity of heavy density capsule is less than the average flow velocity.

Due to the the increase the weight of the capsule
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Figure 4.12 The effect of specific gravity ratio on capsule velocity historyafgpherical
capsuleof k = 0.5at Vav = 2m/sec
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4.33 Effect of Capsule Diameter

Figure 4.13 depicts the distribution in a heaensity spherical capsule transporting pipe for

both the static gauge pressure and flow velocity magnitude for k = 0.6 and Vav = 2m/sec. It
can observe that in spite of the distribution of the total pressure appears to be similar to the
field of pressuredr k = 0.5 at the same average flow rate, the pressure at the upstream
position of the capsule increased by 6%. Moreover, it can be noticed in figure 4.13 (b) att =
0.05sec that the flow velocity in the annulus region has increased to 3.34m/sec, owing to
decrease in the flow crosectional region. While the flow velocity is low at a wake region

downstream of the capsule in a pipeline.
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Figure4.13 (a) Staticgauge pressure aifid) Flow velocity magnitude wariations fora heavy
density spherical capsule of k = 0.6 afalv = 2m/sec at different flow times
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Figure 4.4 illustrates the variations in the pressua®p along thepipe test section aan
average flow velocityof 2m/sc It can be observedthat the pressure drop markedly
fluctuatesduring the capsule motion in the pipe. The results indicate that the presspre
recordedduringa capsule motion of & 0.6 isconsiderablyhigher than the pressure drimp
k=05
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Figure4.14 Theeffect of capsule diameter on the pressure drop variationheawadensity
spherical capsule atav = 2m/sec

Figure 4.15 indicates time histories of the capsule velocitiesadreavy densitgpherical
capsule at an average velocity of 2ew/for different ratios of capsule diametédtr.can be
seen that the capsule velocdf/k = 0.5 is slightly higheas compared t& = 0.6 during a
particular time, and then the capsule velocity of K.6 starts increasing till exceed the
capsule velocity for k =0.5. Hence, it can be observedthigatapsule velocity increases as

the capsule diameter increases.
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Figure4.15 Theeffect of capsule diameter on capsule velocity historafoeavydensity
spherical capsule atav = 2m/sec
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4.3.4 Effect of the Capsules Concentration

Figure 4.13 depicts the variations within pipelines carrying two -dqusity spherical
capsules for the static gauge pressure and the flow velocity magnitude for Vav = 2m/sec and
k = 0.6 at different flow times. The initial istance between capsules is equal to two
diameters of the capsul€he pressure distribution trends are the same as noticed for a single
equidensity spherical capsul@he pressure at the upstregmosition has increased to
17145Pa (13%)in comparison t@a one equdensity spherical capsul&€hereby, a decrease

in total pressure of 0.32% was seen for N = 2 compared to N = 1. Moreover, in comparison
with one spherical capsule, it is observed that increased concentration of thraeshlichin

the pipdine provides higher flow resistance and increased pressure dibpsn a capsule

train moves in a pipghe upstream capsule bears the greatest pressure while the pressure on
the second capsule decreases in.tlitve difference in the capsules velocities nsakiee
spacing between the capsules changes gradually after the capsule train starts in the motion.
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Figure4.16 (a) Static gauge pressure and (b) Flow velocity magnitude variations for two
equidensity spherical capsules of k = 0.5 &al = 2m/sec at different flow times
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Figure 417 shows the variations in the pressure drop albegéest section of the pipe. It can

be observed that the pressure drop markedly fluctulatesg the capsule motion in the pipe.

The results indicate that the pressdrep recorded through the motion of two eglénsity
capsules are slightly higher than the pressure drop for a single spherical capsule. This is
because the concentration of the solid medium within the pipe is more in the case of N = 2 as

compared to N = 1.
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Figure4.17 Theeffect of capsule concentration on the pressure drop variation for two equi
density spherical capsule of k = 0.5vatv = 2m/sec

Figure 4.18 depicts time histories of the capsule velocities of two -egusity spherical
capsules at an average velocity of Zm/# can obviously noticéhat thevelocity of thefirst

capsule is greater than the second capsule during a period due to ttem§itde is subject to

the maximum forces from the water, and its hydraulic characteristics are more complex than
for the second capsule. Afterwards, the second capsule velocity starts increasing till exceed

the first capsule velocity. The velocitljstrubuion is quite similarfor both the capsules.
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Figure4.18 Theeffect of capsule concentration on capsule velocity history for twe equi
density spherical capsule of k = 0.5vav = 2m/sec
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4.4 Flow Diagnostics in HCPs TransportingCylindrical Capsules

Figure 419illustrates thestatic gauge pressuaadflow velocity distribution aroundn equi
densitycylindrical capsule of k = 0.5 at a flow velocity 2&in/sec for a capsule length Lc =

1d. The pressure in the pipeline decreases continuously from the inlet to the outlet of the pipe
The pressure field around a cylindrical capsule resembles the pressure field around a
spherical capsule. It can be noted ttheg pressure upstream the capsule, at a flow time of
0.05sec, isdl4465Pahowever, after 0.55sec, the pressure upstream the capsule decreases by
68.7%for the two flow times consideretl can be observed that the flow velocity in the test
section varies@ording to the capsule position throughout its motMareover the velocity

distributiontrendis the same asbservedn theflow of aonespherical capsule.
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Figure4.19 (a) Static gauge pressuaad (b) Flow velocity magnitude variations for an equi
density cylindrical capsule of k = 0.b¢ = 1d andvav = 2m/sec at different flow times
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Figure4.20 depicts the time histories of egdensity cylindrical and spherical capsules at the

flow velocity of 2m/®c Therefore,it can be obviouslIyoticedthat the cylindrical capsue
velocity is higher than the spherical capsule. This is due to that thesexigm area of the
cylindrical capsule is greater than the cross section area of the spherical capsule. Where the
cross section area of the cylindrical capsule is subjected to the maximum forces from the
water is greater than the spherical capsule. Haheetime that takes the cylindrical capsule

to reach steady velocity is shorter than the spherical capsule.
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Figure4.20 Thecapsule velocity history for an egdéensity cylindrical capsule of k 0.5 and
Lc=1d

4.4.1 Effect of Average Flow Velocity

Figure 4.21 illustrates the static gauge pressure and flow velocity magnitude distribution for
transporting equensity cylindrical capsules across pipelines of k = 0.5 and Lc = 1d at an
average velocity of 4m/seduring different flow times.The pressure drop through the
pipeline test section i$1521Pa, which is 7% highar compared withthe pressure drop of

the same capsule at Vav = 2m/ddoreover it can observe as seen in the figure 4.12 (b) that
the field of velocity is similar to the field noticed in the case of Vav = 2m / sec, i.e. greater
velocity through in the annulus area always be at the beginning of the capsule ahotion
0.05sec. Behind a capsule, a wake regibasbecome larger as compared with a wake region

when average velocity was 2ra¢slue to increase in the flow velocity.
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Figure4.21 (a) Static gauge pressure and (b) Flow velocity magnitude variations for an equi
density cylindrical capsule of k = 0.b¢ = 1d andvav = 4m/sec at different flow times

Figure 4.22 shows the pressure drop variations throughout the pipeline test. SHution
results indicate that the pressure gradient at an average velocity of a flow of 4m/sec is
considerably higher than the pressure gradient for a flow velocity 2m/sec. It can be observed
that the pressure gradient markedly fluctuates through thedegsity cylindrical capsule
motion in the pipeNonetheless, the pressure drop trends in the pipeline are nearly the same

as seen in both cases. The Appendix gives more detailed results
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Figure4.22 Theeffect of average flow velocity on the pressure drop variation for an equi
density cylindrical capsule for k=0.5 ahd =1d
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Figure 4.23 shows time histories of the capsule velocities for an-dguosity cylindrical
capsule of k 0.5 at different flow velocities. It can meted that the capsule velocity is
increased gradually with the increase of the flow velocity. Thereby, the capsutéyalith

a flow velocity of 4m/s attains a constant velocity in a shorter time than in the case of Vav =
2m/sc It can be concluded that the capsule velocity is slightly higher than the flow velocity

of fluid regardless the fluid velocity value.
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Figure4.23 Theeffect of average flow velocity on capsule velocity history for an-equi
density cylindrical capsule for k = 0.5 ahd =1d

4.4.2 Effect of Capsule Length

Figure 424 illustrates thestatic gauge pressurand flow velocity distributions of the pipe
carrying cylindrica capsulewith an equidensityfor k = 0.5, Lc = 1.8 and Vav = 2m/s
during different flow timeslt can be noticed that the distributions in the total pressure and
velocity appar to be the same in comparison with Lc = 1d at the same capsule diameter and
flow velocity. However, the time that the capsule has taken it to reach the end of the test
section considers slightly longer as compared with capsuke 1a¢ due to the increase a
capsule length. The pressure demposshe pipe $ 1072®a which is 0.18% greater than the

pressure drop for capsule = 1d. Moreover, the velocity distribution field remainssasilar

as one observed in Lckd.
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Figure4.24 (a) Static gauge pressure and (b) Flow velocity magnitude variations for an equi
density cylindrical capsule of k = 0.b¢ = 1.5d and Vav = 2m/sec at different flow times

Figure 425 shows the pressure draariations throughouthe pipe test section. It can be

observed that the pressugeadientmarkedly fluctuates through an eglensity cylindrical

capsule motion in the pipe. The results indicate that the pressure gradient for capsule length

1.5d is considerably slightly higher tharm thresste gradient for the capsule of Ecld.
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Figure4.25 Theeffect of a capsule length on the pressure drop variation for aideqsity
cylindrical capsule for k = 0.5 and Vav = 2xs
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Figure 4.26 depicts the time histories of an eglénsity cylindrical capsule at an average
flow velocity of 2m/s with different lengths. It can be clearly noticed that the cylindrical
capsule velocity with the length of 1.5d is less than the capsule velocityheitength of 1d.

This is due to the increase of the capsule length. Hence, the time that takes the cylindrical

capsule with the length of 1.5d to reach steady velocity is longer than the time with the length

of 1d.
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Figure4.26 Theeffect of a capsule length on capsule velocity history for andensity
cylindrical capsule fok = 0.5 and Vav = 2méc

4.4.3 Capsule Density Effects

Figure 427 depics the static gauge pressur@nd flow velocity magnitude variationn
transporting of a cylindrical capsuleith a heavydensityfor Lc = 1d,k = 0.5 at Vav =
2m/sec at different times. The pressure at the upstream is al@éPa5during = 0.05sec,
which is6.3% higher than the upgtam pressure for an eeugnsity capsule with the same
parameters. The trend of pressure distribution is the sammotad for an equidensity
cylindrical capsuleMoreover this can be obviously observéd figure 427 (b) the capsule
velocity hasbecomeslower than the equdensity capsule owing to the capsule weight
addition to that, the time that takes it to cross the test section of the pipe i§5sec).as

compared to the cylindrical capswgh equidensitythat takes less time at t =56sec.
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Figure4.27 (a) Static gauge pressure and (b) Flow velocity magnitude variations for a heavy
density cylindrical capsule of k = 0.5, Lc = 1d and Vav = 2m/sec at different flow times

Figure 428 shows the variations in the pressure drop along theéetibn of the pipe. It can

be observed that the pressure drop markedly fluctuates through the capsule motion in the
pipe. As in theresults indicate that the pressure gradient for a heavy density capsule (s =
1.7) is significantly higher than the pressargradient of an equensity capsule (s = 1).

Moreover, the pressure drggriationwithin the pipe is similar fotwo cases.
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Figure4.28 The effect of capsule density on the pressure drop variati@anHeavydensity
cylindrical capsule of k = 0.5 and Lc = 1d at Vav = 2m/sec
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Figure4.29 depicts time history of the capsule velocity for cylindrical capsule at an average
velocity of 2m/sec for different densities. It can be obviousijcedthat the capsule velocity

for a heavy density capsule (s = 1.7) is less than the capsule velacdy feguidensity
capsule (s= 1). The velocity of the equdensity cylindrical capsule is exceeded the flow

velocity, whereas the velocity of heavy density capsule is less than the flow velocity when

reaches to a steady velocity.
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Figure4.29 The effect of capsule density on capsule velocity historg fogavydensity
cylindrical capsule of k = 0.5 and Lc =1d at Vav = 2m/sec

4.4 4 Effect of Capsule Diameter

Figure 4.30 depicts the distribution in a heavy density cylindrical capsule transporting pipe

for the static gauge pressure and flow velocity magnitude of Lc = 1 d, k = 0.6 at Vav =
2m/sec during different flow times. The distribution of the total pressppears to be similar

to the field of pressure for k = 0.5 at the saamerage flow rate and the same capsength.

The pressure on the capsule front area during t = 0.7sec has decreased by 65.5% as compared
to the pressure on the front area of the capsule during t = 0.05 sec. Moreover, the distribution
of the flow velocity is the same as seen in the case 06 at the same capsule length and

the same flow velocity. In addition to that, the velocity distribution within the pipe after the

initial motion of the capsule at t = 0.45sec becomes more regular distribution.
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Figure4.30 (a) static gauge pressure and Bw velocity magnitude variations farheavy
density cylindrical capsulef k = 0.6, Lc = 1d and Vav = 2m/secdifferent flow times

Figure 4.3 illustrates the pressure drop variations throughout the pipe test section at the

same average velocity of tlew 2m/seclt canbe observethat the pressure drop markedly

fluctuates through the capsule motion in the pipe. The results indicate that the pressure

gradients recorded through a capsule motion of k xedrrkablechangeas compared to the

pressuraropas seen in the caselof 0.5.
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Figure 432 shows a time history of cylindrical capsule velocity starting from rest until the
capsule reaches nearly the steady velocity for different capsule dranstan average
velocity of 2n/sec It can be clearly seen that the capsule velocity for k = 0fightly
higher than of k= 0.5 during a particular time, and then the capsule velocity ofOk6=
becoms approacing from the capsule velocitgf k = 0.5. Afterwards, the capei velocity

tends to be steady.
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Figure4.32 Theeffect of capsule diameter on capsule velocity historafoeavydensity
cylindrical capsulat Vav = 2m/ecand Lc =1d

4.4.5 Effect of the Capsules Concentration

Figure 4.33 presents the static gauge pressure and flow velocity magmitiad®ns insidea

pipe conveying two eqtdensity cylindrical capsules of k = 0.5, Lc = 1d and Vav = 2m/sec at
different times. The distribution trend of the pressure is neaglytichl as noticed for a single
equidensity cylindrical capsuldéne upstream location pressure at t= 0.05sec has increased to
15135Pa (0.7 %) in contrast to a single edgmsity cylindrical capsule at the same flow
time. Hence, the overall pressure drogs increased by 0.2% for N=ir2 contrastto N= 1.
Moreover, as compared to a single cylindrical capsule, it can be observed that the flow
velocity upstream of the capsules at t005sec is 2.15még, but the flow velocity
downstream of the capsules &etsame time dropped by 21% 1.7m/sec Thereby,
increasing the concentration of the solid phase in the pipeline provides further resistance to

the flow and results in a decline in the flow velocity.
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Figure4.33 (a) Static gauge pressure and (b) Flow velocity magnitude variations for two
equidensity cylindrical capsulesf k = 0.5, Lc = 1d and Vav = 2m/secdifferent flow times

Figure 434 showsthe pressure drop variations alonge the pipe test settismoticedthat

the pressureeductionmarkedly fluctuates through the capsule motion in the pipe. This can
be clearly observed through the change of the capsules position that resulted from the
rotational and transient motion of the capsules flow. The ssullicate that the pressure
dropsrecorded through the motion of two eglg@nsity cylindrical capsules aregsitly higher

than the pressurdrop fa a single cylindricalcapsule.This is due to the solid phase

concentration inside the pipeline which ismafor N = 2 as compared 19 = 1.
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Figure4.34 Theeffect of capsule concentration on the pressure drop variation for two equi
density cylindrical capsulesf k= 0.5 and Lc =1d at Vav = 2ngs
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Figure 4.35 depicts time histories of the capsule velocity for two abgnisity cylindrical
capsules at an average velocity of Zm/dt can be obviously seen that the first capsule
velocity is greater than the second capsule during a period due to tlvapsste is subject

to the maximum forces from the water, and its hydraulic characteristics are more complex
than for the second capsule. Afterwards, the second capsule velocity starts increasing till

exceed the first capsule velocity. The velocity praglguite similar for both the capsules.
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Figure4.35 Theeffect of capsule concentration on capsule velocity history for twe equi
density cylindrical capsulesf k= 0.5 and Lc =1d at Vav = 2nels

4.5 Flow Diagnostics in HCPs TransportingRectangular Capsules

Figure 436 illustratesthe static gauge pressueand flow velocitydistribution around @ne
rectangular capsuler a capsule length Lc = 1& = 0.5as well asaflow velocity of 2m/sec.
Thepressure in the pipelines reduces continuously from the inlet to the outlet of the pipe. The
pressure scope around a rectangular capsule similar to the pressure scope around a cylindrical
capsulelt can be noted that the pressure upstream the capsaldloat time of 0.05sec, is
14965Pg however, aftef.6sec, the pressure upstream the capsule decreasébior the

two flow times consideredMoreover the flow velocity distributiontrend is the same as
observedin a one cylindrical capsulecase The velocity flow distribution within the pipe

after the initial motionof the capsule during time Gdc becomes more ndgr due to the

capsule motion.
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Figure4.36 (a) Static gefli%e pressure and (b) Flow velocity magnitudsabzlariaftiom equ
density rectangular capsulelof 0.5, Lc = 1d and Vav = 2m/secdifferent flow times
Figure4.37 depicts the time histories of egdensity rectangular and cylindrical capsules at a
flow velocity of 2m/®c It can be obviouslyoticedthat the rectangular capsule velocity is
higher than the cylindrical capsulleiring a particular time of the motion. This is due to that
the cross section area of the rectangular capsule is greater than the cross section area of the
cylindrical capsule. Were the cross section area of the cylindrical capsule is subjected to the
maximum forces from the water is greater than the spherical capsule. Then the cylindrical

capsule velocity starts in an increase until exceeding the rectangular capsule velocity.
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Figure4.37 Thecapsule velocity history for an egdensity rectangular capsuék 0.5 and
Lc=1d
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4.5.1. Effect of Average Flow Velocity

In order to investigate thipactof the velocityof flow on the flow structure, an average

flow velocity of 4m/sec has been selected for an-egusity rectangular capsule of k = 0.5

and Lc= 1d. Figure 88 illustratesthe static gauge pressuamnd flow velocitydistribution at
different flow times during theapsule motion. It can be noted that the pressure in front of the
capsule at an initial motion during 0.05sec is 16450Pa as compared to the pressure in front of
the capsule in case of Vav mZecat 0.05sec is 14965Pa, which increased by 9%.

