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Abstract

Hydraulic capsule pipelingsiCPs)are the third generation pipelines transporting hollow
containers, known as capsules. These capsulddiederith material/cargdo be
transported. The shape of these capsules has a significant effechgdribaynamidlow
characteristics within HCP#s the variations in the pressure distribution witH@Psare
directlylinked to and the flow characteristics withipipelines, it is essential to critically
evaluate the effect of capsidbape on the pressure drop across the pip&uidished
literature is severely limited iterms ofestablishing the effectsf the shape of theapsules
on theflow characteristicsvithin pipelines Hence, he presenstudy focuses on using a well
validated Cenputational Fluid Dynamicwol to numerically simulate the floof capsules of
variousshaps quantified in form of a novel shape factothydrauliccapsule pipelinedoth
onshore and ofshoreapplications of such pipelines have been investigated in the present
study, alongwith pipefittings, such as bend¥ariations in flow related parameters within
these pipelines havieen discussed in detail for a wide range of geometrical parameters
associated with the capsules and the pipeliPe=ssure dropalueshave been used to
develop novel sereémpirical prediction modelasa function of the shapfactorand other
flow and gecometric variables dhe capsulesThese prediction modetgave been embedded
into a pipeline optimisation methodolqgyhich has been developbdsed on Leastost
Principle.The resultinghovel optimisation methodologyan be used for hydraulic capsule
pipeline designPerformancehartsfor practical applications have been develofmedasy
implementation of the design methodoldgy the designers of hydraulic capsule pipelines
transporting capsule of different shapes

Keywords: Hydraulic CapsulBipeline (HCP), Leas€ost Principle Optimisation, Shape
Factor, Solid-Liquid Flow

1.0 Introduction

Capsule transportation through pipelines is an established mode of bulk solid handing, which
is extensively employed in a number of industriesminingindustry, process industry,

chemical industry etc. In many applications capsules that are being transported do not have
any preferential shape. This makes estimation of 8baracteristicsvithin transportation

pipelines difficult, which in turn affectsoor design of such pipelines. Currently the effect of
variations in capsule shape is accounted for by defining a shape factor as per the equation
given below.

— Zmjskm& _nqgsjc -
WL @mjskm@gpaskqapglvgd:@éd\ (1)

Ellis et al [15] carried out a number of experimental investigations on the flow of both equi
density and heavgensitycapsules o$hape factors of (sphericalland0.8094(cylindrical,
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ZLWK OHQJWK HTXDO Wé@efiRdd $\exuatiarl)y, v erd &yHdahisity and
heavydensityrefers to the capsules havitige same and higher densities than their carrier

fluid respectively. The size of the capsules varied from k=0.39 to k=0.89, where k=d/D, d and
D being the diameters of the capsules angipelinerespectivelyThe flow conditions
investigatedanged fron average flow velocitV,) of 1m/sto 3.7P VHF &DSVXOHV]
velocities (V) have been recorded in all these experiments. It has been reported that the
capsule velocity is dependent on a range of different geometrical and flow related parameters,
such ashapdactorof the capsules, Va,, length of the capsules ). specific gravity of the
capsules (s), spacing between the capsulge{S&For example, it has been reported st

the shape factor decreasesldup (which is capsule to water velocrgtio i.e. H=ZZ—Y?
W

increases. Similarly, capsules of smaller diameters propagate faster in the pipeline as
compared to the capsules of larger diamef2ue to the nature of these studies being
experimental, only limited information coule obtained reayding local flow characteristic
in the vicinity of the capsuleMoreover, as the optimisation of HCidgludes information
related tahe pressure drop within such pipelines, these stadiglsl not be used for such
purposesExperimental investigatiorsmilar to Ellis et al have been carried outdryiyer et
al [6] concluding that the capsule velocigcreases as ithameterdecreased.atto et al []
andHwang et al §] haveconcludedhat the length othe capsules has little effect on the
efficiency of the systenwhile Tachiband9] statedthat capsulesf lower shape factors
offeredless energy lossith HCPs.Tsuji et al [LO] concludedhat the presence of multiple
capsules affeedthe flow structure vthin HCPswhile Ohashiet al [L1] concludedhat the
pressure drop within HCRgasinversely poportional to the Froud Number. The same
conclusions have been drawnBartosik et al 12] andYanaidaet al [L3] as well.

& K R ZTVexperimentalnvestigations are perhaps amongst the first where the effects of a

range of different geometrical and flow related parameters were enumerated on both the

capsule velocity and the pressure drop within HCPs. However, the primary limitation of
&KRZTV PBiQthaditébeing carried out for eshore applicationgsertical pipelines)

only. As the flow structure within horizontal and vertical HCPs is quite diffebstause

heavydensity capsules in horizontal pipes propagate along the bottom wallppée

whereasthey travel alonghecentre OLQH LQ FDVH RI YHUWLFDO SLSHV &l
used for orshore applications of HCPlathur et al 5], Agarwal et al 16] and Mishra et al

[17-18] conducted experimental investigations on the fléwapsulesR1 VKDSH IDFWRU %
1in HCPs, focusing on developing reliQVKLSYV IRU FDSVXOHVY YHORFLW\

Ulusarslan et all]9-27] have carried out extensive experimental instigations on the transport

of capsulesR I %in HCPs for orshore application§.e. horizontal pipelinesyeveloping
HISUHVVLRQV IRU FDSVXOHVTY YHORFL Mhasheet reptitddtha X UH G U
increase in the average flow velocity has negligible effect on the spacing between the

capsules. Moreover, it has beepoded that as the size of the capsule increases, the pressure
drop across the pipeline increases. It has also been reported that the pressure drop across pipe
bends is significantly higher as compared to equivalent straight pipe |&haghket al 28

29] conducted experimental studies on the flow of hedetysity capsule®R | ©8094in

HCP bendslt has been reported that as the shape factor of the capsules decreases, the
hydraulic gradient across the pipeline increasis. capsule velocity has beeonsidered to

be equal to the average flow velocity in these investigatishgh is a major limitation of

the work It has been observed that as the average flow velocity increases, capsule velocity
also increases. However, no information regardinddbal flow structure within the pipe

bends has been reported.



The majority of worksthathavebeen reportedn HCPsinvolve transportation afapsules of

% and 0.8094Kyuyer et al BO] presentecdnanalytical analysis on the flow of heavy

density capsuleR | =88094in the laminar flow ofvater;however, Charles3[l] and

Kroonenberg32] conducted theoretical studies on the turbulent flow of-eguasity and

heavydensity capsule®R | % in HCPs espectively. Both Charles and Kroonenberg have
GHYHORSHG DQDO\WLFDO H[SUHVVLRQV IRUPFAXSY XOHVY YH
HCPs.While Charles assumed that bothand 4P being functions of k only, Kroonenberg

neglected actual velocity pradg within the different sections of the HCP (such as the

annulus region between the capsule and the pipeline), considering only mean velocities.
7TKHVH DVVXPSWLRQV PDNH WKHVH VWXGLHY PRBH WKHRUH
experimental invegjations conclude that s function of both k and ¥. In these works

the effect of capsul§ Shapdactorhas not beeexplored.

