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- {ths thesis describes an ex%erimental study of hydro-
d:namically susbended'cylindefs and cylinders modified by end
cap{s) in a vertical pipeline, using water and.polymer solution
as the fluid mediume. ‘ -

The experiments 1nVOIVed hydrodynamically suspending
steel and aluminium cylinders in a ‘pipeline for the*sPhere to
pive diameter ratios of 0.434 to 0.864. Drag coeffiéiénﬁs were
found from a force balance vwhich involved measurgng the a#epage
vélocity of flow néar‘the cylinders as well as thé p%essure
drops across the cylinders. The experiments onr cylinders were
done in both vater and dilute aqueous polymer solutions, while

. fge tests on cyirnders modified by end caps were done in water
Bnly. The length(to diameter ratios of §ylindefsjhsed ir this
-stuéy ranged Proh £hree to fourteen, |

Connarlson of resulfs from this study to those

obtalned by ‘other authors especially Hoerner(13), McNoxn.é

{18) (30)

Newfin and Aly were made.,
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NOMENCLATURE

Area

Area of body‘facing the flow,

Concentration of éolymer golution

Drag coefficiént based on local velocity Uy o

Drag coefficient based on free stream velocity U, .

diameter of cylindrical bodies

- Diameter of test section of pipeline

Skin Frietion factor (Darcy's). = hcf (local),
Constants.

Length of cylindrical bodies

Length of test secfion of ?ipeline.

Total pressure drop across test section with ne
cylindrical bodies in it but having the same
fluid flow rate as the case of flow with
cylindrical bodies hydrcdynamically suspended
in the pipeline, '

Total pressure drop across test section with

cylindricalnbodies hydﬁodynamicqlly suspended

in test section of pipeline.



‘q Dynamic pressure head,oug/ 2g, -
T Skin friction on pipe wall.

.U Average velocity of fluid in pipeline away from
the cylindrical bodies,

Uy Average velocity of fluid in the annulus adjacent
; to the cylindrical bodies.,

vy ' Volume of bodies.

Greek Symbols

c Specific weight of the bodies.

ys) Specific weiégt of the fluids,

Onm Specific welght of mercury in the manometers,

e Angle of inclination of bipéline to the horizontal

( = 90° in these experiments.)

Subscripts : o
-0 ' Without bodies in the test section.
1 - Local, 1.e. adjacent to the bodies.
m ' With bodies in the test section. \

) | Polymer.

SW;



I INTRODUCTION
.

In recent years, 'expecially with an increasing
world-wide demand for'energy and the need for more effic-
ient, convenieﬂt,and non-polluting methods of transport-
ation of raw materials, there is an increasing interest in
pipeline transportation. This is of particular importance
in North America where vast distances and sometimes diff-
icult terrains as well as adverse climatic zones separate
the source of energy and minerals from the processors apd
consumers. It is not surprising then to find an }ncrease
in interest in slurry and/or capsule pipelines'tﬁat some-
tiées cover distances of several hundred miles.(37)

The problem of transporting fluids and!raw mat-
erials as well as finished products is complex for ﬁany
reasons, most of which are non-scientific, However, it is
found-thgt transportation through pipelines can be econom-
ically competitive with rail and road transportation part-
fcularly in regions where sufficient transportation systems
do not exist and in localities where construction and main-
tence of new transportation faciIities is difficult and
expensive, Furthermore, pipelining can considerably short-
en the distance between the origin and destin;tion by
avolding existing indirect routes. Pipelines can also oper-
ate continuouq}y under automatic control systems and can
be monitored by computer systems. The economics of pipe-

lining becomes even more attractive if a fluid need to be

transported in the same direction (to the consumerg) as the



solid materials,in whicﬂ case both solld and liquid are
carried in the pipeline and no problem with disposal of the
carrier fluid has to be gonsidered. In the instances of the
gsolids transported being chemically reactive to the carrier
fluld or if the final separation process is not desirabie.
the solids can be compacted and placed in capsules.

The use of pipelining(33)

extends to areas such

as mining, dredging and filling, sewage treatment and
disposal or chemlical processes in general, so that it is

" not an understatement to say that long distance pipelines
have demonstrated the technical and economic feasibility

of this mode of transportation and that it deserves further
investigation of the fluld dynamic, engineering and energy
problems which are generally encountered,

‘ In the current reseérch. the hydrodynamics of
cylindrical shaped bodies of different densities and diameter
ratios are investigated to supplement existing knowledge of
qapsule transportation. The underlying principles and
existing knowledge and difficulties of pipelininé will also
be discussed.

The results presénted in this thesis stems from
an investigation of hydrodynamically’suspended metal
cylinders (aluminium, S.G.=2.7 and steel, S.G.=7.8) of
diameter ratios 0.43 to 0.86 in a 2" diameter veggical

plpeline having a plexiglass test section of 10*' in length,
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The present reseérch‘also involved the investigationief
the effects of modifying the cylindrical shapes in an
attempt tb "atreamline” them by attaching to them semi- <23~
hemispherical caps of the same material either as fore or
afterbodies, The hydrg;lic pumping power requirements for
these blunt cylinders and modified bodies were also come-
ﬁared as well as for blunt cylinders with and xithout the
use of the polymer additive,

The experiment was directed towards investigating
the effects of diameter, length and specific gravity of the
blunt cylinder and modifiedcylinders as well as the effect;
of viscous shear friction along the cylindér;w%he skin
friction of the inner pipe wall and the inertial mass
effe’cts of the cylindricai bodies. It is intended that the
results obtained from the present experiments will help

in the design of future piveline transportation systems,



II LITERATURE SURVEY \\ZE;E)\\

Since 1851 when Stokes(i)qderived the mathemat-
ical relation for the flow of a sphere in a fluid fredium,
. ™~

the majorfty of the more important researches relﬁ(?d ta\\N.-

the flow of flulds past bodies have been done by aer -
namicists and naval architects on the research of boi:z\\\\»\~\___\g
aerial and undérsea weapons.,

In general, the resuits of these researches
since the 1920's involve the flow of air or water past
blunt cylindrical bodies(13)’(32) without the restrictions
of a‘poundary'medium. In particular, experiments done on
torﬁedos(13)uhave found to be most useful to the current
work even though the flow regimes in these experiments
are usually hyper or supersonic flows., However, dimepsi&hal
similarities have rendered £ﬁem"useful comparisions to the
present research, '

It was not until 1951 that another useful set of

(18) yho studied

results was published by McNown and Newlin
the effects of a change of diameter on rigidly mounted
spheres in air flowing inside a tube. However, these exp-
eriments were done in the flow of air at very low Reynolds
number and are not generally of value to pipelihe transport-
ation problems. The expe?;meﬁts.did p}oduced én'important
prediction for the form dgég coefficients as a function of

