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ABSTRACT . ©

. This thesis is concerned with tﬁe flow phenomena
associated with the hydrgu]ic transport of spherical and
cy]inarical capsules in a 7.6 cm-diameter vertical pipeline.

. In the experiments, spherical capsules of steel,
atuminum and nylon of capsule/pipe diameter ratio d/D = 0.57,
0.65 and 0.82 were invéﬁtigated. Also, right circular
cylinders of aluminum and nylon of d/D = 0.4§, 0.65, 0.82,
and capsule length/diameter ratio L/d = 4, 7, 10, 14 were
investigated. Thg_;teddy-state capsule velocity yc and the
pressufe gradient associated with the capsules wéré;measured.
Based on the measured results the velocity ratio Rv’ the
pressure gradient Rp and’the unit energy requirements E‘fbr
the capsules were calculated. The effects of the {ndividua1

pertinent variables which affect Rv’ R

p and P as indicated

by the experiments were discussed.
Furthermore, theoretical and semi-empirical corre-
lations between Vc' (AP/L)c and the pertinent variables of

the systems were derived.
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NOMENCLATURE

A . Area
a Empirical constant:
b | Emp1r1éa1 constant
c ~ Empirical constant !
C; Orag coefficient defined by Equation (3.7) to (3.10)°
Cd1l Orag coefficient defined by Equations (3.15)
Cd2 Drag coefficient defined by Equations (3.15)
Cdi Drag coefficient defined by gguations (3.16)
0 _ Pipe diameter
d Capsule diameter
e, Capsule surface roughness
ep Pipe surface'roughness
£ Energy consumption for 9apsu1es
f Friction factor |
g Local acceleration due to gravity 9.806 m/s2
K Capsule to pipe diameter ratjo, d/D
L Capsule length (or L;)
Lp Length of test section of pipeline
- L/d Capsule length to diameter ratio
m Capsule mass flowrate

(aP/L) . Total pressure gradient across capsule
(APO/L) Pressure gradient due to the presence of the capsule

(AP/L)L Pressure gradient in the free pipe due to the
fluid alone .



P Un1t_enngyrequ1reméﬁE§Jfor the capsule

q Empirical constant in Equation (3.22)

R, Velocity ratio = ;f;' | :

Rp Pressume gradient ratio = (&P/L)./(aP/L),

ReD Reyno[d's number based on D and Vav .

Rey Reynold's number based on (D-d) and VN

Sc Capsule specific gravity

t Time

T ‘Iémperature _

4 Capsule volumetric fTowrgte

Vav Average water velocity in the test section

Vc Capsule velocity. '

vy Water velocity in the annulus space between pipe
and capsule

NB Buoyed weight of the capéu]e

0 Water density ,

of Capsule density

T Shear stress on the capsule wall '

T Shear stress on the pipe wall

u * Dynamic¢ viscosity of water

Subscripts

av Average value

¢ Capsule

L lLiquid

N Annular -
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CHAPTER 1

\\_,/<::::) INTRODUCTION =~ .

Over the past two decades there has been an increas- -

ing interest in efifficient transport of material,in pipelines

. as an alterative to more conventional methods. The trahsport

of capsules has some attractive features fn that a specific
material can'be'sepafated from the transporting fluid.

In the mid 1960's the ﬁajority of regearch on c&psu]e
pipelining was being primarly done at the Research Counc}1
of Alberta (ARC). In the late 1960's and 1970's considerable
exploratory studiés have been underway at McMaster Universify.

The work done at the Research Council of Alberta
were mainly concerned with horizbntal.pipe]ine while that
carried out at McMaster was concerned with stationary capsules
egither rigidly mounted or freely suspended in vertical pipe:
lines using water or aqueous polymer solution as the working
fluid. |

No research, however, had been performed on the
dynamic aspects of moving capsules in a vertical pipeline
until the present study, in spite of the fact that capsule
flow in vertical pipeline could form a.major part of capsule
aqd/or regular body pipelining.

] .
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Capsu1é flow in a ver§1c61 pfpe1ine‘cou1& have a wide
range of applications in areas guch as deep_seé or under-
ground mining and chemical processeswin ggnéra]. It is
'expected that capsule flow in a vertical pipeline behaves
considerably differently from that in horizontal iipe11ne
Therefore, in grder to supplement the existing knowledge of
capsule pipelining and provide necessary 1nformat1on for the
design of futufelcapsu]e ﬁipe1ine systems, extensive research
on vertical pipeline cabsu1gﬁf10w is needed. This is the
burpose.of the study reported in this thesis.
| In the present study, the hydrodynamic effects of
some specific variables such as fluid ocity, capsule
diameter, length and density on the capsule velocity and
pressure gradient across the capsule were studied. Attempts
were also made to correlate the afromentioned variab]egbto
capsule velocity and pressure gradient for both cylindrical
and spherical capsu1eé: |

The present,inyestigation_wag'carried out in a 11-
meter vertical length of 7.6 cm diameter 40-schedule steel
pipe using water as. the carrier fluid. Sphericd] capsuleé
- of steel, aluminum and nylon of capsule/pipe diameter ratio
of 0.57, 0.65 and 0.82 weRe investigated. Also right
circular cylindrical capsules of aluminum and nylon of 0.49,
0.65 and 0.82 diameter ratio and 4, 7, 10, 14 of length/

diameter ratio were investigated. The fluid vé1ocity

e range from 0.3- to 5.5 m/s.

e

¢

-

covered



CHAPTER 2
LITERATURE SURVEY

The idea of transport of material in pipeline in
the form of éapsu1es was reinitiated in a paper by Hodgson

and Charles (3).

The idea was developed from the observation of the

/

flow pattern of equal-density oil-water flow in a horizontal -

pipe. They noted that the oil bodies ogc€upied the region of

the pipe where_the linear velocity ig both laminar and tur-
bulent flow was significantly greater than the average .
velocity for the pipe flow as a whole. Secﬁnd1y, they
observed that the pressure gradient in turbulent flow was
somewhat less than that with the carrier liquid flowing
alone. Therefore, a favourable velocity and pressure gra-
dient might be anticipated if tﬁe 0il slugs were substituted
by solid bodies which were subsquently called capsules.
These findings led to the_proposa1 of practical
capsule bipelining which re;u1ped in extensive theoretical
and experimental studies over a fifteen year period at the
Research Council of Alberta (ARC). A series of papers

concerning'these researches was published (3-13, 26, 28,

30-32, 35-37) during the period from 1963 to 1975.

v



7 .
. In the second part of the series of érticies,
Charles (4) presented a theoretica1 analysis of the con-
ﬁentric flow of 10ng cylindrical capsule carried in equi-~
density 1iquid in-both laminar and turbulent motion. The
f0110w1ng analytical so]utions for the capsule ve1oc1ty

and pressure grad1ent across the capsu1e were obta1ned-

vo= —2_y
, ¢ 14K 3V (Laminar) _ (2.1)
Vo =) s Vv (Turbulent) (2.2):
¢\ D ‘ _— urbulen .
[4/7K(1-K)+49/60(1-K)“+K"]
AP ) 1 AP, |
(_flc-i = (??;W)(—f)f-l (2.3)
(For laminar flow in both
annulus and free-stream)
(A_E_)c_t = ] .82 1-75(4p. e (20)
(1-K) 7 (178K (1-K) +49/60(1-K) 2+K?) -

(For turbulent flow in both annulus and
free-stream)

(4 N 202 (2P - (2.5)
L C-.Q.,t (-l K) (Re )3[_4 L f-t

"(For laminar in annulus and turbulent
in free-stream)

C VD
(For Reg = % > 2000)

where (é%) = pressure gradient with subscripts, c stands for
capsule, f for fluid, & for Taminar and t for turbuient
respectively.

Equations (2.1} and (2.2) show that Vc-is always



greater than Vav'for'equidensity_capsuﬁe flow. Equation

(2.3) and (2.4) show that (Q% is always greater than

c
(é%)f while for the case of laminar flow in an annulus
with a turbulent free-stream, i.e. Equation (2.5), indicates

AP ‘
_f)f-t and therefore

that (é%)c does hot necessarily exceed (
that the presence of a capsule in an equidensity fluid does
not necessarily increase the pressure g}adient.

Experiments were then carried out in the ARC to
verify the viability of the models set out by this analysis.
Since the flow conside}ed in the analysis represents the
most idealized case experimental values were expected to be
somewhat less than the prediction. However.'comparison of
the experimental results (5,6,7) showed the reverse. This
was particularly evident for some cases when there was
turbulent annular and core flow. Attempts by the researchers
to explain this disc}epancy were unsatisfactory until
Kennedy (14) introduced anothe% set of equations.

Kennedy in the analysis. of plug flow found that
Charles' analysis did not account for the slip which Kennedy
termed as slip velocity in the viscous sublayer next to the
" capsule boundary. Kennedy's argument was that since the
capsule boundary is impermable, force transfer by the inter-
change of fluid momentum is blocked. A viscous sublayer,
within which the intensity of viscous shear is sufficiently
high to accomplish the transfer, must exit. This led to

the following equations developed by Kennedy for the turbu-



1ent-turbuTent case: -

Vav+VL[7/4\£1;K)+49/60(1-K}2]

V. = (2.6)
C [7/4K(1-K)+49/60(1-K) °+K?] «
where -,
: r_ (AP
B V/IEE- T
- p
LT /7.7 49,. ,\2..2-. BK e 2
- - —| - i — ’ C —
: 1.22(1-K) 7 [gK(1-K)+ g5 (1-K)"+KE]+ Ty Rl
and B is a cbnstaht with value between 11-13.
2.VL
0.82(1-K )= 175
(_Aﬂ = [ av ' : (AP) i (2 8)
L -t .

— ]
2 k(1-x0+ 2 (1-0) 2y (1K

Comparison of Equation (2.6) with (2.2) shows that
the value of Vc is higheﬁ>from tﬁé former than the 1after,

and Equation (2.8) predicts a decrease of (é% with an

)c
increase in K; the reverse of the original orédiction by
Char1es‘neglecting VL. Comparison of (2.6) to Ellis'
experimental result and (2.8) to the observation made in
| plug flow supported Kennedy's contention.
~—Nevertheless Charles' analys{s, for the other flow
regions of concentric equal-density long cylindrical capsule
flow, is still useful and in fact formed a basis of compar-
ison for the subsquent experiments.

The main object of the series of research (4-12) was
to study the hydrodynamics of capsule flow and to investi-

gate the effects of all the parameters which might affect

the capsule velocity and the change of pressure gradient.

=i
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The parameters us:}, in dimensionless form, were namely:
Re, 9%2, d4/D, L/d, end shapes, %c/d, and £p/0 .(see
NomenclatureY. - ‘ o

Some understanﬁings of the effect of each of the
above paramgters on the veJocify ratio (Vs%ﬁév) and the
capsule pressure gradient were obtained from the ARC,
research and the }esults may be classified as follows:

1) The Reynolds number: Several different forms_

of Reynolds number inclyding the pipe Reynolds number were

used in the experimental resuylts. The form of the Re based

- pvann(D'd)

ann H

was employed in a correlation with the friction factdr,

on the annulus space.and velocity i.e. Re

which in effect aetermines the shear force exerted by the
fluid on the side of the capsule. Satisfactory results

were obtained by using Rea in the correlation of

nn

(fRem) = C to predict f

ann (12, 31)

ann

For practical convenience the Reynolds number is
usually based on the conditions in the pipe upstream of the
*capsule and was consequently used for correlation involving.
Vo/Vay and (AP/L)C.

The general trend was that the velocity ratio V./V,,
jncfeased with an increase of‘ReD. However the preisure'
gradient, (AP/L)C might decrease or increase with increase
of Rep depending on the flow in the annulus around the

capsule.



"2) The apparént density ratio - (9%3) or (50-1)

Solid and hollow capsules of different specific
"gravity‘ranging.from 1 to 8 were used in the investigations.

It was found that Vc/VaV decreased with increase of
density ratio but the effect was not so marked for spheres
asforicy1inders and (AP/L)c increased with increase of
(258).

3) The capsule to pipe diameter ratio (d/D):

Apparently VC/Vav increased with increase of d/D
for both spherical and cylindrical capsules of density
greater than the carrier fluid. But the opposite was the
case for equfdensitx;gfpsules (5, 9). The reason was that
in the case where capsule was denser than the fluid, the
cahsu]e was sliding along the bottom of the pipe, hence a
larger diameter capsule was situated in a higher fluid
velocity region. On the other hand, an equidensity capsule
was floating and tréve]]ing in concentric position, hence
a smaller capsule would occupy a higher fluid velocity
region.

- 4) The capsule length/diameter ratio (L/d):

It was also ohserved that VC/Vav increased with a

decrease of L/d when VC/Vav < 1, but the reverse when

V.V, > 1 (5, 6,9, 10).

5) The end shape

An ellipsoidal nose was found to increase velocity

ratio and to decrease pressure gradient for capsules of



small diameter ratio. There was little effect for d/p > .8
(5, 6, 10). '

6) Surface roughness of capsule and pipe

It was also found that usually an increase of rough-
ness for either the pipe or capsuTe surface or both resulted
in reduction of velocity ratio ‘and increased the pressure
gradient at low velocity but the effects disappeared at
high velocities (6, 10, 30, 31).

In conjunction with the pérameteré méntioned above
several -other parameters were introduced intgo the initial:
analysis. These parameters were mainly discussed in two
theoretical investigations made on eccentric capsule flow
the conditions for which most of the experiments were frequently
encountered.

In part 6 of the ARC series Newton et al (8) presented
results of a8 numerical analysis for a simplified form of the
Navier-Stokes equation for eccentric laminar:capsu1e flow.

The velocity ratio and pressure ratio (AP/L)C/(AP/L)f were
related to the friction factor as a function of the relative displacement
of the capsule, which was defined as the rate of the displacement of the
capsule axis from the pipe axis to the difference between the pipe and
capsule radii. Good agreement with the experimental results was reported.

In part 9 of the ARC series, Kruger et al (11), in
another analysis for eccentric laminar capsule flow in hori-
zontal pipelines, introduced another parameter called the

theoretical clearance C,which represented the minimum
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clearance between pipe wall and capsule. By analyzing the
previous experimental results they established an expression

to predict the value of C, from which the eccentricity e of

the capsule could be calculated from the equation

e = 1-K-2¢C (2.9)
where € is the eccentricity. It is then possible to
predict the values for the velocity ratia RV and pressure

ratio Ry by substituting € into the followirg equations

v Q
R = g& = -jr—g———-,and
v V; K (QC+QA)
(/L) G

S 710 PR (P Y

where Q. = B(AP/L)_ f,(k,e) .(volumetric flowrate of cépsule)
C c 1
QA = B(AP/L)C fZ(K,E) {volumetric flowraté of annulus)
Qp = B(&P/L) (volumetric flowrate of pipe)

and 8 is a constant.

Although the developments of both analyses were of
significance for some of the flow phenomena in 1éminar flow,
the fact that they were not generalized and lacked simpli-
cit} had 1imited their applications to more general cases.

After clarifying the effects of the more pertinent
parameters on capsuie flow, the latter part of the research
at the ARC was directed towards obtaining correlations for

predicting capsule velocity and pressure gradient (12, 31)
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and to generating jnformatjon or equations for the desigﬁ

of capsule piﬁe]ine systems (28, 30-32, 35-37).. fhey claimed
that capsule pipeline systems could be designed and built
with complete confidence.(gﬁ).

The present study is concerned with.capsule flow in
a vertical pipeline, for which no information was available.
- Conseguently, any daﬁa related to vertical pipelines was
considered, such as that of stationary bodies in vertical
tubes or pipes. The following par? of this chapter is a
-review on this aspect but is confined to.research which
used high Reynolds number flow.

The earliest study c&ncerning the variation of drag
coefficient for stationary spheres in fluid flow in a bound
medium -at high Reynolds number was that of McNown and
Newlin (1). The spheres that they used were rigidly

mounted in a tube with uniform air flow with a Re in the

range 104 - 105. They arrived at the following analytical
relationship: .
td = [___ﬂig_?]z (2.9)
: 1-(d/D)

which neglects the viscous effect, but still ciosely related
to their experimental data especially at d/D > .80.
Following McNown and Newlin, Young (2) Richhorn and
Small (45) carried out similar studies. The spheres in these
experiments were freely suspended and the tube was inclined

to accommodate the need for data for the spheres at different
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radial displacements, while at the same time being free of
frictional. effect.

Round et al (17, 18) carried out two experiments
on the suspension of single sphere 1nkwater and in air in
tubes of various diameters and in various -angies of incli-
nation. The angle of inclination of the tubes tb the
horizontal was varied from 0° to 900._ Measurements were
made to determine the liquid velocities required to support
the spheres and the pressure drops associated with these
~velocities. In both experiments they observed that at an-
angle of inclination between 20-650, the sphgres became
still at suspension, but at aﬁ angle near to 90° the spheres
were unstable and bouncing from side to side in the tube.
For the spheres at still suspension they showed that the drag
coefficient of a given sphere was constant. In the second
part of the experiment they presented two correlations:

a) The velocity function:

(Vav)2 2 2
;-:.B“-g_(_o_ﬂ/p sin 0 = ET4 d/D[1‘(d/D) ] (2]0)

b) The pressure function:

El

(G-p)0 sin 8 §(d/D) | -{2.11)

A

where K is a modified form &f the drag coefficient
which was determined by substituting 0.54 for the L.H.S..

and d/D = 0.47 into Equation (2.10). These values correspond



to the maximum condition in the p]ot‘of the non-dimensional
velocity function versus d/D.

]

Since 1969, the debartment of Mechanical Engineering
at McMaster ﬁnivefsity has been actively involved on the
feséarch of-stationary and dynamic capsules in piﬁe1ines;

_ The initial research was that of Tawo (19) who
studied the pressure gradient for sphere trains rigidly
fixed to the inside wall of a horizonta1 pipe with water

% t0 10%. The

flowing at Reynolds number ranging from 10
pressure drop measurements were correlated as a function of
diameter ratio and Reynolds number.'

Experiments performed thereafter were carried out
in a vertical pipeline using both water and aqueous polymer
solution és the working fluid.

The use of polymer solution wds to study the pheno-
menon of drag reduction additives on the system.

Latto et al (20, 21) carried out the first expé}iment
in the vertical pipeline to investigate the hydrodynamic
suspension of single sphere and sphere train in water and
polymer solution. Steel and lucite spheres with d/D rang-
ing from 0.29 to 0.95 were used. Measurements of suspension
velocity and pressure drop were made. Results obtained
from the measurements for various concentrations were compared

to that for water. It was found that the drag coefficient

was not affected by the addition of polymer solution for



14
diameter ratios d/D > 6.3.' They established a semi-empirical
equation for the pressure drop associated with the capsule
at hydrodynamic suspension as a function of d/D in the form

(APm - APL)

= 2.94

(2.12)

which was in good agreement with the data for air
and water. '

_ The next work iﬁ the series was that of Aly (22),
Latto et al (38) who extended the study to include cylinder
train with diameter ratios ranging from 0.45 to 0.9. Théy
showed that for nylon §pheres and cy{fnders the drag coeffi-
cients approached a constant value as L/d was increased,
and.that the dfag coefficient per (L/d) for cylinder train
was smaller than that per unit sphere of an equivaient
sphere train. Semi-empirical equations similar to that of

Latto's (Eqn. 2.12) were derived.

AP - AP .

m L _ 3.572 _1.003 (sphere train) (2.13a)
CEDE: 0.79(d/D) n
AP - 4P : -

mo— L . ,3.438 1.099 (cylinder train)

Latto and Lee (23, 24) extended the research to-
include the effect of modified end shapes on drag coefficient
and pressure drop. They showed that significant pressure
drag raduction was achieved by the addition of a hemisphere
nose cape.

Alnakeeb (41) performed the study on the drag coeffi-



- function in the range of _tube Reynolds number of'3.9x1d

15

ciehp foritetﬁéred,Spheres in the samé'vertica1~p1pe11ne

'_with and without pbfymer additiqn, ‘The diameteh-ratios

were ranged from q.439_to'0.87,Semi-empirica1 correlations

were obtained for the drag coefficient and the pressure .

to 9.2x10%. In the experiments using Réten 423 po]yhér

solution, it was found that a maximized drag reduction

"occurred at concentration of about 24 wppm for sphere of

d/D > Q.74, and that higher drag reduction was achieved for

tethered spheres than for untethered ones.



CHAPTER 3
THEORY

In order tb model the capsule-pipeline systea, it
s necessary fo obtain re]atfonshihs between capsule
velocity, the pressure gradients across Fhe capsules and
the physical variables of the system. The following
approaches were adopted to achieve thisg "
1 Dimensional Analysis:

el

One of the main objects of the research was an
investigation of the ind{vidua1 effects of various non-
dimensional parameters on the variation of capsulé velocity
‘and pressure gradient. These dimensionfess parémeters can
be established using theﬂf01Jow1ng dimensional analysis.

Considering a rigid cylindrical capsule of any size
and density flowing under the influence of a liquid carrier
in a pipeline, it is possible to write: '

V. or (P/L), = F](Vav,}j, p, o, L, d, D, e_, e endshape) (3.1)

c
If M, L, T are chosen as the fundamental dimensions and

v p, D are as the repeating variables, then the variables

av’
in Equation (3.1) may be related by 8 dimensionless groups

or m™ fterms as follows:

T = (Va

anb C
v D7p )VC or (AP/L)C

16 >



H

a.b c |
(Vav D7p )zp

end shape

1]

‘dimensional homogenity the solutions are:

D
Vc/\faV or (AP/L)C —

- pVavz
Va0

M

a-p
p

d/D

L/d

c

L /D

P

end shape

where (AP/L)c “_Q_z can be written as
eV

(aP/L) [ L2l or (aP/L) /(aP/L) |,

av

FIL/D)(1/L)
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7 which is the ratio of pressure gradient across the capsule
to that of the free pipe.