Moreover it can be seen in figure3B (b) that the trend of velocity field resembles the one
noticedin caseof Vav = 2n/s¢ and t =0.05sec i.e. a wake region had become larger as
compared to the wake region when the average velocity wag@dus to increase in the

velocity of flow.

(Pa) (ms-1)

Figure4.38 (a) Static ga(l?g)]e pressure and (b) Flow velocity magnitud(ebzlariations for an equi
density rectangular capswék = 0.5, Lc = 1d and Vav = 4m/satdifferent flow times

Figure 439 shows the variation in the pressure drop along the test section of the pipe. It can

be observed that the pressure drop markedly fluctuates through thddbgity rectangular

capsule motion in the pipe. The results indicate that the pressure gradierd\arage flow

velocity of 4m/gc is considerably higher than the pressure gradient for a flow velocity

2m/sc However, the trend of pressure drop in the pipeline is similamfoicasesFurther

detailes areprovided in Appendix Ab.
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Figure4.39 Theeffect of average flow velocity on the pressure drop variation for an equi
density rectangular capsule k =0.5 and Lc =1d
Figure 4.40 shows time histories of the capsule velocities for an-dquosity rectangular
capsule of k 0.5 at different flow velocities. It can be obviously seen that when the average
flow velocity increases this will lead to that the capsule velocity will incresseavell.
Thereby, the capsule velocity with a flow velocity of 4m/s attains a constant velocity in a
shorter time than in the case of Vav = 2ea/¢t can be concluded that the capsule velocity is

slightly higher than the flow velocity of fluid regardlgbke fluid velocity value.
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Figure4.40 Theeffect of average flow velocity on capsule velocity history for an-equi
densityrectangulacapsuleof k 0.5 and Le 1d
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4.5.2.Effect of Rectangular CapsuleLenght

Figure 441 illustratesthe static gauge pressuend flow velocitydistributions of the pipe
carrying an equdensity rectagular capsule fovav = 2m/secLc = 1.5 d andk = 0.5,during
different flow times. It can be noticed that thelocity distributions and theotal pressure

seem to be the same comparisionwith Lc = 1d at the same flow velocity and capsule
diameter. The pressure in front of the capsule at an initial motion during 0.05sec is 15122Pa
as compared to the pressure in front of thesgkgin case of Lc = 1d at 0$¥c is 14965Pa,
which increasedby 1%.Moreover it is observedn figure 441 (b) at t = 0.05sec that the flow
velocity in the annuls region has decreased to 2M&c instead of 2.67més for capsule

length of Lc4d.

(Pa) (ms*-1)

(a) (b)
Figure4.41 (a) Static gauge pressure and (b) Flow velocity magnitude varidboas equi
density rectangular capsudék = 0.5, Lc 4.5d and Vav = 2m/sec different flow times

Figure 442 shows the pressure drepriationsalong the test section of the pipe. It can be
noticed that the pressure drop markedly fluctuates through an-cemnsity rectangular
capsule motion in the pipe. The results indicate that the pressure gradient for capsule length
1.5d is considerably sliglgthigher than the pressure gradient for the capsule for length 1d.
More detailed resultareprovided in Appendix Ab.
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Figure4.42 Theeffect of a capsule length on the pressure drop variation for ardensity
rectangular capsule fér= 0.5 and Vav = 2méc

Figure 4.43 depicts the time histories of an egl@nsity rectangular capsule at an average
flow velocity of 2m/®c with different lengths. It can be clearly noticed at the beginning of
the motion that the capsule velocity with the length of 1.5d is slightly less than the capsule
velocity with the length of 1d. This is due to the increase of the capsule length. Bhen th
capsule velocity with length of Ls 1.5d starts in an increase until become flying with the

capsule velocity of Le 1d.
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Figure4.43 Theeffect of a capsule length on capsule velocity history for andensity
rectangular capsuler k = 0.5 and Vav = 2méxc
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4.5.3. Capsule Density Effects

Figure 444 displaysthe static gauge pressui@nd flow velocity magnitude variationgn
transportingof a heavydensity rectangular capsule for k = 0.5, Lc = 1d at Vav = 4m/sec at
different flow times. The pressure at the upstream is 17650Pa during t = 0.05sec, which is
18% higher than the upstream pressure for an@epsity capsule with the same pasders.

The trend of pressure distribution is the same as observed for adeswity cylindrical
capsule.The pressure drop has reached to 11775Pa for the case ofdezeity capsule
recording an increase of about 3% compared to the case of equy dapstle at the same
conditions. This can be explained by the additional resistance of the heavy capsule to the
flow. Furthermore, it can be obviously observed in figuret4b) the capsule velocity has

become slower than the eglensity capsule due the increase in the capsule weight.

(Pa) (me-1)

Figure4.44 (a) Static géi)ge pressure and (b) Flow velocity magnituofg)variations for a heavy
density rectangular capsule of k = 0.5, Lc = 1d and Vav = 4m/sec at different flow times
Figure 445 shows the pressure drgpriationsalong the test section of the pipe.c#n be
observed that the pressure drop markedly fluctuates through the capsule motion in the pipe.
The results indicate that the pressuhmp for a heavy density capsule (s = 1.7) is
considerably higher thaim the caseof an equidensity capsule (s = 1). Moreover, the
pressure drop distribution in the pipeline is similar for both the cddm® detailed results
on the pressure drop across the test section of the pipe are provided in Agpéndix
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Figure4.45 The effect of capsule density on the pressure drop variatienHeavydensity
rectangular capsule of k = 0.5 and Lc = 1d at Vav = 4m/sec

Figure4.46 depicts time history of the rectangular capsule velocities avaragevelocity of
4m/s for different densities. It cdre obviously seethat the capsule velocity for a heavy
density capsule (s = 1.7) is less than the capsule velocitggigidensity @psule (s = 1).
Moreover, it canbe concludedhat the capsule velocity decreases as the capsule density
increases. The velocity of tleguidensity capsule when reaches to a steady flying velscity
exceedhe water flow velocity, whereas the velocity of heavy density capsule is less than the

water flow velocity.
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Figure4.46 The effect of capsule density on capsule velocity historg fogavydensity
rectangular capsule of k = 0.5 and Lc =1d at Vav = 4m/sec
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4.54 Effect of Capsule Diameter

Figure 447 depictk the static gauge pressure and flow velocity distribution for a heavy
density rectangular capsule of Lc= 1d, k = 0.6 at Vav = 4ndeeag different flow times.

The distribution of the pressure is the sameeassifor k = 0.5 at same average flow velocity

and the sameapsuledength. However, the pressure upaim of the capsule during 0¥t

of the capsule motion has increase®®yo as compared to the pressure upstream in the case
of k = 0.5 at the same tim®&oreover the distribution of the flow velocitgnagnitudes the

same ashownin the case of k = 0.5 at the same flow velocity and for the same length of the
capsule. It is bserved that the time takes the capsule to cross the test section of the pipe is

slightly longer as compared to=0.5.

(Pa) (me-1)

Figure4.47 (a) Static ga(lﬁ)ge pressure and (b) Flow velocity magnitud(: )variatioaskfeavy

density rectangular capsulelof 0.6, Lc = 1d and Vav 4m/secat different flow times
Figure 448 illustrates the pressure drejariationsalong the test section of the pipe at the
same average flow velocitym/sec It can be observedhat the pressure drop markedly
fluctuates through the capsule motion in the pipe. The results indicate that the pressure
gradients recorded through a capsut#ion of k = 0.6remarkable changas compared to the

pressure drop for &k 0.5. Further detailefindings havebeen providedh appendix A5.
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Figure4.48 Theeffect of capsule diameter on the pressure drop variaticantieavydensity
rectangular capsukgt Vav =4m/secand Lc =1d

Figure 449 shows a time history of rectangular capsule velocity starting from rest until the
capsule reaches nearly the steady velocity for different capsule dranstan average

velocity of4m/sec. This can be clearlyoticedthat the capsule velocity for k =@is slightly

higher than of k=0.5Afterwards, the capsule velocity tends to be steady.
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Figure4.49 Theeffect of capsule diameter on capsule velocity historyafoeavydensity

rectangular capsukgt Vav =4m/secand Lc =1d
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4.5.5. Effect of Capsules Concentration

Figure 450 shows the static gauge pressui@nd flow velocity magnitude variations a
pipdine carrying twoequidensity rectangular capsules \6v = 2m/sec, Lc = 1d ankl =

0.5, and at different flow time3he pressureariation trends the same as noticed fooae
equidensity rectangular capsulehe pressure at thgstreanpositionduring t = 0.05sec has
increased to 1518 (1.45 %) as compared to a singggirdensity rectangular capsule at the
same flow time.Hence, the overall pressure drop has increased by 0.15% for2Nh
comparision withN = 1. Moreover, the results show almost the same distribution for the
velocity regardless the number of the capsulesteasing thesolid phase concentration

within the pipdine providesfurthur resistance to the flow and reducing the flow velacity

(Pa) (ms*-1)

Figure4.50 (a) Static E;?uge pressure and (b) Flow velocity magnitlgz)e varidtonso
equidensity rectangular capsuleskof 0:5, Lc =1d andvVav = 2m/sec adlifferent flow
times

Figure 451 shows the pressure drgpriationsalong the test section of the plipe. It can be
seen that the pressure drop markedly fluctuates through the capsule motion in the pipe. This
can be clearly observed through the change of the capsules position that resulted from the
rotational and transient motion of the capsules flow. Tlsalt® indicate that the pressure
gradients recorded through the motion of two edgnsity rectangular capsules are slightly
higher than the pressure drop for a single rectangular capsule. This is because the
concentration of the soliphasensidethe pige is more in the case of N = 2 as compared to a

single capsule.

83



13000 —— N=

(=Y

12500

12000

3D P

/

11500

3P

11000

10500

10000
0 0.2 0.4 0.6 0.8 1

y (m)

Figure4.51 Theeffect of capsule concentration on the pressure drop variation for two equi
density rectangular capsuletk= 0.5 and Lc =1t Vav = 2m/ec
Figure 452 depicts time histories of the capsule velocity for two etpnsity rectangular
capsules at an average velocity of Zm/dt can be obviously seen that the first capsule
velocity is greater than the second capsule during a period due to the first capsule is subject
to the maximum forces from the water, and its hydraulic characteristics are more complex
than for the secondapsule. Afterwards, the second capsule velocity starts increasing till

exceed the first capsule velocity. The velocity praBlgery similar to each of the capsules
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Figure4.52 Theeffect of capsule concentration on capsule velocity history for twe equi
density rectangular capsulesk = 0.5 and Lc =1d at Vav = 2ngls
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4.6. Development of a Mathematical Relation for a Shape Factor

Based on the various shapes of capsules considere ipresent study, a shape factby (

has been defined to reflect the variations in the shape of the capsules. The shape factor
formulation used in the literature is only appropriate for spherical and cylindrical §a@pes
whereas the shape fact@or a cylindrical and rectangular shape gives the same value.
Therefore, it is necessary to find another formulation to distinguish between the cylindrical
and rectangular shapes. Hence, a novel formulation for shape factor in this study has been
developedor any capsule shap&he shape factor has been defined as a surface area ratio of
the capsuldgo the midplane cross sectional area of a sphere that has the same hydraulic

diameter as the capsule

- S5QNB=NAER=LOQHA
% N R@A ? P EXN AEB= 0 DANDB- GDAO = 1A=L O QW@N = @QEEPPAN (4-1)

It can be observedhat the shape factor of the spherical capsules is 4. Thereby, for a
cylindrical capsule of length equal to its diameter (i.e.=Ldd), the shape factor is 6.
Furthermore, as the shape of the capsule changes to rectangular, the shape factor further
increases to 7.63 (for Le 1d). It canbe concludedhat the shape factor increases as the
FDSVXOH TV d&&sHRYdotthig/formulation can compute the shape factor for the
capsule shapes, and the effect of this parameter on the developrmpesdiction models that

can be used in the design of vertical HCPs

4.7. Development of Prediction Models

According to the results obtained from dynamic mesh technituesediction models for
both the capsule velocity and the friction coefficiantverical HCPs The capsule shapes

included in this investigation haw®en involvedn the formulation of prediction models.

Using analysis ofmultiple variableregressionssemiempirical relationshipsfor predicting
capsule velocity and friction coefficieotwing to capsules, as a function 8bw variables

andgeometric, haveeen developed

85



4.7.1 Capsule Velocity Prediction Model

The capsule velocity fatifferent densitiesn a vertical pipe can be expressed as:

87 sy x|a#958
8= :OE s;4*

Then

sy x14#958 =R
:OE s;4%

&L

(4-2)

(4-3)

Equation 4-3 shows thathe velocity of capsules affected by the average flow velocity, the

specific gravity and the shape factor of the capsules. Holdup (Vc/Vav) has been plotted in

figure (453) showing that all data points lying within £10 percentaf¢he present model

equation is well capable of predicting holdwence, the prediction model developed here

represents the holdup in a vertical pipeline with reasonable accuracy
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0.4 87?2 syxi4#958
8= :OE s;4&

(Vc/vav) Calculated
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Figure4.53 The toldupfor any shape of capsules
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4.7 .2Friction Coefficient Prediction Model

The friction coefficient for fluid flon{67] and the flow of the capsule can be computed via

the follows formulations

. révw
BLrarwvE—: (4-4)
457
and:
_c?a Fc_?e.
BLtg—f '3 (4-5)
& .ale

The friction coefficient for equal and heavy density capsules in a vertical pipdecan
calculatedas follows

Isr® 1485 @ 0—A G% p
ANT"<:OEs;®

o 4B

BL (4-6)

It can be obviously observed from figure 4.54 that approximately 80% of the data points
lying within 20 percentage of the bddtcurves which shows good fitting of the present
model equatioriwWhile the correlatiorcoefficientshows the strength of the linear relationship
betweenpredicted and calculated dafehe prediction model that has been developed here
represents the friction coefficient because of the capsules presence in vertical pipelines with

appropriate precision.
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Figure4.54 Friction coefficient for any shape of capsules

Based on these observations, it can be concliellis chapter that the prediction model
developed can be utilised for different conditions of the flmwcapsules across vertical
pipes Moreover, the prediction model developed here will be used in the optimal design of
vertical HCP in Chapter.6

4.8 Summary

The main aim of this chapter was to study the hydrodynamics of capsule flow in vertical
hydraulic pipelines, and to investigate the effects of flow and geometric parameters upon the
capsulevelocity and pressure drop summary of the main findings fromeHhlow analysis

of the capsules is:

x There is a reasonable agreement between CFD findings with experimental data.
Thereby, the numerical model can be utilised for further investigation with different
configurations

x The general trend was that the capsulecity and pressurdrop increases with an

increasan the average velocitgf the flow.
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X Increasing in the diameter of the capsules leads to increase the pressure drop and
capsule velocity in the pipe.