Newton et al 4] conducted perhaps the first numerical investigatiorthe flow of a capsule

R 1 =980940.3838(cylindrical with varying lengthsin an HCP. The range of investigations

is the same as considered by Ellis etlab]; however, the flow is consideréd belaminarin

the studysame as Kyuyer et a8(]. Tomitaet al B5-36] carried out numericahvestigations

on both a single and a train of capsules in HCPs, where capsule/s have been considered as

point masses, assuming a fully develope@xial flow in the annulus between the capsule

DQG WKH SLSH ZDOO &DSVXOHYV niepbdd ildefdil. Depat etvdl D M H F W
[37@ HIWHQGHG 7RPLWD HW DOYV ZRUN E\ FRQVLGHULQJ D V
body respectively, however, no discussions orsttagpe factor or theressure drop within

HCPs is presented in these studidsalil et al [38-39] carried out numerical investigations

on the flow of a capsul® | % (long cylinder)in HCPs. A comparison of various

turbulence models has been presented. Velocity profiles and pressure drop calculations have
been analysed in detailowever, theshape factoof the capsule has been taken to be the

same for all the cases in the investigation. A limited analysis of the flow field within the

pipeline has been presented.

All the above worksignificantlyenhancehe understanding of gsule flow in pipelines
resultingin development of+ & 3 fi&sign principleshowever these studieare severely

limited in systematically analysing the effect of the shape of the capsule on the hydrodynamic
behaviour and the optimal design of HCM®st of these studies provide information tbow

around regular shaped capsules, howawest capsules may be slighHgymmetricand

hence new investigations are neetledcomplex shaped capsul&¥ith regards to the

optimal design of HCP®olderman40] reports design rules for both-shore and ofshore
applicationsof HCPs The design rules are based on the presioin the pipeline,

Reynolds mmber etc. A general indication towards parameters that might be used for an
optimisation model has be@novided However, no optimisation model has been developed,
which can be usei designan HCPfor practical applicationsAssadollahbailet al 41]

developed an optimisation model for pipelines transporting capsalesd on maximum

pumping efficiency. Tie costs involved in the design of such pipelines are, however, not
included.Swamed42] has developed an optimisation model for sediment transport pipelines
based on the leasbst principle. The model assumes the value of the friction factor as the
input to the model, strictly limiting its usefulness for amercial applications. Swame4J
hasfurtherdeveloped a model for the optimisation of edansity capsuleR | 3 ina
hydraulic pipelingbased on leasiost principle. The friction factonsidered, however, are

not representative of the capsule flow in the pipeline, and hence severely limit the practicality
of the model.



Agarwal et al 44] has developed an optimisation model for msttge pipelines transporting
capsules. The model limsed orneastcostprinciple and uses the solid throughput as input to
the model. The model developed is applicable for contacting capsules only, occupying the
complete length of the pipeline. Furthermadpmogeneous model for pressure drop
predictionhas been considered, where thetion factor used for the model is an
approximation of the Colebroek KL W H {1V H4bXdewatrelRIligniting the utility of the

model in terms of accurate representation of the pressure drop in the pipeline transporting
capsulesSha et aJ46] alsodeveloped an optimisation model for hydraulic pipelines based
on saving energy sources. The model, however, cérenosed for multphase flows.

Asim et al #7-50] have carried out detailed numerical investigations on the didboth
equidensity and heavgensity capsulefR | % 0.8888for both onshore and ofshore
applications, including pipe bends. A wide range of geometrical and flow related parameters
have been considered. Prediction models for the pressyréendi@®Ps have been developed.
HCPdesign optimisation methodology has been developed, based eadsigtinciple The
pressure drop prediction models have been integrated with the optimisation model for
practical design purposes. However, the pringanmycen with these studies is thtte
differentcapsule shapes have been treated separately. Furthermore, separate prediction
models have been developed of both etgnsity and heavglensity capsules. Hence, there is
an exhaustive list of prediction modelsrfravhich the HCP designers have to choose the
most appropriatenesfor precise modelling of HCPs.

The present study is amprovement in$ vV L P H \W7-BDOMbRKs where the effect of shape

of capsules with unequal mass distributionaddition to thethreemost commorshapes of

the capsules (i.e. spherical, cylindrical and rectanguiave been representeda single set

of design equation/ariations in the orientation of the capsules with end nose have also
been analysed in the present stuely.commercial viability of HCPs, it is quite evident that
these pipelines need to be designed optimally for widespread accepfabiliige ranging
capsulesThe designers are in need of a design methodology which accounts for the
hydraulic and mechanicdkesign of a pipeline transporting capsules. Hence, an optimisation
modelhas beemleveloped, whicls bothrobust and usdriendly. The optimisation moded
based on the fact that the total cost involved in the design of a pipeline transporting capsules
IS minimum.

2.0Hydrodynamic analysis ofHCPs

'DUF\TV Hibkie\predku@e drop in a pipelioan be extended to compute pressure
drop within HCP<arrying capsules of differespecific gravities andizesby separating the
pressure drop within th@peline due to water alonand due to capsules orflyl].

~ Pri im:5?a&i; Zwi ~ PtiqgimaiaZy
, . o . L 1ima 2 2wl
dkLossug 5 E *sa; 5 2

Z KHU kIrepgsents the prass GURS DFURVYV WKH SLSH GXteWR WKH PL
density of wagr, c is the concentration of the solid phase in the mixtuggs¥he average

flow velocity and the constants, ko, ks, ks, ks, ks are the coefficients which relate the

friction factor, density and the velocity of both the water and the capsules respectively to that

of the mixture Representinghe effecs of the concentration of the solid phgsgand the

constants k ky, ks, k4, ks, ke in terms offriction factor due to water aloneg,jffand friction

factor due to capsules only)fequation Z) can be simplified as:
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Equation (3 is valid for thehorizontal HCPs. This equation can be extended further to
include the elevation effects as:

~ P imZwi £ ~ P imZ &
ik Ly E L MM E Q%S 4

ZKHUH J LV WKH JUDY LW D Wd.tkReBvatidh Bt @ettolDriih LHReReD Q G -~

equations (3) and J4epresent the major loseshioth orshore and ofshore HCPs.