”

the dismeter ratio d/D in the form,

ch=(am/ (1-@m?)? T 1



This‘relationship wasg shown to hold for diameter ratios up
to about 0.8, but unfortunately, attempts to apply this
relationship to a viscous fluid medium hés been unsuccess-
rua, (29) ]

Yet, the outcomé of McNown and Newlin's work.has
prd@ed useful and led to an increased activity on the
research of flow of bodies in a bounded medium, in part-
icular, pipeline transportatiog research. The work of the

1(3';2)'and many other independent

Albarta Research Counci
researchers in the past twenty years sufficiently indicate
cufrent igxgrest shown in singlei and multi-phase flows as.
well as capsule: transportation problems. \

The results from these researches gg%rin their
own rights important but they do not necessarily apply to
the current research; yet they do establish a few paramet-
ers that are useful in the description of similar flows,

such as,

(1) Flow Reynolds number(6-9)

It defines the relative importﬁnce of dynamic
instability resulting from the rotation componert of the
velocity vector and also the significance of the inertial

force tern. A

.
(2) Pressure drop with bodies in the pipeline(B)’(S)’(li)
) ‘It defines the form drag and is useful in deter-

mining the required hydraulic pumping power for a pipeline.

(3) Body diameter to pipe diameter ratio (#)s (6-8)



It defines the mass throughput for the pipe with
respect to different shapes and sizes of the body. It is
also relateé to the viscous shearllosses along the sides of
thelbddies. Increasing diameter ratios usually results in

grehter pressure drops.
(4) Length to diameter ratio(#)s (6-9)

For capsules of the same diameter under low velo-
city flow, longer capsules generaily move slower than short

ones.
(5) Surface roughness of bodjes and pipe wall(z)’(u)'(é)'(a)

Effects of surface roughness is noticeable at low
flow velocities but decreases uniformly with an increase

of flow velocity.

(6) Density of body and carrier fluid(h)'(é)’(s)

A.body with low body to fluid density ratio is
very sensitive to  the velocity of the fluid but the effect T

decreases with an increase of density ratio. *

(7) Presence of fore or afterbodies(Z)’(“)’(é'B) ) -

X Fore and afterbodies of either ellipsoidal or -
cdnicai shapes are gometimes added to the cylindrical éap-
sulec at the leading or both e#ds of the capsules. In &
horizontal pipé, this generates little effects, particul-
arly for capsules of large diameter ratios. They do howeVer
' provide an increase of the flow velocity and a change of

the flow patbtern.
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(8) Viscosity of carrier fluid(u)'(é‘e)

The results on water and industrial oils of diff-
erent viscosities show an ogvious increase of pressure |
drop assoclated with bodies particularly those of low den-
sity as the viscosity of the fluid is increased. This is of
great significance for thixcgnsideration of polymer sglut-
jons which will be discussed later. '

l The above parameters are found useful also for
- the description of flows in an iﬁclingd pipeline. Round
apd Kruyer experimented with the flow of water(lo) and aif(lz)
past single spheresﬁdnd gsphere trains, and found that at a
*bounce point”, the spheres become stationary and there are
no inertial effectsﬂegcep% for éravitf. Also, the Reynolds
number for the spheres become irrevelent and the independent .
variables are the fluid velocity and the pressure drop &cross
the spheres., They also found that at a pipe inclination of
between 20° and 650, the square of the sustaining velocity
varies linearly with the sine of the‘angle of inclination,
while at inclination close to 90°, the velocity becomes .
unpredictable. i |

_ . ‘ On_thekotherbhand. the drgg coefficient was found
to bg dependent on thé diaméfer ratio oniy While the lift
coefficient was found to be about one half of the value of
the drag coefficient of thelgpheres or sphere trains.

The flow pattern of similar bodies in a fluid
changes with’the addition of cgftain polymeric«(natu?al or
- synthetic) and non-pplyﬁéric‘solutiohs to the flow. Expgri-

>

<G
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ments have shown that this drag reducing gffect or.' Tom's
phenomenont is exhibited by guar gum, po&{f

ethylene oiides.
polyacryamides and certain myceller solutions as well as
certain fine fibre suspensipns such as ssbestos,

The actual phenomenonof drag reduction is not

totally understood and certainly many contradictory theories

have bheen suggested throughout the years as Hoyt(17)and Gadd(15)

have indicated in their recent survey on the subject,

In pipe flow for instance, the drag reducing mech-
ism is believed to be related to the inner wall reg:on of the
boundary layer. It is thought that the small cha:n-l ke stru--
ture of the additives actually dampens the circulation of high
frequency small scale eddies that causes active turbulent
mixing and also reduces the heat and mass transfer rates in
the buffer or inrner wall region just outside the viscous sub-
layer. Outside of-this regibn, the turbulence eddies are ugu-
ally large per*urbations so that little, if any, cdamping act-
ion may exist. The net‘result’is a steepgr Velgéity profile
near the wall with a more typical turbulent)flow velocity .
profile towards the edge of the boundary 14 er and a thicken-
ing of the buffer zoné.: ”

Another hypothecis suggests that aﬂ anisofpopic

layer exists near.the wall so that shear in the normal dir-

pctiénqtd the flow is dampened and that the flow in the axial

direction is enhanced with the benefit of less _energy loss.

This hypothe51s, however, has not been found useful to explain

the paradox and uncertalntles in polymor sogutlon flows.



The characteristics of a drag reducing solution are
many fold. Indeed, there is usually an optimum drag reducing
effect associated with g certain polymer concentration that
changes with different flow systems. On the basis of work done
on a simple capillary tube gravity flow rheometer, Latto(*)
has shown that such an optimum concentration to be bétween 10
to 1000 wppm depending on the nature of the additive as shownv
in the enclosed figurea.i.

Polymer solutions also appéar to show a delay of
transition from the laminar to the turtulent flow fegime. and
this is believed to be associated with a higher shear stress
necessary to affect the expanded buffer zone.

Another characteristic is the necessity éor polymer
solutions to be "aged” sp that the molecules cén’relax to an
entangled mass of interlocking chains. However, researchers sudﬁ
as Wh{te(zq)have repor@gd dariage to the drag reduc;ng prbperty
if this process is prolcngeé. Indeed it has been found that
room temperature oxidation, exposure to sunlight, biological

(21)

‘ attack(zz)and most often, mechanical shear can degrade the

7 po}ymer solutions by ﬁreaking.up the éolecular chains._Howevér,

the rate‘of,degradatipn aﬁgears to be dependent on the type

of polymer used. | . .- . : *
. Whereas polymbr solutions can reduce drag. there is

usually a maximum drag reductloﬁ’/hpabllity for a given Rcynolds

number. These maximum drag asymptoteshavebeen‘emplrlcally

(¥) Private communciation

..

o~
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obtained. Indecd, the relationship for drap of such a solution
is siwmiler to that of a Newtonian turbulent friction equation

for a tmooth pipe.