X The square and rectangular capsules travel faster than a cylindrical or spherical
capsule.

X The ncrease in the capsulength leads to increasbe pressure drop and decrease
the capsule velocity in the pipeline.

x The ncrease in the density of the capgsldads to increase the pressure drop and
decreas¢he capsule velocity.

X The ncrease in theapsulesconcentrationeads to increasthe pressure drop and

decrease the capsule train velocity in the pipeline

This chapter provides information about th@flof basic capsules shapes, and the prediction
models established for both the capsule velocity and the friction coeffafieaipsulesFor
transporting mixed capsules shapes in vertical H®@s next chapter will provide more
details on the findingsltained from CFD modelling in respect to the flow of mixed capsules
shapes in these applications.
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Chapter 5 - Flow Diagnostics in HCPs
Transporting Mixed Capsules Shapes

he results from CFD simulations have begisplayed in this chapter,
Tconcerning the transport of mixed shapes of capswlthin pipes.
Quantitativeand qualitative unsteady analyses/e beemndertakerfor sake
to understandhe flow behaviouof the mixed capsulein vertical HCPsThe
effect of the simple and complex combination of the basic capsule shapes,
based on the position order of capsules on a flow field in a pipeline has been
investigated. Moreover, a semi empirical correlation has been develmped t

calculatethe correction factor as a function of the pressure.drop
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5.1 Simple Combination Analysis ofan Equi-Density Capsules Flow

Many studies have been conducted giving a detailed review of hydraulic capsule transport in
general. However, most of those studies concern steady state flow and very few are known
about transient water flow caused by the capsule motion. As we can sethdrditerature
that all the researches have focusedransportingthe capsule shapes separatahy each

otherwithin pipelines.

Furthermore, no studies regarding a combination of capsule shapes flowing within the
pipeline have been investigated is important to analyse the flow of a capsule train,
consisting of mixed capsule shapes, because in real world scenarios, the capsule trains often
comprise of mixed shaped capsuleBnerefore, this investigation is concerning the
combination flow of basicapsule shapes in vertical HCH$e simple combination consists

from two differentshapes of the capsules. In additithre distancing among the capsules was
constani.e. equal tdwo diametes of the capsulein order to avoid numerical complications

The order impact of the different shapes of capsules on the flowwfitdckeeping all other

parameters constant are considered in this investigation.

5.1.1Effect of the Position of the Capsule Shape@ the (SC) order

Figure 5.1shows the static gauggressureandflow velocity magnitude variations witt a
hydraulic pipe carrying apherical capsule (S) and anothglindrical capsule (C) of k = 0.5,

Lc = 1.5dat Vav = 2m/sec. It can be seeanorder of (SCYhat thesimple capsule train will
collide with each othemt 0.18ec.As observed that the trend of the pressure gradient has
been changed due to the collision of capsulEsisequently, the system aimixed capsule
shapesmpacts orthe S L S H @lesyttd dap

The pressure ahe upstreanpoint has increased dhe collision of capsulesot 18086a
(16%) as compared to the pressure at the initial motfothe capsule trairat 0.03sec.
Furthermore, infigure 5.1(b)showsthat the velocity of the flow in the annuls areais
2.87m/sec at 0.03sec, which then increase8.20n/s (by 10%) at 0.18seavhich is the

instance whethe cylindrical capsuleollideswith thespherical capsule.
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Figureb5.1(a) Static gauge pressure and (b) Flow velocity magnitude varidborapsulesn
the(SC)order of k = 0.5, Lc =1.5d and Vav = 2m/sedifferent flow times
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considered. The findings indicate that the mixture pressure drop is dgleatethe pressure

drop due to capsule train onlyis for this reason that the pressure drop for capsules has been

“3F

plotted on the secondary Y axis of the graph as the scale is in notable contrast for both

pressure gradientdMoreover, the trend of thergssure drop for both follows the same

behaviour.This can be obviously noticed in the figure that the collision of the capsules

significantly enhances the pressure drop throughout the pipe
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Figure5.2 Variationsin mixture pressure drop and capsules pressure drop, for two capsule
flow in the(SC) order of k=0.5,Lc = 1.5d and Vav2m/sc
Figure 5.3 depicts the time histories of capsulescitiesin an(SC) order at flow velocity
2m/ec It can be clearly noticed that thE \ O L Q GaypsukeDvBlocity ishigher than the
spherical capsule velocity.Hence, the cylindrical capsules travelling faser than the

spherical capsulegwever their velocities is less than the water flow velocity.
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Figure5.3 Theeffect of capsules in th&C) orderon the capsules velocity history
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5.1.2Effect of the Position of the Capsule Shapa the (CS) order

Figure 5.4displaysthe static gauge pressuaad flow velocitydistributionwithin a hydraulic

pipe carrying aylindrical capsule (C) angpherical capsule (3 an CS) order of k = 0.5,

Lc = 1.5dat Vav = 2m/seclt is evident in this order ofQS) that the capsule train does not
collide with each otheas compared with th&S(C) order Therefore, the trend of the pressure
distribution is different with whahasobserved in the order o5(C). The pressure at the
upstreanof the capsules about 15170Pa, which is 0.38% higher than the upstreassyre
observed in case diSC) order Furthermore,the results show almost the same velocity
distribution regardless the order of capsules. However, the only difference observed is the
capsule behaviour and its locatidnhis found that he cylindrical capsule travelgasterthan

thespherical capsule, thus there is no collision in this ordeZ 8. (

(Pa) (ms*-1)

Figure5.4 (a) Static gal(fz;)e pressure and (b) Flow velocity magnitudétgariafbonapsules

in the (CS) order of k = 0.5, Lc = 1.5d and Vav = 2m/sediti¢rent flow times
Figure 5.5 depicts the time histories of capsules velcitregn (CS) order at flow velocity
2m/sc It has been clearly noticetthat the F\ O L Q Gdpdufev€ocity is higher than the
spherical capsule velocitiAowever, the cylindrical capsutepresentshe second capsule in
the order in thevertical pipdine. This is due to the surface area of cylindrical capsule that

facing the flow direction itarger than the spherical capsule.
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Figure5.5 Theeffect of capsules in tH€S)order on the capsule velocity history

5.1.3Effect of the Position of the Capsule Shap@ the (RS) order

Figure 56 depicts the static gauge pressure variation and flow velocity distribution in a

vertical pipeline conveying a rectangular capqiR¢ andspherical capsule (Sh an RS
order of k = 0.5, Lc= 1.5d and Vav = 2m/sedote that the pressure distributitrend

appears to be the same as the field of pressutke order CS) in the previous section.
Pressure rate has reduced slightly in the upstream lodatid508@®a (0.4 %) att = 0.03

sec as compared to theS) order at the same flow time.

(Pa)

(msh-1)

(a) (b)

Figure5.6 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the(RS) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times
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Furthermore, the results show almost the same velocity distribution regardless the order of
capsules betweerRE and CS. However, the only difference observed is the capsule
behaviour and its location. Thectangular capsule travels faster than the spherical capsule,
thus there is no collision in this order &9).

Figure 5.7 shows the tne histories of capsules velcitigs an (RS) order at flow velocity

2m/ec From herecan be clearly noticed that the rectangular capsule velocity is higher than
the spherical capsule velocity. However, the rectangular capsule represents the second
capsule in the order in the vertical pipeline. This due to the surface area of rectangular
capsule that facing the flow direction is larger than the spherical capsule. Hence the lift force
acting on the rectangular capsule is greater than the lift for¢kempherical capsulelhe

wake region for the rectangular capsule is greater than thecatmpsule due to a higher

attack anglewhich consequently leads to vortex formation and pressure loss as a result of

pressure dragnd then increases the capsule velocity. /
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Figure5.7 Theeffect of capsules an RS) order orcapsule velocity history

5.1.4Effect of the Position of the Capsule Shap@ the (SR) order

Figure 58 illustratesthe static gauge pressur@nd flow velocity magnitudedistribution
within a vertical pipdine conveyinga spherical capsule (8nd anotherectangular capsule

(R) of k = 0.5, Vav = 2m/seand Lc = 1.5d From herecan be seen ianorder of SR) that
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the capsule train will collide with one anothar0.21sec. As observed with the collision of
capsules the trend of the pressure distribution has been changed. Consequently, the system of
a mixed capsule shapes is unstable without precise position cénurtiiermore, inigure

5.8(b) shows the distribution of the velocity field within the pipelir@sembleghe field of

velocityfor the capsule train in th&(C) orderas shown in figure 5.1b

(Pa) (msh-1)

(@) (b)

Figure5.8 (a) Static gauge pressure and (b) Flow velocity magnitude varidtoreapsules
in the (SR) order ok = 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure5.9illustratesthe time histories of capsules geitiesin an(SR) order at flow velocity
2m/c It has beerclearly noticed that theectangularcapsule velocity is higher than the
spherical capsule velocity. Hence, tleetangularcapsule travelling faster than the spherical
capsule. This due to the surface areaestangularcapsule that facing the flow direction is
larger than the spherical capsule. However, both of them their weiedéss than the water
flow velocity. Moreover, from here it isobservedthat the velocity profile fothe SR) order

resembles the velocity profile observed in cases@) prder (figure 33).
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Figure5.9 Theeffect of capsules in th&R) order on theapsule velocity history

5.1.5Effect of the Position of the Capsule Shape@ the CR order

Figure 5.0 showsthe static gauge pressuaad flow velocitydistributionacrossa hydraulic
pipe carrying aylindrical capsule (C) and anotherctangular capsule (R) of k = 0.5, Vav =
2m/secand Lc=1.5dFrom here it is observad this order of CR) that the capsule train will
collide with one anotheat 0.24sec As observed with the collision of capsules the trend of
the pressure distribution has been chanlyemteover It can benoticedin figure 5.10(b) that
when thecapsules withircapsule train collide with each other that fleav velocity in the
annulusarea s increased significantlywhile a large wake areaexists downstream of the

capsulstrain.
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Figure5.10 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the (CR) order ok = 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure 5.11 illustrates the time histories of capsules velociiiesan (CR) order at flow
velocity 2m/®c One can clearly note th#te rectangular capsule velocitygeeaterthanthe
cylindrical capsule velocity. Hence, the rectangular capsule travelling faster than the
cylindrical capsule. This due to the surface area of rectangular capsule that facing the flow
direction is larger than the cylindrical capsule. However, both of thein velocity is less

than the water flow velocity.
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Figure5.11 Theeffect of capsules the (CR) order orthe capsule velocity history
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5.1.6Effect of the Position of the Capsule Shap@ the RC order

Figure 5.12 shows the static gauge pressues well asflow velocity distributionsinside a
pipdine conveyingrectangular ancaylindrical capsule of k = 0.5, Le 1.5d and Vav =
2m/sec at different flow time3.he trend of the pressure distributiordifferent as compared

to an (CR) order due to the collision that is occurred in t68&) order.It can be noted that

the pressure in front of the msule train at 0.03sec is 15H&% then after the capsule train
motion at 0.5sec the in front pressure deases byb0%. Moreover the results show almost

the same velocity distribution regardless the order of capsules bet®Répnad (CR).
However, the only difference observed is the capsule behaviour and its location. The
rectangular capsule travels fastean the cylinderical capsule, thus there is no collision in
this order of RC).

(Pa) (ms*-1)

(a) (b)

Figure5.12 (a) Static gauge pressure and (b) Flow velocity magnitude varidbocapsules
in the(RC) order ok = 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure 5.13 indicates the timehistories of capsules velocities im #RC) order at flow
velocity 2m/®c it has been early noticed that the rectangular capsule velocity is higher
than the cylindrical capsule velocity. However, the rectangular capsule represents the second
capsule in the order in the vertical pipeline. This due to the surface area of rectangular
capsulehat facing the flow direction is larger than the spherical capbigiece the lift force

affectingon the rectangular capsule is greater than the lift force on the cylindrical capsule.
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Figure5.13 Theeffect of capsulem the (RC) orderon the capsule velocity history

5.2 Simple Combination Analysisof Heavy Density Capsules Flow

$V WKH FDSVXOHVY ZHLJKW LV WRZDUGVY WKH GLUHFWLRQ
trajectory remains constanorf both the capsules that are heaensity and equalensity.

Thereby, the flow structure across a vertical pipeline, conveying Feswity capsules,
resembles the flow structure for the eqdahsity capsules flow. Hence, the translational

velocity donmnates the capsules motion when contrasted to the rotational velocity

5.2.1Effect of the Position of the Capsule Shap@ the SC order

Figure 5.14 depictthe distributions othe static gauge pressuaad flow velocitymagnitude

in a hydraulic pipkne conveyinga heavydensityspherical (S) andylindrical (C) capsule of

k =0.5,Vav = 2m/sec antlc=1.5d respectively. It can be seen in this ordeiSa) that the
capsuls with densiy equal to (170Rg/m®) will collide with one anothemt 0.18 secThe

figure shows that both fields of the velocity and pressure are similar with the one noticed of

the equaldensity case with the same order of capsules in the(figoee 5.1).
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Figure5.14 (a) Static gauge pressure and (b) Flow velocity magnitude variations for capsules
in the (SC) order of k = 0.5, Lc £.5d andvav = 2m/sec atlifferent flow times

Figure5.15 shows the history of the pressure dawing to theexistenceof a spherical (S)

andcylindrical (C) capsule in theSC) order of two different capsules densities{ s and 1.7

) at a flow velocity of 2m/sec. The results indicate that the pressapdor a heavy density

capsule train (s 1.7) issignificantly higher han the pressure gradient of an edemsity

capstle train (s= 1) by 15%. However, the@ressuredroptrendin the pipe is similar fotwo

casesThe collision between the capsules can be clearly seen in the figure where the pressure

drop increases abrupt
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Figure5.15 Variationsin pressurealrop, for two heavy density capsule flow in t{&C) order
of k=0.5,Lc=1.5d and Vaw 2m/sc
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Figure5.16 depicts the time histories of the capsules velocitggherical (S) andylindrical

(C) capsulein the §C) order of two different capsules densities £ 4 and 1.7 )at flow

velocity of 2m/gc It can be obviously seen that the cylindrical capsule velocity is higher
than the spherial capsule regardldgsthe capsule is heavy or equal density. On the other
hand, it can be concluded that the capsule velocity decreases as the capsule density increases.
Furtheremore, The tremaf capsules velocities quite similar for heavy and equal capsules

densities irthis order of capsules in a pipe.
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Figure5.16 Theeffect of capsulem the (SC) orderon the capsules velocities history

5.2.2Effect of the Position of the Capsule Shap@ the CS order

Figure 5.17 showthe static gauge pressuaad flow velocitydistribution in a hydraulic pipe
carryinga heavydensitycylindrical (C) andspherical (S) capsule in %) order of k = 0.5,

Lc =1.5d and Vav = 2m/saespectively It is evident in thiorder of CS) that the capsule

train does not collide with each other as compared hétivydensity capsules the SO

order. Therefore, the trend of the pressure distribution is different with what has observed in
the order of $C) at collision stageFurthermore, the results show almost the same velocity
distribution regardless the order of capsules betw€&hgnd SC). However, the difference

that has observed is the capsules behaviour and their location. Furthermore, the wake region

downstream offtte cylindrical capsule is larger than the wake region of the spherical capsule
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Figure5.18 depicts the time histories of the capsules velocitypdrericalS) andcylindrical

(C) capsulein the CS order of two different capsules densities £ 4 and 1.7 )at flow
velocity of 2m/®c It can be obviously seen that thguidensity capsulesr@ higher than the
heavy densitycapsuls. On the other hand, it can be concluded that the capsule velocity

(@)

Figure5.17 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the (CS) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times

decreases as the capsule density increases.
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Figure5.18 Theeffect of capsules in thE€S)order on the capsule velocity history
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5.2.3Effect of the Position of the Capsule Shap@ the RS order

Figure 519 showsthe static gauge pressuaad flow velocitydistribution in a hydraulic pipe
carrying aheavydensityrectangular capsule (R) asgherical capsule (S) in R$) order of

k = 0.5, Lc= 1.5d andvav = 2m/sec. It can be noticed that the pressure distribution trend
seems to be the same as compared with the pressure field in theGS)dgig(re 5.17) The
pressure at upstream locatibas decreased slightby 0.3% during t= 0.03ec as compared

to the CS) order at the same flow timel-urthermore, the wake region downstream of the
rectangular capsule is larger than the wake region of the spherical cdypsntethe capsule

train flow.