In order to compte the minor loses within HCR&e following expressionfer the loss
coefficients of bendeave been derived:

. I im Zwi I im Zw)
¢ k L ju 6 E ja 6 (5)

I im Zwi l imZ >
ik L jul—6W|E jal—6W]EQI%&SJ (6)

where K, represent the loss coefficient of the bend due to wateis e loss coefficient of
the bend due to paule and n is the number of bends attachelde@ipeline. Friction factors
and bss coefficients in equations-63 can be determined using well verified numerical
methodswhich canalsoprovide useful information regardirige flow structure within
HCPs.

3.0 Numerical modelling of HCPs

Thenumerical modebf the hydraulic capsule pipeline considered in the present study has
three sections i.e. an inlet pipe, a test section and an outlet pipe, where the lengths of these
three sections arer, 1 m andl m respectively, as shown in figurél A 5m long inlet

pipe is used in order to allow the flow to become fully develdpgd A 1m long outlet pipe

has been useid minimise the effects of the outlet boundary condition in the test section of
thepipeline The test section ismilar to that of 19-27, 4750] with a100mm internal
diameter The pipe surface has been considered to be hydrodynamically smooth, with an
DEVROXWH URXJKQHYV Vive &fferéwdbapstl capsuled, §dsbiddiigure

1(b), have been numerically analysed in the present study. The pressure drop data for the
basiccapsuleshapes i.e. spherical, cylindrical and rectangular capkale=salready leen
published by the authors [460]. The new shapes include cylincli capsules with
hemispherical and conicahds. These endhapes are expected to imprakehydrodynamic
behaviourof the capsulesMoreover, in order to cover a wide range of geometrical variations
within pipelinesyertical pipelines antivo pipebends of r/R=4 and 8 haasobeen

considered formalysis in the present study [53
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Figure 1(a) Numerical model of the HCfb) Capsule shape®nsidered

As three basic capsuhapegi.e. spherical, cylindrical and rectangular), and two

complicatecshapes (i.e. hemispherical and conical ehdsg been considered in the
SUHVHQWHG VWXG\ D VKDSH ré&lecithidriaBonKiDtieskagddQ GHIL Q H (
the capsulesThe slape factor considered in the present stualy been defined asratio of

the surface area of the capsule torthid-planecross sectional area af &quivalent sphere

(i.e. having same volume as the capsw@)additional term, based on the distancehef t

centre ofgravity from the upstream end of the capsule, has also been included to accurately

reflect the orientation of the complicated shapes of the cap3ilesnathematical

representation of the shape factor considered in the present study is

W E ZmP. >ZmP

! LGGW[Ek_?ifA[h[ Zm>Zm; ¥ i

where SAis the surface area of the capsaleCSAqquispereiS the midplanecross sectional
area of a sphere havitige same volume as the capsi#®; and \o, are the upstream side
and downstream side volumes of the capsagehown in figure 2L; andL, are the
distances from thepstream end of the capsuie their respective centre of gravities (i.e.
CGs) while $is the length of upstream section of the capsthe first term on the right
hand side of equation (7) takes into account the effect afhtiyeeof the capsuls, while the
second term accounts for theentationof the capsuls. In case of regular siped capsules
(i.e. spherical, cylindrical and rectangular), the second term in equatiore¢j)akto 1.

0, Vo,
Li>
CGVI CG\-’E

Figure 2 Representation of the shape factors of the capsules

Table 1 summarises the variations in the shape factor for the shapes consittergutiesent

study. It can be seen that the shape factor of the spherical capsulEsdasshape factor
LQFUHDVHV DV W K H deddeaseXienaefor a\cgirdrdallckdsuie\dength

equal to its diameter (i.&.=1d), the shape factas 2.289, which is 12%6 higher than the

spherical capsule. Furthermore, as the shape of the capsule changes to rectangular, the shape
factor further increases to 2.4@ar L.=1d). It is however interesting to note that when a
cylindrical capsule is attachedtian endhose its shape factor decreasbecause oits

increased sphericity. This decrease in the shape factor is dependent on tlué gteaped



nose Hence, a hemispherical end reduces the shape factor of a cylindrical capsule (for
L.=1d) by 1276, whereas conical end reduces it by 12 It can be further seen that as

the orientation of the capsule changes (for example, the end nose is towards the downstream
side of the capsule), the shape factor increddss effect is discussed in detail late

Table 1 Shape factors fdifferentshapedcapsules

Capsule bape Lc 3

Spherical N/A 1
Cylindrical with Hemispherical end 1d 1.004
Cylindrical with Conical end 1d 1.020
Cylindrical with Reversed cylindrical enc 1d 1.304
Cylindrical with Reversedonical end 1d 1.395
1d 2.289
Cylindrical 3d 2.568
5d 2.871
1d 2.481
Rectangular 3d 2.784
5d 3.112

The test section of the HCP has been spatially discretised into an unstructured mesh of
tetrahedral elements, while both the inlet and opilgs contain structured hexehedral
elements. The combined element count of the flow domain is approximately 1 million. The
concentration and the level of refinement of the mesh elements within the test section in
general, and in the vicinity of the capsigl in particular, have a substantial impact on the
accuracy of CFD predictions. Hence, the mesh quality has been controlled in a manner that,
in the vicinity of the capsule/s, the flow domain consists of smaller mesh elements to capture
the complex flow penomena accurately and consequently to provide reliable results. This
methodology allows an effective discretisation of the flow domain that leads to much more
efficient use of computational resources.

In order to ensure that the numerical simulatiaresnot influenced by the meshing controls,

a mesh independence study has been carried out. The mesh has bednaafseckdy

dividing the flow domain intanore/lessaumber ofmesh elements (element counOds,

0.75,2, 3 and 4million). The indepedence of the simulation from the mesh density has been
judged by the variation of the mixture pressure drop values across the test section of the HCP,
for all the meshes considered. Table 2 shows the values of the mixture pressure drop across
the test sean for all the meshes. By examining the results, it is evident that the mixture
pressure drop does not vary significantly beyond 1 million elements in the flow domain, and
hence this mesh has been chosen for further analysis in the present study.

The inket boundary of the flow domain has been modelled as a velocity inlet, where the inlet
flow velocity can vary from 1 to 4 m/sec, depending on the operating conditions considered,
as considered by many other researcher[l, 3 7#50]. The outlet boundary dlie flow

domain has been modelled as a pressure outlet at atmospheric conditions. Both the pipe and



the capsule walls have been modelled as hydrodynamically smooth walls, where the pipe wall
is kept stationary, while the capsule walls translate with ¢apslocity (V) [54-56].