§-0.5

]

19 1oz ( Re x £2°% ) - 32.4  (virx(®3))  (2.2)

A
=0.5 _ 4,0 10 (Re x-£045 ) - o.h ( water ) i (2.3)

it

. —p—

The form of the twn eqguotions suggest simpler relationships anch

&8 1
£f =1.4 Rc;9‘667 (Castro et el) (2.%4a)
f = O.hé Re~0+55 (Virk et al) | . (2:4Dh)
£ = 0,25 Re™0*? (Giles et al) (2.4c)

These relationships will be discussed later in this thesis.
Meanwhile it must be said that although these equationrs expresses
‘friction loss as solely dependent on Reynolds number, the pipe
size effect is implicitly related. _

In spite of the confusion causpd by €0 many ccnf%ad-
ictory hypothéses regarding the drag reducing mochanisn, many

-

experiments were done to relate the flow of polymer solutions

for particular situafions.(zu)'(ZS) In faet, White(26)

experimented
- on the Stokean flow of spheres in a polymer solution and found
that within the laminar regine, there'ié possibly a deléy'of
the separation Qoint to a location further downstream if the
Reynolds rumber is increasgd, and he aftributed thislté a.

. visco~-elastic effect.



The effects of the walls on a polymer (pipe) flow
was investigated in the work of Stow and Ellict(z?) who expo?—
imented with single spheres-of a fixed diameter ratio (0.39)
tethered in a cylindriecal bouné?ry using four different types
of polymer solutisns that had previousfy_beon found to chow
drag reduction capabilities. The aﬁazing result that no drag
reduction was observed led them to conclude that the flow of
the polymer solutions were effectively the same as in Stoke's
experiment where water was vsed as the fluid meéium. foreover,
the Reynold numbeyx was fairly*high {up to 80,000) so that the
only affecting factor seems to be that of the wall,

Recently, &n investigation was made by Iétto, Round .

and Anzenavs(zg)

using single cpheres and sphere trains hydro-
dymamically suspended in a 2 diameter vertical glass tube,
Diameter ratios ranging from 0.2 to 0.97 were used and meas-
urements were made using polymer solutions of diffevent
concentrations and recults wefe compared to that obtained
using waéer. It was found that the drag coefficient wae not
affected for diameter ratios greater than 0.7 but there was
an obvious 1ncfease for diameter ratios less than this value.
These data also correlated well with theoretical force and
momeﬁtumaequations indicating that tbesgesults are valid. It.
vas Believed that fhis increase of dreg coefficient at low
diameter ratio% (by as much-as 30%) was accompanied by a ]

decrease in skinm friction losses along the inside wall of

the pipe as well as reduced shear losses at the sphere surface.

P



The results using sphere trains indicate a size,
density and length effects on the drag coefficient. MNoreover,
the type of conﬁection between the spheres was also significant.
Flexible connections were found to result in higher drag
coePficients than .for rigidly attached spheres. Furthermore,
at high aspect ratios, the drag coefficient asympototicaily
approached a constant value.

However, such an investigation was not capable of
ascertaining the wall effects and correction factors for the
wall such as suggested by McNown and Lee(3u) fail to inqglude
the inertial terms and for sﬁheres in free fall as in'étoke's

experiment, they gave a factor K such that
4 y a2 L
K=1+g (3)+(2§) T (2.5)

This compafed wellbwith Ladenburg's cofrectibn factor

M

K=1+ 2.4 ( % y . (2.6)

or Faxents correction factor,

K=1+201(%) \ (20?)

Unfortunately these corrections are valid only for small
diameter ratios of up to O.4. For large diameter ratios close

40 1.0, McNown and Lee suggested a correction of the form

K =1.67 (1 - §)7%3 (2.8)

-
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Indeed, this éonstant was related to the annuluar spacing
rather than to the sphere sizes as previous equations show
and suggest the gimilarity to a flow pattern between two
parallel plates.

The other parameter affecting wall effects was

foung‘to be the Reyﬁolds number such that
: a
Cqg =T° ( Re, B ) (2.9)

McNown and Newlin(ls) actually investigated the
Reynolds number effect on the drag cgefficient for different
diameter ratics and found that there was an increase of drag
coefficient with increase of diameter ratio. They also observed-
that at Reynoldé numher_close to 50,660. the drag‘coéfficient
tend towards a consStant value..

effects but managsd to estimate the contribution of the
viscous shear effects by separating the total drag coefficient

into two parts, as follows 1

( G4 Jpotay = ( Ca )pressure + ( Cq )Bhear (2.10) -
drag osses

and they estimated the magnitude of each term by using the
R}
following equation, :

) U -
( Cq dgpear = 2 ( Umgx y1e5 ) (2.11)

L
losses Re ?

%
= . -
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Umax being the centerline velocity of the sphere and Uo the
velocity of the free stream. They obatined the drag coeffic-
ient assoclated with pressure draé from a measured pressure
distribution and found that the pressure drag was 93% of the
total drag.

N Another related work was that of Aly(jo) who showed
that for nylon spheres and cylinders, the drag coefficient
tend towards a constant value.at large aspect ratios. He
also observed that on a per sphere basis, the drsg conefficient
for a cylinder train is less than that for a sphere train.
This has far reaching‘effegts when the economics of capsule .
transportation is considered, as Kruyer and Ellis indicate
in ?heir recent publication(31) based‘on ﬁeasurements\of'an
actual pipeline., .

Howéver, not much research has been done with
streamlined capsuies in a"viscous flow in a bounded medium,

’“except for the inveétigation dn horizontal pipelinns(z)’(h)’(é's)
which indicate minlmal effedtss hpwever, it is believed that
perhaps more careful ﬁ;hsurements might reveal better results,

In the absence of publications on viscous incomp-

\Jyessible fluid flows past streamlined bodies, the publication

(13)

by Hoener and Chang(BZ) on aerodynamic drag will have to

be referred to on @1scu§sions in this area.
. In conclusion, it appears that there is a necessity

for more research that may prové\ﬁsele in providing inform-
" ation for the design of slurry and gapsuie pipelines in the

future,



' IIT THEORY

In an attempt to model the pipeline system
used in the current research 'to obtain a relationship
between the flow and physical parameters for hydrodynamic
suspension of cylinders in pipelines, the following approach
was adopted,

If the control volume 3ppicted in Fig. 3.1 is
considered, a force balance between the gravity, buoyancy
and frictional forces as well as the applied pressure, force
exists., These forces may be clagssiflied as the inertial
force, the shear or vigcous drag force on the side of the
body, the skin friction drag assoclated with the wall of
the pipe and the pressure drag force experienced by the
body. These forces are defined in the followinz discussion.

The inertial forces are those body forces that
effectively change the momentum of the body and for a body
‘ hydrodynamically suspended in a fluid where there is no
momentum chaﬁge, the only body force is the gravitational
force.

Shear or viscous drag is related to the frictional
losses on the surface of the body. Since it is a surface
force, it acts tangentially to the surface and in the
present case, is along the axls of the cylinder and pipe.