Equation (3.1) then becomes:

v (AP7L) VD 8
VL or __C_ = F2 AV , Lo g—: %, —g, —B— endshape)
av (aP/L)y H P

* The analysis for the case of a spherical capsu]é'
would'gjve the same dimensionliess gr;ups except that
Tg = L/d = 1 for a single sPhere of thch the significant
-~ length would be &f |

Since the present experiments are limited to a single

Va0

M
proportional ta Vav' and zp/D could not be varied. If the

liquid in one pipe diameter, the Reynolds number,

is:

relative roughness £C/d for all the capsules was maintained
constant throughout the experiments then the independent

variables that could be investigated are:

(AP/L)]
C _ -
VC/VaV or WT)—L = FZ(VE\}V, "‘EE, d/D, L/d)
(cylinders) (3.2)
(apP/d)
C . g-p
VC/Vav or TAP/d L. FZ(Vav’ 5 d/D)
(spheres) ~ (3.3)

IT General Analysis

1) Overall Continuity Considerations:

Consider the control volume as depicted in Figure

(3.1}, Mass continuity requires that:
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, QC ¥ QN - Qav
or VNEIQ;:QEL ¥ vc E%E = vav E%E
v, (1-k%) + szc.= V.,
Wt s BE e

FIG.(3.1): SCHEMATIC OF
THE CONTROL VOLUME
IN THE TEST SECTION

2) Capsule Flow Mechanism:

Consider a free cy]indricg1 capsule at rest or in h
steady motion in a Qertica] pipeline with a f10ﬁjng carrier
fluid. The free flow of the capsule is governed by the
various forces acting on it. These forces are summgrized
in Figure (3.1) as:

i) The buoyed weight of the capsule acting verti-

cally downwaﬁd, NB.
ii) The pressure forces in the liquid acting perpen-
dicular to the capsule surface at every pojnt, FP.
iii) The shear force due to the liquid acting at each
boint tangentially to the capsule surfaces, Fs‘
iv) The forces due to the pipe wall such as the drag

forces due to the friction between the capsule

and the pipe wall when the capsule is travelling



ﬁzb
in contact with the p{Le wall. There is aTsox
shear force in the fTuid-due~to'frittfon of the
pipe wall; this force might not directly affect
the capsﬁTe velocity but it would affect the
pressure gradient. _
A1l these forces may be resolved into tfansverse aqd
10ngitudfnaj cbmponents with fespect to the ax%s of the'pide,
The longitudinal component of the forces consists of
a pressure fofce acting at the eﬁds of the capsule and the
shear force acting at the side of the capSuIe. The pressure
force always exerts a thrust force on the capsule while the
~ shear force may exert a thrust or a drag force on the capsule.

]

The shear forces considered here are restricted to these due
to the fluid or viscous shear forces. ’

The component of drag force due to the _:;::;k of
the capsule with the pipe wall should not affect: the general
analysis since for a vertical pipeling th® c¢ylinder is not
generally in contact with the pipe wall.

The transverse component-of the forces ponsists of
pressure force acting on the sides and the shear force
acting parallel to the ends of the capsule. Since there is
essentially no flow from side to side the pressure force on )
egach side is equal. The shear forces on the ends f the
capsule will be small compared with those on the s?;;:%\;:;\\\:)
in any case will tend to cancel out as regards to their

parallel and perpendicular components.
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._ ) Thereforef#t‘is the Tohgi£ud1na1 componeht of the
- pressure force and'the sheér force that contribute to the
motion of the capsule. The'sumhatioh of these forces is

always equal tqﬂthe buoyed.weight of the capsule when the
capsule is hydraulically suspended or travelling at K{zady

velocity, that is,
+ .
FP - ’FS\ = NB (3.5)

where‘Fp is the thrust‘due to the parallel component

of the.pressure force. |
| Fe is the thrust due to the parallel component of

the shear force. _ |

NB is the buoyed weight of the capsule.

The 1iquid velocity which is just sufficient to
suspend the capsule is called the "suspension velocity",
NO. If the I{quid velocity 1is fncreased above that of V0
the capsule begins to move at a constant velocity after an
fnitial acceleration. When the capsule is at steady motion,
the total thrust can be no greater than before the increase
of liquid velocity since the buoyed weight of the capsule
is constant. However, the pressure forces wi11lhave increased‘
with the increase of liquid velocity, so that the thrust due
to the shear force will necessarily have decreased. This
latter result can only be brought about by a decrease of

the average liquid velocity in the annulus relative to the

capsule, i.e. (VN-VC), since the shear force increases or
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decreases ﬁith this quaniiiy. A.decrease of (VN-VC) for a
given Vav means an jncrease of VE. Therefore;_the effect
of increasing Vav'1s to fncrease V.. |

When the water velocity is further raised to a value
such that (VN-VC) <‘0, the shear force is then opposing the
capsule motion and acting as a negative component of the
tprust force. According to Equation f3.4), a negative

value of (VN-VC) will give a value of VC/Va greater than

1'%
unity. Hénce, a negative sign to the absolute value of FS
in Equation (3.5) is added tdwtake into account of the case
where VC/Vav > 1.

3) Force and Momentum Balance:

In conjunction with the analysis just described,two
considerations, which are probably maore useful in practical
applications, based upon simple overall force balance and
momentum balance may be established as follows:

3.a) Force Balance:

For Capsules at Suspension: Considering the

control volume as depicted in Figure (3.1}, the force balance
on the capsule is given by Equation (3.5), that is
r
total thrust = buoyed weight (3.6)

For a cylindrical capsule it is

L
Cqg 5 7= = (o=elol -

*

Cq

(3.7)

n
Camine ]
[V}

0
1
e
f
[pS ]
-
-
~~
0
<
—
el
3
o
1)
-3
Mt
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For a sihg]e spherical capsule it is
, * - - i d '
;o Gy (S.-1) 3 %-7 (sphere) (3.8)
. 0
where C; fs the overall drag coefficient
VB is the suspension liquid velocity

If the average local liquid velocity in the annular

spacing between the'capsu1e and the'pipe wall is used
instead of the average liquid ve1osjty in the free pipe,
then according to Equation (3.4) with V. =0

c

alternative forms of the drag coefficient can be defined by:

R AL o (39)
0
e = (S -1 % ﬂﬂz (1-k2)2 (3.10) .
0

Rearranging Equation (3.9) and (3.10) gives

Vg = 129005 1) (L/d) (4/D) 1501 -kP) /VTges
' {cylinder) (3.11)
Vo= [Rg(S 1) (d/D)1E(1-K2) /T e
0 3 o d |
(sphere) (3.12)

It is seen from the above two equations that the

suspension velocity of a given capsule in a given pipeline

may be calculated if the drag cokfficient Cq** cogjd be
A \

i
b

N

/
—~
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determined. Theoretically, for a capsule of given material,
- yarhs with L/d, d/D and‘Vav. But since Vav varies
jmplicitly with L/d and d/D, Cg*is in turn a function of L/d
and d/p only. Hence, Equations (3.11) and (3.12) may be |

written as:

v, = (FG) (1-?(2)(L/d)a(d/0)b (cylinder)  (3.13)

Vo= "—33‘5 D(S_-1) (1-k2)(4/D)° (sphere)  (3.14)

where a, b or c are empiricaliy detérmined constants.
These two semi-empirical relationships will be
incorporated with the actual average liquid velocity Vav
in the establishment of the correlation between liquid
velocity and capsule velocity.

For Capsules at Steady Motion: Under this condition,

Equation (3.6) is still applicable but instead of using Vo
as in the suspension case, a relative velocity has to be

used. If (Vav - Vc) is used, then

d (Sc'1) 2l 2

C =
2 (Vav_vc)
. .

or Cd - (Sc']) 29% [ lv 1

2 v (1-'c 2

av V__)
av . .
"2 1 ('I.-Vc/VaV .158)

2

where  C, ~(Sc—1) 2gL/v_
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If the annular average water velocity relative to
the capsule velocity, (VN-VC), is used then'dcéording to
Equation (3.4) |

Cd = (Sc..]) ——291'._2
3 : (VN-VC)
. 12 2
or ¢y = (s.-1) 2gt (UK
3 ' Vav'vc)
c, . 2,2
d3 Cdz(l-K } | ﬁ3.16)

_ Equations (3.15) and (3.16) are both applicable to
: ) ) = - i d
spheres except that for spheres Cd] (Sc 1)3 —372

VGV

3.b) Momentum Balance:

Again the control volume in Figure (3.1) is considered,

momentum conservation requires that

2

\
. T2 2 7d
PyAYH(RUA) Uy = PoR,+{pUA) ¥t mDL+ Z{D%-d") Logt - Log  (3.17)

For steady-state incompressible flow in one-diameter

pipe,
Ay = R Uy = Ups e ey
Mence Equation (3.17) becomes
AP = — * (d/D)" L{o-p)g + plg (3.18)

Now consider the same control volume with no
capsule present in it but with fiuid alone flowing at the
same velocity, the'same consideration will give

4t “L
AP, = ——%—~ + plg - (3.19)
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Subtracting Equation (3.18) from Equation {3.19) ~

give; _
AP - &P, = L(d/D)%(o-p)g + L (x - 1 ) ' (3.20)
m L D *p 7 T

Pmre1b is not necessarily equal to rp’ since the
velocity profile in the annulus is not the same as that in
the free pipe, but as a first step, an approximation of

T = Tp is assumed to get the following fe]ationship:

ap - ap, = L(4/0)2(o-p)g (3.21)

-

Because it is assumed that Tp = rp » the results
computed from Equation (3.21) might deviate from the experi-
mental results. To allow for this descrepancy, an empirical
correlation may have the form as follows:

APm—APL

[{o-plg

or (APo/L)C p . i s
—m)g—‘ = C(K) (cylinder) (3.22)
where (APOIL)C = (APm—APL)/L

c(d/n)f

the pressure
gradient across the capsule due to the capsule é1one, and
C, P are universal constants.

Similar correlation can be obtained for spherical
capsules i.e.

AP, - AP = 2/3 d(d/D)z(c—p)g

qr APm-APL

= 2/3 (d/D)2 (3.23)
d(o-plg :



27

. (Apo/d)c - P‘- o | : |
or m-)g_ = C (K) . (Sph&f‘&) (3.24)
The above pressure analysis can.be applied to beth

cases where Vc 2 0 or Vc # 0.



CHAPTER: 4
APPARATUS AND EXPERIMENTAL PROCEDURE

PART 1 - APPARATUS

The apparatus was specifically designed for fhe
present study such that it satisfies the following special
requjrements for the study of moving capsules.

1) The overall system: should be relatively simple

such that it can be controlled by a single operator.

2} The flow system: should be sufficiently rigid

to withstand impacts and vibration produced by the pump and
the moving capsule, and provide a{range of flow velocities
from 0 to 6 m/s with sufficient preésure head for the
transport of aluminum cépsu]es of d/D Mp to 0.85 and L/d=14.

3) Measurement systems: All the measurement

devices should have relatively high precision and fast
response with continuous recording where necessary to give
an overall accuracy of approximately 5%.

| Detailed discussion of various éspects of thehsystem
are presented under separated headings as follows:

4.1 The Flow System

A schematic of the entire system is shown in Figure

(4.1) with the main components shown in an insert photograph

" 28
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city water
- drain “— g
Y T R }

LY
SCHEMATIC OF PIPELINE . SYSTEM
[FOR_TRANSPORT OF CAPSULES
( RESERVOIR: Capacity: 800 liters
@ PUMP:  Capacity: 30 /s Head: 360 kPa
Type: centritugal . vertical llne-mounted
Motors 15 kw . 80/375675, 3500 rpm
® CONTROL VALVE: globe type
@ SURGE _TANK: Capacity: IS liters
@ Scm_ PIPE LQOP: for tlowrate less than 12 .l/s
ELOWMETER 1: for tiowrate’ O— 12 I/s

6] ELQUMETER 2: for flowrate (2= 30 U/s’

2

.§OLENQ|Q DRAIN Agyg
® PNEQMAT!Q PLUNGER: used as capsule holder
® PHOTO-TRANSISTOR & LIGHT SOURCE ASSEMBLY:
20 locations along the test
section at .56 meter apart
@ coMPRESSED AIR SyPPLY .

@ PRESSURE GAUGE:
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at the left lower corner,

4.%a) The‘F1ow Path: This apparatusjis basically
a_recircu1ating flow system with the f10w:direction as shown
by the arrows in Figure (4.1). The waterlin the reservoir
is discharged to a horizontaf pipe section by the centri-
fugal pump. Upon leaving the pump the flow is first‘regu—
lated to t%E‘desired flowrate by the globe valve, and then
passes by a surge tank wh{ch dampgns any flow fluctuations.
The.f10w then passes through either the 5 cm }.D. by-pass
loop or continues along the horizontal line to a 9 meter
long vertical section. A 1.82 meter diamefer circular
beﬁd at the basement redirects the flow upward through the
vertical test section back to the reservoir.

4.1b) The Pipework: The entire pipe loop is of

40-schedule steel pipe of 7.6 cm I.D. for the main loop and

5 ¢cm I.D. for the‘by-pass loop. The steel pipe provides

the necessary rigidity and sfrength to the system to with- e
stand the stress created by the pump and the impact of the

moving capsules, The vertical sections copsi;ting of various

lengths of pipe are assembled together with Victaulic couplings

to provide smooth and flexib]e connections which were necessafy

for the alignment of the test section. Each pipe section,

when paésing through a floor, is supported by a pipe bracket

-resting on the floor, such that individual assembly or dis-

assembly of any of these sections is permitted%
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4.1c) The Reservoir: The reservoir is made of -
aluminum and has a capacity of 900'1jtrgs (dimension of
.61x1.22x1.22 m). A 2.54 em I.D.-city water supp] 'nL
and a drain Jine, both equipped with a gate vaive) a e
installed respectively on top and at the bottom of the
reservoir. During a normal run these two valves were fre-
quently adjusted to maintain at constant head and tempera-

-

ture of the water in the reservoir. _

4.1d) The Pump: The centrifugal pump powered by
a 15 Kw and 3500 RPM electric motor can deliver a flowrate
up to 30 litre/sec at 360 kPa pressure head.  The corres-

ponding maximum flow velocity and Reynolds'number‘in the
Q

pipeli re 6.4 m/s and 5x'|05 respectively.
4.7e) The éurge Tank: The surge tank, having an

effective volume of 15 litres,, is fitted with two glabe

valves which are located in the connections to the main
loop and to the compressed air supply line respectivé1y.
Fluctuations associated with the flow are damped by adjusting

these two v;lves. - -

4,1f) The By-Pass Loop: A by-pass loop is needed

because the flowmeter located at the main loop has a limited
réhge of 12-3b litres. For a flowrate'1es§ than 12 1/s,
the flow is passed through the smaller flowmeter 1ocatea
{n the by-pass loop. Two gate valves located at the entraﬁcg

to each of these loops can be adjusted to direct the flow
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througﬁ an appropriate path'in'accordance with the flow
range. At the entrance to the by-pass loop a fine honeycomb
filter is fixed to homogeﬁize the flow and reduée the effects
of the bend. |

4.1g) The Test Section: The 11 meters long vertical
portion 6n the return side of the fldw system, starting from
the first pneumatic plunger located just after the Qain bend,
is designated as the "Test Section". At the top of the test
section, the pipe {s capped, which pérmits the jnsertion and

~

removal of a capsule. A "Tee" piece, which has a perforatéd
_ s]ééve in it, located just 1/2 meter below thé cap allows
the flow to return to the reservoir.

‘Twenty pairs of adjacent holes having pipe threads
to fit 1.27 cm standard brass nipples are located at equal
distance up the pipe wall on obposite sides along the test
section. These are the locations of phototransistors and

light sources for measuring the capsule velocities.

4.1h) The Pneumatic Plungers: Two pneumatically

actuated plungeés (see Figure (4.2) for detail construction),
located at the entrance to the test section and a short

distance below the outlet tee, are used to restrain the capsules.
The top plunger, which was later replaced by a steel rod in
.a gwa9e1ock fitting, is used for insertion or removal of
capsules. The lower plunger is used for restraining the

capsule at the bottom of the test section.while the flowrate



~

-

or flow equilibrium is being established.

4.11f. Miscellaneous: (1) Back presshre gate valve:

This is installed in the horizontal return pipe
above tﬁe réseréoir to regulate tﬁe flow and consequently
the back pressure to the sytem and ensufe that it is higher
than the atmospheric pressure. A back pressure of 5 psi was
usually maintained for every flowrate . ,(2). Pressure
gauges: Two pressure gauges, one located immediately after
the pumb and the other in the return pipe before the back
'pressure gdte valve, a}e used for indicating the supply and

the back pressure of the flow. (3) Solenoid drain valve:

This is located at the bottom of the 1.8]1 m-diameter cirdﬁlar
loop for draining the pipeline.

4.2 Measurement System

fhe quantities to be measured in the experiments are:
flow velocity, capsule velocity, pressure drop and temperature
and consequently four sub-systems were designed to accommodate
" these measurements.

4.2a) Flow measurement system: It consists of two

Signet MK31§ paddle wheel flowsensors, a Signet MK365 digital
isplay flowmeter and a "Rikadenki" chart recorder. The flow
sensors, which are located in the by-pass loop to cover the
range of 0-12 1/s and in the main foop to cpver the range

of 12-30 1/s, are inserted through special fittings *into

the pipeline with their wheels axes perpendicular to that of
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the pipe. The rotation of the wheels created by the flow
produces pulses or beats which are sent to the readout
devices. The flowmeter has two channe]é each of.whichlis
pre-calibrated for a particular‘f1owsensor. By selecting
one channel at a time, the siQna]s from the corresponding
flowsensor are converted into USGPM and the resu1t is
displayed by the readout. The signals are pre-amplified /
into recordable voltage using a'signet MK314 signal condi-
tioner. Hence‘it is possible to obtain a continuous flow
diagram for each test run by using a charé recorder. A
typical flow diagram together with the pressure diagram is
shown in Figure (4.5). The flowrate is determined by
referring the average voltage, measured from the diagram,
to the calibration cufve (see Appendix [A]) for the corres-
ponding flow range. All the f1oﬁrates which were used to
calculate the average velocities (Vav) were_determined in
this way.

- 4.2b) Capsule Velocity Measurement System:

As mentioned in the description of the "Test Section",
twenty equi-distant phototransistor-and-light-source (PL)
locations are provided along the test section. This arrange-

" ment permits the measureﬁent of the time required for a
‘capsu1e to pass through an individual station or between
any two stations. Hence the local velocities of the capsule

along the test section can be determined on the basis of
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either the capsule length or distance between stations. Not
all the stations were used; only even numbers as marked in
Figure (4.1} from #4 to '#19 were equipped with PL units.

The construction of a.PL unit is sh;wn in Figure
(4.3).- The phototransistor and the light source, being
contained separately inside two brass nipples, -are installed
adjacently to one another in the holes pro?ided in the test
section. When two of these PL units are connected to a
time counter as shown in Figure (4.4), a measurin§ circuit
is formed.

With this circuit both of the traﬂsistors are able
to cause a voltage change across the individual resistors
by disruption of fheir:1ight sources. The change of voltage

can either be used to start or stop the counter.

| // 4 h,_D_ll«:)To - TRANSISTOR /l
=
LIGHT
SOURCE COUNTER
, .7 _
b '
FIG.(4.4): CIRCUIT USED TO MEASURE Ve

The counter used was a Hewlett Packard 2-channel

counter which had a sensitivity of 0.1 ms.
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4.2c) Pressure Measurement System

" The pressure drops‘due to the watér flow and/or
the capsule passage were measured by means of a diaphram
type pressure transducer which was connected by using
copper tubes between stations 15 and 20 (for cylinders
with L/d < 14) or stations 15 and 18 (for L/D = 14), A
"Rikadenki" chart recorder, also used for recording the
flowrates, was used to record the pressure variation. The
recorder was calibrated such that the reading from the
chart was thé vq1ue of the pressure in psi. A typical
pressure diagram from the chart together with the flowrate
diagram is shown in Figure (4.5). The pressure diagram
consists of two parts: the pressure drop due to the fluid
alone and that d;e to the capsule. When the fluid is
stationary the pressure drop is zero. However when the
fluid is flowing alone the total pressure drop due ;0 pipe
friction isdghown by a rise in APL which is a funct{on of
the flow velocity. Furthermore when the capsule is present
in the section between the pressure taps, a corresponding
pressure drop of magnitude of AP, is measured. This pressure
drop is a combination of the capsule buoyant weight, capsule
friction loss and the pipe frictional loss.

From the pressure diagram, the preésure drops due

to the capsule or the fluid or both are able to be determined.
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could rise by as much as 59
operation.

water conditions in the system it was necessary to,

Figure (4.5)

4.d)

Flow and pressure diagram.

Temperature Measurement System:

Due to the internal friction the water tempéﬁature

C/hr when the system was in

Consequently, in order to achieve isothermal

in most

cases, add water from the cold main supply and continually

bleed off to the drain.

Therefore by careful control of the

dilution and bleed off.water isothermal conditions could

be maintained.

A K-type thermocouple together with a read-

out device was installed in the horizontal outlet pipe to

indicate the water temperature.

An arbitary value of 16° ¢

was used throughout the experiments.

4.3 Capsules:

Thé following capsules were used in the éxperiments:



4.3a) Spheres: Single spheres of nylon, aluminum
and steel were investigated. Their spé;ific gravity, size

together with d/D ratio are 1isted in Table (4.1).

TABLE 4.1: Specifications of Spheres

Material - gg:s::;c ' Diameter d/D

s (cm)
Nylon 1.15 4.445 T 01 57
ATuminium 2.7 5.08 1 .01 - .652
Steel | 7.82 6.35 2 .01 .815

{

Ea

4.3b) Cylinders: Only nylon and aluminum cylinders were.
used. The investigated diameter ratio (d/D) and aspect
ratfo (L/d) for both materials were: 0.489, 0.652, 0.815
and 4, 7, 10, 14 respectively, aﬁd Figure (4.6) shows
the type of cylinder sections that were used. For a given
diameter and material the cylinder lengths were varied by

adding various basic lengths.