(Pa) (ms*-1)

(a) (b)
Figure5.19 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the(RS) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times

Figure 5.20 depicts the time histories of the capsules velocityréotangular (R) and
spherical(S) capsule in theRS) order of two different capsules densities£  and 1.7 ) at
flow velocity of 2m/®c It can be obviously seen that the edansity capsules are higher
than the heavy density capsules. On the other hand, it can bed=mht¢hat the capsule

velocity decreases as the capsule density increases.
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Figure5.20 Theeffect of capsules in thiRS) order orcapsule velocity history

5.2.4Effect of the Position of the Capsule Shap@ the SR order

Figure 521 depictsthe static gauge pressuaad flow velocityvariations in a hydraulic pipe
carrying a heavy densigpherical (Spndrectangular (Rrapsulen a (SR) ordeof k =0.5,
Lc = 1.5d and Vav= 2méz. It can be seen in this order that the capswlk collide with one
anotherat 0.18sec. As observed with the collision of capsules the trend of the pressure
distribution has been changed. Consequently, the system of a mixed capsule shapes is
unstable without precise position control. Furthermordjgare 521(b) shows the velocity
field distribution withina pipe is similar to the velocity field for the capsule train in tB€)(

order(figure 5.14)
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Figure5.21 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (SR) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times

Figure5.22 shows the time histories of the capsules velocitggberical(S) andrectangular

(R) capsule in theSR) order of two different capsuletensities ( s= 1 and 1.7 ) at flow

velocity of 2m/&c It can be obviously seen that the rectangular capsule velocity is higher

than the spherial capsule regardless if the capsule is heavy or equal density. On the other

hand, it can be concluded thaetbapsule velocity decreases as the capsule density increases.

Furtheremorethe velocity of a bavy density spherical capsule at some points etethat

means the capsule is traveling downwardtationaryn a vertical pipe.

1.4

Capsule Velocity (m/sec)
© o o =
B [ep) (o] = N

o
(V)

Heavy (R)
Heavy (S)
-===Equal (R)
Equal (S)

0.05 . 0.
Flow Time (sec)

0.15

Figure5.22 Theeffect of capsules the (SR) order on theapsule velocity history
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5.2.5Effect of the Position of the Capsule Shap@ the CR order

Figure 5.23 depictthe static gauge pressuaed flow velocitydistribution in a hydraulic pipe
carrying a heavy densityylindrical (C) andectangular (R) capsule of k = 0.5, £d.5d and

Vav = 2m/sec. It can be seen in this order ©R) that the capsugewill collide with one
another during 02 sec. As observed with the collision of capsules the trend of the pressure
distribution has been changdeurthermore, as compared to healgnsity capsule train in a

(SR) order, it can be seen that the velocity field is similar.

(Pa) (ms*-1)

(@) (b)
Figure5.23 (a) Static gauge pressure and (b) Flow velocity magnitude variations for capsules
in the (CR) order of k= 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure 5.24 shows the time histories of the capsules velocity dglindrical (C) and
rectangular (R) capsule in th€R) order of two different capsules densities{$and 1.7 )

at flow velocity of 2m/ec It can be seen that the rectangular capsule velocity is higher than
thecylindrical capsuleegardless if the capsule is heavy qual density. On the other hand,

it can be concluded that the capsule velocity decreases as the capsule density increases.
Furtheremore, The trend of velocities distribution is quite similar for heavy and equal

capsules densities in this order of capsinespipe.
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Figure5.24 Theeffect of capsules in thE€R) order orthe capsule velocity history

5.2.6Effect of the Position of the Capsule Shap@ the RC order

Figure 5.25 depictthe static gaug@ressurend flow velocitydistribuions in a pipe carrying

a heavydensityrectangular (R) andylindrical (C) capsulein a RC) order of k = 0.5, Lc=

1.5d and Vav = 2m/sec. The trend of the pressure distribution is different as compared to a
(CR) order die to the collision that is occurred in tHeéR) order. It can be noted that the
pressure in front of the paule train at 0.03sec is 15%&2 and themafter the epsule train
motion during 0.42ec the front pressure decreases by 32%. Moreover, the relkalts
almost the same velocity distribution regardless the order of capsules be®@eand

(CR). However, the only difference observed is the capsules behaviour and their location.
Furthermore, as shown figure 5.25 (b) the wake region downstreamhaf tapsule train is

large, due to the shape and length of both of them during the capsule train flow.
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Figure5.25 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the(RC) order of k = 0.5, Lc 2.5d andvav = 2m/seat different flow times

Figure 5.26 shows the time histories of the capsules velocityréotangular (R) and
cylindrical (C)capsulen the (CR) order of two different capsulgsnsities (s 1 and 1.7 )

at flow velocity of 2m/ec It can be obviously seen that the edansity capsules are higher

than the heavy density capsules. On the other hand, it can be concluded that the capsule
velocity decreases as the capsule densieases. Theylindrical capsule velocity is higher

than the rectangular capsule velocity for both equal or heavy densities in this order.
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Figure5.26 The effect of capsules in the (RC) order on the capsule velocity history
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5.3Complex Combination Analysis ofan Equal Density Capsules Flow

The complex combination consists from three different shapes of the capsphesidal,
cylindrical and rectangularps mentioned earlier, the initial spacing between the capsule is
kept 2 times the diameter of the capsiilee effect of the order of capsule shapes on the flow

field with keeping all other parameters constant are consideta investigation.

5.3.1 Effect of the Position of the Capsule Shap@ the SCR order

Figure 527 showsthe distributions in the static gauge pressure and the flow velocey
hydraulic pipe carryingpherical (S), cylindrical (C) angctangular (Rcapsules of k = 0.5,

Lc =1.5d and Vav = 2m/sec respectively. It can be seetharorder of SCR that the
collision occurs in a capsule trairetween rectangular and cylindrical capside®.45sec

Hence, he rectangular capsule cannot push a cylinoapsule upwars As observed with

the collision of capsules the trend of the pressure distribution has been changed. Furthermore,
it is observedn figure 527 (b), thatthe flow velocitymagnitudan the annulus region fdahe
rectangular and cylindrical capsuleshigher than in the annulus region e spherical
capsule byi2% at 0.®sec

(Pa) (ms*-1)

(@) (b)

Figure5.27 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (SCR) order ok = 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times
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Figure 5.28 illustrates the time histories of capsules velocities ir5&R) order at flow
velocity 2m/gc It can be clearlpbservedhat the rectangular capsule velocity is higher than
the cylindrical and spherical capsule velocitidence, the rectangular capsiseravelling
faster than the cylindrical and spherical capsitewever, the velocities are less than the

water flow velocity due to the concentration of the solid phase inside the pipeline
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Figure5.28 Theeffect of capsulem the (SCR) order on theapsule velocity history

5.3.2Effect of the Position of the Capsule Shap@ the SRC order

Figure 5.® showsthe static gauge pressuaad flow velocitydistribution in a hydraulic pipe
carryingspherical (S)cylindrical (C)andrectangular (R) capsules of k = 0.5, ££.5d and
Vav = 2m/sec respectively. It can be seen in this ordeéBRE) that the collision occurs in a
capsule train betwesdhe rectangular andpherical capsulduring 03sec.As observed with
the collision of capsules the trend of the pressure distributiohéan change&urthermore,

the velocity field distribution within the pipe is similar to the velocity field for the capsule
train in the SCR) order (figure 5.27) aheinitial motion.
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Figure5.29 (a) Static geﬁz}e pressure and (b) Flow velocity magnitudfabzlariaftionapsules

in the (SRC) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times
Figure5.30 showsthe time histories of capsules velocities m(8RQ order at flow velocity
2m/®c It can beobviously seen that after the initial motion of the capsule train the
cylindrical capsule velocity becomes higher than nbetangularcapsule velocity whereas,
the spherical capsule velocity is always smaltawever, all of them thewelocities are less

than the water flow velocitglue tothe concentration of éhsolidphasan the pipe.
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Figure5.30 Theeffect of capsules ithe (SRC)order on the capsules velocity history
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5.3.3Effect of the Position of the Capsule Shap@ the RSC order

Figure 5.31 showthe static gauge pressuamd flow velocitydistribution in a hydraulic pipe
carryingrectangular (R)cylindrical (C) andspherical (S) capsules of k = 0.5, Lc=1.5d and

Vav =2m/sec respectively. It can be seen in this ordeR8C] that the collision occurs in a
capsule train between the cylindrical and spherical capsule du@agec. As observed with

the collision of capsules the trend of the pressure distribution hashaeged. Furthermore,

the velocity field resembles the one observed ISR order at t= 0.05sec figure 2.29). It

is evident that a wake region downstream for each capsule shape different, where the larger
one for the rectangular capsule thie cylindrical and spherical capsule respectivaty
0.05sec

(Pa) (msh-1)

(a) (b)
Figure5.31 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (RSC) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times

Figure5.32 shows the time histories of capsulefocities in a RSO order at flow velocity
2m/sc the velocity profiles for both the cylindrical and rectangular capsule are identical to
each other that indicate they travel by the same velocity. On the other hassghéneal
capsule traveles byelocity less than themThe trend of velocity profiles is nearly as in case
of the SRQ order {igur 5.30).
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Figure5.32 Theeffect of capsules the (RSC) order on theapsule velocity history

5.3.4Effect of the Position of the Capsule Shap@ the RCS order

Figure 5.33 showthe static gauge pressuamd flow velocitydistribution in a hydraulic pipe
carrying arectangular (R), cylindrical (C) argpherical ($capsulesn a RCS order of k =

0.5, Lc=1.5d and Vav = 2m/sec. It is evident that the capsule train does not collide with each
other as compared with thR$Q order. Therefore, the trend of the pressure distribution is
different with what has observed in the orderRE(Q) at the collision stagd-urthermore, the

results show almost the same velocity distributeenshown in case of th&$Q order

However, the only difference observed is the cagpbehaviour and its location.
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Figure5.33 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (RCS) order ok = 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure5.34 shows the time histories of capsules velocities {R&€S order at flow velocity
2m/sc the velocity profiles for both the cylindrical and rectangular capsule are identical to
each other that indicate they travel by the same velocity. On the other hand, the spherical
capsule traveles by velocity less than them for a period of tieredkceeds their velocities.

The trend of velocity profiles is nearly as in case of R®Q) order {igur 5.32).
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Figure5.34 Theeffect of capsules the (RCS) order on theapsule velocity history
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5.3.5Effect of the Position of the Capsule Shap@ the CRS order

Figure 5.35depictsthe static gauge pressuaad flow velocitydistribution in a pipe carrying

a cylindrical (C) rectangular (R) andpherical ($ capsules in m(CRS order of k = 0.5,
Lc=1.5d and Vav = 2m/sett. can be seen that the overall pressure and velocity distributions
seem to be the same as compared thid({RCS order in the previous sectioHowever, the
difference observed that the capsules flow timehigrter than the flow time in th&kCS

order

(Pa) (msh-1)

(a) (b)
Figure5.35 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (CRS) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times

Figure 5.36 illustrates the time histories of capsules velocitiesnn(@RS order at flow
velocity 2m/®c It can beobviously seenthat the highest velocity in this ordés the
rectangular capsuldHence, the rectangular capsule travels faster than the cylindrical and
spherical capsuleG HVitSi4 between other capsule$his due to therosssectionarea of

rectangular capsule that facing the flow direction is larger than the cylindrical and spherical

capsule.
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Figure5.36 Theeffect of capsules the (CRS) order orthe capsule velocity history

5.3.6Effect of the Position of the Capsule Shap@ the CSR order

Figure 5.3 showsthe static gauge pressuamd flow velocity magnitudevariationswithin a
hydraulic pipéne carrying cylindrical (C), spherical (S) ancectangular (R)capsules of

k = 0.5, Lc=1.5d and Vav = 2m/sec respectively. It can be seen in this or@3Rfthat the
collision occurs between thectangularand spherical capsule during 0.2s€&he velocity

and pressure fields resemble the one observed in caseSf) (order in figure 5.31lt is

evident that a wake region downstream for each capsule shape different, where the larger one

for the rectangular capsule then the cylindrical and spherical capsule respectively at 0.05sec.

118



(Pa)

(@)

(ms*-1)

(b)

Figure5.37 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the(CSR) order ok = 0.5, Lc = 1.5d and Vav = 2m/secditferent flow times

Figure 5.38 illustrates the time histories of capsules velocitiesnr(@GSR order at flow

velocity 2m/®c It can be clearly seen that the rectangular capsule velocity is higher than the

cylindrical and spherical capsule velocities. Hence, the rectangular capsule travelling faster

than the cylindrical and spherical capsule. This due to the surface aretanfjudar capsule

that facing the flow direction is larger than the cylindrical and spherical capishbes been

also observed that th&end of velocity profiles is different as in case of tRS(Q order

(Figure 5.2).
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Figure5.38 Theeffect of capsules the (CSR) order on theapsule velocity history
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5.4 Complex Combination Analysis of Heavy Density Capsules Flow

5.4.1Effect of the Position of the Capsule Shap@ the SCR order

Figure 539 depictsthe local variations in the static gauge pressure and the flow velocity
magnitudein a hydraulic pipe carrying headensity spherical (S), cylindrical (C) and
rectangular (Rrapsuleof k =0.5, Lc=1.5d and Vav = 2mésrespectively. The presmiat
upstream location has increased by 6 % as compared to the upstream locationdensityi
capsules for the same order of capsules &i.05ec.Moreover, the results show almost the
same velocity distribution regardless the density of capselsgekn equal or heavy density.
However, the only difference observed is the capsules behaviour and their location as well as

the flow time of capsules.

(Pa) (msh-1)

(a) (b)
Figure5.39 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (SCR) order ok = 0.5, Lc =1.5d andvav = 2m/sec adlifferent flow times

Figure 5.40 depicts the time histories of the capsules velocity fospherical capsule (S),
cylindrical (C)and rectangular (R)apsulen the SCR order ofof two different densitieat

flow velocity of 2m/®c It can be obviosly seen that the rectanguleaipsule velocity is

higher than the cylindrical and spherical capsule velocities regardless if the capsule is heavy
or equal density. On the other hand, it can be concluded that the capsule velocity decreases as
the capsule density increases. Furtherembeevelocity profiles are quite similéor heavy

and equal capsules densities in this order of the capsules.
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Figure5.40 Theeffect of capsulem the (SCR) order on theapsule velocity history

5.4.2Effect of the Position of the Capsule Shap@ the SRC order

Figure 541 shows the local variations in the static gauge pressure and the flow velocity
magnitudein a hydraulic pipe carrying heavy dens#pherical (S)rectangular (R)and
cylindrical (C) capsule of k =0.5, Lc=1.5d and Vav= 2nes The pressure at upstream
location has increased by? as compared to the upstream location for-elgunisity capsules

for the same order of capsuldsring the initial motionFurthermore, ifigure 5.41(b)shows

the velocity field distribution is similar to the velocity field for an edensity capsule train

for the same order of capsules
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Figure5.41 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (SRC) order of k= 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure 5.42 depicts the time histories of the capsules velocity for stieerical (S),
rectangular (R) andylindrical (C) capsulen the SRQO order of twodifferent densities at

flow velocity of 2m/®c It can benoticedthat the velocity profiles are quite similar for heavy

and equal capsules densities in this order of the capsules. As it is observed in this order that

the cylinderical capsule velocity is considerably higher than the other capsules velocity for

both demsities.
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Figure5.42 Theeffect of capsules the (SRC) order on theapsule velocity history
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5.4.3Effect of the Position of the Capsule Shap@ the RSC order

Figure 5.43shows the local variations in the static gauge pressure and the flow velocity
magnitude witin a hydraulic pipe carrying a heavy density rectangular (R), spherical (S) and
cylindrical capsules (C) of k =0.5, L=1.5d and Vav= 2mé The pressure at upsam
location has increased by®as compared to the upstream location for-elguisity capsules

for the same order of capsules during the initial motion. The pressure and velocity fields

resemble the one observed in the same order for the equal densityerbfigiL

(Pa) (ms*-1)

(a) (b)
Figure5.43 (a) Static gauge pressure and (b) Flow velocity magnitude varidborapsules
in the (RSC) order of k= 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure 5.44 depicts the time histories of the capsules velocity forrélsgangular (R),
spherical (S) and cylindrical capsules (€the RSQ order of two different densities at flow
velocity of 2m/gc It can beobservedthat the velocity profilesare similar for heavy and
equal capsules densities in this order of the capskilethermore, it can be concluded that

the capsules velocity decreases as the capsules density increases.
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Figure5.44 Theeffect of capsulem the (RSC) order on theapsule velocity history

5.4.4Effect of the Position of the Capsule Shap@ the RCS order

Figure 5.4 depictsthe local variations in the static gauge pressure and the flow velocity
magnitudein a hydraulic pipe carrying heavy densigctangular (R), cylindrical (C) and
spherical ($ capsules of k =0.5, Le 1.5d and Vav= 2méx. The pressure at upstream
location has increased 1896 as compared to the upstream location for-elguisity capsuke

for the same order of capsules during the initial motMareover, the results show almost

the same velocity distribution regardless the density of capsules between equal or heavy
density.It can be noticed that there is a large wake area downstretira oapsule train and

also inbetween the individual capsules in the train
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Figure5.45 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the (RCS) order of k = 0.5, Lc = 1.5&hd Vav = 2m/sec alifferent flow times

Figure5.46 depicts the time histories of the capsules velocitydatangular (R)cylindrical
(C) andspherical (Srapsulesn the RCS order of two different densities at flow velocity of
2m/sc It can be seen that tivelocity of theequidensity capsuleare higher than the heavy
density capsules. On the other hand, it can be concluded that the sapkday decreases

as the capsusadensity increases.
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Figure5.46 Theeffect of capsules ithe (RCS)order on the capsule velocity history
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5.4.5Effect of the Position of the Capsule Shap@ the CRS order

Figure 5.4 depictsthe local variations in the static gauge pressure and the flow velocty
hydraulic pipe carrying a heavy densitylindrical (C), rectangular (R) anspherical ($
capsules of k =0.5, Lc =1.5d and Vav= 2méx The pressure at upsam location has
increased by % as compared to the upstream location for-elgmisity capsules for the same
order of capsules during theitial motion (t=0.05€c). Moreover, the results show almost

the same velocity distribution regardless the density of capsules between equal or heavy
density. However, it is observed that the flow time of the heavy density capsule train is longer

than he equal density capsule tras in figure 35under the same considerations.