Table 2Meshindependenceesults

Number of Mixture
Pressure at Pressure ai
mesh pressure drop
Inlet outlet :
elements per unit length
(Pa) (Pa) (Pa/m)
0.5 million 9498 -25 9523
0.75 million 10269 225 10044
1 million 11163 401 10762
2 million 11265 584 10681
3 million 11230 509 10721
4 million 11204 471 10733

7KH FDSVXOHVY YHORFLWLHYV KDY HaH443) howeER thékeHG LQ GH
are separate expressions for the different shapes of the capsulesoiBtsedefinition of

the shape factor in equation (7), and the velocity data from Asim et al, new holdup (capsule

to average flow velocity ratio) expressions have been developed-firova applications:

Table 3 Boundaryanditions

Boundaryname Boundarytype Boundaryconditions
Inlet to the jpe Velocity inlet 1# m/sec
Outlet of thepipe Pressure wtlet 0 Pa(g)
Wall of the ppe Stationarywall No-Slip
Capsules Moving walls From

Literature/experiments

Zy L 5% :! >5; 40" ®

— 52
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and off-shore applications:

ZY 6é;i’a/'
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p 9)

where the Reynolds number (Re) of the capsule/s is defined as:
iyZyb
. L — (10)

Equations () are valid over a wide range of Reynolds number (100;6010,000) in a
4inchpipeline withacircular crosssection, with capsules of k from 0.5 to 0.9fom 1d to
5d and specific gravities from 1 to 2li.order to check the validity of these equations,
holdup valuegrom these equations halseen compared against hotdualues given by
Asim et al [4750]. Comparison oholdup valuess shown in figure3 for both onshore and



off-shore applicationdt can ke seen that more than 9&df the data points lie within 0%
error bandn case of horizontal HCPs, and within #berror band in case of vertical HCPs

1.4

o
[e20]
1

V Calculated

Ve
Va
o
(=)
L
@

+10% Band

<
T
1

o
ra
1

=

Vay

[
]
1

=
O
|

=
(=)
|

+15% Band

VEW Calculated

o
(%)
|

0 T T T T 1
0 0.3 0.6 0.9 1.2 1.5

Ve

av Measured
(b)
Figure3 Comparison between calculated and meashoédlp valuedor (a) horizontal pipes
(b) vertical pipes

Three dimensional Naviegtokes equations, alongwith the mass conservation equation, have

been numerically solvedising Finite Volume Methodip an iteative manner, for the

turbulent flow of water in HCPs. Shear Stress Transport (SSS) W XUEXOHQFH PRGHO
been used to model the turbulence within the flow domain. Both the density and the viscosity

9



of water have been assumed constant (i.e. 3@#&’ and 0.00100Pasec respectively),

while normal atmospheric pressure has been prescribed as the operating condition. Second
order discretisation schemes for pressure, momentum and the turbulence parameters have
been used for higher accuradry.order toverify the CFD predicted results, experimental
investigations have also been carried out. The details of the experimental setup are presented
in the next section.

4.0 Hydraulic capsule pipelinesetup

A 2inch diameter flow loop has been constructed to determine the capsule velocities under
varying operating conditions. The experimental investigations have been limited to horizontal
HCPs only.Thepipeworkin thedevelopmenof the flow loop are made ahpact resistant
unplasicised polyvinyl chloride (PVC)The maximum operating pressuhat pipes and

fittings can bears 16bar. A 1m x 1m x 1m water tank has been connected Wilo

CronoLinellL 100/21037/2 centrifugal pump by a PN16 flange (actiog to EN 10922).

The maximundeliverypressure ofhe centrifugal pump i%6 bar, while themaximum

pumping fluid temperaturs 120°C. 7KH UDWHG SRZHU RI KPP0/ PRWRU L
rpm, while the motorefficiency ranges from 9% to 93.7%. Theaverage flow velocity (%)

has been controlled by changingthE P SV 10 RZ11k/\8iemens Optima Purnipst

rig has been used to control the flow rate of water passing through the Awligial turbine

flow meterhas beemsedto the HCP for monoring the flow rate passing through the

pipeline. The turbine flow meter uskds an accuracy of 8 and a presire rating of 225

psi at 22.PF, while it can measure flow ratep to760Itrs/min. The capsule injecin
mechanismas shown in figure,£onsistf a number of valves to restrict water flawit

while injecting the capsules into the systenil.A5m long horizontal pipsectionserves as

the test section for recordirige capsule velocity.

Capsule

Injection
High Speed Gate
Camera ‘l.'aV
- \
F=—======== =
| |
i 1 -
S -
lest Section ] | |
(with Capsule) Flow
Meter [__
Capsule Hi
Ejection| " Primary Loop | |
Centrilugal I—[_
Pump
Water -
Tank - ,J._|
L | | {
Ball Valve

Figure4 Schematic of théydraulic capsule pelinesetup

A Photron FASTCAM SA3igh speed camera mounted perpendiculartg the test section
to capture images of the flowing capsulgta frame rate 01000fps, withan image
reolution of 1024x512. The camefas been connected to tmenitoring statiorvia a
1000BASET Gigabit Ethernet Interface and a LAN cablgh specificationdeyond CAT5e
standard. The capsule is collected on the top of the water tankbtahlic sievewhile the

10



water isdrained into the tank. Figuredepicts two instances wherédeaavydensitycapsule

of 3 andcapsuleto-pipe diameter ratigk) of 0.7 is being transported by wateraat
average flow velocityV,,) of 2.32m/sec within the test section. It can be seen that as the
capsule is heavgersity, it propagatesalong the bottom wall of the pipe.

. AT
83284 1RETTARRE2EE 85T 382838R8 8|

o ’ i

EEREL gggg38_gseseregegsgs ss,aeavt} ;

Figure 5Flow path of a heawgensity capsule 08=1 andk=0.7 at V,=2.32m/secat two
different instances

Table 4summariseshe experimentally recorded headgnsity capsulgelocity datafor 3 1,

k=0.5 and 0.7. @mparison between equatior) ¢€d the experimental findinggs also been

shown It can be clearly seen that both the results are in close agreatraifferent \4, and

k values, and hence equation (s been used to find oD SVXOHYYV YHORFLWLHV D\
operating conditions horizontal HCPs

Table 4Capsule velocity comparison

V. from V. from .
k Vav(M/sec) equation (3 experiments ?r:ﬁ\? r?%e
(m/sec) (m/sec) ¢
2.18 1.99 2.03 2.01
0.5 3.06 2.79 2.70 3.23
3.20 2.92 2.85 2.40
2.18 2.12 2.08 1.89
0.7 3.06 2.97 3.06 3.03
3.20 3.11 3.19 2.57
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Further verification of the pressure drop in HCPs has been carriég oamparing CFD

findings withthe experimental findings of Ulusarsla®], as shown iriable 5 Mixture

pressure drop across the test section has been recorded at different average flow Melocities.
can beseenthat the CFD predicted pressure drop values are in areement with the
experimentally recorded pressure drop valaesifferent opeating conditionsAverage

variation of less than % atall solid phase concentrations (@s been recordett can thus

be concluded that the numerical model considered in the present study reghesghysical
model of a pipelingtransporting capsuleaccurately