Ix
I .
L
oyt LR LI L
l»d-t?l-?-lj:- 1—?4'L'|-'d‘-{- 1-?-1

Figure (4.6) Cylinder sections for varying the length of a cylinder.
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PART 2 - EXPERIMENTAL PROCEDURE

1} Prepa%ation:

a) The Flow System: The reservoir was filled

to two-thirds of its capacity with city water. Sincé the
temperature was usually at 5§ to 8°_C, hot water was added

to faise the temperature to about 16° C, the arbitary temper-
ature set for these experiments. Tﬁe pump was then.started
to circulate wa%er in the pipeline for approximately 15
minutes to allow the system to reach thermal equilibrium.
Since the water temperature rose gradually while fhe pump

was running, both cold main water supply rate and the drain-
age rate from the reservoif were constantly adjusted to
mainfain the water in the system at 16° C. Meanwhile com-
pressed air was supplied to the surge tank and the pneumatic
plungers. The supply air pressure - to the plunger was usually
Kept at 80 psi (552 kPa).

b} The Measurement Systems: All these systems

were switched on sometime prior to the experimental runs to
allow for warm-up. Checks were carried out to ensure that
they were working properly. The time counter was connected
to two consecutive PL;units stations via a control box. It
was necessary to measure the local velocities ofSé capsule
as it proigggsed up the test section for each flowrate,

therefore "each set of experimental runs for a givén d/D and
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L/d were done starting with the time measurement for the
capsule to pass between the first two.consecutive stations

(i.e. #4 and #6). Then the experimeht proceeded with the

time between #6 and #8 and so forth.

»

c) Insertion of the Capsule: Insertion (or

removal) of a capsule was done, with the ﬁﬁmp stopped,
through the top eqd of the test section. After removiqg the
~end cap located at fhe-top end of the test section, the cap-
Sule to be investigated was inserted into the pipe and held
‘'up by the top plunger. After the dap was replaced, the
capsule was released by withdrawing the plunger and allowed
to drop to the bottom of the tegt sectfon; ‘tare.wés faken

at this stage when using heavy capsules because system

damage could be incurred in the free fall of the capsule-. .

In order to avoid this the flow was started for a short while
when the capsule nearly reached the bottom, which reduced the
downward-velocity of the capsule and prevented heavy impact
by the capsule.

Once the capsule reached the bottom of the test
section and it was held gy the_1ower pneumatic p]ynggr,
experiment was ready to run.

Removal of the capsule was done in a reversed pro-
cedure. The capsule to be removed was pumped to the top

of test sect{on and was held by the top plunger. With the

-
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”pump stopped and the p1pe cap removed the cylindrical -
:capsule was removed By means of a threaded rod which was
- inserted into the threaded-ho]e on the‘top end of the
‘cy1inderf iThe spheres'were removedlby means of a string
trap. | '

2) TeSting Procedure:

While the capsu]e was he]d at the bottom of the
test sectlon, the pump was started and the flow was regu}ated
to a desired flowrate.” The flowrates used were usually in
the_range;from 5 to 22 zls'withtincremehts of 3.2 &/s.
The appropriate flow path was selected in accordance with
the fiowrate. For f13§ less than 12 &/s, the by- pass loop
was used, otherw1se it was closed.

Once a f]owrate was set and the flow stébt]ized, the
* capsule was released from the bottom of the test section
and was a]]oﬁed to pass to the top of-the'test section.
. The_trave]]fng tdme of the capsule, measured by the counter,
7tetween two se1etted stations was recorded"

| _ When the capsule reached the top of the test section

jand wae stopped at the outlet tee by the sudden change ofa
flow d1rect1on, the pump was switched off and the capsule
was allowed to fall bdch to the bottom of the test section
_using the prevdopsTy described procedure. Once the capsule

‘was back to position a “run" was completed.

Usually five runs were repeated, for a given capsule,



for the time measurémént for a given set of stations. However
fﬁr.the‘measurement;of flowrate and pressure.only'approxi-
. mately five'datp régofd;,were taken for all the stations for
the gjvén cap;u1e and'fjowrate.

Once.the time measurements between all the sets of
;tations were -completed, the procedure was rebeated for the
same cipsule at a ﬁew flowrate. Usually § or more different

flowrates- were used for each capsule.
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CHAPTER § '
RESULTS,.CALCULATIONS;AND DATA REDUCTION

hesu]ts:

_Tﬁe entire experimental data and calculated results
~are presented in tabular form in Appendix (o). The graphs
based on thesé data.and results are displayed in appropriate
pilaces with a-genera} discussion in Chapter 6.

Calculation and Data Reduction:

1. The~Averaqe Water Velocity, V

av
v Ggs calculated according to the following equa-

. ay
tion: flow rate
v = -
av. 4§ipe cross-sectional area
7—%§Tx%5x6.0283 GPM x m /s
= Q(USGPM) [£= ]
. (0.078)% 7/4 m°
LoV, E 0;9132 x Q@ (m/s)} 3 (5.1)

where Q is in USGPM and was calculated from either,
one of the following equations which were obtained from,

the calibration curves for the two flowsensors (see Appendix

(A) for the calibration curves}. . .(g// )
. Q(USGPM] = 8+83.5 V (for 180<500 GPM) (5.2a)

QUSGPM) = 3.75+486 V _jgfor 30-180 GPM)  (5.2b)

where V {s the average voltage indicated on the
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,1nd1vidu£1'fTowrate-diagrgm for'the period being considered.
In' the experiments the water flowrate was adjusted
whilst the éapsu1é was held stationarily by the lower |
plunger. In mbst,cases the flowrates remained conétant
regardless of whether the capsule was in motion or stationary.
However for high flowrates and/or when using larger capsules,
it was found that the water flowrate, measured when the cap-
sule was moving, was larger than the stationary capsule o
value. This variation in flowrate for larger capsules Wai .
expected since theAsystem's hydraulic resistance was diffe-
rent thus affecting the pump output. For smaller capsules
this effect was neglectable since 'the hydraulic resistanc;
wﬁs not markediy changed. In order to calibrate the flow
sensors, tests were carried out p;ior to the experiments to
compare the flowrates #ith or without a capsule in the
pipeline. It was found that, under the same valve setting,
the measured water flowrate for a moving capsule was almost
the same as that for no capsule present. Thereforé the
measured water fiowrate for almoving capsule in the test

‘section was considered to be the true f1owrate and used ~._--

when calculating the average water velocity for all the

experiments. | _ : / '
2. The Capsule Velocity™ _

2.1) The Local Capsuie Velocity: The velocity a
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capsule had-attained when passing two station§ was referﬁed
to as ghe Tocal eabsulé velocity at that pipe section between
the twd-stg;ions, and was calculated acéording to. the follow-
ing equation:

Distance between two stations

Ve °

'CapsuIe passage-timé'(Average of 5 readings)

!
(nz-n1)x0.559

(m/s) " . (5.3)
t

where 0.559 m is the distance between two cansecutive
statiohs and Ny My are the pertinént upstream and dowhstréam
station numbers. The capsule passage time used in Equation
(5.3) was the ayerage value of five mgﬁsurements from five
hrepeate& test runs for the same two sfationsl The time
measurements were taken §tarting from station No. 4 and up
~along the test section at intervals of 1.118 meters. Usually.
six or more of such local velocity measurements were takgn
to obtain the velocity distribution along the test section
for a given capsule at a given average water ve1oéity.

2.2) The Average Capsule Velocity, Vc: A capsule

would usually attain a constant velocity, after an initial
acceleration, which was taken as the average capsule velocity
at that particular water flowrate. Sometimes a series of
runs showed an inconsistency in this velocity which was due
to the fluctuatioﬁ of the time measurements. In such a case,

the average value of the local velocities in a pipe section,
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in which the variation in the local velocities was less than
fzz, was taken as the averdge capsule velocity.

3. The Pressure Gradfent Across Capsule:

As mentioned in the section on "Pressure measurement
system" in the previous chapter, all pressure drops were
recorded in the form of pressure diagrams eaéh of which
consists of two parts: the pressure drop due to the fluid
alone, and the pressure drop due to the capsule. The indivi-

dual pressure gradients were hence:

APO/Lc - The pressure gradienﬁ due to the capsule
APL/Lp - The pressure gradient due to the fluid
alone,

The sum of these two gradients is the total pressure
gradient across the capsule, that is

(aP/LIc = (8P /LL) + (8P /L)

where LC and Lp are the length of the capsule and
the distance between the pressure taps respectively. Two

different values of Lp were used, théy are:

L 2.79 m for capsules of L/d < 14

P

“p

As mentioned in the section on the "Average water

1.68 m for capsules of L/d = 14

velocity", the true water flowrate was thag’which was measured
when a moving capsule was present. Hence the true pressure
drop due to the fluid alone, APL was the value corresponding

the true flowrate.
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4, Others: The calculation of other variables such
as d/D, L/d, vc/Vav’ Reynolds numbers etc., were‘in accordance
with the individual definitién Tisted in the Nomenclature.

~ Sample Calculation:

A copy of & work sheet together with the corresponding
flowrate and pressure drop diagrams is showﬁ on Table (5,1).

The general information concerning the specific test.
are given below:

Material of the capsule: Aluminum

Specific gravity: §=2.7

Diameter: d=5.08 cm  d/D = 303 = 0.652
Length: L=50.8 cm  L/d=3%:3 - 10
Measurements from diagrams:

Voltage for flowrate: V = 2.65 V

Pressuré drog due to capsule: APO = 0.66 psi
Pressure drop due to fluid: AP, = 0.42 psi

Calculations:

1) Local capsule velocity:

For example consider stations No. 8 - 10, the local
‘capsule velocity in the pipe section between stations 6 and

8, according to Equation (5.3), is:

~

_ (8-6)0.559 _ _
{g{ = 0804 1.2994 m/s = 4.2631 ft/sec

2) Average capsule velocity:

By inspection all the local velocities it is found

that the capsule attained a eqqftant velocity after reaching
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| | DATE _5-04-7%
T IYPE | Cvumoee JFLOW= | 2°

- i / DONE .
CAPSULE :[MATERIAL | Alummwa | RATE | LOOP BY
DIAMETER 2.0% Q [ F
L/d 10 CUS GPM)} LooP -"’f-ga K, CHow
' Vav = 795/ 5 _ X
' AVG. | V. |PRESS] TEMP
star’yy TIME CCOUNTER READING) | (o Iy Ferel DROP | o
O 2 3 4 5

4-6 (0,835 |42 874 |488F (#.870 |0.88¢c |43796 4459 | 6= L
6-8 |sobo |08bo |0.954 |a8by |ogés |ssdo |4 242 |48
8-10 |o9sg | 0,845 |08 0,802 |0ga) |o854 |aaps | T

1012 |s232 |0.842 | 0,937 |0.835 |e837 |0.837 |438/ |)

12-14 |, 234 | o.824 | 0,837 | 0802 |0.838 |0.83f 4370 k‘T“ 6

4.375
4-16 | 5,523 |0.837 | 2235 |0.838 |0.837 |o.w34 | g.384 | [F7°)
1819 | 1037 (#2376 | 4374 | 241 |22ke |1.240 (4,363 J 16

l P=0’44

619 | 5.432 | 5426 | S.045 [ 5,532 | 5.632 | .43 | 4339 16
TABLE.(5.1):  SAMPLE WORK SHEET

————— FLOWRATE "VOLTAGE = ——

l\~" ‘ : : : :

P i Z ‘
R = —— I
D —— 3 j

g : ! : ! E'_Apr_ — AP, -—-I N

INOICATED Q: 238 &AM . . ‘ ;

! I ! i
[ CAPSULE : ALOMINUM CYLINDER i . P : !
AETE R 2O ' '

—

f
2 Y
1

1 ' 3 'i /‘_';)' ‘
i ! * = | é i

PRESSURE & FLOWRATE DIAGRAM

| S

|
f?
l




station No. 10, The differences between each velocity in
the section between 10 and 19 do'nof exceed iz;. Hence the

average capsule velocity is

VC = (4.3808+4.3703+4,.3839+4.3637)4 = 4.375 ft/sec
= 1.3335 m/s

3} The Average Water Velocity:

Since the indicated flowrate is g30 GPM, Equation
(5.23) is used with the voltage V=2.55 (vo1ts);
. Q = 8483.5x2.65 = 229.28 (USGPM)

Ffom Equation (5.1)

vav = 0.01322x229.28 = 3.032 (m/s)

4) The Velocity Ratio:

Ve 1.335

V.~ 3030 - 0.4398
av .

5) The Pressure Gradient Due to the Fluid Alone:

Since L/d = 10 < 14 Lp =2.%9 n is used

0.42(psi) x 6.895 (KPa/psi)
&P /Ly = ‘ = 1.0380 KPa/m
2.79 m

6) The Pressure Gradient due to the Capsule Alone:

Lc = 20" = 0.508 m

_ 0.66x6.895 _
AP /L, = =5k = 8.9581(KP,/m)

7) The Pressure Gradient across the Capsule:

(8P/L) . =(aP /L )+(eP /L)) = 8.9581+1.088 = 9.9961 (KPa/m)

r



CHAPTER 6
-DISCUSSION

A dimensional analysis of the system showed that for

a3 given vertical pipeline with water,. the capsule to average
- v
water velocity ratio Rv("-'vc ) and the pressure gradient ratio
av
Rp are each a function of four independent variables: aver-

age water Qelocity.(or Reynold's Number), diameter ratio,
capsule length/diameter ratio and capsule to water density
ratio.

This chapter will be mainly concerned with the
discussion of the effects of these four variables an Rv and
_Rp on the basis of the experimental results.

6.1 The Variation of Velocity Ratio'R}

6.1.1 Cylindrical Capsules

Figures (6.1) and (6.2) sth plots of Rv Versus Vav
respectively for nylon and aluminum cylinders. Such plots
may be regarded as characteristic cufves for capsule flow
since they illustrate the effects of the dijferent independent
variables on the velocity ratio over the range of water
velocities. However, in order to give a more clear picture

of the individual effects, representative curves with RV

plotted against the individual variables are shown on

separated graphs.

51
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FIG.(8.3): THE EFFECT OF \ﬁw ON RV"

NYLON AND ALUMmﬂM CYLINDERS OF L/d=10 .



55

6.1.1.1 The Effect of Va; on Ry
Figure (5.31 shows the répresentajive curves of R,
’Ive}sus Vav for_£he largest and the-éma11gr capsules of the
same-L/d ratfo. From Figures (6.1)_t6‘(6.3) the.%pllowing
‘observations were.obféine§: .

(1) fhe charadteristic curyes are qualitively of
the same denera1 shape for bbth ny]on and- aluminum cylinders.
This implies that a general correlation between R or V.
and the other independent variables may exist. ‘
| {(ii) - Each 6f‘thé curves when extrapolated intersects
the Vav axis. The intersection represents the minimum aver-
age water ve]oc%ty needed to suspend the particular cépsu]e.
The value of the suspension vé]oéity is directly proportional
to the capsule's length-and dens{ty but is inversely propor-
tional to the diameter of the capsule. |

(i11) Once the capsule begiﬁs to mave, Rv increases
Qith increase of Vav' This is a result of the increase of
the presﬁdre'forces an the capsule, (Ci.Equétion (3.5)). }t
must be Bo}n in mind that the velocity ratio is based on
.the average dapsﬁle velocity and water velocity. Hence the
curve of Rv versus Vav for a éiven capsule represents'the
equilibrium state at each water velotity. At the equilibrium
state the total thrust force, whius equal to the buoyed

weight of the capsule, is the sum of the pressure and shear

forces. The pressure force will increase with increase of

m i e e T



Vays SO that the thrust due to the shear force-will have to

denreaﬁe._ This. latter result can only be'E;ought ébout‘by '
a decrease of the averagé-watek“vé1qcity‘1n the annylar
‘spaée-since the shear force {is dependent on it. From

Equation (3.4), which can be.ﬁgyritten,as:
Ry = - Vo/V,, =1 '_I(_"_'_g__‘_"c_) (1-k%) T (6.1)
. oav o
It'i§ seen that a decrease of (VN-VC) with an increase of
V,, will Tead to an in#reﬁse\of Rv; for a given capsule.
(vi) Over the entire range of V,, employed | R, for
the gy1on:éy11nders réach m&ximum values rangfng fgom 1.15_~
rtb 1}25§‘whi1e those fofia1umimum cylinders never reached
é value greétgr than unity. This is due to the effect of
the density of the capsule and will be dea]t in .detail in
‘the discussion of density effects.
Y For ﬁy]on cylinders the R, ratio tends to become
‘constant .after they have attained Rv > 1.0. The reason
appears to pe that under thié condition a capsule behaves
as though ig_had ngutral buoyéncy. A ﬁeutral buoyancy

capsg1e would be carried a1ohg fhe‘pipeline at the same

velocity as tﬁat of the carrier fluid which immediately

s ’
- follows it. " In other words the velocity of the capsule

is dependent on its position with respect to the flow
velocity profile qr the region of the pipe cross section

it ochupies, Hence the maximum velocity which a capsule

.
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could possibly attain is the avéfage value of the paft of

-the trailing end of a body. However for bounded media, such

- . -

-

the profile at which ihe capsule is situated. Henge;iif““
the capsule reache§ the maximum #e]oéity, the velocity
patio is invariant with v_, but dependent on K only.

6§.1.1.2 The Effect of L/d on R,

. ; N
e Figures (6.4) and (6.5) are the representative plots

. of Rv versus L/d respectively for nylon and alumimum cylin-

ders for three K at two different Vav‘s. Data for these *
curves were‘dérived from Figures (6.1] and (6.2).

| Both Figures (6.4). and .(6.5) show that, w.hen'Rv < 1.0,
for.the §ame material and K, the Jonger capsules move slower

than the shorter ones at a constant Vav‘ However this condi-

tion is reversed when RY > 1.0. This phenomenon is also

clearly shown in Figures (6.1) and (6.2), in which the curves

for the longer capsules of the same K always 1ie below that

~ for.the shorter ones when Rv < 1.0, but is reversed and lie

above when Ry, > 1.0.

The reason for the different effects of L/d ratio
on R, at low and high V_, i§ thought to be due to the fact
that eddies formed at the ends of the capsule change ends
thereby changing fhe direction of the force arising‘from

the eddies on the capsule. Normally eddies are forme& after

+ o '

as capsule-pipeline flow, this phenomenon can be reversed
since the fluid in the annular space may beat a velocity

greater than the body, thus producing a situatfon where
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the eddies are created at the leading face of the body.
Simj]ar situation Can be happenfiing at a caﬁsd1e since the
direction of the annular fluid ve]oéity relative to the

-

tap;u]e (VNaVC), or the relative velocity of Vay With respect

to Vc,(Vav-Vc);han be reversed— Hence if V. < V,, the eddies
are formed on the nose, however, if Vc > Vav they are formed
at the tail. Thus the force arising from the-.eddies exerts‘
a thrust force on the capsule i Vc‘< Vav.and.a-drag force

if V. > V,,. In both cases the horter, and therefore the
" lighter of the capsules that wére used,were more affecfed!

by this force since for a given K and Va this force is

v
constant regardless of the cépsule Jength. - Therefore at
Tow Vav the shorter capsules move faster Jhd at hidh.Vav
move slower than the 1onger ones.
| The effect-of increasing L/d ratio on R, when R, < 1.
;is more pronounced as VC is decreased. , This is‘shown\jn’
Figures (6.1) and (6.2?; in which the.curves for the.capsules
of constant K tend to be more divergent as the suspension
've1ocity is approached. This may be explained by the fact
that the eddies effect on the capsule is at i;s greatest
at the ;uspension velocity because (V;v—vc) is then at its
greatest vélue, causing the largest difference in Rv between
the different lengths of capsules. As the capsule starts

to move the value of (Vav—Vc) decreases and so does the

effect of the éddies, hence causing a smaller difference



in R This indicates a decrease in the importance of

ve
variation of the length of a long capsule of constant K
as.the 1ength‘i§ increased especially wheﬁ K.E-O.GS: This
point is significant in regard to the use of long trains of
capsule. ' - -

(iii1) The Effect of K on Ry

Figures (6.6) and (6,7) give plots of R, versus K
for both nylon and aluminum cylinders for all L/a ratios
investigated at various Vav'
ay? Rv increases with 1ncrea§e
of K at all water velocities. The reason, which also explains

At constant L/d and V

the variation of suspension velocity with diameter, is that

the increase of base pressure force due to the increase of

base areayg} the capsule is larger than the corresponding &
-increase of weightl The effect of tgf.diameter ratio can be
explained by referring Equation (3.5);Hhich can be written,

in terms of the total pressure drop AP across the capsule

and the wall shear stress T, ON the capsule, as

-3

=)

s+
=

[

—
]
|

- . 42
c - (0-p)gﬂ%~‘L

a1’

AP c

+
or [rr7arx - =

I

(o-p)gD ‘0 (6.2)

In which (o-p)gD is constant for a capsule of given

material in a given.diameter of pipe. However the pressure
i [

drop is not constant for different capsules of different
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diameter at a coﬁstant Vaye In fact it incfeaseﬁ with an

increase of K and in such a way that it always proddces'a

net increase in the pfessure drag, so that the first term

of Equation (6.2) always increases with increase‘of K.

The TC/K term also changes with K. The change due to K,

howeve?,:is insufficient to compqpsate‘for the increase of

the pressure term, because the shear force is usually much

smaller than the pressuré force for a capsufe with k approach-

ing 1.0. Hence T, may decrease or increase to satisfy Equa-

tion (6.2). Since V_, is kept constant, the decrease or

increase of T, can only be brought about by an .increase or

decrease in Vc. Therefore with an increase of K, Vc has to

increase for-Rv < 1.0 and decrease for Rv > 1.0. Although

"the latter effect in the region of'Rv > 1.0 is not obvious'

in the‘figures, the curves for smaller capsules do have a

tendency to cross those of the'1arger ones at high Vav'
_ The effect of varying K on nylon cylinders at cons-

tant L/d and Vav is much less than that on aluminum Cy]inders.

This is évident]y due to the lower density ratio of the nylon

cylinders.