Pressure drag force‘ acts normally to the body and

"18 the pressure drop between the front and back end of the

15
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cylinder giving rise to a net pressure force at the end
surfaces. This force may be separated into two forces. the
base drag and the fore or afterbody drag.

Base drag is solely 4 pressure loss term result-
ing from.the change of geometry at the back end of the
cylinder which either changes the stpeamline direction of
a potential flow or causes vortices and a wake depending
on the nature of the flow.

The fore or afterbody drag is in itself a csmb;n—
ation of pressure and viscous shear forces. This'may be i
explained if a blunt cylinder and a cylinder modified by
the addition of end cap(s) are compared. It may ?e envisaged
that the modified cylinder will have a different pressure
drag bedausg thé pressure variation over this modified body
ig different from the blunt cylinder due to a less abrupt
change of ggdmetryhat the end(s) of the cylindyibal_body.
However, since a modified eylinder haé ﬁore'surface areé;
the viscous shear force if.experiehces is différent fro;
that of the blunt cylinder. ‘

there is also skin friction associated with the
ﬂfriction loss élong the  inner wall of‘the pipe, This loss
is exhibited as a pressufe head lbés and is esseﬁtially a.
viscous sﬂéar force term that &ccowpanies the plpe flow ;.
with or without the cylinder in it, - }f 7

The sum of these forces may -be eipressed as

follows



Apm'-= APB - APA + APV + APF \ (3.1)

where APm is the total pressure loss witﬁ"t::ylinder.
ZSPB'is the base pressurg loss,
ZSPA is the\p:essure drop associated with the aﬁd-
;itiqn of the fore(after)body.

*

ZBPV is the pressure drop associated with shear or
~ viscous drag loss,
ODPp ¢ the pressure drag associated with the skin
| iction loss z2long the pipe wall,
Note that ressure d}ég term is aétually défined as
( APy + DRy ). Purthermore, we may write an expression
for the case of no cylxnders in the pipe as, ( for the

description of notat;ons,xsee NOWENCLATURE -)

AP 1}q?) - AP (T DIy, 5

(]

s
ol F o
2g¢ 2

L __D P Bo
i.oeo . R APF = T;i}“T' ( APO - zgc

)
= K1( OP, - Kp'UG )

' APy = £1(DPy 4 Uy ) (3,2)
Since 'Ky and Kp are conatants, élﬁp varies with

the flow rate ( hence'the mean velocity term ) and the

pressure term ODP, so that for a flow rate of the same

. magnitude as . that of the case with a c&linder suspended‘iﬁ

the pipe. the value of ZBPF is the same with or without

" e

the cylinders, that ls,

19



Pp = f2( AP, ) - ’ : (3.3)

Rewriting egn. 3.1, we get,

A - AP = OPp + AP, + APy (3.4)

If the right hand side terms are grouped according to
whether they are assoclated with pressure loss or viscous

or shear drag in origin, we obtain,

AP - zspo = (\1533 f\(_l& p) + ( ZBPV + ( AP )V)
X (3-5) '

Here, the subscripts p and v stand for pressure and vigcous
nature of the forces: Furthermore, this conf&rms to

the manner the fo*e(aftor)bodj preesure”drop is separated
in Chapter II. If no end cap(s) are used, eqn. 3.5 reduces

Lol

to ﬁhe form for a bluht cylinder, that i&,-
APn; - QPO = éPB + APy (3.6)

A compai@s;on of eqn. 3.4 with eqn. 3.6 gstablisﬁeé‘the
effectiveness of the addition of end cap(s).

It is possible to investigate each term presented
in egn. 3.5 using a "theoret*cal" approach. If F, is the
‘drag force aosoclated w;th*the presence of the end cap(s),

then, ve may erte,‘using cylindrical coordinate notations,
- LTr ) “
. FA (AP )P cosﬁf( r dﬁ (2Trrsing) ) +

J(APA)V sin)’l( r dag (211’r sing )) (3.7)



Now, 1f the drag coefficient is defined as, for any i,

2
» Ug
( Drag ), = ( Cq ) :
T i %wd i 2g¢ l ‘ {
AP, ) :
(Cylp= (@2, )p (2sin2gag) -
Jo, Q '
2 :
((Op,), :
( Cy)y =| —2— (2singag) | (3.8)
0 q : )

Note that egn. 3.8 is based on the existence of only one
end cap so that if there are two end Eaps, the effect
wouké have to be a summation of a'(CA}Pamd a (Cplv
term fromn each~éap. However, this more complex‘fofm is not
p&esented heré. f

The actval valfies of (C )P and (C;A.)V mey be
obtained if the variation of ( AP}.‘L )Pand ( APA )V with
the angle g is available;from pressure measurements or
from a vigorous mathematical deriVation-of simple geomet-
rical shapes such as a spherg_or a cylinder or a‘cylinger
normal-to the flow. Unfortunately, the mathematics for theg
present flow system is very complex co that a theratical
derlvatlon of the nreSGure variation with the angle .8 1s
not available. ) i
- A similar set of relationship may be.obtained for
‘the viscous sheér drag term ZS?§ for a blunt cylinder and
indeed if x is the direction along -the_ axis of thecyllnder

.\.a

" and dx is an elemental 1ength on it, then, ’

L ‘ .
I(erclx)&l’Y = Cv(q)( 4d2)
Jo ,
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L
f.e. Gy =[ ég-"— - ax (3.9)
0 .

This equation gives the relationship for the drag coefficient
agsociated with' the viscous shear loss on a blunf cylinder,
However, as before, the relationship between the pressure
drop ZSPV and x is not available so_that the integration
may not be completed. .

The evaluation of the base pressure term may not

be as simple. However, Chapman(BS) managed to set up an

empirical relationship of the form,

Py = £5 ( APy , Re P /40 ar/ag 0 OF) (3.10)

where the subscript 1 and O stand(for positions at the
end tip of the cylinder gnd at the free stream respact-
ively. Each 6f the above terms may be definéd as follows
(1) ZSP;'is the ratio of the static preésure and the -
dynamic pressure at the particular flow situation
when separation 1s observed to»océur with the
stream flow detaching from the trailing end of the
cylinder.Ifthe subscript b is used to represent
a position in space just behind the back end of

the cylinder surface, then,
* ”
APy (separation) = ( Py, - Py )/’ 5oy (U )local

(2) The ratio of the dynamic pressures, using the

same subscripts, is,
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1 2
a . 223 (YU Nsen1

, 1 2
° 2 Po Uo
e :
(3) ZSPO is the pressure coefficient at free stream,
|
l.e.

OP, = ( Py - % )/2,0000

(&) Reynolds number, which exists as a power law term
Re™™ depends on the nature of the flow and relates
to the boundarydlaygr.