Table 5 Comparison of experimental and CFD predicted mixture pressure drops at different
solid-phase concentration within a horizontal HCP

0 3 experimental (in Pa) at | 03 CFD (inPa) at different solid
Re different solid phase concentratig phase concentrations

5% 10% 15% 5% 10% 15%
20000 35 45 50 35 45 50
40000 90 100 110 88 98 105
60000 220 230 205 225
80000 375 380 379 395
90000 510 508

5.0 Effect of shapefactor on the flow field within HCPs

As discused earlier, the complex flophenomenassociatedvith the transport of capsules

in hydraulic pipelines has not been extensively reported in the published literature. There is a
need to understand the hydrodynamic behaviour of the capsules afrdifeapes within an

HPC to quantify the capsule shape effects on the pressure drop across the pipislimas

been carried out in the present study, witbason explicitly establising relationshifs

between the shape of the capsules antbtta flow parameters, like pressureefficient

velocity etc.,and hencen the global performance parameters, like pressure drophetc.
pressure coefficient definition used in the present study is:

T2 Twi
T Wjc (12)

a " 48 izy

where P is the local static gauge pressure apdsthe atmospheric pressufidhe CFD
predictedpressure drop valudmve been used to develop novel sempirical expressions
for the pressure drop within HCRehich inturn has been embedded into the HCP
optimisation methodology developed for the flow of capsofesarious shape factons
HCPs.

5.1 Horizontal HCPs

Figures 6 and 7depictthe local variations in the pressueefficientand the flow velocity
magnitudewithin the test section of the horizontal pigspectivelytransporting equli
density capsukeof capsuleto-pipe diameter ratio of 0.5 at an average flow velocity of 1
m/sec. The length of theylindrical and rectangulatapsule considered here is equal to the
hydraulicdiameter of the capsidehence 3=2.289and2.481respectively The inlet of the
test section is on the left, hence, the flow direction is from left to figtéin be seen in

12



figure 6that the presence of a capsule makes the pressure distribution highigifoom
within the HCP, as compared to single phase flow where it is knowst#impressure
remains constant along the radial direction at a particular pipe setigm [57]. The

pressure gradients are fairly large upstream the capsule. The higher upstream pressure
coefficientis due to the difference between the average flow velocity and the capsule
velocity. This is associated with reduction in the flow velocity upstréentapsule, as
depicted in figure.
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Figure 6Pressure coefficiemariations within a horizontal HCP for the flow of a single equi
densitycapsule ofa) 3 E=1304(c) 31.02 G =8289 H =3B481lof k=0.5 at \4~=1
m/sec

The flow enters the annulus region between the pipe wall and the capsule. As the cross
sectional area decreases, the flow accelerates, resulting in reduction in the static pressure. The
flow, while exiting the annulus region, decelerates, resuitingcrease in the pressure
coefficient Downstream the capsule, the pressurefficient recoverto some extent while

the wake region of the capsule extends further downstream. Comparing the flow fields
associated with different shaped capsules, it easelen thahe pressureoefficient

distribution upstream the capsules renfairly the ame for all the different shape factors
However, there is a significant difference in thestreanstatic pressureoefficientvalues,

which are higher for flat siped (3=2.289 and 2.481capsules. Flow separation has been
observed to occuwn peripheral edges of the front face in these shapes. Furthermore, vortical
structures have been noticed to emerge from the rear periphery of the capsules with sharp
edgegexcept! R U B3 The presswg drops across the test section 3=1, 1.004, 1.02, 2.289

and 2.48lare 147Pa,174Pa, 211Pa,319Paand414 Parespectivelywhere the

contributions of the capsules alone &5Pa,82 Pa, 11%Pa, 227Pa and322 Parespectively
Hence|it can be concluded thas the shape factor of the capsule increases, the pressure drop
across the HCP also increases.
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Figure7 Flow velocity magnitude variations (in m/sec) within a horizontal HCP for the flow
of a single equdensitycapsulga) 3 E 3 3 F G 3 H &

k=0.5 at \4,=1 m/sec

5.2 Vertical HCPs

Figures8 and 9depict the local variations in the pressooefficientand the flow velocity
magnitude within the test section of the horizontal pipe respectivahsporting equi

density capsules of capsttlepipe diameter ratio of 0.5 at an average flow velocity of
m/sec.The inlet of the test section is on the bottom, hence, the flow direction is from bottom
to top.Thegenerakrends observed are similar to the one observed in case of horizontal
HCPs.It can be seen in figuréhat thepresence of capsules makiespressure coefficient
distribution noruniform within the HCPhowever,as compared tborizontal HCPs, these
nontuniformities are restricted torauchshorer distance both upstream and downstream the
capsules. The pressure drops across the testrstmti3=1, 1.004, 1.02, 2.289 and 2.48fe
9953Pa,9991Pa, 10028a, 10132Pa andl0231Parespectively, out of which the

contribution of the elevation is 98%8&.Hence, the actual contribution of tbapsules of
31,1.004, 1.02, 2.289 and 2.48%wards the pressure drop isB&,93 Pa, 13(0Pa,234 Pa
and333Parespectivelyln comparison with the horizontal HCPs, it can be clearly seen that
the contribution of the capsules towards the pressure drop within both hdreawhizertical
HCPs isthe same 7KH GLIIHUHQFH LQ WKH FDSVXOHVY SUHVVXUH ¢
F D SV 3hage Yagtoonly. It can thus be concluded that as the shape factor increases, the
pressure drop within an HCP increases.
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Figure 8Pressure coefficient variations within a verticalMr the flow of a single equi

density capsule dg) 3
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(d) (e)
Figure 9 Flow velocity magnitude variations (in m/sec) within a vertical HCP for the flow of
a single equdensity capsule i) 3 E 3 3 F G 3 H &

k=0.5 at \,,=1 m/sec
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5.3 HCP Bends

Figures10 and 11 depict the local variations in the pressooefficientand the flow velocity
magnitude within an HCP bend of r/R=4 respectively, transportingdsmsitycapsules of
capsuleto-pipe diameter ratio of 0.5 at an average flow velocity omf/dec. It can beeen
that both the pressure and the velocity fields are highlyumiiorm, and are straty
dependent on the positi@md orientation of the capsules withire bend Although the
pressure distribution is somewhat similar upstream the capsule, it iditfergnt
downstream ifor different capsule The secondary flow generating capability within an
HCP bend is considerably more as compared to straight HCP. plpegpresser drops
across the test section f@& 1.004, 1.02, 2.289 and 2.48fe169P3a 201Pa 262Pg 305
Pa and 52ParespectivelyHence, it can be seen that the pressure drop in HCP bends is
higher than in HCP pipeand it increases as the shape factor of the capsules increases