(iv) The effeét of (E%E) on Rv
The effect of increasing‘c, other parameters being
constant, is to decrease Rv’ but the effect gradually decreases

as V,, increases. Figure (6.8) shows data for nylon and
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0.815 and L/d = 14 for various
2 m/s, R

aluminua cy]indérs of X

1A

Vav's' At low vav' e.g. for the nylon cylinder

v
is 2.44 times that for the aluminum cylinders, but at a higher
Va;’ e.g. V,, = 4 m/s, R, for nyion cylinder is only-1.33
times great®r than that for the aluminum one. The reason
for decreasin§ Rv by increasing ¢ is obv{ous since an
increase in o, other paraheters beiﬁg conﬁtant. means an
increase in wéight of the capsule, and-a heavier'capsule
requirés‘a higher susbension velocity than the lighter ones
do. In a latter section (6.2.1) we will introduce a new
velocity term, (Vav-Vo), wh}ch is the net increase of water
velocity above the suspension velocity. It is found that
| Ry is d;rect]y proportional to (vav-vo). Hence a heavier
capsule will_be subjected to a smaller value of (Vav-Vo)
than the lighter ones wiltl,.and hence having a lower RV at
-a fixed Vav-

" The phenomenon of decreasing effect of c'on Rv with an
increase of Vav indicates that the 1mportante of o becomes
less at high Vav' This point is significant.in regard to

the transport of high density of capsules.

6.1.2 Spherical Capsules

A dimensional analysis showed that the veiocity ratio,

R,,» of a single sphere being carried by water in a given

pipeline is & function of three independent variables: Vav’

K, and (9%3). The effect of the individual variables as
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. with an increase of V

-

indicated in the experiment will now be discus#edl

6.1.2.1 The effect of Vav‘on Rv

.'F1gure (6.9] shaws a plot of R, versus V_  for
'sin§1e spheres of three different météria1s and.diameter;
ratios. As was observed for cylindrical capsules, the
fcurves may be:considered as char;cteristic plots for
capsule flow of single spheres.

In general Rw for any diameter spheres {ncreases

sy the same trend as that of cy1{ﬁ;
drical capsules. It has been previously stated in connection
with the cylindrical capsules that the increase of V_, causes
" the pressure force to increase in Equation (3.5), resulting
in an increase of capsule velocity. The same reasoning is
followed for spher%ca] capsules because Equation (3.5) holds
for any regular shape‘capsules in a vertical pipeline,

As was the case for cylindrical capsules, only the
curves for nyloh spheres reach Rv greater than unity. Alumi-
num and steel spheres héd never reached Rv > 1.0 for the
range of Vav's. ‘

At a Yav of about 2.5 m/s, Vc > VaV for all the nylon
-spheres. Nitﬁ V,y greater than that, the largest diameter
ratio (e.g. 0.815) .nylon sphere attains a constant Rv-of
.1.02,'but for other diameter ratios (0.652 and 0.57) R, stil
increases and becomes larger than that for K = 0.815 when
v

ay ~ 3 m/s. The phenomenon, that the larger capsules would

AN
eventually be overtaken by the smaller ones at high V., 's,
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has been pointed out for the'base of tj]fndricai capéuTes- s
to be.the result of 1ncreas1ng the diameter ratio in accor-;

| dance with Equat1on (3. 51 The reason that this phenomenon,
was not observed for cylindrical capsu]es But was 'so for

in the capsule donfigurations. The spherical capsules

spheres is thouQ;:lto beé the consequence of the difference‘
have more streamlined .noses than cy11ndrical capsules and
the effects of the nose geometry are more pronounced on
the,Rv rat1o as K approaches zera., Therefore it may be
expected that the tendency for small capsules to overtakéx_,_
large offes would be more pronocunced for spherical than
cylindrical capsules. ,S%udies of the effects of capsule
and'configuratiops have been made by Ellies (6), Round et
al (10} and Lee (23}). They reported that the effects of
modifying the noses of capsules on RV increased as‘diﬁmeter
ratio K approached to zero. o R

Comparison of the curves for nylon capsules in Figures
(6.1) through (6.9) sﬁows fhét the spherical capsules have a
higher Rv than that fo} cylindérs for Jow Vav (i.e. Rv < 1.0}
but is the reverse for high v, (Rv > 1.0).. For instance,

‘the nylon sphere of K = 0.652 and the nylon cylinder of the

same K at L/d = 4 have Rv‘s of 0.86 and 0.75 respectively

= . - ' = |
when Vav = 1 m/s, and Rv s of 1.Q6 and 1.16 when Vav_ 4 m/s.
This difference is evidently due to the length or viscous

effects of the capsule, since the spheres have in effect an
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'L/d-=71}0‘and:are therefore the shortest capsules that were

studied. " It-has been pointed out in connection with the

'cyiindrica1 cap§q1es that a shorter capsule moves faster at

1ow.Vav'é but is slower at high_Vav's than the longer capsuie

‘of the same K and materjal at a given Vav' The -same reason-

ing explains why the aluminum spheres always move faster
than the aluminum cylinders_fdr_the same Vav'

6.1.2.2 The effect of K on R, N . ‘ \

. Figure (6.10) shows a plot of Rv versus K for nylon,

aIUﬁinum and steel spheres having K's of 0.57, 0.652 and T o#

0.815 at various Vav'
In general the effect:of increasing K is to increase -

RV at a decreaging rate for constant VaV' This 1is evidenced

by the deéreasing slope of each curve as Vav increases in

the region of Rv < 1.0 on Figure (6.10). However, in the

region of Rv > 1.0, an increase of K has a reverse effect

on the Rv ratio. The latter phenohenon suggests the possi-

bility-of using a more streamlined nose to increase the Rv

ratio for smaller diameter capsules at high Vav's.

. During the experiments with spheres, noise was created
by the sﬁhere violently knocking against the pipe wall as it
progregséd up the test sectijon. Unfortunate1y; it was not
possible to observe the motion of the spheres. However, it

is believed that the sphere was travelling in a .spiral

eccentric path and colliding ﬁ%th the pipe wall. As Vav and
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| K were increased the noise level Thcfeased " This meant that

‘the frequency of contact between the capsule and the pipe o

"-ww>y Tncreased Which .resulted in an fncrease of dfﬁg‘fﬁrce
th

e sphere due to the erratic motion and,impacts. As a

result tiié rate of increase in thfor tie larger spheres

decreases with increase of Vav; This might be considerea
as one ‘of the reasons why the larger spheres moved slower

than the smaller ones at high V_

6.1.2.3 The gffect of ( %) on R

“rigure 6.11 is a plot of Rv against the dedsity
ratio (2:3) for nylon, aluminum and steel sbheres of the
same.K (1 e. 0. 815) at various V, 's. The effecté of
increasing the density ratio at any part1cu1ar Vav’ as for

the case of cylindrical capsujes, is' tb decrease Rv‘ The

density effect is much more pronounced at low than at high

Vav's, the same trend es‘seen in the case of cylinders.

6.2 Correlations for the Prediction af Ve
. — X N Ch
One important part of the study was to find thei‘

L4

correlations between Vc and the pertinent parameters so
that the'value of V_ can be predicted for a given capsule-
pipeline system. Much effort was put into this aspec¢t and

emp1r1ca1 correTat1ons basgd on the experimental data were

" established. The correlations for both cylindrical and

P

.

spherical capsules are presented as follows:
i '
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6.2.17 Cylinders - 7 '

_ Graphs of V. versus Va# are presented on Figures

6.12 to 6.16. The curves for each cépsu]e {s a straight

line and the intersection of which with the Va ‘axis gives

Y
the suspension velocity Vo_for the capsule. However, the’

 mo§t useful graphs in correlating V. to v, are those with

..Vc p1ottfng against'the net increase of water ve1ocitx.aboVe

the suspension velocity,.(va;-v » @5 shown in Figures 6.17

o)
to 6.19. These graphs show that: (1) The curves, for most
of the range of vav 1n§qstigated, are straight lines passing
through the brigin; (2) Most of tﬁe data points of nylon
and aluminum cylinders of the same X and L/d ratio fall on
the same line. This indicates that the slope of the line
_is independént of capsule density; (3} The slopes of the
straight lines increase with an increase of L/d and decrease
4
with increasing K ratio. An equation for the straight Tines
with the slope, m, is hence obtained as:
Vc = m(Vav-Vo) - 6.3a
where m a (L/d)/(X)
or m = (L/d)A/(k)B s 6.3b
By means of 1og-ﬁog plotting both constant A and B °
were found.to have a value of 0.128, The§@¥ore Equation
“{6.3a) becomes _ o
| _ (L[d)O.TZB _
Ve (Vav Vo)
- 0.128
(K)", :

6.3c
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In order to f1nd the suspens1on ve10c1ty, VO.

Equat1on {(3.13) is used, which is

v; = VZEO(S,.-TT (1-k2) (L/d) 3 (k). " (3.13)

In order to find the values of a and b, the experi-

mental values of V \obtained from Figures 6.12 to 6.16
were fitted into Equation (3.13) using a mini-computer.

The final e;uation for VO is found to have the following

form: ‘ _

| 2 0.37,, _1,0:0° '
Vo = YZgdS-TT (1-K°)(L/d)” > (1- -q (6.4)
The addition of the term'(1- S )0 -05 to Equat1on ‘

(6.4) is intended to take account of the surface

v.«'

'S

roughness effect which was found to increase with den51ty

in the experiments Good agreement between the experimenta1

and the predicted values given by Equat1on (6.4) was found.
In order to verify Equation (6.4),data from Lee's work

(23) have been used. 1t was found that the predicted values
were 15 - 20% larger than the measured values. This eevia-
tion may be due to the fact that the,valuee of v, used in
estab1fshing Equation (6.4) were 1erger than the aceua1
suspension veJocitﬁes. Close examination of.the data

7 points.presented in Figuhee é;TZ'fb 6.16 for very low Vc

has revealed that the slopes of the cdrves are usually
smaller in low Va than that in medium and high V

av?
consequently, the extrapolated values which gave the suspen-

#

e
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:sionveT6;1t1ES, wergAiarger than the actual values. ‘ _
7"By.suhst1tuting Equation (6.4) into Equation.(sldc)
and after réirranging;the following semi-gmpifica]'corrg-

lation for Vc is oﬁtaiﬁed.

o 1y sa0.128 | 21,0408
Ve 515 [{L/d) vavf f295(§c-lf(f73) (1-K.)(T- g:? 1 (6.5)

Figure (6.20) shows the percehtagepdiscrepancy
between the experimental values and the.va1ués predicted
by Equation (6.5).J Figures (6.21)_to'(6.23) show graphs
of the experimental data together with Equation (6.51 These
graphs show that Equat1on (6. 51 is especially good in the

range of medium and high V

N
6.2.2 Sgheres
- am The procedure employed to establish the correlation

between VC and Vav for spheres is sjmi]ar tor§h§t used for
cylinders. Again, a linear relationship between V. and

(Vavao) is obtained, (Figure 6.24),

"V, ® m(Vav - Vol \ | (6.6)
The slope m of the V_ versus (Vav'vo) curves was

found'to obey the following relationship:

-

m = .33 ‘ L‘ (6.7)

The value of the constant C in Equat1on (3 14)
which is the equation for the suspensfon ve10c1ty for

spheres, is found to have the va]ue.of -0.5; Eguation (3 141
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then is re-written as:

L4

Moo T TRencs-nx (162 - o (6.8)

The emp1r1cal corrglation for_prgdiéting Vc for

spheres was found to be

: 6.05 '
- w NGk 1-@0- 190 (6.9)
c .

It is interesting to notesthe 'striking resemblence
between Equations (6.9) and (6.5)}. |
The values of Vc predicted by Equation (6. 9)
together with the experimenth data are plotted in Figure
- 6.25 against Vav’ and the percentage devfation of the exper-
imental results from Equation (6.9) is shoﬁn iﬁ Figure
(6.26). Good agreement ‘between the exper1menta1 and

generated data is shown by these graphs.

6.35 The Variation of Pressure Ratio, Rp

The pressure ratio, Rp, which is defined as the
ratio of the capsule pressure gradient, (AP/L) ,'to the
pressure gradient, (AP/L)L, required in the free pipe for
the same average ve1oc1ty, is a convenient comparison of
the energy consumption for the capsule flow to that for
the frée pipe flow of the same flow rate.

A d1men51ona1 ana]ysis shows that Rp is a funct1on
of four independent variables: Vav’ K, L/d and (ag-p)/p,

which are the same variables as those used for the velocity

ratio. The 1ndividuq1 effects of these four vartables on

L]
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Rp'are discussed in the following Sections.’

6.3.1 Cylindrical Capsules

The variation of Rp with Vav for‘cy1iﬁders is
presented in Figure (6.27). The resultingcurves may be
regarded a5'characteris£ic for capsule flow since they
illustrate the effects of the different independent variables
on Rp. It is apparent th{t;as Va; iﬁ&%eases, Rp decreases
at a faster rate initially but tends to become constant
later at high Vav's for nylon cylinders, although for ,- .
aluminum cylinders R_ continues to decrease'at the highest

p

Vav investigated. A decrease in.RP with an increase in

Vav is to be expected since for a capsule in suspension,

Vay is small resulting in a small (AP/L)L which is much
smaller than the required (AP/L)C for the particular capsule.
As Vav is increased, however, (AP]L)L increases in propor-
tion to the applied (aP/L). thereby reducing.Rp. The ten-
-dency of Rp'to become constant at high Vav is also to be
expectedl/because if Equation (5.4), which defines that
(AP/L)Cvis the sum of (APO)L and (AP[L)L, is divided by

(AP/L)C, it becomes

Ry = (&P /LY/CAP/LY + 1 - (6.10)
. Experimental results have shown that (APO/L) is
relatively invariant with Vav (Figure 6.28). (AP/L)L,

however, is proportional to the square of Vav' Hence the
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significance of (APOIL)/(AP/L)L décreases as V,, fncreases,
resulting in R, approaching a copstant value. :
F1gure'6.27 1nd1cate§ there is almost no effeﬁt of
L/d ratio on Rp, and most of the data for a given diameter
capsule may be\cbrre]ated with a single curve irrespective
of L/d. The §ame restlt 1s observed on a plot of Rp Versus
L/d (Figure 6.29), in which the curve for any given diameter
capsule at any Vav is a horizontal line. This indicates
that the end effects (if there are any) are negligibly
small for the L/d range used in the experiments.
The effect of the diameter ratio, K, on R_ is shown
in Figure 6.30 for various Va ‘s. As may be expected, R

, v, P
increases with an increase of K at any particular Vav'

Obviously the capsule pressure gradient (AP/L)C increases

as K is increased because of the increase of capsule base
area. However, since the pressure.gradient, (AP/L)L,
required for the same flow rate through a free pipe is
independent of K, Rp increases with an jncrease in K for a
fixed Vav‘ The effect of K on Rp noticeably decreases as

Vav is increased. For example, consider the nylon cylinders,
by varying the value of K from 0;489 to 0.815 at Vav = 1;0

m/s, the variation of Rp is from 4.0 to 9.0 which represents
- an increase in Rp of 2295 %. While at Vav = 5.0 m/s the
increase in R_ is only 36%. The reason for the decreasing'

p
effect of ihcreasing K on Rp as Vav increases, is again
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related to the fact that the gignificant term (aP_/L)(aP/L)
in Equation (6.10)‘approeches zero as'Vav + @,

Figufe.G.ZI 21so shows the effect of density on Rﬁ.

_An increase in Qp-with an 1ncrease of (Sc-1) is to be )

expected since a 'denser or heavier capsule requiree a larger

(AP/L) at any particu1ar V

The effects of the four lndependent variabTes on Rp

may be summarized as fo11ows. Rp decreases with an increase
in V., but inc¢reases with an increase in K and (S -1}, and
there is essent1a11y no effect of L/d on]R

~

6.3.2 rSpher1ca1 Capsules

Since only siné]e.spﬁeres were used in the experi-
ments, it was Q%rtda]}y'fmpossible to accurately measure
(AP) across a sphere other than the steel oneS'because it
was very small for ny]on and aluminum spheres

- Figure 6,;1 gives a-pTot-of Rp VEersus Vav for the ,
steel spheres for K's of 0.57, 0.652 and 0.815. Frem which
it can be obseeved that Rp dec;eases with an ihcrease in

Voy and increases with increasing K, the same trend as in

-

the case of -cylindrical capsules.

6.4 Correlations for the Prediction-of (aP/L)_

Due to the feet_xhat[on1y a limited amount of data
for spherica1-capeuT$s_was eptained, the eorrelations for
predicting (AP/L)C,pEesented‘afe only for the cylindrical

capsules,
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'Th; variation of the total pres;ure gradient across
the cy]inders,.(AP/L)c, with V;v' K and L/d 1; presented‘in
Figure 6.32. It can be-seen that all the curves have the
same shape and that (AP/L)c increases with V,, and K but is
virtually independent of L/d. This implies that a single
equation for correlating the data of (AP/L)C‘as a function
of K and V, ~may exist. B

It has been mentionedl1n Chapter 5 that (AP/L)c
consists of two components: (APOIL) - the increase in pressure
graqient due to the presence of the capsule 'in the test sec-
tion and (AP/L)L - the free pipe pressure gradient due to
the fluid alone. That is

(8P/LY, = (8P /L) + (aP/L), (5.4)

- .

These two components haverbeen separately plotted
against V, in Figure 6.28 which shows that (APO/L) is a
function of K only and that (AP/L)L at any partiéular Vay
is the same for every capsule. based on this fact we may
treat these two pressure components separately., The compo-
ent (APO/L) may be determined empirically, and (AP/L)L can
be predicted using standa}d pfocedures for pipe flow.
a) Correlation of (APO/L)

In Chapter 3, an empirical correlation was presented-
for the prediction of the pressure gradient due to the cap-
sule alone, of the form

(APOIL) q
TooeTg = K (3.19)
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'

or pr = cKS ' | (6.11)
where C and q are universal constants to be determined

empirically. | _

In logarithm form Equation {6.11) is written as

gn P* = anC + qankK - - (6.12)

Equatioh {6.11) expresses the linear relation
between the pressure function P* and K, hence a straight 1ine
is pbtained when P’;r is plotted agaiﬁst K on a logarithmic
plot as shown in Figure (6.33) for both nylon and aluminum
cylinders. Since (APO/L) is virtually invariant with Vav
(cf Figure 6.28) a single point is obtained in the graph:
for a given cylinder of constant L/d and K. - Figure 6.33
reveals that a single }ine is adegquate to express Equation
{6.12) and the same values of C and.q are for both the nylon
and aluminum cylinders.

Using linear regressfon the present data for cylin-
ders were fitted with Equation (6.12) aﬁd the constant C
and q were found,.

The resulting fitted equation for cylinders is

(APO/L) = 1.15 (K)1'84 _(o-p)g , (6.13)
b) Correlation of (AP/L)L

In steady incompressible pipe flow, the equation
generally adopted for the calculation of the friction loss

due to the pipe wall is the Darcy-Weisbach equation:
z2 -
v

p ‘
(aP/L) = f 23“ (6.14)

where f is the friction factor of the pipe wall.
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i

~ There are a number of empirical correlations avail-
" able in the open literature for the calculation of f;"Among
them the one developed by Colebrook (44) for flow in commer-

cia1‘pipes was chosen for the-presenf purpose, i.e.

2.5
= (086 en £ + Ko ] ‘ I(5.15)

where is the ratio-of the roughness of the pipe
wall to the pipe diameter. In the present experiment
£/D = 0.0002 was adopted. '

' With f calculated from Equation (6.15), (aP/L), for

a given Vav can be determined from Equation (6.14%.

By means of Equations (6.13) and (6.14) the pressure
gradient across a capsuie can be predicted.h

A complete calculation of (AP/L) by using Equations
‘(6.131 and (6.14) together w1th the . experimental results is
listed in Appendix (D Y. A compar1son of the res{iits.indi-
cates ‘that the majority of the ca1cu1ated va1ues of (AP/L)c
do not dev1ate from the experimental- resu]ts more than
+5%
. Lastly the percentage deviation of the experimenfal
results from thqtion‘(G.IS)for tﬁe cylinders is shown in
Figure 6.34 which indicates that the majority of the data
are within the range of :5% of the fitted equ;tion and that

the chosen pressure function is less accurate as K decreases.
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6.5 Energy Requirements

The energy consumption for capsule transport is given
b, . p

JE-= (ap/L) Q, o (6.16)

where E is in kilowatt per metés(Kw/m), (‘AP/L)c
and Q,, are in KN/m and m3/s respectively.
The un1t energy requ1rement based on the volumetric

rate of capsu]e is

E/¥ = (AP/L) ( ) KH/m | (6.17)
m-/s,

The unit energy requirement based on the mass rate

U!

of the capsule is

Po=E/m = (b (D) (v 1 fm (6-18)

Figure 6.35 presents a graph of P versus VaV to show

the variation of P w1th v K and L/d for nylion cylinders,

av’
in which, for clearity, only the curves for L/d = 7 are

shown. The curves show that P first decreases to a minimum

at values of Vav'for which R, is unity.and then increases

with increasing V . The reason for this behaviour is that

v
at low V the ratio (Vav) + «3 V_being very small. However

c
a finite and relatively 1arge (AP/L) 1s required even at

very Tow V for any cy11ndr1ca1’5ﬁpsu1es, consequently a

av._
very high value of P results undé\\:ﬁ]s condition. As

Vav increases, the ratio ( l decreases at a faster rate
c
than_the increase in (AP/L)C.when R, < 1.0 (cf Figures
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6.1, 2, and 32), therefore, the required P decreases with
.ingréaése of Vav in this velocity range. On the other hand,
when R > 1.0, V;% tends to become constant so does the
ratio .of (Vav/VcL However (AP/L)C continuously increases
as Vav increases, thereb& an increasing P results,
Figure 6.36 is a similar plot of P versus Vav for aluminum
cylinders. Since none of the aluminum cylinders ever
reached the condition for Rv > 1.0, P always decfeases with
increasing VaV for these cylinders,

The effect of L/d on P is also shown in Figure 6,35
and 6.36. Figure 6.35 shows -that as L/d is increased P
increases when R, < 1.0, but it is the reverse when Ry > 1.0,
i.e. P decreases. The reason for such behaviour is due to
the fact that (AP/L)C is constant for constant K capsules,
but the ratio (;31) fof a longer capsule is lower when
R > 1.0 and. is Eigher when Rv < 1.0 than that for the

v

shorter ones of the same K and material, (cf section
{(6.1.1.2)).