(Pa) (msh-1)

(a) (b)
Figure5.47 (a) Static gauge pressure and (b) Flow velocity magnitude varidtorapsules
in the (CRS) order ok = 0.5, Lc =1.5d andvav = 2m/sec atlifferent flow times

Figure 5.48 depicts the time histories of the capsules velocity for siieerical (S),
rectangular (R) and cylindrical (C) capsuleshe CRS order of two different densities at

flow velocity of 2m/®c It can be seen that the velocity profileng the tessectionare
guitesimilar for heavy and equal capsules densities in this order of the capsules. Furthermore,

it can be concluded that the capsules velocity decreases as the capsules density increases.
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Figure5.48 Theeffect of capsulem the (CRS) order on theapsule velocity history

5.4.6Effect of the Position of the Capsule Shap@ the CSR order

Figure 5.49depictsthe local variations in the static gauge pressure and thevilbocity
magnitudein a hydraulic pipe carrying heavy densitylindrical (C) spherical (S) and
rectangular (R) capsules of k =0.5, £c1.5d and Vav= 2mé. The pressure at upstream
location has increased @96 as compared to the upstream location tpri-elensity capsules
for the same order of capsules during the initial motion @t05%¢. Moreover, the results
show almost the same velocity distribution regardless the density of capEudeseavy

density capsule train provides more resistanceadldhv andincreasing the pressure drop
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Figure5.49 (a) Static gauge pressure and (b) Flow velocity magnitude varidboreapsules
in the (CSR) order of k = 0.5, Lc = 1.5d and Vav = 2m/sediff¢rent flow times

Figure5.50 depicts the time histories of the capsulesoisi for thecylindrical (C), spherical

(S) andrectangular (R) capsules in theSR order of two different densities at flow velocity

of 2m/sc It can beobservedthat the velocity profiles are similar for heavy and equal

capsules densities in this order of the capsules. Based on shape velocity of the capsule it

observed that the rectangular faster than the cylindrical and spherical capsule respectively for

both tre densities. Furthermore, it can be concluded that the capsules velocity decreases as

the capsules density increases.
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Figure5.50 Theeffect of capsules the (CSR) order on theapsule velocity history
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5.5Development of Novel SemEmpirical Prediction Model

According to the results, which have been offered in this chdpter dynamic mesh
simulations a prediction model for thecorrection factorof mixed shapes o& capsules
combinationcan be developedhe purpose of developing the correction facddo compute

the pressure drogccurately fomixed capsule shapéddence, the correction factor developed
here needs to be used with the pressure drop prediction model develdpedpmvious
chapter All arrangements of capsules combination shapes included in the investigation have

been involved in the formulation of tleerrection factar

The analysis of multivariate regression has been used to obtain the coeffitientemi
empiricalcorrelationfor the correction factor of mixed capsules shapes hasfbeenlated
This factor can be linkedo the capsule frictiortoefficient (fc), developedn Chapter 4in
orderto calculate the pressure drop for mixed shap@soafpsules combination

a7
oo 8D )

%L 1% @

where 8 Kgis the capsule volume,8 KsHis the pipe volume andb & the position of the
capsule centre gravity withithe vertical pipeline. The pressure drop farsinglecapsule
shape flowing individually in the pipeline has been calculated in chdpteased on the
capsule friction coefficientf.), developedn section 4.7.2

The above equatioand the pressure drop for a single capsule stiapwecanhencebe used

to calculatethe pressure drop for mixed shapg#scapsules combinatiohy the following

expression:
Ai2ua0r0 5-2
¢25aad- Ta (5-2)
9
where:

¢25 5 a o Pressure drop for a mixed shapes flow of a capsules combinatigripeliae
2 1 4G Pgessure drofor a single capsule shafiew within a pipeline

% Correction factor
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The following figure illustrates the accuracy of the developediapn for calculating
correction factar To determine the accuracy level thfe equation, the calculated data from

the equations plottedversus the numerical data fra@D. According to the figure 5.51, the
maximum difference between the predicted and calculated correction factor is 5%, and most
of the points are well below that margin, which reveals excellent fitting of present model
eqguation.Moreover, the prediction model established here can be utilised in the vertical

HCPs design (for more details look to Chapter 6).
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Figure5.51 Correctionfactorfor a mixed shapes flow of capsules

5.6 Summary

The main object of this chapter was to study the hydrodynamics of various shapes of
capsules that flowing together. Moreover, it has been investigatated the effect of a position
order ofa capsule shapa a capsule train, which affect the capsulenraelocity and the
change of pressurield. As a result of a simple and complex combination flowbasic
capsule shape#t was seen that some capsules in a mixed shapes system will collide with

each other Consequefy, a mixed capsules systn somémes causes a blockagae the
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vertical pipeline Some important observations that have been observed during the numerical
investigation are listed below

X The change of capsule shape order lead to change in the pressure drop and the
capsules velocitjor acapsule train.

X The spherical capsule is considered the lowest velocity between theshtyms
regardless the capsule order in a capsule,twinether is ina simple or complex
combination flowof capsules

X Increasng the density of the capsule increases the pressure drop and decreases the
capsule velocityn a capsule train

The prediction model was developed for the correction factor of the pressurefdeop
capsules combination flow based on the capsules ordepipeline.More details regarding

the vertical HCPs design are provided in ChaptdBa&ed on flow characteristics analysis,
the next chapter includes the details regarding the optimal design of a vertical hydrilic

capsule pipeline.
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Chapter 6 - Optimisation Modelling

ptimisation of HCPs plays a vital role in the commercial
Oacceptability of such pipelines. Based on the correlations have

been developed regarding the capsules flow in vertical HCPs.
The optimisation methodology proposed in this chapter has been
developed for variousepmetric and flow conditionsThe correlations
developed in the current study, have been used to establish a

methodology to determine the optimal vertical HCP desidre model
of optimisationprovidedin this study is based on theast total cost
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6.1 Overview

As it was stated in the first Chapter that the foundation of this research is the hydraulic
parameters that impact the way in which HCPs are designed. Thereby, the optimisation
model that is established is also affectedh®yhydraulic design of HCPs. Pipelines designers

are always looking towards optimisation to design pipelines based on different principles,

such as leastost of the pipeline, minimum energy consumption, etc. Same is true for
hydraulic capsule pipelines avell. In view of this,the methodology of optimisation has been
developed in the current research in relation to vertical hydraulic capsule pipes. The
established methodology is depended on the -ttt principle; thereby, various costs

involved in an KCP design have been taken into consideration and discussed in detail here.
7TKHVH FRVWY FRPSULVH DQ +&3TV PDQXIDFWXULQJ DQG RS
model utilises the Leas&« RVW 3ULQFLSOH ZKLFK DVVHUWYVY WKDW DQ +
which the overall pipeline cost is at a minimum and where the overall cost points to the total

of the manufacturing and operating expenses.

6.2 Optimisation Process Theory

The design procedure for pipelines transporting capsules includeketim@nination of the
pipeline diameter, where the total cost of an HCP should be the lowest cost. Then,
minimising the overall cost based on the pipe diam@iee. total cost of an HCP comprises

of capsule and pipeline manufacturing costs as well as opgredsts of the transport

process
Yacoh MEoacvoocekPREa0cUAU (6-1)
The cost of manufacturing involves the manufacturing of the pipelines itself and the capsules

to be transportedWhile the operating costs constitute the -tlagay operation of the

pipeline system, and is also called as the cost of power consumed
YWacok %ual WosadMPacos (6-2)

This process allows theedigner to investigate all possible solutions of the system, thus

decreasing practical applications, saving money and time
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6.3 Cost of Piping Material

The pipe cost is estimated per unit of pipe weight, which is presen{é8]by

Tgnt!— N M n 6 n (6'3)

where s the total pipe length—, is pipe wall thicknessAs reported byDavis et al[69]
and Russdl70], the thickness of the pipe has bewaitten as:

Sl
—
Q

(6-4)

where G refersto a proportionality constant dependent on diameter raoigtdee pipeline

and anticipated pressure

6.4 Cost of theCapsules

The capsulescostscan be calculatedependent orthe capsule shape per unit weight of

capsule material as following

G_nqu(!-q: ara G_n7 (6'5)

where SA is the surface area of the capsulesistthe capsule wall thicknessN is the
capsulesiumberwithin the pipeand Ccapis the capsulespecific weightin order to compute

the cost of the capsules in terms of their shape factamdatonship has been developed
between the surface area of the capsules and the shape factor, resulting in a modified equation

for the cost of the capsutes

G_nqué—q ré'{XV\LT Es;gé o6 G—a G n7 (6'6)

6.5 Costof Power Consumption

Energy requirements castorrespond to the casincluded in pumping the carrier liquid and
the capsules across the pipelifibe power consumptiotosts per unit watts apgovided by
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%aep0d %T2S (6-7)

where, Pwis the pipeline's power consumptiomhe power controls the chosen of the
pumping unit for transporting the capsules across the vertical RIA® pumping power is
computed by5]:

2SL Eg € cBaugix (6-8)

whereQy, is mixture flow rate “®Bi expresses on the total drop pressure due to transport
the capsules across pipebereas expresse®n the pumpingefficiency. Liu [71] reports

the equation to compute tha@xture flow rate through a circular pipe as:

Yo
3a L—4 &e (6-9)

The total pressure drop variation inside the straight vertical pipe can be calculated as follows

A _alia A _alia = 4
2acok B - EB, " °E&CD (6-10)

The term Bsin the above equation indicates the friction coefficient due to water alone, which
FDQ EH FDQ EH HVWLPDWKBWHase\ WKH ORRG\TV &KDUW

B L rairva;—Zj (6-11)

A semiemperial formulatiorfor the friction cofficient ofthe capsule Bjhas been developed
for any capsule shape in chapter 4. This relation is to be used in the optimisation model in

order to predict the total pressure drop across the HCP.
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6.6 Solid Throughput

Hydraulic capsule pipelines are designed for particular solid throughput requirehesrds;
the solid throughput (in f¥sec) is an input to the optimisation model being developed here.

Thesolid throughput can be expressed as:

Q1>ANB =L O QHMAP N =E J
EIR=GRFPN=RAHNJT P

0
5 K HEDRK QICQ B L 8 KH QKM= ?=L0 @4

Hence:

5L rat :rawlEs;®°@es .20 (6-12)

6.7 Total Cost ofthe Optimal Pipeline

For the optimum diameter of pipe, total cost must be a minimum, where the pipeline total
costcan becomputel from Eq (61). The main cost of operating a pipeline is the cost of
energy consumely pumps that are pushing the water with capsules upward the pipeline
The work associated with operating a pump and the manufacturing cost of pipe and capsules
are interrelated by the diameter of the pipe.Therefore, designing a pipe with the appropriate
diameter is crucial to the optimisationtbie pipeline.The optimal diameter can be obtained

by taking the first derivative of the total cost with respect to the pipe diameter and equating it

to zero[72]:
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6.8 The Optimisation Model Implementation

Design optimisation of HCPs is quite important in order to the commercial viability of
transportation system. The following section of this chapter comprises the process to select
the optimised model. In order to run the optimisation modébwing steps should be

followed, which are given below:

1. Assume a value of Wherek and darea functionof D.

2. The the pipelinelength is known from the essential information of the capsules
injection and evacuations sites.

3. Specify capsule density s will lagrectly calculated.

4. Specify L, t, C, G, G, C DQG WKH PDWHULDO SkkRIiYHUWLHYV
determinel

5. Compute the cost of pipe and the capsules.

6. ComputeV.and V,, henceReg, and Re aredirectly calculated.

7. Qmis computed usingq (6-9) andQ,, is directly calculated as s known.

8. Calculate friction coefficients for both water and the capsules addition to the elevation
pressure. Thereby, the total pressure drop can be directly computed

9. Compute the power reiqrement for the system usitigy (6-8) and the cost of power
usingEq (6-7).

10. Compute the overall cost of the pipeline

11.Repeatinghe stepsmentioned abovéor different diameters values till such value is

reached that is the minimum total cost of pigelines
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Figure6.1 Flow chart of the optimisation model

138



6.9 Design Exampleof Vertical HCP

This section will illustrate the procedure and the stepsinderstand the optimisation
methodology and how can this hilised in the design processn this application
polypropylene needs to leansportedrom the sea bed to the upper deck, 100m up, in the
form of spherical capsulesf T = 4 and k= 0.5 acrossa steel pipeline The required
throughput is 0.08Bm*/sec.lt is required to determine the optimal diameter of the pipeline and
the pumping power, which can deliver the required throughput at a lower cost

Solution: Based on the current market, ¥h&ies of various constants are:

Ci=14 C=11 C;=0.95 Cc=0.01

The density of Polypropylene is equal to that of waBarsed on the abovraentioned HCP
design optimisation steps for the transport of capsules, different cosisedivand the

required pumping power anedicatedin table 61.

Table6-1 Variations inVariousCosts versus Pipeline Diameter

D P Chmanufacturing Crower Crotal
(m) (kw) (£) (£) (£)
0.15 82.17 6153 115047 121200
0.16 80.8 7013 113121 120134
0.17 79.7 7932 111662 119594
0.18 78.95 8908 110531 119439
0.19 78.31 9943 109639 119582
0.20 77.80 11036 108921 119958
0.21 77.38 12190 108336 120526
0.22 77.04 13401 107853 121254

According tothe result®btained in table4 it can be noticethat theoptimum diameteof
pipe is 0.18m for the case under consideration as its total cost is minirharpower of the

desired pumping unit, corresponding to the optimum diameter of the pipeline, is 78.95kW.
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Figure 6.2 also shows an analysis of the results in table 6.1 of changes in operating and
manufacturing costs as a function of the diameter of the pipeline. It can observe that as the
diameter of the pipeline increases, the cost of manufacturing incréasess because in the
reality the pipelines of larger diameters cost more than pipelines that have comparatively
smaller diameters. Moreover, with the increased diameter of the pipeline, the operating cost
declines. This is because of the fact thatthesdiameter of the pipeline is increased for the
same solid throughput, this leads to the flow velocity decline inside the pipeline. The cost of
operating is connected to a proportional relation to the flow velocity; thereby, the increase in

the internaldiameter of the pipeline reduces the cost of operating of the HCP.
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Figure6.2 Variationsin manufacturing and operating costs versus pipeline diameter

Figure 6.3 indicates the variations of the powethef desired pumping and the total cost at
varied pipe diameters. It is observed that as the diameter of the pipe increases, the power of
the desired pumping declines. Moreover, as the diameter of the pipe increases, the total cost
of the pipe first reduceand then rises afterwards. The total cost of the pipeline is the sum of
operating and manufacturing costs in the opposite directions compared to the diameter of the
pipe, thereby, the combination of these costs presents the curve of the overall cost. The
diameter of the pipeline corresponding to the minimum of the total cost is the optimum

diameter of the vertical pipeline.
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Figure6.3 The total cost and pumping power versus pipeline diameter

6.9.1 Effect of Cylindrical Capsule Shape

For sake to analyse the impact of the capsule shape on the design of the pipeline, the above
example is resolved for cylindrical shapes of capsulesl of 6, despite whole other
parameters are kept the sari@ble 6.2 provides thindings of the design of cylindrical

capsules pipeline.