(@)

(b)
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(d)
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Figurel0 Pressure coefficientithin a horizontal HCP bend for the flow of a single equi
densitycapsule ofa) 3 E 3 3 F G 3 H &k=0.5at\,~=1
m/sec
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21



(b)

()

22



(d)

(€)
Figure 11 Flow velocity magnitude variations (in m/sec) within a horizontal HCP bend for
the flow of a single eqedlensitycapsule ofa) 3 E 3 3 F G 3 H
3 of k=0.5 at \4,=1 m/sec

The effect of capsule motion and its orientatiothvm an HCP has also been investigated. It

has been observed that in case of horizontal HCPs, the average pressure drop across the
pipeline for different capsule inclinations is within +8% of the results reported here.
Similarly, in case of vertical HCPshe average pressure drop for different capsule
inclinations is within +2% of the results presented in this study

6.0 Effect of capsuledensity on the flow field within HCPs
Detailed investigations on the flow of headgnsity capsules of different shape factors are
important because headgnsity capsules flow differently in horizontal and vertical pipes. As

23



the specific gravity of the heaxdensity capsules is more thanti hiorizontal pipes, these
capsules propagate along the bottom wall of the pipe, hence disturbing tsgramistric

flow distribution. Thus, the distorted velocity profiles in the pipeline leads towards the
generation of secondary flows, increasing thedsswithin the pipeline. In case of heavy

density capsules flowing in vertical pipes however, they still travel along the axis of the pipe,
however, due to force balance; the net forward acting force on these capsules is considerably
less, resultinginlolHU FDSVXOHVY YHORFLWLHYV

Figures 2 and 13depict the local variations in the pressooefficientwithin the test section

of both the horizontal and vertical pipes respectively, transporting foEnsity capsules of
capsuleto-pipe diameter ratio of 0.&t an average flow velocity ofrti/sec.It can be tearly

seenin figure 12that the pressureoefficientvariations inthe vicinity of the capsules are

significantly different to what was observed in case of-elguisity capsules. This is due to

the posdiioning of the capsules along the bottom wall of the pipe. However, iro€asetical

pipes, in figure 13the specific gravity of the capsules has no effect on its posliengap
EHWZHHQ KRUL]JRQWDO SLSH Y vf EER48M¢ HuetatieGlarde@ges WKH FD
of the capsules which rest on the pipe wall, hence not allowing the bottom face of the capsule

to comein contact with the pipe wall.

(@)

(b)
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(d)

(€)
Figure 2 Pressure coefficient variatiomgthin a horizontal HCP for the flow of a single
heavydensitycapsule ofa) 3 E 3 3 F G 3 H &k=0.5at
Va=1m/sec

The pressure drops across tiogizontaltest sectiofor 3  1.004, 1.02, 2.289 and 2.48fe
226Pa,236Pa, 282Pa, 43(Pa andd72Parespectivelywhich are 386, 26%, 12%, 26%

and 25% higher than the equiensity capsules respectively. Similarly, the pressure drops
across the vertical test sectifmn 3  1.004, 1.02, 2.289 and 2.48fe 10259%°a,10268Pa,
10333Pa, 11456°a andl1521Pa respectively. Hence, it can be concluded that as the density
of the capsules increases, the pressure drop within the pipeline increases. The results also
suggests that the as the shape factor of the capsubasesthe pressure dropcross the
pipelineincreases. Furthermore, it can be daded that the addition ehdshape to the
capsules significantly reduces the pressure drop within the pipEhedancrease in the

pressure drop within a horizontal HCRrrying heawydensity capsules is due to the
positioning of the capsules within the pipeline, while increase in the pressure drop across
vertical HCPs carrying heaxgensity capsules is due to the relative velocity of the capsules
with respect tahe carier fluid.
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(d) (e)
Figure B Pressure coefficient variations within a vertical HCP for the flow of a single heavy
density capsule df) 3 E 3 3 F G 3 H &k=0.5at\4,~1
m/sec
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7.0 Effect ofthe orientation of capsule on the flow field within HCPs

Fora wide range of analysis, tkemplicated shaped capsules (with end noses) have been
considered in the present study to have a different orientation as well, which refers to the end
nose located at the downstream end of the capsule/s. Hence, theapewesitors are 304

(for hemispherical end) and3B5 (for conical end)Figures 14 and 18epict the local
variations in the pressupmefficientwithin the test section of a horizontal pipe, transporting
both equidensity (figure 13and heawdensity(figure 15 capsulesThe capsuleto-pipe
diameter raticonsidered here for analysisOs, while theaverage flow veloity is 1 m/sec.

It can be clearly seen in figures 14 andtli&t the local pressure variations with the test
section of the pipelinera significantly different to whahas keen observed in figures 6 and

12, which corresponds to the end shapesntated upstreathe capsuleslhe pressure
distribution immediately downstream the capsules are more erratic in the case dgresjtyi
capsules. These irregularities in the pressure distribution are expected to cause additional
pressure loss within the pipeline, which is discussed later.

(@)

(b)
Figure 14Pressure coefficient variatiomsthin a horizontal HCP for the flow of a single
equidensity capsule of D =B304(b) 3=1.3950f k=0.5 at \4,=1 m/sec

Comparing figure 15 with figure r2veals that when the end shape of the capsule is

orientated downstrearthe pressure distributidsoth upstream and downstream the capsule

are significantly affected. Especially upstream the capsules, as the flow comes in contact with
a flat surface, the pressure distribution resemtile case observed in figurgdR which
corresponds ta heavydenVLW\ FDSVXOH RI1 3
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(b)
Figurel5 Pressure coefficient variatiomgthin a horizontal HCP for the flow of a single
heavydensity capsule dfg) 3 B of k=0.5 at \4L,=1 m/sec

Further analysing the effects of the locatiorcapsulef] V Ha&ple 6 summarises the mixture
pressure drop being recorded for both edpnsity and heavgensitycapsules with the
corresponding end shapesentated either way#t can be clearly seen that when the capsule
end shape isrientateddowngreamthe capsule, the pressure drop in the pipeline increases, as
compared to the end shapegentated upstreathe capsulesinother important point to note
here is that when the end shapeeorientated downstream tineavydensitycapsulesthe

pressire drop across the pipeline is less than for an-@eguosity capsule with the same shape
andorientationof the enchose Comparing figures 14 and 18veal that the secondary flows
aregeneratedby the capsule, from either ends, however, in case of khd@sity capsules,

only the upper surface of the capsules is exposed to the flow, and hence the secondary flows
are observed to generate only from this surface.