’Now, we may expand eqn. 3.10 in the form,

Apy = AP (1- KRe" (L/d )) (qi/qo' ) +DP, (3.11)

It is obvious from such an expressibn thét allowance has
been made for the variation of the dynamic pressure and
viscoesity with the change of flow ve%ocity so that the
flows are very intimately related. Iﬁdéed,‘badk pressures
are closely associated with the existence of vortices
and wakes, and are affected by the existence of separated
flgws as well as back flows,

,‘T6 conclude this portion.of the analysis, one
may ¢ néider agaan eqn. 3.4 and'eqn. 3.6 and write the
correlponding relationships for ﬁrag coefficienﬁé~as t
| Cplunt =« Cp * Oy

cylinder '

Chodified = Cp + Cy + C,

cylindrical . -
body ) ) & )



so that combining the two equations gives,

C (3.12)

modified Cblunt * Cafter or
body ‘body forebody
In fact, the drag coefficieﬁt associated with the fore or
afterbod& must be negative in order that the'drag for a
blunt cydrical body is grea%er than that for a cylindrical
body modified by end cap(s). This feature will be discussed

r

later in Chapter VI.

To fully understand the present system, the
useful flow parameters must first be identified. A dimen-
sional analysié is useful in this regards. i

The variables considered to be 1nvolved here are

relate@fbj\?

'P‘=fl‘_(d‘l'D|LtdvaUoipfsc'g) (3.13)
If the’ fundamental dimensions are F,M,L and t, then the
nine independent variables shown above may be related by
(9-%) or 6 dimensionless groups. If we choose U  , ©, D

and g, 28 the repeating quantities, then,

I, = Uﬁ DbJoc gz ) P
Hz‘-‘-( » )d \
IIg=( . " = ) n
I, =( - ) L
1'I5=( " )O'



For dimensional homogenity, the solutions are :

o, =P8/ 2,
2
or I, = AP / (L7d) 28 - ¢_ = skin friction factor
1 ' 2gc T -
I, = é/D

I, = p/Uo Dg

HL} = L/d 4

ITg = o/ which can be written as g-2
0
o -0 .
Iig = &b/ U2 =( )2gD/ U2 .

= drag coefficient -
The final solution becdmes,

fg = (c.%.ae. . ) =0 (3.14)

o d

i’

However, this eqﬁation does not include all the parameters
relating to the flow system. Indeed, dimensional analysis‘
6n1y relates dimensiénless groups so that parameters‘such
as the rotational component of the velocity are not included
in ;hnq 3.14, Of course, important parameters that aré in
themselves dimensionless may not have been included because
of the way we set the original equations for ITI. Falling
into this category of important parameters are for instance
the éurface roughness of both the cylg?drlcal bodies and
~the inner pipe wall or the eccentricity of the cylinder's
position frqh thg"central axis of the pipeline,

v



It must be said that the exclusion of these other

parameters in eqn; 3.14 does not make the relationship
unrealistic. For instance, the rotation and eccentricity
.contribution may be ignored if experimental results are
collected for minimal rotational velocity and that the
cylindrical bodies are suspendeq centrally in the pipe.
The surface roughness effects afe ignored because it is
“hoped that thef stay the same throughout the experiment
and that this ‘parameter is characteristic of the.pipelihe
system. However, in the case of a flow with aqueous sol-
utions of polymer added to the flow, the concentration of
the polymer solution should be included and since this is

already a dimensionless group, we write,

d L o - L )
fs'z(-chB"Rev'a'l o ,Cd,C)‘-:‘O (3'15)

To further the analysis of the flow system, a
force and momentum balance using all the above mentioned
dimensionless groups should be made as follows 1

(A) Force balance

. . /
A force balance on ‘the free body of the cylinder

gives,
wéight = buoyancy + total drag:
2
) #* 0 Uo ) -
i.e. . Vo= Vp + Cd Zg AB . (301_6)\»
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* g = 0

or cy = ( yzgL/u2 (3.17)

-

which may be rewritten as,

*
c -
d___ (g~-» 2
(T7d) ( > ) 2gad / ug (3.18)

Note that for cylinders of the -same material,

¥*

. Cq

"L /4)

=Kd/ Ug (3.19)

If the average local velocity in the annular spacing

between the cylinders is used instead, we write,

s

- 2 2 2
D Uo = ( D= a4 N& . (3.20)
and egqn. 3.16 becones, -
x>U2
- 1
V(o -, )-cd e Ag (3.21)

or combining eqn. 3.20 and eqn. 3.21 to get,

2

: U . 2 d d
o 2 2
= - ( — ) ( 1 = ( — ) )
(:)pg (-T5L-) sine  Cq D D

$

-

= velocity function (3.22)

(B) Momentum balance
L 4

A momentum balance may also be made of a control

volume as shown iq F@g._B.l and qné gets,

1 3 .

T p(EDPLg - Fd¥1) + F Lo

&
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For steady-state steady flow,

U '-—'-302 H Alez H (Z?UA )1=(JOUA )2,

the last relationship exists for no momentum generation

within: the control volume, so we may w;}te.'

. T 2 1 o
(Pl" Py) " D =T, 7T DL, - E‘lT D¢ L’Ij'o*'
. . , -
—TWTad°L(oc -0 ) - (3.23)

L :

If no cylinders were present in the pipe, the same analysis
givés. assuming that T0 is independent of velocity.-and

pressure,

I
M

(Py - Py )y 7 D% = T, TDIp+ 2 D2 Ipp o - (3.24)

then, eqn. 3.23 and eqn. 3.24 gives,

AP - OP, =(=)L(0-0) (3.25)

ole

alternatively, one gets,

Apm - APO

d
; - =(=)’ (3.26)
(Z)D (o-r)sine D

Or allowing for discrepancies arising from the assumﬁ%ion

of the shear T, being independent of the velocity and o -

-~ s

pressure,



29

OP_ - AP ‘
m ) d ’
- =ct ()" (3.27)
(E)D(O"p) - ’
» = Pressure function

where ¢' and n are constants.

Thé’pressure and velocity developed in this-section
of the chapter will be repeatedly referred to in GChapter VI
because they are dimensionless grcups and are usefﬁl §n
comparing the effects of different physipél and flow qﬁanges
of the system such as the density, the use of polymer addit-

ives and modification of the bodies using end caps.
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IV EXPERIMENTAL APPARATUS

The apparatus used for the main experiment will

be discussed as separate sub-systems :

(a) The water flow system

4 ThisfSyetem‘cdnsigts of a 2" I.D, steel pipe of
abﬁut 80 ft in length and- assembled as shown schematically

in Fig. 4.1 while a photograph of the main components is
shqwgliﬁ Plate I. ‘ ~—

’ Hydraulic power to the flow #&ystem is supplied
_through the watef mains' line pressure and augumented by .