Table6-2 Variations inVariousCosts versus Pipeline Diameter

D P Chwanufacturing Crower Crotal
(m) (kw) (E) (E) (E)
0.08 31.694 1791 44371 46162
0.09 29.639 2280 41495 43775
0.1 28.386 2832 39741 42573
0.11 27.569 3447 38597 42044
0.12 27.007 4127 37810 41937
0.13 26.603 4873 37245 42118
0.14 26.304 5685 36825 42510
0.15 26.075 6564 36505 43069
0.16 25.896 7512 36255 43767
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From the results shown table 6.2, it is observed that the optimum diameter of the pipeline
for the cylindrical capsules flow is 0.12 m, which is less than the flow rate of the spherical
capsules in the pipelindhe shape factor of the cylindrical capsule is greater than the shape
factor of a spherical capsuie the same consideratienThereby, it is evident that as the
shape factor increasdbge pipe optimum diameter also decreases, with a decrease in $btal co

of the pipeline..

6.9.2 Effect of Rectangular Capsule Shape

The designers of the pipelines are constantly searching for the best options to design a
specific throughput pipelineThus, the above example is resolved once more employing
rectangular capsules 1 = 7.63,, despite whole parameters have been kept the.same

Table 6.3 provides thiendings of the design of rectangular capsules pipeline.

Table6-3 Variations inVarious Costd/ariationsversus Pipeline Diameter

D P Chmanufacturing Crower Crotal
(m) (kw) (E) (E) (E)
0.05 18.946 715 26524 27240
0.06 15.862 1045 22206 23251
0.07 14.413 1441 20178 21619
0.08 13.623 1908 19072 20980
0.09 13.146 2447 18404 20850
0.1 12.835 3061 17969 21030
0.11 12.621 3752 17669 21421
0.12 12.467 4523 17454 21977
0.13 12.353 5375 17294 22669

As shown in table 6.3 it can be noticed that the pipeline optimum diameter for rectangular

capsules transport is 0.09m, which is less than for flowing of cylindrical and spherical
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capsules in the pipelineThe shape factor of rectangular capsules is gregn for

cylindrical and spherical capsules

The same trends in the different costs are observed for different shape factors of the capsules.
Hence, a comparison of only the optimal pipeline diameter for different shape factors is
presented in table-8. It can be clearly seen that the shape factor is inversely proportional
with the optimal diameter of the pipeline; hence, increase in shape factor decreases the
SLSHOLQHYV RSWlHeptte SLHPPOMNWFHHYN VDWRBWDO FRVW

Table6-4 Effect of theShapeFactor of theCapsules on th®ptimal Pipeline Diameter and
theTotal Cost of thePipeline

Capsule Shape Shape Factor Optimal Diameter  Total Cost
() () (m) (£)

Spherical 4 0.18 119439
Cylindrical 6 0.12 41937
Rectangular 7.63 0.09 20850

In order to further analyse the usefulness of the design optimisation methodology developed
in this chapter, a vast band of the parameters concerned is considered. This has led to the
development of a performance chart for HCPs with different shaped espgwuving
different shape factors), and different solid throughput requirements. The variations in the
optimumpipeline diameter as a function of the solid throughpnt the shape factor of the
capsules ardepictedn figure 64. It can be clearly sedhat as the shape factor increases, the

optimal pipeline diameter decreases at any solid throughput
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Figure6.4 Effect of the solid throughput required and the shape factor of the capsules on the

optimaldiameter

6.10 Hfect of Mixed Capsules Shapes

Cylindrical (C) and spherical (S) capsules, made from polypropylene, needctmbeyed

from the sea bed to the upper deck, 100m up, in the form of a combination in CS order. The
capsules have Lc =1d and k =0.5, and need ttrabesportednside a steel pipeline. The
required solid throughput is 0.03fsec. It is required to determine thetiopum diameter of

the pipeline and the pumping powerededor this purpose.

Solution: Based on the current market, the values of various constants are
Ci=14 C,=1.1 C3;=0.95 Cc=0.01

Based on thaforementionedHCP optimisation steps for the transport of capsules, different

costs involved and the required pumping powersaramed upn table6.5.

144



Table6-5 Variations in Transportation Costs versus Pipeline Diameter in the CS order

D P Chwanufacturing Crower Crotal

(m) (kW) (£) (£) (£)

0.13 81.99 6966 114788 121754
0.14 78.44 8299 109820 118119
0.15 75.68 9780 105953 115733
0.16 73.49 11415 102884 114299
0.17 71.72 13211 100407 113618
0.18 70.27 15175 98378 113553
0.19 69.07 17313 96696 114009
0.20 68.06 19633 95285 114919
0.21 67.21 22141 94092 116233
0.22 66.48 24844 93072 117916

It can be seen in table 6.5 that as increasing in the pipdiingeter, the manufacturing cost
increased. This is because of the fact that pipelines of smaller diameters are cheaper than
pipelines with comparatively larger diameters. Moreover, with the increased diameter of the
pipeline, the cost of operating reduc&his because the truth that the same solid productivity

for the same increase in diameter of the pipeline reduces the flow velocity inside the pipe.
The cost of operating has a relation proportional to the flow velo€thys, increasing the

diameter othe pipeline reduces the cost of operating the pipeline

These trends have been plotted in figui® 6r the costs onlyit can be observed théte
increase in the manufacturing cost is not directly proportional to the decrease in the cost of
power.Hence, the total cost is seen to first decrease up to a certain vaheedmeter of

the pipeline and then it increaseghereby, the effect of the cost of power is dominant on the
total cost at lower pipeline diameters, while the manufacturing sodbininant at larger

diameters. Due to this shift in the cost dominance from the manufacturing and power costs,
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the total cost curve shows a local minimum at the point where this shift oddues.
FRUUHVSRQGLQJ SLSHOLQH GL D PFanatét,orLthat Yaktieule® sdtidH OL Q H
throughout required, based on the leastt principle It can benotedthat a pipe with a

diameter of 18 cm isptimum for the transport of capsules in a8 @der and k =0.5. The
corresponding total cost and the reqdineower of the pumping unit are £113553 and
70.27kW,
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Figure6.5 Variations in the different costs of the pipeline versus pipeline diameter for the

transport of capsules in a CS order

6.10.1 Effect of the Capsules order of Mixed Shapes

For sake to examinde impact of the capsule shape on the design of the optimal pipeline, the
above example is resolved once maseng the capsules combination in the opposite atler
theprevious order, keeping all other parametklence, the capsules combination becomes in
an SC order instead of the CS ord€able 6.6 depicted the results of differences in the

pumping capacity and the diameter of the pipeline versus the differenbtdstspipeline.
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Table6-6 Variations in Transportation Costs versus Pipeline Diameter in the SC order

D P Chwmanufacturing Crower Crotal

(m) (kw) (£) (E) (E)

0.13 92.26 6966 129170 136136
0.14 88.0L 8299 123204 131503
0.15 84.68 9780 118560 128339
0.16 82.05 11415 114872 126287
0.17 79.92 13211 111895 125106
0.18 78.18 15175 109456 124631
0.19 76.74 17313 107434 124747
0.20 75.52 19633 105738 125372
0.21 74.50 22141 104303 126444
0.22 73.62 24844 103077 127921

As indicated in table 6.6 is clearly observed in this order the optimum diameter of the pipe

is 0.18m, which considered the same as depicted in the CS order for flowed capsules through
the pipelinesMoreover, the pumping consumpdwer that needs for the optimum pipeline
diameter is 78.18kWwhich was 70.27kW for CS order. It can be seen that the manufacturing
cost has remained the same as for the flow in the CS order. This is because the same capsules
shapes and pipe have beenduseboth cases where the only difference is the capsules order

in the pipeline.

Figure 6.6 illustrates the variations of the operating cost and total cost for the flow of the SC
order and CS order in the vertical pipelifgom the figureit is observedhat the pipeline

overall cost for the flow of SC order is considerably highecomparison witithe flow of

CS order Moreover, in the transportation pipeline, the cost of operating for the flow of SC
order is greater in comparison with the flow of Q8ev. Thereason beyond these trends is
identical as abovenentioned, SC order leads to a greater pipeline pressure drop.
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Figure6.6 Comparisorof differentcosts of the pipeline for tHeC and CS order

It is evident in this chapter that the design examples provided reveal that the methodology of
optimisation considers uséiendly in this research presentedoreover, these practical
examples have been included to demonstrate the usage and effectofehessptimisation

model. Hence, this optimisation model can be appbemmercial applications.

6.11 Summary

The methodologyhas been proposed to determine the optimal size of vertical pipelines
transporting different shaped capsules for prakctagplications. The optimal size of the
pipeline has been identified for the minimum total cost. Based on the parametric

investigations, the following outcomes are:

i The increase in the diameter of the pipe leads to decrease the pumping energy needed

for the pipeline
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The manufacturing cost of the pipeline increaséh the increase ithe diameter of
pipeline

The pipeline's operating costs reduce with the increase in the pipeline diameters
The pipeline total cost decreases initially and then increasbsinarease in the
diameter of the pipe

Increase the capsule shape factor decreases the optimal pipeline diameter
Changein the order of capsule shapesthe pipelinedoes not change the optimal

pipeline diameter, but chang®e required power of the pumpiagdthetotal cost
Furthermore, based on the results of the numerical analysis that carried out in Chapter

4 and 5. An optimisation approach has been proposed in this Chapter for vertical
hydraulic capsule pipelines
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Chapter 7 - Conclusions

he flow of capsules of various shapes has been numerically simulated
Twithin vertical hydraulic capsule pipelineBhis chapter concludes the
thesis with a summary of the achievement&nclusions and
contributions of this studyln this regards, this chapter will draw
conclusions from the current study. At the end, recommendations for

the future work are made for the continuation of this scientific investigation
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7.1 Research Problem Synopsis

The cargo transportation within containers (capsules) across pipeline considers as a modern
manner of transporting goods. Consequently, this method is earing further significance
around worldwide for reasons, such as the risectis¢ of the fuel as well as the fossil fuels
depletion.Furthermore, most of these studies that were conducted on capsule transport across
pipelines are based on either practical experimentanatytical methods, which lacin
accurate analysis on the cpiicated behaviour for the flow structure inside these types of
transporting pipes.Recently, with the appearance of supemputers and advanced
computerised applications, it has become possible to analyse the flow map and capsule

trajectory motion acrogkese pipelines under varying configurations.

According to the published literatungresentedn chapter twoa group of aim®f research
objectiveswere identified, which formulatehe field of the present studylhese objectives

were established fothe sake of predicting the flow behaviour transporting capsules in
vertical pipelines more accurately

A summary of the primary thesis aims is presented along with the main achievements this

study has attained as follows

7.2 Research Aims and MainAchievements

The primary aims of this research that specified through an extensive review of the literature

in this scope are presentieelow with a summary of how these goals can be achieved

Research Aim # 1:Flow diagnostics in offshore HCPs transporting basic capsule
shapes under different operating conditions

Achievement # 1:In this thesis CFD has been used to provide an exhaustive investigation on
the flow analysis of vertical pipes carrying different capsules shapes, and proposespredicti
models for the capsule velocity and pressure reduction for such pipelines. Dynamic mesh
technique with six degrees of freedom modelling has been used in order to move the capsules

in full freedom This technique is utilised to captures the transient flienomena arising
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during a capsule interaction with the fluid motion and then otigpsacticalconception for

these implementations.

The numerical model has been validated with available experimentafrdatgublished
literature and it has shown good performance results. In this regards, numerical model can be
used for further investigation with different configuration¥hus, a computational
investigation about the flow of spherical, cylindrical and rectirgrapsules under different
geometric and flow considerations has also been presdtdethe sake of covering a wide
domain of investigations, the flow of these capsule shapes has been computationally
simulated for various average flow velocities, cé@sdiameter, capsule length, capsule

density and concentration of capsules

The results obtained from the CFD simulations of the flow structure, the pressure and
velocity fields at different flow times for transporting different capsules shapes have been
analysed critically, in terms of quantity and qualiQualitative analysis has been used to
show the pressure and velocity contours in the capsoleveyng pipdine, whereasthe
guantitative analyse has been conducted respectively to illustrate thergrdssp and
capsule velocity inside the pipelin€he findings provided show an obvious description of
the behaviour of the flow inside the pipeline and the impact of the capsule's existence on the
structure of the flow and the pressure variation insiigepipeline Furthermore, the motion

of capsule can be monitored in a pipeline and the time that needs to arrive at its destination
While pipeline designers benefit from pipeline's pressure drop considerations for their design,
the current study has usedlues of the pressure drop for different states under research to
formulate semexperimental relationships, which is predicting the capsule velocity and
pressure reduction for any capsule shape in a vertical pip€hesfirst main achievement of

this study is the development of the relationships for the capsule velocity and pressure drop,
which comprises the impacts of various geometrical parameters for conveying capsules in
pipes.Furthermore, it can be demonstrated that these-sapirical predictio models have

a reasonable precision depending on the numerical findings.
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Research Aim # 2:Flow diagnostics in offshore HCPs transporting a combination of

basic capsule shapes under different operating conditions

Achievement # 2:Due to limitations identified in the literature review a thorough study of
mixed shapes of capsulbasbeen carried out across vertical pipelinashis work, a simple
and complex combination dfasic capsule shapegth a different order in a pipelinkas
been investigatedumericallyusing CFD. The transient impacts were precisely caught from
these simulations using techniques of sophisticated modelling like Dynamicwitbshix-
degree of freedomn this technique, the capsule motion physically mowéh fluid flow,

and hence it affects the flow characteristics

The effects of mixed capsules shapes on flow characteristics were also investigated, which is
a main achievement of this study. Furthermore, a simple and complex combifiatioof

theheavy density and equal density capsules have been presented.

According to the elaborated numerical investigations regarding the fields of the velocity and
the pressure in transporting mixed capsules have been analysed in terms of quantitatively and
gualitatively. It has been depicted that the velocity and pressure differences in the capsules
combination depend on the capsules order. Based ofinthegs by CFD simulations, the
prediction model for the mixed capsulgsapeshas beerestablishedutilising sophisticated
statistical tools. This model has been develdpedhe correction factor as a function of the
pressure drop of a capsules combination flow based on the capsules order in a pipeline. This

semiempirical prediction model has also been giveeasonable accuracy

Research Aim #3: Development of anefficient optimisation model for predicting the

optimal size of OffShore HCPs

Achievement # 3: The methodology of optimisation displayed here benefits from the semi
empirical relationships developed, based on the concept ofcleststwhich is simple to
utilise and can be depended upon. In this approach-esgmerimental relationships have

been deeloped for anticipating of the pressure drop and capsule velocity for any capsule
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shape within vertical pipelines. The models developed are unique in this study in the meaning
that the parameters such as the shape of the capsules, density, size aneloftaw that

affect the capsules transportation have been included in a vertical hydraulic capsule pipeline,
which consider one of thegnificant accomplishments for this research

In this study, the inputs to the model that has been established fmuoptiesign including

the shape factor, solid throughput and specific gravity. all other required parameters
necessary for the HCP designing were calculated mathematically. The methodology of
optimisation developed can as well precisely calculates the chgroeping power for this
system, besides providing with the optimal diameter of the pipeline. Furthermore, this
prediction model presents related parameters such as the capsule velocity, average flow
velocity and mixture flow rate across the pipe. Therdhis methodology that used is
powerful and can be confidently employed in designing a vertical HCP system for different

capsules.

7.3 Thesis Conclusions

An inclusive investigation has been conducted supporting the existed literature related to the
capsués flow in vertical pipelines. Novel additions have also been done with an aim of
developing the present conception of the process of design, operational characteristics, the
effects related to the geometry and methodology of optimisation for the capsules
transportation across vertical pipelines. In the following section, the main conclusions that

have been summarized from each aspect obthidyare presented.

f Analyse the effect of the spherical capsule shape on flow characteristics of HCPs

under transient conditions.