Both Figures 6.35 and 6.36 also show the effects
of X on P. In general P decrease; as K is increased. The
reasons for this are obvious if we refer to Equation (6.18).
As K increases, the slight increase in (AP/L)C is offset by
a decrease in (7%1) and (D/d) itself. Thus the energy
requirements per unit capsule discharge may be minimized

by transporting a capsule of nearly the same diameter as
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the'pipe1ine. Practically, of course, physigal-considefé
ations such as the maneuverability of the capsule through
the bends in the pipeline will Timit the capsule diameter.

As may be expected a heavier capsule requires more
P than the lighter ones, since (aP/L) increases as the |
capsule weight increases.

To conclude this section the effects of'fhe various
varjables on P may be summarized as: when Rv <1.0, P
decreases with increasing Vav and increases with L/d ratio;
~ when R, > 1.0, P increases'wjth Voy @nd decreases with
increasing L/d; and the effeét of increasing K is always

to decrease P at any Vav'

¥
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CHAPTER 7
CONCLUSTONS

On the basis of the analyses and the experimental
results presented in this thesis, the following conclusions
can be made:

(1) For both of the cylindrical and spherical

capsules hydrodynamically driven in a vertical pipeline:

(a) The velocity ratio Rv is dependent upon four indepen-
dent variables: Vav (or ReD), L/d, K and (SC-1);

(b) Rv increases as Vav increases and the rate of incragse
in Rv'is large at low Vyy but is small at high Vav‘s. Only
nylon capsules (Sc = 1.15) were observed to reach the state
of R, > 1.0: Also whenR >1.0, R tends to become constant,
hence increasing Vav in this velocity range has virtually no
effect on Rv‘

(c}) The effect of K on RV is to increase Rv for a given
capsule of constant L/d and ¢ at a fixed Vav' But when

Rv > 1.0, the smaller K capsules tend to have a higher VC
than the larger K ones of the same L/d and o. This pheno-
menor is more pronounced for spheres than for cylinders with
blunt ends, and therefore suggests the effect of the capsule
end configuration on Rv'and the possible increase of RV for

smaller K capsules by using capsules with stream]ined noses,

> \
at high Vav s.
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L ]

(d) An increase of (Sc-1) for a capsule of constant K and

L/d always decreases the Rv‘ratio at a decreasing rate with

increasing Vav

(e) The steady-state V. at any givén V,  can be predicted
- av _

‘by the following semi-empirical formulas:

For cy1inders:

0.05
0128 . S IAT (1A (1- ) 1 (6.5)

c

__ 1
Ve = oo1zg Vay(H/d)
For spheres:

= 3t Dy Eals /K02 (1 190059 (6.9)
c

Both of which are found to be especially good for the median
and high Rv ranges.
(f) The pressure gradient ratio Rp’ is a function of four

independent variables: Vav {or Rep), X, L/d and (S.-1).

C

The effects of these four variables on RP are: Rp decreases

with an increase in Vav’ but increases with increasing K and

(Sc-l), and there is essentially no effect of L/d on Rp

(2) For the cylindrical capsules:

(a) for a cylinder of the same o and K at a constant Vav
Rv‘ﬁecreases with increase in L/d when RV < 1.0, but increases
with increase in L/d when Rv > 1.0, The effect of varying

L/d on RV decreases as Vav is increased. Furthermore due

to the fact that the spheres have in effect a L/d = 1.0 and
therefore ére the shortest capsules that were studied, the

spheres have a higher Rv than the cylinders of the same K
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and ¢ when R, < 1,0, and a lower value when R, > 1.0.
(b) The total préssure gradient (AP/L)c associated with
a cy1inder¥can be expressed by the equation of
(aP/L). = (&P /L) + (aP/L}, |
The component (APO/L). which is the increase of
the pressure gradient due to the presence of the capsule,

can be predicted by the following semi-empirical formula
(aP, /L) = 1.15(k)"*8% (0-p)g (6.13)

The component (AP/L)L, which is the free pipe
pressure gradient due to the fluid alone, can'be calculated

by the Darcy-Weisbach equatioh
oV, 2
- av
(AP/L)L ‘ f D ‘ (6.14)
-

where f can be determined by using standard proce-

dures for pipe flow.

(AP/L)c for a given cylinder at any V,, can be pre-
dicted by means of Equations (6.13) and (6.14) with a pre-
cision of better than +5%.

(d} The unit energy requirements based on the mass flow
rate of a cylinder, P, is a function of four independent
variables, and their individual effects on P are: When

R, < 1.0 P decreases with increasing V,, and increases with
increasing L/d; When Rv > 1.0 P increases with inc}easing
Vav and decreases with increasing L/d; and the effect of

increasing K or decreasing o is always to decrease P at any

Vav'
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— (3) Finaflyliin order to obtaiﬁ universal correla-
tions of the flow of capsule in a vertical pipeline, it is
apparent that there is a need for moré research on spherical
and irregular géometry Eapsu1es as well as on the effects of

the physical properties of the carrier fluid.



APPENDIX A
ERROR ANALYSIS

Listed in Table (A-1) are the estimates of relative
uncertainty of the brimary measurements made in the present
work. They include factors such as instrument error,
calibration error, reading error and manufacture's quotations
etc.

. By using the "most probable" method, the re]afive
errbr of each of the important variables used in this study
are determined as follows:

(1) Error in Vav ‘

For a given variable M, which is a function of x, yj.

the relative error in M may be expressed by the equation

dM ‘ M 2 M 2
—ﬁ—={M—;—[(-g—xdx) P (an? e V2
or E, = [(Ex)2+ (By)? + ... 31/2 | (A-1)
where Ex, Ey ... are the relative uncertainty in x, y,...
Since Vav is calculated from
Vav = EQ? = Q% where Q is the flowrate
nD D
1/2
dM _  [,dQ,2 dD,2

Hence, from Table (A-1}, the relative error in Vav is

£y = L(EQP+2E)? 12 = [a%+(2x)® 12 ¢ Has
av

107
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TABLE (A-1)

- Uncertainty estimates in the measured primary quantities.

DESCRIPTION . SYMBOL UNCERTAINTY

_ , v %

Pide inside diameter D - 1.0

Capsule diameter . d 1.0

Length between pressure Lt 1.0

taps

Length between PL units Lp 1.0

Length of capsuies. Lc , 1.0

Flow rate measurement Q 4.0

Pressure drop measurementg _APd 6.0

‘ 'APL 4.0

Capsule passage‘time t 3.0
measurement

Capsule density ' o 1.0

2 Water temperature T 6.0

L ]
L 2
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(2} Error in V. .

. - ¢
Since Vc. Lp/

... The relative error in Vc is

ey = [(E)% + (E)%112= [(0.5)%+(3)%1'/2% = 13,08

c p |
(3) Error in Rv

. v
. Since R, = g%
SR, vav
» The relative error in Rv is
= ¥5.49

) .
Epy = L[CE, 17+ (8, 123V2 < [(3)%+(4.5)271/?
¢  Tav
(4) Error in (APO/L)
. _ 0
Since (APOIL) = -T;;
121172 162012 = tgg

" E(aP /L) =[(EAP0)2+(ELc

(5) Error in (AP/L)L
APL

T

Since (AP/L)L =

- +
E(AP/L)L = L(EAP 18+ (ELt)Z]]/Z - [(a)%1]1/2 = -4.1%

(6) Error in (AP/L)c
Since (AP/L)C = (APO/L) + (AP/L)L

The relative error in (AP/L)C is

d(aP/L) d(ap /L) 2 d(AP/L)L] 1/2

+ |-
(ap/L),

E(AP/L)C?
(aP/L) (aP/L).
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| Since the unktertainty in AP s larger than%hét in
Py » 1t 1s expected that the maximum relative error in
(AP/L), would occur at a capsule for which (APO/L)'is the
méximum and (AP/L)L is the minimum. ~ The capsule which is
under such condition is an aluminum cylinder of K = .B15
and L/d = & af Vav = 1,074 m/s. For this capsﬁ]e the .
pressure components are: (APO/L) = 13.027 and (AP/L)L=0J§0&
KPa. ' -

Hence the maximum relative error in (AP/L)C is:

2 1604.2.172 .
E(aP/L)., = 2:06x13.027,  10.04x0.16047% 7% 500 4 *5 gy
13.187 13.187, L
' O |“ . ‘.;_.
(7) Error in K and L/d
| L
Since K = d/D and L/d = 74
= 2 2412 1/2 - +1.4%
By = [(EQ + (Ep)™ ] = (e o=t
o7z & T

and £( g = LEDZ + (£)7112 = ()



"APPENDIX 8 —.
CALIBRATION CURVES

*

(B-1).  calibration of F1owmétef

There were two flow-sensors used for the measdrement
of the water flowrate in the 61pe1ine1 The one located
in the 5 cm by-pass loop is good for the range of 0-12
1itres/s, (0-180 USGPM) and the other one located in the !

main line is good for 12-30 litres/s (180-500 USGPM).

Prior to tﬁg exﬁeriment;'these two flow sensors were
calibrated by comparing the indicated GPM by the readout
device to those obtained by the pitot-tube measurement.

The results are listed in Table (B-1) and the Ea1i=
bration curves are presented in Figures (B-1) and (B-2).
These curves show excellent agreement between thé indicated
a&d the calculated (true) GPM.

Since the f}owrate measturements were recorded by a
recorder, a- calibration curve with indicated GPM against
voltage output from the recorder was needed. Figure (B-3)
shows such a curve, and the data of which are listed in.
Table (B-2).

The two equations, estabtished from the datakon
Figure {B-3),which represenf the two calibration curves
of tﬁe flowmeters were used for the calculation of the

flowrates throughout the experiments.

- 111
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Rt

- Table (B-1)
Calibration data for MK 315 flowsensors

L) .

FLO-SENSOR #1 FLO -SENSOR  #2
- (By-pass loop) .{main line)
INDICATED | MANOMETER: | CALCULATED* { INDICATED | MANOMETER | CALCULATED*
GPM READING | GPM’ GPM READING GPM
ah(cm) ah{cm)

47 0.25 48 148 2.2 143
59 0.4 6N 163 2.7 158
97 " | 1.0 %" 176 3.2 172
122 1.6 122 181 3.5 180
142 2.2 143 193 4.1 195
159 2.7 158 224 5.4 224
174 é.é 172 278 8.4 279
184 3.5 180 305 0.2 308
201 4.1 195 329 1.8 331

367 14.7 369

385 15.9 384

423 19.5 425

430 19.6 426

* Calculated GPM = 96.284 /AR(GH]




d  Table (B-2)

‘Calibration data for flowsensor with recorder

112ta)r

FLO-SENSOR #1

FLO-SENSOR #2

CORRESPONDING

~ CORRESPONDING

VOLTS  USGPM VOLTS USGPM
0.40 36 , 2.05 . 182

0.63 58 2.98 257

N 0.88 84 3.15 272
1.18 108 3.50 300

1.46 129 - 3.70 321

1.82 160 3.90 333

2.05 186 4.20 359

4.60 393

4.87 409
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_ (B-2) Calibration of Pressure Transducer
© The calibration of the pressure transducer with a s psiD
diaphram was done using a dead-weight tester with a set-up as

shown in Figure (B-4}.
Y

-

Patm /A0 READ-OUT

_r .
- AR DATUM
_LJ o= _ ,
DEAD-WEIGHT
SHg=I3.6 TESTER

AP:P{-Pafmz(BHg-%voH)Ah {B-1)

FIG.(B.4): CALIBRATION OF PRESS. TRANSDUCER

By varying the pressure inside the tester, a corres-
ponding variation of the manometer fluid column and a direct
pressure reading from the pressure traﬁsducer were obtained.
The true pressures calculated from Equation (B-1)} were
plotted against the transducer reading to obtain the cali-
.bration éurve of the transducer with the particular diaphram

(Figqure (B-5)).
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APPENDIX C ° |
"“The Velocity Profile of the Test. Section ’

One important condition under which the experiments
were performed was that the free pipe flow in the test
section must be fully developed and symmetric. In order
to confirm this, the free pipe flow velocity profiles at
the*pL”unit stations #6 and #19 along the test section were
determined by using the pitof—tube traverse nethod.

The measured results are listed in Table (C-1) and

the velocity profiles are shown in Figure (C-1).

Tabie (C-1)

-

Cross-sectional Velocity Distribution of the Test Section

STATION #6 ‘ STATION #19
" a;:%g;%;gﬁt t:/s) u:ax "R ;lzgﬁ;zggﬁt (;/s) uu
(CITI) max
.83 6.7 4.072| .81 .83 7 4.16 | .84
67 8.3 4.53 | .91 .67 7.8 | 4.39 | .88
.50 8.9 4.63 | .94 .50 9 4.72 | .95
.33 9.3 4.8 | .96 | .33 9.5 4.85 | .97
17 9.7 4.90 | .98 17 9.8 4.92 | .99
0 10.1 5.00 |1.00 0 10.0 4.97 11.00
-7 9.9 4.95 | .99 -7 9.9 4.95 | .99
-.33 9.5 4.85 | .97 -.33 9.2 4.77 | .96
-.50 9.2 4.77 | .95 -.50 8.9 4.69 | .94
-.67(* 8.6 4.61 | .92 -.67 7.8 4.39 | .88
-.83 1 7.2 4.22 | .84 -.83 6.8 4.10 | .82
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(D. 23>
(D. 24)
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(D. 26>

D 27D

EXPERIMENTRL DATA
EXFERIMENTRAL DRTA
EXFERIMENTAL DARTA
EXFERIMENTAL DRTA
. EXPERIMENTRL DRTA
- EXFERIMENTAL DATA

PREDICTION
PREDICTION
PREDICTION
PREDICTION
PREDICTION
PREDICTION
PREDICTION
FREDICTION
PREDICTION
PREDICTION

FREDICTION
PREDICTION
PREDICTION
PREDICTION

FREDICTION
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aF
OF
QoF
OF
oF
oF
OF
OF
oF

aF

aF

eF

arF

aF

¥C
¥C
vC
ve
YC
YC
Ve
Ve
vC

APPENDIX D

DATA TRBLES

LIST

(DPALIC

(DPALNC

OPALOYC

(DPALIC

(DPALHC

(DP-LDC

NYLON CYLINDERS K=
NYLON CYLINDERS K=
NYLON CYLINDERS K=
ALUMINUM CYLINDERS
ALUMINUM CYLINDERS
RLUMINUM CYL.INDERS
(EGN.
CEQN.
CEQN.
CERQN.
CEQN.
(EQN.
(EGQN.
CEQN.
CEQN.

OF TRBLES

5=
3=
S~
-
3=
Sy-
-
. 9)= STEEL SPHERES
EGNS. S 13 & & 14
NYLON CYLINDERS
CEQNS. & 13 & & 14
NYLON CYLINDERS
CEGNS. 8. 13 & 6. 14D
NYLON CYLINDERS
(EGNS. 6. 13 & 6. 142
ALUMINUM CYLINDERS
(EGNS. 6. 13 & & 14)
ARLUMINUM CYL INDERS
CEGNS. € 13 & €. 18
ALUMINUM CYLINDERS

NYLON SPHERES

A GO G 3y R

. 489
. 852
. 815
K=, 483
K=. 632
K= £135
S>— NYLON CYLINDERS K=,
NYLON CYLINDERS K=
NYLON CYLINDERS K=
ALUMINUM CYLINDERS
ALUMINUM CYLINDERS
ALUMINUM CYLINDERS

K=

ALUMINUM SPHERES

. 832

. 815

FRESS.
PRESS.
PRESS.
PRESS.
FRESS.
PRESS.

RATIO & UNIT ENERGY
RATIO & UNIT ENERGY
RATIQ & UNIT ENERGY
RATIO & UNIT ENERGY
RATIO & UNIT ENERGY
RATIO & UNIT ENERGY

= NYLON CYLINDERS K=
NYLON CYLINDERS K=
NYLON CYLINDERS K=,

RLUMINUM CYLINDERS
ALUMINUM CYLINDERS
ALUMINUM CYLINDERS

t

489
632
815
= 489
K=..852
= 815

489
652
815

= 489
K=. 6352
=, 315

120

149

141
142
143
144
145
145
147



: 127
{D. 1> EXPERIMENTAL. DRTA - NYLON CYL.INDERS. .

K= . 489 S= 1.15

VYRV oV RY DPC DPL (DPO-L)> CDP-LIL RE(ﬁ)

6"/5)‘- M/SH (=2 (KFR) (KPR (KPRAMD  CKPAAMD =D

el s o

(L/D= 4>
1. 858 . 788 | 7268 . BeR3S . 4138 . 4523 L1481 - T3IV00
1. 728 1. 638 . 8488 . BE8|s . 9882, 4523 . 3458 129304
2. 4a3 2.91 1. 8445 . 8683 1. 8273 . 4523 . 694 1587484
3. @ge 3034 11141 . @683 2. 758 . 4023 C887V1 0 28944
3. 698 4.19 1. 1353 ., 8689 4. 8631 323 1. 458 257480
4. 388G S.03 1 1488 . a889 3. T2 . 4523 S B4R %508
5. arv 3. 892 1. 1585 . B8R 7. 9857 L4523 2 TS 536008
LAD= )
1. 845 . 6@S . 9788 Jix . 4349 L4911 L1938 Fa508
1. 722 1. 454 C 844 ixt . 2653 4311 . 3455 113248
237 2.4 4. 9427 131 1. 7828 49l cdls 185108
2. 85 3234 4 Q983 I s 2. 58512 4311 L9131 285584
3. 698 4. 23 1 1445 151 4, 1372 . 4811 1. 431 257400
4. 303 Q062 L 1Vee 131 S TEFT L4911 2.85 28araa
4. 838 S 519 1 1868 L1131 7. 5857 4911 2. 719 Sy
LeD= 1@
1. 893 312 . 47ar CAT2R 4138 . 4523 1431 Te590a
1 711 1. 4087 . 8223 S Ry ke . 4522 . 3331 119204
2 3T, 2. 368 ,997a T 1vex 1. V383 L4523 . 6283 185184
3832 3347 11835 CATES 2. 68817 4523 . 2824 211264
3. 496 4,29 1 1567 L1723 4. 8681 . 4522 1. 458 257408
4. 388 5 288 L 2657 LAvaz S I . 4923 1. 3541 85509
5.82 6. 232 1 2414 L AT23 L2923 . 4323 2,681 249600
LeD= 1
1. 838 . 347 . 3168 . 224 . 4599 42 . 16de TEo8R
1728 1. 318 . 7518 L 224 L 9vTL .42 . 3497 120308
2 371 2. 34 . 2883 . 224 L 7815 .42 . BZ2V8 155160
3. 888 333 L.1a7s . 224 2. [986 .42 1. 941 289404
3 694 4. 325 11783 .22 4. 1379 .42 1,481 2573Ra
4. 444 5.439 1 2322 . 224 5. 9764 .42 2. 139 3A7404a
9822 5. 63 1. 267 . 224 7. 8159 .42 2. 7974 347880

DPO & (DPO/L): PRESSURE DROP & PRESSURE GRADIENT DUE TO CARFSULE
OPL & (DPALIL:. PRESSURE DROP & PRESSURE GPADIENT DUE TO WATER
RECD>: PREE FIFE REYNOLDS N@. M=METER S=SECOND PRAR=PRSCAL



4

£D.2>  EXPERIMENTAL DATA - NYLON CYLINDERS ,

K= . 652 5= 115

122

VAY vC RY DPO “DPL (DFO/LY (DPALOL  RE(D)
MS). (MS) (=) CKPAD CKPAY  C(KPAAMD  CKPRAMD ¢=>
CL/D= 4)

(619 . 345 .SST4 1585 1724 . 78A3 . @617 43100
1.974 .824 7672 .15 4688 . TER3 . 1678 74800
1.733 1.6% .977S  .158% 1. 0343 . 7SO3 . 3702 1z07ea
2315 2582 1.8888 1585 1. 7926 . 7893 . 646 1561200
3966 3424 1 1168 . 16%4 2 9644 . 8142 1 @61  21350@
3696 4.2%52 1 1584 . 1654 4. 2748 . 8142 1.53 257400
4.392 S 136 1 169¢ . 1654 5.5154¢ . S142 1. 974 305988
S 876 5.995 1. 181 1654 7. S857 8142 2 715 353508
(LD=

676 .243 .3%595  .27ST . 4T24 7T @617 <7108
1.945 . 729 G976 . 27ST . 4138 . T7 1481 T2R00
1. 768 1654 9355 . 27ST 1. 0894 . TTS4 3899 123108
2371 249 19592 . 2757 A 7926 . iTS4 6416 165100
3886 3385 1 1261 L2964 2. 8946 . 8336 1836 209489
3641 $.22 1159 . 2964 4. 0681 8338 L 456 253600
4331 S5.16 4 1914 2964 S 4747 . 8336 1. 6§51 391568
(LsD= 13D
1. 845 664 6354 3791 .3791 . T454 4357 72800
17233 1.603  .925 3791 9653  T464 3455 126700
2. 427 253 L @424 3ITOL 1. T236 . T464 . 6169 169909
3833 3412 1.425 3791 26199 7464 9377 211208
3.786  4.36 11765 3929 39982 773 1. 431 258100
4.386 5,34 4 2175  .3929 5. 3785  .7735 1 925 305586
LAD= 14D
1. Q74 .S87 .S466 . S163 . 5172 727 1851  T4808
1741 152 .8384 . S169 1 8913 CTor . 3%@8 119209