an auxillary single stage centrifugal pump which is a Worth-~

ington Model 2CN-32 type powered by a 3 hp, 3600 rpm

"General Electric fﬁdgition motor.
" ' “The whole pipeline system 1s built to opersate

elther as a'}iosed system with the fluid re-circulated via
a 300 litre capacity aluminium reservoir or alternatively,
as is done in the present research, the water flows down
a tail pipe to a lower floor and is discharged to the SEWers.,
'The normal line pressure,ffbm the mains is about 30 to 50
psi but is increased to about 80 psi with the use of the
.éﬁmp. Small variation in the line pressure is damped out
using 5'15 litre variable volume surge chamber which uses
cohpreséed air from the air mains line to minimize flow
fluctuations. '

The flow rate through the system is measured

~

using two Brooks rotameters installed in'anﬁarallel circuit
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g0 that elther one. or both may be used at any time. At the

"beginning of the experiment, one large (capacity of about

5000 c¢.c./sec) and a small (capacity of about 1000 c.c./sec)’
flow meter were used. But this arrangement was later
changed to accomsdaté two flow meters of the large type
because of capacity requlrements. -

After leav1ng the flow meters. the fluid pasggs
throvgh a 60 £t 1ongsloop down and back up té the level'of
th2 nain apparatus tﬁfough a vertical section that joins .
with a 10 ft long pig;iglass test section, after which it
either goes to the reservoir or flows down to the lower

floor dpains.-

r

Two gate yalves at appropriate locations oonfrol
the open or closed éircuit flow while a third;valve on the
drain sz2ction of the pipeline régulates the suction (back)
pressure, which exists gince the long drain pipe gives a
suction head of about 30 ft. ‘ . 1

A ﬁoneycomb filter placed et the entrance to the
plexiglass test seétibn produces homogeneous turbulence for
the flow while the long length of the pipeline 160p is
sﬁfficient to provide a developeq turbulent flow.

. The test section is accurately set vertical to -
avoid attenuation of anylflow irregulariéy such as a swirl-
ing f}ow,_The,lower po?tlon.of the test section is connected
to the metal piﬁe”through flénges to ensu{é proper align-
ment,while'the top portion of. the test section is joined

.



!
i

to a flexidble tygon bellows piece to prevent breakage of

"thé tube and allow fér expansion and contraction in the

support. Th% test section consists of two equal 5 ft lengths
j&ined together by flanges and sealed by a rubber O-ring.
This sectioninv of the pipe was npcessary since precision
I.D. pipe of 1ong lengths is not available. Above the tygon
bellows is a metal screw cap which permits insertion and

eagy retrieval of ‘the cylindrical sections.

(b) The polymer injection system

The polymer injection system is connected to the
main flow system at about 40 ft from the test section‘and
always operates with an open';irduit system since the
recirculation system willlcsuse mechanical degradation of

<

the esqueous solution.

The injectionvapparaths consists of a 190 litre
capacity pressure vessel which holds a polymer solution,
usually having a concentration of 2000 wppm but cometimes
500 wppm solutions were used 1f low concentration at the
test section is desifed. After filling thé polymer vessel

with the pump, the pressure vessel is charged with air from

~the air mains line and is regulated to a pressure of about

70ﬁp81: The polymer solution is thenﬁdischarged from the
bottom of t?eqvessel\via a Brooks rotameter which then
ﬁeasures the flow\rate of the fluid that passes'into the
main water system through a 4" tubing as shown in Plate II.

§
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It was found‘that a -combination of a diffuser
effect at the tubing (which opens up suddenly to a much
larger section at the main flow system) and a long devel-
opment length including the loop to the lower floor and
entering the test section through the honeycomb filter is
sufficient to provide a totally homogeneous solution in
the test section (as indicated by rheological measurements
of & sample fluld taken from the test sectién - this will
be discusse& further in section (d) ).

The polymer solutions were prepared and stored in
plastic bags in bins of about 70 litres capacity and the
solution was pumped into the depressurised pressure vessel
using a 3 arm Allspeed peristaltic pump powered by a 1 hp,
865 rpm Brooks motor and opearating usually at around 200
rpm., This pump was used mginly to avoid‘mechanical degrad-
gtion'of thé polymer sincé it produceé‘vgry low flow rates
and also since no parts of the pump are in direct contact

with the fluid when it is in operation:

(¢) The pressure measurement system

The pressure droﬁ at the test section is measured
by either one of two vertical U-tube manometers, one filled
with oil (merian'oil of S.G. 0.827) and the other with
mercury. The two manometers are éonnected so that oqe‘may

operate independently of the other between the same set of

pressure-taps at the test section as shown in Fig, 4.2, The

manometer system is also provided with a drain so that fluid
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]
from the test section may be drained off for temperature

gnd rheological measurements, fhe’dil manometer 1s also
fitted with a water jacket that ensures the temperature

of the oil to be identical to that of. the fluid ib the main
system. In order to avoid temperature gradient in the ﬁén—
ometer leads, a low flow rate wa; allowed to be discharged
through them before pressuré~measuremon£s wvere taken., The

level in the U tubes is accurately mreasured using a cathe-

tometer.

(d) The rheometer system

It is essential that the homogenity of the dis-
persion of the concentrated aqueous polymer solution as
well as the degree of @egradation, if any, be known through-
out the experiment. k simple but extremely reliable méthod

ig to use a vertical tube (turbtulent flow) rheometer.

Fig. 4.3 shows the construction of such an appar-

atus which works on the principle that. the same volume of .-

fluid of different conzcentration of polymer additive takes
dissimilar times to paés through a narrow cross sectionﬁ
piping under identical pressure head provided in this case
by a 30 ft height of water. The volume of fluid is containg@
in a funnel and drainage of this fluid through the nafrow

2 mm capillary tubing is initiated by the opening of a 3"

Ascoelectric solenoid valve at the exit end on the lower

floor level, The arrangement is shovm in Plate III.

-
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(e) The cylindrical bodies ‘
Fig. L,k shows the type of cylindrical bodies :

used in this experiment. They are either alumlnium or

steel cylinders of Spele ¢ gravity of respectlvely 2,7
ifwﬁ‘\éye either of an aspect

and 7.8. The cylinder sections
\ :
ratio L/d equal to 1 or 2 and are connected to the desired - |

lengths by screw threads at the ends of the sections.’. ;
. : i
Steel end caps are made by cutting spherical ball ‘

F -

»

beaéings into halves and welding them to'g short section
of cylinder. Cylinders are loosely attached to the metal
&

screw cap in the apparatus using a nylon llne and.'a Sleel.

ol T & et b

This provides easy retrieval of the cylindrlcal bodies

14

after they were used in the experiments. . .
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V ' EXPERIMEITAL PROCEDURES

(a) “Experiments using water as the carrier fluid

-

Experiments under this classification were done.
using both steel and aluminium cylinders but research on
the effects of the addition of end cap(s) were done only

with steel cylinders.

-

The procedufe_for blunt and modified c¢ylindrical
bodies was the same. The flow of the water would be:éfarted
an hour prior to the actual tes{ing to permit thern%} stab-
1lity. At the commeﬁcement of each experiment, some ;ater
wag drained through the manometer system from theffest
section and its temperaturc was measured and recorﬁea.