This work conducted investigations concerning the shape of the spherical capsule, which
include the effects of average flow velocity, capsule size, capsule density and capsule
concentration on the flow characteristi€som the investigation, it can be deduced that the

increase in average flow velocities leads to increase the pressure drop inside pipelines in

comparison with the flow in low velocities. The capsules that have greater diameters lead to a
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pressure drop inipelines in comparison with capsules flow that has smaller diameters.
Furthermore, heavglensity capsules lead to increase the pressure drop inside the pipeline in
comparison with an equal density capsules flow. From the side of a capsules conceittration
may be deduced that increasing in the capsules concentration causes an increase in the
pressure drop and decrease the capsule train velocity in the pipeline. The findings offered in
this investigation with respect to the spherical capsules flow in pgselis of important
significance for designers of vertical pipelines as the model of the prediction that developed
for the friction coefficient depends on this type of capsules; where it can be utilised in the
optimisation and designing of the vertical HCP

f Investigate the effect of the cylindrical capsule shape on flow characteristics of HCPs

under transient conditions.

Throughthe investigationsvith respect tadhe shape of the cylindrical capsule taatompass

the impacs of average flow velocitycapsule size, capsule length, capsule density and
capsule concentration on the flow characteristosductedn this researchin comparison

with the flow in low velocities, it can be deduced that the increase in average flow velocities
leads to increasthe pressure drop inside pipelin@sie impacts of cylindrical capsules with
greater diameters lead to a drop in pressure in pipelines when contrasted to the cylindrical
capsules flow of smaller diameter capsuledas also been noted that cylindricalpsules

with longer lengths lead to an increased pressure dlopeover, the fact that cylindrical
capsules with heavy density lead to a greater pressure drop has been deduced, when
compared with the flow of equiensity cylindrical capsules in pipdstom the aspect of a
capsules concentration, it can be deduced that the increased concentration of capsules leads to
a greater pressure drop and decrease the capsule train velocity in the pipeline. The cylindrical
shape of the capsule has an obvious irhpache flow characteristics. The results provided

in this study with respect to the cylindrical capsules flow within pipelines, has major
significance for designers of vertical pipelines as the prediction model devised for the
coefficient of friction depnd on this type of capsules, where it can be utilised in the

optimisation of vertical HCPs.
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f Evaluate the effect of the rectangular capsulshapeon flow characteristics of HCPs

under transient conditions.

From the investigationgerformedon the shape of the rectangular capsule, which include the
effects of average flow velocity, capsutiktametey capsule length, capsule density and
capsule concentration on the flow characteristics in vertical pipelinesn be deduced from
those invesgations that the increased flow velocities lead to increase the pipelines' pressure
drop in comparison with the flow in low velocitieBhe effects of rectangular capsules with
greater diameters lead to an increase in pressure reduction across thees pigedim
contrasted to the capsules flows with smaller diametersas also been noted that the
rectangular capsules with longer lengths cause an increase in the pressuidodeoper,

the fact that rectangular capsules with heavy density lead to @mgpeassure drop has been
deduced, when compared with the flow of equal density rectangular capsules that flowing
across pipelines=rom the side of a rectangular capsules concentration, the increase in the
capsules concentration leads to a greater drdperpressurand decrease the capsule train
velocity in the pipeline. The rectangular shape of the capsule has a clear effect on the flow
characteristicsThe outcomes exhibited in this investigation in regards to the rectangular
capsules flows inside pgs is of extraordinary significance for designers of vertical pipeline
as the predictive model formulated for the friction coefficient rely upon this type of capsules,

where it can be utilised in the optimisation of a vertical HCPs.

f Development of a novel mathematical formulation to calculate the shape factor for
any capsule shape

The shape factor has been defined to reflect the variations in the shapes of the capsules. The
shape factor formulation used in the literature is only gopate for spherical and cylindrical
shapes, where the shape factor for the cylindrical and rectangular shape gives the same factor.
Hence, a novel formulation for shape factor in this study has been developed to distinguish

between a wide rangd capsuleshapes

156



f Development of prediction models for the capsule velocity and friction coefficient in
vertical hydraulic capsule pipelines.

Through the numerical findings have been obtained throughout this research, and after
examining the effects of different geometand flow linked variablessemiexperimental
correlations have been established for the capsule velocity and friction iepeffor any
capsule shapédultiple variable regression approach was utilized to estimate the impacts of
different parameters on the velocity and friction coefficient of the capsule. In addition, for
sake of designing capsule pipelines, the equationshefdrop in pressure have been

formulated based on the developed models.

f Investigate the effect of the simple combination of capsules of basic shapes on the
flow characteristics under transient conditions

Numerical investigations have been performed to show the impact of a simple combination of
FDSVXOHV RQ WKH SLSHOLQHfV SUHVVXUH GURS DV ZHO
combination consists of two different shapes of capsules. In terms of tbeustraf the flow

LV LQWHUHVWHG IXUWKHU FDSVXOHV ZLWKkeQioDTB:L SH UHG
presents the flow with more resistance and thereby, reducing the capsule train velocity and
increasing the pressure drop. Furthermore, ifmgle combination case of headgnsity

capsules, the capsule velocity significantly reduces because of the gravitational effects. This
impact reinforces the shear layers surrounding the capsules and subsequentlynréselts i
pressure drop in the pipgrowing. The impact of the simple combination of the capsules
VKDSHV ZLWKLQ +&3V ZDV IRUPXODWHG WR GHYHORS WKH ¢

f Investigate the effect of the complex combination of capsules of various shapes on

the flow characteristics under transient conditions

Through the investigations relating to the impact of a complex combination of capsules on
the pressure gradient and flatructure inside the pipelingvhere this combination consists

of three different shapes ohpsules Furthermore, increasing the capsules number inside a
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pipeline decrease the flow region, generating greater resistance to the flow across these
pipelines.and thusdecrease the capsule train velocity and increasing the pressure drop.
Furthermore, in a complex combination case of the helamgity capsule, as result to the
gravitational effect the capsules velocity reduces significanflyis impact enhances
boundary layers in the circumference of the capsule, increasing the pipeline's pressure drop.
The impacts of the complex combination of the various capsule shapes were formulated

inside vertical HCPs to develop a predictive model for the predsope

f Estimate the order effect of mixed shapes of capsules on flow characteristics under

transient conditions

Numerical investigations have been performed to show the impaitteo$hape order of
capsules otthe pressure reduction and tteuctureof the flowinside the pipelineThrough

this investigationit can be concluded that the change of capsule shape order leads to change
in the pressure drop and the capsules velocity for a capsuleltragmms of the importance

of the flow structurgan order of @apsule shape in a pipeline can generate collision between
the capsulegroviding greater resistance to flow and thus making the pressure drop is higher.
That is attributed to the capsule shape in a capsule train that is traveling faster than another
sha. The order effect of the capsule shapes has been formulated inside HCPs to develop a
predictive modelfor the pressure drop that deals with a combination of mixed capsules

shapesn pipelines

f Development of an optimisation model for vertical capsulpipelines based on the
Least-Cost Principle

On the basis of ser@xperimental correlations, which have been developed in the current
study, an optimisation methodology for a vertical hydraulic capsule pipeline system has been
developed. This methodology shdeen proposed to specify the optimum size of vertical
pipelines conveying various shapes of the capsules. Moreover, with regard to such pipelines,

it can be noted that in the case of fixed solid throughput and shape factor, increase in the
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S L S H O Lgekefivcréakds the costs of manufacturing. This is due to the fact that a greater
pipe's diameter in addition to capsules is more costly than smaller pipe's diameters. On the
other hand, as the pumping power needed for the systepréessurerop functon inside the

pipeline, any increase in the diameter of the pipeline corresponds to a pumping power
UHGXFWLRQ DQG VXEVHTXHQWO\ D UHGXFWLRQ LQ D SL.
SLSHOLQHTY WRWDO FRVW LQLWLDOOWHKHGXFHM DQIBGVIEY
diameter, for a fixed shape factor and solid throughput. The diameter of the pipeline with the
minimum overall cost represents the optimal pipeline diameter. A design chart has also been
presented which can be easily used to desggtical HCPs.

7.4 Thesis Contributions

The following section presents a summary of the main contributions of this Wiesis the

novelties of this research are described:

Contribution # 1:

The first main contribution of this research is represented in a comprehensive investigation
on the characteristics of global and local flow in a vertical pipeline carrying various shapes of
capsulesThe existing literature regarding the distribution thé pressure drop and capsule
velocity within vertical pipelines arextremely limited Thereby a Computational Fluid
Dynamics solver was employed to conduct lasgale investigationsn the distribution of

the pressure drop and capsule velocity within vertical HERsameters effects on flow
characteristics like average flow velocity, capsule shape capsule diameter, capsule density
and capsule lengthave been considered. Moreovery@aloprediction models of the capsule
velocity and pressure drop have been developed as a function of the shapeTfaetor.
prediction models have been developed through data from the extensive numerical
investigationsHence these models consider a nogehtribution to the scientific knowledge
which can be employeoh desigring a hydraulic vertical capsule pipelirier any capsule
shape and density for particular applications.
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Contribution # 2:

The unigue contribution of this research is camprehensive investigation on the
characteristics of global and local flow on a flow of mixed capsules shapes in vertical
pipelines The available literature does not include any study on a combinatieariofis
capsules shapes within pipelines. In thesearch, CFD solver has enabled the author to
conduct this novel investigation. In this case also, the pressure and velocity distributions have
been investigated based on ihgpact of the order of the capsule shape and the capsules
densityinside the vetical pipeline. Moreover, a novel factor has been developed to link it
with prediction models that have been developed for transpdréisigcapsule shapes. This

can be used to calculate the pressure drop for a combinatibfieoént capsule shapes wit
various arrangements. Hence, this prediction model is a novel contribution to the knowledge
base that can be used to design vertical hydraulic capsules pipeline in transporixegl a

capsule shapes for various arrangements and densities

Contribution # 3:

According to studies available in the literatuttee design methodology of capsule pipelines
depends on numerous design parameterthis study, a design methodology for a vertical
capsule pipelines system has been developed based on the shapd iige methodology

has been proposed to specify the optimal size of a vertical pipeline conveying different
shapes of capsuldsased on the given capsule shape factor, throughput and density. The
optimal size of the pipeline has been identified for thi@imum total cost. The design
methodology involved models for operating costs in addition to the cost of pipelines and
capsulesMoreover this methodology is usériendly, coherent and reliabl® provide a
SLSHOLQHTV RSWLPDO V LnjirhumBuerdildastcBnipGsbdid thgfdte¥8 KH P
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7.5 Future Work

This thesis represents a steppstigne to further research in this field, for sake to fill in the
gaps of knowledge that have been determined in the literathes design, operation and
optimisation of vertical pipelines transporting capsules have bedartakenn the present
researchBased on thénvestigationghat have been performeil has become clear in this
particular area that there is a vast possjbilor further studies and investigationshe

followings are some suggestions for future studies

i CFD investigations can be performed on the flow of capswits specific gravity
less than 1n the pipelines based on the techniques used in this Sthdge capsules
are specifically appropriate in e$hore applications,where the freight must be
conveyed from a low altitude position to a high altitude positlorthis state, the
capsules wh low densities will have little influence on the pressure reduciuhthe
capsules behaviour in the vertical pipelirdije to buoyancy forcesMoreover,
investigations on the capsules flow in the slanted pipes can be carried out. The motion
of capsulein both directions can also be investigated, such as capsules propagating
down slanted or vertical pipelines instead of just only being travelled vertically

upwards.

i Numerical investigations can be conducted on the flow through bends and horizontal
sectons transporting a combination of mixed capsule shapes to predict the pressure
drop. These investigations are based on the transient flow for the mixed capsules

shapes

i A hydrodynamic investigation on the effects of complicated shasesvell as
solidities rate of the capsul@esthin the HCPs can be carried out for further analysis
This will include the unsteady analysis of the flow, amelfindings can becompared

with those presented in this study for optimisation purposes
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Appendices

A-1. Computational Fluid Dynamics

% Numerical Analysis using CFD

The primary aim of computational fluid dynamics is to numerically solve the partial
differential equations that govern fluid flows. CFD calculations are based upon the
fundamental governing equations of fluid dynamics the conservation of mass, momentum and
energy equ#ons. These equations combine to form the NaSitekes equations. The
equations describing fluid flow are solved iteratively so residuals appear. The residual is the
imbalance of the conservation equation for a general variable summed over all the
compuational cells. They are a measure of error in the discretised equations, summed over
all control volumes and are a guide to convergence. For the analysis purpose, the fluid is
considered to be a continuum. The behaviour of the fluid is described in tdrms

macroscopic properties such as velocity, pressure, density, etc.

% Mass Conservation

The equation is derived from the principle that the mass of fluid elements is always
conserved regardless of their operating conditions. The continuity equatisides correct
for incompressible ancompressible flows but in the latter cashe fluid densityis

considered to be constant as shown in Equation below.

&ERL r (A-1.1)

LRl EL |y (A-1.2)

e N i
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This equatiorfor threedimensionaktontinuitymass conservation at a pgiwhichis valid

for incompressible flow§73].

% Momentum Conservation

7KH FRQVHUYDWLRQ RI PRPHQWXP LV RULJLQDOO\ H[SUHVYV
velocity, momentum is a vector quantity as well as a magnitude. Momentum is also a
conserved qualityneaning that for a closed system, the total momentum will not change as

long as there is no external forceHZWRQfV VHFRQG ODZ DOVR VWDWHV W
change of a fluid particle equals the sum of the forces on the particle. We can déterémi

rate of momentum change for x, y and z directibime momentum equation is expressed in

respect to the pressure and viscous stresses affecting on a particle in the fluid as:

6G E-ME-MELA é@EEQEER:—?ES!!—?A (A-1.3

The y and zs#lirections can be written as follows

. ' 38 ! aa ' aa . e 1é 1é 1é
6G E-HEME— L ¢ @ EQf ERT ESTTA (A-1.9)
£ ! 32 ~! aa ! a3 ) 18 1é 1é
6G E-HE-ME-HL ¢ € EQTERTESTTA (A-1.5

%  Energy Equation

SThe energy equation is based on the first law of thermodynamics that states the rate of
change of energy of a fluid particle is equal to the rate of ddition to the fluid particle

and the rate of work done on the partidi8].

Theequation can be written as;
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(A-1.6)
% Equations of State
L L L:édb; (A-1.7)
EL Eé&; (A-1.8)
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A-2: Mass and Moment of Inertiafor a
CapsuleShape

X The mass and moment of inertia are to be calculated for aspblede of radius r

Calculating the magsn):
ODVV RI WKH F8XHQHRW J © Edhithe of the cylinder, V—%éM

&DOFXODWLQJ WKH PRPHQWYV RI LQHUWLD

T
i
X The mass and moment of inertia are to be calculated for a solid cybincetius r.