237 2466 1.9485 5169 1 r242 727 6171 1654¢@
3054 3,458 14323 . S165 2. 87S T27 1828 212700
2752 4,453 1.1368 . S169 4 8234 727 1 44 261300
4362 5.401 4. 23832 . SS14 S5.8618 . T7S4 2. @88 303820
DFO & ¢DPFO/L): PRESSURE DROP & PRESSURE GRADIENT DUE TO CAPSULE
DPL & CDP,L)L: PRESSURE DROP & PRESSURE GPRDIENT DUE TO WATER
RECD): PREE PIPE REYNOLDS N&. M=METER S=SECOND PR=PASCAL



RECDY:

PREE PIPE REYNOLDS NB. M=METER S=SECOND PR=PASCAL

(D3> EXPERIMENTAL DATA -~ NYLON CYLINDERS
K= .815 S= 115
VAY Ve, RY DPO. DFL (DPO/L) ¢DP/LOL  RECD)
¢MAS) (MAS) ¢~) ¢KPR) (KPRY  (KPRAAMY  CKPA/M) ¢=>
{LAD= 4D
397 . 208 5239 . 2931 . 8861 1. 154 . azes 27680

. 661 . S22 7eer . 2631 . 2414 1. 154 . 0864 46000
1. G645 .9Q4 . 9512 . 2934 . 4482 1. 154 . 1504 72000
1711 L 761 1 @292 . 2934, . 9324 1. 154 3546 149200
2.453 2. 685 1. 0948 2931 1. 8857 1. 154 7187 176800
3443 3527 41222 . 2931 3.0343 1, 154 1,885 219988
3.834 4433 1. 1582 3191 4 3447 1. 224 1. 555 267060
LeD= T

419 18 3849 . 5169 . Bga7 L 163 a3 29200

&TS 472 8993 . 51689 1T2 1. 183 Q61T 47o00
1. @44 . 954 . 9438 . 5189 . 44Q2 1. 163 16044 F2ron
1. 654 1. 782 1. 0303 . 5831 . a3zar 1. 132 3331 115000
2. 392 2 613 1 @924 5831 .1 7326 1. 132 5416 168500
3143 3664 1 1658 5165 3. 0208 1. 1863 1,974 213300
3886 4492 1. 1882 5169 4. 4816 1. 163 1. 694 265100
(LD= 1&> \

662 .45 . 6801 7238 1931 1 14 0691 461p0
1. @39 .9@3 . 8891 7238 . 3998 1. 14 1431 T24@@
1.688 1.796 1. 064 . 7238 379 1. 14 3146 117500
2. 508 2 853 1 1376 6981 1, 7937 1. 87 642 174708
3471 32777 41911 7489 2. 8946 1. 167 1. 836 229300
2861 4 793 1 2414 7409 4. 4117 1. 167 1. 579 262390
CL/D= 14)

561 407 . 6154 9991 172 1. 124 8647 46100
1 933 .82 . 3965 . 9991 3736 1. 124 1337 72400
1.668 L 781 1. 8677 9853 . 8195 1. 086 3291 - 116260
2.588 2 853 1.1376 . 9386 1 8966 1. 847 6788 174700
3171 3.829 1.2075 . 9653 3. 1041 1. 986 1. 141 2206300
3. 972 498 12538 1.@337 S 0599 1. 163 1,811 276500
DPO & (DFO/L): PRESSURE DROP & PRESSURE GRADIENT DUE TO CRPSULE
DPL & ¢DP/L)L: PRESSURE DROP & PRESSURE GPADIENT DUE TO WATER

‘e



(D.4> ~ EXPERIMENTAL DATA = ALUMINUM CVLINDERS

124 -

PREE PIPE REYNOLDS N@. M=METER S=SECOND PA=PRSCRL

L4

>
(%

F

K= .489 S= 2.7
VAV ve RV  DPO DPL  <DPO/LY (DP/L)L  RECD)
. _ _ E<
NS (MAS). €= CKRAY © CKPRD  CKPRAD  CKPAAMD <o)
(L/D= @) |
2,381 .47 1978 .7926 4. 7915  5.202 . 6412 165000
3,854 1282 4198 .7926 28946  5.202 1836 212700
3.696 2182 5687 .7926 4.0681 S. 262  1.456 257480
4,362 3435 7487 .7926 S5.5154 5202 = 1. 974 303800
5.078 4.188  .889 .7926 7. 446 5202 2 665 353700
L LD= Ty
2.778  .447 1689 13895 2.3377 4. 911 . 8367 193500
13842 796 . 2647 13942 2,930  5.041 1849 244960
3347 L AFL 3499 L 3783 3, 7945 5469 4. 357 233100
2784 1664 4492 4 3763 4.2748 5469 - 1.53 253999
4253 2454 .5756 L 3783 5.5601  S5.189  1.99  2966@9
4696 3887 6574 1.3783 6.7SS8  5.469 2. 443 327100
(Lobs 180
2.976 ~ .199 _.@e68 1.8955 8275  .4.976 1012 207400
3641 1156 3175 4. 8955. 39312  4.976 L 407  2536@0
4.331 2238 5167 18955 5. 4717  4.976 1. 6851 301600
4.994 3120 6266 [1.8955 7.7925  4.976 2789 347800
({L/D= 14)
30696  .723 1956 25849  4.4379  4.847 1 481 257400
4.331° 1702 393 25849 6 @35 4847 216 301660
5922 2744 .S464 25849 - 7. 4834  4.847 2. 571 349500
N _
DPO & (DPO/L>: PRESSURE DROP & PRESSLRE. GRADIENT DUE TO CAPSULE
DPL & ¢DP/L)L: PRESSURE DROP & PRESSURE GPADIENT DUE TO WATER
. RECD):



. A
(D. 5>  EXPERIMENTAL DRTA - ALUMINUM CYLINDERS
K= .652 S=2.7

VRV Ve RV - DPO DPL °~ (DPOAL) <DP/LOL  RECD)

TS WS> (=) CKPRY  CKPRD - CKPAAND  (KPRAM (=)

. {

(L D= 4
1.756  .335 1988 1. 8264 . 9653 8.98  .3455 12236
2343 1076 4592 4.8264 17239  8.99 . 617 163200
3.86 2.883 .6546 1 9264 2 5856 899  .9254 213100
2729 2.852 7648 1 8264 4 1379 8 99 L1481 259700
4436 3773 .8505 1. 861 5. 6886. 9. 16 2036 388900
5.098 4.626 .9874  1.861 8 @998 9,16  2.899 355188
(L/D= 7)
2183 .269 .4232 34707 1. 4836 8 918 .531 152668
2,47 .623 .8522 3.4787 1.9397 6. 918 651 172008
2.729  .983 3682 3. 1787 2. 3442 8 918 839 1901600
2.922 2.426  .488 31707 2.7577  8.918 . 987 203599
342 2,825 .5821 31787 3.5847  S.918 1283 238200
3.74 2498 .6679 3.2393 4. 3447 9. 141 1 S55 260508
4.358 3281 .7S29 32393 69989 94l 2.18 393508
(L/D= 18
2,27  .485 .1789 4.5488 1. 7239 8. 955 617 165100
3833 1.334 . 4398 4.5488 2. 8946  8.956 1 036 211269
3.673  2.252 © L6131 4.5488 4.1379  8.956  1.481 25538
4.359 3,249 .7454 4.5488 5. 6986 9.956 ° 2 036 393660
S.876 4. 211 . 8296 4.5488 7.7226 8. 956 2. 764 353561
(L/D= 14 .
3833 . .943 .3189 6. 3755 . 2975  8.966 1829 211208
3.696 1932 .S5227 6. 4103 43141 9. 815 4 S43T 257480
4.444 2:968 .6724 6.5475  6.835 S 208 2,16 307460
5.854 4.0214 7956 6.5475 8.8467 9. 208 2.88 352008
DPO & (DPO/L): PRESSURE DROP & PRESSURE GRADIENT DUE TOQ CAPSULE
DPL & (DP/L)L: PRESSURE DROP & PRESSURE GBRDIENT DUE TO WATER
RECD): PREE PIPE REYNOLDS N8. M=METER S=SECOND FR=PRSCAL



<D. &> EX#ERIMENTHL DATR — ALUMINUM CYLINDERS
. . |

K= .815 S=27

¢DPOAL)

YAV vC RY DFO DFL (DPXL)L- RECD)
MASH MASY T =) (KPR CKPAD (KPRAMY  (KPRAMY =D
LoD= 4 .

1,874 295 L2384 3. 36883 L4482 0 13827 . 1584 74888
1. 689 .986 .5883 3 3882 1 1021 13, @27 . 3948 118386
2. 458 1.812 7372 3 274 118273 12, 882 . 654 171268
3. 116 2. 73 . 8F&L 327 28342 12, 892 1. Q86 217088
3.861 3716 | 9624 327 4. 4818 '2.82? 1. 684 268900

LAD= T

1. 33 392 - L2947 D 6863 . 59515 12, 735 1974 Q2688
1. 643 . val . 4267 5. 6862 . 8619 12, 795 . 3885 114484
2. 812 1. 164 . 977 3. 6863 1. 3161 12. 795 . 4589 14eie0
2.481 1. ¥83 . 7187 58883 1. 898 12, 795 . 6786 172338
2.779% 2.183 - x S.68683 2. 4132 12 795 . 8637 193504
3. 399 2 888 . 8728 5 F2es 3. 3444 12, 872 1. 187 2368589
(LAD= d@)

1. 7Sé .714 48656 B 2706 . 8997 1= @27 578 122300
2.453 1. 823 6616 8. 2ra@s 1. 898 12 827 5786 178860
3171 2.582 .8174 8. 2708 2. 9644 i1z 927 1. 861 226890
3.972 32745 | 8428 8 2786 4. 7582 13 a27¢ 1. 783 276568
(L/D= 414)
1. 728 . 582 .3484 115451 1.9343 12. 289 . 3782 12638
2. 58z 1. 524 .6A8Y 11 3451 1.8541 12 98% . 6894 174302
3171 2. 527 . 7969 11.5451 = 1841 12, 989 1. 111 220868
4. 849 3. 811 L9442 41, 7167 ' D. 2449 13,132 1. 813 282008
4. 524 4. 511 L9971 44, 5451 B, 4374 12,989 2. 394 315168

126 .

\\

DPO &
DPL &

RECDY :

(DPO/L): PRESSURE DROP & PRESSURE GRADIENT DUE TO CRPSULE
(DP/L>L: PRESSURE DROP & PRESSURE GPADIENT DUE TQ WATER
PREE PIPE REYNOLDS N@

M=METER S=SECOND PR=PASCRL



(D.7)> PREDICTION OF VC CEGN. 6. 5)- NYLON CYLINDERS

RE{D)>: FREE PIPE REYNOLDS NUMBER

] K= .489 S="1 15
VAV Ve RY » \CL RV E RECDY
C(MAS) {MAS) (=) {M/S) =) (=) ¢
LAD= 4
1. 858 . TE9 . T268 . 6634 82T . 1582 73700
1. 728 1, 636 . 9468 1. 5402 .8z . QE22 120360
2 483 2 505 1 a424 2. 4235 1, Q085 . Q336 167408
3. 806 234 L1141 3. 2127 1 Q888 . B398 209400
3E%E 0 4196 L1353 4. 1157 1 1135 . 195 257408
4. 388 5.833 1. 1475 S 0188 L 1442 2 SE-a3 305500
5977, 5.8%2 1 1885 5. 8228 L 1666 -5 2E-©3 353600
KLD= T
1. 045 . 605 . 5782 . S151 . 4928 . 1T48 72800
1.722 1 454 . S 1. 4668 . 8518 -8 TE-83 119968
2. 37 2.4 L8427 2 3778 18833 9 3E-a3 165100
2. 95 3234 Lt o@9s3 31932 L 8824 8123 205500
3. 6596 4. 23 1 1445 4,242 1 1477 -2 SE-03 257408
4. 303 5.863 1 L7686 S.0953 1. 1841 -¢ 3E-83 293700
4. 988 5. 919 1. 1866 & @583 1 2148 - Q23 347400
L/D= 1)
1 @98 . 519 . 4727 4TS . 433 . 0917 78500
1. 711 1. 4@7 . 8223 1. 3775 - . 8651 . 0214 119209
2 37 2.386° .9983 2. 3472 . 9994 aE-az 165100
3. 833 3347 11835 33228 1.0956 7. 3E-@3 211200
3. 696 4.286 1. 1594 4. 2984 1. 163 -2 2E-a3 257490
4. 388 5.288 1. 2657 5. 3138 12415 -4 9E-93 205500
S. 822 6. 232 1. 2499 6. 2497 1.2445 -2 8E-03 349800
(LAD= 14D
1. 088 347 . 316 . 3376 Q7S . Qgars 76500
1. 728 1. 318 . TE16 1. 2055 7555 68 1E-83 120300
2. 37 2. 34 . 9873 2. 2918 _8&r7 . 8211 165160
3. 61 333 L1863 3. 275 1. 088 . 0168 209500
3. 654 4.325 11788 4. 3258 1171 -2E-04 257308
4. 414 5. 439 1 2322 5 4318 1 2306 1. 3E-83 S8r4e0
5. 922 6. 363 1. 267 6. 366 1. 2676 ~SE-a4 345800
VG & RY: EXPERIMENTAL VC1 & RYi: EMPERICALCEQUATIONCA. S5O

E:DEYIATION QF VC4 FROM VYC

127



.8y 'PREDICTIDN OF VC CEGN. 8. 50- NYLON CYLINDERS

RECD)>: FREE PIPE REYNOLDS NUMBER

K= .652 S= 1.45

VRV Ve RY - Yol RVL 3 RE<D)
MOSY  MAS) ¢~ (M/S) (=) (=) ¢=)
(L/D= 4

619 345 5574 2556 . 4129 3499 43108
1. @74 824 . 7672 8295  .7723 -6. 6E-83 74300
1.733 1.694 .9775 1. 6607 9583 .82 120700
2.315 2.502 1 8808 2 3948 L 8345 @447 161200
2866 3 424 4 1168 3. 3421 1. @981 L9245 213500
2696  4.252. 44584 4 1368 1 1193 .@27s 257400
4392  5.136. 1 1694 5 0447 L1 1418 @242 385909
S.076 5.995 4181 5. 877S 4. 1579 @2 353508
LiD= 7)

676  .243 3595 2212 . 3272 8985 47109
1. @45 729 . G976 7212 . 6902 9188. - 72800
1774 4654 . 9339 1. 705 9627 - 8299 23300

2. 37 249 1 95986 2 5166 4. 0619 - 9186 165100
3. 806  3.385 141261 33784 L 1239 4 9E-33 2094600
2 641  4.214 1 1574 4. 2389 1 1642 -5 9F-83 253500
4 331 S.16 11914 5 4738, 1 1946 -2 7E-B3 301600
4. 966 S.98 1.2842° 6 0343 1 2151  -9E-83 345900

1i
(L/D= 18) ﬁ
1. @45 664 6354 |, L6517  .6236 0189 72300
1732 1683 925 | 16275  .9391 - @151 120700
2. 426 2 53 4.8429 -2 6184 1.976 - 0308 169000
3033 3.412 1125 3. 4743 L 1445 - @171 211209
3. 7a7 436 11762 4 4273 11943 - 0152 252200
4. 396 S.34 12175 53993 1 229 -9 3E-83 305500
LD= 14
1. 974 587 . 5466 6077 .5659 - 09341 74300
174 1.52  .8%84 1551 ° . 9065 - 82 119200

2.37 2456 1.8485 2 5268 1 0662 - 9241 165108
3. 854 3,458 141323  3.5396 1159 - 8231 212700
3752  4.453 1 1868  4.5732 4 2189 - 9263 261369
4362 5484 1 2382  5.4764 1 2555 - 8138 293890
VC & RV: EXPERIMENTAL YC1 & RY4: EMPERICALEQUATIONCS. 5))

E:DEYIRTION OF VC1i FROM VC

128



¢D. 9> PREDICTION OF VC CEGN. 6. 5>— NYLON CYLINDERS

129

REC(D>: FREE PIPE REYNOLDS NUMBER

E:DEVIATION OF vC1 FROM VC

. K= .815 S=4.15

VAY Ve RY vC1 RV E RECD)
MSY)  <MASH S ) ¢=> = ¢=>
(L/D= &)

397 2082 . S244 1885 . 4749 . 1043 27600

861 .S5224 . 7983 S422 . 7748 .82 45008
1. 845 . 994 L9512 .982§ . 8486 811z reaga
1.711 1761 1.8292 1 7993 1. 8546 - @213  11920@
2453 2.685 1.8946 2 7089 1 1@43 -8 SE-03 1708580
2143 3527 1.14222 2. S547 1 131 -7 8E-@3 218986
3. 843 4. 433 1.1535 4 4128 1. 1483 4. 6E-83 267506
L/D= 7

. 449 16 . 3819 4574 3756 . B186 29268

. 675 472 . 6993 4945 . 7326 - 9455 47000
1.844  .9543 . 5141 9884 . 9391 - @267 72708
1. 654 1.792 18389 4 7798 4 078 - 0437 115060
2.392 2643 1.@924 2. 7556  1.452 - 9517 166660
3143 3.664 11658  3.7446 1. 1914 - 0215 218900
3. 806 4, 492 1. 1382 4. 6176 1. 2133 - Qazre 265194
L/D= 16D

. 661 45 . oses 4397 . 6653 9233 46000
1. 939 .983 . 8691 9688  .9247 - 06@1 72400
1.688 1.796 1064 41 .8553 4 9991 - @32 117600
2588 2.853 1.1376 2 9856 1.1904 - 8444 174780
31471 3. 777 1.1911 3. 8995 1. 2297 - 9314 220600
3.861  4.793 4. 2414 4. 8596 1, 2563 - @118 268560
{WL/D= 14 .

. 681 . 487 . 6157 . 3935 . 9953 . 8344 45006
1, @39 .89  .8566 .Q374 9823 - @5es 72488
1.668 1.781 4 .8677 18426 1. 1847 - 0334 116208
2. 588 2. 858 1 14 3. 8514 1. 2167 - 8531 174704
3171 3.829 12875 49055 1. 2632 - 0441 2261860
3. 972 4.98 1 2538  S. 1532 \kases - 8345 276500
VC & RY: EXPERIMENTAL VY€1 & RV1: EMPERICALCEQUATIONCE. 5))>



- o - 130

(D. 18> . .PREDICTION OF V¥C' (EGN. & 5)- RLUMINUM CYLINDERS

K= .46% S= 2.7

VAavY VC RV Vel RV1 E RECDY
CMA'S (MASY (=) (MASD =) =) (=2
!
(L:D= )
2.381 . 47aa . 1878 \ . 4892 . 2835 - 8374 15858aa
3. @55 1. 282 . $198 1. 3712 E 2,5 - 0851 212800
= 898 2. 1418 . 5886 2. 21al . 588 - 4391 257400
4, 362 3 135 . 7187 EN I . TAES 25 A 393800
5. @78 4. 188 . 8993 4, @18t Lralz . 8229 353504
(L:D= 7D
2.778 . 4483 . 1ear L4396 . 155 L8377 1935ae
ool 3 2 . 7964 . 2617 . 831 L2639 -8 4E-83 211%aa
ENEY 1 1171 . 3439 1. 2385 . 3678 ~, 9484 233181
3. 764 1 854 . 4492 1. 7324 . $ETT - Q3995 258000
4. 298 2. 431 . 9798 2. 9113 . 9888 - 824 286508
34, 596 3. asy . 6374 3. 127 . 66359 - 8128 27100
L-D= 1a>
2. 978 . 1987 . @S87 . 2289 . @769 - 132 2e740a
3. 641 1 158 . 3175 1 2845 | 3368 - 8403 253600
4, 331 2. 238 . 9167 2. 2189 . 5126 8 2E-03 sa1eeR
4. 594 3129 . 6268 3.19855 . 6399 -. @298 S47g00
LAD= 14D
3. 6396 . T233 L1957 . 7838 . 2887 - @531 257480
4. 331 1 re2 . 383 1 7354 . 4916 - 82495 81560
5. @22 2. 74 L Sied 2. 801 . 9577 - 8204 343860

YC & RY. EXFERIMENTAL YC1 & WR1i: EMPERICALJ{EQUATION(E. D)
RE{D>»: FREE PIPE REYNOLDS NUMBER E:DEYIRTION OF VC1 FROM VYC



(D. 11> PREDICTION OF ¥C (EQN. & 5>- ALUMINUM CYLINDERS

Ks . 852 S=27

VAY Ve RV Vel RV E RE (D)
MASD CMAS) =) (MAS) =) (=) =)
{LeD= o4
i TS6 335 . 1968 . 302 172 1893 22300
2. 393 L @vE 4592 L 0424 | 4449 9322 163200
306 20803 L6546 L 9468 L 8382 A288 213190
3.T28 2,852 . TE48 2. 7eaT . Tasd @2z 259700
4436 3773 . 85@S  3.6925 . S301 0246 399900
5. 898 4.638 .99T¢ 45175 . S361 .92 355100
LeD= T
2. 183 2697 1235 427 . 1958 - 369 . 15200
2 47 6233 . 2523 C8163  .33@S - 2365 172000
2,729 9833  .36@3 L 1673 4277 - 1576 199100
2,923 L 426 L4879 1. 4382 . 4893 -2 SE-93 203600
342 2825  .5%21 21938 . 6151 - 8374 238200
L7 2498 L 66FS 5 85372 .6r84 - DISS 260500
4358 3281l  .7S29 33746 . TTe4 - Q27T 33500
4. 988 4241  .8502  4.2283 . 84T SE-Q3 347<00
L-D= 18>

237 49851 . 17@9 3368 . 1421 2028 165180
3.033  1.334  .4398 1. 277 4211 @445 211200
3.673 2.252 L6131 2. 1849 . 5948 .o307 255800
4.359  3.249 . 7454 34579 . 7244 . 0288 203600
5.875 4211 . @296 41748 . 8225 2 TE-A3 353560
(L/D= 14)

3,033 L9427 . 3188 . 123 3008 @333 211200
3.6%6  1.932 . 5227 1. 894 5125 92 257400
4414 2.968 874 2. 9572 67 I 6E-03 307400
5.954 4821  .7956 3. 9949 TT26 9297 352000