The surge tank level was adjusted so that:it was
approximately half filled such that in the event of great
pressure variation, this level could move up or down the
tank without sucking air into the sys*%em or overflowing
into the air mains line, L

The flow was then initiated and the flow.rate ‘
to maintaln the cylindrical bodies hydrodynamically éuSpeng-

ed in approximately the center of the test section was

recorded, Care had to be taken to ensure that the nylon

" retrieval line was loosé and that the bodies were not rot-
" "ating, The pressure drop across the test section was meas-

'Qred, depending on its magnitude, using either thg}oil or

-

the mercury filled manometer. Throughout such an eiperiment-

al run, a back pressure of 5 psli was applied to the test

e .
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section by slightly closing fhe control valve at the dis-
charge (drain) pipe. Any fluctuation of the iine pressure
would be apposed by this applied back pressure. Another
measurement was also made with no fluid flowing in the test
section. Thié was necessary so that temperature vari‘ation
during the course of the experiment may be accounted fof;
The same procédure'was repeated for all sizes
and lencths of the steel and aluminium cylinders and for

steel cylindrical bodies having end caps and also for the

case of the test section without any bodies in it.

(b)‘ Experiments with polymer solution

The polymer mixing procedure will first bé des-
cribed. .The Peten L23 powder was pre-mired with a small
‘volume of methyl alcohol to produce a suspension that was
added to a volume of watgr to sive the required final conc-
entration. This solution‘@as allowed to stand for 24 hours
during which time it was régularly stirred to allow for
proper dispersion. The highly concentrated polymer solution
was then pumped to the pressure vessel ﬁsing the peristaltic
pump and the yessel was charged to and maintained at about
70 psi using air pressure from the air mains line. ~
| In operation, flowlof the“polymer and water solut-
ions was adjusted using the control {(gate) valves and the
ratio of water;to'polymer from the vessel was controlled to

‘ conform to previously determined values (for the calibration,

e By e W




-
sce APPENDIX I11). The arrival of the polymer at the teat
section was easily notlcqble in that the hydrodynamically
suspended cylinder suddenly fell from its previousgly susp-
ended state vith the nylon line loose showing that the drag
on the bsdy was reduced. When this was observed, the flew
rate was increzsed toagain susnend the cylinder and the
final pressure drop and flow rate was recorded as before.
A sample of the solution from the test.secticn was cbtained
by drainirg threcugh  the manometer lines and the <ample was
then tested using the rheometer to detergine the validity
of 1ts concentration as compared to a previously obtained'}
calibration curve (see APPENDIX III). N
The same proceduvre was repeated for all lengths

and diameters of the steel cylindrical bodies. The final

results are tabulated and shown in the APPENDIX,

(¢) Rheometer Tests

The sample of polxmer solutjion collected from
the test section in a procedure described in the previous
section has to be tested to establish its true concentrat-
ion, A small quantity cf the cample (250 c.c.) was intg5~ *
duced in%o the funnel and the time for this volume to drain
through the émall bore tubing was recorded using a stop
watch, This measurement correspondsto the time 5etween the

opening of the solenoid valve (activated by the foot operat-

ed switch) and the time for the level of the fluid to reach

A o MRG0 Kt A R A R O 3t 4

‘the pointer (the position of the fluid before the 250 c.c.
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AV
volume was being introduced). The apparatus was flushed .
with a small sample of the fluld to be tested prior to an
actual test to ensure that the pérticular sample fluid occ-
‘:bied the whole of the capillary test section. ‘

’ The experiment was repeated at least twice to
ensure reproducibility of the kime measurements and if a
dif}erence of more than 0.2 seconds existed, the test pro-
cedure was repeated until good reproducibility was atéained.
The apparatus was clearised after each series .of test so

that it may be ready for use for the next test.

i
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VI DISCUSSION OF RESULTS

The results obtained from the experiments on g
hydrodynamic suspension of c¢ylinders will be discussed in
three sections under the following headings 1 -
(1) The behaviour of cylinders of high densitj such as
steei, and the effect of a change 6f density of the
material of the cylinder,
(2) The effect of dilute aqueous polymer (Polyacfyalmiée)
' .solutions as the carrier fluid compared with wat;r | é
"and the possible variation with a change of its %
concentration in the solutionr ‘\_)' §
(3)- The effects of modifying the steel cylinders by the :
addition of end cap(s). ‘ f
To make such compérieons. the results presented E
in this ch;pter are based principally on the length and
diameter effects on some of the more pertinent flow para- ’ ,
meters such as 1 ' C ﬁ

. 2|

(a) The total pressure drop across the test section with i
)

{
r
5
{
l;
§
B

or without the cylinders.
(b) The average flow velocities in the free stream or in

the annulus between the cylinder and the pipe wall

e b M

(1.e. local velocities). .
(c) The "kinetic energy" associated with the flow as
indicated by"thg square of the velocity term,

F

4 1S e g - _—
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(d) The average drag coefficients based on theflocal and
free szfeam velocities.

(é) The hydraulic power dissipation for the flow in the
test section based on the flow rate and total pressure

“*

drop across the test section.

However, before beéinnlng the discussion, a not
8o obvious aspect'of the present experiment must be pointed
out. It must be borne in mind, when results are compared,
that the data were obtained for flows at different velocit-
les and hence different Reynolds‘numbgr. This is particul-
arly importaﬂt for the case of cylindrical bodies of diff-
erent dengities; The variation of the velocity and its
implications will be discussed in more details in this

chapter,

s
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SECTION I 1 Steel cyLinders and density effects

For any experiments), it is desirable to be able
to make comparisions with data from other sources, and in

(18)

\this"base;\thg work of NMcNown & Newlin is used.
Fig. 6,1 is a plot of Cd against Reynolds number
and includes a limiting curve of Stokean flow which has

the form (after McNown & Newlin),

Cy =24 /Re ‘ (6.1)
The full lines which extend acrocs the plot are actuslly

based on two relationships. The portion of the curves for

Reynolds number up to 400 which may be described by,

ko
Ch= — (1-2 )7t (6.2)

Re (

and the portion which is practically "flat" extending bet-

ween Reynolds rumber of 10,000 and 1000,000 is descq}bed‘by

# a/D 2 )
C, = 6.
a = (vt (6.3)
The gap between the two portions of the curves are inter-
polated to give smooth curves across the transition zone.
Eseentially, this plot showe that the present-

experiments were done at such high Réynolds numbefs that

the approxination équation of Oseen, {for Re up to 5)

# 24 3 -
Cd':(ﬁ‘;)(l*‘ I_6._Re) (6.1&)
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or that of. Abraham, -(for Re up to 5000)

06 '
9. )2

='( )Re_’o (1+ 0.5 (6'5)

do not apply..
The plot does indicate two characteristics.,

First, that there' is an obvious length effect particularly
at high dismeter ratios. The fact that there is a high
total{pressure drop associated with a high length to dia-
meter rétio indicates a greater cont;ibution of‘the yiscous'
shear effect on the total pressure loss if a large ci?cum~
ferential area is exposed to the flow,
' The'plot also show that there is little change
of C; With the change of.the.aspect ratio LYd, ‘but on the
cqntrary. the change of flow velocity required for the
c&linders is greatly af?ected by a variation of the L/d
ré%@b. particularly at low diameter ratios as Fig. 6,2
" indicdtes.