Once the pressure drop data hasrbebtained for a wide range of capsule shape factors and
operating conditions, this data has been statistically processed to develaprgarnual
SUHGLFWLRQ PRGHOV IRU FDSVXOHYV IULFWLRQ IDFWRU
bends). Thesprediction models have been further embedded into an HCP optimisation
model. Table 7 summarises the prediction models developed.

Table 6 Comparison @nd shapeof a capsule

End 3 S a3

End Shape Location () (-) (Pa)
Upstream 1.004 ! 174

. . 2.7 236
Hemispherical 1 456
Downstream 1.304 57 376
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Upstream 1.02 ! 319

. 2.7 430
Conical 1 480
Downstream  1.395 27 471

Table 7Friction factors andioss coefficients of capsules in HCPs

Pipeline . '
Orientation " Pe/Bend fc and K¢ Expressions
. rdsy:TEs;53 88 ..F ;487
- a 486 ] E 435
Pipe I— 0 4p ia4a19| a np
n n
Horizontal
Bend ja _o4a< g _E 0K
|_ U ap :I:a4d- 5_ | a n p
n n
ras:TES; /87489 ¢ E g:4d<;
Pipe a . 4% ; . E 438
— U ap :ta4aﬂ,59| a np
n n
Vertical

W:TEs;68: «78: 0 E ;488
ja 4 N AA 55
Bend &8 4£:,_487 2 E

l— U p 1. l——p

n n

In order toverify that these prediction models do match with the CFD predictions of the
pressure drop across the pipeligndKc from these models have been compared against
CFD predicted; and K values,as shown in figure 1,6or both the horizontal and vertical
HCPs It can beclearlyseen that more than 90 of the data pointsom the developed
prediction modelée within £15 % difference from the CFD predictegddnd K. values
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(d)
Figure B Comparison between CFD measured and equations based calculated friction
factors and loss coefficients for (a) horitarpipe (b) horizontal bend)wertical pipe (d)
vertical bend

8.0 Optimisation methodology for hydraulic capsulepipelines

Pipelines designers are always looking towards optimisation to design of pipelines based on
different principles, such as leagist of the pipeline, minimum energy consumption etc.

Same is true for hydraulic capsule pipelines as well. In vietisf an optimisation

methodology has been developed in the present study for hydraulic capsule pipelines. The
developed methodology is based on the {eastprinciple; hence, various costs involved in

an HCP desighavebeen taken into consideration, and discussed in detail here.

The total cost of an HCP comprisgfsthe manufacturing casandthe operating cost The
manufacturing costs involves the manufacturing of the pipelines itself and the capsules to be

transpoted, while the operating costs constitute the-tdagjay operation of the pipeline
system, and is also called as the cost of power. Hence:

er_l-j- kTgnéE G_nqs(PcE Tmucp (12)

9.1 Cost of ping material
The cost of pipe parnit weight of he pipe material is given b$8]:

TgnJ— N_¢n 6 n (13)

where t is the thickness of the pipe wall. Aating to Daviset al[59] and Russelq0], the
pipe wall thickness can be expresssd

L . (19

where Gis a constant of proportionality dependent on expected pressuréaametet ranges
of the pipeline.
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9.2 Cost ofthecapsules
The cost of capsulgger unit weight othe capsule material can be calculated as:

G_nqué—q . aT6;_a ¢G_n7 (15)

where SAis the surface area of the capsuless thethickness of the capsule wal,is the
number of capsules thepipelineand ¢.4pis the specific weight of the capsule mateiTéde
number of capsules in the train/pipeline can be calculated as follows:

L LE: Fsi, (16)

where L and L, are the lengths of the capsule/s and the pipeline, whiis e spacing
between the gasules. Reordering equation (Jayives:

Pr>W
Py>W

(17
wherele LV VDPH DV G IR U;&d SEb8l¥be@hesen such that N is an integer.

9.3 Cost ofpower
The cost of power consumption per unit watt is given by:

Tmuc;l— 5é ‘ (18)

where B is the power requirement of the pipeline transporting capstitespowercontrols
the selection of the pumping umdtr transporting the capsules within the HCP. Tosver
can be expressed Hl]:

L Us ViTpejwb (19)

where @ LV WKH IORZ UDW HyRi$ thié kokdl préssuwredddag in th3e pipeline
WUDQVSRUWLQJ FDSVXOHYV DQG L VLiwWaHepottsltieL HQF\ R1 WKL
expression to find the mixturéofv rate in a circular pipe as:

k L=t (20

The total pressure drop che calculated from equations-§3 where § and K. have been
summarised in table, whilef, FDQ EH IRXQG E\ WKH ORR3kagfV DSSURJ[LPD
v LorarwvE=22 1)
V Gn/

K has been found out to be:

@& 9?7 48 <;9A
ju L—_-ﬁ (22
Vignl
9.4 Solidthroughpu requirements
Hydraulic capsuleipelines are designed for particutnlid throughputrequirements; hence
the solid throughput (in ffsec) is an input to the optimisation model being developed here
The solid throughput can be expressed as

32



- Somo = . (S 1y & Rsk cgmad_ngsjghyfcrp_gl
Z<1S BoSa L T2 r..f T Xgke _iclrmrp_tcjlgiclerf (23)

The time taken to travel unit distancan be computed as

o fedet BN Teemfol (24)
Combining equationfl7, 2324) gives the solid throughput:as
. x PI>W o Zy
al asS Py>W Ff (25

where Vq is the volume o& capsulelt is important to note here thet is calculated using
equation(25). Moreover,V 4, can be represented in terms Qffsdom the holdup expressions
presented in equations-88. The following steps should be follow#al run the optimisation
model:
1. Assume a value of Ik and d are a function of D, hence automatically calculated.
2. Specify capsuléensity swill be automatically calculated

3. SpecifyLg, t;, Ci, Gy, G5, G and the material properties of the pipelip&eady
known).

4. Specify sold throughputrequirements ().

5. V.is computed using equatio®d) and V4 is calculated fronequations (&). Hence,
Re, and Re are automatically calculated.

6. Qmis computed sing equation (20Q, is automatically calculated as @ known.
7. Compute the cost gfipe and the capsules

8. Calculate friction factorand loss coefficients for both water and the capsules. Major,
minor and total pressure drops will be automatically computed.

9. Computethe power requirement for the systesing equatin (19) and thecost d
power using equation 8.

10. Calculate the total cost of the pipeline
11.Repeat steps 1 to I6r various values of D until that value is reached at which the

total cost of the pipeline is minimum

9.0 HCP designexample

The storage area of a processing plant is half a kilometre deag.oxideneed to be
transferredrom the storage area to the planthin capsules of3 .004 k=0.5, L.=3d andt,
of 3mm, within a steel pipeline. The spacingtiveen the capsules sholbid 31. The
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required throughput dime is 0.001m*sec. Find the optimal size of the pipeline and the
pumping powef60 % efficient)requiredfor different capsule shapés this purpose.