VC & RY: EAFERIMENTAL

RECD>: FREE FIFE REYNOLDS NUMBER

V€1 & VRL: EMPERICALCEQUATIONCG. 53>

E:DEVIATION OF ¥C1 FROM VC
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. o | . 132

¢D.12) PREDICTION OF ¥C CEQN. 6. 5>- ALUMINUM CYLINDERS

K= .815 S= a7

VRY vC RY vC1 R¥L E RECD)
(MFS) (M-S (=2 {M'S) (=) (=) =)
(L/D= 4
1. 074 . 298 . 2384 . 2387 . 2148 . 1885 T48en
1.7 . 9883 . 2802 . 9981 . 9871 - 8118 1184e0
2. 499 1. 812 . ToR8 1 9285 L TeS - 86a 1risee
s 118 2. 73 876l 2 V338 B P B W | o I 217000
3 88l 3. 7l8 . 962+ 3. 6472 . St . a189 268%8Qa
L=
133 3823 L2985 . 345 . 2369 . 2452 92600
1. 843 el 4287 - L TEF2 L4426 - 836l 114400
2 iz 1 181 LTV 1. 2134 . 5@3 - B4 l40i0@
2. 481 1. 783 .78y 1 B3@8 . T37r8 - a2el 172508
2. 778 2. 16X . Tr83 2 2232 .8 - 8271 193500
3. 303 2. 888 . 872 2 9214 . BgeR - al13 238560
(LAD= 1@
1. 736 .rl4d . 48ey . 7A38 . 48e7 . 8149 122390
2. 453 1. 823 . 6816 L 6644 . B78S - @248 17aseo
3. 171 2. 582 5 e 2. 854 . 837 - 92354 22080a
3.9z 3745 . 9428 3. 7581l L9482 -3 5E-03 2reedd
(LsD= 14D
1728 682 . 3484 . 4953 . 2633 . 3222 12635089
2. 583 1. 524 . 6088, 1 5786 . 8275 - 829¢ 174300
3171 2,527 L7983 2. 9318 L7984 ~1 SE-03 22esae
4. 043 3. 811 9412 3. 7993 C9374 4 LE-83 28208
4. &2 4. 311 . 95871 4. 4789 .89 ¢ 2E-es 315108

YC & RY: EXPERIMENTAL  VC1 & VRL: EMPERICALCEQUATIONCS. SO
RECD): FREE PIPE REYNOLDS NUMBER  E:DEVIATION OF VC1 FROM VYC



1 - \\

‘. \
\
¢D. 43> PREDICTION OFkvc CEGN. 6. D)~ NYLON SPHERES
3= 1. 15
3
i ]

v Ve W vol VR1 E RECD)
MASY  (MASD = {MAS) (=) (=) =)
‘!l

K= . 5T !
03968 L1371 .3455  .esRL  .2473 .397L  Zreed
18563  .8819  .8333 . S$989 . Sd%4 - P19 73700
L 746L L6327 .93SL LTI L9917 - @Sty 121608
23811 23842 L8813 25083 L 058l - 464 165500
38425 32327 L8625 3381 1885 - @267 211909
L3739 4848 18929 4. 1817 L 1974’ - Q151  2550Q0
43653 48677 L1151 49824 L 123 -7 LE-83 304099
(K= . 832>

4365 2267 LS194 2141 494 ,859  Se4ea
18583 9372  .985¢  .9332 8848 4. 3E-@3  ravea
17461 16935  .9699 1 7287 .99 -.@2e3 121608
23814 24365 18233 2 4631 L @344 - 0188 165800
30168 3. L7l 10532 3113 186 -5 3E-03 209708
36736 3.9164 10661 39579 18774 - 8185 255960
43534 4.8046 11824  4.7499 1. @833 . 0L1S 383500

81S)

.3968  .2869  .723  .2846 .7l 8. 1E-@3 , 27E00
18847 L. 852r .978S L @22 . 9422 @3 7559
179594  1.7951 18203 L 453 .92 .9285 122504

2424 25267 L @424 2 4578 1 8139 828 168900
3122 3333 40676  3.2061 1.0263  .0396 217400
39262 4 1546 10582 48682 1L 9362 0212 273408
4671 4996 1.8696 48667 L.0419  .B8266 325300

VC & RY: EXPERIMENTAL V¥C1 & R¥1.

EMPERICALC(EQUATIONCE. 9))
RECD)> . FREE FIPE REYNOLDS NUMBER E: DEYIATION OF YC1 FROM ¥C
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¢D. 14> PREDICTION OF VC (EGN. 5. 5>— RLUMINUM SPHERES

S s=27
VM VG VR vCL - VR1 E RECD)
MASY (NS =) (MS) (=) =) =)
K= . 5T '
LTS6L . TSLE . 4451 . T338 4478 @652 122300
23978 L 4962 624 L 5108 63 -9.SE-63  léTesn
308685 2265 .r40L 2 3129 7SS - @207 21370
5.6957 3.87@9  .S38S 3. asls 8338 -3, 6E-83  25740Q
4. 4136 487 .9221 3 9589 §952 @381 3erdee
S. 1316 4.868 . 9486 4 8202 9393 9. 9E-93 357408 '

{K= . 692)

9597 . 1829 1996 .8SL  .es31 2 5888 E6900
14717 . 6685 . 4542 6431 437 8395 102509
2 8485 12925  .6334 L .3089 . 6376 -6 SE-93 (42190 -
23811 1. 665  .8993 L. 6948  .T118 - 0176 165608
27568 28871  .7S7L 24293 .Tr24 - 8198 197000

3.1936 25432 7963 26345 3249 - 0347 222400
36113 3118 8634 3 1176 L8633 . 1E-p4 251500
40823 37152  .918L 3. 6823 . sorl o144 234308
4. 5793 42797 L9346 4. 2371 . 9253 @101 3189%@

4. 966 4. 8843 . 9674 46843 . 5433 0256 345900

K= . 815)

18318  .5829 . S5649 5933 575 - PLT6 71909
L7276 11932  .6997  1.3392 .77 - 1091  1203@8
24254 1981 7838 2. 0873  .8686 - 8893 168900
3. 1434 2 7978 g4 2 857 .9889 - 9208 218968
3.9632 I 8127 862 37359 . 9426 @206  2rse0R
4.8598 4. 732 9737 4.6971  .965 T 4E-83 333580

YC & RV. EXPERIMENTAL YCi & RVi: EMPERICAL(EQUATION(S. 9))

RECD): FREE FIPE REYNOLDS NUMBER E: DEVIATION OF VCL FROM VC
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¢<D. 15> PREDICTION OF VC’(EQN.S.S): STEEL SPHERES

S= 7.82

Y™ Ve VR V1 VRL E RE<D)
NS> (NS - NS e (=) (=)
K= . ST
3888 . 895 . 2898 . 984l . 2928 - @10l 215168
4T3 1239 3565 L3391 3884 - 0822 24010Q
39167 L.§826 . 4807 L. 9973 487 - @13 27Ise0
433189 23287 .S53FF 24088  .S5562 - -. @332 191660
4. 8555 3 .6LF9 I B438 L6269 - @L44 378200
(K= . 852

235 .S83F . 2476  .S521S 2253 - @341 161260
2. 6818 8222 .3866 . 9457 - 3526 - 1306  18680Q
29764 12386 . 4135 12864 . 4322 - @434 207300
34747 L9612 .5356 L 862F . SI61  -BE-84 242680
3.88% 237988 L6149 23418 .6B22  .e8182  27osee
43315 2 9443 6785  2.923 6656 1 3E-@3 305504
48555 3.4985 . T168 3. 4596  .T125  GE-@3 338200
K= . 819
1. 9842 .89 . 4485 19832  .5458 - 1783 133760
2. 4254 1.3492  .S563 1. S5S6L 6416 - 133 163980
2.812 L 78 €367 L9786 .7ees - @914 195390
34796 21936 . 6899 23647 . TH3T - @723 221490
3.5854 27823  .7S3T 27997  .7983 - @348 249700
39748 3447 7923 3. 2139 8892 - 8208 276600
4.4136 3.5616  .88r 3,687  .8355 - @342  sar4eQ
VC & Rv: EXPERIMENTAL  VCL & RY1: EMPERICAL{EQUATION(S.9 3)

RE(D>: FREE PIPE REYNOLDS NUMBER E. DEYIATION OF YC1 FROM VC

’
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o ' - 136
(D. 16> PREDICTION &F (DP/L)C CEGNS. 6. 13 & 6. 14)

NYLON CYLINDER

Ka . 489 S5= 115
o "

VRV  (DPO/L) (DPAOL (DPAOC  F  <DPO/Ld® (DP/L)L* (DPALXCx . E

MAS)  (KPAM> (KPR (KPR (=) (KPAYMD  (KPRAMD  (KPA/MD (=

D= )
1858  .4523 1481  .6884 . @21 . 4536 . 1589 . 6044 -5 TE-@3
1.728 . 4523 .3458 - .7981 . 0188  .4536 . 2683 8139 - 0154
2.483 L4523 .654 L 1863 . @48 . 4536 . 6671 1 1207 - 0129
381 4523 9871 1 4394 . @174 . 4536 1 8118 1. 4654 - 8478
'3.696 . 4523 1.456 1.9083 . 0iT 4536 1 4985 1 9441 -. 9184
4.386  .4523 2,648 25083 .@166 . 4536 2 @486 25032 -1 2E-03
S.077  .4523 2715 1673 . @183 . 4536 2 6967 31503 5. 4E-03
(LD= ™
1045 . 4941 . 4S55 . 6466 . @21 . 4536 . 1472 . 6008 o762
L 722 4941 3455 . 8365 .0188 . 4536 . 3578 8114 .93
237 4914 6416 L1327 . 818 . 4536 . 6489 1. 1625 . 8274
295 4911 9131 1 4842 . @474 4536 . 9719 1. 4255 - @15
3696 . 4911  1.481 19721 . @17 . 4535 1 49@5 1. 9441 . 8144
4,303 L4911 2,85 25441 @466  .d4536 1 9728 2 4264 8473
4988  .4911 2. 715 22861 .e463 .4536 2 683 38566 . @489
{(LD= 10D
1,998 . 4523 . 1481  .6604 @283  .4536 . 1571 . 6187 - 8168
17414 4523 .3331 .7854 . a188 . 4536 . 3533 . 8068 -. 9266
2371 . 4523  .6293 1.88l6 .O179  .d4536 . 6459 1. 0995 ~ 9183
3.833 .4523  .9624 1 4147 . 0474 . 4536 L 0274 1481 - 447
3.696  .4523 1.456 1.9883 .@48  .4536 1 5782 2 8318 -. 6683
4.386  .4523 4,851 2.3033 .0166  .4536 2 8496 2. 5032 - 8799
S-@2  .4523 261 38623 .B8163 .4536 2 6365 3. 8901 -9€-@3
(L/D= 14)
1. 958 .42 . 1646  .5846 .9205  .4536 . 1588 L6422 - G451
1728 42 3457 7697 .e488 . 4536 . 2603 . 8135 -, 8543
2 371 .42 6376 1 @576 .18 . 4535 . 6495 1 1021 - 8412
3.886 .42 Ledl 1461 L0174 . 4536 1 992 14628 -1 2E-83°
3. 634 42 4481 1.981 . @189 . 4536 1 4862 1.9338 - 817
4. 4iv 42 2138 2559 .@166  .4536 2.0759 2 5295 8147
5. @22 .42 2,797 2217 8163  .4536 2 6386 3. 8922 . 8484
(DP/L)C: TOTAL PRESS. GRADIENT ACROSS CAPSULE F: PIPE FRICTION FACTOR

*; EMPERICARL VALUES (BY EQUATIONS(S. 13> & (6. 140> MN=METER
E: DEYIATION OF EMPERICRL YALUE FROM EXPERIMENT S=SECOND PAR=PRSCAL



137
(D. 17> PREDICTION 8F (DP/L)C (EGNS. 6 13 & 6 14> .

NYLON CYLINDER

° K= .652 S=115

VAY  (DPO/L) (DR/LOL <DPALYEC F  <DPO/L)% <DP/LOL* ‘(DP/LOCk E

C(MASY  (KPAAMY  CKPAAMD (KPR?H) (=) C(KPA/M) (KFAM)  <KFAMD -

(L/D= 4

619 . 7893 . @647  .e42 .@23 7701 . 0566 . 8266 . 0486
1074 . 7803 1678 .9481 .9205 .77@1 . 4518 . 8219 . 8284
1735 .7803 .3782 14585 .@1S8 .7PeL  .3624 1 4325 . 8159
2.315 .7803 .&416 1. 4219 .e48  .7reL . 6192 13893 . 9235
3066 .8142 L.861 L8752 .@473 .77l 18438 1 8139 . 9338
3.696 .B142 L 53 23442 L0169 .77@1 1 4818 2 2519 941
4392 .8142 1974 27882 .@166 .770L 2.8553  2.8254 - @132
S5.876- 8142 2745 3.5292 . 0463 .7701L 2 6957 3. 4658 . 0183

(LD= 7 )

676  .77S4 .86L7  .837L @23 .78 .@6vS L8376 | -gE-6d
1845 7754 1481 9235 @21 .ivel’ 4472 L9173 6. 9E-83
1.768  .7754 .39 4.1654 .@188  .7Te4 3772 L 1473 . 8158
2374 7754 L6416 1 M7 818 . 7rel 6495 L 4196 -1 9E-0r
3086 .8336 184 18736 .ei74  .77@L 10892 47793 . 853

3.64 8336 145 2289 .ei7 .778l L 4457 2. 2158 ;8333
4.331  .9336 L1851 28546 .@166 .77OL . L9986  2'7e8F - 0304

(L/D= 10)

1845 . 7464 1357 8821 . @285 .77eL . 1437 938 - e3d7
173 7464 3455 18919 813  .TTel . 3663 1. {554 = @394
2427 . 7464 6169 13633 @48 . 7781 .6305 L 4506 - - 06@2
3833 7464 L9377  1.684L 0174 T L 0274 17975 . - 963t
3.786 7735 1431 22045 . 847 .77l 1 4986 . 2 2687 - 9233
4.386 .7735 1925 26985 .0166 .77@1 28496 2 8197 - Q43
(L/D= 14) | ‘ o
b~ N - .

1874  .727. 1851 .21 @205  .FFeL . IS18 .. 9219 . - @106
L71L 727 .3988 L4178 . @188  .7r@L  .3533 L 1234 -4 9E-03
237 .F2F  .6IFL 1344l 018  .77@L . 6489 -1 419 - 9529
3054  .72F 1829 L 7S6 .@473  .77@1  1.8357 L8858 - 827
3752  .727 444 2467 @468  .77@4 1513 22881 - @525
4362 7754 2098 28734 .0166 .779L 28273 2 7974 8272,

(DP/LYC: TOTAL PRESS. GRADIENT ACROSS CAPSULE F: PIPE FRICTION FACTOR

*: EMPERICAL YRLUES (BY EQUATIONS(S. 13) & (6. 141> M=METER
E: DEVIRTION OF EMPERICAL YALUE FROM EXPERIMENT S=SECOND  PR=PASCAL



(5,18 PREDICTION &F (DRALIC CEQNS. 6. 13 s. 8 14> o
NVLON  CYLINDER

—

K=.815 Sa 1 15

VRY  (DPO/L) . (DP/LDL (DPALXC  F (DPOALY* (DP/LDLx (DPAXCK  E .

(M/S)  C(KPRAMY  (KPR/MD  (KPR/M). (=)  (KPAAD  (KPR/M>  (KPRAMD =)

L W=

. 397 1154 .8388 11848 .624 1161 . 8243 11852 ~4E-84

. 661 1154 ' .@864 '1.2484 .@23 4 161 . 8645 1. 2235 S22
1,845 1.154 . 1684 1 3144 . 82085 1 161 . 1437 1 3047 7. 4E-03
i 711 1 154 3516 415836 0188 1164 . 3933 1 5143 -5 7E-03
2. 453 1154 7167 1. 8647 .@179 1161 . 6913 1.8523 6. 7E-83
3443 1454 1886 2 224 0173 1161 1899 22579 -7 . 9E-63

2834 1221 1355 2776 .0168 1,161 15851 27461 °  .e1@9
o A= . -

L4419 1163 .83 1951 - . @24 L 161 . @27 1.488 ' 5 9E-83
675 1163 . ¥6(F L2247 .823 ° 1461  .@673 L 2283 -2 SE-03
1044 1163 . 1.323¢ .6285 1461  .143¢ 1 3844 ;8146
1,651 1,432 3331 14651 8189 1461  .3307: L4917 - 8478
2.3%2 1132 .6416 1.7736 .e18 1161 .61 1822 - 8268
3143 4463 Le@r4 2237 .6173 L1161 1.0%9 2259 -9 3E-03
3.806 1.163 1.684 2767 .9168 1161 = 1562 2 723 8162

(L/D= 18) | |
(662 114 . 8691 12091 .823 1161 - .0646 12256 - 9135
©1.833° 114 1431 .42831 .8285 1.161 . 142 1.383° - @153
‘& 1688  L44 3146 14546 .6188 1161 3438 15848 - @334
. 251 1887 .642 1729 .18 L 161 .72?9  1.888% - @846
3471 - 1167 1636 2203 .8173° 1:461 L1465 22775 - @327
3.861  1.167 L57 2737 .8166 1161 -1'5883 = 27493 -4. SE-83

- (W, ST

661 1124 8617 11857 .823 L1461  .@646 12256 - 0325
1039 1124 1337 42577 .@205 L 461 . 142 1383 - 0348
1688 1886 .3291 14151 .@489 1161 - .337S 14985 - 8557
2568 1.847 6788 1.7258 @478 - 1161 .7186 18796 - 8818
3174 1686 L1441 2497 .8473 1161 1L 1465 =~ 202775 - 0354
3972 1163 1811 2574 8168  4.461 17812 2 8622 . 8391

(DP/L)C: TOTAL PRESS. GRADIENT RCROSS CAPSULE  F: PIPE FRICTION FACTOR

*: EMPERICAL VALUES (BY EQUATIONS(E. 13) & (6.14)) M=METER
E. DEYIATION OF EMPERICAL YALUE FROM EXPERIMENT S=SECOND PR=PRSCAL



¢D.19) PREDICTION @F ¢DP/L)C CEGNS. S

~ ALUMINUM  CYLINDER
" K= .d89 S=27

139

13 & 6. 14) -

YRY  (DPO/L) M@PALL (DPALXC  F - <DPQ/LOx

DP/LoL*  (DPALIC# E

(M/S)  (KPAM) CKPRAMD  (KPRAMD - (=) (KPAAM)  CKPAZMD  (KPACMD ¢=>

(L/D= 4) y

] .
238f 5282 .6412 5.8432 .@8479  5.4484  .6513 57917 6. 9E-03
3854 5282 1036 6238 .0173 51484 10357 61761 .ol
3.696 5,202 1456 6.658 .0469  5.1484 L1 4818 66222 5 4E-83
4.362 5282 1.974  7.176 .B166  S5.1484 28273 7. 1677 _ 1. 2E-93
5878  5.282 2 665 7.867 .0463 51484 2.6978  7.8382 3 FE-63

(LeD= 7 -~
2.778  4.911 8367 5.7477 .0475 5. 1464 . S668 60072 - 9432
3842 S 841 L1849 . 5039 0173 5.1484 1.0275 6. 1679 - B126
3.347 ' 5.169 1357 6.526 .0171 51484 12295  6.3699 - . 0245
3.784 S5.463  1.53 6.699 .B16% , 5.1484 1.4882 6 6296 . 0196
4.255 5165 199 7.159 .B166  5.1484 1 9318 7. 8722 . 8123

'4.696 _.5.18% 2 418 7.587 .8165 51484 23355 74759 L8149

(LeD= 18)

R 978 4.976 1 612 5.983 .618 5. 1484 . 1. 0246 6.165 - @287
3.641 4.976- 1 467 6.383 .8176  S5.1404 1. 4976 6.638 - @384
4.331  4.97%6 L1891 6.827 .017S  5.1484 2 1869 1. 2473 -. 858
4.994  4.8976 2 783 7.765 .9O174 51484 2.7373 78777 - 6ld3

. N N ' - ‘

(L/D= 14) )
3.696  4.847 4 481 6.328 .016%  5.1484 1. 4818  6.6222 -~ 0444
4334  4.847 216 .7.807 .0166 5 1404 1 9986 7.139 . - 0485
5. 822  4.847 2571 7.418 . @163 51484 2 6386 7.779 - 8464

(DPAL)C: TOTAL PRESS., GRADIENT ACROSS CAPSULE
© #: EMPERICAL VALUES (BY EQUATIONCE. 12) & (6. 14))
E: DEVIATION OF EMPERICAL YALUE FROM EXPERIMENT

F: PIPE FRICTION FACTOR
M=METER
S=SECOND PR=PRSCAL



(D: 28> PREDICTION BF (DP/LIC CEGNS!6.13 & 6.14)

140

RLUMINUM  CYLINDER
K= .65%2 S=27

¥RY  (DPOAL)  (DPAL .(DEKL)C | F (OPOA*  (DP/ALOL* (DP/LICx E

~ (M5 CKPRAD . (KPARAMD FKPHXN) (=) (KPA/M>  (KPAM> (KPR )

(LAD= 4)

1. 756 8.99 3435 9.3355 .e188 8 rard 3721 8. 8995 . 82359
2 343 8. 99 . 617 5. 687 .@18 8. 72r4 . 6342 Q. 3616 . 8262

3.88 899 | 9254 99154 . 8473 3. 7274 L O397 9. V67l . 8152
3728 LR 89 4481 10. 471 . @183 8.72r4  1.5884 18 2358 . 823
4. 436 9.16 2836 - 11.1%6 .0@188 8. r2r4 2 @966 18 824 . 8344
5. @98 S.15 2899 12,859 ..01&3 8. 72r4 2 7191  1ii 4465 . 8335