~¥here is, for instance, a 180%_ increase of the
required velocity at a diameter ratio of 0.624 for a
‘ change of aspect ratio from 3 to 12, This means that the '
skin friction at the pipe wall is not a major factor
affeqting the pressure drop because there is also an
’linpfease of as much as 400% in the circumferential area.
_However,atzidiametér ratio of 0,864, there is a 250% change

'

 of C; with the same variation of aspect ratio, but then,
M ‘%

o
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there is a total increase of 16 times in the surface area.
The net effect is & reduction in the significance of thé
contribution by the base pressures on long cylinders with
large diameter ratios. Indeed, for a case like thig, the
flow pattern is that of a flow iﬁ an annuluar space. More-
over, the results also suggest ‘that a decrease of welocity
is related to an increase of drag. This is thought to be
assoclated with the nature of the boundary layer for the
particula; flow regime. ;
If curves are generated for the present dlameter.

ratios using eqn. 6.3, it may be observed that there 'is a
large deviation of the data from those curves for low dia-
meter ratio. Indeed, McNown & Newlin themsefxgs have found
that eqn. 6.3 is good only for sphere diameter ;atios
greater than about 0.775. With cylinders:instead of spheres,
it seems that the discrepancy hetween the data and eqn. 6.3
is so large that it is har@l& applicable to the present
analysis ev;;'if the diameter ratios are high. It must Se
said, however, that eqn. 6.3 was introduced for the flow
of alr past a spherical body and that it was not ;ptendgd.
to describe the flow of a viscous fluid past a cylindrical
body. . _ ‘

< Reiturning to the pressure~velocity plot of Fig.
6.2, if the variation of pressure with velocity follows a
smooth curve.through‘the origin, then, foz'low"diémeter

ratios, it seems that the data for aluminium and steel



o

cflinders almost follow the same curves. Indeed, the two

separate curves suggest a continuous variation of pressupe ..

with velocify'independent of the density of the material.

val

Perhaps, this suggests thetyxistence of a small 5

wall effects at low diameter ratidg/;r that (in terms of .

a parameter so often used in sedimentation problems), the
voidness ratio is large in this case. In fact, eqn., 6.3
suggest a form of this ratio because (d/D)2 to 1 ~ (d/D)-2
is the ratio of the size of the cylinder to the annular
spacing between it and the pipe wall. This equation, how-
ever, fails to include”the wall effects explicitly and in
essence, holds-only in a regime where the wall effects are
negligible. V ‘

Fig. 6.3 ,shows the yariation of°pressure with
diameter ratios. It shows that the variation of the press-
ure per length of the cylinder is almost constant regard-
less of the aspect ratio and is only dxfferent for differ-
ent sizes of the cylinders. This of course means that at
diameter ratios of 3 or more,_the end effects are a minor
contribution and .as such,. the cy}inderé may be regarded

\as infinite rods' extsnding from the test section to the

far field downstream., Such a postulation supports previous

obserVationg and will be discussed further in section IIT '
of this chaéter.

Perhaps, it is the plot of Fig. 6.3 which sugges
that the diameter and the density effects should be includ

in such a plot. Indeed, if the average pressure per length
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values in the plot are divided by the density and the dia-
meter ratios, an average value of 0.987 and 0.987 psi/ft

~

is obtained for steel and aluminium é;linders féSpective}y.
Even though this réxher/;arprising result is, obtained for
Qnly two materiélg, it'does help tpiindgcate the useful-
ness of covrrelating data on a per 1e£2th basis - something
which is not indicated‘from the Buckihghamjs Dimensional
Analyeis. This has a theorot;cal basic since eqn. 3.25

suggest that the pressure differential varies only with

the length, diameter and the density.Q .

In fact, if the present results are substantiated

through further experimentation, then, a relationship of the

férm,

: df”’“ L (6.6)
gL ( D ) (o-n0 ) .

exists and a comperison with eqn. 3.25 gives the ratio
&

-

DP ) )
0 . d .
cope = lr-5) (6.7)

and as such, give the contribution of the wall frietion
to the total pressufe loss and shows that t%e percentage
loss of pressure head from skin friction is proportional
to the‘woidnesétf%xio of the cylinder-pipe system.

If the drag coefficients are plétted against

: k-3
the aspect ratio L/d as in Fig. 6.4 1t seems that Cj
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approaches a constant value at high L/d ratios and that
the high C; values at low L/d values indicate a large end
effect.

Another interesting aspect indicated by this plot
is that there is little difference between the drag coeff-
icient for aluminium or steel cylin@ers which ig, however,
not in agreement with the values for the nylon cylinders,
varticularly for those at high L/d ratios. This result may>

be misl22ding, but since,
C; = Drag / (area) (density) (velocity)2 (6.8)

" and the velocity for nylon cylinders are much less than
for steel and aluminium cylinders, the total drag forcé'
may effectively be the same for all the materials consid-
ered.,

The came argument applies tc the plot oflcg
against I/d‘given“in Fig. 6.5 vwhich again shows that for
aspect ratios close to 14 or higher, the end effects are
practically invariant and that the only variation of Cd is
assoc{ated with the change of diameter ratios.

To eliminate the velocity effect, a plot of eqn.
“3.26 is shown in Fig. 6.6. Here, the pressure function,
which is propgrtional to the drag force term in eqn., 6,8
is plotted against the diameter ratios whose variation is
related to the change of the velocity if all other effects

are held constant., It must also be said that the pressure
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function represented by the abscissa, can be broken down

into the following form,

A%—-AP =L (o-n) (3)2 (3.25)

¢

ol

which\ks the relationship for the full curve in the plot.
,A careful observation shows that there is a random scatter
of the data voints and this is believed to have been

cavused by errors in experimental measurements. Suéh a non-
systemstic variation of the pressure function with diameter”
rat’os sugeests the validity of using the pafameters in

3.25 and that the wall effects are not

-’

the form of eqn.,
affecting resvlits at high d/D retios,

In fact, if the pressure function data are cor-
related by plotting the same paraneters as in Fig. 6.6 on
a logarithmatic scale, we may obtain the relationship shown
in Fig. 6.7.
¢ In general,.the equations obtained from Fig. 6.7
show that an imcressing length decreases the magnitudé of
the power term, while the decrease of density gives a
decrease of the constant. This length eéfect can be explained
on the basis that the base pressure varies with the area
of the'baséjsurface so that an increase of length of the

cyllnder may be considered as equivalent to a reductlon

of the end eff