Calculating the mass:
ODVV RI WKH F8XHXQH&W J O Edhithe the cylinder, V =eND
&DOFXODWLQJ WKH PRPHQWYV RI LQHUWLD
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X The mass and moment of inertia are to be calculatedsolichcuboidof width a, height
b, depth L

Calculating the mass:
ODVV RI WKH F\B&IB3H/Blhe theuboid V= => .,

&DOFXODWLQJ WKH PRPHQWYV RI LQHUWLD

S 6

5, .
15_6 fGE ; r r 1::
1 5 6 NI
, 7 r ?6-:f6E,,, r K
T 5 6 6|C|
5. N
| r r Te" - E 0
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A-3: UDF Used in ANSYS FLUENT

This is the user define function (UDF) used in Fluent to define the motion of the cahselle
to the flow. It is used when the movement of the rigid body is determined by the forces of the
flow. Thefollowing the UDF transcript for two cylindrical capsules

#include "udf.n"

/************************************************************

User Inputs Cylindrical Capsulel

**************************************************************/

#define MASS 0.097948375 /*Mass*/

#define IXX 0.000035710345052 /*moment of inertia*/
#define 1YY 0.000030608867187

#define 1ZZ 0.000035710345052

#definelXY 0.0

#define IXZ 0.0

#define IYZ 0.0

#define ID_capsulel 8

real f_glob1[ND_ND];
real m_glob1[ND_ND];
real cg1[ND_ND],theta_y;
int flagl;

/************************************************************

SDOF property UDF for a moving body

*kkkkkkkkkkkkk ************************************************/

DEFINE_SDOF_PROPERTIES(capsulel_motion, prop, dt, time, dtime)
{

inti;
real x_cg[ND_ND];
Domain *domain;
Thread *t1;

# if IRP_NODE

FILE *fp = NULL;
char filename[]="udf_motion_history_capsulel.txt";
if ((fp = fopen(filename, "a+"))==NULL)
Message(h Warning: Unable to open %s for writhng, filename);
else

{
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Message(h Writing motion history to %s..." filename);

}

# endif

domain = Get_Domain(1);
t1= Lookup_Thread(domain,ID_capsulel);

prop[SDOF_MASS] = MASS;
prop[SDOF_IXX] = IXX;
prop[SDOF_IYY] =1YY;
prop[SDOF_I1ZZ] =1ZZ;
prop[SDOF_IXY] = IXY;
prop[SDOF_IXZ] =Xz,
prop[SDOF_1YZ] =1YZ,

prop[SDOF_ZERO_ROT_X] = FALSE;
prop[SDOF_ZERO_ROT_Z] = FALSE;
prop[SDOF_ZERO_ROT_Y] = FALSE;

for (i=0; i <ND_ND; i++)

{
x_cgli] = DT_CG(dt)[i];

}

Compute_Force_And_Moment (domain, t1, x_cg, f_globl, m_globl, TRUE);

theta_y=DT_THETA(dt)[1];

# if IRP_NODE

if (flagl!=1)
{
flagl=1;
fprintf(fp,"Time cg_x cg_y cg_z theta x theta_y theta_z vel xvel_y vel_z
omega_x omega_y omega_ force_x force_y force_z moment_x moment_y
moment_2An");

}

fprintf(fp, "%g %g %g %g %g %g %g %g %g %g %g %g %g %g

%g %g %g %g %am", time,x_cg[0],x_cg[1],x_cg[2], DT_THETA(d®))*180/3.14,
DT_THETA(dt)[1]*180/3.14, DT_THETA(dt)[2]*180/3.14, DT_VEL_CG(dt)[0],
DT_VEL_CG(dt)[1], DT_VEL_CG(dt)[2],DT_OMEGA_CG(dt)[0], DT_OMEGA_CG(dt)[1],
DT_OMEGA_CG(dt)[2], f_glob1[0],f_glob1[1],f glob1[2],m_glob1[0],m_globl1[1],m_globl1[2]);
fclose(ip);
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# endif

/************************************************************

User Inputs Cylindrical Capsule2

**************************************************************/

#define MASS 0.097948375 /*Mass*/

#define IXX 0.000035710345052 /*momaeaftinertia*/
#define IYY 0.000030608867187

#define 1ZZ 0.000035710345052

#define IXY 0.0

#define IXZ 0.0

#define IYZ 0.0

#define ID_capsule2 9

real f_glob1[ND_ND];
real m_glob1[ND_ND];
real cg1[ND_ND],theta_y;
int flagl;

/************************************************************

SDOF property UDF for a moving body

**************************************************************/

DEFINE_SDOF_PROPERTIES(capsule2_motion, prop, dt, time, dtime)
{

inti;
real x_cg[ND_ND;
Domain *domain;
Thread *t1;

# if IRP_NODE

FILE *fp = NULL;
char filename[]="udf_motion_history capsule2.txt";
if ((fp = fopen(filename, "a+"))==NULL)
Message(h Warning: Unable to open %s for writkmg, filename);
else

{

Message(\n Writing motion history to %s..." filename);

# endif
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domain = Get_Domain(1);
t1= Lookup_Thread(domain,ID_capsule2);

prop[SDOF_MASS] = MASS;
prop[SDOF_IXX] = IXX;
prop[SDOF_IYY] =1YY;
prop[SDOF _1ZZ] =1ZZ;
prop[SDOF_IXY] = IXY;
prop[SDOF_IXZ] = IXZ;
prop[SDOF_1YZ] =1YZ;

prop[SDOF_ZERO_ROT_X] = FALSE;
prop[SDOF_ZERO ROT_Z] = FALSE;
prop[SDOF_ZERO_ROT_Y] = FALSE;

for (i = 0; i < ND_ND; i#+)

{
x_cgl[i] = DT_CG(dt)[i];

}

Compute_Force_And_Moment (domain, t1, x_cg, f_globl, m_globl, TRUE);

theta_y=DT_THETA(dt)[1];

# if IRP_NODE

if (flagl!=1)
{
flagl=1;
fprintf(fp,"Time cg_x cg_y cg_z theta x theta_y theta_z vel xvel_y vel_z
omega_X omega_y omega_force_x force_y force_z moment_x moment_y
moment_2An");

}

fprintf(fp, "%g %g %g %g %g %g %g %g %g %g %g %g %g %g
%g %g %g %g %", time,x_cg[0],x_cg[1],x_cg[2], DT_THETA(dt)[0]*180/3.14,

DT_THETA(dt)[1]*180/3.14, DT_THETA(dt)[2]*180/3.14, DT_VEL_CG(dt)[0],

DT_VEL_CG(dt)[1], DT_VEL_CG(dt)[2],DT_OMEGA_CG(dt)[0], DT_OMEGA_CG(dt)[1],

DT_OMEGA_CG(dt)[2], f_glob1[0],f_glob1[1],f_globl1[2],m_glob1[0],m_globl[1],m_glob1[2]);

fclose(fp);

# endif
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/************************************************************

Contact detection properties

kkkkkkkkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkk ********/

DEFINE_CONTACT((contact_props, dt, contacts)
{

Objp *o;

face_t face;

Thread *thread,;

Domain *domain = NULL;

Dynamic_Thread *ndt = NULL;

int tid, nid, n_faces;

real vOdotn1, vidotnO;
real nc_mag, norm0_mag, horml_mag;

real N3V_VEC (vel_rel);

real N3V_VEC (nc), N3V_VEC (nctmp);

real N3V_VEC (xc), N3V_VEC (xctmp);

real N3V_VEC (vel0), N3V_VEC (omega0), N3V_VEC (theta0), N3V_VEC (norm0);
real N3V_VEC (vell), N3V_VEC (omegal), N3V_VEC (thetal), N3V_VEC (norm1l);

if ('Data_Valid_P())
{

return;

}

/* Define a common contact point / plane */
N3V_S (nc, =, 0.0);
N3V_S (xc, =, 0.0);

/* Fetch current thread ID */
tid = THREAD _ID (DT_THREAD (dt));

nid =-1;
n_faces = 0;

loop (o, contacls

{
face = O_F (0);
thread = O_F THREAD (0);

/* Skip faces on current thread */
if (THREAD_ID (thread) == tid)
{

continue;

}

/* Note ID for posterity */
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if (nid == -1)

nid = THREAD_ID (thread);
}

/* Initialize to zero */
N3V_S (nctmp, =, 0.0);
N3V_S (xctmp, =, 0.0);

F_AREA (nctmp, face, thread);
F_CENTROID (xctmp, face, thread);

# if DEBUG
{

MessageO

"\nFace:: %d (%d): Area: (%f %f %f) Centre: (%f %f %f)",
face, THREAD _ID (thread),

nctmp[0], nctmp[1], nctmp[2],

xctmp[0], xctmp[1], xctmp([2]

);
}
# endif

/-k*

* Negative sum because wall normals
* point out of the fluid domain

*/

N3V_V (nc,-=, nctmp);

N3V_V (xc, +=, xctmp);

n_faces++;

}

# if RP_NODE
{

/* Reduce in parallel */
nid = PRF_GIHIGHL1 (nid);
n_faces = PRF_GISUML1 (n_faces);

PRF_GRSW3 (nc[0], nc[1], nc[2]);
PRF_GRSUMS3 (xc[0], xc[1], xc[2]);

}
# endif

if (n_faces > 0)
{
nc_mag = N3V_MAG (nc) + REAL_MIN;

N3V_S (nc, /=, nc_mag);
N3V_S (xc, /=, n_faces);
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else

{

return;

}

Message

(
"\nContact:: tid: %d nid: %d n_faces: %d "

"Point: (%f %f %f) Normal: (%f %f %f)",
tid, nid, n_faces,

xc[0], xc[1], xc[2],

nc[0], nc[1], nc[2]

);

/* Fetch thread for opposite body */
domain = THREAD_DOMAIN (DT_THREM® (dt));
thread = Lookup_Thread (domain, nid);

if (NULLP (thread))

{
Message (hWarning: No thread for nid: %d ", nid);

return;

else

{
ndt = THREAD_DT (thread);

}

/* Fetch body parameters */
SDOF_Get_Motion (dt, vel0, omega0, theta0);

/* Compute difference vectors and normalize */
N3V_VV (horm0, =, xcr, DT_CG (dt));
norm0_mag = N3V_MAG (norm0) + REAL_MIN;
N3V_S (norm0, /=, norm0_mag);
if (NULLP (ndt))

{

[* Stationarybody / wall. Use contact normal */
N3V_V (norml, =, nc);

/* Compute relative velocity */
N3V_S (vell, =, 0.0);
N3V_V (vel_rel, =, vel0);

else

/* Fetch body parameters */
SDOF_Get_Moation (ndt, vell, omegdhetal);
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/* Compute relative velocity */
N3V_VV (vel_rel, =, velO;, vell);

/* Compute difference vectors and normalize */
N3V_VV (norml, =, xc;, DT_CG (ndt));
norml_mag = N3V_MAG (norml) + REAL_MIN;
N3V_S (norml, /=, norml_mag);

/* Check if velocity needs to be reversed */
if (N3V_DOT (vel_rel, nc) < 0.0)
{
/* Reflect velocity across the normal */
vldotnO = 2.0 * N3V_DOT (vell, norm0);

N3V_S (rorm0, *=, vldotnO0);
N3V_V (vell,-=, norm0);

/* Override body velocity */
SDOF_Overwrite_Motion (ndt, vell, omegal, thetal);
}
}

/* Check if velocity needs to be reversed */
if (N3V_DOT (vel_rel, nc) < 0.0)
{
/* Reflect velocity across the normal */
vOdotnl = 2.0 * N3V_DOT (vel0, norml);

N3V_S (norml, *=, vOdotnl);
N3V_V (vel0,-=, norml);

/* Override body velocity */
SDOF_Overwrite_Motion (dt, vel0, omega0, theta0);
}

Message
(
"\ncontact_props: Updated :: vel0 = (%f %f %f) vell = (%f %f %f)",
velQ[Q], velO[1], velO[2], vel1]Q], vell[1], vell[2]
);
}
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A-4: Capsule Velocities

TableA-3.1 Velocities of EquiDensity Spherical Capsules in a Vertical Pipeline

N/Lp K Vav Vc
(m/sec) (m/sec)
0.4 4 4.07956
2 2.15342
0.5
1 4 4.03615
2 2.14373
0.6
4 4.02784
2 0.5 2 2.15342

TableA-3.2 Velocities of HeavyDensity Spherical Capsules in a Vertical Pipeline

N/Lp k Vav Vc
(m/sec) (m/sec)
2 1.15968
0.5
1 4 3.79936
0.6 2 1.30889
0.4 2 1.16368
" 0.5 2 1.03312
0.5 4 3.79936
0.6 2 1.30889
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TableA-3.3 Velocities of EquiDensity Cylindrical Capsules in a Vertical Pipeline

N/Lp Kk Lc Vav Ve
(m) (m/sec) (m/sec)
0.4 15*d 4 4.10133
1*d 2 2.14016
0.5 1*d 4 4.08214
1

15*d 2 2.01215
1*d 2 2.13217

0.6
15*d 4 4.0321
5 0.4 1.5*d 2 2.09315
0.5 1*d 2 2.14016

TableA-3.4 Velocities of HeavyDensity Cylindrical Capsules in a Vertical Pipeline

N/Lp Kk Lc Vav Ve

(m) (m/sec) (m/sec)

1*d 2 1.54357

0.5 1*d 4 3.65993

! 15*d 2 1.43445
0.6 1*d 2 1.56799

0.5 1*d 2 1.54357

? 0.5 1*d 4 3.65993
0.6 1.5*d 2 1.68302
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TableA-3.5 Velocities of EquiDensity Rectangular Capsules in a Vertical Pipeline

N/Lp Kk Lc Vav Ve

(m) (m/sec) (m/sec)

1*d 2 2.06977

0.5 1*d 4 4.16613

! 15*d 2 2.06021
0.6 1*d 2 2.02171

0.4 1*d 2 2.0481

0.5 1*d 2 2.06977

? 0.5 15*d 4 4.01507
0.6 1*d 2 2.07104

TableA-3.6 Velocities of HeavyDensity Rectangular Capsules in a Vertical Pipeline

N/Lp k Lc Vav Vc

(m) (m/sec) (m/sec)

0.4 1*d 4 3.75863

1*d 2 1.57746

0.5 1*d 4 3.55241

! 15*d 2 1.48363
0.6 1*d 2 1.63589

0.6 1*d 4 3.34038

2 0.5 1*d 2 1.57746
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A-5: Pressure Drop in Vertical HCPs

TableA-4.1 Pressure Drop variations in a Vertical Pipe carrying EQeadsity Spherical

Capsules
N/Lp k S.G Vav “"Pm/Lp
(m/sec) (Pa/m)
0.4 1 4 11563
1 2 10721
0.5
1 1 4 11584
1 2 10749
0.6
1 4 11642
2 0.5 1 2 10755

TableA-4.2 Pressure Drop variations in a Vertical Pipe carrying Hdaegsity Spherical

Capsules

N/Lp k S.G Vav “"Pm/Lp

(m/sec) (Pa/m)
1.7 2 10792.75

0.5

1 1.7 4 11680.3
0.6 1.7 2 10862.88
2 0.4 1.7 2 10778.74
1.7 2 10872.3
2 0-5 1.7 4 11777.26
2 0.6 1.7 2 10992.33
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TableA-4.3 Pressure Drop variations in a Vertical Pipe carrying Egnsity Cylindrical

Capsules
N/Lp S.G k Lc Vav "Pm/Lp
(m) (m/sec) (Pa/m)
0.4 15*d 4 11541.94
1*d 2 10711.78
L L 0.5 15*d 2 10728.78
1*d 4 11521.17
1*d 2 10722.95
0.6
15*d 4 11657.27
5 ! 0.4 15*d 2 10718.63
0.5 1*d 2 10750

TableA-4.4 Pressure Drop variations in a Vertical Pipe carrying Hdaegsity Cylindrical

Capsules

N/Lp S.G k Lc Vav "Pm/Lp

(m) (m/sec) (Pa/m)
1*d 2 10792.31
0.5 15*d 2 10841.91

1 1.7

1*d 4 11671.28
0.6 1*d 2 10902.71
05 1*d 2 10949.44
2 1.7 ' 1*d 4 12045.11
0.6 15*d 2 11503.65
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TableA-4.5 Pressure Drop variations in a Vertical Pipe carrying Epnsity Rectangular

Capsules

N/Lp S.G k Lc Vav "Pm/Lp

(m) (m/sec) (Pa/m)
1*d 2 10724.16

L L 0.5 15*d 2 10740.7
1*d 4 11418.58
0.6 1*d 2 10732.15

0.4 1*d 2 10734.4
1*d 2 10739.77

2 1 0.5

15*d 4 11552.78
0.6 1*d 2 10811.46

TableA-4.6 Pressure Drop variations in a Vertical Pipe carrying Hdaegsity Rectangular

Capsules

N/Lp S.G Kk Lc Vav “"Pm/Lp

(m) (m/sec) (Pa/m)
0.4 1*d 4 11713.03
1*d 2 10848.22
0.5 15*d 2 10927.01

1 1.7

1*d 4 11774.84

0.6 1*d 2 10994
0.6 1*d 4 11954.65
2 1.7 0.5 1*d 2 10985.92
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A-6: Pressure Drop for Capsules

Combination
“3P 3D " 3n (Pa)
Order of capsules| Equal density | Heavydensity
capsules capsules
Spherical
_— 10719 10964
Cylindrical
Cyllndrllcal 10845 11000
Spherical
Cylindrical
10708 11090
Rectangular
R I
ectanguiar 10665 11225
Cylindrical
herical
Spherica 10746 11027
Rectangular
Rectangular 10846 11132
Spherical
Spherical
Cylindrical 10748 11245
Rectangular
Cylindrical
Spherical 10747 11275
Rectangular
Cylindrical
Rectangular 10744 11278
Spherical
Spherical
Rectangular 10797 11232
Cylindrical
Rectangular
Spherical 10753 11286
Cylindrical
Rectangular
Cylindrical 10755 11322
Spherical
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A-7: Expressions for Capsule Velocities,
Friction Coefficient and Correction
Factor in Vertical HCPs

Relationships ?t,fc and G Expressions

D i ] 4d958
Holdup 82 sy :

Expression 8= 1OE s;4%
e . o487

Friction lsr® 142 @ O=A @3 p
Coefficient B L — : ,
Expression 4T 0E 5;4®
Correction (557 8Kd—|4é7

S l_l-ﬁ)

Factor o L 8 K4

Expression % - 0p (3

189