(LD= T
2183 - 8 918 . 931 S 449 | 8182 8 2rd . 5967 3. 2841 . 0178

2947 8. 518 L 691 3. 689 0178 8. 72rd . 697 9. 4244 . 8186
2. 729 3. 918 . 838 8. 757 .e1vs 8 7274 . 8443 8. 5687 ;8197
2.922 8. 218 . 98¢ 9.5385 . 0174 8 rard . 8935 9. 6889 . 8231

3. 42 8218 L.2§3 18, 281 L7l 8. va2rd4 12833 1@.el12 . 819

3. 74 - 5 R W 18, 666 . 8169 8.7274¢ L 5173 18 2447 . 8411
+4. 338 9. 111 2.18 11 291 . 0166 8 72r4 2 8236 18. 7ot . 8982

LAD= 18)

2. 37 B. 956 - 617 9.573 .e18 8. 7274 . 6489 9 3783 - e2e
3.833 8938 1.636 9.992 .6173 3. 72r4 1 82135 5. 7489 . 82439
3673 8.955 1 481 18. 437 . BleS 8 72rd4  1.4634 10.15998 . 8242
4. 359 8 9% 2836 16. 832 . 9156 8. 7274 2.6245 18 7319 . 8223
5. 878 8 956 2 vé4 1L 72 . e163 8 v2rd4  2.6907 11 4231 . 826

(L/D= 14)

3.833 8.95 1829 9935 0173 8 7274 10215 37489 .. . B252
3.696 9.8145 1. 343 10. 358 . 6163 8.72r4 14818 18 2032 . 8342
4. 414 9.288 - 2 18 11 368 . 6166 8 72rd  2.975% 1@ 8633 . @523
5. 854 9. 208 2.88 12 888 .@163 8. 7274 11 3897 . D684

2 6rax

(DP/L)C: TOTAL PRESS. GRADIENT ACROSS CARPSULE
- & EMPERICAL VALUES (BY EQUATIONCS. 123 & (6.14))
E: DEVIATION OF EMPERICAL VALUE FROM EXPERIMENT

F. PIPE FRICTION FRCTOR

M=METER

S=SECOND PR=PASCAL



(D. 24> PREDICTION @F (DP/L)C (EGNS. 6. 413 & & 14

y

ALUMINUM  CYLINDER M
K= .815 S=27
VRY  (DPO/L) YDPALIL (DPADC F  <DPOALD* (DPALDL¥ (DP/L)Cx £
MAS)  (KPR/MY  CKPRAMD  CKPRAMD (=) (KPAZMY  (KPAAMD  CKPR/AMD (=)
L/D= 4)-
1.874 13027 1684 134674 . 0205 134563 . {548 13 3104 -9 2E-3
1.699 13.827 .3948 3. 4218 . . @49 134583 , .352 135483 -6. 6E-03
2458 12892 . .654  13.546 018 13 1533 (698  13.8565 - 0224
31416 12892 1.888 13978 .B173 13.1583 1 0781  14. 2364 - 04182
3.864 12892 1684  14.496 . @168  13.4583 1 6875 147658 - 8IS
(LiD= 7
1.33 42795 1974 12 9924 @197 431563 . 2237 13382 - @291
1.643 12,795 .3885 131635 .e49 15 1583  .3292 13 4875 - 0285
2812 12795 4689 13 2639 @484 43 1583 4781 136364 - 0273
2 481 12795 . &7 13. 4736 . @178  13.4583  .7932 13 861S - 828
2.779 42795 .8637 436587 .@47S 134587 . S67S  14. 8258 - 0262
3.389 12,872 4197  14.069, . 9172 43 1563 12088 14.367L - 0267
{L/D= 18)
1.756 13827 .3578 433848 0188 13 1583  .3721 13. 5384 - 61683
2 453 13.827 6786 13.7056 .B479 13 4583 . 6913 12 8496 - @104
3171 13.827 4861  14.888 . @472 13 1583 L {101 14 2684 - O126
3.972 43.827 1703 44.73 .@468 13.1583 L 7842 14,8595 -8 7E-@3
(L/D= 14)
1.728 12 989 3782 43.3592 0188 43 1583  .3603 12 5186 - 8118
2593 12 989 6994 13 6884 0178 13 1583  .7158 13. 8741 - @134
2471 12,989 1 414 14.1 .8472 13.4583 1. 4101 14,2684 - @118
 4.849° 13.182 1943  15.895 . @167 13 4563 L 7573 149456 . a12
4.524 12,988 2394 15 293 0465 13 1583 2 1675 15 3258 -2 1E-Q3

(DP,LJC: TOTAL PRESS. GRADIENT RCROSS CRPSULE
*: EMPERICAL YALUES (BY EQUATIONCE. 13) & (6. 142D
E: DEYIATION OF EMPERICAL VALUE FROM EXPERIMENT

F: PIPE FRICTION FACTOR

M=METER

S=SECOND PA=PRSCAL



¢D. 22) PRESS. RATIO & UNIT ENERGY - NYLON CYLINDERS

e e -

142

Ks .488 S= L 15
VAV - vC RV  (DPOLL) <DP/LIL <DP/LIC RP P
CHAS)  KMPS) (=) CKPRAND  CKPRAMD  CKPRAMD (=) KW-S/KG-M
LAD= )
1. 958 769 .T268 . 4523 . 1481 . 6004 © 4.854 3. 9839
i.728 1636 .9468 .4523 ' .3458 .78l 2.308 3. 0655
2.483 251 1 8445 4523 654 11865 L. 6916 3. 8516
. 3.086 334 L1111 4523 .S8FL 14394 1.4582 4 7109
© 3,896 4.196 L 1353 . 4525 .1.456 19883 1. 3106 6. 1126
4.386  5.63 1 1488 ° 4523 2848 2.5085 1.2288 7. 9282
T S.877  5.892 11605 . 4523 2. T45 3. 1673 1 1666  9.9247
LeD= T
1,845  .685 .S5789  .4911 . 1555 . 6465 4 1582 4. 0614
L 722 1454 . 84dd 4911 3455 . S366 2. 4214 3. 6631
2. 37 2.4 10427 4911 - . 5416 L 1327 1. 7654 - 4 0676
2.95 3.234 18953 4911 9131 14842 L 537 4. 558
© 3896 4.23 L1445 4811 1481 . 1 9721 L 3316 6 2662
4303 5.863 L1766 . 4941 ° 285 2 5411 12396 . 89538
4.988 5919 11868 . 4814 715 3.206L 1. 1889 9. 8252
{L/D= 18D ' ‘ ¥
1.898  .S519 4727 .4523 . 1481 . 6084  4.054 46191
1711 1487 .3223 4523 L3331 L7884 23579 34732
2,371 2,366 .9979 4523  .6293 1 8616 1 TIST 3. 946
3833 3347 11835 . 4523 - . 9624 1 4147 1. 47 4. 6619
3.696 ¢ 4.29 11607 4523 . L. 456 1 9883 A 3186 5. 9787
4.386 5.288. 1 2057 . 4523 L 651 23033 1 2444 6 9472
'5.82  6.232 L2414 4523 . 261 38625 14733 8 9763
(L/D= 14> ,
1,898  .347 . 316 42 1646  .5846 3.5516 6. 7269 ‘
1.728 1316 .7616 42 3497 - TeST 2.201 3. 8753
"2.37L 234 . 9869 (42 6376 1.8576 1.6537 3. 8963
3.886  3.33 L1078 S42 0 L84 L 46l 14935 4,796
3694 4.325 1 1768 42 L 481 1.881 1.283% 5. S0dd
4. 414 S 439 1 2322 .42 2439 2559 1. 1964 75521
S.822 6.383 L 267 42 27874 9, 2343

3.24v4 11561

L

(DPO-L> & <DPAL)L: PRESS. GRﬂDfENT DUE TO CRPSULE & WATER RESPECTIVELY
{DP/L>C. TOTAL PRESS. GRADIENT ACROSS CAPSULE (=<DPO-L)>+{(DP/LiL) -
RP. PRESS. RATIO(=(DP/LICADP/LILY. P:UNIT ENERGY FOR ‘CRAPSULECEGN. (5. 18> .

M=METER

S=SECOND

PR=PASCAL

W=WARTT

[

1

KG=KILOGRAN
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© ¢D. 23) PRESS. RATIO & UNIT ENERGY - NYLON CYLINDERS

K= .652 S=1.15

RV

VAY v {DPO/L), (DP/LIL <(DP/L)C. RP P
MS S (=) (KPR (KPR  <KPA-MD (=)  KW-S/KG-M
(LD= 4)

.619 . 345 | 5574 .7883 . .8617 . 842 A3 8467 3. 8982
1.074  .824 . 7872 L7883 . 1678 . 9481 5.6582 2 5278
1733 1.6%4 .9775 . 7803 .3re2 1 1595 3.1678 2 4876

.. 2315 2 502 1. 0808 .TER3 . &dLE 1 4219 2. 2162 2,832
3.066 3. 424 1 1168 L8142 L0861  1.8792 L TETH I 4347
3.656 4.252 1. 1584 L8142 1,53 23442 15322 4 1681
4.392 S.136 L 1594 8142 L.974  2.7882 L 4425 48772
S.076 5.995 1 181 .B142 2745  3.52%2 12999 6. 1125

(L/D= 7)

87 243 3995 7T . B&LT 8371 135673 4. 7835
1. 845 729 8976 L7794 148t .8235  6.2357 2. 7are
1. 768 1. 654 . 9355 LTPS4 3899 14653 2. 9887 2. 548
2371 2.49 1 05@2 it . 6416 1447 22885 2. 78
3.886 3385 L 1261 L8336 1836 13896 1 8846 3 3961
S.641 422 L0459 . 8336 1456 2 2896 1 5725 4 @4@9
4331 S.16 Li1sud4 . 8338 1,851 26848 1. 4504 4. 6@92
{LD= 100
1.845 664 - 6354 | 764 T1357  .9821 6. 5884 2 @397
1.733 Léex . 925 J7484 3455 18919 31603 2 4147
2427 253 .1 0424 L7464 L6469 L 3633 2.2089% 2. 5751
3.833 3442 1125 LTI64 L9377 L 484l 1.796 30622
3706 4.36 11765 L7735 L4431 2.2845 1. 5405 3833
4,386 534 12175 773 1.925 2.6985 1 4848 4 S33T
(L/D= i)

1.874  .587 . 5468 .7ar . 18s1 L9121 4.92T6 34138
1’711 152 . 8ssd 727 .3%98 11178 2.8883 257383
237  2.466 1.6485 JT2T UBATL L3441 24781 2. 642
3.054 3458 L 1323 .7eT lees 1756 L7ess 31723
3.752 4.455 L 1868 . Ter 144 2,167 L Se49 37349
4.362 5. 481 12382 7754 2898 2 873 1. 3696 4. 7488

-

{DPO/L) & (DP-L)L: PRESS. GRADIENT DUE TO CAPSULE & WATER RESPECTIVELY
(DP-L,C. TOTAL PRESS. GRADIENT ACROSS CAPSULE (=(DPO-L>+{DP.L5L)

P:UNIT ENERGY FOR CRPSULECEQGN. (5. 183
+ M=METER ~ S=SECOND  FR=PASCAL  W=WATT  KG=KILOGRAM

RP: PRESS. RATIOC(=CDR/LIC(DP/OL)
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(D. 24> PRESS. RATIO & UNIT ENERGY - NYLON CYLINDERS
K= .815 §= L 1S |

Yav ¥C RY (DPC/L> (DRI <(DPLIC RP P

(M/SD (M/SD (=) (KPR  (KPRAM)  (KPARAMD (=)  KN-S/KG-M

LAD= 4

. 397 .288 . 5238 -1, 154 .B388 L 1848 38 4675 2 5665
. 661 L322 . 7897 1. 154 .B864 1 24684 14 3585 2 68963
1 845 . 994 | 9542 1. 154 Jléed 1 3idd 8 1945 1 8a9
1711 L7681 1 8292 L 154 L3516 1.58%6 4.2821 1 5151
2.4593 2. 685 L 0948 1154 .7iey L 884’ 26238 2 2582
3443 38527 L1222 1154 1. 886 2.24 20828 2 ol32
3.8534 4.433 1 1562 1.221 1. 555 2776 17832 31431
\L{D= I

. 419 L1600 3819 1163 . @321 11951 37 2385 4, 8372
. 679 472 L8983 1. 163 LB8IT L 2247 19 8483 2 2929
L 844 .954 8438 11463 CAsed 13234 8 25686 1. 398
1,651 1 782 1 638% 1 1z2 L3331 14891 43984 L 8666
2.392 2 643 1 0924 1. 132 co4le L 7F38 2.7643 21258
2143 3664 1 1658 1 183 1. 674 2.23v 20828 2 5121
5.806 4452 1 ise2 1. 163 1 c84 2. 767 17251 38682
L/D= 1d>

. 682 .43 . 6801 114 . 8691 12891 17.4978 2. 3275
1. 8339 .993 | 8691 1 14 L1431 L. 2831 B8.9663 1 9327
1668 1796 1 864 1 14 L3146 L 4546 4. 8236 1 V888
2.508 2.853 1. 1376 i @87 . 642 1.728 26931 1. 9898
S ATL 3 FFF 41544 1 167 1. 038 2.203 2 1264 2 4213
3.861  4.793 1 2414 1. 167 1.579 2.746 1. 7391 2 8959
{LAD= 14D

. 661 487 . 6154 1124 .Be1Y 11857 18 2472 2 5225
183 .88 . 8585 1. 124 JA3IIF 0 L 2577 8.4868 1 g222
1.6568 L1781 1 6677 1. 886 L3291 4 4451 42999 1. 735
2.588 2. 853 1 137¢ 1. 647 L6788 L 7258 2 5424 4 9861
3.171  3.829 1. 287S 1. 085 1411 2497 1. 9775 2 3819
3972 4.38 1 2538 1 163 13811 2.974 L 6422 316053

(DPO/L) & CDP/LJL: PRESS. GRADIENT DUE TO CAPSULE & WATER RESPECTIVELY
(DP-L)>C: TOTRAL PRESS. GRADIENT ACROSS CAPSULE (=(DPO/L)+(DP L)L)

RP. PRESS. RATIO(=CDP/L)C/(DP/LL> P:UNIT ENERGY.FOR CRPSULECEGN. <5. 187
M=METER  5=SECOND Pa=ﬁquaL W=MATT  KG=KILOGRAM



(D. 25> PRESS. RHT:O & UNIT ENERGY - ALUMINUM CYLINDERS
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K= .489 S=27
VAV ve RV (DPOJLY (DP/LIL (DP/LIC RP P
(M'S3 MPSY =) CKPRMD  CKFAAMD  CKPACM) (=)  KW-S/KG-M
L/D= 4> )
2381 .474 .1978  S5.202  .&412  5.8432 21129 45 7SI
3.85¢ 1.282 .4198 5282 1036 6238 60212 15 5363
3.696 2,182 .5687 5,202 L 456  6.658  4.5728 12 2395
4.362 3435 7187 5202 1974  7.176 3 6353 18 4389
S.878 4.183 .899 ~ 5.282 2665  7.867 2952 18 167
(L/D= 7>
2778 447 .1689  4.911 . 8367 S T47T 68695 29 8766
3.842 .796. .2617  S5.041 1 849 6.89 58855 2d4.3324
3347 4471 3499 S469 L1357 6526  4.80%1 13 Se4S
2704 1664 .4492 5169 153 6639  4.3784 15 5981
4.258 2,451 .57S6 5. 169- 199  7.159  3.5975 13 @028
4.696 3887 6574  5.469 2418  7.587 31377 12 0656
(L/D= 18)
2.978  .1%9 .0668 4.97¢  1.812 = 5988 S 917 93 6362

3641 1156 3475 4.976 L1487 6,383  4.5366 16 8154
4331 2,238 .S5167 4.976 1851 6827 3. 6883 13 8128
4.994 3129 .6266  4.976 2789  7.765 27842 12 9571
(L/D= 14)
3.696  .723 .1956 4.847 1481  6.328  4.2728 33 s207
4331 1782 393  4.847 216  7.887  3.244 18 6416
5.822 2.744 .S5464  4.847 2571 7.418 28853 11 3551

{DPC/L> & (DP/L)L: PRESS. GRADIENT DUE TO CAPSULE & WATER RESPECTIVELY
(DPALOC: TOTAL PRESS. GRADIENT ACROSS CAPSULE (=<DFO-L)+(DP/LOL>
RP: PRESS. RATIOQCCDRALIC/(DPALOL) P: UNIT ENERGY FOR CAPSULE(EGN. 6. 182
PA=PASCAL

M=METER

S=SECOND

W=WATT

KG=KILOGRAM



&

¢D. 26> - PRESS. RATIO & UNIT ENERGY - ALUMINUM CYLINDERS

‘K= . 652 S= 2.7

146

VAY Ve RY  <DPGAL) C(DP/LOL <DP/L)C RP P
MAS) (MAS) (=)  CKPRAM CKPA/MD  CKPRAMD ¢=)  KW-S/KG-M
(L/D= 4)
1.7  .335 . 1588 8.99  .3455 9. 3355 278203 42, 6342
2.343 L1.076 . 4592 8. 59 . 617 9. 687 15 5785  16. 4833
3.86 2.683 .G&546 8.99 ° .9254  9.9154¢ 1@ 7147 11 8778
3729 2852 . 7648 8.99 1481 19 471 7. @re2 10 7353
4. 436 32773 .8585 9.1 2.836 11 196 S. 499 7. 7443
5. 098 4. 626 . 9074 9. 16 2,899 12 859 4 1597 &, 2523
(LD= T
2183 .269 .1232 9.918 .53 9. 449 7. 74T 45. 8954
2. 47  .623 .2522 8 918 694 9. 689 13 9859 29. 9724
2. 72 983 . 3582  § 918 . 839 9. 757 11 6293 21 2398
2.922 1.426 .488 8 918 . 987 3.965 18,0355 15, 9147
342 2925 .SS924 8.918 L2835 1@ 201  7.8505 13 5691
374 2498 .6679 9.141  1.555 18 666 €. 8592 9. 3913
4358 3281 .7S528 & 1it 2,18 11,291 5 1794 8 8198
LeD= 108)

37 .485 1789 8 956 617 9.573 15 5154 32, 9447
3833 1.334 .4398 8.956 1. 836 9. 992 9 6448  17. 8136
3.673 . 2.252 6131 8956 1481 18 437  7.0473 10 8109
4.359 3249 .7454 8.956 2.836  1@.992  5.3988 8 6728
5.076 4.241 8296 8. 956 2 764 11. 72 4.2482 8 3682
(/D= 14
3.033  .S43  .31@89 8.965  1.029 9.995  9.7133 18 9855
2696 1.932 .5227 9815 1543 10,558  6.8425 11 8782
4. 414 2963 . 6724 9 208 2. 16 11 388 5.263 9. 9425
S. 954 4.821 7956 9. 268 2.88  12. 888 4 1972 7. 1481

(DFOSLY & (DP/t)L: PRESS. GRADIENT DUE TO CAPSULE & WRTER éESPECTIVELV

(DPAL)C. TOTAL PRESS. GRADIENT ACROSS CAPSULE (=C(DPO/L)+(DP-LJL>

RP: PRESS. RATIOC(DPALICACDP-LOL) P: UNIT ENERGY FOR CAPSULECEGN. 6. 18>
PR=PASCAL

M=METER

S=SECOND

W=WARTT

KG=KILOGRAM



(D. 27> PRESS. RRTIC & UNIT ENERGY - RLUMINUM CYLINDERS

K= .818 5= 2,

7

147

YRV vC RV ~ (DPO/L> <«DP-L)L <(DP/LIC RP P
- {M/S) M5O ¢=> * (KPASM)  CKPARAMY  CKPRAMD (=) KWH=S-KG-M
L/D= 4>

1. @rd . 238 . 2384 13 827 .l 131874 82, 2157 20, 3492
1. 699 . 988 . 5883 13 027 . 3848 13 4218 . 339985 11. 8082
2. 458 1. 812 .r3v2 12 892 . B4 13 546 26, 7125 9 2214
=118 273 . 976l 12. 892 1, 888 1. 978 12 87i1d R 808D
3861 3716 | 9624 12. 892 1. 584 14, 496 9. 8374 . 9985
LAD= ¢

1 33 . 382 . 2947 12 795 L1874 12. 9924 &5, 3178 16, 991z
O . el . 4267 12 795 ~08s 131835 42 4749 15, 4124
2. 012 1. 161 L9777 12. 795 4689 13.2639 28. 2873 11 S353
2. 481 1. 783 7187 12 795 &rssé 13 4736 19 855 2, 4883
2. 779 2. 183 .Tv83 12 7SS 8857 13 6587 IS5 8142 &, 6842
3. 389 2. 888 . 8728 12. 872 1. 197 14, @69 11. 7936 3. 6838
L/D= 18>

1. 736 . 714 . 4066 13 927 . 3578 13 3848 37. 48885 16. 9197
2. 453 1823 -.6616 13 827 . 6788 13. 7856 208, 19689 1, 3954
3. 171 2. 992 . 8174 13. 6827 1 88l 14 @88 1z 278 3. /492
3-972 IS . 9428 13 827 1. 78z 14. 73 8. 6494 5. 8e01
{L:D= 14D

1. 728 . 682 . 3484 12. 989 3va2 3. 3592 36. 8864 14, 4329
2.5983 1. 3524 . 6888 12 983 €994 13, 6884 19 5716 11, 2822
3471 2527 . 7869 12 983 1111 4.1 12 &913 2 8raez
4, 9849 3811 L9412 43182 1 91i= 15, 995 7. 8%a7 3. de3
4 524 4. 3511 9971 12 989 2. 384 15. 293 6. 8378 S. 7725

{DPO/L) & (DP/L)L: PRESS. GRADIENT DUE TO CAPSULE & WATER RESFECTIYELY
(DP/L)C: TOTAL PRESS. GRADIENT ACROSS CAFSULE {=(DFO-LI+{DP-LOL>
RP: PRESS. RATIQCDPALIC/(DPALOL)> P: UNIT ENERGY FOR CAPSULE(EQN. &. 18>
PR=PASCAL

M=METER

S=SECOND

W=WATT

KG=KILOGRAM
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