Solution: According to the current market, the values of diffiecenstants involved in the
optimisation process are:

Ci=14 C=11 C3=0.95 Cc=0.01

Following the aforementioned HCP optimisation steps for the transport of capsules, different
costs involved and the required pumppuayver are summarised in table 8

Table8 Variations in pumping power and various costs w.r.t. pipeline diameter for the
transport of capsuleR | 3.004

D CManufacturing CPower CTotal P
(m) (£) (£) (£) (kw)
0.04 2531 127102 129633 90.787
0.05 3829 43278 47107  30.913
0.06 5393 17962 23355 12.83
0.07 7223 8546 15769 6.104
0.08 9320 4492 13812 3.209
0.09 11682 2549 14231 1.82
0.1 14311 1535 15846 1.097
0.12 20367 639 21006 0.457
0.14 27487 305 27792 0.218
0.16 35672 161 35833 0.115
0.18 44921 91 45012 0.065

It can be seen in tab&that as the diameter of the pipeline increases, both the manufacturing
and the power costs increases, whickuim increases the total cost of the pipeline. The

increase in the manufacturing cost is because pipes of larger diameters are more expensive as
compared to smaller diameter pipes. The increase in the cost of the power is because, for the
same solid throughput required, increasing the pipeline diameter decreases the flow velocity
within the pipeline, which iurn decreases the power required fribie pumping unit. As

the required power decreases, the cost of power also decreases. Thedeatrermten

plotted in figure ¥, for the costs only. It can be clearly seen that the increase in the
manufacturing cost is not directly proportional to therdase in the cost of power. Hence,

the total cost is seen to first decrease upto a certain value of the pipeline diameter, and then it
increases. Hence, the effect of the cost of power is dominant on the total cost at lower
pipeline diameters, while theanufacturing coss dominant at larger diameters. Due to this

shift in the cost dominance from the manufacturing and power costs, the total cost curve
shows a local minima at the point where this shift occurs. The corresponding pipeline
diameter is the dpnal diameter for the pipeline, for that particusatid throughout required,

based on the leasbst principlelt can be seen th#tat a pipeline of diameter =dn is

optimum for the transport of capsul&sl 3.004,k=0.5and L.=3d. Thecorrespondig total

cost and theequired power of the pumping umite £13,812nd3.2kW.
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Figure I7 Variations in the different costs of the pipeline w.r.t. pipeline diameter for the
transport of capsuleR | 3.004

In order to further analyse the usefulness of the design optimisation methodology developed
in the present study, a wide spectrum of the parameters involved is considered. This has led
to developmenof performanceharts for HCPs with different shaped sales (having

different shape factors) and different solid throughput requirements. These performance
charts are shown in fige 18, where figure 18) depicts the variations in the optimal pipeline
diameter as a function of the solid throughput and the shape fattbescapsules, wia

figure 18b) depicts the variations in the total cost per meter of the pipeline. It can be clearly
seen that aserequiredsolid throughput increases, the optimal pipeline diameter and the
total cost of the pipeline increas&&oreover, as the shape factor increases, for regular
shapes, both the optimal pipeline diameter and the total cost of the pgetieaseThis is

also true for capsules with end shapes; however, the combined trendiiseaonThis

means that the capsules with end shapes are more suitable as far as the optimal design of the
HCP is concerned.hese charts can be used effectively to deangdCP for various

operational constraints.

(@)
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(b)
Figure B Effect of the solid throughput required and the shape factor of the capsules on the
(a) optimal diameter and (b) total cost per unit length of the pipeline

10.0 Conclusions

The flow of capsules of various shapes have been numerically simulated within hydraulic

capsule pipelines for both eshore and ofshore applications. The effect of the shape factor

of the capsules on the pressure distribution within such pipelines érastigcally

evaluated. Novel serg@impirical pressure drop prediction models have been developed, as a
IXQFWLRQ RI WKH FDSVXOHVY VKDSH IDFWRUV ZKLFK DUH \
optimisation model. An example on the usefulness of the optionisaethodology has been

presented, with performance charts for a number of practical scenarios being developed.

The results obtained from the numerical simulations indicate that as the shape factor of the
capsule increases, the pressure drop acrogspbkne also increases. The increase in the
shape factomcreasegressuraonuniformity within thepipelines. Further pressure ron
uniformity has been observed in the case e$loore hydraulic capsule pipelines, when the
density of the capsule/s is higher than that of the carrier fluid. The capsules propagate along
the bottom wall of the pipeline, inchting additional energy losses due to contact friction.

has been observed that although the pressure drop across a lgdtiaalic capsule pipeline

is considerably higher as compared to a horizqigedling the pressure loss contributions

due to pesence of the capsules in the flow field renfaiy the sameMoreover,orientating

the capsule end shape on its upstream end is recommendexiusedower pressure drop
across the pipelin®ased on the pressure drop results, novel-senpiricalprediction

models have been dgeloped for the friction factsrandtheloss coefficients of the capssle

as a function of the shape factor of the capsules. These prediction imeelseen

embedded intthe pipeline optimisation modeRerformance chastfor various shaped

capsules have been developed in order to aid the designers of hydraulic capsule pipelines.
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Nomenclature

C Concentration of the solighase in the mixture (%)
Ce Constant oproportionality €)
C Cost ofpower consumption per unaatt (£/W)
C, Cost ofpipe per unit wight of pipe material (£/N)
Cs CostofcDSVXOHV SHU XQLW ZULJKW RI FDSVXOHTYTV PD!
CSA Crosssectional area (fn
CG Centre of gravity-)
d Diameter of epsule/s (m)
D Diameterof pipe (m)
f Darcyfriction factor ¢)
g Gravitational aceleration (m/seg
h Elevation (m)
H Holdup €)
k Capsule tgipe diameter ratio-|
K Loss coefficient of bnds )
L Length (m)
n Number of ends {)
N Number of apsules+)
P Local static pressure (Pa)
Po Power (W)
Q Flow rate (nf/sec)
R Radius ofcurvature ofpipe bend (m)
r Radius ofthe pipe (m)
Re Reynolds mmber §)
s Specific gavity (-)
SA Surface area (fn
S Spacing (m)
t Thickness (m)
Vv Velocity (m/sec)
Vo Volume (m®)
X X direction(m)
Y Y direction(m)
Greek Symbols
¢ Specificweight (N/nT)
4 Changg-)
0 Roughnesseight of thepipe (m)
Efficiency of thepump (%)
Dynamicviscosity (Pasec)
e Pi (-)

! Density (kg/m°)
% RU Shapdactor €)

Subscripts

1 Upstream section

2 Downstream section
atm Atmospheric
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av Average
C Capsule
m Mixture
p Pipe

w Water
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